Solid Phase Microextraction as a Sample Preparation Toofor Targeted and Untargeted

Analysis of Biological Matrices

by
Nathaly ReyesGarcés

A thesis
presented to theUniversity of Waterloo
in fulfillment of the
thesis requirement for the degree of
Doctor of Philosophy
in

Chemistry

Waterloo, Ontario, Canada, 2017

© Nathaly ReyesGarcés 2017



Examining Committee Membership

The following served on the Examini@pmmittee for this thesis. The decision of the
Examining Committee is by majority vote.

External Examiner Prof. Oliver Fiehn
Director West Coast Metabolomics Center
UC Davis Genome CenteMetabolomics

Supervisor(s) Prof. Janusz Pavslzyn
University Professor an@anada Research Chair
Department of Chemistry, University of Waterloo

Internal Member Prof. Michael Chong
Professor
Department of Chemistry)niversity of Waterloo

Internatexternal Member Prof. Paul Craig
Assistant Professor
Department of BiologyUniversity of Waterloo

Other Member(s) Prof. Wojciech Gabryelski
Associate Professor
Department of Chemistry, University of Guelph



Aut hor 6s Decl arati on

This thesis consists of material all of which | authored omauthored: see Statement of
Contributions included in the thesis. This is a true copy of the thesis, including any required final

revisions, as accepted by my examiners.

| understand that my thesis may be made electronically available to the publierstand that

my thesis may be made electronically available to the public.



Statement of Contributions

Chapter dncludes an ecerpt(500 word3$ that isalreadypublished in thereviewarticlefA critical
review of the state of the art 8blid phase microextractiaf complex matrices Ill. Bioanalytical
and clinical applications(Trends Anal. Chen2015 71, 249264 which was ceauthored with
E.A. SouzaSilva, N. ReyesGarcés G.A. GomezRios E. Boyaci,and B. Bojko under the
supevwision J. PawliszynThe author of this thesis was tbele writer of the excerpt that igibng

included in this document

Chapter 2of the thesisis already published as an artiakader the ti | High fihroughput
guantification of prohibited substances in plasma ugimgfilm solid phase microextractiorgJ.
Chromatogr. A2014 1374 40-49) which was ceauthored withB. Bojko under theunder the
supervision J. Pawliszyrin all casesgexperimentalplanning anddesign expeimental work
conducted inhe laloratory, data analysis, interpretatioandwriting were performed by the author

of the thesis.

ChapteB of the thesiss already published as an artialeder the ti | Solidfphase microextraction
devices prepared on plastic support as potential siggesamplers for bioanalytical applications
(Anal. Chem2015 87, 9722 9730 which was ceauthored withB. Bojkoand D. Heirunder the
under the supervision J. Pawliszyn.all casesexperimentalplanning andlesign expaimental
work conducted ithe laloratory, dat analysis, interpretatioandwriting were performed by the

authorof the thesis.

The results presented @hapter 4have not yet been published in any jourral.all cases,

experimental planning and design, experimental work conduicténe laboratory, data analysis,



interpretation, and writing were performed by the author of the thkkis.N. Alam also

participated in the data interpretation and discussindJ. Pawliszyn supervisedi¢ work

The results presented i@hapter 5have yet to be published in any journ#l. all cases,
experimental planning and design, experimental work conduicténe laboratory, data analysis,
interpretation, and writing were performed by the author of the thied€iso y aontébuted to the
experimental work, the data processing, and the discuesitire resultsherein presented. The
chromatographic conditions employed for the analysibpads were provided by the research

group led byD. Vuckovic from @ncordia UniversityandJ. Pawliszyn supervisedhé work

The results presented €hapter 6have not yet been published in any jourhalvivo sampling

was carried out in the facilities of the Center for Addiction and Mental Health (CAMH) in Toronto.
C. Hamani,B. Bojko, and JPawliszyn participated in the design of the experimenti&nani
surgically implanted the samplimgnnulas and DBS electrodes into the brains of the animals. Al
animals used in this study were solely handled byDivan. In all casesgxperimental work
conducte in the laboratory, data analysis, interpretation, and writing were performed by the author
of the thesisB. Bojko, E Boyaci, GA. GomezRios and T Vasilejvic also participated in the

experimental wik.



Abstract

Successful determination of small molecules @omplex biological systemsequires
implementation of robustnalyticalmethodologiesble to provide reliable informatian acost
effective ancefficient manner. Solid phase microextraction (SPME) is a vergaditreexhaustive
sample preparatiotool that hasbeendemonstrated to be wedlited forfacile analysis of
biological matrices sth as plasma, blogdnd tissueln SPME, a small amounf extraction phase
immobilized a a solid supportis utilized for the extraction of analytes of interesther from the
sample headspace or by direct immersbthe fiber in the matrix of choic&or the analysis of
nonvolatile compoundsin complex biologicalmatrices SPME coatingsmade of sorbest
embedded in Biocompatible bindefe.g.polyacrylonitrile(PAN)) aredirectly immersed into the
sample under studfpor a defined period of timso as toallow for sufficient and reproducible
extraction of analytesThe main advantages of such coating materials rely on their ability to
provide high selectivityfor extraction of srall molecules their aptnessor immobilization in
different support geometrigtheir inertness andobustnesswhich even enabletheir reusability

in complex biological mattes and their suitabilitytowardsin vivo extractionsin view of these
advantages, the body of this doctoral thesis presentdapplications and developments of SPME
for both targeted and untargeted analysis of different biological masumsas biofluids and

brain tissue.

The first part of the research conducted for this thesis encompasses the application of SPME in
thin-film format forhigh throughputietermination of multiple prohibited substances in plagma.
biocompatible SPME extraction phase made of hydropliilaphilic balance (HLB) particles
immobilized with PANwas employed for extractionslemonstrahg satisfactoy extraction

capabilities for 25 compounds of a wide range of polarities (logP f2ota 6.8). By taking full

Vi



advantage of the 9in-film handling capability of the automated system, a preparation time of
approximately 1.5 min per sample can be achieResvardingresults in terms of absolute matrix
effects were found for the majority of the studied analytes, given that 24 out of 25 compounds
exhibited values in the range 10020%. The method was validated in terms of linearity>R
0.99), inter ad intra-day accuracy (85 130%) and precision (< 20%and limits of quantitation

(0.257 10 ng mL* for most compounds).

Based on the positive results obtairadtbr employing the developed method for the analysis of
doping compounds in plasma sampkesd considering the neéar costeffective and single use
devices, the possibility of employing alternative matsrial manufacture SPME devices was
explored. To that endew thin-film SPME devices prepared on plastic as potential singge
samplers dr bioanalysis were developed and tested. Polybutylene terephthalate (PBT) was
selected as a support based on its chemical resistance, low cost, and suitability as a material for
different medical grade componentfie proposed devices were assessed mstef robustness,
chemical stability, and possible interferences upon exposure to different solvents and matrices.
Satisfactory resultsvere obtained upon utilization of the manufactured samgiersthe
guantitation of multiple drugs ibiofluids such asurine, plasma, and whole bloddterestingly,

our results showed that more than 20 extractionsomplex biofluidscan be performed without
incurring significant chang®in coating performance. These findirggdencedhe robustness of
PAN-based coatings applied on polymeric substfatexd opead up opportunitiesfor the
introdudion of newsupport material®r manufacturef SPME biocompatible devicesmed aa

wide range of applications

Taking into accounthat SPME is a norexhaustive extraction technique where analytes are

extractedria free concentratiomssessinthe effect of variable matrix composition on final SPME
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recoveries ignvaluablein avoidng biased results. With this in mind, part of this thesso
involved the investigation of the effemthematocrit (Hct) levels on SPMEtractiongromwhole
blood.The obtained resultdemonstrated that the Hct effect in SPME is dependent on the analytes
of interestandthatdifferent outcomes can be attad by varying experimental conditions such as
coating type, convection, and extraction time. Interestingly, the relative iefimt target
compounds for matrix components and coating maganaledemonstrated to be one of the main
determining factorson the final effect that erythrocyte levels impart on SPME recoveries.
Although Hct contentvas shown taaffect the extraction ofeach analytelifferently, and be
depeneénton experimental parameters, correction of matrix variabgdignabledhrough tte use

of appropriate internal standards.

In view of the rewarding results obtained in the analysis of a broad range of target analytes, SPME
in its fibre configuration was evaluatédsed onts performancdor untargeted analysis of brain
tissue.For thatpurpose, the metabolite coverage provided by C18, mixed mode, @md)HLB

7 mm fibresfollowing extracton from brain homogenate at static conditions &aasessedOur

results demonstrated tHat compounds of medium to high polatipoth HLB and MM catings

were able to offer similar coveragethe samedesorption conditiong:or extraction ofipids, C18

and HLB exhibited the best recovensh the use ol:1 methanol:isopropyl alcohol as desorption
solvent.Interestingly, the use of different deption solventsvas found tagreatly influence the

final composition of the brain extract obtained via SP@Eher parameters such as extraction

time, coating washing stegndinter-fibre reproducibility were also considered and discussed.

Lasty, the balanced metabolite coverage provide@BWE wassuccessfullyutilized for in vivo
monitoring of metabolic changes occurring time hippocampusof rat brain after electrical

stimulation (DBS)of the ventromedial prefrontal cortegmPFC) which hasbeenpreviously
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shown to inducantidepressant like effects in rodent$he use ofin vivo SPME enabled the
monitoring of significant variationsot onlyamongsmall polar metabolites such as amino acids
but also in lipids belonging to different classeompounds such as citrulline, glutamate, taurine,
uric acid, sphingomyelingnd phosphatidylethanolamineamong othersexhibited statistically
significant changes after acute exposefranimalsto electrical stimulatiofior 3 hours Although
additional studies ameeededo establistthe contribution othe biochemical changesbserved in
this studyto the effectof DBSin the treatment ofdepressionour work providechew directions
towardsa betterunderstandingf the mechanismtaking place in the brain upoapplication of

electrical stimulatiorto the vmPFC.
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Chapter 1. Introduction

1.1. Preamble

Nathaly Reyessarcéswas the sole writer of this chapter. An excerpt of this introduction (500
words) was already EA BbuzabSilwd) M. ReyesBarcds 5.4. Goneep e r
Rios E. Boyaci, B. Bojko and J. Pawliszyn. A critical review of the state of the adlidfphase
microextractionof complex matrices lll. Bioanalytical and clinical applicatiomsends Anal.
Chem2015 71, 24932640, and is being reprinted in this thegigh permission of Elsevieand in
compliance with Elsevier and University of Waterloo policies.

|, EricaSouzaSilva, authorizéNathaly ReyesGarcégo use the material for her thesis.

I, German A. GomeRios authorizeNathaly Reyessarcégo use the material for her thesis.

|, Ezel Boyaci authorizeNathaly Reyessarcédo use the material for her thesis.

|, Barbara BojkoauthorizeNathaly Reyessarcégo use the material for her thesis.

1.2. Sample preparation inbioanalysis

Bioanalysiscanbe defined ashe field thatcoversthe measuremendf analytes of interest in a
givenbiological systemin this subdiscipline of analytical chemistygxogenous and endogenous
compoundsn complexbiologicalmatricessuch as biofluids and tissuer instanceare analysed
by employment oimultiple methodologiesailored according to the analysg(©f interest The
generalbioanalytical workflow involves a series of stepsamely sampling, sample storage,
sample preparation, instrumental analysied dataprocessing,all of which arecritical in
guaranteeing reliable measurenge@onsidering the complexity afertainbiological matrices

and in somecases thedemand fotheprocessing oflarge numbesof samples in shogeriods of

ot



time, bioanalytical chemists are constantly seeking new strategies that allow for cheamdast
accurate resultsCurrently, procedures encompassimgass spectrometry (MS) coupled with
separation techniques suchgas chromatograph({zC) or liquid chromatographfL.C) have been
adoptedas instrumental methodologi@s variousanalytical laboratoried~or that reason, new
developments in sample preparation strategieslarestalways oriented to be compatible with
such type of istrumentabn. Taking into account the high selectivity offered by M8d more
specifically tandem MS (MS/MSAnd high resolution MS (HRMS}hetime speh optimizing
sample preparatiom targeted analysi®day hasertainlybeenminimizedas compared tthat
nealed for previousy used proceduresuch as the earlier technique of cholugh performance
LC (HPLC) coupled with ultraviolet detection (UV¥)in regards tountargeted analysisyhile
simple and nonselective sample preparatiormethodologies are highly preferredpecial
precautiongn terms of sam@ manipulation must b&keninto consideratiorso asto ensure
analyteintegrity. Irrespective ofthe type of analysis being carried onbnselective sample
preparation ohighly complexbiological matricesan lead tdhe coextraction of interferences
capable ofindudng ion suppressioehhancement in electrospray ionization (E&hd/or
compromigng the performance of the analytical instrumentatiobmthis contextthe evaluation
and introduction of alternative sample preparatisethodologiesble to fulfill theneedsof the
application of interesareinvaluablein the progressowards more efficient analytical strategies
With this in mind, inthe following subsection a summarycentered on th@advantages and
disadvantages of typical sample preparation approadesktohandlebiological matricessuch
asdilute-andshoot (DS), protein precipitation (PP), liqdiduid extraction (LLE) and da phase
extraction (SPE)is presentedAs themolecular composition of such complex matriceguge

diverse, for the purpose ofdlcurrently presentegork, only analysis ofsmall compounds and



metabolites with molecular weights below 1200 Itzs beenconsideredor discussionNext,
important agectspertaining tasample preparation fan vivoanduntargeted metabolomics studies
arediscussed. Lastlysolid phase microextraction (SPME)ntroduced as an attractive alternative

tool in sample preparation of biologicahtricesfor both targeted and untargeted studies

1.2.1. Traditional sample preparation methods forLC-MS-based bioanalytical studies

The most common sample preparation appraatbrethe analysis dfiofluids areDS, PP, LLE
and SPEDepending on théype of matrix beinganalyzed as well athe compound®f interest,
one or a combination of these approadhggically employedDS, for instance, has been broadly
reported asan adequate technique fprocessig of urine samples prior to L®S. In DS, &
aliquot of sample matrix is further diluted withaterby afactor ranging from1:1 to 1:10? As
urine is anearlyproteinfree matrix, this approach seems quibnvenient for multiresidue studies
However the salt conterdindhighly variable compositiolf urinerenderthis methodology very

prone to ion suppression effects, particularly forahalysis of early eluting compounts.

For analysis of biofluidgharacterized by high proteincontent PP is perhaps the most widely
used sample preparation methaathis approach, an aliquot of sample matrix is mixed with a
miscible organic solvent such as methanol or acetonitrile in proportions that varyl from
fipart® of solvent pee a cphrbdf biofluid. Use of otheprecipitating agentsuch as saltstreng
acids, and even healas also been reportei.In addition, sveral authors have studied the
efficiency of different precipitants in texs of thepercentage of proteibeingremovedfrom the
matrix. For example, in terms of protein removal efficieraggtonitrile,10% trichloroacetic acid
(w/v), and zinc sulfatéave been observed to imere effective than other precipitaftdowever,

in terms of LEMS compatibiliy and absolute matrix effec@cetonitrile and 10% trichloroacetic



acid (w/v) areindicated aghe best optionfor protein removat® Although PP is a very simple
strategy that provides good coverage for both polar anepalan compoundsthe final extract
may contain high concentrations of matrix interferences that can hinder mass spectrometry

analysisof certain compounds

LLE, in turn, involves the use of a nevater miscible organic solvent to extract analytes of
interest. Organic solvents such as hexane, cyclohegtrey, ethylacetatendmethyl tertbutyl
ether(MTBE) haveall been used in different appditons? LLE offers satisfactory performance

in terms of salt and protein removal. é&draction of a given analyie affected byts charge (pKa)

in this approachthe pH of thesolution as well as the physicochemical characteristit®e analyte

of interestplay an important rolén determining the extraction efficacy of LLE applications
Similarly to PP, LLE is a simple technique that has been used for decades. Nonetheless,
significant disadvantagethis methodimpartsin terms of poor recovery of polar analytése
possibility of emulsion formatiomnd lack of selectivityvhen conducting targed analysishould

not be neglectedt is worth emphasing thatbothLLE and PP have been semi and fully automated
in a 96-well plate format for the higthroughput analysis of biological fluid As a means to
account for ionization effects and for the poor selectivity of both PP and LLE, careful evaluation
of these methodologies in different sampégches with the use of appropriate internal standards

is highly recommendeds part of the method validation

SPE asone of the most widely employed sample preparation methag also been extensively
reported in theanalysis of different biologicahatrices® In SPE, the sample matrix is passed
through a cartridge packed with@lsent material that displays high affinity for tiaegetanalytes.
Prior to elution of compounds of interéfsbm the sorbenbed different rinsing solutiomcan be

used toremoveinterferences from the cartridgm asto allow for improved selectivity.The



availability of various types of sorbent chemistrikat enablethe isolation of a wide range of
compounds is undoubtedly an important advantage of SPE. Intheedevelopment of new
sorptive materials has been closely related to the expansion and broad acceptestecbhique

as a sample preparation strategy different fields. In many casesSPE overcomeghe
disadvantagesf LLE and PPin regards tcsample dution, lack of selectivity, and ionization
suppression effecfsHowever, SPHEequires longer optimizatioand sample preparatigimes

the extraction cartridges are usually expensane singleuse,and depending on theomplexity

of the sampleunder studyclogging of cartidges nay occur When aiming for cocomitant
exhaustive extraction of multiple compounwish SPE careful attention should be pad as to
notexceed the breakthrough volume of the compewnth lesseaffinity for the sorbent material.
To date, SPE has beesuccessfully automatddr multiple sample analysignd is available ia
96-well plate famat, providing sufficient throughpth bioanalytical application$!°For analysis

of small sample volumes (around 10 pL), a miniaturized version of SPE, or MEPS
(microextraction by packed sorbent), has gained wide acceptahilitye bioanalytical field
Unlike typical SPEapplicationsin MEPS each cartridge can be usselveral timesand online
coupling with GC and LC ienabled Applications of MEPS in bioanalysis have been thoroughly

reviewed!!

In a discussion afamplepreparation workflowgmployedto analysebiofluids, the dried blood
spots DBSS technique is also worth of mentioDBSSis an alternative to traditional blood
sampling thathas gained wide acceptance in clinical analydige to its low sampling
invasivenes$?*® In DBSS a small volume of blood (less than 20 tdm afinger prickis
collectedonto filter paper casland allowed to dry; subsequent desorption of the spibteis

performed into a LC compatible solventAs sample are deposited onto a paper and stored at



room temperature, no specsbrage ohandlingconditions argequiredfor this techniqueThe
main limitations ofDBSSare associatedith the need for highly sensitive instrumentation due to
the low sample volume loaded on the paparticularly in cases where the analyte is present at
very low concentrationfhe potenal degradation ofinstableanalytes due to storage conditions,
andconsiderablevariability in blood spreadingwingto the type of paper used (chromatographic
effect) and hematocrit levels (blood viscosity depends on hematfcAt)more indepth
discussion pertaining tBBSS considerationss provided in Chapter 4Due to the increasing
applicability of DBSSin bioanalysis, significant progress has besdeon automated chine
desorptim of DBSScoupled with LEMS/MS.121917Based on the simpiily and low invasiveness

of DBSS further implementation itests of clinical interest is foresefam this technique

The analysis of tissue, as a complex yet indispensable nmabiganalyticalstudies also plays a
vital role intargeted andintargeted analysist is well-known that workflowsfor isolaion of
analytes of interest from such complex medlialabour intensive and time consumin/hen
preparing such types of samples, a homogenization step prior to the extraction process is almos
always requiredDepending orthe type of tissue matrie.g. soft tissuesuch as brain or liver
tough tissue such as muscle or heart, or hard tissue such as skeletal bone) as\ilethaslytes
of interest(stable compounds or fragile metabolitedijferent homogenizatiostrategiessuch as
grinding, cryogenic pulverizing, bead beating, sonicatémilenzymatic homogenizatioamong
others, can be usedprior to extractiort®® Further, the addition of solvent during the
homogenizatin stephas been observeddgoeatly facilitatehehomogenizatioprocess as well as
the extraction of analyte®. After tissue homogenatese obtainedPP anfbr LLE, followed in
some cases by SPE to improve extraction selegtiséin becarried outo isolate the analytes of

interest



1.2.2. In vivo sample preparation for tissue analysis

Thestudyof biologicalsystemaypically involves a sampling steywhere an aliquot representative
of the status of thesystem is takeffor further analysisHowever,continuousmonitoing of the
system under investigaticat close toreattime conditionscan elucidateimportant information
regarding the systemhatis notalwaysaccessiblevia traditional sample preparation workflows
Fortissue analysighe attainment ofepresentative sam@®ith aimsof monitoring an organism
at different timeoointsis unlikely tobeachievedwvithout sgnificantly compromisinghestatus of
the studied systemin this context, strategidsr in vivo sample preparationave been proposed
and implemented iseveralstudy casesOf the currently availableechniquesoday, microdialysis
(MD) is perhaps the most widely useshd acceptedwith its applicability for in vivo and
continuousmeasurementfoseveralmetabolits in varioustypes of human and animal tissue
demonstrated in various studiés MD, a small probe with a serpermeable membrar{gypical
molecular cuoff 10-50 kDa)is employed to determinthe extracellular concentration athe
analyte of interesfAs illustrated in Figure 1.1 perfusate solutiongenerally ebuffer selected to
resembles the composition of the extra cellular flisdpumped througla catheter(0.57 10
pL/min) thathas been previously placed in the sampling sitehAperfusate flows, diffusioof
analytes from the sampling media into the membtakes placelue to a concentration gradient.
Simultaneously téhe permeatiorof analytesnto the acceptor phase, molles of perfusate can
alsodiffusetowards the samplingedia The dialysate (perfusate containing analytes) is collected
for a defined period of time fdurther instrumental analyst$ MD has been successfully used in
conjunction with LGMS for in vivo determinations o$everal hydrophilic and small metabolites

such as neurotransmitters and peptides, and also in pharmacokinetic studies involving different
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Figure 1.1. Microdialysis system. The perfusate inlet is connected to a slow flow pump. The
dialysate is collectetbr further analysis.

drugs and drug metabolitésNonetheless, MDexhibits some limitations in the analysis of
compounds prone to nespecific aderption??23As astrategy to overcome thihortcoming the
incorporation of additives such as cyclodextrin Aodgine serum albumin (BSAN the perfusate
solution has been propos&dt* Although this approach has proven to be useful in the
determination of everal neuropeptideand endocannabinoidslecreasein the mass transfer
procesdhave been observeddocur in certairapplications; further, thaddtion of BSA has been
shown torestrict theattainment of proteinfree dialysatethus requiring the atition of another
stepto the sample preparatioworkflow. Another disadvantage of MD relates to the-smt
compatible composition of the dialysate for MS anal§%iEhe high content of salfsund in the
perfusate solutigres well asthe typical low concentrations that are attained in, M@th hinder

the determination of several analytes of interest due to ion suppression efféotoacasional



clogging of the MS inletTo overcome this hindrance, a number of strategies aimed at avoiding
the introduction ofalts into the MS analyzeincludingthe use of divert valvegmployment of

an additionalsample preparation stequch asLLE or SPE (oHdine or off-line), and column
switching have been reported wariousauthorsin the literature?® 2’ Yet, despite the rewarding
results obtained in the determination of several metabolites and exogenous contpougls

the use okuch approachethe employment oMD in bioanalytical applicationss limited due to

its unsuitabilityfor analysis of large hydrophobic compounds such as lipids, whicknaren
biomarkers of significant biochemical interest. In this regard, SPMBb&éasdemonstrated to
provide complementary information to MB more indepth discussion regarding the application

of SPME towardsn vivo determinations oflifferent compounds and metaboliteen be foundn

Section 1.3.

Pushpull perfusion igyetanotheiin vivosampling approach that allows for the collection of tissue
interditial fluid. In this techniqueartificial fluid is infused into tissue through one tutbile the
collection of tle infusedfluid is performedwith a second tubglaced close to the infused area.
Although pushkpull perfusion is aelativdy simple approach to access tissue informatitms
techniquecan inducssignificanttissue damages fluid is pumpednto tissueusing flows inthe
range of uL/minWith aims ofoverconing this drawbackandso as tamprove spatial resolutign
researchers intrasted anodified versiorof this techniqugnamelylow-flow pushpull perfusion,
that employs significantly smaller flows and uses narrow bore capilfaé® suitability ofthis
methodologyfor in vivo tissue monitoring, particularly in neurochemical studiegs been
demonstrated and also review@d! Although further evaluation of this technique is needed to

assess its performance in the analysis of a lero@hge ofcompoundsit is anticipated that



similarly to MD, pushpull perfusion is not welsuited for the determination of hydrophobic

analytes.
1.3.Sample preparation inMS-based netabolomics

Metabolomics can be defined asfield aimed at theystematic and comprehensistidy of
metabolite contenfmetabolomepresenin biological systemsAs metabolomics ishe endpoint

of t he f o ntheestabol@ne diractlyedilects the biochemical status of the system under
study, and thereforean be said to provide tlbosestrepresentation of thmdividual phenotype

of said systemHowever, due to thhighly complex composition of thell metabolometo date,

no single platformis capable of accurately measuring allits component$? In this context,
several analyticalvorkflows have been developed and evaluated in terms of metabolite coverage,
limits of detection and robustness333¢ Although nuclear magnetic resonance (NMRsed
platformshave showmewarding results in multiplapplicationstheirinsufficientperformance in

the detection of metabolitexcurring at low concentratidevelshave limited their applicability

in certain metabolomics studie®¥3® Conversely, MShasedapproacheshave been gaining
increasingattentionin metabolomicsapplications owing totheir capabilitiefor the analysis of
compoundsat pico and nanomolar concentratiotfsMoreover, he suitability of MS for
hyphenation witrseparation techniques such as GC, afd capillary electrophoresis (CEs
greatly facilitatel the study of complex mabolite mixtureswhile also aiding in the reductiaf

matrix effects>® While there are severdifferent separatioMS combinationsavailable to date,
considering that C-MS is the most widely usecbmbination in bioanalytical applicatiorend

also the approaatf choice for the currently presented wgitkther discussion will be focused on

LC-MS-based metabolomics workflows.
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Two mainstrategies can be followed when performing metabolomics stuichesfirst referred

to as targeted metabolomj@ppliesto cases where a defined set of metaboliteséasure@dwing

to their involvement in a specific metabolic pathway becausesuch metabolites belong to a
particularclass of compound3he second strategy is called untargeted metabolomics, also known
as global metabolomics, and relates to the determination adteittable metabolites present in a
given samplé® Whereas in the first strateggxperimental conditions can be tuned to enhance the
recovery and detection of metabolites of interest, in the second appnoadelective parameters
must be selectedith aims to gatheunbiased informationegardingthe biological systemunder
study. In regardsto the advantagesmparted byeach approach, in the case of targeted
metabolomics fully quantitative information can be obtaineallowing for the validation of
hypotheses regarding pathways being affected by different stimuli. On the other hand, in
untargeted metabolomiasew infomationcorrespondingo unknownbiologicalmechanismsan

be unveiled, allowing for anenhancedunderstandingof biological system$® Typical
metabolomicsmethodologies either for targeted or untargeted analygienerally involve
comparisosof at least twalifferent group®f samples or individualsvhere each group represents

a defined biological status.g.control versus treatment group, or healthy versus didegeap).
Comparisons can also be drawn between samples taken from a single group ofviddals
before and after apphtion ofa given treatmeniThe employment of statistical tools allows for
comparisonsto be madebetween the metabolomes representative of each groyarting
valuable informatiorregardingdysregulated compoundsssociaté with different biochemical
pathwaysaffectedby the treatment under investigatio®uch studiehave beersuccessfully

undertakenn differentresearch areasith the use otells, microorganisms, plagtanimas, and
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humars models®” %% As the scope of thisesisinvolvesthe analysis of biological matrices from

animal and human origithe oncoming discussion will bgrimarily focused on such matrices.

The success of any metabolomics experiment strongly relies on the appropriate execution of each
of the st@s of the analytical workflow (Figure 1.2). As can be seen in Figure 1.2, the first stage of
a metabolomics study involves sample collection and stoveigjeh must becontrolledso as to

avoid metabolome alteration&/hile differentbiological matricexan be usedor metabolomics

with each demanding an optimized protocol for sample collection and andlidlsjds are
commonly selected as maiteisof choiceowing totheir easy collection and biological significance.
Urine, for instance, is a highly abundant matrix that contains representative inforragaoting

all biochemical pathways occurringargiven organisirin addition, urine allows for neimvasive
colledion, which facilitates the sampling stépTo ensure proper preservation of the metabolites

of interest, any bacterial activity should be avoided by filtering urine thraOg22 um filter after
sample collectiort? In addition, metabolome integrity should be guaranteed by keeping urine
samplesat - 80 °C, and by avoiding freezandthaw cycles'! Other important biofluids in
metabolomics studies are blood fractions. Blood fractions are the most widely used matrices in
metabolomics, andinlike urine sample collectigrcollection of such matrices requires the
involvement of professionally traingokersonnel Although both serum and plasma have been
successfully employed in multiple reportise clotting proceduraeindertaken in theollectionof
serumsampleshas been previously shown to indwtgnges in metabolome compositf8fi* As

such the use of plasma asnatix of choicemay enabl@ more accurate picture of the metabolic
status ofthe investigated individual. When working with plasma and serum, certain factors must

be taken into consideration. For instance, a suitable workflow for sample collection agd stora
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Figure 1.2.General MSbased metabolomics workflow.

should ensure that all samples are collected with the same type of anticoagulant (in the case of
plasma)lotting conditionsare controlled(in the case of serumgnd that the method being
employed is capable of avoidifgemolysis during the fractionation stdp.addition, a storage
protocol for blood fractions should include storage of sampieferably at- 80 °C and be
designed so as to prevdrgezeandthaw cycleswhich can greatlympactmetabolome integrity.
Other biofluids such as cerebrospinal flui@SF) saliva, human breast millandbile, have been
also utilized in metabolomic$® However, due their restricted availabilitthe number of
publicaticnsreportingtheanalysisof such biofluidss significantlyless extensive thahat ofurine
and blood fractionsln addition to the use of biofluigdshe analysisof tissue in metabolomics
studies has gained a lot of attentioning to the sitespecific information that this matrix is
capable ofmparting Nonethelesscollection of tissue ia very invasiveprocedure thatequires
highly trainedmedicalpersonnelwhile studiesnvolving rodentsusuallyinvolve their sacrifice

during sampling In sample manipulationf tissue a rinsing stepeither with water pbuffer, is
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recommendedgrior to storage of tissue specimess as toavoid alteations of metabolome
compositionstemming from any remainirigfood 344 Liquid nitrogen istypically used fottissue
metabolism quenchingvith storage of samples alperformedat-80 °C.As this matrix is solid
and also heterogeneoud)@mogenizatiorstepatvery welkcontrolled conditions is required prior
to extraction. Further informatiaegardingconsiderations in tissue metabolomiggrovided in

Chapter 5.

After ensuringthat theintegrity of the metabolites of interastmaintained through application of
proper controlso sample collection anstorage isolation of the metabolome from other matrix
constituentscan be undertakerGiven the compmxity of any biological samplehe sample
preparation method employed should be ablgreserve the metabolome compositiarile
allowing for fast turnover times, reproducible resutsdmaximummetabolitecoverageTypical
sample preparation approaches for metabolomics studidsernvaditional methods such BS,

PP, and LLE, all which have already beeatescribedn Sectionl.1.1 The advantage of these
methods relyon their simplicity, affordability, and neselectivity, which facilitate the processing
of large volumes of sampleSS, for instancehas beenlemonstrated to kesuitableapproachn
untargeted urine metabolomjegth satisfactory results in terms of instrumental drifting, retention
time stability, and regatability for highly abundant compounds (coefficient of variation (CV) <
15%) reported when using reversed phase chromatography in combination witiHb\8ever,

in the same stugyow intensity signalsvere found to be characterized by high variahiltjich
couldbe correlated to the absence afeanup stepand possible matrix effectsor olventbased
extraction approacheBPwith the use obrganic solventss recognized sthe most broadly used
strategy in untargeted analysis of biofluids. Several studilescted at the identification of

optimum PP onditions haveshownthat the us®f methanaleither alone or with other solvents
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such as ethanol and acetonitrdéfersoptimalresults in terms of detected metabolite feat(fé3.
Moreover, aning to reduce metabolome alterations, the use of cold solkastseen reported
severalsample preparation workflovas part of the metabolism quenchitgp.®>4%“°However,

it should be highlighted thabmplete precipitation of proteinsnst alwayseasily attainedvhen
using solventsFor that reasom careful assessment of LC column performance should alveays
consideredn method developmerds protein build upas been shown tiecreas typical column
lifetime.? As another wik-known sample preparation techniguEE is also widelyapplied in both
targeted and untargeted metabolomics. Due to the selectivity of LLE for the extraction of
hydrophobic compounds, this approach has lpegticularly useful forthe analysisof multiple
lipid classesFor this purpose,ifferent solvents have been testeih aims todeterminewhich
solvents enable the bestcoveriesfor various biological matrices Among recent lipidomics
studies, the mostommonly employed solvent combinatisnare chloroform/methanoland
MTBE/methanoP! Alternativdy to usng PP and LLE independentlya combinationof both
approachebas been proposed with aimsexpandinghe coverage of thenetabolome extracted
from a single sampl&. In this interestingmethodology,sample preparationf only 20 pL of
plasmais performedn an HPLC vial by adding small aliquots of water, methaaold200 uL of
MTBE. After mixing and centrifuginghe vial conters, separation of the differesblventphases
occurringin the same viakan be accomplishedAnalysis in two different chromatographic
methods, one for metabolites and one for lipidgonducted by injecting from the same vial at
two different needle position8esides facilitating the recovery of a broathge of metabolites
from plasma, this approadias beerdemonstrated to be highly reproducililecomparison to
methods that require evaporation and reconstituBased on the positive results provided g t

methodology an evaluation of itperformance in analysisf brain tissue homogenateas also
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conducted® Rewarding results were obtainedith approximately4000 metabolite features
detectedrom 3 mg of tissuef-urther assessmexdf thisin-vial dualapproactiowardsthe analysis

of more tissue typeshould enabléetter insightsegarding itsapplicability. Another sample
preparation technique that has been evaluated in metabolomics studies is SPE. Although it may
seem that the selectivity offered by SPE sorbisniot ideal for global metabolomics applications,
results wortly of discussion &ve beerobtained For instanceMichopholus et al. compared PP
with acetonitrile and methanekrsusSPE usingC18 cartridgesin terms of metabolite features
extractedfrom human plasmaTheir results demonstrated that SPE allowed for significant
improvenent in method repeatabilitompared to other methodologié$n more recent worka
thorough comparisoaf severmethodsincluding different conditions for PP, LLEBnd SPEwas
conducted using plasma asmodel matrix2® Resultsshowed thatlthough SPE provided an
additional 600 features not detectgdother methods, the use of multiple extraction approaches
for analysis ofndividual sampla did nottranslate ito significant improvemergin metabolome
coverageln addition the same studgonfirmed thathe best coverages were obserfaanethods
using PP with methandhoweverPPapproachewere also evidenced to hahly prone to matrix
effects which hinder the analysis of low intensity features eadlalsoleadto biased result®s

can be inferred from the discussion presented until now, theressmmgole preparation approach
available today that is capable of providing a complete, unbiasagshot of the entire
metabolome of a given systetm view of the shortomings of the available methodologies,
various strategieshave beenmplementedto facilitate the gathering of high quality data in
metabolomicssuch as including quality contrahsiples to ensure analytical precision (technical
replicates) and instrumental stability (instrumental replicates), addition of internal standards to

account for variations in sample preparation and instrumental drift, randomization of samples
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injections toavoid any systematic bias, analysis of blank samples to account for background
artefacts, and the incorporation of sufficient biological replicaiegng othersAlternative to
more conservative methodologies where sample preparation is perforwiéad, the use ofn
vivo sampling/sample preparation for metabolomics presents an interesting oppofbunity
investigations obiological systemdrom a different perspectivé\s extractions are carried out
directly from the living organismmproved recovery of unstable compounds esdlicel risks of
metabolome lterations are facilitated?°%°” Moreover, as in vivo applications enable the
monitoling ofthe same system or organism at different fpoiaits, such applicatiorfacilitate the
detection of small changes that could shed light on different biological prodd&sder instance,
has beeextensivelyemployed fothe concurrentargetecanalysis ofelectedheuntransmitterg®
Pertaining tapplications covering a broader range of metabolitely few reports analysing MD
dialysates via LEMS have beepublishedto date likely due to thecomplexcomposition of the
perfusionsolution In one of those studiganalysis of dialysates obta&din vivofrom a crustacean
hemolymphwas undertakenwith the use ofCE and matrixassisted laser desorption ionization
(MALDI) coupled to ion mobility MS, and alsthrough employment dfiC-MS. By employing
this multifacetelatform the authors were able to identify 208 metabalitesn which 39 were
found to be neurotransmittet$ Similarly, in recent work MD was employed for thén vivo
monitoringof wound fluids released from bone and soft tissue healiRgsults showethatthe
use ofproteomics and metabolomics workfloersabled theletermiration ofimportantbiological
differences between the two wound sdeiwa Despite the limited number of metabolomiesrks
reported in then vivo sampling/sample pparation field this approach imparts great promise in

the metabolomics fieldgs it can provide complementary information to what is already known
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from typicalin vitro workflows. The role of SPME is thismodality will be further discussed in

Sectionl.3.4.

In regardio the use of LEMS for instrumental analysis gfobalmetabolomics extracta,plethora
of methodologieemployingmultiple LC columns andrariousMS analyzers have beéescribed
and recently reviewetf%762 In terms of separation conditiortlistinctchromatographic methods
using statiorary phases such as Ci& reversed phase analysasid hydrophilic interaction
chromatography (HILIC) are normallgppliedin the same studyThis strategyallows for an
expansion inmetabolomecoverageby facilitating the retention of compounds with dréfat
polarities.Regarding MS analyzers, high resolution instruments such asfiftight (TOF) and
Orbitrap, either with or without quadrupoles, are typically (el the body of this work is
mostly focused on the sample preparation aspettmetabolomicapplications an in-depth

discussion oflifferent LGMS conditionss not presented

The last part of the metabolomics workflow involves data processing, statistical analysis, and
interpretation. As this topic is significantly broad and detailed protoquisviding guidance in
metabolomics data processing and statistical analysis have been published by several authors, only

a brief overview of the different steps that are normally folloesedhereirprovided® ¢’

In metabolomicslata processing and analysrarioussoftwareandalgorithmscan be employed
to enable extraction ohformationregarding theletected metabolite featuresthe entire sample
set. EacHieature is characterized by its m/z, retention fiam&l intensity. As each metabolite can
be defined by different adducts, isotopes, and, in some casses)rce fragmentshe annotation
of featuressia packagesuch asCAMERA can aid in thedentification of varioudeatures related

to a givenanalyte®® Once this information is obtained, statistical analgais then bearried out
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For this purposainivariate and/or multivariate data arsgyareconductedvith aims to determine

which metabolites are beinlysregulatediue to thecondition or treatmentnder studyUnivariate
analysisis undertaken with aims to estimastatistical change®f individual features or
compoundscross different groupsepending on whether the dasaniormally distributed and on

the analytical variancdifferent parametricg.g.t-t e st Wel ¢c hds andnent and
parametric teste(g.Mann Whitney U and KruskalVallis) can beperformedOn the other hand,

in multivariate analysisall variables(metabolite features) are simultaneously analykeaugh
employment of unsupervisedprincipal component analysis (PCApdor supervised methods
(partial least squares (PLSnd orthogonal partial least squares (OPL®)ce statistically
significant discriminating features or metabolites atetected their identity is confirmed by
searching their accurate masses in available databases, by interpreting their fragmentation patterns,
andwhen availableby running certified standardisastly, biochemic&interpretation of the data

can beperformedin view of the specific condition and/or treatment being studMttiough this

step must often be accompanied y-depth literature revision, several tools to aid in the

interpretation and correlation of affectedtabolicpathways are availabndfree of charge.

1.4. Solid phase microextraction (SPME)

1.4.1. The principle of SPME

SPME is a norexhaustive sample preparation sggrh that integrates sampling and sample
preparation in a single step. In this microextraction technique, a small amount of extraction phase
immobilized in the outer part of a solid support is used to isolate analytes of interest from a given
sample matn. The microextraction process is undertaken by exposing the SPME probe to the
sample of interest for a defined period of time at a constant set of experimental conditions. During

extraction, an amount of analyte proportional to its concentration in thplesdas collected
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onto/into the SPME coating. Depending on the characteristics of the analyte of interest, the SPME
device can be placed in the headsp@t®) of the sample matrixonly for volatile and semi
volatile compounds)or can be directly exposdad sampling media via direct immersion }DI
Instrumental analysis is carried out either by thermally desorbing the analytes extracted by the
SPME probe in the injector of a gas chromatograph, or by exposing the SPME coating to a
desorption solvent, andIssequently injecting the final extract into an-MS or any other suitable

analytical instrumentA schematic illustrating the general SPME workflovpissented in Figure
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Figure 1.3.General schematic of the SPME process.

The successfumplementation of SPME for any type of application is strongly depenuha
good understanding othe microextraction principleshat govern extractionAs SPME is an
equilibrium extraction technique,arimum analytical sensitivity is attain@chen thecoating is
exposedo the sample matrix for a tinperiod that is lon@noughasto allow for equilibrationin

other words,no further increasein the amount of analyte collected will be obsenadter
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equilibration has been reached suchconditions, the amount @nalyte extracted is given by

Equation 11, wheret¢ is the amount of analyte extracteato the coating) is the concentration
of analyte in the fibre coating at equilibriumd, is the volume of extraction phas®, is the

concentration of analyte in the sample matbix, is the distribution constant of analyte between

the extraction phase and the sample matrix,camglthe sample volume.
E 0w 00— 1.1

In cases wherdghe volume ofsample is much larger than the volume of the extraction
phaseUowol &, Equation 1.1 can be simplified tBquation 1.2.Thus, quantification of
analytes of interest in systems with volumes considerably larger thtof the extraction phase
can be accomplishedithout knavledge ofthe volume of the sampling media.q. on-site
analysis).

€ U wo 1.2
From Euation 1.2 it is also clear thatthe amount of analyte extracted at equilibrium is
proportional to0 , namely thedistribution constant. This parameter is directly correlated with
other factors such ake physicochemicapropertiesof a given analytecoating chemistryand
sample matrixcharacteristics (including temperature, pH, and ionic strength, among others).
view of this, satisfactorymethodsensitivity can be obtained by ensurif@vorabled values
which can be accomplishéxy selecting appropriate coats@ndbr throughmodifications tathe
sample matrixIt should be noted thdquation 1.1 onlyapplies for coating materials such as
polydimethylsiloxane (PDMS) or polyacrylate (RAyhich extract via absorptiorzor adsorptive
extraction phases, the surface active sites where analytes bind should be takensialeration

In such caseshé equibrium amount of analyte can be estimated as follows:
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wherebi s t he anal yteobs ads0or pstthe maximengconcdntration of u m c¢ o
active sites in the coating, aidd is the equilibrium concentration of analyte in the fibre.

One of the most important parameters in any microextractioreggsors extraction timeAs
emphasizegbreviously maximum sensitivity is achieved at equilibrium conditions; however, as

large0 providelong equilibration times, the use of SPME atpqeiilibrium, which can achieved

by accurately controlling extraon time is certainly preferred imanycasesAt such conditions,
the amount extracted is calculated by ushupation 1.4, wher€dis a time constant andlis
extraction time?®

B0 O

Lo W

Other paameters that affect equilibration time are the convection condittomshickness of the
coating ® &, and the analyteds di f®u€onsderingctivae f f i c i
equilibrium is reached@hen 95% of the equilibrium amountagtracted equilibrium time can be

calculated byemploying theollowing Equation:
O 0 p O—— 14

The t erquatian 1.4 referddtthe thickness of the boundary lay&he boundary layer
comprises a region in between the bulk of the sample matrix and the extractionwiteaséhe
flux of a given analytes mostly controlled by diffusiorAs the thickness of the boundary layer is
determined by both the agitation conditions and the diffusion coeffi@niven analytedistinct

analytes in the same system will halifferent v al ues.
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At this point, severatxperimental/ariables that influence the microextraction process haea
listedand discussed\s can be inferrettom the above discussigsuccessful application of SPME
toward any type of studyertainly depends otne degree to whichxperimental parameters that
affect extractionrecoveriesare controlled(e.g. convection, temperature, extraction time, etc)
Another factor that needs to be taken into consideration wh®ioyingSPME or any other
microextraction technique relates ttee distribution of the analyte amotige different phases
present inthe samplg systemFor instance, if SPME is to be applied for the determination of
hydrophobic compounds in water samplén stability of the analytes under studjould be
carefully controlled so at avoid altering thé& respectiveconcentratioa within the sample
matrix. In such casg the poor solubility of the analytes water can lead tolosses due to
adsorption on vessel wallsr owing totheir precipitation As this is notikely to occur insample
preparation approaches such as LWBere the sample container is rinsed with extraction sqlvent
the applicability ofSPME can be underestimated bgxperienced user®n this noteit should

be emphasizd thatthe extraction process in SPMiEcurs via fee corentration. Accordingly,

in analygsof complex systems or matrices where multiple ph#sstcould display affinity for
analytescoexist €.g.proteins, cells, organic matter, particles, et.), the amount of analyte extracted
by SPMEis not only proportional tats overallconcenration in the sampling media, but also
proportional to thats free concentratiomat the moment of the extractiowhile SPME method
sensitivity towards thanalysis of compounds that exhibit high binding for matrix compomants
be hindered owing to tHew availability ofsuchanalytesmodifications tahe sample matrix may

be consideredo increaseher free fractions (e.g.addition of organic solventYhus in spite of

the limitations it may imposen certain applicationshat involve the determination of highly

bound analytes S PMEGs abi | iviafyee tomcentatidngy anattrattivehoaus in
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analysisas itenabledeterminatios of free,total, and therefore bouncbncentrationsf analytes

in complex systasthrough the use appropriate calibration strategies.

Several SPME calibratiompproachebave been developed to date, with the choice of calibration
strategy being dependent on the goals of the research and parametersasatyte@and system
under investigatiof® Although some calibratiomethodsare not conventional due to the Ron
exhaustive nature @PME, various studidsoth demonstrating their applicability and reporting
detailsregardingtheir principles and procedures haveen published and reviewed in recent
years’! 3 In the awrrently presentethesis, matrixnatched calibration was employedaxSPME
guantification strategyln matrix matched calibrationotal concentratiosican be calculated by
spiking known amounts of analyte in a blanktrix that can truly mimic the intrsic conditions
and characteristics of the sample under studyapplication of this method, it is critically
important that satisfactorymsulation ofthecharacteristicef thesample matride achievedsince
changes in pH, ionic strengtiind proteiror organic mattecontent can significantly affect degree
to which agiven analytas bound to the matrjxconsequentlyerroneous concentrations may be
estimatedn cases where such characteristics are not sufficiently accountéd fmmpensate for
possible variations in the extraction conditiarsl in the sample mattithe use of an appropriate
internal standard, ideally deuterated, is highly recommentiaformationregarding thdéree and
bound concentrati@of the analytes also requireda alibration curvdor the analyteshould also
be preparedn a physiological buffer where the analyte is freebifiding componentgfree
concentration = total concentrationPtherimportant factors shouldlsobe taken into account
when performingjuantification via SPME:ifst, the organic solvent volume used to spike analytes
ideally should be kept below 186 as tavoid alteations in thebinding conditions in the sample

matrix.”* Second, onceanalytes and internal standards are spiked in the blank nfatrix
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determination ofotal analyte concentratisnenough incubation time should be allovgedasto
ensurea complete binding. Third, theample/solvent volume should be large enough so as to
ensure that the whole SPME coating is immersed during extrattsarption Since sample and
desorption solvent volumes are typically very similar, sufficient analyteqmueentration might

not be ahievedthrough employment dPME, especially if the analyte under studprssentt
aconsiderably low concentration level. In such caaedition ofsteps such as solvent evaporation

and reconstitutiomay be required in the workflow.

1.4.2. Thin-film microextraction: another geometry of SPME

The most welknown configuratiorfor SPME devcesis the fibre geometry which consists of a
wire that has a welllefined coated length. Howevean accordance with SPME principles,
extraction devices can adaptltiple geometries and shapbat are tuned based on the application
of interestAs SPME is a noexhaustive extraction technique, sensitivityiesscan arise in cases
of considerably low analyte concentratidds) or low affinity of compounds of imtrest for the
extraction phase)( ). Therefore, a a strategy to improveethodsensitivity, the use of larger
extraction phase volumegsv) can be considereds a suitable optio(Equation 1.2) While
increases textraction phase thicknewsll lead tolonger equilibration times (Equation 1.4), the
use of larger extraction phase areas the other handallows for improved sensitivity without
sacrifidng method throughput Suchdevices consisting of a large coated surface area and a thin
coating thickness (large extraction phase surfacetarealume ratio) are known aghin-film
microextraction devicegnd have been employed in several applicatinslving GC- and LG
amenable compound$ In GC applicatios, PDMS selsupported m@branes as well as

extraction devices made on a solid suppasing PDMS and embedded sorbent partjdiase
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been used for the analysis of samples of environmental &rifif® Thin-film microextraction
devicesprepared by immobilizing biocompatible extraction phasestainless steéladeshave
also beenemployedin various studies involving determination of nalatile compounds,
including studiesof bioanalytical interes?® Pertainingto the analysis of L@menable
compounds, a fully automated workstation that allowstle@ high-throughput simultaneous
analysisof up to96 sampless currently availablé! Indeed, thesecondchapter of this thesis is
fully dedicated to the @plication of this high throughy platform for the analysis ohultiple
doping substances in plasma samplamsideringhatthe use othin-film microextractiormay
also allow for close to exhaustive recoverigscertain casesthe term opetbed SPE is also
applicable to such devic@s caseswvhere significant ammts of analyte are extracteat when
remarkabledepletion of analytes occurs after the extractibarther detailsregarding the
applications, advantageand disadvantages dhin-film microextraction for the analysis of

biological matricesreprovidedin the following sections.

1.4.3. Analysis of biofluidsusing SPME and LGMS

AlthoughSPMEwas initially introduced for the analysis of volatile compounds of environmental
interest, the evolution ahis sample preparation technigimeterms of coating chemistries and
manufacturing materials has enabléd application in the determination of newolatile
compounds in complexological matricesThe firg reports documenting theseof DI-SPME for

the analysis of different biofluids involveaimployment ottoatings such as PDMS, PRDMS/
divinylbenzene DVB) and carbowax/templated resirC{V/TPR.82 Other extraction phases
employed for the extraction of different compoufrdsn matrices such dsdood fractiors include

restricted access materials (RAM), molecularly imprinted polymers (Mi&ypyrrolebased
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polymers (PPY)solgels,as well asmmunoaffinity sorbentswhere antibodies are immobilized

for highly selective extractiorf& Although all of the abovementionedcoating typeswere able

to provide satisfactory results in sevestlidies their low affinity for certain compoundsn
addition totheir short lifetimes when immersed in complex samplesdered their further
implementationin the analysis of biological samples. In this contthe introduction otoatings
made ofa biocompatible bindesuch as polyacrylonitrile (PANanddiversesorbentssuch as

SPE particleshas greatly facilitated the development and application oMEPas a sample
preparation tool in bioanalyticalpplications® Among the most important advantages of RAN
based SPMEextraction phasesfeatures such aeutstanding robustness direct exposure
applicationsto complex untreatedbiological matrices high selectivity for small molecules
satisfactory biocompatibilityandmanufacturingosteffectiveness stand out ghowcaséhe high
suitability of this coating towards bioanalytical applicatiddsreover, gven that diferent types

of SPE sorbent chemistries can be used in the preparation ebBgddl coatingsuch coatings
enablefi t u n of thg most convenient SPME extraction phase according to the analytes of
interest Severalstudies published in the lagearshave demonstrated the suitability of such
coatings, in both fibre antthin-film formats, for the determination wérious analytes in matrices
such as urine, plasma, serum, bloasd bile®8488 For instance, in 2012Boy acé et
demonstrated the suitability tfin-film microextractiordevices prepared using C18 and PiaN

the quantitation of a broad range of contdlisubstances in urine sam@&# such work, the
authors were able to achieve satisfactory results in terms of absolute matrix effects with minimum
sample preéreatmentthussupporing the feasibility ofemployingSPME prior to LEMS. Bojko

et al. proved the potential of automated thfilm SPME in clinical analysis by monitoring

tranexamic acid (TA) in plasma samples of patiemsdengoing cardiac bypass surgétylhe
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high-throughput feature offered by this technolamabledorompt analysis of a large number of
samplesas well asthe determination of TA pharmacokinetic profiles for each patient (n=10).
Good agreement was foubdtweerthe proposed methodologgndPP. Similarly, Gorynski et al.
proposed a higthroughput SPME method for th@doncomitantanalysis of both rocuronium
bromide and TA in plasm¥ Despite the considerable differences between the two target analytes,
satisfactory results were obtainbgl employinga weak cation exchanger as 3PME extraction
phaseln addition to drug analysisjgh throughput SPME in thifilm format has been employed
for the determination of polyunsaturated fatty acids in plasma samples. In thatlséudse of a
C18PAN as extraction phase enabled the determination of changes in concesufdéty acics
such ad}linolenic acid arachidonic eid, anddocosahexanoic acid plasma samples of patients
undergoing cardiac surgety The resultsobtained from this studgertainly demonstrated the
applicability of SPME tavards the quantitative measuremehhighly hydrophobic compounds
that displaysignificantaffinity for plasma componenté. variety of dternative coating materigls
including aptamers, magnetic molecularly imprinted polgyreerdpolythiopheneamong others,
havealsobeen reported as suitable fo-BPMEin biofluids®2 % In more recent work conducted
by Gionfriddo et al.a type of fluoropolymewas introduceds apromisingbinder to immobilize
hydrophilic lipophilic balanced HLB) particles for SPME with extraction followed by
instrumental analysis wittGC and LC platform® The coatings developed in this study
demonstratedatisfactory performande evaluations involvingvhole blood extraction<siven
their simple manufacturing processhich does not require a thermal curistgp their further
implementation in &roader range of applications is anticgaat

Other SPME formats successfully employetiwfluid analy®s are intube and ifip SPME. In

tube SPME, which uses a piece of capillary column as extraction medium, was the first fully
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automated SPMEBppoachdesigned specifically for compatibility with L&halysis Although this
technique idimited by the need forery clean sampleso asto avoid cloggingof the capillary
andits comparativdow throughput, irtube SPME has been reportedtl@ssample prearation
techniqueof choicein quite a large number ofbiomedical analysistudies’®®’ In-tip SPME in
turn,is an alternative higkthroughput configuration of SPME introduced by Xie,IMtt, Miller-
Stein & Pawliszyn irR009% In this SPME approach, commercial SPME fibers aslednsed in
poly-propylene pipette tiphrough employment gdolyethylene fris to secure and hold fibres i
place. The most important advantage of this approach is its compatibility with automated liquid
handling systems for 9&ell plates €.g, Tomtec Quadra 96) typically usedtire pharmaceutical
industry. In this approach, thesPME sample preparation workflowonsists of multiple
aspiration/dispense cycle$o date, m-tip SPME has beeremployed for the analisof drug
candidates (MKD533) and (MK0974) in human plasma, and for the determination of vitamin D3

in human serurthroughchemical derivatizatioff' 10°

1.4.4. DI-SPME and LC-MS for in vivo animal studies

One of the most attractive features of SPME is its suitabilitynfervo analysis.indeed sveral
studies reportetb datehave demonstrated tlgplicability of this technologyowardsmonitoting
of concentrations of different drugs and metabsliteseveralliving biological systemg?*101:102
As it pertains to thanalysis of biofluids, SPME has besumccessfullyusedfor pharmacokinetic
monitoring of benzodiazepings cartamazepine, and carbamazepitell epoxide
(carbamazepine metabolité) animal models including models such a®eagle dogs and
rats1%31%The main advantage sfich approacks theelimination of the blood withdrawal step

from the analytical workflowwhich serves taedue the risk of changes in sample matrix
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composition and in the free concentratiomofistableanalytes. Furthermore, sincevivo SPME

allows for multiple samplngs of the same system over time, the study of ongoing dynamic
processes, such as drug pharmacokinetics, is facilitated to a considerable Aexdetdiled
protocol regardingthe experimental parameters that should be used to determine intravenous
concentatiors of drugs and metabolitdsy application ofSPME is availablén the literature?®®

With reference tatissue determinations, SPME has been appliedhfervo analysis ofseveral
matrices a schematic of the general workflow is depicted in Figure®®® Blogunde et a.for
instancewere able to quantifdrugssuch adluoxetine, venlafaxine, sertraline, paroxetine, and

carbamazepine irainbow trout and fatheadinnowby performingin vivonon-lethal sampling

Tissue
1
—]
Support —
Analytes
2
Extraction
phase or
coating
3

Polyacrylonitrile (PAN) + sorbent
particles (biocompatible)

(~45 pm coating thickness, 300 pum
total device thickness)

Washing  Desorption/storage

Figure 1.4.Schematic of SPME workflow for analysis of tissue samples.
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using C18PAN coatings% The rewarding fidings of that workndicatedthat SPME is a well
suited tool for environmental studies related to fish bioconcentratsihe technique allows for
continuousmonitoring of the same individual specimens over tilRolydopamine sheathed
nanofibes havealso been employed to monitor pharmaceuticals in fish ti$$u&.comparison
between concentrations of fluoxetine determined in fish tifisuweigh application oELE and
SPME demonstrated that both technigpeovide statistically equivalent results. In another study,
SPME and MD were successfully used to meadomamine, serotonin, gamma amitotyric

acid, and glutamic aci¢hanges in rat brain at different tinpoints following fluoxetine
administratiorr® By using 4 mm fibres coated with C18 and benzene sulfonic acid functionality,
the authors of that work were able to obtain comparable results with both sampling techniques,
validating the applicabtly of SPME towards such studieg\s evidenced in the literaturehe
biocompatibility of SPME together with its simple deployment has facilitated its evaluation in
diversein vivo scena@ios The advantages of this approach for metabolomics studies will be

presented in the following section.

1.4.5. SPME and LC-MS in clinical metabolomics

The applicability of SPME for metabolomics gies was initially proposefdr profiling of volatile
metabolitesThis particular approach has been satisfactorily implementieeld applications for
analysis of different matricesuch asserum, urine, bacteria culturesgliva,andfeces, among
othersyia headspace extractiétf 1**Converselyapplication oDI-SPMEhas only been recently
introduced and evaluatefibr metabolomics stlies using LEMS analysis In initial work
conducted to identifpotentialSPME coatingsuitablefor such purposé/uckovic et al reported

a completeassessmertf severalSPEbasedextraction phasehemistries in tens of metabolite
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coveragée!* To this end 42 types of SPE particles, including silidbased, pgimerbased and
carbon baseg@articles were immobilizecand usedn the manufacture dBPME coatingsfor a
broad set of metabolitesovering polarities fronbog P-7.9 to 7.4 Results showed that mixed
mode (MM) (C18 or C8 with benzenesulfonic acid group), phenyl boronic acid (P&#g
polystyrenedivinylbenzene (P®VB) coatings performed best in terms of hydrophilic and
hydrophobic metabolitextractionsIn this context, it is worth highlightg that the apptability

of SPME for untargeted studies via DI relies on the fact that analytes are extracted via free
concentration, as was alrealighlightedin Sectionl.3.1.Hencethat in biologicalsamples such
asplasmawhere multiple matrix components such as@ins and metabolites oc¢iiiis expected
that hydrophilic analyteswill be present at high free concentratipas theynormally do not
displaysignificantaffinity for any matrixconstituentsOn the other hantlydrophobic compounds
will exhibit low free fractions as such compoundsre usuallybound to different matrix
componentssuch as proteinsConsideringthat SPME typically provides better extraction
efficienciesfor compounds that display a certain degree of hydrophobluithanced metaltite
coverage can be expectiedcases where thiechniques used for untargeted studié@ased on
results obtained i@ coating evaluation study, Millipore Sigma (previously Supett®jeloped
SPME devices coated witiM and Cl18viocompatibleextractionphase for bothin vitro andin
vivo application$’ In order to assedbe performance dBPMEversus other sample preparation
techniguesraditionallyemployed in untargeted metabolomics, a compayisging human plasma
as model matrixyvas conducteth terms of metabolite features extracted VBENMEMM coating
versus those detected withrafiltration and PB4 The resultsobtained in this study demonstrated
thatnot only is SPMEable toperform comparablyn relation tothe other two techniqsestudied

as it pertains tthenumber oimetabolite featuredetectedthis micro sampling techniqueas also
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shown toallow for betterrecoveries of noipolar metabolite§SPME vsultrafiltration), as well as

for a reductionn ionization effect{SPME vsPP). Similar results werebserveavhenSPMEand

MD were used foin vivo sampling from rat brain®. The findings of this worlevidenced that
SPMEwas able tdacilitate the extraction of hydrophobic metaboliwsch as lipid, whichare
usually poorly or nordetected in MD extracts, whereas MD allowed for the detection of
hydrophilic dipeptides and aliphatic amino acitat were not observed with SPMEaus, the
obtained findings of this studsupport the applicability ddPMEas acomplementaryool to MD

for in vivo metabolomics studie®\s unstable compounds can be lost or degraded into different
metabolites during traditional sampling and sangpéparation stepsy ithis sensghe feasibility

of capturing theentirein vivo metabolomeof a given systenenables thexploration and further
understanding dfiological systemdor instancein an experimerthat sought to compare results

of in vivo blood samplingversus those obtained lex vivoSPME protein precipitationand
ultrafiltration, researchers found thatn st abl e ¢ o mp enicotithside sadenife a s
dinucleotide( NAD) were only present in extracts correspondininteivo SPME?’ Although
furtherstudies are required in order to confirm the stability of different metabolite types extracted
in vivoon SPME coating the results othe abovementionestudy support thaotionthat SPME

is capable otaptuing an elusive portion of the metabolorog employment ofin vivo sampling
strategies Other studies involving untargeted anadygia in vivo SPME samplinghave been
undertaken towards thenonitoring of metabolic changes in lung and livgnafts during
transplantationin a pig model*>1% |n this application researchers were able to observe
differentiation among extracts obtained fr8PME fibres exposed wrgangrafts atvariousstages

of organ preservatiothroughoutthe transplantation proces®ne of the main advantages of this

approachncludesits feasibility towardsnonitoringof organ qualitywith minimum invasiveness
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thus minimizing the risk of compromisinige orgarthrough its submissioto multiple biopsies at
various sampling pointsHowever, amore indepth study with darger number of biological

replicates is required in order to fully demonstrate the potesft@PME forthis application

In addition to metabolomics studies applyifPME for in vivo sampling, progresson the
evaluation and application of SPMn-film format for highthroughput global metabolomibas

also been observedn recent work Mousavi et al. evaluated different coating chemistfoas
extraction of metabolites fromascherichia colbacteria cultureincluding PSDVB, hydrophilic
lipophilic balance (HLB), PBA, silicdased ionic liquidand silicabased reversed phaisethin-

film format!!” With aims to expandnetabolome coverage, mixtures of different sorbents were
also investigatedinterestingly, a mixture of HLB and H3VB particlesin a proportion 1:1
provided the best results in terms of features detectedt@reted polarity rangdndeed, this
approach aw extraction and determination of metaboliteth logP valuesspanning from7 to

15, including amino acids, peptides, nucleotides, carbohydrates, polycarboxylic acids, vitamins,
phosphorylated compounds, and lipidlee developednethodology washenfurther appliedor
characterization adintibacterial action of cinnamaldehyde and clove di.icoli cultures where

several metabolic pathways and dysregulated metabolitessuesessfullydentified 18119

1.5. Research objective

The main scope of thidoctoral dissertatioencompasse$e applicationevaluationand further
development of SPME as an alternative technology for the investigation of complex biological
systemsTo this endthe body of thisvork presentsiovel progresen SPMEcoupled to LEMS

for bothtargeted and untargeted anaysf biological fluids and brain tissue
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In reference tdargeted analysis, Chapter 2 provides a thorough evaluation of SPiMiB-fiim
microextraction format for the automated and high throughput analysis of a broad range of doping
substanceg¢drugs and metabolites) plasma samples his work, which was financed by the
World Antidoping Agency (WADA), demonstrates the capabilities ofMEPto provide
satisfactory sample cleaip prior to LGMS and to facilitate the concomitant quantitation of
multiple substances of variable physicochemical propgttag® from-2 to 6.8) With the purpose

of expanding theange of applications of SPMEhapter 3 describes the development of tien

film SPMEsamplersonsisted oplastic as an alternative support matefi&le robustness of such
devices as well as thegotentialapplicabilityin clinical studiess successfullyproventhrough the
determination of droad range of compounds severalbiofluids, including plasma, urineand
whole blood. In a more fundamental approach, Chapter 4 discloses thekfttable red blood

cell content, also known as hematoaoit,the detemination ofdifferent drugsby application of
SPME asa sample preparation technigu@arameteysuch as coatintypes, agitation conditions,
extraction timeand the use of an internal standard all considerethroughout thenvestigation

and in the dvelopment of possible hematocrit effeotrectionmethods

In reference tountargeted analysis, Chapter 5 includes an evaluation of SPME in fibre
configuration as an analytical tool imetabolomicsstudies of brain tissueAs part of the
assessmentifferent availableextraction phase@C18, HLB and MM) desorption conditions,
washingstep strategiesand extraction timesre discussed based on the metabolite features
detected after extracin from cow brain homogenateastly, the application of SPH for thein

vivo monitoring of metabolic changes in rat bsaafter deep brain stimulatiois presentedn
Chapter 61nteresting results in terms détermination oflysregulated metabolites and lipids

groups of control and treated animate shownand a discussion abadthie biological relevance
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of such findingss also presentedChapter 7 summarizes the mawntributionof this work and
providesfuture directiongo be considered in regartisthe applicabilityof SPME tavards the

investigationof biological systems.
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Chapter 2: High throughput targeted analysis in plasma using thirfilm solid phase

microextraction

2.1. Preamble and introduction

2.1.1. Preamble

This chapter of the thesis is already published as an anticler the ti | igh fihroughput
guantification of prohibited substances in plasma ugiimgfilm solid phase microextraction by
Nathaly ReyesGarcés, Barbara Bojko and Janusz PawlisdyrChromatogr. 2014 1374 40

49. The content of the article is being reprinted in this thesis permission of Elsevier, and in

compliance with Elsevier and University of Waterloo policies.
|, Barbara Bojkoauthorize Nathaly ReydSarcés to use the material for her thesis.

2.1.2. Introductio n

One of the ultimate goals in doping contielthe development of a simple, fast, reliable and
comprehensive analytical methods for biological matrices such as blood and urine. Due to the
complexity of such matrices, as well as the diversity of prolutstéstances listed by the World
Antidoping Agency (WADA), sample preparation is often a challenging.'@sRurrenty,

WADA has stipulated minimum required performance levels only for the detection and
identification of prohibited substances in urine sampleslowever, aalytical determinations in

blood (plasma/serum) as a means to obtain complementary information to urinalysis results have
been garnering a wealth of interé%t'?® Some advantages of blood analysis in doping control
include finding intact unknown doping substances, determining temporal information regarding

drugs prohibited ircompetiton only, and detecting if an athlete is participating in blood doping
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practicest?212>1265ample preparatioprocedures reported for analysis of prohibited substances in
blood, serum, and plasma include protein precipitation, solid phase extraction (SPE) and more
recently, dried blood spet(DBSS.122127130 Several studies using these sample preparation
methods for comprehensive screening of human and equine plasma/blood have been reported in
recent year$®>124131137 Degpite these approaches being effective, they can bectinseiming,
unsuitable in some cases for automation, and prone to ion suppression/enhancement effects.
Regarding instrumentation, undoubtedly, liquid chromatography coupled to mass spectrometry
(LC-MS) has become the preferred method in sports drug testing due to its flexibility compared to
gas chromatographyass spectrometry (GRIS) and to immunological assayf$1*8140For these
reasons, simple and effective sample preparation protocols suitable for automation and compatible
with LC-MS based methods are highly desired. Recentlyntheduction ofthin-film solid phase
microextraction (SPME) in an automated configuration has opened up a new alternative in sample
preparation for bioanalysis. Biocompatible SPME coatings prepared by immobilizing various
sorbents with polyacrylonitrile ke demonstrated great performance in the extraction of drugs
from complex matrices. By taking advantage of this technology, a comprehensive protocol for
automated quantitative urinalysis of doping agents was recently intro#fucethat work, more

than 100 compounds of different classes and polarities were simultaneously extracted from urine
samples using a Ci@olyacrylonitrile (PAN) extraction phase and the Concept 96 automated
sample preparation station. By using the 96 SRMiE=film s that the aforementioned system can
handle, the optimized method was able to provide throughput of less than 2 min per sample.
Furthermore, the proposed automated SPME method allowed satisfactory samplepcéiace
negligible absolute matrix effects were observed for the majority of the compounds. Considering

the good performance of the proposed method, and by taking advantagdioicompatibility of
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the SPME extraction phases, a new high throughput SBPASEd protocol for plasma analysis is
introduced herein. Twerntfve compounds of a wide range of polarities (logP fr@rto 6.8),
including different prohibited drug classesdasome metabolites such as benzoylecgonine,
morphine3 b, and 6b glucuronide, were selected for
amount of analyte proportional to its free concentration, the method was carefully optimized,
taking into account # binding that some compounds might experience due to the high protein
content of plasma. For this purpose, simultaneous SPMEqgnditioning and sample pre
incubation under a controlled temperature were enabled by modifying the software of the-Concept
96 autosampler. With the aim of covering a broad range of compounds in a single extraction, a
thin-film SPME coating made of hydrophiipophilic balance (HLB) Oasis particles
immobilized with polyacrylonitrile (PAN) was chosen. To the best of our knowlettigs is the

first time that such SPME coating is used in a nmelsidue bioanalytical application.

2.2. Experimental

2.2.1. Materials and supplies

Amphetamine, methamphetamine, -Gfrenbolone, morphine, benzoylecgonine, codeine,
codeineds, oxycodoneds, cannabidiolds, methadonels, stanozolol,(+)11-nor-9-carboxycd-
tetrahydrocannabino{THC) (THCCOOH), (+)1%nor-9-carboxyqd-THC-dz (THCCOOHds),
cortisokds, morphine3 Eglucuronide, morphiné bgylucuronide, morphind kglucuronideds,
(+¥)11-nor-9-carboxy-oq@-THC glucuronide (THCCOOHylu), and (+)1inor-9-carboxyo?-THC
glucuronideds (THCCOOHglu-ds) standards were purchased from Cerilliant Corporation (Round
Rock, TX, USA). Nikethamide, prognolol, metoprolol, clenbuterol, exemestane, bisoprolol,
budenoside, dexamethasone, furosemide, salbutamol, prednisolone, strychnine and testosterone

ds were purchased from Signafddrich (Oakville, ON, Canada). Salbutarah was purchased
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from CDN isotopes (Point€laire, Quebec, Canada). Toremifene and GW50%st6é purchased

from Toronto Research Chemis&loronto, ON, Canada).

Sodium chloride, potassium chloride, potassium phosphate monobasic, sodium phosphate dibasic,
formic acid, and polyacrylonitrile (PAN) were also purchased from Sigtdach (Oakville,ON,

Canada). N,Ndimethyl formamide (DMF) was purchased from Caledon Labs (Georgetown, ON,
Canada). Modified polystyrene divinylbenzene {(®8B) was obtained from Macherdyagel

(Duren, Germany), Oasis hydrophilici pophi I i ¢ bal ance (HBB) weeem s or &
obtained from Waters (Milford, MA, USA), and Discovery sitisased C18 5 um particles were

obtained from Supelco (Bellefonte, PA, USA). Polypropylene Nunc U96 deep well plates were
purchased from VWR international (Mississauga, ON, Canada)are stainless steel blades

were obtained from Professional Analytical System (PAS) Technology (Magdala, Germany). LC

MS grade acetonitrile, methanohdawater were obtained from Rex Scientific.

2.2.2. Working solutions

A stock methanolic solution (20 pmL™) containing all analytes was prepared and further
dilutions were done as required. A stock solution (8 pghmtontaining multiple deuterated

compounds as internal standards was prepared in methanol.

2.2.3. Plasma samples

Different lots of potassium (¥ ethylenediaminetetraacetic acid (EDTA) pooled human plasma
from healthy donors were purchased from Lampire Biological Laboratories (Pipersville, PA,
USA). A phosphatduffered saline solutiogPBS) (pH 7.4) was preparebdy adding 8.0 g of
sodium chloride, @ g of potassium chloride, 0.2 g of potassium phosphatebasicand 1.44

g of sodium phosphatiibasicto 1 L of nanopure water.
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2.2.4. Thin-film SPME devices

Various coating chemistries in thfilm SPME format were prepared by immobilizing different
SPE sdbents (C18, P®VB and HLB) with a PANDMF solution according to the procedure
already reported by Mirnaghi et®IThe only exception to the original protocol was the curing

temperature, which was decreased from 180 to 150 °C.

2.2.5. Samplepreparation: automated Concept 96blade SPME system

Automated SPME extractions were carried out using the Co®€eplystem (Professional
Analytical Systems (PAS) Technology, Magdala, Germany). This robotic sample preparation unit
has been described in di¢telsewherd* 141 A typical SPME protocol using this automated station
involves preconditioning, extraction, washing and desorption steps. In this work, a simple
modification of the controlling softare allowed for the simultaneous fpneubation of samples

at a given temperature (extraction station) anecpreditioning of SPME devices (preconditioning

station).

The SPME method was developed and optimized in terms of coating selection, pH control,
extraction time and temperatutgpe of desorption solvent used, and desorption duradioecent

work on doping control using SPME demonstrated the suitability of C18 coatings for the extraction
of a wide range of doping substances from urine saripRae to the high protein content in
plasma, and consequently the decrease of free concentrations of drugsichdy tgxhibit high

protein binding, it was critical to evaluate the performance of different coating chemistries at such
conditions. For optimization of the SPME method, both plasma and PBS standards were prepared
by spiking analytes from stock solutiorkeeeping the organic solvent content constant at 1%.

Spiked plasma aliquots were greubated in the fridge overnight to allow complete binding
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before extraction. Sample preparation involved mixing 1080 pL spiked plasma aliquots with 10
pL internal standal solution and 120 uL of 1 M phosphate buffer (pH = 7). Subsequently, samples
were homogenized in the 9ell plate at constant agitation for 30 min before starting the SPME
procedure. Optimum SPME conditions were set as followscqneitioning of SPMElevices in

1:1 methanol:water (1500 pL) for 30 min and simultaneous plasma samplesydration at 30

°C, then 90 min extraction at 30 °C, 10 s washing step in deionized water (1500 pL), and 20 min
desorption in 4:1 methanol:acetonitrile with 0.1% foraad (1200 pL). Agitation rate was set at
1500(revolutions per minutapm. It is worth emphasizing that the total incubation time of plasma

aliquots after adding buffer and internal standard solution was 1 h.

2.2.6. LC-MS/MS conditions

Samples were run on a EXS system consisting of an Accela pump, an Accela autosampler and
a triple quadrupole mass spectrometer TSQ vantage equipped with a heated electreBfiay (H
source (Thermo Scientific, San Jose, USA). Chromatographic separasocawied out using a
Kinetex pentafluorophenyl core shell column (1.7 pum, 2.1 mm x 10 mm) connected to a PFP
security guard ultracartridge (Phenomenex, Torrance, CA, USA). The mobile phases used were
water with0.1% formic acid (A), acetonitrile with @4 formic acid (B) and methanol with 0.1%
formic acid (C). Mobile phase gradient conditions were as follows: hold at 90% A, 5% B, and 5%
C for 0.5 min, linear increas# both solvents B and C to 8in 9.5 min, linear increase of C to

62.5 % and decreasé¢ B to 37.%%6 in 5 min. Lastly, the column was-egjuilibrated for 2 min at

the starting conditions. The overall run time was 17.3 min, the flow rate was 400 planarthe
column temperature was maintained at 35 °C. The injection volume was 10 uL iocfull
injection mode. MS conditions were set as follows: spray voltage = 1300 V, vaporizer temperature

= 275 °C, sheath gas = 45 units, auxiliary gas = 30 and capillary temperature = 280 °C. Samples
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were run in positive and negative selected reaction wmamit (SRM) mode. Optimum collision
energy and $enses conditions were determined for each compound by using direct infusion of
standardsplease refer to Table 2.1 and Table)22ue to the multiple transitions monitored in

this particular method, MS t&a was collected by defining acquisition windows based on
chromatographic retention time. Xcalibur software (2.0.7 SP1) was employed for data acquisition

and processing.

Table 2.1. Optimum MS/MS parameters and chromatographic conditions for the selegietd ta
compounds (positive mode). Underlined compounds were tuned in positive and negative mode.

Compound Retention | Parent | Product | Collision glvlndows,émg S
b time ion (M/z) | ion (m/z) | energy _tart =N Lenses
time time

Amphetamine 594 | 136.009 22138 | 36 5.5 7 36
91.114 17

Methamphetaming  6.88 150.112 9112 19 6 7.5 45
119.139 9

Nikethamide 3.76 179.1 80.127 29 3 4.5 76
108.102 18

Salbutamol 3.26 240.143 148.103 18 2.7 4 59
166.116 12

Salbutamoids 326 | 24316 2123 | 18 2.7 4 64
169.138 12

Propranolol 12.08 260.123 116.138 17 115 13 89
183.116 17

Metoprolol 8.0 268.14 77.105 S0 7.5 9 94
116.146 18

Trenbolone 6.80 271.133 165.106 56 55 7.5 97
199.17 24

Clenbuterol 8.62 277.068 132.1 30 8.2 9.5 70
203.049 15

Morphine 2.78 286.119 152.092 61 2.2 3.5 110
165.101 40

Benzoylecgonine 5.53 290.133 77.141 4 4.8 5.8 93
168.164 18

Testosteronel; 7.40 292.248 97.135 22 6.5 8.5 93
109.137 25

Exemestane 7.80 297.173| 91.128 39 7.2 8.2 72
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121.118 19

Codeine 4.87 300.105 152.092 64 4 6 104
165.102 42

Codeineds 487 | 303.149 | 165096 | 41 4 6 104
215.138 25

Methadoneds 16.0 313.214 105.091 29 13.8 17.3 87
268.224 13

Bisoprolol 9.45 326.16 74.126 27 8.5 10.5 102
116.135 17

Stanozolol 8.62 329.229 81.108 44 8 95 130
95.115 38

Strychnine 6.97 335.155 156.126 45 6 8 136
184.129 36

(#)11-nord- 90 | 345153 | 193168 | 28 8 95 90
carboxyqd-THC 209.265 | 18
(£)11-nor-9- 196.204 27

carboxym 9THC- 9.0 348.162 8 95 95
ds 302.282 18

Prednisolone 5.72 361.145 147.078 24 5 6.5 59
325.243 6

Cortisolds 5.97 367.196 121.046 28 5 6.5 102
331.254 14

Dexamethasone 6.67 393.199 266.226 27 6 7.5 64
373.226 5

Toremifene 15.90 406.21 70.157 36 14.5 17.3 108
72.167 24

Budesonide 7.86 431.222 147.069 30 6.5 8.5 78
323.215 13

GW501516 976 | 454.001 188079 | 46 9 103 | 108
257.068 29

Morphine3 fglu 1.1 462.147 201.101 - 0.5 2.3 101
286.149 29

Morphine6b-glu 1.49 462.147 201.101 42 0.5 2.3 101
286.149 29
(#)11-nor-9- 327.182 23

carboxyq 9THC 8.20 521.173 7.5 9 89
glucuronide 345.237 14
(#)11-nor-9- 330.214 22

carboxyq 9THC 8.20 524.178 7.5 9 90
glucuronideds 348.239 12
123.041 33

r 8.3 10.3 82
Cannabidiolds 318.146 196.129 52
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24413 28
45 6.5 82
Oxycodoneds 319.118 559155 | 25
Morphine 3b- 11 | 465.156 —201-09 10 0.5 23 | 101
glucuronideds 289.168 29

Table 2.2. OptimumMS/MS parameters and chromatographic conditions for the selected target
compounds (negative mode).

Retention | Parention | Product Collision
Compound . . S-Lenses
time (m/z) ion (m/z) energy
Furosemide 6.07 329.013 205.083 24 75
285.152 18
THCCOOH 245.29 30
(¥)11-nor-9- 9.0 343.167 5 5 83
carboxyq 9THC 99.359 3
(£)11-nor-9- 248.297 32
9.0 346.236
carbo 9THC- 85
A 302.374 24
Prednisolone 5.72 405.2 280.239 38 79
329.308 20
, 5.97 411.226 286.24 41
Cortisokd 74
Orisores 335.365 21
Dexamethasone* 6.67 437.21 307.274 34 84
361.354 21
Budenoside* 7.86 475.183 339.296 24 76
357.317 18
(£)11-nor-9- 299.349 37
carboxyp 9THC 8.2 519.192 343.347 28 114
glucuronide '
(x)11-nor-9- 193.142 21
carboxyp 9THC 8.2 522.194 115
glucuronideds 302.358 39

*Formiate adducts

2.3. Results and dscussion

Target analytes were selected for plasma method development according to various xenobiotics
reported in the literature as likely to occur in blood@se of positive dopintf>124With the aim

of expanding the ramg of drug chemical propertieglucuronide forms of morphine and

45



THCCOOH were also includein the target compound list. Although-b#renbolone might

prevail in plasma in case of positive doping;(#enbolone was used as model compound based

on availability of the standard. Overall, the studied compounds represented several drug classes
sweh as narcotics, stimulants, steroids, hormones (including an aromatase inhibitor and a selective
estrogen modulator), a metabolic modulator (GW501516), cannabinoidshlbekars, beta
agonists, other anabolics, diuretics and glucocorticosteroids, faneldb& wide range of polarities,

with logP values ranging fror2 to 6.8.

2.3.1. Coating selection and desorption conditions

The first part of the SPME method development involved coating selection. It is worth noting that
the performance of SPME depends ondtimity of the analytes towards a given extraction phase

at a defined set of experimental conditions. At equilibrium, the affinity of analytes towards the
coating is represented by the fiber coating/sample matrix distribution constant. Based on these
rea®ns, when selecting a SPME coating for a complex matrix such as plasma, both the affinity of
the analytes towards the extraction phase, and the selectivity of the coating towards the target
compounds versus possible matrix interferences should be codsitfdre addition, multiple
proteins occurring in plasma constitute a binding matrix that depletes the free concentration of
compounds exhibiting significant protetdinug interactions. Since the amoohtinalyte extracted

using SPME is proportional to the free analyte concentration in the matrix at the end of the
extraction process, substances characterized by high protein binding are expected to exhibit higher
limits of quantification. As such, andrsidering the broad range of polarities of the drugs selected

for this study, the selection of an extraction phase able to provide sufficient coverage for all
compounds was a cruci al st epetialmepdribdehegvaliats ent wo

of C18, mixed mode, phenyl boronic acid (PBA), anddR&8 coatings for the extraction of more
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than 100 doping substances from synthetic didthough the PSDVB coating exhibited better
extraction efficiency for most of the compounds spiked in urine, the authors selected C18 as the
extraction phase due to its lower carryover but still sufficient coverageideang the reusability

of the SPME devices herein used, carryover is an important aspect that should be carefully
addressed. Optimum SPME conditions should ensure not only satisfactory extraction recoveries,
but also maximum desorption efficiency andanoss contamination. For the purposes of the
current work, the performance of C18-BS8B, and HLB coatings to extract the target compounds
from plasma was investigated. Fig@& shows the absolute recoveries obtained for the different
extraction phaseshven a mixture of 2:2:1 acetonitrile:methanol:water with 0.1% formic acid was
used as desorption solvent. As can be seen in Figlyéor this particular set of analytes, HLB
showed the best performance in terms of analyte coverage. Highly polar comgoghdas
morphine 3b and 6b g lpolar compounds such ag wremifené &nd a s
THCCOOH were successfully extracted. Because of its hydrophivenypyrrolidone and
lipophilic divinyloenzene functionalities, HLB displays balanced analgteiage and shows
recoveries comparable with those exhibited by C18 coating, even for less polar compounds. In
addition, HLB did not exhibit significant carryover at the initial desorption conditions selected for
the coating evaluationdata not shown Indeed, the decreased free concentration of some
compounds due to high protein binding reduces chances of carryover at moderate or high
concentrations. Another advantage of selecting HLB as the SPME extraction phase is its
characteristic wettability, whichatilitates its interaction with aqueous matrices. Based on these
reasons, the HLB coating was chosen as the SPME extraction phase for this method. The next step
of the SPME method development involved selection of desorption solvent and optimization of

desrption time. Various desorption solvents were evaluated, including the desorption solution
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sel ect ed etlaly(2:Bloagetonitéle:methanol:water with 0.1% formic acid), as well as
other solutions comprised by different proportions of methanotpaitele and water acidified
with formic acid at 0.1%. Results in terms of carryover for each desorption solvent tested are

presentedn Table 2.3

100.0 -
EC18 EHLB SPS-DVB

80.0 -
60.0 -

=
3

40.0

i

e

20.0 -

Absolute recovery, %
I IR
R
I
S,
L OO T

s,

e o
UL
e,

e

LTI
(oot irs’s
ILLLLINT
R |
LT
s,

g

i

ks

By b

0.0 -

Salbutamol {0.64}
Morphine (0.89)
Codeine (1.19)
Metoprolol {1.8)
Prednisolone {1.62)
Dexamethasone {1.83)
Budenoside (2.18)
Trenbolone [2.27)
Clenbuterol {2.33)
Propranolol [3.48)
Exemestane {3.7)
GW501516 {4.81)
THCCOGH (5.14)

Benzoyleggonine (2.26)

Compound (logP)

Morphine-6R-glu { -
Methamphetamine {2.07)

Figure 2.1. Comparison of C18, HLB and H3VB coatings performance in the extraction of
various druggrom plasma spiked at 100 ng riL(logP values in brackets). Extraction time was
set at 75 min and the sample volume was 1200

Ideally, a desorption solution for SPME should offer minimum carryover, as already emphasized,
and be corpatible with the LC conditions, ensuring good chromatographic separation. As a matter
of fact, general SPE protocols recommend methanol for elution of a wide range of analytes retained
in HLB cartridges. However, in SPME configuration, and for this pdar@pplication, methanol

showed a moderate carryover for some-polar compounds such as GW501516 and THCCOOH.

It was observed that by introducing some percentage of acetonitrile in the desorption solution,
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Table 23. Carryover found for different solmé compositions (all desorption solvents tested were

acidified with 0.1% formic acid). Results obtained from the second desorption after extracting

from a PBS solutions spiked at 169 mL™. Desorption volume and
min in all the caes.
0, 0, 0,
Carryover, % I\/XaCONH 4%(3;? MeOH I\g((a)%H ACAlf\IS,fS% 50% ACN, Asglﬁ) Mse%/oH,

water 20% 100% water MeOH, 10% | 50% MeOH 20% 20%

20% water MeOH ACN

Morphine-3b-glu 8.7 3.9 4.6 10.0 17.6 - 5.1
Morphine6b-glu 3.0 3.0 3.7 3.1 3.9 7.6 34
Morphine 4.0 3.5 5.2 3.6 3.0 5.1 3.6
Salbutamol 3.4 3.1 3.5 3.0 3.0 5.3 3.0
Nikethamide 2.0 2.7 2.4 2.2 2.7 3.2 2.5
Codeine 4.4 3.7 5.8 4.0 3.1 4.8 3.5
Benzoylecgonine 2.3 1.9 3.4 2.2 2.1 2.7 1.9
Amphetamine 4.8 4.6 5.6 4.6 4.4 6.4 5.0
Prednisolone 2.4 3.5 4.8 2.6 2.6 3.3 3.1
Methamphetaming 4.5 3.9 5.5 3.9 3.3 4.7 3.7
Dexamethasone 3.2 3.0 5.2 2.1 2.2 2.4 2.3
Trenbolone 4.1 54 11.6 3.5 34 3.2 3.8
Strychnine 6.2 3.8 8.5 5.4 3.1 5.8 3.9
Testosterone 4.3 4.4 10.7 3.4 3.5 3.3 3.6
Formoterol 6.0 4.9 7.9 4.4 3.6 6.4 4.1
Metoprolol 4.3 3.8 5.9 3.4 3.0 3.8 3.3
Exemestane 4.8 5.8 13.6 34 3.5 2.7 3.8
Budenoside 4.8 5.3 12.3 3.1 3.0 2.8 3.6
Clenbuterol 6.1 4.7 7.5 4.3 3.5 4.9 3.8
THCCOOHglu 5.6 5.3 11.9 3.7 3.7 6.5 3.3
Stanozolol 6.7 4.6 13.1 4.4 4.1 53 3.6
THCCOOH 14.3 8.8 26.0 6.7 4.9 6.8 5.1
Bisoprolol 4.5 3.9 6.2 3.5 3.3 3.9 3.3
Cocaine 6.1 4.9 8.1 5.5 4.3 5.0 4.5
GW501516 18.0 14.5 35.9 9.1 5.4 5.6 6.7
Propranolol 7.5 5.0 9.8 4.8 3.6 54 4.2
Toremifene 12.2 5.2 12.6 6.7 3.7 4.4 4.8

carryover of those compounds decreased. Conversely, by increasing water content in the

desorption solvent, desorption efficiency of severalpolar compounds was worsened. For this
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reason, and as a compromise between desorption efficiency and chraplaimgesolution, 1200

pL of a mixture of 4:1 methanol:acetonitrile acidified with 0.1% formic acid was found as
optimum. Following the selection of desorption solvent, it was necessary to determine the optimum
desorption time. Considering the compositathe selected desorption solvent, which is 100%
organic, fast equilibration between the target analytes extracted on the SPME coating and the
selected desorption medium was expected due to the dramatic decrease in the coating/medium
distribution constan For this reason, 10, 20 and 45 min were tested as desorption times. As can
be seen in Figurg.2, no significant differences were observed between desorbed amounts at 20
and 45 min. In addition, the same carryover values found after 20 min desorpteonhserved

at 45 min (data not shown). Conversely, 10 min showed smaller desorption amounts for some

analytes, as well as a higher carryover level. Based on these findings, 20 min was selected as
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Figure 2.2. Comparison of desorption efficiency at 20,and 45 min (n = 4 pins and 1200 pL of
desorption solution (4:1 methanol:acetonitrile with 0.1% formic acid)). Extractions were
performed from PBS spiked at 100 ng L
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desorption time, and an additional cleaning step was added to ensure no carryover. Cleaning of the
blades was carried out by desorbing the blades in a 2:1:1 methanol:acetonitrile:isopropanol
solution for 30 min. It is worth emphasizing that desorption eledning conditions herein
optimized allowed for negligible carryover of the target compounds. However, confirming an
adverse analytical finding in a real doping case with this methodology might require reporting that

only new or disposable SPME sampleesre/used.

2.3.2. Extraction conditions: pH, temperature, time and selection of internal standards

Once the SPME coating was selected and desorption conditions were carefully optimized, other
extraction parameters such as pH, extraction time and temperaturdsesrensidered. It is worth
emphasizing that the main goal of the current work was to simplify the sample preparation required
to extract a wide range of analytes present in complex matrices such as plasma. Bearing this is
mind, minimum modifications tthe sample matrix were considered. As already stated, SPME is
able to extract an amount of analyte proportional to its free concentration. Since pH and
temperature can influence the degree of binding of a given substance in,jffa¥hwmntrolling

these variables was necessary in the development of this SPME method. For instance,
physiological pH in plasma varies from 7.35 to 7.45. However, upon storage or sample preparation,
plasma pH shifts more than 1 unit towards alkaline vaaféscting proteirbinding measurements

and even causing degradation of somelgibile compound$* As an effective means to stabilize
plasma pH during sample preparation, Fetral. reported the use of buffer concentrations above

0.5 M and plama:buffer ratios greater than 10:1. In this study, 1 M phosphate buffer in 9:1
plasma:buffer proportion was used to control plasma pH during the sample preparation process.

Temperature control was possible by taking advantage of the Céitepstem ex#ction stage.
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This unit consists of an orbital shaker equipped with a heating surface that ensures uniform

temperature distribution alorige 96wells tray (see Figure 3).
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Figure 2.3. Concept 96 blade system with uniform temperature control oextingction station.

The effect of temperature on the amount extracted was evaluated at 25, 30 and 37 °C in both PBS
and plasma, while keeping the extraction time constant at 75 Table 2.4shows results
corresponding to the amosnéxtracted at different temperatures from both sample matrices. As
can be seen ifable 2.4 no significant differences were observed in the amount extracted from
PBS for most of the compounds at the investigated temperatures. In other words, these result
showed that increasing the temperature from 25 to 37 °C did not affect the fiber/sample distribution
coefficient, or the affinity of the HLB coating towards the majority of studied compounds. Only
toremifene and GW501516, which are characterized fogh lpophilicity, exhibited a slight
increase in the amount extracted as extraction temperature was increased. A possible explanation

for this observation might be related to the temperature effect on the extraction kinetics, given that
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Table 2.4. Evaluaton of the effect of temperature on the amount extracted from PBS and plasma spiked at 100 agdmhixed
with 1 M buffer (9:1 plasma:buffer). Extraction time was fixed at 75 min (n=4 pins).

PBS Plasma
Compound 25 eC 30eC 37eC 25eC 30eC 37eC
ng | RSD,% | ng | RSD,% | ng | RSD,% | ng RSD, % | ng RSD, % | ng RSD, %
Morphine-3b-glu 6.0 9 6.2 6 6.1 5 7.2 6 8.3 11 8.5 9
Morphine-6b-glu 15.3 11 16.0 8 16.0 5 11.8 29 15.8 14 15.3 12
Morphine 58.5 9 61.1 8 58.2 4 56.6 10 61.2 11 55.4 11
Salbutamol 41.9 10 43.0 9 42.6 4 40.5 9 43.0 9 38.9 9
Nikethamide 69.7 9 72.3 8 73.4 5 60.6 13 64.2 13 59.1 12
Codeine 75.9 8 80.2 7 79.0 2 69.6 8 75.9 9 68.9 9
Benzoylecgonine 66.8 12 69.7 9 72.2 6 54.4 12 58.2 14 54.8 13
Amphetamine 66.6 9 66.8 8 65.0 2 61.5 8 64.7 9 56.4 8
Prednisolone 67.6 6 67.0 7 69.3 8 7.9 10 12.9 7 22.1 4
Furosemide 67.0 4 66.4 4 64.9 10 3.4 11 3.9 11 3.9 16
Methamphetamine | 75.7 6 77.4 8 77.4 2 72.7 8 77.9 10 71.6 8
Dexamethasone 81.4 6 86.0 7 90.4 2 38.1 7 45.1 9 454 6
Trenbolone 91.1 7 94.5 6 98.6 1 20.1 8 34.7 6 35.9 5
Strychnine 84.1 6 88.8 6 82.8 1 43.2 7 52.2 7 53.5 6
Metoprolol 85.7 7 90.4 6 93.4 1 77.4 7 85.4 9 80.8 6
Exemestane 86.6 9 90.7 6 96.9 1 23.2 12 29.0 3 30.5 4
Budenoside 82.1 7 87.8 6 92.1 2 25.3 8 29.5 12 30.6 8
Clenbuterol 88.4 7 92.4 6 94.5 0 53.6 5 60.9 7 60.0 5
THCCOOHglu 32.4 24 35.7 31 38.3 26 6.6 6 8.2 14 8.3 9
Stanozolol 76.5 6 78.4 5 79.1 2 3.1 13 4.0 7 4.8 8
THCCOOH 71.3 7 79.2 6 80.6 5 2.2 2 2.6 19 2.6 10
Bisoprolol 83.5 6 89.3 7 925 2 63.0 6 69.6 7 66.9 6
GW501516 63.2 7 74.5 7 68.2 2 1.4 11 1.4 6 1.4 9
Propanolol 92.4 7 96.5 6 96.3 1 40.2 8 48.2 8 52.7 5
Toremifene 26.6 11 30.9 7 39.8 14 0.8 13 0.8 6 0.8 11
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at 75 min and 25 °C these two compounds were not likeggailibrium conditions. It is also

worth noting that these compounds are prone to get attached on the plastic walls of the 96 well
tray due to their high hydrophobicity. Hence, concentration of such analytes in PBS available for
SPME extraction may be affeed. A reduction in secondary interactions of those compounds with
plastic and an improvement in their solubility in PBS is expected by increasing the extraction
temperature. Conversely, results observed in plasma demonstrated that an incrementwe only fi
degrees in the extraction temperature produced a statistically significant increase in the amounts
extracted for some of the studied drugs. Prednisolone, for instance, was greatly affected by
temperature changes, with 8, 13 and 22 ng extracted by SPRA; 30 and 37 °C, respectively.

As already documented by several authors, the binding affinity of multiple drugs towards plasma
proteins is a function of temperatufé*+149ndeed, in the literature, differences of up to 50%
have been reported for unbound drug fractions determined at roorarggmp (25 °C) and at 37
°C.1*3To the best of our knowledge, studies of the effect of temperature on prednisolone protein
binding have not beereported previously. However, it has been documented that raising the
temperature from 37 to 41 °C produces an increase of 80% in-$&@iwortisol, an endogenous
steroid hormone that exhibits competitive protein binding towards prednisélbrigFor these
reasons, and to avoid jeopardizing neetlaccuracy and reproducibility, 30 °C was selected as the
extraction temperature. In cases where temperature control is not possible and SPME procedures
for samples and matrix calibration points are not performed simultaneously, using an appropriate
intemal standard that closely mimics the binding behavior of the target analytes is highly

recommended.

After choosing adequate temperature and pH conditions, the determination of an appropriate

extraction time for the proposed method was undertaken. Due wadk variety of target analytes
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selected for this study, the extraction time was selected based on a compromise between sufficient
sensitivity and satisfactory throughput. For this purpose, solutions of all target analytes were
prepared in PBS and plasmaal00 ng mt? (final concentration after adding buffer was 90 ng mL

1. Extractions were performed at 15, 30, 45, 60, 75, 90, 105 and 120 min. As shown ir2 Bigure

two general trends were observed: compounds with low binding, generally those more polar,
exhibited similar extractions profiles in PBS and plasma at the same extraction conditions. On the
other hand, compounds characterized by high binding towardag@®teins, such as stanozolol,
were able to reach an extraction amount plateau within 30 min in PBS, while in plasma an
increasing trend in the amount extracted was observed even aftaiml@gtraction. This behavior
occurs due to the complexity of tegstem (plasma), where multiple types of binding interactions
take place; more wdepth studies required to fully understand this phenomenon are ongoing, and
will be reported in the near future. As an acceptable balance between throughput and sensitivity,
90 min was selected as the extraction time. Although the selected extraction time involves pre
equilibrium SPME conditions for plasma analysis, satisfactory precision was ensured, as the
Concepto6 system allows accurate and automated control of stitengperature and extraction

time conditions.

Aiming to account for possible pi#o-pin variations, instrumental fluctuations, as well as for
differences among plasma samples, deuterated dfdifferentbinding affinities>¥ 153 polarities
and moieties were introduced as internal standards (RaleDue to the high protein binding
behavior that some of the studied substances might exhibit in plasma, the ficahtcation of

internal standard in the samples was fixed at 100 ng.$hL
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A general schematic summarizing optimum SPME conditions for plasma analysis is presented in
Figure 25. Once internalstandard solution and buffer were added to plasma samples,

homogenization of samples was conducted for 30 min prior to starting the SPME procedure.

Metoprolol (logP 1.6) in PBS Metoprolol (logP 1.6) in plasma
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Figure 2.4 Extraction time profiles in PB&nd plasma for metoprolol (I&gl1.6) and stanozolol
(logP 3.8) (n=4).

Table 2.5. Internal standards used in the proposed SPME method.

Internal standard logP? Protein binding, %"
Morphine3 fglucurunideds -2.02+0.78| 10°

Codeineds 1.19 7-25

Salbutamolds 0.64 NA

Oxycodoneds 1.43 45

Testosteronals 3.32 98

Cannabidiolds 7.03 NA

Cortisotds 1.43 95

THCCOOHd3 6.36 92.0+8.7
THCCOOHglucuronideds NA 96.4 + 3.0

NA (not available)
3 Data taken from Chemspid&f

Data taken from Drugbank®
c152

dSerum protein binding reported ¥ determined in authentic samples.
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Figure 2.5 Summary of optimized SPME conditions for the analysis of prohibited substances in
plasma.

2.3.3. Absolute and relative matrix effects

After determining optimum experimental parameters for SPME, it was importamtiboate the
selectivity and reliability of the proposed protocol. The typical approach employed to determine
drugs in plasma samples is protein precipitation, which is an exhaustive technique. However, the
lack of selectivity of this sample preparationthwel may lead to undesired ion suppression or
enhancement effects caused by interferences that can get dissolved in the extraction solvent.
Absolute matrix effects for the studied compounds were estimated by comparing absolute peak
areas of blank plasma teacts obtained at optimum SPME conditions (n=5) and neat desorption

solvent, both spiked at the same concentration level (50 nj.}fLAs can be seen in Talkeg,
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Table 2.6 Absolute and relative matrix effects found for the proposed method.

Linear

Compound | dynamic Relative matrix effects Absolute
(lonization mode) ogP Internal Standard range, ng Slopes Average sD RSD, matrlx0
mL LotA | LotB | LotC | LotD | LotE 9 % | effects, %
Morphine3 fglu (+) 2.02+0.78 | Morphine3 fglu-ds 5-1000 | 0.0077 | 0.0077 | 0.0072| 0.0072| 0.0066| 0.0072 | 0.0004| 6.2 99
Morphine6 Eglu (+) 1.60+0.77 | Morphine-3 fglu-ds 5-1000 | 0.019 | 0.017 | 0.017 | 0.016 | 0.017 | 0.017 | 0.0011| 6.4 108
Morphine (+) 0.89 Codeineds 1-250 0.0069 | 0.0070 | 0.0069 | 0.0067 | 0.0059 | 0.0067 | 0.0004| 6.7 112
Salbutamol (+) 0.64 Salbutamolds 0.25-1000 | 0.011 | 0.011 | 0.010 | 0.010 | 0.010 | 0.010 | 0.0006| 6.3 110
Nikethamide (+) 0.33 Oxycodoneds 0.5-250 | 0.027 | 0.026 | 0.024 | 0.022 | 0.021 | 0.024 | 0.0023| 9.8 110
Codeine (+) 1.19 Codeineds 0.5-1000 | 0.013 | 0.013 | 0.012 | 0.012 | 0.011 | 0.012 | 0.0007| 6.0 114
Benzoylecgonine (+) 2.26 Morphine3 fglu-ds 1-250 0.37 0.36 0.34 0.33 0.35 0.35 0.0164| 4.7 110
Amphetamine (+) 1.76 Salbutamolds 0.5-100 | 0.0090 | 0.0084 | 0.0086 | 0.0082| 0.0078| 0.0084 | 0.0004| 5.2 111
Methamphetamine (+) 2.07 Salbutamolds 0.5-100 | 0.032 | 0.028 | 0.031 | 0.027 | 0.026 | 0.029 | 0.0026| 9.0 112
Strychnine (+) 1.93 Codeineds 1-250 0.013 | 0.014 | 0.014 | 0.013 | 0.013 | 0.013 | 0.0008| 5.8 118
Exemestane (+) 37 Testosteronel 1-100 0.0079 | 0.0072 | 0.0080 | 0.0075| 0.0071| 00075 | 0.0004| 5.4 110
Trenbolone (+) 2.271 Testosteronels 1-100 0.0073 | 0.0072 | 0.0068 | 0.0065| 0.0061| 0.0068 | 0.0005| 7.2 109
Metoprolol (+) 1.6 Oxycodoneds 0.25-500 | 0.012 | 0.012 | 0.012 | 0.011 | 0.011 | 0.012 | 0.0007| 5.8 111
Stanozolol (+) 3.81 Testosteronals 0.5- 250 0.011 | 0.014 | 0.011 | 0.011 | 0.009 0.011 0.0016| 14.4 103
Clenbuterol (+) 2.33 Oxycodoneds 0.5-500 | 0.043 | 0.043 | 0.043 | 0.041 | 0.039 | 0.042 | 0.0017| 4.1 97
Bisoprolol (+) 1.89 Oxycodoneds 0.5-500 | 0.063 | 0.064 | 0.063 | 0.061 | 0.058 | 0.062 | 0.0023| 3.7 104
GW501516 (+) 4.81 Cannabidiolds 10- 500 023 | 024 | 021 | 018 | 0.23 0.22 | 0.0243| 11.0 103
Propranolol (+) 3.48 Oxycodoneds 1-500 0.050 | 0.049 | 0.045 | 0.045 | 0.044 0.047 0.0028| 6.0 112
Toremifene (+) 6.8 Cannabidiolds 25-1000 | 0.057 | 0.031 | 0.060 | 0.060 | 0.064 | 0.055 | 0.0133| 24.4 109
Budenosidg-) 2.18 No internal standard 1 - 500 341.8 | 342.7 | 305.4 | 3114 | 2524 | 3107 36.8 | 11.8 117
Dexamethasone)( 1.83 No internal standarq 0.5-500 | 7502.4 | 7574.5| 7554.2 | 7206.7 | 6773.1| 7322.2 | 3409 | 4.7 110
Prednisolone-} 1.62 Cortisokds 5- 250 0.015 | 0.015 | 0.015 | 0.013 | 0.013 | 0.014 | 0.0010| 7.2 114
Furosemide) 2.03 THCCOOHds 5- 500 0.013 | 0.010 | 0.012 | 0.012 | 0.014 | 0.012 | 0.0016| 13.6 110
THCCOOHglu () NA THCCOOHglu-ds 10- 500 0.015 | 0.014 | 0.015 | 0.016 | 0.014 | 0.015 | 0.0007| 5.1 152
THCCOOH §) 5.14 THCCOOHds 1-500 0.013 | 0.012 | 0.011 | 0.012 | 0.010 | 0.011 | 0.0012| 10.3 104
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absolute matrix effects for all target compounds were within 99 and 120%. The only compound
that exhibited a significant ion enhancement effect WHECOOHglucuronide (150%)As

already discussed elsewhere, RBaked biocompatible SPME coatings are able to provide
sufficient selectivity towards small compounds, avoiding protein attachmentexttraetion of

several interferencé8 Results herein shown demonstrated that the HLB SPME coating provides
efficient sample cleanp for a wide range of compounds when extracted from a complex matrix
such as plasma. Certainly, the open bed geometry of SPME surpasses clogging issues typically
encountered when using SPE for such type of samples. In addition, these findings demonstrated
that the HLB extraction phase in SPME configuration might be a convenient sample preparation
approach for screening and quantification purposes. This can beulzalyi useful when
considering the potential occurrence of unknown prohibited substances and the need of
retrospective analysis in some doping control cd®elative matrix effects were also investigated
according to the procedure proposedntuszewsket al, 2003'>* Table2.6 presents the slopes

of the calibration curves (area drug/areav$Snominal concentration) prepared in pooled plasma
from different lots (n=5). Considering the principles of SPME, where the amount of analyte
extracted is proportional to its unbound frantat the end of the extraction process, biased
guantitative results might be expected when dealing with significant variations in plasma protein
levels among different samples. As seen in Talfiethe relative standard deviations of the slopes

of the sudied compounds were mostly below 7%. RSD values above 9% were mainly observed
for compounds with a high logP such as toremifene, GW501516 and THCCOOH, which also
display a high binding affinity towards plasma proteins. Other compounds characterizeth by hi
protein binding, such as budenoside and stanozolol, also showed higher RSD values. However, in

general, RSDs for the slopes of all the model compounds were below 15%, and only toremifene
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exhibited a relative standard deviation above 20%. An observeebdedn relative matrix effects

might be expected by using deuterated analogues for each compound.

2.3.4. Method validation

The proposed method was evaluated according to the guidelines stipulated by the Food and Drug
Administration (FDA)'®® Calibration points were prepared at 0.25, 0.5, 1, 5, 10, 25, 50, 75, 100,
250, 500 and 1000 ng riiby spiking plasma aliquots with 1% of stock standards prepared in
methanol. Weighted calibration curves were constructed using 1/x aghaingfactor. Although
concentration levels in the order of hundredparts per billion §pb) are not likely to occur for

many of the studied drugs, it was important to investigate the linearity of the proposed method in
a wide range of concentrations. Accuracy, as well as intra anelisygorecision were evaluated

at five different concentratias levels: 1.6, 15, 35, 7@nd 200 ng mt. Limit of quantitation

(LOQ) was defined as the lowest concentration at which the-¢alcllated value deviated less

than 20% from the nominal value, the precision of the measurements at such concentration level
was below 20%, and the sigrtatnoise ratio was at least 10:1. TaBléshows method validation
results for all the target compounds at optimized SPME conditions. As can be seen, good linearity
(R?> 0.99) for the broad set of studied compounds was\aathie a wide range of concentrations.

LOQ values for all the analyzed substances were in the low ppb range, except foleteemi
GW501516, and THCCOO{Iu, which are characterized by high protein binding and
lipophilicity. Improved LOQ values can be atied by decreasing the volume of desorption
solvent, and even increasing the extraction time. In cases of limited sample availability, smaller
plasma volumes or even diluted plasma can always be used. Intra argdhintercuracy values

were in the rangesf 85 to 124 and 87 to 130% for all the studied compounds, respectively. In

terms of interday precision, only four compounds, which had previously shown LOQ values of

60



Table 2.7. Method validation for plasma analysis at optimized SPME conditions.

LOQ,

Intra -day accuracy (n=5), %

Intra -day precision (n=5), %

Inter -day accuracy (n=9), %

Inter -day precision (n=9), %

Compound ng L R2 %].6 15 35 70 [ 200 | 16 | 15 35 70 [ 200 16 15 35 70 [ 200 16 15 35 70 | 200
9 | hg | N9 | N | Ng | NG | NG | NG | NG | NG | ooyl NG | Ng | ng | ong | Sl NG| ng | ong | ng
mL mL mL mL mL mL mL mL mL mL mL mL mL mL mL mL mL mL
Morphine3 fglu 5 0.9995| - 97 98 | 105 | 96 - 53 | 80 | 55 | 58 - 96 94 | 108 | 99 - 48 | 74 | 61 | 66
Morphine6 fglu 5 0.9947| - 99 98 | 103 | 88 - 79 | 63 | 49 | 78 - 98 93 | 109 | 90 - 70 | 83 | 80 | 118
Morphine 1 0.9983| 99 | 103 | 104 | 109 | 94 | 86 | 58 | 74 | 97 | 59 95 101 | 100 | 113 | 96 8.2 52 | 7.8 | 88 | 11.3
Salbutamol 025 | 09994| 109 | 98 98 | 107 | 99 | 36 | 40 | 7.7 | 28 | 6.2 106 95 93 | 105 | 101 | 142 | 58 | 86 | 38 | 6.0
Nikethamide 0.5 0.9976| 90 93 91 93 94 | 121 | 39 | 55 | 60 | 85 91 92 88 95 95 106 | 67 | 68 | 7.4 | 136
Codédne 0.5 0.9996 | 102 | 97 97 | 107 | 100 | 69 | 43 | 72 | 65 | 3.8 102 94 94 | 109 | 100 | 102 | 54 | 75 | 58 | 6.0
Benmdylecgonine 1 0.9953| 91 | 100 | 96 98 98 | 191 | 53 | 9.0 | 73 | 87 98 93 91 | 100 | 95 17.8 | 83 | 100 | 59 | 85
Amphetamine 0.5 0.9988| 101 | 97 | 100 | 112 - 34 | 88 | 100 | 145 | - 94 95 99 | 120 | 100 7.8 71 | 81 | 136 | -
Methamphetamind 0.5 0.9981| 116 | 104 | 103 | 109 - 33 | 45 | 69 | 36 - 105 | 100 | 99 | 113 | 101 | 105 | 63 | 7.6 | 6.0 -
Strychnine 1 0.9973| 113 | 116 | 118 | 123 | 102 | 46 | 35 | 87 | 87 | 74 95 112 | 114 | 130 | 105 | 187 | 86 | 103 | 9.9 | 9.0
Exemestane 1 0.9976| 124 | 107 | 105 | 108 - 88 | 63 | 73 | 45 - 107 101 | 98 | 110 - 17.7 82 | 99 | 65 -
Trenbolone 1 0.9915| 124 | 115 | 108 | 107 - 105 | 47 | 93 | 29 - 104 104 | 98 | 101 - 201 | 119 | 139 | 9.1 -
Metoprolol 025 |09989| 108 | 98 97 | 109 | 101 | 66 | 53 | 44 | 67 | 112 | 103 98 95 | 108 | 105 75 51 | 46 | 6.0 | 10.1
Starozolol 0.5 0.9952| 104 | 100 | 99 | 101 | 95 | 79 | 45 | 69 | 64 | 10.0| 100 96 91 97 | 101 | 124 | 11.0| 131 | 107 | 100
Clerbuterol 0.5 0.9987| 98 93 93 | 104 | 95 | 64 | 40 | 50 | 66 | 78 97 98 95 | 109 | 101 5.8 71 | 48 | 80 | 109
Bisoprolol 0.5 0.9987| 100 | 95 94 | 105 | 97 | 61 | 58 | 53 | 78 | 7.3 97 97 94 | 108 | 101 5.5 55 | 42 | 66 | 88
GW501516 10 0.9927| - 103 | 102 | 106 | 90 - 29 | 89 | 32 | 172 - - 101 | 105 | 96 - - 82 | 93 | 153
Propranolol 1 0.9995| 109 | 103 | 103 | 112 | 97 | 55 | 36 | 82 | 40 | 81 99 102 | 100 | 116 | 102 | 11.0 | 44 | 78 | 57 | 9.9
Toremifene 25 0.9968| - - 111 | 119 | 106 - - 72 | 82 | 109 - - 110 | 115 | 102 - - 95 | 124 | 120
Budenoside 1 0.9937| 87 93 90 93 8 | 6.8 | 142 | 155 | 11.8 | 19.9 93 93 88 90 87 19.0 | 149 | 149 | 126 | 184
Dexanethasone 0.5 0.9929| 96 | 101 | 100 | 102 | 88 | 42 | 28 | 38 | 36 | 171 93 94 92 93 87 13.8 | 123 | 119 | 116 | 16.2
Predhisolone 5 0.9941| - 95 | 100 | 110 | o7 - 11.8 | 11.7 | 47 | 7.3 - 89 94 | 107 | 101 - 17.7 | 125 | 58 | 84
Furcsemide 5 0.9940| - 106 | 105 | 110 | 101 - 13.2 | 153 | 145 | 6.8 - 101 | 98 | 106 | 101 - 11.1 | 144 | 118 | 55
THCCOOH-glu 10 0.9914| - 94 | 107 | 121 | 109 - 66 | 9.0 | 42 | 6.0 - 91 | 100 | 122 | 111 - 75 | 103 | 6.2 | 54
THCCOOH 1 0.9976| 118 | 100 | 97 | 105 | 96 | 3.4 | 41 | 61 | 22 | 98 112 98 94 | 103 | 101 | 110 | 63 | 80 | 41 | 115
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1 ng mL?, exhibited RSDs above 15% at 1.6 ng mlAt 200 ng mL%, only budenoside and
dexamethasone showed intlay RSDs higher than 15%. Satisfactory figures of merit observed
for the studied glucuronide compounds revealed that SBMESuitable approach for the direct
analysis of such metabolites without requiring an additional hydrolysis step. This might be of
especial utility in cases where glucuronide standards are available, a poor yield after enzymatic
hydrolysis is expectedy information about the concentrations of a given drug and its glucuronide

form is required.

SPME is an equilibriunibbased sample preparation technique where a small amount of extraction
phase is exposed to the sample matrix. A common misconception awwtemgjgd SPME users
involves potential saturation of the coating in direct immersion mode due to the presence of
multiple substances in the sample media. It is worth emphasizing that extraction in SPME depends
on the extraction phase/sample matrix partition coefficient, and achieving an exhaustive recovery
is not necessarily the ultimate goal of this microextraction technique. A recentwver& SPME

and SPE were thoroughly compared from their fundamentaltaspesbeen recently publishi&él

In this work, it was experimentally verified that for the same set of compounds, breakthrough
volume afects SPE, whereas it does not have any effect on SPME quantitation. In this sense, using
SPME for the determination of multiple substances of diverse chemistries and varying
concentrations is highly convenient, provided that there is no limitation iis @rbreakthrough,

and that efficient sample cleasp can be easily attained.

2.4. Conclusions

The herein proposed methodology demonstrated its suitability fotsthighghput determination

of a wide range of compounds in complex matrices such as plasmanwitimum sample
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handling. Rewarding results in terms of matrix effects evidenced the satisfactory performance of
this sample cleanp approach. The HLB extraction phase used for this study was demonstrated to
be a versatile coating in cases where analysisuitiple compounds of varying physicochemical
characteristics is required. LOQs were within 0.25 and 10 ng fot most of the studied
compounds; however, further improvement might be attainable by introducing solvent evaporation
and reconstitution stepin the automated sample preparation workflow. Satisfactory results for
figures of merit such as inter and inttay precision and accuracy were also found. Although the
method herein presented was developed usingMISIMS analysis, comprehensive plasma
screening might be feasible by combining the proposed sample preparation methodology and full
scan high resolution MS. By incorporating a sample-ipcabation feature at controlled
temperature conditions, it is possible to normalize bound concentragduggerchances of error

due to temperature fluctuations, and facilitate automatedhinaing studies.

Overall, the most important advantages of the proposed method compared to typical approaches
(e.g.SPE and protein precipitation) can be listed as follows: requirement of minimum sample pre
treatment, satisfactory selectivity of the SPME extraction phase towards small compounds, no
concerns regarding sorbent breakthrough in rmeftidue analysis and/clogging of cartridges,

and suitability of full automation and high throughput sample preparation. On the other hand,
weak points of this protocol rely on the relative large volume of sample needed to completely
cover the thirfilm coating (>500 L), tke high limits of detection/quantitation expected for those
compounds that exhibit high protein binding, and the lack oftpreentration when the same

sample and desorption volumes are used.

This SPMEbased analytical workflow can be further expandedhferanalysis of other biological

samples in applications where sufficient coverage for a broad range of analytes is required. Even
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though the reusability of biocompatible SPME coatingshin-film format has been already
demonstrated, future directiormésee the introduction of single ube-film devices in order to

absolutely avoid crossontamination concerns in doping controls.
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Chapter 3: Solid phase microextraction devices prepared on plastic support as potential

single-usesamplers for bioanalytical applications

3.1. Preamble and introduction

3.1.1. Preamble

This chapter of the thesis i's al rsdi phase pub | i
microextraction devices prepared on plastic support as potential -ssglesamplers for
bioanalytical applicatiomts by Nat {Gartéy, BaRbarg Bagkdietmar Heinand Janusz
Pawliszyn. Anal. Chem2015 87, 9722 973Q The content of the article is being reprinted in this

thesis with permission aghe American Chemical Societgnd in ompliance withthe American

Chemical Societyand University of Waterloo policies.

|, Barbara Bojko, authorize Nathaly Rey@arcés to use the material for her thesis.

|, Dietmar Hein authorize Nathaly ReydSarcés to use the material for her thesis.

3.1.2. Intro duction

Solid phase microextraction (SPME) has demonstrated unquestionable advantages as an
alternative sample preparation approach over traditional methods for several appli@gons (
liquid-liquid extraction and protein precipitation). Minimum solvent use, integration of sampling
and sample preparation steps, simple operation, and suitability feiteorandin vivo
determinations are just some of the important benefits of using Siall#ed, the introduction of
biocompatible coatings suitable for direct extraction of diverse compounds from complex matrices
has led to an expansion in SPME applications, especially in the field of bioarf4lf$fg:15759

These coatings, which consist of a biocompatible binder used to immobilize solid phase extraction
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(SPE) partiles and other sorbents, have demonstrated great selectivity towards small molecules,
minimum or negligible protein fouling, and sufficient stability even for ergn reusability (140

extractions from plasmay:&

Biocompatible SPME coatings are avhl&in two main configurations: fibers and tHilms. The

ter m-fAtlhmon i s used to designate another geomet
large coated surface area and a thin coating thickness (large extraction phase surtace area
volume ratio) provide better sensitivity than traditional SPME fibers without sacrificing analysis
time (short equilibration time<§.Both, fiber andhin-film SPME devices, have been subjected to
automation for high throughput analysis in thev@dl plate format; however, the enhanced
sensitivity offered by thitfiilm geometry is preferred in several casegg(in vitro biofluids
analysis). Various stlies reporting on the suitability of highroughput thiafilm SPME for
analytical determinations in different matrices have been published re¥efti3flin the area of
bioanalysis, some recently reported applications of-fiim SPME include for instance the
determination of tranexamic acid and rocuronium bromide in plasma, and the analysis of multiple
doping substances in both urine and plasample§®°°%?Although, as already emphasized, the
robustness of these biocompatible devices allows for reusability even in complex matrices, in some
casesd.g.dopinganalysis), it is certainly preferable, if not mandatory, to use disposable or single
use samplers. In this sense, exploring alternative materials for the construction of SPME devices,
as well as simplifying the manufacturing process itself, are key faotfasilitate the widespread

acceptance of this sample preparation method.

The introduction of novel materials in the fabrication of SPME samplers has been mainly directed
towards finding alternative and cesffective coating type¥.1631¢4However, broadening the

current list of substrate materials used to immobilize different SPME extrauttases can also
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provide unique opportunities. While sslfipported SPME samplers.g. polydimethylsiloxane
sheet pieces (PDMS)) are available for selected applicdfiéfisa solid substratés typically
required as base for application of the SPME coating, as well as to define the device geometry
(e.g.wire or monofilament type of substrate for traditional SPME fibers, flat supports fer thin
films and blade spray devices, and a metallic niesPMEtransmission mod€y:1¢1¢’Fused
silica, St abl e HAdreusdlgyssadh ds nitmelthavé been alihused as fiber cores
for gas chromatography (G@menable SPME coatings (Table 3.1), while stainless steel and
nitinol are currently employed as substrate materials of choice to immobilize biocompatible
extraction phase¥:163184Despite the satisfactory performance of biocompatible SPME samplers
manufactured on such supports, certain applications will definitely benefit from the introduction
of biocompatible substrates that are cheaper to manufacture, in addibemg more flexible,

and easier to mold. For example, while the originalivo SPME approach involves the use of
traditional fibers by exposing them directly to the bloodstream or by inserting them in different
types of tissue?1°¢11516&he development of devices for less invasiveivo applicatons, such

assaliva and mucosa analysis, might require alternative support materials.

Table 3.1.List of support materials commonly used to manufacture SPME dé¥ices

Material SPME coating | Advantages Disadvantages
application

(geometry) PP

Fused silica GC Inertness, thermg It can easily break

b stability, availability and especiallyatthe point wherg

(fibers) low cost the coating contacts th

fibre plunger.

StableFlex GC It is more robust than bai Thermally stable a
(fused silica fused silica. Provide; maximum 320 °C
coated with 4 more stable attachment f{ Depending on extractio
thermally stable some adsorbent coatingg conditions, artefact peak
polymer) could appear.
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(fibers)

Non-ferrous GCand LC Flexibility, tensile| High cost

alloy (nitinol) strength, shape memon

, properties, therma
(fibers) stability (450 °C) anc
inertness.

Stainless steg LC Accessibility and Presence of iron can lead

(thin-films) robustness. a lower inertness compare
to nitinol. Limited
flexibility.

Various requirements shta be fulfilled when looking for substitute materials to manufacture
SPME devices for bioanalysis. First of all, the material should be biocompatible, suitable for
sterilization, and able to handle temperatures normally employed to cure the polymesrs bind
used for SPME coatings. Once applied, the coating should be sufficiently stable on the substrate,
and ideally, the coated material should not release any type of interferences, neither in the sample
nor in the desorption medium. Substitute support nasefor SPME should also offer good
chemical resistance, low moisture absorption, affordability, and be easily accessible. Several
materials, including metals and polymers, are used to manufacture various commercially available
medical device$®®1’° Among this list of medical grade materials, thermoplastics represent an
important group of polymers that are widely used for the production of healthcare
componentd®®17° Given that these plastics display many of the features required for the
preparation of SPME samplers, in this work, polybutylene terephthalate (PBT) was tested as a
potential support for appldion of SPME biocompatible extraction phases. For this purpose,
coating preparation conditions were modified according to the new support material
characteristics, and thiilm SPME devices were prepared using two different PBT geometries:

rounded and &t. In this study, an SPME coating made of hydropfijicphilic balanced particles
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(HLB) and polyacrylonitrile (PAN) was selected due to its suitability to extract a wide range of
compounds®? A thorough evaluation of the newly prepared samplers in terms of stability,
reproducibility, and performance in the extraction of seventeen doping substances from various
biological matrices (urine, plasma, and whole blood) is herein presented. The model compounds
chosen for this work covered logarithmic octam@iter partition coefficients (log P) values
ranging from 0.33 to 6.56, and included drugs bearing diffesntiural moieties. Figures of

merit corresponding to determinations of total concentrations of the selected analytes spiked in
different biofluids are also reported. Lastly, this work presents a discussion regarding the impact
of sorbent type on coating wdtilty; a comparison of water contact angles measured on-HLB
PAN, C18PAN, and onlyPAN coatings provided remarkable evidence on the advantages of using

HLB-PAN as SPME coating for the analysis of aqueous matrices.

3.2. Experimental section

3.2.1. Materials and supplies

A 250 mL flasktype sprayer, formic acid, PAN, potassium chloride, sodium chloride, potassium
phosphate monobasic, and sodium phosphate dibasic were obtained fromARigaoim

(Oakville, ON, Canada). Oasis hydrophilicic pop hi | i ¢ Ilbentpariclese(HLBOvere m s or
obtained from Waters (Milford, MA, USA). Discovery silit@sed C18 5 um particles were gently
provided by Supelco Sigmaldrich (Bellefonte, PA, USA). N,Ndimethyl formamide (DMF) was
purchased from Caledon Labs (Georgetown, O&hada). PBT rounded pieces (1.7 mm diameter)

were obtained from Professional Analytical System (PAS) Technologies (Magdala, Germany), and
PBT film (300 mm width, 2 m length, 0.5 mm thickness) was purchased from Goodfellow

(London, UK). Polypropylene Nurid96 deep well plates were obtained from VWR international
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(Mississauga, ON, Canada) and-MS grade solvents (acetonitrile, methanol, arader) were

purchased from Freer Scientific.

The following compounds were selected as model analytes to evalua&theHLB-PBT
devices: amphetamine, LFtrenbolone, benzoylecgonindisoprolol, clenbuterol, codeine,
exemestane, GW501516ethamphetaminanetoprolol, morphine, nikethamide,propranolol,
salbutamol,stanozolol,strychnine, and toremifen€odeineds, oxycodoneds, cannabidiolds,
methadonels, (+)11-nor-9-carboxyqd-THC-d3s(THCCOOHds), testosterones and salbutamel
ds were used as internal standards. Further details about compounds suppliers are provided in

Chapter 2.

3.2.2. Preparing thin-film SPME devices on PBT support

Rounded PBT pieces were trimmed to 53 mm length. In theof&@MEHLB-PBT devicen

flat support, rectangular PBT pieces with a 0.5 mm thickness (10 x 8 cm) were cut using a
conventional paper trimmer. Prior to the application of the coating, the area to be coated was
uniformly sanded using commercial sandpaper (first using a sandplapenedium macro grit
(P150) and then using one of uifrae micro grit (1500)). All PBT pieces were cleaned with
methanol and acetonitrile (20 min in each solvent under sonication), and then left to dry at room

temperature.

For the coating procedura slurry was prepared by mixing approximately 0.7 g of HLB patrticles,
3 mL of DMF, and 10 mL of 7% (w/w) PAN/DMF solution (prepared by mixing PAN with DMF,

and heating the obtained solution at 90 eC f

o

uni form | ayers of slurry and (14 cyclas m ¢ptale(Bigutes | ay er

3.1A, 3.1B and3.1C). From the coated rectangular pieces, SFMB-PBT samplers with a 2.3
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mm width were cut using a paper trimmer as well. Six of theseeakewiere ovecoated with PAN

by dipping them in 7% PAN solution, as reported in the literdtdfeinally, twelve SPMBEHLB-
PBT deviceson flat support (6 of them oweoated with PAN) were arranged to ensure
compatibility with the Concept 96 system,siwn in Figure8.1D. All the SPME devices were

cleaned in a solution of 2:1:1 v/v methanol:acetonitrile:isopropanol for 120 min.

To characterize the prepared devices, scanning electron microscopy (SEM) images were taken
using a LEO 1530 field emissioérl Zeiss NTS GmbH, Germany), and microscope pictures
were taken using an Olympus SZX10 stereomicroscope system equipped with a SC30 digital

camera (Olympus, Japan).

The previously described coating procedure was also followed to apphPANS C18PAN and

only-PAN (without sorbent particles) coatings on flat PBT pieces (2 x 10 cm). These coated PBT
pieces were subsequently used to investigate the wettability of these extraction phases. The
wettability of these three coatings was assessed by measuriogntiaet angle of 30 uL water

drops according to the sessile drop method. Images were acquired every 2 s, and contact angle

measurements were collected using Axisymmetric Drop Shape Analysis (ADSA).

3.2.3. Sample preparation for LC-MS/MS analysis

An initial assesment of PBT as a substrate for the manufacture offitmMnrSPME devices was
carried out with the rounded pieces (FiguBelsA and3.1B). For this purpose, phosphate buffer
solution (PBS) and three different biological matrices (urine, plasma, and wboth tvere used

to test the plastic devices. Aliquots (1080 pL) of each matrix were spiked with methanolic stock
solutions containing the model compounds. The organic solvent content was kept below 1% in all

cases. Once spiked, sample-preubation was &wed for 1 h under constant vortex agitation
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conditions to ensure proper equilibration between the model compounds and the different tested
matrices. Table 3.2 summarizes sample preparation parameters selected for urine, plasma, and
blood analysis. Thesexperimental conditions were chosen based on previous work done in our
group®%1%2 As can be seen, the same parameters used for plasma analysis were employed for
extraction from whole blood, except for an additional washing step that was introduced after pre
conditioning, and tlee 5 s wash steps conducted after each extraction. In addition, a higher
concentration of internal standard was used for blood and plasma samples compared to urine
samples with the aim of compensating for low recoveries due to matrix binding effectsth8ince
number of SPMEHLB-PBT samplers on rounded PBT support was limited, matrix matched
calibration curves were constructed for each biological fluid using one device per calibration level
(0.1, 0.25, 0.5, 1, 5, 10, 25, 50, 75, and 100 ng"mAccuracyand precision were evaluated at

1.6, 15, 35, and 70 ng L using three devices per concentration level. Limits of quantification
(LOQ) were determined as the lowest concentration points at which both deviations from nominal
concentration values and rele standard deviations were below 20% for each individual
compound. All steps of the SPME method were carried out at room temperature, and uniform
stirring was conducted by placing the vials in a muwilbe vortex agitator. SPMBLB-PBT
deviceson flat PBI support were employed to evaluate the robustness of the coating immobilized
on the selected substrate. For this purpose, consecutive extractions from plasma and whole blood
spiked with six of the model compounds were performed using a set of 12 fikngexdrin the
Concept 96 system (FiguBel D). For this part of the study, experimental conditions were kept as
already described for whole blood analysis, except for extraction time and desorption volume,
which were set at 60 min and 1200 pL, respectivély extracts were analyzed using liquid

chromatographyandem mass spectrometry (MS/MS).
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3.2.4. LC-MS/MS conditions

All the extracts were run using an HIS/MS system comprised by an Accela autosampler, an

Accela pump and a triple quadrupole mass spectem&Q vantage with a heated electrospray

ionization source operating in positive mode (Thermo Scientific, San Jose, USA). For

chromatographic separation, a pentafluorophenyl core shell column (1.7 pm, 2.1 mm x 10 mm)

with guard (PFP security guard ultratcelge) was employed (Phenomenex, Torrance, CA, USA).

A ternary mobilephase system consisting of @Xormic acid (A), acetonitrile with 0.1% formic

acid (B) and methanol with 0.1% formic acid (C) was used for LC separation. Gradient elution

conditions vere seas follows: A, B and C were likat 90, 5 and 5%, respectively, for 0.5 min, B

and C were linearly increased to 50% in 6.5 min, then C was increased to 75% and B decreased to

25% in 5 min and held for 3.5 min. Finally, the column was kept at ifiied gradient composition

for 2 min. The

col umn temperatur e

the column fl ow was set

at 0.

3 mL/ mi

wa s

n.

mai nt ai

Sampl e

injection volume was 10 pL. MS analysigas carried out using selective reaction monitoring

(SRM) mode (please refer to Table 2.1 in Chapter 2) and conditions were optimized by doing

direct infusion of the standards. Other parameters were the following: spray voltage = 1300 V,

vaporizertempe&rt ur e =

= 280U0C.

275UC, sheath

gas = 45

Table 3.2 Summary of experimental conditions selected for SPME.

Parameter

Urine

Plasma

Whole blood

Sample volume

1080 i

Phosphate buffer (pH = 7)

120 pL (2 M buffer)

120 pL (1 M buffer)
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Parameter Urine Plasma Whole blood

Spiked in buffer at

Internal standard 200 ng mt:

15 pL of 8 ug mL? solution

30 min in 1500 pL of 1:1

30 min in 1500 UL dmethanol:water + 10 s wash in

Pl’eCOI’ldltlonlng 11 methanOI:Wate nanopure Water

Extraction time 90 min

10 s in 1500 pL of |3 times each in 1500 pL of
nanopure water nanopure water for 5 s
Washing (manually performe
using vortex
agitation)

20 min in 600 pL of 4:1 methanol: acetonitrile

Desorption acidified with 0.1% formic acid

3.3Results and dscussion
3.3.1. Characterization of PAN-HLB coating prepared on plastic and evaluation of PBT as

a support for SPME

The optimized procedure for preparing tfilm PAN-based SPME coatings on a stainless steel
support has been already reporf@th that study, spraying over a previously etched surface and
curing at 180 eC for 2 min were found to be o
material selected as a new support for SPME devices, modifications to the akpadgd

protocol were necessary. First of all, since etching with concentrated acid was not feasible, the
plastic surface was only sanded with regular sandg@agendicated in section 3.2.2)his step

was taken with the aim of improving the adherence of the biocompatible coating on PBT.
Secondl vy, considering that the maxi mum temper

coating curing procedure was conducted at 125
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Figure 3.1. Rounded thirfilm SPME devices prepared as described (A), microscope pictures of
the HLB coating applied on the rounded plastic pieces (B), SEM image of the morphology of the
coating on PBT support usirgPx magnification (C) and SPMHLB-PBT devices (on flat PBT
support) in an arrangement compatible with the Concept 96 system (D).

As can be seen in both the microscope picture and SEM image presented inF1dpiaesi3.1C,

a uniformly coated surface was obtained. The robustness of the coated plastic devices was tested
by exposing them to water, methanol, and acetonitrile for a total period of 20 h under constant
vortex agitation. No noticeable changes in the coatingtsireiwere observed, and no detachment

of the coating from the plastic surface occurred. These findings demonstrated the stability of the

HLB-PAN layer immobilized on the newly proposed substrate and validated the selected
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conditions for the coating procei. Provided that no etching with concentrated hydrochloric acid

is required, a simplified and greener coating application approach can be established.

After verifying the stability of the SPME coating on PBT, intlevice reproducibility was also
assesxk Satisfactory results were obtained for 20 rounded devices employed to extract from
spiked PBS, showing RSD values below 13% for all the tested compounds F&jukowever,

it is worth noting that the rounded shape of the plastic support may halerddnthe uniform
application of the SPME coating by spraying. Although 13% was an acceptable RSD value, better

results were obtained when a flat support was used.
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Figure 3.2. Inter-device relative standard deviation valu&SDs, %) obtained from coatk
rounded PBT pins (n=20pr various drugsExtractions were performed from PBS spiked at 50
ng mL-1. The extraction time was 45 min.
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Following the initial positive results obtained for the new coated material, an evaluation was
conducted regarding pobte interferences arising from the substrate that may be introduced into
the sample or desorption media. For this purpose, an initial assessment of the background provided
by the SPME coating prepared on the PBT support was carried out. Various newHBVE

PBT devices were desorbed in 4:1 methanol:acetonitrile (v/v) acidified with 0.1% formic acid for

20 min. Prior to blank desorption, a cleaning step was performed by exposing the plastic devices
to a mixture of organ solvents (2:1:1 v/v methanatetonirile:isopropanol) under vortex
agitation conditions for 120 min. Extracts were then run in full scan mode and compared with
solvent blanks and extracts from the new HRBN coatings prepared on a regular stainless steel.

As can be seen in Figufe3, no ggnificant differences were observed among the background
signals obtained for all blanks. As a second means of verifying the absence of interferences coming
from the proposed devices, absolute matrix effects were estimated according to the procedure
propsed byMatuszewski et ali** Extracts obtained from the destigm of blank SPMEHLB-

PBT samplers were spiked with the target compounds at 50 Rgamt their response (peak area)

was compared with the one from standards prepared in neat solvent at the same concentration
level. Likewise, extracts from urine and giaa blanks obtained with SPMLB-PBT devices (n

= 6) were posspiked and compared with neat standards as well. As shown in Table 3.3, no
absolute matrix effects coming from the devices prepared on the PBT support were found for all
the studied compoundk addition, no significant matrix effects (80112%) were observed for

the compounds spiked in urine and plasma blank extracts. These results demonstrated the stability
of the SPME coatings on the polymeric support, while proving the absence of possible
interferences that might be released upon contact between the coated PBT and the sample medium

or desorption solvent.
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Figure 3.3. Blanks run in positive full scan mode (10Q000 m/z) using TSQ vantage. A cleaning
step was performed by exposing the rounded coated PBT devices to a mixture of ofgamnis so
(2:1:1 v/iv methanol:acetonitrile:isopropanol) for 60 min under vortex agitation conditions

Table 3.3.Evaluation of absolute matrix effects in blank solution coming from desorption of new
plastic HLB devices, and in extracts of blank urine plagdma obtained with such plastic devices
(n=6, extracts spiked at 50 ng rhand analyzed in positive ionization mode).

Absolute matrix effects, %
Compound Plastic devices blank Plasma blank Urine blank
extract extract extract
Morphine 99 106 93
Salbutamol 100 107 112
Nikethamide 101 108 108
Codeine 99 107 88
Benzoylecgonine 96 110 107
Amphetamine 95 103 102
Methamphetamine 100 105 101
Trenbolone 97 103 81
Strychnine 94 94 88
Metoprolol 98 91 95
Exemestane 95 97 87
Clenbuterol 99 92 94
Stanozolol 94 92 93
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Bisoprolol 99 89 79
GW501516 101 103 103
Propranolol 99 99 90
Toremifene 103 107 102

3.3.2. Using SPME devices on polymeric support for the analysis of doping substances in
urine, plasma, and blood

3.3.2.1Urine and plasma analysis

The proposedounded PBT devices were used for the analysis of urine and plasma samples
according to the experimental conditions provided in Table 3.2. As can be seen in Table 3.4,
rewarding figures of merit were obtained when using SHMB-PBT devices in both mates.
Satisfactory results were observed for most analyzed drugs, with good linedrity QR9),
accuracy (80 120%), and precision (RSD < 7%) measures. As expected, less polar compounds
such as toremifene (logP 6.56) and GW501516 (logP 6.46) exhibieerhiOQ values in plasma

than in urine due to protein binding effects. On the other hand, polar compounds such as salbutamol
(log P 0.64) and morphine (log P 0.89), which are not significantly affected by protein binding
interactions, showed the same L@Glues in both matrices. Indeed, the LOQ value for a given
analyte is directly correlated to the absolute SPME recovery, which, in turn, depends on several
parameters, namely, the extraction time, the convection conditions, the coating volume, and the
affinity of the compound for the matrix components and for the SPME coating. Although in SPME

a small amount of analyte proportional to the analyte concentration in the sample is extracted,
depending on the previously listed factors and on the proportion éeteaating and sample
volumes, exhaustive, or almost exhaustive extraction can take place. For some of the model
compounds, this can be reflected in the higher enrichment factors (EF, analyte concentration in the

extract/analyte concentration in the samplgtimated in urine compared to those EFs calculated
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Table 3.4.Figures of merit for urine and plasma analysis using rounded SPNB=PBT devices.

Urine Plasma
Compound Accuracy %, (RSD, n=3) Accuracy %, (RSD, n=3)
(logPy LOQ, | g 1.6 15 35 70 LOQ. I R 1.6 15 35 70
ng mL? ng mL?

ng mL%|ng mL? ngmL?*| ngmL? ng mL* ngmL? | ngmL? | ngmL?
Morphine (0.89) 0.1 | 0.9984 |100 (0.1)89 (1.0) 102 (1.4)| 102 (0.4) 0.1 ]0.9958 116(0.1) | 107 (1.1) | 92(3.8) | 110 (2.0)
Salbutamo(0.64) 0.1 | 0.9952 |103 (0.1)87 (0.7) 97 (0.9)| 98 (1.7) 0.1 ]0.9936| 109 (0.1) | 104 (0.5) | 103 (2.7)| 108 (3.7)
Nikethamide (0.33) | 0.5 | 0.9895 |103 (0.1)81 (1.5) 90 (1.7)| 85 (1.7) 0.5 |0.9986| 100 (0.1) | 102 (1.2) | 100 (3.2) | 104 (5.3)
Codeine (1.19) 0.1 | 0.9977 |101(0.1)|87 (0.5) 103 (1.1)| 101 (1.0) 0.1 0.994 | 109 (0.1) | 104 (0.4) | 105 (2.7) | 109 (3.9)
Benzoylecgonine
(2.71) 0.5 | 0.9978 | 99(0.1) |86 (1.8) 114 (0.8)| 107 (3.0) 1 0.9993| 87 (0.3) | 110(2.5)| 107 (3.9) | 113 (3.2)
Amphetamine (1.76)] 0.25 | 0.9935 | 95(0.1) |82 (1.4) 88 (1.6) | 94 (3.8) 0.25 |0.9919] 105(0.2) | 104 (0.7) | 112 (3.1) | 99 (2.5)
Methamphetamine
(2.07) 0.1 | 0.9928 | 94(0.1) |84 (2.1) 89 (1.4)| 94 (3.4) 0.25 |0.9909| 105 (0.2) | 103 (0.9) | 115 (2.5)| 98 (4.2)
Strychnine (1.93) 0.5 | 0.9959 | 94(0.1) |85 (1.9) 103 (1.6)] 99(4.6) 5 0.9935 - 121 (0.7) | 94 (3.8) | 116 (5.5)
Exemestane (3.11) | 1 | 0.997% |107(0.1)|87 (0.8) 88 (1.1) | 108 (3.2) 1 0.9922| 118(0.2) | 106 (1.0) | 112 (2.2) | 111 (4.7)
Trenbolone (2.27) 1 | 0.9958 [104(0.2)|74 (0.6) 81 (0.5)| 98(7.8) 1 0.9922| 107 (0.1) | 105 (1.0) | 105 (4.4) | 105 (4.8)
Metoprolol (1.88) 0.25 | 0.9940 |102(0.1)|84 (0.6) 102 (1.9)] 88 (2.3) 0.25 |0.9982| 107 (0.1) | 107 (0.4) | 112 (3.1) | 109 (4.6)
Stanozolol (4.42) 0.1 | 0.9997 | 94(0.1) |81 (0.5) 87 (1.0)| 105 (2.7) 5 0.9843 - 95 (0.4) | 102 (3.2) | 93 (4.4)
Clenbuterol (2.61) | 0.1 | 0.9906 |102(0.1)|86 (1.0) 106 (1.7)] 95 (1.6) 1 0.9968| 79 (1.3) | 123 (1.5)| 105 (2.9) | 118 (5.7)
Bisoprolol (1.89) 0.1 | 0.9953 | 93(0.1) |82 (1.1) 103 (2.2)| 86 (3.5) 0.5 ]0.9951] 79(1.0) | 116(0.7) | 118 (2.7)| 112 (5.7)
GW501516 (6.46) 0.1 0.9963 | 96(0.4) |80 (1.8)] 80 (4.9)| 96 (3.9 5 0.9940 - 98 (0.5) 98 (3.2) | 103(1.7)
Propranolol (3.48) 0.1 | 0.9913|91(0.1) |74 (2.0) 93(1.7)| 86(3.1) 5 0.9952 - 110 (0.9) | 101 (3.4) | 112 (2.1)
Toremifene (6.56) 1 0.9959 |105(0.2)| 75 (1.3) 72 (4.8) | 96 (6.5) 5 0.9976 - 85 (2.0) | 101 (3.4)| 118 (5.3)

Regression coefficients were calculated using LOQ values and 100 hgsihe lowest and highest calibration points, respectively.

Jog P values were taken from Chemsplefer

PHighest calibratiompoint was 75 ng mtt
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Table 35. Enrichment factors calculated in the different matrices evaluated.

Compound Enrichment factors (Cextract/Csample)
Urine (RSD, %) | Plasma (RSD, %) | Blood (RSD, %)
Morphine 0.56 (6) 0.52 (6) 0.62 (4)
Salbutamol 0.65 (2) 0.21 (6) 0.33(2)
Nikethamide 1.03 (3) 0.80 (5) 0.90 (9)
Codeine 0.90 (7) 0.71 (7) 0.85 (3)
Benzoylecgonine 0.59 (7) 0.51 (6) 0.42 (7)
Amphetamine 0.89 (9) 0.39 (7) 0.61 (1)
Methamphetaming 1.10 (9) 0.60 (8) 0.73 (3)
Strychnine 1.10 (5) 0.28 (12) 0.53 (4)
Exemestane 1.41 (3) 0.22 (9) 0.27 (20)
Trenbolone 1.34 (4) 0.32 (10) 0.47 (11)
Metoprolol 1.20 (4) 0.69 (13) 0.96 (4)
Stanozolol 1.59 (6) 0.02 (12) 0.06 (12)
Clenbuterol 1.33 (8) 0.52 (10) 0.86 (5)
Bisoprolol 1.12 (7) 0.75(11) 0.97 (6)
GW501516 1.44 (7) 0.01 (16) 0.02 (10)
Propanolol 1.42 (6) 0.29 (7) 0.20 (10)
Toremifene 1.22 (12) 0.01 (14) 0.04 (12)

in plasma or in whole blood (Table 3.5). In regards to urine results, it is also worth emphasizing
that the LOQsletermined complied with or were lower than the minimum required performance
levels (MRPL) stipulated by WADA. For instance, the LOQ value determined for clenbuterol, the
compound with the lowest MRPL (0.2 ng mL. not only fulfills WADA requirements but also
allows for a quantification that is two times lower than the drug MRPL. Indeed, the observed
differences between the LOQ values presented in this amatkhose already reported by Boyacl

et al®®and ReyesGarcés et ai®?can be attributed to a reduction in the desorption solvent volume
(600 €L instead of 1200 ¢L), a distinct SPME
coated rounded devices) and, in the case of uheayse of HLB particles instead of C18. Figure

3.4 shows representative chromatograms corresponding to extracts obtained from the different
biofluids spiked at LOQ levels.
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Figure 3.4.Representative SRM chromatograms corresponding to extracts olftamedrine,
plasma and whole blood spiked at LOQ levels. Salbutamol (A), methamphethamine (B), stanozolol
(C), clenbuterol (D), GW501516 (E), and toremifene (F).
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3.3.2.2Whole blood analysis

Due to the high content of proteins and the presence of red blood cells, using whole blood as a
matrix is more challenging and subsequently less common than analyzing serum and plasma.
Based on the already discussed results corresponding to urine ana, plessuitability of SPME

HLB-PBT devices for whole blood analysis was also investigated.

A previous study published by Mirnaghi and Pawliszyn in 2012 reported irreversible attachment
of red blood cells to CEBAN thinfilm SPME devices when they underdmect immersion in

whole blood using the Concept 96 workstation systéms a feasible solution to this problem,

and looking toward coating reusability in an automated fashion, a modified extraction phase
consisting of an external layer of PAN oveC18PAN coating was proposéd This approach
considerably improved the coating compatibility with blood and enabled its reusability for multiple
extractions in such a complex matrix. However, it is worth emphasizing that the presence of the
extra PAN layer leads to a decrease in extraction kinetics, and therefore affects method sensitivity,
especially at prequilibrium conditions. Figur8.5 shows a comparison of the absolute recoveries
obtained for six of the model compounds, using SHILB-PBT devces prepared on flat support

with and without a PAN ovetoating (applied by dipping). As can be seen, a decrease of more
than 70% for some of the analytes was found due to thecoating PAN layer. Given that in this
case, potential application of tipepoposed devices as single use samplers is being considered, a

different approach to test the rounded PBT coated pieces in whole bilalgdia was taken.

The typical SPME workflow was modified by introducing three additional washing steps, as
described inmmable 3.2 A washing step was implemented after preconditioning in order to remove
any excess organic solvent remaining on the coating. This prevented possible protein precipitation

or cell disruption from occurring on the extraction phase when the W8t $Bating got in contact

83



with the whole blood matrix. Three wash steps of 5 s were also conducted after direct blood
extraction (each wash step was performed in a new vial with clean water). It is worth highlighting
that an evaluation of four different slaing approaches (10 s static, 10 s with vortex agitation, two

washing steps of 5 s with vortex agitation and three washing steps of 5 s with vortex agitation)

showed that three consecutive washing steps did not cause any significant losses for any of the

100.0
90.0
80.0
70.0
60.0
50.0
40.0
30.0
20.0
10.0

0.0

Absolute recovery, %

N N \

Salbutamol Codeine StanozololClenbuterolBisoprolol Propranolol

B Without PAN over-coating =With PAN over-coating

Figure 3.5. Comparison of absolute recoveries found using #iiB-films with and without PAN
overcoating applied by dipping. Extractions were performed from PBS spiked at 70 hg he
extraction time was 60 min.

studied compounds for SPME devices coated with HLB particles (see Bdwréndeed, the

washing step should be carefully optimized according to the SPME coating selected and the
analytes of interest. For example, in the case of the-ARB, it is expeatd to observe high
affinity toward compounds bearing on their st
interactions with the divinylbenzene moiétfy:!’*The almost exhaustive recoveries provided by
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HLB-PAN coating when used for the extraction of ba®q.(clenbuterol, bisoprolol, and
propranolol) and steroidal analytes.d. 17-Utrenbolone and stanozolol) from PBS are in
agreement with other reports where the properties of HLB as SPE sorbent were invesfigRted.

It is also worth to emphasize that, among the modeipounds, salbutamol presented the lowest
absolute recovery. Albeit for this compound a lower distribution coefficient is predictable due to
its high hydrophilicity and degree of ionization, reproducible recoveries, even after several

washing steps, wessdill attained.
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Figure 3.6. Evaluation of the effect of four different washing step approaches (10 s static, 10 s
with vortex, two 5 s steps with vortex and three 5 s steps with vortex) on the final amount desorbed
from rounded SPMELB-PBT devices (n #4). Extractions were performed from PBS spiked at

50 ng mL* and mixed with 1 M buffer (9:1 ratio). The extraction time was set to 45 min.
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Table 36. Figures of merit for whole blood analysis using rounded SPMB-PBT devices.

Compound LOQ,_l R? 16 Accr;acy % (R;’SsD’ n=3) 20

(log PY ng mL ngmL?! | ngmL? |ngmL? ng mL?
Morphine (0.89) 0.1 |0.9984| 107 0.1) | 102 (1.0) | 99 (1.4)| 108 (6.0)
Salbutamol (0.64) 0.1 |0.9992| 102 0.1) | 100 (0.3) | 95(0.7)| 105 (5.0)
Nikethamide (0.33) 0.5 [0.9993| 110 0.1) | 101 (1.3) | 91 (1.2)] 106 (2.3)
Codeine (1.19) 0.1 |0.9992| 101 0.1) | 98 (0.3) | 95(0.5)| 105 (5.5)
Benzoylecgonine (2.71) | 05 |0.9992| 122 0.2) | 109 (2.0) [102 (1.7) 117 (10.6)
Amphetamine (1.76) 1 ]0.9994| 86 (0.1) | 101(0.7) | 94(1.9)| 106 (4.6)
Methamphetamine (2.07) 1 |0.9987| 83 (0.1) | 104 (1.1) | 95(1.6)] 108 (2.9)
Strychnine (1.93) 5 ]0.9980 - 103 (0.3) | 97 (1.0)| 103 (5.4)
Exemestane (3.11) 1 109988 87(0.2 | 94(0.8) | 95(0.1)| 104 (5.6)
Trenbolone (2.27) 1 0.9994| 88(0.1) | 94(0.5) |90(0.9)| 100(6.8)
Metoprolol (1.88) 0.25 |0.9970| 97 0.1) | 99(0.3) |94 (1.2)] 100 (6.0)
Stanozolol (4.42) 5 10.9944 - 105 (2.2) | 99 (3.5)] 110 (5.4)
Clenbuterol (2.61) 1 ]0.9982| 80 (0.1) | 102 (0.3) | 95(0.8)] 102 (5.7)
Bisoprolol (1.89) 0.25 |0.9964| 94 (0.1) | 98(0.5) | 92(0.5) 99 (6.4)
GW501516 (6.46) 5 ]0.9945 - 95(0.5) | 91(2.6)] 98(5.2)
Propranolol (3.48) 5 |0.9958 - 106 (0.9) | 94 (0.4)| 102 (7.5)
Toremifene (6.56) 5 |0.9956 - 102 (1.8) | 88 (3.1)| 107 (10.0)

Regression coefficients were calculated using the LOQ valu¢@hdg mL! as the lowest and
highest calibration points, respectively.

2log P values were taken from Chemsplefer

By following this modified SPME procedure, analytical figures of merit in whole blood were
investigated. As can be seerfliable 36, satisfactory results in terms of linearity, LOQ, accuracy,
and precision were obtained for all prohibited drugs under analysis. These findings also reflected
the absence of irreversible fouling which, as already reported by several authafectthe
kinetics of extraction with SPMES 178 SEM images and microscope pictures of the HLB coating
after exposure to blood for 90 min (Figu8&) confirmed that irreversible protein attachment on

the coating surfaedid not take place. In this regard, it is important to note that the feasibility of

using the proposed devices for direct immersion in whole blood without any PAMN aaténg
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layer may be related to the agitation conditions, the composition of thg esaployed to prepare

the devices (lower SPE particles/PAN solution ratio compared to previous ¥®patswvell as

the dimensions and rounded shape of the PBT

Figure 3.7. Microscope picture and SEM images (30x magatfmn) taken from SPMVHEILB-
PBT devices after being exposed for 90 min to whole blood.

support. In point of fact, shear stress imparted by blood flow conditions has been reported as a
critical factor in determining whether a device is blood compatiBI¥? The vigorous agitation
provided by the multube vortex system, together with the rounded shape and the specific
dimensions of the coated devices (2.0 mm diameter), might have led to different shear conditions

from those normallyencountered when using the Concept 96 under its typical operational
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configuration. Another aspect that should be also taken into account is that the evaluation of plastic
devices was carried out in vials. Whole blood, when exposed to an open environmeant fo
substantial period of time, as it occurs when using the Concept 96 system, is more prone to undergo
alterations compared to blood that remains capped in a vial during the extraction fdeess.

this reason, additional considerations should be taken into account when expecting an antifouling
SPME extraction phase such conditionge(g.using SPME coatings with an extra layer of PAN).
Overall, the results demonstrated high blood compatibility for both the coating and support

employed at the selected experimental condition for the proposed devices.

The presence ain absolute matrix effect after extracting from whole blood was assessed in the
same manner reported for urine and plasma (TaB)eAs presented in Tab®7, no significant

ion suppression/enhancement was found for any of the evaluated compoundseledtes
experimental conditions. Indeed, using vortex stirring for the washing steps provided very
effective cleaning/removal of possible interferences due to the strong agitation provided by the
vortex. As a second approach to verify the performandkeoplastic SPME devices in terms of
analytical specificity at the tested conditions, transition ratios were also calculated for all the
evaluated biofluids. In quantitative analysis using mass spectrometry, the ratio between qualifier
and quantifier trangon signals should be the same for both the standards and biological
samples® Resultspresented in Tabld.8 evidenced an overall satisfactory performance of the
proposed methodology for the majority of the model compounds. Only trenbolone extracted from
blood showed a significant deviation from the ratio calculated in standard; howévenathbe

overcome by improving the separation conditions.
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Table 3.7. Absolute matrix effects assessed in whole blood

Blank blood extract Neat solvent, 50 ng
Compound lonization spiked at 50 ng mL* mL ! Absolute
mode Average area Average matrix
counts RSD, % | area counts | RSD, % | effects, %

Morphine + 790613 6.8 746645 6.5 106
Salbutamol + 1752803 6.4 1683275 7.4 104
Nikethamide + 1770978 9.4 1698455 12.0 104
Codeine + 901379 6.6 865793 6.5 104
Benzoylecgonine + 2123832 5.5 2011989 5.7 106
Amphetamine + 613793 7.8 597718 9.7 103
Methamphetaming + 1472182 7.4 1403228 8.4 105
Strychnine + 982709 4.9 892247 5.0 110
Exemestane + 294528 3.8 284409 4.6 104
Trenbolone + 294309 6.9 290659 7.0 101
Metoprolol + 810327 7.8 807978 8.2 100
Stanozolol + 2112271 4.9 2073968 5.3 102
Clenbuterol + 2884970 6.2 2804007 7.6 103
Bisoprolol + 4809840 6.2 4617177 6.8 104
GW501516 + 13394571 5.0 12500394 4.8 107
Propranolol + 3172468 6.0 3189958 7.6 99
Toremifene + 3873108 6.6 3851666 3.3 101

Table 3.8. Transition ratios calculated from standards and from the tested matrices. Values were
calculated by dividing the qualifier transition signal by the quantifier transition. Concentrations
of up to 3 times LOQ values were considered for this calculation.

Compound Transition ratios Qual/Quant Deviation from standard, %

Standard | Urine | Plasma | Blood | Urine Plasma | Blood
Morphine 0.71 0.74 0.80 0.69 5 14 2
Salbutamol 0.24 0.24 0.29 0.29 2 22 21
Nikethamide 0.26 0.26 0.22 0.26 1 13 1
Codeine 0.82 0.89 0.76 0.87 8 6 7
Benzoylecgonine 0.31 0.29 0.30 0.29 7 4 8
Amphetamine 0.24 0.26 0.20 0.25 7 19 3
Methamphetamine 0.26 0.20 0.24 0.24 25 10 10
Strychnine 0.68 0.64 0.58 0.71 6 15 5
Exemestane 0.72 0.68 0.82 0.75 4 14 5
Trenbolone 0.95 0.90 | 0.93 1.73 5 2 83
Metoprolol 0.66 0.74 0.71 0.78 13 9 19
Stanozolol 0.45 0.35 0.46 0.49 21 3 11
Clenbuterol 0.44 0.34 0.42 0.42 22 4 4
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Bisoprolol 0.16 0.14 0.16 0.17 16 1 7
GW501516 0.26 0.25 0.26 0.26 4 1 2
Propranolol 0.92 0.92 0.88 0.93 0 5 0
Toremifene 0.10 0.10 0.09 0.09 1 12 9

3.3.3. Assessment of HLBPAN coating wettability
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Figure 3.8 Water contact angles for H:BAN, C18PAN and onlyPAN coatings. Images were
acquired every 2 s over a 10 min period.

Surface wettability has been traditionally conceived assmential parameter in the design of
materials with efficient resistance to protein foultf*®However, a direct relationship between

low water contact angles (increasing wettability) and negligible protein adsomatimaterial
biocompatibility has not been found in all the studied c&3é8%18” Despite this, determining the
degree of wettability of PANbased SPME coatings may provide important information
considering the aqueous nature of biofluids. Indeed, easily wettable extraction phases are expected
to facilitate the sampleoating interaction during the extraction process. Fi@u8eshows the
watercontact angle variation over time found for HHEBAN, C18PAN and onlyPAN coatings.

Prior to the contact angle measurements, the-RIABI and C18PAN surfaces were conditioned

in a 1:1 methanol:water solution for 10 min, wiped with Kimwipes, and allowedrtdor

approximately 10 min. As can be seen in Fighif although PAN was used as a binder in all the
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tested surfaces, HLB particles imparted a high degree of wettability to the coating. On the other
hand, C18 conferred significant hydrophobicity te #xtraction phase, yielding estimated water
contact angles above 100e over the entire me
phases, these results suggest that using HLB combined with PAN, or even using other wettable
materials, may provide impved performance compared to other sorbents, such as C18, when
dealing with biological samples. As such, the development of SPME devices intended for spot
sampling or even foin vivo sampling, where convection is certainly restricted, may need to

includethe determination of coating wettability as an important criterion.

3.3.4. Evaluation of the robustness and reusability of SPME thirfilm devices prepared on

plastic substrate using highthroughput configuration.

After verifying the suitability of PBT assubstrate for SPME devices, the robustness of the PAN
based coatings prepared on the new support was evaluated through multiple extractions from
plasma and whole blood. Although there are cases where -sisglsamplers are certainly
required, other analgial applications might be more flexible, and reusable SPME devices are a
most convenient and cesffective option. To validate the suitability of the new device for multiple

use applications, SPMHBLB-PBT samplers made on flat support (with and withoudracoating)

were arranged in a Concept-86mpatible fashion, as shown in Figl84D. Given that these
devices were prepared by coating a PBT surface that was subsequently cut into smaller pieces, an
initial assessment of intehin-film reproducibility was carried out. As can be seen in Tabi

RSD values below 7 and 3.5% (n=6) were found for SPME devices with and without PAN over
coating, respectively. In addition to carrying out an assessment odenae reproducibility,
SPMEHLB-PBT samplers wee physically inspected by taking microscope pictures of the

coatings and of the interface between the coating and the plastic support 3Fgurke obtained
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Figure 3.9. Microscope pictures of PARILB thin-films obtained by cutting pieces of 2.3rim
width from a coated flat PBT rectangular piece (8 x 10 cm).

images of the lateral view of the devices confirm that good attachment was achieved between the
PAN-based coatings and the PBT surface. It is worth highlightingetrext after undergoing a
cutting process, the SPME coating remained firmly adhered to the polymeric material. Regarding
reusability, no statistical differences were observed between recovery values obtained in the first
and twentieth trials performed in plasma (Figurg0B In thecase of whole blood, propranolol

and stanozolol showed a slightly lower recovery during the first extraction when compared to all
subsequent experiments. This observed outcome may be due to the extra layer of PAN applied to
the HLB coating which, in adddn to slowing down the extraction kinetics, might require that the
overcoated HLB coating receive more extensive conditioning in comparison to coatings without
this overcoating; however, this effect waobserved only for the two legsblar drugs tested.
Overall, the obtained results suggest that using PBT as a substrate may provide the same coating

robustness and stability obtained with the use of etched stainless steel.
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Table 3.9. Average absolute recoveries obtained when using thirBfilms prepared on PBT
support to extract from PBS spiked at 70 ng’nih=6 thin-films).

Compound No overcoated Overcoated
Abs. recovery, % | RSD, % | Abs. recovery, % | RSD, %

Salbutamol 38.7 5.2 5.0 7.1
Codeine 83.2 4.4 8.4 5.1
Stanozolol 75.5 1.5 45.9 6.6
Clenbuterol 91.7 2.9 12.1 2.3
Bisoprolol 93.9 1.2 10.0 2.9
Propganolol 91.4 2.4 20.5 3.7
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Figure 3.10. Evaluation of the stability and robustness of the HEAN coating applied on PBT
support. Consecutive extractions wperformed from plasma (A) and whole blood (B) spiked at
70 ng mL* and mixed with 1 M phosphate buffer in a 9:1 ratio (sample:buffer) (n=6). Extractions
from whole blood were carried out using HLB tfiims with PAN-over coating.
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3.4Conclusions

In this wok, the suitability of PBT as a support to manufacture SPME devices that could be
potentially employed as disposable samplers was demonstrated. RobubtLBAdbatings, free

of background interferences and able to stand exposure to organic solvents foeriodg of

time, were attained by following a modified coating preparation procedure. Since no etching with
hydrochloric acid was required, a greener manufacturing process with a reduced production of
chemical waste was possible. Rewarding figures oftmerie found when these SPME samplers
were used for quantitative analysis of multiple doping substances in urine, plasma, and whole
blood. LOQ values determined in urine met or were below the MRPL requirements set by WADA.
In the case of plasma and wholedt, LOQ levels were in the low ng miwhich is within the

range of expected concentrations in such mattéesbsence of an absolute matrix effect in
extracts obtained from the three tested biofluids proved that the $RMEPBT devices
provided satisfactory sample cleap. Indeed, whole blood analysis was facilitated by utilizing
rounded SPMEHLB-PBT devices tgether with the implementation of multiple washing steps
and vortex agitation conditions. HEBAN was demonstrated to be a more easily wettable coating
than C18PAN, which may be an important criterion to consider when developing disposable
devices for spbsampling. The high stability of the biocompatible coating applied on PBT
permitted the cutting of smaller portions from an already large coated piece, which may be
convenient in cases where tailmade sizes are needed. Although these devices were pledelo
considering the concept of singlse, they can beesed in applications where carryover at trace
levels does not represent a serious concern. Overall, the introduction of alternative materials, such
as polymeric substrates, may represent an imgoxgportunity for new advances in the

commercialization and acceptance of SPME in the bioanalytical field. Besides traditional fiber and
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flat thin-film configurations, the development of other SPME geometries may be facilitated by
integrating new materialas supports, and by taking advantage of technologies sucktDas 3

printing to create innovative samplers.
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Chapter 4: The effect of hematocrit onsolid phase microextraction

4.1 Preamble and introduction

4.1.1. Preamble

The results presented in tlusapter have not yet been published in any journal. Nathaly Reyes
Garcédesigned the experimentonducted all the experimental work, processed the data, and
wrote the corresponding discussion herein presented. Md. Nazmul Alam also participated in the

data interpretation and discussion.
4.1.2. Introduction

Many bioanalytical studies and clinical tests rely on the quantitative determination of small
molecules in whole blood samples. Given the complexity of this type of matrix, developing simple
analytical workfows that can provide satisfactory results while remaining compliant with health
regulations can be a challenging undertaking. Whole blood is comprised of two main components:
plasma and blood cells. Blood plasma is an aqueous solution of solubilizadgrote and high
molecular weight components, metabolites, mineral salts, and ions. Plasma has a relatively simpler
composition than whole blood, which makes it a commaslgd matrix for many routine
bioanalytical determinations, the most representati@ee of which being the therapeutic
monitoring of multiple drugs. The second main component of whole blood is the cells, which can
be classified into three main types: red blood cells (erythrocytes, ~96%), white blood cells, and
platelets'®® Hematocrit (Hct) is a term that refers to the fraction of blood volume made up of red
blood cells, and its typical values are within the ranges of 80% for men, and 36 44% for
women'® However, Hct levels can fall outside of these ranges in particular cases, such as

individuals living at high altitudes, newborns, or anemic petj#dthough plasma and serum are
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the specimens of choice for several s@adzed analytical procedures, the direct analysis of whole
blood is required in certain instancesy;the determination of immunosuppressive drugs). Hence,
understanding and evaluating Hctos effect on

consideration.

Numerous sample preparation methodologies for analyzing small compounds (<1500 Da) in whole
blood using liquid chromatography coupled to mass spectrometry have been reported in the
literature!®-73190195 Among such approaches, ligdiduid extraction (LLE) and protein
precipitation (PR) which, in some cases is followed by cleaning steps involving online or offline
solid-phase extractiah are perhaps the most commonly used strategies. Hmtasices that
display a high affinity for red blood cells, the use of additives that induce hemolysis and the release
of compounds from erythrocyte membranegy(zinc sulfate) have been reported as effective
means of normalizing the sample matrix conithas.'°% 1° Nonetheless, the use of appropriate
internal standards is always recommended in order to ensure satisfactory method accuracy and
precision. Due to the highiywvasive naturefdraditional blood collection, alternative blood micro
sampling strategies have been garnering much interest. For instance, dried blood sp8}s (DBS
which is a welestablished sampling and whdiodanalysis methodology, has been broadly
reported in everal applications due to its low invasiventsg134.193.195.1%, DBSS a small drop

of whole blood is placed on filter paper, allowed to dry, and subsequently analyzed by desorbing
fixed-diameé er di scs punched out from the dried spo
on DBSS analysis is mostly associated with the variable spreading pattern that blood samples
exhibit when spotted onfdBSScards'*18%1%%he viscosity of blood samples is directly related to

their Hct values, and samples with higher Hct values produce smaller spot radii. Other critical

factors in determning the degree of bias DBSS measurements are the analyte characteristics
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and the paper type. The best strategy for ovVve
spreading is to analyze whole spots of volumetrieafiplied blood*%1%3The incorporation of
appropriate internal standards via spraying pridbBSSextraction has proven to be a feasible
way of mitigating the variations related to matrix effects or recovétig8' Another absorptive

based approach recently introduced to overcome the Hct issues associatddB®his
volumetric absorptive microsampling (VAMSY which uses an absorptive polymeric material
immobilized on a pipette tip to collect fixed volumes of blood via wicking. Several studies have
demonstrated that VAMS devices are able to collect reprodualitadel volumes independent of
their Het levels!94202203owever, some issues with VAMS have also been reported, particularly
in relation to bias in the determination of blood concentrations, low recoveries at high Hct levels,
and interoperator variability’°>2%3 Further evaluation of VAMS is still required as it idlst

relatively new microsampling approach.

Solid phase microextractidisPME) is a nofexhaustive extraction technique that uses a matrix
compatible coating structure, which enables the analysis of complex samples, such as plasma and
even whole bloodl n f act , the | iterature contains seve
usefulness as a sample preparation approach for such matrices priofM8 o€ direct MS
instrumental analysi§16216620206| nt er est i ngly, SPMEGOsitedaqep | i cabi
vivo determinations; indeed, several studies have documented its suitability fiwo blood

analysis in different animal mode}§:104.168.20211 | regards to the principle of SPME, it is worth
mentioning that the extraction and fm@ncentration of analytes occurs by directly exposing a

defined amont of a biocompatible extraction phase to the sample matrix for a given period of
time. The amount of analyte collected during t

concentration and depends on t hceating and foiythee 6 s a
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sample matrix at the extraction conditions. Considering that the SPME matrix compatible coating
is highly selective for small compounds and that a washing step is carried out after the extraction,
the presence of proteins, salts, atiteointerferences that could affect the instrumental analysis is
easily avoided. In regards to the extraction mechanism, it is worth emphasizing that, in SPME, the
uptake of analytes from the sample media to the coating material happens via free analyte
concentratiort'? Therefore, if we consider a complex system, such as blood, where multiple co
existing phases can display an affinity for a given target compound, the amount of analyte extracted
by the SPME probe will be correlated to the free conasotr of analyte at the end of the
extraction. As a matter of fact, parameters such as lipophilicity, charge, molecular weight,
diffusion coefficient, and structural moieties govern the distribution of any compound into
different blood compartments$? Likewise, such parameters strongly determine the affinity that a
target analyte exhibits for a particular SPME
characteristics, there are other factorg glay an important role in the microextraction process;

for example, extraction time, extraction phase characteristics, temperature, and convection
conditions all determine the final recovamyovided by an SPME device. Given that red blood
cells comprise a significant portion of a whole blood sample, this work aims to investigate how
varying Hct levels affect the amount of analyte extracted by SPME devices. For this purpose, ten
drugs with diferent polarities and physicochemical properties were chosen as model compounds,
and blood samples with three different Hct levels (20%, 45%, and 70 %) were selected as sample
matrices. The effects of the coating type, sample convection, and extracgonenm also taken

into consideration.

4.2 Experimental section

4.2.1. Materials and supplies
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Methamphetamine, stanozolol, codeine, code€+)11-nor-9-carboxyg 9THC (THCCOOH),
(¥)11-nor-9-carboxyq 9THC-ds (THCCOOHd3), oxycodoneds, testosteronels, cannabidiolds

and methadonds standards were obtained from Cerilliant Corporation (Round Rock, TX, USA).
Nikethamide, promanolol, metoprolol, clenbuterol, exemestane, and salbutamol were purchased
from Millipore Sigma (Oakville, ON, Canada), and sallbubhds was purchased from CDN
Isotopes (Pointe Claire, Quebec, Canada). Sodium chloride, potassium chloride, potassium
phosphate monobasic, sodium phosphate dibasic, and formic acid were also purchased from
Millipore Sigma (Oakville, ON, Canada). LKS grade acetonitrile, methanolpd water were

obtained from Fiser Scientific.

Biocompatible SPME fibres (MMF) coated with a mixedode extraction phase (C18 and
benzene sulfonic acid functionalities, 1.5 ¢
diameter of 300 um) were generously provided by Millipore Sigma (BeliefétA, USA). SPME

devices prepared on a plastic support with a hydrophilic lipophilic balanced (HLB) extraction
phase (HLBD) (2 cm coating length, 150 um coating thickness, and 2 mm total diameter) were

made as described 3.

Blood samples were purchased from Bioreclamation IVT (Westbury, New York, USA). These
samples were from healthy donors (with-EDTA as anticoagulant), and had Hct levels that had

been adjusted to 20%, 45%, and 70%.

4.2.2. Working solutions

A stock methanolic solution (20 pug m).containing all analytes was prepared and further dilution
was done as required. A stock solution (8 pgintontaining different deuterated compounds as

internal standards was prepared in methanol.
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4.2.3. SPME procedure

Prior to the experiments, the blood with adjusted Hct content was spiked with stock methanolic
solutions containing all the analytes, while ensuring thatorganic solvent content was kept
below 1% in all cases. For the construction of the calibration curves, the spiked blood was pre
incubated for at least 1 hour at constant agitation; for the determination of the extraction time
profiles, blood incubatin was alloweavernight. Before the extractions, MMand HLBD were

first preconditioned in a 1:1 (v/v) methanol:water solution for 30 min using vortex agitation at
1500(revolutions per minuteapm. Subsequently, all devices were rinsed in ultraputenfar 10

s to remove any remaining organic solvent from the coating surface. In order to guarantee a stable
sample pH over the entire extraction process, 1080 L of spiked blood aliquots were mixed with
120 uL of 1 M phosphate buffer adjusted at a pH .ofFurthermore, 15 L of internal standard
solution were added to the samples used for the calibration curve experiments. The extractions
were then carried out by immersing both types of SPME devices into the sample matrix for a pre
set period of time atamstant agitation conditions. To construct the calibration curves, the
extraction time was set at 90 min, the calibration range was set between 5 and 10bfagatL

target analyte and ur calibration curve replicates were constructed on two cotigealays.

Time points of 15, 30, 60, 90, 120 and 180 min were selected for the extraction time profiles, and
all the extractions were conducted in triplicates. The agitation parameters were set as follows:
vortex agitation was set at 1500 rpm for the HDBand orbital shaking agitation was set at 400
rpm for the MMF. Once the extraction step was completed, three consecutive rinsing steps in
water (5 s each) were performed following the procedure reported by-Bayesst al?’* After

the rinsing step, it was verified that no blood cells remained attached to the-coatpatible

coating. Finally, desrption of the devices was carried out for 20 min at 1500 rpm in 300 and 600
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ML of desorption solution (4:1 methanol:acetonitrile) for MiViand HLBD, respectively. To
determine the amount of analyte extracted by the SPME devices in each experiment, an
instrumental calibration curve (from 0.1 to 150 ng Hilwas prepared using the same solvent

composition that was used for the desorption solution.

4.2.4. LC-MS/MS conditions and data processing

All the collected extracts and the instrumental calibration curve wereusingLC-MS/MS

conditions already reported’* Briefly, the LGMS/MS system was comprised of an Accela
autosampler, an Accela pump, and a TSQ vantage triple quadrupole mass spectrometer with a
heated electrospray ionization source operating in positive mode (Thermo Scientific, San Jose,
USA). Chromatographic separation was attained using a Kinetex pentatheoyl core shell

column (1.7 um, 2.1 mm x 10 mm) that had been connected to a PFP security guard ultracartridge
(Phenomenex, Torrance, CA, USA), and LC separation was achieved using a mobile phase system
consisting of 0.1% formic acid (A), acetonitrigth 0.1% formic acid (B), and methanol with

0.1% formic acid (C). The gradient elution conditions were set as follows: A, B, and C were held

at 90%, 5%, and 5 %, respectively, for 0.5 min; B and C were then increased linearly to 50% over

the course of 6.5in; C was then increased to 75% and B was decreased to 25% over the course

of 5 min and held for 3.5 min. Finally, the column was kept at the initial gradient compaosition for

2 min. The column temperature wa s, adéhedolunant 35 ¢
flow was set at 0.3 mL mih Samples were stored in the auto
volume was 10 pL. MS analysis was conducted using selective reaction monitoring (SRM) mode
(Table 4.1), and the conditions of each compoundreveptimized by directly infusing the
standards. The following transitions were selected for the deuterated compounds that were

employed as internal standards: salbutadaoP43.16A 151.12; codeingls: 303.15A 165.10;
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oxycodoneds: 319.12A 259.15; methadonds: 313.21A 105.10; testosterords: 292.25A

97.14; and THCCOOHs: 348.16A 302.28. Other parameters were set as follows: spray voltage

= 1300 V;

capi | ary

4.2.5. Data analysis

vaporizer

temperatur e =

280¢eC.

temperatur e

= 275eC;

she

Xcalibur software (2.0.7 SP1) was employed for data acquisition and processing. For the purpose

of this study, the slopes of the calibration curves constructed for each compound with different

Hct levels were stagtically compared. Statistical analysis was carried out usingragéANOVA,

onetail t-test (equal and unequal variances), and relative standard deviations (RSDs).

4.3Results and discussion

Table 4.1 Model compounds with their corresponding physicochenpicgberties and MS/MS

detection parameters. Analytes are listed in order of hydrophobicity.

Compound

Structure (molecular weight,

Plasma protein

MW: 239.31

. 50
SRM transition MW) logP* binding, %5*
Collision energy, Slenses
- - O
Nikethamide \ NN
179.10A 108.10 | § 0.33 NA
N
18, 76
MW: 178.23
Salbutamol QH
240.14A 148.10 HO U ~ ) 0.64 g214
18, 59 HO T
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Codeine
300.11A 165.10
64, 104

1.19

7125

Metroprolol
268.14A 116.15
18,94

1.88

12

Methamphetamine
150.11A 91.12
19, 45

MW: 149.24

2.07

107 20

Clenbuterol
277.068A 203.049
15, 70

OH
H
) K
H,N
al

MW: 276.08

2.61

89- 98°1°

Exemestane
297.173A 121.118
19, 72

MW: 296.18

3.11

90

Propranolol
260.12A 116.14
17, 89

o

MW: 259.16

3.48

>90

Stanozolol
329.229A 81.108
44, 130

4.42

NA
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MW: 328.25

O OH
THCCOOH o
345.153A 299.27 ; 636 | 92.0+8.7°
18, 90 /o

MW: 344.45

NA= not available

In order to elucidate the effect that various Hct levels can bavEPME recovery rates, an
anal ytebés affinity for the main blood compone
should be taken into consideration. For this reason, analytes with distinct physicochemical
properties were selected for this worlchese they can be expected to display variable affinities
for blood constituents (Tabld.1l). In addition to using various model compounds, two
experimental setups were employed: MAvat 400 rom and HLE at 1500 rpm. Although both
types of SPME devices abeen documented as being suitable and biocompatible for the analysis
of whole bloo¢f®1%42%the mechanical attachment of macromolecules is usually observed in the
case of MMF under aggressive agitation conditions and long extraction times. Consequently, an
orbital shaker operating at 400 rpm was chasethe agitation setup for MM extractions. In the

case of HLBD, satisfactory results for whole blood analysis were already found when using vortex
agitation at 1500 rpm; therefore, the same parameters weré&&phough high agitation speeds
such as 1500 rpm are likely to induce lysis in red blood&eltsd therefore changes in the Hct
content during e extractiof'®d the main purpose of the evaluation was to assess the overall
effect of different red blood cell contents on SPME extractions under typical experimental

conditions.
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Table4.2 presents the results copesding to the calculated slopes for each of the model analytes
in blood samples with different Hct levels as determined by the two different experimental setups.
It is worth emphasizing that slope calculation was selected as parameter for investigadifigctc
because it is a weliccepted approach for assessing relative matrix effédds shown in Table

4.2, different outcomes were found depending on the analyte and the experimental conditions;
therefore, in order to simplify things, we classified the observations into four different cases. In
the first case (CasB, no statistically significant Hct effect was observed for any of the study
conditions (MMF at 400 rpm and HLE at 1500 rpm). Interestingly, salbutamol, nikethamide,
codeine, and methamphetamine, which are all characterized as being relatively gfliafcan
having low proteirbinding affinities, were categorized in this first group. In order to explain the
obtained results, parameters such as the polarity and affinity of an analyte for the matrix
components and the extraction phases should be takeroi account . Wi th regar
polarity, it is important to emphasize that higiplglar compounds typically display shorter
equilibration times due to their low affinities for SPME coatings #owvalues). This is confirmed

by Equation 1, where the equilibration time in SPME is expressed as a function of the boundary
layer thickness] (), the distribution constanK], the thickness of the SPME coating,(the

diffusion coefficient of the analgtin the sample matrixY), and the coating capacity ().’
o 0 p — @

In this context, it is worth mentioning that, when extractions are performed at condition®close
equil i brium, the amount of analyte collected
constant. Conversely, when the extraction process is interrupted at an earlier stage, the diffusion

of the analytes in the sample matrix plays a more importde. Since 90 min was chosen as the
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Table 4.2. Slopes of the calibration curves constructed using blood with different Hct levels in the range between 5 and 100 ng mL

(no internal standard).

Compound (case)

Slopes (n=4)(average tstandard deviation)

MM -F, 400 rpm HLB -D, 1500 rpm

20% Hct 45% Hct 70% Hct |RSD % | F°© 20% Hct 45% Hct 70% Hct  |RSD% °| F¢
Salbutamol (1) 0.018 + 0.003| 0.016 +0.06 | 0.017 = 0.0@ 4.0 0.090| 0.25+0.02 | 0.24+£0.037| 0.23x0.@ 3.0 0.230
Nikethamide(l) 0.042 + 0.004| 0.044 £ 0.0@ | 0.039 + 0.0@ 6.6 0.017 0.71+0.06 | 0.73+£0.110| 0.75+0.06 3.0 0.238
Methamphetamine (I)| 0.058 £+ 0.005| 0.053 +0.009 0.048 £+ 0.003 9.5 2.865| 0.55x0.@ 0.54 £0.071 | 0.54 +0.04 1.0 0.022
Codeine (1) 0.034 + 0.002| 0.030 £+0.004| 0.029 + 0.0Q 8.0 3.090| 0.69+0.06 | 0.69+0.051| 0.69 0.0 0.1 3.41¢*
Propranolol (II) 0.047 +0.002| 0.036 +£0.08 | 0.027 = 0.0G8 26.0 [61.13§ 0.56+0.6 0.57 £0.057| 0.58 £0.04 2.0 0.232
Metroprolol (Il) 0.077 £ 0.008| 0.064 + 0.08 | 0.053 +0.006| 19.0 (11.10§ 0.83+0.@ 0.85+0.099| 0.88+0.@ 3.0 0.243
Clenbuterol (1) 0.072 £0.004| 0.059 £0.06 | 0.045 +0.004| 14.0 (36.232 0.69 +0.@ 0.70£0.044 | 0.73£0.® 3.0 1.031
Exemestane (lll) 0.034 +0.005| 0.023 +£0.001| 0.013 +0.0G8 45.0 |37.719 0.31x0.05 | 0.28 £0.027| 0.21 +0.3 20.0 7.597
THCCOOH (IV)d 0.010 £0.002| 0.011 £0.001| 0.012 +0.001| 9.6 1.370| 0.026 + 0.001{ 0.032 +0.0064 0.036 +0.002| 16.2 | 8.851
Stanozolol (1V) 0.040 £ 0.06 | 0.036 £0.08@ | 0.034 £0.004| 7.7 1.539| 0.047 +0.0@ | 0.053 +0.006(0 0.066 +0.007| 18.0 |11.865

aAverage slopes calculated from the equayromx+b, wherey is the amount extracted in ng axid the concentration spiked in blood.

binter-slope RSD estimated from the values obtained for each Hct level.

°F crit =

4 .

9The lowest concentration level was 25 ng'inL
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Figure 4.1. Extraction time profiles for salbutamol (a and b), propranolol (c and d), exemestane (e
and f), THCCOOH (g and h). Plots on the left side summarize results feFMMA00 rpm, and
plots on the right side summarizeuks for HLB-D at 1500 rpm.
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extraction time for the Hct effect assessment, it was relevant for the interpretation of the results to
determine at what point of the extraction process the comparison was being conducted. As shown

in Figure4.1A, a relativelypolar compound like salbutamol was close to reaching equilibrium

after 90 min of extraction usingM¥ at 400 r pm. This means that
diffusivity due to differences in the matrix viscosity will not have an important effect on the
anal yteds wuptake. Mor eover, as can be seen in
the profiles constructed at the three Hct | ev
protein binding, variable levels of matrix constituents are rpeeted to greatly affect SPME
recoveries as a result of decreasing-Dtdne ana
slightly different situation was observed for the same compound. As can be seen iriABure

although there is an overlap inetltonstructed time profiles for blood adjusted at different Hct

levels, a plateau in the extracted amounts of salbutamol was not achieved, even after 180 min of
extraction athigs peed agitation. These results can be
affinity for polar analytes and the thicker HEB coatings that permit the extraction of much larger
amounts of analyte. Under such experimental conditions, the stronger affinity thdd displays

for the target analytéscompared to the one exhibited e tmatrix constituends will contribute

to lessening the differences that can occur in SPME recoveries due to variations in the matrix
composition. It is also noteworthy that the convection parameters in theDHbperiments were
significantly higher tharthose in the MMF extractions. Faster agitation conditions allow for a
decrease in the thickness of the boundary layer, which in turn accelerates the mass transfer process
occurring from the sample matrix to the SPME coating. Given this principle, tharaimb of

improved convection conditionsand HIB6 s st rong extraction capaci

Hct effect in the extraction of analytes that do not show a specific affinity for erythrocytes. In the
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case of compounds such as methamphetaminea®ne, which are less polar than salbutamol
and nikethamide but still meet the conditions to be classified as Case |, it is noteworthy that the
slopes of the calibrations curves constructed with-Mghowed higher RSD values (9.5% and

8%) than those obtaed with HLB-D (1% and 0.1%). In fact, when MHA was used, the slopes

for methamphetamine and codeine were statistically higher in blood adjusted at 20 % Hct than for
blood adjusted at 70% Hct (methamphetamine (20% vs 70% Hctsample t(6)=3.52,
value<0.01; codeine (20% vs 70% Hct): esemple t(6)=4.42, p<0.01). Since these compounds
are slightly hydrophobic, and considering the fact that codeine binds to the red blood cell plasma
membrane, the presence of variable levels of matrix componentdyddiledter the concentration

of analytes available for SPME extractigh®interestingly, this effect becomesne pronounced

when devices with weaker affinities and lower extraction capacities, such &s, i employed

for extraction. In light of the discussed results, it is clear that the affinity of target analytes for the
coating and the matrix components kaighly-significant effect on the final SPME recoveries

when analyzing blood with different Hct levels.

In order to explain the experimental findings corresponding to Case Il, the same rationale regarding
vari ous anal yt es6 afrfmatrix tonstitgentsf shauld loeotakeni imta s ar
consideration. As can be seen in Tadb2, Case Il analytes had different outcomes that were
dependent on the SPME experimental parameters. On the one hand, a pronounced decrease in the
slopes as a function efythrocyte levels was observed in the experiments conducted witfMM

on the other hand, the statistical comparison of the slopes showed no Hct effect for extractions
carried out with HLBD (propranolol: F(2,9)=0.232,-palue=0.80; metoprolol: F(2,9)=Q13, p

value=0.79; clenbuterol: F(2,9)=1.031value=0.40).The lack of observed differences when

HLB was used can be attributed to the high convection conditions, as well as the fact that, as was

110



discussed in relation to Case |, HiBhas a much higherfafity for the target analytes than MV

F and matrix components. Moreover, since the Case Il analytes are overall less polar than those in
Case |, they can be expected to have a higher degree of interaction with matrix components (lower
free concentrationsind largerK values, and therefore longer equilibration times (Equation 1).
Figure4.1C presents the extraction time profile constructed for propranolol using=-NM400

rpm. As can be seetie recoveries corresponding to the profile in 20% Hct bloed@nsiderably

higher than those obtained for the other two Hct levels. This outcome can be explained based on
the fact that higher concentrations of matrix comporemsthis case, red blood celldead to

lower concentrations of propranolol available PME extraction; thus, lower amounts of
propranolol are collected at 70% Hct. Given that MNkcks sufficient extraction capability for
inducing the release of bound analytes in order to further enhance the extraction recoveries, such
experimental conditins tend to exhibit a significant Hct effeltoreover, taking into account that

the extraction process is still close to the linear regime at 90 min, it is possible that differences in
the analytebds diffusivity aartlyeespbngibecfdr vadationso f ma
in the uptake raté"® Although equilibrium is far from being reached at 90 min in HREFigure

4.1D), its high affinity for propranolol and the high convection conditions largeligang any
effect that variable Hct | evels can have on t
adsorption is able to deplete the analyteds
analytes back to their free forms, thereby increasirgotal recovery. While possible changes in

the matrix composition due to vigorous agitafiGrshould be considered when explaining the
different recoveries obtained using the two experimental setups, the reaultslitbe presented

in the next case clearly indicate that red blood cells remain a significant compartment after 90 min

of vortex agitation.
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In the third case noted in this study (Case IlIl), a similar Hct effect for botkrA\dldd HLBD was

found; thatis, the amount of analyte extracted decreased in proportion to the blood erythrocyte
levels. This particular behavior was observed for exemestane, a relativepolaorsteroidal
compound (Figure4.1E and4.1F). As shown in Tablé.2, extractions conduet! with both MM

F and HLBD produced smaller calibration curve slopes for 70% Hct blood than for the ones
calculated at 20% (MMF (20% vs 70% Hct): onsample t(5)=7.25, p<0.01; HL:B (20% vs 70%

Hct): onesample t(4)=3.37, p<0.05). In the case of NAylamore pronounced variation was
observed in the slopes of the calibration curves constructed at the different Hct levels due to the
previously described effects of lower coating affinity and slower agitation. To the best of our
knowledge, there is no informan in the literature regarding the partitioning of exemestane into

red blood cells. In fact, stanozolol, another steroidal compound that was used as a model analyte
in this study, did not exhibit the same Hct effect. In order to confirm that exemesarizeing
partitioned into the erythrocytes, the recoveries of extractions from 70% Hct blood and fully
hemolyzed 70% Hct blood were compared using Hh.LBComplete blood hemolysis was achieved

by storing prespiked 70% Hct blood for two hours-&80 °C {.e. freeze and thaw). As shown in
Figure 4.2, the recovery of exemestane increased by approximately 60% when extracted from
hemolyzed blood; this confirms that this drug is being partitioned into the red blood cells. Based
on these results, itis evidenttha e x e mest anebd6s affinity for the
other model analytes categorized in the previous cases such that even pronounced differences are
observed when HLED are used. Therefore, the use of an internal standard that displagsinhe s
affinity for red blood cells is crucial to ensuring the successful analysis of exemestane in blood

samples obtained from different patients.
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Figure 4.2. Relative recoveries obtained after extracting from 70% Hct blood (hemolyzed vs. non
hemolyzed)These experiments were conducted using HLBt 1500 rpm and an extraction time
of 90 min.

Similar to Case I, two different trends that were dependent on the SPME experimental conditions
were observed in Case IV. Interestingly, the model compounds thatcategorized within this

last case are highly lipophilic and capable of significant protein binding. The slopes for these
analytes were significantly higher at 70% Hct content when the extractions were carried out using
HLB-D at 1500 rpm (THCCOOH (20% W% Hct):onesample t(5)=8.58, p<0.01; stanozolol

(20% vs 70% Hct): onsample t(6)=4.89, p<0.01) (Tabld.2). On the contrary, no statistical
differences in the slopes were observed for the calibration curves constructed with MM
(THCCOOH: F(2,8)=1.31, pvalue=0.31; stanozolol: F(2,9)=1.539yvalue=0.27). One of the
model compounds that exhibited this behavior was THCCOOH, the main secondary metabolite of
THC. THCCOOH is a considerably ng@olar analyte (logP 6.38) with 92.0 + 8.7% protein
binding®®l n addition, according to previous studi

cells is restricted®*??°Based on this behavior, the concentration of THCCOOH in plasma will be
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significantly higher than its concentration in whole blood (btmglasma ratio = ®5).1°3
Therefore, if we take into account that the volume of plasma is substantially less at 70% Hct than
at 20% and 45% Hct, we can anticipate that a higher free analyte concentration will be available
for SPME extractions at 70% Hct than at the other two Hct levels. This trend is reflected in the
slopes for THCCOOH that were obtained with HDB(Table4.2), and in its extraction time

profile (Figure4.1H). A similar behavior was also observed in the slopes for stanozolol that were
constructed under the same conditions. Stanozolol is also known for being highly lipophilic (logP
4.43), but, to the best of our knowledge, there have been no prior stidiésvle analyzed its
distribution in different blood components. With respect to the results obtained usirig, Mis!
hypothesize that the concentration available for SPME extractions, the convection conditions, and
the diffusion of analytes all played anportant role in the final outcome. As can be seen in Figure
41G, the THCCOOH uptake in MM is still in its linear regime at 90 min due to the slow
convection and the compoundods high affinity f
more significant effect on the extraction process than it does in cases where extractions are closer
to equilibrium. In addition, it is important to consider that the flux of analyte from the sample
matrix towards the coating (or analyte uptake) is proportionghéoconcentration gradient
between the coating surface and the sample. Since a higher concentration of analyte is available
for SPME extractions at 70% Hct, a higher uptake rate can be expected due to the concentration
gradient. Based on this informatiaihge estimated slopes for MM represent a combination of

both the variation in analyte diffusion at different sample viscosities, and the changes in analyte

uptake rates due to the concentrations available for SPME extractions at different Hct levels.

As has been discussed so far, the Hct effect in SPME is completely dependent on the analytes of

interest, and different outcomes can be obtained by changing the experimental conditions.
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Parameters such as an anal yt e iysmoledulgrsveighg c h e mi
diffusivity, etc), distribution constants, convection conditions, and, to some extent, sample
viscosity are all important in determining how Hct differences affect SPME recoveries.
Nevertheless, as in any other sample preparatiomagip, the use of internal standards represents

the best way to account for any matrix variability. Tadbl& presents the slopes after internal
standard correction for those cases where F>Fcrit. Unfortunately, none of the available deuterated
standards éxbited the same affinity for red blood cells shown by exemestane; as such, we could

not provide the corrected data for that compound. As can be seen idTatitee RSD values
corresponding to the corrected slopes of those analytes that were sitjgiaff@cted by variable

red blood cell content were rewarding. Interestingly, compounds that were not necessarily
deuterated analogues of the target analytes were able to provide adequate correction. Several
studies in which SPME was used to analyze plgltsubstances in biofluids have described the

use of a small set of internal standards as a practical andftedive strategy for correcting all

of the target analyt€§1220%However, as has been noted above, the behavior of a given analyte

in a specific matrix depends on sever al facto
suitability at various Hct levels is required when dealing with real blood samples. Iatlkedgh

a given internal standard can effectively correct for extraction variations in a single blood lot, this
does not necessarily mean that the same internal standard will properly account for varying Hct

content.

Further investigation should be cortled into alternative strategies for overcoming the Hct effect
observed in SPME. These strategies may focus on full red blood cell lysis via a combination of
using additivesd.g.zinc sulfate or organic solvents) or freezing and the addition of appepriat

internal standards, preferably deuterated analogues. In the ¢asevafblood sampling, special
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attention should be given to the Hct effect when external calibration curves are used for

guantitation, as no internal standard can be introduced ingathples.

Table 4.3. Corrected calibration curve slopes for those cases where F>Fcrit.

Compound (internal Slopes (n=4)(average * standard deviation)
standard)
20 % Hct 45 % Hct 70 % Hct R0§D Fb
Propranolol, MMF
(Methadoneds) 0.018 +0.0Q 0.019+0.001 0.017 +0.001 54 | 2.538
Metroprolol, MM-F 0.0053 +0.0002 0.0054 +0.0002 0.0055 +0.0003 1.2 | 0.331
(Methadoneds)
Clenbuterol, MMF
(Methadoneds) 0.024 +0.0Q0 0.024 +0.001 | 0.023 +0.001 3.1 | 3.058
THCCOOH, HLB-D
(THCCOOH-ds) 0.011 +0.0Q 0.011+0.00 0.012 +0.001 58 | 3.872
Stanozolol, HLBD
(THCCOOHd5) 0.41 +0.05 0.42 +0.2 0.46 +0.03 59 | 1.653

& Average slopes calculated from the equatjemx+b, wherey is the ratio area analyte/area

internal standard andis the concentration spiked in blood.

PF ocrit = 4.
(oneway ANOVA).

256

(U=o0.

05), |

°The lowest concentration level was 25 nginL

4.4 Conclusions

In this study, the effect ofarying levels of Hct on SPME recoveries was investigated by using

distinct model compounds and two different experimental setups. As expected, the observed effect

was dependent

on t he

anal yteos

c har avariable i

St

Hct levels did not show any effect on the recovery of polar compounds with low protein affinities

(e.g.salbutamol) under any of the study conditions. However, the extraction of more hydrophobic

analytes, such propranolol, was strongly affectethiyred blood cell content only when MM
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was used at 400 rpm. Similarly, for compounds such as methamphetamine, codeine, propranolol,
metoprolol and clenbuterol, the use of HDBwith high convection conditions produced
negligible differences in the SPMtecoveries from blood adjusted at various Hct levels. This
demonstrated that an analyteds relative affin
when matrices with varying compositions are analyzed. Other model analytes, such as exemestane
and THCCOOH, exhibited a negative and positive correlation, respectively, between the SPME
recoveries and the Hct content due to their opposite affinity for red blood cells. Lastly, despite
variations in analyte recovery due to different erythrocyte ctsitérwas possible to correct for

relative matrix effects by using appropriate internal standards. Overall, since each analyte can
display different Hct effects, variable red blood cell levels within the final experimental conditions

should be always preply assessed when analyzing whole blood samples with SPME.
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Chapter 5: Evaluation of solid phase microextraction as a sample preparation tool for

untargeted analysis of brain tissue

5.1Preamble and introduction

5.1.1. Preamble

The results presented inghdhapter have yet to be published in any jouiathaly Reyessarcés
and Dr. Ezel Boyacé equally contributed to
discussion herein presented. The chromatographic conditions employed for the andilyisis of
were provided by the research group led by Prof. Dajana Vuckovic fomoo@dia University as

part of acollaborative project funded by Brain Canadlae results presented in this chapter are
part of an ongoing research project which commencédigust 2015Nathaly Reye$sarcés was

the sole writer of the text presented here.
5.1.2. Introduction

Metabolomics platformsparticularly thosebasedon mass spectrometry (MShave been
garneringa wealth of interest in thbiomedicalfield in recent year&'224 Both targeted and
untargeted metabolomics approaches have opened rgmge of possibilities towards the
elucidaton of biochemical pathways affected under particular conditions (e.g. disease and
treatment).Indeed, the last decade has evidencedr@aving number ofpublished studies
documenting the use of Misased metabolomics tmvestigatea wide variety of medical
conditions, such aglifferent types of cancerdiabetes, neurological diseases, coronary heart
diseaseand cystic fibrosisamong other&® 230 As for the &perimental workflovs developed for

such investigationsdiverse analytical strategiepplicable to different study cashave been
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describedand reviewedn detail3436.191.231.233, this regard parametersuch as matrix specimen
(type and availability)requiredmetabolite coverage (targeted or untargeted approach), cohort
size, andnstrument availabilitylay a citical rolewhen choosing a set of experimental conditions
for a particular metabolomics studyhile biofluids (e.g. plasma, serum, blood, urine, saliva,
exhale breath condensate, cerebrospinal flaid)most commonly selected as matrices of choice
due to the meaningful informatiothey can impart as well as therelative eas of
collection?3494519jn gpecific cases, the utilizah of tissue specimens as matrix cannot be
avoided despite the invasiveness of tissue sampling procedures, asioéotenation such as
sitespecific information, can only be gathered through such nfedri.In metabolomics
investigations, the successfablation of metabolites of interest froeuchcomplexbiological
matricesconstitutesa critical step in determining the quality of thathereddata.To this extent,

it is imperative that factors such as the representativeness ektifaeted metabolonm@r the
biological stag of the system under investigation (metabolism quencharg) theeproducildity

of the recoveries over large numbers of samaplee carefully considered during method
developmentThe advantages and challenges associated witkattmple preparation strategies
most frequently used in the processingoaflogical specimeng metabolomics investigations
have been reviewed by seveaathors>343"°0.19Fgr studies involvingiofluids, most commonly
employed methodologiaacludethe use of diluteandshoot and solvent precipitan for global
metabolomics,whereasliquid-liquid extraction with different organic solvents (methanol,
chloroform and methyl terbutyl ether mixtures)s the approach of choice&then targeting
lipids 235191 With respect to tissyealthough solverbasedextractionapplicationscomprisethe
mostutilized sample preparation methods for investigations involving this maiiitional steps

are required prior to the extraction process due to thecligiplexityof tissue samplesn typical
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workflows, collected tissue samples are first ringeth either water or bufferso as toawoid
contaminatioror inclusion ofartefactsstemming fromblood and/orfrom anesthetics used during

the sample collectiorprocess*#® Subsequently, samples are subjected to shock freezing with
liquid nitrogen to ensure metabolism quenchindpfeéd by homogenization of the frozen tissue

to induce cell disruptio®**° Finally, according tadhe metabolitecoverage that is desired, the
extractionstep is carried out by employing one or various solvésitgle phasegtwo-phase or
multi-step extractions Single extractiorstepscombined withappropriateanstrumental platforms

are peferredin most cases; in addition teeing less timing consuming, such methodologies

less prone to error;n comparison to twghase or mulistep extractionsNaz et al. have
comprehensively reviewetladitional analytical protocoldor untargeted analysis of biological
tissues** Undoubtedly, a common denominator among all sample preparation appré@aches
tissue handling is that they are time consuming and labor intensi€ensidering the
abovementioned limitations surrounding currently available analyticalkfloas for
metabolomics studies that involve tissue analysis, new efforts must be sustained towards the
development and implementation of alternative strategies capable of streamlining the analytical

workflow, while ensuring the integrity of the metabolame

Solid phasemicroextraction (SPME) is a neexhaustive extraction technique that integrates
sampling and sample preparation in a single $fdp.the last decade, SPME has been successfully
applied towards variousetabolomics studies, includimgplicationsin the clinical fieldthat have
yielded promising resultd!®1151%8.2082331n  SPME a small amount of extraction phase
immobilized on the outer part of a solid support is used to extract either volatile (headspace) or
nonvolatile (direct immersion) compounds from a given sample m&fiRlthough several

authors have reported application of headspace (HS) SgdEhromatgraphy (GCMS for
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metabolic profiling of volatile compound®158.233.234girect immersion (DI)SPME combined
with liquid chromatography (LGMS analysiss generallypreferredfor untargeted studiess it
allows for analysis of anore comprehensive range of metaboft€<$*¢Indeed, use dbI-SPME
coupled withLC-MS hasenablel determinatios of multiple classes of metaboliteacompassing
a wide range of polaritie¥ 11417 Furthermore, a comparative study between SPME,
ultrafiltration, and solvent precipitation demonstrated that SPi&s able to provide
complementary information by reducing iortiba suppression (SPME vs solvent precipitation)
and through improved coverage of hydrophobic compounds (SPME vs ultrafiltrattén)
However, whilethese findings endorse the applicability of this technofogyintargeted studies
in theclinical field, further evaluatiosof SPME conditions in different matricesestill needed
to further validate its implementation in such investigatidnsaddition to the abovementioned
advantages, another positiveharacteristic of SPMEs the advantage afforded bthe
biocompatibility ofits sampling devices. L@menable SPME coatings, whiahe compriseaf
sorbent particles immobilized with a biocpatiblebinder,allow for high selectivity towards small
molecules, avoid the eextraction of proteins and other macromolecules, dmcdot induce
adverse reactions when immersed in biological mat(aasfouling surfacef2Moreover, SPME
biocompatible extraction phases also suitable forin vivo analysis.Undoubtedly one of the
most attractive features of vivo SPME as a tool imetabolomicss that it integratesampling,
extraction and metabolism quenching in a singtep, thusninimizing the likelihood of samples
incurring the type ofmetabolome alteratiorsssociated with traditional procedufé$®On this
note, it is worth emphasizing that the generaBPIME workflow used for botim vivoandex vivo
analyss is significantly straightforwaranly involving the following steps: i) conditioningnd

rinsingof the SPME coatin@nlso sterilization if requiredji) exposure of the coating to the sample
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matrix for a defined period of timaii) quick rinsing of the SPME probe to remove any
macromolecules loosely attached tte coating surface iv) and desorption of the extracted
metabolites into an appropriate solvenhis methodologyis largely suitabé for studies that
require analysis of tissue specimeas it simplifies thgime-consuming steps of typical sample
preparatiorworkflows. Other advantages of SPME in tissue analysiside the viability ofuning

the geometryf the devicdo target speific sampling sitesits low invasivenesg comparison to
standard tissue sampling approaches, thedestructive nature of the extraction procedure, and
in particular forin vivo studies the feasibility of monitoring the sanseibjectsat multiple time
points Until now, onlya few studieshave reporte@pplication of DISPME for monitoiing of
metabolic changes in animal tissuéncluding muscle, lung, liver, and also brain
specimens®116231n SPMEbrain analysistudies the use of DSPME and LGMS/MS enabled

in vivomeasurement of changesneurotransmitterafter fluoxetine administratioiRemarkably,

the results obtained by EBPME in this study wereomparable tothose obtained with
microdialysis (MD) the technique of choice for vivomonitoring of neurotransmitefé’ Among

the many insigtgt obtained through this study, its findings certainly support the applicability of
SPME as a complementary tool tdD; as observed in that work, while SPMé&cilitates the
extraction of norpolar metabolites such as lipjdsID favors the detection of morpolar
metabolitesThus, the concomitant use of these techniques enables monitoring of a wider range of
compounds, allowing for a more complete snapshot of a given system under studgsiyiee, d
the promising results reported the fewreportswhere tisue analysis wasarried out byDI-
SPME, a complete assessmesgarding the effect afiifferent experimental conditionsn the
metabolic coveragef this techniquénas yeto be publishedThe currently presented work seeks

to fill this gap by presentingn evaluation of SPME as a sample preparation tool in untargeted

122



brain studiesThe work included an evaluation of theetabolie coverage provided by C18, MM

and HLB coatings after extraoti from cow brain homogenate at static conditiomsth
parameters such as desorption solvent, features detected in different chromatographic modes,
washing steps, and extraction time all taken into considerdtienfindings of thisvork support

the applicability of SPME in brain metabolomics studipsoviding insightful information

regarding the performance of 3PMEin untargeted tissue analysis

5.2 Experimental

5.2.1. Materials and supplies

7 mm long C18 and mixed mode (C18 and benzene sulfonic acid functionalities, MM) fibers (45
pm  thickness) were kindly provided by Millipore Sigma (Bellefonte, PA, USA). 7 mm
hydrophiliclipophilic balanced (HLBjibers were manufactured-imouse by dippingitinol wires
multiple timesin a slurry containingpolyacrylonitrile (PAN)dissolved indimethylformamide
(DMF), and 5 um HLB patrticles (40 pmroatingthicknes$. Cow brain homogenate was selected

as a model matrix for all experimemtse to its ready somercial availability All fi bers were pre
conditioned in 1:1 (v/ivimethanol:water for at least 30 min prior to extractiéallowing their
conditioning, SPME fibers were rinsed withra-pure wateto remowe anyexcess organic solvent

remaining on the @ing surface.

5.2.2. Investigation of SPME coating coverage and desorption conditions

Cow brain homogenate wpkacedin 300 L vialswith the help of a disposablaier lock syringe.
All vials were carefully filled from the bottom to the f@msuring no air pockets remainedhe
vial, as their presence could disturb the extraction pramsdgpotentially introduce errors to the

data gatheredC18, HLB, and MM fibers (n=16 per coating type) were exposed to brain
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homogenate for 30 min at neotemperature and at static conditioBach fiber waghoroughly
wiped with a Kimwipe, then quickly dipped in ultrgpure waterfollowing extraction so aso
remove adhering macromoleculesand tissue debrisfrom the coating surface.Desorption
evaluationsvere carried out for foulifferent desorption solventmethanolacetonitrile (ACN)

1:1 (v/iv)ACN:water, and 1:1 (v/v)isopropanamethanol. The first three solvents were evaluated
in terms of their desorption strength fometabolomics analysiswhile 1:1 (v/v)
isopropanol:methanol was selected to test the lipid coverage capacity of the selected tomatings.
total, fourfibers of each coating chemistry were usetesteach desorption solverfitor methanol
and ACN desorptionssolvent volume was set 00 pL, with further dilution with 100 pL of
water carried outafter desorption of fibers so aseasure good chromatographic retention. For
1:1 (v/v) ACN:water and 1:1 (v/v)sopro@mnotmethanol 200 pL of solvent \as selected as

desorption volumeAll fibers were desorbed under constant vortex agitation (1500 rpm) for 1 hour.

5.2.3. Evaluation of the washing step in SPME lipidanalysis

The effect of the washing step was assessed as a factor of analytical vairaiSRWE lipid
extraction from brain tissu€&our different washing strategies were evaluatetd s vortex each
purewater, 10 %\v/v) acetone, 10 %v/v) methanol, and 10 %/v) isopropanalThe rinsing step
was carried out by employing a manual vortex agitator at 3200 Fpmthis experimentC18
fibers (n=5 for each washing strategygre deployed ir80 min extractiongarried out in both
plasma and brain homogenal®e findings of this evaluation indicated the parameters 10 s vortex
in 10 % (v/v) acetone to be the best rinsing strateglidor analysis; as such, this approach was

later implemented for the construction of extraction time profiles using C18 fibers.
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5.2.4. Extraction time investigation

Following investigations of coating coveragesorption conditiongnd washing stextraction
time profiles for all coating chemistries were constructed. C18,,ldh8 MMfibers were used to
extract from brain homogenate for 5, 10, 2Q,88@ 40 mirunderstatic conditionsAll extractions
werecarried ouin a randomized ordeFourfibers of e&@h coating type were used per extraction
point. Following desorption oHLB and MM fibers in 100 pL of methanpkll resulting extracts
were submitted to instrumental analysisjng the chromatographic method foetabolomics
analysis described isection5.2.5. Conversely, following desorption @18 fibersin 1:1 (v/v)
isopropanaimethanal obtained extracts were submitted to-MS analysis in accordance to the

chromatograpic method described ineStion5.2.5 for analysisof lipids.
5.2.5. LC-MS analysis

All extracts were run on a @IS system consisting of an Accela pump, an Accela autosgmpler
and a Orbitrap mass spectrometer Exactive equipped with a heated electrosgE&®y) (sburce
(Thermo Scientific, San Jose, USA). Chromatographic separation was carried oonesirfiyvo

methods targetingeithersmall metabolitesor lipids. In accordance \h previous workcarried

out in our group, separation and detection of small metabolites was conducted on a
pentafluorophenylRFB column chosendue to its seldwvity and satisfactoryperformarce in
retaining certain small polar cgroundsand norpolar metaboliteswith different moieties!4238
Summares of settings selected for bottC-MS methods argrovided in Table$.1 and5.2.
Xcalibur software (2.0.7 SP1) was employed for data acquisition. To ensure appropriate mass
accuracyover the course of treequence, the MS instrument was calibrated every two days using
thePi erceE LTQ Vel os ESI Po sandttheRiee rlcoenE N\ael g abtriavt

Calibration Solutior{Thermo Scientific, San Jose, UpMoreover,391.2843and 255.2329 m/z
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were used as lock masses for positive and negative acquisition modes, respeotiesgonohg

to diisooctyl phthalate (a common plasteny and palmitic acid common background
contaminants present in electrospray analysis. A pooled quality control (QC) sample (prepared by
mixing equal aliquots of each extract) was run multiple times across the instrumental sequence
(about every ten injeitins)so as tensueinstrumental stability for all extracted featur8amples

were run in a randomized manres a means avoidng sequencdiasrelated to instrumental

drift. Fibers and solvent blanks were also analyzed as controls of possibletartefa

Table 5.1. Chromatographic conditions employed for this study.

Metabolites analysig** Lipid s analysis

Column: Supelco Discovery HE5, 2.1 x Column: Waters, XSelect CSH C18 Colum
100 mm, 3 um 130A, 3.5 um, 2.1 mm X 75 mm

Mobile phases Mobile phases

A (positive): Water with 0.1 % (v/v) formic | A: 40:60 methanol/water with 10 mM
acid ammonium acetate and 1 mM acetic acid

B (positive): ACN with 0.1 % (v/v) formic B: 90:10 isopropanol:methanol with 10 mM
acid ammonium acetate and 1 mM acetic acid

A (negative):1 mM acetic acid

B (negative):1 mM acdic acid inACN

Gradient Gradient
Time, min | %8 Time, min | %B
0 0 0 20
3 0 2 20
gg go 16 95
20 5 24 95
24.1 20
32 20
Column temperature 25°C Column temperature 55°C
Autosampler temperature: 5 °C Autosampler temperature: 5 °C
Flow 300 pL/min Flow 200 pL/min
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Table 5.2.MS conditions for untargeted analysis of brain extracts.

MS conditions

Electrospray voltage, kV 4000 €2900 negative mode)

Sheath gas, AU 30
Auxiliary gas, AU 10
Sweep gas, AU 5

Capillary temperature, °C | 300

Vaporizer temperature, °C | 300

MS resolution High 50,000 at 2 Hz (FWHKI200 m/z)
Acquisition range, m/z 1007 1000

Automatic gain control Balanced 1e6

Injection time 100 ms

*Full-width at half maximum (FWHM)

5.2.6. Data analysis

Rawfiles were converted to mzXML files using the peak picking function (centroid tiata)
ProteoWizard MS Convert version 3.0. 10095 64 litmvertediles were therprocessed using

the platform XCMS online, which 5 available for free
(https:/Ixcmsonlinescripps.edu/landing_page.php?pgcontent=mainPdggrametersemployed

in XCMS online were set as follows: feature detection was conducted using the centWave with 5
ppm as the maximal tolerated m/z deviati@rs as the minimum peak widtand 120 s as the

maximum peak width (other parameters were S/N=6, mzdiff=0.01, integration method through
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descent on the Mexican hat filtered data, prefilter datar@8 prefilter intensity=100); retention

time correction was carried out using the orbiwarp method (p@tdje for feature alignment
bw=10 s, mzwid=0.015 m/z, minfrac=0.5; feature annotation (isotopes and adducts) was
conducted using CAMERAa(package integrated in the XCMS online platform) at 5 ppm and
0.015 as m/z absolute errdrhe software SIMCA P+ 14.0 (Umetrics,Umed, Swedenwas
employed for multivariate analysis of datainipal component analysis (PCA) and orthogonal
partial leassquardi discriminant analysis (OPLBA) were carried out by employing the aligned

data obtained from XCMS onliné&or PCA and OPL®A, the data was scaled using Pareto
scaling. Metabolitegzorresponding to important metabolite featune=re putatively identified

based on accurate mass (within 5 ppm) searches on different databases (METLIN and Human
Metabolome Data Base). The identification process accounted for information regarding annotated
adducts and isotopes detected at the sammati@h time. Provided their availability, standards

were then run to verify the identity of the metabolites.
5.3Results and discussion

Severapublicationshave reported the applicability of SPME for metabolomics studies of different
biological matrices, idluding tissue®8 Although positive resultsiterms of sample clustering and
metabolite coveragdave beendocumentedin the literature an evaluation and subsequent
optimization ofexperimental conditionaimed at maximizing the information obtained by SPME

in applications involvindissue samplelsad yet to bepresented.

One of challenges in tissue analysis of brain is derived from the intrinsic complexity of this organ,
as its intricate structures mirroredin its rich chemical composition. Indeed, the brain is a
heterogeneousrgandivided irto different regions with diverse biochemical functions theturn,

are composed of various cell typgsoteins, lipids, and small moleculeAs metabolomics
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applicationshave as their main goal theomprehensive capturef low molecular weight
metabolies(<1000 Da)}hat represent the biological statf a given systenthe development of

any analytical workflow chosen for such purposeshould, ideally, be able to fulfill that
requirement. In most comparisonsexthaustive extraction technologresrsusmicroextraction
techniquegsuch as SPMEt is anticipated that théormer would likelyoutperform thdatterin

terms of metabolite recoveries and coverage. Howdgein vivo metabolomics analysis, the
simplicity and low invasiveness this microextraction technique afford SPMEkey advantage
over traditional approachdgloreover, the nottethal and norexhaustive nature of SPME enables
multiple samplings of the same animal or biological system, thus allowing for paired tests or
matched pair @mparisons (same animal before and after a treatment), and facilitating
metabolomics studies ol@ngitudinal nature. Whileow brain homogenate was selected as model
matrix for initial assessments and optimization of parametides final optimizedcondtions

provided by this study are intended to be usedh vivorat brain investigations.
5.3.1. Assessment of SPME coverage for the analysis of brain tisseetabolome

In the first part of thisstudy, different SPME coating chemistries available for bioanalytical
applications were evaluatéa terms of metabolite coverage. this contextHLB fibers (home
madg, commercialC18fibers,and MM fibers (currently provided by Millipore Sigma Aldrigh
were selectedfor this evaluation owing to their previously documented performances in
bioanalytical studiesTo date,most of tle SPMEbasedmetabolomics studieseported in the
literature haveemployed MMfibers due to the wide coverage providedtbgir C18and strong
cationic exchanger (benzene sulfonic acid) functionaffies!'>1However, recent workarried

out by ourgroup has also demonstrated the advantages of using HLB for the analysi®ad a br
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range of compounds’118.162204855ed on thisHLB was also include@s one of the coating

chemistries to be testdor untargeted brain studies.

In addition to evaluating different coating types, several desorption solvents were coriipared.
SPME method development, the establishmenomifmum desorption conditions f@PME
constitutes a crital stepin ensumg maximum sensitivity and satisfactory precision. Considering
that the number of metabolites extracted from cow brain tissue via SPME is unknown, a
comparison was conducted based on the relative intensitiesectatkimetabolite features, the
information provided by different desorption solvents, and the analytical preoiseath set of
conditions Based on the fact thatraetabolite feature corresponds to a detected ion that has a
unique m/z and retention timeeveral metabolite features correspondingstiopes different
adducts and also irsource fragmentsre detectedvhen asingle metabolite or compound is

analyzed via MS

Figures5.1 and5.2 depict results corresponding to tiedative intensitiesf features detected after

30 min extractionsfrom cow brain homogenateusing the three aforementionedoating
chemistries.For this initial comparison, following desorption of the probes in three different
solvents (methanol, 1:1 (v/v) ACN:water, and ACbBtained extracts were submitted to-MS
instrumental analysig both positive and negative modasaccordance with the describe@-

MS methodfor metabolomics analysis using a PFP colu@nly those features having both
pooled QCiiber blank area intesity ratios above 5 and average intensities above 1000 were
consideredor the plots (2405 features in positive mode; 1294 features in negative.mbde)
obtained data was thdarther fltered based orinformation gathered frorfiber blanksso asto
avoiderroneousnclusions ofartefactsoriginating fromeitherthe coating®r solventsasfeatures

extractedrom the homogenatd@he average intensitied individual featuresvere estimated by
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Figure 5.1 Features detected per coating type Hedint desorption conditions (positive mode).
Features were classified according to their average relative intensities (n=4 fibers per coating).
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calculating tle total sum of areas for each metabdétgure (including all coatings and desorption
solvents) and dividing it by 36 ffbers* 3 solvents* 3 coating types)The relative intensities for

each featurgn turn,werecalculated as a percentage of the total sum of areas of the same feature
detected in all the extracts obtained per coating type. For example, the relative interaity for
feature X detected in methanoh C18fiber #1 (F1) was calculated as followslative intensity

of feature X(c1s, F1, methansl (area feature §is, F1, methand) ( X @ r € a Scighe@adi tF1ld vanedy X
Xxareas t1€ adnbckwier (F%,3 and 4)+ xar eas cid aenart2d bne4)*1K0.
Considering that four replicates were carried out per coabhgent pair, thedataplotted in
Figuresb.1 and5.2 correspond ttheaveragesf therelative intensitiesAs shownACN presented

the poorest desorption strengdtin all tested coatingsvith most of the features detectslsbwing
relative intensitiebelow 5% The observed findings thus support that as an SPME solvent, ACN
wasunableto significantly decrease the coatielgtion mediadistribution constant for most of the
extracted metabolitesherefore ACN was discarded as an option among the desorption solvent
possibilities.Methanol, on the other hand, showed the highest desorption efficiency testat
extraction fpases. In both positive and negative modéshree evaluated coatings exhibited an
overall increase in the number of features with relative intensities abdvevBen methanol was

used as desorptimolvent. This trend washowevermore pronounagin the results obtained in
negative modd.astly, the desorption efficiencies of the 1:1 (v/v) ACN:water solvent were shown
to be superior to those obtained by ACN; however, based on the relative intensities obtained for
all three solvents, methanol was comigd to yield the best elution performance among the tested

solvents.

Subsequent to this initial assessment, an evaluatncarried out to assess fierformance of

each coating imelation to itscoverageas well asquality of data providedFor thispurpose
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obtaineddatafor each coatingvas filteredso as to only retaifeatureswith pooled QC/blank
(solvent andiber blanks) ratios above 5, pooled QC RSD values below Zhéintensities above
3000. As shownn Figures 5.3 and 5.4similar featurenumbers matching the specified filtering
conditions were found for all extracts in both positive and negative modes. This certainly confirms
that carrying out evaluations dahe coverage of a given extraction phasewell as of the
performance o& desoption solvenbased solely on the number of features attaihextigh their
applicationis insufficient for optimization of these parameténsleed,a cursory examination of
these results (Figures 5.3 and 5.4) would certainly seem to indicatmthatthe three coatings
desorbed in any of the tested solventalla provide virtually the same informatiowith aims of
gaining further clarification on theffect of each solvenbn the extraction recoveriegatios
between the average intensities deteatedethanol and in 1:(v/v) ACN:water were estimated.

As presented in Tabl3, the number of features with intensities 1.5 times higher in methanol

Table 5.3 Comparison of feature intensities @function of their desorption solvent (methanol
vs. 1:1(v/v) ACN:wate). Only features with pooled QC/blank (solvent dibér blanks) ratios
above 5, RSD values below 30 %, and intensities above 3000 werdriik consideration for

this comparison.

Features with intensities 1.5 times Features with intensities 1.5 times higher
higher in methanol in 1:1 (v/v) ACN:water
C18, pos 161 72
C18, neg 246 74
HLB, pos 115 131
HLB, neg 164 47
MM, pos 81 142
MM, neg 215 89
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Figure 5.3.lon maps corresponding to features detected in positive modeeszfiaction from

brain homogenate wi C18, MM, and HLB 7 mm fiber®esorptionsverecarried out in methanol

(left) and 1:1 (v/v) ACN:water (right©Only features having pooled QC/blanks (solvent and fiber
blanks) ratios above 5, RSD values below 30 % in the pooled QC, and intensities above 3000 were
plotted.
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Figure 5.4.1on maps corresponding to features detected in negative mode after extiraction
brain homogenate with C18, MM, and HLB 7 mm fibers. Desorptmarecarried out in methanol
(left) and 1:1 (v/v) ACN:water (right). Only features having pooled QC/blanks (solvent and fiber
blanks) ratios above 5, RSD values below 30 % in the pa@&dnd intensities above 3000 were
plotted.

than in 1:1(v/v) ACN:water was significantly largdor extracts ofC18 (both positive and negative

modes), HLB in negative mode, and MM in negative mode. On the other hand, the number of
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features with 1.5 tims higher intensities in 1(¥/v) ACN:wateras compared witmethanol was
larger in HLB and MM extracts run in positive modéhile no marked differences were observed
betweemmethanol and 1:{v/v)ACN:waterfor HLB extractsthe obtained results seemidicate
that use ofl:1 (v/v) ACN:wateras solvent would yield better results untageted analysis in

positive mode in cases where #&1 coating is used.

In addition tocarrying out an assessment of solvent and coating performance with aims of
identifying the combinations capable of yielding the highest numbiatdres with the highest
intensities,an investigation into thgype of information attained by solvent typas carried out

with aims of assessing whether the use of different solvents would intreigndecant differences

to the obtained informatiorro this end, principal components analysis (PCA) and orthogonal
partial least squares discriminant analy§¥°LS-DA) were employed to analyzbe data. As
shown in Figure 5.5, clear clustershgf observation®btainedaccording tatype of desorption
solvent used ere found for both positive and negative modes. This evidently indicatesrthat
SPME significant differences in the composition of final exttacay occurdue to selective
desorption of extracted metabolites. To determine which featmeisibuted to the observed
differentiation, multivariate supervised analysis, more specificaBL®DA, was carrid out
(Figure5.6) on the obtained daténterestingly, the main discriminating featuneshe Splots(|p|

> 0.05 and |p(cort) > 0.8 depicted in Figure 5.6orrespondd to polar metabolites eluting at
retention times below 2 min and nonpolar compounds eluting aktention times close to 25
min. The p axis provides information regarding the influence of each feature towards the observed
separation between the two groups, whilegfuarry axis describes the reliability of each variable

in thediscrimination of the two groupgs? As shown in Figur®.7, our results reveatithat the use

of methanol facilitaté the desorption of legslar compoundswhile 1:1 (v/v) ACN:water
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of thespecified conditions.

provided better recovery for certain polar metabolites. Among ribe-polar discriminating
features determined to contribute to the observed differentiation lguiels belonging to
phosphatidylcholine (PC)phosphatidylethanolamin€éPE), and glucosyl/galactosylceramide
(Glc/galCer). In regards tpolar metabolites, compoundaving in their structure purine base
such as xanthine, inosine, guanosine, and deoxyguanosine were foapdegsentat much higher
levelsin 1:1 (v/iv) ACN:waterextracts(Figures 5.8 and 5.9)WWhile the number of features
exhibiting higher intensities was in general lafgerextracts desorbed methanol tharfior those

in 1:1 (v/iv) ACN:water,the findings of this investigation certainlyidence that certain
metabolome informationanbe omitted from the final extradtased on the solvent selected for
desorption As untargeted metabolomics studies aim to provide a thorough snapshot of the system
under studypetter metabolite coveragmnthen be attained bgombining extracts from both
desorption solventsvhich canbeachievedoy employingfiber duplicatesn experiments

140



Following the conclusion of desorption evaluatidies 1:1 (v/v) ACN:water and methanol, a
comparisorof detectedeauresby coating type was carried olihdeed, thdehaviour and affinity
of each coating typir the broad range of metabolites found in brain tissuebe predicted based
on theextraction phase chemistof the coating C18, for instance, is expecténl show high
affinity towards norpolar componentsas its extraction mechanism occurs mostly through
hydrophobic interactions. On the other hand, HLB and MM are expéct@dovide better
recoveriedor polar compoundand analytes with aromatic moieti@$a pi-pi interactions) given
the types of functionalities #se coatings possesklLB contains divinyl benzene and
vinylpyrrolidone moieties that enable the extraction of both-pamiar and polar compounds
whereas MM contains C1&nd also a strong cah exchanger functionality (benzene sulfonic
acid), whichincreassthe affinity of the coating fopolar charged metabolitéd/ith this in mind,

an initial comparison oexperimental data obtained frdmnain extractollected viaC18fibers
versus data lmtained viaHLB and MM coatings was arried out, and the intensities of
representative discriminating metaboliéatureswere plotted, as seen in Figures 5.8 and 15.9.
regards to 1:1v/v) ACN:water extracts, our results showed thigher intensities ere obtained
for polar compounds such as niacinamide, phenylalanine, tryptophan, xanthine, aryidine
choline from extractsoriginating from MM and HLB fibers (Figure 5.8). Some of these
compounds are not only pojdyut alsocontainan aromatic functieality or a positive charge
which function to increase theaffinity for HLB and MM coatings. Interestingly, several fatty
acids also exhibited higher intensities in MM and HLB extracistained with1:1 (v/v)

ACN:water. Asshownnext, tresefindings relate to the poor efficiency of 1(%/v) ACN:water in
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Lipid [M-H]- MW 827.689 (m/z 826.6782, -) x 1éE=0
Lipid [M-H]- MW 799.658 (m/z 798.6470, )=,
PE/PC C43H76NO7P (m/z 750.5431, +) X 1@2w==-
GlcCer C42H8INQ9 (m/z 744.5983, +) x Ig2
PE/PC C41H78NO8P (m/z 744.5537, +) x LgZ==
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Figure 5.8. Representative metabolites identified in brain extracts obtained with the three different
coating types using 1:1 (v/v)ACN:water as desorption solvent (n=4 fibers).
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Figure 5.9. Repesentative metabolites identified in brain extracts obtained with the three different
coating types using methanol as desorption solvent (n=4 fibers).
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eluting nonpolar metabolites fron€18 and not to actual differences in coating affinitiés.
similar rend was observed for several polar metabolités respect td&SPME extracts obtained

in methanol.Again, ompounds such as niacinamide, phenylalanamsl tryptophan showed
higher intensities in HLB and MM brain extragtscomparison witthoseextracted viaC18fibers

(Figure 5.9) Although trese findingsonfirm that HLB and MMdisplay high affinitiedor these

types of polar compoundsjecent peak are&sr the same metabolit@gerenonethelesfoundfor

all extracts correspondirtg the C1&ibers. Such a phenomenon can be explained by considering
the presence of active silanol groups in the sorbent material, which enable secondary polar
interactions. With respect toonpolar metabolites such as lipids and fatty actssorption in
methanolwas evidenced tprovide an overall increase in their peak intensities. As can be seen in
Figure 5.9, Cl8xtracts yieldedhe highest peak areas for several -polar compoundsn
instances wherenethanol was used dse desorption solvent. This data saps the previous
assertion thatselective metabolite desorptiorccurs based onsolvent composition further
validaing theapproach previously proposed in this chapter, which would see the use of more than
one desorption solvent per coating type. To toie the evaluation of coating coverage for
metabolomics studiesn assessment of possible differences between HLB andnMdims of
information providedwas conducted. To this end, features detected in HLB and MM extracts
following their submission to PFP chromatograplere comparegiia OPLSDA loading Splots
(Figure 5.10) The results of this comparison demonstrated that although there are some differences
in the intensies of several metabolitéeaturessuch aghose orresponding tamiacinamide and
tryptophan (Figures 5.8 and 5.%) most casesll filtered features can be easily detected with

either coating typesin fact, only 12 features exhibitg¢dl| > 0.05 and |p(corr)1| > 08 both
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positive and negative moslé-urther discussionegardingmetabolite extraction kinetics will be

provided in Section 5.3.3.
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Figure 5.10.0PLSDA plots and $plots corresponding to a comparison of HLB(1) and MM (2)
extracts in positive (above) and negative (below) modesuiesdtighlighted have |p1| > 0.05 and
|[p(corr)1] > 0.8.
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Part of the initial assessment of different SPME coatiogdrain metabolomics studies also
involved interfiber variability determinations This is a critical aspeadf both targeted and
untargeted metabolomicas the analytical methodology of choice should guarantee that the
differences observed betweanytwo sample groups are due to biological changed notto
experimental errors introduced in any of the stegh@fvorkflow. Table 5.4 presents a summary
of inter-fiber RSDs for features that had pooled QC/blank (solventiaedblanks) ratios above

5, pooled QC RSDs below 30 %, and intensities above 3000. As can btheaesg of methanol

in the desorption a€18 extractionsonsiderably improved the precisiofithe methodor features
detected iboth positive and negative madéis improvement idue to the strength of this solvent
in regards t@uantitativedesorption of nofpolarmetabolites such as fatacids whichare highly
abundant in brain tissue. Similarly for HLB and Mksults showed that for negative moithe,

use of methanol as a desorption solvent significantly increasgaethentage of featuresith
RSD values below 30%onversely, in psitive modeHLB showed better intefiber RSDs when
1:1(v/v) ACN:water was employed asorption solutionwhereas for MMibers, no significant
differences were observed between thedesorptiorsolvents. Considering the complexity of the
matrix, the fact that no internal standards wesed, and that the extraction was conducted using
7 mmlengthfibers at static conditionghe encouraging results obtained in this study certainly

supportthe apgicability of SPME for untargetesh vivo brain studies.

5.3.2. Assessment of SPME coverage for the analysis of lipids in brain tissue

As a next step he capabilityof SPMEtowards extraction dipids from brain homogenate was
investigated. For that purpose, 30 rakiractionsvere carried ouirom brain homogenataa the
three coating chemistriefollowed bydesorptions in 1:1v/v) methanoliisopropanoll:1 (v/v)

methanol:iisopropanolWwas séected for this evaluation due to its already tested efficiémdtlye
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desorptionof lipids from SPMEfibers, as well asits demonstrateccompatibility with the

chromatographic conditions selected for lipid analy8§i§igures 5.1 and 512 show data

Table 5.4.Summaryof RSD valus estimated for features detected in positive and negative mode
using the PFP method (n=4). Only features with pooled QC/blank (solvefibandlanks) ratios
above 5, pooled QC RSDs below 30 %, and intensities abovergfi@Gconsidered.

Positive mode# of metabolie features

RSD. % Ci1s8, 1:1 C18, HLB, 1:1 HLB, MM, 1:1 MM,
’ ACN:water | methanol | ACN:water | methanol | ACN:water | methanol

0-10% 187 220 103 38 59 158

10- 20 % 197 232 289 136 225 145
20-30% 104 79 146 181 175 136
30-40 % 57 25 90 94 102 105

> 40% 160 129 98 247 158 139
Total # of features 705 685 726 696 719 683
% of features with 69 -8 74 51 64 64

RSDs below 30 %

Negative mode# of metabolie features

RSD. % Ci1s8, 1:1 C18s, HLB, 1:1 HLB, MM, 1:1 MM,

’ ACN:water | methanol | ACN:water | methanol | ACN:water | methanol
0-10% 105 268 68 122 114 184
10- 20 % 119 193 145 175 117 162
20-30% 43 51 119 119 67 110
30-40 % 51 36 74 69 37 51
> 40% 200 26 106 83 222 58
Total 518 574 512 568 557 565
% of features with 57 89 65 73 54 81

RSDs below 30 %
corresponding to features detected in positive and negative meogsthe chromatographic

conditions for lipids analysisSimilarly to what was alreadported inSection 3.1, the relative
intensities plotted in Figures 3.nd 5.2 correspond to the percentaggresented by given

feature intensity over the total sum of peak aredlseo§ame feature detected in all extracts. Thus,

the relative intensity for feature X detected in the ext@#teined from th€18fiber #1 (F1) was
calculated as follows: relative intensity of feature X (C18, F1)= (area feattiserX ( xar eas

feature X in C18 extraats2,3andst X ar eas f eat umrmesaxti naHéB8s ekeé atl
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Figure 5.11. Lipid-related features detected insitve mode for each coating type after exti@cti
from brain tissuef-eatures were classified according to their average relative intensitieffgrs4

per coating type).
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Figure 5.12. Lipid-related features detected in negative mode for each cogtmgfter extraction
from brain tissue. Features were classified according to their average relative intensities (n=4 fibers

per coating type).
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X in MM extracts1, 2, 3and ))*100. Since four replicates were carried out per coating typelatae
plottedin Figures 5.1 and 5.2 correspondo the averages of thielative intensitiesf the features
obtained by coating typés shown, among the three coatings evaly&te8 exhibited the largest
number of features in the higheahges of relative intensities. C18 certaiyigldeda comparable

but slightly lower performance than HLBhile MM provided the largest number of features in
the low range of relative intensitieds in the initial assessment of SPME foetabolomics
andysis, only features having pool&Cfiber blank ratios higher than 5 and average intensities
above 1000 were considerddterestingly, after applying the specified filtering criterl®88
featuresstill remained in positive moderhereas 2646 featurasere kept in negative modél/ith

aims of further discerning the coverage capabilities and content of information providadiby
coating, ion maps were plottdxyy utilizing only features having pooled QC/blank (solvent and
fiber blanks) ratios above 5, pled QC RSD values below 30 %, and intensities above, 2800
presented in Figurés13and5.14 As easily gathered through a comparison of Figures 5.13 and
5.14 versus Figures 5.3 and 5.4, which represent mostly small metabolite features;IS&ME
displayssignificant capabilitiesowardsextraction oflipids from brain tissueAs inferred by the
experimental findings shown Figures5.11and5.12,HLB yielded thebest performance terms

of relative intensities ofeaturesdetected using the lipidsnalysis conditionsin view of this,
comparisons between HLB and MM and between HLB and C18 were carried out. As shown in
Table 55, in all casesHLB exhibited the largest number of features with the highest intensities.
These results suggest that HLB is ablpriavidebalanced metabolite coverage as it facilitates the
analysis of polar and small metaboljtegile also yielding satisfactory redslfor extraction of

lipids. Although C18extractsprovided slightly lower recoverider lipid-related featurem
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Figure 5.13. lon maps corresponding to lipreélated features detected in positive mode after
extraction from brain homogenate for 8in with C18, MM, and HLB 7 mm fibers, followed by
desorption in 1:1 (v/v) methanol:isopropanol. Only features having pooled QC/blank (solvent and
fiber blanks) ratios above 5, RSD values below 30 % in the pooled QC, and intensities above 3000

were considred.
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Figure 5.14. lon maps corresponding to liprélated features detected in negative mode after
extraction from brain homogenate for 30 min with C18, MM, and HLB 7 mm fibers, followed by
desorption in 1:1 (v/v) methanol:isopropanol. Only feasunaving pooled QC/blank (solvent and

fiber blanks) ratios above 5, RSD values below 30 % in the pooled QC, and intensities above 3000

were considered.
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Table 5.5 Comparison ofdetectedlipid-related featured®y coatingtype Only features with
pooled QC/blank (solvent arfidber blanks) ratios above 5, RSD values below 30 %, and intensities
above 3000 were tekinto considerationAll r atios were calculated using peak areas.

Features with A/B| Features with B/A Total number of
ratios > 1.5 ratios > 1.5 compared features

HLB (A) vs MM (B), pos 423 48 729

HLB (A) vs MM (B), neg 1507 51 2019

HLB (A) vs C18 (B), pos 160 66 729

HLB (A) vs C18 (B), neg 125 92 2019

C18 (A) vs MM (B), pos 414 126 729

C18 (A) vs MM (B), neg 1506 93 2019

comparison to extracts obtained Wk B, this coating should be still considerad asuitable
coatingfor lipids studies especially since is commercially available. Interestingly, a comparison
betweerthe C18 and MMfibers provided byMillipore Sigmademonstratethat C18 offes better
sensitivityfor lipids as 526 and 75 % of the features detecteith the chromatographic method
for lipid analysisin positive and negative mogdeespectively, exhibited higher intensitigan

those obtmed via MM(Table 55).

Following the abowaliscussed evaluation, which sought to assess the capability of the studied
coatings to extract lipglbased on the relative intensities of the detected-figlated features
obtained for each coatinghassessment of intdiber reproducibility was arried out for all three

fibers Table 5.6 presentgsults corresponding to RSD values calculated for-lipidted features

filtered using the same parameters defined in Figbreé3 and5.14 Conversely tovhat was
observed for features detected using the PFP chromatographic method, in this part of the study
HLB showed the poorest performance in terms of ifiber precisionfor features obtained imoth
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positive and negative modé/hile the goal of thevaluation discussed in this section pertains to
lipid-related featuresvhereashe investigation discussed ie@ion 5.3.1had as focus mostly
metabolites of low molecular weighthe use of a different batch of HL#bers could have
certainly contributd to the high intefiber variability that isshown in Table 5.6. Iregards tdhe
inter-fiber reproducibility ofC18 and MMcoating typesthe percentages of features detected in
positive mode that presented RSD values below 30% were comparable. Hoesws obtained

in negative mode showed that MM was superidh&two othercoatingsin this regardas 76 %

of the detected featurby MM were in the lowest range of intBber RSDs.

Table 5.6.Summary of RSD values estimated for lipealated feaires detected in positive and
negative mode (). Only features with pooled QC/blank (solvent &hdr blanks) ratios above
5, pooled QC RSDs below 30 %, and intensities above 3000 were considered for the calculations.

Positive mode, # of metabadie features
RSD, % C18 HLB MM
0-10% 67 53 39
10-20 % 130 91 113
20-30 % 220 103 189
30-40 % 92 219 85
> 40% 314 404 352
Total # of features 823 870 778
% of features with RSDs below 30 % 51 28 44
Negative mode, # of metabdie features
RSD, % C18 HLB MM
0-10% 70 36 188
10-20 % 251 173 735
20-30 % 397 276 638
30-40 % 580 591 202
> 40% 807 1025 294
Total 2105 2101 2057
% of features with RSDs below 30 % 34 23 76

Several factors should be considemgden aiming tanvestigatethe sources of variability that

could affect the precision of the developed method for extraction of lipids from brain tissue via
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SPME First of all, the high binding that lipids display for several matrix components will be
reflected inconsiderably low free concentrat®of lipids available for SPME extractioThe
smallerextractionamountsexpectedor lipids in comparisorto other small metaboliteg turn,

could lead to high intefiber variations Moreover therisk of incurring non-specific binding due

to the physical attachment of matroomponentso the probe should be carefully considered.
such cases,ng tissue debris remaining on the coating surfaoalevbe further extracted in the
desorption step, introdung variationsto themetabolite composition of the final extrac@ith

this in mind, theeffect of an added posixtraction rinsing/cleaning step was evaluated for its
impact on inteffiber reproducibility. For this purpose, the feasibility of incorporating organic
sdvent into the washing step was explored based on recent work conducted in our group, wherein
rewarding SPME method precision was attained by introducing acetone in a rinsing solution,
which wasutilized to rinse fibers followingextracton of pesticidesrfom avocadé*! To this end,
acetone,isopropangl and methanol were evaluated as additives in the washing stepeat a
proportion of 10 % (v/x C18fibers were used for this experimantview of theirsatisfactory
performancdowards lipid extractiontheir current availability in the market, and their high mnter
fiber variability in terms of lipidrelated featuresas was showim Table 5.6. In ordeto further
studythe impactof convectionandmatrix typeon interfiber RSD, in addition to carrying out a
washing stepevaluationusing brain homogenatas matrix,plasma aliquotsvere also sampled
under agitabn condtions. Figure 5.15 depicts results corresponding to the washing step
evaluation after extraioin from both matrices. As can be seen, for extractions conducted in plasma
addition of acetone and methanol to the washing solution contributed to a decreahee in
percentage of featur@ath RSD values higher than 40 %dked the percentagf lipid-related

features with RSD values below 30 %m63%, 75%, and 54 % for acetone (10 %), methanol
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(10 %) and water, respectively. In tissue extractions evident that acetone (10 %jeldedthe

best results among the tested strategwh 62 % ofthe detectedeaturesyielding RSDsbelow
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Figure 5.15. Evaluation of different washing solutions after 30 min extractions from plasma
(above) and braihomogenate (below). RSD values were calculated based on peak areas detected
in five SPME fibers (n=5).
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30 %. Isopropanol and methanol displayed similar outcqraess3 % of the detectddatures
yieldedRSD values below 30 % in both caséhile higher variatiorwasobserved in thevashing
step assessmeiar waterin comparison to theesultspresented in Table 5.8he use of aifferent
batch of C18iberswas suspected to contribute towards some of the observed varidHititythe
purpose of confirming our findingshe use of 10 % acetone as rinsing solution was evaloated
againby extractingfrom brain homogenateith a third batch of C18ibers. As can beeen in
Table 5.7, satisfactomgsults were obtainedith almost 80%of features detected in both positive
and negative modegelding RSD values below 30 %Based on these amudir previous findings,
the use of acetone in the rinsing step was adoptedtategy for analysis of lipids from brain

tissue.

Table 5.7. Secondassessment of RSD values estimated for ipldted features detected in
positive and negative modea C18fibers (n=4). Only features with pooled QC/blank (solvent
andfiber blanks) ratios above 5, pooled QC RSDs below 30 %, and intensities abovwe&3@00
considered for the calculations.

RSD ranges C18, lipids, positive mode| C18, lipids, negative mode

0-10% 71 115
10-20 % 199 552
20- 30 % 174 380
30-40 % 52 155
> 40% 64 135

Total 560 1337

% of features with RSDs below 30 % 79 78

As previously emphasized at the beginning of this chapter, final metabolite concentrations
obtained via SPME are expected to be lower in comparison with those obtained through exhaustive
sample preparation techniques. Based on the results presented socafeage of 500 (HLB,

MM) and 436 (HLB, MM)metabolite features with RSD values below 30 % can be measared
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independent SPME extractions, following tgeneral metabolomicsethod in positive and
negative modesespectively. As for lipierelated features, 444 (C18) and 1047 (C18) features in
positive and negative mode, respectively, meet the same criteria. Although a fair comparison with
other methodologies reported in the literature for tissue analysis cammatsily made, as the
employed chromatographic conditions and instrumentation in such studies differ from those
employed in this workour results ar@onetheless vergncouragingparticularly in view of the
simplicity of the SPME workflow and its appligdity for in vivo studies. For instance, in a
protocol using irvial dual extraction for metabolite analysis from rat brain cerebellum, Ebshiana
et al.reported a total of 1040, 1783, 1733, and 2603 metabolite featitheRSD values below

30 % detectedvith reversed phaq®P)positive,RPnegative, HILIC positive and HILIC negative
LC-MS conditions, respectively (features present in 85 % of the sampidtf)ough the removal

of background ions was not reportexdt this study, the number of acceptable features detected
using RP chromatography, which correspond mostly to -ligiated features, was only
approximately two times higher than the number of filtered features obtained in the present work
via SPME and thdescribed lipidomics L@4S method. In another work involving the analysis of

lung tissue via solvent extraction followed by instrumental analysis bWIBCa total number of

1350 and 352 features remained in positive and negative mode, respectivedyigaiitey samples

and QC samples prepared to 2AwWhlethis methtdelogymet h o c
provided more than twice the number of features in positive mode in comparison with the average
number of features obtained in the present wiortutgh employment of the PFP chromatographic
method at the same ionization conditions, the currently presented SPME method yielded a slightly
higher number of metabolite features in negative mode in comparison with the abovementioned

work. While other stui@s involving untargeted tissue analysis have reported a much larger number
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of significant features with acceptable R8&lues 2*2?43these studies are all comprised of labor
intensive methodologies, wherein the amounts of ¢éiseeded per sample vary from 100 to 400
mg. Despite the fact that the recoveries offered by SPME are considerably lower in comparison
with such approaches, in many cases, the application of this microextraction technology can
provide complementary inforrtian to traditional methodologies since the system under study is
accesseth vivo, thus minimizing the risks of metabolome alterations that are typically incurred in

traditional workflows.
5.3.3. Extraction time profiles

The construction of extraction time profiles in SPERHhprovide valuable informatioregarding

the affinity of a given compound for the employed SPME coating at a defined set of conditions.
In SPME, equilibration time is defined #g time necessaffpr 95% of the equilibrium amount

of a given analyte to bextracted ontothe fiber Parameters such as convection, matrix
composition, temperature, analyte phgsttemical properties, coating chemistand coating
thickness all influence the equilibration timd/ith this in mind, extraction time profiles for
metabolite features detectedeachof the SPME coating typetestedC18, HLB, and MM)were
investigated in homogenized cow brain tisddract obtained from HLB and MMibers were

run using the PFP methpodhereasdesorption solutionsrom C18 fiberswere run using the
chromatographic method for the analysis of lipids. On this note, methanol was used as desorption
solution for HLB and MMrfibers, whereadl:1 (v/v) isopropanol:methanol and 10 % acetone (v/v)
were employed as desorption and washing solufimnthe C18fibers, respectively. As already
described in the experimental sectibn10, 20, 3pand 40 min were chosen as extraction points
Longer extraction times were not considede to their unsuitability fain vivotissue sampling

applications
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5.3.3.1Extraction time profiles correspondingto metabolite featuresdetected using the PFP
chromatographic method

Aiming to estimate the types ofetabolites that fail toreachanextraction plateau after 40 marf

extraction pairwise comparisongere carried oupetween 5 and 40 min extracasd between 30

and 40 min extraciemployingthe pairwise comparison tool provided by XCMS online. Stesik

analyses were carried out usthgunpaired parametric Welckést while datavisualizationwas

enabledhrough the cloud plot option offered by the aforementioned platform, as shown in Figures

5.15 and 5.16Circles in greemepresent features leibiting higher intensities at 40 min, whereas

circles in red correspond to those features having higher intensities at 5 and Béreihecircle

radiusis proportional tothe fold change observegwhile p-value significance is proportional to

the sfade of the colouDatawas filtered byonly retainingfeatures with pvalues lower than 0.05,

fold changes higher than 1.5, and intensities above 2G0the cloud plot tool employed for this

determination does not enable the removal of background cggetdl detected features were

taken into account for these comparis@ithough extracts were run in both positive and negative

modes, for practical purposesly plots obtained in positive mode were included. As can be seen

in Figures 5.15 and 5.1&1fbothHLB and MM coatingsa considerablyowernumber of features

showingstatistical differencewas foundin a pairwise comparison of 30 vs. 40 nertracts as

opposed td vs. 40 minindicating thatvarious metabolites were able to reach equilibraftar

30 minof extraction despite the lack of agitation and the sbpdiffusion that is expected to occur

in brain tissueTo better understand the extraction kinetics behaviour observed at the described

conditions extraction time profiles wenglottedfor selectedepresentative metabolites
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Figure 5.16. Cloud plots corresponding to a pairwise comparison of HLB extracts obtained in
positive mode. Features showing significant differences(pe<0.05 and fold changes > 1.5) in

a comparisoietween two pairwise groupings, 5 versus 40 min extractions (above) and 30 versus
40 min extractions (below), are represented in green (higher intensities in 40 min extracts) and red
circles (higher intensities in 5 and 30 min extracts).
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Figure 5.17. Cloud plots corresponding to a pairwise comparison of MM extracts obtained in
positive mode. Features showing significant differences(pe<0.05 and fold changes > 1.5) in

a comparison between 2 pairwise groupings, 5 versus 40 min extractions @imb26)versus 40

min extractions (below), are represented in green (higher intensities in 40 min extracts) and red
circles (higher intensities in 5 and 30 min extracts).
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As can be seen in Figu18 highly polar compounds such as choline, citrullinerasine,
arginine, isoleucineand carnitinewere able to achieve equilibrium in less than 10 min of
extraction.Other compounds such as tryptophan and niacinamide, which are slightly less polar
and bear aromatic functionalitiestheir structurgexhibited longer equilibration timgeowing to

their higher affinities for both HLB and MMextraction phasesConversely, the extraction of
riboflavin was observed to still be within its leveregime past the 40 minute extraction period
Considering that thextraction processs mediated bythe diffusion of the analyte towards the
coatingunder the tested conditions, as expeatedsignificant differencewere observetletween

the two coating types. Despite the high polarity of this metabolite, the aromatitesdret
riboflavin possesses in its structure enhanceafiiaity for both HLB and MM functionalities
leadingto longer equilibration times that are even more pronounced at static extcactttions
Although, agreviouslyemphasizedll featureghat remained after data filteringere detectable
using both HLB and MM coatings, our results suggest that the vinyl pyrrolidone functionality of
HLB providesslightly improved recoveries fosome polar metabolites. Nevertheless, as th
employedHLB fibers were made ihouse, high standard deviations due to Hitegr variability

were also noticed for this particular experimémespective of the fiber being employ&édwever,
considering thebservedifferences among various metabolites in terms oilibgation times

and extraction kinetics, precise control of the time that the SPME probe is exptsedample
matrix is imperative when performing untargeted studies. Longer extraction times will ensure
better method precisiomut will come with a ompromisein temporal resolutionas the final
amount of analyte extracted is proportionats@verage concentratiaver the extraction period.

Other parametet® betaken into consideration when selecting an extraction tirs®ME,
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Figure 5.18 Extraction time profiles constructed with HLB and MM coatings corresponding to representative metabolites occurring in

brain tissue (n=4).
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particularly forin vivo studies, relate to the technical aspects of the experimeémng undertaken

In studies in which multiple animals aemployed assubject, the time lapse required to
place/remove the SPME probes in/from each animal is also important. If the extracgon tim
selected is too short (few minutes), SPMiers set to extract firgshay need to be removed before

all probeshave been placeith all subjects This presents amconveniee especially in cases
where the availability ofpersonnelqualified to handle mmals is limited As an alternative,
animals can be studied in smaller groups; however, this could leadetiction in analysis
throughput, particularly wheegonducting studies that involve pre and pastlysis oflong
treatmentsFor these reasons, extraction times ranging between 20 and @uichoffer a good

compromise for such applications.

5.3.3.2Extraction time profile corresponding to lipid related features

An initial screeningwas also carried out with respectlijpids and &tty acids able to achieve
equilibrium within 30 min of extraction. Using the same strategy and parameters described in
section 3.3.1, comparisons between 5 and 40 min and between 30 and 40 min extractions were
carried out. As can be seen in Figat#9, 193 and 289 metabolite features detected in positive
and negative mode, respectively, exhibited statistically significant differencesomparison
betweenfeatures obtained fos and 40 min extract€onversely, only lose to half of those
features showe statistical variationgn a comparison between 30 and 40 min extracts (Figure
5.20). Considering that the total number of detected unfiltered features used for this comparison
amounted to3651 and 5885 in positive and negative mode, respectivdlgse indings
demonstrate thait the expemental conditions selected for this studsfatively fast equilibration

times can be reached for large fumwlar metabolites such as lipidBased on the high

hydrophobicity of lipids and fatty acidhese compoundsre expected texhibit high
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affinities for SPME coatingss well as log equilibration times when present in agueous matrices.
However consideringthat the matrix is brain tissyewhich is substantially hydrophobic,
metabolitessuch as lipids will display low coating distribution constaatsng with short
equilibration time due to the high affinitgf these compounds for the sample matnxorder to
obtaina clearer picturen respect tahe extraction kinetics of lipids and fatty acids, extraction time
profiles corresponding teepresentative metabolitegereplotted. Ascan be seen in Figuge21,
equilibration time for lipids of different classesanged around 0 min whereas fatty acids
required an average 80 min to reach an extraction platealthough further investigation of the
mass transfer processes occurimgomplex matrices such as brain tissue are needed, our results
indicate that employment of extraction times ranging between 20 to 30 min will allow for optimum
SPME recoveries and precision. As a means to verify the effect of extraction time on method
precision for lipidrelated features, an evaluation of the kitere RSD values corresponding to

the different time points selected for this study was conducted. As shown in Table 5.8, longer
extraction times enabled improved RSD values, a finding that agreement with the above

discussion.

Table 5.8 Assessment of RSD values estimated for lipadlated features detected in positive and
negative modat different extraction timessing C1&ibers (n=4).

Extraction time min

Lipid related features, positive mode

5 10 20 30 40
Number of features with RSD less than 30% | 309 291 468 421 464
% of features with RSDs below 30 % 57 54 86 78 85
Total number of features 543
Lipid related features, negative mode 5 10 20 30 40
Number of features with RSD less than 30% | 907 739 1075 1009 1106
% of features with RSDs below 30 % 69 57 82 77 85

Total number of features 1307
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5.4Conclusions

In this study,a comprehensivevaluation of SPME as a sample preparation tool for untargeted
studiedn brain tissue was presented for the first timeéermsof coating chemistries, HLBielded

the best results among the three tested codbagsd on its broad metabolteverageand on the
intensities attained for significant detected featuxemetleless, high HLB intefiber RSD values

were alsofound in some of the experimentas the devices were prepared using ahouse
protocol.In regards tdhe performance of theommercially available coatingde performance

of MM was comparable to HLB with respetd the extraction of polar compoundshereas C18

was able to offer satisfactory resultsthe extraction of nopolar metabolites such as lipids and
fatty acids.In addition to a coating chemistry evaluatitims work denonstrated that the use of
different desorption solventgreatly influenceshe final composition of brain extracbbtained

with SPME. The use of methanol, for instance, facilitated the desorption-g@at@nmetabolites

such as lipids and fatty acids, iwh are highly abundant in brain, while the use of 1:1 (v/v)
ACN:water allowed for improved recoveries of some polar compounds such as those that contain
apurine basén their structured.g.xanthine, inosine, guanosira,deoxyguanosine Therefore,
enmployment of more than one solvent per coating type, and of at least two fibers in the same
sampling pointare recommended he results of this study also revealed that despite the non
exhaustive nature of SPME, rewarding results in terms of method precaio be achieved
through optimization of this methodofFall evaluateccoatingtypes, 60 to 80 % of the detected
brainrelated features showed RSD values below 30 % at optimized desorption conditions. In
respect to highly hydrophobic metabolites suchpads, the introduction of a washing step with

10 % acetone (v/v) enabled their reproducible analysis from brain tissue. As for equilibration times
attained in brain homogenate, highly polar metabolites were observed to be able to reach an
extraction platau in 5 min or less. Surprisingly, for highly hydrophobic metabolites such as lipids,
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relatively short times (close to 10 min) were needed for equilibrium to be reached due to the high
affinity that these compounds display for the matrix under stGdysdering the simplicity of
SPME the practicability of performing sampling and sample preparation in a single gtep
biocompatibility of the SPME probesvhich enables their use vivo, and thebroad coverage
offered by SPME coatings, further implementation of SPME in multiple applications involving
tissue analysis is foreseen. Althougk results of this study provide a reliable basis for the future
application of SPME in untargeted brain sasdcurrent work is being conducted in our lab to
fully characterize the metabolites that can be extracted via SPME from brain tissue through
employment of high resolution MS/MS and other chromatographic methods such as hydrophilic

interaction chromatogpdy (HILIC).
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Chapter 6: Application of solid phase microextraction (SPME) forin vivo monitoring of

metabolic changes after deep brain stimulation (DBS)

6.1. Preamble and introduction

6.1.1. Preamble

The research project related to this section started in August 2015, and is still ongoing. The results
presented in this chapter have not yet been published in any jdamiab sampling was carried

out in the facilities of the Center for Addiction and Mental Health (CAMH) in Toronto. Clement
Hamani, Barbara Bojko, and Janusz Pawliszyn participated in the design of the experiment.
Clement Hamani surgically implanted the sampliagnulas and DBS electrodes into the brains

of the animals. All animals used in this study were solely handled by Mustansir Diwan. Barbara
Bojko, Ezel Boyaci, German AGOmezRios Nathaly Reyesarcés and Tijana Vasilejvic
participated inin vivo sampling procedures. German &dmezRiosdesigned the fibre holder

used forin vivo sampling, while its construction was undertaken by the Machine Shop of the
University of Waterloo. Ezel Boyaci and Nathaly Regarcésdesorbed all probes and ran the
corresponohg extracts in the LBAS system. Nathaly Rey&3arcésconducted all the data

processing and wrote the corresponding discussion herein presented.

6.1.2. Introduction

Deep brain stimulation (DBS) is a medical therapy successfully used to treat several disorders,
including Parkinsonébés disease, essenti al trem
others?**In DBS, electrical pulses are delied in specific brain regions by surgically implanting
electrodes in the target area. The effectiveness of this treatment in alleviating symptoms of

neurological and psychiatric conditions presenting in patients resistant to available medical
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treatments igeflected in the growing number of new patients receiving DBS devices per year
(8,000i 10,000 new patients per year worldwid®)Despite the fact that DBS has beencufe
decades, a clear understanding regarding the neurophysiological mechanisms behind this
technique has yet to be present#*® One of the main questions that remains to be answered is
whether DBS inhilts or excites neuronal elemeité2*®Considering that the effects of DBS are
comparable to those of stereotactic lesions (a technique involving the infliction of precise,
irreversible lesions to the brain), both treatments were originally believed to function by inhibiting
the activity of leal neurong” However, while scientific evideecsupports that DBS inhibits
neuronal activity in some cas&8°°DBS has also been demonstratedlicit an excitatory effect

in neuronal elements at certain conditiéiig>?Indeed, the effect of DBS has been shown to be
largely dependent on the stimulation parameters under use, on the region of the brairedtimulat
as well as on the disease under treatrfférit®24/In view of this, a general conclusioegarding

the mechanisms of action of DBS cannot be easily obtained solely based on experimental findings

garnered at different conditions.

Various studies, involving application of electrophysiological, imaging, biochemical, and
molecular methods, haveén previously undertaken by researchers with aims of gathering further
insights into the mechanisms of action of DB&However, the currdly presented study focuses
solely on the elucidation of DBS mechanisms from a biochemical and molecular perspective. The
majority of studies related to metabolic changes in the brain due to DBS have targeted
neurotransmitter systems. Dopamine, for ingame an important signaling compound involved

in the modulation of body movements and of neuronal firing within the globus pallidus internus
(GPi) and in the subthalmic nucleus (STRP.Several studies carried out in animals have

demonstrated that $ITDBS induces an increase in extracellular dopamine in the striatum of
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normal rats, partially hydroxydopamine (@HDA) lesioned rats (rat model of Parkinsonism),

and in Parkinsonian rhesus monké&ys>’ However, other reports establish that no statistical
changes were observed in the striatal dopamine of rats after stimulation. Similarly, studies
employing positron emission tomography (PET) in human Parkinsiisease (PD) patients did

not sfow evidence of increases in dopamine levels after BB&°Although most results obtained

by employment of PET arelimt ed by this techniqueds poor ser
small concentration changes, the controversial results obtained in the abovementioned study
support the importance of further validating findings obtained in animal models through human
studes. Other neurotransmitters that have been previous subjects of study with aims of unravelling
DBS mechanisms include gamyaminobutyric acid (GABA), glutamate, and serotonin. For
instance, levels of GABA, a key neurotransmitter in different control nmesina due to its
inhibitory role in neuronal excitability, have been shown to increase in the basal ganglia (BG)
region after application of STN and GPi DB®25!Likewise, increases in GABA concentrations

were detected in cerebrospinal fluid of PD patients after 6 months of DBS treétfrient.
glutamate, increases in the levels of this neurotransmitter after DBS have been observed in several
animal experimentsNindel et al., for instance, reported a rise in extracellular glutamate in the
STN, GPi, and substantia nigra pars reticulate (SNpr) of normal rodents after STKF°DBS.
Furthermore, enhancements in glutamate levels, detected wsivigo microdialysis were
observed to occur in the nucleus accumbens and in the dorsal raphe after electrical stimulation of
the ventromedial prefrontal cortex (vmPFC) of normal #t&° Interestingly, no significant
changes in glutamate levels were observed in human PD patients following STN DBS treatment;
however, for the same groop patients, an increase in cyclic guanosine monophosphate (cGMP),

a secondary messenger of glutamate, was noted to occur, indicating DBS had an effect in the
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modulation of the glutamatergic pathw&§Changes in serotonin levels may also vary according

to the stimulation conditions selected for DBS. For instance, a decrease in extracellular serotonin
has been found to occur after application of STN DBS in animal studies. Considering that STN
DBS is used for the treatment of PD, this finding may coretat depression and suicidal
tendencies in PD patients undergoing DBS%0n the other hand, stimulation of the vmPFC and
lateral habenula (LHb) regions has been shown to exert a modulatory effect in the serotonergic
system, resulting in increases in hippocampal and striatal serotmeis,respectivel§f®27°In

fact, an increase in serotonin levels has been found in the blood and hippocampus of chronic
unpredictable mild stress model (CUMS) animals following chronic LHb DBS treatfi@ssed

on these and other findings, the antidepressant effect of DBS has been suggested to be linked to
serotonin projections to areas such as the hippocampus and the prefrontal cortex, both areas known
to be affected byepression disorders’? Save for reported measurements of metabolic changes

in adenosine and noradrenaline, few other metabolites have been targeted in studies involving
DBS 255273 This certainly opens up a range of po#iies for the investigation of DBS

mechanisms using untargeted metabolomics platforms.

In terms of methodologies available to measure the aforementioned metabolites, microdialysis
(MD) and electrochemical techniques are perhaps the mostly used appraashmg to their

suitability forin vivo analysis. As was already emphasized in Section 1.1.2., MD is a sampling
approach widely accepted in the neuroscientific community, as it allows for analysis of free small
molecules €.g.neurotransmitters) preseint extracellular brain fluid. Selective determination of

a number of target metabolites is made possi |
dialysate in appropriate instrumentation. Some limitations of MD include the high content of

inorganic slts present in the dialysate, which can hinder the use of mass spectrometry; the low
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concentration of metabolites collected in the dialysates; and the difficulties associated with the
analysis of less polar and larger compounds, which are known to s@setthere to the MD
membrane. Electrochemical methods, in turn, rely on the measurement of currents or potentials,
which are generated as a result of chdrgaesfer processes that occur at the surface of an
electrode. Considering the high ionic strengtibiological media, and the fact that several brain
metabolites such as neurotransmitters are electrochemically detectable, electrochemical methods
are well suited for analytical measurements of different metabolites present in the central nervous
system.The main advantages of electrochemical methods lie in their ability to provide high
temporal and spatial resolution, as such approaches allow for the monitoring of rapid changes in
metabolite concentrations, while the size of their electrodes can béwgnty times smaller than
typical microdialysis probes. However, electrochemizaded techniques are limited by their low
selectivity, as well as their inherent inaptitude towards determination oflrotroactive
specie€’* For that reason, analytical methods that involve application of MD coupled to liquid
chromatography used in combination with various detector types hawsdaivad acceptability

within the scientific community.

Application of solid phase microextraction (SPME) offers a valuable opportunity toward further
elucidation of metabolic changes resulting from DBS treatments. As previously discussed, SPME
is a uselfl sample preparation tool with demonstrated suitability for investigations of different
biological systems, includinip vivomeasurement of metabolic changesainbrains’® The small

size of the sampling probes and the availabityoiocompatible SPME coatings make of this
technology an attractive approach ifervivo determinations. Taking advantage of such features,

in this section, we present results corresponding to the application of SPME for monitaning of

vivo metabolic banges occurring in the hippocampus of rat brains after application of DBS in
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their prefrontal cortex. As already emphasized, the hippocampus and the prefrontal cortex are
critical brain regions known to be affected by depres&iomhe results of this work aim to shed
light on the mechanisms behind DBS, patrticularly in cases where the vmPFC region is stimulated

to produce antdepressiodike effects.

6.2. Experimental procedure

6.2.1. Materials

4 mm C18 and MM fibers (45 pum thickness) werevmted by Supelco (Bellefonte, PA, USA).

All fibers were preconditioned in 1:1 methanol:water for at least 30 min prior to extraction. After
conditioning, SPME fibers were rinsed with nanopure water so as to remove any organic solvent
excess remaining ohe coating surface. For vivoextractions, each SPME probe was assembled

in the sampling holder, as shown in Figure 6.1. These holders facilitated the introduction and

precise positioning of the SPME fibres into the brain of freely moving rats.

Adiustable screw

_— ‘ -4 mm coatina

Figure 6.1.Sampling holder designed for vivo brain sampling of rats.
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6.2.2. SPME sampling procedure and analysis

1
30 min extraction
2
3 h DBS (200 pA, 130
Hz, 90 us pulse)
3

30 min extraction

Figure 6.2.General schematic of the sampling procedure.

Fourmonthold male Fischer rats were used as subjects to investigate metabolic changes resulting
from DBS. Prior to the experiment, electrodes used to deliver electrical pulses in-trentake

cortex region of the brain and cannulas used to guide ahwplgg devices directly to the
hippocampus were surgically implanted in each animal. All animal experiments were conducted
in the Centre for Addiction and Mental Health (Toronto, ON) under ethical approval. Two groups
of animals were considered for theidy: a treatment group, sampled before treatment (baseline
(BL)) and after DBS (n=17); and a control group (n= 13), which did not undergo DBS therapy,
but nonetheless received the surgical implantation of the electrodes. The sampling procedure was
carriedout as shown in Figure 6.2. First, SPME probes mounted on the previously described
sampling holders were exposed to rat brain for 30 min (C18 fibres were deployed first, with

subsequent deployment of MM fibres). Following sampling, which included sanpaimnggds of
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30 minutes for each extraction phase, all animals in the treatment group were then submitted to 3
hours of DBS (200 pA, 130 Hz, 90 us pulses). Once the DBS treatment was completed, new SPME
probes were exposed t o pedod dftingerf30 mauted per fiber).adAs n f o
SPME allows for no#lethal extractionthe sampling procedure was repeated in the same animals
two weeks after the first sampling. During the tweek period in between the two samplings,
animals were subjected @BS therapy every day for 8 hours (chronic DBS). However, for the
purpose of this thesis, only the metabolic changes occurring as a result of acute DBS exposure (3
hours) are presented and discussed. Subsequent to the completion of the extractionafirocess,
probes were cleaned with Kimwipes, quickly rinsed with-MS grade water, and stored-80

°C for further analysis. Employed mixed mode fibres were desorbed in 300 pL of 1:1
water:acetonitrile, whereas C18 probes were first desorbed in 100 pL chmokthwvith the
obtained solution then further diluted with 100 pL of water to ensure good chromatographic

retention.

6.2.3. LC- mass spectrometry (MS) analysis

All brain extracts were run usingpentafluorophenyl (PFP) column at the same instrumental
conditionsdescribed in Section 5.2.5. For metabolite identity confirmation, MS/MS analysis was
conducted using an -@xactive Quadrupot®©rbitrap Mass Spectrometer (ThermoFisher
Scientific, Waltham, MA) coupled to a Dionex UltiMate 3000 UPLC System (Dionex Corpoyrati
Bannockburn, IL), and equipped with a heated electrosprdySHl source. The MS system was
operated under parallel reaction monitoring (PRM) conditions using an inclusion list. Other MS
conditions were set as follows: MS resolution = 35000, automaiticcontrol (AGC) target = 2e5,

and normalized collision energies (NCE) = 20 and 40. MS/MS spectra were compared against
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standard fragmentation patterns obtained at the same conditions (when available) and against the

METLIN MS/MS database.

6.2.4. Data analysis

The same data processing parameters described in Section 5.2.6 were applied to analyse the data
obtained from experiments discussed in this current section. Statistical analysis was carried out by
employing the nowparametric ManfWitney test (univariateralysis), with false discovery rate

(FDR) correction applied (galues) to the obtained data. Features with@ | ue @ al .u®k1,0 q
0.05, and a fold change O 1.5 were considered
features was undeaiten by comparing their accurate masses with METLIN and HMDB databases,

and by running available standards and comparing their MS/MS spectra.

6.3. Results and discussion

Aiming to gather a better understanding of the chemistry behind the effect of DBS on the
hippocampus in response to vmPFC stimulationinavivo MS-metabolomics study in rodents
(Fischer rats) was conducted, with SPME employed as a sampling tool. Scientifence has

been presented by several researchers regarding the clinical benefits associated with application of
electrical stimulation in specific brain areas of patients diagnosed with major depressive
disorder?’27® Brain regions targeted to treat depression disorders via electrical stimulation
include the subcallosal cingulate, thelews accumbens, the ventral capsule/ventral striatum, the
medial forebrain bundle, the inferior thalamic penducle, and the lateral hab&titaGiven the
limitations associated with human studies, animal models represent a viable alternative to
investigate the mechanisms underlying theapiech as DBS. In this work, DBS electrodes were
surgically implanted in the ventromedial prefrontal cortex (vmPFC) of rodents, as this area has

been found to be homologous with the Broadman area 25 of the cingulate region in #amans.
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Monitoring of metabolic changaeaduced by vmPFC DBS in the hippocampus of animals was
enabled through surgical implantation of microdialysis cannulas that allowed for precise sampling
positioning. It is worth highlighting that the hippocampus is a complex brain structure strongly
correhted to mood disorders and depressive episddeBrevious rodents studies have
demonstrated that vmPFC DBS can produce a positive behavioral effect, as observed in forced
swim tests, as well as through an increase in serotonin levels in the hippoé&mipiis view of

this, further investigations of metabolic changes occurring in the hippocampal region in response
to electrical smulation of the vmPFC were seen as a valuable line of inquiry that may lead to a
better understanding of the biochemical effect of DBS on patients diagnosed with major depressive
disorders. The sampling probes employed in this study were composed alfwitas with a 4

mm coating on their tips. The length of the coating enabled the monitoring of changes in a defined
brain region, providing a certain degree of spatial resolution. As described in Section 6.2.2, two
coating chemistries were used for thegperiments (immobilized C18 particles with a benzene
sulfonic functionality (mixed mode), and C18 particles), with two types of solvents selected for
desorption of probes. As presented in Chapter 5, employment of different SPME extraction
sorbents and derent desorption solutions can facilitate broad metabolite coverage, a highly

desired outcome in this particular case.

As one of the main advantages of using SPME is that it allows feletital sampling, all animals
employed in investigations were suitied to sampling at different time points: rats submitted to
treatment were monitored before and after each vmPFC DBS treatment (2 sampling sessions in
total), for a total of 4 distinct samplings per specimen. Similarly, control groups were sampled
once n each sampling session for comparison of profiles and elucidation into metabolic changes

resulting from DBS. Brain metabolic profiles collected from all animals, before vmPFC DBS and
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after 3 hours of treatment, were compared for statistically signifiiéi@tences between data sets.

The list of metabolic features retrieved by XCMS online was filtered so that only features
exhibiting less than 20% relative standard deviation in the pooled QC were retained. Considering
that approximately 70% of those fileel features (for each coating type and for each ionization
mode) did not meet the assumption of normality once the Shéfiikaest (data not shown) was
employed on the data, a nparametric test (ManWitney) was usetbr univariate analysis. For

brain extracts obtained with mixed mode coatings, 105 and 93 features in positive and negative
modes, respectively, were found, using a threshold valuevaliye < 0.01 and fold changes >1.5.

In the case of C18, 255 featuraspositive mode and 295 features in negative mode were found

to meet the same threshold. Although the number of dysregulated features seems to be small, it is
worth noting that SPME is a nexhaustive extraction technique, and the advantages of its easy
applicability forin vivostudies comes along with a compromise in terms of sensitivity. Following
feature detection, some of the dysregulated features associated with metabolic changes occurring
after DBS were then characterized. Table 6.1 presents @ lisese characterized features and

their corresponding identities.

The first finding worth of discussion is the upregulation of citrulline. As shown in Tabkn@.1

in Figure 6.3 a Ssubstanti al i ncrease i nldthange, i ppoc.
value<0.0001, ¢alue<0.0001) was observed after DBS. Citrulline is a knowproduct of the

enzymatic generation of nitric oxide (NO), a reaction that is catalyzed by nitric oxide synthase
(NOS), where arginine is the only substrate of &INisoforms. NO is a key signaling molecule

involved in multiple cellular functions, including neurotransmission, blood pressure regulation,

and immune respong® In the central nervous system (CN\Nfis gaseous compound has been
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Table 6.1.Dysregulated metabolitésntativelycharacterized by MS/MS and employment of authentic standards (when available).

Compound Time m/z BL vs DBS Control vs DBS Other Isotopes | Standard
P (min) P P Foq p-value | g-value | Fold | p-value | g-value adducts P
Aldohexose 179 0555 i i
carbohydrate 1.2 [M-H]- 3 y3.| 1L.1IE05 | 92604 | ¢ 3 .| 2.0E05 | 1.4E03 Yes
C6H1206
. 126.0220 5 5 [M+Na]+
Taurine 1.3 [M+H]+ 1 y9.| 30613 | 50E10| ¥y 7 .| 1.9E10 | 4.8607 [M-H]- Yes
Citrulline 14 mﬁ?fg 0 | g4.| 33800 | 30805 | §6.| 23611 | 21507 | [M-HI- Yes
Histidine 18 }3(1_317?8 0 | 92.| 39806 |58803| 92.| 3566 | 25503 Yes
Proline 15 hl/&g]?fs 1 | §1. 62806 |7.0E03| §y2.| 64E7 | 9.2E04 | [M-H]- Yes
Phenylalanine | 8.6 }3‘1‘3%3 0 | 91.| 12605 |92803| §1.|30B05|14E02| [M-H]- Yes
Lysine 1.9 }fﬂil}']lffs 0 | 91.| 17805 | 1.0802| 9 1.|5.4E04 | L4E01 Yes
Asparagine | 1.3 %&iﬂ?fg 0 | 91.| 30805 |13802| ¢ 2.| 35606 | 25503 Yes
Leucine 48 }aﬁ?fo 0 |9g1.| 30805 | 15802 | § 2 .| 6.4E07 | 1.0803 Yes
Isoleucine 5.5 %&iﬁ?fo 0 | §91.| 90805 | 30802 | §2.| 57806 | 3.0803 | [M-H]- Yes
Uric acid 16 %&%3?57 0 | g2.| 40805 | 15802 | § 3 .| 3.0805 | 1.4E02 | [M-H]- Yes
Methionine | 2.7 }fﬁg?ﬁ 0 | §g1.| 49805 | 1.7802 | ¢ 1 .| 6.0805 | 2.2E02 Yes
Methionine 166.0532 - -
oo L4 | vl | © | 91| LOB04 |3.1E02 | §2.| 57506 | 34503 No
Choline 4.4 }mﬁ?zz 2 | 9g1.| 12804 | 72803| 9 1.| 31804 | 27602 Yes
. 106.0501 5 5
Serine 1.3 [M+H]+ 2 y1 14604 | 40E02 | ¥ 1 8.4E06 | 4.8E03 Yes
Threonine 14 }l\zﬂ(lg?f(i 1 | y1.| 14504 | 40802 | § 2 .| 39806 | 27803 | [M-H]- Yes
Glutamate 1.4 }&%3?34 0 |y1.| 22604 | 55802 | §1.| 40805 | 1.7602 Yes
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162.1125

Carnitine 4.8 [M+H]+ 0 g1 3.1E04 | 16E02 | ¢ 1 4.4E03 | 1.8E01 Yes
Cyclopentone
prostanglandin or 333.2075
Cyclopentone 15.1 [M;H]- 1 gy 2 8.4E05 | 20E03 | ¢ 2 5.2E04 | 1.5E02 | [M-H-H20]- No
isoprostane
C20H3004
Very likely an
oxidation product
of 343.2283 - -
docosahexaenoic 16.2 [M-H]- 1 y 10| 83608 | 8306 | ¥y 1 0| 1.3E606 | 1.3E04 No
acid
C22H3203
[M]+
LysoPE(18:2) | 18.6 ‘[‘mfﬁfs 0 | 9g1.|1.5804 | 88E03| §2.| 8.0E05 | 85803 | [M-H|- %’_1” No
[M+1]-
SM 721.5852 o . [M]+
C39H81N207P 23.2 [M+H]+ Nohits | § 7 3.0E09 | 1.7E06 | ¥ 8 1.2E08 | 1.4E05 [M+1]+ No
[M]+
GluCer or GalCer 700.5726 - - [M-H]- [M+1]+
(d18:1/16:0) 23.8 (M+H]+ 0 Y 4. 14604 | 82E03 | § 5 .| 3.5605 | 4.3E03 (M+H-H20] | [M]- No
[M+1]-
GluCer or GalCer 702.5878 - - No
(d18:0/16:0) 24.0 M+H]+ 0 ¢ 8.| 2306 | 25E04 | ¥ 8 .| 1.6E06 | 3.1E04 (only hit
[M]+
SM(d18:0/16:0) | 24.4 7[&5:3?30 0 Y 5.| 47608 | 1.4E05| y 5 .| 8.6E08 | 4.3E05 [M+1]+ (On'l\'ohit)
[M+2]+ Y
SM 729.5902 ; ; [M]+
calHsiNzoep | 244 IM+H]+ 0 Z22.| 7.1E05 | 45E03 | Z2 .| 2.5E04 | 2.3E02 M+1]+ No
[M]+
[M+1]+
PE (22:6/16:0) | 25.3 7[313121?3 0 | 23.| 21605 | 16803 | 23 .| 13804 | 13802 | M-HI- %‘LZF No
[M+1]-
[M+2]-
[M]+
PE (22:6/18:1) | 255 7[&(1'3??1 0 26 .| 13507 | 26805 | 26 .| 22808 | 19805 | (MHI %’_1“ No
[M+1]-
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[M]+
o 740.5223 z2. ) [M+1]+
PE (20:4/16:0) | 255 | i 0 32607 | 45B05 | Z2.| 26806 | 4704 | [M-H- | No
[M+1]-
[M]+
[M+1]+
[M+2]+
. 748.5275 ' ; - | M3l
PE (P16:0/22:6) | 25.7 | ii™| 0 | 22| 27605 | 20803 | Z2.| 97E04 | 58802 | [M-H] M. No
[M+1]-
[M+2]-
[M+3]-
[M]+
o 700.5276 A A [M+1]+
PE(016:0/182) | 259 | uir® 0 | 94.| 28506 | 28804 | §4.| 11E05 | 1603 | [M-H- | No
[M+1]-
[M]+
[M+1]+
o 792.5536 ' ; [M+2]+
PE (22:6/18:0) | 262 | (iir>| O | Z2.| 18804 | 10B02 | Z2.|49E04 | 38802 | [M-H- | il No
[M]-
[M+1]-
806.5694 ' ; e
PC(38:6) 26.5 ' 0 | z2.| 12807 | 24805 | Z2 .| 1.5805 | 2.2E03 [M+1]+ No
[M+H]+
[M+2]+
_ 732.5535 . ; [M]+
PC(32:1) 267 | nyapre | © | Z1.| 68B06 | 62804 | Z1.|29E03 | 13801 o] No
_ 832.5848 . ; [M]+
PC(40:7) 268 | \yape | O | 22| 15B06 | 17804 | 22 .| 29B04 | 25802 LT+ No
_ 808.5850 . ; [M]+
PC(38:5) 27.2 | ime | © | 22| 22807 | 35805 | Z2.| 14803 | 7.7802 e+ No
PC 744.5901 ) )
cazhsono7p | 295 | enge | O | 99 .| 20808 | 7.3806 | § 9. | 5.4508 | 3.3805 No

Lysophosphatidylethanolamine (LysoPEgrebroside (glucosylceramide (GluCer) or galactosylceramide (GalCer)), sphingomyelin
(SM), phosphatidylethanolamine (PE) and phosphocholine (PC).
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Figure 6.3.Box plots, MS/MS spectra obtained at 20 NCE, and overlaid extracted ion chromatogreesponding to citrulline (A,
B and C) and glutamate (D, E and F). **plue<0.0001, ** pvalue<0.001, * pvalue<0.01.
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