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Resum

RESUM

Avui dia, I’espectrometria de masses €s una eina indispensable en molts laboratoris analitics
que treballen en els camps d’aplicacié d’alimentacio, medi ambient o d’analisi forense, aixi
com en el camp de I’analisi clinica per al diagnostic de malalties. Les excel-lents prestacions
d’aquesta técnica en termes de sensibilitat i de selectivitat aixi com la gran quantitat
d’informacié estructural que se n’obté, faciliten la identificacidé inequivoca d’una gran
varietat de compostos organics en tot tipus de matrius. En aquest context, I’aveng i el
desenvolupament de metodes analitics rapids, senzills i versatils que permetin donar una
resposta gairebé immediata al problema analitic que es planteja son de gran interés per
millorar la productivitat d’aquests laboratoris i per facilitar la presa de decisions
diagnostiques. Es per aquest motiu que aquesta tesi esta centrada en un nou grup de técniques
d’ionitzacié a pressid atmosfeérica anomenat Ambient Ilonization Mass Spectrometry
(Ambient MS), les quals possibiliten ’analisi directa de tot tipus de mostres sense o amb una
minima manipulacié i permeten obtenir informacié molecular rellevant, gairebé en temps
real. La revisio bibliografica realitzada en aquesta tesi, basada en els principis, les
caracteristiques i les aplicacions de les técniques Ambient MS més consolidades, ha posat de
manifest el seu potencial i les grans perspectives de futur, tot i que la seva aplicacié en els

laboratoris analitics és, encara avui, minsa.

En aquesta tesi s’ha estudiat 1’aplicabilitat de la técnica d’ionitzacid per desorcid per
electroesprai (DESI), pionera del grup de técniques Ambient MS, combinada amb
I’espectrometria de masses d’alta resolucid, per a ’analisi de compostos sospitosos i
desconeguts en matrius d’elevada complexitat. D’una banda, s’ha establert un meétode
d’escombratge per a la identificacié de drogues veterinaries en pinsos com a conseqiiéncia
d’una contaminaci6 creuada i, de ’altra, s’ha caracteritzat un producte fitosanitari sospitds
d’haver estat adulterat i del qual se’n desconeixia la seva naturalesa quimica. S han avaluat
diferents estratégies de manipulacié rapides (< 5 min) de les mostres mitjancant les quals
s’han resolt els problemes de contaminaci6 del sistema instrumental del DESI provocats per
la textura pulverulenta de les matrius de pinso i s’ha disminuit el temps d’assecatge de la
mostra liquida fitosanitaria analitzant un paper de filtre impregnat amb la mostra. També
s’han estudiat els parametres de la font DESI que afecten d’una forma més critica a I’eficacia
d’extraccid 1 d’ionitzacid dels compostos de la superficie de les matrius estudiades. Aixi,
s’ha avaluat la sensibilitat del métode en funcid de la composicié i cabal del dissolvent, de
la pressio del gas de nebulitzacio, de la configuracio dels parametres geométrics (angle i
distancia de ’esprai envers la superficie) i del mode d’analisi de la superficie (estatic o

dinamic). En aquesta mateixa linia, s’han optimitzat la resoluci6 i el temps d’acumulacio
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dels ions a la C-Trap en ’analitzador hibrid Q-Orbitrap per assolir una molt bona exactitud
en la mesura de la massa, aixi com una sensibilitat i una selectivitat adequades tant per a la
identificacio de les drogues veterinaries a uns nivells inferiors als establerts a la legislacio,
com per a la caracteritzacié dels compostos detectats en el producte fitosanitari. Amb el
proposit d’interrogar de forma rapida i senzilla la gran quantitat d’informacio espectral
obtinguda en I’analisi de les mostres emprant els métodes DESI-HRMS desenvolupats, s’han
avaluat diferents estratégies de tractament de les dades per facilitar la identificaci6 dels
compostos en les mostres, com son 1’us de bases de dades per a la identificacié de compostos
sospitosos o I’analisi del defecte de massa de Kendrick per a la deteccid6 de compostos

desconeguts.

També en aquesta tesi s’han modificat i adaptat dues técniques Ambient MS basades en 1’us
de substrats mostrejadors com a sondes generadores de ’esprai, per a la resolucio de dos
problemes analitics molt diferents. Per una banda, s’ha avaluat la possibilitat de substituir
les agulles metal-liques per hisops medics en la fouch spray (TS) amb el proposit de
desenvolupar un métode que permeti I’assisténcia en les proves de reseccidé de tumors
(gliomes) mitjancant el mostreig i 1’analisi directa del teixit viu. Per altra banda, s’ha
incorporat una lampada de Cript6 al disseny original del paper spray (PS) per establir un
metode basat en la fotoionitzacid a pressid atmosferica (PS-APPI) que permeti la
determinaci6 rapida de compostos per- i polifluoroalquilats neutres (PFASs), que presenten
problemes per ionitzar-se pel mecanisme d’electroesprai, en productes d’impregnacié. En
ambdos casos s’ha avaluat la millor configuracié del disseny TS i PS-APPI (disposicio de
I’estri, tipus de capil-lar d’entrada a I’espectrometre de masses, mode de subministrament
del dissolvent) per a la seva implementacio al laboratori. A més, 1’optimitzacié dels
parametres operacionals ha posat de manifest que la composicio del dissolvent i el potencial
d’ionitzaci6 aplicat en TS influeixen en I’estabilitat de 1’electroesprai generat a la punta de
I’hisop mentre que, en PS-APPI, aquests parametres afecten a la resposta dels ions generats
en la fase gas pel mecanisme d’ APPI. L’estudi dels perfils fosfolipidics obtinguts en 1’analisi
de les mostres de teixit emprant el métode TS-MS ha permes discriminar entre teixit sa i
teixit tumoral. A més, les diferéncies en la resposta de dos oncometabolits, el N-acetil
aspartat (NAA) i el 2-hidroxiglutarat (2HG), han possibilitat establir qualitativament el grau
d’infiltraci6 del glioma en el teixit cerebral sa i si hi ha, o no, una mutacié del tumor del gen
isocitrat deshidrogenasa (IDH). Finalment, el metode PS-APPI-HRMS desenvolupat per a
la determinacié de PFAS ha mostrat bons parametres de qualitat i s’ha aconseguit arribar a
la sensibilitat necessaria per determinar-los en productes d’impregnacio. A més, I’aplicacid
del métode desenvolupat a I’analisi de mostres reals ha permeés detectar la preséncia d’alguns

PFASs a uns nivells de concentraci6 de ’ordre dels mg L.
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Abstract

ABSTRACT

Nowadays, mass spectrometry is an indispensable tool in many analytical laboratories and
application fields for food, environmental, forensic analysis and for clinical diagnosis. The
excellent performance in terms of sensitivity and selectivity of this technique, as well as the
structural information obtained from mass spectral data facilitate the identification of a large
variety of organic compounds in many types of matrices. In this context, the development of
fast, simple, versatile and real-time analytical methods is highly attractive for high-
throughput laboratories and for providing information upon which health-care decisions can
be based. Thus, this thesis is focused on a new family of mass spectrometric techniques
called Ambient lonization Mass Spectrometry (Ambient MS), which enable the direct
analysis of samples with minimal or without any sample manipulation prior to analysis,
providing relevant molecular information data almost in-real time. The published book
chapters included in this thesis, which are based on the fundamentals, characteristics and
approaches of the most relevant Ambient MS techniques, have clearly demonstrated their
great potential for the screening of a large number of compounds and future perspectives.
Nevertheless, most of the new Ambient MS applications published until now are still
homemade prototypes for proof-of-concept studies. Thus, more work needs to be done for

the development of real routine analytical methods.

In the present thesis, the applicability of desorption electrospray ionization (DESI), one of
the first introduced Ambient MS techniques, combined with high-resolution mass
spectrometry (HRMS) has been evaluated for non-target analysis and for the identification
of unknown compounds in complex samples. In this study, a DESI-HRMS screening method
has been developed for the identification of veterinary drugs in cross-contaminated
feedstuffs. Moreover, the potential of DESI-HRMS has been tested for the characterization
of an unknown complex sample suspected of being an adulterated phytosanitary product.
Several fast sample manipulation strategies (< 5 min), which allowed preventing
contamination and the DESI system carry-over due to the dusty texture of feed samples, have
been evaluated. Furthermore, a simple and fast sample manipulation procedure, a filter paper
impregnated with the phytosanitary product, has been used to reduce the drying time of the
sample before the DESI analysis. In addition, DESI working conditions, which affect both
extraction and ionization efficiency of desorbed compounds from sample surface, have been
optimized. Among them, DESI solvent composition and flow rate, nebulizing gas pressure,
geometrical parameters (nebulization capillary angle and tip distance to the sample surface)

and DESI sampling mode (static or scanning) have been critical to obtain the best sensitivity.
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Furthemore, Q-Orbitrap mass resolution and C-Trap injection time have been optimized to
achieve accurate mass measurements and enough sensitivity and selectivity for the
identification of veterinary drugs below legislated levels, but also for the characterization of
unknown compounds detected in the phytosanitary product. For the reliable identification of
non-target and unknown compounds in analyzed samples, several approaches such as
custom-made databases or Kendrick mass defect analysis, have been applied to interrogate

mass spectral raw data.

In this thesis, modified touch spray (TS) and paper spray (PS) techniques have also been
evaluated for clinical diagnosis and for the analysis of non-polar/low polar compounds,
respectively. A TS-MS method using commercial medical swabs has been developed to
provide relevant diagnostic molecular information for brain cancer. Swabs are envisioned as
a tool for in vivo sampling of brain tissue and for the subsequent ionization occurring directly
from the swab tip during intraoperative surgical assessment. Moreover, PS has been
combined with atmospheric pressure photoionization (PS-APPI) for the direct determination
of neutral per- and polyfluorinated alkyl substances (PFASs) in waterproof impregnation
sprays. The best TS and PS-APPI assembly configurations have been evaluated (spray probe
position, MS inlet shape and length, solvent supply mode) for their implementation in the
laboratory. Operational working parameters optimization have shown that solvent
composition and spray voltage in TS are critically involved to the generation of a stable
cone-jet electrospray plume. Instead, the effect of these parameters in PS-APPI has been
more related to the response of the ions generated into the gas-phase by APPI. Phospholipid
profiles detected by swab TS-MS tissue analysis have allowed to discriminate between
cancer and normal tissues. Moreover, measurements of N-acetylaspartate (NAA) and 2-
hydroxyglutarate (2HG) oncometabolites have been evaluated to qualitatively assess tumor
infiltration grade and mutation status of the isocitrate dehydrogenase (IDH) gene. Finally,
PS-APPI-HRMS method quality parameters have demonstrated the good performance of the
developed method for the quantification of neutral PFASs in waterproof impregnation sprays
using internal standard calibration method. The analysis of raw waterproof impregnation
sprays have also demonstrated the good performance of the developed PS-APPI-HRMS

method, revealing the presence of several neutral PFASs up to mg L' levels.
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Abreviatures 1 acronims

ABREVIATURES I ACRONIMS

2HG
Ambient MS
APCI

API
APPI

ASAP
CAS
CI
CUSA

DADP
DAPCI
DAPPI
DART
DBDI
DDA
DEP
DESI

DIA
DIP
EASI
EESI
EI
ESI
ESP
FA
FAB

2-hidroxiglutarat
Ambient ionization mass spectrometry

lonitzacié quimica a pressi6 atmosferica (atmospheric pressure chemical
ionization)

lonitzacio a pressio atmosferica (atmospheric pressure ionization)

Fotoionitzacid a pressio atmosferica (atmospheric pressure
photoionization)

Atmospheric solids analysis probe

Chemical abstracts service

lonitzacié quimica (chemical ionization)

Cavitron ultrasonic surgical aspirator

Dopant

Diperoxid de diacetona

Direct atmospheric pressure chemical ionization
Desorption atmospheric pressure photoionization
Analisi directa en temps real (direct analysis in real time)
Dielectric barrier discharge ionization

Data dependent acquisition

Sondes d’exposicid directa (direct exposure probe)

lonitzacioé per desorcid per electroesprai (desorption electrospray
ionization)

Data independent acquisition

Sondes d’insercio6 directa (direct insertion probe)
Easy ambient sonic-spray ionization

Extractive electrospray ionization

lonitzacio electronica (electron ionization)
lonitzacio per electroesprai (electrospray ionization)
Espiramicina

Alcohol fluorat (fluorinated alcohol)

Bombardeig rapid d’atoms (fast atom bombardment)

Vil



Abreviatures 1 acronims

FD

FI

FIA
FIB
FT-ICR

FOSA
FOSE
FS
FTOH
FWHM
GC
HCD
HRMS

HS-DBDI
ICP-OES
IDH

M

IT
IT-TOF
IUPAC
KM
KMD
LAPPI
LC

LESA
LIT
LIT-Orbitrap
LMIJ-SSP
LOD

Desorcio per camp (field desorption)

lonitzacié per camp (field ionization)

Analisi per injeccio en flux (flow injection analysis)
Fast ion bombardment

Ressonancia ciclotronica d'ions amb transformada de Fourier (Fourier
transform ion cyclotron resonance)

fluorooctanosulfonamida
Fluorooctanosulfonamido-etanol
Fosfatidilserina

Fluorotelomer alcohol

Full width at half maximum

Cromatografia de gasos (gas chromatography)
High-energy collision dissociation

Espectrometria de masses d’alta resolucio (high resolution mass
spectrometry)

Head space-dielectric barrier discharge ionization
Espectrometria d'emissio optica per plasma acoblat inductivament
Isocitrat deshidrogenasa

lon mobility

Trampa d'ions (ion trap)

Trampa d'ions - temps de vol

Unid Internacional de Quimica Pura i Aplicada
Massa de Kendrick

Defecte de massa de Kendrick

Laser-ablation atmospheric pressure photoionization
Cromatografia de liquids (liguid chromatography)
Liquid extraction surface analysis

Trampa d'ions lineal (linear ion trap)

Trampa d'ions lineal - Orbitrap

Liquid microjunction - surface sampling probe

Limit de deteccid
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LOQ
LTP
MALDI

MLOD
MLOQ
MON
MRM

MS
MS/HRMS

MS/MS
MSI
MS*
NAA
NAR
NKM
PC
PEG
PESI
PFAS
PFOA
PFOS
POC
PS
PTFE
Q
Q-Orbitrap
QqQ
Q-TOF
Q-trap

Limits de quantificacio
Low temperature plasma

Ionitzacio per desorcié amb laser assistida per matriu (matrix assisted
laser desorption ionization)

Limit de deteccio de metode (method limit of detection)

Limit de quantificacié de métode (method limit of quantification)
Monensina

Multiple reaction monitoring

Mass spectrometry

Espectrometria de masses en tandem en alta resolucid (high resolution
tandem mass spectrometry)

Espectrometria de masses en tandem (tandem mass spectrometry)
Mass spectrometry imaging

Fragmentacio en etapes successives (Multiple-stage mass spectrometry)
N-acetil aspartat

Narasina

Massa nominal de Kendrick (Nominal Kendrick mass)
Fosfatildilcolina

Polietilenglicol

Probe electrospray ionization

Substancies per- i polifluoroalquilades

Acid perfluorooctanoic

Sulfonat de perfluoroocta

Point of care

Paper spray

Politetrafluoroetile

Quadrupol

Quadrupol - Orbitrap

Triple quadrupol

Quadrupol - temps de vol

Quadrupol - trampa d'ions
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REIMS
RNKM

RSD
TATP
TCP
TD

TIA
TIC
TIL
TOF

TS
UHPLC

uv
WADA

Rapid evaporative ionization mass spectrometry

Residual de la massa nominal de Kendrick (Reminder of nominal
Kendrick mass)

Desviacio estandard relativa (%) (relative Standard deviation)
Triperoxid de triacetona

Tumor control probability

Desorci6 termica

Tiamulina

Corrent total d'ions (fotal ion current)

Tilosina

Temps de vol (time-of-flight)

Touch spray

Cromatografia de liquids d'ultra elevada eficacia (ultra-high performance
liquid chromatography)

Ultravioleta

Agéncia mundial d'antidopatge (World Anti-Doping Agency)



OBJECTIUS I ESTRUCTURA
T —






Objectius i estructura

OBJECTIUS I ESTRUCTURA

L’objectiu d’aquesta Tesi ha estat 1’estudi de les técniques Ambient lonization Mass

Spectrometry 1 D’avaluacio de tres d’aquestes técniques per al desenvolupament de

metodologies analitiques rapides i selectives basades en 1’analisi directa per espectrometria

de masses que ajudin a millorar el rendiment dels laboratoris analitics.

Aquest objectiu general es pot desglossar en una série d’objectius concrets que donen cos al

treball inclos en aquestes memoria i que son els segiients:

Desenvolupar métodes d’analisi directa per espectrometria de masses emprant la
técnica d’ionitzacid per desorcid per electroesprai (DESI) per a 1’analisi rapida i
efica¢ de mostres d’elevada complexitat. Aquests metodes han de tenir la capacitat
de permetre la detecci6 i la identificacio simultania d’un ampli nombre de compostos

organics per poder ser emprats com a metodes de cribratge en laboratoris analitics.

Estudiar I’aplicabilitat de 1'as de la DESI amb 1’espectrometria de masses d’alta
resolucioé per implementar métodes d’analisi de compostos sospitosos (non-target) i
desconeguts i avaluar estratégies pel tractament de les dades obtingudes que permetin
la rapida identificacid i caracteritzacio d’aquests compostos. En concret, es pretén
escollir problemes analitics que permetin posar de manifest la capacitat de la técnica

DESI-HRMS.

Estudiar la possibilitat d’utilitzar técniques Ambient MS basades en 1’s de substrats
mostrejadors com a sondes generadores d’esprai per a 1’analisi de mostres que
requereixen un mostreig minimament invasiu, com per exemple, per a ’analisi in

vivo de teixit biologic.

Avaluar la possibilitat de combinar I’APPI amb técniques Ambient MS basades en la
desorcid assistida per potencial per tal d’ampliar el camp d’aplicacié d’aquestes

técniques.

Per tal d’assolir aquests objectius, la present memoria s’ha estructurat en tres apartats:

Una Introduccio on es comenta la importancia de les fonts d’ionitzacié basades en
I’analisi directa per espectrometria de masses (Ambient MS) per al desenvolupament

de metodes analitics rapids i, en la qual, s’hi s’inclouen dos capitols intitulats
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“Introduction to Ambient Mass Spectrometry Techniques”(Chapter 1, pp. 3-35) del
llibre “Ambient Mass Spectrometry Techniques in Food and Environment” (editorial
CRC Press, 2019) 1 “Ambient lonisation-High Resolution Mass Spectrometry:
Environment, Food, Forensic and Doping Analysis” (Chapter 9, pp. 51-88) del llibre
“Application of Time-of-Flight and Orbitrap Mass Spectrometry in Environmental,
Food, Doping and Forensic Analysis” (Elsevier, Series: Comprehensive Analytical
Chemistry, 2016, vol. 71). En aquestes publicacions s’hi discuteixen els principis i
les caracteristiques de les técniques Ambient MS més consolidades, se’n fa una
classificacio de les diferents técniques, es comenten les seves similituds i diferéncies
en base al seu disseny i configuracio i s’inclou una revisié bibliografica de les
metodologies desenvolupades més rellevants en diferents camps d’aplicacio.
Aquesta introduccio també conté una actualitzacio bibliografica on es discuteixen les
aplicacions Ambient MS més recents relacionades amb els camps d’aplicacié del
medi ambient, de 1’alimentaci6, de I’analisi forense i del control antidopatge aixi com

per a la diagnosi clinica.

El Capitol 2 esta dedicat a I’estudi i avaluacio de la técnica d’ionitzacio per desorcio
per electroesprai (DESI) per al desenvolupament de metodologies rapides basades
en l’analisi directa per espectrometria de masses de compostos sospitosos i
desconeguts en matrius complexes. En aquest capitol hi consta: una introduccid, on
es comenten les principals caracteristiques de la tecnica DESI i els avantatges que
presenta I’espectrometria de masses d’alta resolucio en aquest tipus de metodologies,
un apartat on s’inclou el treball experimental realitzat i un tercer apartat de discussio
de resultats. El treball experimental corresponent a aquest capitol esta recollit en dos
articles cientifics intitulats “Desorption electrospray ionization-high resolution mass
spectrometry for the screening of veterinary drugs in cross-contaminated feedstuffs”,
publicat a la revista Analytical and Bioanalytical Chemistry (2015, 407:7369-7378),
i “Desorption electrospray ionization-high resolution mass spectrometry for the
analysis of unknown materials: The phytosanitary product case”, publicat a la revista

Analyst (2019, 194:350-356).

El Capitol 3 esta dedicat a estudiar la touch spray (TS) i el paper spray (PS) per a la
resolucié de dos problemes analitics especifics. El primer dels treballs inclosos en
aquest capitol forma part de la investigacio realitzada durant I’estada formativa de 5

mesos a la Universitat de Purdue i els resultats del qual es recullen en [’article
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cientific “Analysis of human gliomes by swab touch spray-mass spectrometry:
application to intraoperative assessment of surfical margins and presence of
oncometabolites”, publicat a la revista Analyst (2017, 142:4058-4066). Els resultats
del segon treball es troben recollits en I’article cientific intitulat “Paper Spray-
Atmospheric Pressure Photoionitzacion-High Resolution Mass Spectrometry for the
Direct Analysis of neutral Fluorinated Compounds in Waterproof Impregnation
Sprays”, que s’ha enviat per a la seva publicacié a la revista Analytical and

Bioanalyical Chemistry.

Finalment s’inclouen les conclusions obtingudes de la realitzacié d’aquesta Tesi, aixi

com la bibliografia corresponent.
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Les activitats que 1’ésser huma desenvolupa dia a dia tenen conseqiiéncies que
transcendeixen de I’ambit local o regional en el qual s’exerceixen fins a afectar al
funcionament global del nostre planeta. L’impacte huma (in)voluntari, sovint influenciat per
motius econdmics i socials, contribueix a la formacid, a I’s 1 a ’emissié d’un gran nombre
de contaminants o substancies nocives que provoquen efectes adversos en el medi ambient i
en 1’ecosistema que ens envolta, en la qualitat dels productes alimentaris que consumim i,
en conseqiiencia, al benestar de les persones i a la seva qualitat de vida. D’aquestes
problematiques sorgeix la necessitat de realitzar un seguiment de les activitats que es troben
englobades en els camps d’aplicaci6 del medi ambient, de 1’alimentacié o de 1’analisi
forense, entre d’altres, i que impliquen la monitoritzacié d’un nombre cada vegada més gran
de compostos en un volum de mostres considerable. En aquest escenari, és de gran interés
el desenvolupament de metodes rapids, senzills i automatitzats que permetin la deteccio, la
identificacio i/0 la quantificacié6 d’un gran nombre de compostos mitjancant técniques
analitiques que ofereixin una elevada sensibilitat i selectivitat. Aquests requeriments es
troben directament relacionats amb el desig d’augmentar la productivitat dels laboratoris de
control, emprant métodes més universals que permetin determinar diverses families de
compostos sense incrementar i, fins i tot, disminuir el cost de 1’analisi. En camps d’aplicacié
com 1’analisi clinica, aquests requisits estan també relacionats amb la necessitat d’obtenir un
diagnostic en el minim temps de resposta. Aixi, en general, es requereixen metodes rapids,
senzills, versatils, que no siguin especifics d’un tnic tipus de problema, malaltia o pacient,
i/o que permetin 1’analisi in-situ en aquells casos en qué és primordial obtenir una resposta
immediata. En aquest context, I’aveng i el desenvolupament de noves técniques d’analisi
instrumental tenen un paper molt important en el progrés i en 1’evoluci6 de noves

metodologies analitiques que possibilitin assolir aquests objectius.

Avui dia, ’espectrometria de masses (MS) €s una técnica d’analisi instrumental gairebé
indispensable en molts laboratoris analitics, principalment per la seva capacitat per
identificar inequivocament una gran varietat de compostos (molécules organiques, sals
inorganiques, complexos organometal-lics, biomolécules, etc.) i una gran sensibilitat,
selectivitat i rapidesa. Ara bé, la majoria de métodes analitics basats en 1’analisi per MS
inclouen tractaments de mostra (extraccio6 dels analits, procediments de neteja dels extractes
o de preconcentracid) seguits d’una etapa de separacid cromatografica per, finalment,

detectar, identificar i/o quantificar els compostos per MS. Tant I’eliminacié d’interferéncies
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en les etapes del tractament de la mostra com la separacié que té lloc durant la cromatografia,
contribueixen a disminuir I’efecte que els components de la matriu de la mostra poden tenir
en I’etapa d’ionitzacié dels compostos i faciliten la interpretacié dels espectres de masses
que s’obtenen (Uclés et al., 2017). Per contra, aquestes dues etapes son les que afecten més
negativament al temps i al cost de 1’analisi, I’increment dels quals es veu directament influit

pel grau de complexitat de la matriu que es pretén analitzar.

Com la gran majoria de técniques instrumentals, 1’espectrometria de masses ha sofert
avencos significatius al llarg dels anys, que han permés desenvolupar métodes analitics
enfocats tant a la monitoritzacid, a la quantificacié i al control de compostos coneguts o
legislats com a la identificaci6 de compostos organics desconeguts en tot tipus de matrius.
Els analitzadors de masses de baixa resolucid continuen essent molt utilitzats en els
laboratoris analitics, principalment en configuracions com el triple quadrupol (QqQ), la
trampa d’ions en la seva versi6 lineal (LIT) aixi com el quadrupol-trampa d’ions (Q-trap),
que permeten dur a terme experiments d’espectrometria de masses en tandem (Holcapek et
al., 2012). La capacitat de filtracid, aixi com la velocitat d’escombratge i I’eficacia
d’emmagatzematge d’aquests analitzadors han millorat substancialment durant la darrera
deécada, fent-los més rapids, sensibles i selectius. Els analitzadors de triple quadrupol
presenten una elevada sensibilitat i selectivitat i son molt adequats per a la monitoritzacio i
per a I’analisi quantitativa de compostos d’interes, especialment quan es treballa en el mode
d’adquisicié de monitoritzacid de reaccions multiples (MRM). No obstant aixo, els
analitzadors de QqQ presenten certes limitacions quan s’aborda la determinacié d’un nombre
molt elevat de compostos ja que, segons els criteris descrits pels protocols europeus (EU
directive, 1996, 2002), calen un minim de dues transicions (un i6 precursor i dos ions
producte) per confirmar la preséncia d’un compost. A més, la necessitat de seleccionar
préviament aquestes transicions en el mode de treball de MRM implica que el seu us quedi
restringit a 1’analisi de compostos diana (target analysis). Per a la monitoritzacio de
compostos sospitosos emprant analitzadors de QqQ, els modes d’escombratge d’ions
precursors o de pérdua de neutres son utils per a la 1’analisi de compostos analegs que
presenten ions producte o fragments neutres caracteristics, tot i que impliquen que s’hagi de
realitzar un escombratge d’ions (fill scan). No obstant aix0, s’ha de tenir en compte que els
modes de treball en full scan en analitzadors quadrupolars son menys sensibles ja que, durant
I’escombratge en el quadrupol, els ions son enviats de manera seqiienciada al detector, cosa

que implica que el percentatge d’ions que s’envia per a cada valor de m/z sigui inferior al
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100%. A diferéncia del quadrupol, la trampa d’ions és un analitzador polsat que
emmagatzema paquets d’ions en trajectories d’oscil-lacié estables, els quals son enviats al
detector en provocar la inestabilitat d’aquestes trajectories. Els sistemes de trampa d’ions
permeten 1’escombratge d’ions (full scan) amb bona sensibilitat i, per tant, son més idonis

per a la monitoritzacié de compostos sospitosos.

Tot i els avantatges que presenten els sistemes analitzadors que s’acaben de comentar, el fet
que treballin a baixa resolucid implica que no sigui possible diferenciar o evitar les
interferéncies isobariques (mateixa massa nominal), que son especialment freqiients quan
s’analitzen mostres amb matrius complexes que no han estat sotmeses a processos
d’extraccid i de neteja exhaustius. En aquest context, els analitzadors d’alta resolucio, com
ho sén el temps de vol (TOF) o 1’Orbitrap, permeten adquirir 1’espectre de masses complet
(full scan) amb una precisid en la mesura de la massa de fins a 0.0001 Da i, en la majoria
dels casos, amb una sensibilitat i selectivitat equiparables als sistemes de QqQ (MRM) o de
IT (escombratge d’ions producte). L exactitud en la massa que proporcionen els analitzadors
d’alta resoluci6 permet realitzar una identificacid temptativa de la formula molecular,
reduint aixi el nombre de possibles candidats per un determinat i6 (m/z), 1 fa possible la
separacid de compostos isobarics. A més, 1’elevada sensibilitat i selectivitat que
proporcionen els analitzadors de masses d’alta resolucio actuals en I’adquisicio dels
espectres de masses en full scan possibilita 1’analisi retrospectiva de mostres, especialment
util per a la identificaci6 de compostos sospitosos i/o desconeguts (Agiiera et al., 2017,
Lehotay et al., 2015). D’altra banda, els analitzadors hibrids d’alta resolucié com el Q-TOF,
el Q-Orbitrap o el IT-Orbitrap, permeten dur a terme experiments d’espectrometria de
masses en tandem, on 1’i6 precursor se selecciona en baixa resolucio (al quadrupol o a la
trampa d’ions) i la seva fragmentacid en una cel-la de col-lisi6 genera els ions producte que
son mesurats posteriorment en alta resoluci6. La informacio estructural que s’obté és util per
a la caracteritzacid de compostos desconeguts i permet disminuir la possibilitat d’obtenir
falsos positius (Knolhoff et al., 2015). Avui dia, els nous sistemes d’espectrometria de
masses disposen de modes d’escombratge que combinen diferents modes d’adquisicid en el
mateix cicle, com ara el data dependent acquisition (DDA) o el data independent acquisition
(DIA), que permeten abordar 1’analisi de compostos sospitosos o desconeguts d’una manera

menys dirigida (Garcia-Reyes et al., 2017).

Les altes prestacions dels analitzadors moderns d’alta resolucio, juntament amb 1’is d’eines

per al post-processament de dades (bases de dades online, programari que permet obtenir
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espectres de tandem virtuals o analisi estadistica multivariant) i la utilitzacié de fonts
d’ionitzacidé a pressido atmosferica, s’han aprofitat per a desenvolupar metodes directes
d’analisi per MS en els que no es fa us de cap separacié cromatografica prévia (Knolhoff et
al., 2015), pero també han permes simplificar, o fins i tot eliminar, etapes del tractament de
mostra que, en molt casos, poden ser discriminants (alguns compostos de la mostra poden
perdre’s durant aquesta etapa). Aquest ultim aspecte €és especialment rellevant quan es
pretenen desenvolupar métodes en els que és necessari monitoritzar un gran ventall de
substancies, com per exemple per a I’autenticacié de productes alimentaris, per al diagnostic

de malalties o per al cribratge de compostos sospitosos, entre d’altres.

El terme “analisi directa per espectrometria de masses” fa referéncia a I’analisi de les mostres
en el seu estat natiu sense o amb una minima manipulacié prévia a la seva analisi per MS
(Bylinski et al., 2017). Aixi doncs, amb I’eliminacié de les etapes de tractament de mostra i
de separaci6é cromatografica, a més del tipus d’analitzador de masses utilitzat, els factors
principals que poden influir en la sensibilitat, la selectivitat i la rapidesa dels meétodes
d’analisi directa per MS son: el sistema d’introduccié de la mostra, les condicions en que
opera la font d’ionitzacio i el mecanisme d’ionitzacié emprats. Pel que fa a la introducci6 de
la mostra, es pot fer servir qualsevol sistema que sigui compatible tant amb la font
d’ionitzacié utilitzada com amb el tipus de matriu que es pretenen analitzar. Aixi, per
aquelles fonts d’ionitzacié que operen en condicions d’alt buit, com ara la ionitzacio
electronica (EI), la ionitzacidé quimica (CI) o la ionitzacio/desorcié per camp (FI/FD), el
sistema d’introduccié ha de contemplar la transferéncia de la mostra des d’unes condicions
a pressio atmosferica a I’alt buit. La forma més tradicional d’introduir directament els analits
ales fonts EI, CI, FI o FD son les sondes d’inserci6 directa (DIP) i d’exposicio directa (DEP),
on la mostra és portada a la zona d’alt buit, a través de diversos compartiments i d’un buit
diferencial, per a la seva volatilitzacio, sublimacio o desorcio prévia a 1’etapa d’ionitzacio
(Hoffmann et al., 2005). Tanmateix, les estratégies d’ionitzacié directa que ofereixen les
fonts EI, CI i FI/FD estan limitades a 1’analisi de compostos suficientment volatils i/o
térmicament estables, ja que la ionitzacio té lloc en la fase gas. Amb la introduccio del
bombardeig rapid d’atoms (FAB) I’any 1981 (Barber et al., 1981) s’aconsegueix, per primera
vegada, I’analisi de molecules polars, labils i d’elevat pes molecular, com ara els péptids, els
polisacarids, els nucleotids o els biopolimers. Avui dia, aquesta técnica s’ha substituit per la
ionitzacid per desorcid amb laser assistida per matriu (MALDI), atés que és una técnica més

sensible que permet ionitzar molécules d’elevat pes molecular (fins a 100,000 Da) (Karas et
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al., 1988). A més, amb la técnica MALDI és possible escanejar teixits i cél-lules biologiques,
al llarg dels eixos x 1y, per crear mapes topografics (imatges) de la superficie estudiada en
funci6 de la seva composicid molecular (Edwards et al., 2017). En ambdues técniques, la
mostra s’ha de sotmetre a métodes de preparacié on es mescla amb una matriu (solida o
liquida viscosa) per tal d’afavorir el procés de desorcio/ionitzacio. La mostra-matriu es porta
a un receptacle en condicions d’alt buit on s’irradia amb particules energétiques
(atoms/ions), en el cas del FAB/FIB, o amb fotons (laser), en la MALDI, per a la generacio
d’ions que son dirigits cap a 1’analitzador de masses que, en el cas de la font MALDI, sol ser
un TOF (Hoffmann et al., 2005). Ara b¢, els espectres que s’obtenen utilitzant aquestes fonts
d’ionitzacié son complexos si es té en compte que els ions produits provenen tant de la
mostra d’interés com de la matriu utilitzada per a la desorcid/ionitzacid. A més, no existeix
cap protocol eficag per escollir la matriu més adient o el procediment al qual s’ha de sotmetre

la mostra abans de 1’analisi, els quals afecten directament a la reproductibilitat del métode.

La introduccié de les fonts d’ionitzaci6 a pressio atmosferica (API), I’electroesprai (ESI), la
ionitzacié quimica a pressio atmosferica (APCI) o la fotoionitzacid a pressié atmosferica
(APPI), ha permes simplificar considerablement el procés d’introduccié de la mostra.
Emprant aquestes técniques, la mostra es pot introduir directament a la font d’ionitzacio en
forma d'una dissolucié que és arrossegada per una fase mobil i que forma un esprai de
microgotes carregades, en I’ESI, i neutres, en ’APCI i I’APPI. Aquest esprai es genera, a
pressio atmosferica, per nebulitzacio assistida pneumaticament (N2) i, en el cas de I’ESI,
aplicant un potencial a 1’agulla. En la font ESI, la ionitzacié té lloc en la fase liquida, on
I’analit generalment es protona o desprotona via equilibris acid/base, i els ions passen a la
fase gas per evaporacio ionica a partir de les microgotes carregades que es troben enriquides
en ions positius o negatius segons la polaritat emprada. En el cas de I’APCI i I’APPI, la
ionitzacid es produeix en fase gas mitjancant reaccions i6-molécula iniciades en aplicar un
elevat potencial a un eléctrode corona (APCI) o gracies a les interaccions amb els fotons
emesos per una lampada ultraviolada de buit (APPI) (Mellon, 2003). Ara bé, per dur a terme
I’analisi directa emprant aquestes fonts API, és necessari que la mostra sigui liquida. Aixi
doncs, no és possible 1’analisi directa de matrius solides sense realitzar, préviament a la
ionitzacid, un tractament a la mostra per tal d’obtenir una solucid o un extracte. Una de les
estratégies més simples, robustes i automatitzades per al desenvolupament de métodes
d’analisi directa emprant les fonts API és I’analisi per injeccio en flux (FIA), en la qual se

sol utilitzar la instrumentacié propia dels sistemes cromatografics, principalment el
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mostrejador automatic, I’injector i la bomba, per introduir una quantitat coneguda d’extracte
o matriu liquida que és arrossegada per una fase mobil cap a la font d’ionitzacio (Alechaga
etal., 2015; Mol et al., 2014). L’ESI ¢s considerada la font d’ionitzacié més “suau”, i genera
ions o grups d’ions (cluster isotopic) en els quals es manté la informacié de la composicid
elemental del compost. Aquesta ionitzacio és aplicable a un ampli ventall de compostos de
polaritat mitjana-alta, sempre que presentin diversos grups funcionals ionitzables (per
obtenir la molécula protonada o desprotonada) en la seva estructura quimica, o que sigui
possible la formacié d’adductes amb components de la solucié (amoni, ions de metalls
alcalins, bases conjugades amb acetat o formiat). Tanmateix, per a I’analisi de compostos
menys polars o sense grups facilment ionitzables en fase liquida, son més adequades les
fonts APCI i APPI. D’altra banda, el mecanisme d’ionitzacié d’ESI permet la generacid
d’espécies multiplement carregades, a diferéncia de ’APCI i I’APPI, la qual cosa fa possible
ampliar I’analisi a molécules d’elevat pes molecular (Mellon, 2003). Per contra, I’ESI és més
sensible que I’APCI o I’APPI als efectes de disminucidé (supressio) o d’augment
(enhancement) en 1’eficacia d’ionitzacid, que son produits per la preséncia d’altres
substancies que coelueixen amb els analits amb els quals competeixen durant el procés

d’ionitzacio.

A principis del segle XXI, sorgeix un nou concepte d’ionitzaci6é en el panorama de les
técniques analitiques que “revoluciona” les possibilitats de 1’analisi directa per
espectrometria de masses. Es tracta d’un nou grup de técniques d’ionitzacid anomenades
ambient, terme anglés que es podria traduir com “ionitzacid en el seu propi entorn”, i que
s’inclouen en un nou apartat en espectrometria de masses anomenat “ambient ionization
mass spectrometry” (Ambient MS). Amb 1’Ambient MS, es fa realitat la possibilitat
d’obtenir, gairebé de forma instantania, informacié espectral de qualsevol objecte,
simplement mantenint-lo davant de 1’espectrometre de masses. Les primeres técniques que
van encunyar aquest terme, la ionitzacio6 per desorcio per electroesprai (DESI) (Takats et al.,
2004) i I’analisi directa en temps real (DART) (Cody et al., 2005), van ser desenvolupades
I’any 2004 pel Dr. R. G. Cooks, qui també va introduir el terme Ambient MS, i el Dr. R. B.
Cody, respectivament. L’Ambient MS engloba aquelles técniques d’ionitzacid a pressio
atmosferica que permeten la desorcié i la ionitzacid directa dels analits en el seu entorn natiu,
ja sigui en estat solid, liquid o gasos, amb una minima o nul-la manipulacié de la mostra,
prévia a I’analisi per MS. A partir de la introduccio de la DESI i la DART, el nombre de

técniques Ambient MS desenvolupades s’ha vist augmentat considerablement; els articles de
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revisié més actuals ja en classifiquen més de 80, les quals difereixen, principalment, en la
combinaci6 de les etapes d’extraccio i de desorci6 dels analits de la mostra i en el mecanisme
d’ionitzacié (Javanshad et al., 2017; Monge et al., 2013). Una de les caracteristiques
principals de les técniques Ambient MS és que el processament de la mostra
(extraccio/desorcio) es produeix in situ, és a dir, durant I’analisi, en la mateixa etapa en que
es produeix la ionitzacié o just immediatament abans. Aixi, es tracta de técniques molt
rapides (uns segons), atés que només cal realitzar una preparacié prévia minima o nul-la de
la mostra. D’altra banda, 1’as de dissolvents o d’altres reactius és minim, la qual cosa
disminueix el cost de les analisis i afavoreix una recerca quimica sostenible. Com en la
MALDI, algunes d’aquestes técniques, com ara la DESI, també permeten la generacio
d’imatges de la superficie de la mostra segons la seva composicié quimica (imaging), pero
amb I’avantatge de que no és necessari 1’s de matrius per desorbir i ionitzar els analits. A
més, la simplicitat del disseny de les fonts Ambient MS, aixi com la versatilitat que ofereix
treballar en condicions de pressi6 atmosférica, han permés modificar I’enfocament del
desenvolupament de noves metodologies analitiques. Aixi, enlloc d’incidir en estudiar noves
estratégies per adequar la mostra al sistema instrumental, es pot avaluar la possibilitat
d’adaptar la técnica al tipus de problema analitic que es presenta. Aixo es pot fer de forma
rapida i relativament senzilla, ja sigui fent petites modificacions en una determinada técnica
Ambient MS ja establerta o implementant-ne una de nova sense la necessitat d’optimitzar
tractaments de mostra o d’acoblar multiples técniques (LC-MS, GC-MS, FIA-MS, etc.), més
costoses. Ara bé, cal remarcar que les técniques Ambient MS també tenen limitacions que,
en molts casos, afecten a la sensibilitat, a la representativitat i a la reproductibilitat del
metode, dificultant el desenvolupament de métodes d’analisi quantitativa. A més, per a
I’analisi de matrius molt complexes, les mesures de massa exacta i la selectivitat que aporta
I’acoblament d’aquestes técniques a ’HRMS no sén suficients per obtenir resultats d’una
qualitat suficient, essent necessari, en aquests casos, 1’is d’estratégies de manipulacio

simples prévies a I’analisi.
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1.1 TECNIQUES D’IONITZACIO AMBIENT EN ESPECTROMETRIA DE
MASSES

En aquesta introducci6 s’inclouen dues publicacions incloses en dos llibres, apartats 1.1.1 i
1.1.2, on es discuteixen els principis, les caracteristiques i les aplicacions de les técniques
Ambient MS en els camps de I’alimentacid, el medi ambient, 1’analisi forense i el control
antidopatge. A la Publicacio I (apartat 1.1.1) es descriuen els principis de les técniques més
consolidades 1 se’n fa una classificacio segons el tipus de processament al qual se sotmet la
mostra durant I’analisi, el mecanisme d’ionitzaci6é de la técnica i el processament de la
mostra, simultani o just abans de la ionitzacio. A més, s’hi discuteixen les similituds i les
diferéncies, pel que fa al disseny, de les diferents técniques Ambient MS, es discuteixen les
estratégies de manipulacié que s’han proposat per a 1’analisi de mostres molt complexes aixi
com per superar les limitacions d’algunes d’aquestes técniques per a I’analisi quantitativa.
La Publicacio II (apartat 1.1.2), tot i que també hi ha una classificacié de les técniques
Ambient MS i conté un apartat d’aplicacions que il-lustren I’aplicabilitat i la utilitat
d’aquestes técniques, se centra principalment en les caracteristiques que aporta
I’espectrometria de masses d’alta resoluci6 al desenvolupament de métodes Ambient MS per
resoldre els problemes relacionats amb la matriu, com son la preséncia d’interferéncies
isobariques o els problemes de sensibilitat. Per ultim, a [I’apartat 1.2 s’inclou una
actualitzacid bibliografica on es presenten les recents aplicacions publicades a la literatura
relacionades amb el desenvolupament de métodes Ambient MS en els camps d’aplicacié en
els quals aquestes técniques tenen una major rellevancia, les estratégies d’analisi més

utilitzades i les seves perspectives de futur.
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1.1.1 PUBLICACIO 1

Introduction to Ambient Mass Spectrometry Techniques
Raquel Serd, Maria Teresa Galceran, Encarnacion Moyano

En el llibre Ambient Mass Spectrometry Techniques in Food and the
Environment. Editat per, Leo M. L. Nollet, Basil K. Munjanja. (2019) CRC
Press. ISBN 9781138505568
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INTRODUCTION

Cooks and coworkers introduced the term “ambient ionization” in mass spectrome-
try (MS) in 2004 (Takats et al. 2004). This term grouped those emerging desorption/
ionization techniques that operated at atmospheric pressure and were able to subject an
object for its immediate mass spectral analysis by handling it in front of the interface
without the need of sample preparation or sample pretreatment. However, nowadays, it
would be more accurate to say that these methods frequently do not require other sample
preparation than the sample processing that takes place during the analysis (Venter et al.
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2014; Monge et al. 2013). To classify an ionization source in this new group of ambient
MS techniques, it should meet the following requirements:

¢ The ability to perform ionization of compounds in the open air on objects of
unusual shape or size, not typically amenable to direct MS analysis.

o The capability to perform direct surface analysis, avoiding time-consuming sam-
ple preparation steps typically required in MS-based chemical analysis of solid
samples.

e The easiness to be swappable in any mass spectrometer equipped with an atmo-
spheric pressure interface.

e The capacity to generate ions without significant in-source fragmentation, which
would simplify the mass spectral data interpretation and the compound identifi-
cation when analyzing complex samples.

The two first introduced ambient mass spectrometry (ambient MS) techniques were desorp-
tion electrospray ionization (DESI) (Takdts et al. 2004) and direct analysis in real time
(DART) (Cody, Laramee, and Durst 2005), which boosted the development of a growing
number of new ambient MS methods and a large number of acronyms. Table 1.1 summa-
rizes the ambient MS techniques mostly used in food and environmental analysis. A num-
ber of excellent books and book chapters (Domin and Cody 2015; Gross 2017; Moyano
and Galceran 2015; Kauppila and Vaikkinen 2014; Sero, Nunez, and Moyano 2016),
review articles (Ding and Duan 2015; Monge et al. 2013; Espy et al. 2014; Cooks and
Mueller 2013; Badu-Tawiah et al. 2013; Cody 2013; Javanshad and Venter 2017; Snyder
et al. 2016; Klampfl and Himmelsbach 2015; Kauppila and Kostiainen 2017; Venter et al.
2014), and tutorials (Huang et al. 2011; Bodzon-Kulakowska et al. 2014), which have
already been published under the topic of “ambient ionization,” can be recommended for
a further in-depth study of ambient MS technique fundamentals and state of the art. The
ambient MS techniques developed until now combine different desorption methods with
different ionization techniques, thus making their classification very challenging. Some
authors have classified ambient MS techniques based only on the ionization mechanism
(spray or jet ionization, electric discharge ionization, and gas-, heat- or laser-assisted
desorption/ionization), although more thorough classifications have been made based on
the intrinsic extraction/desorption/ionization mechanisms involved in these techniques
(Black, Chevallier, and Elliott 2016). However, these divisions are sometimes debatable,
especially when several of these mechanisms concur in the same technique.

Ambient MS techniques can offer advantageous characteristics to analytical labora-
tories working in the field of food and environmental analysis (Kauppila and Vaikkinen
2014; Chen et al. 2017; Nielen et al. 2011; Black, Chevallier, and Elliott 2016; Luo
et al. 2017; Porcari et al. 2016). For instance, real-time and in situ analysis, low sample
requirements with little sample invasion, fast and high-throughput analysis, minimal
or no sample prior preparation, small or no use of organic solvents, and relatively low
matrix effects are some of the ambient MS characteristics that can be attractive for food
and environmental applications. These features allow facing some requirements such as
workload, turnaround time, and cost per sample frequently demanded by modern ana-
lytical laboratories. Table 1.2 summarizes some of the most recent ambient MS applica-
tions in food and environmental analysis. As can be seen, most of these applications used
DESI and DART, probably because they were the first techniques developed, and they
have been more widely studied than others introduced later. Furthermore, the availability
of commercial devices for both DESI and DART, which can be coupled to many mass
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TABLE 1.1  Acronyms and Primary References for Ambient MS Techniques Used in
Environmental and Food Analysis

Abbreviation Name First Reference
DAPCI Desorption atmospheric pressure chemical Song and Cooks (2006)
ionization
DAPPI Desorption atmospheric pressure Haapala et al. (2007)
photoionization
DART Direct analysis in real time Cody, Laramee, and Durst
(2005)
DBDI Dielectric barrier discharge ionization Na, Zhao, et al. (2007)
DESI Desorption electrospray ionization Takdts et al. (2004)
DICE Desorption ionization by charge exchange Chan et al. (2010)
EASI Easy ambient sonic-spray ionization Haddad, Sparrapan, and Eberlin
(2006)
EESI Extractive electrospray Chen, Venter, and Cooks (2006)
ELDI Electrospray-assisted laser desorption Shiea et al. (2005)
ionization
FAPA Flowing atmospheric pressure afterglow Andrade et al. (2008)
LAESI Laser ablation electrospray ionization Nemes and Vertes (2007)
Leaf spray Leaf spray Liu et al. (2011)
LESA Liquid extraction surface analysis Kertesz and Van Berkel (2010)
LM]J-SSP Liquid microjunction surface sampling Berkel, Sanchez, and Quirke
probe (2002)
LTP Low-temperature plasma Cotte-Rodriguez and Cooks
(2006)
MALDESI Matrix-assisted laser desorption Sampson, Hawkridge, and
electrospray ionization Muddiman (2006)
Nano-DESI Nano-desorption electrospray ionization Roach, Laskin, and Laskin
(2010b)
ND-EESI Neutral desorption extractive electrospray Chen, Wortmann, and Zenobi
(2007)
PADI Plasma-assisted desorption ionization Ratcliffe et al. (2007)
PESI Probe electrospray ionization Hiraoka et al. (2008)
PS Paper spray Wang et al. (2010)
REIMS Rapid evaporative ionization mass Schifer et al. (2009)

spectrometry

Bold italics acronyms: Commercially available Ambient MS techniques.

spectrometer brands, may also affect the increase of their use. The simplicity of ambi-
ent MS methods allows the easy modification of the already existing ones to adapt them
to both the sample type and the analytical problem. For this reason, many prototypes,
home-made new approaches, are continuingly being introduced, and most of them have
been explored for their application to target analysis of organic contaminants in food
and environmental samples, food fraud, food authentication, and screening of emerging
pollutants, among others. Although most of the characteristic aspects of ambient MS
techniques can be very attractive and “revolutionary,” one should be aware of intrinsic
limitations. For instance, the detection of a compound largely depends on the ionization
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mechanism as well as on the nature of the analyte to yield ions under the concrete ioniza-
tion mechanism. Therefore, not a single ionization method, especially when is used under
one set of conditions, can deliver ions of all constituents in a complex sample. However,
all ionizable compounds on the sample surface will contribute to the generation of com-
plex mass spectral data. On the other hand, ambient ionization is generally a soft ioniza-
tion that yields ions with low internal energy, which suffer no or little fragmentation in
the atmospheric pressure region. Mono-charged and multiple-charged ions, as well as
adduct ions, can be expected from those ambient MS methods shearing electrospray-
like ionization mechanisms, while plasma-based techniques only will generate mono-
charged ions and radical molecular ions. Under this scenario, the quality of the results
would depend on the degree of information that the mass spectrometer can provide.
Ambient MS techniques have been coupled to low-resolution mass analyzers (quadrupole
and ion traps) mainly for the analysis of target compounds. However, the complexity of
mass spectral data and the application of ambient MS techniques for the screening of
complex samples require the use of MS instruments capable of acquiring data at high-
resolution and/or performing tandem MS experiments. High-resolution MS instruments
are required to overcome interference problems, avoid overlapping isotope clusters, and
provide high-quality mass spectral information to identify both the chemical formula
and the chemical structure. Today, highly sensitive and selective instruments, such as
linear ion trap (LIT), time of flight (TOF), Orbitrap and hybrid instruments such as triple
quadrupole (QqQ), quadrupole-TOF (Q-TOF), quadrupole-Orbitrap or LIT-Orbitrap,
have demonstrated to provide the necessary performance to design reliable methods with
minimal sample preparation, thus facilitating high throughput analysis.

This chapter aims to provide a general picture of ambient MS techniques used for the
analysis of organic compounds in environmental and food samples. Classification and
a brief description of the ambient MS methods used in these fields as well as the most
important and critical features of the desorption/ionization techniques are included.

AMBIENT MS TECHNIQUES

What really differentiates ambient MS from other direct MS techniques is that the sample
processing takes place in real time and proximal to ionization. Among the ambient MS
techniques, the difference relies on the way of how sample processing is combined with
well-known ionization mechanisms. For instance, electrospray ionization (ESI), sonic-spray
ionization (SSI), gas-phase ion—molecule reactions, and photochemical ionization have
been coupled in real time with sample processing steps such as liquid extraction, thermal
desorption, and laser ablation, among others. The classification of ambient MS techniques
in subclasses is not easy and differs depending on the reviews published until now, with a
certain degree of overlap. In addition, it is sometimes difficult to distinguish between a new
ambient MS technique and the simple rebranding of an already reported ambient ioniza-
tion source. Despite the difficulties to categorize the ambient MS techniques, the approxi-
mations of Venter et al. (2014) and Monge et al. (2013) seem to provide the most logical
arrangement since both the sample processing and the desorption/ionization mechanisms
are taken into account. Venter et al. (2014) classified ambient MS techniques based on the
predominant sample processing method: liquid extraction (spray desorption, liquid junc-
tion, and substrate spray), thermal desorption, and laser ablation. On the other hand, the
classification of Monge et al. (2013) is based on the intrinsic desorption/ionization mecha-
nism of surface ambient MS techniques. They are classified into one-step and two-step
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techniques: one-step technique where desorption works in parallel with the ionization and
two-step technique where desorption/ablation is followed by a secondary independent ion-
ization step. It must be mentioned that these authors do not include paper spray (PS) and
extractive electrospray ionization (EESI) in their classifications. In this work, we propose a
classification (Table 1.3) based on the number of steps necessary to desorb/ionize the ana-
lytes from the sample (Monge et al. 2013), but also considering the sample processing that
takes place in each technique (Venter et al. 2014). Thus, this classification allows including
PS and EESI, which are classically considered as ambient MS techniques.

One-Step Ambient MS Techniques

As mentioned earlier, in this group of techniques, sample processing occurs in parallel
with the ionization mechanism. Liquid—solid extraction, thermal desorption, or chemical
sputtering occurs in the same space and time than the ionization of compounds desorbed
from the sample surface.

Solid-Liquid Extraction

Those one-step ambient MS techniques having liquid—solid extraction and liquid-liquid
extraction (LLE) as the most important sample processing steps can be further divided
into two subgroups depending on how the extraction product is presented to the ioniza-
tion event: spray desorption or liquid microjunction. DESI (Takats et al. 2004) is the most
well-known spray desorption ambient MS technique (Figure 1.1), in which the sample pro-
cessing starts by generating a charged spray plume through pneumatically assisted electro-
spray of a solvent. This charged spray plume is directed onto the sample surface to create

TABLE 1.3 Classification of Ambient MS Techniques Used in Environmental and Food
Analysis

Ambient MS
Techniques Sample Processing Tonization Techniques
One step Liquid-solid Spray desorption  ESI DESI, EESI
extraction Sonic spray EASI
Liquid ESI LM]J-SSP, LESA
microjunction Nano-DESI
Thermal/chemical desorption Plasma based DART, DAPCI, FAPA,
LTP, DBDI, PADI,
Photoionization ~ DAPPI
Two step Liquid-solid Spray desorption  ESI ND-EESI
extraction Substrate spray ESI PESI
Ultrasonic APPI EAPPI
nebulization
Laser desorption/  Laser ablation ESI LAESI (ELDI)
ablation Matrix-assisted ~ ESI MALDESI
laser desorption
Three step Solid-liquid Substrate spray ESI PS
extraction
Others Thermal ablation/chemical ionization REIMS
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FIGURE 1.1 (See color insert after page 124.) Schematic illustrations of some commer-
cially available ambient MS techniques: DESI (Reprinted with permission from refer-
ence (Sero, Nunez, and Moyano 2016), Copyright (2016) Elsevier.), DART and LAESI
(Reprinted with permission from reference (Stopka et al. 2014), Copyright (2014) Royal
Society of Chemistry.), and PS (Reprinted with permission from reference (Wang et al.
2010), Copyright (2010) Wiley-VCH..).

a microlocalized liquid layer where compounds are dissolved/extracted. Finally, after the
impact of subsequent arriving primary charged droplets on the surface, the liberation of
secondary droplets containing analytes is produced, thus generating analyte ions through
traditional ESI mechanisms. Contrary to DESI, easy ambient sonic-spray ionization (EASI)
(Haddad, Sparrapan, and Eberlin 2006) operates free of high voltage, in spite of sharing
the same practical setup (nebulizing gas flow and polar solvent systems). The nebulizer gas
flows at sonic speed (2-5 times higher than DESI) coaxially to a solvent flow, which gener-
ates charged droplets through a statistical imbalance of charge. Although DESI is commer-
cially available for its installation in several mass spectrometers, EASI is still a homemade
device. However, DESI commercial ionization source can be adapted to perform EASI anal-
ysis with little custom readjustments. Regarding EESI (Chen, Venter, and Cooks 2006), the
main difference when comparing with DESI and EASI is the use of two orthogonal sprays:
the first spray contains charged droplets generated by the electrospray of a solvent, and the
second spray can be either a neutral aerosol produced from a liquid sample or a gas stream
containing volatile compounds (Figure 1.2). In this technique, collisions between neutral
(containing analytes) and solvent charged droplets produce the extraction of analytes and
subsequently the ionization takes place through ESI mechanisms.

Regarding liquid microjunction-based techniques, a solvent is delivered through a
capillary to form a semistatic liquid junction where analytes are dissolved/extracted from
the sample surface. The extracting liquid is transferred to a position where analytes can
be ionized by well-known ionization mechanisms, typically by electrospray. Techniques
such as liquid microjunction surface sampling probe (LM]J-SSP) (Berkel, Sanchez, and
Quirke 2002), nano-DESI (Roach, Laskin, and Laskin 2010b), and liquid extraction sur-
face analysis (LESA) (Kertesz and Van Berkel 2010) belong to this group of ambient MS
methods (Figure 1.2). The LM]J-SSP, already commercialized as flowprobe™, uses two
concentric tubes to supply the extraction solvent and to suction out the extracting liquid
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FIGURE 1.2 (See color insert after page 124.) Schematic views of some one-step spray-
based setup techniques: EESI (Reprinted with permission from reference (X. Lietal. 2011),
Copyright (2011) Nature America, Inc.), LM]J-SSP (Reprinted and adapted with permis-
sion from reference (Berkel, Sanchez, and Quirke 2002), Copyright (2002) American
Chemical Society.), LESA (Reproduced with permission from reference (Montowska
et al. 2014), Copyright (2014) American Chemical Society.), and nano-DESI (Reprinted
with permission from reference (Roach, Laskin, and Laskin 2010a), Copyright (2010)
American Chemical Society.).

phase with analytes, which are further ionized by ESI or atmospheric pressure chemical
ionization (APCI). Nano-DESI operates more similar to LMJ-SSP than to DESI, since the
lack of nebulizing gas removes the momentum transfer of incoming droplets to the liquid
film. Instead, a solvent delivered by a fused silica capillary dissolves the compounds on
the sample surface and forms a solvent bridge with a self-aspirating nanospray emitter.
Regarding LESA, which is fully automated, microliquid extraction from a solid surface is
combined with a nano-electrospray, thus being considered an adaptation of the infusion
nano-ESI automated device (Nanomate).

Thermal and Chemical Desorption

The thermal-assisted desorption is the most common way to remove analytes from the sam-
ple surface before gas-phase ionization through plasma-base techniques and atmospheric
pressure photoionization (APPI). However, other mechanisms such as sputtering, where the
sample surface is bombarded with high-energy species generated in atmospheric pressure
plasmas, can also contribute to remove compounds with very low or no vapour pressure.
The plasma-based techniques falling into this group rely on an electrical discharge
involving metastable and reactive charged species, which interact, directly or indirectly,
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through proton- and charge-transfer reactions with thermally/chemically desorbed ana-
lytes. Despite the different type of atmospheric pressure plasma used, such as coronas
and dielectric barrier discharges (DBDs) and direct current (dc) and radio frequency (rf)
glows, the design of the plasma source and how the plasma interacts with the sample
allow classifying these techniques. In DART (Cody, Laramee, and Durst 2005), flow-
ing atmospheric pressure afterglow (FAPA) (Andrade et al. 2008), and desorption atmo-
spheric pressure chemical ionization (DAPCI) (Song and Cooks 2006), the plasma is
generated in a physically and/or electrically isolated region from the sample introduction
zone. Regarding DART, the plasma species generated by a dc corona-to-glow discharge
are electrically filtered and heated before their interaction with the sample (Figure 1.1).
Therefore, metastable species, formed in the discharge supporting gas (He or N,), inter-
act with gas-phase water molecules to generate protonated water clusters by Penning
ionization, which participate in proton-transfer reactions with the thermal desorbed ana-
lytes. In the FAPA source, the dc atmospheric pressure glow discharge is generated in a
sealed discharge cell, and plasma species are transported into the open air producing an
afterglow discharge (Figure 1.3). Although FAPA source seems to be similar to DART, it
behaves quite differently in practice, which is due to the differences in the source design
and the operating conditions that will be discussed later. In DAPCI, a dc corona dis-
charge ionizes gas-phase solvent vapours, as in APCI, producing reagent species in a
heated chamber, and the flowing gas transfers the reagent ions onto the sample surface
inducing “chemical sputtering” of adsorbed analytes (Figure 1.4).

By contrast, in low-temperature plasma (LTP) (Cotte-Rodriguez and Cooks 2006)
and dielectric barrier discharge ionization (DBDI) (Na et al. 2007), the plasma is gener-
ated in the sample region, and all reactive species are used for ionization of compounds
(Figure 1.3). In these techniques, a “cold” (~30°C) nonequilibrium plasma is generated by
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FIGURE 1.3 (See color insert after page 124.) Schematics of some one-step plasma-based
techniques: FAPA (Reprinted with permission from reference (Shelley, Wiley, and Hieftje
2011), Copyright (2011) American Chemical Society.), DBDI (Reprinted with permission
from reference (Na, Zhang, et al. 2007), Copyright (2007) John Wiley & Sons, Ltd.), and
LTP (Reprinted with permission from reference (Benassi et al. 2013), Copyright (2013)
John Wiley & Sons, Ltd.).
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FIGURE 1.4 (See color insert after page 124.) Schematic illustrations of DAPCI (Reprinted
with permission from reference (Song and Cooks 2006), Copyright (2006) John Wiley &
Sons, Ltd.) and DAPPI (Reprinted with permission from reference (Haapala et al. 2007),
Copyright (2007) American Chemical Society.).

a DBD, sustained by an inert gas, so no damage to the surface due to heating is expected.
Moreover, plasma-assisted desorption ionization (PADI) (Ratcliffe et al. 2007) uses an rf
glow discharge plasma in direct contact with the sample to desorb/ionize target analytes.
As in LTP, the plasma plume in PADI operates at room temperature, which favors the use
of both techniques for the analysis of thermally labile compounds.

Finally, DAPPI (Haapala et al. 2007) (Figure 1.4) is the only non-plasma-based tech-
nique included in this group, in which analytes thermally/chemically desorbed are ionized
by APPI mechanisms. Thus, a heated mix containing the carrying gas and solvent vapours
(dopant) is directed onto the sample surface. The analytes are desorbed by the hot vapour,
after which the ionization is produced by ultraviolet (UV) radiation involving photoioniza-
tion, charge-transfer reactions, and ion—-molecule reactions with solvent/dopant species.

Two-Step Ambient MS Techniques

In the ambient MS techniques included in this group, the sample is nebulized, and/or analytes
are desorbed/extracted through thermal desorption, mechanical ablation, or laser desorp-
tion/ablation in a first step that is followed by an independent secondary ionization step.

Liguid-Solid Extraction

The extraction atmospheric pressure photoionization (EAPPI) (Liu et al. 2016) is a two-
step technique that uses an ultrasonic nebulizer for sample processing (extraction, nebu-
lization, and vaporization). The generated aerosol is transported by a carrier gas to the
photoionization region (vacuum UV lamp), while mixing with a gaseous dopant. By con-
trast, in probe electrospray ionization (PESI) (Hiraoka et al. 2008) (Figure 1.5), which
involves a solid sampling electrospray probe, a needle is inserted into a sample to pick up
or to coat the needle surface with sample material before positioning it close to the mass
spectrometer inlet. Finally, the ionization step is performed by applying a high voltage to
the needle probe to induce an electrospray.
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FIGURE 1.5 Schematic setup of PESI.

Laser Desorption/Ablation

This group of techniques uses an infrared (IR) or UV laser to produce the desorption
or ablation of analytes from a surface with and without a matrix. The sample surface is
broken into small pieces by the sudden delivery of energy. The fine clusters or particles are
dispersed by the expanding plume, which is subsequently merged with an electrospray
plume or a plasma stream depending on the ionization source used in the second step.
One advantage of not being the sample in direct contact with the ionizing plume is that
desorption and ionization can be optimized independently.

The first technique that coupled laser sampling to an ESI source was electrospray-
assisted laser desorption ionization (ELDI) (Shiea et al. 2005). In ELDI, a pulsed nitrogen
laser is used, while in laser ablation electrospray ionization (LAESI) (Nemes and Vertes
2007) (Figure 1.1), which is commercially available, the desorption/ablation takes place
applying a mid-IR laser. By contrast, matrix-assisted laser desorption electrospray ioniza-
tion (MALDESI) (Sampson, Hawkridge, and Muddiman 2006) uses an IR or UV laser to
excite an exogenous matrix that cocrystallizes with the analyte, while applying a voltage
to the stainless-steel target plate.

Three-Step Ambient MS Techniques
In this classification, a three-step ambient MS group has been proposed to include PS

as an ambient MS technique, since it incorporates two sampling/processing steps and
the ionization as a third step. In PS (Wang et al. 2010; Liu et al. 2015), a prepared
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liquid sample is spotted onto a paper triangle and a solid-phase extraction (SPE) and/or
chromatographic separation occurs when delivering a solvent and applying a high volt-
age to the paper substrate (Figure 1.1). The extracting solvent transports the extracted
compounds to the apex of the triangle paper, whereas the different interaction of sample
components with the paper substrate could produce their spatial/temporal separation.
Electrospray is the driven force that pulls the solvent to the apex of the paper triangle,
and also it is responsible for compound ionization through ESI mechanisms. Leaf (Liu
etal. 2011, 2015) is an ambient MS method sharing similar principles with PS. However,
in this technique, the plant material serves both as a substrate and as a sample. For
instance, plant materials having a natural sharp shape (e.g., bean sprout) can be analyzed
directly by leaf spray, while a small nick cut with a sharp tip has to be made to different
samples. As in PS, the spray solvent is supplied on the pointy plant material to extract
the endogenous compounds and to transport them to the tip. Finally, by applying a high
voltage directly on the plant material, a spray of charged droplets is generated at the tip
through ESI mechanisms.

Other Ambient MS Techniques

Rapid Evaporative lonization Mass Spectrometry

Rapid evaporative ionization mass spectrometry (REIMS) is an ambient MS technique
based on other principles for desorption or ionization that cannot be classified in any of
the previous categories. Originally, this technique was developed for the real-time iden-
tification of tissues during surgical interventions (Schifer et al. 2009), although it has
recently been proposed as a new analytical approach for direct analysis of meat samples
(Balog et al. 2016; Verplanken et al. 2017). In REIMS, surgical blades are used to ablate
tissues in order to produce aerosols and charged species by the heat dissipated during the
electrosurgical process, being subsequently transported to the MS inlet. The ionization
mechanism proposed for REIMS is quite similar to that taking place in both APCI and
thermospray ionization in filament-off mode (Schifer et al. 2009). The desorption of
neutral molecules is followed by gas-phase ionization via proton transfer reactions with
the ionized water molecules as in APCI.

PHYSICAL DESIGNS AND EXPERIMENTAL APPROACHES

As mentioned earlier, in ambient MS analysis, sample processing and ionization usually
take place in a single platform near the inlet of the mass spectrometer. In this context,
geometrical parameters, solvent and/or gas characteristics and flow rate, plasma forma-
tion approaches, surface properties, solubility, and temperature are important variables
that critically affect the performance of the techniques.

Probe Assembly Configurations
In one-step spray desorption-based techniques (Table 1.3) such as DESI, EASI, and EESI,
the geometrical configuration and operational parameters are important aspects to be con-

sidered (Weston 2010). For instance, when tuning DESI source, the response depends on
the incident and the collection angles, the sample spot-to-MS inlet distance, as well as on
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both the tip-to-surface and the MS orifice-to-surface heights (Figure 1.1). Recommended
parameters for DESI typically are within the range of 45°-60° and 5°-30° for incident
and collection angles, respectively, 2—3 mm for the sample spot-to-MS inlet distance, and
1-3mm and ~1 mm for the tip-to-surface and the MS orifice-to-surface heights, respec-
tively (Monge et al. 2013). The liquid sample in EESI (Figure 1.2) is sprayed into an
electrospray plume positioned orthogonally to the sample spray, being the distance and
the angle between both sprays critical to guarantee an efficient overlapping. The geo-
metrical configuration of liquid microjunction-based techniques is quite different, and
the sampling probe rests on the surface of the sample for longer time than in spray-
based ones. The differences among these techniques are due to the way of delivering and
removing the extracting solvent from the sample surface. As can be seen in Figure 1.2, in
LM]-SSP, the coaxial capillaries are positioned perpendicularly (100-300 um) above the
sample. The outer capillary supplies the solvent to form the liquid junction and extracts
compounds from the sample surface, whereas the inner capillary pulls the solution that
contains the analytes to the ionization source. In contrast to the vertical arrangement of
LM]J-SSP, in nano-DESI, the two fused silica capillaries that form the liquid microjunction
are positioned at an angle above the sample surface (Figure 1.2). The primary capillary
continuously supplies the solvent to create and maintain the liquid bridge, whereas the
secondary capillary, an electrospray emitter, aspirates and ionizes the desorbed analytes.
Regarding LESA (Figure 1.2), a robotic arm picks up a conductive disposable pipette
tip and moves it above to a well containing the extracting solvent, which is aspirated
by immersing the pipette tip into it. Afterwards, the pipette tip is positioned above the
surface spot to form the liquid microjunction by dispensing a specific volume of solvent
on the surface to extract the compounds. The latter liquid phase is aspirated back into
the tip and positioned in one of the emitters of a chip-based nano-ESI for the ionization.
The main advantages of LESA are the fully automatization and the use of disposable tips,
which prevent contamination and carryover.

As mentioned before, method performance of plasma-based techniques is more
affected by the physical design of the plasma source and the kind of plasma—sample
interaction than by geometrical configurations (Ding and Duan 2015). Thus, in LTP
and PADI, the plasma is generated in the sampling zone, whereas in DART, FAPA, and
DAPCI, the plasma is isolated from the sample ionization region. The DART source
(Figure 1.1) consists of two chambers through which the DART gas flows. In the first
region, a dc corona-to-glow discharge (1-5kV) generates the plasma, which is filtered
by one or several perforated plate electrodes and heated before passing through a final
grid electrode to interact with compounds thermally desorbed from the sample surface.
This design allows the selective removal of ionic species from the heated plasma gas
(typically He), thus only electronically excited metastable atoms arrive to the outside
region. In DART, the sample is placed near the source outlet with minimum disturb of
the gas flow to the MS inlet, being geometries for direct desorption and for transmission
commercially available. By contrast, in DAPCI, the plasma species are transferred to the
sample region without any filtration (Figure 1.4). This ambient source is built by simple
modifications of the conventional APCI source, where gaseous reagent ions, generated
by atmospheric corona discharge, are sprayed through a pipette tip and impacted on
the solid sample, thus producing the desorption and subsequent ionization of analytes.
In FAPA, LTP, and DBDI, a two-electrode configuration with different power supplies,
electrode shape, and discharge cells are used. For instance, FAPA operates in a cur-
rent controlled glow discharge regime (~25mA) applying a direct voltage (typically a
few hundred volts) to a pin-to-plate or pin-to-capillary electrodes in a sealed discharge
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cell that physically separates the source from the sample (Figure 1.3). Unlike DART,
FAPA does not use any electrode to filter plasma species before interacting with the
sample. Moreover, no external heating is needed in FAPA, since the temperature of
the plasma stream is high enough (>200°C) for an efficient desorption of the analytes.
Regarding ambient MS methods based on DBD, at least one dielectric layer has to be
placed in between the electrodes, being necessary a high ac voltage to transport the
current through the discharge gap. Typically, amplitudes of 1-100kV and frequencies
of a few Hz to MHz are commonly used. The difference between DBDI and LTP lays
on the geometrical configuration. In DBDI source, a glass slide is inserted between a
plate electrode and a needle electrode to function as dielectric material and sample plate
(Figure 1.3). When ac high voltage (5-10 MHz) is applied between the electrodes, an
LTP consisting of numerous transient micro-discharges is ignited, and analytes placed
in the surface plate are desorbed and ionized. On the other hand, LTP uses a glass
tube (typically, ~4 mm inner diameter and ~6 mm outer diameter) as dielectric material
to physically separate the ring outer electrode from the metal pin internal grounded
electrode, which is directly in contact with the flowing gas (Figure 1.3). The gener-
ated plasma interacts with the sample, thus desorbing and ionizing analyte molecules.
Since thermal desorption processes clearly play a major role in plasma-based techniques,
temperature becomes a critical parameter to improve sensitivity. As commented before,
FAPA does not use additional heating since the heat generated in the source is enough
to desorb analytes from the sample surface. By contrast, DART uses an external heat-
ing to desorb semi-volatile and low-volatile compounds. In fact, a selective detection of
thermal-dependent compounds can be performed in DART by ramping the temperature
of the discharge gas to produce the thermal fractionation of the compounds in the sam-
ple surface. PADI is another “proximal” plasma-based technique, where high-energy
plasma species interact directly with the sample. Hence, an rf glow discharge is set at
the end of a pin electrode, which comes in direct contact with the sample, that works as
ground electrode.

Some thermal desorption techniques are not plasma-based. Among them, DAPPI
has increased its popularity in recent years because it can be applied for the analysis of
low-polarity compounds (Kauppila and Kostiainen 2017). In this technique, a heated
microchip is used to deliver both a narrow jet of vaporized solvent (dopant) and a nebu-
lizer gas onto the sample surface, thus achieving surface temperatures up to 350°C for the
desorption (Figure 1.4). Tonization is initiated by photons emitted by a vacuum UV lamp,
typically a krypton discharge lamp that emits 10eV photons, although dopants such as
toluene, acetone, or anisole (typically added at 10 pL/min) are required to ionize those
compounds with ionization energies below that of the photons.

For the two-step laser-based desorption/ablation techniques, the key parameters
affecting their figures of merit are the characteristics of the lasers used for ablation or
desorption of the analytes from the sample surface, the ionization method, the use of
matrix, and the geometrical configuration (Javanshad and Venter 2017). Both UV and
IR lasers are used to generate the plume of particles, clusters, and free molecules, which
are subsequently ionized in a separated step. For instance, UV nitrogen lasers, mainly at
337nm operating at 10 MHz with a pulse length of 4 ns and a pulse energy of 20 pJ, are
used in ELDI. Although, in most of the techniques as for instance in LAESI, IR lasers
typically tuned at 2,940 nm with pulses of 5 ns duration at 2-20Hz and pulse energy
between 100 and 52 mJ are used (Figure 1.1). As regards the ionization step, the most
popular is electrospray ionization, which is used in techniques such as LESI, LAESI, and
in MALDESI where an exogenous matrix is used to improve ionization. Although both

29



Capitol 1

18 Mass Spectroscopy Techniques in Food and the Environment

reflection and transmission approaches are used in laser-based techniques, most of the
geometrical implementations use reflective geometries with incident laser beams hitting
perpendicularly the sample. However, other incident angles such as 45° with respect
to the sample have also been used in some cases. In the less-used inverted geometry
(transmission mode), the laser beam from the backside illuminates the sample, and the
plume of desorbed material exits from the front side in the opposite direction of laser
application.

Solvents, Gases, and Sample Devices

In liquid extraction-based methods, a solvent is always used, and its selection is a key
aspect to be considered. In spray desorption techniques such as DESI, a spray of solvent
charged droplets is used to perform the desorption/extraction of compounds and to ion-
ize the analytes, whereas in EESI and in liquid microjunction techniques, the solvent
extraction takes place in line with an electrospray emitter. Solvent composition affects
both the initial spray droplet size that depends on both the surface tension and the dielec-
tric constant of the solvent, as well as on the capacity of solubilizing sample component
(Javanshad and Venter 2017). In general, organic/aqueous binary mixtures containing
50%—-80% of methanol or acetonitrile are used to dissolve analytes. Moreover, the sol-
vent system has to be electrically conductive and typically, when working in positive ion
mode, acetic or formic acid (0.1%—0.5%) is used to increase ionization efficiency. DESI is
generally indicated for polar compounds that can be easily ionized by controlling the pH
of the solvent mixture. Even so, low polar and hydrophobic compounds have also been
analyzed using nonpolar solvents such as toluene (Green et al. 2010). In this case, the sol-
vent is ionized by electrochemical oxidation at the metal spray needle interface with the
subsequent ionization of analytes by charge-transfer processes. As regards flow veloci-
ties, both sheath gas and liquid solvent flow rates, which are interdependent, affect the
performance of the technique. A threshold velocity of gas flow is required for an efficient
production of small secondary droplets, but values above the optimum generate a spray
focused in a small spot, reducing the amount of desorbed material. This effect can be
compensated by increasing the solvent flow rate. Typical gas pressure values (N,) ranging
from 120 to 150 psi and solvent flow rates from 2 to 10 uL/min are used to maximize the
ion signal (Bodzon-Kulakowska et al. 2014). In nano-DESI, no sheath gas is needed since
the flow rate for the liquid junction is governed by electrospray-induced flow generated by
the nano-spray tip and additionally assisted by the vacuum in the MS inlet. In LMJ-SSP,
typically suction flows of 10 uL/min are used by controlling inner and outer capillary
diameters and gas flow. This technique can work in two operating modes: stepping and
scanning. In stepping mode, a single spot of the sample is analyzed at a time, whereas in
scanning mode, the liquid microjunction is dragged across the surface obtaining one- and
two-dimensional images. In this last case, a thorough control of flow rate is needed since
low flow rates worse the spatial resolution, while high flow rates and scanning speed
decrease the signal intensity.

Today, the reduction of gas consumption in miniaturized plasma-based ion sources
is an attractive feature for their implementation in mass spectrometer instruments for
fieldwork. The discharge gases most frequently used are helium, nitrogen, argon, or air
at flow rates that depend on the technique, ranging from <1.5 L/min in pin-to-capillary
FAPA sources to ~3 L/min for DART. Although higher flow rates can increase signal
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responses, they generally produce strong turbulences that worse reproducibility (Ding
and Duan 2015).

In ambient MS, the addition of specific reagents can be used to enhance selectivity
and sensitivity for the detection of certain compounds, thus increasing the range of chem-
icals accessible by a particular method. This is typically done by transforming the analyte
to a permanent charged product or to a product that is easy to ionize. The most popular
reactive ionization-based technique is reactive DESI (Wu et al. 2009). In this case, a
derivatizing agent is added to the spray solvent, and chemical reactions occur in the short
timescale of the solvent extraction/ionization/detection process (Laskin and Lanekoff
2016). Reactive DESI has been used for the detection of reaction intermediates that have
lifetimes of the order of milliseconds (Girod et al. 2011). The addition of reagents to the
solvent has also been used in most of the techniques based on electrospray ionization such
as PS, EESI, or ELDI in order to improve ionization of compounds that are not easy to
ionize (Venter et al. 2014). Similarly, in thermal desorption-based methods, reagent and
solvent vapours can be added to modulate ionization by increasing differences in proton
affinities or by generating other reactive species (Venter et al. 2014). For instance, in situ
silylation or methylation has been performed in DART by depositing the reagent onto the
sampling device placed in the heated gas stream or by adding the reagent to the discharge
gas through a T-junction as in LTP.

It is currently assumed that one of the main characteristics of ambient MS tech-
niques is their ability to analyze solid samples in its native form, as for instance, the
analysis of fruit peels by simply holding them with a pair of tweezers in the plasma of
a DART source. However, samples are sometimes deposited onto auxiliary sampler
devices, such as glass slides and fused capillaries. The nature and characteristics of
these holders can affect the performance of the methods. For instance, in DESI, non-
conductive surfaces are typically used to prevent neutralization of the charged droplets
at the surface. Moreover, surface wettability must be taken into account, since it affects
both spray-surface and analyte—surface interactions. Several materials such as glass
and paper, and polymers such as polytetrafluoroethylene (P°TFE) and polymethyl meth-
acrylate are used to spot liquid samples on them for the DESI analysis. In general, the
best results are achieved with the nonpolar PTFE surfaces probably because the lower
interaction with the analytes helps the desorption from the sample (Wiley et al. 2015).
In DART, commercially available sampling devices included clamp-like tweezers or fin-
gers to fix the sample (fabrics, disks, swabs, etc.) and holders for glass capillaries when
analyzing liquids and powdered samples (Cody and Dane 2015). ELDI and LAESI use
stainless steel target plates although silver or gold plates are recommended to prevent
the formation of metal-analyte adducts. Several ambient MS techniques can work in
transmission mode by using transmissive/porous materials. In techniques such as DESI,
DART, and DAPPI, a screen mesh that supports or embeds the sample is placed in
front of the DESI tip, the DART plasma, or the microchip in DAAPI. Afterwards, the
plasma or heated solvent passes through the screen mesh to desorb compounds and, in
some techniques, to ionize analytes. In this mode, the material type affects the coating
of the sample onto the strand surface and both metallic and polymeric meshes, such as
PEEK, are used as sampling substrates (Ding and Duan 2015). By contrast, laser abla-
tion techniques use a transparent sample holder generally a glass slide or a fused silica
capillary. In this case, the laser is transmitted through the sample holder and the plume
of desorbed material exits in the opposite direction where the laser is applied (Monge
et al. 2013).
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Regarding substrate spray techniques, samples or sample substrates having sharp tips
(such as sticks, paper triangles, and needles) are used. In PS, a metal clip, connected to
a dc high voltage (3-5kV) power supply, holds a triangular paper placed in front of the
MS inlet (Figure 1.1). The characteristics of the paper substrate and the solvent have an
important effect on the efficiency of the method. Paper substrate (filter paper, glass fiber
paper, silanized paper, chromatography paper, etc.) influences the interaction between
the analyte and the paper, and the triangle tip corner angle (30°-45°) has a high impact
on the generation of electrospray. Moreover, the nature of the solvent affects both the
extraction efficiency and the ESI. Generally, PS applications use methanol/water mix-
tures, although less-polar solvents can also be used to extract less-polar analytes (Liu
et al. 2015). By contrast, PESI uses a solid needle to pick the sample, which is directly
ionized by electrospray from the sharp tip of the probe (Hiraoka et al. 2008). One of the
advantages of working with a solid needle, in front of other techniques that use capil-
lary tubes, is that clogging is prevented. Disposable stainless steel acupuncture needles
with a tip diameter below 1 um are generally used, although other kinds of conductive
needles and even surface-coated wires for selective detection of specific compounds have
also been used. The solid needle probe is mounted in a system that allows driving it up
and down and adjusting it to a position just touching the biological or liquid sample. The
sample volume picked up depends on the size of the needle, the hydrophobicity of needle
surface, the dipping depth, and the viscosity of the sample. After the sample collection,
the needle is moved to the upper position located in front of the MS inlet, and a high
voltage (~2kV) is applied to generate the electrospray plume (Figure 1.5). Although for
biological samples the small amount of water content (~pL) is enough for the ESI, the use
of auxiliary spray solvents has also been proposed to improve ionization. Needles have
also been used for the direct spray of tissue samples in MS analysis biopsy, and this strat-
egy could be applied to the analysis of meat/fish tissues (Monge et al. 2013). In this case,
the spray solvent wets the tissue sample held in the needle tip, and a high voltage directly
applied on the metal needle generates charged droplets containing compounds extracted
from the tissue. Another technique that has been used for the analysis of tissue materials
is REIMS, where a high-frequency electric current is applied to surgical blades to produce
the ablation of tissue material and to lead to the formation of an aerosol that contains
charged species (Schafer et al. 2009). In a typical setup, ions and aerosols created during
electrosurgery are aspirated by a Venturi air jet pump, which allows transporting the
thermally generated ions to the mass spectrometer for analysis.

Ambient MS Imaging

One interesting application of ambient ionization MS techniques is mass spectrometry
imaging (MSI) (Laskin and Lanekoff 2016). MSI enables to acquire spatial information and
identification of chemical compounds distributed on a sample surface. Although secondary
ion mass spectrometry and matrix-assisted laser-desorption ionization have been exten-
sively used for MSI, today ambient MS is also applied taking advantage of its ability to
analyze a surface at atmospheric pressure with any pretreatment. Techniques such as DESI,
EASI, LMJ-SSP, nano-ESI, PESI, DAPPI, and LTP, and those based in laser desorption
combined with ESI or with chemical ionization have been developed. For data acquisition,
small areas (pixels) of the sample surface are scanned individually and sequentially, and an
automated moving stage is used to assure the reproducibility of the scan velocity. Recorded
mass spectra are converted to 2D images by using adequate image software. Important
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characteristics of these techniques are as follows: spatial resolution, sensitivity, and ability
to perform depth profiling. Lateral resolution mainly depends on the spot size of the ion-
izing agent although it is also limited by operating conditions. However, it must be taken
into consideration that when working at high spatial resolution, a high acquisition time is
required to overcome the decrease in sensitivity. In DESI, the characteristics of the sprayer
(solvent, flow rate, nebulizer gas pressure, and tip dimensions) are important to obtain a
high-quality MS image. At standard conditions, lateral resolutions of 150-250 pum are
obtained although values as low as 40 um can be found if the distance between the sprayer
and the surface is decreased to 400 um (Kertesz and Van Berkel 2008). Resolution of LM]
techniques is mainly determined by the size of the capillaries and the ability to control
the distance between the sample and the probe. In LMJ-SSP, resolution values from 500
to 1,000 um are obtained (Laskin and Lanekoff 2016), while for nano-DESI, where two
independent small diameter capillaries are used, better resolutions (100-150 um) are typi-
cally found and values down to 12 um have been obtained using pulled capillaries (Laskin
et al. 2012). The size of the pipette tip is the main reason why LESA spatial resolution is
worse than in other liquid extraction-based ambient MS techniques (~1 mm). In PESI, a
good spatial resolution (60 um) can be obtained by controlling the diameter of the needle
probe, the space in between two adjacent holes, and the depth of penetration of the needle.
In PESI imaging, an auxiliary solvent sprayer is typically used to rewet the sample adhered
to the needle to facilitate the electrospray process. For DART and related thermal desorp-
tion-based techniques, the ability to generate spatially resolved information is very limited,
and lateral resolutions are typically of 1mm. The best results, resolutions of 200 pm, are
obtained with LTP focusing the plasma onto a small area of the sample surface. One advan-
tage of LTP is that depth profiling can be performed simply by increasing the ablation time
of the plasma torch. Ablation can also be easily obtained using lasers and the coupling of
laser ablation to electrospray for ionization of the neutrals ablated from the sample provide
IMS techniques with the best lateral resolution and with the additional advantage of being
able to perform in situ depth profiling, thus providing a three-dimensional (3D) reconstruc-
tion of molecular distributions. The most popular techniques are LAESI and ELDI using
nanosecond lasers, mid-IR and UV, respectively. In LAESI, a lateral resolution of 250 um
is typically obtained, although this value can be reduced to 50 pm when using an opti-
cal fiber to deliver the laser light. The ablated plume generated either in transmission or
reflection mode can also be captured into a single drop or a continuous flow of solvent in a
probe similar to LMJ-SSP procedure, thus providing very good spatial resolutions (50 um)
in transmission mode (Laskin and Lanekoff 2016). The use of femtosecond mid-IR lasers
allowed to achieve very good lateral resolutions down to 10 um although focusing of the
laser is needed to obtain reproducible results (Sarkar et al. 2009).

SAMPLE HANDLING

Advantages of ambient MS techniques such as short analysis time (in seconds) and opera-
tional simplicity made these techniques highly attractive for high-throughput applica-
tions, which quickly led to the development of new strategies to adapt the ambient MS
technique to specific samples and analytical needs. Although the original objective of
ambient MS techniques is to perform real-time analysis without additional sample prepa-
ration, with the exception of the sample processing that takes place during the analysis,
sample manipulations are sometimes needed. However, this sample handling should be
minimal, simple, and fast to be compatible with the philosophy of ambient MS methods.
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Before the analysis of food and environmental samples with ambient MS techniques,
fast and simple manipulation procedures are often necessary when dealing with matrices
such as solids, non-smooth surfaces, semisolids, or viscous samples. For instance, pow-
dered samples such as powdered milk and spices have to be solvent-extracted or solvent-
agglomerated before the analysis with gas-assisted nebulization techniques such as DESI
and DART. These simple strategies might prevent the carryover contamination by blow-
ing the sample, which could let to false-positive results in the analysis of subsequent
samples (Nielen et al. 2011; Zhang et al. 2015; Yang et al. 2009). For solid, high viscosity
or gelatinous semisolid samples (i.e., oils and jelly), a simple extraction or a sample disso-
lution is enough before their analysis by ambient MS techniques that are more suitable for
liquid samples such as PS or EESI (Zhang, Cooks, and Ouyang 2012; Garrett, Rezende,
and Ifa 2013; Huang et al. 2014; Liu et al. 2016). Moreover, trituration and homogeniza-
tion of solid samples are sometimes recommended to guarantee the representativeness of
the analyzed sample (Sero et al. 2015).

Another question to be considered is that the surface analysis of solid samples only
reveals what is present on the sample surface, which may be a handicap for some food
and environmental analytical purposes. For instance, when analyzing leaves with some
ambient MS techniques, the plant cuticle, a wax protective layer on the upper epidermis
of the leaf, prevents the desorption/ionization of compounds in inner layers of leaf. For
this reason, the removal of wax layer by washing the leaf surface with nonpolar solvents
(i.e., hexane or chloroform) and/or cryosectionation of plant tissues to detect analytes
coming from inner layers of leaves are frequent procedures before the ambient MS analy-
sis. Other interesting procedures that can be used are imprinting strategies, where plant
tissues are pressed (imprinted) on a substrate such as tape, thin-layer chromatography
(TLC) plate, or porous Teflon to transfer the compounds from the plant to the substrate
for a later ambient MS analysis or imaging (Laskin and Lanekoff 2016; Janfelt 2015).
Thermal imprinting has also been used for the EASI-MS lipid profiling of meat, fats, and
fish for food authentication (Porcari et al. 2016). In this strategy, the fatty tissue is wetted
with a small amount of solvent, and the surface is heated before imprinting into a piece
of paper.

The use of a minimal sample manipulation/treatment is also justified when sample
components cause severe matrix effects and difficult matrix interferences unavoidable
via high-resolution MS or tandem MS. To overcome matrix interferences, fast separation
strategies have also been applied in combination with ambient MS methods. In DART,
the temperature of plasma gas can be varied in time to favor a thermal separation of
compounds of different volatilities (Edison et al. 2011). Furthermore, one important
drawback of ambient MS methods relies in their sensitivity. The use of chromatographic
substrates in ambient MS analysis has been proposed for a simple sample purification to
improve limits of detection (LODs) of compounds to be identified in complex samples.
TLC has been used as off-line technique for the purification of sample extracts before the
ambient MS analysis. Other chromatographic techniques such as gel-permeation chro-
matography and reversed-phase chromatography have also been used to separate the
components (Chen et al. 2017; Hajslova, Cajka, and Vaclavik 2011; Lu et al. 2017; Black,
Chevallier, and Elliott 2016).

Most of ambient MS methods suffer from high LODs, which is not a problem for
most applications such as food fraud and food profiling/authentication, but it is an
important disadvantage when the analytical objective is the detection of analytes at trace
levels in complex samples such as in food safety and in environmental analysis. For this
reason, more extensive and time-consuming sample preparation protocols, typically

34



Capitol 1

Ambient Mass Spectrometry Techniques 23

used for more traditional analytical techniques, have been found to be necessary in some
qualitative and quantitative applications. For instance, dispersive SPE procedures such as
QuEChERS (Quick, Easy, Cheap, Effective, Rugged, and Safe) protocols improved LODs
and limits of quantitation when screening and quantifying trace levels of pesticides and
mycotoxins in food samples by DESI, LTP, and DBDI-MS (Chen et al. 2017; Kauppila
and Vaikkinen 2014). By using these sample treatment strategies, the good sensitivity
and reproducibility of the method demonstrated that ambient MS techniques can easily
be used as an alternative for high-throughput pesticide residue analysis (Porcari et al.
2014; Mattarozzi et al. 2016; Mirabelli, Wolf, and Zenobi 2016). On the other hand, to
determine low levels of analytes in liquid food samples, LLE, SPE, liquid-phase micro-
extraction, and solid-phase microextraction (SPME) procedures have been established,
thus allowing the cleanup of the extracts and the preconcentration of analytes (Cajka,
Riddellova, Tomaniova, et al. 2011; Chen et al. 2017). These extraction procedures have
been used for monitoring/screening studies and quantitative analysis of target com-
pounds taking advantage of sensitivity improvement (up to 700-fold) and matrix effect
reduction. The distinctive future of SPME is that the fiber is frequently used as a probe in
ambient MS analysis. In this context, three different strategies have been applied. In one
of them, the SPME fiber is directly analyzed with spray-based ambient MS techniques by
applying a high voltage and a solvent to the SPME probe, thus inducing an electrospray
at the tip of the fiber to ionize the analytes via ESI mechanisms. The second strategy is
based on the surface desorption/ionization of analytes by the impact of charged solvent
species via DESI and LTP on the SPME fiber surface. Finally, the third strategy is based
on desorption of the analytes through nebulization, laser desorption, laser ablation, ther-
mal evaporation, or thermal desorption from SPME probe and a later ionization such
as DART. The developments of highly selective adsorbents towards target compounds,
novel coating materials for improvement of both extraction and ionization efficiencies,
and new coupling strategies to enhance hyphenation properties are highly encouraging
(Fang et al. 2016).

APPLICABILITY AND METHOD PERFORMANCE

Today, ambient MS techniques have been applied for a wide range of applications in food
and environmental analysis, and the easiness of implementation and the use of ambient
MS systems for on-site analysis by nonexpert users bring a shift in MS applications for
routine analysis in quality control laboratories. Furthermore, the new developments in
miniaturization of mass spectrometers, designed for the on-site analysis, can be a valu-
able alternative to current in-lab MS analysis operations.

Food quality and safety assurance in food supply chain are crucial for public health
and world sustainability. Most of the food products available in supermarkets are suscep-
tible or have already been exposed to some form of food fraud, which increase the concern
for authorities and food industry. As can be seen in Table 1.2, the application of many
ambient MS techniques to the food supply chain, such as production, processing, storage,
or transportation, has been proven that ambient MS techniques can play a key role in
this field, thus providing important information about food components (e.g., lipids, hor-
mones), contaminants (e.g., pesticides, veterinary drugs, mycotoxins), authenticity, and
traceability (Vaclavik et al. 2009; Black, Chevallier, and Elliott 2016). Moreover, ambi-
ent MS techniques have also been applied for the rapid analysis of contaminants pres-
ent in environmental samples such as polycyclic aromatic hydrocarbons (PAHs), volatile
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organic compounds, and perfluorinated compounds in soil and environmental water
(Chen et al. 2017; Luosujarvi et al. 2010). However, the need for detecting analytes at
trace levels makes the direct analysis by ambient MS techniques less attractive, and sam-
ple manipulation strategies are usually required.

As mentioned earlier, two of the most powerful characteristics of ambient MS tech-
niques are the ability for high-throughput analysis and the capacity to deliver a wealth
of chemical information with unprecedented easiness. These main characteristics make
these techniques very attractive for the screening of targeted and untargeted compounds,
which is one of the main applications of ambient MS in food and environmental analy-
sis. The screening of pesticides, phenolic compounds, or triacylglycerol compounds in
several food samples has been successfully achieved (Deng et al. 2017; Black, Chevallier,
and Elliott 2016). However, one of the problems when performing the direct analysis
of fruits, vegetables, and plants is the high variability of the sample surface composi-
tion from unit to unit, which can be a problem regarding sample representativeness. An
alternative to surface analysis, porous cotton, or polyester swabs/disks damped with a
solvent was used to extract target compounds such as pesticides from the fruit surface
by swabbing the surface of multiple fruit pieces of a sample batch before ambient MS
analysis (Edison et al. 2011; Edison, Lin, and Parrales 2011). Moreover, signals between
repeated measurements of a given sample often show high fluctuation during the ambi-
ent MS surface analysis, but the correct use of ions ratio as well as the normalization of
the responses by using internal standards can correct the poor repeatability observed.
Although this relatively poor reproducibility can be acceptable for screening analysis, it
may be critical for quantitative analysis as well as for the comparison between groups of
a high number of samples for fingerprinting approaches such as food authentication or
food traceability.

In order to improve LODs, high-resolution mass analyzers (i.e., TOF and Orbitrap)
have been used taking advantage of both the high sensitivity and the selectivity of these
instruments. This approach allows achieving LODs below the maximum residue levels
established for a large group of compounds in food safety and fulfilling the legislation
in environmental analysis. However, efforts are still devoting to detect analytes at trace
levels when dealing with highly complex samples (biological, environmental, food, or
even small organisms), being sample manipulation strategies necessary in order to obtain
satisfactory LODs. The choice of the sample manipulation largely depends on the amount
of matrix interferences, the sensitivity of the compounds of interest, and the selectivity
required for the analytical objective.

In the last Syears, the use of ambient MS techniques in metabolomic studies has
exponentially increased due to its potential for providing a wealth chemical information,
for its high capacity to identify potential markers and for its capability to classify sam-
ples based on the ambient MS profile as fingerprint (Clendinen, Monge, and Ferndndez
2017). Targeted and untargeted approaches have been explored for plant biology and
agricultural studies, DESI, leaf spray, DART, LAESI, and PESI being some of the used
ambient MS techniques. Good results were obtained for most of these techniques for
classification and discrimination analysis using multivariate statistical approaches such
as principal component analysis. It must be mentioned that laser-based techniques such
as LAESI were found to be challenging for plant metabolomics since the ablation process
of the material was highly affected by the water content of the sample, so that the data
obtained must be carefully evaluated in order to get reliable conclusions (Etalo et al.
20135). Regarding foodomics, much attention has been given to food quality and safety as
well as to genetically modified foods. By far, DART-MS has been the most used ambient
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MS technique in this field, and it has been implemented within targeted metabolomics
workflows, including metabolomics fingerprinting for beer origin recognition, authen-
tication of milk products, differentiation between organic and conventional fruits, or
for olive oil authenticity assessment. However, untargeted approaches are still a chal-
lenge, and the extraction efficiency of metabolites of interest needs a further improve for
a better sensitivity. Furthermore, sample preparation protocols that involve metabolite
extraction or sample grinding into powder before analysis have a drastic impact on the
compounds that can be detected.

Regarding quantitative analysis, accurate methods are necessary to ensure that the
concentration of the contaminants detected in environmental and food safety analysis
does not exceed the maximum legislated levels to survey both the risk on human health
and the environmental quality standards. There is still some debate about if ambient MS
techniques are suitable for quantification and if they are able to guarantee the absence
of false-positive and false-negative results. Among the quantification methods developed
with ambient MS techniques, those applied to liquid-based samples showed the best accu-
rate quantification results (Rdsdnen et al. 2014; Black, Chevallier, and Elliott 2016; Chen
et al. 2017). This fact is related to the intrinsic difficulty to obtain reliable results via
direct surface analysis, and most of the limitations are related to the representativeness
of the sample with respect to the entire sample batch. Moreover, the use of internal stan-
dards does not allow solving this problem since it is not possible to guarantee the uniform
spiking on the sample surface. In this context, sample manipulation is needed in order to
get accurate and reproducible quantitative results and opens the possibility for matrix-
matched calibration when dealing with complex samples.

CONCLUDING REMARKS

Considering the continuous developments regarding the technology field, predicting the
directions of ambient MS techniques in food and environmental applications is still a
challenging task. However, the attractive features of these techniques such as real time
and in situ analysis, low sample requirements, and high throughput and minimal sample
preparation will clearly boost the expansion and the use of ambient MS in environmental
and food analytical laboratories.

Today, most of the new ambient MS applications published in food and environ-
mental analysis are still homemade prototypes for proof-of-concept studies. Thus, more
work needs to be done to understand which ambient MS techniques have the capabili-
ties for the development of real routine analytical methods. Until now, DESI, DART,
EESI, PS, and LAESI have shown the best capabilities to scope the demands for the
modern analytical laboratories. Furthermore, the continuous effort on the automatiza-
tion and robotization of the initial prototypes will improve the reproducibility neces-
sary for some important food applications such as food authenticity and food profiling.
On the other hand, it is clearly demonstrated that ambient MS techniques are very
attractive for the screening of a large number of compounds. Thus, the development
of multimode and/or hybrid ambient MS techniques would allow concurring different
ionization mechanisms in order to expand the simultaneous detection of a broader spec-
trum of chemical species, obtaining additional chemical information of a sample in a
single experiment. Although no additional sample manipulation than the in situ sample
processing is necessary in most applications, the matrix complexity is still a challenge.
Hence, the combination of ambient MS techniques with well-established simple and fast
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sample pretreatment procedures may be necessary for reducing both the matrix interfer-
ences and matrix effects. The combination of ambient MS techniques with in line and/
or in situ sample processing procedures should be considered to overcome these prob-
lems. Moreover, the need to detect contaminants at trace levels and the accurate surface
quantification remains some of the most important difficulties in ambient MS analysis.
Finally, the development of hand-portable mass spectrometers using ambient ionization
sources would allow greatly enhancing the in situ analysis of food and environmental
samples directly in the field.
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1. INTRODUCTION

Mass spectrometry (MS) is nowadays a powerful and a wide-range technique
used in many analytical and bioanalytical laboratories. This technique com-
bines the high sensitivity, selectivity and speed with the capability to analyse a
wide range of molecules and mixtures, from relatively small and thermally
stable organic molecules to almost all types of organic compounds, inorganic
salts, organometallic complexes, biomolecules and even supramolecular en-
tities and biological species (viruses and bacteria). Although most MS systems
need less than 1 s to produce ions and to acquire the signal, many currently
used MS-based analytical methods often take several hours to complete the
qualitative and/or quantitative analysis of complex samples. For conventional
MS-based analytical techniques such as gas chromatography—mass spec-
trometry (GC—MS) and liquid chromatography—mass spectrometry (LC-MS)
long and tedious sample treatment protocols and time-consuming chromato-
graphic separations are generally required before the MS analysis. Therefore,
sample preparation process and chromatographic separation became the
bottleneck of many routine laboratories thus constraining the analytical effi-
ciency of MS-based methods. Additionally, sample treatments and chro-
matographic analyses introduce a certain level of compound discrimination not
desirable in screening analysis.

‘Direct analysis’ refers to the analysis of samples in their native state with
little or no sample preparation. Nevertheless, before the MS analysis, samples
must be placed into the vacuum system or ions must be efficiently transferred
from atmospheric pressure into the vacuum system of the mass analyser. Solid
samples can be directly analysed by techniques such as secondary ion mass
spectrometry (SIMS), fast atom bombardment, or matrix-assisted laser
desorption ionisation (MALDI). Gaseous samples can be directly ionised by
electron ionisation or chemical ionisation and in liquid samples, although they
can be accomplished by the latter methods, ions can be generated and trans-
ferred into the vacuum interfacing atmospheric pressure ionisation (API)
sources. However, API sources are not able to perform the direct analysis of
samples under ambient conditions and frequently require sample pre-
processing.

At the begining of XXI century, a new group of ionisation techniques has
been developed making real the analysis of almost anything instantaneously.
Nowadays, we can get useful information from almost everything with min-
imal effort just by holding an object in open air in front of a mass spectrometer
and recording the mass spectra in real time. These group of techniques have
been named ‘ambient ionisation’ techniques [1] and they comprise a large and
a growing family of sampling/ionisation sources that allow the generation of
ions under ambient conditions at atmospheric pressure and in their ambient
states with minimal or no sample preparation or chromatographic separation
prior to analysis. However, it must be pointed out that with ambient ionisation
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techniques, the sample processing takes place in situ during the analysis, so it
would be more precise to say that ambient ionisation techniques frequently
require ‘no additional sample preparation’ [2]. Over the past 10 years, many
distinct ambient techniques have been introduced differing in the way that the
variety of sample processing methods and ionisation mechanisms are com-
bined or implemented [3—7] and their classification is still a controversial
subject. Different authors have attempted to categorise ambient ionisation
techniques mostly on the basis of their dominant desorption and/or evaporation
principles (spray, aerosol, laser, plasma, heating, or acoustic radiation), but
there is much overlapping of very closely related techniques and the tendency
to create a new acronym every time a new variant is added. With the objective
to simplify and to rationalise the classification, it has been proposed to cate-
gorise ambient MS techniques on the basis of the parent ionisation method
from which they have been developed [8], or even taking into account the
intrinsic desorption/ionisation mechanism [9]. Table 1 summarises the acro-
nyms and the primary reference for some representative ambient techniques.
They have been simply grouped into three wide categories: spray-, plasma-,
and laser-based techniques.

Among the ambient ionisation MS techniques, desorption electrospray
ionisation (DESI) [1] and direct analysis in real time (DART) [18] are defi-
nitely the two pioneer ones that prompted the development and broad appli-
cations of a large number of ambient ionisation methods (Table 1).
Nevertheless, sonic-spray ionisation (SSI) [14] and secondary electrospray
ionisation (SESI) were introduced c. 10 and 4 years previously and sporadic
reports describing ambient MS approaches appeared earlier. A full and
detailed revision about ambient ionisation MS techniques has been published
in 2015 by Marek and Cody [3]. This book includes basic concepts and ter-
minology, as well as applications and theory providing a comprehensive
treatise devoted to this subject.

Ambient MS techniques can easily be coupled to most types of mass
spectrometers equipped with atmospheric pressure interfaces and without any
modification to the ion optics or the vacuum interface. Nevertheless, the in-
formation that we can obtain from ambient ionisation techniques depends
on the information content that the mass spectrometer can provide. The
complexity of the mass spectra obtained from the raw sample, without the
need for sample treatment and chromatographic separation, makes necessary
to rely on the capabilities of the MS system. Initially, ambient MS techniques
were coupled to low-resolution mass analysers (ion traps and quadrupoles)
demonstrating the applicability of these techniques, mainly for target analysis
[4,8,9]. Nevertheless, the complexity of mass spectra obtained from complex
samples and the application of these ionisation techniques to the screening of
non-target compounds and unknown substances require MS instruments able
to acquire data at high resolution and/or to perform tandem MS experiments to
extract the maximum information. The ability to filter highly probably isobaric
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TABLE 1 Acronyms and Primary Reference of Some Representative
Ambient Mass Spectrometry Techniques

First
Acronym Name Reference
Spray-Based Techniques
DESI Desorption electrospray ionisation [1]
DAPPI Desorption atmospheric pressure photoionisation [10]
EASI Easy ambient sonic-spray ionisation [11]
PSI Paper spray ionisation [12]
SESI Secondary electrospray ionisation [13]
SSI Sonic-spray ionisation [14]
Plasma-Based Techniques
ASAP Atmospheric pressure solids analysis probe [15]
APTDI Atmospheric pressure thermal desorption/ [16]
ionisation
DAPCI Desorption atmospheric pressure chemical [17]
ionisation
DART Direct analysis in real time [18]
DBDI Dielectric barrier discharge ionisation [19]
LTP Low-temperature plasma [20]
PADI Plasma assisted desorption/ionisation [21]
Laser-Based Techniques
ELDI Electrospray-assisted laser desorption ionisation [22]
LAESI Laser ablation-electrospray ionisation [23]
MALDESI Matrix-assisted laser desorption electrospray [24]

ionisation

interferences and to provide accurate mass values and accurate isotope patterns
makes feasible the unequivocal identification of compounds from MS data
obtained without the benefit of sample treatments and/or previous chromato-
graphic separations. Ambient MS techniques have been successfully coupled
to mass spectrometers equipped with different high-resolution mass analysers
such as time of flight (TOF), Orbitrap, ion cyclotron resonance (ICR) as well
as hybrid instruments such as quadrupole-TOF, linear trap-Orbitrap, and
quadrupole-Orbitrap [4,18,20,25—28]. High-sensitivity full-scan mode, high
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mass resolving power and capabilities for tandem MS experiments are the
main characteristics desirable for those mass analysers to be coupled with
ambient techniques.

Because ambient ionisation is a rapidly growing topic within the MS field,
new publications describing new ambient ionisation methods are continuously
appearing and widening the application areas. For this reason, this chapter
presents a snapshot of the field and focuses on the most relevant ambient
ionisation techniques within the scope of this book. The application section
includes several interesting selected publications to illustrate the usefulness
and applicability of ambient ionisation methods coupled to high-resolution MS
(ambient HRMS) for environmental, food, doping, and forensic analysis.

2. AMBIENT IONISATION METHODS

This section briefly describes some relevant ambient MS techniques to provide
a basic knowledge and the fundamentals needed to understand the ionisation
mechanisms and the setup configurations.

2.1 Desorption Electrospray lonisation

DESI is the first ambient ionisation method that was introduced in 2004 by
R.G. Cooks et al. [1,17] and it made possible the concept of open-air surface
analysis under ambient conditions. The basis of DESI is unquestionably
electrospray ionisation (ESI) in combination with a built-in sampling step
based on solvent extraction. In DESI, a solvent or solvent mixture is elec-
trosprayed, under strong pneumatic assistance, onto a sample surface at an
impact angle o. The mist composed of charged microdroplets, ionic clusters,
and gas-phase solvent ions, generated during the electrospray process and
driven by the high-velocity gas stream, receive sufficient energy to impact onto
the sample surface. Three mechanisms of ion formation have been proposed
for DESI [2,29] and one of these mechanisms will predominate depending on
the experimental conditions and the solvent—analyte pair. The first one
described as ‘droplet pick-up’ involves the initial wetting of the surface by the
first arriving microdroplets and analyte dissolution into them. Later,
the splashing caused on the arrival of subsequent charged droplets results in
the emission of secondary electrically charged microdroplets that contain
dissolved analyte. These small droplets assist in the formation of dry ions by
ion evaporation or via charge-residue model as occurs in the standard ESI
experiments. Finally, analyte ions are transported away from the surface at an
angle B (Fig. 1). The evaporation of the solvent and Coulomb fission will
generate ions by processes analogous to conventional ESI. Finally, the nearby
mass spectrometer inlet inhales a portion of the mist of the secondary elec-
trospray. The second mechanism, described as ‘condensed phase charge
transfer’, supposes the analyte ion desorption to occur by a type of chemical
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FIGURE 1 Schematic of the DESI-MS interface.

sputtering. The ions bombarding the surface can induce chemical reactions
where electrons, protons, or other small ions are transferred from the
impacting microdroplets to the sample surface leading to the formation of
volatile erosion products. The third mechanism, ‘gas phase charge transfer’,
proposes ion formation after volatilization or desorption of neutral species
from the surface into the gas phase. The ionisation may occur via proton/
electron transfer or ion—molecule reactions at atmospheric pressure.

Similarly to ESI, DESI is able to desorb/ionise compounds ranging from
small molecules to large molecules. The charged microdroplets pick up pro-
teins and other large biomolecules from the surface, ionise them, and transport
them to the mass spectrometer. In addition, gas-phase solvent ions in the spray
protonate or react with analyte molecules on the surface thus generating ions
from compounds that have low desorption energies, including volatile and
semivolatile compounds, low-polarity molecules of smaller size, low-molec-
ular-weight polar compounds, and certain inorganic ions. DESI is a soft ion-
isation technique that causes minimum fragmentation yielding low-energy
intact quasi-molecular ions. In positive-ion mode, molecules are mainly ion-
ised by proton transfer yielding protonated molecules [M+H]", but sodium
[M+Na] ™, potassium [M+K]" or ammonium adducts [M+NH4]" are also
common. Moreover, radical molecular ion [M]"" formation also occurs for
particular analytes and positively charged molecules [M]" can be also present
in the gas phase via ion evaporation for compounds with a permanent charge
such as quaternary ammonium salts. Analogously, in negative-ion mode the
[M—H]™ predominates, but radical ions due to electron transfer [M] " and
adducts such as [M+CI]™ or [M+CH3COQ] ™ can also be observed. Finally,
large molecules with multiple ionizing sites can yield multiply charged ions
quite often.

DESI introduces new parameters to the ESI experiments (Fig. 1). The
relative position of the emitter vs the sample surface and the mass spec-
trometer inlet (e, dq, B, dp) has a direct effect on the ionisation process and the
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sensitivity of the method. DESI solvent composition and analyte solubility in
the DESI solvent (also called spray solvent) have an important effect on both
desorption and transfer of analytes from the surface to the mass spectrometer,
thus affecting the electrospray droplet formation (size and charge of primary
droplets), the focus of the spray, as well as the solvent extraction and ESI of
the analyte. Sample surface (substrate) also plays a crucial role in DESI
performance since the DESI process involves the landing and the release of
charged particles on/from the surface. The fundamental features of the solid
surface, including its chemical composition and texture, severely affect the
energy and charge transfer processes and consequently the ionisation effi-
ciency in DESI. Thus, several important parameters such as limit of detection,
signal stability, carryover and reproducibility of the DESI method can be
influenced by the nature of the surface [30].

Reactive DESI

Cooks and collaborators have introduced a variant to DESI, termed ‘reactive
DESI’. This new ionisation method is based on adding reagents to the DESI
solvent that can derivatise analytes in order to enhance desorption and/or
ionisation [31]. By this strategy, chemical selectivity in DESI can be greatly
increased, particularly for the less polar analytes and the weaker acid/base
compounds. Reactive DESI has allowed the analysis of many compounds that
are difficult to ionise such as steroids, triacylglycerol species, and saturated
hydrocarbons [32—34], by converting them into charged products or derivative
products that can be efficiently ionised. The primary reagent-containing
droplets impact onto the sample surface and secondary droplets are emitted
containing a distribution of both reagent and analyte, allowing reactions to
occur in the short times between dissolution of the analyte and drying of the
droplets in the inlet capillary. It has been described that reactions often occur
at accelerated rates in the confined droplets and they may be favoured by the
large change in some physicochemical properties; for instance, pH can greatly
decrease in positive-ion mode as a result of the voltage applied and the
decrease in the droplet size, thus promoting acid/base-catalysed chemistry
[35]. As an example, some reactions that have been used in reactive DESI
methods are shown in Fig. 2. Phenylboronic acid has been used to recognise
cis-diol functionalities [36], while boric acid has been demonstrated to pro-
duce a selective DESI signal in their reaction with phosphonate esters
commonly used as chemical warfare agents [37]. Two other reactions have
been demonstrated to be useful for the DESI analysis of ketosteroids. One of
them involves the addition of hydroxylamine in the spray solvent, which
becomes protonated during the electrospray process and can attack the
carbonyl of the steroid [34]. The other one is similar to the first except that
the hydrazine, Girard reagent T (GT), was used to attack the carbonyl with the
advantage of incorporating a permanent charge in the analyte molecule
increasing sensitivity as a result of not having to ionise the derivative product
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FIGURE 2 Chemicals reactions used in reactive DESI-MS.

[38]. Furthermore, betaine aldehyde has also been used to carry out nucleo-
philic attack of the alcohol functional group in cholesterol, which is difficult to
ionise but can be easily detected with reactive DESI [31]. Finally, another
reactive DESI approach that does not require covalent bond formation is
through metal adduction, especially useful for those analytes that easily bind
to charged metal ions. For instance, adducting reagents have been doped into
the DESI solvent for various applications such as chloride and trifluoroacetate
for explosives [39], AgNOs for the analysis of various unsaturated lipids and
fatty acids [40], as well as ammonium for triglycerides [26].

DESI Imaging

Historically, SIMS and MALDI have been used for MS imaging with a spatial
resolution of less than 100 nm with SIMS and at just a few micrometres with
MALDI-MS. Nowadays, one of the most interesting applications of DESI is
the two-dimensional (2D) mapping of chemical entities from a surface (DESI-
MS imaging). Although DESI provides a lower spatial resolution (as low as
30 pm) than SIMS or MALDI, the advantage of imaging with DESI-MS stems
from the ability to analyse a surface with no pre-treatment at atmospheric
pressure preventing interferences from matrix ions, as occurred with MALDI-
MS, and reducing sample contamination. Additionally, the non-destructive
nature of DESI imaging allows the use of the interrogated sample for other
studies without concern of any information loss. Applications of DESI-MS
imaging have ranged from plant, animal and human tissues to human finger-
prints for forensics [41—43].
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Nano-DESI

Nano-DESI, a DESI-related technique, is based on a liquid micro-junction
approach to ambient surface analysis [44] that uses two fused silica capillaries
connected by a solvent bridge formed on the sample surface (Fig. 3). It in-
volves a solid—liquid extraction mechanism as part of the desorption process,
and does not employ a nebulising gas. While one capillary pumps the solvent
onto the surface at an angle, the self-aspirating ‘nanospray’ capillary is
positioned at an angle orthogonal to the surface and near the MS inlet. Solvent
composition becomes a key factor in the sensitivity and selectivity of this
ionisation method, allowing the efficient extraction of particular classes of
compounds [27].

2.2 Other Spray-Based lonisation Techniques

Extractive Electrospray lonisation

Extractive electrospray ionisation (EESI) is a variant of SESI (Fig. 3) proposed
to solve one of the limitations of DESI, to handle the most volatile molecules
[45]. Because of quick evaporation of volatile compounds from the surface,
DESI or related techniques have difficulties in picking up the molecules from
the surface and then ionise/transport them to the mass spectrometer. In EESI, a
vapour or a fine spray of neutral droplets containing the analyte molecules is
dispersed into the stream of charged droplets produced by ESI. Then,
molecules are incorporated into the charged droplets and become ionised via
ESI-like process with the advantage of less important ion suppression due to
matrix effects. This ionisation technique has been successfully used for the
analysis of trace amounts of organic compounds in complex matrices
including urine, food and polluted water [25,45].

Paper Spray lonisation (PSI)

Paper spray ionisation, introduced for the first time in 2009 by Cooks et al.
[12], is described as a three-step process: extraction of chemicals from the
deposited sample, transport of the extracted analytes by the solvent spray and
the generation of the charged droplets by a mechanism similar to ESI [46]. The
original setup is extremely simple (Fig. 3). A triangular paper substrate is held
in a metal clip that is connected to a DC high-voltage power supply and placed
in front of the inlet of a mass spectrometer. The sample is deposited onto the
paper triangle to form a sample spot and then a spray solvent wets the paper
substrate. Finally, when the DC high voltage is applied, charge droplets are
generated at the tip of the paper triangle carrying the analytes extracted from
the deposited sample towards the mass spectrometer inlet. The paper substrate
plays an important role in the solvent—substrate and substrate—sample in-
teractions for the chemical extraction that allows a simple and fast but
effective sample purification in real time prior to the spray ionisation. This
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ionisation technique has been successfully used for the qualitative and quan-
titative analysis of a wide range of compounds from complex samples in
applications fields including food safety, public safety, forensics, and
biomedicine.

Easy ambient Sonic-Spray lonisation (EASI)

Easy ambient sonic-spray ionisation (EASI), introduced in 2006 by Eberlin
et al., uses SSI as the root technique sharing with it all the advantageous
features [8,11,47]. In EASI (Fig. 3), in contrast to DESI, the need for a
high-voltage power supply has been eliminated. Simply spraying a solvent
pneumatically assisted by a gas, high-flow-rate charge droplets are produced.
This sonic spray forms a stream of bipolar (£) charged droplets that bombard
the sample surface producing efficient desorption/ionisation of the analyte
molecules at ambient conditions. Although in EASI desorption and ionisation
occur in solution, as in ESI and SSI, positive and negative ions are generated
simultaneously, often from the same analyte. This fact makes possible to
obtain more mass spectral information in a single run taking advantage of the
polarity switching capabilities available in some instruments. In addition,
improved signal-to-noise ratios can be observed with EASI compared with
other ambient ionisation techniques, which may be due to the low concen-
tration of solvent components on the droplets that may reduce solvent noise
and due to the extreme softness of the ionisation process that does not produce
in-source fragmentation, thermal degradation, electrochemical transformations
or oxidation interferences [48].

EASI has been used in a number of applications including pharmaceutical
degradation studies, MS fingerprinting certification and quality of olive oil
from different geographic regions, identification of illicit drugs, document
authenticity, etc. Recently, a new variant of EASI (V-EASI) has been
developed for the analysis of liquid samples [49]. In the V-EASI the Venturi
effect caused by the N or air sonic flow is used to self-aspirate liquid samples
into the standard EASI sprayer assembly. This strategy has been applied for
the analysis of antioxidant additives in gasoline samples identifying the
additive ‘Santoflex’ in some of the samples analysed by V-EASI coupled to
Fourier transform ion cyclotron resonance (FT-ICR) MS.

Electrospray-Assisted Laser Desorption lonisation (ELDI)

Electrospray-assisted laser desorption ionisation (ELDI) is an ionisation
technique that combines laser desorption and post-ionisation by electrospray
for the rapid analysis of solid materials under ambient conditions (Fig. 3) [22].
In fact, in MALDI more neutrals than ions are usually released from the
sample layer and in ELDI these neutrals are desorbed close to an ESI plume,
wherein the neutrals are then ionised by ion—molecule reactions. The standard
conditions of ESI for ELDI involve a solvent mixture, flow rate and spray
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voltage similar to that used in DESI. The ultraviolet (UV) pulsed nitrogen laser
is adjusted to irradiate at an angle of ~45 degrees the sample deposited onto a
metallic insulated substrate, while spraying to force the post-ionisation of
analytes. The mass spectra are characteristic of electrospray, including adducts
and multiple charged ions. ELDI has been applied to the analysis of peptides
and proteins, to detect chemicals on different surfaces and also to identify
compounds on thin layer chromatography (TLC) plates.

2.3 Direct Analysis in Real Time

DART is the ambient ionisation source contemporary of DESI introduced by
R.B. Cody in 2005 [18]. It is a form of atmospheric pressure chemical ion-
isation (APCI) where the initial ion formation step involves Penning ionisa-
tion. The ionisation occurs as the result of chemical reactions in gas phase
between two neutral atoms or molecules at collision energies below the
threshold energy for ionisation [50,51]. Fig. 4 shows a schematic diagram of
DART ionisation source, which typically consists of two chambers aligned
consecutively through which a noble gas, usually helium, flows before entering
the ambient atmosphere to interact with the sample. In the first section, a glow
discharge is initiated when the gas is exposed to a high electric field between
the needle electrode and a first electrode. The transient highly energetic spe-
cies (ions, electrons and excited atoms) existing in the cold plasma may

DART
needle electrode electrode 1 insulator cap
gas in _wm ] o m* )
= p = o
"~ discharge | € sample gap
— et
grounded electrode  gas heater  electrode 2 spectrometer inlet
LTP
ischarge Gas
<0.1L/min

10kVpp
2.5 kHz
<3W /

FIGURE 4 Schematic of the configurations of DART (Reproduced with permission from
reference R.B. Cody, Wikipedia. https://commons.wikimedia.org/wiki/File:DART _ion_source_
schematic.png, (last accessed 07.09.15) from JEOL USA Inc.) and LTP probe (Reproduced with
permission from reference J.D. Harper, N.A. Charipar, C.C. Mulligan, X. Zhang, R.G. Cooks, Z.
Ouyang, Anal Chem. 80 (2008) 9097—9104. Copyright (2008) American Chemical Society.).
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recombine resulting in the formation of metastable species. Downstream
perforated electrodes and an exit grid electrode are used to prevent ion—ion
and ion—electron recombination. A heated chamber adjusts the temperature of
the gas stream to help in the thermal desorption (TD) of less-volatile sub-
stances from the sample surface. Finally, the ionising neutral gas containing
metastable species is directed towards the sample surface at an angle suitable
for its reflection into the mass spectrometer inlet. DART is a soft ionisation
method that generates ions with relatively low internal energy; nevertheless, it
is a small-molecule technique and it is not suitable for the analysis of large
biomolecules such as proteins, since multiple charge ions are not observed in
DART mass spectra. In general, DART forms deprotonated molecules in
negative-ion mode and protonated and/or ammoniated molecules in positive
DART, alkali metal adduct ions being much less frequently observed.

The majority of DART applications have used helium as the DART gas for
Penning ionisation, since the long-lived helium triplet state 2°S; has an in-
ternal energy (19.8 eV), which is clearly above the ionisation energy (IE) of
any potentially relevant molecule. Helium gas atoms are effectively energised
in glow discharge to yield metastable helium atoms He* (2S;). Then, these
metastable species interact with neutral molecules, resulting in the formation
of radical ions and electrons (Table 2) if the neutral molecules have IEs lower
than the internal energy of the metastable species (He*). Since the ionisation
takes place at atmospheric pressure, atmospheric gases play a key role in the
ionisation mechanism. A cascade of gas-phase reactions is initiated to produce
reagent ions that in the vicinity of the surface sample interact with analyte
molecules. For such a process, it is a prerequisite to have analyte molecules
present in the gas phase, so helium gas is heated to an adjusted temperature to
provide sufficient energy for evaporation and TD of compounds. The con-
centration of analyte molecules in the gas phase does not need to be high and it
is enough to lift the molecules off the surface, thus, even compounds with very
low vapour pressure, such as low-mass polymers or fullerenes, can be analysed
by DART-MS [51]. It must be taken into account that thermal degradation can
limit the maximum temperature applicable to thermolabile compounds.
Nevertheless, in some occasions to reduce temperature can potentially be an
advantage when analysing small molecules immersed in high-mass matrices.
Additionally, TD alone can deliver gas-phase ions by charge separation under
some circumstances such as rapid evaporation or thermally stable salts. This
phenomenon is exploited in atmospheric pressure TD ionisation (APTDI) [16].

The concentration of He* in the DART gas interacting with samples is
rapidly reduced due to the favourable generation of nitrogen ions that strongly
compete with other molecules resulting in low yields of direct Penning ion-
isation of these molecules. Nevertheless, the nitrogen ions initiate a cascade of
chemical reactions to ionise the gas-phase molecules. In positive-ion mode, the
primary water radical ions effectively undergo reactions leading to the for-
mation of protonated water and water clusters that may then act as reagent ions
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TABLE 2 DART Gas-Phase Chemical Reactions

Penning lonization

He* + Ny —>He + N ™" +e” He* + Oy —>He+ O +e”
He* + HpO—He + H,O"" + e~ He* + M—>He +M™ +e™

Atmospheric gas molecules ionization

Nyt + Ny — Ny ™ H30" + nH,O— [(H,0),, + H]*

N4 ™" 4+ HyO—2N, + H,O HO™" + NH3 > NH4 " + OH"

H,O"" +H;0—H;0" + OH" [(H20),, + H]" 4+ NH3 > NH4 T
Oy +e =0,

Analyte molecules ionization

Positive-ion formation Negative-ion formation
M+ [(H20), + H]* =M+ H]* + nH,0 M+0; " =>[M+0,]"
M+ NH4+ —[M + NH4]* M+0O] " >M " +0,
M+ Ny —>2Ny + M M+e ->M™"
M+ 0, =50y + M™ MX + e~ >M™ + X’
M+0,"" >0, + [M—H]" +R MH+e™ =M —H]” +H"

for analyte positive-ion generation by APCI mechanism. These ionic water
species can undergo proton transfer reactions with analyte molecules (M)
having proton affinities higher than that of water (691 kJ/mol) and water di-
mers (808 kJ/mol) to yield [M+H]" ions. Additionally, analyte molecular ions
(M™) can either be generated by Penning ionisation with He* or more
probably by charge transfer with other gas-phase ions. The ratio of M™" to
[M-+H]" ion formation depends less on the atmospheric water content and
mainly on such analyte properties as IE and proton affinity (PA). Low IE will
favour M™" ion formation, whereas high PA will promote [M+H]" ion for-
mation. Sometimes, both ionic species can be observed simultaneously
causing distorted isotopic patterns due to the superimposition of both ion
signals, a disadvantage for mass spectrum interpretation.

The presence of ammonia in the gas phase makes possible the formation of
ammonium adducts for moderately polar analytes. For instance, it has been
observed that [M+NH,4]" ions are predominant when ionizing poly(ethylene
glycol)s, ketones, triacylglycerols or polysiloxanes [7]. The origin of NH4 " in
the gas phase may either be due to its ubiquitous presence as impurity of both
the sample and the LC-MS system or because of its generation from traces of
ammonia in the laboratory atmosphere, which may be from chemicals or even
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from human breath that may contain trace amounts of this compound [52]. The
relatively high PA (853.6 kJ/mol) of ammonia ensures the efficient ionisation
of trace levels by proton transfer in the gas phase.

The presence of O, ™" in the DART background mass spectrum may be also
responsible for the observation of M and [M—H]" ions. Molecular ions
(M) can also be generated via charge exchange when O, " ions interact with
analyte molecules. Nevertheless, these molecular ions can be self-reactive for
hydride/alkyl abstraction reactions under appropriate DART conditions thus
yielding [M—H]" or [M—R]" ions, but because of the relatively slow kinetics
of this phenomenon it is possible the simultaneous presence of both ions in the
mass spectra [50,51].

In negative-ion mode, thermal electrons are assumed to generate reagent
ions. The electrons may be produced by Penning ionisation of neutral gas
molecules or by reaction of the excited atoms with surfaces such as the exit
electrode. Moreover, because the main gaseous neutral species is nitrogen, the
electrons emitted upon No** ions generation are of relevance. Taking into
account this scenario, it is understandable that electron capture becomes the
main ionisation mechanism in negative-ion mode for molecules with a high
electron affinity. Atmospheric oxygen is the preferred species to undergo the
initial electron capture to form O, " reagent ions. This radical ion can form
adducts with analyte molecules [M+O;] ", which may either prevail as such or
dissociate to create radical anions M~ ". Additionally, depending on the nature
of the analyte, direct electron capture by the analyte, dissociative electron
capture, deprotonation by dissociation or reaction with a base, or even anion
attachment are also possible. Finally, it must be taken into account that in
addition to O, " other background ions, NO, ™" and CO3™ ", can be generated
from atmospheric components and, depending on trace of solvents, CN—, CI~,
OH™, among others, can also be formed. All these ions may form adducts and/
or reaction products with analyte molecules.

Dopant-Assisted DART

To influence ion formation some authors have recommended the introduction of
volatile additives (dopants) into the DART gas stream. Water can be considered
as a dopant in positive-ion mode, but its additional delivery into the DART
source is unnecessary because the water content is high enough in the ambient
environment. In contrast, the concentration level of ammonia in the ambient
environment is much lower and the additional delivery of this additive has been
demonstrated to enhance the DART ionisation of polar compounds with rela-
tively low proton affinities, such as peroxides and esters [18,53]. The intro-
duction of dopants can be achieved by opening a bottle with the volatile additive
or holding a cotton swab wetted with the dopant substance nearby the DART
source. Using this strategy, anion adducts such as [M+CI]” and
[M+trifluoroacetate] ~ can be observed in negative-ion mode for nitroglycerine,
ethylene glycol dinitrate (EGDN), hexahydro-1,3,5-trinitro-1,3,5-triazine,
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pentaerythritol tetranitrate, and octohydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine
when adding dichloromethane or trifluoroacetic acid as dopant [18]. This is
advantageous for the detection of these explosives that do not produce molec-
ular ions under the standard DART conditions. Furthermore, introducing a
deuterated dopant such as D,O into the DART gas stream can easily allow
carrying out hydrogen/deuterium exchange experiments usually used in struc-
tural elucidation. This last strategy has been used for the detection of melamine
in contaminated pet food [54]. Furthermore, the combination of H/D exchanges
in the DART source with tandem MS and accurate mass measurements has been
used to examine ion structures for fragments of caffeine, theophylline, and
theobromine [5].

2.4 Low-Temperature Plasma

The low-temperature plasma (LTP) probe is based on the generation of a
plasma using an annular dielectric barrier discharge configuration (Fig. 4) [20].
A discharge gas at low flow rate (<500 mL/min) and a high-voltage AC are
used to sustain the plasma in an ambient environment. The temperature of the
sampling torch can be adjusted over a wide range and can be as low as 30°C
avoiding damages of the sample substrates (skin of human fingers, fabrics on
luggage, etc.). The ionisation mechanism involved in the LTP includes TD,
chemical sputtering and surface reactions simultaneously occurring during the
desorption/ionisation process. In the past few years, great progress has been
made in the elucidation of the LTP mechanism by means of plasma spectro-
scopic diagnostics [55]. These studies indicated that metastable helium atoms
(He*) play a central role as in other plasma ionisation techniques. The He*
atoms are involved in the direct Penning ionisation process of analytes, but
also act as indirect precursors for the formation of other highly excited helium
species involved in the ionisation pathways. The helium dimer ion (Hep™)
seems to be the dominant positive ion in the plasma and it serves to carry
energy from the discharge into the afterglow region in the open atmosphere
and it interacts with the atmospheric nitrogen to generate N, " ion via charge
transfer, which is an important reagent ion and the key reaction intermediate
for the formation of other gas-phase reagent ions such as protonated water
clusters.

This technique has been demonstrated to be applicable for the direct
analysis of a wide range of chemicals from complex samples, especially for
small organic molecules with low to moderate polarity [56], but not for ionic
analytes. Nevertheless, the molecular weight of analytes is also critical, maybe
due to the difficulty in desorbing intact large molecules from condensed-phase
samples. The analytical performance of the original LTP setup is adequate for
many semi- and non-volatile compounds, such as trinitrotoluene (TNT) and
cocaine, but increasing source temperature could facilitate sampling ionisa-
tion. For instance, in the analysis of atrazine the signal intensity of [M+H]"
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was improved (up to two orders of magnitude) when applying a thermal
assistance of 150°C in the LTP probe [20]. Finally, it must be pointed out that
the implementation of LTP probe for sampling analysis is relatively easy,
being the relative positions of the LTP probe, the sample and the MS inlet not
critical for a proper analytical performance. These favourable characteristics
of the LTP probe make possible the development of quantitative and quali-
tative analytical applications in the fields of public safety, food safety, product
quality control and forensics.

3. AMBIENT MASS SPECTROMETRY APPLICATIONS
3.1 Environmental

Environmental analysis usually requires highly sensitive techniques because of
the low concentration levels of environmentally relevant contaminants.
Nowadays, the high sensitivity attainable with TOF and especially with
Orbitrap mass analysers makes it possible to find applications of environ-
mental interest employing ambient MS techniques in combination with HRMS
such as the analysis of volatile organic compounds and atmospheric aerosols
[57—60]. For instance, Roach et al. [57] proposed the use of nanospray DESI
(nano-DESI) combined with HRMS with a linear ion trap-Orbitrap for the
detailed, molecular-level chemical characterization of organic aerosols (OA)
collected in laboratory and field experiments. Atmospheric aerosols interact
with incoming solar radiation and can modify cloud properties resulting in
significant impacts on climate, air quality, and human health. The character-
ization of aerosols is of important interest because of the vast uncertainty on
the composition and atmospheric chemistry of OA, which are either emitted as
primary OA from a variety of sources including industrial processes, com-
bustion of fossil fuels, and biomass burning or formed as a result of gas-
to-particle partitioning in atmospheric physicochemical processes that from
secondary OA. The stable signals achieved using nano-DESI, where the an-
alyte is desorbed into a solvent bridge formed between two capillaries and the
analysis surface, make it possible to obtain very high-quality HRMS data for
both laboratory-generated and field-collected OA using a very small amount of
material (lower than 10 ng) and without any sample treatment. Characterizing
the molecular composition and chemical transformation of OA is a major
challenge in atmospheric aerosol research. The authors conducted ageing
experiments and examined an aged (brown) limonene secondary OA sample
using ESI, DESI, and nano-DESI, showing that larger oligomers can be
observed with greater intensity by both nano-DESI and DESI than they were
by ESI. These differences were attributed to the decomposition of chemically
labile oligomeric species during either the extraction process or the subsequent
residence time in the ionisation solvent. This suggested that the solvent resi-
dence time of OA in a nano-DESI-HRMS experiment was sufficiently short to
preserve these labile chemical bonds. Later, the same research group proposed
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the use of reactive nano-DESI coupled to an Orbitrap mass analyser for the
analysis of secondary organic aerosol produced through ozonolysis of limo-
nene [58]. The authors used the selectivity of the Girard reagent T (GT)
towards carbonyl compounds to examine the utility of reactive nano-DESI for
the chemical analysis of complex organic mixtures. For that purpose,
1—100 uM GT solutions were used as the working solvents for reactive nano-
DESI analysis.

Recently, Tao et al. [60] also proposed nano-DESI-HRMS (with a mass
resolution of 100,000 full width half maximum (FWHM) using an Orbitrap
mass analyser) for the molecular characterization of organosulphates in OA
from Shanghai and Los Angeles urban areas. A diverse mixture of oxygenated
hydrocarbons, organosulphates, organonitrates, and organics with reduced
nitrogen were detected in the Los Angeles samples. A majority of the organics
in the Shanghai samples were detected as organosulphates.

Ambient MS techniques have also been proposed for the characterization
and analysis of crude oil components [27,61]. For instance, nano-DESI-HRMS
using a linear ion trap-Orbitrap has also been proposed for the first time for the
chemical characterisation and analysis of the polar constituents of liquid pe-
troleum crude oil samples [27]. The analysis was performed in both positive
and negative ionisation modes. The results demonstrated that nano-DESI
analysis efficiently ionises petroleum constituents. Water-soluble compounds
were predominantly observed as sodium adducts in nano-DESI spectra indi-
cating that addition of sodium to the solvent may be a viable approach for the
efficient ionisation of water-soluble crude oil constituents. This is an inter-
esting example showing that HRMS is mandatory to resolve the highly
complex liquid petroleum crude oil extracts. In this case, the authors employed
a linear ion trap-Orbitrap with a mass resolution of 100,000 FWHM.

Environmental water applications of ambient MS techniques have also
been described in the literature. In these cases, in order to attain the low limits
of detection required for environmental water analysis both preconcentration
approaches and the sensitivity of HRMS instruments are required. For
instance, Strittmatter et al. [62] described the analysis of wastewater samples
by the direct combination of C18/strong cation exchange mixed-mode thin-
film microextraction (MFTE) and DESI-HRMS. Both techniques make the
analytical workflow simpler and faster, hence their combination enables
considerably shorter analysis time compared to traditional LC-MS approaches.
The authors validated the method using carbamazepine and triclosan as typical
examples for pharmaceuticals and personal care product components, which
draw increasing attention as wastewater-derived environmental contaminants.
The results obtained by MFTE in combination with DESI-HRMS were
compared to those of parallel LC-MS determinations showing good agreement
within a concentration range three orders of magnitude wide. Although several
matrix effects were observed with wastewater samples, limits of detection
down to nanogram per litre level were achieved. In this example, the use of an
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Orbitrap mass spectrometer was ideal for screening purposes and led to the
detection of various different personal care product components in wastewater
treatment plant effluents, including beta-blockers, non-steroidal anti-inflam-
matory drugs, and UV filters.

Another interesting environmental water application of ambient MS
techniques is the determination of organic UV filters by stir bar sorptive
extraction in combination with DART-TOF HRMS analysis [63]. Because of
the low concentrations of UV filters expected in environmental water samples,
250 mL of water was preconcentrated with polydimethylsiloxane (PDMS) stir
bar sorptive extraction for 4 h, and the PDMS stir bars were exposed to the
DART stream without any separation elution step. To demonstrate the suit-
ability of DART-HRMS with a TOF instrument, the authors used a test set
of seven organic UV filters, namely, benzophenone-3 (BP-3), ethylhexyl
dimethyl p-aminobenzoate, 4-tbutyl-4’-methoxydibenzoylmethane, homo-
methylsalicylate, 2-(ethylhexyl) salicylate, octocrylene (OC), and 4-methyl-
benzylidene camphor. In the first step, standard solutions of the targeted
analytes prepared in methanol were investigated in order to determine opti-
mum parameters for the DART-HRMS analysis (see spectrum in Fig. 5a).
Limits of detection in the range 20—40 ng/L (depending on the analyte) with
acceptable precisions (5—30% relative standard deviation (RSD) values at
500 ng/L level) were reported. The analysis of a real lake water sample,
collected at an area used for leisure activities, was carried out and reported
contamination with BP-3 and OC (Fig. 5b). The authors compared the results
obtained with the developed DART-HRMS method with a confirmatory
analysis using TD-GC-MS, obtaining comparable results for the two detected
UV filters, and showing that DART-TOF-MS is a rapid screening method for
environmental water contamination.
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FIGURE 5 (A) DART-TOF-MS spectrum of deionised water spiked with a mixture containing
seven UV filters (each 700 ng/L) and the internal standard (400 ng/L). Peaks: (1) BP-3, (2) eth-
ylhexyl dimethyl p-aminobenzoate, (3) 4-tbutyl-4’-methoxydibenzoylmethane, (4) homo-
methylsalicylate, (5) 2-(ethylhexyl) salicylate, (6) OC, (7) 4-methylbenzylidene camphor, (8)
benzyl cinnamate (BC, internal standard). (B) DART-TOF-MS spectrum of a real lake water
sample taken during the summer season. Peaks: (1) BP-3, (6) OC, (8) BC. Reproduced with
permission from reference M. Haunschmidt, C.W. Klampfl, W. Buchberger, R. Hertsens, Anal
Bioanal. Chem. 397 (2010) 269—275. Copyright (2010) Springer.
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3.2 Food

The quality of food products is an issue of great interest in our society. For this
reason, the development of new methods focused on the analysis but also in the
characterization, classification and authentication of food products has increased
dramatically [64,65]. Nowadays, there is a growing necessity for applications in
food able to cope with a large number of analytes in very complex matrices. The
new analytical procedures demand sensitivity, robustness and high resolution
within an acceptable analysis time. Moreover, the possibility of analysing
multiple compounds for target and non-target screening, such as multi-residue
methods in various matrices, minimizing sample manipulation is also demanded
[66]. In this context, ambient MS techniques appear as a powerful tool for high-
throughput analysis of food products minimizing sample treatment as much as
possible [67,68]. Due to the complexity of food matrices the enhanced resolu-
tion and accurate mass measurements attainable with HRMS instrumentation is
frequently a requirement.

Among the most common ambient MS techniques, DART in combination
with HRMS either using TOF or Orbitrap mass analysers is the most fre-
quently employed one in the analysis of food matrices. DART-HRMS has been
proposed for food safety analysis for the determination of pesticides and
fungicides in fruits and vegetables [69,70] and mycotoxins in cereal samples
[71], as well as in food quality control analysis for the determination of
caffeine in coffee products [72] or the rapid control of Chinese star anise fruits
and teas for the presence of neurotoxic anisatin [73], among other applications.
For example, Vaclavik et al. [71] proposed DART-HRMS using an Orbitrap
mass analyser for the rapid quantitative determination of multiple mycotoxins
isolated from wheat and maize by a modified QuUEChERS procedure. The
lowest calibration levels estimated for the respective targeted analytes ranged
from 50 to 150 ng/kg. Quantitative analysis was performed either with the use
of matrix-matched calibration or by employing commercially available Bc-
labelled internal standards for deoxynivalenol, nivalenol and zearalenone
mycotoxins. Good recoveries (100—108%) and repeatabilities (RSD <6.9%)
were obtained at a concentration level of 500 pg/kg by isotope dilution pro-
cedure. Regarding matrix-matched calibration, recoveries and repeatabilities
were in the range 84—118% and 7.9—12.0% (RSD), respectively. The authors
validated DART-Orbitrap-MS trueness for deoxynivalenol and zearalenone in
wheat/maize by the analysis of certified reference materials, achieving good
agreement also with data validated by ultra-high performance liquid chro-
matography-time of flight mass spectrometry (UHPLC-TOF MS) analysis.

Edison et al. [69] proposed DART-Orbitrap-MS as a rapid screening
method for pesticides in order to streamline the processing of products for
food safety and control analysis. For that purpose, foam swabs were used to
recover multi-class mixtures of pesticides from the surfaces of apples, kiwis,
peaches and tomatoes, and the swabs were analysed by DART-Orbitrap-MS.
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This simple sample treatment in combination with DART-HRMS allowed
expanding the types of food commodities to be analysed in food safety control
laboratories. The authors observed that whilst smooth-skinned products, such
as apples, maintained a high detection rate for the targeted pesticides even
when 10 apples were swabbed with one foam disk, commodities with rougher
surfaces, such as peaches, suffered a decrease in detection rate when 10
peaches were swabbed with one foam disk. So, in order to maintain consis-
tency across sampling process, a composite size of three units was then
selected. Several classes of pesticides such as thiocarbamates, phenylamides
and organochlorine pesticides were easily detected in the analysed samples. A
similar approach was later used by Kern et al. [74] who employed an accurate
mass fragment library based on DART-Orbitrap-MS data for the rapid analysis
of pesticides on food products after swabbing them with foam disks.

DART-HRMS techniques have also been widely employed for metab-
olomic analysis of food commodities to achieve characterization, classification
and authentication in the prevention of frauds [75—79]. In this area, the high
resolution and accurate mass measurements achieved with HRMS instru-
mentation is an indispensable tool to obtain fingerprinting spectra that can be
easily processed by chemometric techniques. An interesting example is the
one reported by Cajka et al. [75] describing the application of DART-TOF-MS
for the chicken meat metabolomic studies aiming at the retrospective control
of feed fraud. DART-TOF-MS was used as a tool for differentiation between
chickens fed by feed that contained 5—8% (w/w) of chicken bone meal
(a banned component) and those representing a reference group, ie, grown
otherwise under the same conditions. A simultaneous (all-in-one) extraction
procedure using a water and cyclohexane mixture able to isolate both polar
and non-polar metabolites in a single extraction step was employed. After
extraction, DART-HRMS spectra were obtained. Fig. 6A shows the DART-
TOF-MS fingerprints of a chicken muscle extract. Fingerprinting data was then
chemometrically processed by principal component analysis (PCA) and
orthogonal partial least squares discriminant analysis. As an example, Fig. 6B
shows the PCA two-score plots of the polar and non-polar extracts obtained
from chicken muscles. Differentiation of chicken muscle according to diet
(feed with and without the addition of chicken bone meal) was feasible
employing DART-TOF-MS fingerprints of polar as well as non-polar extracts.
Additional experiments conducted after 6 months confirmed the classification
potential of DART-TOF-MS analysis to detect frauds.

Similar approaches were used by the same research group employing DART-
TOF-MS for fish metabolomics aimed to assess the response of dietary sup-
plementation [76], for olive oil quality and authenticity assessment [ 78], and for
beer origin recognition [79], as well as DART-Orbitrap-MS fingerprinting in the
prediction of acrylamide formation in biscuits [80] or in the authentication of
milk and milk-based food products [77], among other examples. For instance,
the use of DART-Orbitrap-MS in this last application allowed the authentication
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FIGURE 6 (A) DART-TOF-MS fingerprints of the chicken muscle extracts: (a) polar extract,
DART(+); (b) polar extract, DART(—); (c) non-polar extract, DART(+); dopant: ammonia; (d)
non-polar extract, DART(—). (B) A two-score plot of PCA: (a) polar extracts (chicken muscle); (b)
non-polar extracts (chicken muscle). (group 1 chicken fed with the feed with the addition of
chicken bone meal; group 2 chicken fed with the feed without the addition of chicken bone meal;
group 3 chicken fed with the feed without the addition of chicken bone meal (experiment repeated
after 6 months)). Reproduced with permission from reference T. Cajka, H. Danhelova, M.
Zachariasova, K. Riddellova, J. Hajslova, Metabolomics 9 (2013) 545—557. Copyright (2013)
Springer.

of milk and dairy products in several scenarios: (1) discrimination among milks
obtained from various farm animal species (cow, goat and sheep), (2)
discrimination between cows’ milk produced in conventional and organic
farming, and (3) detection of vegetable oil added to milk-based products (soft
cheese). These examples show that DART in combination with HRMS and
chemometric analysis is a powerful tool for characterization, classification and
authentication of food.
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Martinez-Villalba et al. [81] demonstrated the applicability of DART-
Orbitrap-MS for the high-throughput determination of antiparasitic veteri-
nary drugs in feed and food. The combination of an analysis time of less
than 1 min per sample and the possibility to acquire accurate masses under
HRMS makes the DART-HRMS technique an effective tool for rapid qual-
itative screening of antiparasitic veterinary drugs. The results obtained by
the authors in this work demonstrated the feasibility of this approach to
quantify the targeted analytes at levels down to 1 mg/kg for benzimidazolic
compounds in milk samples and 0.25 mg/kg for coccidiostats in chicken
feed.

Although many DESI applications in food analysis have been described in
the literature [82], only few of them have been carried out in combination with
HRMS (DESI-Orbitrap-MS). For instance, DESI-HRMS has been proposed for
the analysis of anionic oligosaccharides [83] and to study natural polysaccharide
interactions with a model drug in a controlled release system [84]. Nano-DESI
in combination with a quadrupole-time of flight (q-TOF) mass analyser was
employed by Hartmanova et al. [85] for the fast profiling of anthocyanins in
wine. In this work, the acidification of samples in combination with an acidic
DESI solvent (methanol:water 75:25 with 0.2% formic acid) were essential for
obtaining good-quality mass spectra. The authors applied the proposed method
to obtain nano-DESI-HRMS profiles of main anthocyanins in two vintages and
three cultivars wine samples. The obtained results were in agreement with an-
thocyanins isolated by solid-phase extraction (SPE) and analysed by LC-MS,
but the nano-DESI-HRMS method offered high selectivity and accurate mass
measurements that can contribute to anthocyanin identification in screening
analyses.

Recently, Ser6 et al. [28] developed a DESI-HRMS method for the
screening of veterinary drugs in cross-contaminated feedstuffs. The reliable
detection was performed working at high mass resolution (70,000 FWHM)
using an Orbitrap mass analyser. To evaluate the applicability of the developed
DESI-HRMS method, 50 feed samples were analysed in order to detect those
samples suspected of being cross-contaminated by veterinary drugs. Feed
samples were screened and the acquired mass spectral raw data were inter-
rogated by a custom-made database that included more than 60 veterinary
drugs (anthelmintics, antibiotics, coccidiostats, hormones, etc.) commonly
used to produce medicated feedstuffs. The custom-made database included the
ionisation mode and the expected ions (protonated and deprotonated mole-
cules, adduct ions, in-source fragments, etc.) that can be generated in the DESI
source. Veterinary drugs at dose levels between 37 and 107 mg/kg in medi-
cated feed were easily detected and confirmed by the proposed DESI-HRMS
screening method, and in one of these samples an unexpected cross-contam-
ination of monensin (3.5 mg/kg) was also detected (see DESI-HRMS full-scan
spectrum in Fig. 7). Additionally, the authors reported that the results obtained
for non-medicated feed indicated that cross-contamination occurs quite
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FIGURE 7 DESI-HRMS full-scan spectrum obtained from a narasin (NAR) medicated feed
(37 pgl/g) cross-contaminated with monensin (MON) (3.5 pg/g). Reproduced with permission from
reference R. Sero, O. Nuriez, J. Bosch, J.M. Grases, P. Rodriguez, E. Moyano, M.T. Galceran, Anal
Bioanal. Chem. (2015), http://dx.doi.org/10.1007/s00216-015-8899-4. Copyright (2015) Springer:

frequently and values above the legislated levels were detected in 28% of the
samples analysed by DESI-HRMS.

Paper spray in combination with HRMS has been described for the analysis
of food contaminants generated during food processing procedures such as
heating. For example, Li et al. [86] reported the rapid qualitative and quan-
titative analysis of 4-methylimidazole (4-MEI), a carcinogenic by-product
generated through the Maillard reaction when heating caramel-based food
products, in beverage and caramel samples using the paper spray form of
ambient ionisation MS. For the caramel samples and typical beverages
examined by the authors, ionisation competition/suppression was observed but
was not significant. However, these matrices all have three to six isobaric
peaks at m/z 83, being matrix interferences for the detection of 4-MEI. This
scenario made HRMS necessary for the reliable identification and quantifi-
cation of 4-MEI. By performing paper spray analysis on an Orbitrap-HRMS
instrument, rapid screening of the analyte of interest was achieved as an
alternative to tandem MS. As an example, Fig. 8 shows a paper spray high-
resolution full-scan spectrum of a typical cola beverage. The accurate masses
of the peaks were compared to those of compounds known to be present in the
sample and several matching peaks are labelled in the figure. Among them, the
peak that matches 4-MEI was subjected to tandem MS to additionally confirm
the assignment. The proposed paper spray-Orbitrap-MS method provided a
limit of detection of 100 pg/uL in beverage samples.
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FIGURE 8 Paper spray HRMS analysis of a cola beverage; the accurate masses observed match
with chemical compounds labelled in the figure. As shown in inset (B), the high-resolution mass
spectrometer successfully resolves protonated 4-MEI (m/z 83.060) from isobaric interferences. Its
13C isotope is also recorded in the spectrum, although not shown in the insets. Additional
structural confirmation was carried out by MS2 for the analyte (4-MEI) of interest, as shown in the
inset (A). Reproduced with permission from reference A. Li, P. Wei, H.-C. Hsu, R.G. Cooks, Analyst
138 (2013) 4624—4630. Copyright (2013) Royal Society of Chemistry.

Ambient MS techniques in combination with HRMS have also been
proposed in migration studies of potentially harmful contaminants from
materials intended to be in contact with food (food-contact materials). For
example, Mattarozzi et al. [87] studied the migration of melamine into food
from melamine tableware using DESI-Orbitrap-MS. The migration test was
performed using acetic acid 3% (v/v) as food simulant. A two-tailed
migration test (z-test) allowed the authors to assess the good agreement
between the qualitative results obtained applying the proposed DESI-HRMS
method with data provided by conventional LC-ESI-MS, thus demonstrating
the reliability of DESI-HRMS as a rapid technique for the study of melamine
release from plastic materials into food. Bentayeb et al. [88] proposed the
use of DART-TOF-MS for the detection and identification of compounds
from print set-off not visible to the human eye. The set-off is the uninten-
tional transfer of substances used in printing form the external printed sur-
face of food packaging to the inner, food-contact surface. The authors
compared the DART mass spectra from inner and outer surfaces of printed
and non-printed food packaging to detect and identify non-visible set-off
components, and developed a protocol to identify unknowns by using a
custom open-source database of printing inks and food packaging com-
pounds. The protocol matched print-related food-contact surface ions with
the molecular formulae of common ions, isotope patterns, and fragments of
compounds from the database. The authors were able to detect print set-off
and identify seven different compounds by DART-TOF-MS.
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3.3 Forensics

An interesting and broad area of applications of ambient ionisation techniques
is forensic science, in which on-location analysis, speed, specificity and wide
applicability are all important [89—91]. Furthermore, ambient MS methods are
intrinsically very efficient tools for high-throughput analysis, which plays an
important role in drug counterfeit and forensic identifications.

The ability to rapidly detect explosive compounds and chemical warfare
agents in the ambient environment with minimal sample manipulation using
ambient techniques such as DART [92—97], DESI [98], LTP [99], APLD
[100], APTDI [101], DEFFI [102] and EASI [103] has been widely described.
In these applications, ambient MS techniques have been coupled to high-
resolution mass analysers to take advantage of the high sensitivity and
selectivity they can offer. In addition to the detection of the explosive source,
one key goal in this field is detection of trace amounts of explosive residues,
since they can be indicative of close contact with a concrete one. Saha et al.
[99] developed an LTP-Orbitrap method for the analysis of explosive residues
in soil and pond water at parts per billion levels with minor sample pre-
treatment and with the advantage of the unequivocal identification by accurate
mass measurements. Furthermore, Sisco et al. [94] studied the viability of
DART-TOF as screening tool for the analysis of trace explosive. They used
acetone as dopant in combination with thermal assistance (225°C) to improve
the response of some explosives, while for EGDN and diethylene-glycol
dinitrate the temperature had to be decreased for a better sensitivity. In this
study, authors used searching lists to identify explosives in samples and cat-
egorised the explosive m/z signals (peaks) into three groups. The first one
included the unique peaks, which could be assigned to only one explosive.
Thus, these compounds could be easily confirmed. The second group was
composed of the shared peaks, which could be assigned to more than one
different explosive belonging to the same compound class, thus hindering the
mass spectra interpretation. Finally, the third group classified the mass overlap
peaks, which were peaks from two or more ions with exact masses that shifted
only +0.005 Da and which were difficult to interpret. Thus, even without the
benefits of the second dimension provided by a separation technique, authors
demonstrated that ambient HRMS can be used to screen a high number of
trace-levels explosives, although confirmatory identification of specific
explosives can be sometimes compromised due to the similarity between
fragmentation patterns of some of them.

The manufacture and trafficking of illicit drugs and counterfeiting of
legitimate pharmaceuticals remains a priority concern for law enforcement.
Furthermore, the constant appearance of new psychoactive substances requires
currently rapid preliminary confirmatory testing methods. Ambient MS tech-
niques coupled to HRMS offer advantages over other classical methods (GC-
MS, LC-MS) due to their high-throughput, retrospective analysis capabilities
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and their ability to analyse the specimens in different forms and surfaces (eg,
tablets, capsules, gels, skin, hair or blood). Regarding forensic investigations
of falsified pharmaceuticals, different qualitative and quantitative methods
using ambient MS techniques have been described [32,104—109]. For
instance, DESI-MS in both conventional and imaging modes, DART-TOF and
2D diffusion-ordered "H nuclear magnetic resonance (2D DOSY 'H NMR)
were complementarily used to characterise the chemical composition of
counterfeit antimalarial drugs [110]. Both types of methods enabled the
detection of active pharmaceutical ingredients and tablet excipients. For a total
of 16 samples, the correct active pharmaceutical ingredient was observed in
only six formulations, while the remaining formulations contained either
wrong active pharmaceutical ingredients such as acetaminophen or dipyrone,
or only pharmaceutical excipients. Stearate and polymeric excipients were not
detected neither by DESI nor by DART, while disaccharides (lactose, sucrose)
were detected only by DESI, probably due to difficulties in TD of these class
of compounds in the DART source. Valuable structural information were
obtained in DESI when coupled to an ion trap to perform multi-stage mass
spectrometry experiments (MS") and the accurate mass information offered by
DART-TOF complemented and validated the DESI results. Additionally, DESI
imaging was also performed in this study to provide information about sample
homogeneity and impurities distribution in malarial tablets that may not be
detectable with other approaches. Fig. 9 shows the spectra obtained in the
analysis of a counterfeit formulation when employing the ambient MS tech-
niques in parallel with the 2D DOSY 'H NMR method. As can be seen, all the
assayed methods detected the active principal ingredient artemisinin, which is
less effective in antimalarial treatments than artesunate because of its poor
water solubility. Furthermore, two excipients were found in this sample,
dextrin and a stearate-based lubricant, but they were only detected by 2D
DOSY '"H NMR, maybe due to the higher ionisation efficiency of artemisinin
that suppresses the ionisation of other compounds in the sample when analysed
by DESI and DART.

Ambient MS has also been used for quick and easy determination of illicit
drugs allowing the simultaneous identification of active ingredients, additives,
adulterants, etc. in complex samples such as hair, blood, breath or skin
[111—114]. For example, Su et al. [113] proposed paper spray MS for the
rapid monitoring and quantitation of drugs of abuse at ng/mL level in dried
blood spots. Because a very small amount of blood is necessary to perform the
analysis, less invasive methods such as collected pricks can be used to take the
sample. For screening analysis, quadrupole-Orbitrap mass analyser was used,
while for the quantification analysis the high signal-to-noise ratio obtained by
tandem MS with a triple quadrupole mass analyser provide the required
sensitivity and specificity to detect trace levels of drugs in blood. In addition,
solvent spray composition was optimised because of the role it plays in both
analyte extraction and ESI at the tip of the paper substrate. Thus, the highest
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SDMSO represents DMSO satellite signals), (B) DART-MS in positive-ion mode, and (C) DESI-MS
in positive-ion mode. Reproduced with permission from reference L. Nyadong, G.A Harris,
S. Balayssac, A.S. Galhena, M. Malet-Martino, R. Martino, R.M. Parry, M.D. Wang, F.M. Ferndndez,
V. Gilard, Anal Chem. 81 (2009) 4803—4812. Copyright (2009) American Chemical Society.

sensitivity was obtained with 9:1 acetonitrile-water solution and decreased
rapidly when increasing the water percentage, perhaps because more water-
soluble chemicals are extracted, which negatively affected the final ionisation
of the analytes.

Another interesting field where ambient MS has been applied is the
authentication of documents, which is critical for establishing facts in court.
This often requires the examination of inks to identify any document
amendments. Typically, analytical proof of a document’s authenticity is
determined by taking sections and analytical conventional methods usually
require the ink to be removed from the support. However, the use of ambient
MS techniques quickly provides the chemical mapping of the surface, without
damaging the original document and providing precise details about the entire
document. One of the most frequently employed ambient MS technique in
documents authentication [115,116] and identification of counterfeit bills
[117,118] has been EASI. One interesting example is the application of EASI-
HRMS to the investigation and molecular information acquisition of second-
generation Brazilian Real (R$) banknotes and seized suspect banknotes [116].
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With the aim to implement this rapid and non-destructive method in forensic
laboratories and routine analysis, a single quadrupole mass analyser was used
to establish the chemical signature or chemical fingerprint for authentication of
banknotes. Nevertheless, to confirm the counterfeiting, diagnostic markers
have to be unequivocally identified; hence, HRMS was required for the correct
identification and characterisation of each diagnostic ion. Fig. 10 shows the
EASI-FT-ICR MS chemical profiles of genuine R$100 banknote and seized
suspect counterfeited R$100 banknote. Few minor ions were detected in the
authentic banknotes (Fig. 10A,B) and two plasticisers, bis(2-ethylhexyl)
phthalate and dibutyl phthalate, mostly related to the official offset printing
process were used as diagnostic markers for genuine banknotes. In contrast,
high-resolution chemical profiles of the seized suspect counterfeit banknotes
displayed abundant diagnostic ions within the m/z 400—800 range due to the
presence of oligomers. As can be seen in Fig. 10c, the mass spectrum shows a
distribution of ions separated by 44 m/z units, which enabled their character-
isation as Surfynol 4XX, wherein increasing XX (XX = 40, 65, and 85) values
indicate increasing amounts of ethoxylation on a backbone of Surfynol 104.
Furthermore, sodiated triethylene glycol monobutyl ether, another ink con-
stituent of ink-jet printers was also identified in the counterfeit banknotes.

Finally, fingerprints at the crime scene have been historically used by
forensic experts to identify a suspect or to determine the movements of an
individual [119]. The surface chemical analysis of the fingerprints by ambient
MS techniques can provide information about the person’s ethnic origin, the
detection of trace amounts of drugs or explosives deposited with the finger-
print, as well as other social indicators such as people lifestyles [120—122]. As
an example, Bailey et al. have successfully demonstrated the use of MALDI
and DESI-linear ion trap-Orbitrap working at a mass resolution of
100,000 FWHM for the analysis of cocaine and its metabolites in latent fin-
gerprints [122]. Samples were obtained from five individuals who were
attending a drug and alcohol treatment service to receive treatment for drug
dependence. Using the Orbitrap mass analyser in full-scan mode, cocaine and
its metabolites benzoylecgonine and methylecgonine were detected in four
donors. Furthermore, high-resolution tandem MS was used to confirm the
correct identification of the analytes and the analysis of latent fingerprints
showed good correlation compared with the results obtained from oral fluid
testing for the same donor. Although the fingerprints were not spatially uni-
form, the ability to detect excreted substances in latent fingerprints allowed the
differentiation between drug consumption and contact solely based on the
presence of metabolites in the residue.

3.4 Doping

For doping control testing, reliable, robust, cost-reduced and easy-to-perform
sampling is of utmost importance [123]. The need for fast multi-residue
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approaches is crucial today, since the quicker the analysis, the more efficient is
the control. In particular, it is required the availability of methods able to
rapidly characterise seized preparations and to detect the presence of pro-
hibited substances at trace level in complex biological samples. When using
conventional analytical methods (LC-MS and GC-MS) long, tedious and time-
consuming extraction and purification procedures are often required to obtain
clean extracts and to enhance sensitivity. In this context, ambient MS tech-
niques can be used as wide screening methods due to their low discrimination
in the analytical procedure, high throughput and fast and simple specimen
preparation requirements [124]. Many applications have been published
demonstrating the applicability of ambient MS for the detection of drugs and
metabolites in biological matrices, but most of them use low-resolution mass
analysers [34,125,126]. However, when analysing complex biological samples
without previous sample treatment, ion suppression effects were observed,
hindering to obtain suitable detection limits. Lin et al. developed a DESI-MS/
MS method for the analysis of clenbuterol in urine [126], but a SPE step was
required in order to minimise ion suppression effects caused by the urine
matrix components, with the consequent increase in sample analysis time. As
an alternative, other authors are proposing the use of reactive DESI-MS to
enhance selectivity and sensitivity by in situ transformation of analytes into
more easily ionisable species thus improving method selectivity and the
signal-to-noise ratio when analysing urine samples. Nevertheless, only low-
resolution MS applications of reactive DESI-MS to doping control have been
found in the literature [34]. Alternatively, high-resolution mass analysers, such
as Orbitrap, TOF, or hybrid analysers like quadrupole-Orbitrap, are a key of
benefit when coupled to ambient MS techniques in this application field.
Modern high-resolution mass spectrometers are more sensitive and can
compensate in part the suppression signal produced. Additionally, they provide
more detailed chemical information and selectivity to achieve the unequivocal
identification of banned substances at detection limits for doping testing [127].

Among the ambient MS techniques, DART in combination with HRMS
either using TOF [128,129] or Orbitrap [130] mass analysers has been most
frequently used to analyse prohibited substances by the World Anti-Doping
Agency (WADA) [131]. As an example, Lesiak et al. [129] developed a
DART-TOF (6000 FWHM) method to rapidly identify the presence of dime-
thylamylamine (DMAA), a stimulant present in some athletic training or
pre—workout supplements, but banned by WADA. A number of DMAA-
containing supplements were tested directly by DART-MS in their solid form
by just holding the sample between the ionisation source and the mass
spectrometer inlet. Under the soft ionisation conditions of DART, DMAA only
provided the [M+H]" ion and the accurate mass (m/z of 116.1439; +5 mDa)
and the collision induced dissociation (CID) fragmentation allowed the iden-
tification/confirmation of this compound in the suspected samples (Fig. 11A).
Additionally, in this work identification and/or differentiation of DMAA from
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FIGURE 11 DART-HRMS spectra obtained from nutritional supplement samples in positive-ion
mode. (A) DART-MS spectra for the supplement DNPX in pill form. (B) DART-MS control data
from a urine sample prior to ingestion of a DMAA-containing supplement. (C) DART-MS spec-
trum of unprocessed urine containing DMAA at 2 h after the supplement ingestion, representing a
maximum relative abundance of DMAA in urine. (D) DART-MS spectrum of unprocessed urine
24 h after the supplement ingestion. Adapted with permission from reference A.D. Lesiak, K.J.
Adams, M.A. Domin, C. Henck, J.R.E. Shepard, Drug Test. Anal. 6 (2013) 788—796. Copyright
(2013) John Wiley & Sons, Ltd.

the isomer tuaminoheptane was successfully performed based on the CID
fragmentation pattern differences observed between the two compounds. The
relative abundance of [M—H]" (m/z 114) at 60 V for DMAA was relatively
smaller than that observed for tuaminoheptane under the same experimental
conditions. Regarding sports doping and urine testing, the urine from a
volunteer who ingested one of the DMAA-containing supplements was
monitored over 48 h. Urine was directly analysed by DART-MS by holding a
glass capillary tube dipped into the urine between the source and the MS inlet.
The DMAA diagnostic ion was detected/confirmed within 2 hours of ingestion
of the supplement; even after 48 hours the relative signal was >1%
(Fig. 11C,D). Furthermore, other major components in the urine sample,
specifically urea and creatinine, were also identified by DART-MS. Regard-
less, matrix effects did not preclude the detection of DMAA under the con-
ditions and time periods studied.
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In addition to the DART, other ambient HRMS techniques have also been
used for doping control testing. Thus, an Leidenfrost phenomenon-assisted
thermal desorption (LPTD) quadrupole-Orbitrap method was used for the
identification of trace anabolic steroids in urine. Limits of detection (LODs)
ranged from 2 to 50 ng/mL but they were improved one order of magnitude by
using a simple and rapid (1 min to analyse a single sample) dichloromethane
extraction before the LTPD-MS analysis [132]. Furthermore, Kennedy et al.
demonstrated the feasibility of the use of C18 solid phase microextraction
(SPME) fibres in combination with DESI-MS for the rapid detection of drugs in
raw urine samples [133]. The extraction procedure was performed by inserting
the SPME fibre into raw urine and under a gentle agitation. The SPME fibre was
directly analysed by DESI-MS after being rinsed, thus combining sampling and
sample preparation in a single step. The screening of samples was performed
using a TOF mass analyser, while quantitative analysis was performed by a
triple quadrupole mass analyser operating in selected reaction monitoring
acquisition mode to provide the maximum sensitivity and selectivity.

4. CONCLUDING REMARKS

The simplicity of ambient MS techniques combined with the selectivity and
sensitivity of HRMS offer powerful and throughput analytical tools for modern
analytical laboratories. Considering the pressures on these laboratories in
terms of workload, turnaround time, and cost per sample, it is not surprising
that ambient MS would rise so quickly to the forefront of analytical science.

Many new ambient MS variants, combinations, hybridization, and applica-
tions are continuously appearing, which make difficult to predict the directions
where we will see important developments in the near future. Nevertheless, only
the truly simple-to-operate yet effective and rugged interfaces will survive over
the years.

Although little or no sample pre-separation, preparation, or derivatisation is
required before the mass analysis, the combination of ambient techniques with
well-established simple and fast sample pre-treatment procedures may be
necessary to reduce matrix effects and to improve limits of detection. The
development of robust hybrid multimode ion sources will make possible to
obtain additional chemical information in a single experiment and to expand
the applications to a broader spectrum of chemical species. The automation of
the effective and rugged interfaces will be necessary to enable their integration
into platforms that can respond to the demands of the modern routine
analytical laboratories. Quantitative measurements are one of the main chal-
lenges, but reproducible and robust strategies to quantify samples by ambient
MS will be also necessary to exploit their applicability in routine analytical
laboratories. Nevertheless, the better understanding of the differential
enrichment of analytes during ablation/desorption, the extent of ion suppres-
sion due to charge competition, and further insights into the ionisation
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mechanisms for a more rational development of quantitative applications are
still needed. Finally, machine learning of ambient MS fingerprints is required
to allow expert-independent decision based on highly complex HRMS data.
Combination of high-throughput ambient MS approaches with advanced
chemometrics will be useful to develop automated systems for environmental,
food, forensic and doping analysis applications.
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1.2. ACTUALITZACIO BIBLIOGRAFICA

Avui dia, el nombre de treballs publicats a la literatura que demostren el potencial de les
técniques Ambient MS segueix creixent, tot i que I’aplicacio en laboratoris de control és
encara minsa i hi ha poques revisions bibliografiques centrades en les aplicacions d’aquestes
tecniques. A mode d’exemple, es poden citar algunes de les publicacions que se centren en
demostrar I’aplicabilitat d’aquestes técniques per determinar la distribucio fraudulenta de
farmacs de mala qualitat (Culzoni et al., 2014), per a la deteccid de pesticides en tot tipus
d’aliments (Garcia-Reyes et al., 2012; Kauppila et al., 2014; Moyano et al., 2015), per al
diagnostic de cancer en diferents organs (Brown et al., 2018; Ifa et al., 2016) o per demostrar
el potencial d’aquestes técniques per a 1’analisi d’evidencies involucrades en investigacions
forenses (Correa et al., 2016a; Forbes et al., 2018). En les Publicacions I i I (apartat 1.1.1 1
1.1.2), incloses en aquesta introduccid, s’han comentat les técniques Ambient MS més
utilitzades durant els tltims anys per a la resoluci6é de problemes analitics associats als camps
de I’alimentaci6 i del medi ambient (referéncies fins 1’any 2018). En la Publicacio Il s’han
inclos també aplicacions de les técniques Ambient MS en els camps de I’analisi forense i del
control antidopatge fins ’any 2016 (any de publicacio) que no han estat considerades en la
Publicacio I. Per aquesta rad, en aquest ultim apartat de la introduccié es presenta, en primer
lloc, una actualitzaci6 de la bibliografia relacionada amb aquestes dues darreres tematiques.
A més, s’ha considerat d’interés incloure una revisio de les metodologies analitiques que
empren teécniques Ambient MS per a la diagnosi clinica, un dels camps d’aplicacié en que
aquestes técniques presenten importants perspectives de futur, tema que esta relacionat amb

la Publicacio V que s’inclou a I’apartat 3.2.1 d’aquesta tesi doctoral.

1.2.1. Analisi forense i control antidopatge

A la Taula 1.1 es resumeixen els articles més rellevants publicats els darrers 3 anys que fan
referéncia a 1"as de les técniques Ambient MS en analisi forense i en el control antidopatge.
La major part dels treballs publicats estan enfocats a desenvolupar métodes per a la deteccio
ila identificacié d’un elevat nombre de substancies en mostres de diferent naturalesa. Encara
que moltes de les substancies analitzades son conegudes per la seva aplicacié en practiques
il-legals (compostos diana i sospitosos), les técniques d’escombratge que es proposen
s’orienten a fer possible la deteccid i la caracteritzacid de nous compostos (compostos

desconeguts) que van apareixent en les diferents practiques delictives.
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Pel que fa als tipus de técniques Ambient MS utilitzades durant aquests darrers 3 anys, les
fonts DESI, DART i EASI sén les que es continuen emprant amb més freqiliencia,
possiblement perque els seus mecanismes d’ionitzacié son ben coneguts i els parametres més
critics per a la optimitzaci6 de les condicions de treball estan ben establerts. A més,
actualment es troben disponibles comercialment les fonts de DART i DESI i, fins i tot, és
possible aprofitar la font comercial DESI per dur a terme analisis emprant la técnica EASI
si no s’aplica un potencial d’electroesprai. Aquestes técniques s’utilitzen especialment
(Taula 1.1) per a la deteccid de traces d’explosius en diferents tipus de mostres (roba, bales,
bitllets bancaris), per a I’analisi de drogues d’abus, aixi com d’estimulants i d’esteroides
anabolitzants que estan regulats per I’agencia mundial antidopatge (WADA) en matrius
biologiques o en suplements dietétics/nutricionals (Taula 1.1)(Bailey et al., 2015; Black et
al., 2017; Correa et al., 2017, 2016b; de Morais et al., 2017; Doué et al., 2015; Forbes et al.,
2017; Habala et al., 2016; Hall et al., 2017; Kern et al., 2018b; Kerpel dos Santos et al.,
2018; Khatami et al., 2017; Lian et al., 2017; Mirabelli et al., 2015; Schmidt et al., 2015;
Zhou et al., 2017). Altres fonts Ambient MS, com ara el paper spray (PS-MS) i la més recent
touch spray (TS-MS) comencen a ser emprades en aquests darrers 3 anys, probablement per
la seva simplicitat, que possibilita el mostreig i I’analisi directa de la mostra sobre el mateix
substrat mostrejador (Bain et al., 2018; Damon et al., 2016; Domingos et al., 2017a; Jeong
etal., 2016; Lawton et al., 2017; Mckenna et al., 2017; Teunissen et al., 2017). Com a suport
s’utilitza un paper triangular (PS) o una petita sonda (agulles metal-liques) (TS) on
s’incorpora un dissolvent per tal de dur a terme 1’extraccio i s’aplica un potencial per a la
ionitzacid dels compostos d’interés mitjancant la generacié d’un electroesprai a la punta del
suport. Ara bé, encara que les técniques PS 1 TS permeten 1’analisi directa de substancies
psicoactives o estimulants en matrius biologiques (orina o saliva), en la majoria dels casos,
els compostos analitzats s’han de trobar a concentracions relativament altes, de I’ordre dels
pg mL!. Si els valors de concentracié permesos per la legislacio son menors, cal dissenyar
estratégies que permetin assolir-los millorant la selectivitat del procés d’extraccio que té lloc
in situ durant I’analisi a fi d’evitar els efectes de supressid ionica causats per I’elevada
concentracié de sals i/o de proteines que contenen les mostres biologiques. Amb aquest
objectiu s’han proposat procediments rapids de tractament de la mostra. Per exemple,
Damon et al. proposa sililar el paper convencional utilitzat en paper spray per transformar-
lo en hidrofobic i ho aplica a I’analisi de drogues d’abus en mostres d’orina, de sang i de
sérum (Damon et al., 2016). En aquest paper hidrofobic la mostra queda dipositada en forma

de gota esferica de manera que disminueix la difusio de la mostra liquida en aplicar el
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dissolvent organic (acetat d’etil) durant el procés d’extracci6 i de transport que té lloc in situ
durant I’analisi. El dissolvent organic permet 1’extraccid selectiva de les substancies
organiques de menor pes molecular, deixant enrere les proteines i les sals presents a la
matriu, la qual cosa redueix I’efecte matriu i possibilita la deteccid de les drogues a

concentracions per sota dels ng mL™!.

La simplicitat dels sistemes de les fons Ambient MS, que permet que siguin controlades per
usuaris que no son experts en espectrometria de masses, fa que siguin idonies per a I’analisi
de camp emprant analitzadors miniaturitzats. Poder realitzar I’analisi en el mateix lloc on
sorgeix el problema resulta de gran utilitat en ’analisi forense, com per exemple, per a la
deteccid de substancies il-legals en punts de control de seguretat (de Araujo et al., 2018;
Lawton et al., 2017). Ara bé, encara avui, molts dels treballs publicats relacionats amb
I’analisi de camp son estudis conceptuals (el que es coneix en anglés com proof of concept)
que pretenen demostrar el potencial d’aquestes técniques, per exemple per a la deteccio de
traces d’explosius, de drogues d’abus o de tintes en bitllets bancaris (Fedick et al., 2017;
Hall et al., 2017). Tot i que la miniaturitzacié de la majoria de les técniques Ambient MS per
al seu Us en espectrometres de masses portatils €s relativament senzilla, algunes técniques
com la DESI o la DART presenten alguns desavantatges derivats, principalment, de la
necessitat de bombejar dissolvent (DESI), de I’elevat volum de gas a alta pressio (He, N2) o
de la font d’alimentacio d’alt voltatge (de Araujo et al., 2018). Per contra, la font LTP, que
permet analitzar qualsevol tipus de superficie sense restriccions en la mida i en la forma (la
torxa del plasma es dirigeix directament a la superficie de la mostra), presenta menys
limitacions, la qual cosa ha permeés un disseny portatil utilitzant bateries recarregables i un
petit tanc d’heli per a I’analisi de camp (de Araujo et al., 2018). Altres fonts Ambient MS,
com ara les ja esmentades técniques PS-MS 1 TS-MS, també s’han emprat per a 1’analisi
forense de camp per les seves capacitats per mostrejar in sifu gairebé qualssevol tipus de
mostra. A mode d’exemple, es pot comentar el treball de Hall et al., en el qué es compara
I’efectivitat de les técniques DESI-MS que utilitzen hisops per al mostreig i el paper spray
per a la deteccid de traces de compostos relacionats amb la produccié de desomorfina, un
opiaci més economic que I’heroina responsable dels efectes psicoactius d’una droga
clandestina injectable anomenada krokodil, utilitzant un espectrometre de masses portatil
amb un analitzador de trampa d’ions (Hall et al., 2017). Tot i que els resultats del treball
posen de manifest I’aplicabilitat d’ambdues técniques per a la deteccid dels analits a nivells

de traces (ng mL™"), el PS-MS va permetre obtenir uns limits de detecci6 dos ordres de
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magnitud per sota. Els mateixos autors indiquen que els pitjors resultats obtinguts amb el
DESI-MS podrien estar directament relacionats amb el tipus de substrat utilitzat per a
I’analisi (I’hisop utilitzat per al mostreig), la composicid i la textura del qual afecten

directament al procés d’extraccié i d’ionitzacid dels analits (Takats et al., 2005).

Com s’ha comentat en la Publicacio I (apartat 1.1.1), algunes fonts Ambient MS es poden
adaptar per generar imatges en dos dimensions (2D) per tal d’obtenir informacié de la
distribucio espacial de la composicié quimica a la superficie de les mostres, el que resulta
de gran interés en aplicacions forenses. Alguns articles de la literatura descriuen les
capacitats de les técniques DESI, EASI i LESA per generar imatges moleculars que
permeten obtenir informacié sobre 1’¢tnia o el génere d’una persona sospitosa, o bé per
detectar la preséncia de substancies que evidenciin la practica d’una activitat il-legal, com
ara traces de drogues d’abus, d’explosius o d’armes de foc (Bailey et al., 2016; de Morais et
al., 2017; Perez et al., 2018; Zhou et al., 2017). Els treballs més recents se centren, sobretot,
en la generacio d’imatges emprant la font DESI per a I’analisi de tintes en diferents tipus de
documents bancaris susceptibles d’ésser robats o falsificats, com ara les tintes
termocromiques, la visibilitat de les quals canvia de forma reversible amb la temperatura
(Correa et al., 2016b; Khatami et al., 2017). Per exemple, a través de la generacio d’imatges
amb DESI-MS, Khatami et al. van identificar ions especifics dels estats visibles, invisibles
i de reaparicio de la tinta termocromica en estudis d’identificacié de documents falsificats.
Ara bé, una de les principals preocupacions en aquest tipus d’aplicacions és la possibilitat
de danyar les mostres analitzades quan s’estudien documents valuosos. Per aquest motiu,
alguns autors posen de manifest la importancia del control del cabal i la selecci6 del tipus de
dissolvent emprat per a la generacio de I’electroesprai, ja que son els parametres més critics

per evitar que la tinta s’estengui sobre la superficie i malmeti el document en estudi.

Pel que fa al tipus d’analitzadors de masses emprats aquests darrers anys amb les técniques
Ambient MS en el camp forense i pel control d’antidopatge, en molts estudis s’han seguit
utilitzant les trampes d’ions lineals (LIT), principalment en el mode de full scan i
d’escombratge d’ions producte amb fragmentacions en etapes successives (MS? i MS?). La
relativa elevada sensibilitat que presenten les LIT en el mode de full scan facilita la deteccid
de compostos diana a baixes concentracions, a la vegada que possibiliten 1’analisi
retrospectiva de la mostra per a la deteccidé de compostos sospitosos (Amador et al., 2017;
Damon et al., 2016; Khatami et al., 2017; Mirabelli et al., 2015; Pirro et al., 2015). Tot i que

alguns estudis empren analitzadors de QqQ en el mode d’adquisici6 de MRM (Crevelin et
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al., 2016; Kerpel dos Santos et al., 2018; Teunissen et al., 2017), aquests treballs se centren
en la monitoritzacié selectiva de determinats compostos diana (analisi fargef). No obstant
aixo, 1 atés que els analitzadors de masses de baixa resolucid presenten limitacions a I’hora
d’identificar i de caracteritzar substancies, especialment els compostos sospitosos i els nous
compostos desconeguts presents en matrius molt complexes, els espectrometres de masses
d’alta resolucié actuals comencen a ser utilitzats amb forga freqiiéncia. Com es pot observar
a la Taula 1.1, els analitzadors que s’utilitzen majoritariament sén 1’Orbitrap i el TOF en la
seva configuracié hibrida, combinant-los amb un quadrupol o amb una trampa d’ions lineal
per tal de poder dur a terme experiments d’espectrometria de masses en tandem (Bailey et
al., 2015, 2016; Bain et al., 2018; de Morais et al., 2017; Doué et al., 2015; Fedick et al.,
2017; Habala et al., 2016; Jeong et al., 2016; Schmidt et al., 2014; Zhou et al., 2017). La ja
mencionada capacitat d’aquests espectrometres de masses de combinar informacio
indiscriminada (fu/l scan) amb informacid6 molt més selectiva, treballant en el mode
d’escombratge d’ions producte o en altres modes d’adquisicid menys dirigits, com ara els
DDA o els DIA, proporciona informacio estructural que possibilita la caracteritzacié de nous
compostos utilitzats en practiques delictives. Aixi, aquestes metodologies permeten
augmentar i actualitzar les bases de dades dels compostos diana que es van incorporant a les
llistes de compostos regulats o dels quals se’n coneix una relacié directa amb activitats
il-legals i possibiliten I’analisi retrospectiva de les mostres per a la identificacié de nous

compostos d’interes.

Els treballs publicats els tltims 3 anys referents a la possibilitat de desenvolupar métodes
d’analisi quantitativa emprant técniques Ambient MS per a I’analisi forense i, sobretot, per
al control antidopatge, segueixen essent gairebé inexistents. Alguns autors, com ara Bailey
et al., posen de manifest la dificultat que existeix per congixer la quantitat de mostra que es
transfereix a ’espectrometre de masses i com es distribueix en els diferents dispositius
comercials utilitzats per suportar-la (portaobjectes, paper de filtre o hisops) (Bailey et al.,
2015). Aquests factors augmenten la variabilitat dels resultats obtinguts i, per tant, limiten
les possibilitats de desenvolupar métodes Ambient MS quantitatius. Pel que fa referéncia a
I’analisi de matrius liquides, el volum de mostra que s’analitza és perfectament conegut i,
per tant, I’analisi quantitativa es pot realitzar emprant el calibratge per addicid de patrd
intern, utilitzant patrons isotopicament marcats que permeten corregir els efectes de la
matriu. Tot i aixi, en alguns treballs de la literatura es comenta la necessitat de realitzar

manipulacions rapides de la mostra, com ara la dilucié d’un oli o I’alcalinitzaci6 de 1’orina
p p ) ,
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per tal de disminuir els ja esmentats efectes de supressio ionica observats en ’analisi de
matrius complexes, que afecten considerablement a la sensibilitat, a la selectivitat i a la
reproductibilitat dels métodes Ambient MS, sobretot quan la ionitzacid per electroesprai hi

esta involucrada (Crevelin et al., 2016; Doué et al., 2015; Habib et al., 2018).

La velocitat, I’especificitat i ’ampli interval d’aplicabilitat de les técniques Ambient MS
obren grans perspectives de futur en el desenvolupament de metodologies analitiques per a
I’analisi forense. Ara bé, en aquest camp d’aplicacid €s de gran importancia la selectivitat i
sensibilitat de la técnica, aixi com la robustesa dels resultats quantitatius. Per aquests motius,
¢és indispensable continuar desenvolupant estratégies en les metodologies Ambient MS que
permetin millorar els actuals limits de deteccié dels métodes desenvolupats fins avui.
Indiscutiblement, s’hauran d’utilitzar espectrometres de masses d’alta resolucid capagos de
proporcionar una gran capacitat d’identificacio i de caracteritzacioé. Encara que part de la
variabilitat dels resultats és inherent a I’analisi de superficies i a la manca d’homogeneitat
en la distribucio dels analits en la superficie de la mostra, per millorar la reproductibilitat
dels métodes quantitatius €s necessari seguir explorant en el disseny de noves estratégies que

permetin augmentar la robustesa dels métodes Ambient MS.
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1.2.2. Analisi clinica

Un dels camps d’aplicacio importants de les técniques Ambient MS és ’analisi clinica. A la
Taula 1.2 es resumeixen els treballs més rellevants en aquest camp d’aplicacio publicats a la
literatura els darrers 6 anys on s’indiquen 1’objectiu de 1’analisi, el tipus de mostres i el tipus
d’analitzadors, a més de les corresponents referéncies. Com es pot observar, son nombroses
les técniques Ambient MS emprades i les aplicacions analitiques desenvolupades que se
centren, sobretot, en demostrar les possibilitats d’aquestes técniques per al diagnostic i el

control rapid de malalties.

La facilitat operacional aixi com la capacitat d’obtenir informacié molecular gairebé en
temps real que ofereixen les técniques Ambient MS son caracteristiques molt atractives en el
camp de la salut, ja que poden permetre disposar de metodologies analitiques ttils en els
serveis de diagnosi rapida de malalties (point of care: POC). De manera semblant al que ja
s’ha vist en I’apartat anterior per a la deteccio del consum de drogues d’abus i per al control
antidopatge, moltes de les aplicacions cliniques de les técniques Ambient MS descrites a la
bibliografia se centren en I’analisi de mostres de sang, d’orina i de sérum on es monitoritzen
un nombre relativament limitat de compostos diana. L’objectiu d’aquestes aplicacions és
poder detectar, de la forma més rapida i menys invasiva possible, la preséncia de substancies
a concentracions clinicament rellevants i que permetin donar respostes en tests POC. Per
aquestes aplicacions s’han utilitzat les técniques DART, LTP 1 EESI (Jones et al., 2013; Li
et al., 2013; Song et al., 2015; Wang et al., 2013a), tot i que destaca el nombre de treballs
que proposen emprar la PS-MS, sobretot en la seva vesant d’analisi quantitativa. Alguns
articles de revisio posen de manifest que els protocols poc invasius per a la recollida de les
mostres 1 la possibilitat de dur a terme 1’analisi amb una quantitat minima de mostra (<10
puL) son caracteristiques que compleixen amb les necessitats de rapidesa i rendiment dels
assajos POC (Chiang et al., 2018; Ferreira et al., 2016; Manicke et al., 2016; Pu et al., 2019).
Entre les aplicacions més estudiades emprant la técnica PS-MS, en destaquen la
monitoritzacid6 d’una gran varietat de farmacs (drogues oncologiques, dextrorfan,
amitriptilina, imipramina, citalopram o imitinib, entre d’altres) i la identificaciéo de
substancies que puguin ser emprades com a biomarcadors per al prondstic de nombrosos

desordres metabolics en mostres de sang, orina i saliva (Taula 1.2).

Pel que fa a I’analisi quantitativa, la técnica que ha permes obtenir molt bons resultats en

termes de sensibilitat, d’exactitud, de precisio i d’interval de linealitat és la PS-MS emprant
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el patr¢ intern per a la calibraci6 i obtenint uns limits de quantificacié (LOQs), en la majoria
dels casos, inferiors als ng mL™! (Espy et al., 2012; Kennedy et al., 2018; Naccarato et al.,
2013; Shietal., 2015; Wang et al., 2013b). Tot i que en moltes de les publicacions s’utilitza
la PS-MS de forma manual, s’ha dissenyat i comercialitzat un sistema automatitzat que
utilitza cartutxos de plastic per depositar la mostra i que permet augmentar la
reproductibilitat dels metodes PS-MS per a ’analisi clinica. Aquests cartutxos contenen el
paper suport, que s’ha tallat amb gran precisio i reproductibilitat emprant técniques laser. A
més, els cartutxos disposen d’una zona metal-lica i d’un reservori amb un sistema de
bombeig que permeten que el potencial i el dissolvent necessaris per a la generacié de I’ESI
siguin aplicats sempre en la mateixa posiciéo i de la mateixa manera. L’Gs d’aquests
dispositius fa possible millorar la robustesa dels metodes PS-MS ja que evita la manipulacid
del paper que podria fer malbé la punta on té lloc la ionitzacid, proporciona una certa
proteccioé de la mostra fins que s’introdueix en el sistema i minimitza la possibilitat de que
es puguin produir casos de contaminaci6 creuada (Kennedy et al., 2018; Shi et al., 2015). La
senzillesa i I’automatitzacié d’aquest disseny comercial possibilita que pugui ser emprada
en espectrometres de masses portatils i per usuaris del camp clinic que no sén experts en MS
(Zhang et al., 2017b). Alguns treballs de la literatura també descriuen 1’s d’altres técniques
Ambient MS per al desenvolupament de métodes per assajos POC, com ara el TS-MS, que
introdueix directament en el sistema d’ionitzaci6 el substrat (agulla metal-lica) emprat pel

mostreig dels fluids biologics (Kerian et al., 2014).

Una altra de les arees de ’analisi clinica en qué s’ha estudiat I’aplicabilitat de les técniques
Ambient MS és 1’analisi de teixits per a la diagnosi de malalties, sobretot de cancer, que
provoca anualment a 1’entorn de 6 milions de morts a nivell mundial (Ifa et al., 2016). Els
procediments més freqiients per al diagnostic del cancer es basen en estudis de mostres del
teixit obtingut en una biopsia per part de patolegs especialitzats. En aquests estudis s’avalua
la morfologia del teixit cel-lular, ’estructura i 1’organitzacié de les cél-lules del teixit per
poder determinar si el pacient sofreix o no la malaltia. Els resultats es transmeten al cirurgia
per tal que prengui decisions en plena intervencié d’extirpacio del tumor. Tanmateix, aquests
procediments tenen una durada que va dels 20 als 60 minuts, cosa que implica que, en molts
casos, sigui inevitable haver de perllongar la cirurgia per poder prendre una decisio sobre la
necessitat, o no, de seguir extirpant teixit. En aquest context, alguns dels articles de revisio
posen de manifest els avantatges que ofereix 1’analisi directa emprant les técniques Ambient

MS al’hora de proporcionar informacié molecular rellevant en el mateix quirofan dels teixits
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extirpats de manera molt rapida (en qiiesti6 de pocs minuts) (Ifa et al., 2016; Woolman et
al., 2018). Aquesta informacid, a més, pot complementar I’avaluacio histologica, sobretot

quan existeixen desacords en les lectures patologiques.

Els estudis de diagnosi de cancer amb Ambient MS que es troben a la literatura es basen,
principalment, en obtenir perfils especifics discriminants per al diagnostic, aprofitant les
diferéncies en les abundancies relatives d’algunes espécies lipidiques en mostres de teixit sa
i en mostres de teixit tumoral. Com es pot observar a la Taula 1.2, la DESI és una de les
técniques Ambient MS que més s’ha emprat per a I’exploracio de perfils lipidics en teixits
(Taula 1.2). Molts dels treballs publicats mostren la capacitat d’aquesta técnica en la seva
versio de generacié d’imatges (DESI-imaging MS) per discriminar, en una mateixa mostra
de teixit, la zona de teixit tumoral i la de teixit sa mitjancant I’escombratge de la superficie
del teixit. La técnica DESI s’ha utilitzat per interrogar la distribucié lipidica espacial en
diferents tipus de teixits obtinguts en biopsies per al diagnostic de cancer de mama, de
pancrees o d’ovari (Eberlin et al., 2016, 2012; Porcari et al., 2018; Sans et al., 2017; Zhang
et al., 2017a). A més, la DESI tamb¢ s’ha emprat per a la generacio d’imatges de diferents
seccions de teixit cerebral extirpat, obtenint diferents perfils de fosfolipids per a la materia
grisa, la matéria blanca, gliomes, meningiomes i tumors de la hipofisi, mostrant la capacitat
d’aquesta técnica no només per la deteccid de teixit tumoral, sind també per diferenciar entre
diferents tipus de tumors (Eberlin et al., 2016, 2012; Pirro et al., 2017a; ¢). L’analisi és molt
poc invasiva, la qual cosa facilita que la mateixa mostra de teixit també pugui ser utilitzada
per realitzar 1’avaluacid patologica. Ara bé, el temps necessari per generar una imatge és
relativament llarg, ja que cal adquirir ’espectre de masses d’un gran nombre de punts de la
superficie, molt propers entre si, per tal de determinar la distribucié de les espécies
estudiades amb suficient resolucidé espacial. Si el que es vol és obtenir informacio
representativa i reproduible de manera rapida del teixit extirpat, algun autors proposen
realitzar un frotis del teixit amb un suport, com ara un portaobjectes o una superficie de
PTFE, i analitzar-ne la superficie emprant DESI-MS mono-dimensional (Jarmusch et al.,
2016; Pirro et al., 2017a; ¢; Woolman et al., 2017). Aquesta estrateégia s’esta avaluant com
una eina per poder guiar als cirurgians durant les intervencions de reseccidé de tumors,
especialment d’organs on és important extirpar la minima quantitat de teixit possible,
facilitant informacié gairebé de forma immediata. Ara bé, aquests procediments
impossibiliten que les mostres de teixit puguin utilitzar-se també en els estudis patologics, i

només proporcionen informacio sobre el teixit que s’ha extirpat, la qual cosa implica que,
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per assegurar que s’ha eliminat qualssevol residu del tumor, sigui necessari seguir seccionant

teixit fins obtenir un perfil lipidic de teixit sa.

En aquest context, la utilitzacid de la técnica REIMS, que integra una modalitat quirargica
rutinaria amb 1’analisi MS utilitzant una sola sonda per realitzar 1’analisi de teixits in vivo,
pot representar un aveng important. Aquesta técnica permet obtenir perfils MS de forma
gairebé instantania mentre el cirurgia esta extirpant teixit emprant metodes quirdrgics
d’ablacio térmica. La tecnologia anomenada iKnife utilitza un bisturi eléctric en linia amb la
técnica REIMS i en combinar els procediments quirirgics amb la informacié molecular que
proporciona I’espectrometria de masses i les eines estadistiques multivariants, que permeten
I’analisi rapida de les dades, permet obtenir un diagnostic durant les operacions de reseccid
tumoral (Balog et al., 2013). La REIMS s’ha aplicat en la identificacié de perfils lipidics
discriminants, resultant una eina molt util per al diagnostic de cancer en diferents organs
(estdmac, colon, pit i fetge, entre d’altres) (Balog et al., 2015, 2013; Golf et al., 2015; St
Johnetal., 2017). D’altra banda, alguns autors també han investigat 1’s de la técnica REIMS
per estudiar les caracteristiques de 1’absorci6 de lipids nutricionals i el seu procés de digestio,
tot 1 que els estudis realitzats fins ara s’han dut a terme in-vitro, simulant el procés
gastrointestinal dels humans (Lin et al., 2018). Emprant la mateixa filosofia que I’iKnife,
també s’ha explorat I’acoblament d’altres técniques quirurgiques, com ara la cirurgia laser o
I’aspirador quirtirgic CUSA (Cavitron Ultrasonic Surgical Aspirator), amb les fonts DESI
o EASI per al diagnostic en linia, perd fins ara no s’han realitzat proves in-vivo (Ifa et al.,
2016). Tot i les possibilitats que presenten aquestes técniques, €s important mencionar que
es requereix una formacié especifica dels cirurgians i del personal medic per aplicar-les en
les intervencions quirdrgiques, cosa que pot dificultar la seva acceptacio per arribar, en un
futur, a ser considerades una alternativa o inclus un substitut de les eines quirurgiques
actuals. En aquest context, les perspectives de futur per a 1’analisi clinica in-vivo se centren
en 1’Gs i1 I’adaptacié de dispositius comercials amb els quals els cirurgians ja estan

familiaritzats (agulles, hisops, etc.) per al mostreig in-vivo i la posterior la ionitzacio.

Com ja s’ha comentat en aquesta introduccio, les matrius bioldogiques son especialment
complexes i solen donar efectes matriu significatius en la seva analisi per espectrometria de
masses. Els efectes de supressio ionica, sobretot en les técniques Ambient MS basades en
ionitzacié per ESI, aixi com les interferéncies isobariques causades pels components
presents en la matriu, poden afectar negativament a la sensibilitat i la selectivitat del métode.

Per tal de millorar I’especificitat en els metodes que se centren en I’analisi de compostos
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diana, la majoria d’autors proposen treballar en tandem en mode MRM emprant analitzadors
de QqQ, que permeten discriminar entre compostos isobarics o inclis entre isomers
estructurals, sempre que presentin ions producte especifics diferents (Espy et al., 2012; Lee
et al., 2016a; b; Naccarato et al., 2013; Ren et al., 2013; Song et al., 2015; Wang et al.,
2013b; a; Yan et al., 2017; Yang et al., 2012a). Una estratégia que utilitzen alguns autors
per millorar la selectivitat i la sensibilitat obviant els processos d’extraccio, de neteja o de
preconcentracio per a I’analisi de mostres biologiques, és la derivatitzaci6 in situ dels analits
(Bag et al., 2015; Ferreira et al., 2016; Lostun et al., 2015; Manicke et al., 2016; Zhou et al.,
2014). L us del terme “in situ” implica que 1’agent derivatitzant s’ incorpora durant I’analisi
de la mostra mitjancant el dissolvent d’extraccid/ionitzacid sense realitzar cap etapa que
impliqui una preparacio previa. Alguns treballs publicats posen de manifest I’aplicabilitat de
la derivatitzacid en linia emprant les técniques DESI i PS per a I’analisi de compostos que
presenten grups funcionals dificilment ionitzables amb aquestes teécniques (aldehids,
carbonils, alcohols, tiols i alquens). En la majoria dels casos, la principal motivacio és
millorar I’eficacia de la ionitzaci6é dels compostos d’interés, sobretot per a la deteccio de
substancies que presenten baixa afinitat protonica, com ara el colesterol, tot i que també
millora I’especificitat del métode, possibilitant la discriminaci6 entre isomers estructurals o

la caracteritzacié de péptids i de proteines (Ferreira et al., 2016; Manicke et al., 2016).

Pel que fa a les metodologies que se centren en la deteccid de perfils lipidics per al diagnostic
de cancer, la recerca de compostos desconeguts o la deteccid de biomarcadors requereix la
utilitzacié de modes d’adquisicié no dirigits i molt poc discriminants. Aixi, els analitzadors
de masses de trampes d’ions han estat sovint emprats, possiblement per 1’avantatge que ja
s’ha comentat anteriorment d’obtenir els espectres de masses en full scan amb bona
sensibilitat, tot i que avui dia comencen a ser substituits per instruments d’alta resolucio,
especialment 1’Orbitrap (Taula 1.2). En aquestes metodologies s’obté una gran quantitat
d’informacid espectral i, per aquest motiu, sovint és necessaria la utilitzacio de meétodes
estadistics (supervisats i no supervisats) que permetin la seva avaluacid, com ara per
identificar els compostos lipidics més rellevants i discriminants en mostres de teixits que,

posteriorment, poden ser emprats com a possibles biomarcadors.

La implementacio fora del laboratori de métodes Ambient MS per donar una resposta
diagnostica rapida de malalties és un camp d’indubtable interes. La simplicitat, rapidesa i
baix cost de I’analisi emprant les técniques Ambient MS possibilita que puguin ser utilitzades

en un gran ventall de proves, com ara per a I’analisi toxicologica, la monitoritzaci6 de
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farmacs, 1’escombratge de metabolits o I’obtenci6 de perfils lipidics discriminants de teixits.
Tanmateix, encara existeixen limitacions i reptes que cal afrontar. D’una banda, la baixa
selectivitat, en part solucionada emprant ’HRMS, i els elevats limits de deteccid dificulten
la presa de decisions sobretot quan s’analitzen fluids biologics (sang, orina o saliva). D’altra
banda, fins avui, la majoria de les investigacions s’han centrat en la instrumentacio i rarament
s’han dut a terme estudis que demostrin les possibilitats de les metodologies Ambient MS
per donar un servei meédic real. Aixi doncs, €s necessari realitzar assajos de validacio i
desenvolupar protocols regulats que permetin assegurar tant la viabilitat real d’aquestes

metodologies com la veracitat del resultat de la prova diagnostica.
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CAPITOL 2
]

Tonitzaci6 per Desorcid per Electroesprai (DESI):

identificacio de compostos sospitosos 1 desconeguts






Capitol 2

En aquest capitol s’estudien dos problemes analitics de naturalesa diferent per avaluar
I"aplicabilitat de la font d’ionitzacid de desorcid per electroesprai (DESI) per a I’establiment
de metodologies analitiques rapides d’analisi de compostos en matrius d’elevada
complexitat. El primer cas tracta de I’analisi de compostos sospitosos d’estar presents a les
mostres i dels quals es disposa de patrons comercials, a més de conéixer el tipus de matriu.
El segon problema es basa en avaluar I’aplicabilitat de la técnica DESI per a la identificacio
de compostos desconeguts en mostres de les quals se’n desconeix la seva naturalesa quimica.
En ambdobs casos, s’ha combinat la DESI amb I’espectrometria de masses d’alta resolucio
(HRMS) per tal de facilitar la identificacié dels compostos i d’eliminar interferéncies. A
més, s’han dut a terme experiments de tandem amb alta resolucio (MS/HRMS) dels ions

generats a la DESI per tal d’obtenir informaci6 estructural dels compostos desconeguts.

Aquest capitol consta d’una breu introduccid, un apartat experimental on s’inclouen dues
publicacions en les que es proposa 1’us de la técnica DESI combinada amb I’espectrometria
de masses d’alta resolucio per a la identificaciéo de compostos sospitosos (Publicacio 1) i
per a la caracteritzacié de compostos desconeguts (Publicacio IV) i, per Gltim, una discussid

conjunta dels resultats obtinguts en el treball experimental realitzat.
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2.1. INTRODUCCIO

Com s’ha comentat a la Introduccié d’aquesta memoria (Capitol 1, Publicacio I), en la font
DESI el processament de la mostra (extraccio solid-liquid dels compostos en la superficie
solida) i la seva posterior ionitzacié pel mecanisme d’ESI, té lloc in situ de manera que,
ambdods processos, 1’extraccid i1 la ionitzacid, es realitzen en un sol pas. En DESI, les
microgotes carregades generades en 1’electroesprai primari que impacten en la superficie de
la mostra son les responsables tant de 1’extraccio/desorcid dels compostos com de la seva
ionitzaci6 en la fase liquida. Ara bé, aquesta tecnica originariament dissenyada per a I’analisi
directa de la superficie de matrius solides, no sempre es pot aplicar directament a causa,
sovint, de la naturalesa de la matriu. En 1’analisi de mostres solides amb superficies
irregulars o de matrius semi-solides o pulverulentes és necessari dissenyar estratégies rapides
i senzilles que impliquen una manipulacié minima de la mostra abans de dur a terme 1’analisi
per DESI, com ara una etapa de dissolucié o una d’extraccio6 rapida dels compostos d’interes
o inclts la impregnaci6 d'una superficie amb la mostra. Per altra banda, cal esmentar que els
limits de deteccid en DESI sén, en general, relativament elevats, cosa que limita la seva
aplicabilitat per a la deteccio directa de compostos presents a concentracions baixes, que
son a les que es troben habitualment els contaminants en mostres alimentaries o
mediambientals. En aquest context, convé emprar estratégies de manipulacié de la mostra
previes a I’analisi que permetin preconcentrar els analits, a la vegada que ajudin a disminuir

els efectes derivats de la matriu per millorar els limits de deteccid dels métodes DESI.

Tot 1 que la técnica DESI es caracteritza per la seva simplicitat operacional, és necessaria
I’optimitzacio prévia de determinades condicions de treball. En concret, s’han d’optimitzar
els parametres geometrics com sén 1’angle d’incidéncia de I’esprai primari, la distancia de
I’agulla de I’electroesprai a la superficie de la mostra i la d’aquesta al capil-lar d’entrada a
I’espectrometre de masses. A més, es requereix 1’optimitzacié de la composicio i del cabal
del dissolvent per I’electoesprai DESI, aixi com del cabal del gas de nebulitzacid. Tots aquest
parametres permeten controlar la mida i la velocitat de les microgotes de 1’electroesprai,
magnitud que repercuteix en la formaci6 de la pel-licula de dissolvent a la superficie de la
mostra, que és on es produeix l’extraccid dels compostos i la posterior formacio de
I’electroesprai secundari. Posteriorment, els analits ionitzats en la fase liquida (pel-licula de
dissolvent) es transfereixen a la fase gas pel mecanisme d’evaporaci6 ionica a través d'un

electroesprai secundari que es produeix en el si de la pel-licula de liquid i, finalment, es
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dirigeixen cap a I’entrada de I’espectrometre de masses mitjangant la diferéncia de potencial
aplicat (Figura 2.1). Convé tenir present que qualsevol canvi en la composicid del dissolvent
de I’electroesprai DESI fa variar la tensid superficial de les microgotes carregades, cosa que
fa necessari modificar tots aquests parametres (geomeétrics i de cabal del dissolvent i del gas
de nebulitzacio) per tal d’aconseguir una mida i una velocitat de les microgotes carregades

adients per a la desorcid/ionitzacio eficient dels compostos a la superficie.

Un altre dels parametres que poden fer variar les condicions de treball de la font DESI és la
propia naturalesa de la superficie de la mostra. Les propietats d’aquesta superficie com ara
la seva porositat, la capacitat d’interaccié amb els analits i la seva naturalesa quimica poden
afectar al procés de desorcid/ionitzacid i, per tant, a ’abundancia dels ions generats. De
forma similar, en 1’analisi de matrius liquides, en qué es diposita un volum de la mostra sobre
una superficie (substrat) i es deixa assecar per a I’analisi per DESI, les propietats del substrat
emprat (naturalesa quimica, textura i conductivitat del substrat) també poden afectar de
manera significativa al procés d’extraccid/ionitzacid aixi com al temps de 1’analisi,
considerant que també pot influir al temps d’assecat. Les superficies que presenten una baixa
afinitat amb els analits d’interes i/0 una certa rugositat faciliten 1’extraccio dels compostos
en la fase liquida (pel-licula de solvent DESI) perd també afavoreixen una major
concentracio de la mostra en una area de superficie més reduida, ja que es disminueix la
dispersi6é del volum de mostra dipositat. Pel que fa a la composicid del dissolvent de
I’electroesprai primari, aquest ha de ser eléctricament conductor i ha de presentar una tensio
superficial relativament baixa per tal de facilitar la ionitzaci6 dels compostos pel
mecanismes d’ESI. D’altra banda, 1’eleccio del dissolvent de 1’electroesprai DESI també té
un efecte significatiu tant en I’eficacia com en la selectivitat de I’extraccio i de la ionitzacio
dels analits. Aquest aspecte s’ha de tenir present sobretot quan 1’objectiu del métode és la
identificacié de compostos sospitosos o desconeguts, atés que un augment de la selectivitat
en I’extracci6 pot comportar la pérdua de compostos durant I’analisi. En aquests casos, és
més adient 1’us de dissolvents menys selectius per tal d’extraure compostos d’un ampli rang
de polaritats. Ara bé, una extraccid poc selectiva també implica I’obtencié d’espectres de

masses més complexos i un augment dels problemes d’interferéncies derivats de la matriu.

Els treballs experimentals que s’inclouen en aquest Capitol s’han dut a terme emprant la font
comercial DESI 1D (Prosolia Inc.). Aquesta font d’ionitzacio (Figura 2.1) permet 1’analisi
automatitzada en una dimensio, al llarg de I’eix X. Hi ha altres models més moderns, com

el DESI 2D, que permeten la generacio d’imatges, doncs és possible 1’analisi automatitzada
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en dues dimensions. El software del DESI 1D permet programar una seqiiéncia per a 1’analisi
automatitzada d’un nombre important de mostres aixi com també 1’analisi de la superficie
de la mostra emprant diferents modes de mostreig. Aixi, €s possible programar el temps i la
posicid de I’esprai sobre la mostra per dur a terme ’analisi en el mode estatic perd també
permet establir la velocitat i la longitud d’escombratge de la superficie de la mostra al llarg

de I’eix horitzontal per realitzar I’analisi en el mode dinamic.

Figura 2.1. Font comercial DESI 1D (Prosolia Inc.) emprada en aquesta tesi

La rapidesa de I’analisi amb els metodes DESI-MS suposa un avantatge per al
desenvolupament de meétodes de cribratge que permetin augmentar el rendiment dels
laboratoris de control. Tanmateix, cal tenir present que, en general, s’obté una gran quantitat
d’informacid espectral, ja que tot compost ionitzable de la superficie donara un senyal en
I’espectre de masses. En aquest context, la ionitzaci6 suau per DESI combinada amb
I’espectrometria de masses d’alta resolucié permet evitar els possibles problemes
d’interferéncies isobariques en I’analisi de matrius complexes alhora que les mesures de
massa exacta i les distribucions isotopiques faciliten 1'assignacié de les formules moleculars
dels compostos en el procés d’identificacid/confirmacio. L’analitzador de masses hibrid
d’alta resolucié amb qué s’ha realitzat la major part del treball experimental d’aquesta tesi,
un quadrupol-Orbitrap (Q-Exactive, ThermoFisher Scientific) (Figura 2.2), ha permes
treballar a resolucions de fins a 140,000 FWHM (a m/z 200) i adquirir les dades en el mode
d’escombratge d’ions totals (full scan) amb una elevada sensibilitat/selectivitat i

proporcionant una molt bona exactitud en la mesura de la massa (<2-3 ppm). Aquest mode

113



Capitol 2

d’adquisicid ha possibilitat I’analisi de compostos diana (farget) i de compostos sospitosos
(non-target) i, a més, ha fet possible 1’analisi retrospectiva de les mostres. Aixi mateix, amb
aquest analitzador hibrid ha estat possible combinar la informacié obtinguda dels espectres
de masses de fuull scan amb 1’obtinguda amb els experiments d’espectrometria de masses en
tandem, facilitant I’elucidacio estructural dels ions detectats en 1’analisi de compostos
desconeguts (unknowns). Els instruments actuals com el Q-Orbitrap, permeten la
fragmentacio dels ions generats a la font de dues maneres diferents: per una banda, una
fragmentacio selectiva a una cel-la HCD (high-energy collision dissociation) dels ions
precursors préviament seleccionats al quadrupol (target MS’) i, per altra banda, una
fragmentacio a la cel-la HCD sense seleccio de precursors (all-ion fragmentation), és a dir,
utilitzant el quadrupol en mode de transmissio per a la fragmentacio simultania de tots els
ions generats a la font d’ionitzacié que arriben a la vegada a la cel-la HCD. Ara bé, en aquest
cas I’espectre de masses de tandem que s’obté és una barreja de tots els ions fragments
generats a la cel-la HCD. Aixi doncs, aquest mode té una utilitat limitada en els métodes
Ambient MS, atesa la gran quantitat d’ions que es generen de forma simultania amb aquestes

técniques.

Cel-laHCD C-trap quadrupol

S-Lens

¢

Capil-lar de transferencia MS

Orbitrap

Figura 2.2. Esquema de I’espectrometre de masses amb analitzador hibrid Q-Orbitrap (Q-Exactive)
emprat en aquesta tesi (imatge de ThermoFisher Scientific)

La gran quantitat d’informacié espectral que s’obté en els métodes DESI-HRMS(/MS)

implica que sigui necessari utilitzar estratégies que permetin simplificar el processament de

les dades ja que, a diferéncia dels métodes LC-MS o GC-MS en qué també es disposa dels
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temps de retencié cromatografics per al cribratge de les dades, tota la informacié per a la
identificacio dels compostos s’ha d’extreure dels espectres de masses de full scan i de
tandem. En el cas de disposar d’informacio prévia sobre els compostos que poden estar
presents a la mostra (sospitosos), es pot fer is de diferents programaris que permeten creuar,
de forma automatitzada, els valors de m/z dels ions observats en I’espectre de masses de full
scan amb la informacié continguda en una base de dades, per tal de confirmar la preséncia
dels compostos d’interés en les mostres. En canvi, si no es disposa d’informacid sobre la
possible composicioé quimica de la mostra és més complex establir una estratégia per tal de
dur a terme 1'analisi de compostos desconeguts. Una caracteristica dels ions que ajuda en la
seva assignacio ¢és el defecte de massa, que es defineix com la diferéncia entre la massa
exacta i la massa nominal d’un determinat 16. L’0s del defecte de massa pot ser d’utilitat en
I’estudi d’espectres de masses molt complexos ja que la representacio grafica del defecte de
massa envers la massa nominal dels ions detectats permet visualitzar, de forma senzilla,
agrupacions d’ions que tenen caracteristiques comunes. Per exemple, aquesta estratégia s’ha
proposat per a la caracteritzacio d’hidrocarburs en mostres de petroli o per a la identificacio
de metabolits en mostres biologiques amb I’objectiu d’identificar els compostos relacionats
que presenten una mateixa estructura quimica base. A més, en el cas de compostos que
presenten unitats repetides com ara els hidrocarburs o els polimers, se solen utilitzar escales
modificades en les quals I’escala de la [IUPAC (Da) es normalitza en base a la unitat de
repeticio. Per exemple, en I’analisi de les dades emprant el defecte de massa de Kendrick
(KMD) (Kendrick, 1963) es proposa la transformacié de les masses de 1’escala de la IUPAC
(basada en la massa exacta del '2C=12.0000) a una nova escala denominada escala de
Kendrick en qué s’estableix, de forma arbitraria, que la massa del metilé (CHz) en ’escala
de Kendrick és KMcH.=14.0000, enlloc de 14.0157 en I’escala de la IUPAC. Per a ’analisi
de les dades emprant el KMD, tots els valors de m/z del ions observats en l'espectre de masses
d’alta resoluci6 es converteixen a I’escala de Kendrick simplement multiplicant el valor
experimental de m/z pel factor que relaciona les dues escales, la de Kendrick i de la [IUPAC
(14.0000/14.01561). En I’escala de Kendrick, les séries homologues d’ions que només
difereixen en n unitats de CH2 presenten el mateix valor de KMD. Aixi doncs, quan es
representen graficament els valors del defecte de massa de Kendrick (KMD) —diferéncia
entre la massa exacta de Kendrick (KM) i la massa nominal de Kendrick (NKM)-— envers la
massa nominal de Kendrick (NKM) és possible identificar rapidament les séries d’ions que

presenten la mateixa composicié elemental amb » unitats de CHz, ja que els ions que
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pertanyen a la mateixa série es troben alineats horitzontalment en el grafic. Tot i que, com
s’acaba d’esmentar, 1’analisi usant el KMD s’ha emprat originariament per a la identificacio
d’hidrocarburs, alguns autors han proposat modificar 1’escala de Kendrick per a la
caracteritzacio de polimers amb unitats de repeticié diferents a la del metilé (Fouquet et al.,
2017a; b; Sato et al., 2014). En aquests casos, s’utilitza la unitat de repeticio observada en la
distribucié d’ions en I’espectre de masses per convertir els valors de m/z a 1’escala de
Kendrick modificada. En el grafic KMD vs NKM, tots els ions que pertanyen a la mateixa
distribucio i presenten la mateixa unitat de repeticid seleccionada es trobaran alineats
horitzontalment, mentre que els ions amb una unitat de repeticié diferent quedaran alineats
obliquament i els ions que no son caracteristics de compostos polimérics tindran valors

diferents de KMD i quedaran aillats en altres punts del grafic.
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2.2 TREBALL EXPERIMENTAL

En el primer dels treballs inclosos en aquest Capitol es proposa utilitzar la DESI combinada
amb ’HRMS per al cribratge rapid de mostres en els laboratoris de control. En concret, s’ha
aplicat a I’analisi de drogues veterinaries en pinsos medicats i no medicats, amb 1’objectiu
de detectar contaminacions creuades. El treball experimental es troba recollit a la Publicacio
111, “Desorption electrospray ionization-high resolution mass spectrometry for the screening
of veterinary drugs in cross-contaminated feedstuffs” (apartat 2.2.1). En aquest estudi
s’estableixen les condicions de treball, s’avalua la viabilitat del meétode DESI-HRMS
proposat per a la deteccié de contaminacions creuades mitjangant 1’analisi de mostres de
pinso medicats i no medicats i es comparen els resultats amb els obtinguts emprant un

meétode d’UHPLC-MS/MS, préviament establert.

El segon dels treballs experimentals inclosos en aquest capitol, que es recull a la Publicacio
IV intitulada “Desorption electrospray ionization-high resolution mass spectrometry for the
analysis of unknown materials: The phytosanitary product case” (apartat 2.2.2), pretén posar
de manifest I’aplicabilitat de la técnica DESI i de I’espectrometria de masses d’alta resolucio
per a I’analisi de mostres desconegudes, tant pel que fa a la seva naturalesa com als
compostos a estudiar. En aquest cas, es tracta d’una mostra sospitosa d’haver estat adulterada
de forma fraudulenta amb finalitats fitosanitaries on tant la matriu com [’adulterant sén
totalment desconeguts. Es tracta d’un cas real en queé el producte fitosanitari era una de les
proves principals per incriminar el responsable d’haver comes el delicte d’espargir un
fungicida il-legal en un parc natural. En aquest treball es proposa 1’us de I’espectrometria de
masses d’alta resolucio i de I’espectrometria de masses en tandem, aixi com I’analisi de les
dades emprant el defecte de massa de Kendrick per a la identificacid i la caracteritzacid dels

components de la mostra.
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Abstract In this study, a desorption electrospray ionization-
high resolution mass spectrometry (DESI-HRMS) screening
method was developed for fast identification of veterinary
drugs in cross-contaminated feedstuffs. The reliable detection
was performed working at high resolution (70,000 full width
half maximum, FWHM) using an orbitrap mass analyzer.
Among the optimized DESI parameters, the solvent (acetoni-
trile/water, 80:20, v/v) and the sample substrate (poly-
tetrafluoroethylene, PTFE) were critical to obtain the best sen-
sitivity. To analyze the solid feed samples, different ap-
proaches were tested and a simple solid-liquid extraction and
the direct analysis of an aliquot (2 uL) of the extract after
letting it dry on the PTFE printed spot provided the best re-
sults. The identification of the veterinary drugs (target and
non-target) in the cross-contaminated feedstuffs based on the
accurate mass measurement and the isotopic pattern fit was
performed automatically using a custom-made database. The
positive cross-contaminated feed samples were quantified by
ultra-high performance liquid chromatography-tandem mass
spectrometry (UHPLC-MS/MS). The results obtained demon-
strate that DESI-HRMS can be proposed as a fast and suitable
screening method to identify positive cross-contaminated
feedstuffs reducing the number of samples to be subsequently
quantified by UHPLC-MS/MS, thus improving the productiv-
ity in quality control laboratories.
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Introduction

One of the most effective ways for farmers to administer med-
icines to the livestock after veterinary prescription is by med-
icated feed. The production and marketing of medicated feed
are regulated by the European Commission [1], and many
European countries have implemented residue monitoring
plans to control the illegal use of these substances in feed
and the misuse of authorized veterinary medicines, and to
minimize drug residual occurrence [2]. The European Parlia-
ment and the Council of the European Union have established,
under the Regulation 183/2005/EC, the general rules to con-
trol feed production and their manufacturing conditions, thus
ensuring the traceability of feed [3]. Despite the requirements
set for feed business, multi-product plants manufacture both
medicated and non-medicated feed in the same production
line [4, 5], and, under practical conditions, during the produc-
tion, a certain percentage of the previous batch remains in the
production circuit contaminating the subsequent feed batch.
This carry-over or cross-contamination is recognized by the
Current Good Manufacturing Practice Regulations (CGMPR)
which requires adequate clean-out procedures to prevent the
“unsafe” contamination. This cross-contamination may result
in the exposure of non-target animals and, as a consequence,
potential health risks for these animals as well as the presence
of residue contamination in food products might occur. Sev-
eral studies have shown that production of premixes and com-
posed feed free of contamination is, in practice, very difficult
in the existing multi-product plants [5]. If the drug carry-over
results in the unsafe contamination of other medicated or non-
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medicated feed, it constitutes a violation of the maximum
limits established by Directive 574/2011/EC [6], resulting in
adulterated feed.

To increase the productivity in agricultural and food labo-
ratories, the rapid screening of (il)legal preparations to identify
veterinary drugs in feedstuffs is widely demanded [7-13].
Today, liquid chromatography coupled to tandem mass spec-
trometry (LC-MS/MS) is the technique most currently used
for the determination of drug contamination in feed samples.
However, the complexity of feed samples requires extensive
and time-consuming sample treatment protocols to provide
clean extracts to be analyzed by the selective target LC-MS/
MS methods [9, 10, 12—16]. In the last decade, the introduc-
tion of high resolution mass spectrometry (HRMS) has im-
proved selectivity and specificity of LC-MS methods. How-
ever, only few methods have been published until now regard-
ing the analysis of feed samples by LC-HRMS [17-19].

The recent introduction of ambient ionization techniques in
mass spectrometry such as desorption electrospray ionization
(DESI) [20] and direct analysis in real time (DART) [21] open
the possibility for the direct analysis of compounds from the
sample acquiring the mass spectra from bulk samples in their
native state and without sample treatment or chromatographic
separation [22, 23]. The analysis is performed in a few sec-
onds, which is a significant advantage when compared to con-
ventional analytical methods. Particularly, in DESI, a spray of
charged liquid droplets is directed to the sample creating a
solvent film on the surface. Further droplets hit this film
splashing secondary droplets containing the analytes into the
mass spectrometer [24]. Since their introduction, ambient
techniques have been applied to multitude of fields, such as
environmental [24-26], food [27-29], clinical diagnosis [30],
and forensic analysis [31]. Nevertheless, only few papers de-
scribed the use of ambient techniques for the analysis of vet-
erinary drugs [32, 33]. DESI-MS has been applied for a rapid
screening of hormones and veterinary drugs in samples from
forensic investigations using an ion trap (IT) mass analyzer,
although authors indicated the difficulty to detect tetracyclines
under the DESI-MS conditions used [34]. Moreover, DART-
HRMS has been applied for the target analysis of coccidiostats
in feed samples using an orbitrap mass analyzer demonstrating
the feasibility of this ambient technique to quantify the-
se analytes at the levels established by the EU legisla-
tion [32].

The aim of this work is to study the applicability of DESI
coupled to HRMS (orbitrap) for the fast screening of veteri-
nary drugs in cross-contaminated feed samples in order to
improve throughput analysis and productivity of feed control
laboratories. For this purpose, the most critical DESI-HRMS
working parameters are evaluated and discussed. A home
custom-made database with mass spectral information of vet-
erinary drugs is used for the fast identification of target com-
pounds and suspect cross-contaminants.
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Experimental
Chemicals and materials

Nine veterinary drugs were used as model standards for the
optimization of DESI parameters. Diclazuril (DIC), narasin
(NAR), monensin (MON), oxibendazole (OXI), amoxicillin
(AMO), lincomycin (LIN), tiamulin (TIA), and spiramycin
(SPI) were purchased from Sigma-Aldrich (Steinheim, Ger-
many) while tylosin (TYL) was purchased from Rikilt
(Wageningen, Netherlands). All the standards were of the
highest purity available. LC-MS-grade methanol (MeOH),
acetonitrile (ACN), and water were supplied by Sigma-
Aldrich (Steinheim, Germany) as well as formic acid
(=99 %). Nitrogen (99.9995 % purity) used for nebulization
gas was supplied by Linde Group (Barcelona, Spain). Individ-
ual stock solutions (1 mg mL™") were prepared in MeOH and
stored at 4 °C, while the working standard mixtures were
prepared weekly by appropriate dilution in ACN.

Desorption electrospray ionization-high resolution mass
spectrometry

A desorption electrospray ionization (DESI) source
(Omnispray Ion Source; Prosolia Inc., Indianapolis, IN)
equipped with a 1D moving stage and coupled to a
quadrupole-orbitrap mass spectrometer (Q-Exactive; Thermo
Fisher Scientific, San Jose, CA, USA) was used in this study.
DESI solvent (acetonitrile/water, 80:20 v/v) was infused by a
syringe pump at 2.5 uL min ' and N, gas was used as nebu-
lizer gas at a pressure of 9 bar. DESI solvent was directed onto
the sample surface at a nebulization capillary angle of 55° and
a distance of ~9.2 mm between the mass spectrometer inlet
and the spray tip. The electrospray voltage was +4.8 kV (pos-
itive/negative). The transfer capillary temperature was set at
250 °C. Samples were deposited onto microscope glass slides
of 7.1 mm? polytetrafluoroethylene (PTFE) (Teflon;
McMaster-Carr, Santa Fe, CA, USA) printed spots. The Q-
Exactive mass spectrometer was operated in positive and neg-
ative ion mode within an m/z scan range of 100-1000m/z.
Omni Spray ion source software v2.0 (Omnispray Ion Source;
Prosolia Inc., Indianapolis, IN) was used to control the DESI
source, while data acquisition and data processing were per-
formed with Xcalibur software v2.2 and Exact Finder soft-
ware v2.0 (Thermo Fisher Scientific, San Jose, CA, USA),
respectively.

To control the reproducibility and to determine the initial
DESI conditions, a red permanent marker (containing
rhodamine-6G dye) purchased from Fine Sharpie (Stanford
Corp., Oak Brook, IL) was used. Accurate mass calibration
was performed in the Q-Exactive mass spectrometer every
48 h in both positive and negative ion modes. For positive
ion mode, a calibration solution consisting of caffeine, MRFA
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peptide, Ultramark 1621, and n-butylamine in acetonitrile/
methanol/water containing 1 % formic was used, while for
negative ion mode calibration, a mixture solution containing
dodecyl sulfate, sodium taurocholate, and Ultramark 1621 in
acetonitrile/methanol/water with 1 % of formic acid was used.

Samples and sample preparation

Feed samples, collected from farms and feed mills, that were
received by the Laboratori Agroalimentari of the Generalitat
de Catalunya (LAC) for their analysis by UHPLC-MS/MS
[10] were used to demonstrate the applicability of the DESI-
HRMS in this study.

Feed samples were extracted using a simple and fast solid-
liquid extraction procedure. Briefly, 2 g of the sample was
placed in a 15-mL polypropylene centrifuge tube and were
extracted for 15 min in an ultrasonic bath (Bransonic
B-5510, Soest, Germany) using 5 mL of a mixture of
acetonitrile/water (80:20, v/v) acidified with 1 % formic acid.
Finally, the extract was centrifuged (Selecta-Macrotronic; J.P.
SELECTA S.A., Abrera, Spain) for 1 min at 3500 rpm and
2 uL of the supernatant was deposited onto the PTFE printed
spot and allowed to dry for 5 min at ambient temperature
before the DESI-HRMS analysis.

Results and discussion
DESI-HRMS

Nine veterinary drugs (macrolides, coccidiostats, and benz-
imidazoles) were used as model compounds to evaluate and
to set up the DESI-HRMS working conditions. Standard so-
lutions in pure acetonitrile (10 ug mL™") were deposited on
PTFE surfaces and DESI full mass spectra were recorded
using both positive and negative ion modes. Figure 1 shows
the mass spectra obtained for a standard mixture where MON,
NAR, TIA, TYL, ESP, LIN, and OXI were detected in posi-
tive ion mode mainly as protonated molecules [M+H]", ex-
cept MON and NAR for which sodium adducts [M+Na]"
were observed. Regarding DIC and AMOX, they were only
detected in negative ion mode as deprotonated molecules [M
—H] . Additionally, the DESI-HRMS analysis of individual
standard solutions indicated that no significant in-source
CID fragmentation and other adducts formation were expect-
ed for these compounds, allowing us to assign one ion (isotope
cluster) to each veterinary drug during the screening.

The DESI-HRMS screening of veterinary drugs in feed
samples was based on the accurate mass measurement and
the isotope pattern distribution of the detected ions. Orbitrap
can operate at a mass resolution high enough to prevent pos-
sible endogenous matrix interferences without sacrificing sen-
sitivity. However, a compromise between acquisition duty
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cycle and mass resolution was necessary to provide both ac-
curate mass measurements with mass errors below 5 ppm and
enough sensitivity to detect the analytes in the complex mass
spectrum. To select the working mass resolution, a blank sam-
ple extract spiked with the nine veterinary drugs (10 pg mL™")
was analyzed at values between 17,500 and 140,000 FWHM
(full width half maximum). All target compounds showed a
drop in sensitivity when working above 70,000 without any
significant improvement in mass accuracy. Thus, this mass
resolution was used for further screening analysis.

Moreover, the sensitivity of the DESI-HRMS method also
depended on the number of ions accumulated inside the
orbitrap and also on the accumulation time applied. Since
the automatic gain control (AGC) algorithm controls the num-
ber of ions inside the orbitrap to prevent space charge effects,
the injection time (accumulation time) had to be optimized.
Thus, the AGC was kept constant at 1x10° and the injection
time was varied between 50 and 500 ms. The best signal was
obtained for 300 ms as injection time. This relatively high
injection time compared to conventional ESI is due to the
low ion intensity generated in the DESI process that required
longer injection times to accumulate a number of ions high
enough to obtain a reasonable spectrum.

Optimization of DESI working conditions

To maximize the DESI signal, two main groups of working
conditions must be optimized. The first group comprises those
conditions related to the electrospray process such as nebuliz-
ing gas pressure, electrospray solvent composition,
electrospray solvent flow rate, and the substrate/surface. The
second group is related to the geometrical DESI parameters
that include the nebulization capillary angle, the tip distance to
the sample surface, and the distance to the mass spectrometer
inlet. Initial DESI conditions were established using
rhodamine-containing marker and the most critical DESI ion
source parameters (nebulization capillary angle, tip distance to
the sample surface, distance to mass spectrometer inlet, neb-
ulizing capillary gas, solvent flow rate, and capillary voltage)
were individually optimized using blank feed extracts spiked
with a set of veterinary drugs (10 ug g ™).

It has been demonstrated that the sample surface (substrate)
plays a crucial role in DESI performance. Since the DESI
process involves the landing and release of charged particles
on a surface, the fundamental features of the solid surface,
including its chemical composition and texture, severely affect
the energy and charge transfer processes and consequently the
ionization efficiency in DESI. Thus, several important param-
eters such as limit of detection, signal stability, carry-over, and
reproducibility of the DESI method can be influenced by the
surface [33]. In this work, three different surfaces were tested
as substrates to analyze spiked acetonitrile feed extracts: glass,
filter paper, and PTFE. The highest and most stable signal was
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observed when using the PTFE surface. In filter paper, worse
reproducibility than in PTFE was obtained, which can be due
to uneven distribution of the analytes on the surface caused by
chromatographic effects that occur in the course of the solu-
tion deposition [35].

DESI solvent composition and analyte solubility in the
DESI solvent have an important effect in both desorption
and transfer of analytes from the surface to the mass spectrom-
eter. DESI solvent composition strongly affects electrospray
droplet formation influencing the primary droplet size and the
droplet charge, as well as the focus of the spray. Additionally,
DESI solvent composition could favor the extraction and
electrospray ionization of the analyte. To select the most ade-
quate DESI solvent, different solvent mixtures of methanol/
water and acetonitrile/water and the addition of formic acid to
promote the protonation of target compounds in positive ion
mode were evaluated. As an example, the effect of the DESI
solvent composition on the ion signal intensity of MON,
NAR, and TIA in positive ion mode and DIC in negative
ion mode is depicted in Fig. 2a. As can be seen, the
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composition of the DESI solvent dramatically affects the com-
pound’s signal. The highest signal intensity, in both positive
and negative ion modes, was achieved when using acetoni-
trile/water. The increase in the compound response may be
due to the higher solubility of the analytes in the acetonitrile/
water solvent that improves the transfer efficiency of the
analytes into the secondary ESI droplets. It should be noted
that an important decrease on the relative abundance of the
ions generated from the veterinary drugs was observed when
adding formic acid to the DESI solvent (Fig. 2a). These results
were expected for veterinary drugs such as MON and NAR
because the ion abundance of [M+Na]", the base peak in the
non-acidic DESI solvent, can decrease due to the competition
with [M+H]" ion generated in acidic medium. For acidic com-
pounds that ionized in negative ion mode generating
deprotonate molecules [M—H] , the ion signal also decreased
when using acid in the DESI solvent because the neutral spe-
cies are favored in the liquid phase. However, unexpected
results were observed for basic compounds such as TIA, for
which the acidic media should facilitate the protonation of
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Fig. 2 Effect of the DESI solvent nature (a) and the percentage of
acetonitrile in the DESI-HRMS signal for some representative veterinary
drugs (b)

analytes in positive-ion mode. This might be due to an in-
crease in the DESI droplet size caused by the enhancement
of the surface tension produced by the higher ionic strength of
the acidic DESI solvent (formic acid), in agreement with the
results obtained by Green et al. [36]. Moreover, the effect of
the organic solvent percentage of the DESI solvent on the ion
signal intensity was also studied. The ion abundances ob-
served for each compound using different acetonitrile/water
mixtures are shown in Fig. 2b. All compounds studied showed
a similar behavior. The ion signal intensity increased when
increasing the organic solvent content from 50 to 80 %. This
could be explained by the highest solubility of the analytes in
the enriched acetonitrile solvent mixture. Nevertheless, the ion
signal intensity dropped when using 90-100 % acetonitrile
probably due to a worse wettability of the surface when using
a solvent with lower hydrophilicity (>90 % acetonitrile). The
optimal conditions, acetonitrile/water 80:20 (v/v), were sup-
posed to be satisfactory for the other veterinary drugs with
similar physicochemical properties to the chemicals studied.
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The DESI solvent flow rate and nebulizing gas pressure
affect the wetting and the flow dynamics on the surface as
well as the size and velocity of the electrospray droplets, thus
playing an important role in both ionization and desorption of
analytes from the surface [37]. In this study, these parameters
were optimized using the previously selected DESI solvent
(acetonitrile/water 80:20, v/v). The gas pressure was tested
within the range of 7-10 bar, and it was observed that when
working at gas pressure values below 9 bar, the intensity
dropped. This might be due to the formation of electrospray
droplets of slow velocity and to the generation of secondary
droplets with less kinetic energy to escape from the surface. In
contrast, when applying a gas pressure of 10 bar, the signal
also dropped probably because the high gas flow rate pushed
the secondary droplets back to the surface leading to enhance
droplet splashing. Regarding DESI solvent flow rate, it was
varied from 1 to 5 pL min', and it was observed that when
increasing flow rate the signal improved probably due to the
better surface wetting. Nevertheless, a wider surface area was
eroded, thus worsening the spatial resolution [38]. As a com-
promise between sensitivity and spatial resolution, a gas pres-
sure of 9 bar and a DESI solvent flow rate of 2.5 pL min"
were chosen as optimal working conditions.

To optimize the geometrical parameters, we used
acetonitrile/water (80:20, v/v) as DESI solvent. The position
of the spray tip (both within the spray head and relative to the
surface area) is critical for a successful DESI signal. Thus, the
nebulizing capillary angle («) and the tip distance to the sam-
ple surface (d;) have direct effects on the ionization process,
while the distance to the mass spectrometer inlet (d>) have
important effects on the ion collection efficiency and, hence,
on the sensitivity of the method. The effect of o on the DESI
signal was evaluated by modifying the incident angle (45—
75°) of the electrospray tip relative to the surface that changes
the impact angle of the droplets on the surface. The highest
intensity was observed for an « value of 55°, which is gener-
ally used as optimum value in other DESI applications [39].
The d, and d, values were varied from 1.5 to 4 mm and from 4
to 10 mm, respectively. For a DESI solvent flow rate of
2.5 uL min "', the closer the sprayer was to the surface (d;),
the highest was the signal, being 1.7 mm the optimal value for
all the analytes. Moreover, for d,, the best response was ob-
served at 5 mm when analyzing the spiked feed extract.

DESI-HRMS analytical performance

The complexity of the matrix and the wide polarity range
among the different chemical groups of the veterinary drugs
make the analysis of feedstuffs a challenge. Different sample
manipulation strategies were evaluated to screen veterinary
drugs in feed. Because of the powder nature of the feed sam-
ples studied, the direct analysis by DESI-HRMS was not pos-
sible. As a first attempt, we prepared pressed feed pellets of
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1.5 cm in diameter using a manual hydraulic press to get a
smooth surface to be screened by DESI-HRMS. However, the
dusty texture of the feed samples made it difficult to obtain
good results because of the damaging of the feed pellet surface
by the nebulizing gas and the contamination of the mass spec-
trometer transfer line by the powdery sample. To enhance the
pellets’ compactness, different pressures (from 10 to 15 tons)
were tested as well as the addition of boric acid to increase
pellet agglutination, although no significant differences were
observed.

As an alternative to the direct analysis of the sample sur-
face, a simple solid-liquid extraction procedure was consid-
ered. Several sample extraction multi-analyte methods based
on organic solvent mixtures have been developed for the de-
tection of a wide range of veterinary drugs in animal feed by
LC-MS [12, 13, 17, 40] mainly using acetonitrile and metha-
oo nol. Hence, the behavior of both solvents for the analysis by
DESI of feed samples was tested. For this purpose, blank feed
extracts extracted individually with these solvents and spiked
with the nine representative veterinary drugs (10 pg g ') were
deposited onto a PTFE surface after letting it dry and were
analyzed by DESI-HRMS. The results showed that higher ion
intensities were obtained when using acetonitrile as extraction
solvent since methanol may extract too many matrix com-
pounds that can cause ion suppression. In contrast, acetonitrile
allows protein precipitation and enzyme denaturation
resulting in cleaner extracts. However, it has been described
that the use of only organic solvents (acetonitrile, methanol, or
a combination of both) at different percentages led to low
intensities for non-ionophore coccidiostats (clopidol,
ethopabate, amprolium), macrolides, and tetracyclines [41].
Moreover, some authors recommend the addition of a small
amount of water, up to 20 %, to the organic solvent to favor
the extraction of polar compounds [40]. So, acetonitrile/water
(80:20, v/v) with 1 % of formic acid recommended to increase
the extraction of basic compounds was chosen as extraction
solvent for the DESI-HRMS multi-residue method.

The effect of the feed matrix in the ionization efficiency
was tested for the nine representative veterinary drugs. A
blank feed extract was spiked at 10 ug g ' level and then
extracted with acetonitrile/water (80:20, v/v) with 1 % formic
acid. The mass spectra of this spiked blank feed extract and
that obtained for a standard mixture at the same concentration
level prepared in acetonitrile/water (80:20, v/v) with 1 %
formic acid were compared. For all the studied compounds,
the ion signal in the spiked feed blank extracts were one order
of magnitude lower than in the standard mixture indicating
that ion suppression occurs. Even though the limits of detec-
tion (LODs) estimated for the tested compounds were lower
than 1 ug g ' (Table 1), except for amoxicillin, a higher esti-
mated LOD value (15 ug g ') was obtained, probably because
of a partial degradation in acidic solutions, especially at low
concentrations [2]. LODs, based on a signal-to-noise ratio of

quantification (MRL)"

UHPLC-MS/MS
0.16 (1.25)

(nggh)
0.17
0.25
0.20
0.18
0.15
039

Isotopic cluster

fit (%)

Mass accuracy

(ppm)

composition
(Ci6H1905N3S)
(Ci5H35N2068)
(Ci2H;6N303)
(Co8H4sNO4S)
(Ci6H1905N3S)
(Ci5H35N2068)
(C1oH;506N6)

Elemental

assignment
[M-H]"
[M+H]+
[M+H]+
[M+H]+
[M-H]"
[M+H]+
[M-H]"

Ton

Accurate mass
(m/z)

n.d

n.d

n.d.

n.d

n
n
n.d.

DESI-HRMS screening

Exact mass
(m/z)
364.0973
407.2210
250.1186
494.3299
364.0973
407.2210
301.0573

15
0.5¢
15¢

LOD®
(nggh
05

Detected
antibiotics
Amoxicillin
Lincomycin
Oxibendazole
Tiamulin
Amoxicillin
Lincomycin
Nicarbazin

9LODs calculated taking into account the concentration quantified by HPLC-MS/MS

# Maximum residue levels legislated in Directive 574/2011/EC

® Limits of detection (LOD) calculated by DESI-HRMS
°LODs estimated by spiking blank feed extracts with standards

Table 1 (continued)

Sample
BF16
BF17
BF18

*MRL
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3:1, were estimated by analyzing blank feed samples spiked
with standards at low concentrations. For those compounds
that the standard was not available, LODs from sample were
calculated taking into account a signal-to-noise ratio of 3:1
and the concentrations of veterinary drugs quantified by
UHPLC-MS/MS. These values are below the legal limits leg-
islated for most of the veterinary drugs due to the unavoidable
carry-over in the line production (ug g ' levels) except for
diclazuril, which the maximum residue level is legislated at
001 ugg ' [6].

DESI-HRMS screening of feed samples

To evaluate the applicability of the developed DESI-HRMS
method, 50 feed samples (medicated and non-medicated feed)
received from LAC were analyzed using the DESI-HRMS
method in order to detect those samples suspected of being
cross-contaminated by veterinary drugs.

Feed samples were screened and the acquired mass spectral
raw data were interrogated by a custom-made database that
included more than 60 veterinary drugs (anthelmintics, antibi-
otics, coccidiostats, hormones, etc.) commonly used to pro-
duce medicated feedstuffs. For each substance, the compound
name, the CAS number, the elemental composition, and the
chemical structure were included. The ionization mode and
the expected ions (protonated and deprotonated molecules,
adduct ions, in-source fragments, etc.) that can be generated
in the DESI source were also added to the custom-made
database.

@ Springer

Feed samples (three replicates) were submitted to the sim-
ple sample treatment detailed in the experimental section and
analyzed by the DESI-HRMS multi-residue method. The
sample raw data files were processed using the Exact Finder
software and interrogated by the custom-made database to
automatically identify the veterinary drugs in the feedstuffs.
The criteria applied to confirm the presence of the suspected
compounds were the following: a mass accuracy of less than
5 ppm on the exact mass, a minimum signal-to-noise ratio of
3:1, and an isotope cluster fit higher than 80 % (both mass
relative deviation and relative intensity differences, for each
isotope peak within the cluster ion, were taken into account).
Feed samples were also analyzed by a well-established
UHPLC-MS/MS method for the quantification of the identi-
fied compounds [10].

Table 1 lists the positive samples and the veterinary drugs
identified along with the DESI-HRMS identification criteria
and the quantitative results obtained by target UHPLC-MS/
MS method. The veterinary drugs at dose levels between 37
and 107 ug g ' in the medicated feed were easily detected by
the DESI-HRMS screening method and only in one of these
samples (MF5) an unexpected cross-contamination of
monensin (3.5 ug g ') was detected. Figure 3 shows the
DESI-HRMS spectrum of a narasin medicated feed where
both narasin and monensin were identified. Additionally, re-
sults obtained for non-medicated feed indicated that cross-
contamination occurs quite frequently and values above the
legislated levels were detected in 28 % of the samples ana-
lyzed by DESI-HRMS. Coccidiostats (monensin, narasin,
decoquinate, nicarbazin, salinomycin, and lasalocid),
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benzimidazoles (oxibendazole), amphenicols (florfenicol),
tetracyclines (doxycycline and tetracycline), lincosamides
(lincomycin), and pleuromutilins (tiamulin) were identified
in the non-medicated feed samples at concentrations ranging
from 29 to 1.3 ug g '. For most of these samples, the cross-
contamination was at concentrations close to the maximum
residue levels, except for sample BF2, where salinomycin
was detected at 20 pg g ', a third of the minimum dose rec-
ommended for a medicated feed (60 pug g ') [42]. Further-
more, in most of the non-medicated feeds, several veterinary
drugs were detected in the same sample. For instance, sample
BF11 was cross-contaminated with tiamulin (1.7 pg gfl) and
doxycycline (7.2 pg gfl) and in sample BF13 monensin and
narasin (at<pg g ' level) were positively identified. The
UHPLC-MS/MS analysis of the whole set of samples con-
firmed the DESI-HRMS results and also allowed the identifi-
cation of additional veterinary drugs at sub-microgram-per-
gram level. However, these low concentrations are much low-
er than the maximum residue levels and they are considered
unavoidable carry-over.

Regarding the obtained results, the developed DESI-
HRMS method could be suitable to detect cross-
contamination of veterinary drugs in feed samples in quality
control laboratories since it is simple, with minimum sample
manipulation, less time consuming, and able to detect cross-
contamination at the maximum residue levels legislated.

Conclusions

DESI-HRMS has been shown to be an effective approach for
the screening of veterinary drugs in cross-contaminated feed-
stuffs. A minimal sample manipulation based on a simple
extraction procedure (acetonitrile/water 80:20v/v acidified
with 1 % formic acid) is proposed to analyze dusty homoge-
nized feed samples. Among the DESI working parameters
optimized using nine representative veterinary drugs, the most
critical ones for the feed extract analysis were the substrate
and the DESI solvent. PTFE substrate and acetonitrile/water
(80:20v/v) as DESI solvent provided the highest signal inten-
sity. Although ion suppression due to matrix effects was ob-
served, the sensitivity achieved by DESI-HRMS was enough
to identify veterinary drugs as cross-contamination above the
legislated levels. Data acquired in high resolution mass spec-
trometry (70,000 FWHM), processed and interrogated with
the custom-made database, provided the identification of
cross-contamination of non-target veterinary drugs based on
accurate mass measurements and isotope cluster fit from
HRMS full-scan spectra. The results obtained in the feed sam-
ple analysis correlated well with those found by UHPLC-MS/
MS and demonstrate the potential of the DESI-HRMS as
screening method to identify cross-contaminated feedstuffs
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reducing the number of samples to be quantified by
UHPLC-MS/MS in quality control laboratories.
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ARTICLE INFO ABSTRACT

In this work, we tested the potential of desorption electrospray ionization-high resolution mass spectrometry
(DESI-HRMS) for the analysis of unknown materials. To this end, our study focused on analyzing an unknown
complex sample suspected of being an adulterated phytosanitary product or a fraud. A simple and fast sample
manipulation procedure (filter paper impregnated with the sample) was used for the chemical characterization
of the phytosanitary product by DESI-HRMS(/MS). Kendrick Mass Defect (KMD) analysis was used to process the
DESI high-resolution mass spectral data, allowing the identification of a low molecular weight polymer (poly-
ethylene glycol) and the detection of other ions, which did not follow polymer distributions. The characteristic
isotope patterns of these ions suggested the presence of organometallic compounds. Accurate mass measure-
ments, isotope pattern fits and the structural information obtained by DESI-MS/HRMS (wide isolation window)
allowed identifying the presence of triphenyltin, a biocide extensively used for agricultural purposes and re-
stricted by the European Commission, in the phytosanitary product. The concentration of triphenyltin in the
sample was 35%, which corresponds to ~12% expressed as weight of tin, 120 times higher than the maximum

Keywords:

Ambient mass spectrometry
Desorption electrospray ionization
High-resolution mass spectrometry
Unknown materials

Unknown compounds
Triphenyltin compounds

Kendrick mass defect

legislated level.

1. Introduction

The analysis of unknown materials is a complex process, which
become more challenging when the nature of the concerned compounds
is also unknown. In this context, the selection of the appropriate ana-
lytical technique, sample treatment, isolation, identification/quantita-
tion, etc., is a difficult task. Among the myriad of analytical techniques
available today, mass spectrometry (MS) can provide valuable chemical
information, even if the identity of the analytes is not known, which can
help in the identification of the chemical composition of unknown
materials. However, classical mass spectrometry-based analytical
methods generally require extensive sample treatments to dissolve the
sample, isolate analytes, minimize sample matrix and avoid inter-
ferences that could bias the results, since they may be compound dis-
criminant. Nowadays, a new group of techniques named “ambient io-
nization mass spectrometry” (ambient MS) gathers a series of
characteristics that can help to solve these real-life analytical problems.

Ambient MS, firstly defined by Cooks and co-workers [1], includes
those desorption/ionization techniques that operate in the open air and
are able to analyze samples in their native environment. Ambient MS
techniques offer advantageous characteristics for the analysis of
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unknown samples, such as in-situ and fast analysis, soft ionization,
minimal or no sample preparation, and relatively low matrix effects.
These features allow global non-targeted analysis, far from applications
focused on target analytes, which are generally performed using liquid
chromatography or gas chromatography coupled to mass spectrometry
(LC-MS and GC-MS) [2,3]. Among ambient MS, desorption electrospray
ionization (DESI) [4] and direct analysis in real time (DART) [5] are the
most popular, although a wide range of new techniques have been
developed, which differ in how the sample processing takes place and
the ionization mechanism employed [6,7]. In ambient MS, the mod-
ification of the working conditions to fit to the sample characteristics is
easy. Another advantage is the use of soft ionization that yields low
internal energy ions, which suffer no or little fragmentation in the at-
mospheric pressure region, allowing assigning one ion (isotope cluster)
to each compound. However, since all ionisable compounds on the
sample surface will contribute to the sample mass spectrum, the com-
plexity of mass spectral data obtained when analyzing complex samples
requires the use of MS instruments capable of acquiring data at high-
resolution and/or performing tandem MS experiments. Today, highly
sensitive and selective instruments such as time-of-flight or Orbitrap
and hybrid instruments such as quadrupole-Obritrap (Q-Obitrap),
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quadrupole-TOF (Q-TOF) or LIT-Orbitrap, allow overcoming inter-
ference problems, avoid overlapping isotope clusters and provide high-
accuracy mass measurements and high-quality mass spectral informa-
tion for the identification of both, chemical formulas and chemical
structures of compounds [8,9].

The major application of ambient HRMS relies on the development
of screening methods for the analysis of a wide range of compounds for
food, environmental and forensic applications [10]. These methods are
usually developed for the rapid qualitative identification of a family or
families of compounds of interest in samples where their chemical
composition is usually known or suspected. In this context, a set of
compounds is used as models to optimize ambient MS working condi-
tions and online libraries are used to narrow candidate lists for further
confirmatory analyses. In cases generally related to frauds and crimes,
where sample information provided is minimal or ignored and/or it is
not known what has to be looked for, the use of ambient MS techniques
could be a good option. Ambient MS could be considered a better
strategy than LC-MS or GC-MS due to their ability to perform the
analysis of samples in its native environment and without applying
prior sample preparation procedures, including extraction and clean-up
steps, which may be discriminatory, causing the loss of some com-
pounds during the sample process.

In this paper, a real case is presented for the chemical character-
ization of an unknown sample. A phytosanitary product suspected of
being adulterated was the main evidence of an environmental crime for
its unexpected activity. A sample was received in the laboratory for the
identification of the adulterant in order to assign responsibility for
applying the concerned product in a protected natural park. However,
no information about the nature of the sample or about its chemical
composition was available. In this context, the aim of this work was to
evaluate the applicability of DESI-HRMS(/MS) for the chemical char-
acterization of the sample in order to identify the compounds re-
sponsible of causing the very high activity of the phytosanitary product.

2. Experimental
2.1. Chemicals, materials and sample

LC-MS grade acetonitrile (ACN), methanol (MeOH), water, formic
acid (98%) and Whatman® Grade 41 filter paper were supplied by
Sigma-Aldrich (Steinheim, Germany). Triphenyltin chloride (= 98.8%
purity) and triphenyltin hydroxide (= 99.9% purity) were purchased
from Sigma-Aldrich (Steinheim, Germany) and bis(trypheniltin) oxide
(= 98.0% purity) was provided by Alfa Aesar (Karlsruhe, Germany).
Individual stock solutions (1 mg mL™1) were prepared using ACN as
solvent and stored at 4 °C, while the working standard solutions were
prepared weekly by appropriate dilution in ACN from stock solution.

A phytosanitary product suspected of being adulterated was col-
lected by official inspectors in a Spanish National Park and sent to our
laboratory for its analysis. The sample was a white dense liquid product
packed in an opaque bottle with no information about the nature of the
sample or its composition.

2.2. Desorption electrospray ionization-high resolution mass spectrometry
(DESI-HRMS)

To perform the sample analysis by DESI-HRMS, a Whatman filter
paper impregnated with the phytosanitary product was placed onto a
microscope glass slide (McMaster-Carr, Santa Fe, CA, USA) with double
side tape and let it dry at room temperature. A desorption electrospray
ionization (DESI) source (Omnispray Ion Source, Prosolia Inc.,
Indianapolis, IN) with a 1D moving stage and coupled to a quadrupole-
Orbitrap mass spectrometer (Q-Exactive, Thermo Fisher Scientific, San
José, CA, USA) was used. A red permanent marker that contains rho-
damine 6G (ion at m/z 443.2329, positive ion mode), purchased form
Fine Sharpie (Stanford Corp., Oak Brook, IL), was used to establish the
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DESI geometric source conditions. DESI solvent (ACN:water, 80:20, v:v)
was infused by a syringe pump at 3.5 uLmin~' and directed onto the
sample surface at a nebulization capillary angle of 55° and a distance of
~9.2mm between the mass spectrometer inlet and the spray tip.
Nitrogen (99.95% pure, Air Liquide, Madrid, Spain) was used as
nebulizer gas (8 bar) and as collision gas. Electrospray (ESI) voltage was
set at 4.5 kV in positive ionization mode and 5 kV in negative ion mode,
while transfer capillary temperature was set at 250 °C.

DESI data was acquired by both, scanning mode moving the DESI
source through the filter paper at a stage scan speed of 250 um s~ !, and
fixed sampling mode, acquiring the MS data keeping the DESI in a
single position. For the analysis of the standards, 1 uL of the standard
solution in ACN (100 pg mL ™) were deposited onto microscope glass
slides of 7.1 mm polytetrafluoroethylene (PTFE) (Teflon; McMaster-
Carr, Santa Fe, CA, USA) printed spots. The Q-Exactive mass spectro-
meter was operated in positive and negative ionization modes in full-
scan and target MS? acquisition modes. For both, full-scan and product
ion scan, a mass resolution of 70,000 FWHM (full width at half max-
imum) at m/z 200, a maximum injection time of 300 ms and a scan
range from m/z 120-1200 were used. Automatic gain control (AGC)
values were set at 1 x 10° and 5 x 10° for full-scan and target MS>
experiments, respectively. For tandem mass spectrometry an isolation
width 5-12m/z was used.

Omni Spray ion source software v2.0 (Omnispray lon Source,
Prosolia Inc., Indianapolis, IN) was used to control the DESI source,
while Xcalibur software v2.2 (Thermo Fisher Scientific, San José, CA,
USA) was used for data acquisition and data processing.

Accurate mass calibration was performed in the Q-Exactive mass
spectrometer every 72h by ESI source using a calibration solution of
caffeine, MRFA peptide, Ultramark 1621 and butylamine in ACN/
MeOH/water (50:25:25, v:v) containing 1% formic acid.

2.3. Kendrick mass defect analysis

Modified Kendrick mass defect (KMD) analysis using the repeat unit
of the polymer backbone as base unit (monomer) for the calculation of
Kendrick mass (KM) was used [11,12]. Modified KM values were cal-
culated according to:

nominal(TUPAC mass of monomer)
TUPAC mass of monomer

KM(ion) = m/z(ion)x @
being m/z (ion) the accurate mass of the ion and the IUPAC mass of
monomer the exact mass in the IUPAC mass-scale. The nominal mass is
the rounded value of the mass of the monomer to the nearest integer.
The Kendrick mass-scaling factor was calculated using -CH,CH,0- as
repeating unit, giving a factor value of 44/44.0262 = 0.99940.

All the m/z values in the mass spectral data with relative intensities
above 1% were converted to the modified Kendrick mass-scale and used
to obtain the corresponding KMD-NKM plots, where nominal Kendrick
mass (NKM) and KMD values were calculated according to:

NKM = round (KM) (¥3)
KMD = KM-NKM ©)]
being NKM the nearest integer of KM. These plots are usually re-

presented using a “bubble chart”, where each disk expresses a data
triplet (NKM, KMD, abundance) and the size of the disk is proportional
to peak intensities.

Additionally, the “remainder of NKM” (RNKM) was calculated to
obtain information about the composition of the end groups of poly-
meric series following the equation proposed by Fouquet et al. [12]:

}

being {x} the fractional part of x defined as x — [x|.

NKMR

RNKM = round(R){ —————
round(R)

4
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3. Results and discussion
3.1. Sample analysis by DESI-HRMS

As mentioned above, a dense white liquid sample arrived to our
laboratory with no information neither on the nature of the sample nor
on its composition. Based on the declaration of the user to the official
inspectors, we were informed that the phytosanitary product was sa-
ponins-based used to treat rice crops against apple snail pest. It was
suspected that this sample was adulterated since the phytosanitary ef-
fect was found to be higher than that expected for a product based only
on saponins. Because of the lack of information, direct analysis of the
sample by DESI was performed in order to identify the potential adul-
terant/s avoiding both sample treatment and chromatographic separa-
tion, thus preventing discriminatory treatments and reducing analysis
time. High-resolution mass spectrometry was used to prevent possible
interferences and to obtain information about accurate mass, high-re-
solution isotope pattern and chemical structural information.

Several parameters, potentially important to maximize DESI signal,
such as those related to the geometry of the ion source, the DESI solvent
composition and flow-rate and the nebulizing gas pressure were opti-
mized. Regarding DESI solvent composition, a mixture of ACN:water
was selected because of its capability to extract both polar and non-
polar compounds and for its conductivity and relative volatility that
help to improve the electrospray formation. Although DESI typically
operates with a solvent mixture of 50% organic solvent:water, the or-
ganic solvent was increased up to 80% to improve ionization efficiency
[13]. DESI solvent flow-rate and the nebulizing gas pressure were op-
timized directly on the sample. DESI solvent flow-rate was raised to
3.5uL min"! to increase both primary ion current and average droplet
size, thus improving both the wetting of the sample surface and the
extraction efficiency [14]. Nebulizing gas pressure was reduced to
116 psi to prevent contamination and carryover due to the dusty texture
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of the dried phytosanitary product.

DESI-HRMS full scan mass spectrum of the sample obtained under
scanning mode for 1min after background subtraction is shown in
Fig. 1A. To identify background noise ions and to subtract them from
the sample mass spectrum, a blank filter paper was analyzed under the
same working conditions. The most abundant signals observed in the
mass spectrum correspond to a series of peaks (singly charged) sepa-
rated by 44 nominal mass units. The accurate mass data showed that
the mass difference for the 13 most abundant peaks varies from
44.0251 to 44.0268, with an average accurate mass of 44.0262. The
distribution of these ions as well as the accurate mass measurements are
consistent with characteristic pattern distributions of low molecular
weight polymers with n ethylene oxide (EO) repeat units, which might
indicate the presence of poly(ethylene glycol) (PEG,) in the sample
[15].

Since the analysis of complex samples by high-resolution mass
spectrometry without any previous chromatographic separation deals
with an enormous collection of peak data, Kendrick mass defect ana-
lysis, which does not rely on peak assignments, was used to characterize
components in this phytosanitary product. The Kendrick mass-scale,
based on CH, was developed by Kendrick to better separate homo-
logous series of hydrocarbons [16]. Modified KMD combined with high-
resolution mass spectral data has been used to obtain information in the
field of polymer chemistry [11]. To create a graphical distribution of
the data obtained by DESI-HRMS on a two-dimensional KMD plot, a
modified Kendrick mass-scale was used, with the ethylene oxide as the
repeating unit [11,17]. All m/z values corresponding to ions with a
relative intensity higher than 1.0% were transformed from IUPAC mass-
scale into Kendrick one. The Kendrick mass (KM), nominal Kendrick
mass (NKM) and KMD were calculated as described in the Experimental
section. Fig. 2A shows the two-dimensional plot of KMD versus NKM
using a “bubble chart”. The KMD plots show ions separated in three
horizontal lines with KMD values of -0.095, -0.047 and -0.012.
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e}
(A) DESI-HRMS (+) < 6 715.0407
533.3660 2 719.0423
. < 50
100 2 .
] B 3 714.0418
] 489.3393 - 720.0451
90 [
1NL: 5.45E4 577.3916 < 5 293 0ad25:4427
] 10
80 OHIHII
] 710 715 m/z 720 725
707 401.2866 [C54H47118$n212°5n°3][* 1186w 120 "
o ] 621.4171 (€) 1.9 ppm;88%  |Cs5H,51185N,1205n0,]
S 604 1083.0628 2.1 ppm; 85%
s 0 1007 1109.0424
S 903 NL: 3.23E3
350 665.4437 g 8051081‘0@ 10870643 o
$ 1 357260 S _ 3 1111.0426
40 . S 70; 1107.0421
T ] 2 601079.0626) 1105.0408 —~
2] g 1113.0441
E £507 1089.0661
1313.2343 R -
] 753.4947 T 407 -~ 1115.0458
20 i e g —
bl 307 1091.0668,
] i| 797.5215 205
10 } E
| o1 UL
fog SRR .W‘MLHM‘\J‘“\ j H}"‘» “ ‘\\‘ni‘ —— ‘ Sl “}H‘MH le“‘c'f““
200 400 800 1000 1200 1070 1080 1090 noom 21110 1120 1130

Fig. 1. Full scan mass spectrum obtained for the analysis of the phytosanitary product by DESI-HRMS (+) under scanning mode at 250 yums™.

352

135



Capitol 2

R. Sero et al.
(A) .
@
0.4
] @

0.2
[=] © + 8 0 0 060 8 o s s+ -
érm e 0 0O 0o 0 e e

-0.3

400 800 1200
NKM

(B)

KMD

40

20

RNKM

Fig. 2. Two-dimensional KM plots obtained from the DESI-HRMS mass spec-
trum of the sample: (A) KMD vs NKM using a mass scale-based on EO units, (B)
KMD ys RNKM (C) KMD vs RNKM calculated using the M(ops.adduct) Of the peaks
associated to the characteristic distributions of the polymer.

Considering the general concept when applying the Kendrick mass
scale, those ions with the same KMD value have the same chemical
backbone but differ by one or more EO units. By contrast, the difference
between the three aligned ions with different KMD values is due to the
end-groups and/or the possible adducted cation. After the identification
of the homologous series by using KMD, the determination of the end-
group is needed for polymer characterization. The mass of end-groups
(Meng) can be given by:

Meng = Mobs—Mmonomer X N~Meation

(5)

where Mops, Mmonomer and Meation are the m/z values of the observed
ion, the monomer unit and the mass of the cation, respectively, and n is
the degree of polymerization. When applying this strategy to polymer
analysis, Mcagion is usually known (e.g. Na* or H") since it depends on
the solution added during sample preparation [11,12]. The difference
between the accurate mass of the ions of the first line (KMD values of
—0.012) and its nearest ion on the second line (KMD values of -0.047)
was 15.9741 Da (as an average of all calculated mass differences). This
accurate mass difference corresponds to that between sodium and po-
tassium adducts, with a mass tolerance of + 2 ppm. Applying the same
calculating procedure to the second (KMD values of —0.047) and the
third horizontal ion distributions (KMD values of —0.095), the accurate
mass difference obtained was 4.9550 Da, which corresponds to that
between sodium and ammonium adducts. Thus, potassium, sodium and
ammonium adducts are present in the sample, being the sodium ad-
ducts the most abundant ones. After identifying the adduct of each
KMD-NKM horizontal distribution, the m/z of the cation (Mcation) Was
subtracted to each aligned group of ions (M) to simplify Eq. (5):

(6)

Mend) = M(obs—cation) "Mmonomer X 1
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The use of the “remainded NKM” (RNKM) (described in the
Experimental section), combined with accurate mass measurements can
help to obtain information of the composition of the end-groups of
polymer series [12]. The RNKM does not depend on the EO unit, ergo
all the homologs of a distribution with the same end-groups and same
adducted ion, have the same RNKM. Since different adducts were found
for each polymer distribution, the KMD-RNKM plots were calculated
using the Mgpbs-cation)- In the KMD-RNKM bubble chart (Fig. 2C), the
three horizontal series observed in the KMD-NKM plot (Fig. 2A) are
condensed in a single disk with KMD and RNKM values of -0.0718 and
26, respectively. Therefore, the three different distributions observed in
the mass spectrum have the same end-group but differ on the cation
adduct, thus confirming the presence of a single homopolymer in the
sample. The elemental composition of the end-group was calculated
within the elemental composition range of [Cy_100 Ho_200 No_s Oo_20]
with a mass tolerance of + 2 ppm. Since members of homologous series
differ only by integer multiples of EO, assignment of a single member of
the series was enough for all mass members. The ion with lowest m/z
was used to perform the putative identification, being the molecular
formula of the polymer (C;oH2,0(EO),)] (Table S1, Supporting in-
formation).

The presence of this polymer in the sample fits with the high density
of the phytosanitary product (quite similar to white paint or glue) and
could be related to their high water solubility ensuring its effectiveness
as transport agent. Considering its low toxicity and chemical and mi-
crobiological inertness, the polymer was discarded as the agent of
causing the high phytosanitary activity of the product.

In the KMD-NKM plot (Fig. 2A), some other ions that are not fol-
lowing any singular polymer distribution were also present. Better
separation of these ions was observed in the KMD-RNKM plot
(Fig. 2B), where five ion distributions that not merge in a single disk
can be distinguished at KMD values of —0.4183, —0.3830, 0.2210,
0.3858 and 0.4183. The DESI-HRMS mass spectrum of Fig. 1 helps to
explain the presence of these ions. Three wide isotope pattern dis-
tributions can be distinguished that might be due to the presence of
metal elements in the chemical structure of these ions. By comparing
the experimental isotope distributions with the theoretical ones, the
ions detected in the DESI-HRMS spectrum are consistent with the
presence of tin atoms. Therefore, the different ions separated hor-
izontally by one RNKM unit in the KMD-RNKM plot (Fig. 2B) could
correspond to the contribution of different tin isotopes to the isotope
cluster. To simplify the discussion of the mass spectra, only the most
abundant ion of the isotope cluster will be mentioned in this paper,
being the m/z values assigned to ions with one, two and three tin
atoms, respectively. The signals at m/z 717.0396 (Fig. 1B) might in-
clude two tin atoms (*2°Sn''8Sn), while the signals at m/z 1083.0628
and m/z 1109.0424 (Fig. 1C) could be assigned to ions with three tin
atoms (2°Sn''8Sn,) in their structure (Fig. S1). Based on the accurate
mass measurements and the isotope pattern, the chemical formulas
were proposed for the suspected organotin (OT) ions (Fig. 1B and C)
taking into account the following criteria: elemental compositions
limited to **Co_100 Ho-100" *No-10"®00-10"*Nag_1**Ko_1"*’Sno_3' **Sn_3
mass accuracy lower than = 2 ppm and isotope cluster fit higher than
80% (Fig. S2: isotope distribution simulations).

In order to obtain complementary information, MS data were ac-
quired by DESI-HRMS on static mode (sampling for 1 min) instead of
scanning mode. During the first 12s of the analysis in positive ion
mode, only ions from the polymer were observed whereas the presence
of ions from the OT compounds was not detected until 42s (Fig. S3).
The wash away of the sample matrix at the beginning of the analysis by
the DESI solvent reduced the concentration of the polymer in the
sample surface, which consequently decreased the ion suppression ef-
fect on the OT ions [18]. Performing the DESI-HRMS analysis at this
conditions (Fig. 3A) improves the desorption/ionization efficiency of
OTs (ion signal intensities are one order of magnitude higher than those
obtained in scanning mode). Moreover, the interpretation of OT ions in
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Fig. 3. Average DESI-HRMS mass spectrum of the phytosanitary product under static sampling mode: (A) positive ion mode mass spectrum from 0.7 to 1 min with the
first 12 s of the analysis background-subtracted. (B) Negative ion mode mass spectrum from 0.5 to 0.7 min with the first 10 s of the analysis background subtracted.

the mass spectrum was also facilitated by subtracting the polymer ions
and other matrix interference signals. The highest desorption ionization
efficiency obtained using the static mode allowed detecting other OT
ions with one tin atom (Fig. 3A).

Negative DESI-HRMS experiments were also performed in fixed
scanning mode. As can be seen in Fig. 3B, a cleaner mass spectrum than
the one in positive ion mode was obtained. Two different OT pattern
profiles (corresponding to m/z 420.9564 and m/z 430.9852 ions) were
observed in this ionization mode and their proposed molecular for-
mulas are given in Fig. 3B.

3.2. Characterization of organotin ions

At this point, it is suspected that OT ions could be related with the
high activity of the phytosanitary product. In order to obtain structural
information, DESI-MS/HRMS experiments in a quadrupole-Orbitrap
were performed. To keep relevant isotope pattern information of pro-
duct ions, DESI-MS/HRMS experiments were performed by isolating the
OT precursor ions in the quadrupole using an isolation width of 12m/z
for those ions containing two or three tin atoms and 5m/z for OT ions
with one tin atom in their chemical structure.

The obtained DESI-MS/HRMS spectra in positive ion mode of the
most abundant OT ions detected in the sample are shown in Fig. 4. In all
tandem mass spectra, a common product ion at m/z 351.0187 (also
detected in the DESI-HRMS spectrum) was observed. The base peak at
m/z119.9017 in the product ion spectrum of m/z 351 (Fig. 4A) matches
with the exact mass and isotope pattern of the tin radical ion [Sn]*".
Additionally, accurate mass differences of 77.0391 Da between ions at
m/z 196.9408 and m/z 119.9017 and 154.0779Da between m/z
315.0187 and m/z 196.9408 can be assigned to the losses of one and
two phenyl molecules, respectively. This fragmentation pattern sug-
gested that the ion at m/z 351.0187 could correspond to [PhsSn]™*,
which is in agreement with reported data for triphenyltin compounds
(Ph3SnX, X: halide, oxide or hydroxide) [19-21]. The ions at m/z

137

354

369.0295 and m/z 214.9512 (Fig. 4A) can be assigned to water adducts,
[PhsSn+H,01" and [PhSn+H,0] ", respectively, generated via ion-
molecule reactions in the collision cell. The formation of water adducts
in quadrupole-Orbitraps has been previously reported as a consequence
of the moisture content (99.995% purity) of the nitrogen used in the
collision cell [22]. The high reactivity of OT compounds [21] suggests
that adduct formation (water, ACN, sodium) can also occur in the DESI
process, which could explain the ion at m/z 391.0109 observed in the
DESI-HRMS spectrum, assigned to a sodium adduct. The tandem mass
spectrum of the ion at m/z 391(Fig. 4B) yielded the product ions at m/z
351.0187 and m/z 369.0295 assigned to [PhsSn]* and its water adduct
ion, respectively. Considering both, the tandem mass spectrum and the
accurate mass measurements, the ion at m/z 391.0109 detected in the
DESI-HRMS spectrum might be assigned to [Ph;SnOH+Na]*. These
results may allow hypothesizing that triphenyltin hydroxide could be a
possible candidate for the adulterant. This hypothesis can be also sup-
ported by the presence of the ion at m/z 369.0288 in the DESI-HRMS,
that can also be assigned as [PhsSnOH + H] *. However, Ph3SnOH could
also be generated by the hydrolysis of triphenyltin halide, another po-
tential candidate.

The same product ions were observed in tandem mass spectra of m/z
717, m/z 1083 and m/z 1109 (Fig. 4C, D and E). A low normalized
collision energy (NCE) (10-17 V) was required for the fragmentation of
these precursor ions, which may indicate that they could be aggregates,
assumption supported by the high reactivity of triphenyltin compounds.
The generation of aggregated ions has been previously reported for
triphenyltin halides and triphenyltin hydroxide using soft ionization
sources [23-25]. These three ions (DESI-HRMS spectrum) were attrib-
uted to complexes of PhsSn* and OH, in agreement with previously
reported results for triphenyltin halides [23]. Hence, ions at m/z
717.0405 and m/z 1083.0635 were assigned to [(Ph3Sn),OH]* and
[(Ph3Sn)3(OH),]1*, respectively. The presence of the ion at m/z 717 has
also been reported as the result of the reaction of two Ph3SnOH mole-
cules with the subsequent loss of water to yield bis(triphenyltin) oxide
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Fig. 4. DESI-MS/HRMS product ion scan of the OT ions: (A) m/z 351 (B) m/z 391 (C) m/z 717 (D) m/z 1083 (E) m/z 1109. Isolation window: 5 m/z for precursor ions
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Elemental compositions correspond to the cluster ion.

(Ph3SnOSnPh3) as reaction product [25,26]. Taking into account this
assumption, the ion at m/z 1083.0635 in the DESI-HRMS spectrum
(Fig. 3A) could be explained as an aggregate between Ph;SnOH and
[Ph3;SnOSnPh; +H]™ (m/z 717.0405). This last ion was also observed
as product ion in the tandem mass spectrum of m/z 1083 (Fig. 4D).
Regarding tandem mass spectrum of m/z 1109 (Fig. 4E), in addition
to the ion at m/z 717.0412 [Ph3SnOSnPh; + H]*, two other product
ions were observed. The accurate mass difference of 78.0482 Da between
m/z717.0412 and m/z 638.9936 corresponds to C¢Hg, allowing to assign
the product ions at m/z 638.9936 and m/z 657.0048 to [PhsSnOSnPh,]*
and [PhsSnOSnPh, + H,0]", respectively. Considering the accurate
mass measurements, the isotope cluster fit as well as the product ions, the
ion at m/z 1109.0434 could be tentatively assigned to an aggregate
[(Ph3Sn);0CO,] *. This ion was not observed in ESI experiments (data
not shown) and it may be explained because ambient mass spectrometry
techniques operate in a more open environment, which could favor the
interaction between [PhsSn]* and the atmospheric CO.
DESI-MS/HRMS experiments were also performed for those OT ions
detected in the negative DESI-HRMS sample spectrum. Although no
information was obtained from the tandem mass spectrum of m/z 421,
previously reported results suggested that this ion could be attributable
to the complex ion [Ph3SnCl,]~ [23]. The main product ion from the
fragmentation of this ion would be [Cl]’, out of the mass range of Or-
bitrap. Regarding the tandem mass spectrum of m/z 431, only the
presence of [PhiSn]™ (m/z 351.0199) was observed (data not shown).
Taking into account the elemental composition, the ion at m/z
430.9852 could be assigned to the complex ion [Ph3SnCICO,H] . The
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presence of chlorine and the absence of any other halide may suggest
that triphenyltin chloride could be present in the sample.

At this point, three different compounds, triphenyltin chloride, tri-
phenyltin hydroxide and bis(triphenyltin) oxide, were suspected of
being possible adulterant/s responsible/s of causing the unexpected
activity of the phytosanitary product. In the past decades, triphenyltin
compounds have been used as major components in antifouling pro-
ducts and as biocides, which is consistent with the sample of interest
[27]. These compounds have been reported for being highly toxic for
organisms into aquatic systems as well as for their high bioaccumula-
tion potential and persistence in sediments [28-30]. In light of the
extensive effects of triphenyltin compounds, the European Commission,
under the Directive 2009/425/EC, has restricted their marketing and
use stablishing a maximum concentration level in any product
equivalent of 0.1% by weight of tin [31]. In order to get more in-
formation about the identity of triphenyltin compound/s detected in
the sample, the standards of suspect compounds were purchased and
analyzed by DESI-HRMS(/MS).

The DESI-HRMS (positive ion mode) spectra of the standards (data
not shown) were quite similar, matching with the ions observed in the
sample and confirming the presence of triphenyltin compounds in the
adulterated phytosanitary product, but not allowing distinguishing
between the three candidates. By contrast, the tandem mass spectra
provided some significant information. Among the ions studied, no-
ticeable differences in the product ion scan of m/z 1109 were observed
between triphenyltin chloride and that of the sample. The relative
abundances of all product ions for triphenyltin chloride were higher
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than 40% (Fig. S4A). By contrast, the ion at m/z 657.0049 was the base
peak in the mass spectra of the sample (Fig. 4E), triphenyltin hydroxide
and bis(triphenyltin) oxide standards (Fig. S4B and S4C), and other
product ions were not found at relative abundances higher than 10%.
Additionally, the sample DESI-HRMS mass spectrum in negative ion
mode was more similar to those obtained for triphenyltin hydroxide
and bis(triphenyltin) oxide standards than for triphenyltin chloride
where, as expected, the ion at m/z 420.95675 [Ph3;SnCl,] ~ prevailed
over the other ions (Fig. S5). Taking into account all the data obtained,
only triphenyltin hydroxide and bis(triphenyltin) oxide may be the
suspected adulterants. Since the legislated restrictions (0.1% of the
weight of tin) affect to any type of triphenyltin compound [31], it is not
significant if these two triphenyltin compounds or a mixture of both is
the responsible of the unexpected phytosanitary activity of the sample.

In order to confirm the presence of triphenyltin compounds, the
sample was analyzed by ultra-high performance liquid chromatography
coupled to high-resolution mass spectrometry (UHPLC-HRMS) (ex-
perimental conditions in Supporting information). The UHPLC-HRMS
chromatogram showed two peaks (Fig. S6). The mass spectrum of the
first eluting peak showed the characteristic ions of organotin com-
pounds also observed in the DESI-HRMS spectrum, while the mass
spectrum of the second peak showed the series of ions characteristics of
the PEG, polymer previously identified. In addition, the analysis of
triphenyltin hydroxide and bis(triphenyltin) oxide standards provided
the same retention time as well as the same mass spectrum, which may
indicate an interconversion of one compound into the other (Fig. S7).

Quantitation was performed by UHPLC-HRMS using standard ad-
dition method and the concentration of triphenyltin in the phytosani-
tary product was 35.0 *= 0.8%, which corresponds to 11.8 = 0.3% of
tin. This result is in agreement with that obtained (12.1 = 0.1%) by
inductively-coupled plasma-optical emission spectroscopy (ICP-OES)
(experimental conditions in Supporting information), which is 120
times higher than the maximum permitted [31].

4. Conclusions

In this work, the potential of DESI-HRMS(/MS) for the analysis of
unknown materials has been demonstrated, revealing that ambient MS
techniques could be proposed as a valuable analytical tool to solve these
real life analytical problems. KMD analysis was successfully used to ex-
tract information from the complex mass spectrum, allowing the iden-
tification of a polyethylene glycol polymer in the sample. The use of
HRMS in both, full scan and tandem experiments revealed the presence
of triphenyltin compounds at a concentration of 35%. The unexpected
high activity of the phytosanitary product was attributed to the presence
of these compounds with a tin concentration highly above (120 times)
the legislated levels, thus confirming the use of an illegal product.
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Supporting Information

Ultra-high performance liquid chromatography-high resolution mass spectrometry

(UHPLC-HRMS) experimental conditions:

Ultra-high performance liquid chromatography was used for the chromatographic separation
of the sample under study. The chromatographic separation was carried out on an Accucore
Cis column (150x2.1 mm, 2.6 um superficially porous particles) (Thermo Fisher Scientific,
San Jose, CA, USA) using an Accela UHPLC system equipped with an autosampler (Accela
AS) and a quaternary pump (Accela 1250 Pump) (Thermo Fisher Scientific). The UHPLC
system was coupled to a quadrupole-Orbitrap Q-Exactive (Thermo Fisher Scientific) mass
spectrometer equipped with an electrospray (ESI) ion source. For the analysis, a
methanol/water gradient elution program (total runtime of 15 min) was as follows: 1 min
isocratic step at 50% methanol; from 50 to 100% methanol in 9 min and a final 1 min isocratic
step at 100% methanol before returning to the initial conditions (4 min of conditioning time).
The injection volume and the flow rate were 10 uL and 300 uL min™, respectively. The Q-
Exactive mass spectrometer operated in positive ionization mode at a mass resolution of
70,000 FWHM (at m/z 200), the maximum injection time (IT) was 200 ms, automatic gain
control (AGC) was set at 1 x 10° and the scan range was m/z 100-1,500. The ionization source
parameters were as follows: nebulizer gas and auxiliary gas (N2, 99.95% pure, Air Liquide,
Madrid, Spain) were 50 and 30 arbitrary units (a.u.), respectively; capillary temperature, spray
voltage and S-lens were set at 320 °C, 3.2 kV and 50 a.u., respectively.

Triphenyltin hydroxide and bis(triphenyltin) oxide working standard solutions were prepared
separately by appropriate dilution in MeOH/H-0 (1:1, v:v) from stock solutions described in
the manuscript. The standard addition method was used to quantify the triphenyltin in the
sample correcting potential matrix effects on the electrospray ionization. The sample was
properly diluted in methanol/water (1:1, v:v) by triplicate and triphenyltin hydroxide and
bis(triphenyltin) oxide were added to the diluted sample aliquots (1 mL) separately. The
standard addition calibration curves were stablished using 5 calibration levels So-Ss,
0/0.3/0.6/0.9/1.2 ng g'. Triphenyltin concentration was calculated based on the calibration
curves obtained by plotting the area of the chromatographic peak vs the fortified concentration

as [Ph3Sn]".
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Inductively-coupled plasma optical emission spectroscopy (ICP-OES) experimental conditions

The studied sample was analyzed by ICP-OES using 0.1 g (by triplicate) which was placed in
a Teflon Vessel with a mixture of 4 mL HNO3, 1 mL HF, 1 mL of HCI and 2 mL of H20: for
the subsequent microwave digestion at a final temperature of 220 °C. After let it cool, 45 mL
of H20 were added and the solution was diluted with H20 20 times before the analysis. Tin
was determined in the aqueous solution using a Perkin-Elmer OPTIMA 8300 ICP-OES
spectrometer under standard conditions. This equipment consists of a radiofrequency source
(working at 1150 W and 40 MHz), a cross-flow nebulizer and a segmented-array charge-
coupled device (SCD) detector. The emission line used for the determination of tin was
189.927 nm. For the quantification of the amount of tin in the sample, a four-point external

calibration curves ranging from 2 to 20 pg g’ was used.
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Table S1. Tentative identification of polymer adduct ions observed in the sample studied using
Kendrick Mass Defect analysis, based on a scaling factor of ethylene oxide (EQO) (44.0000/44.0262)

Accurate mass Kendrick Kendrick Tentative Exact mass Error

(m/z) mass mass defect ion assignment (m/z) (ppm)
313.2343 313.0479 0.05 [C10H2,0(EO)s+Na]* 313.2349 2.0
357.2604 357.0478 0.05 [C10H2,0(EO)s+Nal* 357.2611 2.1
401.2866 401.0478 0.05 [C10H2,0(EO)s+Na]* 401.2874 1.9
445.3128 445.0478 0.05 [C10H2,0(EO)e+Na]* 445.3136 1.7
489.3393 489.0481 0.05 [C10H2,0(EO);+Nal* 489.3398 1.0
533.3660 533.0486 0.05 [C10H2,0(EO)s+Na]* 533.3660 0.0
577.3916 577.0480 0.05 [C10H2,0(EO)q+Na]* 577.3922 1.1
621.4171 621.0473 0.05 [C10H2,0(EO)10+Na]* 621.4184 2.1
665.4437 665.0477 0.05 [C10H2,0(EO)11+Na]* 665.4446 1.4
709.4689 709.0467 0.05 [C10H220(EO)12+Na]* 709.4709 2.8
753.4947 753.0463 0.05 [C10H220(EO)13+Na]* 753.4971 3.2
797.5215 797.0469 0.05 [C10H220(EO)14+Na]* 797.5233 2.2
841.5468 841.0460 0.05 [C10H2,0(EO)1s+Na]* 841.5495 3.2
417.2607 417.0124 0.01 [C10H2,0(EO)s+K]* 417.2613 1.4
461.2869 461.0124 0.01 [C10H2,0(EO)e+K]* 461.2875 13
505.3135 505.0128 0.01 [C10H2,0(EO)7+K]* 505.3137 0.4
549.3401 549.0132 0.01 [C10H2,0(EO)s+K]* 549.3399 -0.3
593.3657 593.0126 0.01 [C10H2,0(EO)o+K]* 593.3662 0.8
637.3914 637.0121 0.01 [C10H220(EO)10+K]* 637.3924 1.5
681.4178 681.0123 0.01 [C10H2,0(EO)11+K]* 681.4186 1.0
725.4432 725.0115 0.01 [C10H220(EO)12+K]* 725.4448 2.2
769.4686 769.0107 0.01 [C10H220(EO)13+K]* 769.4710 3.1
813.4956 813.0115 0.01 [C10H220(EO)14+K]* 813.4972 2.0
440.3575 440.0954 0.10 [C10H2,0(EO)s+NH,]* 440.3582 1.5
484.3840 484.0957 0.10 [C10H2,0(EO)e+NH,]* 484.3844 0.8
528.4109 528.0964 0.10 [C10H2,0(EOQ)7+NH,]* 528.4106 -0.6
572.4360 573.0953 0.10 [C10H22,0(EO)s+NH,4]* 572.4368 1.4
616.4620 616.0951 0.10 [C10H220(EO)9+NH,4]* 616.4630 1.7
660.4885 660.0954 0.10 [C10H220(EOQ)10+NH4]* 660.4893 1.1
704.5143 704.0950 0.10 [C10H2,0(EO)11+NH4]* 704.5155 1.7
748.5405 748.0950 0.10 [C10H2,0(EO)12+#NH4]* 748.5417 1.6
792.5667 792.0950 0.10 [C10H2,0(EO)13+NH4]* 792.5679 1.5

3
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Fig. S1. Simulation of isotope pattern distributions of (A) one, (B) two, (C) three and (D) four tin

atoms.

146



Capitol 2

[C36Hy,1¥Sn120Sn0O] [C5,H 7 11850,1205N0, ]+ [CogH,g'12Sn,1205n0,]
100 2 717.04160 _ 1083.06488 1109.04426
E MS Simulation E MS Simulation
90 ] 715.04129 A 90 3 B
E 719.04238 E
80 80 3
70 ; g7 ;
5 607 2607
E 7 2
a8 50 714.04247 Q50
<7 ~ <P
P ] 720.04511 [
2 40 Z 40
g 40 721.04409 5407
K] ] o 1
@ 30 o o 30
B 723.04493 B
0] 71204264 20
10 ’ ‘ 724.04807 4o ‘ ‘ ‘ \
o L1114 f ———— ‘l —t— 0’“‘\"!” \“M‘h‘\”\u \\\‘l\“\\\\\
710 715 720 725 1070 1080 1090 110 1110 1120 1130
m/z m/g

Fig. S2. Simulation of isotope pattern distributions of (A) [C36H315n,0]", (B) [CsaH47Sn302]* and
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most intense peak of the isotope cluster of [C3sH31'2°Sn*Sn0]*) and m/z 1083.0651 (the
most intense peak of the isotope cluster of [CssHa712°Sn18Sn,0,]%).

[PhsSn]* Triphenyltin chloride standard
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Fig. S4. DESI-MS/HRMS product ion scan of precursor ion at m/z 1109 obtained from (A)
triphenyltin chloride, (B) triphenyltin hydroxide and (C) bis(triphenyltin) oxide standards.
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Fig. $6. UHPLC-HRMS sample analysis. (A) sample mass spectrum at the retention time 3.4 min and
(B) sample mass spectrum at the retention time 10.6 min.
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2.3. DISCUSSIO DE RESULTATS

En aquest apartat es discuteixen els resultats dels treballs experimentals (Publicacions 111 i
1V) inclosos en aquest capitol referits a la utilitzacié de la técnica DESI-HRMS per a la
identificacio, per una banda, de drogues veterinaries i la deteccid6 de contaminacions
creuades en mostres de pinso i, per ’altra, a la possibilitat de caracteritzar compostos
desconeguts en un producte fitosanitari sospitds d’haver estat adulterat de forma fraudulenta
i del qual no es disposa d’informacio prévia. La discussié s’ha dividit en tres apartats:
estratégies de mostreig i manipulacio de les mostres, optimitzacié dels parametres de la font

DESI i utilitzacié de I’espectrometria de masses d’alta resolucio.

2.3.1. Mostreig i manipulacio de la mostra

Com s’ha comentat préviament, la utilitzacid de técniques Ambient MS possibilita dur a
terme 1’analisi directa de mostres sense cap tipus de processament previ, més enlla del que
té lloc in situ durant 1’analisi. També €s cert que, en alguns casos, és necessari realitzar una
minima manipulacié de la mostra per adequar-la a la técnica Ambient MS emprada. En
aquesta tesi s’ha afrontat I’analisi de dues mostres de caracteristiques molt diferents, un

pinso i una mostra liquida molt densa, que han obligat a utilitzar estratégies diferents.

En el cas de les mostres de pinso (Publicacio 11, apartat 2.2.1), a causa de la coneguda
variabilitat en la composicié entre els pel-lets del mateix lot, es va considerar necessari
triturar i homogeneitzar les mostres per tal d'analitzar una mostra composta que donés
resultats més representatius. Aquesta transformacié de les mostres en una polsina (pols fina)
va dificultar I’analisi directa per DESI, ja que el gas de nebulitzaci6 que assisteix la generacid
de I’esprai de gotes carregades provocava la dispersié del material, allunyant-lo del punt de
la superficie on incideix 1’esprai. Aix0 va provocar que resultés impossible el procés
d’extraccid i d’ionitzacid dels analits en l'analisi per DESI. Per tal de solucionar aquesta
problematica, en una primera fase es va optar per preparar pastilles compactant la mostra
(pols) mitjangant una premsa hidraulica (Figura 2.3A). Malauradament, malgrat que es van
fer proves amb diferents quantitats de mostra (entre 0.5 1 1.5 g) i emprant diferents pressions
de carrega (entre 10 i 15 T), les pastilles s’esquerdaven amb facilitat durant I’analisi per
DESI a causa de I’efecte del cabal del gas de nebulitzacio6 i acabaven provocant la dispersio
del material polsos i contaminant la font DESI. Tot i que 1’is d’aglutinants com la cera

permetia millorar la resisténcia de les pastilles, la resposta dels analits disminuia
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considerablement, probablement a causa que la cera emprada com a aglutinant en la pastilla
dificultava que I’esprai mullés la superficie i, per tant, feia més dificil el procés d’extraccio
i d’ionitzacié dels compostos presents a la superficie. De fet, altres autors han descrit un
efecte similar en 1’analisi directa de fulles (Muller et al., 2011; Thunig et al., 2011), on la
pel-licula de cera que recobreix la superficie dificultava tant la formacié adient de la
pel-licula liquida de dissolvent com [’extraccié dels compostos. Per evitar aquests
problemes, en aquesta tesi s’ha optat per dur a terme una extraccio solid-liquid de les mostres
de pinso en pols (Figura 2.3B) prévia a l'analisi DESI-HRMS. Es tracta d’una extraccid
simple 1 rapida que, a més, presenta |’avantatge addicional de permetre extreure
selectivament els analits en detriment de la matriu. Entre els solvents assajats, metanol i
acetonitril, aquest ultim va facilitar la disminucié dels efectes de supressio ionica en la
ionitzacié per DESI gracies a la seva major selectivitat en aquest problema analitic. A fi i
efecte d’afavorir I’extraccié de les diferents families de drogues veterinaries que poden
contenir compostos amb diferents caracteristiques fisicoquimiques (polaritat i acid-base), en
aquesta tesi es proposa emprar com a dissolvent extractant una mescla ACN/H20 (80/20,

v/v) amb un 1% d’acid formic.

Extraccié

calid —linnid

(A)

Pastilles

nremcadac

Figura 2.3. Estrategies de manipulacio de les mostres de pinso per a la seva analisi amb DESI-HRMS:
(A) pastilles premsades, (B) extraccié solid-liquid amb ACN/H,O (80/20, v:v) amb un 1% d'acid

formic.
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Com s’ha mencionat a la introducci6é d’aquest capitol, per a I’analisi de matrius liquides,
com [’extracte de les mostres de pinso o el producte fitosanitari, la naturalesa del substrat on
es diposita la mostra afecta a I’eficacia d’extraccio i d’ionitzacio dels compostos. En aquesta
tesi s’han avaluat tres superficies (substrats) que s’empren habitualment per a I’analisi de
matrius liquides amb DESI: vidre, politetrafluoroetilé (PTFE) imprés sobre vidre i paper de
filtre. Les millors respostes en 1’analisi dels extractes de les mostres de pinso es van obtenir
emprant el PTFE com a substrat (Figura 2.3B), ja que la baixa afinitat que presenta aquesta
superficie amb els analits facilita la transferéncia dels compostos des de la superficie a la
fase liquida. D’altra banda, la rugositat i baixa porositat que presenta aquesta superficie de
PTFE impresa sobre vidre permet reduir I’area que ocupa el volum d’extracte liquid
dipositat, de manera que augmenta la quantitat de matéria per unitat d’area i disminueix la
difusié del dissolvent de I’esprai primari que impacta sobre la superficie. Per a I’analisi de
drogues veterinaries en les mostres de pinso, 1’elevat percentatge de dissolvent organic
(acetonitril) de I’extracte a analitzar permet agilitzar el procés d’evaporacio previ a I’analisi
per DESI (<5 min en les tres superficies avaluades). Per contra, per a [’assecatge del producte
fitosanitari dipositat sobre les superficies de vidre i de PTFE es van necessitar més de 24 h,
probablement a causa de I’elevada viscositat d’aquest producte. Per aquest motiu, es aquest
cas es va emprar un paper de filtre com a substrat (Publicacio I11, apartat 2.2.1). L’elevada
capacitat d’absorcié del paper de filtre va facilitar la fixacié de la mostra en el suport i
I’evaporacio del dissolvent de la mostra, fent possible una disminuci6 significativa del temps
d’assecatge (<5 min) i, per tant, també de I’analisi. Atesos els bons resultats emprant el paper
com a substrat per a I’analisi d’aquesta mostra per DESI, amb posterioritat a la Publicacio
1V (apartat 2.2.2) s’han realitzat algunes proves emprant la técnica paper spray (PS), tal com
es pot apreciar a la Figura 2.4, on es mostra el dispositiu utilitzat al laboratori per dur a terme

aquests experiments amb PS. En aquest muntatge es fa servir un clip de coure tant per

Figura 2.4. Muntatge de la font PS emprat per a I’analisi del producte fitosanitari.
Dimensions del paper cromatografic Whatman 31ET: 10 mm d’al¢ada i 8 mm de base.
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subjectar el paper de forma triangular on s’ha dipositat la mostra (~ 0.1 g), com per

subministrar el potencial necessari per a la generacio6 de ’electroesprai a la punta del paper.

2.3.2. Optimitzacioé de les condicions de treball en DESI

En DESI, I’optimitzacio6 dels parametres operacionals de la font juga un paper important pel
que fa a la sensibilitat de la metodologia desenvolupada. La velocitat, la composicié quimica,
la mida, la carrega i la distribucio de les microgotes de I’esprai primari que impacten en la
superficie tenen una relacid de causa i efecte directa amb I’extraccio, la desorcid i la
transferéncia dels analits cap a I’interior de I’espectrometre de masses. Per a I’optimitzacio
dels parametres operacionals de la font DESI, en aquesta tesi s’han seguit diferents
estratégies en funcid del problema concret plantejat. Aixi, en el métode establert per a
I’analisi de drogues veterinaries (Publicacio 11, apartat 2.2.1), pel qual es disposa de patrons,
es va emprar un extracte de pinso blanc fortificat amb alguns dels compostos en estudi. En
canvi, per a I’establiment de les condicions de treball per a I’analisi del producte fitosanitari
(Publicacio 1V, apartat 2.2.2), atesa la manca d’informacié sobre la composicio i la
naturalesa quimica de la mostra per establir els parametres de la font DESI (procediment que
s’especifica en D’apartat 2.2.1), s’han emprat com a punt de partida els parametres
operacionals préviament optimitzats per a la deteccidé de contaminacions creuades en les
mostres de pinso. Amb I’objectiu d’aconseguir realitzar una optimitzacié individualitzada
dels parametres operacionals de la font DESI, en ambdods casos es va establir una
configuraci6 inicial dels parametres geométrics utilitzant un retolador vermell que conté
Rodamina 6G, un colorant fluorescent que s’ionitza facilment en mode positiu generant un
i6 a m/z 443.2329 que correspon a la molécula protonada de Rodamina 6G [M+H]". La
coloracio del retolador aixi com la resposta estable d’aquest compost faciliten el
posicionament de I’esprai sobre la zona del substrat en qué es pretén realitzar I’analisi. Com
es descriu en la discussi6 de resultats de la Publicacio 111 (apartat 2.2.1), entre els parametres
de la font DESI que afecten d’una forma més critica a la sensibilitat dels métodes DESI en
destaquen: la composicié quimica del dissolvent, I’angle i la distancia de I’esprai en relacié
amb la superficie (o, di), el cabal del dissolvent i del gas de nebulitzacio, el potencial
d’ionitzaci6 i, com ja s’ha esmentat préviament, el tipus de substrat. A la Taula 2.1 es
resumeixen les condicions de treball DESI emprades en ambdues metodologies

(Publicacions 111 i IV) aixi com les condicions optimes de treball que es troben descrites en
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alguns treballs de la literatura que se centren en ’estudi del fonament i en les caracteristiques

de la técnica DESI.

Taula 2.1. Parametres operacionals emprats en 1’analisi dels extractes de les mostres de pinso i
del producte fitosanitari i valors optims dels parametres DESI recomanats a la literatura (Green

etal., 2010, 2009; Takats et al., 2005; Venter et al., 2006)

Parametre operacional Pinso en pols Producte Dades de la
P P fitosanitari literatura
Extracte de la mostra en
Matriu que s'analitza ACN/H,0 (80/20, v:v)  Mostra —
amb 1% acid formic
Analits Drogues veterinaries Compostos Compostos. (.je
desconeguts polaritat mitjana/alta
Substrat PTFE Paper de filtre PTFE, vidre
Dissolvent de I'ESI primari ACN/H:0 ACN/H:0 ACN, MeOH/H,0
P (80/20, v:v) (80720, v:v) (50/50 a 90/10, v:v)
Cabal del dissolvent 2.5 uL min! 3.5 uL min’! 0.1-3 uL min"!
Pressio del gas de nebulitzacié 9 bar 8 bar 7-10 bar
Potencial d’ionitzacio 4.8 kV (pos/neg) 4.5/5kV (pos/meg) 1-5kV
Angle del capil-lar de I'ESI (o) 55¢ 55° 40-70°
Distancia del capil-lar
ESUsuperficie (d1) 1.7 mm 2.0 mm 1.0-3.0 mm
Distancia de la zona
d’impacte/entrada MS (d2) 5.0 mm 3.5 mm 3.0-5.0 mm
Distancia superficie/entrada MS 1.0 mm 1.0 mm 1.0-2.0 mm
(d3)
Temperatura del capil-lar 250 °C 250 °C 200-350 °C
Punt fix/mobil

. , . —

Tipus d’escaneig DESI Punt fix (250 pm s

L’eficacia d’extraccié i d’ionitzacid6 en DESI depén de la solubilitat dels analits en el
dissolvent de I’electroesprai primari. Per tant, és coherent que la maxima intensitat del senyal
de les drogues veterinaries s’hagi obtingut emprant ACN/H20 (80:20, v:v) com a dissolvent.
Aquesta mescla de dissolvents és la mateixa que la utilitzada en I’etapa d’extraccio, tot i que
s’ha eliminat 1’acid que, com es mostra en la Figura 2A de la Publicacio 11l (apartat 2.2.1),
fa disminuir drasticament la resposta de tots els compostos model, fins i tot la dels compostos
basics que s’ionitzen en mode positiu donant 1'i6 [M+H]". Un augment de la mida de les
microgotes carregades a causa de la major forca ionica del dissolvent acidificat, que
n’augmenta la tensio superficial, pot ser la causa de la disminuci6 del senyal. D’altra banda,

la composicid quimica del dissolvent té una relacio directa amb la dinamica de les
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microgotes carregades i amb I’eficacia d’ionitzacié de la font DESI, ja que un elevat
percentatge de dissolvent organic fa disminuir la mida de les microgotes i facilita la desorcio
dels analits en l'electroesprai secundari. Tenint en compte les millores d’eficacia en la
ionitzacié quan s’augmenta la proporcié del component organic en el dissolvent de 1’esprai
i, atesa la capacitat de la mescla ACN/H20 (80/20, v:v) d’extraure compostos d’un ampli
interval de polaritats, aquesta també es va utilitzar en 1’analisi del producte fitosanitari

(Publicacio 1V, apartat 2.2.2).

Com es pot observar a la Taula 2.1, els valors dels parametres operacionals de I’esprai
primari emprats en les dues aplicacions estudiades (cabal del dissolvent, pressi¢ del gas de
nebulitzacié i potencial d’ionitzacio) son diferents. Per a ’analisi dels extractes de les
mostres de pinso dipositats en PTFE, el valor optim del cabal del dissolvent és inferior a
I'emprat en 1’analisi del producte fitosanitari viscos impregnat en el paper de filtre, mentre
que en l’analisi de les mostres de pinso la pressié del gas de nebulitzacidé €s superior.
Aquestes diferencies es deuen essencialment a les propietats del substrat; atés que el paper
de filtre presenta una major capacitat d’absorcié que el PTFE, cal augmentar el cabal del
dissolvent i disminuir la pressid del gas de nebulitzacio per tal d’incrementar la mida de les
microgotes i, per tant, I’acumulacié de liquid a la superficie, que és imprescindible per a que
es pugui generar la pel-licula de dissolvent on tenen lloc els processos d’extraccid i

d’ionitzacio dels analits.

Pel que fa als parametres geométrics, els més critics son 1’angle (o) i la distancia (di) de
I’electroesprai primari respecte a la superficie. A la Figura 2.5 es mostra, a mode d’exemple,
I’efecte de a i di en la deteccio de les drogues veterinaries en 1’extracte de la mostra blanca
de pinso fortificada. Les millors respostes es van obtenir per angles d’incidéncia entre 55 1
60°, valors en que la trajectoria de ’esprai primari també afavoreix la generacio de les
microgotes secundaries i la transferéncia dels ions cap a I’entrada de I’espectrometre de
masses (Figura 2.5B). D’altra banda, la resposta de les drogues veterinaries es va veure
afavorida en augmentar la distancia di fins a 1.7 mm. A distancies curtes, la baixa resposta
dels analits pot explicar-se per I’alta velocitat de les microgotes i I’efecte del gas, que
dificulta la formacié de la pel-licula de liquid en la superficie on té lloc I’extraccid i la
ionitzacid dels analits. A distancies per sobre del valor optim, la baixa energia cinética de
I’esprai primari aixi com la possible evaporacio de les microgotes, que pot provocar la re-
deposicio del material extret durant 1’etapa d’extraccio, poden explicar la disminucio6 de la

resposta de les drogues veterinaries. Pel que fa a I’analisi del producte fitosanitari, es van
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utilitzar uns parametres geometrics similars als anteriors excepte en la distancia di, que es
va augmentar fins a 2.0 mm per tal d’afavorir ’acumulacié de liquid en la superficie del

paper impregnat amb la mostra.

(A) —o—MON [M+Na»  (B) —&— MON [M+Na*
—0—TIA [M+H]* —0—TIA [M+H]*

—8— NAR [M+Nal* —@— NAR [M+Na]*
120 - 120 A +
TIL [M+H]* TIL [M+H]
100 A —o—gsp [M+H]" 100 —o—ksp [M+H]

o]
o

T

D
o

Abundanciarelativa (%)
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[

N
o
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45 50 55 60 65 70 75 1 1.5 2 25 3
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Figura 2.5. Abundancies relatives de 5 drogues veterinaries a diferents parametres geomeétrics del metode
DESI-HRMS en mode positiu. (A) I’angle d’incidéncia (a) i (B) distancia de ’esprai primari a la
superficie.

Com s’ha comentat a la introduccio, la font comercial DESI 1D (Prosolia Inc.) emprada en
aquesta tesi permet utilitzar diferents modes d'escombratge de la superficie. En aquesta tesi,
s’ha treballat emprant ambdos modes, I’estatic i el dinamic. En I’analisi de drogues
veterinaries per a la deteccid de contaminacions creuades (Publicacio 111, apartat 2.2.1), la
millor resposta dels ions es va obtenir treballant en mode estatic, analitzant durant 30 segons
la zona central de la superficie de PTFE on s’ha dipositat I’extracte, punt de la superficie en
que la quantitat de mostra és maxima. En canvi, en 1’analisi del paper de filtre impregnat
amb el producte fitosanitari es van observar diferéncies significatives en els espectres de
masses obtinguts en utilitzar ambdos modes. Com es pot observar a la Figura 2.6B, en
analitzar la mostra en el mode dinamic es va detectar la preséncia dels tres ions seleccionats
amb masses nominals a m/z 533, m/z 717 i m/z 1083 durant tot el temps de mesura (1 min).
En canvi, en analitzar la mostra en mode estatic (Figura 2.6A), no es va detectar la preséncia
dels ions a m/z 717 i m/z 1083 fins passats els primers 42 segons d’analisi. Com es comenta
ala Publicacio IV (apartat 2.2.2), el procediment estatic permet millorar la resposta dels ions
am/z 717 1 m/z 1083 (compostos organoestannics identificats a la mostra) quan s’augmenta
el temps de lectura en el mateix punt de mostreig, fet que pot tenir una relacié directa amb
una certa neteja de la superficie de la mostra durant el primer periode de I’analisi. En aquesta

primera etapa, el dissolvent de l’esprai DESI sembla que podria estar provocant la
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Figura 2.6. Perfils corresponents a la corrent total d’ions i a les corrents dels ions a diferents m/z (5
ppm d’error) obtinguts en analitzar la mostra fitosanitaria emprant DESI-HRMS: (A) mode estatic i
(B) mode dinamic.

disminuci6 continuada del compost poliméric (m/z 533) a la superficie, fet que podria reduir
I’efecte de supressio de la ionitzacio del compost organoestannic (ions m/z 717 i m/z 1083)
per part del polimer present a una concentracido molt més elevada. Aquesta disminuci6 del
compost polimeric també podria disminuir la tensio superficial de les microgotes de I’esprai
secundari, la qual cosa facilitaria el procés d’evaporaci6 ionica dels ions organoestannics
generats a la fase liquida. A més, 1’analisi en el mode estatic ha permes detectar la preséncia
d’ions organoestannics amb un unic atom d’estany (Figura 3 de la Publicacio 1V, apartat

2.2.2), els quals no s’havien observat treballant en el mode dinamic.

Aquestes diferéncies en 1’eficacia d’extraccid i d’ionitzacié dels compostos al llarg de
I’analisi per DESI del producte fitosanitari també s’han observat en les proves realitzades
amb la técnica paper spray (PS). Aixi, a la Figura 2.7A es mostra el cronograma de ’analisi
per PS-HRMS en mode positiu on es poden diferenciar dues zones: la Zona 1, on la presencia
del dissolvent que s'ha aplicat és maxima i la Zona 2, on s’ha esgotat la major part del
dissolvent. Com es pot observar a la Figura 2.7B, en la Zona 1 es detecten majoritariament

els ions caracteristics del polimer (distribucio centrada en 1’16 a m/z 577.3922), mentre que
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I’abundancia relativa dels ions a m/z 717.0421 i m/z 1109.0445 (ions organoestannics)
augmenta considerablement en 1’espectre de masses adquirit en la Zona 2 (figura 2.7C).
Aquest increment en la resposta podria associar-se a un canvi en el mecanisme d’ionitzacio
en comptes d’una disminucié de 1’efecte de supressid de la ionitzacio, aspecte que es

discuteix amb més detall en el Capitol 3.
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Figura 2.7. Analisi del producte fitosanitari emprant la tecnica PS-HRMS: (A) Perfils corresponents a la
corrent total d’ions i a les corrents d’ions seleccionats (5 ppm d’error), (B) espectre de masses mitja obtingut
entre els minuts 2 1 3, (C) espectre de masses mitja obtingut entre els minuts 3 i 4. Condicions de I’analisi:
10 uL de mostra dipositats al paper, distancia de 4 mm entre la punta del paper i el capil-lar d’entrada a
I’espectrometre de masses, 150 pL de dissolvent ACN-H,O (80/20, v.v) i un potencial de 4 kV.
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2.3.3. Espectrometria de Masses d’alta resolucio

La complexitat de les matrius de pinso i del producte fitosanitari aixi com la minima o nul-la
manipulaci6 realitzada préviament a 1’analisi d’ambdues mostres suposa que els espectres
de masses obtinguts siguin més complexos. En aquest marc, la utilitzaci6 de I’espectrometria
de masses d’alta resolucio resulta molt adequada. Com ja s’ha comentat, en aquesta tesi s’ha
emprat la técnica DESI en un espectrometre de masses hibrid Q-Exactive (quadrupol-
Orbitrap). En ambdues metodologies DESI-HRMS desenvolupades, els espectres de masses
s’han adquirit en el mode de full scan a resolucions superiors a 70,000 FWHM (m/z 200).
Aquesta elevada resolucié ha permes obtenir una molt bona exactitud en la mesura de la
massa (< 2-3 ppm) i una Optima separacio dels ions i dels clusters isotopics, cosa que ha
proporcionat una elevada selectivitat per a la deteccid/identificacio de les drogues
veterinaries 1 per a la caracteritzacid dels compostos desconeguts en el producte fitosanitari,
a més d'una sensibilitat suficient per detectar les contaminacions creuades en les mostres de
pinso. Cal esmentar que en aquesta tesi s’ha utilitzat un temps d’acumulacio (injection time)
dels ions en el C-Trap de 300 ms, valor que es troba molt per sobre al que s’utilitza
habitualment en les analisis emprant la font convencional ESI (50 ms). Aix0 és degut al fet
que en DESI la produccié d’ions en el procés de desorcid/ionitzacié és molt menor que en
ESI. El temps d’acumulacio6 afecta directament a la sensitivitat del métode quan s’utilitzen
espectrometres de masses que es basen en I’emmagatzematge de paquets d’ions, com ho és
el Q-Exactive, de manera que el temps d’acumulacié estableix el temps maxim en que els
ions son acumulats a la C-Trap. Com es comenta a la Publicacio Il (apartat 2.2.1), cal
augmentar el valor d'aquest parametre per garantir una acumulaci6 suficient d’ions a la C-
Trap, els quals son enviats en forma de paquet d’ions a I’Orbitrap per obtenir un espectre de

masses de qualitat.

Considerant la ja esmentada gran quantitat d’informacié (ions) que s’obté en els métodes
d’escombratge en DESI, és necessari emprar estratégies que permetin tractar les dades d’una
manera facil i eficag per tal d’identificar els compostos presents en les mostres. Per a 1’analisi
de les drogues veterinaries en les mostres de pinso, en aquesta tesi s’ha emprat el programari
ExactFinder (ThermoFisher Scientific) per interrogar les mostres analitzades. Aixi, els
espectres de masses de full scan obtinguts per a cadascuna de les mostres s’han comparat
amb la informacié continguda en una base de dades que s’ha construit en aquesta tesi a partir
de la informaciéo més rellevant d'espectrometria de masses obtinguda per les més de 60

drogues veterinaries que s’utilitzen habitualment en la produccido de pinsos medicats.
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Aquesta informaci6 és producte tant de les dades experimentals dels compostos dels quals
se’n disposen patrons comercials, com de les dades extretes de la literatura. En la base de
dades s’ha inclos per a cada compost el nimero CAS, la composicid elemental, I’estructura
quimica, el mode d’ionitzacié (positiu/negatiu) aixi com els ions esperats (molécula
protonada/desprotonada, tipus d’adductes i la possible preséncia d’ions producte com a
conseqiiencia d’una fragmentacié a la font d’ionitzacio). Els criteris emprats per a la
identificacio de les drogues veterinaries s’han basat en: un error en la mesura de la massa
exacta inferior a 5 ppm, una relacié senyal-soroll minima 3:1 i un coeficient de semblanca
del cluster isotopic superior al 80%. En base a aquests criteris, es va detectar la preséncia de
contaminacions creuades per sobre dels nivells legislats en un 28% de les 50 mostres de
pinsos (medicats i no medicats) analitzades amb el metode DESI-HRMS (resultats inclosos
alaTaula 1 de la Publicacio 111, apartat 2.2.1). A més, la posterior analisi de totes les mostres
de pinso amb un métode d’UHPLC-MS/MS préviament establert va posar de manifest
I’abséncia de falsos positius/negatius en els resultats obtinguts per DESI-HRMS, la qual cosa
permet proposar-lo com un métode rapid de cribratge per augmentar el rendiment dels

laboratoris de control.

Com ja s’ha esmentat a la introduccidé d’aquest capitol, I’estratégia proposada per a I’analisi
de compostos desconeguts pot variar en funci6 del problema analitic. En el cas concret de
I’analisi del producte fitosanitari emprant la técnica DESI-HRMS (Publicacio 1V, apartat
2.2.2) es va detectar la preséncia d’una série d’ions amb un perfil de distribuci6 caracteristic
de polimers de baix pes molecular equidistants 44.0262 unitats de m/z, cosa que indicava
una possible unitat de repeticié d’oxid d’etilé (44.0262 Da). En aquesta tesi s’han analitzat
les dades de I’espectre de masses obtingut (Figura 1, Publicacio 1V, apartat 2.2.2) utilitzant
I’estratégia del defecte de massa de Kendrick (KMD). Per a tal proposit, s’han convertit els
senyals de m/z detectats en 1’espectre de masses DESI-HRMS a I’escala de Kendrick
modificada en base a la unitat de repeticié d’oxid d’etilé (les equacions s’indiquen a I’apartat
experimental de la Publicacio V). La representacio grafica de les dades del KMD vs la massa
nominal de Kendrick (NKM) ha permes visualitzar tres séries horitzontals d’ions que
contenen 1’0xid d’etilé com a unitat de repeticio (Figura 2A, apartat 2.2.2). Amb 1’objectiu
d’identificar la composici6é elemental de cada una d'aquestes série d’ions, a més s’han
calculat les masses nominals de Kendrick residuals (RNKM), les quals no depenen de la
unitat de repetici6. En la representaci6 grafica que es mostra a la Figura 2.8 A es pot observar

que els ions de les series observades convergeixen en diferents valors de RNKM (5, 21 1 44),
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cosa que indica diferéncies entre les seves estructures quimiques troncals i/o en el tipus
d’adducte generat. La diferéncia en la massa exacta mitjana mesurada entre els diferents ions
homolegs ha permes concloure que es tractaven d'adductes de diferent naturalesa. Aixi, la
diferéncia entre les masses exactes experimentals de la primera i la segona série d’ions
concorden amb la tedrica entre adductes de sodi i potassi (15.9772 Da), mentre que la
comparacio entre les masses dels ions de la segona i tercera série ha permes assignar a
aquests ultims com adductes d’amoni. Les identificacions dels adductes ha permes concloure
que a la mostra només hi era present un sol polimer de composicié elemental
(C10H220(EO)n). Com es pot observar a la Figura 2.8B, en sostraure la contribucio6 en la
massa de 1'id que s'ha adductat (Na“, K', NH4") tots els ions de les diferents séries

coincideixen amb els mateixos valors de KMD 1 RNKM.
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Figura 2.8. Representaci6 grafica basada en 1’analisi del defecte de massa de Kendrick dels
ions corresponents a les series polimériques detectades en 1’espectre de masses obtingut en
I’analisi del producte fitosanitari per DESI-HRMS: (A) grafic KMD vs RNKM, (B) grafic
KMD vs RNKM (calculats sense considerar la massa de I'i6 que s'ha adductat).
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Abundancia relativa (%)

Abundancia relativa (%)

Draltra banda, I’analisi de les dades emprant el defecte de massa de Kendrick també ha posat
de manifest la preséncia d’ions que no presenten cap distribucié polimérica (Figura2 Ai B,
Publicacio 1V, apartat 2.2.2), identificats com distribucions isotopiques caracteristiques de
compostos organometal-lics en 1’espectre de masses DESI-HRMS. Comparant els perfils
isotopics detectats amb els teorics s’han pogut confirmar que es tractaven d'ions
organoestannics (Figura 3, apartat 2.2.2). A més, I’estudi dels clusters isotopics d’aquests
ions organoestannics ha permes determinar el nombre d’atoms d’estany en la composicio
elemental d’aquests ions. A mode d’exemple, la Figura 2.9 mostra les distribucions
isotopiques dels ions detectats en el mode positiu a m/z 351.0188 i m/z 717.0411, que
coincideixen amb els perfil teorics d’ions organoestannics caracteristics d’un i dos atoms

d’estany, respectivament, mentre que la distribucié isotopica de 1’'i6 a m/z 1083.0639

coincideix amb la simulada per a 3 atoms d’estany.
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Figura 2.9. Distribucions isotopiques dels ions organoestannics a m/z 351.0188, m/z 717.0411 i m/z
1083.0639 observats en I’espectre de masses DESI-HRMS en mode positiu (a dalt) i els seus respectius

clusters isotopics simulats (a baix).
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La informacio obtinguda dels perfils isotopics, combinada amb les mesures de massa exacta,
ha facilitat I’assignacié de les composicions elementals dels diferents ions organoestanics
disminuint, aixi, el nombre de possibles candidats. Tanmateix, per a la caracteritzacio
d’aquests ions s’ha obtingut informacio estructural realitzant experiments de tandem DESI-
MS/HRMS en el mode positiu. Amb [’objectiu de mantenir la informacio de les
distribucions isotopiques en els espectres d’ions producte, en aquesta tesi s’han seleccionat
en el quadrupol finestres d’aillament pels ions precursors suficientment grans com per
permetre abragar tots els isotops (de m/z 12 per als ions precursors amb tres i dos atoms
d’estany i de m/z 5 per als ions precursors amb un atom de Sn) del cluster isotopic. En tots
els espectres de masses d’ions producte de tots els ions que contenen estany (Figura 4A,
Publicacio 1V, apartat 2.2.2) es va observar la preséncia d’un 16 producte comtl amb massa
nominal 351. En I’espectre de masses DESI-MS/HRMS obtingut en fragmentar aquest i6 es
van observar els ions producte a m/z 196.9408 i m/z 119.9017. Les diferéncies entre 1’i6
precursor (m/z 351.0187) i I’i6 producte (m/z 196.9408) (4dm/z 154.0779) aixi com la
diferéncia entre ambdos ions producte (4m/z 77.0391) es van poder assignar, respectivament,
a les pérdues de dos i d’un grup fenil, cosa que ens va permetre suggerir la preséncia d’un
compost de trifenilestany (Ph3SnR) en el producte fitosanitari. De fet, els compostos de
trifenilestany encara que van ser extensament utilitzats com a fungicides agricoles per les
seves propietats biocides, actualment el seu Us es troba restringit per la Comissié Europea
donada la seva elevada toxicitat en el medi aquatic i 1’alt potencial de bioacumulacid i
persisténcia en els sediments (EU directive, 2009). Un dels possibles compostos a considerar
¢és I’hidroxid de trifenilestany, atés que 1’espectre de masses de tandem de 1’16 precursor a
m/z 391.0115 ha permés caracteritzar aquest i com [PhsSnOH+Na]". A més, la baixa
energia de col-lisio necessaria per fragmentar els ions a m/z 717.0405 i m/z 1083.0635
observat a I’espectre de full scan, aixi com la deteccid d’ions producte comuns en ambdds
espectres de masses de tandem, suggereix que aquests ions podrien correspondre a la
formacio d’agregats de I’hidroxid, [(Ph3Sn):OH]" i [(Ph3Sn)3(OH):2]", respectivament.
Tanmateix, 1’0xid de bis(trifenilestany) també podria considerar-se un dels possibles
candidats, ja que 1’16 a m/z 717.0405 també podria correspondre a la molécula protonada
d'aquest compost [PhsSnOSnPhs+H]" i I’i6 a m/z 1083.0635 podria atribuir-se al complex
entre 1’i6 [Phs3SnOSnPhs+H]" i una molécula de PhsSnOH. D’altra banda, és important
comentar la preséncia de 1'i6 a m/z 1109.0434 en I’espectre de full-scan del producte

finosanitari (Figura 3A, Publicacio 1V, apartat 2.2.2). Aquest i6 s’ha assignat
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temptativament a un agregat [(Ph3Sn);OCO2]", que pot provenir de la interaccid entre els
ions [Ph3Sn]" i una molécula de CO2 de I’atmosfera. Aquest i6 no s’ha observat emprant la
font ESI convencional, en la qual 1'ionitzacio te lloc en un ambient més tancat. En canvi,
aquest 10 si que s’ha detectat en analitzar la mostra amb la técnica paper spray que, com la
font DESI, opera en un entorn molt més obert. Per ultim, atés que en ’espectre de masses
DESI-HRMS en mode negatiu es detecten ions organoestannics que contenen clorurs en la
seva composicio elemental, com ara 1’16 a m/z 430.9852 [Ph3SnClz], també¢ s’ha considerat
la possible preséncia de clorur de trifenilestany a la mostra com un altre potencial candidat.
L’analisi per DESI-HRMS(/MS) dels patrons dels compostos sospitosos (clorur de
trifenilestany, hidroxid de trifenilestany i 0xid de bis(trifenilestany) va permetre descartar el
clorur de trifenilestany com a candidat, donat que es van observar diferéncies significatives
en els espectres de masses d’ions producte del patrd i de la mostra en fragmentar 1’16 a m/z
1109.0445 (Figura S4, Publicacio 1V, Informacié suplementaria). Per tant, el producte
fitosanitari podria ser una mescla de [I’hidroxid de trifenilestany 1 [’0xid de
bis(trifenilestany), que es poden trobar en equilibri en la mostra atés que el primer es pot

obtenir per hidratacié del segon.

La identificacid i caracteritzacid dels compostos del producte fitosanitari duta a terme en
aquesta tesi per DESI-HRMS ha possibilitat la posterior quantificacié de trifenilestany en la
mostra per UHPLC-HRMS i ICP-OES emprant un tractament de la mostra adequat.
Finalment, cal esmentar que la concentraci6 a la que es va detectar la preséncia d’aquest
compost en la mostra va ser de 120 vegades superior al nivell maxim legislat (<0.1% Sn)

(EU directive, 2009).
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3.1. INTRODUCCIO

En els darrers anys, el nombre de noves técniques Ambient MS ha anat augmentat
exponencialment i, avui dia, ja se’n descriuen més de 80. Algunes de les raons d’aquest
increment son la simplicitat en el disseny i el baix cost que suposa la implementacio
d’aquestes tecniques en els laboratoris analitics. A més, una caracteristica interesant és que,
en molts casos, és facil adequar/modificar el meétode Ambient MS a I’estratégia de mostreig,

a les propietats dels compostos que es pretenen detectar o al tipus de matriu que s’analitza.

Com es comenta en el Capitol 1 d’introduccié d’aquesta tesi, en les estratégies de mostreig
per a I’analisi emprant metodologies Ambient MS sovint s’utilitzen estris com ara agulles,
hisops, escuradents, capil-lars de vidre o papers cromatografics. Aquests estris permeten, per
exemple: analitzar mostres que tenen una mida tant gran que excedeix I’espai disponible del
sistema instrumental per a dur a terme I’analisi directa de la superficie, assegurar la
representativitat del resultat mitjancant el mostreig de diferents punts d’una superficie
emprant el mateix estri o permetre la presa de mostres biologiques, com ara teixit huma o
saliva, entre d’altres. El mostreig amb aquests estris s’ha emprat en el desenvolupament de
metodologies basades en les tecniques DESI, DART, DAPCI o DBDI o LTP, mitjangant les
quals es realitza 1’analisi de superficie de la mostra dipositada/adsorbida sobre I'estri
(Hagenhoff et al., 2017; Hall et al., 2017; Kern et al., 2018a; Khatami et al., 2017).
Tanmateix, aquest tipus d’estris també s’han utilitzat en el desenvolupament de noves
técniques Ambient MS on el propi estri s’utilitza com a sonda d'electroesprai. La probe
electrospray ionizaton (PESI), la touch spray (TS) o el paper spray (PS) sén algunes de les
tecniques Ambient MS basades en la ionitzacid per electroesprai emprant sondes,
normalment amb forma punxeguda, que s’utilitzen tant en l'etapa de mostreig com en la
d’ionitzacio, ja que la ploma de I’electroesprai es genera directament a la punta de la sonda
en aplicar-hi un volum determinat de dissolvent i un elevat potencial. Aquestes técniques
presenten un disseny significativament més senzill que la DESI o la DART, ja que no és
necessari 1’us de gasos durant el procés d’ionitzacid i, fins i tot en alguns casos, no es
requereix 1’s de dissolvents, com és el cas de la técnica PESI, on tinicament cal introduir la
punta d’una agulla metal-lica on s’ha dipositat la mostra humida o liquida en la font
d’ionitzacid. En I’analisi de les mostres liquides per PESI, el mostreig es realitza de forma
automatitzada, introduint I’agulla en el recipient que conté la mostra. En canvi, en la técnica
TS la presa de mostra (matrius solides o liquides) es realitza offline, fregant o punxant la

mostra amb l'agulla per tal que hi quedi adherida, cosa que permet realitzar el mostreig en el
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mateix lloc on es troba originalment la mostra. Aquesta agulla pot ser emmagatzemada per
a la seva posterior analisi al laboratori, on simplement se li aplica un volum de dissolvent
petit (< 100 puL) i un elevat potencial per tal de generar la ploma de 1’electroesprai a la punta
(Alfaro et al., 2016; Kerian et al., 2014). Aquestes agulles també poden substituir-se per
altres tipus de sondes, com ara els hisops medics, que son els més adequats per a I’analisi de
matrius biologiques. Els hisops medics s’utilitzen habitualment en el camp de ’analisi
clinica, sobretot per dur a terme proves de cultius per a la detecci6 d’infeccions bacterianes.
A més, es troben disponibles comercialment com a dispositius medics de la classe IIA (poden
estar en contacte amb teixit huma durant un maxim de 60 minuts) i la presa de mostra és
minimament invasiva. Tot i els avantatges que presenten aquestes técniques Ambient MS
basades en sondes, cal apuntar que és dificil conéixer exactament la quantitat de mostra que
queda dipositada (adsorbida) en el dispositiu. En canvi, en la técnica PS, on la punta del
paper emprat com a substrat actua com a sonda de I’electroepsrai, el volum de mostra
dipositat en el paper €s perfectament conegut i, a més, €s possible 1’addicié d’una quantitat
coneguda de patr6 intern a la mostra liquida o a I’extracte d’una mostra solida,
caracteristiques que fan que aquesta técnica s'hagi emprat per al desenvolupament de
metodes quantitatius (Domingos et al., 2017b; Jeong et al., 2016; Kennedy et al., 2018;
Teunissen et al., 2017).

Com s’ha posat de manifest en els comentaris anteriors, les técniques Ambient MS que
empren sondes/substrats normalment utilitzen I'electroesprai per a la ionitzacio. En aquests
casos, la formacid d’ions es produeix en la fase liquida, normalment emprant dissolvents
hidro-organics, la qual cosa fa que resultin poc adequats per a la ionitzacié de compostos de
baixa polaritat o que no presentin caracteristiques acid-base que afavoreixin l'intercanvi
protonic. Tanmateix, en algunes d'aquestes técniques és factible 1’analisi de compostos de
baixa polaritat. Aixi, per exemple, en el cas concret de la técnica PS, si bé el mecanisme
d’ionitzacié més habitual és I'electroesprai, alguns autors han demostrat que és possible la
ionitzacidé de determinats compostos que presenten dificultats per ionitzar-se mitjangant
aquest mecanisme si s’utilitzen dissolvents apolars, com ara el tolue, el diclorometa o I'hexa,
entre d'altres (Li et al., 2011). L’aplicacié d'un potencial elevat en preséncia de dissolvents
aprotics, que impossibiliten ’intercanvi protonic, permet la generacié d’ions en fase gas,
possiblement per un mecanisme de desorcid/ionitzacié per camp o d’ionitzacidé quimica
mitjancant la formacidé d’una descarrega de corona a la punta del paper emprat com a

substrat. En aquest context, la simplicitat en el disseny del sistema de PS permet que la seva
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configuracié original es pugui modificar facilment al laboratori per tal d’adequar el
mecanisme d’ionitzacié als compostos d’interés o, fins i tot, combinar el mecanisme
d'electroesprai amb altres mecanismes d’ionitzacié que tenen lloc en la fase gas, per tal de
detectar compostos d'un rang de polaritats més ampli. Per exemple, alguns autors proposen
incorporar una agulla connectada a un alt potencial sobre el paper triangular per tal
d’augmentar i focalitzar el camp eléctric entre la punta del paper i I’entrada a I’espectrometre
de masses 1 afavorir, aixi, la ionitzacié/desorcié per camp, en comptes del mecanisme

d’electroesprai (Aronco et al., 2016).

Com s’ha posat de manifest a la Introduccié d’aquesta tesi, ja des de I’inici de les técniques
Ambient MS s’han utilitzat tant I’electroesprai (ESI) com la ionitzacié quimica a pressid
atmosférica (APCI) per a la ionitzacio. La fotoionitzacid a pressio atmosfeérica (APPI),
técnica alternativa a I’ APCI que resulta molt eficient per a la deteccié de compostos de molt
baixa polaritat, també s’ha utilitzat en les técniques Ambient MS (Kauppila et al., 2017). De
forma similar a la font APPI convencional emprada en les metodologies LC-MS, en les
técniques Ambient MS basades en APPI, com ara la desorption atmospheric pressure
photoionization (DAPPI) o la laser-ablation atmospheric pressure photionization
(LAAPPI), s’utilitza una lampada d'ultraviolat (UV) de Criptd que emet fotons de 10-10.6
eV d’energia, els quals desencadenen una série de reaccions en la fase gas que possibiliten
la ionitzaci6 dels compostos d’interés. Encara que I'etapa d’ionitzacid €s similar, aquestes
dues teécniques es diferencien en el procés pel qual les molécules neutres de la superficie de
la mostra son transferides a la fase gas. En la técnica DAPPI, el dissolvent escalfat i
nebulitzat amb assisténcia pneumatica (gas) es fa impactar sobre la superficie de la mostra
per desorbir térmicament els compostos, mentre que en la técnica LAAPPI és un laser
infraroig, situat ortogonalment a la lampada UV, el responsable de la desorcio dels
compostos de la superficie per ablacio. Ara bé, la fotoionitzaci6 directa dels compostos a la
fase gas és poc eficient a causa, en part, de la pérdua d’energia dels fotons, que resulten
atenuats per interaccié amb els gasos presents a pressio atmosferica. Per tal d’augmentar
I’eficacia d’ionitzacidé s’utilitzen dissolvents (dopant, D) que presenten un potencial
d’ionitzacié inferior a I’energia dels fotons emesos per la lampada de Cript6 i, per tant, son
facilment fotoionitzables. Aquests dissolvents-dopants, introduits en forma d’esprai de gotes
neutres, generen cations radicals (D) en interaccionar amb els fotons i alliberen electrons,
desencadenant una cascada de reaccions en fase gas que fan possible la ionitzacié dels analits

d’interés a través de reaccions de transferéncia protonica ([M+H]", [M-H]") o de carrega
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(IM]™, [M] ™). Tot i els avantatges que presenta 1I’APPI, cal fer esment que no s’han trobat
treballs que facin referéncia a técniques Ambient MS que utilitzen sondes/substrats
combinades amb I’APPI, possibilitat que podria ampliar I’ambit d’aplicaci6 d’aquestes

técniques.

En aquest capitol de la tesi s’avalua I’aplicabilitat de dues técniques Ambient MS basades en
sondes/substrats per resoldre dos problemes analitics concrets: d’una banda 1’adequaci6 de
la presa de mostra al tipus de matriu i al problema analitic i, de ’altra, implementar un
mecanisme d’ionitzacio adequat als compostos que es pretenen detectar. En primer lloc,
s’estudia 1’as d’hisops comercials per al desenvolupament d’un métode TS-MS que
possibiliti la presa de mostra in vivo de teixit cerebral i la seva posterior analisi Ambient MS
offline emprant el mateix hisop. La familiaritzacié del personal médic amb 1’is dels hisops
comercials aixi com la possibilitat que ofercixen aquests estris per dur a terme mostrejos
minimament invasius de les mostres, podrien facilitar la seva implementacio6 en els protocols
medics per al mostreig in vivo de teixit huma en les intervencions quirurgiques. A més, el
fet que el protocol de mostreig sigui independent del procés de desorcid/ionitzacio/deteccio
evita que I’espectrometre de masses hagi d’estar instal-lat en el mateix quirofan o molt a
prop, com succeeix en els métodes en qué s’empren técniques de
mostreig/ionitzacio/deteccid en linia, com ara la REIMS (Rapid Evaporative lonization
Mass Spectrometry). Aquest estudi forma part del treball experimental dut a terme al grup
Aston Labs, sota la supervisio del Dr. Robert Graham Cooks, en el periode d'una estada
formativa de 5 mesos a la Universitat de Purdue (Indiana, EUA). El treball s’inclou en una
de les linies de recerca que se segueixen en aquest grup d’investigacid i en la qual ja s’havien
obtingut resultats satisfactoris al laboratori emprant la técnica DESI-MS per al diagnostic de
gliomes en teixits cerebrals. Durant el periode de 1’estada s’estava valorant la possibilitat
d’implementar un métode DESI-MS, en una sala contigua al quirdfan, per a I’analisi offline
de teixit huma extirpat durant les intervencions quirurgiques de reseccid de tumors, a
I’hospital universitari d’Indianapolis Health Methodist (Pirro et al., 2017b). Ates que
mitjangant el meétode DESI-MS només era possible obtenir informacio del teixit extirpat, en
aquest capitol s’avalua la possibilitat d’utilitzar hisops per dur a terme el mostreig del teixit

viu i la generaci6 d'ions per TS-MS.

En segon lloc, en aquesta tesi s’ha considerat d’interes estudiar la possibilitat d’emprar
técniques Ambient MS per a I’analisi de compostos de baixa polaritat, camp d’interés en el

nostre grup de treball. Atés que ’objectiu era desenvolupar un métode rapid per a la
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determinacié d’aquests tipus de compostos en matrius liquides, s’ha optat per emprar la
técnica PS, que en permet la quantificacid. A més, a fi i efecte de potenciar la sensibilitat del
metode, s’ha combinat, per primera vegada, I’APPI per a la ionitzacié amb el PS. Amb
aquest objectiu s’ha dissenyat i efectuat el muntatge de la font i s’han optimitzat les
condicions de treball. En concret, la combinaci6 del PS amb I’APPI s’ha avaluat emprant
com a model de compostos poc polars els fluorotelomer alcohols (FTOHs), les
fluorooctanosulfonamides (FOSAs) 1 els fluorooctanosulfonamido-etanols (FOSEs).
Aquests compostos, pertanyents a la familia de les substancies per- i poli-fluoroalquilades
(PFAS), presenten dificultats per ionitzar-se mitjancant el mecanisme d’electroesprai. Com
sigui que avui dia hi ha molt poca informacié sobre I’ts de PFASs en productes de consum,
el desenvolupament de métodes rapids que permetin la seva monitoritzacié i determinacio
pot resultar de gran interés pels laboratoris de control. Aixi, en aquest treball s'ha
desenvolupat un meétode basat en PS-APPI utilitzant un analitzador de masses d’alta

resolucié Q-Orbitrap per aconseguir la determinacioé rapida de FTOHs, FOSEs i FOSAs.
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3.2. TREBALL EXPERIMENTAL

En aquest apartat s’inclou la Publicacio V intitulada "Analysis of human gliomes by swab
touch spray-mass spectrometry: application to intraoperative assessment of surgical
margins and presence of oncometabolites”, en que s’avalua 1’as d’hisops medics per al
desenvolupament d’un métode que permet el mostreig in vivo de teixit cerebral i el seu
analisi offline per TS-MS. En aquest estudi s’estableixen les condicions optimes de treball i
s’avalua la viabilitat de la técnica TS-MS per a la deteccié de perfils fosfolipidics
discriminants i d’oncometabdlits en teixits cerebrals humans amb 1’objectiu de proposar un
metode que, en un futur, pugui ser considerat una alternativa a les proves patologiques que

es realitzen actualment en les intervencions quirurgiques d’extirpacié de tumors cancerigens.

Draltra banda, en aquest apartat també s’inclou el treball experimental en que es combina el
PS amb I’APPI per tal d’ampliar el rang de compostos a analitzar amb aquesta técnica. En
el treball experimental, que es recull en la Publicacio VI "Paper Spray-Atmospheric
Pressure Photoionization-High Resolution Mass Spectrometry for the Direct Analysis of
Neutral Fluorinated Compounds in Waterproof Impregnation Sprays”, s’incorpora una
lampada de Cript6 en el disseny original del PS a fi i efecte de fer possible I’analisi de
compostos de baixa polaritat. En concret, es pretén proposar un meétode que utilitzi el PS-
APPI per a la determinacié de compostos neutres per- i polifluoroalquilats (PFAS). En
aquest treball s’estudien els parametres més critics de la incorporacio de I’APPI a la técnica
PS, es compara I’eficacia d’ionitzacié d’ambdues técniques, PS i PS-APPI, per a la deteccio
dels analits d’inter¢s i s’avalua I’aplicabilitat del metode PS-APPI-HRMS proposat per a la

determinacié de PFASs en productes d’impregnacio resistents a I’aigua.
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3.2.1 PUBLICACIO V

Analysis of human gliomas by swab touch spray-mass spectrometry: application
to intraoperative assessment of surgical margins and presence of oncometabolites

V. Pirro, R. Serd, A. K. Jarmusch, C. M. Alfaro, A. A. Cohen-Gadol, E. M. Hattab,
R. G. Cooks

Analyst, 142 (2017) 4058-4066
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Analysis of human gliomas by swab touch spray-
mass spectrometry: applications to intraoperative
assessment of surgical margins and presence of
oncometabolitest
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Touch spray mass spectrometry using medical swabs is an ambient ionization technique (ionization of
unprocessed sample in the open air) that has potential intraoperative application in quickly identifying the
disease state of tissue and in better characterizing the resection margin. To explore this potential, we
studied 29 human brain tumor specimens and obtained evidence that this technique can provide
diagnostic molecular information that is relevant to brain cancer. Touch spray using medical swabs
involves the physical sampling of tissue using a medical swab on a spatial scale of a few mm? with
subsequent ionization occurring directly from the swab tip upon addition of solvent and application of a
high voltage. Using a tertiary mixture of acetonitrile, N,N-dimethylformamide, and ethanol, membrane-
derived phospholipids and oncometabolites are extracted from the tissue, incorporated into the sprayed
microdroplets, vacuumed into the mass spectrometer, and characterized in the resulting mass spectra.
The tumor cell load was assessed from the complex phospholipid pattern in the mass spectra and also
separately by measurement of N-acetylaspartate. Mutation status of the isocitrate dehydrogenase gene
was determined via detection of the oncometabolite 2-hydroxyglutarate. The lack of sample pretreatment
makes touch spray mass spectrometry using medical swabs a feasible intraoperative strategy for rapid
surgical assessment.
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measurements to complement standard intraoperative histo-
pathology. Intraoperative histopathology, as currently per-

Introduction

We describe the rapid analysis of neurological tissue by touch
spray mass spectrometry with medical swabs (i.e., swab
TS-MS). Swab TS-MS is envisioned as a tool for molecular diag-
nosis of gliomas in which tissue is sampled in vivo along the
surface of the resection cavity, and then analyzed intraopera-
tively but ex vivo to provide rapid feedback on the pathological
state of the tissue and to guide surgical maneuvers for
maximal tumor excision. Added diagnostic information for
surgical margin assessment is provided by these chemical
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formed during neurosurgical tumor resection, identifies tumor
type and grade from tumor core tissue, but it is not used for
assessment of surgical margins. Surgical margins are defined
based on the surgeon’s experience, visual and tactile obser-
vation of the tissue during surgery, and neuronavigation
according to preoperative MRIL.'™* No intraoperative molecular
measurement indicative of tissue pathology is currently made
to assist in surgical decision-making.

Here we present the swab TS-MS methodology for analysis
of neurological tissue and provide proof-of-concept data of its
diagnostic utility from 29 human brain specimens selected for
their known histopathology. Swab TS-MS is an ambient ioniza-
tion method in which a minute amount of sample (e.g., tissue)
is transferred to a swab tip by a gentle touch, and subsequently
ionized with the application of solvent to the swab tip and a
high voltage directly to the swab shaft.”® Sampling is mini-
mally invasive, analysis is straightforward and requires no
other sample handling or pretreatment, making it highly
appropriate for clinical testing in hospitals.” Swabs are used
both as sampling devices and as electrospray emitters for MS

This journal is © The Royal Society of Chemistry 2017
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analysis. Rapid evaporative ionization mass spectrometry
(REIMS) combines tissue sampling and ionization in an online
approach to provide quasi real-time feedback.® In REIMS, a
modified monopolar cutting electrode is used for both tissue
removal and for collection of the surgical smoke produced
from electrocauterization.® We envision swabs as a tool to
maximize analysis throughput while removing the need for
positioning the MS instrument close to the surgical field or
requiring a transfer line to interface the ionization source to
the mass spectrometer. We consider an offline approach,
where tissue sampling is performed remotely from the mass
spectrometer, to best suit neurosurgery needs while limiting
deviations from current surgical procedures.

Swab touch spray is based on the ambient ionization
method of paper spray mass spectrometry’ which has proven
successful in biofluids analysis. Applications of swab TS-MS
that have been presented so far include the detection of
microbial lipids from culture’® and from human skin, and
illicit drug detection in oral fluid.® The development of swab
TS-MS follows that of TS and probe electrospray ionization
(PESI), two methods that use metallic teasing probes for tissue
sampling. TS in this previous form has been investigated for
prostate and kidney cancer detection'®™> while PESI has been
tested for detection of renal cell carcinoma and metabolite
profiling in mouse brain."*'* Differently from metal probe TS
and PESI, swab TS utilizes swabs that are already commercia-
lized as probes for in vivo sampling of deep surgical wounds,
body orifices and surfaces, facilitating the translation of this
tool into surgical application. Electrospray ionization occurs
readily from the porous material of the swab tip, similarly to
paper spray'>'® and biocompatible solid phase micro-extrac-
tion fibers.'”"®

Three items of information were sought from the mass
spectra obtained using swab TS-MS: (i) tissue type was
assessed by monitoring the expression of complex phospho-
lipids; (ii) tumor infiltration was measured as percentage of
tumor cells (TCP; relative percentage of tumor cells compared
with parenchyma) by monitoring the abundance of
N-acetylaspartate (NAA); and (iii) isocitrate dehydrogenase
(IDH) mutation status was assessed by monitoring the pres-
ence of the oncometabolite 2-hydroxyglutarate (2HG). Previous
studies using desorption electrospray ionization-mass spec-
trometry (DESI-MS) demonstrated that all three items of diag-
nostic information are achievable by electrospray-based
ambient ionization MS'*>* and that this technology can be
used for intraoperative molecular pathology.”*> DESI-MS is
emerging as a molecular diagnostic intraoperative tool for ana-
lysis ex vivo of biopsied tissue smears. Phospholipid profiles,
as detected by DESI-MS, change dynamically with the density
of the tumor and with the composition of the infiltrated brain
parenchyma (i.e., grey matter, white matter, or a mixture of
both). NAA signal intensities in DESI mass spectra decrease
proportionally with the degree of tumor infiltration, measured
as TCP.>**"** The oncometabolite 2HG accumulates in glioma
tissue carrying IDH mutations.*® Its presence has been deter-
mined using DESI-MS and the data compared well with clini-

This journal is © The Royal Society of Chemistry 2017
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cal genetic tests carried out post-operatively.”* The develop-
ment of swab TS-MS, also an electrospray-based method, rep-
resents an additional step towards the use of intraoperative MS
and it provides the neurosurgeon with a simple manual tool
for in vivo tissue sampling and direct chemical evaluation of
tissue pathology.

Experimental
Study protocol

Cryopreserved human neurological specimens were obtained
from 29 patients through the Biorepository of the Methodist
Research Institute (Purdue IRB #1410015344). The list of speci-
mens analyzed in this study is reported in Table S1.f Tissue
specimens were stored at —80 °C before analysis. For each
specimen, a few tissue sections (15 pm thickness) were cut
using a cryotome (Cryotome™ FSE Cryostats, Thermo Fisher
Scientific, San Jose, CA) in order to obtain a flat open surface
of the tissue. The last tissue section cut was H&E stained for
blind pathological examination. The tissue sample was then
allowed to thaw at room temperature, and the flat surface of
the tissue, adjacent to the section that was stained, was
touched with the swab (approximately an area of 6 mm?) to
perform the TS-MS experiments. Multiple touches were per-
formed for most of the samples that showed macroscopically-
heterogeneous areas, as detailed in Table S1.7 For all the speci-
mens used in this study, another tissue biopsy had been pre-
viously used for preparation of tissue sections and smears and
analyzed by DESI-MS imaging. Results are reported else-
where."”?” Mouse brain (Purdue IRB #1704001561) was used
for the initial stages of method development.

Chemicals

Electrospray was generated using a mixture of acetonitrile-
dimethylformamide-ethanol (ACN-DMF-EtOH) in a ratio of
45:5:50% v/v, doped with octyl p-b-glucopyranoside (non-
ionic surfactant, >98% pure) and the internal standard
NAA-d; (10 pg mL™"). All solvents and standards were
purchased from Sigma Aldrich (Minneapolis, MN).

Medical swabs

Sterile medical swabs were purchased from Copan Diagnostics
Inc. (Murietta, CA). The swabs have an aluminum handle and
rayon mini tip of fused shape and largest diameter of ~2.4 mm
(Fig. S1t). The swabs are packaged in individual tubes for easy
transport and storage. They are mounted in a plastic cap that
serves as a convenient holder. Each tube and cap assembly is
sealed with a tamperproof label for assurance of sterility and
chain of custody. These swabs are commercialized for purposes
other than ESI probes for MS analysis. They have been used
with no modification from their commercial form.

Swab touch spray mass spectrometry

Swab touch spray experiments were performed by touching
gently a region of interest of a sample and rotating the swab

Analyst, 2017, 142, 4058-4066 | 4059
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on its shaft to transfer minute quantities of tissue on the swab
tip. Each swab was weighed before and after the touch to
measure tissue quantity transferred to the swab tip (tissue
weight, Table S1}), and then submitted to MS analysis with no
further treatment.

MS experiments were performed using a linear ion trap
mass spectrometer (Finnigan LTQ, Thermo Fisher Scientific).
The ion source was custom-built to allow positioning the swab
vertically with respect to the mass spectrometer; a configur-
ation similar to that used in commercial electrospray sources.
The use of an extended MS inlet capillary, bent 90° upwards
and held directly underneath the swab tip, improved stability
of the swab electrospray despite ion transmission losses
(Fig. S271). The absence of carry-over using a bent inlet capillary
was tested by spraying concentrated mouse brain extracts
(1 mg mL™" in ACN-DMF-EtOH 45-5-50% v/v) using a clean
swab as probe substrate, in alternation with blank solvent. The
swab tip was positioned 5-8 mm above the inlet. A precision
motion control system was used to adjust the position of the
swab whenever necessary. A silica capillary was used to deliver
the solvent to the swab tip using an external syringe pump.
The silica capillary was held in a fixed position in such a way
that the end of the capillary directly touched the surface of the
swab tip once positioned. Electrospray was generated using
ACN-DMF-EtOH 45 : 5:50% v/v as solvent system. The solvent
was doped with 250 ng mL™" of octyl p-p-glucopyranoside to
facilitate solvent flow on the probe, and 10 pg mL™" of the
internal standard NAA-d;. Electrospray was initiated after
addition of solvent directly on the swab tip via a fused silica
capillary and external syringe pump. The syringe pump flow
rate was set at 50 pL min~" for about 30 s, accounting for dead
volume and wetting the swab tip. When the swab tip was
visibly wet, high voltage (—6.5 kV) was applied directly to the
metallic handle. Solvent flow rate was changed to 25 pL min™".
It was possible to generate an electrospray from all the swabs
analyzed. In only a couple of instances fibers distend from the
body of the swab tip during data acquisition compromising
the stability of the electrospray; these swabs had to be dis-
regarded and the experiments repeated.

Full scan mass spectra over the range m/z 700-1000 were
acquired in negative ion mode first; a second acquisition over
the mass range m/z 80-200 was performed in negative ion
mode. After this, collision-induced dissociation MS/MS
product ion scans were acquired to measure NAA (precursor
ion m/z 174 [M — H]") and NAA-d; (precursor ion m/z 177
[M — H]"), followed by MS® sequential product ion scans of
2HG (precursor ion m/z 147 [M — H]"). Total acquisition time
was 1.2 min; approximately 15 seconds were acquired for each
mode so that spray and signal stability could be evaluated.
MS" spectra other than for NAA and 2HG were acquired separ-
ately when additional structural information was needed for
compound identification. The automatic gain control was
always activated to adjust for variable ion flux. The MS instru-
mental settings are reported in Table S2.t Signal-to-noise
ratios were calculated using ion intensity at maximum peak
height and signal intensity at peak onset.
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Microscopic videography

For each swab tested, videos of the spray plume were recorded
to observe the electrospray behavior. A Watec WAT-704R
camera was used to acquire the videos; the software Cyberlink
PowerDirector v.14 (http:/www.cyberlink.com) was used to
record them; Adobe Premier Pro CC (http:/www.adobe.com)
was used for video editing. The spray plume was illuminated
with a red laser pointer as shown in Fig. S2.F

Data analysis and chemical diagnosis

Data were exported from XCalibur 2.0 (Thermo Fisher
Scientific) and imported into MATLAB (The Matworks Inc.,
Natick MA) for elaboration. Full scan mass spectra were used
to provide molecular diagnosis of the tissue via comparison
with a reference spectral library acquired by DESI-MS. Spectral
profiles were used comprehensively to classify the tissue as
either glioma, white matter, or grey matter. The methodology
is based on multivariate pattern recognition and is described
extensively elsewhere.””?' The abundance of NAA, detected
using tandem MS (m/z 174 — 114) and normalized to the
intensity of the internal standard NAA-d; (m/z 177 — 116), was
plotted in relation to tumor infiltration (low, medium, and
high as evaluated by histopathology). Box-plots were created
using MATLAB. The Kruskal-Wallis non-parametric test was
used to compare population medians. P values <0.05 were con-
sidered significant. The signal intensity of 2HG, detected using
MS? (m/z 147 - 129 — 101) and normalized to the intensity of
the internal standard NAA-d; (m/z 177 — 116), was plotted
against the IDH mutation status (wild-type vs. IDH mutant) to
monitor differential distribution. The receiver operating charac-
teristic (ROC) curve analysis was used to determine the ability of
2HG measurement to assess IDH mutation of gliomas. The pre-
dicting ability was considered strong when the area under the
curve (AUC) exceeded 0.8 (80%). Receiver operating characteristic
(ROC) curve analysis and Kruskal-Wallis test were performed
using SPSS v.22 (SPSS Inc. IBM Corp, Chicago, IL).

Adobe Photoshop (Adobe Systems Inc., San Jose, CA) was
used to produce publication-quality figures.

H&E staining

Tissue staining was performed as described elsewhere.*”

Histopathology

An expert neuropathologist (E.M.H.) identified regions of interest
as glioma (G) or infiltrated tissue (IT), further specifying grey
matter (GM), white matter (WM), a mixture of both, or infiltrated
tissue not otherwise specified (NOS). Estimation of tumor cell
percentage was roughly provided in the categories of low (<33%),
medium (34-67%), or high (>67%) simply by visual observation.
Immunohistochemistry for assessment of IDH mutation was per-
formed on separate tissue biopsies than those analyzed by swab
TS-MS. Analysis was conducted from an independent pathology
laboratory. Results were provided from the Biorepository of the
Methodist Research Institute as dichotomous answer (immuno-
reactive vs. non-immunoreactive, Purdue IRB #1410015344).
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Results
Instrumental set-up and analytical considerations

Swab TS-MS was performed in such a way as to mimic one
foreseeable implementation: collection of tissue in vivo along
the surface of the resection cavity, followed by placement of
the swab probe in front of a mass spectrometer located in the
operating room and direct MS analysis (Fig. 1). Analysis
required a few minutes with the current methodology; this
time was equally divided between swab positioning onto a
custom-built source and MS data acquisition, while tissue
sampling was immediate. MS data acquisition was prolonged
for over a minute to test electrospray and signal stability but
could be shortened to a few seconds for each mode of data
acquisition, since the entire tissue sampled on the swab is
interrogated by the constantly-flowing solvent, leading to a
chemical profile that is stable over time and represents the
average signature arising from the heterogeneous morphologi-
cal features sampled. The analysis can be multiplexed easily,
as done in this study, to specifically monitor particular bio-
markers and oncometabolites. In this study, cryopreserved
tissue biopsies served as a proxy for in vivo sampling. Swab
TS-MS incorporates a manual user-guided method of collect-
ing minute amounts of tissue with direct MS analysis from the
sampling device. A current drawback of this approach is the
lack of control over the quantity of tissue transferred on the
swab tip by touch. The average quantity for the specimens ana-
lyzed in this study was 3.1 mg but acceptable signal-to-noise
ratios (>3) for the diagnostic peaks in the mass spectra were
obtained for as little as 1.0 mg. Tissue quantities are minimal
and smaller than those of a typical tissue biopsy resected for
pathological examination. The minute amount of sample col-
lected emphasizes the value of MS methods in which ioniza-
tion is generated directly from the sampling device; viz., no
sample loss and higher signal intensity resulting from
minimal solvent consumption (flow rate ~25 pL per minute).
Table S1f gives the signal-to-noise ratios calculated on the
most intense peak of the lipid profile mass spectra. As already
observed using DESI-MS,*"*® the absolute signal intensity
changed with the quantity of tissue sampled, as well as with
its composition and cellularity. High-grade and high-density
tumor tissue provided lower absolute signal compared to low-
infiltrated tissue, partly due to the presence of calcified,

i

Fig. 1 Swab TS-MS experiment. (Left to right) Tissue is touched with
the swab tip and transferred by rotating the swab on its shaft. The swab
is positioned in front of a mass spectrometer and an electrospray is gen-
erated directly from the swab tip upon application of solvent and a high
voltage, which allows mass spectra to be recorded.

This journal is © The Royal Society of Chemistry 2017
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hemorrhagic, and necrotic tissue. Note that an internal stan-
dard added to the extraction solvent normalizes variations of
absolute ion counts due to swab positioning and instability of
the electrospray, but cannot correct for matrix differences.
Importantly, the relative spectral profiles (i.e., relative intensity
of ions within a scan) used as a diagnostic fingerprint of the
tissue were grossly uninfluenced by global intensity variations
which allowed us to obtain accurate diagnostic information
from the mass spectra despite the lack of control over the
absolute quantity of tissue analyzed. We monitored the spec-
tral profiles repeatedly over a total period of 10 minutes in
both low- and high-glioma infiltrated samples and changes in
their respective spectral profiles were minimal (relative stan-
dard deviations <15% for diagnostic ions, Fig. S31). The absol-
ute signal decreased monotonically over time, which is typical
of a continuous extraction process (Fig. S47).

Different extraction solvents (methanol, ACN, DMF, EtOH,
dichloromethane, and acetone) were tested during method
development based on previous experience with DESI-MS.>’
The system empirically chosen for these analyses (ACN-DMF-
EtOH, 45 :5:50 v/v%) is the result of an optimization process
meant to select a mixture of organic solvents that would
provide a chemical fingerprint of the tissue similar to that
obtained using DESI-MS (which uses ACN-DMF 50 : 50 v/v% as
solvent system) but one that would also generate an electro-
spray from the swab tip. Video S11 shows the generation of the
electrospray plume from the swab and its remarkable stability.
The caption describes briefly the swab electrospray process
(ESI, Video S1t). The use of the original ACN-DMF DESI
solvent was not acceptable because of poor spray behavior
observed in the negative ionization mode for swab TS-MS. The
addition of ethanol and a non-ionic surfactant to the solvent
system significantly decreases the surface tension of the
solvent mixture, thereby facilitating electrospray plume for-
mation from the swab tip and improving signal stability.

Assessment of glioma presence and estimation of tumor
infiltration

The lipid profiles detected by swab TS-MS resembled those
detected by DESI-MS.*° They indicated the presence of tumor
when present and could distinguish the type of normal tissue
into which the tumor infiltrated (i.e., grey matter or white
matter); an information not always assessable by histopathol-
ogy as tumors efface the morphology of normal brain parench-
yma. The main MS feature characterizing grey matter is m/z
834.5, the deprotonated ion of phosphatidylserine 40:6
(Fig. 2A). The main MS features characteristic of white matter
are m/z 888.6 and 904.5, deprotonated ions for (3"-sulfo)GalCer
24:1 and (3"-sulfo)GalCer 24 : 1(OH) (Fig. 2B). For gliomas, the
characteristic ions are m/z 768.4, the chlorinated adduct of
phosphatidylcholine 32:0, m/z 794.5, chlorinated adduct of
phosphatidylcholine 34:1, and m/z 885.5, the deprotonated
phosphatidylinositol 38 : 4 (Fig. 2C). Fig. S51 shows spectra for
these categories of samples acquired by DESI-MS for compari-
son. The similarity between the lipid profiles acquired by
DESI-MS and swab TS-MS for the same subjects (from
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Fig. 2 Full-scan mass spectra in negative ion mode over m/z 760-920.
(A) Sample #24; pathological assignment: grey matter with low TCP.
(B) Sample #1; pathological assignment: white matter with low TCP.
(C) Sample #20; pathological assignment: glioma with high TCP. Y-Axes
are normalized to the base peak (m/z 834, 888, and 794, respectively) in
the mass range m/z 760-920. TIC values are 7.98 x 10°, 6.71 x 10%, and
2.22 x 10° respectively for A, B, and C.

different portions of tissue biopsies) was measured in terms of
spectral correlation using canonical correlation analysis'*>°
and the correlation coefficient was equal to 0.9.

High-resolution MS and MS> experiments have been pre-
viously recorded using DESI-MS for structural identification.*’
These experiments were repeated using swab TS-MS and con-
firmed the structural assignments (Fig. S6t). Increased inten-
sity of m/z 810.4, corresponding to phosphatidylserine 38:4
was observed in a few specimens. We attribute it to blood
absorption on the swab tip as this lipid is a major membrane
constituent of erythrocytes. This interference did not compro-
mise our ability to determine the presence of tumor in the
tissue but further evaluation is needed from specimens
collected in vivo.

The neurometabolite NAA is one of the most abundant in
healthy human brain tissue. However, its abundance (i.e. relative
signal) observed in swab TS mass spectra decreased as the TCP
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Fig. 3 Box and whisker plot. NAA abundance in tissue was categorized
as low (<34%, n = 24), medium (34-67%, n = 12) or high (>67%, n = 11)
TCP as visually assessed by histopathology. Note, multiple touches from
the same specimens were considered independent measurements as
the neuropathologist annotated the presence of heterogeneous areas in
adjacent tissue sections (Table S1t). The ion counts correspond to the
signal intensity of the transition m/z 174 — 114 normalized to the ion
counts of the transition m/z 177 — 116 (NAA-ds, the internal standard).
The box represents the interquartile range with a median line and whis-
kers at +1.5 SD. Squares represent the mean value. Circles represent
outliers. Zero intensity was assigned to Sample #13 in which no NAA
signal was detected (Table S1t).

(ie., tumor cells relative to normal cells) increased (Fig. 3).
Population medians are statistically different (p values = 0.0046
using Kruskal-Wallis non-parametric test). NAA measurement
provides an estimate of tumor infiltration within the tissue, and
corroborates prior DESI-MS observations made on tissue sections
and smears,”**'** as well as literature reports regarding the
inhibited expression of the biosynthetic enzyme r-aspartate
N-acetyltransferase in glioma cells.* For validation, we confirmed
that the decreased signal abundance of NAA in the swab TS-MS
spectra corresponded to decreased concentrations of NAA in the
specimens. We quantified NAA in the same specimens using an
independent protocol, which is described elsewhere.* Briefly, an
adjacent portion of the tissue to that sampled by swab TS-MS
was removed and extracted using methanol-water (3 :2 v/v). The
solution was analyzed by traditional electrospray ionization triple
quadrupole MS operated in the multiple reaction monitoring
(MRM) mode. NAA concentrations decreased proportionally with
increasing fraction of tumor cells (averages for low, medium, and
high TCP were equal to 797, 406, and 42 ng mg™ ', respectively),
hence validating the trend we observed qualitatively in swab TS
mass spectra (see results in Table S3f). A more accurate
regression analysis to estimate tumor infiltration is yet to be
developed, as is assessment of a detection limit for the minimal
and maximum amounts of infiltrating cells discernable via NAA
measurements. The use of controlled cell cultures and mixtures
is foreseen as a possible strategy to address such issues.

Overall, the changes in the lipid and NAA features in swab
TS-MS spectra reflect the known complexity and heterogeneity

This journal is © The Royal Society of Chemistry 2017
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of gliomas that diffusely infiltrate into the surrounding brain
parenchyma, as corroborated by pathological examination of
the tissue (Table S1t). Fig. 4 depicts an example of such
dynamic yet diagnostic changes. Three regions of interest were
sampled from Case #19. The touch spray at the first spot
(Sample #31) showed a low abundance of NAA (indicative of
high TCP) and a lipid profile indicative of glioma tissue infil-
trating grey matter (Fig. 4A and B). The second spot touched
(Sample #32) showed low abundance of NAA as well but the
lipid profile was indicative of glioma invading a mixture of
white and grey matter (Fig. 4D and E). The third touch
(Sample #33) showed higher intensity of NAA (lower tumor
infiltration) into prevalently grey matter, as indicated by the
lipid profile dominated by m/z 834.5 (Fig. 4G and H).
Pathological examinations matched with the swab TS-MS
results (Table S17).

Assessment of IDH mutation via 2HG measurement

IDH mutations result in accumulation of 2HG in glioma cells
by conversion of alpha ketoglutarate via NADPH oxidation. We
detected a 50-fold increase in the average 2HG normalized
signal intensity between wild-type gliomas and IDH-mutant
gliomas (Fig. 5A). A wide range in 2HG signal intensity was
detected for the IDH-mutant gliomas and can be attributed to
differences in tissue cellularity and the known heterogeneity of
tumor density in the samples. We averaged the 2HG measure-
ments of multiple touches from the same specimens to avoid
bias due to sample size (N = 29). The possibility that other
compounds give ions that interfere with the signal for 2HG in
the full scan mass spectrum led us to increase specificity by
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using the MS® collision-induced dissociation sequence m/z
147 — 129 — 101. A sequential product ion scan spectrum from
an IDH-mutant glioma is shown in Fig. S7.t A relative signal
intensity of 2HG (signal intensity of the sequential product ion
m/z 147 — 129 — 101 normalized to the signal intensity of the
internal standard NAA-d; m/z 174 — 114) equal to 1.02 is a cut-
off that discriminates this set of IDH-mutant gliomas and wild-
type gliomas with 100% accuracy (using ROC curve analysis).
This observation was confirmed by quantitation of 2HG in
adjacent tissue of the same specimens, performed as described
above for NAA (N = 28; Case #29 was excluded because insuffi-
cient tissue was available to perform both experiments). A cut-
off of 45 ng mg™" for the 2HG concentrations was found to
discriminate IDH-mutant and wild-type tumors with 100%
accuracy.”® Concentrations of 2-HG are reported in Table S31 for
validation. Fig. 5B shows complete agreement between the
qualitative swab TS-MS measurements and the concentrations
determined by ESI-MS (i.e. all IDH mutant samples show swab
TS-MS intensity and ESI-MS concentrations of 2HG above the
set cut-offs, while wild-type tumors show values below such cut-
offs). There is also agreement with intraoperative DESI-MS
measurements reported recently.>

Discussion

In this study, we demonstrated the feasibility of obtaining
accurate diagnostic information (Table S4}) by touching tissue
using a medical swab followed by direct MS analysis from the
sampling device. Rapid analysis and minimally invasive
sampling are major advantages of swab TS-MS. A larger cohort
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Fig. 4 Case #19. (On the left) Negative ion mode full-scan mass spectra over m/z 760-920 of (A) Sample #31, pathological assignment: glioma
70% TCP. (D) Sample #32, pathological assignment: glioma 70% TCP (G) Sample #33, pathological assignment, grey matter with 40% TCP. Lipid
profile spectra are normalized to the base peak (m/z 794, 788, and 834, respectively) over the mass range m/z 760-920. (Middle column) Negative
ion mode product ion scan for NAA of (B) Sample #31, (E) Sample #32, (H) Sample #33. MS/MS product ion spectra are normalized to the signal of
the signal intensity of the internal standard NAA-ds; (transition m/z 177 — 116). (On the right) Picture of Specimen #19 with superimposed annotation
of the touch number for swab TS-MS analysis (C) Touch #1. (F) Touch #2. (I) Touch #3. The tissue was allowed to thaw at room temperature before
performing the swab TS-MS analysis.
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Fig. 5 2HG expression. (A) Box and whisker plot for 2HG in tissue ana-
lyzed by swab TS-MS. Wild-type, n = 21; IDH-mutant gliomas, n = 8.
Normalized ion counts correspond to the signal intensity of the tran-
sition m/z 147 — 129 — 101 normalized to the signal intensity of the
internal standard NAA-ds (transition m/z 177 — 116). The box represents
the interquartile range with a median line and whiskers at +1.5 SD.
Squares represent the mean value. (B) 2HG concentration (ng mg™
tissue) from tissue extracts by ESI-MS versus 2HG normalized signal
from swab TS-MS for 28 cases (Case #29 was of insufficient quantity to
perform the quantitative measurement). Dark grey squares, wild-type
gliomas; light grey circles, IDH-mutant gliomas; black lines represent
the cut-offs for the Logarithmic 2HG normalized signal intensity (hori-
zontal line) and for the Logarithmic 2HG concentration (45 ng mg’l,
vertical line). The value of 0.001 was assigned to samples in which no
2HG signal was detected in order to compute the logarithm (-3). 2HG
concentrations are reported in Table S3+ for validation.

of samples is certainly needed to validate the findings
described herein and to evaluate its use in routine clinical
practice. Nonetheless, we consider this technique to be worth
investigating as a strategy to implement chemical pathology
into the standard intraoperative diagnostic consultation. The
collection of tissue remotely to the mass spectrometer using a
medical swab is a simple process. Changes to the swab design
and the source interface could improve automation and
reduce analysis time. MS analysis of neurological tissue
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directly from the sampling device can be performed inside the
operating room with no interference with surgical practice.
Commercial MS instruments and ESI sources can easily be
adapted to allocate the swab as probe rather than the conven-
tional ESI needle. Rapid analysis of tissue should allow assess-
ment of the surgical margin status in multiple locations
selected by the neurosurgeon as tumor resection is executed.
The diagnostic feedback can provide guidance on further sur-
gical maneuvers to maximize safe tumor resection, especially
in proximity of critical anatomical structures. Neurosurgeons
are already familiar with the use of swabs and absorbent pads
and the device we are describing to touch neurological tissue
would be used no differently. A fit-for-purpose swab design is
wanted, however, for optimal MS performance. The medical
swab we used in this study is commercialized as a class IIA
device for surgical invasive transient use (i.e., contact with
tissue for less than 60 min). The swab has a sterile mini rayon
tip with a fused shape. It is sufficiently small to sample
minute amounts of tissue by gentle touch and minimize the
invasiveness of the sampling procedure but tip dimensions
could be reduced further and the shape of the tip changed to a
conical geometry to improve upon electrospray formation. The
stiffness and the crevasses in the tip hold the tissue during
sample transfer and MS analysis, but different biocompatible
functionalized surfaces could be designed to improve tissue
transfer, reduce chemical noise, and enhance extraction and
recovery of target compounds. The aluminum handle is con-
ductive and allows the generation of the electrospray directly
from the swab upon application of a high voltage; a different
design of the swab with hollowed handles could facilitate the
delivery of solvent and allow for the development of a swab
probe that is easier to interface with commercial ESI sources.
The spectra obtained from swab TS-MS recapitulate pre-
viously reported DESI-MS spectra and pathology. The lipid sig-
nature provides information as to the disease state of the
tissue. The oncometabolite NAA provides estimate of tumor
infiltration which is of utmost importance when attempting to
maximize glioma resection, an outcome that is favorably prog-
nostic for glioma patients. Our results support the hypothesis
that tumor infiltration can be monitored through neuronal cell
damage in its path by measuring NAA depletion.”® Estimation
of tumor infiltration directly from points of interest along the
resection margins can guide further tumor excision, assisting
and validating neurosurgeons’ decisions; keeping in mind that
complete tumor resection is unachievable, and safe removal of
tissue with high tumor infiltration is a primary goal of neuro-
surgery, whereas areas of low infiltration are more likely to be
the target of coadjuvant postsurgical therapies. In the current
surgical practice, the amount of residual tumor near the resec-
tion margins is not pathologically assessed during surgery.
Neuronavigation with preoperative MRI images is typically used
to judge extent of resection but several studies have highlighted
the limitations and the subjectivity of such a practice as tumor
infiltration can extend beyond MRI contrast-enhanced areas,
and the enhancement itself poorly correlates to tissue histo-
pathology.®* In our parallel work using DESI-MS, we were able
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to detect variable and even large amounts of residual tumor via
NAA measurements at the resection margins, even when they
appeared clear and non-enhanced by postoperative MRI,>
remarking the utility of such a measurement.

In addition to tumor presence and infiltration, we can
monitor the oncometabolite 2HG to assess the IDH mutation
status of the tumor which is clinically relevant and a strong
prognostic marker.”*** [DH mutation status is normally
assessed postoperatively as it relies on laborious immunohisto-
chemistry or genetic assays on biopsied tissue; however, its
intraoperative assessment via MS measurement of 2HG could
influence surgical decisions. An increasing body of evidence
shows that more aggressive resection of IDH-mutant gliomas
improves overall and progression-free survival, while more
aggressive resection of wild-type tumors does not.**?*
Furthermore, the assessment of IDH mutation is required for
tumor diagnosis following the 2016 WHO diagnostic criteria
for central nervous system tumors.*® Intraoperative testing
could benefit neuropathologists by providing a more accurate
diagnostic consultation, for example, achieving an unequivocal
diagnosis of diffuse glioma intraoperatively, particularly at the
edge of a tumor. This is very challenging by pathology and
often results in a nonspecific diagnosis. Having concurrent
access to supporting molecular information should bolster the
diagnostic yield. In addition, it is conceivable that emerging
intraoperative therapies (e.g;, BCNU wafers)*® may require
better classification of diffuse gliomas intraoperatively to
guide better decision making.
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Table S2. MS Instrumental Settings

Full Scan MS Lipid Profile Metabolite Profile
Mass range m/z 700-1000 m/z 80-200
Tuned mass m/z 786 m/z 174
Tube lenses potential -80V -20V
Capillary voltage oV -8V
Microscans 2
Injection time 25 ms
Capillary temperature 275°C
Capillary voltage -6.5 kV
MS" CID* fragmentation NAA NAA-d3 2-HG
MS" transitions m/z174 > o m/z177 > o m/z147 > 129 > o
Tube lenses potential -20V
‘ Capillary voltage -8V
Microscans 2
Injection time 25 ms
Collision Energy (a.u.) 28
Qvalue 0.3
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Table S3. Concentrations of NAA and 2HG determined by ESI-MS*® Data reproduced with permission,
copyright from Clinical Chemistry 2017.

NAA concentration 2HG concentration

Case (ng/mg) (ng/mg)
1 15.9 13.8

S 2 33.0 ' 13.0 ‘
3 81.0 ‘ 104.6 ‘
a4 12.1 ‘ 10.4 ‘
5 223.3 ‘ 254.5 ‘
6 1182.5 ' 12.3 ‘
7 43.7 ‘ 506.4 ‘
s 827.3 ‘ 10.3 ‘
g 76.4 ‘ 8.15 ‘
T 10 821.0 ' 10.8 ‘
T 313.0 ‘ 5.4 ‘
12 43.0 ‘ 2.3 ‘
a3 3.3 ‘ 9.2 ‘
T 604.6 ' 14.3 ‘
s 610.8 ‘ 87.9 ‘
16 332.0 ‘ 289.7 ‘
7 679.4 ‘ 14.9 ‘
T8 718.1 ' 24.0 ‘
19 270.6 ‘ 385.8 ‘
20 27.9 ‘ 24.2 ‘
T 144.2 ‘ 124.7 ‘
T 1113.2 ' 16.1 ‘
23 1358.0 ‘ 24.2 ‘
Y 1160.7 ‘ 10.4 ‘
D5 0.4 ‘ 0.2 ‘
TR 984.9 ' 13.4 ‘
Y 1424.9 ‘ 14.4 ‘
S8 1186.7 ‘ 12.2 ‘
' 29 I n.d. ‘ n.d. ‘
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Table S4. Association between chemical predictions of disease state vs. pathology assessment

Chemical Evaluation of Disease State

Pathological Evaluation Grey Matter White Matter Glioma

Infiltrated tissue 18 12 3

Glioma 1 0 12
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Figure S1. Photograph of medical swabs, model 160C, from Copan Diagnostics Inc. with and without the
plastic sealing tube.
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Figure S2. (A) Image of the custom-build ion source for TS-MS with medical swabs. (B) Photograph of
electrospray generated from the swab, red laser pointer was used to illuminate the spray plume.
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Figure S3. Isotope distribution of PS 18:0_22:6, m/z 834.5. Mean ion intensity denoted by solid line with
+ standard deviation illustrated by the shaded area between the dotted lines. Number of scans averaged
= 1026 over 10 min of data acquisition. lon Intensities are normalized to the base peak (m/z 834.5) over

the mass range m/z 760-920.
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Figure S4. Case #17; pathological diagnosis: grey matter infiltrated with low TCP. (A) Total ion count (TIC)
over a 10-minute window of data acquisition. Vertical red lines are drawn at minutes 1 and 9, respectively;
the red arrows point at the full-scan mass spectrum acquired at those two-time points. (B) Full-scan mass
spectrum in negative ion mode after 1 minutes of data acquisition; TIC = 1.67-10° (C) Full-scan mass
spectrum in negative ion mode after 9 minutes of data acquisition; TIC = 0.26-10°. Absolute ion counts are
shown on the Y-axes.
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Figure S5. Average DESI-MS lipid (m/z 700-1000) MS profiles for (A) grey matter (N=223), (B) white matter
(N=66), and (C) glioma (N=158). lon intensities are normalized to the total ion count (TIC). Figure is
reproduced with permission of the National Academy of Sciences (2017).
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Figure S6. MS/MS product ion spectra for m/z 788 (A) and m/z 834 (B) detected in the negative ionization
mode from Sample #8. Characteristic losses used in determining the lipid class; e.g., -87 (m/z 788—>701,
head group loss of phosphatidylserines). Furthermore, acyl chain could be determined based on fatty acid
product ions; e.g., m/z 283, stearic acid. lon intensities are normalized to the base peak over the product
mass range m/z 250-850.

14

204



Capitol 3

100 s I 147
85 ®129
z }
= [+]
a2
= 50
-]
2
=5
&
| | 129
%U 80 100 120 140
mz

Fig. S7. Sequential product ion scan for 2HG from Case #16, IDH-mutant glioma. Fragmentation of 2HG
matches previously reported pattern detected by DESI-MS (20, 22). The fragmentation pattern was
matched also against a certified analytical standard. lon intensities are normalized to the base peak over
the product mass range m/z 60-140.
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Video S1. Swab electrospray process. The video shows side-by-side the electrospray plume formation and
the mass spectral data acquired simultaneously from Sample #12 (Case #8, Table S1). The swabs are
unconventional probes for electrospray because of their fused shape and large tip (>1 mm). Swab TS
differs from regular electrospray in that the solvent is pumped on a rough and porous surface; it is initially
absorbed and then becomes suspended in a droplet at the apex of the swab tip once the porous material
is completely saturated. When high voltage is applied to the handle of the swab, the voltage is transferred
to the solvent at the swab tip. The suspended droplet becomes elongated. The elongation reduces droplet
diameter, which in turn increases the electric field strength such that it exceeds the solvent surface
tension resulting in the electrospray generation. The Taylor cone is formed at the tip of the swab. The
plume of microdroplets generated by the electrospray process is visible through illumination with a laser.
Microdroplets undergo cycles of solvent evaporation and Coulomb fission and are vacuumed into the
mass spectrometer and mass analyzed.
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3.2.2 PUBLICACIO VI

Paper Spray-Atmospheric Pressure Photoionization-High Resolution Mass
Spectrometry for the Direct Analysis of Neutral Fluorinated Compounds in
Waterproof Impregnation Sprays
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Abstract

Paper spray-mass spectrometry (PS-MS) has been widely used as a fast ionization method
for the direct analysis of polar compounds, since the main ionization mechanism that takes
place is similar than that in electrospray ionization source. In this work, PS combined with
atmospheric pressure photoionization (PS-APPI) is applied for the determination of non-
polar and low polar compounds, such as the neutral per- and polyfluorinated alkyl substances
(PFASs). The proposed PS-APPI method has been optimized for the analysis of
fluorotelomer alcohols (FTOHs), fluoroctanesulfonamides (FOSAs) and fluorooctane
sulfonamido-ethanols (FOSEs), using both negative ion mode and high-resolution mass
spectrometry. The most critical working parameters (i.e. UV-krypton lamp position, sample
drying time and spray dopant solvent) have been evaluated to study both the ionization
behaviour and ionization efficiency of these compounds, achieving the best results using
dopant-assisted PS-APPI with toluene as dopant solvent. The most intense ions observed in
the mass spectra, [M—H]~ for FOSAs and [M+O2]™" for FTOHs and FOSEs, were selected
and proposed for the fast screening and quantitation of the target compounds in the samples.
The developed dopant-assisted PS-APPI-HRMS method was applied for the quantification
of neutral PFASs in waterproof impregnation sprays samples at pg L™ levels using the
internal standard calibration method, showing a good performance as demonstrate the
satisfactory evaluation of the method quality parameters (repeatability, trueness and
linearity). The analysis of raw impregnation sprays by the proposed method has allowed the
identification and quantitation of several FTOHs (6:2 FTOH, 7-Me-6:2 FTOH, 8:2 FTOH,
10:2 FTOH) and N-MeFOSE at mg L™! in several samples.
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1. Introduction

In the last years, the use of ambient mass spectrometry techniques (Ambient MS) has shown
an important increase, probably due to its attractive characteristics that allow the
performance of direct analysis of samples in the open air with minimal or even no sample
preparation [1]. Ambient MS techniques promote straightforward analysis with emphasis in
simplicity, low cost and short analysis time. Among these techniques, paper spray ionization
(PS-MS) is one of the easiest and simplest Ambient MS techniques. A liquid sample
deposited onto a triangular shaped paper is analyzed by adding a solvent and the application
of a high voltage, which produces a spray of charged droplets in the apex of the triangle
paper [2]. Because PS-MS is based on electrospray ionization mechanism, its applications
have been generally limited to the analysis of polar compounds (amines, amides, ketones or
acids) that can be easily protonated or deprotonated in liquid-phase before being transferred
into the gas-phase via ion evaporation [3]. Recently, some authors have proposed the use of
some strategies to favour the ionization of non-polar compounds in PS-MS using alternative
ionization mechanisms [4,5]. For instance, non-polar solvents have been used to favour field
desorption ionization and/or chemical ionization by corona discharge. The monitoring of
environmental and food contaminants and the evaluation of risk of human exposure to
persistent pollutants frequently require the analysis of a large number of samples, although
in many studies only few of them are positives. Under this scenario, the direct analysis of
samples by Ambient MS methods could play an important role by detecting the positive
samples and helping in the workload of control laboratories. PS-MS might would help to
achieve these objectives, since the already described methods have been applied to several
research areas, such as food, environmental, forensic and clinical analysis [6—9], and the
feasibility of this technique have been shown for both qualitative and quantitative analysis

of polar and moderate-polar compounds in raw samples.

Per- and polyfluorinated alkyl substances (PFASs), which comprise a huge group of
chemicals that are characterized by a totally or partially fluorinated alkyl chain with a
terminal functional group, have been used in many industrial and consumer products due to
their special chemical properties such as hydrophobicity, oleophobicity, non-sticking and
highly fire resistance, among others [10-14]. Within this family of compounds,
perfluorooctanoic acid (PFOA) and perfluorooctane sulfonate (PFOS) are of great concern
because of their persistence, toxicity and potential bioaccumulation in organisms, as well as

their biomagnification through the food chain [15-17]. From a regulatory point of view,
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PFOS has been included by the Stockholm Convention as persistent organic pollutant in
Annex B, while PFOA is still under evaluation [18, 19]. Over the last years, these PFASs
have been substituted by other fluorinated compounds such as fluoroctanesulfonamides
(FOSAs), fluoroctane sulfonamido-ethanols (FOSEs) or fluorotelomer alcohols (FTOHs),
among others. Although these compounds show lower toxicity, they can degrade into the
persistent PFASs, so their monitoring is of interest [13, 20]. Related to human exposure,
there are few available data about PFAS content in consumer products, which are the
responsible of the main emissions of these compounds into the environment. In addition,
there is a lack of information about PFASs employed in consumer products such as
impregnation products, cleansers, polishers and lubricants [21, 22]. Besides, this information
is often hidden by the data owner, which makes it less accessible [23]. FTOHs, FOSAs and
FOSEs have been analyzed by both gas chromatography (GC) [24-27] and liquid
chromatography (LC) [28, 29] mainly coupled to mass spectrometry (MS). Regarding
ionization sources, electron ionization (EI) and chemical ionization (CI) have been used for
GC-MS analysis, although high fragmentation and poor ionization efficiency have been
reported for some of these compounds. In LC-MS, electrospray ionization (ESI) is the source
most currently used, although atmospheric pressure chemical ionization (APCI) and
atmospheric pressure photoionization (APPI) have also been recently proposed to overcome
some ionization problems observed for FTOHs and FOSEs [10]. Concerning ambient
ionization MS methods, so far none have been reported for these families of neutral PFASs,
maybe due to the difficulties for their ionization under electrospray-based mechanisms.
However, alternative ionization methods can be considered for the development of Ambient
MS methods for these analytes to improve the high-throughput of quality control

laboratories.

The present study explores the feasibility of a new Ambient MS approach that combines
paper spray with APPI and high-resolution mass spectrometry (PS-APPI-HRMS) for the
rapid analysis of FTOHs, FOSEs and FOSAs. The results obtained with the PS-APPI-HRMS
method are compared with those achieved using the conventional PS-MS set-up in order to
understand the procedures/ionization mechanisms involved in this new approach. Finally,
the proposed PS-APPI-HRMS method has been applied for the determination of neutral

PFASs in commercial waterproof impregnation sprays.
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2. Experimental
2.1 Materials, chemicals and standards

For paper spray experiments, Whatman 31ET chromatography paper (W31) obtained from
Sigma-Aldrich (Steinhein, Germany) and copper clips purchased from Muller Electric
(Akron, OH, USA) were used. Regarding solvents, acetonitrile (ACN), methanol (MeOH)
(LC-MS Chromasolv® grade), ethanol (EtOH) (Chromasolv® for HPLC gradient grade)
and dimethylformamide (DMF) (anhydrous grade) were purchased form Sigma-Aldrich
(Steinheim, Germany). Solvents used as dopants, toluene and chlorobenzene (Chromasolv®
Plus HPLC), were also acquired from Sigma-Aldrich, while anisole and acetone (pesticide
residue analysis grade) were supplied by Fluka® Analytical (St. Louis, MO, USA) and
tetrahydrofuran (PHOTREX'™) was purchased from J.T. Baker (Deventer, Holland). The
purity of all solvents used was higher than 99.8%.

FTOHs, FOSAs and FOSE:s selected as target compounds for this study are shown in Fig. 1.
Fluorotelomer alcohol standards (FTOHs), 1H, 1H, 2H, 2H-perfluorohexan-1-ol (4:2
FTOH), 1H, 1H, 2H, 2H-perfluorooctan-1-ol (6:2 FTOH) and 1H, 1H, 2H, 2H-perfluoro-7-
trifluoromethyl-octan-1-ol (7-Me-6:2 FTOH) were acquired from Flurochem, Ltd.
(Derbyshire, UK), whereas 1H, 1H, 2H, 2H-perfluorodecan-1-ol (8:2 FTOH) and 1H, 1H,
2H, 2H-perfluorododecan-1-ol (10:2 FTOH) were purchased from Alfa Aesar GmbH & Co
KG (Karlsrube, Germany), at a purity higher than 96%. Regarding FOSEs and FOSAs
standards, 2-(N-Methylperfluoro-1-octanesulfonamido)-ethanol (N-MeFOSE), 2-(N-
ethylperfluoro-1-octanesulfonamido)-ethanol ~ (N-EtFOSE) and N-methylperfluoro-1-
octanesulfonamide (N-MeFOSA) were supplied by Wellington Laboratories, Inc. (Guelph,
Ontario, Canada) as individual standard solutions (50 mg L™! in methanol, < 98%), while N-
ethylperfluoro-1-octanesulfonamide (N-EtFOSA) (99%) was obtained from Dr. Ehrenstorfer
GmbH (Augsburg, Germany). Internal standards used for quantitation of FTOHs, 1H, 1H-
pentadecafluoro-1-octanol (7:1 FA), 1H, 1H-perfluoro-1-nonanol (8:1 FA), 1H, 1H-
perfluoro-1-decanol (9:1 FA) and 1H, 1H-perfluoro-1-dodecanol (11:1 FA) were obtained
from Fluorochem LTd.. For the quantitative analysis of FOSA and FOSEs we used
commercially available labelled standards, 2-(N-Ethyl-d5-perfluoro-1-octane-sulfonamido)-
ethan-d+-ol) (do-N-EtFOSE) and N-ethyl-d5-perfluoro-1-octanesulfonamide (ds-N-EtFOSA)
solutions (50 mg L' in methanol, supplied by Wellington Laboratories Inc.). Individual
stock solutions (1 mg mL™') for FTOHs and N-EtFOSA were prepared in methanol and
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stored at 4°C, while the working standard solutions were prepared weekly by appropriate

dilution of the stock standard solutions in methanol and stored at 4°C until their analysis.

AL, o005

o Y

n R Compound R Y Compound
2 -CF, 4:2 FTOH —CHs _H N-MeFOSA
4 -CF, 6:2 FTOH

—C,Hs  -H N-EtFOSA
4 —CF(CF3) 7-Me-6:2 FTOH

—CH;  -C,H4OH  N-MeFOSE
6 -CF, 8:2 FTOH
8  -CR, 10:2 FTOH -CpHs  —CH,OH  N-EtFOSE

Fig. 1 Chemical structures of the studied neutral PFASs

2.2 Instrumentation

The home-made PS-APPI set-up used in this work is shown in Fig. 2. A triangular piece of
W31 paper, 10 mm (height) by 8 mm (base width), was held using a cooper clips with the
apex in line with the inlet of the mass spectrometer at a distance of 4 = 1 mm and the high-
voltage was supplied through the cooper clips. The krypton lamp (Syagen, Santa Clara, CA,
USA) used in APPI emitted photons of 10.6 eV energy and it was set at an angle of 30° and
a distance of 1 cm from the triangle paper apex and the MS inlet. For the analysis of both,
standards and liquid samples, 10 uL were loaded onto the W31 paper and let it dry for 2 min.
Later, 70 pL of toluene (spray solvent) were deposited with a pipet onto the back of the
paper. The high-voltage applied for PS-APPI was 2.5 kV to generate the spray of

microdroplets and the mass spectra were recorded for 1-2 min.

Mass spectrometry analyses were performed using a quadrupole-Orbitrap mass spectrometer
(Q-Exactive, Thermo Fisher Scientific, San Jose, CA, USA). High-resolution mass spectra
were collected in negative-ion full-scan (HRMS) and target MS? acquisition modes
(MS/HRMS). Mass resolution was set at 70,000 FWHM for both full-scan and product ion
scan (full width at half maximum, m/z 200) while the mass range was 50-700 m/z in profile
mode. All ions were assigned achieving accurate mass errors < 5 ppm. Automatic gain
control (AGC) were set at 10° and 103 for full-scan and target MS/HRMS experiments,

respectively, and maximum injection time values were set at 300 ms. The S-lens
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radiofrequency and the capillary temperature were fixed at 50% and 300 °C, respectively.
Nitrogen (99.95% pure, Air Liquide, Madrid, Spain) was used as collision gas and precursor
ions were isolated using an isolation window of 1 m/z. Xcalibur™ software v3.1 (Thermo

Fisher Scientific, San José, CA, USA) was used for data acquisition and data processing.

Accurate mass calibration was performed in the Q-Exactive mass spectrometer every 72 h
using the ESI ion source and the calibration solution containing caffeine, MRFA peptide,
Ultramark 1621 and butylamine in acetonitrile/methanol/water (2:1:1, v/v) with 1% (v/v)

formic acid.
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3a. M+ 0, > [M+0,]
3b. M + 0, - [M-H]" + HO,"

Spray Voltage (kV)

Fig. 2 (A) Home-made experimental set-up of voltage-assisted paper spray atmospheric pressure
photoionization source (B) Scheme of PS-APPI ionization process. The figure is not drawn to scale.

2.3 Samples

Sixteen commercial waterproof impregnation sprays of different brands were collected from
local supermarkets (Barcelona, Spain). Prior to PS-APPI-HRMS analysis, an adequate
volume of a standard solution containing the internal standards were added to the samples,
which were shaken in a vortex for few seconds before depositing 10 pL onto the W31 paper.
No further sample manipulation was performed before the analysis and samples were
quantified using the internal standard method using calibration standard solutions prepared

in methanol at concentrations ranging from 0.05 to 110 mg L-!.
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3. Results and discussion
3.1 PS-APPI vs PS ionization behaviour of FTOHS, FOSAs and FOSEs

The ionization behaviour of FTOHs, FOSEs and FOSAs by paper spray using both
approaches, standard PS and PS-APPI, have been explored in this work using the same
home-made paper spray set-up. To perform the PS-APPI-HRMS experiments, a krypton
lamp in the position described in the experimental section (Fig. 2) was included to the paper
spray set-up and switched-on. For these studies, a methanol standard solution mixture (10
uL) containing the analytes (10 mg L™ for FTOHs and 5 mg L™! for FOSAs and FOSEs) was
analyzed using several solvent mixtures (acetonitrile, toluene, methanol and acetone) and
applying a high voltage within the range of 2-4 kV. After the first experiments, none of the
target compounds were detected in positive ion mode neither in PS-HRMS nor in PS-APPI-

HRMS. Thus, further PS studies of neutral PFASs were focused on the negative ion mode.

For the analysis of PFASs by PS in negative ion mode, the best results were obtained using
both methanol/toluene (9:1, v/v) as spray solvent and 3.5 kV as spray voltage. At these
conditions, FOSAs were ionized (Fig. 3A) via proton abstraction [M—H]"~, while any ions
were observed from FTOHs and FOSEs. These results are in agreement with those obtained
in previous studies performed by ESI, in which difficulties to generate deprotonated ions
[M-H] for FTOHs and FOSEs were reported and they only could be ionized via adduct
formation with mobile phase components [10,11]. Although, the ionization mechanism
occurring in paper spray under negative ion mode is still not well-understood, some authors
[5,30] reported that other ionization mechanisms, in addition to electrospray, can also take
place for non-acidic/basic, low polarity and high electron affinity compounds. These
ionization mechanisms probably involve PS-based corona discharge ionization processes
[30]. To evaluate this possibility, several non-polar organic solvents (acetone, toluene,
cyclohexane and hexane) were tested to prevent electrospray-based mechanisms in PS. As
occurred before, only FOSAs were ionized using non-polar solvents, obtaining the best
responses using a spray solvent mixture of toluene/cyclohexane (3:1, v/v) and working at a
2.5 kV spray voltage (Fig. S1, Supporting information). At these conditions, the abundance
of FOSAs ions was almost two orders of magnitude lower than that observed using polar
solvent mixtures, which favour the ionization of FOSAs by electrospray-based mechanisms.

However, the remained low intense ions [M—H]™ when using non-polar solvents would
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indicate that the ionization might be produced via corona discharge phenomena at the apex

of the triangle shaped paper under these circumstances.
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Fig. 3 Mass spectra of a standard mixture (10 pL) of the target compounds in pure methanol (10
mg L for FTOHs and 5 mg L' for FOSAs and FOSEs) deposited onto the paper substrate by (A)
PS-HRMS using methanol/toluene (9:1, v/v) as spray solvent and 3.5 kV as spray voltage and (B)
PS-APPI-HRMS using toluene as spray solvent and a spray voltage of 2.5 kV.

Since previous studies performed in the research group showed that FTOHs and FOSEs can

be ionized via LC-APPI-MS [10], a krypton lamp was incorporated into the original paper

spray set-up to achieve the ionization of these compounds. In this new PS-APPI approach,

the solvent used in PS plays two important roles, as solvent spray to extract and transport

the analytes to the apex of the triangle shaped paper and as dopant solvent in the dopant-
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assisted APPI process. Among the solvents and mixtures tested for PS-APPI, the best
responses were obtained when using toluene as spray solvent at 2.5 kV spray voltage. As
can be seen in Fig. 3B, FTOHs and FOSEs generated the characteristic superoxide adduct
ions [M+O2]" as it was previously observed in LC-APPI-MS [10]. The ionization
mechanism of FTOHs and FOSEs would be initiated by the electrons released by the toluene
photoionization process, which can be later captured by the atmospheric oxygen to form the
superoxide radical ions [O2]™". Since no thermal-assisted evaporation was used in the PS-
APPI, a field-assisted evaporation step might be the responsible to transfer neutral molecules
from the paper substrate into the gas-phase, where would later interact with the superoxide
radical ions [O2]" to yield the superoxide adduct ion [M+O2]"[31]. Regarding FOSAs, the
ions observed in PS-APPI-HRMS mass spectra were also [M—H]", although their signal
intensity was higher than that found using standard PS (Fig. 3B). As occurred for FTOHs
and FOSEs, the field-assisted evaporation of FOSAs followed by their dopant-assisted
photoionization in the gas-phase could be responsible of increasing the ions response in PS-

APPIL

Tandem mass spectrometry MS/HRMS was also used to characterize the ions observed in
both PS and PS-APPI and to confirm the presence of these compounds in real samples (Table
S1, Supporting Information). All the product ions observed in the MS/HRMS mass spectra
were consistent with those previously reported using LC-APPI-MS/HRMS for these families

of compounds, being the fragmentation pathways similar to those described elsewhere [32].

3.2 PS-APPI-HRMS method optimization

To maximize the ion intensity in PS-APPI-HRMS, several operational parameters, such as
the krypton lamp position, the spray solvent composition and the spray voltage, were
optimized using 8:2 FTOH and N-EtFOSA as model compounds. To this end, 10 pL ofa 10
mg L' methanol standard mixture solution were deposited onto the triangle shaped paper

and analyzed by PS-APPI-HRMS.

The effect of the angle and the distance of the krypton lamp in the PS-HRMS response was
studied. The ions generated from 8:2 FTOH and N-EtFOSA were only observed within an
angle (o) between 20° and 45° and a distance from the paper tip (d) between 0.3 and 1.5 cm.
As can be seen in Fig. 4A, differences in the ion signal intensity for 8:2 FTOH and N-
EtFOSA were not critical at angles (o) between 30° and 45° and for distances (d) ranging
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from 0.3 to 1 cm. Longer distances result in an important decrease in the ion abundances,
which can be attributed to the spreading of the light beam. Thus, the krypton lamp optimal
position was set at an angle (o) of 30° and a distance (d) of 1 cm for further studies.
Furthermore, several spray solvents, such as toluene, acetone, chlorobenzene,
tetrahydrofuran and anisole, which could also act as dopants, were tested to study their effect
on the analytes response. As can be seen in Fig. 4B, toluene provided the highest signal
intensity for both 8:2 FTOH and N-EtFOSA. Chlorobenzene and anisole also produced a
relative intense ion signal for N-EtFOSA, because these two dopant-solvents might favour
the proton abstraction of the analyte. In order to increase the analyte extraction and its
transport to the paper tip, different solvent mixtures containing toluene as the main solvent
were tested, but any of them provided a significant signal improvement. Thus, toluene
(100%) was used in PS-APPI as both spray solvent and dopant solvent in the atmospheric

pressure photoionization of target compounds.
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Fig. 4 Effect of the PS-APPI-HRMS working conditions using: (A) Lamp position, (B) Solvent
selection.
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Under the optimal PS-APPI-HRMS conditions, a standard mixture containing the nine target
compounds at a concentration of 10 mg L™ for FTOHs and 5 mg L' for FOSAs and FOSEs
were analyzed. Interestingly, differences on the chronogram profiles of the studied
compounds were observed within the acquisition time (2 min) (Fig. 5). For all FTOHs, the
ion signal was intense within 0.5 and 1.5 min, although for 4:2 FTOH (m/z 296.0101) the
ion response decreased over the time, while for 10:2 FTOH (m/z 595.9909) the signal
increased over the same period. In contrast, the response of the less volatile FOSEs (m/z
588.9857 and m/z 603.0014) and FOSAs (m/z 511.9619 and m/z 525.9775) significantly
raised at the end of the chronogram. This could be related with both the relative volatility of
these compounds and the size of the droplets generated in the spray at the tip of the paper.
The more volatile compounds are easily transferred to the gas phase, even when the presence
of large amount of solvent generates relatively large droplets. However, when the solvent
runs out faster over the time, the droplets generated are much smaller, which makes easier
the desolvation process and the transfer of high molecular weight compounds to the gas

phase. Furthermore, the absence of solvent at the end of the period recorded might increase
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Fig. 5 PS-APPI-HRMS (-) selected ion current profiles of 4:2 FTOH, 6:2 FTOH, 7-Me-6:2 FTOH, 8:2
FTOH, 10:2 FTOH, N-MeFOSA, N-EtFOSA, N-MeFOSE and N-EtFOSE obtained analyzing a standard
solution by PS-APPI-HRMS using toluene as spray solvent and a spray voltage of 2.5 kV.
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the electrical field at the paper tip, which could also favour the field-assisted evaporation of

the less volatile analytes [3, 33, 34].
3.3 Analysis of waterproof impregnation sprays by PS-APPI-HRMS.

Taking into account the volatility of target compounds, the drying time of the sample on the
paper substrate before the PS-APPI-HRMS analysis was studied using a blank spiked
sample. Different drying periods (0.5 - 10 min) were tested and both intensity and variability
on the response of athe nalytes were evaluated. The highest analyte signals were achieved
after letting the sample dry on the paper triangle at room temperature for 2 minutes (Fig. S2,
Supporting Information). The use of longer drying times produced a significant decrease on
the response of FTOHs, especially for 4:2 FTOH, probably due to the higher volatility of the
short-fluoroalkyl chain FTOHs, which could cause the loss of analytes before its
determination by PS-APPI-HRMS. Regarding ion signal variability (RSD %), it increased
with the drying time and it was lower than 17% at drying times below 2 minutes, with the

only exception of 4:2 FTOH (RSD 32%) because of its mentioned high volatility.

Internal standard method was used to quantify all neutral PFASs using ds5-N-EtFOSA and
do-N-EtFOSE for FOSAs and FOSEs and 7:1 FA, 8:1 FA, 9:1 FA and 11:1 FA for FTOHs.
Calibration curves obtained for all the target compounds showed good linearity (R?>0.998)
within the studied concentration range and allowed the correction of both signal variability
and possible matrix effects. Quality parameters such as limits of detection and quantitation
as well as precision and bias have been estimated and the results obtained are summarized
in Table 1. Method limits of detection (MLODs) and quantitation (MLOQs), based on the
signal-to-noise (S/N) ratio of 3 and 10, respectively, were estimated by spiking a blank
waterproof impregnation spray with standards at low concentration level. For most of the
compounds, the estimated MLODs ranged from 3 to 27 ug L™, except for 4:2 FTOH (315
ug L) because of its high volatility. These MLODs are at least 5 to 10 times lower than the
concentration levels that have been reported for neutral PFAS in impregnating agents, which
are currently above mg L™ levels [21, 22]. To evaluate method precision (concentration
intra-day repeatability as relative standard deviation, %RSD) and trueness (as relative
concentration error, %), replicated analyses (n=5) at two concentration levels (low level:
0.08-0.6 mg L™! and 2 mg L' for 4:2 FTOH, high level: 2-25 mg L' and 50 mg L' for 4:2

FTOH) were performed. For most of the compounds, RSD (%) values were lower than 18%
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and bias were below 18%, except for 4:2 FTOH, for which the RSD was 32% and the bias
was 39%, which is also attributed to its higher volatility.

Table 1. Ouality parameters of the PS-APPI-HRMS method

Precision Trueness
MLOD MLOQ Calibration range (RSD, %) (Re. Error, %)
Analyte R?
(ngL?) (ngl?) (mgL?)
Low Level High Level Low Level High Level
4:2 FTOH 315 1000 1-110 0.9978 32 20 39 7
6:2 FTOH 25 85 0.15-60 0.9995 13 5 18 0.2
7_2:_(33:2 27 90 0.15-60 0.9998 9 4 12 0.3
8:2 FTOH 6 20 0.05-60 0.9984 9 9 9 9
10:2 FTOH 6 20 0.05-60 0.9995 5 2 5 2
N-MeFOSA 3 10 0.05-5 0.9998 6 4 11 0.3
N-EtFOSA 3 10 0.05-5 0.9993 12 1 17 0.7
N-MeFOSE 12 40 0.05-5 0.9999 10 9 10 0.2
N-EtFOSE 12 40 0.05-5 0.9999 18 4 16 0.2

Low level: 0.08-0.6 mg L and 2 mg L™ for 4:2 FTOH High level: 2-25mg L and 60 mg L for 4:2 FTOH

FTOHs, FOSAs and FOSEs were determined by PS-APPI-HRMS in 16 waterproof
impregnation spray samples purchased from local stores. Any label of the 16 samples
analyzed indicated the use of neutral PFASs as an ingredient in the product composition.
Internal standards (0.4 mg L' for d5-N-EtFOSA and do-N-EtFOSE and 5 mg L' for FAs)
were added to the samples after being transferred to an Eppendorf to perform the quantitative
analysis. The sample raw data were acquired in both PS-APPI-HRMS for the quantitation of
identified compounds (mass accuracy less than 5 ppm) and PS-APPI-MS/HRMS for
confirmatory purposes (Table S1, Supporting Information). If necessary, positive samples
with neutral PFASs at concentration levels above the calibration range were appropriately
diluted in acetone to quantify the target compounds within the linear calibration range used.
Table 2 lists the samples analyzed and the neutral PFASs identified along with the
quantitative results obtained by PS-APPI-HRMS. Among the waterproof impregnating
sprays analyzed, the presence of neutral PFASs was detected in seven samples. FTOHs were
identified in 6 samples, being the 6:2 FTOH the most frequently detected at concentrations
ranging from 0.27 to 167 mg L. Fig. 6 shows the PS-APPI-HRMS and PS-APPI-
MS/HRMS spectra obtained in the analysis of sample WP-06, where 6:2 FTOH was
determined at a concentration of 167 + 5 mg L.
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Table 2. PS-APPI-HRMS sample analysis

Sample Detected Ton assignment Exact mass Accurate mass Mass accuracy Concentration £ SD
compound (m/z) (m/z) (ppm) (mg L)

WP-01 n.d. - - - - n.d.

WP-02 n.d. - - - - n.d.

WP-03 6:2 FTOH [M+0,]™ 396.0037 396.0032 1.3 0.27+0.01
8:2 FTOH [M+0a]™ 495.9973 495.9956 3.4 0.057+0.003

WP-04 6:2 FTOH [M+02]™ 396.0037 396.0024 33 25+1
7-Me-6:2 FTOH [M+O,]" 446.0005 445.9910 2.0 0.34+0.01
8:2 FTOH [M+0a2]™ 495.9973 495.9972 0.2 0.08+0.02
10:2 FTOH [M+0,]™ 595.9909 595.9905 0.7 0.2+0.02

WP-05 6:2 FTOH [M+02]™ 396.0037 396.0033 1.0 0.172+0.009
N-MeFOSE [M+0,]™ 588.9857 588.9856 0.2 0.63+0.04

WP-06 6:2 FTOH [M+02]™ 396.0037 396.0024 33 167+5%

WP-07 6:2 FTOH [M+02]™ 396.0037 396.0024 32 102+12

WP-08 n.d. - - - - n.d.

WP-09 6:2 FTOH M+O,]~ 396.0037 396.0020 43 n.g.

WP-10 n.d. - - - - n.d.

WP-11  8:2 FTOH [M+O,]™ 495.9973 495.9949 4.8 n.qg.

WP-12 n.d. - - - - n.d.

WP-13  n.d. - - - - n.d.

WP-14 n.d. - - - - n.d.

WP-15 n.d. - - - — n.d.

WP-16 n.d. — — — — n.d.

n.d. not detected (SMLOD); n.q. not quantified (<MLOQ). * Sample diluted with acetone for analyte quantitation.

Tandem mass spectrum confirmed the presence of 6:2 FTOH in the sample since the
perfluoroalkyl chain product ions observed are consistent with those observed for the
standard (Table S1, Supporting Information). The concentration levels of FTOHs found in
this study are in agreement with those reported for commercial impregnation products
analyzed in Norway (0.5-330 mg L) [21] and Switzerland (0.8-9400 mg L) [22].
Moreover, N-MeFOSE was only detected (0.63 = 0.04 mg L) in one of the waterproof
impregnation spray (WP-05), while FOSAs were not detected in any of the products tested.

4. Conclusions

In this work, the combination of APPI with the PS-based technique has demonstrated to be
an effective approach to overcome the ionization problems observed for FOSEs and FTOHs
using the standard PS set-up. Under PS-APPI conditions, FTOHs and FOSEs have shown a
high tendency to generate superoxide adduct ions [M+O2]~" while the deprotonated molecule
ion [M—H]  has been mainly detected for FOSAs. The krypton-lamp position (set
horizontally at 30 °C and at 1 cm from the sharp tip) and the spray solvent (toluene) have

been the most critical working parameters to obtain the best signal intensity. Method quality
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parameters, such as MLODs (at low pg L levels), linearity (R?>0.998), intra-day precision
(RSD% <18%) and trueness (relative errors <18%), have demonstrated the good
performance of the PS-APPI-HRMS method proposed. Moreover, the analysis of waterproof
impregnation sprays by PS-APPI-HRMS revealed the presence of several neutral PFASs up
to mg L' levels, being the presence of 6:2 FTOH the most abundant one. These results
demonstrated the potential of the proposed PS-APPI-HRMS method for the fast
determination of these neutral fluorinated compounds in waterproof impregnation sprays,
but the method could be further applied for fast monitoring of neutral PFASs in other
samples to study the human exposure to these substances. Further studies should be
performed to evaluate the general applicability of PS-APPI for the analysis of other low

polar/non polar compounds.
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containing 6:2 FTOH (160 + 4 mg L'").
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Figure S1 Negative-ion PS-HRMS mass spectrum of a standard solution mixture of the target compounds (10

mg L'l) using toluene/cyclohexane (3:1, v/v) as spray solvent and the spray voltage set at 1.5 kV.
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Table S1. PS-APPI-MS/HRMS product ions, normalized collision energies (NCEs) and mass errors (ppm) for
target FTOHs, FOSAs and FOSEs.

Precursor Ton MS/HRMS Product ions

Compound m/z Ton Assignment ?OIA)C)E m/z (Rel. Ab., %) Ton Assignment (Mass Error, ppm)
4:2 FTOH 296.0103 [C6F9H4OH+O2] * 22 296.0102 (6%) [C6FoHsO+02]* (0.3)
240.9906 (30%) [CeFsOH] (0.4)
222.9998 (16%) [CsF7HOH] (0.4)
202.9940 (61%) [CoFsOH] (1.5)
192.9896 (100%) [CsF7]- (1.0)
173.9912 (13%) [CsF]* (1.1)
142.9925 (15%) [C4Fs] (0.7)
123.9941 (19%) [C4F4]* (0.8)
6:2 FTOH 396.0038 [CsF13H4OH+O02]* 18 396.0038 (15%) [CsF13H4OH+02]* (0.3)
340.9842 (25%) [CsF120H] (0.3)
322.9938 (20%) [CsFIHOH] (0.9)
301.9796 (100%) [CsF100]™* (0.3)
292.9833 (85%) [C7F 1] (1.0)
273.9847 (15%) [C7F10]™* (0.4)
2549861 (30%) [C7Fo] (0.4)
242.9860 (24%) [C6Fo] (0.8)
182.9873 (10%) [C6FsOT (1.1)
7-Me-6:2 FTOH ~ 446.0007  [CoF1sHsOH+O2] 17 446.0007 (7%) [CoF1sH4OH+02] " (0.4)
390.9812 (9%) [CoF14OH] (0.8)
372.9908 (8%) [CoF13HOH] (1.1)
342.9799 (44%) [CsFis] (0.3)
323.9815 (100%) [CsF12]° (0.3)
304.9831 (39%) [CsF11]7(0.3)
274.9925 (37%) [C7HF10]™ (0.4)
2549861 (47%) [C7F9] (0.4)
8:2 FTOH 495.9977 [C10F17H4OH+O2]* 16 495.9977 (10%) [C10F17H4OH+02]* (0.8)
402.9812 (65%) [C1oF14OHT (0.7)
401.9734 (100%) [C1oF 10T (0.7)
392.9769 (60%) [CoF15] (0.8)
373.9785 (10%) [CoF1a] (0.8)
354.9800 (30%) [CoF13] (0.6)
342.9799 (20%) [CsF13](0.3)
323.9816 (8%) [CsF12]* (0.6)
232.9842 (5%) [C7F707 (0.4)
10:2 FTOH 595.9916 [C12F21HsOH+O2]* 15 595.9916 (12%) [C12F21H4OH+02]* (1.2)
501.9672 (100%) [C12F150]* (1.0)
492.9707 (55%) [CHFio] (1.0)
454.9737 (40%) [ChFi] (0.7)
442.9737 (15%) [C1oF 1] (0.7)
292.9833 (10%) [C7F 1] (1.0)
N-MeFOSA 511.9621  [CoF17HiNSO»-H]- 37 511.9621 (7%) [CoF17HaNSO2-H]- (0.4)
268.9832 (5%) [CsFui] (0.7)
218.9859 (16%) [CaFo] (1.4)
168.9893 (100%) [C3F7] (0.6)
118.9925 (29%) [C2Fs] (0.8)
64.9702 (58%) [HSO:2] (1.5)
N-EtFOSA 5259773 [CioF17HNSO2-H]- 37 525.9773 (7%) [C10F 17HeNSO>-H]™ (0.4)
268.9834 (7%) [CsFu] (1.5)
218.9859 (20%) [C4Fo] (1.4)
168.9893 (100%) [C3F7] (0.6)
118.9924 (22%) [CaFs] (1.7)
64.9702 (23%) [HSO:] (1.5)
N-MeFOSE 588.9863 [C11F17HsNSO3+02]* 10 588.9863 (6%) [C11HsF17NSO3+02]* (1.0)
541.9728 (10%) [C10HsF17NSOs] (0.7)
511.9620 (100%) [CoH3F17NSO:] (0.2)
138.0229 (6%) [C3HsO3NS] (0.7)
N-EtFOSE 603.0018 [C12F17H10NSO3+02] * 10 603.0018 (3%) [C12F17H10NSO3+02] * (1.0)

541.9729 (3%)
525.9776 (100%)

[C10F17HsNSOs] (0.9)
[Ci0F17HsNSO2] (0.2)
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3.3. DISCUSSIO DE RESULTATS

Com ja s’ha esmentat anteriorment, 1’objectiu d’aquest capitol és 1’avaluacié de
I’aplicabilitat de dues técniques Ambient MS, la TS i la PS, per a la resoluciéo de dos
problemes analitics concrets. En aquest apartat es discuteixen conjuntament els resultats
obtinguts en els treballs experimentals inclosos en aquest capitol (Publicacions Vi VI). La
discussio s’ha dividit en dos apartats: adaptacid i optimitzacié dels métodes TS-MS i PS-

HRMS 1 analisi de les mostres.

3.3.1 Muntatge i optimitzacio dels metodes TS-MS i PS-HRMS

En aquesta tesi, les dues técniques TS i PS-APPI s'han implementat en el grup de recerca de
manera molt senzilla i fent servir components de baix cost. Com es pot observar a la Figura
3.1, ambdues técniques presenten un disseny molt simple amb algunes diferéncies en la seva
configuraci6: la posicio de la sonda/substrat, el tipus de linia de transferéncia (capil-lar
d’entrada) utilitzat per enviar els ions cap a I’interior de 1’espectrometre de masses 1 la
manera de subministrar el dissolvent necessari per a la generacio de ’esprai. Tot i que és
més habitual la fabricacié d’hisops medics amb la vareta de plastic, en aquesta tesi s’han
utilitzat hisops amb la vareta metal-lica per tal de poder connectar-la a la font de
subministrament de 1’alt potencial i conduir el corrent cap a la fibra on s'aplica el dissolvent
durant l'analisi per TS-MS (Publicacio V, apartat 3.2.1). En el TS (Figura 3.1, a dalt) I’hisop
s’ha situat verticalment, a diferéncia del paper triangular en el PS, que s’ha posicionat
horitzontalment en el mateix eix (on-axis) que el capil-lar d’entrada a 1’espectrometre de
masses (Figura 3.1, a baix). Aquesta diferéncia en la posicio es deu, principalment, a la major
capacitat que té la fibra de rai6 de I’hisop per absorbir dissolvent, fet que comporta que sigui
necessari emprar cabals més grans de dissolvent per aconseguir mantenir la fibra totalment
mullada. En aquesta posicio, la for¢a de la gravetat facilita que el dissolvent flueixi cap a la
punta de I'hisop on es forma una semiesfera de liquid de diametre relativament gran a partir
de la qual es genera la ploma de I'electroesprai quan s’hi aplica el potencial. Tanmateix, la
disposicié vertical de I’hisop dificulta la formaci6é d'una ploma estable de I'electroesprai en
emprar una linia de transferéncia recta com la que normalment s'utilitza en els métodes PS-
MS i LC-MS. La substitucié d’aquest capil-lar per un de més llarg i amb una configuracio
en forma de L (Figura 3.1, a dalt) va permetre millorar l'estabilitat de manera significativa.
Cal indicar que aquesta configuraci6 en L fa disminuir l'eficacia en la transmissié d’ions cap

a I’analitzador, tot i que no va suposar cap impediment per a l'aplicacid que es volia
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desenvolupar, ja que els analits a detectar es trobaven a concentracions suficientment

elevades.

En el métode PS-APPI, la incorporacio d'una lampada de Cript6 al disseny original del PS
ha requerit I’optimitzacié de la seva posicio (Publicacio VI, apartat 3.2.2). Per obtenir la
millor resposta dels analits, la lampada s’ha posicionat perpendicularment a 1’eix axial del
paper triangular (Figura 3.1, a baix), pero amb un angle d'inclinacié respecte al pla del paper
de 30° i a 1 cm de distancia de la punta del paper (Figura 4A, Publicacio VI). A angles
superiors a 45° i inferiors a 30° no s’obté cap senyal i en augmentar la distancia en més d’1

cm es produeix una disminucié considerable de la resposta dels analits, probablement

Figura 3.1. Muntatge de les fonts. TS emprant hisops (a dalt) i PS (a baix),
emprant la lampada de Cript6 (PS-APPI).
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causada per la dispersio del feix de llum que podria provocar I’atenuacié parcial dels fotons

emesos (Fig. 4A, Publicacio VI, apartat 3.2.2).

Draltra banda, el mode de subministrament del dissolvent a I’hisop (TS) i al paper (PS) ha
estat diferent per a cadascun dels metodes. En el cas del TS, el dissolvent s’ha addicionat a
I'hisop en continu a un cabal constant, mitjangant una bomba de xeringa i un capil-lar de
silice fosa en contacte amb la fibra. A I’inici de 1’analisi, s’ha de saturar I’hisop amb el
dissolvent bombejant-lo a un cabal alt (~50 uL min') en abséncia de potencial fins a la
formacio6 d’una gota de liquid que quedi en suspensio a la punta. En aquest moment és quan
s’ha d'aplicar ’alt potencial, a través de la connexi6 metal-lica a la vareta de I"hisop, i reduir
el cabal del dissolvent per tal d’evitar-ne el degoteig que desestabilitzaria 1’electroesprai i,
alhora, podria contaminar la linia de transferéncia. Cal indicar que el cabal i el valor del
potencial necessari per a la formacié de I’electroesprai depenen, majoritariament, de la tensio
superficial i de la volatilitat del dissolvent emprat, fet que fa necessaria la seva optimitzaciod
en cada cas. De forma similar, en el métode de PS també cal dipositar un volum de dissolvent
suficient que saturi (mulli completament) el paper triangular abans d'aplicar l'alt potencial
pero, a diferéncia del TS, I'addicié no cal que sigui continuada sind que es pot afegir un
volum predeterminat a 1’inici de 1'analisi, després d'aplicar la mostra al paper. El volum de
dissolvent varia en funcié de la viscositat del dissolvent utilitzat, tot i que també depén de la
naturalesa i de la mida del paper triangular emprat. En aquesta tesi s’ha escollit el paper
cromatografic Whatman 31ET (W31) (0.5 mm de gruix) per a I’analisi dels compostos PFAS
emprant PS i PS-APPI (Publicacio VI, apartat 3.2.2), ja que es va observar que la seva
capacitat d'absorcio i porositat permetia dipositar una major quantitat de mostra (10 uL) que
en el paper Whatman de grau 1 (0.18 mm de gruix). La possibilitat de carregar un major
volum de mostra ha permés assolir millors limits de detecci6 i mantenir el senyal durant un
espai de temps més llarg. Tanmateix, la major capacitat d’absorci6 d’aquest paper també va

implicar que fos necessari aplicar un volum més gran de dissolvent (70 pL).

La composicio del dissolvent emprat en els metodes TS i PS-APPI no només afecta a
l'estabilitat de 1'electroesprai sin6 que, a més, pot influir en I’eficacia d’extraccid/transport
dels analits en I'hisop/paper i en la naturalesa del mecanisme d'ionitzacio que té lloc. En
aquesta tesi, s’ha avaluat 1’us de diferents dissolvents per tal d'afavorir I’extraccié dels
fosfolipids en I’analisi de les mostres de teixit emprant TS-MS i per modificar la naturalesa
del mecanisme d’ionitzacié en PS i PS-APPI per tal d’ionitzar substancies relativament no

polars, com alguns PFASs neutres (FTOHs, FOSAs i FOSEs).
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Respecte a I’analisi de teixits emprant TS-MS, s’ha avaluat 1’0s de diversos dissolvents
(Publicacio V, apartat 3.2.1) per afavorir I’extraccié del fosfolipids i dels oncometabolits.
Atesa la relativament elevada mida de la semiesfera liquida formada a la punta de la fibra de
I’hisop aixi com les propietats fisico-quimiques dels dissolvents emprats, va ser necessari
aplicar un potencial negatiu més elevat (entre 5.5-6.8 kV) que els utilitzats habitualment en
TS amb agulles o en PS per aconseguir la generacio de I’esprai a la punta. Com es pot
observar a la Figura 3.2, la formacié del tipus d'esprai que es genera varia en funcié de la
naturalesa del dissolvent, essent la tensio superficial i la volatilitat els parametres que hi
afecten de manera més significativa. Per exemple, en utilitzar la N, N-dimetilformamida com
a dissolvent (Figura 3.2A) no es va aconseguir formar cap ploma d’electroesprai estable a la
punta de I’hisop, ja que I’elevada tensi6 superficial (37.9 Dines cm™!) d'aquest dissolvent feia
necessari aplicar potencials molt elevats que generaven descarregues (corrents >10 pA).
També ha estat impossible formar l'electroesprai emprant hexa, fet que podria estar
relacionat amb 1’alta volatilitat d'aquest dissolvent que dificultava 1’acumulacio d'un volum
de liquid suficient a I'hisop abans d’aplicar-hi el potencial. En canvi, la utilitzacio
d’acetonitril, metanol, acetona i etanol (Figures 3.2 B-D) si que va permetre la generacio
d’un electroesprai prou estable, tot i que la major tensid superficial del primer (30.2 Dines
cm’!) va requerir I’aplicacié d’un potencial més elevat que per a la resta de dissolvents, que
presenten tensions superficials inferiors (entre 22.9 i 24.9 Dines cm™!). També és interessant
assenyalar el fet que emprant acetona s’ha observat, en determinades ocasions, la formacio
simultania de dos plomes d'electroesprai que, aleatoriament, es fusionaven per generar una
unica ploma (Figura 3.2C). Aquest fenomen provocava una inestabilitat en I’electroesprai
que causava una gran variabilitat en la intensitat dels ions detectats. Amb 1’objectiu de
millorar el comportament de I’esprai, en aquesta tesi s’ha addicionat un agent surfactant no
ionic (+ B-D-glucopiranosida (0.25 mg mL™") al dissolvent, el qual va facilitar la formaci6
d’una ploma de I’electroesprai més ampla i estable en reduir la tensié superficial del
dissolvent (Figura 3.2E). D’altra banda, també¢ s’ha avaluat ’efecte d’emprar mescles de
dissolvents binaries i ternaries tant en I’estabilitat de I’electroesprai com en I’extraccid dels
fosfolipids i dels oncometabolits. Les mescles que contenien acetona amb acetonitril,
metanol i/o etanol generaven esprais polsats inestables, mentre que les mescles d’etanol amb
acetonitril /o metanol afavorien la formacio de plomes més amples i estables. D’altra banda,
tot i que la N,N-dimetilformamida és un molt bon agent extractant pels fosfolipids,

unicament es van aconseguir la generacio d’electroesprais estables amb mescles que
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contenien una proporcié d’aquest dissolvent inferior al 5%, atesa la seva ja mencionada

elevada tensio superficial.

DMF ACN, MeOH Acetona

EtOH EtOH + surfactant ACN/DMF/EtOH
(50/5/45) + surfactant

Figura 3.2. Fotografies dels electroesprais generats emprant diferents dissolvents: (A) N,N-
dimetilformamida, -6.8 kV; (B) acetonitril, 6.5 kV i metanol, 6 kV (18 uL min™); (C) acetona (35 uL
min), 5.5 kV; (D) etanol (25 uL min™'), 6 kV; (E) etanol (25 uL min™")+ B-D-glucopiranosida (0.25 mg
mL?), 6 kV; (F) acetonitril: N,N-dimetilformamida:etanol (50:5:45, v/») (25 pL min') + B-D-
glucopiranosida (0.25 mg mL™"), 6.5 kV.

Aixi, la mescla proposada per a [I'analisi de teixit cerebral per TS-MS és
acetonitril:etanol: N, N-dimetilformamida (50:45:5, v/~v) (Publicacio V, apartat 3.2.1). El
subministrament d’aquesta mescla a un cabal de 25 uL min™! i aplicant un potencial de 6.5
kV ha permeés, per una banda, la formacié d’un electroesprai estable a la punta de I’hisop
durant tot el temps de 1’analisi (Figura 3.2F) i, per Ialtra, facilitar I’extraccié i la ionitzacio
dels fosfolipids i oncometabolits en les mostres de teixit. En aquestes condicions de treball,
es va observar que aquests compostos s’ionitzaven en mode negatiu formant generalment
1'i6 [M—H], encara que, com es discuteix més endavant, també es van detectar adductes amb

1’16 clorur [M+CI]™ per alguns dels glicerofosfolipids caracteristics (Publicacio V, apartat
3.2.1).
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Pel que fa al PS, ja s'ha apuntat que la composici6 del dissolvent també pot influir en el
mecanisme d’ionitzacié que té lloc durant I’analisi. En aquesta tesi, s’ha estudiat la
naturalesa del mecanisme d'ionitzacio dels FOSAs, FTOHs i FOSEs emprant diferents
dissolvents en PS i en PS-APPI. Com es discuteix a la Publicacio VI (apartat 3.2.2), es va
analitzar una dissolucid patré que contenia els FTOHs, FOSEs i FOSAs per PS utilitzant
metanol:tolue (90:10, v:v) com a dissolvent i un potencial de 3.5 kV. En aquestes condicions
experimentals, Unicament es van detectar ions corresponents als compostos FOSAs,
possiblement perque son els més acids i, per tant, els que s’ionitzen més facilment en fase
liquida per desprotonacié [M—H]™ (Fig. 3A, Publicacio VI), ja que aquesta mescla més polar
afavoreix el mecanisme d’ionitzacid per electroesprai. Per tal de forcar la ionitzaci6 dels
FTOHs i dels FOSEs pel mecanisme d'ionitzacié quimica en la fase gas es va dur a terme
I’analisi emprant dissolvents no polars. L'us d'aquests dissolvents permet minimitzar la
ionitzacid via electroesprai i, a la vegada, produir un camp molt intens i un petit plasma
(corona) a la punta del paper en aplicar I’alt potencial que desencadena una série de reaccions
i6-molecula en fase gas de forma similar al mecanisme d’APCI. Tanmateix, I’espectre de
masses PS-HRMS obtingut en emprar tolué:ciclohexa (75:25, v/v) i un potencial de 2.5 kV
(Figura S1, Informacio6 suplementaria a la Publicacio VI) continuava mostrant inicament els
ions corresponents als FOSAs [M-H], perd a una intensitat del senyal dos ordres de
magnitud inferior a l'observada usant dissolvents polars. Aixo fa pensar que aquestes
condicions experimentals no produien especies d’afinitat protonica suficientment elevada

per aconseguir ionitzar eficagment els FOSAs via transferéncia protonica en la fase gas.

Atesos els bons resultats obtinguts préviament al grup de recerca en la ionitzacié de FOTHs,
FOSAsiFOSEs en LC-MS emprant APPI (Ayala-Cabrera et al., 2018), en aquesta tesis s’ha
considerat que la combinacié del PS amb I’APPI podria ser una bona alternativa per a la
ionitzacid d'aquests compostos (Publicacio VI, apartat 3.2.2). Els PFASs s’ionitzen en APPI
en el mode negatiu i, per tant, €s necessari 1'as d'un dopant per iniciar la cascada de reaccions
i6-molécula en fase gas a partir de la fotoionitzacio d'aquesta substancia. Aixi, el dissolvent
del PS-APPI, a més d’afavorir I’extraccio i el transport dels analits cap a la punta del paper,
ha de permetre la desorcié de les molécules neutres cap a la fase gas i ha d’actuar com a
dopant en el mecanisme d’APPI. Es van assajar diferents dissolvents potencialment
compatibles amb aquestes funcions (acetona, tetrahidrofura, clorobenze, anisol i tolue) i es
van detectar els mateixos ions en tots els casos. A mode d’exemple, a la Figura 3.3 es mostren

els espectres de masses extrets a diferents temps (Figura 3.3B i C) durant 1’analisi d’una
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dissolucio patré de PFASs per PS-APPI emprant tolu¢ com a dissolvent. Com es pot
observar, tant els FTOHs com els FOSEs formen principalment adductes amb 1’16 radical
superoxid [M+O:z] " (Figura 3.3B), mentre que els FOSAs donen 1'i6 de desprotonacié [M-
H] (Figura 3.3C). El mecanisme d’ionitzaci6 pels FTOHs i FOSEs s’inicia amb la
fotoionitzacio del dopant per generar el catio radical i alliberar un electrd que pot ser capturat
per l’oxigen atmosferic per formar 1’i6 superoxid O2~, el qual pot interaccionar
posteriorment amb 1’analit per formar 1’16 adducte [M+0O2]" (Esquema 3.1.). En canvi, 1'i6
[M-H] dels FOSAs s'obté via transferéncia protonica en fase gas. Com es comenta a la

Publicacio VI, ’augment significatiu en la resposta d’aquest i6 [M—H]™ en PS-APPI davant
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Figura 3.3. Analisi d’una mescla de patrons d’una concentracié de 10 pg mL™! pels compostos FTOHs i
de 5 pg mL! pels FOSAs o FOSEs emprant el métode PS-APPI-HRMS: (A) Perfils corresponents a la
corrent total d’ions seleccionats (5 ppm d’error), (B) Espectre de masses mitja obtingut entre els minuts
0.210.7, (C) Espectre de masses mitja obtingut entre els minuts 1.7 1 2.2.
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I’observada en PS convencional pot estar relacionat, en part, amb la generacié en APPI
d’especies en fase gas amb afinitats protoniques més elevades que les dels FOSAs, la qual

cosa podria afavorir la desprotonacié d’aquests compostos.

D+ hv - D+.+67

0,+¢ - [0)]
M+0, - [M+0,]
M+0, - [M-H] +HO;

Equacions 3.1. Reaccions d’ionitzacié dels analits en el mode
d’ionitzacio negatiu per PS-APPI. (M = analit, D = dopant).

Entre els diferents parametres que afecten a la resposta dels analits per PS-APPI, s’ha
observat que la composicio del dissolvent i el valor del potencial aplicat en PS-APPI
influeixen de forma important. A més, aquests parametres son interdependents entre si, cosa
que fa que la major resposta dels analits per a cada un dels dissolvent assajats (acetona,
tetrahidrofura, clorobenze, anisol i tolu¢) s’hagi obtingut a un potencial optim diferent.
Tenint en compte aquestes consideracions, les millors respostes dels analits s’han obtingut
en utilitzar tolué¢ com a dissolvent (Figura 4B de la Publicacio VI), un dels dopants més
freqlientment emprats en APPI i que també va proporcionar els millors resultats per aquesta
familia de compostos en LC-APPI-MS, tot i que també s’han observat bones respostes pel
N-EtFOSA en utilitzar el clorobenze i I’anisol com a dissolvents. Pel que fa a I’efecte del
potencial aplicat en la resposta, a la Figura 3.4 es mostra, a tall d’exemple, I’abundancia
relativa dels ions generats per PS-APPI de tres FTOHs, un FOSA i un FOSE a diferents
potencials d’ionitzaci6 (entre 0.5 i 4 kV) usant tolu¢ com a dissolvent. Com es pot observar,
I’abundancia relativa dels ions corresponents al 4:2 FTOH 1 6:2 FTOH és maxima en aplicar
un voltatge d'aproximadament 2.5 kV. Aquest valor augmenta pel 10:2 FTOH (2.5 kV) i
encara augmenta més pels FOSAs i FOSEs, pels quals el maxim es troba a 3 kV. El valor
del potencial on es troben els maxims sembla que es correlaciona amb la volatilitat d'aquests
compostos 1 aixo fa pensar que la desorcid de les molécules neutres cap a la fase gas en
preséncia de dissolvents no polars podria estar relacionada amb la intensitat del camp eléctric

que es genera a la punta del paper, que podria afavorir la seva desorcié. Com a resultat
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d’aquest estudi, en aquesta tesi s’ha seleccionat el tolué com a dissolvent i es proposa aplicar

un potencial de 2.5 kV per a la determinacié dels PFAS en el metode PS-APPI.

100 4 T —0—4:2FTOH [M+0,]™
1 —8—6:2FTOH  [M+0,]~
—8—10:2 FTOH [M+0,]~

80 A —o— N-MeFOSA [M—H]~

N-EtFOSE  [M+0,]~*

60 4

}

i ]

0 - T T
0 1 2 3 4
Voltatge de I'esprai (kV)

Abundanciarelativa (%)

Figura 3.4. Abundancies relatives dels ions corresponents als compostos 4:2FTOH, 6:2FTOH,
8:2FTOH, N-MeFOSA i N-EtFOSE en aplicar diferents valors de potencial (kV) emprant el métode
PS-APPI.

Un altre fet que es pot relacionar amb la volatilitat relativa dels PFASs és, com es discuteix
a la Publicacio VI (apartat 3.2.2), la variaci6 dels espectres de masses obtinguts a diferents
temps d’adquisicio (Figura 3.3). Com es pot observar a la Figura 3.3B, a I’espectre de masses
obtingut a I’inici del cronograma (0.2 - 0.7 min) només es detecta la preséncia dels FTOHs,
mentre que els ions corresponents als FOSAs i FOSEs només s’observen en els espectres de
masses adquirits cap al final del cronograma (Figura 3.3C). Aquest comportament concorda
amb els perfils corresponents a la corrent dels ions seleccionats (Figura 3.3A). La intensitat
del senyal del 4:2 FTOH ¢és maxima a I’inici de 1’analisi, moment a partir del qual la resposta
de 1’16 disminueix progressivament. En canvi, I’abundancia relativa dels ions dels FOSEs i
FOSAs augmenta significativament cap al final del cronograma, entre els minuts 1.7 1 2.2.
Aix0 sembla indicar que els compostos més volatils (4:2 FTOH) es poden transferir cap a la
fase gas a I’inici de I’analisi, encara que el cabal del dissolvent sigui més gran, condicions
que impliquen la generacié d'un esprai de gotes a la punta del paper d’una mida més gran.
El consum del dissolvent al llarg de 1’analisi, a més de produir una disminuci6 en la mida de
les gotes de 1’esprai, també podria produir un augment del camp eléctric a la punta del paper
quan es produeix l'esgotament del dissolvent, la qual cosa podria afavorir 1’evaporacid

assistida per camp dels analits menys volatils (FOSAs i FOSEs).
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3.3.2 Analisi de mostres per TS-MS i PS-APPI-HRMS

Ates que els ambits de 1’analisi dels dos treballs inclosos en aquest Capitol de la tesi son
molt diferents, les estratégies plantejades per tal de resoldre els corresponents problemes
analitics també¢ han estat for¢a diferents. Aixi, en la Publicacio V (apartat 3.2.1), on es pretén
utilitzar la técnica TS-MS per a 1’analisi rapida de teixits neurologics per al diagnostic de
cancer, s’ha utilitzat I’espectrometria de masses per a I’obtenci6 i I’analisi de perfils lipidics.
En concret, per a I’analisi de mostres amb el metode de TS-MS (hisops) es proposa emprar
un analitzador de masses de trampa d’ions lineal (LIT), que permet enregistrar els espectres
de masses en el mode d’escombratge d’ions totals (full scan) amb una sensibilitat suficient
per obtenir informacié molecular rellevant. A més, la utilitzacié d’una trampa d’ions, que
pot realitzar experiments de tindem en el temps (MS? i MS?), ha facilitat la identificacié
estructural dels ions discriminants i ha incrementat la selectivitat en la monitoritzacio dels
metabolits més rellevants per al diagnostic (Publicacié V, apartat 3.2.1). En canvi, en la
Publicacio VI (apartat 3.2.2), que pretén la determinacié de PFASs, s’ha combinat el PS-
APPI amb un analitzador de masses d’alta resoluci6 Q-Orbitrap amb el proposit
d’aconseguir la suficient selectivitat i sensibilitat per monitoritzar i determinar de manera
rapida els FTOHs, FOSEs i FOSAs escollits com a compostos model. L’adquisicio dels
espectres de masses en el mode de full scan a una resolucié 70,000 FWHM (m/z 200) ha
possibilitat la monitoritzacio i la quantificacio dels compostos diana amb una bona exactitud
en la mesura de la massa (errors < 5 ppm) i, a més, ha permes 1’analisi retrospectiva de les
mostres per a la monitoritzacié d’altres compostos sospitosos de ser-hi presents. Per tal de
confirmar inequivocament la preséncia dels PFASs en les mostres, en aquesta tesi també
s’ha dut a terme la caracteritzacio, mitjangant 1’adquisicio dels espectres de masses d’ions
producte (MS/HRMS) en alta resoluciéo (Taula S1, Informacido Suplementaria de la
Publicacio V). Els espectres de masses de PS-APPI-MS/HRMS adquirits son coherents amb
els obtinguts préviament en el grup de recerca utilitzant un metode LC-APPI-MS/HRMS
(Ayala-Cabrera et al., 2019).

El potencial del metode TS-MS desenvolupat en aquesta tesi s’ha avaluat analitzant mostres
de teixit huma cerebral (Taula S1, Informacié suplementaria de la Publicacio V). L’analisi
de les mostres es va dur a terme al laboratori de la Universitat de Purdue simulant I’estratégia
que es podria seguir en els procediments de reseccié de tumors per al mostreig in vivo de
teixit. El procediment €s senzill; simplement es toca la superficie del teixit amb 1’hisop estéril

per transferir una quantitat minima de mostra a la fibra de I'hisop (Figura 1 de la Publicacio
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V, apartat 3.2.1) i s’analitza directament per espectrometria de masses. Per corregir les
variacions en els senyals produits per les petites diferéncies de mida dels hisops comercials
aixi com les causades per la seva posicid en el sistema TS 1 per I’electroesprai generat, es
proposa afegir un patré intern (metabolit NAA-d3, 10 pg mL™) al dissolvent del TS. Amb
aquest procediment s’ha aconseguit obtenir espectres de masses de qualitat i reproduibles en
analitzar hisops amb una quantitat de teixit d’entre 1.0 i 10.0 mg, molt menor que la que cal
extirpar per a I’analisi de teixit ex vivo emprant la técnica DESI-MS o pels estudis patologics.
Els perfils lipidics que s’han obtingut en aquesta tesi amb el métode TS-MS (mode
d’ionitzacié negatiu), en analitzar tant teixit corresponent a la parénquima cerebral normal
(formada per substancia blanca i substancia grisa) com teixit tumoral (gliomes), sén similars
als obtinguts préviament per DESI-MS (Jarmusch et al., 2016). L’espectre de masses TS-
MS de la substancia grisa, formada majoritariament per neurones no mielinitzades i cél-lules
glials, es caracteritza per presentar com a pic base 1’i6 a m/z 834, el qual correspon a la
molécula desprotonada de la fosfatidilserina (FS) 40:6 (Figura 2A de la Publicacio V),
mentre que 1’espectre de masses de la substancia blanca es caracteritza per la preséncia dels
ions a m/z 788, 888 (pic base) i 904, identificats respectivament com els ions [M—H]™ dels
lipids FS 18:0-18:1, (3’-sulfo)GalCer 24:1 i (3’-sulfo)GalCer 24:1(OH), a abundancies
relatives significativament més elevades que en la substancia grisa. Per tant, I’augment de la
resposta d’aquests ions es pot atribuir a una major concentracié de mielina en la substancia
blanca (Figura 2B de la Publicacio V). Pel que fa a I’espectre de masses TS-MS dels gliomes,
aquest és molt diferent de 1’obtingut per la parénquima cerebral normal, ja que la intensitat
relativa dels ions a m/z 834 1 888, caracteristics de la substancia blanca i1 grisa
respectivament, disminueix significativament fins a valors inferiors al 10%, mentre que 1’i6
a m/z 794, corresponent a 1’adducte clorat [M+CI|” de la fosfatildilcolina (PC) 34:1,
augmenta considerablement. A més, en I’espectre de masses apareix 1’i6 a m/z 768 (i6
[M+CI]" del lipid PC 32:0), el qual no s’observa en la parénquima cerebral normal (Fig. 2C,
Publicacio V). Aquestes diferéncies en els perfils lipidics son les que permeten detectar la
presencia del glioma. Ara bé, els perfils lipidics obtinguts en aquesta tesi en 1’analisi de les
mostres (Taula S1, informacié suplementaria de la Publicacié V) ha posat de manifest la
complexitat i la heterogeneitat dels gliomes, els quals s’infiltren, en diferent grau, en la
parénquima cerebral normal. A mode d’exemple, a la Figura 3.5 es mostren els espectres de
masses obtinguts en analitzar per TS-MS dues regions (mostres 29 i 30) d’un teixit (cas 18)
emprant dos hisops (t1 i1t2). Com es pot observar a la Figura 3.5A, el perfil lipidic de la zona

tl és el propi de la substancia grisa (pic base a m/z 834), resultat que concorda amb les
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lectures patologiques. En canvi, en I’espectre de masses de la zona t2 (Figura 3.5A) es

detecten els ions caracteristics tant de la substancia blanca (m/z 788, 888 i 904) com de la

grisa (m/z 834) i del glioma (m/z 768, 794 1 885), cosa que indica la infiltraci6 del tumor en

la parénquima cerebral normal.
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Figura 3.5. Espectres de masses de TS-MS (mode negatiu) en full scan obtinguts en analitzar els hisops
utilitzats per mostrejar dues zones de la mostra d’un teixit (cas 18). (A) mostreig t1 (mostra 29), lectura
patologica: substancia grisa amb un TCP del 40%, i (B) mostreig t2 (mostra 30), lectura patologica:
glioma amb un TCP del 40%. Llistat de casos i mostres en la Taula S1(Publicacio V).

En aquesta tesi també s ha avaluat la resposta en les mostres de dos metabolits neuronals, el

N-acetil aspartat (NAA, m/z 174) (un dels més abundants en la parénquima cerebral normal)

i el 2-hidroxiglutarat (2HG, m/z 147) (més abundant en els gliomes que presenten una

mutacié en el domini d’uni6 del substrat de I’enzim isocitrat deshidrogenasa, IDH). A la

Figura 3.6 A-C (a I’esquerra) es mostren els espectres d’ions producte (MS?) del N-acetil
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aspartat (NAA), normalitzats en base a I’espectre de masses MS? del patré intern (NAA-d3,
transicié m/z 177 — 116). Com es pot observar, es produeix una disminucié de la intensitat
del senyal del pic base (m/z 114) en les mostres de teixit en qué s’ha observat un perfil lipidic
caracteristic de gliomes (Figura 3.6 B i C). Aquesta disminuci6 es pot correlacionar amb el
percentatge relatiu de les cél-lules tumorals en base a les normals (TCP, tumor control
probability), percentatge que proporciona una estimacié del grau d’infiltracio del tumor en
el teixit sa, ja que es va observar que una disminuci6 en la resposta del NAA sempre venia
acompanyada d’un augment del TCP. L’analisi estadistica de les dades en base a la resposta
normalitzada de 1’i6 producte a m/z 114 del NAA ha permés realitzar una estimacio
qualitativa del TCP en els teixits (nivell baix, mitja o alt) (Figura 3 de la Publicacio V), que

resulta de gran importancia quan s’intenta extirpar la major part del glioma.

Pel que fa al 2HG, en algunes de les mostres analitzades es va detectar la preséncia d’ions
isobarics que interferien amb 1’i6 [M—H]™ corresponent a aquest metabolit (m/z 147). Tot i
aixi, ’espectrometria de masses en multiples etapes (MS") ha proporcionat la selectivitat
adequada per evitar aquestes interferéncies en la deteccié del 2HG. Per aquest motiu, en
aquesta tesi s’ha adquirit I’espectre de masses de MS? de 1’i6 producte a m/z 129. De la
mateix manera que amb el NAA, aquest espectre MS® es va normalitzar en base al senyal de
1’16 producte a m/z 116 del patr6 intern NAA-ds. Com es pot observar a la Figura 3.6C (a la
dreta), I’abundancia relativa de 1’16 producte a m/z 101 augmenta significativament en la
mostra 47, en que¢ s’ha identificat patologicament un glioma amb mutacié IDH, en
comparacié amb ’obtinguda en I’analisi de les mostres en qué no s’ha diagnosticat la
mutacio, com ara en la 39 i en la 30 (Figura 3.6A-B, a la dreta). L’analisi dels resultats
obtinguts ha posat de manifest que una intensitat relativa i normalitzada del senyal del 2HG
superior o igual a 1.02 permet diagnosticar amb un 100% de certesa la mutaci6é IDH en els
teixits (Figura SA, Publicacio V). Cal emfatitzar que la identificacio d’aquesta mutacio IDH,
diagnostic que pot tardar setmanes en obtenir-se mitjangant els estudis patologics, és de gran
rellevancia diagnostica, doncs els pacients que pateixen la mutacidé presenten un millor

prondstic de superviveéncia amb un tractament medic adequat.
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Figura 3.6. Espectres de masses d’ions producte MS? del metabolit NAA (a I’esquerra) i MS® del metabolit
2HG (a la dreta) obtinguts en el mode d’ionitzaci6 negatiu en analitzar pel metode TS-MS els teixits del (A)
cas 23 (mostra 39), lectura patologica: glioma sense mutacié IDH amb un TCP del 20% (baix), (B) cas 18
(mostra 30), lectura patologica: glioma sense mutaciéo IDH amb un TCP del 40% (mitja) i (C) cas 29 (mostra
47), lectura patologica: glioma amb mutaciéo IDH amb un TCP del 90% (alt). Els espectres de masses s’han
normalitzat en base a la intensitat del senyal obtingut pel patr6 intern NAA-d; (transicidé m/z 177 — 116).
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En aquesta tesi, s’han estudiat 29 teixits (casos) dels quals se n’han realitzat un total de 47
mostrejos amb hisops (Taula S1, Informacié Suplementaria de la Publicacio V) que s’han
analitzat posteriorment per TS-MS. Del total de les mostres analitzades, en un 32% s’ha
diagnosticat la preséncia de glioma en base als perfils lipidics i s’ha pronosticat en 8 dels
casos la preséncia de gliomes amb mutacié IDH, en base a 1’abundancia normalitzada del
metabolit 2HG. A més, en base a la intensitat del senyal normalitzada del NAA s’ha estimat
un TCP alt en un 22% 1 mitja en un 17% dels mostrejos realitzats. Els resultats obtinguts pel
meétode TS-MS emprant hisops concorden amb les lectures patologiques, cosa que posa de
manifest les possibilitats d’aquesta técnica per proporcionar informacié molecular rellevant

per al diagnostic de gliomes.

En el métode PS-APPI-HRMS i atés que es pretén quantificar compostos neutres per- i
polifluoroalquilats (PFASs) en productes d’impregnacio, s’han utilitzat patrons interns
marcats isotopicament (do-N-EtFOSE, ds-N-EtFOSA) pels FOSEs i FOSAs i els compostos
7:1 FA, 8:1 FA, 9:1 FA i 11:1 FA pels diferents FTOHs. Aquests patrons s’addicionen
directament a les mostres i permeten corregir la variabilitat del senyal i els possibles efectes
causats per la matriu en la ionitzacio. Ara bé, atés que 1’assecatge de la mostra afecta la
reproductibilitat de la resposta, especialment dels FOTHs a causa de la major volatilitat
d’aquests compostos, s’ha optimitzat el temps d’assecat (0.5-10 min) i els millors resultats
pels FTOHs s’han obtingut en deixar assecar la mostra dipositada al paper durant un temps

maxim de 2 min (Figura S2, Informacié Suplementaria a la Publicacio VI).

Els parametres de qualitat del métode PS-APPI-HRMS s’inclouen a la Taula 1 de la
Publicacio VI (apartat 3.2.2). La linealitat en el rang de concentraci6 de treball estudiat és
bona, amb coeficients de correlacid (r%) superiors a 0.995. Per a la majoria de compostos
s’han obtingut uns limits de deteccié de métode (MLODs) entre 3 i 27 ug L™, els quals es
troben entre 5 i 10 vegades per sota dels nivells de concentracié trobats per aquests
compostos en productes d’impregnacié (Favreau et al., 2017; Herzke et al., 2012).
Tanmateix, es va obtenir un MLOD més elevat pel compost 4:2 FTOH (315 pg L) a causa
de la seva major volatilitat. La precisioé en un mateix dia (intra-dia, expressada com a %RSD)
1 la veracitat (expressada com a % d’error relatiu), calculades utilitzant 5 repeticions en un
dia a dos nivells de concentraci6 (0.08-0.6 mg L' i 2-25 mg L', llevat del 4:2 FTOH que es
va estudiar als nivells de concentracié de 2 i 50 mg L"), van ser inferiors, en ambdos casos,

al 18%, uns valors acceptables en les técniques Ambient MS.
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Per 1ultim, i amb ’objectiu de demostrar que el métode PS-APPI-HRMS desenvolupat pot
ser util per al control de la presencia dels PFASs en productes d’impregnaci6 resistents a
I’aigua, en aquesta tesi s’han analitzat un total de 16 productes, que es van adquirir en
diferents establiments de Catalunya i en I’etiqueta dels quals no s’hi indicava la preséncia
de cap dels compostos PFASs. La identificacio es basa en adquirir els espectres de masses
en full scan (error en la mesura de la massa <5 ppm) per tal d’identificar els PFASs en les
mostres i en confirmar les positives, per tal d’evitar falsos positius, adquirint 1’espectre de
masses d’ions producte (MS/HRMS). Els resultats obtinguts (Taula 2, Publicacio VI, apartat
3.2.2), mostren la presencia dels FTOHs en un 44% de les mostres analitzades en un interval
de concentracié entre 0.06 i 167 mg L', El 6:2 FTOH ha estat el compost identificat amb
més freqiiéncia i a concentracié més alta. En canvi, no es va detectar cap FOSA i només es
va confirmar la preséncia del N-MeFOSE en una de les mostres, pero a concentracio baixa
(0.63+0.04 mg L!). Cal indicar que en diverses mostres es va detectar més d’un compost
PFAS. Per exemple, en la mostra WP-04 es van identificar el 6:2 FTOH, el 8:2 FTOH i el
10:2 FTOH, essent el 6:2 FTOH el que es troba a una concentracié més elevada (251 mg
L) (Figura 3.7A). Els espectres de masses d’ions producte (MS/HRMS) han permés
confirmar inequivocament la preséncia dels compostos en aquesta mostra. A mode
d’exemple, a la Figura 3.7B i C es mostren els espectres de masses MS/HRMS adquirits pel
8:2 FTOH i1 10:2 FTOH, els quals es correlacionen amb els obtinguts en 1’analisi dels patrons
(Taula S1, Informaci6é Suplementaria a la Publicacio VI). Els nivells de concentracio dels
PFASs determinats en aquesta tesi emprant el métode PS-APPI-HRMS son coherents amb
els obtinguts en altres estudis realitzats a Noruega (Herzke et al., 2012) i Suissa (Favreau et
al., 2017), en que s’analitzaven mostres similars. En ambdods estudis també es van detectar
majoritariament la preséncia dels FTOHs en un interval de concentracions entre 0.5 i 330
mg L. Els bons resultats obtinguts pel métode PS-APPI-HRMS per a la determinaci6 de
PFASs posen de manifest que la combinacié de I’APPI amb la técnica PS podria proposar-
se per a I’analisi quantitativa de compostos organics de baixa polaritat, ja que s’afavoreix la

seva ionitzacio.

246



Capitol 3

Abundancia relativa

Abundancia relativa

Figura 3.7. Espectres de masses PS-APPI-HRMS(/MS) obtingut d’una mostra positiva (WP-04) en que
s’ha detectat la preséncia dels compostos 6:2 FTOH, 8:2 FTOH i 10:2 FTOH a una concentracié de 25+1,
0.08+0.02 i 0.24+0.02 mg L', respectivament. (A) Espectre de masses de full scan en alta resolucio en el
rang m/z 350-700, (B) Espectre de masses d’ions productes (MS/HRMS) obtingut en fragmentar 1’i6
[M+0O,] del compost 8:2 FTOH i (C) Espectre de masses d’ions productes (MS/HRMS) obtingut en
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CONCLUSIONS

En la present tesi doctoral s’han estudiat diferents técniques Ambient MS per al
desenvolupament de metodologies analitiques rapides i selectives que poden millorar la
productivitat dels laboratoris analitics i facilitar la presa de decisions en la diagnosi clinica.
Per una banda, s’ha estudiat la técnica d’ionitzacié per desorcio per electroesprai (DESI) per
a la identificacié de drogues veterinaries (compostos sospitosos) en mostres de pinso com a
conseqliencia d’una contaminacidé creuada i per a la caracteritzaci6 de compostos
desconeguts en un producte fitosanitari del que se’n desconeixia la seva naturalesa quimica.
Per altra banda, s’han estudiat i modificat les técniques touch spray (TS) i paper spray (PS)
per adaptar-les a I’analisi directa de teixit viu en el diagnostic de gliomes cerebrals i a la
determinacié de compostos per- i polifluoroalquilats neutres (PFASs) en 1’analisi de

productes d’impregnacio.

De la realitzacié del treball experimental dut a terme en aquesta tesi es poden extreure les

segiients conclusions:

Sobre els métodes d’ionitzacié per desorcio per electroesprai (DESI),

Tot i que I’analisi per DESI no requereix un pretractament de la mostra, una minima
manipulacié de les mostres de pinso i del producte fitosanitari ha permés resoldre problemes

derivats de la textura d’ambdues matrius.

e En el métode DESI-HRMS desenvolupat per a la deteccid de drogues veterinaries en
mostres de pinso com a conseqiiéncia d’una contaminacié creuada, es proposa: (i) la
trituraci6 i homogeneitzacio dels pél-lets de pinso per tal d’obtenir una mostra composta
que asseguri la representativitat dels resultats i (if) una extraccié solid-liquid simple i
rapida (< 5 min/mostra) emprant una mescla ACN/H20 (80/20, v:v) amb un 1% d’acid
formic per evitar la dispersio de les mostres pulverulentes a causa del gas de nebulitzacio
del sistema DESI. Aquesta estratégia ha permes 1’extraccio selectiva de la majoria de les

drogues estudiades i reduir els efectes de la matriu en la resposta.

e En ’analisi del producte fitosanitari, un liquid d’elevada viscositat i de naturalesa quimica

desconeguda, I’is de la técnica DESI ha permes la seva analisi directa. Es proposa la
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impregnaci6 d’un paper de filtre amb la mostra per fixar-la i reduir el temps d’assecatge

(<5 minuts) previ a I’analisi per DESI-HRMS.

L’estudi 1 optimitzacié dels parametres més critics de la font DESI (tipus de substrat,

composicio i cabal de I’esprai DESI i del gas de nebulitzacio i la configuracio dels

parametres geomeétrics) ha permes obtenir la sensibilitat adient per a la resolucié dels dos

problemes analitics estudiats en el Capitol 2 d’aquesta tesi. Es recomana seguir estratégies

d’optimitzacio diferents segons la tipologia del problema (analisi de compostos sospitosos

vs desconeguts).

e [’optimitzacié dels parametres DESI emprant una mostra blanca fortificada amb una

seleccid de patrons comercials representativa de la familia de les drogues veterinaries
estudiades (compostos sospitosos), ha permés assolir una eficacia d’extraccio i
d’ionitzacié adequades per a la seva deteccid per sota dels nivells establerts a la legislacio.
Es proposa utilitzar una superficie de PTFE com a substrat per dipositar els extractes
liquids de les mostres, una mescla d’ACN/H20 (80/20, v:v) com a dissolvent de 1’esprai
i un cabal de dissolvent de 2.5 pL min"! amb el emissor DESI posicionat a un angle i una

distancia de la superficie de 55° i de 1.7 mm, respectivament.

En ’analisi per DESI del producte fitosanitari es proposa emprar la mescla ACN/H20
(80/20,v:v) com a dissolvent de I’esprai a un cabal de 3.5 pL min™', amb 1’emissor DESI
posicionat a un angle i una distancia de la superficie de 55° i de 2.0 mm, respectivament.
Aquestes condicions afavoreixen 1’extraccid i la ionitzacid dels compostos d’un ampli
rang de polaritats de la mostra desconeguda. A més, es recomana utilitzar el mode estatic
en I’analisi per DESI per reduir els efectes de supressio ionica detectats en ’analisi en el

mode dinamic.

Sobre els métodes de touch spray (TS) i paper spray (PS),

S’han adaptat, de forma senzilla, els dissenys originals de les técniques TS i1 PS per al

mostreig in vivo de teixit biologic i per possibilitar la fotoionitzacio a pressio atmosferica

(APPI).

e S’ha desenvolupat un métode rapid de TS-MS (< 2 minuts) per a I’analisi in vivo de teixit

huma utilitzant hisops comercials, habitualment emprats en el camp de I’analisi clinica,

per al mostreig i, alhora, com una sonda per a la generacié de I’electroesprai.
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e [a incorporacio d’una lampada de Cript6 al disseny original del PS i I’is de dissolvents
no polars ha possibilitat I’aplicaci6é d’aquesta técnica per a la determinacio rapida (< 3
min) de compostos per- i polifluoroalquilats neutres (FOSAs, FTOHs i FOSEs)
mitjancant I’APPIL.

L’estudi de la configuracié del disseny i de les condicions experimentals de la TS i del PS
ha permes establir les condicions Optimes per a la resolucié dels dos problemes analitics

estudiats en el Capitol 3 d’aquesta tesi.

e En el metode de TS-MS, la disposicio vertical de 1’hisop, el subministrament del
dissolvent de forma continua i I’is d’una linia de transferéncia en forma de L han facilitat

la generacié d’un electroesprai estable a la punta de I"hisop.

e En el metode de PS-APPI-HRMS es proposa 1’addici6 del dissolvent (70 uL) a I’inici de
I’analisi i la disposici6 de la lampada vers al paper triangular amb un angle d’inclinacid
de 30° i a 1 cm de distancia per a la ionitzacio efica¢ dels FTOHs, FOSAs i FOSEs

estudiats.

L’avaluaci6 dels diferents parametres operacionals ha fet possible 1’extracci6 i la ionitzacid

dels compostos presents en la mostra de manera eficient.

e [’0s d’una mescla acetonitril:etanol: N, N-dimetilformamida (50:45:5, v/v), dopat amb un
surfactant no ionic, i d’un potencial de 6.5 kV en el metode TS-MS ha permes I’extraccid
eficacg dels fosfolipids i oncometabolits del teixit biologic i la formacié d’un electroesprai

estable a la punta de I’hisop per a la ionitzaci6 d’aquests compostos.

e En el metode de PS-APPI-HRMS es proposa I'Us del tolué com a dissolvent i I’aplicacio
d’un potencial de 2.5 kV per potenciar tant la desorci6 dels analits neutres a la fase gas
com la seva fotoionitzacid assistida pel dopant (el tolué¢ emprat com a dissolvent),
generant 1’16 adducte [M+O2] " pels FTOHs i FOSES i la molécula desprotonada [M—H]~
pels FOSAs.
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Sobre ’analisi de les mostres emprant els métodes Ambient MS desenvolupats,

Els resultats obtinguts en I’analisi de les mostres emprant els métodes Ambient MS
desenvolupats en aquesta tesi posen de manifest 1’aplicabilitat d’aquestes técniques en

diversos camps d’analisi.

DESI-HRMS

e La selectivitat i sensibilitat assolides en el métode DESI-HRMS emprant un analitzador
d’alta resolucio (Q-Orbitrap) han permes la deteccio i confirmacié de la majoria de
drogues veterinaries en la produccié de pinsos (medicats i no medicats) a nivells inferiors

als establerts a la legislacio.

e El metode DESI-HRMS desenvolupat ha permes detectar la preséncia de contaminacions
creuades en un 28% de les 50 mostres analitzades (pinsos medicats i no medicats). Per a
la rapida interrogaci6 de les mostres es recomana I'is d’una base de dades propia
construida amb informacié experimental i de la literatura per a la identificacio de les
drogues veterinaries en base a criteris d’exactitud de massa (5 ppm d’error maxim) i
d’adequaci6 del cluster isotopic (80% de semblanca). A més, la determinacié d’aquestes
mostres emprant un mé¢tode UHPLC-MS/MS préviament establert ha posat de manifest
I’abséncia de falsos positius/negatius en els resultats obtinguts per DESI-HRMS i ha
demostrat I’aplicabilitat d’aquest nou métode com una bona alternativa de cribratge de

mostres per augmentar el rendiment dels laboratoris de control agroalimentari.

e En Dl’analisi del producte fitosanitari, I’estudi dels espectres de masses DESI-HRMS
(resolucio 70,000 FWHM, m/z 200) emprant el filtre del defecte de massa de Kendrick
ha permés identificar la preséncia d’un polimer de polietilenglicol de composicio
elemental (Ci0H220(EO)n), aixi com la preséncia d’altres ions amb distribucions

isotopiques caracteristiques de compostos organoestannics.

e Les mesures de massa exacta combinades amb 1’estudi dels perfils isotopics dels ions
organoestannics i la interpretacid dels espectres de tandem han possibilitat la identificacio
i caracteritzacio de trifenilestany en la mostra. La posterior quantificacié de la mostra per
UHPLC-HRMS i ICP-OES ha permés confirmar la preséncia fraudulenta d’aquest

compost a una concentracioé 120 vegades per sobre del nivell maxim permes.
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TS-MS

e Per a I’analisi de les mostres de teixit cerebral pel métode TS-MS es proposa utilitzar un
analitzador de baixa resolucidé de trampa d’ions lineal, ja que permet una velocitat
d’escombratge elevada i ’adquisicié dels espectres de masses en el mode de full scan
amb una bona sensibilitat. L’estudi dels diferents perfils lipidics obtinguts en aquestes
condicions en analitzar mostres de teixit sa i tumoral ha permés discriminar

satisfactoriament entre la parénquima cerebral normal i la preséncia de gliomes.

e [a possibilitat que ofereixen els analitzadors de trampes d’ions d’adquirir els espectres
de tandem en multiples etapes permet augmentar la selectivitat del métode desenvolupat.
Aquest elevat grau d’especificitat s’ha emprat per estudiar la resposta dels oncometabolits
(NAA i 2HQG) utilitzats com a biomarcadors, que ha permes estimar qualitativament el
percentatge de cél-lules tumorals (TCP) en el teixit analitzat 1 diagnosticar la preséncia
de la mutacio IDH en el glioma. En el cas del 2HG i per solucionar els problemes

d’interferéncies isobariques es proposa adquirir els espectres de masses de MS>.

e L’analisi de 29 teixits pel métode TS-MS ha posat de manifest la preséncia de gliomes en
un 33% de les mostres i ha permés diagnosticar la mutacido IDH en 8 casos. Aquests
resultats han evidencien el potencial del métode proposat per proporcionar, en un futur,
informacié molecular rellevant en el diagnostic de cancer cerebral durant les

intervencions de reseccio tumoral.

PS-APPI-HRMS

e L’Gs de I’analitzador Q-Orbitrap en el métode PS-APPI-HRMS ha permés aconseguir la
suficient sensibilitat i selectivitat per a la monitoritzacié i la quantificacié dels FTOHs,

FOSAs 1 FOSEs en productes d’impregnacio.

e [es bones caracteristiques del métode PS-APPI-HRMS, com ara els limits de deteccid
(per sota dels ug L), la linealitat (R?>0.998), la precisi6 intra-dia (RSD%< 18%) i la

veracitat (error relatiu < 18%), han demostrat la viabilitat del métode desenvolupat.

e Els bons resultats obtinguts en 1’analisi quantitativa de 16 productes d’impregnacio, en
queé s ha determinat la preséncia de PFASs a uns nivells de concentracié de mg L™, posen
de manifest que el PS-APPI podria emprar-se com una alternativa a altres técniques

Ambient MS per a I’analisi de compostos de baixa polaritat.
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CONCLUSIONS

In the present thesis, Ambient MS techniques have been studied for the development of fast
and selective analytical methods to improve the productivity of high-throughput laboratories
and to provide clinical diagnosis information. Desorption electrospray ionization (DESI) has
been studied for the identification of veterinary drugs (non-target analysis) in cross-
contaminated feedstuffs. The applicability of DESI has also been explored for the
characterization of unknown compounds in a phytosanitary product suspected of being
adulterated and for which its chemical composition was also unknown. Moreover, modified
touch spray (TS) and paper spray (PS) have also been evaluated as a tool for in vivo analysis
of brain tissues for cancer diagnosis and for the determination of per- and polyfluorinated

alkyl substances (PFASs) in waterproof impregnation sprays, respectively.

The following conclusions can be drawn from the experimental studies presented in this

thesis:

In regard to the desorption electrospray ionization (DESI) methods,

Although DESI analysis does not require any additional sample preparation than the one that
takes place during the analysis, a minimal manipulation of feed samples and the
phytosanitary product has allowed to solve the problems related with the texture of both

matrices.

e For the detection of veterinary drugs in cross-contaminated feedstuffs by DESI-HRMS,
it is proposed the following manipulation strategy: (i) trituration and homogenization of
feed pellets in order to guarantee the representativeness of the analyzed sample and (i7) a
simple and fast solid-liquid extraction procedure using acetonitrile/water (80:20, v/v)
acidified with 1% formic acid, to prevent the dispersion of the powdered homogenized
samples by the nebulizing gas of the DESI system. This manipulation strategy has also
allowed the selective extraction of most of the studied veterinary drugs, thus reducing

severe matrix effects.

e For the characterization of unknown compounds in the phytosanitary product, a white

dense liquid of unknown chemical nature, the use of DESI technique has allowed to
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perform the direct analysis of the sample. The analysis of a filter paper impregnated with
the sample is proposed to fix the sample and to reduce the drying time (<5 minutes) prior

to DESI-HRMS analysis.

The study and optimization of the most critical DESI working parameters (sample substrate,
DESI solvent composition and flow rate, nebulizing gas pressure and the configuration of
the geometrical parameters) has provided suitable sensitivity for both DESI-HRMS
developed methods. Different optimization strategies are recommended depending on the

typology of the problem studied (non-target analysis vs. analysis of unknowns).

e For the analysis of veterinary drugs in feed samples (non-target analysis), DESI-HRMS
optimization using a blank sample extract spiked with a representative selection of
veterinary drugs has allowed to achieve satisfactory DESI extraction and ionization
efficiencies for the detection of these compounds under the legislated levels. The analysis
of sample extracts deposited in PTFE surface, using acetonitrile/water (80:20, v/v) as
DESI solvent and a solvent flow rate of 2.5 uL min™' provided the highest signal intensity.
Among the DESI geometrical parameters, the best responses of veterinary drugs have
been obtained by directing the DESI solvent onto the sample surface at a nebulization

capillary angle of 55°, placed at a distance of 1.7 mm.

e For the analysis of the phytosanitary product, the use of a DESI solvent mixture of
ACN/H20 (80/20,v:v), infused at 3.5 uL min™' and placed at a distance of 2.0 mm from
the sample surface with a nebulization capillary angle of 55°, is proposed. These DESI
working conditions favored the extraction and ionization of compounds with wide range
of polarities from the unknown sample. In addition, it is recommended to perform the
sample DESI-HRMS analysis under static mode to decrease the ion suppression effects

observed when acquiring the MS data under scanning mode.

In regard to touch spray (TS) and paper spray (PS) methods,

TS and PS original set-ups have been easily adjusted for in vivo analysis of biological tissues

and to enable atmospheric pressure photoionization (APPI), respectively.

e A fast TS-MS method (< 2 minutes) using commercial medical swabs, which are

commonly used in the field of clinical analysis, has been developed for in vivo analysis
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of human tissue. Swabs have been used for sampling and, at the same time, as electrospray

probe.

e The incorporation of a Crypton lamp into the original PS set-up and the use of non-polar
solvents has allowed the application of this technique for the rapid (< 3 minutes)
determination of neutral per- and polyfluorinated alkyl substances (FTOHs, FOSAs and
FOSEs) by APPI.

The evaluation of both the configuration of the design and the experimental conditions of
TS and PS have allowed to establish the optimal set-up of the developed TS-MS and PS-
APPI-HRMS methods included in the Chapter 3 of the present thesis.

e In regard to TS-MS method, the vertical arrangement of the swab, the supply of the
solvent at a constant flow rate and the use of a L-shaped transfer line have promoted the

generation of a stable electrospray at the swab tip.

e For the determination of the studied PFASs by PS-APPI-HRMS, the addition of the
solvent (70 pL) at the beginning of the analysis and the disposal of the UV lamp at an
angle of 30° and at a distance of 1 cm from the triangle paper apex are proposed for the

efficient ionization of the studied FTOHs, FOSAs and FOSEs.

The optimization of the most critical TS and PS-APPI working parameters have allowed the

suitable extraction and ionization of the studied compounds.

o The use of a solvent mixture acetonitrile:ethanol:NV, N-dimethylformamide (50:45:5, v/v)
doped with a non-ionic surfactant and the high voltage applied (6.5 kV) have allowed the
efficient extraction and ionization of phospholipids and oncometabolites from the
biological tissue. Under these conditions, the formation of a stable cone-jet electrospray
plume at the swab tip has been favored, thus improving the ionization efficiency of the

developed TS-MS method.

e For the developed PS-APPI-HRMS method, the use of toluene as spray solvent and a
spray voltage of 2.5 kV is proposed to promote both the neutral analytes desorption and
the dopant-assisted photoionization. Under these conditions, a high-tendency to generate
[M+02]" adduct ions has been observed for FTOHs and FOSEs, while deprotonated
molecules [M—H] ions have been detected for FOSAs.
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In regard to the sample analysis performed with the developed Ambient MS methods,

The sample analysis results obtained in the present thesis by the developed Ambient MS

methods have demonstrated the applicability of these techniques in several fields of analysis.

DESI-HRMS

e The good sensitivity and selectivity achieved in the DESI-HRMS method using a high-
resolution mass analyzer (Q-Orbitrap) has allowed the detection and confirmation of most
of the veterinary drugs below the maximum residue levels legislated due to the

unavoidable carry-over in the feed line production.

o The developed DESI-HRMS method has allowed the detection of veterinary drugs cross-
contaminations in 28% of the 50 samples analyzed (medicated and non-medicated feeds).
For the fast interrogation of the DESI-HRMS data acquired, the use of a custom-made
database built with experimental and literature-based information of these compounds is
recommended to perform high-throughput screening based on mass accuracy (<5 ppm)
and isotope cluster fit (>80%) criteria for positive identification. Furthermore, the sample
analysis performed with a previously established UHPLC-MS/MS method has revealed
the absence of false positive/negative results by DESI-HRMS sample analysis, thus
demonstrating the potential of this method to improve the productivity in quality control

laboratories.

e For the analysis of the phytosanitary product, Kendrick mass defect analysis has been
successfully used to extract information from the DESI-HRMS (resolution 70,000
FWHM, m/z 200) mass spectral data. A low molecular weight polyethylene glycol
polymer (C10H220(EO)n) and the presence of other ions with characteristic isotope pattern

profiles of organotin compounds have been detected in the sample.

e Accurate mass measurements, the isotope pattern fits and the structural information
obtained from high-resolution tandem mass spectra (MS/HRMS) have allowed attributing
the unexpected activity of the phytosanitary product to the fraudulent presence of
triphenyltin compounds in the sample. The quantification results obtained by UHPLC-
HRMS and ICP-OES have satisfactorily confirmed the presence of triphenyltin in the

sample at a concentration 120 higher than the maximum legislated level.

260



Conclusions

TS-MS

e Considering the good performance capabilities of ion trap mass analyzers working in full
scan acquisition mode in terms of scanning speed and sensitivity, the use of this low
resolution mass analyzer (LIT) is proposed for the analysis of human brain tissue by TS-
MS. The study of the spectral phospholipid profiles obtained under these conditions has

allowed the successfully discrimination of normal parenchyma and tumor tissue.

e The possibility to perform multiple-stage tandem mass spectrometry using ion trap mass
analyzers allows to increase the selectivity of the developed method. MS" spectral data
have been used to study the response of NAA and 2HG oncometabolites, thus providing
enough specificity to qualitatively assess tumor infiltration grade (TCP) and mutation
status of the IDH gene. In order to avoid isobaric interference problems, the acquisition

of MS? product ion spectra is proposed to evaluate the response of 2HG.

e The developed TS-MS method has allowed the diagnosis of gliomas in 33% of the
analyzed samples and identify IDH mutation in 8 of the 29 human brain specimens
studied. These results demonstrate the potential of the proposed TS-MS method to
provide, in a future, diagnostic molecular information for rapid intraoperative surgical

assessment.

PS-APPI-HRMS

e The sensitivity and selectivity achieved using a Q-Orbitrap mass analyzer in the PS-APPI-
HRMS method has allowed the reliable identification and quantification of FTOHs,

FOSAs and FOSEs in waterproof impregnation sprays.

e Method quality parameters, such as method limits of detection (below ug L), linearity
(r2>0.998), intra-day precision (RSD% < 18%) and trueness (relative errors < 18%) have

demonstrated the good performance of the developed PS-APPI-HRMS method.

e The good results obtained in the analysis of 16 raw waterproof impregnation sprays, in
which the presence of several neutral PFASs have been detected at mg L™! levels, indicate
that PS-APPI could be considered as an alternative to other Ambient MS techniques for

the analysis of low polar compounds.
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