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Abstract

The main objective of the emerging field of metabolomics is the analysis of all small molecule
metabolites present in a particular living system in order to provide better understandingroicd
processes occurring in living systems. This type of studies is of interest in various fields including
systems biology, medicine and drug discovery. The main requirements for sample preparation
methods used in global metabolomic studies are lasklettivity, incorporation of a metabolism
guenching step and good reproducibility. The efficiency of metabolism quenching and stability of
analytes in selected biofluid or tissue dictate how accurately the analytical results represent true
metabolome congsition at the time of sampling. However, complete quenching of metabolism is not
easily accomplished, so sample preparat@msignificantly affect metabolome's composition and the
quality of acquired metabolomics data. In this research, the feasilfititg use of solighhase
microextraction (SPMEn direct extraction modfor globalmetabolomic studiesf biological fluids

based on liquid chromatographyass spectrometry (L®1S) was investigatetbr the first time

Initial research presented in tlilgesis focused on resolving several outstanding isegasding the
use of SPME for the analysis of biological flui@ME was nosimultaneouslygapable to provide
high-sample throughpuind high degree of automatiaien coupled to LBAS. This was
sucessfullyaddressed throughe development and evaluation of a new robotic station based on a
96-well plate format and an array of 96 SPME fibrBse parallel format of extraction and desorption
allowedincreased sample throughput of >1000 samplesidiésh represents the highest throughput
of any SPME technique to dafehis exceeds sample throughput liegjnents for a typical
metabolomicstudywhereby ~100 samples/day are processed.

SPME can also be uséar directin vivosampling of flowing blood foananimal without the need to
isolate a defined sample volume. This format of SPME is paatigudttractive for metabolomic

studies as it decreases the overall number of steps argliaistates the need for metabolism
guenching step because only smablecular weight species are extracted by the device, whereas
large biological macromolecules such as proteins are not extracted by the.doaturgent workjn

vivo SPME sampling was successfully applied for sampling of foicthe first time The proposed
sampling procedure was fully validated against traditional terminal and serial sampling approaches
for a pharmacokinetic study of carbamazepine and its metaliolitellent agreement of

pharmacokinetic parameters such as systemic clearancey-statelvolume of distribution and



terminal halflife was found for all three methods, with no statistically significant differences
(p>0.05).The performance of new prototype commercial SPME devices based on hypodermic needle
was also evaluated withingltontext of the studyrhe awilability of such singleuse deices with

excellent inteffibre reproducibility (<10% RSD) presents an important step forwandder togain

wider acceptance af vivo SPME sampling.

Finally, existing SPME coatings weretrguitable for thesimultaneous dire@xtraction ofboth
hydrophilic and hydrophobic species, which is one of the requirements for a successful global
metabolomics study. To address this issue, a systematic std@ytygies of commercially available
sorkentswascarried outusing a metabolite standard test mixture spanning a wide molecular weight
(80-777 Da) and polarity rangeg Prange of5 to 7.4. The lest performance for balanced
extraction of species efarying pobrity was achieved bgi) mixedmode coatingontaining

octadecyl or octyl group and benzenesulfonic acid ion exchange, gippplar-enhanced
polystyrenedivinylbenzene polymeric coatings aii) phenylboronic acid coatings.

The second aspect of the research focusabeoavalution of SPME for a global metabolomics
study of human plasma usihgo complementary L&AS methodsleveloped otenchtop Orbitrap
MS system: reversphase method using pentafluorophenyl LC stationary phase and HILIC method
using underivatized silica statiary phaseThe mrameters influencing overall method sensitivity
such as voltages, mass rangesiandnject times into @rap were optimized to ensure best
instrument performance for global metabolomic studdxbitrap system provided a powerful
platform for metabolomicdecause oits high resolution and mass accuracy, thus helping to
distinguish betweemetabolites with same nominal mashe acquisition speedf the instrument at
the highest resolution setting wiasufficient for use with ultrahigperfamance liquid
chromatographyUHPLC), so all methods were developed using conventionaHdvever overall
metabolite coverage achieved in current steaiyparedvell or even exceeded metabolite coverage
reported in literaturen differentLC-MS or UHPLC-MS platforms including timeof-flight,
guadrupoldgime-of-flight and hybrid Orbitrap instruments

The performance of SPM&as fully comparedersus traditional methods for global metabolomics
(plasma protein precipitation and ultrafiltration). Thaimfindings of this systematic study show that
SPME provides improved coverage of hydrophobic metabolites versus ultrafiltration and reduces
ionization suppression effects observed with both plasma protein precipitation and ultrafiltration

methods.Using SPME, <5% and <20% of peaks showed significant matrix effects in reverse phase
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and HILIC methods, respectively and the observed effects were mostly correlated to elution within
retention time window of anticoagulant for the majority of metabolites shaiagffect. This

improves overall quality of collected metabolomics data andlsaimprove metabolite coverage

For example, the highest number of metabolite featur820(&atureswas observed using SPME in
combination with negative ESI revergbase LC method, while in positive ESI mode plasma protein
precipitation with methanol/ethanol mixture provided the most comprehensive metabolite coverage
(3245 features versus 1821 features observed for SRNEEhod precision of SPME method was
excellentas evaluated using median REI1-18% RSD)of all metabolites detected. A preof-
concepin vivo SPME study was also performed mice to study the effects of carbamazepine
administratiorand shows that SPME can be used as successful sample prapaetiiod for global
metabolomicstudies in combination with unsupervised statistical data analysis techniguss.

study highlights important advantagedrof/ivo sampling approaches including the ability to capture
shortlived and/or unstable metabolités,achieve truer representation of the metabolome at the time
of sampling than achievable by blood withdrawal methods and the ability to use smaller animal
cohorts while obtaining highlyelevant data set$he experimental results provide new and useful
insight into the effects of different sample preparation methods aroleetedmetabolomics data,

and establish botim vitro andin vivo SPME as a new tool for global EKAS metabolomics analysis

for the first time.
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Chapter 1

Introduction

1.1 Metabolomics, metabonomics and biomarkers

Metabolomics can be defined as twemprehensive analytical approactstaodyall low molecular

weight speciepresent in given biological systemander studyMetabolome is the collection of all

these small molecular weight species (typically defined as <1000 Da or <1580rba data

obtained in metabolomics is complemery to data obtainedytbt her f o mi cgedomiasppr oach
transcriptomics and proteomicBhe integration of all these types of biological data provides a

holistic picture of a living organisms shown irFigurel.1 and is inaluable within the discipline of

systems biologyFrom historical perspective,atabolomics is both an old and a new fi€tinese

doctors used ants for disease diagnosis bastdtepnr operti es of p20@0BEnt 6s ur i
and similar approachesane employed in ancient Egypt and Gre&the moderntermof

metabolomics was only coinedlina t e b Bi€hf luisfirstmetabolite profilingstudiesvere

carried outmuch earlier (196@970s) using gas chromatographgss spectrometfzC-MS) and

can be classified as metabolomic studies under current termirfofotfyor instane, Williams

discussed the utility of multicomponent analyses as early as® 980k the major strides in

carrying out such studies experimentally were made by Horning and Horning who even introduced

the metmbdlic prof i”f deum pfomosed thehidea df finding biomarkens dor

all possible diseases and conditions once a full inventory of all constituents and theitrediocs

in biofluids and tissues can be establishEthally, Pauling described the concept of personalized

medi ci ne which is currently accepted®Tss, one of t
conceptually the field of metabolomics was born much earlier than given credit for, but the

limitations of analytical methods employed could not fulfill the full promise of this novel concept

back in 1960 and 19708lore recently technological advancements in instrunatioh have sparked

a flurry of research activity in this area because increased analytical capability enables much more
completeglobal (untargetedjnetabolomicsstudieswith the objective of simultaneousalysis of as

many metabolites as possible using a particular analytical platform.

Metabolomics approach appetrdeparticularly promisindbecausenetabolites represent

endpoints of the molecul ar pat hwaydefinesthe t ur bed by
1



individual phenotypewhereadranscriptomic and proteomic information alone does not reveal
individual phenotype$ ™ *?For example, observed increases RNA may not always result in
increases in protein expression, and an-ex@ressed protein may or may not be enzymatically
active The level of each metabolite is dependent not only on the concentration of proteins present
within the system but also orrgeesses such as transcription and translation, allosteric regulation of
enzymes and the degree and type of prgtetein interactiondviostmetabolites also participate in
several metabolic pathways, which colwas biological interpretation and makesent global
approaches very attractivieor example, genorrgcale models, show that <30% of metabolites are
involved in only two reactions while ~12% participate in >10 reactibhost reactions involve

more tha one product and substrate, resulting in very tightly connected metabolic netwhidts

can besensitive to even small perturbations in protedhie additionto genetic factors and health

' " Fluxome

FammesrEndo- Exo-
metabolome ™~ metabolome

\ Fluxes ¥

Proteome

Transcriptome

Metabolic regulation

Genome

TRENDS in Biotachnology

Figure 1.1 Interaction of the different -omes in a cell. Eachome (except the genome) is a
complex function of the other-omes, and the amount of integration increases from the bottom
to the top of the Figure. Thus, the meibolome and the fluxome represent integrative functions
of the other-omes, and, at the same time, they are closely connected. Exchange with the
environment occurs primarily via the metabolome (i.e. between the endometabolome and the

exometabolome).Figure reprinted from reference with permission of publisher*®

status, other factors also contributétteobserved metabolon@ an individual and include
environment, age, sedietary intakeand gut microflorahuscomplicating interpretation of
metabolomics dataven furtherl® However, recent study of human urine over thyear period
supports the idea of unique metabolic phenotype as it was possible to accurately classify urinary

profiles belonging to particular individuals despite changes in their diet, gut microflora, lifestyle and
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environmental factorEThi s i ndicates that genetic factors pl
metabolont phenotype, and that metabolic phenotypes are not extremely variable on the timescale of
years for an individual. Of course, additional lasgale longitudinal studies are needed to further
elucidate the contributions of various factors to metaboliogiypes and the stability of metabolic
phenotype over arnnanother interestng study Elinaktialfsectesstly use

global metabolomics of blood, to accurately predict internal body time in'fil¢gs study provides
important resource regarding the numbet i@entity of metabolites which exhibit known circadian
rhythms, and shows that the combination of these metabolites can be used to pinpoint exact internal
body time due tdhe presence fohighly reproducible oscillating time profiles. The prediction was

robust in terms of different strains of mice, sex, age, and feeding conditions and could even detect jet
lag.

The overall workflow of a global metabolomics study is showRigure1.2. The first step of this
type of global metabolomics study typically involves differential comparison of several subject or
treatment groups (for example: normatsustreated, healthyersusdisease) withoua priori
identificationof all metabolites detected. After sample collection, data is processed using appropriate
statistical techniques (for example, principal component analysis) in order to isolate a smaller number

of potentially relevant metabolites that are believed to miffitate the groups (potential biomarkers).

According to National Institute of Health definition, biomarkea isharacteristic that is objectively
measured and evaluated as an indicator of normal biological processes, pathogenic processes, or
pharmacologi responses to a therapeutic interventfsFhe main uses of biomarkers in medicine are
diagnosis of human disease, assessment of drug efficacy and/or safety and selection of patients with
highest probabhily of benefiting from a particular treatment. After the first step of isolation of
potential biomarkersubsequent experiments focus onittidentification and the development of
guantitative analycal methods for selected potential biomarkers. lalfgtage, the utility of
biomarker is further investigated/confirmed using lasgale studies oalarge number of subjects

and the biological explanation for the observed change in biomarker is also researched.

Majority of global metabolomic studies tiate deal with the first stage of the process where the
goal is to simply isolate potenti al met abolites
improve the analytical methodology employé@he outcomesfesuch studies cannot be viewed as
potential biomarkers as these differentiating species may not be related to the disease of interest, but

may be involved in general processes such as inflammation. For example, Keubhaite various
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Figure 1.2 Typical workflow of aglobal metabolomics study

studies where glycerophosphatidylcholines are reported as differentiating metabolites in various
diseases, but clearly these species are not specific biomafkeparticular disease, which

minimizes their utility in clinical diagnosiS.In other words, a clinically useful biomarker must
distinguish not only between a healthy and diseased individual, it must also be dibtenguish

between the individuals with one particular disezssusother diseases. Overall, the difficulties in

the initial stage of metabolomic studies have prevented rapid progress in biomarker validation stage
with a notable exception of a re¢estudy reporting sarcosine as potential biomarker of prostate
cancer’’ In this study, after isolation of sarcosine as putative biomarker of prostate cancer in urine
and confirmation of its elevated levels usiaggeted GEMS method in an independent sample set,

the authors also show that both the addition of sarcosine and genetiedavatiof enzyme

responsible for degradation of sarcosine increase invasiveness of cells. Conversely, the inhibition of
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enzyme thaproduces sarcosine limits prostate cancer invasion. These biological assays provide
additional evidence of a mechanistic link between this metabolite and prostate cancer progression,
and can also potentially lead to new drugs that target this pathwayeXdmple application shows

the potential of global metabolomic studiesng liquid chromatographmass spectrometry (L-C

MS). It is generally believed that the usesefverabiomarkers can provide better predictive value
than the use of single biomarkand it is hoped that the use of global metabolomics approaches can
enable the recognition of relevant patterns for sets of biomarkers. Howmvdis¢overy of

clinically relevant biomarkers is only one type of application of the field of metaboldrmicther
applications include understanding of diséad&° and oher biological processes (growth, aging,
stress, etc; Yoxicology*; effect of nutrition on healfft >3 understandinghe mechanisms of drug

action metabolisnor toxicity®® 2® 2% understanding of gene function (functional genoriés)
biotechnologyand bioagineering®, andplant metabolisnand breedinty®.

The main difference between the terms metabolomics and metabonomics is that the goal of
metabolomicds quantitative and qualitativanalysisof metabolites in a given biological system,
whereas the goal of metabonomics is the comparison of metabolite levels in a given system in
response to a particular stimulus or treatm®fitThus, by definitionthe evaluation of normal levels
of metabolites in urindor examplewould fall under the category of metabolomics study, while the
comparison of metabolome of healthy versus diabetic mzéd fall under the category of
metabonomics study. In more recent literature, the distinction between the two terms is slowly
disappearing, with both terms used interchangedblthis dissertation, the term metabolomics will

be used throughout.

1.2 Analytical approaches for global metabolomic studies

The analytical approaches used in global metabolomic studies are not yetdafinet as in other
flomics studies and are currently an active area of rese@mtsidering the large number of possible
metaolites, their chemical diversity and large range of possible concentrédiiimated © orders
of magnitudé’), there is no single analytical platform that can clerachieve full coverage of the
entire méabolome. As sucla variety of techniques is employed, with nuclear magnetic resonance
(NMR) and mass spectrometfylS) being the most dominaritIMR is a non-destructive analytical
method and alsprovidesthe advantagesf absolutequantificationand identifi cation,good
reproducibility,easy sample preparatiand high sample throughptit.can be employed both the
solution state and for solid samples such as tissues usingdsiglution magic angle spinning.
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However sensitivityof NMR is relativelylow, so typical metabolomic studies by NMR are able to
accurately determine abaef-1000f most abundant metabolitegen when hyphenated with liquid
chromatography to reduce sample complexity and improve metabolite cafefad#A typical

biological fluid sample is expected to contain >1@@tabolitesevenby mostconservative

account® * while Humarmetabolome project estimates the number of endogenous metabolites in
humans to be ~3080 As a resultMS hasbeen employedxtensivelyto increase metabolite
coverageand is starting to overtake NMR tee analyticalplatform of choice for metabolomic

studies

Direct infusion MS(DIMS) has been successfully used for classification and identification of
microorganisms’ **and in plant metabolonsg. Its advantages are highroughputwith typical
analysis timed-5 min'* *"However, competitive ionization of metabolites can lead todemsitivity
and low metabolite coverage as well as reproducibility issues. Furthermore, structural isomers cannot
be differentiated, and data interpretation is complicated dine fiwesence of multiple ions from the
same metabolite species (adducts,fragts or multimers)’>® One of the reasons DIMS has been
successful in cell and plant metabolomimst not in other areas because cells and plants ¢an
grown with isotopically labelled media (for exampi€ by growing plant using’CO,in the growth
chamben). The fully isotopicallylabelled biological material is then used as complex internal or
external standard, and offers several advantages ingl@dliability to differentiate ions of biological
origin versus background and contaminant ions (ii) improved relative quantitation for observed
metabolitesas the labelled metabolite can be used to reduce effects of ionization suppression from
the dataand (iii) improved identification capability becati® labelling provides number of C atoms
thus reducing number of potential chemical formulas for a given unknown met&bliig-
throughput metabolic pfiing strategy using matriassisted laser desorption ionization (MALDI)
MS has also been propos&d’ The main advantages of this approach are the use of very small
sample volumes (1 pl peter tolerance fothe presence of salts within the sampled very rapid
analysis time (1.5 min). The formation of multiple adducts such as encountetedtiospray
ionization (ESl)is avoided, resulting in easier interpretation of mass spectra. Howelgnegative
ionization mode is feasible due to fivaited availability of appropriate matrices for the analysis of
small molecular weight compoundsthout the interference of matrix backgrousad no data on
analytical reprodubility is provided, ahough typical RSDs 0$#30% can be expectéal typical
MALDI analysis according to literaturé Recently the utility ofthe combination of ion mobility and

mass spectrometry was also shownhigh-throughputmetabolomics?
6



Due to the complexity dbiologicalsampleshowever, best results are obtained if mass
spectrometry is preceded by an appropis&igaratiorstep, such as gas chromatograf@¢), liquid
chromatographyLC) or capillary electrophores{€E). The choice of separation technique is
primarily dictated by analyte properties, with @45 mostsuitablefor volatile and servolatile
analytes, L&MS most siitable for polar and newolatile analytes and CE mostitable for charged
analytesln a recent study investigating potential biomarkers of nephrotoxicity, comparisonof GC
MS and LGMS methods resulted in 547 metabolites detected in kidney tissue and 657 metabolites in
urine sample&® Among these 30% and 46% respectively were detected bWISGnd the
remaining were detected by LS. In a similar study on human plasma, approximately 60% of
metabolites were detected by IMS and 40% by G@/S, with about 1615% ovelap between the
two platforms!* A recentsystematistudy comparedeveral GC, LC and GHIS platforms(two
complementary methods/platformding a defined mixture of 91 metabolites covering central carbon
metabolsm, redox metabolism, amino acids and nucleofiftiEer the analyses on a single platform,
LC-MS provided the most comprehensive metabolite covensithes5 out of total of 75 non
isomeric species detected, whereasNCE and GEMS platforms detected 64 dd2 species,
respectively. About 233 compounds could be detected using all three platforms depending on the
complexity of sample matribxCE-MS was found the least suitable platform for metabolomics because

of poor robustness observed for the analysigalfbiological samples.

In comparison to G@1S, LC-MS does not require derivatization step aad be oupled to
fraction collector for further metabolite characterization. One major disadvantageMBL@rsus
GC-MS is the lack of LAVIS libraries whth makes compound identification very challenging. The
main reason for the lack of libraries, is the variabilitye& which can result in the variation in
relative ion abundances due to adduct formation asdince fragmentatioti.Due tothe variability
inherent in both chromatographic and MS stepsM®£dataaremuch less robust than NMR data,
and comparison betwedime data acquired on different instruments and even on different days can be
very difficult, if not impossibl€? In order to facilitate comparisons between different data sets
collected by different groups, an initiative to standardize the information reported for any
metabolomic study has been proph¥eThese guidelines address all aspects of metabolomics
workflow including sample collection, preparation, analysis and data processing to ensure sufficient
detail is provided to enable more successful subsegagminterpretation. In terms of sample
preparation, the draft guidelines recommend the documentation of addition of buffers and/or internal

standards, storage conditions, detailed extraction protocol, any derivatization strategies, description of
7



all sampe containers used during sample handling, and details of any robotics equipment used, as all

of these can impact the collected metabolomics data.

1.3 Sample preparation methods for global metabolomic studies by LC-MS

The choice of sample pragation method @ys an extremely important role in metabolomic studies
because it affects both the metabolite content and data qaatity’Despite its importance, sample
preparation i®ften an overlooked aspect of metabolomics workflbAn ideal sample prepation

method for themetabolomicanalysis of biofluids by LEMS should(i) be nonselective (ii)be simple
andfastto prevenimetabolite lossind/or degradation during preparation procedma:enable high
throughput(iii) bereproducible and (iv) incorporate metabolism quenching®teetabolism

guenching step aims to stop metabolic processes thtbagke of low temperatures (cold solvent
addition, freezing in liquid nitrogen), addition of acid or fast heaftrig.** *® “However metabolic
processes are very fast with timescales <1 s, so the quenching step mugrbelexapid to be fully
effective, and can be very difficult to implement for biological samples within appropriate time
scale! Quenching step is typically included in most studies on microorganisms, but sitmiies

on biofluids typically do not employ any quenching step and the analytical data in support of
omission of quenching step for biofluids is currently lacking. As such, it is not clear how well the
analyzed metabolome reflects the true metabolortieedime of sampling and further research is

clearly needed. Furthermore, even when a quenching step is applied, the application of this step can
cause inadvertent degradation or loss of some metabolites. Freezing can result in loss of metabolites,
while the use of acidic treatments can cause severe degradation of some metabolites, poor overall
metabolite coverage and poor compatibility with MS mettféd@hie following sections provide a

brief overview ofthe most @ mmon methods employed for metabolomics analysis of biofluids,

tissues and microorganisms, while secfiohprovides a more Haepth discussion of the sample

preparation methods employtrddate specifically for the analysisf human plasma.

1.3.1 Sample preparation methods for biofluids

The most commonly employed method for global metabolomic stofildsfluidsby LC-MS is

protein precigiationwith organicsolvent(methanol, acetonitrile, ethanol, acetone or combination
thereojand f or wandsme® off di Isitreat egy *iThesenethas of t en empl o
predominate in the field of metabolomics because they are the most unselective, thus providing high

metabolite coverage. Howeveéhemainissuesthatareoften overlooked or inadequately discussed
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reported precipitation methods aoaization suppressiowhich can occur due tihe competitive

nature ofESIprocess and the issuef metabolite loss due to qoecipitation with poteins® andor

poor solubilityof metabolites in selected solveRurthermore, the use of such methadth poor

sample cleatup can significantly reduce column lifetime and cause contamination of ion source, thus
requiring frequent MS cleaning. In fact, several publications to date advocate metabolomics sample
runs of no more than 100 samples to ensure good data quaétitysource cleaning between each

data set™ **This is not surprising when the complexity of a typical biological fluid is considered. For
example, total protein concentration of blood serum or plasm& g/éL, while concentration in

urine is significantly lessut still consideable with approximate concentrations of-800 mg/dL>°

More recentlyfew reports of successful use of ultrafiltratfor®>

and solidphase extraabin

method§* %1 *{yere publishedUltrafiltration is a simple sample preparation procedure where a
sample is filtered through a special filter which only allows molecules of certain molecular weight to
pass through, and the filtration is achieved tigloaglication of pressure or vigentrifugation.

Filters with molecular weight cutoffs of 3000 Da, 10000 Da and 30000 Da are commonly available.
The use of 3000 Da filter can physically separate small molecular weight species from proteins or
other macromoledeas present in a given sample, and is thus useful for metabolomicspBatid
extraction (SPE) uses large amount of sorbent, typically housed in cartridge format, to exhaustively
extract an analyte from a given sample. The analyte is subsequently rénoovelde sorbent using
solvent elution. Depending on the sample volume applied on the cartridge and volume of elution
solvent used, significant analyte grencentration can be achieved using this method. Furthermore,
prior totheelution process, cartrigg can be washed to remove various interferences which are less
strongly bound to the sorbent thidre analyte of interest, thus providing better sample elgathan
achievable by simple plasma protein precipitation methods. The main driving forgeltwire the

use of SPE in LAMS metabolomics applications is to try and address matrix effects and increase
column lifetime and overall method robustness by injecting much cleaner samples. The main
disadvantage is that the selection of the sorbent miateiaaseshe selectivity of the preparation
procedure which can reduce metabolite coverggemetabolomics applicationthe use of ¢

sorbent’, the combination of G and polystyrenalivinylbenzene sorbési® and the use of
divinylbenzene/rvinylpyrrolidone cepolymef* *°has been proposelth a recent plant metabolomics
study, the combination of stromgtionexchange and anieexchange sorbent was also successfully

employed and found teduceionization suppression effects.



One emerging technique in the field of bioanalysis and metabolomics is théldoddspot
sampling' In this approach, small drop of whole blood is placed on filter paper and allowed to dry.
This spot is subsequently extracted in solvent prior to analysis. The use of this sampling stsategy ha
proven very successful for neonatal screening using targeted metabolite approach. However, limited
data to date exists on the stability of analytes within dried blood spots, and the effecttefiiong
storage on observed metabolite profile for untaystadies.

In addition to the choice of sample paegtion method, all steps from sample collectiorthe
injection of the sample into@-MS system can influence the observed metabolite prdiiese
include chote of anticoagulant, sample processing times and temperatures, degree of hemolysis in
the sample, sample storage parametdotting times (for serumpge of the sample and the number
of freezethaw cycles” > For example, the choice of anticoagulant used during blood collection was
found to influence observed metabolic profiles in a recent sfuliyother study by NMR found
differences in energgetabolites depending on clotting time used for human s&rlihey
recommend the use of clotting times up to 35 min on ice, to ensure no compositional changes occur,
and immediate centrifugation pedbtting is neessary. For both plasma and serum, exact time to
centrifugation is important to eliminate bias in order to minimize metabolism and transport of
metabolites between different compartmeRBmaining enzymatic activity was found in rat plasma
stored refrigeated for prolonge@eriods and resulted in increased levels of choline, glycerol,
tyrosine and phenylalanifiéln anotherstudy ofthefactors influencinghe stability of metabolites in
cerelvospinal fluid, theauthors found thatapid centrifugation anghapfreezing immediately after
collection vereimportant to preserve accurate metabolite le¥felsfter delayed storage of 30 and
120 min,numerous metabolites shosvgignificantlyelevated levels includinglucose anden amino
acids (Thr, Glu, Gly, HisSer, Ala, Phe, Tyr, lle and Asdle to unquenched enzymatic activithe
storage of plasma or urine at ambient conditionsatsocausehedepletion of easily drlizable
species such as ascorbic acid, adrenaline, noradrenaline and dopaBnagmatic conversion of
various species can also occur rapidly after sample collection, for example conversion of cytidine into
uridine or adenosine into inosiffeAnother study investigating optimum storage conditions for
peptides found clear dependence of peptide recovery for hydrophobic peptides on storage ontainer.
Surely, similar results can be expected for some of the more hydrophobic metabolites and this
deserves further investigatiofhese examples show various possible sources of systematic bias
which can affect the results of metabolomanalysis especially during statistical analysis of data, and

has been identified as a critical threat to biomarker reséarch.
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The recommendations based on systematic investigation of bacterial overgrowtk iincltided
urine centrifugation immediately upon collection, immediate refrigeration and addition of appropriate
preservatives such as boric acid or sodium azide prior tet@snystorage in freez&t Althoughthis
study was performed from proteomics perspective, the presence of bacterial contamination would be
expected to have adverse effects on metabolite profiles as well, although this effect has not yet been
examined in detail. For the analysis of urine gke®, storage at eve80°C was found to impact
metabolite levels and pH, with some authors advocating storage for a minimum of 1 week to achieve
consistent degradation of urinary components across the édAtittough such approach can
facilitate comparison across samples, it is clear that the analyzed metabolome is not entirely reflective
of true metabolome, dbe potential metabolites of interest may not be present at the time of analysis
while peaks due to degraiibn may be misidentified as possible features of interest.

In fact, processes occurring prior to sample collection also impact the composition of biofluids
collected. For example, dietary intake was found to affect observed profiles in hochanimal
biofluids ® ®These effects could be minimized in urine by the consumption of standardized diet by
subjects on the day prior to the sample collection, but such standardized diet approach dig¢@ot redu
variability of plasma and salivary metabolomics profife§®* 2Gut flora was also found to have
significant impact on metabolomics data, both in human and animal studies, with ufptd 15
differences in some metabolites obseriett Obviously, this factor cannot be standardized in human

studies, but improved understanding of contributions of gut flora can aid in dagpaetagon.

Moresimilar studies for collection of specimens for metabolomic studies are needed in order to
eliminate bias caused by sampling procedures and to enable comparison of various data sets. For
metabolomics analysis, the choice of plasma vergusnseould also play an important role since the
clotting process needed to obtain serum is carried out at room temperatur&@mad but no
relevant studies have been reported to datbow the clotting step impacts the composition of the
metbolome

The need for the standardization of sample collection and storage procedures has been well
recognized in proteomics community because of its documented impact on analytical olitisie.
idea is also slowly é&coming more accepted in the field of metabolomics. Standardized collection,
storage and handling protocols, and ensuring all the samples are treated exactly the same can help
alleviate some of these problems, so that truly differential metabolites ttaineairtifacts are

detected during unsupervised statistical analysis. When such proper care is taken, analytical variation
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was shown to be smaller than biological variation using both NMR ardlSGtudies’

‘" However,
the standardization merely ensures that all of the samples are treated exactly the same, thus
minimizing the differences between samples due to handiidges not address how well the
composition of the metabolome at the tinfieche analysis matches the metabolome composition in
the living system at the time of sampling. Thus, additional research into best practices tthansure

theanalyzed metabolome reflects well the true metabolome is also needed.

1.3.2 Sample preparation methods for tissues

A recent comparison of methods theextraction of selected target metabolites from muscle tissue
found the best performance for boiling water extraction, while boiling ethanol and perchloric acid
showed the poorest overall performafitilethods that can simultaneously extract both hydrophilic
and lipophilic species, such as chloroform/methanol extraction are also popular but the use of
chloroform is problematic in L&S necessitating further samptenipulation prior to injectioff
Sunet al. proposed methanol/chloroform/water extraction protocol for the analysis of mouse heart
tissue in order to extract both lipophilic and hydrophilic species, and elinimézation suppression
effects inherent when perchloric acid extraction was used for the same atialjidiams et al.
successfully used similar extraction approach for brain sarfiples.

1.3.3 Sample preparation methods for microorganisms

The choice of sample preparation methodgHemnalysis of cells is also complicated and depends
on the type of cells and whether the analysis of imtr@xtracellular metabolites is of intereSt*
Fortheanalysis of extraellular metabolites, the psibility of inadvertent leakage of intracellular
metabolites mst be examined, while for tlamalysis of intrecelluar speciegffective methods of
disruption ofcell membrane are necessa@anelast al.compared the efficiency of five commonly
used methods for intracellular metabolite extracfmuantitative analysis of 44 metabolitégm
yeast cellshot water extraction,diling ethanol extraction, chloroformethanol extraction, acidic

acetonitrilemethanol extraction and freezitigawingcyclesin methanof? All of thesemethodsare

well-established for extraction of intracellulaetaboliteswith the first twoavailables i nce 195006 s
n

and therestanethods nt r oduced as mil der alternatives i
performance of boiling ethanol extraction and chlorofonethanol extraction fahe majority of
metaboites tested (38ut of 44), indicating that these methods meet most of the criteria of ideal

metabolomics method fgreast On the other hand, the results for acidic acetonitnéghanokand for

12
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freezing-thawing cycles in methanol methods show pooretigian, and significant changes in

recovery of phosphorylated metabolites attributed to metabolite loss (solubility issues and accidental
co-precipitatior) or metabolite conversion during extraction procedure (due to incomplete metabolism
guenching). Thlatterresultis particularlyinterestingas the literature prior tihis studyreported
freezingthawingmethodin methanol as the best choice for yeast metabolomics. Hot water extraction
generallyperformedwell but evidence of protein degradation wasested which resulted in increase

in the levels of relevant amino aciddthough not specifically focused on the development of sample
preparation methods, another studyorégthe potential loses ofoxaloacetate, oxalate and
glyceraldehyde during samppeeparation process and attributessétiossesto theincorporation ofa

drying step within the proceduf®.

Boltenet al.showed that the choice of best sample preparation protocol is orgdependent and
should be properly validated prior to start of any metabolomics &tiddhye common quenching
method of cold methanol followed by centrifugation was found to lead to drastic loss of metabolites
(>60%) resulting in large errors in determinedivointracellular levels of metabolites in prokaryotic
organisms, while fadiltration worked well for metabolites with low turnover rates, but is not
sufficiently rapid for metabolites with high turnover rates. Among the various methods tested, no
single method appeared sufficiently universal, and the authors strongly recofamieedresearch
into improvement and design of sampling protocols in order to improve the quality of metabolomics
data collectedCurrently, the one species with commonly accepted sample preparation protocol is
yeast and involves cold methanol quenching boiling ethanol extractidR Energy charge ratio
([ATP]+0.5[ADP))/(JATP]+[ADP]+[AMP]) is frequently used to evaluate sample preparation

methods®®

'"These phosphate spes have very fast turnover rates in cells with half lives less than
0.1 seconds, so they can be used to evaluate the efficiency of metaboishingstep in cell
metabolomicstudies” The ratio of 0.8@.95 & expected for a growing cell, but an examination of
sample preparation methods reported in literature showed ratios far from expected physiological
range (0.16).66) indicating that the metabolism was not sufficiently quenth&ithough this is just

an example of a small subset of metabolites, similarly erroneous results can be expected for other

metabolites with highurnover ratios.

1.3.4 Importance of sample preparation method selection

It is clear from above discuss that the choice of sampling, sample collection and sample

preparation strategy plays an important role in the quality of metabolomics data. Clearly, the success
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of metabolomics requires further research in this important area in order to provide better

understanding of which method should be employed for which type of sample and analysis, and to

better understanithe shortcomings of the methods employed and thus limitations of the data

collected. Without such fundamental studies, the field cM&base metabolomics can continue to

suffer from isolation of #@Abiomarkersod which are s
analytical proceduré his point was wellllustrated by Canelast al. who showed that even the

relative levels of metabolitesguor downregulation when comparing two conditions) could be

distorted on the basis of sample preparation method selection leading to ercmesdusions”.

In contrast, for the analysis of human hepatocytessource of hepatocytes was the most
significant contributor to the variation observed in regulation processes and collected metabolomic
data’* This is in line with majority of other wellesigned studies whetechnical variability
(evaluated by preparation of technical replicates of the same sample) is significantly lower than
biological variability. For example, another study used ANOVA to characterize analytical, sample
preparation and biological variabilityithin collected data sets, and found analytical < sample

preparation < biological regardless of analytical platform employed\ISG&ersus LEMS)."2

These examples collectively show tiatreased validation andhderstanding of existing sample

preparation methods as well as the emergence of new sample preparation techniques for

metabolomicds necessary before the potential of metabolomics can be fully exploited.these

technical aspects are adequately adésksmetabolomic studiesn start to generate accurate

guantitative data and build appropriate databases which will allow subsequent integration with other

fomi csdo techniques, both of which are cruci al to

Nielsen and Olivet®

Given the variety of problems described abawejvo sample preparation and/or analysis becomes
an attractive option for its capability to provide a true(r) representation of the metabolinoet wi
some of the issues inherent in mugitep sample handling procedures and taking the sample out of its
biological milieu? In factin vivo dynamics, for example metabolite fluxes, can only be revealed in
intact syséms in their natural environment, and steatite approaches are not sufficient for such

analysis’®
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1.4 Introduction to solid-phase microextraction (SPME)

Solid-phase microextractiofBPME)is a honrexhaustivesample preparation methathich permits
integration of sampling and sample preparation steps. The technique was originally introduced for the
extraction of organic species followed by GC analy/si§ but over the past twenty years the

technique has maturadth numerous applications spanning environmental, food, pharmaceutical

forensicand clinical felds/¢"®

The most common format of SPME is fibre geometry, in whistall amount of extracting phase
is immobilized on a solidupport as showschematicallyn Figurel1.3. Other formats of SPME such
as thin film, coated stibar aml coated capillary are also available, and the format of the device can be
modified depending on the application requirements. The main steps of SPME procedure are (i)
extraction of the analyte by SPME coating from the sample solution and (ii) desoffitien o
extracted analytes from the coating. The extraction process can be carried out by exposing fibre to the
headspace above sample solution (headspace extraction) or by direct contact of the fibre with the
sample solution (direct immersion). The formeapplicable to volatile and senlatile species,
while the latter extraction mode can be applied regardless of analyte volatility, and is illustrated in
Figurel.3 (a). The desorption of the analytes from the coating can bedaut (i) thermally by
direct insertion of fibre into GC injector or (ii) using appropriate solvent as shokigunel.3 (b).
The work described in this thesis deals with the analysis of polar andfeotadite speciesrom
biological fluids so direct extraction mode and solvent desorption were uttlizedghout this work

The amount of analyte extracted by SPME depends on the time of contact between sample and
extraction phase. If the time of contact is sufficiently loaguilibrium between extraction phase and

sample is established. In this case, the amount of analyte extracted is given by Equation 1.1,

CoKrsVsVr Equation 1.1
n=——— ———
¢ KuVi +V,

where n is the number of moles of analytea@ted, Gis the initial analyte concentration in the
sample, Vis the volume of the sample; ¥ the volume of fibre coating, andsks the distribution
constant between SPME coating and sample matrix defined as the ratio of analyte concentingtion in

coatingé:® to the analyte concentration in the sample at equilibfifiraccording to Equation 1.2
K =Ct /C: Equation 1.2
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Figure 1.3 Schematic of SPME procedure using direct extraction mode. (a) Fibre is exposed
directly to the sample solution, and analyte of interest is extracted into the coating. (b) Fibre is
now exposed to desorption solvent, and the analyte is desorbed from the d¢ogtinto the solvent

solution. Small arrows indicate the direction of mass transfer

The magnitude of Kdepends on the nature of analyte and coating selected for the analysis, but is
also impacted by the exact properties of sample matrix such as tampgpat, addition of organic

solvent and ionic strength, so it is important to keep these factors constant during sample analysis.

Microextraction process is considered complete when equilibrium is reached between sample and
coating, and increasing the eadttion time beyond the time required to reach equilibrium does not
result in any further increases in the amount extracted within experimental error. Thus,
microextraction methods are considerably different from traditional exhaustive methods of sample
preparation such as SPE, because complete extraction of analyte from the sample is not achieved.
Only a small portion of analyte is extracted from the sample because the employed volume of
extraction phase is typically much smaller than the sample voluniisTih contrast to SPE, where

large volume of sorbent is used to ensure exhaustive removal of analyte from the sample.

Equation 1.1 is applicable to absorptive coatings, such as polydimethylsiloxane (PDMS) where
analyte can diffuse within the entireatimg volume within the time scale of the experiment. In
contrast, solid adsorptive coatings such as polypyrrole have limited number of surface sites, and the

diffusion coefficient of analyte within the sorbent is too small, so the analytes can onlydwtesit
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by the surface of the coating and not diffuse within the entire volume of the coating. In this case the

amount of analyte extracted at equilibrium can be calculated using Eqla&jon

_ CO KAfsVsz (Cf max- C? )

n = Equation 1.3
¢ VS + KatsVr (Cf max- C? )

where GnaxiS the maximum concentration of active sitesth:elncoatingti{zb is the equilibrium

concentration of analyte on the fibre, andii6theanal yt ebs adsorption equildi
than partitioning constant described in Equation 1.1. From Equation 1.3, it can be seen that for low
analyteconcentrations on the fibre bf;f << G may, When the number of occupied sites is low, the

amount of analyte extracted is linearly proportional to initial sample concentration. Hoifever,
analyte concentrations are sufficiently high, saturatidhe surface can ocguivhich results in
nonlinear adsorption isothermsurthermorepne analyte can be competitively displaced from the
coating by other analytes other competingnterferences present in the samflee likelihood of

this occurrenceepends on the magnitude of K values of competing interferences as well as their

concentration in the matrix.

Furthermore, Equation 1.1 assumes that sample matrix is homogenous and that no headspace is
present in the system. For mytthiase systems and hetgeneous samples, this equation can be
further modified to Equation 4.

K. V,C,V
n, = LA Equation 1.4

Kfsvf +a KisVi +Vs

i=1

where K, =C” /C is the distribution constant of the analyte between'tidsase and the matrix

of interest and the rest of the terms are the same as defined previously. For eX8miptese can be
headspace, and contribution of this phase should be taken into account for volatile analytes. In
complex matrices!" phase can beinding matrix such as proteins present in blood samBhagation

1.4 has two very important consequences: it shows that the amount of analyte extracted is
proportional to unbound analyte concentration and that the exact composition of sample matrix can
impact the amount extracted by SPME when dealing with complex heterogeneous samples. The
former is an important advantage of SPME over traditional methods, as it enables the use of SPME to
determine free (unbound) or total (bound + unbound) concentratemmabfte in given sample by

performing appropriate calibration in appropriate sample matrices with (for total concentration) and
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without (for free concentration) presence of binding matrix. However, from calibration perspective,
Equation 14 shows that sict control is necessary to ensure calibration samples exactly match the
composition of real samples, and that small variations in matrix composition can have adverse effects

on method performance.

From theoretical perspective, time required to reacilequm is infinite. From practical
viewpoint, it is useful to definegailibrium time as the time required to extract 95% of analyte and
can be approximatday Equation 15

B K (b-a) Equation 1.5
te _t95>/o - D
S

where D is the diffusion coefficient of the analyte imetsample matrix, (B) is the coating thickness
and U is the t hi cTkertimesrsquiredto réaochiequiikaiumydepleralsoa factors
such as agitation conditions, physicochemical properties of analytes and the dimensions of sample
matrix and fibre coating. Thus, for best sample throughput, it is recommended to use thin coatings
and employ efficient agitation conditions.

The extraction process can be interrupted before equilibrium is reached, and in this case the amount
of analyte extractei$ based on the timed accumulatimfithe analyte in the extraction phasel can
be calculated using Equatior6hroposed by Af:
Co KrsVsVi

n=(1-e*)0>——=(1- ), Equation 1.6
KrsVr +V,

where t is he extraction time and a is time const&hbse magnitude depends on factors such as

mass transfer coefficients, distribution constant, sample volume, and volume and surface area of
extraction phaséNVhen equilibrium is reached, Equatiob feduces to Haption 1.1. Clearly, the

amount of analyte extracted is the highest at equilibrium, so if highest analytical sensitivity is needed
for a particular application, extraction should be performed at equilibrium. However, if analytical
sensitivity achievable wh short extraction times is sufficient for a given applicatiorn,gupailibrium

SPME can be used to increase sample throughput.

Both equations 1.1 andGlshow that the amount of analyte extracted is linearly proportional to
initial sample concentratiothus enabling quantitative analysis. However, for this linear relationship

to hold true in preequilibrium case (Equation@), agitation conditions and extraction time must
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remain constant. In contrast, the amount of analyte extracted is independgtatimfiraconditions at

equilibrium.

One interesting feature of SPME is thaderthe conditions of negligible depletion, wh&fy>>
ViKss, Equationl.l reduces t&quationl.7, andthe amount of analyte extracted by SPh#eomes
approximatelyindepenént of sample volume.

Equation 1.7
N, = CoKisVi

This equation is very important from the perspective of integrating sampling and sample
preparation, as it indicates that defined sample volume is not ngciEssguantitative analysis. This
means that sampling can be performed directtgitan(for example, direct esite sampling of river
or lake) or directly within a living system (for example, direct samplingjrotilatingblood of an
animal). This cagallity of directin vivosampling makes SPME very attractive from the perspective
of the field of metabolomics, as it should enable the capture of true metabolome at the time of

sampling.

Forin vivo SPME applications whie temporal resolution is importarguch as pharmacokinetic
studiesijt is not feasible to wait to establish equilibrium between the analyte and extraction phase. In
this case, SPME can still be used for quantitative analysisciarately determinghe initial analyte
concentration in thiving system, but appropriate peguilibrium calibration methods need to be
employed®®®® One such calibration method is calleidétic onfibre standadization method*

This calibration method uses the process of desorption of calibrant from the fibre aoatitgrto
calibrate the process of the extraction of the analyte into the coalimptwo processes are
symmetric provided the calibrant employed has the same time constant as the analyte of interest. To
fulfill this requirement, deuterated analogue of analyte is often empfé¥edlthough other studies
have demonstrated that other compounds with similar diffusion properties can also be successfully
used® The simultaneous processes of analyte etitra@nd calibrant desorption are governed by the
following equatiorwhich is derived from Equation 1.6
ngQ_
ne qO
where n and Jare the same as described previously, Q is the standard negnaimihe fibre at time

Equation 1.8

t, and g is the amount of standard preloaded on the fibre.
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However from equatiofi.1 we know that the amount of analyte extracted at equilibrium using
SPME is a function of distribution coefficient, fibre volume and sample vollimss, if these two
equations are combined, the initial concentration of analyitevivo sample is given by following

equation, where all the terms are the same as defined previously:

na, 1
C, = 1
° Qo - Q Kfsvf

Equation 1.9

Equationl.9shows that it is necessary to determine the productdf;lh order to determine initial
analyte concentrations in the system under study. This must be accomplished at equilibrium, by
performing SPMHisinga set of chbration standards of known analyte concentration prepared in an
appropriate matrix.

Finally, onfibre standardizatiomethod also compensates well for unknown agitation within a
living system, such as the unknown or changing blood flow rate ovepthge of the entirén vivo
experiment Such uncontrolled agitation conditions cannot be well replicated and compensated using

simplein vitro calibration methosl

1.4.1SPME and metabolomics: an overview

In vitro andin vivoheadspace SPME in combination w&iC-MS analysis was previously
successfully used for clinical metabolomic studies of volatile and-gelatiile species. The main
types of applications reported to date include analysis of (i) disease biomarkers in Ineatiauii
human skin emissiorad (iii) analysis oftell lines Soiniet al.developed a very rapid sampling
methodologyusingcommercially available Twister PDMS stir bar fagh-throughputmetabolomic
studies of human skin emissioti§? This devicewas rolled on 10 cfrarea of human skifor 10-12
seconds. Rich metabolite profiles and good sampling reproducibility (bothanttanterday) were
achieved Two internal standards {Tidecanone antfC-benzy alcohol)were preloadeih the
PDMS devices prior to sampling in order to compensate for small variations in sampling and
instrumental responses over tirh@ngterm reproducibility of 14.3% and 14. 786D was achieved
for the two internal standaradtaned during analysis ofotal of 960in vivo samples over-Bnonth
period? Riazanskaiat al.investigated the use of thin PDMS film geometry for sampling of
carcinoma lesions and other skin disord@hgery rich volatile profiles containing300peaks were
obtained after thermal desorptiohthe PDMS thin filmby GGMS, and precision of repeatéd

vivo sampling was satisfactory with RSD <20% for selected representagtbolites In another
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study, he use of headspairevivo SPME with specially designed sampling chamber resulted in
profiles with >100 peak¥. Gallagheret al.compared the performanceinfvivo SPME versus

hexane extractiofor the analysis of human skin emissidn$heytentatively identifed a total of 92
compounds: 58 were founsingin vivo SPMEwhile 49 were foundn hexane extracts, indicating

that the two teleniques are complementary in nature. Higher molecular weight compounds
predominated in hexane extracts, while SPME was more suitable for collection of lower molecular
weight aldehydes and ketones. SPME was useful to extract five compounds that varfiedrgigni
according to age, among which the authors propose dimethylsulphone, benzothiazole and nonanal as
biomarkers of agingln another example, Zimmermaehal.were able to identify for the first time
methyl dodecanoate, decérol, hegan1-ol, 3-mehylbutanl-ol, pentadecaf-one, nonasR-one

and undecai2-ol in human cells, indicating SPME can be very useful approach in global
metabolomic studie¥.

Although theabovementioned studiesere able to proposome tentative biomarkers, the data

should still be interpreted with caution as it typically relied on small datdveighisthe exception of
Soiniet al .study)and requires further biomarker validation. For example, the tentative lung cancer
biomarkergroposed by Gaspat al. may not be specific for lung cancer, as they were previously
also correlated to breast cancer, indicating that these compounds may be good general markers of
oxidative stress rather than specific dis€a$e another example, Xuet al.investigated volatile
biomarkers in liver cancer blood usimgvitro SPME, and suggested hexanal, octane amctdri3-

ol as possible biomarkers of liver cancer. However, elevated levels of hexaaakperted in other
types of cancer such as lung cancer, leukemia, bone cancer and lynif#ibinese examples

illustrate that biological interpretation of metabolomics data can be very difficult and requires multi

disdplinary collaboration to interpret and deconxbbserved trends.

In addition to metabolomic studies by €S, the potential of SPME to characterize shiogd
and/or unstable species or reaction intermediates has also been demonstrated. For exdBple, SP
was successfully used to elucidate biotransformation pathways of explosives and natural products,
biotransformation routes of hydrocarbons such as benzene and biodesulfurization pathway of
dibenzothiophen&?1%% 19198 o1 example, SPME was used to propose stepwise desulfurization
metabolism of dibenzothiophene (DBHpugh formation of DBIsulfoxide, DBTsulfone, DBT-

sultine, DBTsultone to the final product oft®ydroxybiphenyt® SPME was also successfully used
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Table 1.1 Overview of global metabolomic studiesising in vivo SPME and GG-MS analysis

Analytical
Sample Extraction Purpose Potential biomarkers parameters for Ref.
type mode of study selected
metabolites
. RSD 9-26%
Exhaled air | Headspace Lung Linear and branched LOD 0.04-8.0 o
cancer hydrocarbons C14-C4
ng/mL
Skin Aldehydes, alcohols, esters
Skin emission and long-chain alkanes as
emission | Headspace e biomarkers of seasonal NR 9
fingerorint emissions (winter versus
gerp summer)
dimethylsulphone,
Skin N:Ir(rirr:al benzothiazole and nonanal
emission Headspace emission as biomarkers of aging NR 9
baseline no potential biomarkers for
gender
Skin NA
Skin Headspace emission Frequency of occurrence of NR 98
emission P as various metabolites examined
fingerprint | in emissions of 60 individuals
Cancer Early o
tissue and Headspace diagnosis 1-propanol and carbon IESB g éolﬁ 99
bacterial P of gastric disulfide n /rﬁL
cell culture cancer 9
NA
Understan New metabolites reported:
Colon dina of time methyl dodecanoate,
cancer Headspace colgon decan-1-ol, hepan-1-ol, 3- NR %
cells cancer methylbutan-1-ol,
pentadecan-2-one, nonan-2-
one and undecan-2-ol
Styrene, decane, isoprene,
Lung Early benzene, undecane, 1-
cancer diagnosis hexene, hexanal, propyl 100
cells and Headspace of lung benzene, 1,2,4-trimethyl NR
breath cancer benzene, heptanal, methyl
cyclopentane
diaEanr(l)ysis Alkanes and aromatic RSD 3.7-9.8%
Breath Headspace g LOQ 0.04-4.2 101
of lung hydrocarbons ha/mL
cancer 9

NR=Not reported, NA= not available

to monitor yeast metabolism during fermentation processes in order to determine optimum

fermentation tim&° and to differentiate between toxigenicasis of mycotain-producingFusarium

fungi.*° In another study, SPME was used to isolate lilac aldehydes and alcohols for the first time as
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metabolic byproducts of fungal biotransformation of linaf86Furthermorein vivo SPME has been
extensively applied for study of insect emissions such as semiochemicals and defense cfiffficals.
These studiesrere performed using headspace $RM direct contact between the fibre and the
insect, followed by GC analysis. For exampledecane was isolated as recruitt@meromone in

ants which enabklong-range intraspecies communication when a good supply of food is
discovered™™ In another study, SPME wased to identify for the first time sgpheromone (blend of
tetradecanal and pentadecanal) in praying mahtRrior to the availability of SPME for this type of
application, insect sacrifice followed by solvent extraction was employed, and did nat permi
monitoring of dynamic changes in emissions of semioct@siover time ochanges in emissions

upon interactions with other individuakxposure to erkonmental stimulor when limited number

of colonies are aviible Another interesting study compag the results of hexane extraction and
SPME subsequently showed that the results obtained for hexane extraction were incorrect, and the
observed peaks were contaminants rather than true representation of cuticular hydrocarbon
secretions?’ In contmst, the results of SPME were correct. This study effectively illustrates that
increased number of steps often involved in traditional sample preparation methods can sometimes
lead to inadvertent contamination and errose@sults/conclusion&inally, metabolomics

applications ofn vivo SPME are not confined to sampling of anisshd micrergansms, butSPME

has also beesuccessfullyapplied in plantmetabolomics for isolation and monitoring of scent
development, wountesponse, infestation, €f¢:*?* For instance, in a targeted metabolomics study of
scent development over time and corresponding circadian rhythms, the paderofia vivoandin

vitro sampling was compared. Usiitgvitro sampling (freezing with liquid Mo stop the

metabolism), additional peaks attributed tadiperoxidation were observed indicating the effects of

sample preparation method on observedatmaibme'?

1.5 Research objectives

The main research objective of this thesis is to demonstrate for the first time the suitability of SPME

in direct extraction formdor global metabolomic studies using H@S.

The main requirements for a sample preparation metiiddofluids were discussed in detailir3
and include (i) speed and simplicity, (ii) high throughput and automatioreftig)ent extraction of
diverse range of metabolitagd (iv) the need to quench metabwoli However SPME methodology
required further developmeint terms of automation and seledyvof extractionbefore it could be
successfully applied to metabolomic studigsus,Chapter 2 describésitial work regading
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automation oSPMEin 96-well plate formato enable higher sample throughpOhapters 3 and 4
describe the commercidevelopmenbf in vivo SPME sampling devician collaboration with Supelco
Inc. andoptimization ofin vivo SPMEprocedures includig the first application dh vivo SPME to
mice The extension ah vivo SPME sampling to small rodents suchrdase wasdeemed particularly
important from metabolomics perspective, as the advantagdisnaiation of the need dflood
withdrawalare paticularly important forsuchanimals whereery limited amount of blood is
available(<2 mL total blood volume)Mice are often utilized in metabolomic studies of disease
modelsand pharmaceutical discovéty**and recently it was recommended that all control strains
used to generateansgenior knockout mice should beised as controls in metabolomnsizidies on
the basis of significant influence of strain on metabolomicsd&uach recommendatiofisr
increased animal use the need for longitudinal studies of same animals to mamigbabolic
trajectories such agturn to healthy metabolic profile affearticulartreatmenbr to monitor

progress of disea&e'*®

make bloodfree approaches suchiasvivo SPME even more attractive.
Chapter 5 discusséise development of SPME coatings suitabledioectextraction of divese range
of metabolites which make up the metabolpa®msuitable coatings for this type of application were

not previously reported in literature

Chapter 6 describes the developmerthefbasic SPME methodology suitable for use in
metabolomic studieand describes in detail the optimization of IMiS methodsThe latter
optimization was very important in order to ensure adequate metabolite coverage, as SPME extracts
only smallportion ofmetabolite so good instrumental sensitivity is of paramount inqure.
Chapter 7 summarizes the resultsaofull in vitro metabolomics study on human plasma also
compareghe performance of SPME to traditional methods of plasroteinprecipitation and
ultrafiltration. This comparison wassefulto place SPME witin the context of commonly employed
methods and to evaluate whether the developed methodology wasestfbr applicatiorduringin
vivo studies in terms adnalytical parameters suchsensitivity, precisiorand metabolite coverage
Chapter 8 descrésthe successfuapplicationof in vivo SPME tomice to study the effects of
carbamazepinadministratiorin a preliminary proebf-concept studyClear advantages of vivo
sampling approachersusthe methods relying on blood withdravease demonstratke Finally,
Chapter9 summarizes the main research findings of current work and proposes future directions and

challenges for this type of studies.
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Chapter 2
Automation of SPME in 96-well plate format for high-throughput

analysis of biological fluids

2.1 Preamble and introduction

2.1.1 Preamble

This chapter has been published as a paferkovic, D.,Cudjoe, E., Hein, D. & Pawliszyn, J.
Automation of solidphase microextraction in highroughput format and applications to drug
analysisAnal. Chem80, 68706880 (2008) Tables andigures are reprinted from this publication
with permission from American Chemical Society (Copyright 2008 American Chemical Society).
Thefull procedure for automated SPME developed in this original worlalgaslescribed in step
by-step fashia for future users ivuckovic, D., Cudjoe, E., Musteata, F. M. & Pawliszyn, J.
Automated soligphase microextraction and tHiim microextraction for higkthroughput

bioanalytical applications and ligamdceptor binding studieslat. Protocolss, 140-161 (2010).
Table2.7and Figures 2.8 and 2.19 aeprinted fom this work with permission from Nature
Publishing Groumccording td\Nature Publishing Group policy wherethe ownership of the

copyright remains with the authaead permissiofito reproducehe Contribution in whole or in part

in any printed volume (book or thesis) of which they are the autbor(d) s aut omaThecal | y g
application of automated system to ligaridding studies is beyond scope of this research thesis, so
this materiais not included in the chapteOn this basis e permission of Marcel Florin Musteata
who developed the theory of ligainelceptor binding by SPME regardless of the degree of depletion
is considered to not be required.

The contribution of ceauthor, Erasms Cudjoe to the work describedgthin this chaptewasin the
development of 9&PME devicgthe design of the device described in sec?i@¥) and the
improvement oprototypePAS Concept 96 autosamplacluding programmig of Concept software
Dietmar Hein designed and built PAS Concept 96 autosampieh wasused to perform the

experimental work described herein.

I, Erasmus Cudjoe, authorize Dajana Vuckovic, to use the material for her thesis.
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I, Dietmar Hein, authorie Dajana Vuckovic, to use the material for her thesis.

2.1.2 Introduction

SPME is easily coupled to gas chromatography due to its sdheenhature and syringe device
format both of which permit direct introduction of device into GC injector. Commercisdamfuers
capable of performing all steps of SPME extraction and introduction into GC dyatenbbeen
available since 1990s and permit application of SPME for unattended analysis of large number of
samples with sample throughput compatible with GC anaiyses*? The first coupling of SPME to
LC was reported in 1998 and involved manual introduction of SPME device into the path of mobile
phase using a simple desorption cham All of the extracted analytes are swept onto the analytical
column, so high analytical sensitivity can be achieved, and the process is analogous to thermal
desorption used successfully in GC. This strategy was subsequently commercialized by Sutpelco, b
all steps of the process are performed manually, and this format has not been successfully automated
to date. Furthermore, high pressures typically encountered during LC analysis can cause inadvertent
leaks at the interface and thus accidental losamp$e during the desorption step. Existing
commercially available coatings for HPLC also swell considerably using aqueous solvent mixtures
typically employedas mobile phasén LC. For example, commonly used commercial coating
Carbowax/template resin (CWPR) was found to swell 380% after 1&min exposure to
water/methanol or water/acetonitrile mixtur&8 Such swelling significantly increases overall
diameter of the device, so the coating can be accidentafipetr during removal from the interface
due to teincrease in dimensions. A second strategy for coupling of SPME to LC is catldakin
SPME because this strategy relies on the use of coated capillary rather timanebemmon fibre
geometry. This sttagy has been fully automated, and the main principle involves the placement of
this coated capillary within the path of LC system, for example in lieu of sample injection loop or
transfer tube. The sample is then drawn into and ejected from this capdiagyappropriate
software program that can be written for any commercial HPLC autosampler. During each draw
cycle, analyte can partition into the extraction phase, and the process of drawing/ejecting provides
agitation in the system in order to enhan@ssitransfer. Once extraction is completed, mobile phase
is directed through the capillary and the analytes are desorbed and swept onto the analytical column
for LC separation and analysis. The main advantages of this approach are full automation and high
sensitivity because all of the analyte extractadtr®ducedonto the analytical column. However, the
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use of capillary geometry means that sampletig@tment such as filtration, centrifugation or

dilution, is necessary to remove any particulate matterder to avoid clogging of the capillary.
Furthermore, sample throughput is relatively low, because samples are processed serially, and each
extraction and desorption step can be time consuming due to slow mass transfer kinetics in liquid
phase. One wato achieve high sample throughput when coupling SPME is to perform offline

solvent desorption of many samples in parallel using regular HPLC vials, vial insertsvel 96

plates.In addition to lack of automation, the main disadvantage of this appi®dekrease in

sensitivity as all of the extracted analyte is not introduced into analytical system. For example,
minimum desorption volume of 100 pL is typically used to ensure complete immersion of the coating
within the solvent, although volumes as las4050 pL have also been reportédThus, to date,

none of the three main desorption strategies used in combination with LC, was capable of
simultaneously providing both high sample throughput and high plesoefficiency.

The main goal of research described in this section was to evaluate and improve new autosampler
designed to fully automate SPME in-@ll plate format using offline solvent desorption. The initial
idea for a device consisting of 96 f&which fit into the centres of a commercialv@éll plate was
described in 2005° and a simple sersiutomated proebf-concept study using an array of eight
commercial PDMSDVB fibres was carried out to invégate the feasibility of SPME in bioanalysis
by comparison against accepted automated@6plate liquidliquid extraction(LLE) method!*
Good performance of SPME was reported with following figures of merit fordidate drug
molecule: linear range of300 ng/mL for both methods, accuracy of 95(8.7% for SPME versus
98.0101.8% for LLE, and method precision of &8®% for SPME versus 0:83% for LLE.
However, due to the high cost of a single commercial SPME fiuilding a 96ibre array with such
commercial devices was very cgsbhibitive, so alternative configurations were explored by
Hutchinsoret al*! This work proposed the use of pins found in commeg@&ain-tool replicator
device as the metal support for immobilization of SPME coating. Hollow PDMS tubing (medical
grade) was found to work well for the extraction of s&piatile polyaromatic hydrocarbons. Among
different agitation methods, orbital éafion while fibres are kept stationary was found to provide
more uniform agitation than sonication or magnetic stirring. Based on the results of this study,
Dietmar Hein andPAS technology designed and built prototype SPME autosampler, named Concept
96, which consisted of two orbital agitators, one arm capable of positionip@6ol replicator
device, syringe arm (to dispense desorption solvent, internal standard) amekh @l&te nitrogen

blowdown device to permit incorporation of evaporation/nstitution step for applications requiring
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additional sensitivity. The availability of such system was deemed important for both bioanalytical
and metabolomics applications of SPME as it would enable for the first time the use of SPME in

laboratories needg to process large number of samples.

For the evaluation of Concept 96 autosam@everabenzodiazepineshown inFigure2.1 were
selected as target analytescause of their widespread use as tranquilibggsjotics, muscle
relaxants, and anticonvulsarsd their amenability to analysis by electrosprayM§&. PDMS

coating proposed by Hutchinsehal'**

was found unsuitable for drug analysis due to very slow
kinetics andooorintra-fibre reproducibility, so an alternative simple and reproducible fib
preparation procedure based on Sike sorbents was investigated and optimized for Hiblie
SPME™?The perfemance of the system was evaluated with respect to following parameters:
selection of coating, carryover of analyte in the extraction phase, welitatksBbre robustness,
selection of optimal calibration method, uniformity of agitation in all wellgability for pre
equilibrium SPME, and fibréo-fibre reproducibility. After full optimization, muliibre SPMELC-
MS/MS method was fully validated for highroughput analysis of benzodiazepines in whole blood

to show an example applicationaomplex heterogeneous matrix.
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lorazepam nordiazepam

oxazepam

Figure 2.1 Structures of selected benzodiazepines included in evaluation of Concept 96

autosampler.
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2.2 Experimental

2.2.1 Chemicals and materials

Diazepam, nordiazepam, oxazepamd diazpamd5 were purchased from Cerilliant (Round Rock,

TX, USA) as 1 mg/mL methanolic solutions, while lorazepam was purchaset rmg/mL solution

in acetonitrile. Acetonitrile (HPLC grade), methanol (HPLC gradedl glacial acetic acid were
purchased frorfrisher Scientific (Ottawa, Canada). Sodium chloride, potassium chlaride,

potassium phosphate were purchased from EMD Chemicals (Gibb$dwdSA). Sodium

phosphate and human serum albumin were purchased from-8idnieh (Oakville, Canada).
Polypropylene 96 deep mutivell plates and BD KEDTA 18 mg Plus Vacutainer blood collection
tubes were purchased from VWR International (Mississauga, Caibada).o pur e wat er (

was obtained from water purification system (Barnstead, Thermo FishelpSaICA, US).

2.2.2 Preparation of buffers and standard solutions

Instrument calibration was performed using a set of calibration standards prepared in desorption
solvent (acetonitrile/water, 1/4/v). These standards were injected in duplicate at the bagianid
end of each sample run, and anality control QC) standard was also injected periodically
throughout the run to ensure suitable instrument performance. These standards were stored

refrigerated, and fresh standards were prepared monthly.

Phosphatéuffered salindPBS)solution pH 7.4 was preparég dissolving 8.0 g of sodium
chloride, 0.2 g of potassium chloride, 0.2 g of potassium phosphate, and 1.44 g of sodium phosphate
in 1 L of purified water and adjusting the pH to 7.4, if neces$anyal SPME optimization and
evaluation experiments, standard solutions were prepared at appropriate concentration (typically 100
ng/mL unless otherwise indicated in text) in PBS buffer is such a way to keep the organic solvent

concentration at exactly 1% (v/methanol. Fresh standards were prepared in PBS daily.

For the application of optimized method to whole blood samples, calibréiotesds and
validation samples were prepared by spiking an appropriate amount of each drug stantatel
blood (final @ncentratiorrange from 1 ng/mL to 1000 ng/mjLin suchaway asto keep the organic
solvent concentration at exactly 1% methaAdler spiking, samples were left standing for a

minimum of 1 hr to ensure sufficient time for drpigptein binding to take pt& prior to extraction.
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2.2.3 Preparation of 96-SPME device using pin-tool replicator and PDMS coating

The initial design of the device was based on the work described by Hutchtredonho used a
commercially available piool replicator as the support tmimobilize SPMEcoatings™* Pin-tool
replicator (model AFIX96FP3) and floating pins (FP8, 0.356 mm diameter) were purchased from
V&P Scientific(San Diego, CA, USAThe coating used for this device wdslixMark
polydimethylsiloxanébased hollow tubingvith 0.31 mm ID and 0.64 mm O&nd wasnade from
PDMS and proprietary fillefHelix Medical CarpinteriaCA, USA). This tubingwas cut into 2 mm
pieces and placedirectly overfloating replicator pinsThe tlickness of the extraction phase for these
fibres wasgetetningd by the thickness of the tubRig:tool replicator was directly

attached to PAS autosampler arm using appropriate screws.

2.2.4 Preparation of 96-SPME device using 1.55 mm diameter stainless steel wire and
coated silica particles

Based on the results of the coating optimization procddiseussed in Sectich3.1.9, thick 1.55

mm solid supports were found to perform better than thin solid supports.dntorouse these new

solid supports in a 96 PME device, a simple prototype device was designed and built by Machine
Shop at the University of Waterloo. This device consisted of top and bottom plates. Bottom plate was
drilled with holes to fit 1.55 mm siol support. The spacing of the holes was chosen to match the
centre of each well of commercial-9&ll plates. The two plates were held together with screws in

the four corners96-plate Silicone PCRMat was purchased from Ultident Scientific (St. Laurent
Canadaandplaced between the two plates to ensure that the solid supports are sufficiently
immobilized. The device is shown ligure2.2 (a). The attachment of the device to PAS autosampler

is shown inFigure2.2 (b) and was designed by E. Cudjoe and D. Hein.

To prepare thin SPME coatings on 1.55 mm sup(stainless steel wirgype 316 Small Parts Inc.
Miami Lakes, FL, USA)the procedure reported Bjullett and Pawszyn was use® This
procedure involves the immobilization of coated silica particles using strong adhesive, and was
previously shown to be suitable for solvent desorption. In current work, the proceduitetter
optimizedto improve inteffibre reproducibility.The overview of optimized procedure is shown in
Figure2.3. The main changes included optimization of the solid support diameter and an increase in

acid etching time fror20 min to 2 hr.
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Figure 2.2 (a) Custommade multi-fibre SPME device constructed using 1.55 mm stainless steel
wires and RPA extraction phase. (b) Photo showing the details of SPME mufibre device, 96

multi -well plate and agitator employed in PAS robatic system.

Briefly, stainless steel wire was cut into 10 cm piegsing special metal cutter from Small Parts
Inc. to obtain clean cuThe ends of wires were theanad using aluminum oxide sand paper
followed by 20 min sonication in acetone and 2 hr sonication in 6M nitric acid. The wires were rinsed
thoroughly with purified water and then methgrasidthenallowed to aidry. A thin layer of Loctite
349 glue(modified methacrylate ester adhesiReS.Hughes Companylymouth, MI, USA)was
placed on the wires by filling 2 mL HPLC vial with glue, capping it and passing the wire through the
septum. The fibres were thenlled in 510 um coated silica particles (§or C,s amideparticles
obtained as resech samples from Supelco, Bellefonte, PA, Y&Aobtain good surface coverage.
Coating length was 1.5 cr@oated fibres were then cured undeultraviolet lampfor 1 hour.

During UV curing, fibres were rotated every 10 min to ensure all sides weik cure

Beforeinitial use, the fibres were conditioned by overnight exposuaertethanolwater (11, v/v)
solutionusing 850 rpm agitatigriollowed by a 30 min exposure to purified water and-an80
exposure to acetonitrilater (11, v/v) mixture.The lang overnight conditioning with agitation was
found important to remove any loosely bound particles from the suFacsubsequent uses, the

fibres were only conditioned for 30 min usimgpthanoWater (11, v/v) mixture.
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Figure 2.3 Overview of optimized coating procedure using fum coated silica particles

2.2.5 Description of PAS autosampler for automated SPME

The automated SPME systemasdesigned andbtained from PASMagdala,Germany)as research
prototype The unit was designed to automallesample preparation stepESPME procedure,
including the addition of an internal standard, mifilltie SPME extraction and desorption for a preset
amount of time with controlled agitation, evaporation of the sojvenbnstitution, and injection of

the final sample solution from individual wells into the HPLC injection pdd.achieve this, the unit
consisted of a threarm robotic autosampleHPLC injection poraind two orbital agitators. Was

fully controlledwith Concept software. One X¥arm of the autosamplewas used to hold,
transportand position th@6-fibre SPME device for the extraction and desorption steps of SPME.
The second arm was equipped with bhdw-down device in order to perform solvenaeoration

and analytgore-concentration steps if enhanced sensitivieig requiredThis feature was not used in
current workandit was evaluated in separate research by E. Cudjoe. The third arm consated of
XYZ arm equipped witla 250 uL syringeandwasdesignedo dispense presgblumesof
reconstitution/desorption solvents or internal standard solutions into the individual wak96f

well plate as well as to perform sample injection into the HPLC port of the analytical sy&tem.
desorptionvolume used in current work w&90' 1000 uL, which exceeded the syringe capacity.
Thus the desorption solvent was either dispensed manually using an air displacement Fisherbrand
20011000 pL pipette or using an automated 96/8&4l microplate reagent dienselUltraspense

200Q KD Scientific, Halliston, USA)in order to further increase automation and throughput.
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Figure 2.4 Photo showing PASConcept 96robotic system. A and B are orbital agitabrs used
for extraction and desorption, C is system controller, D is the arm used to manipulate SPME
multi -fibre device, E depicts SPME multifibre device, F is syringe arm and G is the arm used

for simultaneous nitrogen evaporation from all wells.

2.2.6 LC-MS/MS analysis

Benzodiazepines were analyzedngsalL C-MS/MS system consisting of CFETS PAL
autosampler with cooled sample tray, Shimadzu 10AVP LC with dual puhpeddzu LC10ADvp)
and system controlleSCL10Avp)and API3000riple quadrupolenass spectrometer equipped with
Turbolonspray sourc@pplied Biosystem®DS Sciex, Concord, Canad@he flow of column
effluent was diverted to waste for the first 1.0 min of chromatographic run time using bypass pump
and a Waters switching valv@nalystsoftware version 1.4.1 was used for data acquisition and
processingAnalyteswere separated usirBymmetry Shield RP18lumnwith dimensions of 2.1 x
50 mm and 5 pum particles (Waters, Millford, MAIS) using bromatographic conditiorsreviously
develope by Lordet al'** Sampleg20 pl) were injected in duplicate and kept at 5 °C on the
autosampler while waiting for analysis. Mass spectrometric conditions usecheleuéizer gas = 6,
curtain gas = 10, CAD ga=12, ionspray voltage 530Q &d sourceemperature set to 80C. The
analysis was performed using positive ESinultiple reaction monitoringyRM) mode using
instrument settings describedTiable2.1. These parameters wesbtained by direct infusion of 1

pHg/mL benzodiazepine standard solution using syringe pump, followed by manual optimization of
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each parameter until maximum signal was obtained. Dwell time of 200 msec was used for monitoring

of each ion.

Table 2.1 Summary of MS/MS parametersfor the analysis of benzodiazepines

Q1 Q3 |Declustering| Focusing | Entrance | Collision | Cell Exit

Analyte Mass Mass Potential Potential | Potential Energy Potential
(amu) | (amu) V) V) V) V) V)
Diazepam 285.0 | 153.9 92 120 7.5 39 10
Lorazepam 321.1 275.1 101 360 10 31 20
Oxazepam 287.1 | 241.1 61 160 10 31 18
Nordiazepam 271.1 | 140.0 66 170 10 39 10
Diazepam-d5 290.2 154.1 92 120 7.5 39 10

2.2.7 SPME procedure during optimization/evaluation experiments

SPME was performed using 1000 pL aliquots of appropriate benzodiazepine standard prepared in
PBS buffer, pH 7.4. Extraction time was varied depending on the experiment as stated in text.
Extraction and desorption were performed using 850 rpm agitdtiendesorption was performed
using 1@O0 pL of desorption solvent (acetonitfibater, 11, v/v) for stated amount of time @amin

for PDMS coating and 30 min for,£and RPA coatings The carryover was evaluated by performing
a second desorption using@$h portion of desorption solveiihese extracts were then analyzed
directly using LEMS/MS.

2.2.8 SPME procedure for high-throughput analysis of benzodiazepines in whole
blood

Whole blood was collected from a healthy volunteer using BEBTA 18 mg Plus Vacainer

tubes and kept on ice until us&¥hole blood was processed within 24 hr from collectamd stored
refrigerated when not in us€he internal standard (diazepat®) dissolved in methanelasaddedto

all samples and standards at the final conceotratf 400 ng/mLSPME procedure was performed
using PAS autosampler and following extraction conditi80$: UL samplezolume, 30 min
extraction,850 rpmagitation Immediately after extractionibres were rinsechanuallyfor 30

seconds using purified wex in orderto eliminate any blood droplets red blood cellérom thefibre
surfacelnitial design of PAS autosampler did not incorporate the possibility of wash step, but based
on the results of this work, subsequent improved design of the unit anateg a wash station where

fibres could be rinsed by dipping in and out several times muoiiti-well platecontaining purified
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water. The desorption was performed us300 L of desorption solvent (acetonitfilater, 11, v/v)

for 30 minat 850 rpm. Tlese extracts were then analyzed directly usingMSIMS.

2.2.9 Data analysis and calculations

Calibration was performed usingyleighted linear regression in SigmaPlot 2004 for Windows
version 9.0 softwaraVeighted regression was found to perform better giraple linear regression

by improving the accuracy of low concentration standdggaction efficiency (or absolute

recovery) was calculatdal dividing the amount of analyte extracted by the coating (in ng) with the
total amount of analyte originally@sent in the spiked sample (in ng), and multiplying this result by
100% to convert it to percentage. The amount of analyte extracted was determinéastrsingent
calibration curve for each analyte prepared directly in desorption solvent (single dtaedar
concentration level, minimum of 6 levels to cover the entire linear range of the instrument). Relative
recovery (or accuracy) was calculated by dividing experimentally determined sample concentration
(in ng/mL, determined using calibration curve @eal in whole blood) by true sample concentration
(in ng/mL),and multiplying this result by 100% to convert it to percentage. Whole blood calibration
was performed by SPME of each standard in duplicate, and a minimum of six concentration levels
across thentire linear range were used as described in Seziion

2.3 Results and discussion

2.3.1 Optimization and evaluation of automated 96-SPME system and PAS

autosampler

Research prototype PAS autosampler was designed on the bsisoncept initially proposed by

06 R eat &lf°gnd further supported by the results of a prfefoncept study™. In this study,

orbital agitation while fibes are held stationary was found to provide the best results when compared
to sonication and magnetic stirrif.The authors also found that commercially availabletpat

replicator could successfullyelused to immobilize an array of 96 SPME fibres. In this study,
polyaromatic hydrocarbons were used as analytes and the analysis was performed using gas

chromatography after solvent desorption.

The first objective of current research was to build on tindysperformed by Hutchinsaet al.and
evaluate the performance of new P&8ncept 9&utosamplefor drug analysisvith respect to

factors such af) selection of the best fibre coatir{@) optimization of the fibre coating procedure
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(iii) selection bthe best stainless steel suppist) examination of the need for fibre pre
conditioning and/or rinsindv) selection of the optimal calibration meth@d) evaluation of fibre
carryover, (vii) evaluation of well crogalk and {i) confirmation of uiform agitation in all wells
Additional factorssuch asgitation speedptimization of extraction phase geomeind the
influence of the exact position of tis*ME extraction phaseithin the wells were also studied and
are reported elsewhel¥.

PDMS coating, recommended by Hutchingbml, was initially evaluated for use with PAS
autosamplet® However, the performanas this coating for drug analysis wisind to be
inadequate as described in detail subsequent sections, soatvgshased orC,g- and RPAcoated
silica particlesvere also incorporated into this evaluation in order to improve the overall performance

of the system

2.3.1.1 Optimization of desorption conditions for PDMS coating

Optimization of solvent desorption conditions during SPME method development involves testing of
different solvent compositions and desorption times in ordach@eveefficient desorption othe
analytewhile minimizingor eliminating carryoverCarryover is defined as the amount of analyte
remaining in the coating after first desorptittnis determined experimentally by performing a second
desorption using fresh portion of desorption solyant can be calculated ngiEquation2.1.

% G 1 GEVQ = oemnu:xn ;fofg?ﬁ.fnﬁn ﬁ@gg :llr]lloﬁfﬁ 215(33'92 x 100% Equation 2.1

In current study, glar solvents such as methanol or acetonitrile were tested for their ability to
desorb the analytes frothefibre. Nonpolar solvents are not suitalite desorptiorsince they swell
or dissolvethe PDMS extraction phasé@he results btained are shown iRigure2.5. Two desorption
solvent compositions were found to mmmove 099% of
desorption time with agitation speed of 850 rpm was usedtonitriléwater (1/1, v/v) mixtur@and
pureacetonitrile Under these conditionthe cartyover was found to be less than I#baddition to
desorption efficiency, two other factors play a role when selecting the most appropriate desorption
solvent for this automated SPME system. These are desorption solvent compatibility for direct
injection nto LCG-MS and potential for solvent evaporation duirng the desorption step. According to
this criteria, aetonitrilewater (1/1, v/visolutionwas chosen as the desorption soienall

subsequent experiments using PDMS coatiegause it was directlypmpatible for injection using
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gradient reversphase LEGMS method for the analysis of benzodiazepines and less susceptible to

evaporative losses during desorption step than pure acetonitrile.

Optimization of Desorption Solvent and Desorption Time
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Figure 2.5 Optimization of desorption conditions for diazepanusing PDMS coating(n=3).
Extraction was performed from 100 ng/mL diazepam standard in PBS buffer pH 7.4 for 60 min

using agitation of 850 rpm.

2.3.1.2 Determination of extraction time profile for PDMS coating

An extraction time profile was determined experimentally by measuring the amwianalyte

extracted by the fibre as a function of tiamed is shown ifrigure 2.6 (a). Theequilibrium for

diazepam was reached afi& min As discussed in Sectidn4, the equilibration time is defined

as the time after which the amount of gtelextracted remains constavithin experimental error.

The euilibration time is affected by ctiag thickness, sample temperature, agitation conditions and
distribution constantand thdong equilibration timebserved in current studyas attributedo the
thickness of extraction phase which is approximatélye mHowever, the coating thicknessuld

not be further reduced using this method of constructing an array®PBfE devices, because this
was the thinnest tubing commercially available with the appropriate dimensions. Such long extraction
times are not suitable for highroughput applidéons, and high sample throughput was the primary
goal of this research. Therefore, in the next step, the suitability of Concept 96 system for pre

equilibrium SPME was examined.
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For preequilibrium SPME methods, accurate timing of extraction step isingrgrtant in order to

achieve good method precision because the amount of analyte extracted depends on the exact length
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Figure 2.6 (a) Representative extraction time profiles fothe extraction of diazepam from 100
ng/mL standard solution for 6 different fibres and well positions (data for all 96 fibres was
collected as discussed in text, bus shown for only 6 fibres for clarity) (b) Dependence of %

RSD for the amount extracted 6 diazepam (n=96 fibres) on the extraction time

of extraction time as shown previouslykquation 1.6 Therefore, to examine the performance of
Concept 96 robotic station for peguilibrium SPME, extraction was performed using all 96 fibres

and the extiction time was varied from 15 min to 1800 min. The results of this experiment are shown
in Figure2.6 (b). Excellent method precision with RSD 618% was found for all extraction times

longer than 60 min, and there was noistigally significant difference between method precision
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observed at prequilibrium times (66060 min)versusequilibrium extraction times (1200800

min). The main reason such good precision was observed-atjpitdorium extraction times is that

theextraction is performed in parallel for all samples and accurate tamiddibre positionings

achieved using software control via Concept software. However, using very short extraction time of

15 min, very poor method precision was observed with RSinadst 30%. Possible reasons for this

finding include that some time is required to establish uniform agitation in all of the wells and/or

eliminate any air bubbles within the wells. Overall, the results show suitability of Concept 96-for pre
equilibrium > ME but the use of short extraction ti mes
uniform agitation can be established in all wells.

2.3.1.3 Evaluation of inter-fibre and intra-fibre reproducibility of PDMS fibres

Most SPME analyses rely on the use of a single fitarextraction of all samples and standards in a
given batch, rendering the issue of idfibre reproducibility not important for this type of analysis, as
long as fibre is not damaged during the analysis. However, in current research, extractionesf samp
and standards is performed by an array of 96 fibres, so it is crucial for the reproducibility between the
amount of analyte extracted by different fibres to be very good to ensure reliable quantitative
analysis. To obtain good intéibre reproducibiliy of the amount extracted, it is important for the

volume of the coating to be the same for all fibres. For helidying PDMS coating, the fibrm-

fibre reproducibility is thus limited by the uniformity of the tubing thickness and the ability to cut the
tubing into pieces of equal length. The idfibre reproducibility of resulting PDMS coatings for the

array of 96 fibres was evaluated using the extraction of diazepam from 100 ng/mL standard solution.
Using equilibrium extraction and optimized desomtimnditions, intefibre reproducibility (n=96

fibres) was found to be 10 and 11% RSD for each of two independent experiments as Sredla in

2.2. The results from a representative extraction are also shadwigure2.7 by plotting well position
versusamount extracted. These plots were collected for several days and examined for any apparent
trends. For example, a fibre with significantly lower volumeasdting would kb expected to extract
smaller amounts of analyte on each day tested. However, no such trends in data were observed and
no outlier fibres were detected, indicating that this coating could be made with satisfactefipriater

reproducibility.

It was prevously reported that rinsing of the fibres between extraction and desorption steps can
help further improve method precision by removing any small droplets from the surface of the
fibres!* Thus, the incorporain of 30second rinsing step with purified was examiriEe results
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Figure 2.7 Amount of diazepam extracted from1 mL of 100 ng/mL diazepam standardsolution
using automatedmulti -fiore SPME (n=96 fibres).

obtainedare included irfmable2.2 and show that rinsing did not affect the amount of analyte

extracted nor improve method precision. Therefore, the rinsing step could be omitted or added
depending on theomplexty of sample matrix. For example, in subsequent studies using whole blood
(Section2.3.2, presence of small blood droplets and/or red blood cells was found on the surface of
the fibre after extraction, and dtidn of 30-second wash step helped eliminate these possible

interferences prior to desorption resulting in clear partictfate extracts.

Table 2.2 The effect of fibre rinsing on the amount of diazepam extcted and interfibre

reproducibility using multi -fiore SPME with PDMS coating.

Mean amount of diazepam extracted % RSD of
Rinse (ng) extraction
(n=96) (n=96)

No 26.5 10
No 26.0 11
Yes 26.6 12
Yes 25.4 10
Overall Mean (n=4): 26.1 NA
% RSD (n=4): 2.1 NA

The ntrafibre reproducibility is defined as the reproducibility of the amount extragtesh a
singlefibre is used taarry outrepeatedxtractiors. This parametevas evaluated using the data
from five independent extraction$ diazepam standasblutionof known concentration (100
ng/mL). The average amount extractgdeach fibre (n=5 extractionahdRSDwere calculated

individually for each of 96 fibres. The results for this evaluation are shohistagramin Figure
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2.8. The mean % RSIbr the entire experiment w&86 (averag&kSDfor all 96 fibres studid)

which is acceptable for quantitative analysis by electrosprailBCHowever Figure2.8 also shows
thata significant number of fibrdsadunacceptably high RSDs ranging from28%.Possible
causes for the observed spread of RSD values were further investigated with the goal to further

improve method performance.
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Figure 2.8 Evaluation of intra-fibre reproducibility using PDMS coating The distribution of
fibres with given RSD forn=5 independent extractions using the same fibris shown. The
performance of fibres with % RSD exceeding 10 was deemed unacceptable for quantitative
analysis. All of the extractions were performed using 100 ng/mL standard solution of diazepam
in PBSand optimized SPME conditions.

2.3.1.4 Investigation of carryover using PDMS coatings

Although carryover was evaluated during the optimization of desorption angd{bectior2.3.1.9,

this evaluation was performed using only n=3 fibres. Furthermore, the initial carryover test was
performed using only 6fnin extraction time, so it was possible that carryover after bguitn
extraction is more significant, because higher amount of analyte is extracted at equilibrium.
Furthermore, if the amount of carryover is not the same for all fibresulid possibly causgoor
intra-fibre reproducibility This possibility was invegated by determinindhe carryover for all 96
fibresafter 20 hr equilibrium extractioheaverage carryover was found to be 0.3% using optimum
desorption conditions (rangdserved waffom none detectetb 0.7%) thus confirming previous
results This indicated that carryover is not a significant contributing faotmoor intrafibre

reproducibility observeébr some fibres.
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2.3.1.5 Investigation of the uniformity of agitation using orbital shaking and PDMS coatings

A secondpossible explanation fgroor reoroducibility of repeated extractions using some filwas

that the agitation in all of 96 wells is not unifarirhis possibility wagxamined by plotting the

residual plots of the amount extractextsuswell position overightindependent extractionsing

n=96 fibres and equilibrium extraction conditioRfgure2.9 shows two example plots obtained in

this study, and illustrates that no apparent trends were observed. It was also examined whether the
amount of aalyte extracted by the wells in the centre of the plate was significantly different than the
amounts extracted by the wells on the outside edges of the plate, due to differences in agitation. No
such trends were observed. However, these plots were pbemofugh to detect that the leveling of

the system was not adequate after the movement of the unit from one lab to another. In this case, the
residual plots showed consistently high positive residuals for rows A and B, indicating they were
extracting higheamounts. During subsequent troubleshooting, improper leveling of the agitator was
discovered and fixed. The subsequent residual plots became random in appearance. These
experiments indicate that the use of residual plots is useful to evaluate theEggtemance and

detect changes in agitation. More importantly, the results also indicate that the agitation within all
wells is uniform and not likely cause of poor infilare reproducibility observed for some fibres.

In a final set of experiments, theitammity of agitation within wellsvas further confirmed by
constructing extraction time profiles for all 96 fibr&f.e main hypothesis for performing these
experiments was that any significalifferences in agitation among the wedlsould result inonger
extraction timedgor the equilibriumto be reached in some of the welgyure2.6 (a) showed the
results for six representative fibres, and the result for remaining 90 fibres were consistent with this,
indicaing no apparent differences in uniformity of agitation among the wells within the experimental
error.Based on this study, agitation&50 rpm using orbital shakingas found to b&niformandno

well position correction factonseeded to be appligd this automated muHiibre SPME system.
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Figure 2.9 Dependence othe amount extracted on well position in two typical experiments. The
residual plots for the amount of diazepam extracted by each well & 96well plate are shown.
Both figures are plotted using the same scale, and 0 position represents the overall mean

amount of diazepam extracted (n=96jor the given extraction.

2.3.1.6 Investigation of well cross-talk using PDMS coatings

The crosdalk betweerwells is another important factor to examine during the evaluation of

automated systems based on mukil plate technology® This issue was found particularly

problematic for LLE methods based on muill plates as sealing of the plates during the mixing

step may not be sufficient, and monitoring the performance with two or more contamination tracers is
usually recommended to ensure good data qualityorder to evaluati there isany well cross
contaminatiorfor proposed SPME seip, a blank buffer solution was placed in random well

locations across the plate (27 locatishswn inFigure2.10), while the remaining wells contained a
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high conentrationof diazepam standard (300 ng/mBfter extraction and desorptiorhis plate was
analyzedor the presence of any trace quantitiesiatepam in the chromatogramistained fotthe

wells containing blank solutiomMo diazepam was found ftheseblank solutionsonfirming that the
crosscontamination across the wells does not oosimgoptimum agitation conditionand sample
volumes If the agitation speed is further increased (for example >1000 rpm), this resulted in spilling
and possible crossontamination, indicating very high agitation speeds should be avoided.
Furthermore, if the fibres are not properly centered within the wells, this was also found to cause

inadvertent spilling and cros®ntamination.

1 2 3 4 5 6 7 8 9 10 11 12
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Figure 2.10 Plate map indicating well selection for crosgalk experiment. B denotes placement
of blank PBS solution in the well and S denotes placement of 300 ng/mL diazepam standard

solution in the well.

2.3.1.7 Summary of overall performance of PDMS coatings

According to the results presented above, PDMS coating was found to perform well for drug analysis
using Concept 96 system in terms of extraction efficiency, carryover, andfilmterreproducibility.
The array of fibres was easy to prepare and afford&hkesame set of fibres was used for all of the
experiments described here indicating good coating reusdpili9 times with no loss of extraction
efficiency). However, o main issuesvere encountered with this coating: (i) very long extraction
times al (ii) large range of RSD values observed during evaluation offibte@reproducibility. The
former impacts the analytical sensitivity, while the latter adversely affects quantitative analysis which
is especially problematic for subsequent applicateretbpment. Possible causes for poor Hitree
reproducibility were investigated in detail, but no satisfactory explanation for the observed results
was found after the examination of carryover, well ctaisand uniformity of agitation. One
possibleexplanation is that long extraction times result in slight and unpredictable variations in room
temperature (for example, laboratory temperature during theetaysnight), which affect the
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maghnitude of distribution constant and the amount of analytaaetl. The addition of internal
standard (lorazepanbefore extractiomlid not improve the observed results, so further use of this
coating was discontinued and research efforts focused on finding a more suitable coating for this

automated mulfibre SPME system.

2.3.1.8 SPME coatings based on coated silica particles: influence of particle type on coating
properties

Thenew coating needed to satisfy four main criteria: (i) good extraction efficiency for drugs (ii) low
cost of preparation (iii) thin to facilitatmass transfer of analytes and (iv) good inairad intetfibre
reproducibility. Polypyrrole coatings were previously found to meet the first three criteria, but
exhibited poor intefibre reproducibility (>30% RSD) despite extensive efforts to optimige th
coating preparation procedur®. Materialsthatare typically use@ds stationary phas@sreverse

phase liquid chromatography such as octadecy) (f©rous silica particles were previously shown to
perform wdl as SPME extraction phasdae to theiilgood extraction capacigndreasonable
extractionkinetics for more polar analytes such as drugs and metatf6ifte$® 1¥23° The

optimization of coating procedure based on coated silica particles was also attractive for future work
in metabolomics, as the properties of the coating could be imbdiy changing the type of particles
employed in the coating procedure. Thus, based on good potential of these ¢oatints
bioanalytical and metabolomics applications, their suitalfihtyuse with the automated mufibre

SPME systemvas invesgated.

Previous work within our research group recommeradgithple coating procedun the basis of
the attachment of the coated silica particlethéstainless steel surface using a strong adhesive
(Loctite commerciallyavailable U\fcuring adhesive Is&d on methacrylate est&ith good
chemical resistancé”However, no extensive data regarding idtere reproducibility of this
coating existed, so the first step of coating development focused evathation of this parameter
using benzodiazepines as model anal\gast experiment compared tperformance ofive
different types of coated silica particlies coatingpreparationTwo main types of coated particles
were considered: (i) fgand(ii) Cis with an embedded amide group (reverse phase amide or RPA).
The comparison focused on three main parametges:fibre reproducibility, extraction efficiency
and adhesion of the coating upon repeatedkigare2.11 shows the results of this comparison for
diazepam, but the results florazepam, oxazepam, and nordiazegaowed similar trends. Two
consecutive extractions were performed using 12 fibres of each coatingtypeg different G
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particles tested;;g silica particles of 10 um diametbadthe highest extraction efficiency for
benzodiazepines. However, the results for the second extraction using this coatimgisteaile
decrease in the amount extracted and significant deterioration efibmereproducibility This
indicatessignificant loss of coatingpon repeated usk contrastSPME coatings based on 5 um
particles showed improved adhesand the results fdwo consecutiveextractionsshow excellent
agreement Among these coatingdscenti® RPA coatinghadthe best intefibre reproducibility so

this particle typavas selected for all further experiments.

Comparison of Extraction Capacity for Diazepam
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Figure 2.11 Evaluation of different coated silica particles for use as SPME épaction phases.
The amount shown is the mean amount extracted by 12 fibres tested. The error bars shome
standard deviation from the mean. The results for two consecutive extractions are showsan

indication of coating adhesion.

2.3.1.9 Evaluation of inter-fibre and intra-fibre reproducibility for C;5 and RPA coatings

Considering the poor intibre reproducibility observed with PDMS coating, the next step of the
evaluation focused on this parametgopto proceedingnyfurther with the coating developme#t
total of 14 experiments was performedtbree consecutivdays using 15 fibres with RPA 5 pm
particle coatingn orderto evaluatédothintra-day and inteday reproducibility of the amount
extracted by each individual fibre. The results obtainedamamnarized ifmable2.3. Mean %RSD
ranged from 919% for intraday reproducibility experiments, and-18% for all 14 experiments.

Furthermore, the use of lorazepam as internal standard impraxeeéibre reproduaibility
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Table 2.3 Summary of intra-fibre reproducibility results for 15 fibres coated with RPA 5 um

extraction phase and usind.81 mmstainless steel support. The results are shown as intday

and inter-day reproducibility. The effect of the use of lorazepam as internal standard to

improve reproducibility is also shown.

Mean % RSD

Mean % RSD

Mean % RSD

Mean % RSD

Diazepam Oxazepam Nordiazepam Lorazepam
INTRA-DAY REPRODUCIBILITY - no internal standard
Day 1 ( n=6 experiments) 9 15 10 15
Day 2 (n=3 experiments) 14 15 12 19
Day 3 (n=5 experiments) 12 16 12 12

INTRA-DAY REPRO

DUCIBILITY - using lorazepam as internal standard

Day 1 ( n=6 experiments) 7 5 5 NA
Day 2 (n=3 experiments) 11 8 8 NA
Day 3 (n=5 experiments) 4 6 3 NA
INTER-DAY REPRODUCIBILITY i no internal standard
All data (n=14 experiments) | 11 | 17 | 11 | 18
INTER-DAY REPRODUCIBILITY 1 using lorazepam as internal standard
All data (n=14 experiments) | 7 | 10 | 8 | NA

NA = not applicable since lorazepamsmased as internal standard
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Figure 2.12 Diagram showing reusability of RPA 5 um coatings over 14 extractions. The

amount extracted of diazepam and oxazepam is shown over time fitrree representative fibres

Data points for lorazepam and nordiazepam are omitted for clarity.
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considerablyith all intra and intetrd ay mean %RSD 0O11%. This showed t h.
during extraction could be wetlontrolled and that this coating was a good candidate for further
developmentFigure2.12 shows the results faepeatedextraction of diazepam and oxazepam for

three representative fibres. The results show good reusability of coating and no loss of coating upon

repeated use, indicating strong adhesion of the coating to the metal support.

Althoughthe fibres based arpated silica particles showadceptabléntra- and inteffibre
reproducibility, further optimization of coating procedure was performed to investigate if the
performance of the fibres could be further improvétie results ofhe experimentomparing te
performance oftainless steakires of different dimensiorsre shown irFigure2.13in order to
determine the most suitaldénensiongor use with automatiarAs predicted by SPME theory, the
extractionefficiencyof the fibres increased as the surface area of the solid support incréagadr
increases in diameter beyond 0.96¢h (or 1.55 mm) were not considered because of the limitations
of well dimensions in order to prevent scratching of the coatings by contachwisides of the well
during agitation. Increasing solid support diameter also resulted in improvefibnger
reproducibility as indicated by lowest RSDRigure2.13 (b) for the thickest stainless steel wires
This indicates itvas easier to achiewaore uniform surface coverage with thicker fibre cores
Finally, increasing the diameter of stainless steel support was found beneficial to improve the
mechanical robustness of the fibres and their compatibility with Concept 9fs¥tiePDMS
coatings, the use of thin pins as solid suppocasionallyresulted in accidental bending of some
fibres during the positioning step, but this problem was completely eliminated with the use of
proposed 1.55 mm solid suppoktcustommade mui-fibore SPME device was built to hold these
1.55mmfibres as described in Experimental sectigth the help of the University of Waterloo

machine shopl'his new device was uséar all subsequergxperiments.

After the selection of optimum solid suppdriterfibre reproducibility was examined for all 96
fibres as shown ifable2.4. The results showed that the fibres could be coated reproducibly with
RSD values ranging from 1B7%, which is quite good for a labade coating.n agreement with
previous results, internal standard was able to compensate well for variations in extraction efficiency
for each fibre and to improve overall met hod prec

regulated bioanalysis.
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Effect of diameter of stainless steel support on extraction
capacity for diazepam
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Figure 2.13(a) Evaluation of the effect ofthe diameter of stainless steel support on extraction
efficiencyfor diazepam. The bars show the mean amount extracted by batch of 12 fibres, and
the error bars showonestandard deviation of results (b) Comparison of intefibre
reproducibility (% RSD for the amount extracted) of batches of 12 fibres prepared using

different dimensions of stainless steel support.
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Table 2.4 Summary of inter-fibre reproducibility results for 96 fibres coated with RPA 5 um

extraction phase and usindL.55 mmstainless steel support. The effect of the use of lorazepam as

internal standard to improve reproducibility is also shown.

Analytical Parameter Diazepam Nordiazepam | Oxazepam
Mean am_ount extracted, n=96 fibres, no 35.9 28.2 98
internal standard (ng)
% RSD, no internal standard, n=96 fibres 15 13 17
Mean amount extracted, n=96 fibres, with 37.9 28.7 98

internal standard (ng)

% RSD, with internal standard, n=96 fibres 9 6 6

2.3.1.10 Optimization of acid etching time
During coating preparation, acid etching step helps to improve adhesion of the coating to stainless
steel wire. The effect of varying acid etching time on ifitene repoducibility was examinedzigure

2.14 shows thatricreasing acid etching time to Rdignificantly improved coating procedure
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Figure 2.14 Optimization of nitric acid etching time. Batches of 15 fibres1(.55 mm diameter)
were prepared using coating procedure described in Experimental except acid etching time was
increasedfrom 20 min to 2 hr. The extraction was performed from 100 ng/mL benzodiazepine

standard solution using optimized SPME conditions.
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2.3.1.11 Examination of coating surface using scanning electron microscopy (SEM)

The surface of the optimized coatings was examined using scanning electron microE¢»(é30

field emission SEMCarl Zeiss NTS GmbH, Oberkochen, GermarylBM imageswere acquired by
trained operator Francois Bretosing an acceleration voltage of 8 and are shown iRigure2.15.
Carbon conductive tape and specimen mounts (Ted Pella, Redding, CAWMd&A)sed to hold the
samplesPrior to analysis, fibres weogit into Emm piecesdried for 1 hr in oven at 140°C, and then
sputteredvith ~10 nm of goldThe images show that very uniform coverage of particles was
achieved, with tight packing of spherical silica particles. Furtbegpa portion of the surface was
removed on purpose to estimate the coating thickness. The coating consisted of a single layer of
particles and estimated coating thickness was 5.7 um which is in line with particle dimensions of 5
pum. It is interesting tmote in the 600x magnification image that the particle size is not uniform. This
large variability in particle size is expected to be an important contributing factor to observed inter
fibre variability in extraction efficiencyln future this factor coudl possibly be explored to further

improve interfibre reproducibilityby finding a supply of more uniformly sized coated silica particles

or to extend the procedure to the use of nanoparticles.

Figure 2.15 SEM images 0f1.55 mmSPME fibre coated with 5 um RPA patrticles and prepared
according to procedure described in Experimental. (a) surface morphology usirgp0x
magnification (b) estimation of coating thickness using00xmagnification.

2.3.1.12 Optimization of automated SPME method for benzodiazepines

Using optimized fibres, the extraction time profiles were constructed for all four benzodiazepines
using extraction times ranging from 1 to 120 min. The equilibrium was reached in 30 min for all
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benzodiazepinesdted,as shown irFigure2.16. This confirms that the kinetics of the extraction for
these SPME fibres are much faster than those for RD&48d fibreslue primarily to significant
reduction in coating thickness (165 wersus5 um). The optimized desorption conditions were
determined to becatonitrildwater (11, v/v), with 30 mindesorption timaising850 rpm agitation
Thesedesorptiorconditionsresulted inthe carryoveof 1-2% for the four benzodiazepindsowever,
the presece of carryover did not affect subsequent analysis, because the olusgryeder was
completely eliminated during preonditioning stepTherefore, the0- min preconditioning step in
methanalwater (11, v/v) served a dual purpose ofi) wetting the fibre surface in preparation for
the extraction andii) eliminaing any carryover of analytemaining in the extraction phasem a

previous extraction.

ExtractionTime Profiles for Benzodiazepines

Amount extracted (ng)

O T T T T T T T T T
0 15 30 45 60 75 90 105 120 135

Extraction time (min)

‘ —>— Oxazepam —#— Diazepam —@— Nordiazepam —&— Lorazepam ‘

Figure 2.16 Extraction time profile for diazepam, nordiazepam, oxazepam and lorazepam using
RPA coating. Extraction conditions: 100 ng/mL benzodiazepine standard in PBS pH 7.850

rpm agitation.

2.3.1.13 Summary of coating evaluation results: comparison of PDMS versus RPA coating

The summary of results obtaith during evaluation of PDMS and RPA types of coatings is shown in
Table2.5. The experimental results clearly indicate better overall performance of thin RPA coating,
with particular improvements observed in time required totregeilibrium and improved intréibre
reproducibility. Both coatings also had similar extraction efficiency for benzodiazepines tested, but

lower carryover was observed with PDMS coating. However, the latter issue was successfully
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resolved for RPA coatinduring preconditioning step, where any carryover is fully removed prior to
next extraction as long as fresh portion of solvent is used each time precondition step is carried out.
Therefore, RPA coating was selected for all subsequent experiments aradezl/adwapplications

using more complex biological matrix as discussed in Se2tidha

Table 2.5 Comparison of performance of PDMS and RPA coatings for the extraction of

diazepam
Analytical parameter PDMS RPA
Extraction efficiency for diazepam 30% 30%
Carryover 0.3% 1-2%
Intra-fibre reproducibility (n=5 extractions, mean of 96 fibres) 9% RSD 7% RSD
Intra-fibre reproducibility (n=5 extractions, RSD range for 96 fibres) 1-23% RSD 6-10% RSD
Inter-fibre reproducibility (n=96 fibres, no internal std) 10% RSD 12% RSD
Inter-fibre reproducibility (n=96 fibres, with internal std) 15% RSD 7 % RSD
Equilibration time 20 hr 30 min

2.3.1.14 Comparison of method precision for manual versus automated dispensing of
desorption solvent

The only step of the sample preparation procedure which was not automated with the proposed
SPMELC-MS/MS system was the placement of samples and desorption solution into wells.
Although the original prototype unit ofdicept 96 included a syringe arm for desorption solvent
dispensing, the arm could only be used to dispense volumes of up to 250 pL which was not sufficient
in current work. Furthermore, the dispensing step was time consuming due to serial nature of
dispening. To address this issue, an automated rwdti plate dispensing unitqr example,
Ultraspense 2000) can be used to dispense solutions into the wells instead of manual pipetting.
dispensing is performed in parallel for a row of wells, so theeeptate can be filled within 1 min.
The effect otheuse of automated 96/384 well microplate reagent dispédiiesspense 200@)n
overall method precision was examin@a@ble 2.6)Both methods of dispensing offered equivalent
accuracy and precisionybthe use of automated dispensémanced automation anetiuced the

amount of time required farepare the entire plate aboutfbld.
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Table 2.6 Comparison of method precision (n=96 fibres) of manual petting versusautomated
dispensing. For manual pipetting, standard solution and desorption solvent were placed into
wells using air displacement Fisherbrand 100.000uL pipette. For automated dispensing

experiment, standard solution and desorption solvenwere placed into wells using

Ultraspense2000.
Analyte Analytical parameter Manual pipetting | Automated dispensing

Diazenam Mean amount extracted (ng) 24.9 24.4
P RSD (%) (10) (11)
Oxazepam Mean amount extracted (ng) 9.2 9.4
P RSD (%) (5) (6)
Nordiazepam Mean Amount extracted (ng) 12.4 12.4
P RSD (%) (9) (9)

2.3.1.15 Comparison of calibration methods

The use of lorazepam as internal standard was found to impvevall method precision
significantlyas previously shown ifiables 2.3, 2.4 and 2.B more detailed stydwas then

conducted to evaluate whether the use of deuterated internal standard @aadsitiesal
improvementsand whether other calibration approaches such as fibre constant calibration and on
fibre standardization can also be employed when develepitognated mulifibre SPME methods.
Briefly, using theon-fibre standardizationalibration approacfsee also Sectioh4), a known

amount of calibranfusually a deuterated analoguepigeloaded into the extraction phasepto
performing an extractioff: ® > “*‘The process of desorption of calibrant from the extraction phase
into the system can be us@dcalibrate the simultaneous and symmetric proceanalfite extra@n

into thecoating This calibration approadhk particularly useful forcalibration of preequilibrium

SPME methods because it successfully corrects foundorm agitation conditins. For automated
SPME methods with Concept 96, this means that sample throughput could be further improved by
using very short prequilibrium extraction timedzibre constant calibration is a simple method where
the magnitude of KV; product is determied for each fibre for a given analyte using a standard
solution of known analyteoncentration and the relationship shown in Equation 1.1. The magnitude
of Ky is constant for a given analyte and extraction conditions, seatieions in magnitude of &/¢
product are reflective of small variations in the amount of coating deposited on eacfi ffiisre.
correction factor derived for each individual fibre can then be applied to all subsequent extractions

and used to eliminate intéibre variability from the data

54



Figure2.17 (a) shows the effect on method precision obtaingidg each ofife calibration
methods testedi) external calibrationii) lorazepam as internal standaiit) fliazepamd5 as internal
standardi{) on-fibre standardizatioand §) calibration using fibre constarfthe comparison was
performed using the same setl@randomly selected fibres for the extraction of diazeddma
results shown for external calibratioarrespond to the true variability of th2 fibres used for the
experiment, as no correction to compensate for variation a¥been appliedhe best results were
obtainedwith internal standardalibration or the calibration using fibre constaAtsiong these two
calibration methods, internatandard calibration is simpler and less ttoasumingoecause it does
not require any additional experimeri&th lorazepam and deuterated diazepam were found to
perform equally wellvhen used as internal standafaisthe quantitation of diazepamore
surprisingly,on-fibre standardizatiodid not improveoverall method precisiowhen compared to the
results obtained using external calibrati@ne possible explanation for the observed resttties
compounding oéxperimental uncertainty because tiplé parameters must be determined
experimentally in order to appbn-fibre standardizatiarBoth the amount of analyte extracted and
the amount of calibrant reaiming in the extraction phase must be determined experimentiy.
performance of offibre standardization was further examir®dinvestigating whether it can be used
to correct for intrdibre reproducibilityfor repeated extractions using the same fibre. This test was
performed using a subsetfofe fibres and the results were comparedterinal standard calibration
as shown ifFigure2.17 (b). The results show equivalent performance of both metfidase results
show that orfibre standardization is suitable to use to correct for variation in extraction cosditio
and can improve intdibre reproducibility. Poor performance fthre correction of intesffibre
reproducibility can possibly be caad by insufficient optimization of calibrant loading procedime.
other experiments described in Sect®d.9 preloading of standard from methanol/water was found
to provide improved performance. However, such approach farré§ of fibres would be caost
prohibitive because it would consume large quantity of calibBated on the results t@ained, the
internal standard calibration method was selected as tharimestmplestalibration method for
automated multfibre SPME.
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Figure 2.17 (a) Comparison of external standard, internal standad and on-fibre

standardization (standard-on-the fibre) calibration methods for the use with automated mult
fibre SPME. The dependence of % RSD (n=12 fibres) of the amount extracted on the choice of
calibration method is shown. All extractions were perforned from 100 ng/mL diazepam
standard solution in PBS buffer pH 7.4 using optimal SPME conditiongb) Comparison of
standard-on-fibre versusinternal standard calibration for improving intra -fibre

reproducibility. The dependence of % RSD (n=5 extractions uisg each fibre)on the choice of

calibration method is shown.
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2.3.1.16 SPME method development using Concept 96: general considerations

In conclusion, the performance of Concept 96 autosampler was found satisfactory, anatlikisise
robotic station providesiggh sample throughput with high degree of automatogure2.18 shows

an overview of the parameters tlsanbe optimized during method delepment of such automated
SPME methods. The main parameters whose optimization is mapdahetype of coating and
corresponding optimum preconditioning procedopimization of wak procedure to ensure no loss

of analyte occurs between extraction and desorption stefmaoptimization of desorption

conditions. Depending on the natwfeanalyte, sample matrix and overall analytical sensitivity
required for a particular application, optimization of additional parameters such as pH, ionic strength,
sample volume and addition of evaporation/reconstitution step can also be consieatkgl the

overall workflow of an automated SPME procedure using Concept 96 is shéiguie2.19to

show the recommended sequence of sieased on the results of this reseathk prototype design

of initial Concept 96 systemvas changetly PAS Technologyo incorporate three orbital agitators:

one for preconditioning, one for extraction and one for desorption. Furthermore, a wash station was
added to the design to enable automation of the wash step. No adgiteted for tfs step to prevent

any inadvertent desorption of theabte(s). The option of temperature control during agitation was
also added to enable temperatooatrolled liganereceptor binding studies. Finaligoncept

softwarewas revisedo enable simple us@rogramming of all steps describedHigure2.19.

TYPE OF COATING =
EXTRACTION STRENGTH
TIME /\X
SOLVENT & c

— AUTOMATED \ =
TIME SPME

& > ( evaporaTion
WASH s
PROCEDURE & %
CONDITIONING st
PROCEDURE
OPTIMIZATION
MANDATORY
OPTIMIZATION

OPTIONAL

Figure 2.18 Overview of parameters which may require optimization during method

development of an automated SPME method using @oept 96 robotic station.
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Injection and analysis by
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Figure 2.19 Overview of automated SPME procedure using Concept 96 robotic station
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2.3.2 Example application of PAS autosampler: high-throughput analysis of
benzodiazepines in whole blood

Once the performance of Concept 96 was found satisfactory, full validatiba optimizedSPME
LC-MS/MS method for the higlthroughput analysis of benzodiazepines in whole bloodcaaged
outaccording to Food and Drug Administrati@ifDA) guidelines for the method validation of
bioanalytical method&? These guidelines are used extensively in pharmaceutical industry, and any
useful sample preparation method in regulated bioanalysis muslette aeet these stringent
regulatory guidelines. The main aspects of validation included selectivity, linearity, limit of
guantitation (LOQ), stability, matrix effects, method precision and accuracy. The latter two
parameters require validation over minim of three concentration levels and over minimum of three

days, to establish both intday and inteday method performance.

The selectivty of the method was evaluated by analyzing two lots of blank whole blood samples
and no interferencest the retation time of analytes (2:R.5 min)were detected in any of the
chromatograms. Exampéxtracted iorchromatogram$XIC) of blank whole blood and 50 ng/ml
benzodiazepine standard in whole blood are showigimre2.20. Postpreparative stability of
samples was demonstrated up to 72 hours when stored in refrigerated autosampdealysie
against thdreshly acquiredaalibration curveLonger times were not evaluated as the analysis of all

samples was expectéulbe completed within this time window.

2.3.2.1 Evaluation of matrix effects

The widespread use of LKIS/MS in bioanalysis is mainly due to the excellent sensitivity and
selectivity achievable by this method of analysis when dealing with complex mixtures such as
biological fluids. However, one of the issues that complicates accurate and precise analysis in LC
MS methods is the susceptibility of ESI to matrix effects. These matrix effects can be defined as the
change in the signal dieanalyte in the presencématrix components due to competition for
ionization, and can result in signal increase (ionization enhancement) or signal decrease (ionization
suppression). As sugctegulatory guidelines recommetite determination of matrix effects using
various lots bbiological fluidsin orderto evaluate how robust method is to such effééfEhe main
approaches to minimize/eliminate matrix effects are to develop sample preparation methods with
efficient cleanup in order to remove as many matrix components as possible and to ensure good
chromatographic retention and chromatographic resolution of analytes whenever p&saibteng

sample preparation methods, gfaa protein precipitation methods provide the poorest sample clean
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up and can result in largest degree of ionization suppression-phalée extraction and liqulajuid
extraction generally provide much improved sample elgarDue to equilibrium extréion nature of
SPME, it can provide even better sample clepthan SPE because only a limited amount of sorbent
is used and the amount of extraction is governed by the magnitude of distribution coefficient for both

analytes of interest and other sammenponents.
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Figure 2.20 Example extracted ionchromatograms (XIC) of diazepam, nordiazepam, oxazepam
and lorazepam in(a) blank whole blood sample and (b) 50 ng/mL benzodiazepine standard in

whole blood

Therefore, as part of method validation, proposed SRKEMS/MS method was evaluated in

terms of absolute matrix effects. This test is performed by comparing signal intensity of blank
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biological fluid sample spiked pesktraction with analytesversussignd intensity for neat standard
prepared directly in desorption solvent at the same concentration level. In absence of any matrix
effects, the two standard solutions should resutiésame signal intensity within experimental efror
and differences of @46 are generally acceptablehe results for this experiment are showii able

2.7. A set of duplicate standard solutions was prepared at concentration level of 1 pg/mL and directly
infused into mass spectrometéhe results show that no matrix effects were observed for lorazepam,
while the remaining analytes showed significant degree of ionization suppression. This example
highlights the importance of incorporating an LC separation step in overall workflow .eOtiee
LC-MS/MS methodwvas evaluated, no matrix effects were observed for any of the analytes as
indicated bythe relativesignalresponseanging from 95102%. Acceptable range is considered 80
120% which takes into account typical precision of electepspC-MS/MS methods.

Table 2.7 Results of the evaluation of absolute matrix effects for the analysis of benzodiazepines
in whole blood. % signal represents the ratio of the signal of blank whole blood extraspiked
post-extraction versusneat standard prepared directly in desorption solvent at the same

concentrationlevel.

Direct infusion into MS (1 pg/mL) LC-MS/MS (20 ng/mL)
Analyte % Signal post-extraction spike | % Signal post-extraction spike

versus neat standard versus neat standard
Lorazepam 97 95
Oxazepam 79 101
Nordiazepam 46 100
Diazepam 49 102
Diazepam d5 (1S) 45 102

2.3.2.2 Linearity, limit of detection (LOD) and limit of quantitation (LOQ)

The limit of detectior{LOD) for the proposed method was detered according to 3x sign#d-

noise criteria and was found to range from 0.8 ng/mL for oxazepam to 3 ng/mL for diakepam.

of quantitation LOQ) for the proposed method was determiaedording to FDA guideline$?In

this definition, LOQ ighe lowest concentration of the analyteginen matrix which meets the
following acceptance criteria: @ccuracy of 20% from the nominal concentration &gl precision

O 2 BSWfor five replicate deteninations The lowest concentration testedng/mL) of all four
benzodiazepines met this criteraand the results are presented able2.8. This sensitivity was
sufficient for assaying clinically relevant cantrations of benzodiazepines. For example, expected

therapeutic range of diazepam and nordiazepam is008LEg/mL***, whereas the therapeutic
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concentration of more potent lorazepam is about 0.03 pgilherefore, thetrategies for further

improving LOQ, such as addition of evaporation/reconstitution step were not further explored.

The method was linear in the range €f@D0 ng/mL for diazepam and nordiazepam and in the
range of 4500 ng/mL for oxazepam and lorazepanaking it amenable for therapeutic drug
monitoring of these drugkinearity was evaluated by constructisig independent calibration curves
using independent sets of fibrés investigate if calibrationutves acquired using single point per
calibration standard were sufficient for quantitative analysis. The ratugtged excellent agreement
For instancethe average slope of six calibration curves in two different lots of whole blood was
found to be 0.0243+0.0008 for diazepam, whilehe linear regression coefficientd)(ranged from
0.9970.999. This linearity data further confirms the ability of internal standard to compensate
properly for interfibre variation, and good overall performance of SPMé&had It should be noted
that the upper limit of linear dynamic range reportedable2.8 is limited bythelinear dynamic
range of the instrument due to detector saturation or ESI droplet surface safirtiand not by
SPME procedure itself. This means that samples exceeding the upper limit can still be successfully

analyzed after appropriate dilution.

Table 2.8 Automated SPME-LC-MS/MS method validation results LOQ and linear range

Analytical parameter Diazepam Oxazepam Nordiazepam | Lorazepam
LOQ (ng/mL) 4 4 4 4
Mean % accuracy (n=5): 102 111 105 102
% RSD (n=5) 11 17 9 14
Signal-to-Noise Ratio 5 19 16 16
Dynamic Linear Range (ng/mL) 4-1000 4-500 4-1000 4-500

2.3.2.3 Method accuracy and precision: intra- and inter-day results

The accuracy and inti@ay precisiorof the proposed method was evaluatefibat concentration
levels (L0, 25, 100 and 500g/mL) using five replicate samples at each I€Vable2.9). For all
compounds and all levelthe precision ottheresults does not exceadceptance criteria of % RSD
(range 214% RSD) Mean accuracy of 8709%, also meets requirements ofBE% One
suspected outlier (recovery of 121%) for oxazepam was detedteglrasults presented ihable 2.9
and is marked witlsterisk t). More robust statistics, median and medihgsolute difference were
used for his concentration level as recommended by Analytzthods Committee when dealing

with small datasets containing a suspected outlféThe significant differencebseved between
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Table 2.9 Automated SPME-LC-MS/MS method validation results summary of intra -day

accuracy andprecision.

Relative Relative Relative Relative

Concentration recovery (%) recovery (%) recovery (%) recovery (%)

Diazepam Oxazepam Nordiazepam Lorazepam
116 93 86 98
103 81 89 88
10 ng/mL 105 114 106 123
120 94 117 115
100 82 94 101
Mean (n=5): 109 93 98 105
% RSD (n=5): 8 14 13 13
84 75 103 84
102 79 99 113
25 ng/mL 96 92 102 94
99 87 113 93
87 121* 114 100
Mean (n=5): 94 87+ 106 97
% RSD (n=5): 8 o* 6 11
102 108 97 99
103 98 99 109
100 ng/mL 109 94 100 105
108 104 108 116
92 86 95 99
Mean (n=5): 103 98 100 106

% RSD (n=5): 6 9 5 7

97 87 106 83
101 102 96 102
500 ng/mL 97 96 96 94
100 100 92 110
101 87 99 100
Mean (n=5): 99 94 98 98
% RSD (n=5): 2 8 5 10

meanbased and medidmasedstatistics (20% RSDersus9% RSD) supports the presence of outlier

in this data set. This is further supported by the resulksatetl for the evaluation of intelay

method accuracy and precision and showhahle2.10. This experimenivasperformedusingfive
independent extractions of the saspekedwhole bloodstandard solution dbur different

coneentration levelsFivefibreswere usedt each levelo submit the method to even more stringent
evaluation than required by the regulatory guidance (five independent extractions for n=1 fibre at n=3

concentration levels is sufficient according to thedgace) Method accuracy ranged from-895%,
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while intraday method precisioranged from 112% RSD both of which meet acceptance criteria for

guantitative bioanalysis.

Table 2.10 Automated SPME-LC-MS/MS method validation results summary of accuracy and

inter-day reproducibility results .

Concentration Mean relative Mean relative Mean relative Mean relative
(ng/mL) recovery (%) recovery (%) recovery (%) recovery (%)
(n=5 analyses) (n=5 analyses) (n=5 analyses) (n=5 analyses)
Diazepam Oxazepam Nordiazepam Lorazepam

115 (1) 99 (8) 89 (6) 94 (11)
102 (2) 89 (10) 91 (6) 85 (12)

10 ng/mL 115 (1) 112 (7) 115 (4) 115 (10)
104 (2) 101 (8) 108 (5) 109 (10)
99 (2) 90 (10) 96 (6) 96 (11)
113 (3) 97 (8) 100 (4) 99 (7)
97 (3) 98 (8) 93 (1) 87 (9)

25 ng/mL 102 (4) 107 (8) 106 (4) 103 (8)
96 (4) 101(8) 104 (4) 107 (10)
100 (3) 96 (7) 95 (4) 96 (8)
112 (5) 115 (10) 101 (4) 109 (12)
104 (6) 96 (10) 100 (3) 100 (11)

100 ng/mL 97 (5) 106 (10) 101 (4) 115 (11)
101 (5) 113 (10) 101 (4) 91 (11)
113 (5) 101 (10) 107 (3) 115 (9)
105 (6) 104 (12) 103 (4) 103 (10)
97 (5) 95 (10) 92 (2) 94 (8)

500 ng/mL 102 (3) 103 (11) 94 (4) 106 (10)
99 (5) 104 (10) 90 (3) 97 (10)
95 (5) 91 (12) 96 (3) 104 (8)

2.3.2.4 Summary of method performance

The performance of proposed SPME-MS/MS method was found satisfactory for the analysis of
benzodiazepines in whole blood, and the method meets all regulatory requirdhemisoposed
sample preparation procedussimple, automizd and applicable to the extraction of whole blood
samples witbut anysample pretreatment steps required. The validated method requires about 100
minutes (30 min preconditioning, 30 minute extraction, 30 minute desorption, ~10 min for dispensing
of sampésivash solventesorption solvent) for the preparation of 96 samfless translates into
sample throughput of >1000 samples/day in labs where robotic plate feeder and liquid dispensing
station is available to permit completely unattended operationmepneisents highest SPME
throughput reported to daf€able2.11 gives an overview of various SPME method reported for the
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analysis of diazepam in blood, plasma or serum. The results show that LOQ (4 ng/mL) achieved in
current workis similar or better than obtained for other SPME methods, while the achieved sample
throughput is considerably improved due to parallel nature of extraction. Furthermore, thiough
optimization of coating anthe geometry of the extraction phase (bgrigasing fibre diameter), the
disadvantages of offline desorption with no evaporation/reconstitution step could be successfully
overcome (only 20 pL out of 800 pL was injected in current study), so that analytical sensitivity in
current work is comparabte that achieved by in tube SPME, thermal or manual desorption methods

where all of the extracted analyte is introduced onto analytical column.

Table 2.11 Summary of SPME methods reported for analysis of diazeam in plasma, serum or

whole blood.
Method type LC-UV LC-MS GC-MS LC-MS LC-MS/MS LC-MS/MS
Offline desorption
Interface In-tube In-tube Thermal Manual Manual + reconstitution/
evaporation
Blologlcal serum serum and plasma blood Wholg blgod whole blqod and in
fluid urine and in vivo vivo
SPME RAM diol PDMS RAM alkyl
coating silica Supel-Qplot | 165 m | diolsilica | POWYPYTTOle C1s/PEG
Precision 5.0% NR 6-15% 12% NR NR
LOD (ng/mL) 24 1 0.3 20 7 1.7
Linear Range | o, 55, 1-500 1-1000 | 25-1000 1-1000° 4-2000
(ng/mL)
. . 10
EXttri?:tlon 4 d(r:a\(/:vlfsject draw/eject 30 min 30 min 30 min 5 min
€ Y cycles
Reference 148,132 149 150 139 133 138

NR = not reported Linear range reported in the manuscript wd€900 ng/mL, bt this

contradicts LOD of 7 ng/mL also stated in the manuscript. Based on the data provided it is not clear

which figure of merit is correct.

2.4 Conclusions and future directions

The optimized automated SPME system (Concept 96) was found to perform Jeiigr wet analysis
of biological fluids and provided highest sample throughput reported to date with typical sample
O 1 min/ s &mMPpFurtherrhocer t h e

parallel extractioriormatalows very accurate timing of extraction and desorpstepsand

preparation times of appl

reproduciblecomputercontrolled positioning of fibres within the wellsh&e characteristics allow

theuseof pre-equilibrium extractioriimes with no sacrificen methodprecision SPME sample
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throughput is now for the first time comparable to sample throughput achievable by automated SPE
and LLE methods in 9@ell plate format and is better than online SPE methods. Furthermore, in
comparson to traditional methods employed for bioanalytical sample preparation, several features of
SPME make it particularly attractifer analysis of biological fluids using L®IS. First of all,

SPME can providenproved sample cleamp, which can minimize/é@hninate the occurrence of

ionization suppression effects. This is achieved mainly through the use of small volume of extraction
phase, which leads to the extraction of smaller amounts of analytes and potential interferences. This
reduces potential for corapitive ionization effects, which can be concentratiependent, although

the underlying mechanisms are not weiderstood*® Secondly, SPME is fullgompatilie with the
extraction ofheterogeneous samples sushwdnole bloodr tissue homogenat@sthout the need for

any sample pretreatment (filtration, centrifugation). This minimizes the overall number of sample
handling steps, increases overall sample throughput and eliminates potential sample losses due to
sanple transfer between various devices (for example, adsorption to centrifuge tube walls or filter
materials). The analysis of whole blood is also attractive for the determination of drug partitioning
into red blood cells, and such experiments can easitatved out using SPME (refer to Chapter 4

for an example using carbamazepine). Finally, SPME allows the determination of both uahdund
total drugconcentratios using a single sample by employing two different calibration strategies
(matrix-free for nbound concentration and matrixatched for total concentration). Traditional
methods do not offer such flexibility, so the sample needs to-pkepared using a different sample
preparation method if both pieces of information are required, thus imggehe overall cost of

analysis and adversely impacting sample throughput.

One of thdimitations of proposed SPMButomated system is thiais applicable only to non
volatile analytes because the wells are not sealed during extraction and desoopsagsSome
data exists on using the system with sgolatile polyaromatic hydrocarbonsowever even with the
use of appropriate internal standard to help correct for any evaporative tostes] precision
worsensonsiderablyas the volatility of aalyte increasefRSD 14-40% depending on the analyte
volatility).** A second limitation of proposed system is that the amount of analyte extracted by
SPME is typically very small, especially when using dgatal fluids with high amount of protein
(such as plasma, serum or whole blood) and/or when dealing with analytes wittegrgle of
protein binding (for example, >90% binding of diazepam). Thus, absolute recoveries for SPME in
such cases are typically2P6, so highly sensitive analytical instrumentation is necessary to ensure

adequate LOD/LOQ for a given application. This limitation has largely been addressed over the last
66



few years with the development of highly sensitive MS instrumentation. The M@niresit used in

current work (API3000) already provided sufficient analytical sensitivity for therapeutic drug
monitoring without need for further preconcentration through addition of evaporation/reconstitution
step. Newer triple quadrupole instruments entlly available (such as API15500 from Applied

Biosystems or TSQ Vantage from Thermo) provide additionaldl@00fold improvement in

sensitivity, thus enabling easy implementation of microextraction methods for a variety of clinically
relevant applicaties. Finally, forthe best method performance using any type of microextraction
method, it is important to keep extraction conditions exactly the same for both standards and samples,
so careful attention should be paid to extraction parameters such asigts$tiength, temperature

and exact matrix composition as discussed in Settibn

Beyond the work described in this chapterasmus Cudjoturther developed Concept 96 robotic
system by modifying the geometry of SPME devioen fibre geometry described herein to tfilm
geometry:** The main advantages of the tHilm geometry are improvement in extraction efficiency
due to increased surface area, improved agitation as thdaewiee acts like a stirring blade, and
improvement irthe extraction rate when using very shortsggilibrium extraction times because
analyte uptake by the coating in this linear portion of extraction time curve is directly proportional to
the surfacea of the device. Based on these improvements (ubidiol 2nprovement in analytical
sensitivity and extraction rate), commercial SPME device of Concept 96 incorporates thin film
geometry. Currently, furthenodificatiors of Concept 9Gre underway in derto enablehe use of
this system foparallel, automatedesorption ofn vivo SPME samplerthus increasing throughput

of in vivo SPME methods such as described in Chapter 4

2.5 Addendum

The text of this chapter was rewritten in comparison to publisteshrch articlelhe author
expresses sincere gratitude to Francois Bretothé&acquisition of SEM imaged.he loan of

Ultraspense 2@Dunit by KD Scientific is also gratefully acknowledged.
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Chapter 3

In vitro evaluation of in vivo SPME devices

3.1 Preamble and introduction

3.1.1 Preamble
This chapter has been published as a pafearkovic D., Shirey B., Chen Y., Sidisky L., Aurand C.,

Stenerson K., & Pawliszyn Jn vitro evaluation of new biocompatible coatings for sqilthse
microextraction: implications for drugnalysis andh vivosampling application#\nal. Chim. Acta
638, 175185 (2009)The figures and tables are reprinfemm this manuscripwith the permission of
Elsevier (Copyright Elsevier 2009).

The contributions of cauthors Bob Shirey, Yong Chen,_8idisky, Craig Aurand and Katherine
Stenersonwere the productioand coating developmeat all prototype SPME devices used in this
work. Furthermore, Bob Shirey performed the experimental wodvaluate the degree of swelling

of these new coatingsi@xposure to common solvents.

I, Bob Shirey, authorize Dajana Vuckovic to use the material for her thesis.

I, Yong Chen, authorize Dajana Vuckovic to use the material for her thesis.

I, Len Sidisky, authorize Dajana Vuckovic to use the material fotHesis.

I, Craig Aurand, authorize Dajana Vuckovic to use the material for her thesis.

I, Katherine Stenerson, authorize Dajana Vuckovic to use the material for her thesis.

3.1.2 Introduction

Presently, applications of SPME in combination with GC predominditerature over SPMEC

applications. Two main reasons behind this trend are: (i) the lack of @igorof SPME-LC
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methods (addressed in Chapter 2) and (ii) the availability of a limited number of extraction phases
suitable for use with LC applicatioh$" ***Figure3.1 gives an overview of properties desired for LC
applications with particular focum the analysis of biological fluids includinig vivo SPME

sampling applications. Currentlgnly four coatingsre available commercially:
polydimethylsiloxandPDMS), polydimethylsiloxane/divinylbenzer®DMS/DVB), polyacrylate

(PA) andCarbowaxtemplated resin (CWPR). These coatings do not possesufficient mechanical
robustness for usaith in vivoapplications. Furthermore, they exhibit poor extraction efficiency
towards polar analytes and are expensive (>$100 per fibre) which makes the use of multiple fibres
during an animal study ceptohilitive. As these coatings are meant for multiple uses, the issue of
inter-fibre reproducibilityhas not been adequately documented for these fibres. Finally some of these
coatings are not biocompatiblelttoughPDMSis generally considered biocompatikites not the

first choice for use in medical devices that will be exposed dirgctliyvo.

Recent research efforts irttee development of improved SPME coatings resulted in reports of
monolithic silica coatings® ***and polymer monolithic coatinfé ***which improve extraction
kinetics and/or extraction of polar compounds by incorporation of appropriate functional groups.
Various taila-made solgel coatings have also been reported in literature as the means of improving
chemical and mechanical stability and extraction efficiency, but these have predominantly been used
in GC applications® Finally, different types of coatings have been proposdiidrature to address
the biocompatibility requirement fém vivo SPME applications and includelgpyrrole coatings™

136, 160162

. coatingsased on restricted access materiafs® 1638

, and coatings baseauh mixtures of
SPE sorbents (coated silica particles) with biocompapiblgmer$® 3" 1% Among these, the latter

type was recently selected Bypelco for commercialization and further development.

o
1EXI1
qRceUsTESsy,.  -33EdEddde..

DESIRED
PROPERTIES

EXTRACTION
CAPACITY OF SPME
: ')COATINGS FOR.

BIOANALYSIS

LOW-COST
) FIBRE-TO-FIBRE
REP

Figure 3.1 Overview of desired properties for SPME coatings in bioanalysis
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The main objective of this work was to evalumt@itro the performace of a new line of
biocompatible coatings produced by Supelco for the extraction of drugs from biological fluids. The
model drugs evaluated in this work were diazepam, carbamazepine, ranitidine, pseudoephedrine and
propranolol. Their structures are shoinrFigure3.2 and an overview of their properties is given in
Table 3.1. The performance of these coatings with other classes of compounds commonly analyzed in
biological fluids by LC such as riboflaviwatersoluble vitamin), adenosine (nucleoside) and
hydrocortisone and progesterone (hormones) is also briefly reported. The proposed coatings were
immobilized ona 200 pmmetalfibre core and consisted of a mixture of proprietary biocompatible
binder andrarious types of porous coated silica (octadecyl, polar embedddédrirRie and cyano)
particles whose structures are showfigure3.3.

(a) (b) (©) (d) o
= OH
'( )‘ 9 ﬁ
* HCI N
(e)
o HsC N
// NH

H/\/S ]\

Figure 3.2 Chemical structures ofmodel drugs used irthe evaluation of biocompatible coatings
(a) carbamazepine, (b) propranolol (c) pseudoephedrine (d) diazepam (e) ranitidine

3.2 Experimental

3.2.1 Chemicals and materials

All drugstandards were purchasasisolids of highest purifyom SigmaAldrich (Oakville, ON,
Canada except dhzepam(Cerilliant, Round RockTX, USA) and carbamazepirii0 (CBZ-d10,
Alltech, Deerfield, IL, USAWwhich were purchased asmgmL and100ug/mL methanolic solutios
respectivelyAcetonitrile (HPLC grade), me#imol (HPLC grade), and glacial acetic acid were
purchased from Fisher Scientific (Ottawz@l\, Canada)while human plasmavith EDTA as anti
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coagulanwas purchased fro@edarlane Laboratories Limited (Burlington, ON, Canadxug-free

human urine was delctedin sterile collection flaskfom healthy volunteer and stored frozgn

20°Cuntil use All commercialCarbowaxtemplated resinCW-TPR, 50 um thickness)and

prototype SPME coatingsere obtained as research samples from Supelco (BelleRAateSA).

Research prototype biocompatible SPME coatings for HPLC use inquded Di s gsd5umr y E C
thickness (i30 Cm stchoivcekrnyeEs sg46 junithicknesB (vt cover yE C
DiscoveBEO@ t hi cknes sAmida(RPAASHm¢hitkness dbd (R)P

Discover yE Cyano 4£be@ioalstructure &f coatiags is showrFigure3.3.

Discovery™ silica has 180 A pore size and 208grsurface area, while Ascentfssilica has 100 A

pore size and 4507 surface ared.he length of coating waks mmfor all prototypesThe

coatings were prepared by mixiagpropriatecoated porousilica particles of 5 um size&ith

proprietary biocompatible bindégiollowed byimmobilizationon aninert, flexible metahlloy wire

(200 um diameter)Prototypefibres were housed inside vivo SPME assemblipased or22-gauge

hypodermic needle as shownRigure3.4. This design ofin vivo SPME deviceas based on worky

Musteatzet al®®, butwasmodifiedasappropriateéo accommodatthefibres immobilized or200 pm

flexible wirein current work

(@) (b) (©)
CHy THH Cha

| ——0——Si——(CHg)ir=——CHj O8I~ (CHz)yNHCO-(CHz)a —CH; | —O——Si—(CHz)s—CN
CH; CHy Ha

Figure 3.3 Chemical structures ofcoatings evaluated in this chapter (a) octadecyl () (b) Cis
with an embedded amide group (revers@hase amide, RPA) and (c) cyanopropyl coating.

3.2.2 Preparation of standard solutions

Instrument calibration was performed daily before and after each samphérgea set of standard
solutions prepared with known drug concentrations{@%0 ng/mL, minimum of n=6 standards) in
desorption solvent. These standard solutions were prepared by serial dilution of stock standard
solution prepared in methanol at tencentration of 10 pg/mlPhosphatduffered saline (PBS)
solution pH 7.4 was prepared described previously (Secti2r2.?. Spiked biological standards
were prepared in three different matrices: PBS pH 7.4, human urifreuanath plasma at the

concentrations ranging from 1 to 1000 ng/mL depending on the experi@rganic content of all
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spiked standards used for extraction was kept constant at 1% v/v meS8ket analytes in
biological fluids (urine and plasma) were fineubated for 60 min prior to the extraction to allow for
drugproteinbindingto occur.For carbamazepingis incubation time was found insufficient as
discussed in text, gare-incubation timefor this drug was increased aaminimum of12 hoursn

subsequent experiments.

)

A

Figure 3.4 Prototype in vivo SPME probe obtained from Supelco Inc(A) SPME fibre is housed
inside commercial hypodermic syringe for protection and for piercing living system or sépm
of sampling device(B) Pushing on the plunger exposes SPME coating during extraction and

desorption steps

3.2.3 SPME procedure

Prior to each useidres were preconditioned for minimum of 30 min in methanol/water (1/1 at/v)
1000 rpm agitatiorExtraction was performeat room temperature (242°C) from1.5mL sample
solutioncontained withir2 mL amber HPLGrial, except for sample volume experiments where
extraction was performed from 0.25 mL sample contained within 0.3 mL amber polypropylene vial
For pre-equilibrium experiments x¢raction times of 2 min (PBS buffer and urine) and 5 min
(plasma)were used, unless otherwise stated in fdgtagitation was employed during extraction,
unless otherwise specified in teXibres were desorbddr 5 min wing 2400 rpm vortex agitation
using100pL of desorption solver(acetonitriléwater, 11, v/v) spiked withil0O ngmL
carbamazepindl0. Desorption was carried out in 0.15 mL capacity tappodgbropyleneHPLC
inserts(Supelcg and using malti-tube vorteer with foam inserof 50-vial capacity (model DVX-

2500, VWR International, MississaudgalN, Canada)Carbamazepindl0 was used daternal
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standardprimarily to correct forslight variations irtheinjection volumeduring LGMS analysis For
ranitidineand pseudoephedrine use of weakatesorption solverwatevacetonitrile, 91, v/V)

ensured solvent strength was suitablediogct injectioninto LC-MS/MS system

3.2.4 LC-MS/MS analysis

LC-MS/MS analysis was performed using instrument consisting@fd@0trap MS, 430
autosampler212 LC pumpsand MS Workstation Version 6.6 software (Varian, Walnut Creek, CA,
USA). Injection volume for all experiments wae pl. Analytes were separated using Varian Pursuit
5 um Gg, 50 x 2.0 mm column. Mobile phasecansisted of acetonitrile/water/acetic acid
(10/89.9/0.1) and mobile phase B of acetonitrile/water/acetic acid (90/9.%a4dlytes were eluted
using300 pL/min flow rateand simple gradient program which included a short hold at 100% A for
0.5 min, folowed by linear increase to 90% B over 4.5 min, and short hold of 0.5 min at 100% B.
Total run time per sample was 8.0 mimcluding column reequilibration time of 2.5 mirHigher

flow rates were explored but could not be used successfully due todieniffiesolvation at flow

rates > 300 pL/min based on the limitations of the design of this ion source.

MS parameters were optimized using direct infusion of/inugpf individual analyte standard
solutions prepared in acetonitrile/wat&nalytes were inized using positive ESWwith ion source
temperature set to 400 Chromatographic run time was divided into two MS timed events. During
the first event (8.0 min), pseudoephedrine and ranitidine were monitored, and needle voltage of
3300V was used. Seed timed event (3:8.0 min) was used to monitor diazepam, propranolol,
carbamazepine and carbamazepib@, and needle voltage of 5600 V was employiénb rest of
MS/MS parameters are summarized able 3.1.

Table 3.1 Summary of analyte properties, MS/MS parameters and LC retention times

Ka Capillary | RF Excitation

Analyte 1:3 IF‘,ol 5 Esnin) gellgent rl?]z;l;ghter voltage loading | amplitude
) (%) M

Diazepam 34 | 2.82 4.9 285.0 257.0 76 79 1.31
Pseudoephedrine | 10.3 | 0.89 | 1.5 166.1 148.0 37 60 1.23
Ranitidine 23 lo27| 08 | 3150 | 1760 51 85 1.20
Propranolol 942 | 3.48 | 3.7 260.1 183.0 66 77 0.70
Carbamazepine 7 245 | 41 237.0 194.0 65 71 1.20
g‘l"‘(r)bamazep'”e NA | NA | 41 | 2470 | 204.0 65 71 1.05
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3.2.5 Data analysis and calculations

Extraction efficiency and reliae recovery were calculated according to procedures previously
described in detail in secti¢h2.9 In current study, calibration curves in PBS, urine and plasma were
acquired. Each point of each calibration curve in eachixnaés acquired using a different fibrend

a minimum of six concentration levels were used in all experiments.

3.2.6 SEM procedure

In preparation for SEMhe coatings wereut into 23 mm piecesdried for 1 hr at 140°C, and
sputtered with ~10 nm of gol&EM images of the coatirighounted using carbon conductive tape
and specimen mouni®d Pella, Redding, CAJSA) were acquired using LEO 1530 field emission
SEM (Carl Zeiss NTS GmbH, Oberkochen, Germany) and an acceleration voltagevofTle
images wee collected by trained SEM operator, Francois Breton

3.3 Results and discussion

The goal of this study was to evaluate the performanee@iv line ofbiocompatiblecoatings
preparedy Supelco using appropriatevitro experiments. Any suitable coatinggaluated using
this procedure could then be further evaluatedvo, and the results of such experiments are
described in Chapter 4. Commercial availability of singde fibres with biocompatible coating
would be advantageous fior vivo SPME studiesand the use of weltontrolled commercial
production process was expected to improve dfitbee reproducibility for such deviced he

coatings wer@repared using a serautomatedatch manufacturing procedure by depositing
multiple layers of a mixture foproprietary biocompatiblpolymer and coated porous silica particles
typically usedas stationary phases in LC or as SPE sorb&htsbhiocompatiblaature of polymer
was important to eliminate any adverse/tariwivoreactions such adot formationas well aso
reduce adsorption gfroteins to the surfada order to avoid problems with analyte uptake into the
coating Three types of coatings were included in this comparisgnRPA and cyano. Example
SEM image with 300x magnificatishows the suface of the RPA biocompatibfére (Figure3.5),
and shows the coverage of particles with a layer of biocompatible polyheesurface of the coating
is also smoother than previously reported forriedide coating which can help minimize interactions

with theliving system (for example, hemolysis§
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Signal A= SE2

Figure 3.5 Example SEM imageacquired using 300x magnificatiorof the surface of
biocompatible RPA coating (3 um patrticle size). Upper portion of coating was removed on

purpose to facilitatethe determination of coating thickness as shown in the imadé1.4 um).

Theselection of the experiments to carry out for this evaluatias hased on the primary ease
of these coatings, which wasvivo SPME sampling. The main parameters investigated included
mechanical robustness, extraction efficiency, carryover, extent of sampleupleadl inteifibre
reproducibility. In addition,ite performance of coatings upon exposure to solvent was investigated by
Supelco as reported elsewh&®The new coatings were found not to swell upon the exposure to
common LC solvents such asetonitrile methawol and aqueous combinations of these solvents. This
presents an advantage oegistingcommercial coatingsuchas Carbowax TPR (CYWPR) which
swelled 3640% upon 15nin exposure to common desorption solvents such as methanol/water or
acetonitrile/water1/1, v/v). Such high degree of swelling is highly problematic as it can cause
inadvertent stripping of coating (and corresponding loss of sample) when retracted into SPME device
and/or accidental stripping of coating within manual SPIMEinterface™®® **®Thefibres were aimed
for singleuse so londerm reusability of coatings after exposure to biofluids was not investigated.
Matrix modificationswhich can be used to improve extractioficincy duringin vitro experiments,
such as pH adjustment and addition of salt, were not examined because they are not appiicable to
vivo sampling of living systems. Many of the evaluation experiments were perforr@&Sibuffer
because iis a goodand simple alternative to use farvitro SPME optimization experiments in order
to avoid unnecessary exposure to human biological fluids and avadltdtdifferences in the
composition and pH of urine or plasma during SPME method development exgsrimaddition,

it does notontain any binding matrix so it is often used to perform mdtei& calibration in order to
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determine free (unbound) analyte concentraitidnioanalytical SPME method&More complex
matrices such as urine and plasma were investigated when necessary to evaluate the fibre

performancdor complex matrices.

3.3.1 Evaluation of extraction efficiency and comparison to commercial CW-TPR

coating

The extraction efficiency of hew cyano,g@nd RPA cotings was compared to thatthie most

commonly used existing commercial coating (OQWR). The experiment was performed using
extraction of drug standard prepared in PBS buffer and short extraction tirmiofizas employed

to mimic a typicain vivo samping situation. The performance ofdand RPA coatings was found to

be better than cyano coatings for the model drugs tested, and similar to the performance of
commercial CWTPR fibre as shown iRigure3.6. The aly exception to this trend was diazepam,
where he commercial fibre extracted significantly higher amounts of diazepam in comparison to the
new proposed coatings. Overall, some dependence of extraction efficiency on analyte log P values
(Table 3.1) was observed, with more polar compounds (ranitidine and pseudoephedrine) exhibiting
lower extraction efficiencies than more hydrophobic analytes.

To enable direct comparison of GWPR coating and the new biocompatibé&atngs such as
shown in Figure3.6 andTable3.2, different dimensions of the two coating types needed to be taken
into account. Commercial CVWWPRfibre was available oglwith the coating dimensions of 1 cm
coating length, 160 um diameterfidfre core and 50 um coating thickness, while the dimensions of
biocompatible coatings tested herein were 1.5 cm coating length, 200 um dianfibter adreand
45 um thickness. Dact comparison is further complicated by the fact that the new coasegs
coated porous spherical silica particles as the sorbent, so it is difficult to estimate exact volume of the
coating. If both types of coatings are treated simply as cylinders enassumed the entiv®lume
of immobilized phase could act as sorbent, an estimated correction factor of 1.6 can be applied to
CW-TPR data to correct for the differences in coating volume. This corrdatitar was calculated
by treatingdfibres as cylnders. According to this approach, the volume of two cylinders can be
calculated: (i) the volume of fibre core cylinder only (radius = core diameter/2) and (ii) the volume of
entire fibre (radius = fibre core diameter/2 + coating thickness). The voluthe obating is then
determined by the subtractionfdire core volume (i) from the total volume of entire fibre (#ull
calculation is shown iffable5.3. This comparison is only an approximation becatiseexpected to
overestimate coating volume for biocompatible coatings because the biocompatible binder and the
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core of silica particles which are present within the coating do not act as a sorbent. Despite of this, the
approximation is useful to give an astite of how the performance of new coatings compares to

existing coatings.

CW-TPR coatings were previously found to perform poorly for the extraction of very polar
analytes, but this was not reflected in the data collected using model drugs within énisierp
Therefore, the performance of the coatings was further tested by increasing the polarity range of
analytes to include some even more polar species such as adenosine and riboflavin. The results
obtained are shown ifiable3.2 for an equilibrium extraction from 5 pg/mL standard solution
prepared in PBS pHR.4 buffer. In general, the results confirm that the new RPA agdo@tings
have better extraction efficiency for more hydrophilic compounds such akavibcdind
hydrocortisone than CWPR. However, this is general trend only and extraction efficiency is very
analyte dependent, so for adenosine all coatings had similar extraction efficiencies, and no
improvement was observed for neaatings For more hytbphobic analyte such as progesterone, the
extraction efficiency of proposed biocompatible coatings is approximately the same as that of CW
TPR. As expected, the RPA coating had improved extraction efficiency thandfing towards
more polar compoundsbause its structure incorporates a polar embedded functional group.
However, the observed improvement wasf&lél even at equilibrium, and no noticeable differences

could be observed within experimental error for short extraction timesnir 2

Table 3.2 Comparison of extraction efficiency at equilibrium of proposed biocompatible

coatingsversusexisting commercial CW-TPR coating for compounds of varying polarity.

Analyte log p165 CW-TPR Cyano RPA Cis
% Extracted* % Extracted % Extracted % Extracted
riboflavin -1.46 0.02 0.18 2.3 1.3
adenosine -1.05 0.20 0.16 0.27 0.18
hydrocortisone 1.61 1.34 0.85 19 20
progesterone 3.87 24 12 30 30

* Correction factorof 1.6 was applied to CYWPR % extracted data in order to account for different

thickness and dimensions of GWPR fibre.
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Figure 3.6 (a) Comparison of the atraction efficiency of RPA, Cgand cyano catings (45 pn
thickness n = 10fibre s of each typé for the extraction of various drugs. Extraction conditions:
2 min without agitation from 100 ngmL drug standard in PBS buffer pH 7.4 Correction
factor of 1.6 was applied to CWTPR data in order to account for different thickness and
dimensions of CWTPR fibre as discussed in text(b) Effect of samplevolume (1.8mL versus
0.25 mL) on the amount of drug extracted from plasmasing 45 pm C,3 SPME coating =3
fibres per sample volumé. Extraction conditions: equilibrium extraction from human plasma

spiked with 100 ngmL drug standard.
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Equation 1.1 shows that at equilibrium, the amount extracted by SPME exhibltaeam
dependence on sample volume. This distinguishes SPME from traditional exhtagdtiigues
where linear dependence is encountered, and a reduction in sample volume results in linear decrease
in analytical sensitivity. For SPME as showrFigure3.6 (b), the use of smaller sample volume
(0.25mL) versusl.8 mL resulted in an approximatelyf@dd decrease in the amount extracted. This
feature makes SPME particularly attractive for analyses where limited amount of biofluids is
available, for example in neonatal screening or rodent studies.xabemsagnitude of the effect of
sample volume depends on the magnitude9fsé more hydrophilic analytes with lowey, Malues
(ranitidine and pseudoephedrine) were not affected at all by tHeld.2duction in sample volume,
indicating the extractiotakes place under negligible depletion conditions described by Equation 1.7.

3.3.2 Evaluation of coating thickness: effect on extraction time and inter-fibre

reproducibility

The effect offibre thickness on coating performance was evaluated using C18 biciiolegaating
prepared at four different thicknesses: 15, 30, 45 and 60 um. The coatings of increasing thickness
were prepared by Supelco by depositing additional layers of extraction phase until the desired
thickness was achieved. The actual coating ttgsk of eacfibre was determined experimentally

using optical measurement and coating thickness variation was <3% RSD for all coating thicknesses.
Increasing coating thickness increaseand results in higher amounts extracted by SPME as shown

by the réationship in Equation 1.1. However, increasing coating thickness also adversely affects the
time required to reach equilibrium, as the analytes need to diffuse through longer distances with

thicker coatings as shown in Equation 1.5.

The extraction time pfiles wereevaluated for all available coating thicknesses. They were
constructed by extraction from 100 ng/mL carbamazepine standard solution and varying the
extraction times from 1 min to 9. Duringin vivo SPME sampling, agitation conditions areeoft
unknown or changing, so two main approaches can be used during method development to find the
time required to reach equilibrium for this type of application: (i) aflosmugh system set at the
expected flow rate in the system (for example, blood fime of the animal) or (ii) using static (no
agitation) condition&> ***The latter case represents the weeste scenario, as the only mass transfer
occurs via diffusion. This time can thée selected as tle vivo sampling time and this approach
ensures that equilibrium is reached regardless of whether agitation is present in the system under
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study. The amount of analyte extracted at equilibrium is independent of agifattas permitting
guantitative analysis in conditions with unknown agitation rates. However, addition of any agitation

increases mass transfer rates, so the resulting time needed to achieve equilibrium is shortened.

The averge extraction time profiles under static conditions for all coating thicknesses (n=3 fibres)
are shownn Figure3.7 (a). From these results it can bencluded that the equilibrium waeached
for 15 pum fibres akr 60 min For all other coatings the extraction timeuiegd to reach equilibrium
was O 3 0. Borimitro testing, agitation can be used in order to significantly decrease the
equilibration times for these fibres shown irFigure3.7 (b). However, forin vivotesting, thin
coatings with very short equilibrium times are preferred (<5 min) in order to obtain acceptable
temporal resolution anehableequilibrium samplingor improved overall method precisiofor
instances when equilibrium sampling is not feasible, such as the case with these new coatings, short
extraction times can still be employiedvivoas long as appropriate kinetic calibration method is
used. An overview of all available kinetic methodsl éheir main principles is provided in recent
review articlé’, and the reader is also referred to relevant discussiamiisre standardization

calibrationmethod presented @hapter 1

Table3.3 shows the results of@in and 66min static extractions for n=20 fibres, in order to
investigate the impact of coating thickness on fibre variability. The results for both extractions show
improved method precision as fibre tkiess is increased. The result for 15 um fibres is particularly
informative as Zmin extraction represents peguilibrium sampling time, whereas-&in extraction
time represents equilibrium sampling. Method precision using equilibrium sampling is liypetaér
than using Zmin short sampling times as the small errors in accuracy of timing are much more
significant contributors to overall error as the sampling time is decreased. However, current results
show deterioration of method precision with ina@@ RSD from 7 to 13%. On the timescale -of 2
min analytes typically only interact with the surface of the coating, as the time is too short for the
analyte to diffuse within the entire thickness of the coating, and the variations in coating thickness
would not be detected. However, as the extraction time is increased the analytes can diffuse further
into the coating, and the variations in coating thickness can become more apparent. Small variation in
coating thickness (for example +1 um) contributes nothe overall intefibre variability for thin
fibresversughicker fibres, and is the main factor for the observed deterioration in precision observed

for 15 and 30 pum coatingas the extraction time is increased
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Figure 3.7 Example extraction time profiles for carbamazepine (a) using ¢ coatings (n = 3
fibres)of 15 pm, 30um, 45um and 60um thickness without agitation (b) using Gs and RPA
coatings of 45um thickness (n=3fibre s) using 2400pm vortex agitation to enhance mass

transfer rates of analyte.

Table 3.3 Effect of increasing extraction time on the amount extracted anahter -fibre

variability .

Extraction time 2 min extraction (static)

60 min extraction (static)

Coating thickness | 15pum | 30 um | 45 um | 60 pm | 15 pm 30 pm 45 pm 60 pm
0,
Y extracted (mean, | 9 | 050 | 062 | 078 | 42 58 65 8.0
n=20)
% RSD (n=20) 7 8 4 5 13 12 6 7
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3.3.3 Evaluation of carryover

The carryover was evaluated using the thinnespi(@pand the thickest (60 um) coatings to provide

the best and worst case carryover scenarios respectively. To facilitate rapid mass transfer, 2400 rpm
vortex agitation was chosen for this study, because this is the highest agitation method currently
avalable in our lab. The composition of the desorption solvent was not varied in this experiment in
order to keep desorption solvent composition directly compatible witMBIMS method.

Therefore, the effect of two main parameters was investigated: deadipteand the volume of
desorption solvent useBigure3.8s hows t hat the carryover was found
all conditions tested for 15 um fibres. For 60 um fibres, carryover was found to beot &b f

desorption times when 100 pL of desorption solvent was used, indicating that inctkasing

desorption time beyondriin was not beneficial. In contrast, increadingdesorption solvent

volume to 1.5 mL reduced carryover to negligible levels 8.1 Overall, the results show that

efficient desorption was achievable for all fibre thicknesses in reasonable amount of time. The
volume of desorption solvent can be selected based on analytical sensitivity required for a particular
application. The mébd developed in this research was aimed for subsequent applicaiionifar

study, so maximum sensitivity is desirable #melsmallest desorption volume was selected.ifror

vivo studies, the fibres are meant for singke, so carryover is not probiatic as long as it is

sufficiently negligible to enable quantitative analysis. If coatings aused, the small amount of

analyte remaining in the coating can be completely removed prior to next extraction during the
solvent preconditioning step. Higlearryover (>10%) was cited as one of the most significant

problems encountered with existing PDM'B commercial coatind’, and the results show that

these new coatings can offer significant improvement in this paramete

In a follow-up study,carryover was evaluated after equilibrium extraction using 45 wrar@
RPA coatings and was found to be 0.9% and 1.4% respectively, which agrees with abové\results
small amount of internal standard (CHE0) was also found ithe carryover solution indicating that
the coatings absorbed a small amount of internal standard during the desorption step (0.2 and 0.3%
respectively for G and RPA coatings). This is negligible amount for current study. However, if
lower proportion of oganic solvent is used as the desorption solvent, the amount of internal standard
extracted can potentially become significant and this factor should be examined during method

development.
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Figure 3.8 Comparison of carryover results for carbamazepine usingl5 pum and 60 pm Cyg
coatings. Extraction conditions: 90 min extraction of 250 ng/mL carbamazepine standard in
PBS buffer (n=3 fibres) Desorption conditions: two serial desorptions using conditions stated

figure.

3.3.4 Selection of coating thickness

Based on the results presented in previous section, several trends were observed. Among the coating
thicknesses evaluated in this study (15, 30, 45, 60 um), none of the coatings were thin enough to
permitin vivo applications with good temporal resolution using equilibrium sampling. For example,
60-min extraction time was needed to reach equilibrium for 15 um coating, whereas concentrations of
drugs and metabolites can be expected to change rapidly within thisvimdow in a typical
pharmacokinetic study. Thinner coatings than tested in current &tiflyum )could not be reliably

made by Supelco using sealitomated batch coating procedure as they exhibited unacceptable
variation in coating thickness, which wdun turn result in large variation in the amount extracted by
individual fibres and overall poor intéibre reproducibility. Therefore, kinetic calibration methods

need to be employed for vivostudies requiring good temporal resolution. As expeatedrding to
theoretical consideration, the extraction efficiency increases with the increase in coating thickness,
because of the corresponding increase in the volume of the fibre coating from Equation 1.1.
Furthermore, slight improvement in inti#ore reproducibility was observed for 45 and 60 pm
coatingsversughinner 15 and 30 pm coatings especially as extraction times were increased.

Carryover in the extraction phase was found to be acceptable regardless of the coating thickness
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empl oyed ( Onal ébhese resalts, d5ium thickness was selected as the optimum choice
balancing both extraction efficiencgood intetfibre reproducibilityand reasonable equilibrium
extraction times when agitation is employed. All subsequent studies and subgeqteype fibre

production by Supelco focused on coatings of 45 um thickness.

3.3.5 Evaluation of inter-fibre reproducibility

In the next step of the evaluation, the performance of coatings in biological matrices of increasing
complexity was examined: PBS, nei and plasma. The results obtained are showalie3.4. As a
general trend the amount of analyte extracted in urine was approximately the same or slightly higher
than the amount of analyte extracted in PB8id strength and pH of the urine used in this study

were not adjusted prior to the experiment, so the slight differences in the amount extracted by the two
matrices can likely be attributed to the variation in these parameters and its impact on thedamagnit

of K for a given analyteoating combination. As expectede amount of analyte extracted from

plasma was significantly lower than from PBS and urine for diazepam and propranolol. This is
expected because these drugs are known to bind to a sighéidant to proteins within this matrix,

which lowers free analyte concentration available for the extraction. No increase in RSD was
observed with increasing complexity of matrix for
for all coatings and afhatrices. However, the results for carbamazepine were unexpected. For
carbamazepine, extraction efficiency appeared to be the same as observed for urine matrix, even
though about 85% binding is expected to occur for carbamazepine in plasma. Furtherthae, me
precision for carbamazepine in plasma was very poor, and significantly higher than in other matrices
or for the other model compounds studied (28, 18, 29% RSD for cyano, RPAsanwithgs

respectively). One possible explanation for the observedtsasas that préncubation time of 60

min used to establish binding between analyte and matrix of interest, was not sufficient for
carbamazepine to establish binding equilibrium with plasma profdieswariations in the free
concentration of carbamazap in plasma samples would subsequently lead to the variations in the
amount extracted by SPME. Therefore, the plasma experiment was repeated for carbamazepine using
C,g coating but prencubation time was increased to overnight incubatiorh¢l@ith rerigeration.

The mean amount of carbamazepine extracted was found to be 0.18% with RSD of 11%. These
results confirm the initial hypothesis. The amount extracted of carbamazepine decreased-when pre
incubation time was increased, which indicates that aaditibinding of carbamazepine to plasma

proteins took place. Achieving equilibrium between drug and plasma proteins eliminated any
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variability in free concentration, so overall method precision was improved and consistent with the
results for other matrige This result shows that during method development of bioanalytical methods
using SPME, it is very important to use a sufficientip@ibation time in order to establish binding
equilibrium between drug spiked into the plasma (serum or whole bloodjéntorobtairacceptable
accuracy and precision. The length of-preubation time needed is anahgependent, so this

parameter should be carefully examined during method development. Obviously, the length of
incubation time can be reduced by employiggadion if overnight incubation is not feasible for

given application. The need for incorporation of-preubation time is in contrast to traditional
exhaustive sample preparation methods which usually incorporate a step to disrupt plasma protein
bindingwith the drug so the performance of such methods does not depend on wiiattieg

equilibrium was established or not.

The results imMable3.4 show that good overall method precision was achieved with new coatings,
and the rsults are in line witlegulatoryrequirements for bioanalytical method$ie main
contributingfactor tothe observed method precision is tight variation in the amount of coating
deposited on eadibre. Othercontributiongto overall experimental veancearevariability of
instrumental respong®SD for injections of quality control standard <5% RSD for all analytes in
these sample setgccuracyf sample and solventispensing stemccuracy of timing, and any
evaporative and/or adsorptive lossésinalyte during the entifgrocedureBecause the objective of
the experiment was the evaluation of idibre variability, internal standard was not added to the
samples prior to extraction to remove this variation from the data, and was only atlaed to
desorption solvent to correct for any variation in injection volume. Furthermore, dusing
experiments, the use of internal standard is not feasible, so this approach mimics the situation that
would be encountered duritig vivo use of these fires (Chapter 4) and shows that the ifitare
variability is sufficiently low to permit such applications. In fact, the Hfitene variability of
proposed coatings is significantly better than that reported for polypyrrole codigHe% RSD
for linezolid with singleusefibres), thus permitting singliébre use for the first time with suitable
performance for quantitative analy$i€Due to poor intefibre reproducibility,in vivo experments
with polypyrrole probes were carried out using three probes for each animal for each time point to
allow for data averagintj® Good inteffibre reproducibility of new probes addresses this issue and
permistheuse of single probe for each sampling pdatr routinein vitro use, method precision can
be further improved by employing internal standard calibration to compensate fditirger

variability in the results, as previously shown in Sec#idhl1.15 However, considering that the
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variability of instrumental response for bioanalytical-MS/MS methods is typically around1®%

RSD, further correction of intdibre reproducibility may not be necessary.

Table 3.4 Evaluation of inter-fibre reproducibility for three model drugs in three matrices of

increasing complexity: PBS, urine and plasma. All extractions were performed using h=10

fibres with 45 pm thickness coating.

CYANO COATING

Carbamazepine Diazepam Propranolol
% Extracted % RSD % Extracted % RSD % Extracted % RSD
PBS 0.28 5.6 0.34 7.6 0.44 6.6
Urine 0.46 4.2 0.46 5.2 0.69 3.4
Plasma 0.42* 28* 0.12 4.4 0.29 7.9
RPA COATING
Carbamazepine Diazepam Propranolol
% Extracted % RSD % Extracted % RSD % Extracted % RSD
PBS 0.48 10 0.34 13 0.69 10
Urine 0.65 35 0.56 3.8 0.78 3.6
Plasma 0.67* 18* 0.20 4.2 0.31 7.7
C13 COATING
Carbamazepine Diazepam Propranolol
% Extracted % RSD % Extracted % RSD % Extracted % RSD
PBS 0.64 11 0.61 9.0 0.59 9.3
Urine 0.64 9.4 0.60 8.4 0.80 7.0
Plasma 0.66* 29* 0.20 3.2 0.30 6.6

* Pre-incubation time of 66nin was found insufficient for carbazepine Experiment was repeated

as discussed in text.

3.3.6 Evaluation of method linearity

LOQ in urine usinghort2-min extraction time was-5 ng/mL for all of the drugs tested. LOQ in

plasma using-Bnin extraction was-A0ng/mL for all of the drugs tested which is sufficient for

therapeutic drug monitoring of these drugs. Furthermore, LO@Qidaepam of 5 rgiL in plasma5

min preequilibrium sampling time) which was obtained in current study is significantly better than

that obtained for polypyrrole probes (LOD of 7/mg., 30 min sampling time) illustrating the

potential of new coatings fan vivosampling of drugsvith good temporal resolutiofi® The

extraction time in plasma was increasegisus2-min time used for urine and PBS to ensure sufficient

amount of analyte was extracted for accaigiantitation, becausesignificant portion of spiked
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drugs was expected to bind to plasma proteins, thus lowering free drug concentration and reducing

the amount extracted.

Linear range of proposed method was also evaluated and is summariizaéteia5. Only Ggand
RPA coatings were considered in this test because extraction efficiency of cyano fibres was lower for
all analytes tested, so their use was discontinuach Boint of each calibration curveTiable
3.5.was obtained using a differefitire (n=1 determinatioper concentration levelExcellent results
in terms of model fit and regression coefficient were observed in all cases. This gives further
confirmatian of the suitability offibres for single use fan vivo applications because no internal
standard was spiked in the samples to eliminate-filitex reproducibility from the data set, thus
mimicking situation that would be encounteradivo. Internalstandard was only spiked in
desorption solvent to compensate for any variability in injection voldmexample calibration
curve for carbamazepine in PBS buffer is showhRigure3.9. Themethodlinear rangeas primarily
limited by the linear dynamic range of ion trap instrument used in the atebligSI droplet surface
saturation at high analyte concentratiodiggh concentration samples exceeding upper limit of linear
dynamic range can be accurately analyzéet dflution to ensure their signal intensity does not
saturate MS detectorhis approach was successfully used duitingivo pharmacokinetic study

reported in Chapter 4, where wide range of concentrations is encountered over the time course of the

expeiment.
N
m
€ 1.00
o
g y =0.00131x - 0.002¢
g 00 R = 0.99903
2
0.00
0 200 400 600 800 1000 120

CBZ PBS Standard Concentration (ng/

Figure 3.9 Example calibration curve obtained for extraction of carbamazepine in PBS buffer
pH 7.4 in concentration range 31000 ng/mL. LOQ of the method was 1 ng/mL. Extraction

conditions: 2 min static, C,g coating.
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Table 3.5 Summary of linearity results obtained for C,gand RPA coatings in human urine and

plasmafor diazepam andpropranolol. Each point of each calibration set was obtained using

different fibre (n=1 determination for each concentration level)

No. Linear Standard v Standard
Matrix | Coating of range Slope error - intercept error - Y r
stds | (ng/mL) slope intercept
CARBAMAZEPINE
Urine Cis 7 1-250 1.08E-03 3.5E-5 6.5E-3 1.2E-3 0.9981
Plasma Cis 7 5-700 8.4E-4 4.9E-5 3.4E-2 1.1E-2 0.9986
Urine RPA 7 1-250 1.14E-3 3.1E-5 5.8E-3 1.6E-3 0.9995
Plasma RPA 7 5-700 7.7E-4 8.9E-5 5.8E-2 2.0E-2 0.9949
DIAZEPAM
Urine Cis 7 1-250 9.88E-04 3.0E-06 -2.9E-04 3.0E-04 | 1.0000
Plasma Cis 7 5-700 3.15E-04 3.1E-06 -1.7E-03 8.3E-04 | 0.9999
Urine RPA 7 1-250 8.6E-04 3.0E-05 -2.7E-03 3.1E-03 | 0.9980
Plasma RPA 7 5-700 2.64E-04 7.8E-06 1.5E-03 2.1E-03 | 0.9986
PROPRANOLOL
Urine Cis 6 5-250 2.3E-4 1.9E-5 2.5E-3 1.2E-3 0.9948
Plasma Cis 6 10-700 6.5E-5 3.7E-6 4.0E-3 3.2E-4 0.9989
Urine RPA 6 5-250 2.8E-4 1.2E-5 2.7E-3 6.7E-4 0.9990
Plasma RPA 6 10-700 7.9E-5 4.9E-6 3.6E-3 6.5E-4 0.9960

3.3.7 Evaluation of absolute matrix effects

Absolute matrix effects were evaluated using human plasma matrix, as it is the@mpkbcamong

the three matrices studies in this research and most likely to be susceptible to high degree of

ionization effects. The experiment was performed according to procedures described in detail in

2.3.2.1 and involves the comparison of signal intensity in plasma extract spikedxbi@ition

versusneat standard prepared at the same concentration directly in desorption solvent. The resulting

solutions were evaluated both using direct infusion and ftHIMS/MS method. The direct infusion

experiment provides true indication of all matrix components that aegtcacted by SPME and their

overall influence on analyte ionization, whereasMGS/MS experiment evaluates the ability of

chromatographic method separate these species from analytes of interest. The results obtained are

summarized iMable3.6. According to direct infusion results, no ionization suppression or

enhancement was observed for carbamazepindianepam, indicating any @axtracted

interferences did not affect ionization for these model analytes. Ranitidine, propranolol and

pseudoephedrine exhibited significant ionization enhancement when spiked in blank plasma extract.
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However, once chromatograic step was added, ranitidine and pseudoephedrine no longer showed
any signal enhancement, indicating they were sufficiently separated freriracted interferences

that affected their ionization in direct infusion experiment. This result is quitestiteg because,
ranitidine and pseudoephedrine were notingttined in reversphase method employed for the
analysis, with retention times of 0.8 and 1.5 min respectively. The degree of matrix effects is usually
the highest in this region with traditial sample preparation methods, so these results show that
sample extracts obtained by SPME are much cleaner than usually observed for plasma protein
precipitation and soligphase extraction method. It can also be concluded thexttcacted species

from pasma extract are likely to be hydrophobic in nature, as they did not impact thelatiny

species, implying they were wettained on the chromatographic column employed in this analysis.

Table 3.6 Evaluation of absolutematrix effects for the analysis ofmodel drugsin human
plasma % signal represents the ratio of the signal of blanlasmaextract spiked post
extraction versusneat standard prepared directly in desorption solvent at the same

concentrdion level.

% Signal % Signal
(direct infusion LC-MS/MS (20 pL
Analyte of 1 pg/mL Conclusion injection of 100 Conclusion
individual drug ng/mL mixed drug
standard) standard)
Carbamazepine 94 No effect 94 No effect
Ranitidine 274 Enhancement 107 No effect
Pseudoephedrine 377 Enhancement 92 No effect
Propranolol 154 Enhancement 76 Suppression
Diazepam 114 No effect 100 No effect

More surprisingly, significant degree of ionization suppression was observed for propranolol which
is well-retained and chroatographically resolved from the other analytethismethod. To
investigate the underlying cause fbeobserved ionization suppression, blank desorption solvent and
blank plasma extracts wereaaalyzed using full scan mode in m/z range of-200(Figure3.10).
In comparison to desorption solvent, plasma extract showed additional peaks in the region of ~0.5
min, 1-2 min, and 67 min but these did not interfere with the analysis of analytes, as shown by the
results for ranitidine and pseudoephedrine which elute with#2 @.5nin window. However, the
presence of two large contamination peaks (main contributing m/z of 453, 340 and 277 Da) was
found at the retention time of propranolol. Considering these peatiespresent in blank desorption

solvent, the observed ionization suppression of propranolol did not originate from poor sample clean
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up by SPME. Further experiments confirmed that the unknown contamination peaks originated from
purified Nanopure water dekted from irhouse Barnstead purification system. Therefore, for

accurate quantitative analysis of propranolol, another source of purified water or the use of deuterated
internal standard for this compound is required. Alternatively, LC method coutddeseloped in

order to separate these impurity peaks from propranolol and eliminate the observed matrix
suppression effect. These results also show that purity of chromatographic solvents is extremely
important for successful L&S analysis.
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Figure 3.10 Overlaid TIC chromatograms obtained for 20 pL injection of desorption solvent
and blank plasma extract in the region of m/z 10®00. The main ions contributing to the peaks
observed are marked directly orthe chromatogram. Two large peaks with retention times 3

min arose from purified water and interfered with the analysis of propranolol.

3.3.8 Optimization of preconditioning procedure

Preconditioning of reversghase sorbents such ag ®ith an organic solva such as methand
important to wet hydrophobic chains and facilitate their interaction with the analytes. However, for
kinetic calibration of SPME, standard goading step must be incorporated prior to extraction step.
To date, standard pteadingstep was primarily performed using purified water as diluent because
the presence of organic solvent decrsaggnificantly the amount of standard goaded orfibre.®

However, long exposure to purified water durgtgndard prdéoading step could potentially caube
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collapse of Gg chains and poor extraction efficiency, although such effects were not reported
previously® nor observed in calibration comparison experiments pegdrin Chapter 2 (Section
2.3.1.15. However, preliminary experiments with carbamazepine indicated poor extraction efficiency
when standard p#®ading step was included, so this issue was further investigated in a systematic
experiment. he extractiorefficiencyof C;s SPME coating$or diazepam and carbamazepinas
compared when (i) no preconditioning (ii) 30 minataditioning in purified water or (iii) 30 minute
conditioning in methanol/water (1/1, v/v) was performBgeresults obtained are shownRigure

3.11. Preconditioning using methanol/water was found to be very important for the extraction of
carbamazepine, and omission of preconditigmesulted in 1Z4old decrease in extraction effesicy.

The effect for diazepam was much less pronounced with less flodch @ crease. The difference in
behaviour for the two analytes can be explained by poor aqueous solubility of carbamazepine in
comparison to diazepam. However, these results alsaiexphy standard prmading in purified

water was acceptable for applications dealing with diaz&pamd found unacceptable in current
work. To address this problem, the optimization of standartbpiding proceduravas investigated

as the next step in this research.
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Figure 3.11 Investigation of the effect of fibre preconditioning on the amount of analyte
extracted using carbamazepine and diazepam as model analyt&s$fect of no preconditioning is
comparedversus30 min preconditioning in purified water versus30 min preconditioning in
methanol/water mixture. Extraction conditions: Cg coating of 45 um thickness, 2 min static

extraction from 100 ng/mL standard in PBS loffer, n=6 fibres per each condition
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3.3.9 Optimization of standard loading procedure

The loading of standard from purified water may have adverse effect on the extraction efficiency of
the new coatings, so plteading from standard solutions containing orgaalvent is required. For
these applications it is advantageous to comtfilime conditioning and standard loading in one step,

in order to streamline sample preparation procedure and decrease total sample preparation time
required for each sample. Thenefploading oftarbamazepind10 from methanol/water (1/1, v/v)
solution was investigated as showTiable3.7. The data shows that it is possible to comlfiiore
pre-conditioning and standard loading into ongpsas long as relatively high concentrations of
loading standard are used. For example, using 100 ng/mL concentration of loading standard, only
0.17 ng of standard was preloaded on the fibre even when equilibrium extraction was used (60 min
with 2400 rpmvortex). This is not sufficient quantity because successful application of kinetic
method requires differentiation between amount loaded and remaining on fibre, and the amount
remaining on fibre after exposurevivomay not be sufficient to be detectétbwever, the use of

1000 ng/mL solution is able toad asufficient quantity of standard, and was subsequently employed
for in vivostudy (Chapter 4). FurthermorEable3.7 shows that sample volume does not @agctor

in the amount of standard loaded, because the amount of carbamaii€pioaded into ¢ fibre was

the same regardless of whether 0.25 mL or 1.7 mL standard volume was used for loading. This
situation is expected to occur wheg->VKsaccordingto Equation 1.1. The use of high amount of
organic solvent in loading standard solution reduces the distribution constant bigtweeand

sample matrix (K), so that the amount of standard loaded is independent of sample volume in the
range of volumetested. This means that the smallest volume tested can be used to reduce overall
consumption of deuterated standard. It is also interesting to note, without addition of organic
modifier, the magnitude of Kis much higher as shown by higher % extractethobamazepine and

its dependence on sample volumé-igure3.6 (b).

Table 3.7 Effect of sample volume and standard concentration on success of loading procedure

Concentration Volume used for Amount loaded -
(ng/mL) loading (mL) CBZ d10 (ng) | “°'0aded-CBZd10
100 0.25 0.17 0.67
100 1.7 0.17 0.10
1000 0.25 1.68 0.67
1000 1.7 1.65 0.10
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3.3.10 Studies of coating performance: comparison between lots

Once 45 pm biocompatible;Ecoatings were selected as the best prototype coating for further
production, multiple batches of the fibres with this coating were prepartggical batch of coating

can produce total of 18200 fibres.Ten fibres were randomly selected from each begchualty

control testing These ten fibres were analyzed using equilibrium extraction times for four model
benzodiazepines, and two main parameters were considered: the dependence of the amount extracted
on the lot of coating and intéibre variability withineach lot. Good agreement between the amount
extracted was observed for all lots and all analytes tested as shbignrie3.12. Excellent inter

fibre reproducibility was found for all lots with all RSD values fiaggrom 27% for all analytes

tested.

However, if the results for extractions performed simultaneously on the same day for five different
lots (lot 75, 90, 93, 94, 96) are evaluated using sifagitor ANOVA, the lot of coating is found to be
significantfactor at 95% confidence level for all analytes except nordiazepam. Based on these results,
it is recommended to use fibres from a single batch of coating in a given experiment (for both
samples and calibration standards), rather than mixing fibres fiféeredit lots.
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Figure 3.12 Comparison ofthe extraction efficiency obtained for eight independent Supelco &
lots of coating (n=10 fibres per lot) prepared on different days in ApriiMay 2009. The results
for four model analytes: diazepam, lorazepam, nordiazepam and oxazepam are shown.
Extraction conditions: equilibrium, extraction from 100 ng/mL drug standard in PBS buffer

pH 7.4.
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One other interesting aspect was encountered during experiments compéenegtdidts of
coating. In initial studies, equilibrium extraction was performed usingni@lextraction time with
2400 rpm vortex as shown igure3.7 in the example of extraction of carbamazepine. However, in
subsequent experiments with large number of fibres (n=10 or 20), poor method precis3®d20
RSD) was observed in some experiments. Further troubleshooting experiments showed that the
agitation in all positions of muliube vortexer was not uniform, atttht equilibrium was not reached
within 60-min period for some fibres, while for others it would. Furthermore, replicate extractions
usingthesame set of fibres and exactly the same extraction conditions (but only varying the position
of fibres in the mul-tube vortexer) did not show good agreement in the amount extracted by
individual fibres indicating agitation may not be uniform and reproducible even when the exact same
rpm setting is used. This was further confirmed by performing equilibrium extraiilo no
agitation and by increasing extraction time when vortex agitation was employed to ensure all wells
have sufficient time to reach equilibrium. In these experimentgllent precisiomas observetbr
all lots and all compounds (<5% RSD), andaheount extracteturther increased (over é@in
extraction) for some fibraadicating that equilibrium was not successfully achieved ustagin
extraction timeBased on the results of this study, the extraction tuaincreased from current 60
min to 120-min toensure equilibrium is achieved in all vialdis provided consistent results for all
experiments, and poor precision results were not observed. The results show that even commercial
agitation devices, may not provide sufficiently uniform aigitn for use with SPME, and can be the
cause of poor method precision. Uniformity of agitation should be considered in any experiment
where extraction is performed in parallel for multiple samples. These results further highlight the
utility of Concept & system described in Chapter 2, where factors such as uniformity of agitation
were fully evaluated and found satisfactory. During this research on the performamegazoSPME
devices, Concept 96 could not be used due to different device geometrywedosftorts are
currently under way in our laboratory to build attachment for Concept 96 in order to successfully

house an array of 96 vivo SPME probes for the automation of desorption step.

3.4 Conclusions and future directions

The research presented Imstchapter investigated the performance of new prototype biocompatible
SPME fibres from Supelco for bioanalysis. In the first stage of the work, 45 pum coating was to found
to perform the best in terms of int@ore reproducibility and good extraction eagity, and was

selected for further development and evaluation. Overall, the fibres were found to have geod inter
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fibre reproducibility permitting single fibre use, which is one of the important requirements necessary
for successfuin vivo studies whereeparate fibres are used at each sampling point. In fact, proposed
coatings met all of the criteria presentedrigure3.1 except for short extraction times. Previous

studies have also highlighted difficulties gproducible preparation of very thin coatings on very thin
solid support§® **®and robustness of,@polyethylene glycothin coatings was not satisfactétyy

Until this issue of coating preparation is resolved, thicker coatings with long equilibration times can
still be successfully usddr in vivo sampling applications by using kinetic calibration mettfdor

this purpose, the effect of conditioning and sample preloading was examined in the current study, and
successfully combined in a single step. The recommended workflows\itmo andin vivo SPME

using these new biocompatible SPME coatings are suiregdanFigure3.13. The availability of
commerciain vivo SPME device is particularly important outcome of this work, as it enables the use
of in vivoSPME in laboratories without4house capability of making reproducible cogs and

devices. However, current study only evaluated probe perfornranieo, so the subject of a

follow-up study was a detailed investigatiorirof/ivo performance of the probes as discussed in
Chapter 4.

3.5 Addendum

The text of this chapter was revteit in comparison to published research artithe author
gratefully acknowledges Francois Breton for the acquisition of SEM images.
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Chapter 4
In vivo SPME sampling of mice: application to pharmacokinetic

studies of carbamazepine and its metabolite

4.1 Preamble and introduction

4.1.1 Preamble

In vivoexperiments described in this chapter are cugreabmitted for publication: Vuckovic D., de
Lannoyl., Gien B., Yang Y, Musteata F. M., Shirey B., Sidisky L, PawliszymJivosolid-phase
microextraction for single rodent pharmacokinetics studies of carbamazepine and carbamazepine
10,1%epoxide n mice (2010).

In vivoexperiments were performed in collaboration with Brad Gien and Ines de Lannoy from
NoAB BioDiscoveries using their animal facility. The contributions ehathor, Brad Gien included
the development ah vivo SPME sampling procederfor mice, the design and development of
interface for sampling of mice as well as performing of eimirgvo sampling procedure including
animal surgery to insert the interface and blood collection. Dr. Ines de Lannoy was involved in
experimental plaring and design of these vivoexperiments, performed data processing in order to
estimate pharmacokinetic parameters using all three methods testedvamudecthe manuscript.

This data is summarized Trable4.8 andTable49, and i s included with I nes
show that the proposéd vivo SPME sampling procedure yielded results equivalent to traditional

methods, indicating the validity of proposed approach. Yingbo Yang from NoABi®ioleries

performed LEMS analysis on plasma samples collected both using terminal and serial sampling
approaches using o A bhinshsuse validated L&AS/MS method. The detailed description of these

methods is available in the manuscript. Only the finateatrations are shown here with permission

of the authors in order to facilitate the comparison withivo SPME data. Florin Marcel Musteata

was involved in experimental design and initral/ivo experiments performed on mice. Bob Shirey

and Len Sidiskyrom Supelcdnc. prepared and further developedralivo SPME probes used in

this study.

Sectiond.3.7presented within this chapter has been incorporated in manuscript entitttavic,
D., de Lannoy, |.Gien, B., Shirey, R.E., Sidisky, L., Dutta, S., Pawliszyim Jivo solid-phase

microextraction: a new sample preparation tool in metabolon#®10) which is currently
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submitted for publication. The contributions of the authors are the same abettstrdve. The
contribution of S. Dutta is the L®IS analysis ofn vivo SPME samples using full hybrid Orbitrap
system at Thermo facility in San Jose, while the relevant processing of this data set was performed by

myself at the University of Waterloo.

I, Brad Gien, authorize Dajana Vuckovic to use the material for her thesis.

I, Ines de Lannoy, authorize Dajana Vuckovic to use the material for her thesis.

I, Yingbo Yang, authorize Dajana Vuckovic to use the material for her thesis.

I, Florin Marcel Misteata, authorize Dajana Vuckovic to use the material for her thesis.

I, Bob Shireyauthorize Dajana Vuckovic to use the material for her thesis.

I, Len Sidisky, authorize Dajana Vuckovic to use the material for her thesis.

I, Sucharita Dutta, authogzDajana Vuckovic to use the material for her thesis.

4.1.2 Introduction

A typical pharmacokinetic study (PK) involves the dosing of multiple animals orally or intravenously
with a drug compound, and monitoring the concentration of this compound (and piissibly
metabolites) in plasma over time. Resulting drug concentrations are plotted against time, and this
curve is used to estimate various PK parameters such as half life, clearance and av&iadility.
recent trend in the analysis of biological samplegseeslly in the context of pharmacokinetic studies

is areductionin sample volume aviable for analysis, becaugsecreased number gamples are
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collected from the same animal to ensure better data quality and greater number of sampliffy points.
There is also increased interest in single rodent picankimetic studies, because collectiofthe
data from single animal can result in improwestimation ofPK parameters, and also considerable

reduction in animal usend correspondingostsavings.

Mice are the most difficult species for serial sampling experiments due to small body size and
corresponding total blood volungel.85 mL total blood volume/25 g mousd) is not recommended
to exceed®0% of total blood viume during any 24r experiment, which poses strict limitations on
the amount of blood that can be collected during each time ydigdg<fluid replacemenis
performed Traditional approach for performing PK studies on mice involves sacrifice of sevieeal
per each time poinThisresulsin significant overall animal use as typicaly63nice are employed
per each time point and typical studies can have in excess of 10 time points. Furthermore, dosing
errors are likely to occur when dosing suchéacghort of animals, and these esrareincluded in
resulting PK dataerived from such studieSuchdatasetsalso reflect inteanimal variabilityin drug
absorption, distributiormetabolism and elimination, and ttiéerences irdrugmetabolism cate
particularlysignificant. PK data is used for important decisions during drug discovery process about
whether or not to continue with a particular drug entity, so data quality is extremely important to
avoid reaching erroneous conclusions. For exanhpdelseet al. show significant differences in PK
parameters obtained using terminal sampling of 21 wécsusserial data collected for 2 mice,
indicating that single rodent studies are likely to provide truer representatiomied kinetics'®° In
one crossover study in rats, the choice of sampling approach significantly influenced the results
indicating that stress during sampling can exert an influence over the observed pharmacokinetic
parameter$’® In particular, a significant difference igak values was obtained by the two sampling
approaches and attributed to physical stress which influenced blood flow and consequently drug
absorption, distribution and metabolism. Tbanparison was facilitated by the ability to perform
crossover studies using the same animals, thus eliminatingamienal variation from the results and
clearly showing that sampling approach can have impact on the acquired pharmacokinetic data.
contrast another studghows thaPK data obtained from serial sampling was equivalent to the data
obtained using multiplanimals and terminal sampliig This indicates that the effect of sampling
on PK data is stilnot fully understood, and merits further reseafdtiner advantages of single rodent
pharmacokinetic studies include reduction in animal use which is particularly important when using
rare/expensive strains of mice, decrease in the amount of compouled negerform the study

which is particularly advantageous in early drug discovery stages where the amount of pure drug is
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limited, elimination of the effects of anesthesia from pharmacokinetics data, the ability to study inter
animal variation and the pprtunity to perform multiple and/or simultaneous

pharmacokinetic/pharmacodynamic investigations of ficeé’

There are currently few successfppaoaches for serial sampling of mice reported in literature.
One approach involves manual withdrawal of small blood voluri®(4!) from tail vein followed
by plasma protein precipitatidf? “° Other approaches include withdrawal of 30 L blood volume
using external jugular vein cannulation followed by plasma protein precipitatisrserial sampling
of 30 pL of whole blood using lateral saphenous yincture in combination with plasma protein
precipitation'”* The withdrawal of 5670 pL blood volume using external jugular vein cannulation
followed by turbulent flow chromatography on 2 L aliquot has also beeressfully employed®
To avoid difficulties in handling small blood volumes (steps such as filtration, centrifugation, protein
precipitation) Ingelset al.suggest the use of sorbent trapping for collection of sniale blood
volumes of 510 L, followed byprotein precipitationpnline SPE and L&S/MS analysis®®
However, the proposed technigue is considerably differentifianvo SPME sampling because (i)
blood is withdawn using established procedures of serial tail bleeding, (ii) sorbent devisigisede
not to interact with analytes of interest and is only used to physically holdrtipdesaithin the
cartridge, (iii) exhaustive recovery is desired and (iv) sortsapping device does not provide
sample clean up necessitating iubbsequentise of SPE, which reduces overall sample throughput.
Furthermore, problems with increased column back pressure were observed indicating insufficient
sample cleatup even afteapplication of SPE for sample cleap. The main challenges with
proposed serial sampling approaches were that the withdrawal of higher blood volumes limited the
number of time points that could be collected and sometimes exceeded recommended blood volume
sampling guideline. Furthermore, hemolysis was observed for tail vein bleeding during later time
points, which caused overestimation of analyte concentratiofibe use ofn vivo SPME could

address both of thesh@tcomings, as no blood is withdrawn.

To datejn vivo SPME has been successfully applied for sampling of circulating blood in various
animals such as dd§js®" 13> 38 pigd’" and rat&. In addition to sampling of bloodh vivo SPME has
also been successfully applied for sampling of tissue in freelyng animals within the past few
years. For example, successful sampling of brain tissue of mice was repottexkkiimation of
toluene levels postxposure to a single toluedese'’® *°In vivo SPME sampling of muscle and

adipose tissue of fish was used for environmental monitoring in order to detect trace bioaccumulation
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of pharmaceutical¥” **'Such studies are impant for monitoring fate of various pollutants and its
impact on aquatic wildlife, and the sensitivity of SPME was sufficient to detect diphenhydramine and
diltiazem in wild fish without requiring lethal samplif.In comparison tohe well-establishedn

vivo sampling method of microdialysis, SPME was simpler to apply and did not require any pumps or
other hardware, thus making it more amenable to field samfittgyvas alsdfound to provide better
sensitivity and method precision, and eliminated adsorptive losses which are sometimes encountered

with microdialysis.

For sampling of circulating blood ilarger animals such as dogs and pays SPME fibreeanbe
directly insertednto an appropriate peripheratin using a in-dwelling cathetef® 8" 133 1¥rhe
catheter was then sealed using PRN adapterSBRME probes were inserted with the aid of a
hypodermic needle through the septum of PRN addptevever for rodent samplinghe size of the
blood vessels is too small to permit direct insertiothetturrent size of the probes without
significant obstration of the blood flow. To overcome this issue, the use of specially designed

interface was proposed by Musteatal

Two main approaches were consideaéédr surgical
implantation of carotid artery cathetéi): recirculation of blood to the catheter through the out tube of
interface using pumping action of the heart or (ii) connection of the out tube to a syringe for manual
recirculation of blood using low push/pull rate. The first approach resulted imglptbblems and
sufficient pressure for blood flow through the interface over extended time period could not be
maintained, whereas the second approach was more amenable to repeated serial Afbapling.
evaluation of various interface designs for rahglng, polyurethane interface was found to

minimize issues with blood clotting within the interface and was successfully employed in PK study.
However, the internal volume of this interface was still too large for successful use in mice, so one of
the gods of the research reported in this study was to modify sampling procedure to enable its use for
sampling of mice. Once successful sampling protocol was establishadyth@eSPME sampling
approach was validated against the established techrmeidy pharmacokinetics of

carbamazepine (CBZ) and its main metabolite, carbamazépindepoxide (CBZEP)(i) terminal
sampling using cardiac puncture of 3 mice/tipaént and (ii) serial sampling of 3 mice using Culex®
automated sampling unitBZ was seleted for this study because of its widespread use as treatment
for epilepsy, and because it is one of the drugs where therapeutic drug monitoring of unbound (free)
concentration is recommended because of significantim@ridual variation of free drufyaction

while total drug concentration remains within therapeutic rafigé* The latter feature makes CBZ

a particularly interesting model drug fiorvivo SPME studies because the amtonfrdrug extracted
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by SPME is proportional to unbound fraction. CBZEP is obtained through hepatic oxidation.of CBZ
It is clinically its most important metabolite because its pharmacological activity is similar to the
parent drug anil possiby contributesto the appearance of side effetfs ®Finally, this research

project was also used to evaluate the performance of commercial protowpeSPME assemblies
duringin vivo studies, aftesatisfactory probe performance using biocompatihigfdbes with 45

pm thickness was achieved duriimgvitro testsas previouslydescribed in Chapter. 3

4.2 Experimental

4.2.1 Chemicals and materials

CBZEPwas obtained from Sigmaldrich (Oakville, ON, Canady The sources of all other

chemicals and materials were the same as stated in Giaptei3.

4.2.2 In vivo SPME procedure

The day beforén vivo SPME sampling, prototype vivo SPME probes housed with#2-gauge
hypodermic needle as describediinapter 3and consisting of biocompatiblggtoating (45 pum
thicknessb pum particle sizeSupelco, Bellefonte, PA, USA), were preconditioned andqaded

with deuterated carbamazepine internal standard. The conditioning and loadireyfeasged at
equilibrium from 300 pL of 1 pg/mL standard solution of carbamazegiitg CBZ-d10, Alltech,
Deerfield, IL, USA)dissolved in methanol/water (1/1, v/v) using vortex agitation of 1000 rpm. The
development of this procedure was described in metail inChapter 3The probes were kept in

this conditioning/loading solution until eaghvivo sampling time point in order to ensure that the
coating does not dry out prior to sampling. Five extra probes weteguted ad used to determine
the amount of calibrant loaded as described in Sedtih

In vivo SPME sampling was performed savenconsciousnale CD1 mice (Charles River Labs,
St. Constant, PQ, Canada) weighing 20 to 30 g. Rriexperiments, mice were acclimatized for a
minimum offive days, and were provided with food and watédibitum One day prior tan vivo
SPME exgriments, a catheter was implanted surgically in the carotid artery and the mice were
allowed to recovefrom surgery and anes$iaovernight. On the day of sampling, customade
sampling interface, consisting of small volume tubing and a PRN adapter was connected by a
stainless steel connector to the implanted catheter. The main difference betweenftoe insexd in

current work and the interface used previously by Muststsahto sample rats was the reduction in
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overall internal volume of the interfaé&The blood (~100 pL) was drawn in and out of the int=fa
manually using a syringe. Conditionigdvivo SPME probes were inserted into the interface through
PRN adapter and held within the interface for 2 min. Approximately 10 pull/push cycles using
syringe were accomplished during eaetmid sampling periodThis assisted agitation was used to
increase the amount extracted by SPME, and thus improve overall method seriEiteviphoto of

the entire sampling seip is shown irFigure4.1.

Thterface
‘ PRN adapter

“

syringe

SPME probe

Figure 4.1 Photograph of the mouse sampling interface shown with an SPME probe
assembly inserted through the PRN adapter.

The dbsing of mice (2 mg/kg CBZ) was performed by injection into the lateral tailugdng CBZ
dosing solution prepared ethanolpropylene glycdkaline (11/3, v/v/v). In vivo SPME sampling
was performed immediately prior to dosing and at 5, 15, 30, 60, 90, 120, 180 and 240 rdivspost
Between sampling points, catheter was periodically flushed with hegamtaining aline solution in
order to prevent coagulation. For each sampling period, amewo SPME probe was inserted into
the bloodfilled sampling interface 1 min before the stated time and held in the interface 1 min after
the stated time (total sampling tim&€2 min). Immediately after the probe removal from the
interface, the SPME probe was rinsed for 30 sec using purified water to remove any cells or salts
from the probe surface. The probes were stored in the fré&%Q) or on ice until analysis and EC
MS/MS analysis was performed within Bdof sampling.

The desorption of analytes from SPME probes was accomplished using 300 uL of desorption
solvent (acetonitrile/water, 1/1, v/v) spiked with 50 ng/mL diazepam using 0.3 mL amber
polypropylene HPLC via (Labsphere, Brossard, PQ, Canada). Diazepam was used as internal
standard in this study in order to correct for injection volume variability. The desorption was
performed for 60 min on muitube vortexer at 1000 rprfthe resulting sample solutions were
injected directly into LEMS/MS. A second desorption using a frgsition of desorption solvent

was also performed in order to evalugtedesorption efficiency and carryover.
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4.2.3 In vivo SPME calibration procedure for determination of both free and total CBZ
and CBZ-EP concentrations

The concentration of CBZ and CBZEP was determined using kinefibrenstandardization method.
The theoretical basis of this method is described in SetttbAs part of kinetic orfibre

standartkation procedure it is necessary to determine the produgi\bftey performing equilibrium
extraction in a set of calibration standards of known analyte concentration prepared in appropriate
matrix. The choice of appropriate matrix depends on whetber(fmbound) or total (bound +

unbound) concentration of analyte is of interest in a given study. In current study, both concentrations
were of interest so two independent calibration curves were constructed. Onefraatcialibration

curve was construetl in PBS pH 7.4 buffer and used to determine unbound CBZ and CBZEP
concentrations. Second matrxatched calibration curve was constructed in mouse whole blood and
used to determine total concentrations of CBZ and CBZEP. The plot of the amount extrestied
standard concentration is then used to determig®/;Kproduct using the slope of the linear

regression line and known sample volume (using Equation 1.1). In cases of negligible depletion, the
calculations are even simpler as the slope of thadiapproximately equal to the&/; product as
presented in Equation 1.7.

4.2.3.1 Determination of g,

In current study,ite amount o$tandard préoaded on the fibre (ywas determined by immediate
desorption of five probes (without performiimgvivo samplirg), preconditioned and preloaded as
described in Sectiof.2.2followed by LGMS/MS analysisThe main considerations that were met
when selecting the amount of standard to preload is that (i) sufficient quantity of calituralet lse
preloaded to ensure some calibrant (sufficient for quantitative analysis) remains in the coating after
vivo sampling and (i) there should be significant difference (within experimental error) between the
amount of calibrant prbaded and reniaing on the coating to facilitate the usekmjuation 1.8In
current work, thamountof CBZ-d10 pre-loaded oto the fibres (g) was ~16 ng and excellent
precision was obtained as indicated by 7% RSD (nH%.amounbf calibrantremaining on the
fibre (Q) was ~0.96 with 18% RSD (n=50)he alternative method for determination gfjto
experimentally determine the amount of GBI remaining ireachloading solution. In this case; q
is thencalculated as the difference in the amount initially preseeach vial of loading solution
minus the amount of calibrant remaining in the vial after loading procedure is finished. This approach

is much more worintensiveas it requires the analysis of large number of loading solutions.
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Furthermore, the conceation of loading standard employed in this study is very high (1 pg/mL) and
exceeds linear dynamic rangeld®-MS/MS method employesb serial dilution of these loading
standard solutions is required prior to injectidhis is the reason why the simpblgproach

described above was employddhe use of this simpler approach is further supported by extensive
characterizations of various lots of Supelco biocompatibddilides presented i@hapter 3vhich

show hat at equilibrium intrdot variability of the amount extracted by the probes is very low
(typically <5% RSD) For other type oih vivo SPME fibres such as polypyrrole, where idta
variability is very high®®, the simple approach employed here would not be adequate, and the
alternative approackshould be used instead.

4.2.3.2 Determination of n and Q

The amount of analytes extracted durimgivo SPME sampling (n) and the amount of calibrant
remaining on the fibre() were calculated using CBZ, CBZEP and G&ID calibration curves (0.1
ng/mL7 100 ng/mL, n=9 standards dissolved directly in desorption solvent and covering the entire

linear dynamic range of the instrument).

4.2.3.3 Matrix-free and matrix-matched calibration: determination of KA/ product

Blank mouseblood(~ 10mL in total)was collected from a group nbndosed animalby NoAB
BioDiscoveriespooled and mixed immediately with heparin as anticoaguGalibration standards

were then prepared by spikingghiooled mouse blood with an appropriate volume of stock CBZ and
CBZEP standard solutions (prepared in methanol) in such a way as to keep thecmngearicration

in final calibration standard solution at exactly 1% meth&e). These spiked whole bldesamples
were incubated overnight with refrigeration to permit protein binding to take placey asclibation

was previously found to be insufficient for CBZ as describadhapter 3 After incubation,

calibration standasd(0.3 mL sample volume in 0.3 mL capacity amber HPLC vial) were subjected to
equilibrium SPME sampling procedure in parallel (t@&ktraction, 200 rpm orbital agitation) using
individualin vivo SPME probes for each standard. Vortex agitation at 100@opid not be used for
whole blood samples due to possibility of disruption of red blood cells. Thus, more gentle orbital
shaking was employed and extraction tiwesextended to ensure equilibrium was reached. Fibres
were rinsed for 30 sec using purifie@ter and desorbed as described in Sedtiar2 The

calibration curve was obtained by 1/y weighted linear regression analysis using SigmaPlot 2004 for

Windows (version 9.0) software.
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For free concentration termination, calibration standards were prepared in PBS pH 7.4 buffer.
Organic solvent concentration was kept at exactly(d&9 for all standard concentratisrand
overnight prencubation step was omitted for this calibration set as no binding mats)vesent.
The rest of the procedure was exactly the same as described for whole blood calibration standards.
Example calibration curves obtained in different matrices for CBZ and CBZEP are shbalrien
4.1. It should be notethat the slope of the calibration curve in PBS buffer cannot be used as the
indication of the magnitude of f&/; product because the extraction is not negligible. Therefore,
sample volume used for calibration must be taken into account according to Equatibor whole
blood and plasma calibration, the extraction is negligible as shown by good agreement between fibre
constant and slope for 0.3 mL sample volume used during calibration. For best accuracy of results,
the more exact KV was used to calcuiatotal concentrations. However, this data shows that despite
small total blood volume in mice (1.8 mL), the main assumption for applicationvofo SPME
holds and the amount extracted is independent of sample volume.

Table 4.1 Example calibration curves obtained for CBZ and CBZEP in PBS, blood and plasma

Linear Number of Y-Intercent
Analyte Matrix range calibration Slope + SD P r? Kits Vs
+ SD
(ng/mL) standards
0.199 0.01
PBS 0.4-300 8 +0.006 +007 0.995 0.591
0.00641 -0.001
CBz Blood 1-2000 9 +0.0002 +0.01 0.992 0.00654
0.00746 0.001
Plasma 1-2000 9 + 0.0003 +0.02 0.991 0.00765
0.131 -0.02
PBS 0.3-100 7 +0.007 +0.04 0.988 0.233
0.00287 0.002
CBZEP Blood 1-150 6 + 0.0002 +0.004 0.985 0.00290
0.00448 0.0002
Plasma 1-150 6 +0.00008 +0.001 0.999 0.00455

The reason PBS buffer is often used to performdoeeentratiorcalibration is because & easily
available and it models well physiological conditions including pH and ionic strengtlsuithbility
of PBS buffer to be used as artificial substitute for prefigia plasma was verified experimentally as
follows: mouse proteifiree plasma (n=2) was obtained by ultrafiltration of freshly collected mouse
plasma using 3K MW cuff Nanosep cemifugal devices Rall, PortWashington, NY, USA) for 20

min at 13000 rpm at 4°C as recommended by the manufacturer. These samples were then spiked with
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known concentration of CBZ, allowed to incubate overnight, and then subjected to SPME extraction.
The anount of CBZ extracted from protefree plasma was comparedrsusthe amount of CBZ
extracted from PBS buffer pH 7.4 @

4.2.3.4 Determination of blood to plasma concentration ratios

Somecompoundgan preferentially partition into red blood cells, thus gaudifferent drug
congntrations to bemeasuredn plasmaversuswhole blood sample®rugs which do not exhibit
preference foplasmaversusred blood celldhiave blood to plasmeoncentratiorratio of unity, and

for such drugslirect comparison of the salts for whole bloodersusplasma analysis is possible.
Theratios <1 showheexclusion of the drug fronthered blood cells antheratios >1 showihe
partitioning of the drug into red blood celRor either of these types dfugs the knowledge of dbd

to plasmeaconcentratiomatio is crucial to accurately compare whole bleedsusplasma analysis
results One of the goals ofurrentstudy was theomparson ofin vivo SPMEresults obtained in
whole bloodto the results obtained lsaditionalplasnma analysis after terminal cardiac punctuse

it was necessary to experimentally determine blood to plasma concentration ratios for CBZ and
CBZEP.This ratio can be determined usiingvitro SPMEby performing equilibrium SPME on two
aliquots of same spdd whole blood sample: (i) whole blood aligastisand (ii) plasma aliquot
obtained after centrifugatiq@°C, 15000 rpm, 15 mirgf the same spiked whole blood sample to
isolate plasma sampl&.hese samples were prepared exactly as described in Seetidr3

including overnight incubation period prior to SPMEood to plasma concentration ratoug
concentratiordependent, sthis experiment was performed over thigirerangeof CBZ
concentrations observéu vivo. Thetotal concenttion of analyte in each matrix was determined
using independemalibration curveprepared irwhole blood and plasimat known analyte
concentrations The results for this experiment are showiT @ble4.2. The first timethe experiment
was performed, one possible outlying value (2.73) was observed as highlighted in the table. This
caused large uncertainty in the experimentally determined satithe experiment was subsequently
repeatednd these results are alscluded in thesametable The second experiment confirmigt
the value of 2.73 was an experimental outlldre experimental blood to plasma concentration ratio
for CBZ (110 0.28) for the combined data sets excluding the outlying velumt statically
different from unity as determined by a pairdddt (=0.80, trimicac=2.16,p=044). In an
independenéxperiment, blood to plasma concentration rati®.82 + 0.35 was determined for
CBZEP ({=0.98, trimicac=4.30, p=0.43)Based on these rets)lthe concentrations measurediiy
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vivo SPME sampling of whole blood were compared directly to conventional plasma analysis without
application of a correction factdvlousewhole blood to plasma ratfor CBZ and CBZEP has not

been reported in literate to date, but the resulibtained in this studggree well with ratiosf 1.06

+0.21 and 1.53 + 0.45 obtainedioman$®® and1.37 + 0.125 and 1.32 + 0.18btained in rat§’,

for CBZ and CBZEP, respectively.

Table 4.2 Determination of whole blood to plasma concentration ratidor CBZ using

equilibrium in vitro SPME.

Total CBZ Concentration (ng/mL) wirale X acEliE Bera
Whole Blood e Concentration Ratio
Experiment 1

25.0 15.5 1.61
39.0 27.9 1.40
131 48.0 2.73*
188 145 1.30
304 347 0.88
499 835 0.60
1921 2393 0.80
4060 3386 1.20
6767 5696 1.19
Mean (n=9) 1.30

S.D. (n=9) 0.62

% RSD (n=9) 48

Experiment 2

1.19 1.19 1.00
11.7 14.8 0.79
83.4 72.1 1.16
439 323 1.36
769 643 1.20
1367 1436 0.95
Mean (n=6) 1.08

S.D. (n=6) 0.20

% RSD (n=6) 19

*Potential outlier as described in text

4.2.4 In vitro SPME validation

Prior toin vivo experiments, the entire SPMEC-MS/MS method was validated in order to evaluate
its accuracy and precision. Thalidation samplen=4 at three concentration levelggre prepared

as described above for preparatiommiuse whole bloodalibration standardsndincubated
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overnight wth refrigeration to permit protein binding to take plé8ectiond4.2.3.3. These validation
samples were allowed to equilibrate to room temperallren the catheter end of the interfasas
placeddirectly intothevial cortaining spiked bloodndthe entire SPME procedure-f@in sampling,
rinse and desorption) was carried out exactly as describ&u\fimo samples in sectioh.2.3 SPME
probes preloaded with calibrant were used for this exyeerj and kinetic on fibre standardization
was used to determinked total concentratioof CBZ and CBZEP Accuracy (% relative recovery)
was calculated as the ratiotbk experimentally determined amouwftanalyte to thérue spiked
amount x100%

4.2.5 Terminal cardiac puncture sampling and automated serial sampling using
Culex®

The results oin vivo SPME were compared to two traditional sampling methods: (i) terminal cardiac
puncture (n=3 mice per time point) and (&yial blood samjihg (n=3 mice)using an automateth

vivo sampling system (Culex®, BASI, West Lafayette, IN, USBgmple collection and analysis for
these two methods were performed entirely at NoAb BioDiscoveries, so only a brief overview of
relevant procedures is given belodditional details are included in the manuscrift.

For automated sampling, 2 mg/kg CBZ dosing afewas performed usintie jugular vein
catheterand for terminal cardiac puncture sampling the mice were dosed thrautgil tein Blood
samples were collected prior to dosing and at 5, 15, 30, 60, 90, 120, 180, 240 and 270-dadgsepost

For automat ed s a ngot sampjpvamautorhaticdlly dréwfiia tree carokid
artery cathetefrom each of three mice at each time point, immediately diluted (1/1, v/v) with
heparincontaining saline (20 1U/mL) and stored refrigerated untilysis To enable serial sampling
of the same animal for all of time points, it waeessaryo replace the blood volume withdrawn at
each time point usingn equal volume of hepargontaining saline (20 IU/mL)Prior to LGMS/MS
analysis, blood samplegere centrifuged to isolate plasma (6500 rpm for 5 min at 4°C), followed by
plasma protein precipitation with acetonitrile (1/3, v/v) and evaporation/reconstitution in mobile
phase as described in detail elsewhere. For terminal sampling method, 60Qutod3@lood was
collected into heparinized tubes by direct cardiac puncture while mice were undés @@sthesia.
Plasma was immediately isolated by centrifugatio®8®0 rpm for 5 min at°€ and stored frozen
until analysis.Immediately, prior to LEMS/MS analysis, thawed plasma samples were subjected to
plasma protein precipitation using acetonitrile (1/4, v/v) followed by evaporation/reconstitution in

mobile phase and dilution (1/10, v/v) as described in detail elsewhere.
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4.2.6 LC-MS/MS analysis

For terminal puncture and automated sampling experimentsMISIMS analyses were performed at
NOAB using appropriatealidatedmethods described elsewhere. For allMMS/MS methodgboth at
the University of Waterloo and NoAB BioDiscoveriesamples were dilutdfinecessary to ensure
they fall within linear dynamic range of the instrument employed. Full calibration curves were run
before and after samples, and injections of quality control sample of known CBZ and CBZEP
concentrations were performed periodicatiyenhsure good signal stability throughout the entire run.
For SPME experiments, L-@1S/MS analyses were performed using@&MS system consisting of
Accela autosampler with cooled sample tray, Accela LC pumps and TSQ Vantagguéagtepole
mass spectroner equipped witlheated electrospralESI) source (Thermo Fisher Scientific, San
Jose, CA, US). Xcalibur software (version 2.0.7. SP1) was usafl ftata acquisition and
processingReversephase LC method using Symmetry Shield RP18 column (2.1 xng0rum,
Waters, MA, US) was used to separate the analytes using graldigéon with mobile phasdg\)
acetonitrile/water/acetic acid (10/90/0.1, v/v/v) and (B) acetonitrile/water/acetic acid (90/10/0.1,
viviv). The gradient includedhold at 100% A fo0.5 min, linear increase to 90% B in 2.5 min, hold
at 90% B for 0.5 min and #equilibraion of the column to initial conditions for 1.5 mfar a total run
time of 5 min Flow rate was 0.5 mL/min and eluent was diverted to waste for initial 1.5 min of the

run time.

MS conditions were set using direct infusion of standard solatatainingall analytes using
syringepump and systematic optimization of all parameters. Optimizedd&fslitionsincluded
sheath gas = 5@rbitrary units auxiliary gas = 1@bitrary units spray voltage 4000 V, and
capillary temperature 275 °C. All of the compounds were analyzed in positive ion SRM mode
usingthe following transiton 37 . 1Y194. 1 (CBZ) -dl ®)4,7.252.04Y128Qq.CBZ
(CBZEP) and 285. 1Cé4dllanBandSer(s doltames svgreaset Yo 20 and 87 V for
CBZ, 22 and 89 V for CB«10, 31 and 167 V for CBZEP, 32 and 122 V for diazepBrample
chromatogram is slwn inFigure4.2 and demonstrates thaadeline chromatographic separation of
CBZ and CBZERvasachieved by this method@hiswasveryimportant for accurate analysis of
CBZEP because approximately 0.3% ckource oxidative carersion of CBZ to CBZEP was
detectedThis conversion was detected in high concentration GBZdsirdswhere a distinct peak
with the retention time of CBZEP was observedthe absence of chromatographic separation of the
two analytes, this could causgstematic bias when trying to simultaneously analyze low

concentrations of CBZEP in presence of high concentrations of CBZ.
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Figure 4.2 Example selected reaction monitoringchromatogram of 5 ng/mL CBZ and CBZEP
validation sample prepared in mouse whole blood with heparin as anticoagulant using SPME
LC-MS/MS method as described in Experimental.

4.3 Results and discussion

4.3.1 Summary of SPME method development

SPME method for CBZ was developed as describ&hapter Simultaneouslyith the methods for
other drugsThe desorption conditions were changed slightly from those presented in Chapter 3 to
increase the volume of desorption solvent from 100 pL to 300 pL as this was foundeasgecr
carryover to OO0.ifdwooencentmatioastobsereed duting eptydiraet poifite
optimized CBZ method was then applied to CBZEP, and it was found that sufficient analytical
sensitivitywas achievable to observe this important maitbdirectlyin vivowithout any further

optimization necessary

Initial in vivostudies used sampling approach proposed by Musteatavhere blood is
recirculated back to the animal using slow manual push and pull action using &fihgse initial
studies were performed using 4 push/pull cycles of 100 pL of blood withiim Zampling period,
and the speed was selected on the basis of Mustealtstudy where 3 pugipull cycles were
completed withireach 2min sampling interval. However, this initial data showed poor agreement
between SPME and traditional sampling based on blood withdrawal at the early time points where

concentrations are expected to change rapidly after intravenous dosing. Onle jpassi® of this
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observation was averaging of analyte concentrations during the sampling period or slow response of
SPME coating to rapidly changing concentrations. Using a simpi¢ro test, the effect of increasing
thesampling speed on the amountraxted by SPME was investigated. As a confilote was

placed in a 50 ng/mL CB&tandardsolution in PBSouffer for 2 minwith 10 pwsh/pul cycles
completedover the sampling peridd.0 push and pull cycles, no delayhe sampling was then

repeated usipthe samdibre, but this timehe fibre was firsplaced in blank PBS for 30 sdben in

50 ng/mL CBZstandard solutiom PBS for the remaining 9B sampling timg10 push and pull

cycles with delay). The overall sampling speed was kept constéhpatl/push cyclesver 2min
samplingperiod. Athird experiment was performed with the sames3flay, but the agitation speed

was lowered t@ push/pul cycles. Agitation speeds above 10 pysthil cycles were not suitable for

usein vivo, as they cow cause animal shock and/or premature death. All determinations were
performed in triplicate using the same fibre, and the results obtained are sHeigure#.3. The

results show that using slower speed of 4 fughcycles, he amount of analyte extracted by SPME
fibre was significantly loweversusl0 pustipull cycles and did not properly reflect the final
concentration of 50 ng/mL. Instead, it represented-tiraighted average concentration over the
sampling time. However, lnen 10 push and pull cycles were employed, no significant difference in
the amount extracted was observed whether sampling was performed in 50 ng/mL standard solution
for the entire 2min period or only for 1.6min period with 0.5min initial sampling peaod in blank

solution. Based on these results, sampling speed of 10 push and pull cycles was employed for all

subsequernih vivo experiments.

1000000
800000 -
600000 -
400000 -
200000 -

0 -

Peak area

10 push and pull10 push and pull 4 push and pull
cycles no delay cycles with delaycycles with delay

Figure 4.3 Results ofin vitro evaluation of assisted agitatiorspeed. The dependence of the
response (chromatographic peak area of CBZ, n=3 determinations) of SPME sampling
to a rapid change in CBZ concentration (0 to 50 ng/mL as described in text) and
influence of assisted agitation speed (&rsus10 push/pull cycks).
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4.3.2 Investigation of suitability of PBS buffer for free concentration determination

Duringin vivostudies, it was desirable to monitor both free and total analyte concentrations. The
determination of free concentration can be performed by preparing $BlEation curve in matrix

which does not contain any binding species. For this purpose, PBS buffer at pH 7.4 is often used
because it is easier to obtain than profede plasma, especially for studies in mice where such

limited blood volumes available. To investigate whether PBS buffer can serve as adequate surrogate
matrix for current application, the amount of analyte extracted from PBS was compared to the amount
extracted from proteHfree plasma. Proteifiee plasma was obtained using ultrafiitva through 3K
ultrafiltration deviceThe mean absolute recovery of CBZ from profeae plasma was 29.3 + 7.8%

and in PBS was 44.9 + 1.5% using 0.22 mL sample volume. 3singdent 6 s t test at
interval, there was no statistically sigodint difference between two matrices2%8, titicas =4.30,

p=0.11) indicating PBS buffer can serve as good substitute for pfogeiplasmalt should be noted

that very small n was used for this test due to very limited availability of mouse pEsmexample,

total blood volume that can be extracted during terminal sampling of mice is about 50% of total blood
volume, or approximately 80800 pL. After centrifugation, only about 400 pL of plasma is obtained
from such sample. The amount of filtratetained after ultrafilitration further reduces the volume to

about 200 pL.

4.3.3 Summary of method validation results

The entirein vivo SPME procedure was validated by performing sampling from a vial of whole blood
spiked with known CBZ concentration. Sampliwas performed using interface aambisted

agitation of10 puslipull cycles in order to mimim vivo situation as much as possible. The

experiments were performed at three concentration levels using n=4 independent determinations per
level and orfibre standardization method was usAdsummary of the results is shownTiable4.3

and showsacceptableccuracy and precision of the entirethrod including the cfibre

standardization approach.

Furthermoregxtraction efficiency ¢r absolute recovery) was evaluated at equilibrium across the
entire range of concentrations of interest using calibration standards prepared in different asatrices
summarized iMable4.4. Absolute recueries of CBZEP were lower than for CBZ due to the slightly
more polar nature of the compound. As nate8ection3.3.1Q extraction efficiency was dependent
on the lot ofthe probes used, so fam vivostudies it was ensuréhbat allin vivosamples and alll

calibration samples were extracted using probes from the sarmédohbsolute recovery in plasma
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Table 4.3 Summary of validation results for CBZ using SPME with onfibre standardization.

CBZ concentration MeaAnC(‘i/;jrrZTgcive Precision
0, =)
(ng/mL) recovery (n=4) % RSD (n=4)
5 96.8 17
200 109 14
2000 93.1 8

and whole blood was very low due to high degree of binding to plasma proteins. However, low
absolute recoveries are permittaccording to regulatory guidelines as long as it is shown that the
absolute recovery is consistent across all concentration levels of the entire linear dynamic range of the
method**? This is thecase for the developed SPME methods as indicated by good precision of
absolute recovery determination obtained using differententration levels spanning the entire

range of expecteith vivo concentrations.

A 30-second washing step with purified watexsnncorporated between extraction and desorption
steps in order to eliminate any salts from the surface of the fibre and/or any small blood droplets from
in vivoassembly. These washing solutions were subsequently analyzed for the presence of CBZ, but
no CBZ was detected in any of the chromatograms indicating no detectable loss of CBZ occurs

during wash step.

Table 4.4 Absolute recovery of CBZ and CBZEPat equilibrium in PBS, plasma and whole
blood (n=10 concentration levels for CBZ, n=6 concentration levelsfor CBZEP).

Analvte Absolute recovery Absolute recovery | Absolute recovery in
y in PBS (%) in plasma (%) whole blood (%)
CcBz 68+4 2.4+0.3 2.1+04
CBZEP 39+6 1.5+0.1 1.0£0.2

The lower limitof-quantitation (LOQ) of proposeth vivo SPME procedure was 1 ng/ml for CBZ
and CBZEP in whole blood, and was determined using 10x digimalise ratio and exhibited
acceptable precision (<20% RSD). The linear range evaluated in current stud2®&srig/mL for
CBZ and 1150 ng/mL for CBZEP in whole blood because the expected concentrations of the drug
and metabolite were not expected to exceed this range. The reported linear range is not limited by the

probe capacity, and can be further extended depending on &pplieagjuirements, as long as
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samples are sufficiently diluted so that the signal falls within the linear range of the MS instrument

employed. Example calibration curves in all matrices are showalite4.1.

The effect of 1% métanol inplasmacalibration standards was also examined by comparing the
amount extractettom CBZ calibration standard with no methanersuscalibration standard
prepared with 1% methanol. Due to poor solubility of CBZ in water, CBZ calibration standard
without methanol was prepared by pipetting 10 pL of appropriate CBZ stock standard prepared in
methanol, allowing the solvent to evaporate completely to dryness and then reconstituting the residue
using mouse plasma. The determination was performeiplicate, and % extracted of CBZ was
2.35+ 0.3 and 1.93 £ 0.07 for extraction of standard solution without and with 1% methanol,
respectively. The results were compared using t test and no significant differences were found at 95%
confidence interval épr = 2.34, trimicaL = 2.78, p = 0.08). Therefore, all subsequent whole blood
and plasma calibration curves were prepared by keeping the proportion of methanol constant at 1% in
all standard solutions.

Finally, the degree of overall plasma protein bindh@BZ in mouse plasma was also evaluated
using equilibrium SPME and found to be 97.1+0.1% (n=3 determinations). This is significantly
higher than 76% binding typically reported for carbamazepine according to DrugBad® data.
This unexpected result was further investigated to verify if the presence of 1% methanol in spiked
plasma samples affected the degree of binding. However, >90% binding was observed even when
methanol was compldteomitted from the preparation of spiked plasma samples. The binding of
CBZ was then investigated in independent experiments using fluorescence spectroscopy and NMR by
Dr. Barbara Bojko, and high degree of binding (>90%) was found using these metHodsG&Z
concentrations such as the ones used in current SPME study, thus confirming the validity of SPME

results.

4.3.4 Evaluation of in vivo performance of prototype SPME assemblies

Two main issues were encountered during earlyvo SPME experiments on mi@ad initial testing

of in vivoSPME probes. First, it was necessary to completely eliminate any blood leaks during the
entire sampling procedure as even minor leaks could result in premature animal death, and/or
subsequent sample contamination during gegor step. In early studies, it was found that large
number ofin vivo SPME prototype probes (~BD% depending on the study) leaked in the hub of the
hypodermic needle due to inefficient sealing between the needle and SPME fibre using silicone glue

usedto prepare the probes. To address this issue, protiotydeo SPME probes were modified by
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the manufacturer as necessary until they were able to withstand expected blood pressure in mice.
This was accomplished by reducing the gauge of needle fromalritgauge to 22yauge,
changing the type of silicone glue used in the needle hub, and ensuring glue was properly filled

within the hub and cured for sufficient amount of time during probe production. This restulhed in

successful elimination of lealg problem and permitted vivo SPME sampling on mice without

adverse effects due to blood

loss.

The seconabservedroblem was that few probes during eachivoexperiment would exhibit

outlying results (very low amount extracted as compared to adjace points). This problem was
subsequently correlated to red appearance (by visual examination) of some of the probes which could
not be eliminated using 3cond water rinse. The probes with good performesroained white in
appearance after samggiand rinse steps, as long as rinse step was performed immediately after
sampling without letting the probe dry out. The probes with poor performance, on the other hand,

remained red after sampling and rinsing steps indicating hemoly2 df all the pobes tested).

Exampleresultsobtained during an example study on three micelaogn inTable4.5. Thefibres

originally used fothetime poins shown in the tabler{ouse 3 time 60 min, mouse 3 = 120min,

mouse 2 time = Iminand mouse 1 time 30 min) remained red in appearance after rinsing step
with purified water immediately postxtraction. The sampling was repeated using a new probe and
t h | a thred outfrfoarpeela t o

these results

ar e

shown wi

probesexhibited poor extraction efficiencyhe use of such pointgould result in erroneous data

pointswithin PK curve with 510-fold underestimation of true CBZ amourfhe red probe observed

Table 4.5 Results obtained for repeated sampling: probes with red appearaneg@rsusnew

probes used for resampling.

Mouse_ and sz_impling CBZ d10 CBZ Amount ne (NQ) Chree Ciotal
time point amount (ng) (ng) © (ng/mL) (ng/mL)

mouse 3 time 60 0.1916* 0.72 0.87 2.84 48.8
mouse 3 time 62repeat 0.6097 3.02 6.69 21.87 376
mouse 2 time 120 0.8593 0.28 1.24 4.04 69.5
mouse 2 time 122repeat 0.9065 0.24 1.30 4.25 73.0
mouse 3 time 120 0.3059* 0.27 0.37 1.22 20.9
mouse 3 time 122repeat 0.7561 0.87 2.72 8.90 153
mouse 1 time 30 0.3318* 2.25 3.21 10.51 181
mouse 1 time 32 repeat 0.7378 4.17 12.43 40.63 698

*probes with poor performance can be identified by low amount of @Bicalibrant on the

probe
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after sampling of mouse 2 at 1&tin time point showed good extraction efficiency despite its red
appearance. In this case, the results for the second sampling show excellent agreement. Based on the
results ofin Table4.5, it is clear that it is valuable to repeatyasamplings where coating remains red

after rinsing. This means that few extra probes should be preloaded and preconditionedinprior to

vivo study in case rsampling needs to be performed. However,-gampling is not performed

during the study for gnreason, any poor quality data points can be found in raw data by checking for
very low amount of CB&10 remaining in the coating (as marked witteask in Table4.5).

This problem of occasional probe failure is currently under further inegistigand is attributed to
possible incomplete coverage of biocompatible binder on the surface of some probes. This hypothesis
was confirmed by comparison of the surfaces of whetsusred probes using scanning electron
microscopy. The probes that weeslishowed cracked and jagged surface, in contrast to the relatively
smooth surface observed for normal probes. The manufacturer is currently examining possible causes
of poor probe surface properties and/or developing an appropriate quality control pgdoedu
eliminate any such probes before shipping. Until this is accomplished, any probes that remained red
after rinsing were discarded and the sampling was immediately repeated using a new probe (one

incidence during entir vivo experiment on n=7 miceedcribed in section below).

4.3.5 Results of in vivo study: pharmacokinetics of CBZ and CBZEP using in vivo
SPME

Singledose full pharmacokinetic profiles for individual mice (n=7) were obtained usvigo
SPME after intravenous dosing of CBZ at 2 mg/kg. fdseilts obtained for total concentration of
CBZ and CBZEP are shown iigure4.4 and clearly demonstrate thatvivo SPME can be used
effectively to study inteanimal variability as significant differences were observed imtheunt of
conversion of CBZ to CBZEP between individual mice. This is in agreement with previous studies in
rats where inherent variability in clearance was estimated-46%0°’ The total concentrations
reportedn Figure4.4 were based upon calibration curve obtained in pooled mouse whole blood.
Within-animal calibration is not feasible with mice due to limited blood volunwgal extractable
blood volume is insufficient to construcfidl SPME calibration curve even if the mouse is sacrificed
poststudy. The exact amount of binding proteins varies from indivittaddividual, and any such
variation can cause a small systematic error in the repiariedo SPME results because thmaunt
extracted by SPME is proportional to free fraction and free fraction is correlated to the amount of
binding proteins present, especially for higblyund drugs. However, this does not really represent a
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major disadvantage of SPME, because it is tilmund drug concentration which is

pharmacologically active. Considering that the amouth@drug extracted by SPME is directly
proportional to unbound drug concentration, unbound drug concentration profiles obtainedby
SPME are much more acctgaregardless of the calibration strategy employed as they are
independent of the amount of binding proteins present in particular individual. Unbound drug
concentration also provides much more meaningful clinical information than total drug concentration
Table4.6 andTable4.7 show the results of free concentration determination for CBZ and CBZEP in

currentin vivo study.One assumption made in current study is that @B& could be used as

Table 4.6 Free concentration (ng/mL) of CBZ in circulating blood of n=7 mice obtained byn
vivo SPME sampling

T"T‘e Mean SD o
point | MO1 | MO2 |M03 |Moa |MO5 | MO6 | MO7 : > |RrsD
(min) =7) | (0=7) | (=7
0 ND | ND | ND | ND | ND | ND | ND | ND | ND | ND
5 151 | 166 | 200 | 110 | 91 | 111 | 115 | 135 | 39 29
15 140 202 177 78 112 62 77 121 54 44
30 | 170 | 72 | 109 | 7 39 57 55 82 45 54
60 61 32 49 47 16 38 18 37 17 a2
90 10 11 27 36 2 16 42 21 15 72
120 8 6 23 1 1 5 2 8 7 93
180 2 3 ND ND ND ND ND 3 1 28

Table 4.7 Free concentration (ng/mL) of CBZEP in circulating blood of n=7 mice obtained bjn

vivo SPME sampling.

Time Mean SD i
point | MO1 M02 MO03 M04 MO05 MO06 MO7 _ — RSD
. (n=7) | (n=7) _
(min) (n=7)

0 ND ND ND ND ND ND ND ND ND ND
5 0.48 0.33 0.56 0.25 0.86 1.7 0.79 0.71 0.49 69
15 0.71 0.63 0.86 0.4 2.08 1.7 1.24 1.09 0.61 56
30 1.02 0.33 0.79 0.48 1.17 2.85 14 1.15 0.84 73
60 0.48 0.25 0.4 0.33 0.71 2.24 0.56 0.71 0.69 97
90 0.25 0.21 0.33 0.33 0.25 1.17 1.55 0.58 0.54 93
120 0.25 0.19 0.25 0.25 0.25 0.48 0.25 0.27 0.09 34
180 ND ND ND ND ND ND ND ND ND ND
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calibrant for kinetic calibration for CBZEP or other words thathetime constants for the two
compounds were similar. This is reasonable assumption considering the two structures are very
similar, and structural analogues were previously found as useful calibrants in absence of appropriate

deuteated compountf’

4.3.6 Results of in vivo study: comparison of in vivo SPME to automated serial and

discrete terminal sampling of mice

The results obtained for automated serial sampling of n=3 mice in combination with traditional
plasma analysis are shownRigure4.5 for individual mice. SPME results follow the same general
profile as obtained fdraditional analysis, showing rapid decrease in carbamazepine concentrations
over the course of study as expected after i.v. dosing. Average concertratigrofiles obtained

for CBZ and CBZEP usingll three sampling methods aveerlaidin Figure4.6. No correction

factors to account for red blood cell portioning were applied to either analyte according to the results
reported in Sectiod.2.3.4 The total drug concentrations for CBZ and CBZERumigid by three
methods were also used to calculate PK parameters such as peak blood concengratomifizl
half-life, clearance (CL) and area under the curve (AUC). This calculation of PK parameters was
performed by Dr. de Lannoy afiéble4.8 andTable4.9 are included with her permission for

method comparison purposes. It is clearly shown that the results obtaimedynySPME agree with

the results obtained by both serial and terminal samplipgoaches for both CBZ and CBZEP. The
comparison of the data using t test also showed no significant differences in determined PK

parameters. This validates the propoisedvo SPME sampling approach in mice.
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Figure 4.4 Whole blood concentration versustime profiles obtained byin vivo SPME
sampling for CBZ (A) and its formed metabolite, CBZEP(B), in sevenindividual mice
(MO1 to MQ7) following the administration of a singlei.v. dose of 2 mg/kg CBZSamples
were collected up to 240 min, but CBZ and CBZEP were not detected in some of the

late time point samples as shown in the figure.-gcale is shown on logarithmic scale.
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Figure 4.5 Whole blood concetration versustime profiles obtained by automated serial
sampling for CBZ and its formed metabolite, CBZEP, inthree individual mice (M01 to
MO03) following administration of a singlei.v. dose of 2 mg/kg of CBZThis data was
collected by NoAB BioDiscoveies and is included for comparison purposes only with

permission of authors.
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Figure 4.6 Mean (xSD) concentrationversustime profiles of CBZ (A) and CBZEP
metabolite (B), following 2 mg/kgi.v. administrati on of CBZ to mice. Samples were
taken by serial SPME sampling (n=7 mice)by serial automated blood draws (n=3 mice)
or by terminal blood draws (3 mice/timepoint). SPME and serial blood sampling
measured whole blood concentrations whereas terminal samplrmeasured plasma
concentrations.SPME analysis was performed at the University of Waterloo, while
serial and terminal analysis were performed by NoAB BioDiscoveries and are included

only for comparison purposes with permission of authors.
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Table 4.8 Mean (x SD) estimatedPK parameters for CBZ following 2 mg/kgi.v.
administration of CBZ to mice. Blood was sampledy SPME sampling (h=7 miceand
by serial automated blood draws (n=3 miceand plasma was sampletyy terminal blood
draws (n=3 mice/time point). SPME analysis was performed at the University of
Waterloo, while serial and terminalblood draw analysesvere performed by NoAB

BioDiscoveries and are included only for comparison purposes with permission of

authors.
. SPME Serial Blood Terminal blood
Parameter Units . a a b
sampling draws draws
Co ng/mL 600 + 100 800 + 300 680
Terminal ty), min 32+12 50 + 23 45
AUC.int min*ng/mL 26600 + 10000 42700 + 8000 36500
CL mL/min/kg 87+ 35 48+ 9 55
MRT g.int min 40+ 11 50+ 7 47
Vs mL/kg 3200 + 800 2400 + 800 2600

*Parameters are estimated from individual whole blood concentratiensiime profiles for
each animal’ Parameters are estimated from the mean plasma concenvexsostime
profiles.

Table 4.9 Mean (xSD) estimatedPK parameters in blood for the formed metabolite,
CBZEP, following 2 mg/kgi.v. bolus administration of CBZ to mice. Blood was
sampled by SPME sampling (n=7 mice)and by serial automated blood draws (n=3
mice). SPME analysis was performed at the University of Waterloo, whilserial blood
draw analysis wasperformed by NoAB BioDiscoveries and is included only for

comparison purposes with permission of authors.

Parameter Units SPME a Serial blood Draws?®
sampling
Tmax min 34 + 26 30+ 0
Chax ng/mL 57 + 37 33+17
Apparent ty, min 36+ 17 23+5
AUC.inf min*ng/mL 3400 + 2600 2200 = 1000
MRT g.int min 62 + 20 52+9

®Parameters are estimated from individual whole blood concentretisastime profiles for
each animal.
The precision of SPME results obtained in current study is about 60% for CBZ (mean RSD for all

time points of 60%, RSD range of-399%, n= 7 mice). This is higher than tfatserial sampling
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(mean RSD 29%, RSD randé&-47%, n=3 mice) and terminal sampling (mean RSD 50%, RSD range
4-173%, n=3 mice/sampling point) approaches. The data for traditional approaches obtained in
current study is in good agreement with literature report of precision of <35% for serial ggimplin

mice and <50% for discrete terminal sampling in mice.

The overall method precision reported for SPME includes-prtave variability, the experimental
error inherent inhedetermination of the amount of mobe calibrant as well dse analytes of
interestthevariability in dosing and probably, the most significant factor, which is-arenal
variability in both the extent of metabolism as well as plasma protein binding. The magnitude of the
contribution ofthefirst two factors was estimated during method validation by repeated sampling
known CBZ concentrationga interface and was found to be <20% RSD for all concentrations tested
(Section4.3.3. Therefore, it appeathat interanimal variability is significant factor contributing to
overall method precision. This variability in plasqmetein binding, which can result in significant
differences in unbound fraction, is not included in plasma analysis data, be@atradittonal
analysis is based on the total concentration determination (unbound + bound), which would not be
affected bythedifferences in binding. In humans, the variability of unbound fractions was reported as
0.15 to 0.3 for CBZ and from 0.33 to 0.8 CBZEP, and no significant relationship was established
between unbound and total CBZ concentrations indicating that degree of binding can vary
significantlyin vivo.*** Furthermore, a recent report based on keriaiscule bleeding in mice and
traditional sample preparation found ineaimal variation as high as 200% at any given time point
indicating that inteanimal variability can be very significalit. The extenbf interanimal variability
can be verified in followup experiments using inbred strains of mice and larger cohorts of animals, as
both the study by Watanabkéal.and current study used small number of aninidsh in vivo
SPME and automated sampliegperiments were performed over three days, so the results also
reflect interday variability. For example, slight variations in preparation of dosing solution are
reflected in the data. If only the data for n=3 mice collected on the same day and dbgbd gaime
dosing solution is considered, SPME method precision shows improvement (mean RSD of 49%, RSD
range of 12104%). This method precision is in agreement with the findings of an earlier independent
study on three mice performed on the same dag ivo SPME (mean RSD for all time points of
42%, RSD range of-27%, n=3 mice). Regardless of the sampling method employed, all the method
precision data shows a general trend towards higher RSD values for later timegrsimssarly
time points. This an be attributed tthe differences in the rate of metabolism and elimination of

CBZ. Based on the data of this study, it appeardtiesinalytical variability of SPME is less than
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inter-animal variability thus permitting the use of SPME to study fastauch as differences in

binding and metabolism.

4.3.7 Preliminary investigation of suitability of in vivo SPME for global metabolomics

As a proof of concept studthe potential ofin vivo SPME samplindor global metabolomistudies

was investigated using tlsame experimental procedure described in Sedt®2 but the mice were
dosed with 4 mg/kgfacarbamazepineThe profiles obtained at 5 and-8@n postdose were
comparedfter analysis using a HILIC method in positive ESIdm as described elsewh&féLC-

MS analysis performed by S. Dutta at Thermo Fisher facility, data processing performed by D.
Vuckovic at the University of Waterloo according to procedures described in deth&met 7) The
results obtained aftqrincipal componenanalysis with Pareto scalirage depicted ifrigure4.7 and
show clear clustering of the two sets of samples. First principal component was found to describe
93.7% of variace, and second principal component described an additional 5.9% of variance. The
data was further examined to select the peaks most responsible for the observed clustehieg, and
pairwise comparisons of the intensity observed for these metabolitds@ashawn inFigure4.7.

Among the metabolites shown to contribute to clustetfiiguie4.7c), peak 56 was identified as
carbamazepine with an exact mass of 237.Hd®@Dconfirmed against the authent@rslard. CBZ

was expected to contribute to the observed differences in the \&mims30 min postdose sampke

according to PK study results presented earlier

These results gave preliminary indication of the utilitynofivo SPME in global metabolomic
studies. However, they were not further processed for several reasons: very small sample size was
used so any conclusions drawn from the data would be of limited utility. Furthermore, biocompatible
C,s coating was used fahe extraction while HILIC LEMS was employed for global analysis. This
resulted in <500 observed metabolites peaks, and most of the peaks observed wera¢iairvesl|
using HILIC method indicating their hydrophobic nature. Therefore, further research efforts focused
on the developmérf SPME coatings suitable for metabolomi€hapter 5and LCMS method

development for global metabolomic studi€hapter 6)
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Figure 4.7 Representative results from a proof of conceph vivo SPME metabolomics study. (a)
Scores scatter plot indicating good clustering of two sample types 5 min pakise samples
(labelled as 5B and C) and 30 min posiose sampleglabelled as 30 B and ¢ (b) Loadings
scatter plot of PClversusPC2 illustrating the peaks contributing most to the observed
clustering. (c) Example of a score contribution plot showing 30 representative metabolites. In
this metabolite subset, metabolites with IDs of 56, 60, 432 and 1980 contribute the most to the
observed clusteing. (d) pair-wise comparison of selected differentiating peaks based on PCA
analysis including observed signal intensity and RSD.

4.4 Conclusions

In vivo SPME sampling in mice provides advantages over established sampling métteodse of
SPME permits simtaneous determination of both total and unbound analyte concentrations as
described in this chapter, whereas traditional methods require two separate sampés tmabtain

both parameters, increasing both time and cost of analysis and requiringrediditilume of

biofluids. This determination of unbound fraction of analytes is an important factor in bioavailability
and intrinsic clearance calculatioi$In comparison to terminal sampling approachiesjvo SPME
significantly reduces animal use byiB-fold or more depending on the number of animals used per
sampling point and the total number of sampling points. For example, in study described herein 33
mice were used (11 time points x 3 mice/tipwént) versus7 mice sampled using vivo SPME

method. In comparison to serial sampling approaghasyo SPME enables the sampling of

unlimited number of points as no blood is withdrawn and the total circulating blood volume remains

constant throughout the stuthading to more accurate PK data. Furthermore, automated serial
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sampling requires expensive robotic equipment widtost of $20000 per machine, whilia vivo
SPME can be carried out with much simpler apparatugo SPME probes and interface), for

overall reduction ithecost of analysidn vivo SPME can also be used for simultaneous sampling of
different compartments, for example blood and brain, and such studies are currently underway within
our laboratory, while Cule®& sampling unit is limitedo sampling of bloodT he ability for multt
compartment studies and reduced animalcasebe particularly important for precious expensive
animals such as genetically modified mice for human cancer re$é&uatthermore, serial sampling
approaches (whether by SPME or C@gprovide opportunity for longitudinal studies, for example
in metabolomicstudies of agingrecovery from an illnessr systems biology. For example, a recent
global metabolomics study measuygimternal body time using diurnal variability of selected
metabolites, relied on terminal sampling procedures and resulteelsacrifice of numerous mice

and introduction of inteanimal variation into collected dataThe availability ofin vivo SPME for

mice for the first time can provide a useful témi similar studies in future and extend such studies

from urine analysi€®to plasma analysis.

45 Addendum

The text of his chapter was rewritten in comparison to submitted research article.
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Chapter 5
Systematic evaluation of SPME extraction phases for

metabolomics

5.1 Preamble and introduction

5.1.1 Preamble

This work has not yet been publishétiSep andpolyethylene glycolREGQ coatingswere prepared
by Francois Breton and submitted for inclusion in the evaluation. Biocompatible prototype coatings
described in Chapter 3 (cyano,s@nd RPAWwere obtained as research samples from Supelco to be

included in the evaluatioham the sole ator of dl otherexperimentalvork reported herein

5.1.2 Introduction

The focus of this chapter is to describe the development of suitable SPME coatings for the
simultaneous extraction of polar and fawiar metabolites suitable for use in metabolomic studies.
This coating development was necessary bedhesexistingcommercial coatings do not perform
well for the direct extraction of polar compoundgpesviouslydiscussed ilChapter 3The choice of
sorbent is very important BPME methods because it determines the magnitude of distribution
constars for a given analytand/or interferences artlderefore impacts botxtraction efficiency and

selectivity.

For global metabolomics, it is desirable to find the least selectivingoatorder to enable
simultaneous extraction of as many metabolites as possible, both hydrophilic and hydrdptebic.
experimental approach first focused on the development of suitabld3_@ethods for
metabolomics using a standard mixture of knownaimelites. This metabolite test mixture consisted
of a diverse range of compounds including amino acids, amines, organic acids, hormones, sugars,
nucleosides and small peptiddfie metabolites were selected based on (i) their amenability to
electrospray inization, (ii) commercial availability of authentic standa{dg, wide molecular
weightrange(80-777 Da) andiv) wide polarity rangelpg Prange of5 to 7.9. This standard
mixture and_C-MS methods were subsequently used to perform systematiaéwealof 40 types of
commerciallyavailablesorbentdor their usefulness in metabolomic studiétswas desirable to test
as wide range of sorbents as possible, so ditiszed, carbebased and polymdrased sorbents were

included in this systematic duation. Polymeric sorbents typically have several advantages over
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silicarbased sorbents including higher surface area, improved pH working range, and minimal
requirements in terms of preconditioning prior to 118¢*These polymeric sorbentserealso
developed to improve extraction efficiency towards polar compouwvtdsh was achieved through
introduction of polar functionalrgups within the polymer and/or increasing surface areader to
increag thenumber of interactions between analyte and sorbent. The primary mechanism of
interaction using chemically bonded silibased sorbents avan der Waals forceslthough some
sorbents also incorporate other mechasisach as iorexchang due to the addition of appropriate
functional groupsThe primary mechanism of carbbased sorbents is adsorption, but one of the
problems that can be encountered using this type of sorbent is excessive or even irreversible retention.
In SPME methodshis translates into poaesorptiorefficiency.Polymericsorbents interact with
analytes primarily throughi-pi interactions although additional interactions are possible depending
on the nature of functional groups introduced during polymer modificéito example, hydrogen
bonding or iorexchange)A variety of mixedmode sorbents, both silidmsed and polymdyased

was included in the study because of the potentiatttae a wide range of analytes, including both
ionizable and neutral specié®r mixedmode aniorexchange sorbents, positively charged groups
on the sorbent interact with negatively charged functional groups on the analytes, while hydrophobic
interactions between hydrophobic portions of the molecule and hydrophobic portthesatbent
canalsooccur. For mixegmode catiorexchange sorbents, negally charged groups dfie sorbent
interact with positively charged groupkthe analytedn the final stage of the study, the influence of
pH on extraction capability was also evahdhto verify if it can further improve metabolite coverage.
pH range selected for use in this study wés 30, 7.4 and 9.5. Higher and lower pH values were not

examined as silichased sorbents are not stable beyond this réhge.

5.1.2.1 Overview of LC-MS methods for metabolomics

The majority of global metabolomics methods described in literature relyeneesephase LC
separatiornusing Gg stationary phast 17+ 26 33. 38,51, 54,67, 124, 2 155t of these reversehase

methods with G columns rely on simple linear gradient of acetonitrile/water or methanol/water with
formic or acetic acid used as the additive to help the ionization prét@ssver, this is somewhat
surprising as many metabolites arégp@pecies which are not sufficiently retained @pcGlumns

Thus, the observed trend mayibdicative that insufficient attention is paid in some studies to the
analytical method employed in the analy§lsspite the prevalence of{nethods in litesiture,

inadequate evidence exists that they are the best platform for global metabolomics. For example,
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Bruceet al.compared the performance ofs0Cs and phenyl column for UHPL®&S method for
global metabolomics analysis of human pladthahey found that G and G columns performed
better for separation of lipophilic components of plasma than phenyl column. Ho@eyaslumn
exhibited carryover effects of lipophilic species and baseline drifts whicd cotibe eliminated
even withtheuse of extended gradient times,Ggstationary phaseasrecommended as the best
choice for metabolomic studidgs another studykvanset al. proposed theiseof two
complementarynobile phase conditionpd 3 for acidc analytesusing positive ES&and pHS8 for
basic analyteasing negativeESI) inorderto improve the coverage of acidic and basic anafytes.

The use of iofparing strategies in combination with IS is usuallyavoided because these
additives are often not sufficiently volatile and can cause significant ionization suppression and
adduct formationAs such relatively few ioqparing methods have been reported for global
metabolomic studies. For instan€@xulieret al. propose the use of hexylamine as iqair agent for
the analysis of nucleotides, coenzyme A esters, sugar nucleotides and sugar biphGspitates.
optimized elution conditions usinggeolumn include both apH gradient (pH 6.3 to pH 8.5) and ion
pair reagent gradient (5 to 0 mMJhemethodwas documented to have good intend intraday
precision. However, the use of ion pair gradient is unusualkeasriation in the amount of ion pair
reagent can causkfferences in retention and poor reproducibility of retention times. Closer
examination of the paper does in fact reveal that authors observed retention time variation of ~0.5 min
over long run times (>1 day) and <0.1 min ovetht2un time Most globalmetabolomicstudies
require analysis times in excess of 24 hrhésretention time drifmakes thg@roposednethodvery
problematic in terms of chromatographic alignment necessary during data processirig stage.
similar approachBuscheret al.usedtributylamine for the global metabolomics analysis of yeast cell
extracts However, onsidering the potential for ionization suppression and drifting retention times,
ion pairing strategy was not explored in current research. This strategy seemsoie beitable for
the analysis of weltlefined targeted set of analytesth a particular objective. For exampleuy et al.
proposed an ion pair strategy with perfluoroheptanoic acid for the analysis of twenty amino acids for
largescale screening of metabolic phenotypesa@malof the advantages this methodwas

chromatographic resolution betweienbaric species such Esicine and isoleucirfé?

A more promising method to increase metabolite coverage appears to be the use of hydrophilic
interaction chromagraphy (HILIC) The main advantages reported in literature of Hi&Csus

reversephase methods include better retention of polar compounds such as sugars and phosphates
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and improved analytical sensitivity when using MS detection due to the use of npblaites with

high organic content. The main disadvantages include the need for deqgilibration times when
gradient elution is employ&d® which decreases overall sample throughput and poor retention of
acidic ompounds. The mechanism of HILIC separation mainly relies on the partitioning of analytes
into hydrated layer existing on the surface of the stationary phase. Gradient elution in HILIC method
begins with a mobile phase with low polarity and high organmtesd (such as acetonitrile), and
analyte elution is achieved by increasing aqueous content of the mobile phase. Volatile buffer salts
are used as additives to reduce any electrostatic interactions between analytes and statiofary phase.
Several recent studies document the usefulness of HILIC in order to improve metabolite coverage
global metabolomic studiesimilar to what is proposed in this chaptef***'> For example,

Mohamedet al. used the combination ofi) reversel-phase method withgcolumn embedded with
sulfonamide group an@) HILIC methods to enhance the metabolite covefatéamlehet al.used
Zic-HILIC column with formic acid/acetonitrile mobile phase and 32 min analysis’tifenkevics

et al. proposed the use of HILIC method with ammonium acetate 10 mM kad&onitrile mobile
phase$’, while Cubboret al. proposed the use of 5 mM ammonium acetate buffer/acetonitrile
phases, with typical analysis times of 30 ffihenet d. usal the combination o€, reverse-

phase method and HILIC method using unmodified sffit@iheir HILIC method using ultraigh
pressure liquid chromatograpflyHPLC)relied on a very slow gradient of 95 to 80%tamitrile

with run time of 35 minwhereas typical UHPLC analysis times arel50minand rely on much

steeper gradientsThe use of theetwo complementary L&AS methods increased the information
content of the acquired datasingreversé-phase methqdxidation of fatty acids was detected as
theimportant contribubn for the differentiation between healthy and liver cancer patidsggg

HILIC methodsjmproved separation of the groups was achiamttompounds related to arginine

and proline metatdism, alanine and aspartate metabolism, lysine degradation, and nicotinamide
metabolism were found to be significantly changed in the two populafiarsacylcarnitines were

found as differentiating metabolites using both methods.

In addition to eversd-phase and HILIC methodthe use of silica hydride stationary phases using

aqueous normal phase chromatography has also been proposed for the analysis of polar n#&tabolites.
218

132



5.2 Experimental

5.2.1 Materials and coatings preparation

For this evaluation, all SPME coatings suitable for direct extraction and commercially available from
Supelco Inc. (Bellefonte, PA, USA) were included. These were polyaccgatag(PA, 85 unj ,
polydimethylsiloane (PDM$ 100 un) coating, polydimethylsiloxane/divinylbenzene coating
(PDMS/DVB, 60 um) and Carbowax/template reginating(CW/TPR 50 unj. New prototype

Supelco biocompatible coatings whose development and evaluation was disci@saokén 3vere
alsoobtained as research samples imotudedin this evaluationC,s, RPA and cyano coatings (1.5
cmcoatinglength, 45 um coating thickness, prepared using porous coated silica particles of 5 um
size).The remaining coatingseare prepared by immobilization of commercially available SPE
sorbentsising Loctite adhesiven stainless steel wire @f55 mmdiameter(0.061 inch Small Parts

Inc., Florida, USA usingoptimizedprocedure described {@hapter Acoating length 1.5 cmAll

sorbents utilized in this work were obtained as research samples in the format of SPE cartridges from
their respective manufacturers as outlinedable 5.1 Additional carbon tape coating, previously

found to perform welfor extraction of polar Ochratoxin A, was also preparethkeymmobilization

of one adhesive side of the tape on the stainless steel wire (coatingl2matf).>* Self-adhesive

carbon tape was obtained from TAARBboratories Equipment (Calleva Park, Reading, UK) with

dimensions of 12 mm wide x 20 m long.

All coatings were prepared in triplicate. Prior to each extraction, coatings were evaluated visually
for uniformity of particle coverage. If any particle losssweted, coatings were discarded and new
coatings were prepared. The problem of particle loss occurred primarily for coatings with very large
sorbent particles (>80 um), and these coatings could be used onig tom&s prior to requiring
replacement. Tdcoating reusability and robustnessr@notthe mainconceris in current study,
because the coating procedure would be changed to use biocompatible binder, smaller particle size

and smaller solid support diameter after the most promising sorbents @latedsn current study.

5.2.2 Materials and metabolite standard mixture preparation

All metabolites and buffer reagents were obtained from Sigldach (Oakville, Canada). All
metabolites and their properties are listed in Table 5.2 and their structurbewareirs Figure 5.1.
Stock standard solutions were prepared atewmethanol/ethanol and diluted as appropriate.

Pr ot op or p-tasoterie had poordgolubility, so the stock solutions of these analytes were
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prepared separately in acetonitrile and chloroform, respectively and spiked (100 pL) into combined
stock stadard solution. Stock standard solutions were kept fro283C), protected from light and
were prepared fresh weekly.

Buffer solutions at pH 3.0, 5.0, 7.4 and 9.5 were prepared using formate, acetate, phosphate and
carbonate salts and pH was verified#within £0.05 pH units experimentally. Sodium chloride (8
g) was added to all buffers to keep ionic strength constant and close to physiological levels. For
extraction, metabolite standard solutions were prepared at 1 pg/mL concentration level by alilutio
stock standard in such a way to keep the organic content of all extraction standards at 1% organic

solvent(v/v).

For instrument calibration, evking standard solutions with known concentration of metabolites were
prepared by dilution of stock stamdavith desorption solvent. This calibration set was analyzed
before and after each sample set andlewel standard was also periodically analyzed as QC sample
every 12 injections to ensure method and instrument stability. Sample batches could b8-dun for
days without interruption with QC standard showing RSD <20% over this time period for most

analytes.

5.2.3 SPME procedure

All coatings were preconditioned in solution of methanol/water, (@) for a minimum of 1 hr prior
to extraction. All extractions @re performed for 16 hr at room temperature with no agitation using
1.5 mL sample volume contained in ambenk HPLC glass vials. The desorption procedures
differed depending on whether metabolites were analyzed using reverse phase or HME LC
method & described below.
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Table 5.1 Summary of SPEsorbents and their properties

. Particle Surface Pore
Sorbent Manufacturer | Support Type Functional group size (um) | area (m?/g) | size (A)
Clean Screen DAU UCT silica reverse phase+ SCX proprietary angcl?gnzenesulfonlc 40-63 NA NA
Clean Screen GHB UCT silica proprietary mixed-mode NA NA NA
SSBCX UCT silica SCX benzenesulfonic acid 40-63 NA NA
C18+B UCT silica reverse phase+ SCX C,g and benzenesulfonic acid 40-63 NA NA
C8+B UCT silica reverse phase+ SCX Cg and benzenesulfonic acid 40-63 NA NA
RPA Supelco silica reverse phase C46 With embedded amide 3 450 100
HiSEP Supelco silica reverse phase surface mOdgggn\:v:rh hydrophilic 5 NA 120
PEG Supelco silica reverse phase polyethylene glycol 5 NA 120
Discovery MCAX Supelco silica reverse phase+ SCX Csg and benzenesulfonic acid 50 480 70
adsorption of
DPA 6S Supelco polymer | compounds containing - polyamide resin 50-120 NA NA
OH and -COOH groups
N-vinylpyrrolidone divinyl
Oasis MCX Waters polymer reverse phase + SCX benzene copolymer + sulfonic 30 810 80
acid
Oasis WAX Waters polymer reverse phase + WAX N-vinylpyrrolidone d_lvmyl . 30 810 80
benzene copolymer + piperazine
N-vinylpyrrolidone divinyl
Oasis WCX Waters polymer | reverse phase + WCX | benzene copolymer + carboxylic 30 810 80
acid
N-vinylpyrrolidone divinyl
Oasis MAX Waters polymer reverse phase + SAX benzene copolymer + 30 810 80
quartenary amine
HRP Macherey polymer reverse phase h':thy porous styrene 50-100 1200 NA
Nagel divinylbenzene polymer
HRX Macherey polymer reverse phase _h_ydrophoblc styrene 85 1000 55-60
Nagel divinylbenzene polymer
Carboxen-1016 Supelco carbon adsorption graphitized carbon, 60/80 mesh 177-250 NA NA
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. Particle Surface Pore
Sorbent Manufacturer | Support Type Functional group size (um) | area (m2/g) size (A)
Diamino M%?geerley silica special primary and secondary amine 45 500 60
Macherey .p_olar-modified styrene
Easy polymer reverse phase + WAX divinylbenzene polymer + 80 650-700 50
Nagel
unknown WAX group
AccuCAT Varian silica SAX + SCX sulfonic ac'grﬁiﬁl‘lq“a”e”ary 40 NA 60
Aoolied pollar-modified styrene
Spe-ed Advanta Pple polymer reverse phase + WCX divinylbenzene polymer NA NA NA
Separations - . A
(carboxylic acid modification)
Certify Varian silica reverse phase + SCX Csg and benzenesulfonic acid 40 NA 60
Certify Il Varian silica reverse phase + SAX Cg and quartenary amine 40 NA 60
CH App""td silica reverse phase cyclohexyl 40 NA 60
Separations
Focus Varian polymer | normal + reverse phase dpo_lar—mod|f|ed styrene NA NA NA
ivinylbenzene polymer
Screen A Phenomenex silica reverse phase + SAX Cs 55 500 70
Screen C Phenomenex silica reverse phase + SCX Csg and benzenesulfonic acid 55 500 70
surface modified styrene
Strata X Phenomenex | polymer reverse phase divinylbenzene polymer with 33 800 85
pyrrolidone group
surface modified styrene
Strata XAW Phenomenex | polymer | reverse phase + WAX divinylbenzene polymer + 33 800 85
diamine group
surface modified styrene
Strata XCW Phenomenex | polymer | reverse phase + WCX divinylbenzene polymer + 33 800 85
carboxylic acid
PBA Varian silica covalent phenylboronic acid 40 NA 60
PH S Appl|gd silica reverse phase phenyl 40 NA 60
eparations
Plexa Varian polymer reverse phase proprietary highly polar NA NA NA
Plexa PCX Varian polymer reverse phase + SCX hydroxylated polymer NA NA NA
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Table 5.2 Physicochemical properties of metabolites included in standard metabolite mixture

Analyte Formula Molecular Weight (MW) | pKa™ | Log P™
3-hydroxybutyric acid (HBA) C4HgO3 104.1 441 -0.47
Adenine CsHsNs 135.1 4.15 -0.09
Adenosine C10H13N504 267.2 NA -1.05
Adenosine diphosphate (ADP) C10H15N5010P2 427.2 NA -2.64
Adenosine monophosphate (AMP) C10H14NsO7P 347.2 NA -1.68
Ascorbic acid CeHsOs 176.1 4.7 -1.85
Adenosine triphosphate (ATP) C10H16N5013P3 507.2 NA -3.61
b-carotene CaoHss 536.9 NA 17.62
b-Estradiol C18H2402 272.4 NA 4.01
b-NAD C21H27N7014P2 663.4 NA -3.68
Cholic acid C24H4005 408.6 4.98 2.02
Choline CsH14NO" 104.1 NA -5.16
Citric acid CesHsO7 192.1 2.79 -1.64
Folic acid C19H19N7O¢ 441.4 NA -2.81
Fructose CgH1206 180.2 12.1 -1.55
Fructose-6-phosphate CsH1309P 262.2 NA -2.14
Fumaric acid C4H404 116.1 3.03 0.46
Glucose CeH1206 180.2 12.9 -3.24
Glucose 6-phosphate CsH1309P 260.1 1.11 -3.79
Glutamic acid CsHgNO4 147.1 2.23 -3.69
Glutathione (oxidized) C20H32Ng012S, 612.6 NA -7.89
Glutathione (reduced) C10H17N306S 307.3 NA -5.41
Histamine CsHgoN3 111.1 9.8 -0.7
Histidine CsHoN30O2 155.2 2.76 -3.32
Hydrocortisone (cortisol) C21H300s 362.5 NA 1.61
Linoleic acid C1sH3202 280.4 4.77 7.05
Lysine CsH14N20; 146.2 3.12 -3.05
Maleic acid C4H40,4 116.1 1.83 -0.48
Nicotinamide CeHsN2o 122.1 3.35 -0.37
Phenylalanine CoH11NO> 165.2 1.24 -1.38
Progesterone C21H3002 314.5 NA 3.87
Protoporphyrin IX C34H34N404 562.7 NA 7.43
Pyruvic acid C3H403 88.1 2.45 -1.24
Retinal C20H300 286.5 NA 7.6
Riboflavin Cl7H20N406 376.4 10.2 -1.46
Ribose-5-phosphate CsH110P 230.1 NA -2.65
Sucrose Ci2H20011 342.3 12.6 -3.7
Taurocholic acid C26HasNO7S 515.7 NA 0.01
Thyroxine C15H1114NO4 776.8 NA 4.12
Tryptophan C11H12N20, 204.2 7.38 -1.06
Uridine diphosphate (UDP) C9H14N2012P2 404.2 NA -3.12
Uridine diphosphate glucose (UDPG) C15H24N2017P2 566.3 NA -5.8
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Figure 5.1 Structures of metabolites included in metabolite standard teésnixture.
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Due to long_C-MS analysis times, coatings were stifided intoseverabatches, and
independent extractions were performed for metabolites amenable to reverse phase chromatography
versusmetabolites amenable to HILIC chromatographyis ensted that all samples would be
analyzed within 48 hr of preparation to eliminate potential issues with analyte degradation while

waiting for analysis

5.2.3.1 SPME desorption prior to reverse phase LC-MS (used for analytes of low to
intermediate polarity)

Fibres wee desorbed immediately after extraction usbg uL of desorption solvent (acetonitrile/

water, 1/9, v/v) for 120 min. Three additional desorptions (120 min each) were then performed using
fresh250 L aliquots of acetonitrile/water (1/1, v/v) as the aligtion solvent to ensure complete
removal of all analytes for the comparison. All desorption steps were performed in 0.3 mL capacity
amber polypropylene HPLC microviakfter desorption, ials were manually vortexed for a

minimum of 1 min Samples (20 plLwereinjected directly using reverse phase-MS method

described irSection5.2.5

5.2.3.2 SPME desorption prior to HILIC LC-MS (used for polar analytes)

Fibres were desorbed immediately after extraction uagiL of desorptiorsolvent (acetonitrile/

water, 9/1, v/v) for 120 min. Three additional desorptions (120 min each) were then performed using
fresh 30QuL aliquots of acetonitrile/water (3/2, v/v) as the desorption solvent to ensure complete
removal of all analytes for themparison. All desorption steps were performed in 0.3 mL capacity
amber polypropylene HPLC microvials. Vials were manually vortexed for a minimum of.1 min
Samples (20 pL) werimjected directly using reverse phase-MS method described Bection

5.2.5

5.2.4 Calculation of correction factors to account for different coating dimensions

To prepare coatings with commercial sorbeptsticles of different size were immobilizbdcause

of limited commercial availability. @ating lengh and solid support core were kept constadbat

mm and 1.55 mm, respectively. However, to feaié the compason of different sorbent types,
particle size needed to be taken into accdemtthermore, the coatings obtained from Supelco (both
commercihand prototype) had different dimensions thantade coatings, so appropriate
correction factors were needed to account for different dimensions of all fibres used in this

comparison. Coating volume was estimated by simply treatingpaé of coatingas cylinderand
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assunng the entirevolume of immobilzed phase could act as sorb@&#sed on SEM results, it was
determined that a single layer of sorbent particles was immobilized using the described procedure for
lab-made coatings for all particlezsie s O Therefdanparticle size was used as an approximation
of coating thicknesddowever, particle size of 3 um resulted in multiple layer coverage with
estimated coating thickness of 10 pso this was used as coating thickness for this partigydarof
coating In the next stepthe volume of two cylindensascalculated: (i) the volume of fibre core

cylinder only (radius = core diameter/2) and (ii) the volume of entire fibre (radius = fibre core
diameter/2 + coating thickness). The volume ofdbating is then determined by the subtraction of
fibre core volume (i) from the total volume of entire fibre (ii). Full calculaiéor all types of

coatings used in current study af@wn inTable5.3. For sorbents where a i@ of particle sizes

was given, the mean size was used as coating thickness for volume estimation. For éxahiRie,
sorbent where size was reported as80 um, the value of 75 um was used to estimate the coating
volume. Clearly, the correction facsoshown inTable5.3. are onlyapproximag becausethey

assuméi) tight packing of spherical particles within the coatfilguniform size of all particles (iii)

same extraction efficiency for sorbemtd binder and (iv) do méake into account different surface

areas and porosity of particlddespite of this, the approximation is useful to give an estimate of how
the performance of new coatings compares to existing coamjg ensure coatings are not
accidentally rejecetsimply based odifferentdimensionsParticle size information for Plexa, Plexa
PCX and Focus sorbents from Varian and for Speed Adganitent from Applied Separatioosuld

not be obtaineds shown imMable5.1 so no correédn factor was applied to these coatinfsis is in
agreement witlvisual examinatiorf< 50 um), so 40 um particle size appears to be a reasonable
assumption for these coatingsnally, ro correction factor was applied for carbon tape coatings as

the prgortion of carbon was unknowh.h er ef or e, the results for this
whereas the results for all other coatings are reported with respect to performance of 40 um particle

size which was arbitrarily selected as the reference posfiagn inTable5.3.
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Table 5.3 Determination of correction factors to use during coating comarison.

Thickness | Length | COte | ometer | redius | radius | volyme | COTSYOlme | (Gim¢ | Correston
(um) (Hm) (Hm) (Hm“cm) (Hm“cm)
lab-made 213.5 1.5 | 1550 1977 988.5 775 4.60E+07 2.83E+07 1.77E+07 0.17
lab-made 85 1.5 | 1550 1720 860 775 3.49E+07 2.83E+07 6.55E+06 0.46
lab-made 80 1.5 | 1550 1710 855 775 3.44E+07 2.83E+07 6.14E+06 0.49
lab-made 51 1.5 | 1550 1652 826 775 3.22E+07 2.83E+07 3.85E+06 0.78
lab-made 55 1.5 | 1550 1660 830 775 3.25E+07 2.83E+07 4.16E+06 0.72
lab-made 75 1.5 | 1550 1700 850 775 3.40E+07 2.83E+07 S5.74E+06 0.52
lab-made 40 1.5 | 1550 1630 815 775 3.13E+07 2.83E+07 3.00E+06 1.00
lab-made 45 1.5 | 1550 1640 820 775 3.17E+07 2.83E+07 3.38E+06 0.89
RPA 3 um 10 1.5 | 1550 1570 785 775 2.90E+07 2.83E+07 7.35E+05 4.08
lab-made 5 1.5 | 1550 1560 780 775 2.87E+07 2.83E+07 3.66E+05 8.18
lab-made 33 1.5 | 1550 1616 808 775 3.08E+07 2.83E+07 2.46E+06 1.22
lab-made 30 1.5 | 1550 1610 805 775 3.05E+07 2.83E+07 2.23E+06 1.34
lab-made 50 1.5 | 1550 1650 825 775 3.21E+07 2.83E+07 3.77E+06 0.80
CW TPR 50 1.0 160 260 130 80 5.31E+05 2.01E+05 3.30E+05 9.09
biocompatible 45 15 | 200 290 145 100 | 9.91E+05 | 4.71E+05 | 5.20E+05 5.77
prototypes
PA 85 10 160 330 165 80 8.55E+05 2.01E+05 6.54E+05 458
PDMS 100 1.0 | 160 360 180 80 1.02E+06 | 2.01E+05 | 8.17E+05 3.67
PDMS DVB 60 1.0 160 280 140 80 6.16E+05 2.01E+05 | 4.15E+05 7.23
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5.2.5 LC-MS analysis

All samples were analyzed according to one oftweoptimizedLC methods described ifable5.4

using LCMS system consisting of Varian pumps (212), Prostar 430 Autosampland500-MS

ion trap mass spectrometer using posiélextrosprayonization(ESI) mode unless otherwise

specified While waiting for analysis, samples were stored refrigerated at 4@ iab refrigerator in

order not to exceed 12 hr storage on autosaryalgiat room temperature (no cooling option

available on autosamplerl.he analysis of metabolite standard mixture of known concentrations was
performed at the beginning, end and throughout each sample batch, and was used for quality control
and calibrabn purposesiAn example chromatogram of metabolite standard analyzed using reverse
phase PFP method is showrFigure 5.2.

Table 5.4 Summary of optimized LC-MS parameters

LC parameter

Reverse phase LC method

HILIC LC method

Analytical column

HS F5 Pentafluorophenyl (Supelco)

Ascentis Si (Supelco)

Column dimensions

2.1 x 10 mm

2.1 x10 mm

Particle size

3 um

3 um

Mobile phase A

Water/acetic acid (99.9/0.1, v/v)

ammonium formate/acetonitrile
(5/95, 2 mM total)

Mobile phase B

water/acetonitrile/acetic acid
(89.9/10/0.1)

ammonium formate/acetonitrile
(40/60, 2 mM total)

Flow rate 200 pL/min 200 pL/min
Injection volume 20 pL 20 pL
Run time 35 min 30 min

Gradient program

0-3 min 100% A, 3-20 min linear
gradient to 10%A, 20-30 min hold at
10% A, 5 min re-equilibration at

0-2 min 100% A, 2-14 min linear
gradient to 65%A, 14-18 min hold at
65% A, 12 min re-equilibration at

100% A 100% A
Nebulizer pressure 60 psi 60 psi
Drying gas pressure 22 psi 22 psi
Temperature 400°C 400°C
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Figure 5.2 Example chromatogram using reverse phase pentafluorophenyl L&MS method

Optimum MS parameters for each analyte weit@ally determined using direct introduction of 1
pg/mL single component standard solution into mass spectrorigiese optimum parameters are
summarized iMable5.5,Table5.6 andTable5.7. Using this data, general parametersffidirscan
methods were set by selecting the parameters that will provide the best performance across the range
of analytes. The following settings were used based on the data presented in tables. Using positive
ESI for analytes with MW<500, needle, caailf and RF voltage were set to 6000 V, 45V and 60V
respectively in full scan mode. Using positive ESI for analytes with MW>500, needle, capillary and
RF voltage were set to 6000 V, 80V and 80V respectively in full scan mode. Using negative ESI for
analytesvith MW<500, needle, capillary and RF voltage were set to 5000 V, 45V and 60V
respectively in full scan mode. Furthermore, it was decided to run the methods using two scan ranges:
m/z 100500 and m/z 500000 because the optimum parameters differed grimatiow MW species
versushigh MW species and good sensitivity could not be achieved simultaneously for all
compounds regardless of M\Mowever, despite the extensive optimization, analytical sensitivity for
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some analytes was very poor (analytes for tvigiptimum voltages deviated from set voltages had
extremely poor sensitivity indicating ion transmission was very sensitive to selected parameters) as
determined during preliminary column evaluation experiments, so MS/MS mode with optimized
capillary and R voltage parameters for each analyte was used during coating evaluation experiments.
This minimized the number of analytes that could be successfully monitored during each analysis
because of slow acquisition rates in MS/MS mode which permitted monitdrd§ analytes per

each retention time window with adequate number of data points across peak.

Table 5.5 Optimization of MS parameters (a) needle voltage, (b) capillary voltage and (c) RF
voltage in positive ESI mode for compounds with MW<500.

Needle Capillary voltage RF voltage range
Azl voltage (V) prangye (V) ° (\9) °
3-hydroxybutyric acid 4800 85 100 40 55
Cholic acid 6000 50 110 55 65
Glucose-1-phosphate 5250 100 120 65 72
Folic acid 5200 75 160 63 70
Glucose 5230 30 60 50 60
Hydrocortisone 5577 30 60 85 100
Estradiol ( b)) 6000 30 80 70 85
Histidine 4300 30 50 50 65
Progesterone 6000 60 72 80 90
Adenine 6000 55 65 50 60
Riboflavin 6000 40 90 85 100
Phenylalanine 6000 20 50 55 65
Glutamic acid 6000 20 45 50 60
Histamine 6000 30 50 45 55
Tryptophan 6000 30 50 60 75
Lysine 6000 20 45 50 60
Nicotinamide 6000 40 70 48 55
Choline 6000 30 60 45 55
b-NAD 5200 75 90 77 85
Retinol 6000 65 75 77 85
Adenosine 2800 40 60 70 80
Sucrose 6000 50 90 85 95
Maleic acid 5500 20 60 50 85
Pyruvate 6000 20 60 48 65
ADP 6000 25 80 60 70
AMP 6000 30 70 85 95
Fumarate 6000 50 150 60 70
Glutathione reduced 4300 40 60 80 95
Ribose 5-phosphate 6000 40 100 75 85
Fructose 6-phosphate 4500 40 80 80 92
Glucose-6-phosphate 6000 30 75 75 90
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Table 5.6 Optimization of MS parameters (a) needle voltage, (b) capillary voltage and (c) RF

voltage in negative ESI mode for compounds with MW<500.

Needle Capillary voltage | RF voltage range
AL voltage (V) prangye V) ° (\g/]) ’
Citric acid 5000 40 60 40 60
Ascorbic acid 4700 20 40 40 60
3-hydroxybutyric acid 6000 20 35 35 60
Cholic acid 6000 140 200 45 55
Folic acid 6000 40 60 50 60
Glucose-1-phosphate 5250 30 60 60 100
Linoleic acid 6000 75 100 120 140
UDP 6000 20 70 45 55
Folic acid 5500 70 90 68 75
Glucose 6000 20 40 50 60
Estradiol ( b)) 6000 80 150 140 160
Adenine 6000 40 60 90 110
Riboflavin 4000 40 80 70 80
D-phenylalanine 6000 30 60 45 100
Glutamic acid 5000 25 55 40 75
Tryptophan 4000 40 70 40 70
Lysine 5000 40 60 75 85
Pyruvate 6000 20 40 115 128
ADP 4500 40 90 65 80
AMP 4000 40 80 95 110
Maleic acid 6000 20 40 55 65
Fumarate 6000 15 35 60 75
Glutathione reduced 3800 45 55 90 100
Ribose 5-phosphate 5000 30 50 80 90
Fructose 6-phosphate 5000 25 50 80 95
Glucose-6-phosphate 4500 20 70 82 95

Table 5.7 Optimization of MS parameters (a) needle voltage, (b) capillary voltage and (c) RF
voltage in positive ESI mode for compounds with MW>500.

Needle Capillary voltage RF voltage range
AELYES maximum (V) prangye V) ’ (\9) ’
ATP 6000 60 80 60 75
Taurocholic acid 4600 100 220 70 78
Beta-NAD 5200 75 90 77 85
Protoporphyrin IX 6000 80 180 70 80
UDPG 3900 75 110 70 90
Beta-CAROTENE 6000 70 110 70 80
Glutathione oxidized 6000 80 120 75 90
Thyroxine 6000 50 90 87 95

146



5.3 Results and discussion

5.3.1 Development of pentafluorophenyl (PFP) reverse-phase method

In initial work, the performance of reverse phase methods withO amide(RPA) and
pentafluoropheny(PFP)stationary phases was evaluated for their ability to retain metabolttga wi
standard metabolite mixturélkyl stationary phases with embedded polar groups suchsasride

used in this evaluation, tend to improve retention of some poorly retained compoungsanrgn

and have improved wettability which allows their usd00%aqueousnobile phases without alkyl

chain collapse which is observed with traditiong) @lumns?*® PFPcolumn was incorporatkin

this evaluatiorbecause it relies on different retention mechanisrsis those employed for alkyl
stationaryphasesAmong the columns tested, PFP colupnavided the best retention for the largest
number of metabolites testdéFP column was able to adequately retain 22 analytes with one analyte
exhibiting unacceptable peakapeln comparisonC,g column was able to retain 13 analytes among
whichthreehad unacceptable peak shapeerall, RPA column had very similar performance tg C
columnand did not sufficiently retain more polar analytésamples of retained analytes PFP

column which were not welletained on ggcolumn included adenine, adenosine, lysine, histidine,
nicotinamide, phenylalanine and histam{fegure 5.2) Excellent performance of PFP coluwersus
typical G columnis attributed to the ability tase 100% aqueous phasedto the different retention
mechanism of PFP column that is more likely to incorporate some aromatic interakchiess results

are in agreement with recent report in literature, whe@ngparison of ¢z versusPFP columns for
LC-MS metabolomics of food also showed superior performance of PFP column to retain more polar
metabolite$™® This improved metabolite coverage subsequently resinteeitter class separation of
fermentation samp$eduring statistical analysiand is therefore highlyriportant for global

metabolomicstudies

5.3.2 Evaluation of extraction reproducibility

To ensure the comparison of coatings was meaningfutegiveducibilityof extractions using n=3

fibres of all typedor all metabolites was regularly documented. Example results for pH 7.4 extraction
followed by reversgphase LC analysis are showrFigure5.3 (a) with average RSD of 8%or all

coatings and metabolites tested within this 3éte RSD for glutamic acid is higher than for other

compounds because tagtraction capacity is poor so the sigménsityis close to LOQf this
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compoundFigure5.3 (b) shows the results for pH 9.5 extraction followed by I8l analysis with

average RSD of 20%.
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Figure 5.3 Example of extraction reproducibility (a) at extraction pH of 7.4 and analysisising

reverse phase LEMS methodand (b) at extraction pH of 9.5 and analys usingHILIC LC -MS.
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Figure 5.4 Comparison ofthe extraction efficiency of all sorbents forthe extraction of 12
selected metabolitesit pH 7.4 analyzed using PFP reverse phase method
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Figure 5.5 Comparison ofthe extraction efficiency of all sorbents forthe extraction of seven

selected metabolites at pH 7.4 analyzed using HILIC method
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5.3.3 Comparison of extraction efficiency of various sorbents at pH 7.4

The performance of various sorbents was compared for the extraction from PBS buffer at
physiological pH. The results of these studies are summarizédure5.4 for the metabolites
analyzedusing revers@hase method and Figure5.5 for the analytes analyzed using HILIC

method. Several trends are easily apparent. Commercial coatings performed extremely poorly for the
extraction of polar metabolites, and the data clearly demonstrates why coating develeasnent
necessary. Mixethode coatings significantly improve the extraction of polar species, while

polymeric polystyrene divinylbenzene sorbents with and without modification (for example, Easy and
HRP from Macherey Nagel and Advanta from Applied Separatjger§drm even better than mixed

mode coatings of any type. A third type of coating that performed very well is phenylboronic acid
(PBA) coating. PBA forms reversible covalent interaction with compounds containingy 1,3

diols. Many compounds of biolagal interest contain this functionality, so it is not surprising PBA
coating performed so well for the analysis of these type of metabolites. Most stable binding is
observed at alkaline pH, but in our study good results were observed at physiologisakeiH &o

disrupt the binding, it is necessary to include acid in the desorption solvent and in current study 1%
formic acid was addeth the desorption solvefdr this purpose.

Figure5.6 shows in more detail the performancesiof selected coatings including commercial
CW-TPR and prototype RPA coating discussed in ChapfEn@results clearly illustrate that mixed
mode, PSDVB and PBA coatings show better and more balanced performance acrasdethe
polarity range which malssthem moreuitable for global metabolomstudies Figure5.7 shows the
extraction performance of all sorbents for several selected metabolites of varying MW and foolarity
further illustrate the described trends. The exanonati all data for all analytes showed that the
extraction of very polar species (log P& is typically very poor for all coatings. The only exception
to this trend is if the said polar analyte can be extracted byPBAat i ng ( f-MADinexampl e,
Figureb.7).

5.3.4 Dependence of extraction efficiency on pH

The results of extraction performed at pH 9.5 for all sorbents are incluééglire5.8 and show

very similar trexds to what was observed at pH.S#nilar trends were observed for pH 3.0 and 5.0.
The dependence of extraction efficiencypbhis shown for selected metabolites for three most
promising coating types iRigure5.9. The resultshow that generally physiological pH works well

for the majority of metabolite@nd no significant improvements would be achieved by adding a pH
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Figure 5.9 Dependence ofhe extraction efficiency of selected metabolites on pH using)(PBA

coating (b) mixed-mode G+B coatingand (c) HRP coaing.

Table 5.8 Dependence othe extraction efficiency of Waters Oasis MAX, MCX, WAX and
WCX coatings on sample pH

pH Coating type | ADP AMP ATP Beta NAD HBA Sucrose
WAT MAX ND 0.01 ND 0.13 23 0.54
pH 3.0 WAT MCX ND 0.04 ND 0.38 32 0.55
WAT WAX ND 0.01 ND 0.15 24 0.48
WAT WCX ND 0.01 ND 0.15 30 0.53
WAT MAX ND 0.19 ND ND 39 0.22
pH 5.0 WAT MCX | 0.03 0.16 ND ND 35 0.30
WAT WAX ND 0.19 ND ND 48 0.28
WAT WCX ND 0.15 ND ND 49 0.29
WAT MAX ND 0.15 ND 1.1 27 0.31
pH 7.4 WAT MCX | 0.05 0.12 ND 0.72 29 0.26
WAT WAX ND 0.21 ND 0.86 39 0.29
WAT WCX | 0.02 0.13 ND 0.64 33 0.32
WAT MAX | 0.05 0.32 ND 8.7 2.2 0.78
pH 9.5 WAT MCX | 0.09 0.27 0.05 2.8 2.5 0.41
WAT WAX | 0.17 0.74 ND 7.5 0.78 0.91
WATWCX | 0.31 0.62 0.15 5.8 1.4 0.87
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adjustment step within the global metabolomics workflow. Interestingly, the results of different types
of mixedmode coatings (SCX, SAX, WCX, WAX) also do not show strong dependence on pH
(Table5.8).

5.3.5 Summary of coating selection and performance

Figure5.10 compares the performance of three best types of coadiegsfied in this study: (i)

mixed-mode coating (¢ or Gwith benzenesulfonic acid from any maacturer), (ii) polystyrene
divinylbenzene polymeric coatings (HR EASY or Advantaand (iii) PBA coatingThe ability to

extract basic, neutral and acidic compound simultaneously at physiological pH without pH adjustment
using modified and nemodified plystyrenedivinylbenzene was also shownother studie$or the
extraction of pharmaceuticals from aqueous samples usingpsik extractioff’ In this

comparison, Chromabond EASY showed better performamaadjwrity of analytes (log P range

60 -
50
40
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20
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% extraction efficiency

OMIXED MODE BPOLYSTYRENE DVB POLYI EPBA

Figure 5.10 Comparison of three most promising types of coatings for global metabolomic
studiesfor the extraction of representative metabolites at pH 7.:4mixed mode cating,
polystyrenedivinylbenzene polymer and PBA coatingFor mixed mode coating, experimental
results for Cg with benzenesulfonic acid coating from UCT is shown as example. For
polystyrene divinylbenzene polymer coating, the results for HRP coating frorivlacherey Nagel
are shown.Correction factor to account for differences in particle size was applied as discussed
in text to facilitate the comparison between various coatings. The metabolites are arranged in
the order of decreasing polarity (increasing lod® value) from left to right to illustrate any
trends with respect to analyte polarity.
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tested-1.3 to 4.1)versusHR-P sorbent, but Oasis HLB sorbent showed the best overall performance
and was selected for further use. This sorbent is similar tis ©alsents included in current

comparison, but without addition of an iemchange group. Low recoveries were observed for acidic
compounds using EASY and HRsorbents but this was attributed to poor desorption efficiency due
to theuse of unoptimized elutioprotocol, and recoveries were improved with subsequent elution
stepsRecoveries for acidic compounds have been reported to be lower using Easy sorbent than
hydrophobic sorbents such as ChromabondRHR For EASY sorbent, the effect of preconditioning

was previously evaluated. Addition of preconditioning step was important for acidic species, while
extraction efficiency for basic and neutral compounds remained the same regardless of the inclusion

of preconditionilg step:>> %

Phenylboronate resins and phenylboronic acid sorbents were previously successfully used for
targeted metabolomics analysis of urinary nucleosides due to selective binddiof groups
available on ribose sugar group under basic conditfdfsowever, for the latter sorbent type,
selectivity for cisdiol groups can be modified by using aprotic conditions which enables the
extractionof Lewis base containing compounds, especially amino species. Their data indicates
suitability of phenylboronic sorbents for more generic screens, similar to results obtained in our
study.However, our results were not obtained under aprotic conditioadwsther study of the
mechanism involved would be interesting for the compounds not expected to pirehidboronic

acid.

In anotherstudy focused on developing SPE method for metabolomics analysis of urine by NMR,
the authors propose the use of two $BEridge system {gand Hysphere strong hydrophobic
polystyrene divinylbenzene resifiln this method, hydrophobic species are trapped;guattridge,
while nonretained polar species are subsequently trapped sphidye polystyrendivinylbenzene
sorbent, results which are in good agreement with our findings. In contrast to our study, these authors
recommend extraction at pH 3. Among 72 observed metabolites, 28 were retaingd?3no@ PS
DVB, and 21 metaboligewere retained by both types of sorbent. Overall the use of SPE methodology
was found to work well and allowed identification of various amino acids, organic acids, osmolytes,
polyols, methylamines, saturated and unsaturated fatty acids and their desivatomatic

compounds and bile acids.
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5.4 Conclusions

In this studythe coatings suitable fahe simultaneous extraction of polar and hydrophobic species at
physiological pH were identified. The results indicate that good metabolite coverage can balachieve
using these new coatings, and this was explored further for the extraction of human plasma reported
in Chapter 6In preparation foin vivo global metabolomic studies it is important to produce the
identified best coatings in biocompatible format. Omltlasis of this research, Supelco produced
biocompatible prototype mixewhode coatings using the same procedure they developegsfamdC

RPA coatings as described in ChaptefFi3e production of polamodified PSDVB and PBA

coatings in biocompatible forat is currently under developme8bme of the preliminary results of

this study indicate the coating coverage with the biocompatible layer can have some impact on the
extraction efficiency of polar species in particyfar example, comparg the resuls of RPA 3 um
versusRPA Supelco). This could be a potential furtheaafestudy to select a biocompatible

polymer with minimum impact on extraction of polar metabolites.
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Chapter 6
Development and evaluation of global SPME-LC-MS metabolomics

methods on benchtop Orbitrap instrument

6.1 Preamble and introduction

6.1.1 Preamble

This work has not yet been published. Biocompatible mmede prototype coatings were obtained
as research samples from Supelco on the bastie fifdings reported in Chapter Bhese new
coatingswere prepared using the same santomated batch coating procedures previously described

in Chapter 3l am the sole author of all other experimental work reported herein.

6.1.2 Introduction: metabolomics and high-resolution mass spectrometry

Various LGMS plaforms have been successfully employed to date for global metabolomics analysis
including triple quadrupofé® %% ion trag® ** "* 2% time-of-flight (TOF)** > #'! quadrupole timeof-
flight (QTOF) " 51 208. 214, 215, 225 htrg 7 21% 229 Fourier transfornion cyclotron resonance
(FTICR)* 3% nstrument. Instruments with low mass resolution (quadrupole and ion trap) are not
ideally suited ér this type of analysis, as many metabolites can havelgiaesame nominal mass.
Considering the complexity of LC chromatograms it is not feasible to assume that chromatographic
resolution is sufficient to separate all possible metabolites with the saminal mass. As such the
use of higher mass resolution instrument such as TOF, Orbitrap and ICR is preferred as it can resolve
peaks withithe same nominal mass in mass dimension, and provide very accurate metabolaedanass
isotope ratianformationwhich can aid in tentative identification bgsigningor narrowing down the
possible chemical formulas that could give rise toitiass Among these instruments, T@Rd
QTOFtype of instruments have the advantage of very fast data acquisitionwihikestheresolution
achievable is approximately 000-20,000 depending on the exatstrument design Orbitrap
instruments can have resolution up to , 000, but data acquisition speeds are lower than for TOF
instruments. ICR instruments offer the highmsiss resolution (up tga00,000), but data acquisition
speeds are lower and they can be difficult to cewith LC methodsand often require use of hano
LC.*® With the improvement of the duty des of triple gradrupole instruments, they can also be used
for targeted monitoring of selected metabolites with Isighsitivityand specificity, but the main
disadvantages of this approach are that onlyigefirumber of transitions can be monitorddhis
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means thathe data on onlgelected metabolitesarecollected, thus losing the advantage of global

metabolomics methods.

In current work, new type of bencthop Orbitrap instrun{géxactive, Thermo Fisher, San Jose,
CA, USA)was employed and the metabolomics methadsipusly reported iChapter Susing ion
trap instrument, were transferred onto this high resolution instrument. The main reakerchange
in platforms wasnincreased mass resolution (1@00), improved mass accuracyb(gpm for most
compounds with external calibration), improved sensitivity and ability to use higher LC flow rates
versusion trap instrument duéo better design of ESI source. In addition to the collection of full scan
high-resolution data, the use ofghinstrument was also reported to enable simultaneous quantitative
analysis of selected analytes by isolation of narrow mass windows armnaisotopian/z of
interest?®® The isolation of such narrow mass giiwseliminates significant amount of noise and
permit quantitation with similar figures of merit to what has traditionally been obtained on triple

guadrupole instruments.

In Exactive,which is the benchtop single stage MS used in current sthdyiprs are transferred
from ion source to heated capillary to tube lens to skimmer to RF lens to |ém®ughanalyzer ion
opticsin order to reach th€-trap. The ions aréhenaccumulated in @rap, their energy is dampened
using nitrogen gas aribley arethen injected in a short burst into Orbitrdjne main operating
principle of Orbitrapdetectorinvolvestrappingof ions in an electric field atmd acentralspindle
shaped electrod@® The movement of ions inducasimage current on the outbarretike
electrode, and m/z of ions is determined based on theiratiscilfrequency after perfming Fourier
transformationThe resolution of the analysis is determinedh®iength of oscillating time, rad
maximum resoltion achievable is 10000at full width halfmaximum of reference m/z @00. This
means that higher resolution is typically achievable for masses lower tha20th&d lower

resolution is achievable for m/2602%’

6.1.3 Strategies for improving metabolite coverage in LC-MS metabolomics

The main strategies reported to date in order to improve metabolite coverage in global
metabolomics methods by LKAS include: using both positive and negatlectrosprayonization
modes use of complementary LC methods relying on different separation mechdsesGhapter
5), use of different ionization sources (atmospheric pressure chemical ionizétnmspheric
pressure photoionizatipand the use of ultrhigh performance liquidhromatography (UHPLQ)r

capillary liquidchromatographyith nanospray ionizatiaff" ** *> 2% 228Capillary mettods are
164



ideally suited for coupling with ESI because of slow flow rates, and have been demonstrated to
improve metabolite coverage. However, run times for these methods can be very long, for example
60-min run time was used in a recent study withn@s wash step between each injection, for a total
run time of 85 min/sample using only a sinigleizationmodé’, although run times as long as 2000
min/sample have also begported”. This low throughput is a majdisadvantagéor largescale
metabolomic studies, so the use of capillary methodsrientlynot widespreadPreviaus studies
comparing the performance of HPI(OC performed on columns with partisleith 3-10 umsize)
versusultra-high performance liquid chromatograpiiPLC (LC performed on columngith sub 2

pm particle sizgshowed improved performance of UHPLC methods in terms of sample throughput,
analytical sensitivity and metabolite coverdjé>For example, Evanet al.were able to reduce run
time form 32 min to 12 min per sample by switching from HPLC to UHRA@le obtaining
narrowerchromatographic peaks (increased peak height trasslab increased analytical

sensitivity) and improved chromatographic resolutioe tothedecrease in particle siZé’

However, these studies were menfied on TOF MS instrumeat linearion trap instrumentsapable

of high acquisition rates. In ostudy, although Acceld-HPLC system is capablef operaing under

both HPLC and UHPLC conditiondHPLC mode was selected in order to ensure sufficient number of
data points can be obtained across chromatographic peak using Exactive scari riltzst of

maximum 100000 resolutionBatemaret al. previouslydemonstratgéthat at 1Hz data acquisition

rate, too few data points are collected when coupling UHPLC with Exactive Orbitrap instféiment.
?%The selection of HPL@ersusUHPLC in current studyneans that longer analysis times were
required and that some analytical sensitivity amedabolite coverage may have been lost in
comparison to UHPLC methods. Wever, this choice was made toseregood method precision
andsufficientnumber ofpoints across the peak to permit semantitativedifferentialanalysisof the
obtained profiles.

Finally, fast polarity switching is available on Exactive instrument (1 second switch between
positiveand negative ionization modem)d althouglsuccessful use dhistype offeature was
reported® * this feature was not utilized in current work because it is impossible to find ion
transmissiorconditions which will simultaneously give stable electrospray in both positive and
negative mode. Also, polarity switching wouldtherreducethe number of points across the peak,
which could worsemverall methogrecision even further faome peaks. Data quality was
deemed more important than sample throughput, so all samples were analyzed separately in positive

and negative ionization modes using each of proposeME@nethodsThe importance of
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performing analysis in both positive andgative ESI modes was demonstrated using recent
metabolomics study on human serum, where the use of negative ESI was found to increase metabolite
coverage by >90%* ??®The use of APCI ipositive mode, MALDI and desorption ionization on

silicon (DIOS) mass spectrometry further enhanced metabolite coverage but the gains in metabolite
coverage over electrospray methods were more modest (~20%). Hpteatedstudy was

performed usingdw resolution MS, giving rise to possibility of incorrect ion assignments, so the

number of unique ions may be somewhat underestimated for each method.

The main objectives of the research presented in this chapter wereiposset evaluate the
performane of reversghase and HILIC L&MS methods on Exactive with the goal of developing
very robust methods with optimum analytical sensitivity. Furthermore, rmaak coating identified
in Chapter fand subsequently produced by Supelco in the biocompatitntaf@nd housed within
anin vivodevice such as described in Chapterad evaluated for the extraction of selected
metabolites in human plasma, with particular focus being paid to parameters such as ionization
suppression, extraction time and analyteyaarer. Prior to their use in metabolomitudies as
described below, the extraction efficiency of these new Supelco biocompatible coatings was
evaluated using targeted extraction of benzodiazepines according to the procedures described in
Section3.3.10 The inteffibre reproducibility was found to be <5% RSD before proceeding with the

metabolomics applications.
6.2 Experimental

6.2.1 Materials and reagents

All reagents used for mobile phase preparation were efliSyrade. LEMS grade slvents and LE
MS grade formic aci¢il mL glass ampoules)ere obtained from Fisher Scientific. IS grade

salts were obtained fromdina-Aldrich (Oakville, Canada).

6.2.2 LC-MS analysis

LC analysis was performed using AcceldHBLC system and Accela autosaem(Thermo
Scientific, San Jose, CA, USAhjection volume for all analyses was 10 pL. Autosampler trays were
cooled to 4°C.
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6.2.2.1 Reverse-phase LC method using pentafluorophenyl stationary phase

Chromatographic separation was perforrasthgDiscovery HS F5alumn, 2.1 x 10 mm, 3 um
particle size (Supelco, Bellefonte, PA, USA) using method previously descrikddpter 5Guard
column with same stationary phase and dimensionslahh x20 mm was used to extend column
lifetime. Flow rate was 300 puL/min. Mobile phase A consisted of water/formic acid (99.9/0.1, v/v)
and mobile phase B consisted of acetonitrile/formic acid (99.9/0.1,We)gradient conditions
employed for the analysis were 100% A from 0 to 3.0 min, lineargmath 10%A from 3.0t0 25.0
min and isocratic hold at 10% A until 34.0 mirhe column was requilibrated to starting mobile

phase conditions for 6 min, for a total run time of 40 min per sample.

6.2.2.2 HILIC LC method using aminopropyl stationary phase

Bajadet al.compared the performance of different revgrease and HILIC methods for their ability
to retainwatersoluble cellular metabolitéd? Based on the results of this study, amino column, pH 9
and 50 min totieanalysis time were identified as the best chromatographic conditions to analyze
highly polar watessoluble species. In current work, similar conditions were found to work the best
after comparison of mobile phageH 3, 7and9. In comparison to literate method, the run tirria
current workwas shortened to 30 min, and salt concentration decreased to 2 mM to avoid ionization
suppression and improve analytical sensitivitye LC column used for this separation was
Nucleodur 1066 NH, RP, 2 mm x 256nm column from Maberey Nagel (Duren, Germany).
Gradient elution was used with total flow rate of 500 yL/min. The composition of mobilesphase
and Bwasammonium formaténydroxide buffer, pH 9.0/acetonitrile with proportions of 9/1 (v/v) and
1/9 (v/v), respctively. The total concentration of buffer was kept at 2 mM. The gradient program
used was 100% B from 0 to 3.0 min, linear change to 18G#6ém 3.0 to 8.0 min and hold at 100%

A until 22.9 min.The column was requilibrated to starting conditions forG7min prior to next

injection, thus making the total run time of 30 min per sample.

6.2.2.3 HILIC LC method using underivatized silica stationary phase

The LC column used for this separation was Luna HILIQ $iymx 100 mmcolumn with 3 pm
particle size obtaineflom PhenomenexTorrance, CA, USA Analytical column was protected
using a guard column with same stationary phase and dimensiénsnofx 2 mm obtained from the
samemanufacturerTotal flow rate was 400 pL/mirMobile phase A consisted of

acetonitrie/ammonium acetate buffer (9/1, v/v, effective salt concentraflonM) and mobile phase
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B consisted of acetonitrile/ammonium acetate bufét, v/v, effective salt concentrati@ mM).
Starting mobile phase composition was 100% A held for 3.0 mthlwearramp to100% B in5
min, followed by a4-min hold atLl00% B. The column was requilibrated for 8 min prior to next

injection, thus making the total run time of 20 min per sample.

6.2.2.4 Summary of optimized MS conditions for all LC methods

MS analysisvas performed on Exactive bdmap Orbitrap instrument (Thermo Scientific, San Jose,
CA, USA). Only one literature report to date utilized this seegaderation Orbitrap instrument for
metabolomics/lipidomics studies and taghors do not adequately debe how they selected MS
parameters for analysis (capillary voltage 51 V, spray voltagk\).2*° Thus, in current study,
various parameters were systematically investigated as discussed insS&8tigio 6.3.5in order to
ensure suitable full scan parameters were used for the anBlgsesd on these resultptinized MS
parameters for each method employed are summariZeabie6.1. The stability of proposed ESI
conditions was verified by monitoring spray current and ensuring it was stable at all mobile phase
conditions and <A for reversephase methods and <5 pA for all HILIC methodlB experiments
were performed at maxium resolution (10000 resolution, 1 Hz data acquisition) with AGCget

set to Balancel,000,000 ions) In positive mode, scan range wa#z 100-1000 for both reverse
phase and HILIC methodk negative modan/z scan range was 8000 for revers@hase and

HILIC method using amino column. For HILIC method usingderivatized Si column, the scan
range was reduced to m/z of 12600 in order to eliminatée influence oflargeintensity m/z 117

backgroundion.

Table 6.1 Summary of Exactive MS parameters used for metabolomics

LC ES| Sheath Aux ESI Capillary Capillary Tgr?se lelj?ét
method mode gas gas voltage | voltage temp?rature voltage time
(arb) (arb) (kV) (V) (°C) ) (ms)

PFP Positive 40 25 4.0 27.5 275 100 100
PFP Negative 50 25 -2.7 -67.5 325 -85 100
Amino | Negative 50 25 -2.5 -55 275 -110 100
Si Positive 60 30 2.8 90 325 155 250

Si Negative 50 25 -2.5 -55 275 -110 250
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6.2.3 Data processing

Known metabolites were processed using Xcalibttwswe version 2.1 (Thermo Fisheby
extraction of theoretical monoisotopic mass with 5 gfampositive ESI) and 10 ppm (for negative
ESI)window tolerance and subsequent integration of the resulting extracted ion chromatograms.

Mass accuracy of the maarement is defined as the ratio of mass error (difference between
experimentally measured mass and true mass of given analyte) and the theoretical mass, and can be
calculated using Equation 6.1.

O 4wkl pblly ) = == = x Equation 6.1

D 4 nmeite

6.2.4 Evaluation of absolute matrix effects

For this test, human plasmansples were extracted usings©r mixed mod€C,g + benzenesulfonic
acid) SPME fibres (n=2 of each typ45 pm thickness, housedimvivo SPME assemb)y The
resulting extract was divided into two aliquots: one aliquot was analyzed as is to deteemine th
amount of known endogenous metabolites present. The second aliquot was spiked with known
concentration of the metabolites. The signal obtained for thisetistction spike was compared
versusneat standard prepared at the same concentration direttily diesorption solvent after taking
into account any endogenous level of each metabolite using the simple forrgalaatibn 6.2.

Relative signal intensity of 8020% were deemed to be free from absolute matrix effects.

h R o PR Equation 6.2

% v]-m= % x P e——

6.3 Results and discussion

6.3.1 Comparison of instrumental sensitivity: ion trap versus triple quadrupole versus

benchtop Orbitrap

Prior to setting up metabolomics methods on Exactive, a preliminary evaluation of its performance in
comparison to exsting ion trap and triple quadrupole instruments was carried out using
berzodiazepine standard solutiof$e benzodiazepine method for each instrument was optimized
using direct infusion of individual standard and the parameterssystematicallyaried to select

the optimum value for each. LOQ on each instrument was fiistated using 10x signab noise

ratio by injecting progressively more dilute standard solutib@€) wasthen further verified

according to Food and Drug Administration method validation guidance to ensure RSD observed at
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LOQ level does not exceed 2098 A summary otheresults for four benzodiazepines is shown in
Table6.2. It is shown that for these analytes the sensitivity of Exactive in full scan mode is
approximatelhequal to that of API 3000 triple quadrupole instrument in MS/MS mode and even
better than sensitivity of Varian 500 ion trap instrument in MS/MS mode. This was very promising
result forin vivo metabolomics as we were previously able to successfully BE8@00 for analysis

of benzodiazepines and carbamazepine afteivo sampling. Full scan mode on either ion trap or
triple quadrupole instrument is typically-800x fold less sensitive than MS/MS mdded also less
selective) so the overall resulthiew excellent performance of Exactive in full scan mode even when
large full scan range is utilized (1:A@00 m/z).In another study, the authors compared performance
of TOF instrument in MS mode with QTOF instrument in MS/MS mode and fouidQ0Gfold
improvement in analytical limits of detecti6n.

Table 6.2 Comparison of instrumental sensitivity for benzodiazepires based on injections of
neat standardsusing reverse phase G method andpositive ESI mode

Varian 500 LOQ in | API 3000 LOQ in Exﬁc“"e "OQd'” Exﬁc“"e LO%'”
Compound MS/MS mode* MS/MS mode L SEEIP D L SEEID [OXEi2/
(09) (9) 100-1000 m/z 250-350 m/z

(P9) (P9)
Oxazepam 30 1.2 4.2 4.2
Lorazepam 30 1.8 4.7 4.7
Diazepam 12 6 4.3 0.9
Nordiazepam 15 3.6 4.7 0.9

*full scan mode about 100x less sensitive

6.3.2 Development of MS methods on Exactive

In the first step of MS method development, individual standard mixtures of all metabolites described
in Chapter 5 were infused directly into ExaetiMS using a syringe pungt 5 yL/min The ions

observed for each compound in both negative and po&iferere documented and MS parameters
individually optimized for each compound and recorddticompounds in positive ESI exhibited

mass accuracy <ppp m e x c -egvotenef ot podr mass accuracy of 9 fpable6.3), similar

to what was documented elsewtéteA possible explanation for this observation is fragile or
metastable molecular iasuch ash-carotenecan dissociate according to the following mechanism
where[M+"H*]*ion losesH resulting in M “on. When this reaction occurs in Orbitrap, it decreases
the time for mass assignment of [ﬁ‘rl-l*-]+ions thus resulting in less accurate mass assignrsrd.

general trend in Tables 6.3 and 6.4, the largest errors are observed for relatively fragile ions which
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Table 6.3 Summary of ions observedand mass accuracyn positive ESI mode during direct

infusion of metabolite standard mixture using SuL/min flow rate .

Theoretical Observed positive mode
MW Pos Mass MW Pos Mass
Analyte MW Pos H Na MW Pos H accuracy Na accuracy
Lysine 147.1128 169.0947 147.1127 -0.68 169.0946 -0.59
Histidine 156.0768 178.0587 156.0767 -0.34 178.0586 -0.55
Maleic acid 117.0182 139.0002 no no no no
Fumaric acid 117.0182 139.0002 no no no no
Citric acid 193.0343 215.0162 no no 215.0161 -0.58
Hydrocortisone 363.2166 385.1985 363.216 -1.65 no no
Progesterone 315.2319 337.2138 315.2314 -1.45 no no
Phenylalanine 166.0863 188.0682 166.0862 -0.33 188.0706 no
Glutamic acid 148.0604 170.0424 148.0604 -0.23 no no
Tryptophan 205.0972 227.0791 205.0971 -0.26 227.0789 -0.88
Nicotinamide 123.0553 145.0372 123.0554 0.90 no no
b-estradiol 273.1849 295.1669 273.1843 -2.22 no no
Taurocholic acid 516.2989 538.2809 no no 538.2803 -1.10
Folic acid 442.1470 464.1289 442.1458 -2.62 464.1277 -2.59
Cholic acid 409.2949 431.2768 no no 431.2756 -2.77
Ascorbic acid 177.0400 199.0219 no no no no
Glucose 181.0707 203.0526 no no 203.0522 -2.02
Sucrose 343.1235 365.1054 343.1225 -2.88 365.1043 -3.10
Fructose 181.0707 203.0526 no no 203.0522 -2.02
Glutathione ox 613.1592 635.1412 613.1587 -0.88 635.1404 -1.23
Adenine 136.0618 158.0437 136.0617 -0.53 none no
Adenosine 268.1040 290.0860 268.1037 -1.23 290.0854 -1.98
HBA 105.0546 127.0366 no no 127.0366 0.27
Pyruvic acid 89.0233 111.0053 no no no no
Glutathione red 308.0911 330.0730 308.0902 -2.86 330.0719 -3.41
Protoporphyrin 563.2653 585.2472 563.2651 -0.32 no no
Retinol 287.2369 309.2189 287.2361 -2.93 no no
b-carotene 537.4455 559.4274 537.4406 -9.08 no no
Histamine 112.0869 134.0689 112.0872 2.46 no no
Choline 104.1070 127.0968 104.1073 2.97 no no
Linoleic acid 281.2475 303.2295 no no no no
AMP 348.0704 370.0523 348.0703 -0.17 370.0523 -0.01
Riboflavin 377.1456 399.1275 377.1453 -0.69 399.1272 -0.77
ADP 428.0367 450.0186 428.0366 -0.21 450.0179 -1.63
Fructose 6-phosphate
Glucose 6-phosphate 261.0370 283.0189 no no 283.0188 -0.49
Glucose 1-phosphate
Ribose 5-phosphate 231.0264 253.0084 no no 253.0083 -0.30
ATP 508.0030 529.9850 no no 529.9847 -0.50
UDP 405.0095 426.9914 no no no no
b-NAD 665.1242 687.1061 665.1246 0.60 687.1071 1.46
Thyroxine 777.6940 799.6759 777.6940 0.00 no no
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infusion of metabdite standard mixture using 5uL/min flow rate .

Table 6.4 Summary of ions observed and mass accuracy in negative ESI mode during direct

Theoretical Observed in negative mode
Analyte MW Neg MW [M-H'T Mass accuracy
Lysine 145.0983 145.0968 -9.99
Histidine 154.0622 154.0607 -9.76
Maleic acid 115.0037 115.0022 -12.9
Fumaric acid 115.0037 115.0022 -12.9
Citric acid 191.0197 191.0182 -8.00
Hydrocortisone 361.2021 no no
Progesterone 313.2173 no no
Phenylalanine 164.0717 164.0704 -7.95
Glutamic acid 146.0459 146.0445 -9.48
Tryptophan 203.0826 203.0814 -5.93
Nicotinamide 121.0407 no no
b-estradiol 271.1704 271.1702 -0.58
Taurocholic acid 514.2844 514.2842 -0.39
Folic acid 440.1324 440.1338 3.16
Cholic acid 407.2803 407.2811 1.96
Ascorbic acid 191.0197 175.0233 no
Glucose 179.0561 179.0547 -7.90
Sucrose 341.1089 341.1092 0.77
Fructose 179.0561 179.0547 no
Glutathione oxidized 611.1447 611.1443 -0.64
Adenine 134.0472 134.0458 -10.61
Adenosine 266.0895 no no
Hydroxybutyric acid 103.0401 103.0387 -13.30
Pyruvic acid 87.0088 87.0075 -14.60
Glutathione reduced 306.0765 306.0766 0.22
Protoporphyrin 561.2507 no no
Retinol 285.2224 no no
b-carotene 535.4309 no no
Histamine 110.0724 no no
Choline no no no
Linoleic acid 279.2330 279.2332 0.87
Riboflavin 375.1310 no no
Fructose 6-phosphate 259.0224 259.0225 0.21
Glucose 6-phosphate See above see above no
Glucose 1-phosphate See above see above no
Ribose 5-phosphate 229.0119 229.0114 -2.10
AMP 346.0558 346.0567 2.57
ADP 426.0221 426.0237 3.66
ATP 505.9885 505.9888 0.65
UDP 402.9949 402.9963 3.42
b-NAD 662.1018 662.1030 1.74
Thyroxine 777.6951 no no
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can dissociate early. This cancur in Orbitrap as a result of ion energy deposition during the

injection of ions from @rap into the Orbitrap detectoAll compounds in negative ESI mode

exhibited mass accuracy 5ppm (Table6.4). Mass accuracy was pauiarly poor(10-15 ppm)for
compounds with m/z<200 indicating that Orbitrap mass calibration procedure in this region may use
further improvement by inclusion of an ion with m/z<100 during the mass calibration pracess.

useful approach for further incréag mass accuracy using Orbitrap instrument is to use background
ions to perform internal calibration during each sample run, and resulting mass accuracy was

improved from 12 ppm to 0.2 ppri®

Therefore, amondie compounds tested 25 were observed in positive mod&ldnaegative
mode. Total of 21 compounds were observed in both mode$ebatdthod sensitivity is not the
same in both mode$hese results show significant overlap in the metabolite coveralgetivynodes
using the selected metabolite test mixture, but the best coverage and analytical sensitivity is obtained
when the data from two modes is combin&ccording to literature, theomplementaryature of the
two modes has also been documented Gidvalisco reporting only 10% overlap between the two
modes in plant metabolomics stdfignd 14% overlap reported in the analysis of human pfsrm
contrast Xieet al. usel only positive ESI mode on the basis of greater number of total metabolites

observediuringtheir metabolomics study on urine to study acute toxicitpefamine?®*

Table 6.5shows that the combination of dmatographic and ionization conditions can have
significant impact on the analytical sensitivity of a given metabolite. For example, the LOQ of
taurocholic acid can be improved 2fdd by performing analysis in negative ESI mode (using
reverse phase LIS method). On the other hand, analytical sensitivity for folic acid is improved by
50-fold by the use of HILIC method and negative ESI. These differences can be important as a
metabolite may not be detected by one method, but successfully detected by ahetlise of

complementary methods provides improved metabolite coverage.

6.3.3 Evaluation of reverse-phase LC-MS method using pentafluorophenyl column

The effect of capillary and tube lens voltages was evaluated, while spray voltage and capillary
temperaturevere kept constant at 4000V and 275°C respectively. Example results are shown for
positive ionization mode Figure6.1. No significant differences between methodgdpillary

voltage 27.5 and tube lens voltage 100wyl 2(capllary voltage 57.5 and tube lens voltage 110 V)
were observed. Positive methodcapillary voltage 90 V, tube lens voltage 170stipwed Zold

decrease in sensitivity for analytes witkver MW, but no significant improvement for higher MW
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Table 6.5 Summary of LOQs obtained for various metabolites using proposed LGS methods

on Exactive instrument

LOQ - Amount injected on-column (pg)

Analyte Positive ESIT |Positive ESI T[Negative ESIT| Negative
reverse phase HILIC reverse phase|ESIi HILIC
Phenylalanine 1.3 700 26 5.0
Histidine 1.9 85 76 85
Lysine 2.1 105 NA 11
Tryptophan 2.1 117 41 12
Progesterone 2.9 119 NA NA
Hydrocortisone 3.5 2430 NA 7.3
Riboflavin 4.0 37 NA NA
Adenosine 8.2 11 NA 109
Glutamic acid 9.0 840 5.4 9.2
Adenine 9.3 5.5 9.3 5.5
Nicotinamide 28 12 NA NA
Protoporphyrin 28 NA NA NA
Thyroxine 39 286 NA 286
AMP 55 110 NA 110
Histamine 155 NA NA NA
Glutathione reduced 203 97 20 97
Taurocholic acid 550 89 2.0 8.9
Cholic acid 673 827 6.7 9.1
Glutathione oxidized 1800 418 540 418
Folic acid 2100 42 NA 42
Ascorbic acid 9900 NA 990 130
Sucrose 13550 (Na) 19 (Na) NA 189
Glucose+ructose 24200 4260 24 35-116
Citric acid 25850 (Na) NA 860 2350
Choline 0.03 NA NA NA
Ribose phosphate NA 3610 24 107
b-NAD NA 124 693 124
Glucose-or-fructose phosphate NA 2610 30 19
Pyruvic acid NA NA 269 5650
Maleic and fumaric acid NA NA 285 NA
Hydroxybutyric acid NA NA 19 NA
b-estradiol NA NA NA 1610
Linoleic acid NA NA 2390 NA
ATP NA 540 NA 540
UDP NA 630 NA 630
ADP NA 128 NA 1170
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Effect of capillary and tube lens voltage on analytes in positive ionization mode

Relative response (%)

Figure 6.1 Effect of capillary and tube lens voltage on signal intensity of selected analytes using
positive ESI PFPLC-MS method. The capillary and tube lens stings for methods positive 1, 2
and 3 were 27.5 and 100V, 57.5 and 110 V and 90 and170 V, respectively.

analytesversusmethods 1 and 2. Based on this dasaaillary and tube lens voltages of 27.5 V and

100 V, respectively, werselected for future stlies.Similar evaluation was performed in negative

ESI mode and capillary and tube lens voltage$of V and-85 V were selected as optimum for the
chosen metabolite mixture. These results are in agreement with Bt@kmho investigated the

effect d tube lens voltage in negative ESI mode on the number of metabolites detected and the
propensity of ions to fragment or form adducts under different electrospray contftionas found

that higher voltagesl00 V versus20 V) showed increased number of peaks without significant
amounts of fragmentation. However, no evaluation of sensitivity similar to that performed in current
study was carried out.

One of the problems that is commonly observed ilM.& analysiss ionization suppression or
enhancement caused by-@aoitingmatrix components. For targeted analysis, the goal of sample
preparation is to remove as many of these matrix components as pdssiblgically labeled
standards are also usedorder to comensate for anyemaining matrix effects due to incomplete
removal of possible interferenc®dn metabolomics, the situation is much more complicated as the
analysis of all compounds is desired, so the goal of sgongparation is to be as unselective as
possible. In this case, great issues with matrix effects can be expecmdcluate SPME
performance in terms of this paramettite absolute matrix effects were evaluated. The results

obtained in this experimenteashown irFigure6.2. In positive ESI, significant absolute matrix
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effects were observed only for citric acid using both coatings testedn@ mixed mode)In
negative ESlthe majority of metabolites showed ionization suppression or enhancement,
indicating satisfactory performance of SPME method. However, significant ionization suppression

was considered as % signal <80% and was observed for ascorbic acidgsiogti@g Significant
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Figure 6.2 Evaluation of absolute matrix effects usinda) positive and (b)negative ESI reverse
phase LGMS method with PFP column. Percent signal was calculated as the area obtained in
human plasma extract spiked posextraction versusneat standard at the same concentration
level prepared directly in desorption solvent. Percent signal >120% represents ionization
enhancement for a given metabolite and % signal <80% represents ionization suppression for a
given metabolite.The results are shown fortwo types ofSupelcobiocompatible coatings:mixed
mode and Gg coatings.

ionization enhancement (% signal >120%) was observed for citric and pyruvic acid (both coatings).
The result for citric acid was not surprising in this jgaittr test as this analyte was present in large
concentrations since it was used as-ao#igulant in human plasma sample used for the study. Citric
acid peak was the most intense peak in the entire chromatogram in either ionization modes (taking
into acount both known and unknown metabolites). Ascorbic acid and maleic acid were not
chromatographically resolved from large citric acid peak, which affected their ionization properties.

I nterestingly, -NADhAndoedycddglutathionecalsast vithin thebsame

retention time window and exhibited no significant suppression or enhancement, indicating the effect
was analyte dependent, not only retention time dependent. In positive ESI mode, no metabolites
which ceeluted with citric acid showeahy significant ionization suppression or enhancement.

Finally, it should be noted for the cases where an apparent ionization enhancement was observed, this
is not likely to be true enhancement of the sighihls unexpected increase in signal can méstyi

be attributed to fragmentation of other species within the complex matrix which contain the particular

group (for example, citrate or pyruvate in current example).

6.3.4 Evaluation of LC-MS method using amino column for improved separation of

sugar compounds

Using HILIC method employed in Chaptgrit was not possible to achieve chromatographic
separation of sugars suchgigscose and fructas or various sugar phosphates. Considering these
species aralsoisobaric they cannot be distinguished by masscsfpmetric detector, which makes
chromatographic resolution of these species highly desirable. To address this issue, th€use of
column withaminopropylphase was investigated, as this column packing was reported to enable
separation of various sugarader reverse phase conditiombe siccessful use of this column
packing under HILIC conditionwas also reportebly Bajadet al.for separation of various polar
metabolitesof interest in current work? In fad, in this study Bajaeét al.tested nine different LC
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MS methods (both reverse phase and HILIC) and found that aminopropyl column in HILIC mode at

pH 9 performed the best for separation of large number of polar metabolites.

Thus, in current study, theedormance of aminopropyl column usihgthreverse phase and
HILIC modes was tested heparticular focusvas paid tgolar metabolites containing sugar and/or
phosphate moieties which were not well retained on pentafluorophenyl column. Using revegse phas
mode, the retention of some sugar compounds was still not satisfactory while other compounds were
too broad or suffered from excessive tailing. HILIC mode at pH 9 was found to provide best retention
for the compounds of interest and an example chromatogf selected metabolites is shown in
Figure6.4. Furthermore, this amino column based method was not as sensitive &mhégus
content of injection solvent as HILIC method based on underivatized silica making it more suitable
for metabolomics. Based on these results, it was investigated whether this amino method can
completely replace HILIC method proposed in Chaptand the performance of the method using

human plasma samples was evaluated.

As a first step, the absolute mateffects were evaluated to ensure thaignificant degree of
ionization suppression or enhancement was not obséfkiedesults obtained in this experiment are
shown inFigure 6.3 Significant suppression was observed for taurocholic acid usingbatimgs,

and for glucose, fructose and histamine using mixede coating.

However, when it was attempted to use the method for a full sample set, two important problems
were encountered. First, a significant loss of signal intensity over time waseaib$arall
metabolites due to buHdp of salt deposits in the ion source even though volatile salts were
employed. This is illustrated in using the results of two QC samples. After ~ 10 hr of run time,
significant loss of intensity was observed as shoydrbp in intensity for most compounds (QC2)
and after ~20 hr of run time the loss of signal intensity was so severe that 13 out of 21 compounds
could no longer be observed. Based on these results, the method was not deemed suitable for further
use. Thisack of robustness is surprising considering that similar method was employed bgBajad
al. for the analysis oEscherichia coliextracts using similar design ion source as employed in our
analysis??> The same mébd was also successfully employed in croisgform comparison for
quantitative metabolomics study of primary metaboff3@ne possible explanation for this
discrepancy is that Bajaat al. analyzed vergmall sample sets at a time with full source cleaning
between sets, but this was not discussed in manuscript. For example, in our work, analy2® of 15

samples at a time would yield acceptable results such as reported byBajdithtra- and interday
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RSD <35% for 141 out of 144 compounds analyzed). However, such small sample sets are not
feasible for metabolomic studies which typically require analysis of large number of samples as well
as quality control samples to ensure data integrity. Anotlesilgle explanation is poor stability of
stationary phase under high pH conditions resulting in phase bleed contaminating MS, as the columns
used in our study and in literature studies were obtained from different manufacturers. This could be
possibly addrssed by using stationary phase bonded to a stable polymer rather than silica particles.
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Figure 6.3 Evaluation of absolute matrix effectsusing negative ESI HILIC LC-MS method with
amino column. Percent signal was calculated as the area obtained in human plasma extract
spiked postextraction versusneat standard at the same concentration level preparedirectly in
desorption solvent. Percent signal >120% represents iation enhancement for a given

metabolite and % signal <80% represents ionization suppression for a given metabolite.

6.3.5 Evaluation of HILIC LC-MS method on Exactive using underivatized Si column

HILIC method developed i€@hapter 5vas transferred to Exactive instrument and its performance for
metabolomics analysis of plasma was investigated. The minimum recommended buffer salt
concentration for this column was 5 mM, so this was used as starting mobilevprsas@ mM used

in method developed in Chapter 5. However, the use of this mobile phase resulted in very broad peaks

especially for phosphatntaining species such as AMP and ADP as well as oxidized glutathione as
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shown inFigure6.4 (b). Using these conditions, ATP and UDP were not detected at alffifidiisg
agreewith theresults reported by Kamledt al.who did not detect ATP when only formic acid was
used as additive in their proposed HILIC metAtdncreasing pH to improve peak shape of
phosphates while retaining chromatographic resolution was not possible due to working pH range of
the column (up to pH 8). Chromatographic peak shape was improvadrbgsing salt concentration

to 20 mM and modifying gradient conditions as showkigure6.4 (a). Increasing buffer

concentration helped the peak shape by reducing electrostatic interactions

Table 6.6 Results of QCsample analysis for known metabolites using negative ESI mode HILIC
LC-MS method with aminopropyl column. % signal intensity of QC2 and QC3 is shown with
respect to signal intensity observed for QC1 with approximately 10rhelapsed between each QC
sample.Signal intensity observed for QC1 was set to 100%.

c2 C3
AR %(;)ignal %gignal

Hydrocortisone ND ND
Adenine ND ND
Taurocholic acid 135 ND
Glucose+fructose 17 ND
Thyroxine 124 20
Tryptophan 34 8
Phenylalanine 41 4
Cholic acid 27 ND
Sucrose 100 8
HBA 18 2
Glutamic acid 30 8
Maleic+fumaric cad 2 ND
Histidine 57 4
Histamine 113 ND
AMP 37 6
Fructose+glucose phosphate 6 ND
Ribose phosphate ND ND
Lysine 30 ND
UDP ND ND
ADP ND ND
ATP ND ND

between charged analytes and stationary plrasther increases in s@loncentratiorwere not
investigateecaus®f possible ionization suppression effects asczaltentrations further
increasedThe results of this developmenticatethatthe exact properties of HILIC columns can
vary toalarge extent betweamanufacturerand demand thorough methodajgtimization even

when a stationary phase of the same type is empldyedefore, the proposed method resulted in
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acceptable peathape@and chromatographic resolution between metaboktespt for sugar

phosphates which esluted Lack of chromatographic resolution between eluting components can

result in ionization suppressian enhaigement, so matrix effects were investigated in detail
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Figure 6.4 Example XIC of metabolite standard solution preparedat 1 pg/mL in 60%

acetonitrile and analyzedusing HILIC method with unmodified Si column in negative ESI

mode (a) final method using 20 mM effective concentration of buffer and (b) itial method

using 5 mM effective concentration of buffer.Only selected metabolites are shown for clarity.
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Figure 6.5 Evaluation of absolute matrix effects using (a) positive and (b) negative ESI HIC
LC-MS method with underivatized Si column. Percent signal was calculated as the area
obtained in human plasma extract spiked posextraction versusneat standard at the same
concentration level prepared directly in desorption solvent. Percent signal 20% represents

ionization enhancement for a given metabolite and % signal <80% represents ionization
suppression for a given metabolite.
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The results obtained in positive and negative ESI modes with proposed method are gfiguein

6.5. Overall the results were satisfactory, except in the regiomah where significant ionization
suppression was observed as indicated by the results for ascorbic acid, glutamic acid, pyruvic acid,
folic acid and reduced glutsibne in negative ESI mode. However, these species wereataihed

on PFP column and most of these species (except ascorbic acid) did not show adverse ionization
effects using reversghase LEGMS method. Thus, they should be analyzed using reydrase

method. Furthermore, ionization suppression was observed for phenylalanine (mixed mode fibre) as
well as histidine and lysine (both coatings). These species were alsetagled on revergghase

method and could be suitably analyzed using that metltbche adverse matrix effects. Citric acid

also showed significant ionization suppression, due to its use aoagtilant in the batch of human
plasma used for this analysis. The analytes of interest for HILIC separation such as phosphates did
not show ay ionization suppression or enhancement indicating suitability of the method for the
metabolomics analysis of plasma as a complementary method to fpliassemethod.

In atargeted metabolomics study employing mixedde extraction using StrakCAW
sigrificant absolute matrix effects for estrogens were encounfaliedrget estrogen species not
detected when spiked in biological matr&genthoughanalysis was performed using reveptmse
method where estradiols have gaetention and chromatogragiriesolution between different
species can be aelred®* In our study we did not detect estradiol using revetsese method
(below method LODpresumably due to presence of acid in mobile phase asnénted
previously®'). Using HILIC method estradiol peak was detected and was not subject to ionization
suppression, even though it eluted vattvent frontusing HILIC column (retention time of 0.9 n)j
where matrix effects are expected to be the most predomirfapredominance of matrix effects
using traditional exhaustive techniques has beendueellimented in various targeted analysis,
although it has been largely unreported in global metabolstudies. For example, in a study
examining levels of amino acids in plant seeds, ionization suppressior6df@8vas reported for all

amino acids tested with worst performance for glutamic acid, aspartic acid and$erine.

Injection solvent with relatively high agueous content is proposed for this meth@8%©0
acetonitrile) to ensure adequate solubility of polar spenigdeosides in particulaPoor solubility of
nucleosides in acetonitrilersuswater was deonstrated in other studiés.Cubbonet al.also
successfully used 50% acetonitrile as injection solvent in their HILIC method for the analysis of

urine®® This choice of desotjpn solvent comes with some deterioration in peak shape for early
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eluting compounds. However, these species can be reliably analyzed on-pinaessenethod,

whereas the more polar species are the focus of current study and can be successfully attalyzed wi
60-75% acetonitrilewith good peak shape. In contrastka et al.injected 100% aqueous urine

sample with no solvent strength adjustment prior to anai{s&ich high aqueous content usually
results in very poochromatographic peaks shape, and it is not clear how this was overcome in their
method.

The results for optimization of MS parameters for this method are shdvigure6.6. Part (a) of
this figure shows the ralts for the most polar analytes which are not wethined using reverse
phase method. These analytes are the focus of HILIC method so optimum analytical sensitivity was
desirable for these species. Capillary voltage and tube lens voltage of 90V anc:4péitively
were found to perform the best for the analysis of these species. Similar performance was achieved
whether 275 or 325 °C capillary temperature was observed, so the lower temperature of 275 °C was
selected. The particular settings selectedrfdusion in this evaluation were chosen on the basis of
direct infusion experiments. It is interesting to note the optimum settings for the polar analytes of
interest resulted in considerable reduction in signal intensities of other metabolites such as
phenylalanine, glutamic acid and tryptophan as shoviigare6.6 (b). Thisshows that simple
optimization using total ion intensity of metabolite standard mixture may not be the best MS

optimization method.
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Figure 6.6 Optimization of MS parameters (capillary temperature, capillary voltage and tube
lens voltage) for metabolites using negative ESI HILIC LEMS method (a) results for very
polar metabolites (b) results for metabolites with sufficient retention using reverse phase

methodi full scale (c) same as in (b) butsgcale zoomed in to show trends for metabolites not
well visible in (b).
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Finally, the robustness of the proposed method was egdluatd the method was found to be very
stable over long analysis times. Example results for repeated injection of QC sample are shown in
Table6.7.

Table 6.7 Results of QC sample anigsis for known metabolites using negative ESI mode HILIC
LC-MS method with unmodified Si column. % signal intensity of QC2 and QC3 is shown with
respect to signal intensity observed for QC1 with approximately 10 hr elapsed between each QC
sample. Signal mtensity observed for QC1 was set to 100%.

QC2 QC3
Azl % signal % signal
Estradiol 107 83
Hydrocortisone 105 102
Maleic + fumaric acid (FA adduct) 111 65
Adenosine 109 112
Adenine 115 113
Glucose 95 83
Fructose 111 88
HBA (FA adduct) 106 105
Taurocholic acid 98 108
Cholic acid 99 101
Thyroxine 101 107
Phenylalanine 118 107
Tryptophan 100 97
Sucrose 107 124
Ascorbic acid 86 79
Glutamic acid 86 86
Glutathione reduced 94 96
Pyruvic acid (FA adduct) 87 79
Folic acid 91 89
ADP 117 103
AMP 91 95
ATP 127 88
b-NAD 103 103
Citric acid 106 84
Fructose+glucose phosphate 98 96
Glutathione oxidized 118 102
Ribose phosphate 99 97
UDP 130 116
Histidine 103 109
Lysine 104 116
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6.3.6 Summary of proposed LC-MS methods on Exactive

The combination foreverse phase pentafluorophenyl and Si HILIGMS method was found to

provide good coverage of many metabolites of interest. In comparison to other complementary
methods reported in literature, the revepbase and HILIC methods proposed by Mohaeted.

were unable to retain some of very important metabolites, for example ATP and glut&thidrese
metabolites are very important as ATP is involved in energy metabolism, and glutathione ratio can be
used as aneasure of cellular toxicity. Thus, it was important to ensure in our methods that these
important metabolites can be analyzed. It is suspected that Moledmledid not observe ATP due

to poor solubility in their chosen injection solvent for HILIC mettacetonitrile/methanol, 75/25).

This highlights the importance of compromise when selecting an appropriate injection solvent for a
global metabolomics method. For optimum chromatographic glesghe, final sample extract should

be dissolved in solvent @feaker or equal strength to starting conditions. For HILIC chromatography,
this means using acetonitrile/water (9/1) as injection solvent. However, many polar metabolites are
not sufficiently soluble under these conditions as encounter@ar work.Theuse of injection

solvents with higher aqueous portion (75/253/@) improves solubility of such species so that they

can be detected but sacrifices good peak shape for some of the early eluting analytes. In our work, the
main reason for the use of HILi@ethod was to retain and separate very polar species such as AMP,
ADP, UDP, and ATP, so injection solvent with higlagueougproportions was selected. This did

result in poor peak shape of some early eluting analytes suatrasholic acid However, tiese

analytes could be analyzed with good peak shape and sensitiitgmosedeverse phase method,

so this was ngproblematic

The observed ionization suppression results show that when using SPME and propbdsgd LC
methods, ionization suppression wagstly observed for highntensity citric acid peak used as an
additive in human plasma, and particularly in negative mode some acidic compounds eluting within
the same retention time window were susceptible to ionization effects (afmdtsRippressionr
enhancement). Fam vivo SPME samples, this issue will be completely eliminated as no additives are
added, and the extraction is performed directly in animal blood stream. In contrast to traditional
methods, no significant matrix effects were obseixezhrly parts of chromatogram either in HILIC
or reversgphase mode when SPME is used as sample preparation method. This is not the case for
traditional methods, where 46ld dilution of urine was shown to result in significant ionization
suppression fiol62 componentsyhile acceptable resultsere achievedor 283 components using

HILIC LC-MS method showing data quality is compromised for many species of potential
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interest*® Using capillary LGMS method whiclis less prone to matrix effects due to the use of low
flow rates, significant absolute and relative matrix effects were observed for 3 out of 7 compounds
tested in plant metabolomics stud§The observationf relative matrix effects, which could affect
relative qantification in metabolomics study, is particularly problematic and was found to depend on
the exact nature of matrix under study. For exan#ld&halianaleaf and root extracts were not
susceptile to relative matrix effects whil&. Halleri leafs exhibited significant relative matrix

effects. The authors explain this observation by explainingith@halianaplants were less diverse
(grown under strict and identical conditions), wiileHalleri plants were independently grown in a
greenhouse under lesentrolled conditions, thus exhibiting more intedividual variability.

Another study on yeast extracts evaluated matrix effects using -gaioeversghase method and
HILIC method, and sigficant matrix effects were observed for 75% of about 60 metabolites fésted.
In another study on yeast cell extracts using direct introduction spasgrometryhich is the most
susceptible to matrix &fcts severe matrix effects were observed for 4 out of 10 studied metabolites
with 5-fold loss in signal intensitgbserved eveat lowest extract concentratidhiiNo similar matrix
effects evaluation for global etabolomic studies on human plasma have been reported to date using
LC-MS methods, but based tre studies cited for other matrices it appeahe significant absolute
matrix effects can be expected tominimum o0f30-40% of analytes, whereas SPME appda be

less susceptible due to lower extraction efficiency {@xmaustive nature of extraction) atie

absence of highly intense ions thae likely to cause ionizatiomppression/enhancement. This can

be an important finding as presence of ionizasappression can obscure weak signals, so their

intensity is below limit of detectioff?

In other studies, etector saturation was also observed for some species in urine including hippuric
acid, betainegreatine and creatinirfé; but this effect was not observed for our SPMEMS

method for any metabolites as the extraction efficiency for polar compounds was relatively low.

Finally, it should be mentioned théwetproposed combination of methods was not able to separate
isobaric sugar phosphates (for example, glucgskeasphate and glucosepbosplate or fructose 4
phosphate and fructosepBosphate), so if these metabolites are of interest alternative methdds nee
to employed. For example, these species were successfully sefrarataht targeted metabolomic
studiesusing anion exchange chromatograliioy using porous graphitic carbon colufhrut are
not applicable for more global metabolomics analy8#ésrnatively, the reasons for poor robustness

of HILIC method with aminopropyl column can be further examined.
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6.3.7 Evaluation of global SPME-LC-MS method using pentafluorophenyl LC-MS
method

6.3.7.1 Evaluation of extraction time

An in-depth investigation of the influence ofteaction time on the richness of the metabolite profile
was carried out using pentafluorophenyl-MS method using both positive and negatorgzation

mode. The exactions were performed from human plasma using Supelco mmiree fibres and the
extraction times were varied from 5 min to 24 e dependence of the amount extracted was first
evaluated for the known metabolites which were identified against thadnj@ftauthentic standard.

It was found that for the more polar species equilibrium was reached by 5 min extraction time, and no
further increases in the amount extracted were observed with subsequent increases in extraction time.
These results are showmRigure6.7 (a) and(b). For example, the examinationkifyure6.7 (a)

shows that glutamic acid, histidine, lysine, choline, phenylalanine, tryptophan and nicotinamide
reached equilibrium using 5 mintexction time Similar trend was observed for citric acid, but was

not included irFigure6.7 (a) since very large amounts of citric acid were extracted (3008mit)

could not be easily presented on the same scale as theatt@runds. The main reason for the
extraction of large amounts of citric acid is the fact that sodium citrate was used@sagntant for

the human plasma employed in this stutigurocholic acid, hydrocortisone, cholic acid and
progesterone, on thather hand, showed significant increagethe amount extracted with increasing
extraction time, and in fact equilibrium was not reached even after 2 hr extraction time. Among the
compounds sheing improved extraction at the longer extraction times, sontieeoéompounds were
observed at all extraction times, indicating analytical sensitivity was sufficient for these compounds
to detect small amounts extracted even at the shortestltimsewas the case for hydrocortisone and
progesterone ifrigure6.7 (a), for example. Other compounifsFigure6.7 (a), such agholic and
taurocholic acid required longer time to ensure sufficient amount was extracted to be detectable by
the instrumental method employed. [Eaample, in positive ionization mode, cholic acid became

detectable onlysing extraction time of 68 min or longer.

These results agree with expectations and show that richer metabolic profiles can be obtained using
larger extraction times. In the exaramf Figure6.7 (a), 9 out of 11 compounds could be detected
using 5min extraction time, whereas by increasing extraction time to 68 min, all 11 compounds could
be analyzed. An interesting general trend was also observed. Ta@atar compounds, which have
shorter retention times in reverse phase method, reached equilibrium very fast with Supeleo mixed
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mode extraction phase employed in this study, as no further increases in the amount extracted was
detected beyond&in extration time. This finding is important from calibration perspective, as it
means that equilibrium calibration can be usedet®rmine the metabolite concentration in the
systemunder studyor anypolarmetabolites identified during data processing thabéneterest

provided authentic standard of the identified compound is ava{lpb$processing calibration of
metabolites of interest identified in global study). This trend was further verified by processing the
data of all unknown metabolites obsaive human plasma as discussed in Secti8rb

For the compounds which were detected using both positive and negative ESI mode, the results
obtained using two modes at different extraction times show good agreement fan@iucals with
typical differences within + 30 %. Furthermore, this data was compared using paisgdand no
significant differences were found in the amount extracted determined using each of two methods at
99% confidence interval (t =2.25, trimicaL = 2.73, p = 0.03). This is an excellent result especially
considering a very simple oq®int calibration standard curve was used to estimate the total amount
extracted of each known metabolite and the sample analysis occurred over relativéindong
period4 days). This data indicates reliable quantitative analysis of selected metabolites can be

performed using large metabolomics data sets such as collected in this study.

The extraction time trends were also evaluated uslhC methodafter independst extractions
of same pooled human plassamplesFigure6.8). The results show very good agreement between
the two sets of data both in terms of extraction time trends and with regards to the amount of analyte
extracted. The two data sets for overnight extraction (1440 min) for metabolites observed in both
reverse and HILIC modes (negative ESI, total of 8 analytes observed in both modes) were further
compared using paireddst and no significant differencesmadound at 99% confidence (t-£.03,
terimcar = 3.50, p = 0.34) indicating good data quality achievable by both methods. No additional
identified metabolites were observed using HIMKEEsusreversephase method.

190



=
wn

25 1

s
=

=
i

20 1

. N

HicotinamideHydrocortisons Cholic Acld  Progesterons

=

Amount axiracted
ngl

15 A

Amount extracted (ng)

400 1
350 4 _

300 A

Amount exiracted (ng)

250 A

Amount extracted (ng)

O3 min 022 min 088 min E128 min W 1440 min |

Figure 6.7 The dependence of the amount extracted of known metalii@s on extraction time
using Supelco mixeemode fibres(n=3 at each time poin). Samples were analyzed using
pentafluorophenyl LC-MS method.(a) The results for analytes obse/ed in positive ESI mode.
The inset graph showsxpandedregion to facilitate the comparisonof analytes with subng
amounts extracted(b) the results for analytes observed imegédive ESI. The inset graph shows

expanded region to facilitate the compariso of analytes with < 20 ng extracted.
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Figure 6.8 The dependence of the amount extracted of known metabolites on extraction time.
All extractions were performed from human plasma using Supelco mixechode fibres (n=3 at
each time point). Samples were analyzed using HILIC L&AS method. The results for analytes

observed in negative ionization modeThe inset graph shows full scale for glucose and fructose.

6.3.7.2 Evaluation of carryover of SPME method for metabolomics

The data shown i@hapter 5demonstrated significant carryover of many metabolites when static
desorption conditions were used and multiple desorption steps were necessary in order to ensure
complete desorption @halytes fothe comparison of different sorbeniauring the evaluation of
coatings it was not desirable to employ agitation to tatdifaster mass transfer during desorption
step in order to avoid possible loss of particles from the coating (the coating prosaduret

optimized for each particle type). Based on the results of that stugdgic prepared research
prototype mixedmode(C,s+benzenesulfonic acid, 45 um thicknesg)compatible coatingssing
proprietary biocompatible polymer. The robustness dfdtwmatings is very good, so it was possible
to employ vortex agitation to speed up the desorption step. Desorption time of @im@00 rpm
agitationwas found sufficient to effectively desdobth polar and hydrophobic metabolites from the

coatings.To ensure, the desorption was efficient and that no additional desorption steps were
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necessary, carryover was evaluaaftdr SPME extraction from plasma. Example results obtained
using reversehase method are shownHigure6.9 and the dependence of % carryover on thgtke
of extraction time is also il |l ust r daemaprityoNo
compoundsOnly histidine, lysine and choline exhibited significant carryoRessible explanation
for the higher carryover of amines could be that at pH values above pKa of silanol grouh3)4.5
silanol groups can become ionized, which can lead to ionic interactions with positively charged
species such as protonated amitiassresuling in poor eluton or desorption of these speciés.

The carryoveexperimenivas repeated for tHenownmetabolites deicted using HILIC LEMS
method No carryover was found for the majority metabolitéth the exceptiomf glucose,
phenylalanine and glutamic acid where carryovarsv  f o u n d in tllcaséseTheSe2résults
indicate that single desorption step is sufficient when using proposed-moal coating for
metabolomics. However, considering that it is impdsdib e\aluate the potential for carryover of all
metabolites present in a biofluids sample and extracted by &iag;dt cannot be verifiedith
absolute confidencat the coating is absolutely clean ptioranysubsequent extractiomith
absolutelyno metabolites remaining within the coatifgr this reason, it is recommended to use
these coatings as singlee fibres to ensure no accidental contaminaié&aks are observed during
subsequent sample analydifisis not problematicas these coatys are produced at leeostand
arealready aimed asingleusedevicesduringin vivo sampling as discussed @hapter 4ue to

sterility considerations.
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Figure 6.9 The amount of carryover observed for known metabolitesind its dependence on

extraction time. All extractions were performed from human plasma using Supelco mixethode

fibres (n=3 at each time point). Samples were analyzed using pentafluoropheiny -MS

method. The carryover was evaluated by performing a second desorption using fresh 300 pL

portion of desorption solvent The results for analytes observed iffa) positiveand (b) negative

ionization mode.
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6.3.7.3 Evaluation of analyte stability in SPME coating

In the next experiment, the stability of selected metabolites in coating afesr storage in freezer (

20°C) was performed. The extraction was performed using a set of fibres on one day ( time 0). Half
of the fibres were analyzed immediately anda@h®unt of analytes extracted was determined using a
freshly-prepared standard. The remaining fibres were retracted in the hypodermic needle, wrapped in
aluminum foil and stored frozen for exactinkek. They were analyzed on day 7 against a freshly
prepaed standard. Two consecutive desorptions were performed on both days to evaluate the
carryover as well. The results obtained are summarizEijime6.10. Overall, the stability on fibre

was found to be acceptable as indicdigao statistically significant difference in the amount

extracted for the analytes tested. However, it appears that during storage, the coating dries out as the
amount desorbed during first desorption was significantly lower than for the freshly exfitaesd

Once the results fdhefirst andsecond desorpticrare taken into accourthere are no significant
differences in the amount extracted. These results implyttbatitial desorption time for fibres

stored in freezer should be extended ofigeht number of desorptions performed to ensure effective

removal of all analytes.

Evaluation of stability of selected metabolites on fibre
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Figure 6.10 The results of the evaluation of metabolite stability (week,-20°C storage) within

SPME coating for selectd metabolitesusing n=3 mixedmode Supelco fibres
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6.3.7.4 Comparison of coating performance for the extraction of human plasma for known

metabolites

Using HILIC LC-MS method, the performanoé mixed mode coating was compared to that gf C
coating. The comparisowvas done using HILIC method to check the extraction efficiency of polar
analytes. Example results for a set of known metabolites are depiétiggiin6.11. Small
improvement in the extraction efficiency of these compoundscomsistently observed. Further
processing of unknown metabolites was performed and gave consistent kstalbolite coverage

could be further enhanced by the use of other complementary coatings identified in Chapter 5.
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Figure 6.11 Comparison ofthe performance of biocompatible Ggversusbiocompatible mixed
mode(C,5 + Benzenesulfonic acidfoating for extraction of human plasma. Extraction was
performed using n=3 fibres of each type, for 1440 min andhe analysis was performed using
negative ESI HILIC LC -MS method. Coating dimensions and thickness were the same so no

correction factor was applied. Error bars show one standard deviation from the mean.

6.4 Conclusions

This chapter illustrates some of the diffities in developing truly global L&IS methods with
adequate performance for metabolomic studies. No single LC method can sufficiently retain all
compounds of interest, thus necessitating the use of complementary methods. Although proposed
HILIC methodwith aminopropyl column was able to retain the vast majority of compounds not well

retained with PFP method, further evaluation of the method showed it was not sufficiently robust for
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metabolomic studies with 3@ld loss of signal intensity observed o0B&rhr run time. Considering
metabolomic studies typically require the analysis of large number of samples, methods with such
poor robustness are not acceptable. Thus, the original HILIC method using underivatized silica was

employed in all subsequestudesdue to its demonstrated robustness over long run times.

In terms of the development of SPME method suitable for global metabolomic studies, the results
presented herein show excellent performance of SPME in terms of matrix effects with <5% and
<20% ofmetabolites exhibiting suppression and/or enhancement effects, and in most cases these
effects were correlated to elution within the time window of highly intense sodium citrate peak which
was used as anticoagulant. These results show another impoviantage ofn vivo SPME methods
where the effect of anticoagulant can be completely eliminated from the data because no additives are
required for direct irvein extraction approaches. Furthermore, the use of short extraction times (5
min with no agitatiopwas sufficient to extract measurable quantities of various metabolites from a
human plasma sample (nepiked). Interestingly and surprisingly, it was possible to detect some
very polar metabolites such as lysine and glutamic acid which exhibited \argxtoaction
efficiency during method development experiments in Chapter 5. Clearly, the concentrations of these
metabolites in human plasma are sufficiently high so that low extraction efficiency (<0.5%) was still
sufficient to detect these metabolitagplasma. Analyte carryover was also evaluated for the set of
known metabolites and found to be O2% for major.i
of desorption conditions of acetonitrile/water (1/1, v/v) presented a compromise between good
solubility of metabolites of varying polarity, good desorption efficiency and reasonable
chromatographic shapes upon direct injection into reygnase method. The same extract was also
compatible with direct injection into HILIC method after slight adjuest of injection solvent
strength by dilution with acetonitrile (1/1, vAlcreasing th@roportion of organic solvent in HILIC
methodeven furthemwas found to cause poor solubility of very polar species such as ADP and ATP,
thus preventing analysis tifese speciesvhich was not desirable as the aim of this HILIC method

was to analyze these very polar metabalites
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Chapter 7
Metabolomics of human plasma: comparison of in vitro SPME to

traditional methods

7.1 Preamble and introduction

7.1.1 Preamble

Some of the data pgented within this chapter has been incorporated in manuscript entitled
Vuckovic, D., de Lannoy, I., Gien, B., Shirey, R.E., Sidisky, L., Dutta, S., Pawliszynyi¥o solid-
phase microextraction: a new sample preparation tool in metabolpf2i@$0) vhich is currently
submitted for publicatiorHHowever, allof thework reported within this chapter has been performed
solely by myselfat the University of Waterlgso permissionsf other ceauthors cited on the
manuscript are not deemed necesshBing @ntributions of the authors as cited on manuscript are as
follows: |. de Lannoy and B. Gien develogad/ivo SPME procedure for mice which was previously
described in Chapter 4 with appropriate permissions. The contributions of R.E. Shirey and L. Sidisky
are the development of biocompatible prototype probes suitakite fivo SPME sampling as
described in ChapteB and 4with appropriate permissions. The contribution of S. Dutta is the LC
MS analysis ofn vivo SPME samples using full hybrid Orbitragsgem at Thermo facility in San
Joseas described in Chapter 4 wdppropriatgpermission

7.1.2 Introduction: current sample preparation trends for global metabolomics of

human plasma

The objective of the research presented in this chapter was to compapérttized SPME method
presented in Chapter 6 to some of traditional methogdogied to in global metabolomgtudies of
human plasmdt was not feasible to compare SPME to all possible plasma protein precipitation
methods reported in literature, so thetlest candidate methods wesdected from literatureased
on their performance in comparison studies which examined factors such as efficiency of protein
removal and number of observed metabalifes instancePolsonet al.compared the effectiveness
of various protein precipitation methods (organic solvent, acid, salt and metal) for use wits 1€
Among the tested methods, acetonitrile, trichloroacetic acid and zinc sulfate were found to provide
best proteirremoval efficiencies as determined using spectrophotometric method, but precipitation
with acetonitrilewas most compatible with subsequent-MS analysis. Protein removal efficiency
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of acetonitrile was found to be slightly higher for acetonitrile (93 2%)versusethanol

(88.6+0.5%) and methanol (88.7+1.1) for all plasma species tested including human, mouse, rat and
dog. Minimum plasma to precipitant ratio of 1 to 2.5 was recommended, and further incrélases in
amount of precipitant (for example 14aatio) did not yield any further improvements in terms of
protein removal efficiencyin contrast, a more recent study using Bradford assay for estimation of
protein concentration, found that acetonitrile had poorest protein removal efficiency&42s)

pure ethanol (96%) and pure methanol (98¥Jhe authors do not provide an explanation for this
apparent discrepancy, but this could be caused by different errors inherent in two agbays for
estimation of prain concentration. The examination of protein removal efficiency by gel
electrophoresis indicated better performance of acetonigiusmethanol supporting results by

Polsonet al*?

Heat and acid treatment walso found to be efficient for protein removal (98%), but
resulted in much fewer number of metabolite featusgsusorganic solvent extractiofi: Among

the fourteen extraction methods testbe,precipitation wih methanol was found to perform the best
in term of metabolite coverage and method reproducibiltgreiraet al.compared the performance

of three different plasma protein precipitation methoaksthanol precipitation (2, v/v), methanol
precipitation(1/4, v/v) and slow precipitation with acetonitrile/{135 v/v) over 3 days® In this

study, best results were obtained using plasma protein precipitation with methatmPbirafio.
However, this finding isn apparentisagreement with other reports claiming minimum ratio of 1 to
2.5 plasmato-solvent ratio is needed for effective proteémovaf*, and shows there is no consensus
in literature regarding the best plastogrecipitant ratioln an early study, Brucet al.compared the
performance of plasma protein precipitation using varamugousolutions of methanol or
acetonitrileusing 1 to 4 plasma to precipitant ratio for the analysis of human pfaSmReecipitation
with pure methanol was found to be optimum method with the best metabolite coverage. However,
the overall sample procedure was very long and demanding and incorpehatstd2ding period,
ultrafiltration step as well as evaporation/reconstitution step. Such longsteptsample preparation
procedure can be expected to result in significant loss of metabolites, and in fact enBb516
features were observed which is quite low in comparison to mperted methods. The same group
further refined their methodologg & more comprehensive study where performance of four different
solvents (methanol, ethanol, acetonitrile and acetone) and combinations of solvents wisTiested
best method performance fitlve solvenprecipitation of human plasma samples was obtained using
methanol/ethanol (1/1, v/v) and methanol/acetonitrile/acetone (1/1/1, v/v/v) using 1 to 4 plasma to

precipitant ratioProtein removal effiency was examined using gel electrophoresisthedest
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performance was found for acetonitrile, acetone, acetonitrile/acetone and ethanol/acetonitrile/acetone
precipitants. However, the number of metabolites observed for these sohasrthe lowestThe
reproducibility of precipitation methods with pure acetone and acetonitrilale@sorse than for
remaining methods. Thus, the authors propose precipitation with methanol/ethanol and
methanol/acetonitrile/acetone as the two best options taking icbormaicall three criteri&

Michopouloset al.evaluated the performance of precipitation with methanol, precipitation with
acetonitrile and SPE in combination with revepbase UHPLGVIS method for global metabolom
studies on human plasmiaPrecipitation with methanol was found to provide better results than
acetonitrile, while SPE with {gcartridgewas found to improve method precision over solvent protein
precipitaton methodspresumably due to impved sample eanup. Tiziani et al.examined various
deproteinization methods for human serum before NMR anafjéiéter comparison of

ultrafiltration versusplasma protein pregitation with perchloric acid, acetone, methanol/chloroform
or acetonitrile, the authors found that ultrafiltration and acetone precipitation methods provided the
best protein removal on the basis of NMR data. However, ultrafiltration provided betté&s fesul

some of the polar species, due to better solubilization than acetone precipitation so it was

recommended as the best method of sample preparation prior to NMR.

The above discussion shows that thermigicreased interest in recent yearseseatching the
effect of different sample preparation methods on global metabolomit43.@ata, but there is still
no consensus regarding the optimum method(s) to employ. However, certain trends are apparent from
different studies comparing the performancearious plasma protein precipitation methotse
precipitation with acetonitrile appears to perform better in terms of protein refné¥atvhile the
precipitation with methanol, ethanol oethanol/ethanol mixture results in better metabolite coverage
and method precisidh?*4 Based on these results, we selegiegrecipitation with pure acetonitrile
and(ii) precipitation withmethanol/ethanol (1/3/v) as two plasma protein precipitation methods to
incorporate in our study. We selected plasma to precipitant ratio of 1 to 4 for the comparison which is
in line with the recommendations in literature to use minimum ratios o2 bid. to 3. Not
surprisingly, all of the above literature results show that none of the precipitation methods provides
complete protein removal, with estimates €f@% of proteins remaining in final extranticating
incomplete sample clearp.*” This explains the observation of short column lifetimes for
metabolomic studiék *2as this protein portion can build up over time in the analytical auliime
presence of proteins is very problematic because it can drastically affect properties of

chromatographic column employed for analysis and reduce column lifetime. For example,
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metabolomics analysis of urine resulted in an unusable data set beeansarcbrder pattern was
observed during principal component analy5iBhis was subsequently attributed to an increase in
column backpressure over an analytical run, which can be caused by poor samplagldan

another study, Zeleret al.estimated column lifetime at approximately 400 samples in combination
with plasma protein precipitation method$iowever, the inability to use a single column to collect

an entirdarge metabolomics data set, can be very problematic from data processing perspective as it
can be difficult/impossible to successfully align data from different columns due to small variations in
column performanceThus, ongossibleadvantage of SPMEver these methods ike extension of
column lifetime.A second useful feature of SPME for metabolomic studies is that the amount
extracted is proportional to the biologicaligtive free (unbound) concentration. Therefore,

ultrafiltration was selected fanclusion in current study, as it is one of the most commonly used

methods fothedeterminations of unbound concentration.

Table 7.1 gives an overview of the sample preparation methods employed for global metabolomics
analysis of human serum or plasraad shovs large variations in methods employé&inong these
applications, the most successful study to date is the identification of sarcosine as putative biomarker
for prostate cancéf: *It is informative to note that the sample preparation workflow for this
application is the most demanding among all reported methods and includestafosmlvent
extraction® Further research and investigatismeeded to directly compare this metlvedsusmore

common plasma protein precipitation methods for its performance in global metabolomics.
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Table 7.1 Overview of global LC-MS metabolomic studies using huran plasma or serum

Sample
type

Purpose of study

Sample preparation method

Ref.

Serum

Recommended
method for Human
serum metabolome

(HUSERMET) project

Thawing on ice, precipitation with methanol (1/3, v/v),
15 min centrifugation, lyophilization at 45°C for 16 hr,
reconstitution in purified water (no pre-concentration)

52

Plasma

Evaluation of Exactive
instrument of
metabolomics and
lipidomics

Precipitation with acetonitrile (1/4, v/v), 10 min
centrifugation, 1/1 dilution with formic acid (0.1%)

199

Serum

Investigation of

mechanism of

acetaminophen
hepatotoxicity in mice

Precipitation with 66% acetonitrile (1/20, v/v), 10 min
centrifugation,

201

Plasma

Investigation of
metabolic syndrome

Precipitation with methanol (ratio and centrifugation
conditions not stated), evaporation to dryness,
reconstitution (4-fold concentration)

Serum

Diagnosis of
colorectal cancer and
disease
understanding

Dilution with water (1/1, v/v), precipitation with 62.5%
methanol/ 37.5% acetonitrile (1/2 v/v), 10 min standing
at room temperature, 20 min centrifugation, filtration of

supernatant with 0.45 um filter

206

Plasma

Diagnosis of prostate
cancer

Investigation of
normal variability in
metabolomics with
respect to age, sex

and race

Four-step solvent extraction at 4°C: extraction with
50% ethyl acetate/50 % ethyl alcohol (1/4, viv),
extraction with methanol (1/2, v/v), extraction with 75%
methanol/ 25% water (1/2,v/v) and extraction with 50%
dichloromethane/ 50% methanol (1/2, v/v), pooling of
all extracts, solvent evaporation, lyophilization,
reconstitution in 10% methanol with 0.1% formic acid

20

44

Plasma

Development of
methodology for
analysis of anionic
metabolome

Ultrafiltration using 5k cutoff membrane

55

Serum

Investigation of
metabolite coverage
using different
ionization methods

Precipitation with cold methanol (1/2, v/v), 20 min
incubation at -20°C, 10 min centrifugation,
evaporation/reconstitution in mobile phase

228,
234,

Plasma

Diagnosis of
ankylosing spondylitis

precipitation with acetonitrile (1/3, v/v), 10 min standing
at 4°C, 10 min centrifugation, lyophilization at -50°C,
reconstitution in acetonitrile/water (3/1, v/v, no pre-
concentration)

237

Diagnosis of intestinal

Precipitation with acetonitrile (1/4, v/v), 10 min
standing at room temperature, 10 min centrifugation at

biological variability

evaporation to dryness, reconstitution (2-fold
concentration)

Serum . . ouin €, 1UN lor 223
fistulas 4°C, lyophilization, reconstitution in 75% acetonitrile
(1.7-fold concentration)
S Precipitation with cold methanol (1/4, v/v), 45 s vortex,
Investigation of L . i ; X
: 1 hr precipitation at -20°C, 2x15 min centrifugation, 67
Plasma analytical versus

202




7.1.3 Challenges with existing sample preparation methods

For the preparation of plasma or serum samples, metabolism quenching step is often not employed
it is not clear how soon after sample collection it was perforifidthis can be expected to have a
significant impact on the composition of metabolome, but no global metabolomic studies currently
discuss how wellhe analyzed metabolome represents the true metabolome at the time of sampling. A
recent more targeted study using red blood cell lysate focused on the extraction of thiols and
determination of reduced/oxidized glutathione ratio which can be used asatdndf oxidative
stress8|n this study, ultrafiltration was found to perform better than plasma protein precipitation
because of significantly smaller amount of conversion of reduced glutathione to oxidized fimgn dur
the sample preparation procedure (3.5+£0.2% conversion for ultrafiltretiens21+1% conversion

for plasma protein precipitation with acetonitrile).

Several studies incorporate evaporation/reconstitutionast@art of sample preparation strategy,
but this can result in poor solubilization of some metabol[t&5.2°% ?*’rhe composition of utilized
reconstitution solvents varied greatly: iotample, Michopoulost al.used 5% acetonitrile as
reconstitution solvent, Yiet al. 75% acetonitrile and Minandt al.used 100% acetonitrile. Evaes
al. tested two reconstitution solvents (100% aqueous and 10% metHatisiing 10% methanol
poor peak shape was observed for early eluting compounds, but using either method relatively
hydrophobic species such as diacylglycerols, triacylglycerols or diacylphospholipids could not be
observed indicating ineffectiv@lubilization of these species using sample preparation conditions
employed. Brucet al.on the other hand advocate the use of 80% methanol as reconstitution solvent,
but no discussion of resulting chromatographic peak shapes is providéd@elenaet al.
recommend lyophilization, followed by reconstitution in purified water, but this method appears

likely to fail to solubilize more hydrophobic species, although this is not distirsseanuscript?

Current initiatives aim to further define normal human metabolome throughdeatg studies,
such as human serum metabolome project which aims to analyze 7000 samples of healthy subjects,
subjecs wi t h ovarian c an c“%Receatgldbal Aétabdloenicsmealydissof di seas e
human plasma samples for effects of age, sex and race found that the most significant changes in the
metabolome occurred as cogeence of the aging process, but even in this tt@seajority of
metabolites showed <fld change with the exception of somenobioticssuch as caffeine and
iminodiacetaté? This is in agreement with recentidy examining normabiological variability of

human pl asma and cer ebr os-oldasa ktatiftidally relvanvtmreshdid r ec o r
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with respect to inherent variability of healthy control gr8Ublore efforts are also needi¢o

accurately define normal concentration levels of various metabolites, as such information is currently
not available for numerous known metabolites. Clearly, establishing a normal baseline of various
metabolomes can aid in biological interpretatiod enan important step in moving metabolomics
forward. Studies, such as current study, which clearly document the performance of different methods
are also crucial to aid ithe appropriate method selection depending on the problem being studied.

The maingoals of this study were to evaluate the performance of SRivitisexisting methods
commonly employed for global metabolomic studies of human plasma: (i) plasma protein
precipitation with acetonitrile, (ii) plasma protein precipitation with methanol/ettzard (iii)
ultrafiltration. A particular focus within the study was paid to parameters such as metabolite coverage
and method precision.

7.2 Experimental

7.2.1 Materials

Human plasma with sodium citrate as anticoagulant was obtainecCidarlane Laboratories
Limited (Burlington, ON, Canada3K Nanosep centrifugal device (molecular weight cutoff of 3000
Da) were obtained from Pall, Port Washington, NY, USA. The main component of the device is
ultrafiltration membraneonsisting oimodified polyethersulfone on pathylene substratevhile the
remaining components were made of polypropyl&tlanol (HPLC grade) was obtained from Fisher

Scientific. Other materials and reagents are the same as described in Chépters 5

7.2.2 SPME sample preparation

SPME sampletn=7)were prepared according to the method developed and described in detail in
Chapter 6. Briefly, 30QiL of human plasma was extracted using Supelco protditigoempatible
mixed-mode fibre(C18 and benzenesulfonic acid, 45 pm thickness, 5 pm particlegfeize)nin

under static conditions. The fibres welnert desorbed in 300 pL of desorption solvent for 60 min in
acetonitriléwater (1/1, v/ivusing vortex agitation at 1000 rpithis extract was directly analyzed
using pentafluorophenyl reverpbase and amindILIC methodsin both negative and positive ESI

modesusing conditions described @hapter 6
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7.2.3 Ultrafiltration (UF) sample preparation

Aliquots of human plasma (500 ph=7) were placed in 3K Nanosep centrifugalice and
centrifuged at 10000 rpm for 30 min at 4 °C. The resulting filtnate diluted 3Gold in purified
waterprior to LGMS analysis

7.2.4 Plasma protein precipitation with acetonitrile (PP)

This procedure was adapted from study by Betca “Aliquots of human plasma (100 ph=7)
wereprecipitated by addition of 400 pL of acetonitrile IMS grade). The samples were then
manually vortexed for minimum of 60 secontidlowed by centrifugatiomt 12000 rpm forl5 min

at 4 °C.Theresultingsupernatan{l50 pL)was transferred to amber polypropylene HPLC vials (0.3
mL capacity and diluted with 150 pL of purified wat@rrior to LGMS analysis

7.2.5 Plasma protein precipitation with methanol/ethanol (PM)

This procedurevas adapted from study by Brueeal**

Aliquots of human plasma (100 ph="7)

were precipitated by addition of 400 pyL of methanol/ethanol (1/1, v/v). The samples were then
manually vortexed for minimum of 60 sedsy followed by centrifugation at 12000 rpm for 15 min
at 4 °C. The resulting supernat&b$0 pL)was transferred to amber polypropylene HPLC vials (0.3

mL capacity and diluted with 150 plof purified watermprior to LGMS analysis

7.2.6 LC-MS analysis

All of the samples (SPME, PP, PM, and UF) were directly analyzed using pentafluorophenyl reverse
phase andnmodified silicaHILIC methods in both negative and positive ESI modes using
conditions described i@hapter 6Prior to start of each sample set, mass calibration of Exactive
instrument was performagsing standard test mixture of caffeine, MRFA and Ultramark as
recommended by manufacturerad4 accuracy was within 1 ppm for all calibration peaks on all days.
Negative calibration was found stable for a minimum of 48 hr, while positive calibration was found
stable for minimum of 96 hr, so mass calibration was performedat hBervals and sample sets

were arranged in batches not to exceetid@nalysis timeSample sets for revergghase and HILIC
methods were prepared as independent sets on differertbdaysure sample degradation does not
occur while waiting for analysig-or HILIC analysis, samples were diluted with acetonitrile to adjust
the injection salent strengthAfter preparation, amples were store@frigerated on the autosampler

while waiting for injection.
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Samples were run in randomized ord@andomization of run order is extremely important in
metabolomic studies in order to eliminate thedex such as small changes in sample concentration
due to storage in autosampler while waiting for injection, solubility and adsorption issues with time,
as well as change in instrument signal over time. If randomization is not performed, then the analysis
of data sets can result in erroneous identification of potential biomarkers which are not relevant to
treatment itself but rather stem fraheinability to perfectly control all variables durirggnanalysis.

QC sample was ruat the beginninghe end ad periodicallythroughout the sample batch (every
10-12 injections)o verify instrument performancé&his QC sample was prepared by combining 10
pL aliquots of each sample within entire sampleasebrding to procedure proposed by Wilsbml.
and is he leadingapproach adopted in metabolorstadies’ The reason for the preparation of this
pooled sample is to ensure that this sample contains most of the potential metabolites within a given
data set, whereaspaepared standard mixture of known metabolites would not sufficiently represent
the sample complexity and could not adequately ensure good quality control for all metabolites.
These repeated injections of the same QC sample can be checked during manogmadent
analysis, and should cluster tightly together if instrument performance was acceptable for the run.
Furthermore, the mass accuracy and precision obtained for selected metabolites of interest (for
example, once differentiating metabolites arenfbduring PCA analysis) can be further examined to
provide further verification whether differences in given metabolite arise from samples or from
analytical variability improving overall confidence in the resufher quality control approaches
reportel in literature include reinjection of random study sanfplesid single point calibration using
QC sample¥®. Former approach does not appear sufficient for quadityrol purposes as it does not
provide sufficient number of replicates of any single sample, while the latter approach is very time
and processintensive and assumes significant amount of instrumental drift and correlation of this
drift with run-order.However, if the employed L&S method is sufficiently robust, this extent of
instrumental drift should not be observégpropriate blank solutions and a known metabolite
standard mixture were also analyzed throughout each sample set and subsequeotiy ety
relevant metabolites or to eliminate peaks originating from blank solution and not the plasma samples
themselvesk-or each data set, the performanc®@f samplavas examined using both known
metabolites and principal component analyBigure7.1 shows example results for one QC set
processed for known metabolitde resultavere in line with reported results in literature of <20%
RSD over &-hour period for known metabolites and good clustering of QC sampleshaaisred in

PCAZ* Sucrose consistently showed poor performance using PFP method with typical RSD >50% so
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it was preferentially anal yzed-NABwere bighetthanlfot
other compounds due to very low signal intensities observed forabegmundgFigure?.2).
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Figure 7.1 Example results for QC sample analyzed using positive ESI PFP LIS method
over 48hr period.

7.2.7 Data processing

Known metabolites in plasma samplsere analyzed using Xcalibur softwafersion2.1(Thermo
Fishe) by isolatingextracted ion chromatograms (XIC) usigpm(positive ESI mode) and 10 ppm
(negative ESI modayindows around the accurate mass of a given compound. These metabolites
were dentified in human plasma samples by comparison of retention time and accurate mass with
that ofthe authentienetabolite standard mixture.

Global metabolomics analysis was performed using SIEVE softveaséon 1.20 (Thermo
Fisher) The main steps of EVE workflow include (i) alignment (ii) identification of frames meeting
given criteria(also calledpbeak pickingor feature detectigr(iii) comparison of signal abundances in
controlversugtreatment groups for each peak to yield univariate statistiobbpility that the levels
are different or noand (v) tentative identification of feates using ChemSpider database.
Chromatographic alignment is performed during data processing, because small differences in

retention time commonly occur during an Bsés run (typical RSD of retention time <1 % RSD),
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Figure 7.2 Dependence of % RSD on signal intensity for n=7 injections of QC sample prepared
by mixing aliquots of each sample within the sample set. TlEample set was SPME extraction
from human plasma using different extraction times. The QC injections were made randomly
throughout the sample run over 48hour period using pentafluorophenyl LC-MS method. Each
point represents known metabolite detected indiman plasma. (a) results for positive ionization
mode (b) results for positive ionization mode: expanded scale to enable comparison of RSD for
low signal intensities. (c) results for negative ionization mode (d) results for negative ionization

mode: expandd scale to enable comparison of RSD for low signal intensities.

and these differences can affect subsequent comparison across samples unless they are properly
corrected?* The success of alignment was evaluatsitg likeness score provided the software
andvalues greater than 0.8 were found accept&aiowing parameters were usfxt framing

0.005 mass window, 1.0 min retention time windavaximum number of frames =20Q0@inimum
signal intensity of 1000. Initial 1.0-2.0min and final 2.0 min of chromatographic run time were
excluded from processings they represenblumn voidand column requilibration time,
respectivelyThe results obtained after framing were evaluated manually to elinsinpteames
containing only background noise and no real chromatographic figpkslly 50-70% of frames

were rejected using this criterion as current version of SIEVE software was not able to distinguish
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between chromatographic peak shape and ratdamkgroun noiseif the noise exceeded the

intensity threshold level. If the signal intensity threshold was increased, this resulted in omission of
significant number of real pealsthout resolving the problem of background nose manual
verification of all SIEVE data sets was absolutely necessaAtyhis stage, any peakgich were also
present in the corresponding blank injections were removed from the date2686 (Of peaks).
According to this procedure, typical SIEVE data set of 20000 frames would loeiced tca final

data set 0.000-3000 real chromatographic pedksid not present in blankdgpending on the

sample preparation and E@S method employed his data set also contained probability
calculations that each frame is differeneach set ofamples, as well as integratsignal intensities

for each sample and each frame, facilitating is@mnple comparison.

Relevanthreedimensionablata set$m/z, retention time and signal intensity@re also further
subjected to PCA using SIMCA P+ Versi@2.0.1 softwarel{metrics, Sweden)sing Pareto scaling
as recommended for L-0IS data set§'* 2% 2%> 2¥pgreto scaling ia scaling methd which uses
square root of standard deviation as the scaling factor, and isousesuresmaltfold changes can be
detected even in presence of lafgkl changes (for example, to ensure several very high intensity
peaks do not dominate PCA resuff€)n other words, this method reduces the importance of large
values within a data set, while still keeping the underlying structure ofRlafareduces the
dimensionality of data, and isolates orthogonal comemts which contribute the most to observed
variation in inputted data setsis blinded or unsupervised type of analysis, and it attempts to find
natural clusters within the data set, which can be examined using a scoresgyboaperly-designed
and executed metabolomics study, analytical variation should be smaller than biological variation due
to specific treatment, so samples are expected to cluster according to the group they belong (for
example, controversusdisease). The variables contrimgihe mosto agiven principal component
then can be further examined for their potential as biomarkers using a loadings plot. The overall
processing workflow is illustrated frigure7.3. PCA is used extensively in metabolorstadies to
help isolate potential variables of interest because univariate approaches would yield a high false
discovery late when dealing with data sets containing thousands of peaks. The main disadvantages of
the technique are that it looks for globattpens in the data, so some fine underlying structure in the
data may be lost artieinterpretation of loading plots can be difficult if dealing with large number of
variables’ Another problem is the input ¢drge number of variablagrsususually relatively limited
number of samples, which reduces the power of statistical approaches employed. This means that a

high false positive discovery ratanresult unless high significance thresholds are Gs8ttuctured
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Figure 7.3 Data processing poceduresfor LC-MS-based metabolomics. Chromatographic and
spectral data are acquired by highresolution LC-MS. Subsequent data pcessing, such as
centroiding, deisotoping, filtering, peak recognition, yields a data matrix containing
information on sample identity, ion identity (RT and m/2 and ion abundance. With appropriate

data transformation and scaling, a multivariate model ca be established through unsupervised
or supervised multivariate data analysis (MDA). The scores plot illustrates the principal or
latent components of the model and sample classification, while the loadings plot presents the
contribution of each ion to eah principal component of the MDA model. Figure reprinted with

permission from Taylor & Francis from review by Chenet al?’

data sets may benefit from PICBA approaches, but the main disadvantage of these supervised

methods is potential for overfitting of data resulting in overall poor model perfornfartue.is
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particularly likely when using small sample humbers such as used in current study so PLS approaches

were not expired.
7.3 Results and discussion

7.3.1 Comparison of sample preparation methods for known identified metabolites

The authentic standards for the metabolites which were used for coating development (Chapter 5)
were used to identify these metabolites in human plaamalss. Both accurate mass and retention

time were used to assign the identity of these species in unspiked plasma samples. Method precision
for each sample preparation procedure was determined on the basis of seven independent extractions
of the same poeld human plasma sample and example results are shé&ugune7.4. Overall the
performance of SPME was similar to that of traditional methods with RSDs for most compounds

030 %.

For ultrafiltration, an interesting trend was obsetwhere more hydrophobic species such as
cholic acid, taurocholic acid, linoleic acid and hydrocortisone were not detected at all as illustrated by
missing bars ifrigure7.4. This is further illustrated ifigure 7.5 using taurocholic acid as an
example. The same figure also shows another important trend. In general, the signal intensities for
plasma protein precipitation methods shown in (b) and (c) for taurocholicxasithke were much
higher than observed for SPME as depicted in (d) for taurocholic acid. This was a general trend
observed across the entire chromatographic space and is attributeeetxnaastive nature of SPME
whereby only a small portion of analyteeistracted depending on the magnitude of itsr&lue and
the length of extraction time. However, despite lower signal intensities, the signal intensities were still
sufficiently high for reliable detection and sufficient number of points across peakisbenatquired

as illustrated irFigure7.5 (f) for the taurocholic acid example.
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Figure 7.4 Comparison of method precisionexpressed as % RSD for n=7 replicateg)btained
for plasma protein precipitation with methanol/ethanol (PM), plasma protein precipitation with
acetonitrile (PP), ultrafiltration (UF) and SPME. The samples were prepared using single
pooled lot of human plasma with sodium citrate as artcoagulant using proedures described
in Experimental section.Missing bars denote peak not detected by a particular methoda)
Results for the analysis using pentafluorophenyl LEMS method in positive ESI mode. (b)
Results for the analysis using pentafluorophenyl LEMS method in negativeESI mode.The

results for two independent sample sets are shown and denoted as Day 1 and Day 2.
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Figure 7.5 Taurocholic acid example. Taurocholic acid peak detected using gative ESI
pentafluorophenyl LC-MS method in (a) standard mixture (b) human plasma sample prepared
using PM (c) human plasma sample prepared usingAP(d) human plasma sample prepared

using SPME shown on same scale as PM and PP methodshignan plasma sanple prepared
using SPMEDbut y-scale zoomed ino better see peak shape (f) number of points obtained across
SPME peak (g) human plasma sample prepared using UF shown usinggale zoomedo the

same scale as shown in (e)

For ultrafiltration, very high sigal intensities were observed for early eluting metabolites (typically
with retention times <5 min), while most lagéuting metabolites were completely missing. This is
depicted in total ion chromatogramsFafjure?7.6 for reverse phase method. Due to complementary
nature of HILIC method, this trend was reversed when samples were analyzed using HIME LC
as shown irFigure7.7. In this case, ultrafiltration showed the négt signal intensity for mitb-late
eluting peaks, while precipitation methods had much higher signal intensities for more hydrophobic
early eluting speciegigure?7.7 also shows example extracted ion chromatogy for tryptophan to
illustrate that the trend of generally higher signal intensities for precipitation methieilsSPMEis

consistent for both revergdase and HILIC methods.

7.3.2 Global metabolomics - plasma protein precipitation with acetonitrile (PP) results

The analysis of two data sets of the results obtained on human plasma after plasma protein
precipitation with acetonitrile resulted in total of 2975 peaks (positive ESI) and 2082 peaks (negative
ESI) mode with reversphase LEMS method performed irg) pentafluorophenyl column. The

results of these analyses are summarizétignre7.8 andFigure7.9. A single metabolite can give

rise to more than one ion observed in MS. These ions include pexddoas, sodium adducts,

potassium adducts, ammonium adducts, mukiplgirged ions, isotope peaks and ions corresponding
to loss of neutral species such as carbon monoxide, carbon dioxide, water, ammonia or formic acid,
although other morenusuakpecieshave also been document@dhereforethe observation of

2082 peaks in negative mode does not mean 2082 unique metabolites were observed. For example, a
recent study on human serum using hybrid Orbitrap instrumeestigated the occurrence of various
ions originating from same species using both positive and negative ESI thimdeegative ESI,

among total of 4513 peaks observed, 18% of peaks detected were attributeg&sjshi? were

attributed to Na and K adducts, 3.4% to doubly charged species and 8.1% to neutral loss fragments.
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pentafluorophenyl LC-MS method in (a) human plasma sample prepared using UF (b) human
plasma sample prepared using SPME (c) human plasma sample prepared using PPHdinan
plasma sample prepared using PM. All TICs are shown on the same scéla1() to facilitate

comparison.

In positiveESI, among total of 2079 detected peaks, 14% were attributed to isotope peaks, 3.4% to
Na and K adducts, 8.1% to doubly charged species and 1.9% to neutral loss fragments. In other
words, based otihese results unique metabeltoverage can be estimated to be approximately 30%
less than the total number of peaks reported.skecand study, the authors estimated approximately
three m/z ions were observed for each compound in each ESI mode using WoBiispray FTICR,

so the oveall number of metabolites was approximately one third of the total number of peaks
reported®®A third study by Evanst al.reported average of seven m/z ions observed for each unique
metabolite during the buildg of their metabolite librar§’> However, a manual examination of our
data for the known metabolites indicathe presence of isotope peaks, but very few adduct peaks.
Sodium adducts were particularly observedaftids and phosphorylated species, but not often
observed for other metabolitdsew metabolites showed vesynall intensities for formic acid adduct
peaksThis is in line with the estimate of three ions per metabSlitowever the examination of

SIEVE data indicates that usually only the most abundant ion is entered in the feature table, although
additional minor ions with small signal intensities may be present in the collected speetedore,

based on thmanual examination of known metaboligesd SIEVE tableghe estimate of seven m/z
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Figure 7.7 Total ion count (TIC) and extracted ion chromatogram (XIC) for tryptophan
obtained using negative ESI HILICLC-MS method in (a)human plasma sample prepared

using PM (b) human plasma sample prepared using PP (c) human plasma sample prepared
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using UF (d) human plasma sample prepared using SPME. All TICs and XIC are shown on the

same scale (110°and 5x10°, respedively) to facilitate comparisonacross methods

ions per single metabolite appears to be an overestimate for the data collected/processed in current
study. The likely number afnique metabolites appears to fall in line with estimates of Beivah®®
especially for SPME data where may peaks had very low signal intensity, and adducts and fragments,
even if formed, may be below instrumental limit of detection. As can be seen from this dischssion, t
discrepancy in theeported percentage of unique metabolites may in fact arise from the data
processing stage of the workflow where different software may treat minor ions differently in terms
of inclusion in the feature tabl€he formation of multiple ions as observedE8I also further
complicategutative identification of metabolites because during global metabolomics analysis it is
not knowna priori what type of ion is formed. The development of software that can correlate the
ions belonging to the same species antly an active area of research in order to help address this
issue.Standardization of data processing procedures and software can also help to reach consensus

regarding the number of unique features reported in various studies.

Figure7.8 andFigure7.9 also show the histograms of the distribution of method precision
observed for all unknown peaks when seven replicate independent extractions are considered. This
type of representation is indicativeamferall data quality. High metabolite coverage with poor
method precision is not useful fraime data interpretation perspective as biological variability cannot
be confidently distinguished from analytical variabiliffthough currently there are no set
requirements regarding acceptable precision of peaks in globEl$. @ etabolomics analysis, RSD
values ofup t020-30% should be acceptabte?consideringhatRSD values of 15% are alloweok f
targeted analysis by L-®I1S/MS, and 20% RSD is allowed at LOQ |eV&IFor plasma protein
precipitation with acetonitrilehe distribution of % RSD for all peaks shows that 67% of all peaks
hadRBD of ,0aa@%82% of t he impegdive ES malénRBive B O30 %
mode, 54% and 71% of peaks ha dhisRsSignificarftlyb&@ter2 0 % a n c
than recently reported for similar plasma protein precipitation metiibdacetonitrile in
combination withpositive ESIUHPLC-MS analysis on QTOF instrument where only 49% of peaks
had RSD' 030 %.

The metabolite coverage achieved in current study is typically better than depditerature
using other LGVIS platforms. For instance, in ostudy on nouseblood relying orthe precipitation

with acetonitrile and revergghase LEMS analysis on QTOF system, the authors detected 938 and
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695 peaks using positive and negative.ESThisis significantly less than observed in our study and
indicates that the selection and optimization of analytical platform plays an important role in
metabolite coverage. It is interesting to note that amorsgtheaks, 142 and 176 peaks respectively
exhibited significant circadian oscillations, indicating significant influencénhetime of day on

observed metabolite profile. Among the identified metabolites, certain lysophosphatidylcholines and
amino acidshowed significant circadian rhythn¥his study clearly shows that the sampling time is
another important factor to standardize during the development of blood collection protocols.

Another study on human serum utilizing precipitation with acetoniwillewed by UHPLCMS
analysis with QTOF instrument reported detection of 4900 and 3600 peaks in positive and negative
ESI modes, respectivef§® However, this number is most likely an overestimation of true number
found n human serum because the authors did not eliminate blank peaks from their data sets prior to
reporting of overall number in this particular study.our study, significant number of blank peaks
(~20%) were observed even when the reagents of highekttdgaiurity were used for solvent and
mobile phase preparation. Therefore, the studies which do not exclude these peaks from their reports

tend to considerably overestimate true number of features detected.

7.3.3 Global metabolomics - plasma protein precipitation with methanol/ethanol (PM)

results

In positive ESI reversphase LC method, plasma protein precipitation using methanol/ethanol
resulted in total of 3245 peaks observed. The results of this analysis are summdtigackin10.
The analysis of two data sets of the results obtained on human plasma after plasma protein
precipitation with methanol/ethanol resulted in total of 2252 peaks observed in negative ESI mode
with pentafluorophenyl column. The results détanalysis are summarizedhkigure7.11 Overall,
the results show that plasma protein precipitation method with methanol/ethanol performed better
than precipitation with acetonitrile for the metabolomics anabfsigsiman plasma, as it resulted in
better metabolite coverage. Furthermore, method precision was better for PM method as shown by the
results for distribution of % RSD shownhingure7.11 (b). In fact, 69% and 84 of peaks observed
with PM method had % RSD 020 %, while 80% and 89%
ESI mode, respectivel§rinally, the sensitivity of PM method was higher than for PP method as
shown inFigure7.12. 973 peakexhibited higher signal intensity in PM method than in PP method as
shown by area ratio of 1.2 and above. In contrast, only 274 peaks exhibited higher signal intensity in
PP method than in PM method as shown by area ratio of 0.8 and below. Only 3G/@ea&bserved
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in PP method and not present in PM methexsusl76 peaks observed in PM method only (negative
ESI). In positive ESI mode, only 6 unique peaks were observed for PP metsad270 unique

peaks observed for PM method.
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Figure 7.8 (a) lon map (m/zversusretention time) for human plasma sample prepared using
plasma protein precipitation with acetonitrile (PP) and analyzed using positive ESI
pentafluorophenyl LC-MS method. (b) Number of peakswith given % RSD obtained in two

independent data sets.
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Figure 7.9 (a) lon map (m/z versusretention time) for human plasma sample prepared using
plasma protein precipitation with acetonitrile (PP) andanalyzed using negative ESI
pentafluorophenyl LC-MS method. (b) Number of peaks with given % RSD obtained in two

independent data sets.
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Figure 7.10(a) lon map (m/zversusretention time) for human plasma sample prepared using
plasma protein precipitation with ethanol/methanol (PM) and analyzed using positive ESI
pentafluorophenyl LC-MS method. (b) Number of peaks with given % RSD obtained in two

independent data sets.
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Figure 7.11(a) lon map (m/zversusretention time) for human plasma sample prepared using
plasma protein precipitation with ethanol/methanol (PM) and analyzed using negative ESI
pentafluorophenyl LC-MS method. (b) Number of peaks with given % RSD obtained in two

independent data sets.

The improved results for plasma protein precipitation with methanol/ethanol are attributed to better
solubility of some polar metabolites in methanol/ethaeosusacetonitrile mixture, while improved
methal precision is attributed to typically higher signal intensities observed in PM metrsadPP

method. In addition to solubility differences of some metabolites between the two solvents, additional
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differences between the two methods can arise fromrfasth as difference in the amount and type

of protein remaining after precipitation, degree of metabolite binding to proteins and degree of protein
denaturation which causes disruption of metabolite bintfth@ur results show significant overlap

in metabolite coverage between the two plasma protein precipitation methods and higher overlap than
reported previously (overlap of 1354 peaks for acetonitdteugotal of 2056 observed peaks in

methanol in Wanét al.study), but the reasons for this remain unclear at this*ffne

The results obtained using PM method and pentafluoropheni&@nethod developed on
Exactive compare favourably with UHPL@S method on ¢ column incombination with plasma
protein precipitation using methanol proposed by Peetig*® In their approach, 1108 and 814 ions
were observed in negative and positive ESI mode respectively. In another study arsBuma
after precipitation with methanol/acetonitrile (5/3, v/v) followed by analysis with UHRISC
method on G column, 1570 peaks were observed in positive ESI and 450 peaks in negative ESI
mode®® Wantet al.repated detection of 2056 features using methanol precipitatesus1606
features detected for acetonitrile precipitation usingMLE method with ion trap®* Excellent results
observed in our study (~f2ld increasen peaks observed) are attributed to good analytical sensitivity
of Exactive instrument as well as the use of pentafluorophenyl reverse phase method rather than a
simple Ggreverse method. Increased separation/retention of polar analytes such as dhieved
pentafluorophenyl column improves metabolite coverage. In another U &udy with hybrid
Orbitrap instrument by Browaet al, the observed metabolite coverage was 2079 peaks in positive
and 4513 peaks in negative mode. These results agree wedwifindings, although better
coverage in negative mode was observed using their m&throdontrast, 5300 peaks were reported
in metabolomics study of human plasma using capillarylidF MS method in positive E&hode
after precipitation with methandi However, this number includes any background contamination
ions, as these features were not removed from the data by the authors so it represents a significant
overestimatiorof metabolite coverage. The number of reliably identified features was further reduced
to 3641 features upon examination of plasma from different individuals, which agree very well with
our results using PM method. Therefore, basethemlasma proteiprecipitation results with both
methanol/ethanol and acetonitrile, it can be concluded that Exactive provides an exceNéat LC
platform for metabolomics and achieved metabolite coverage is better or equivalent to what is
reported in literature for other LMIS platforms including TOF both in combination with
conventional LC and UHPLC, as well as full hybrid Orbitrap instruments. Of course, the main

shortcoming of the developed H@S methods on Exactive is the lack of MS/MS capability available
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Figure 7.12 Comparison of plasma protein precipitationmethodsusing data collected with(a)
positive and (b)negative ESI pentafluorophenyl LCMS method. Two independent data sets are
shown (TO and T7) acquired a wdeapart on the same human plasma samplasing n=7
independently prepared replicatesThe graph shows number of peaks with given area ratio.

For peaks with area ratios of 0.81.2, two methodscan be considered to be equalent. For

peaks with area ratios <08 plasma protein precipitation with acetonitrile (PP) yielded better
results. For peaks with area ratios >1.plasma protein precipitation with methanol/ethanol

yielded better results.

226



on instruments such as QTOF or hybrid Orbitrap which can be usatlitoidéntification of
metabolites. However, for comparative global metabolomic studies, where identification is not
routinely performed, Exactive provides an excellent choice in terms of high mass resolution, excellent

analytical sensitivity and excellesignal stability and mass accuracy over long analysis times.

7.3.4 Global metabolomics - ultrafiltration (UF) results

The analysis of two independent data sets obtained on human plasma after ultrafiltration resulted in
2686 peaks in positive ESI mode using pfiobrophenyl LEMS method. The ion map and the
histogram of the distribution of RSD values are showrigure7.13. The analysis of same samples
using negative ESI resultedtimtal of 2093 peaks observéekhe results of this atysis are

summarizedn Figure7.14. Both ion maps show relatively poor metabolite coverage in the region of
5-30 min, indicating poor performance of UF method for more hydrophobic spEhisss in line

with the trends reportefor the analysis of identified metabolites in Secidh 1l The observed poor
coverage is attributed to poor solubility of some hydrophobic species in aqueous solution, possible
high degree of protethinding which would radt in low analyte concentrations (below LOD) and
possible adsorptive losses to ultrafiltration deviteor performance of ultrafiltration for hydrophobic
species waalsopreviously shown in combination with NMR metabolomic studfé$o overcome

this difficulty, the authors proposesh additional method fdhe extraction of hydrophobic species

from the ultrafiltration membranéiowever, the proposed method relied on naiktp time

consuming procedure, thus sificantly reducing sample throughput. As showrfrigure7.15and
Figure7.16, SPME is able to successfully overcome this issue and provides balanced coverage of
both hydrophilic and hydrophobic species.

Both Figure7.13 andFigure7.14 show that method precision for UF method was worse than the
results obtained for either of plasma protein precipitation methods. In fact, only 52% of peaks
observedinppi ti ve ESI mode had %RSD 020% and only
mo d e , 48% of peaks observed with UF method ha
is attributed to the fact that large degree eEhdion was observed in3 min retentioniine
window, so there is likely to be large degree of competition for ionization which can result in large

degree of ionization suppression and enhancement, and overall poor method precision.
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Figure 7.13(a) lon map (m/zversusretention time) for human plasma sample prepared using
ultrafiltration (UF) and analyzed using positive ESI pentafluorophenyl LG-MS methaod. (b)

Number of peaks with given % RSD obtained in two independent data sets.
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Number of peaks with given % RSD obt&ed in two independent data sets.

7.3.5 Global metabolomics - SPME results using mixed-mode coating

The metabolite coverage and method precision observed for the extraction of human plasma using
SPME is summarized iRigure7.15andFigure7.16. The number of metabolites observed depended

in part on the extraction time used and these effects are also illustrated in the figures. Namely, the
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figures show all metabolites subdividiedo three groupas illustrated with examples kigure 7.17

The first group labelled as equilibrium reached, showed no further increase in the amount detected
when the extraction time was incrementally increased from 5 min-tw @4dernight extraction.
Approximately 4650% of all metabolites exhibited this trefithe second groygonsisting of
approximately 4€60% of all metabolitesshowed an increasing trend in the amount extracted with

the extraction time, indicating that the equilibrium was onched using longer extraction times.
Depending on the analytical sensitivity and extraction efficiency for a given individual analyte,
majority of the metabolites from this group could be detected even using the shortest time tested of 5
min. For these mabolites, increasing extraction time only resulted in increasing of signal intensity.
Some metabolites, however, only became detectable at longer extractiortHimeser, some care

should be taken in the interpretation of the metabohtesh wereonly observed when very long
extraction timesvere used as these may be due to degradation or conversion of some metabolites
during long extraction at room temperature in human plaSimart extraction times are preferable for
metabolomics to reduce the poskibiof such conversion/degradation when usimgitro SPME and

also from the perspective of sample throughput. The results clearly illustrate that although some gain
in metabolite coverage can be observed using long extraction times, the metabolageoxtr

very short times of 5 min already provides 84% and 60% of coverage achievable at equilibrium for
positive and negative ESI revengkase method, respectively. Therefore, the best approach when
using SPME for global metabolomic studies is to usg skort extraction times and improve

metabolite coverage by using complementary coatings such as recommended in Chapter 5

(polystyrenedivinyl benzene polymeric coating and phenylboronic acid siiesed coating).
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Figure 7.15(a) lon map (m/zversusretention time) for human plasma sample prepared using
SPME and analyzed using positive ESI pentafluorophenyl L&S method. (b) Number of
peaks with given % RSD obtained in two SPME data sets where extraoti time was varied
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Figure 7.16 (a) lon map (m/zversusretention time) for human plasma sample prepared using

SPME and analyzed using negative ESI pentafluorophenyl L&S method. (b) Number of

peaks with given % RSD obtained in two SPME data sets where extraction time was varied

from 5 min to overnight.

The third group of metabolites was labelled as decreasing trend, where the amount extracted

decreased with extraction time. Suoénd can be observed for adsorptive coatings in case of

competitive displacement effects when the numibéiraling sites becomes limitedh turrent study,

this trend was attributed to the degradation of these metabolites over time as it was only
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Figure 7.17 Example of three metabolites processed using SIEVE software (a,b) peak showing
equilibrium reached trend with no further increases in the amount extracted withincreasing
extraction time (c,d) peak showing decreasing trend where the amount extracted decreases with
increasing extraction time (e,f) peak showing increasing trend where the amount extracted
increases with increasing extraction time. The pangla, ¢, eshowXIC for this metabolite and
demonstrate good chromatographic alignment of the peaks. The paséb, d, fshow the

magnitude of integrated intensity for each extraction time (n=3 extractions per each time point),
while label 0 shows the results for blak injection of desorption solvent

observed for very few metabolites (2 in negative ESI mode and <35 in positive ESI mode) as

summarized in Table 7.2.

Both Figure7.15 andFigure7.16 show that method precision for SPME method was similar to the
resultsobtained for plasma protein precipitation methods. In positive ESI mode, 66% and 80% of
peaks had RSD 020 % a n-ohin éxtBabtith time Ysing avdrnighite | y using 5
extraction times (equilibrium), method precision was even better with 81% HRRWB O2 0 % a n d
92% of peaks having RSD 030 %. I n negative ESI mod
O30% respectively us iverguss8vaad 74% forinin exraction tme.tlti on t i me
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Table 7.2 List of features exhibiting decreasing trend with increasing SPME extraction time.

lonization | Retention ez chemical —
mode time (min) m/z formula according to | accuracy lon type
HMDB (ppm)

negative 1.42 289.9239 no hits N/A N/A
negative 17.35 243.1707 no hits N/A N/A
positive 17.29 245.1860 no hits N/A N/A
positive 17.83 387.1925 C,1H3,04 -1.7 M+K[1+]
positive 20.96 672.4352 no hits N/A N/A
positive 21.06 650.4218 no hits N/A N/A
positive 21.11 628.4086 CogHsoNOLP 0.1 M+2ACN+H [1+]
positive 21.11 628.9105 no hits N/A N/A
positive 21.11 625.9312 no hits N/A N/A
positive 21.15 606.3958 no hits N/A N/A
positive 21.15 606.8975 no hits N/A N/A
positive 21.17 584.4138 no hits N/A N/A
positive 21.17 603.9180 no hits N/A N/A
positive 21.23 562.4007 C,4HsoNOgP 5.0 M+2ACN+H [1+]
positive 21.23 584.3824 no hits N/A N/A
positive 21.28 562.3692 no hits N/A N/A
positive 21.30 562.8708 no hits N/A N/A
positive 21.64 287.2216 C16H3004 -0.2 M+H [1+]
positive 21.64 224.6278 no hits N/A N/A
positive 21.64 111.1171 no hits N/A N/A
positive 21.64 225.1294 no hits N/A N/A
positive 22.24 573.9073 no hits N/A N/A
positive 22.25 328.3207 CaoH3302 -0.8 M+NH,4 [1+]
positive 22.40 529.8813 no hits N/A N/A
positive 22.70 865.6229 CsoHgoO7P> -0.6 M+H [1+]
positive 22.88 291.1954 no hits N/A N/A
positive 23.79 338.2278 Cs2HggNO 3 4.1 M+3Na [3+4]
positive 23.84 339.3963 Ce3H11506 2.7 M+H+2Na [3+]
positive 24.02 639.3123 no hits N/A N/A
positive 24.02 638.3095 no hits N/A N/A
positive 24.02 678.3326 no hits N/A N/A
positive 24.02 659.2878 no hits N/A N/A
positive 24.02 700.3145 no hits N/A N/A
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is important to mention that all steps of extraction and desorption in current study were performed
manually, which makes small errors in accurate timikgjy for short 5min extraction times.

However, as previously shown in Chapter 2, precision eégtalibrium SPME methods can be
improved to be in line with that of equilibrium methods when automated system such as Concept 96
is used. Therefore, futukeork forin vitro metabolomics using SPME can make use of this

automated 96vell plate format for further improvement of method precision.

Anothercontributing factor to poor method precision observed for some peaks can be low signal
intensity, where a p&as inconsistently detected either by detector or by data processing software.
The effect of signal intensity on method precision is shown for SPME and PP methagle@y.18.

The figure clearly shows that si@rintensity plays a major role in the number of peaks meeting
acceptable RSD criteria. For example using SPME, apiyyoximately10% of peaks with integrated
intensity < 1000 had acceptable precision, while for signal intensittee range oix10°to 1x10°

>90% of peaks showed acceptable precision. This is in agreement with other studies where similar
trend was reporte®® Interestingly, the number of peaks of given intensity that meet acceptable RSD
criteriaappears to be higher when SPME is used as samggaratiormethodversusplasma protein
precipitation. Or possibleexplanation for this observation could be ionization suppression which has
been shown tadverselyaffect method precision especially fow-level signals in absence of

adequate sample cleap*®
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Figure 7.18 Dependence of % RSD on signal intensity. Comparison of plasma protein
precipitation with acetonitrile (PP) versusSPME using pentafluorophenyl method in negative
ESI mode.
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7.3.6 Results for semi-quantitative analysis of identified metabolites using traditional
methods

The current goal aheglobal LGMS metabolomic studies is not full identiftcan and absolute
guantitation of all metabolites because current analytical capability is not sufficiently advanced to
permit this because tfiedifficulties such as lack of authentic standards and databases, inadequate
resolution, matrix effects, issuedth degradation and conversion, &tlowever, an acceptable

global metabolomics method must be sufficiently quantitative to at least enable differential
guantification of metabolitesonization suppression/enhancemefiects are particularly problematic
for any type of quantitative work aise observed changes in signal intensity for a particular
metabolite may simply due to different composition of given sample which resulted in different

ionization behaviour of thanalyte, even if it is present at the same concentration in both samples.

The completeness of metabolite extraction for traditional methods and susceptibility to matrix
effects can be verified by comparing the ability of each of three methods to exgtabiolites from
identical biological samples. This comparison was performed for a set of known metabolites and the
results are reported ifable7.3. The concentration in human plasma sample of each metabolite was
determined usig semiquantitative approach where 100% recovery of metabolite was assumed for
each method, and the concentration in human plasma was estimated in comparison to neat metabolite
standard. Theoretically, ihequality of metabolomics data collected by eawthod was goodith
no matrixeffects the two plasma protein precipitation methods should give identical results.
Ultrafiltration should give identical results to plasma protein precipitation methods for compounds
that are not highly bound, and loweruks for highly proteifbound compounds. Such results were
observed for some of metabolites tested, for example maleic acid, fumaric acid, tryptophan and
phenylalanine and are summarized by indicator good in the Data quality coldrahble?.3.

However, the results shown in this table also illustrate problems with the analysis of some of
metabolites. For example, for some of the polar analytes there was a large discrepancy observed
between PM and PP results, for example citrid acidpyruvic acid. Not surprisingly, these results
indicate that exhaustive extraction is not achieved for all metabolites. This can be caused by poor
metabolite solubility in precipitant used and/orgrecipitation of metabolite. Precipitation with
methanol/ethanol was found to perform better for these polar species, while more hydrophobic
species performed well using either of the two precipitation approaches. For some metabolites, such
as glucose, fructose, histidine, lysine, citric acid and hydroyyiowudacid (HBA), the results for UF

method were significantly higher than for plasma prepegtipitation methods. In addition to poor
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metabolite solubility and/or accidental-peecipitation, the observed results can be caused by very
significant ionizaibn suppression effects, as these compounds were eluting with relatively short
retention times (<5 min) where many otheratoting species were also present as shown in ion maps
in Figure7.9 andFigure7.11. Although, large number of esluting species were also present in UF
method, this extract was diluted-8§ld prior to injection (compared tof2ld dilution for

precipitation methods), so it would be expected to have less significant ionizatwassipn

effects. It is important to mention that all methods and all compounds repofitedi@y.3 exhibited

good method precision for n=7 replicates as discussed in S&@idnSignalto-noise atio and

signal intensity precision are typically the only criteria used to include or exclude peaks from global
metabolomics data sets prior to further processing. However, our results clearly show that this is not
adequate approach. Issues with ionizasappression can lead to erroneous results and conclusions
when comparing samples from different individuals due to-sdenple variation in composition and
lead to false discovery of possible biomarkers. Furthermore, plasma protein precipitatiomlata ca

be reliably used to estimate concentrations of metabolites in given biofluids for more polar species.

In addition to intetmethod comparison, the results obtained for the three methods were also
compared to known expected concentrations of eacthwlg&ain normal human plasma as reported
in Human Metabolome Database (HMDB3?*® For this comparison, only normal adult plasma
concentrations were considered. The rastgmvn inTable7.3 presents minimum and maximum
concentration of all ranges reported within HMDB. The results show reasonable agreement for
majority of metabolites. The concentrations experimentally estimated for few metalheliteser
than expected (for example, ascorbic acid, cholic acid, glucose/fructose) but this can be attributed to
the fact that no metabolism quenching for this plasma samplaatpsrformed upon collection, as
this was commercially purchased pooled huplasma sample. Also, this plasma sample was stored
for approximately 6 months &0°C prior to analysis, which could have resultetheobserved
changes of unstable metabolites. This is especially likely for metabolite such as ascorbic adisl which

known to oxidize easily.
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Table 7.3 Summary of metabolite concentrations in human plasma determined using traditional

sample preparation methods and comparison to hormal concentrations expected in plasma

accading to the ranges reported in Human Metabolome Databas&??*°
Metabolite Plasma concentration estimated in Normal concentration Data
current study in plasma according to | quality
PM method | PP method | UF method HMDB (uM)
(LM) [(T0) (1M)
Glucose+fructose 73 88 667 3300-6100 glucose, Poor
32-64 fructose
Ascorbic acid 0.84 ND 0.71 11-114 Good
Glutamic acid 47 33 44 21-151 Good
Pyruvic acid 921 61 1593 22-258 Poor
Histidine 7.4 6.7 38 55-120 Poor
Lysine 8.7 3.5 342 130-467 Poor
Citric acid 9193 10 342103 Anticoagulant in current Poor
study
Maleic+fumaric acids 3.3 1.8 4.2 0-4 fumaric, N/A maleic Good
HBA 321 255 604 0-700 Poor
Phenylalanine 34 30 40 38-169 Good
Tryptophan 36 33 4.4 36-130 Good
Taurocholic acid 0.09 0.10 ND 0.2-0.6 Good
Cholic acid 0.02 0.02 ND 0.5-2.0 Good
Linoleic acid 51 36 ND 10-370 Good

Above example shows thtitereliance on goodhethod precision (as indicated by acceptable RSD
for a givenpeak in QC samplaannot be used as the only criteria for ensuring good data quality in
comparative metabolomics experiments. New approaches to address such problems are currently
under development to ensure only signals with adequate performancdudedrin data
interpretation. For example, Croixmageal. recently proposed injection of series of pooled samples
rather than single QC pooled sample (for example 3/1, 1/1, 1/3). During data processing, the signal
for each metabolite was then examinedlinearity and any signals not meeting criteria were
eliminated’* This included the elimination of blank peaks, peaks with erratic profiles, peaks that
exceed linear dynamic range of the instrument and soinglthis method, 5296 initial peaks in
negative ESI mode and 8937 peaks in positive ESI mode were reduced to 1286 and 2095 peaks using

correlation cutoff value of 0.8. Using this reduced data set improved the clustering during PCA
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analysis as well as sa@tion between treatment and controls, thus leading to more reliable
interpretation. These examples illustrate that there is still significant amount of research needed to
improve data processing workflows for metabolomic studies and ensure only gibyl dptal is used

in the search for biomarkers. This example also illustrates that high metabolite coverage (for example
>5000 peaks ithe citedstudy) is not the only parameter to consider during the development of

global metabolomic studies, as high nenbf peaks of poor quality contribute nothingte

improved understanding of living systems.

7.3.7 Comparison of methods: summary

The main results obtained for each of four methods discussed in previous sections are summarized in
Table7.4. Median RSD is included ihable7.4 rather than mean RSD, because median is more

robust estimator and less significantly influenced by presence of o(flirrgeneral, the predisn of

SPME method was similar to that observed for plasma protein precipitation methods, and better than
precision observed for ultrafiltratiorlowever, this result is somewhat surprising as signal intensities
using traditionamethod were significantlyhigher than for SPME method, so improved method

precision would be expectela. fact, equilibrium SPME using overnight extraction time exhibited the

best method precision among all methods tested in positive ESI mode, whereas in negative ESI mode
it provided the highest metabolite coverage. These results indicate that SPME is a useful sample
preparation method for global metabolomic studies. In terms of metabolite coverage in positive ESI
mode, SPME performed more poorly than other methods tested, sateicoatings to further

improve metabolite coverage should be explored in future. Another interesting aspect for future
studies is to begin the characterization of metabolites observed by SPME and not by other methods, to
see if any previously unknowsr unreported metabolites can be discovered. One such example is
shown inFigure7.19. This metabolite was detected by SPME using mixed mode coatingraimd 5

short extraction time, as well as by ultrafiltration and SPME usirigrdiit coatings such as

phenylboronic acid coating. The accurate mass of this unknown metabolite was submitted to database
search using HMDB for tentative identification of possible chemical formula. Five possible

metabolites in HMDB were identified as pdsde matches for this unknown peak as listed in the

figure.
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Table 7.4 Summary of results (metabolite coverage and nigan RSD) observed for the analysis
of technical replicates (n=7) of the same human plasarsample prepared using different sample
preparation methods as discussed in experimental and analyzed usirayersephasePFP LC-
MS method.

Number of peaks or features | Median RSIf signal intensity
Positive ESI | Negative ESI | Positive ESI | Negative ESI
PP 2975 2082 19 12
PM 3245 2252 12 8
UF 2686 2093 20 22
SPME (5 min) 1592 2005 16 18
SPMHEovernight) 1821 3320 11 17

In terms of method precision, our results show good agreement with literature reports. For example
median RSD of 16% was observed the analysis of technical replicates of human plasma sample,
and similar method precision distribution as obtaing@igure7.11.%” SPE using & sorbent was
found to resulin 1500 features using UHPLKAS platfornt*, which is in line with the results we
observed for SPME using positive ESI revegpbase method. However, using SPE only 48% of
detected peaks had acceptable RSD of O30% indice
developed in current study. In HUSERMIpfioject study which uses plasma protein precipitation
with methanol followed by lyophilization, method precision was similar to what was observed in our
methods, but metabolite coverage was significantly less (1600 and 1100 in positive and negative ESI ,
respectivelyf? The results shown ifiable7.4 are better than results reported in other studies in
human plasma or serum. For example, Waiat. reported mean RSD values3§% for acetonitrile

precipitation and 25% for methanol precipitation which isel@l worse than our resultg!
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Figure 7.19 Example metabolite detected (m/zf0411.0783y SPME and UF methods, but not
by plasma protein precipitation methods. All XICs are shown on the scale 6k10' to facilitate
comparison between methodsThe analysis was performed using negative ESI HILIC LEMS
method. Search of HMDB resulted in four possible hits with mass accuracy of 0.8 pprtHMDB
00379, 06471, 06355 and 03518) and one hit with mass accurac3d@ ppm (HMDB ID 01451)

This may be attributed to use of low resolution instrument (ion trap), so species with same nominal
masscould not be distinguished. Another possible explanation is that their method used lower plasma
to precipitant ratio of 1 to 2 while our study employed 1 to 4 ratigsibly resulting in lower extent
of ionization suppressiohe number of features olpged by precipitation with acetonitrile (2200)
reported by UHPL@MVIS analysis using QTOF system in positive ESI mbigdess than found in
current study using conventional LC and sirgfigge Orbitrap system,ditating that a powerful LC
MS platform for metabolomics was developed in current stButgilar to what was observed in
current study, HILIC L@GVS methods resulted in fewer features than revehsse method$: **For
example, Gikat al.observed 3284 features after analysis of rat urine using replease method
versus2098 of features observed using HILIC metRbddowever, due to complementary natofe

HILIC and reversgphase mechanism, the metabolites identified by each of two methods are likely to
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be different thus providing additional insight into metabolic processes over the use of-phaerse

methods only*

Furthermore, the results obtained in our study compare well to the results obtained in the study
which compared various plasma protein precipitation methods with ultrafiltfdtioitrafiltration
with 3K membraneimilar to the one used in our study was found to provide efficient protein
removal and good solubilization of highly abundant polar metabolites (for example, citrate, lactate,
alanine and succinate) observed by NMR. The loss of hydrophobic species, ®@mihat was
observed in our study, was also documented. To overcome this disadvantage of ultrafiltration, the
authors propose the extraction of membrane material with methanol/water mixture followed by
liquid-liquid extraction with chloroform, followebly evaporation and reconstitution step. This was
found to efficiently recover hydrophobic species. However, this adds extra steps to the sample
preparation method, so the use of SPME as proposed in current work provides a simpler and faster
alternative wih fewer steps and less potential for accidental contamination/analyte loss. Furthermore,
the same study also shows that precipitation with acetonitrile leaves a considerable amount of
lipoprotein. This can have adverse effect on the lifetime of chromattigreolumns used in LEIS

studies, and the methods with more efficient protein removal should preferably be used.

From ion maps shown for all methods it can seen that the regieh®frBn has relatively fewer
peaks, and any peaks that are presentfdosvanolecular weight. The raw data files were
subsequently manually examined to verify whether thisamastifact of data processingut no
additional metabolite peaks were found beyond those reported in figures. The bias towards low
molecular weighspecies in this region of chromatogram can be attributed to the fact that larger
molecular weight species are expected to have more hydrophobic character in at least some portions
of the molecule, which would result in their increased retention undesegease conditions and

elution in later portions of chromatogram.

Brown et al.recently reported an instrumesyiecific artifact for Orbitrap mass analyzer which
causes reporting of Fourier artifact peaks within 0.3 Da window of true peak, situat@noghurs
if there is overabundance of ions of certain m/z which causes the detector to overload and clipping of
associated oscillation sign&lFor study of serum, 0.8% of peaks and 1.6% of total peaks detected
using positive and negative ESI were assigned to be Fourier artifact peaks after examination of
Fourier data. Considering the intensities of some abundant peaks using traditional methods were very

high in current study, plasma protein precipitation and uliration methods can be considered to be
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more susceptible to this type of artifact than SPME. For example, intensity distribution plot shown
previously inFigure7.18 shows that signal intensity using PP method exceeded forlsbme

peaks, while no peaks in SPME exceeded this intensity.

Some of the factors that must be taken into account during the design of metabolomics study
include number of samples to be collected, proper selection of controls and quality/robustness of the
overall analytical method employed for the analysis. Other experimental factors impact the quality of
the data collected and include: autosampler carryover, sample degradation while awaiting analysis,
background ions originating from solvents, columns gladsware/plasticware used during sample
preparation, contamination buildup that can elute and change intensity, sensitivity changes in MS
during the run, saturation of the detector by exceeding linear dynamic range of instrument, and of
course ionizatiosuppression/enhancement due teeliding component$? Croixmarieet al. found
that the main source of variation in their data set was the origin of liver hepatocytes (46% of
variance), while the treatment with dronly accounted for 13% of variation and run order accounted
for 11% of variatiorf* The hological variability was found to be 35% and 46% RSD for
cerebrospinal fluid and human plasma respectivedysusanalyical variability of 1516% RSD for
both matrice$’ In animal, plant and cell studies it can be easier to control biological variation as the
study can be designed in such a way to minimize variability due to geradeup) environmental
factors, diet or growth conditions, etc. When dealing with human samples, biological variability is
much greater as it is impossible to control many of these factors. However, the results of current study
on human plasma show that aytietlal reproducibility of proposed SPMEC-MS methods is
sufficient to be able to detect biological variability witiddd changes in signal intensity of
metabolites as proposed fold change cutoff to interrogate differences between treatment and control

groups®’

7.3.8 Global metabolomics: data processing and identification challenges

Current versions of SIEVE software do not employ any normalization strateggthaard
metabolomics software such as XCMISodoesnot employany normalization. FewC-MS
metabolomic studies do employ normalization strategies, but there is currently no consensus in
literature regarding the optimum (and if any) normalization strategy to use. Budbneport that
normalization is not necemy for relatively small batches of data acquired on the same instrument at
the same timé&* This was the situation in current work, so no normalization was emplGyex.
potential drawback of this is that large imé&y peaks could obscure some important low intensity
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peaksHowever, in samples prepared by SPME there were no peaks observed with very high

intensity, so this approach should be adequate.

Among the studies that do employ normalizatitwere is no consesus regarding the most
appropriate normalization process to use during data proceasithdpoth statistical (for example,
normalization by median intensity) and internal standard normalization methods are erfipioged
der Kloetet al.advocate the use of normalization to single internal standard selected from cocktail of
internal standard¥® The selection is based on which internal standard results invilesti®SD for
the unknown metabolite. However, the assumption these authors make prior to application of their
proposed method, is that no ionization suppression or enhancement is observed for any analyte. This
assumption is clearly not realistic for a gie&l data setAlso, it is not practical to include internal
standard for each of hundreds or thousands of potential metabolites present in a given sample, while
the use of few, selected internal standards does not cover the entire expected chemsitplatide
would not be expected to perform equally well for all metabol@eserareportsuse normalization
by dividing each peak with sample median on particulaiday) with each rwday containing
exactly balanced number of samples from each trestgreup® ** ?*Otherreportsused

fe?1% 2851 normalization to

normalization by total peak intensity observed for each s&mfJ
constantotal signal intensity arbitrarily set tosingle valuas the most effective normalization for

LC-MS data™* ?*"Such total area normalization, also often employed in NMR studies, assumes that
decreases in certain metabolites are balanced by increases in other metabolites, thus keeping the total
number of metabolites nearly constant. However, ilfM& analyss, this is not a feasible assumption

as the intensity of signal observed is dependent on the identity of analyte. Furthermore, exogenous
species ingested through diet or originating from environmental exposure are also present in
untargeted LEMS chromatogams. These species are expected to vary from individtiatividual,

for example signal intensity for caffeine peak
beverages containing caffeine. This means that the total signal intensity would not¢tiecxp be

constant, so this type of normalization may not be suitable fevIBQiata?**

Burtonet al.advocate the use of artifact detection prior to using multivariate statistical approaches
on data and thdhe data should be checked for background ions (constant across all runs),
suppression/enhancement that occurs at specific retention times and trends dependent on acquisition
order®® Typically, if the exact same safe preparatiorprocedure is used for all samples within the

batch, the background ions do not need to be removed pstatisticalanalysis, because they are
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present at the same levels in all samples and will not cause differentiation of sampleprihaipgl
component analysis. However, depending on what type of normalitatized on data, it may
change the apent levels of background ioleading to statistically relevant differences, so for
improved data qualittheremoval of these peaksriscommendedlthoughit is not oftenperformed

in studies reported in literatuf® In our case, it wadesiredto comparehe performance of several
samplepreparatiormethods anthe eact sample treatment and seht composition varied between
these different techniques. In this case, to enable any meaningful comparison, it was absolutely
necessaryo remove any blank peaks from all data sets using approptatkcontrols for that
method in order to facilitatehe accurate comparison across methods

Another area in need of further researcarigmprovement irtheidentification of metabolites.
Current version of HMDB database contains about 6500 entries, but often does not contain
compounds after phase | anldrietabolism (such as glucuronides, sulfates, amino acid conjugates,
etc.)For example, the search for unknown metabolites presentabla 7.2resulted in many
metabolites with no known matches within the datab@tiger approaches reported in literatto
improvetheidentification part of metabolomics workflow include the use diause library of
large number of authentic compounds collected using particular methods employed in metabolomics
study and the use of retention time indices such asy@ytgmployed in GAS ?* However, the
use of retention indices in LC is complicated by the variation in retention index cauedfdntors
such as column agirand/orslight changes in mobile phase pH with tifiis means that the
chromatographic behaviour of retention marker diffesm that of theanalyte of interest, a drift can
be observed in metabolite retention index. The authors addressed this issue by using larger retention
index windows for compouts that showed such drift experimentalinally, existing public
databases currently do not provide any retention time informatiaghesddition of such information

could aid in tentative identification of metabolites.

7.4 Conclusions

The data presentedtin this chapter support the use of SPME in global metabolomic studies of

human plasma. In comparison to ultrafiltration, SPME provided more comprehensive simultaneous

coverage of both hydrophilic and hydrophobic species, while ultrafiltration perfarenggoorly for

hydrophobic species. Plasma protein precipitation methods performed poorly for many polar

metabolites, indicating that the results for such species may not be reliable and method precision

cannot be the only measure of ensuring good dathty in metabolomic studies. SPME also reduced
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potential for ionization effects and provided unbound concentration information which is not
achievable by plasma precipitation methods. The developad&@ethods on Exactive were
found to perform as wetlr better than most methods reported in literature and provided excellent

metabolite coverage and method precision.

7.5 Addendum

The text of this chapter was rewritten in comparison to submitted research article.
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Chapter 8

In vivo SPME sampling for global metabolomic studies in mice

8.1 Preamble and introduction

8.1.1 Preamble

This work has not yet been published. Animgberiments were performed in collaboration with
Brad Gien and Ines de Lannoy from NoAB BioDiscoveries using their animal facility. The
contributions of Bad Gien included the developmentmf/ivo SPME sampling procedure for mice,
the design and development of interface for sampling of mice as well as performing dheritioe
sampling procedure including animal surgery to insert the interface andddibection. Dr. Ines de

Lannoy was involved in experimental planning and design of ihegeo experiments

I, Brad Gien, authorize Dajana Vuckovic to use the material for her thesis.

I, Ines de Lannoy, authorize Dajana Vuckovic to use the materibéfdhesis.

8.1.2 Introduction

In pharmaceutical industrglobal LC-MS metabolomic studies can be used to investigate drug
mechanism, distribution, metabolism and toxicity of existing drugs as well as drugs under
development! Experimental designf®r suchclinical andor pharmaceutical metabolomic studies
vary cepending on thenainobjective of the studyOne common design includéseinvestigation of
the effect of xenobiotic on the whole animal by studying changegiallism over time via
monitoring of single or multiple biofluid®® The main approaches for identifying xenobiotic
metabolism include the comparison of animals dosed with drug (or other xenobiotic) vemsais ani
dosed only with vehicle, and this type of experimental design would permit investigation of both
endogenous and exogenous metabofiSiiithe objective of the study is primarily xenobiotic
metabolism, then a bier experimental design involves the dosing of one group of animals with
xenobiotic versus second group which is treated with stable isotopigladiifed form of the same
xenobiotic. In this case, the main difference between data sets should stemrfatmotie
metabolites as they would show mass shift between two groups due to isotopic labelling, and would
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largely eliminate effect of endogenous metabolism from the data. A third type of study can be
employed to reveal intespecies differences in metatsoh, for example by comparing response of
normal strains of mice versus genetically modified strains of mice (for example, humanized mouse
lines or mouse lines with particular genes knoettet) >’ For exampleLiu etal. used this

methodology to discover four new metabolites of fenofibrate indicating new Phase Il taurine
conjugation pathway of this dridtf. In another study, the mechanism of hepatoxicity of existing
drugs was succstully classified using UHPL@AS metabolomics approach, and can in future enable
classification of drug candidates during discovery sfage.

The main objectives of current experiment w@réo perform full metholomic $udy on mice
afteri.v. dosing with2 mg/kg carbamazepirend(ii) to investigate any advantagesiofvivo SPME
samplingversus ex vivapproaches based on blood withdrawais studywas selected to expand on
the preliminary data shown #h3.7using larger number of mice (n=4 control and n=4 dosed) and
using optimized coatings (Chapter 5) andMS methods on Exactive (Chapter Burthermore, the
advantages df vivo modeof sampling were investigatadhereby thaesults obtained usirig vivo
SPMEwere comparesersusex vivoSPME ultrafiltration andplasma protein precipitatiamsing
methanol/ethanols suchthis chaptecomplemerd data presented in Chapter 7 using human
plasmabut further expandthe discusionin order to includehe role anderefits of in vivo

samplingwithin the context of animal global metabolomic studies
8.2 Experimental

8.2.1 Materials

Same materials and reagents as described in Chaptevsr® utilized for this study.-
phenylalaninad5 (9.3 % purity ) was obtained from CDN Isotopes (Pokaire, PQ, Canada) and
D-glucose 1,2,3,4,5,6:67 (98% purity) was obtained from Cambridge Isotope Laboratories
(Andover, MA, USA).

8.2.2 Summary of overall experiment design

Animal experiments werperformel on eightmale CD1 mice (Charles River Labs, St. Constant, PQ,
Canada) weighing 20 to 30 4.1 | procedures foll owed were revi ewe
animal care committee and were performed in accordance with the principles of the Canadidn Counc

on Animal CarePrior to experiments, mice were acclimatized for a minimum of five days, and were
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provided with food and watexd libitum One day prior tin vivo SPME exepriments, a catheter was
implanted surgically in the carotid artery and the mveee allowed to recover from surgery and
anesthesiavernight. On the day of sampling, customade sampling interface, consisting of small
volume tubing and a PRN adapter was connected by a stainless steel connector to the implanted
catheterusing the proedure and devices described in detad.i22 In vivo SPME sampling was
performed on all eight conscioasce without any dosing of carbamazepfnel sampling per

mouse) One mousé¢M3) wasselectedandomlyin order to esthate intraanimal variability and the
reproducibility ofin vivo SPME samplingFor this mouse j\fe independent consecutiirevivo

SPME samplings wereperformedusing five individual SPME probes

For traditional analysis based on blood withdrawal, fduhe above mice were designated as
control mice (M1, M2, M3, M4and no CBZ dosing was performed for these mimenediately
following the completion oin vivo SPME sampling, these micaderwentirect cardiac puncture
while under CQO, anesthesi@ orderto collect the bloodThe collected bloodor each individual
mousewas @ntrifuged immediatelyupon collectiorat 4°C to obtain plasm&esulting pasmawas
storedon dry ice for transportation and to minimize metabolidthe processing of plasma sva

completedwithin 6 hr postcollection according to the procedures described below.

The remaining four mice (M5, M6, M7, M8) were dosed (2 mg/kg QBZnjection into the
lateral tail veinusing CBZ dosing solution preparedeithanolpropylene glycdkdine (1/1/3, viviv).
In vivo SPME sampling was performed-&iin postdoseusing the procedures described below.
Immediately following the completion @ vivo SPME sampling, each mouse underwairgct
cardiac puncture while under @O, anesthesia order to collect its blood for traditional analysis.
The collected blood for each individual mouse was centrifuged immediately upon collection at 4°C to
obtain plasma. Resulting plasma was stored on dry ice for transportation and to minimize metabolism.
Theprocessing of plasma was completed within 6 hr-poBection according to the procedures

described below.

The overview of the entire animal study employed in this research is provifiaghie8.1. To
summarize, using vivosampling it was possible to evaluate the effects of CBZ dosing using the
same mice as samples before and after dagémgcollected(tO and t30 saples for M5, M6, M7,
M8). Using traditional methods requiring relatively large blood volumes, the compadsithnotbe
performed on the same mise n=4 mice were used as controls (M1, M2, M3, ki4J compared

against does mice (M5, M6, M7, M8Puring 383min sampling of M6, a significant blood clot was
250



found, which prevented proper sample collectibinerefoe, the only data point available for this

mouse isn vivo SPMEsampling at t=0For traditional experiment based on plasmficient

amount of plasma3Q0 pL) could not be collected for M1 and M7, eo vivoSPME was performed

using 150 plaliquot. Thee samples were used only for confirmation of the presence and absence of
certain metabolites of interest and were not included in general data processing due to the dependence
of the amount extracted by SPME on sample volume.

CONTROL TREATMENT
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Figure 8.1 Overview of animal study employed for comparison ofn vivo SPME to traditional

methods based on blood withdrawal.

8.2.2.1 In vivo SPME sampling

The day beforén vivo SPME sampling, prototypie vivo SPME probes housed within -22uge
hypodermic needle as describedinapter 3and consisting of biocompatibheixedmodecoating

(Cis with benzenesulfonic acidb pum thickness3 pum particle size, Supelco, Bellefonte, PA, USA),
were preconditioned and pleaded with deuterated carbamazepine internal standard. The
conditioning and loading was performed at equilibrium from 300 pL of 1 pg/mL standard solution of
carbamazepindl10 (CBZ-d10, Alltech, Deerfield, IL, USAYissolved in methanol/water (1/1, v/v)

usng vortex agitation of 1000 rpm. The development of this procedure was described in more detail
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in Chapter 3The probes were kept in this conditioning/loading solution until Eaeivo sampling
time point in order to ensutbat the coating does not dry out prior to samplifigreeextra probes
were preloaded and used to determine the amount of calibrant |Gembedding to similar procedures
as described in Secti@n2.3

For each sampling ped, a newconditionedn vivo SPME probe was inserted into the blddled
sampling interface 1 min before the stated time and held in the interface 1 min after the stated time
(total sampling time of 2 min). Immediately after the probe removal fronmtedace, the SPME
probe was rinsed for 30 sec using purified water to remove any cells or salts from the probe surface.
The probes were stored dry ice untildesorption which was carried out withirh6 postcollection
The desorption of analytes frad8PME probes was accomplished using 300 pL of desorption solvent
(acetonitrile/water, 1/1, v/v) spikegith two internal standard4450ng/mL glucosed7 and 300
ng/mL phenylalaning5 using 0.3 mL amber polypropylehPLC vials (Labsphere, Brossard, PQ,
Canada). The desorption was performed for 60 min on +tuld& vortexer at 1000 rpm.

8.2.2.2 Ex vivo SPME

Ex vivoSPME wasperformed on 300 pL of mouse plasma obtained after cardiac puncture as
described abovexcept for M1 and M7 where 150 pL plasma aliquot used due to limited sample
availability. SPME was performeatcording to the method developed and described in detail in
Chapter 6. BrieflySPME was performedsing Supelco prototype biocompatible mixaedde fibre
(C1g and benzenesulfonic acid, 45 pum ttriess 3 um particle size) for 5 miwith 1000 rpm vortex
agitation The fibres were then desorbesihg 300 pL of desorption solvelfacetonitrile/waterl/1,
v/v, containing glucosd? and phenylalanind5 internal standargl$or 60 min in using vortex
agitation at 1000 rpm.

8.2.2.3 Ultrafiltration (UF) sample preparation

After completion ofex vivoSPME experiment, 200 pL aliquot of mouse plasrsed in8.2.2.2was
placed in 3K Nanosep centrifugal device and centrifuged at 1000fbr@6 min at 4 °C. The

resulting filtrate was dilutedO-fold in purified water prior to LEMS analysis.

8.2.2.4 Plasma protein precipitation with methanol/ethanol (PM)

This procedure was adapted from study by Beetca>. Experiments performed in Chapter 7

confirmed better performance of solvent precipitation with methanol/ethanol versus solvent
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precipittion with acetonitrile, so in this study ordglvent precipitation with methanol/ethanol was
used.Aliquots (100 pL) of mouseplasmafrom SectiorB.2.2.2were precipitated by addition of 400

pL of methanol/ethanol (1/1, v/v). The samples were then manually vortexed for minimum of 60
seconds, followed by centrifugation at 12000 rpm for 15ahih °C. The resulting supernatant (150
pL) was transferred to amber polypropylene HPLC vials (0.3 mL capacity) and diluted with 150 pL
of purified water prior to LEMS analysis.

8.2.3 LC-MS analysis

Aliquots (100uL) of in vivo SPME,ex vivoSPME, UF and PMample solutions were analyzed
directly using pentafluorophenyl positive ESIIMS methodSection6.2.2.1and6.2.2.4for
conditions)according to samgenerabroceduesdescribed in Section.2.6 The remaining sample

solutions were stored frozef80°C) for subsequent analysis to be described in fellpwstudies.

8.2.4 Data processing

Same data processing scheme as describ®€cdition7.2.7was used in current studyor framing
using SIEVE, the following parameters were used: 0.005 mass window, 1.0 min retention time
window width, maximum number of frames =20000, minimum signal intensity of 5@@gnhtion
time 1.033.0 min.

8.3 Results and discussion

8.3.1 Blank controls

One important aspect to consider during the design of global metabolomic s&idigSPMES to
collecttheappropriate blank controls to ensure peaks detected by SPME are real andd#ieng
biological sample under studyith this goal in mindit is not sufficient to only run injections of

blank desorption solvent, but it is necessary to analyze blank fibres which havgomedénesame
preconditioning and desorption procedures agtiobes used in the study. Figure 8.2 shows TIC
tracesobtained for blank fibre and for direct injection of blank desorption solvent. Although, the
chromatograms generally have the same appearance and TIC intensity, the blank fibre does show

higher intengy in the region of 2223 min and 1aL5 min. Full examination of the daadter SIEVE
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Figure 8.2 TIC of (a) blank SPME fibre (absolute intensity9.3x10 counts run order 66) and (b)
blank desorption sdvent (absolute intensity1.1x1¢ counts, run order 81) collected using

positive ESI LC-MS method with pentafluorophenyl column.

processing (n=3 a#ach blank type) shows that 430 features have higher intensities than observed in

direct injection of blanklesorption solvent. These peaks can occur due to preconcentration of the
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contaminant species present in conditioning solvent by the fibre (for example, any contaminants
present in purified water or methanol). Additional sources of these species dane ipedduction
process itself or possibly vessels (such as vials orplaies) used during the conditioning procedure.
For traditional methods, appropriate blank controls were prepared by taking an aliquot of purified
water through the entire sample paeation procedure and injecting the resulting sample. As one of
the goals of current study was comparison of different methods, saobpdéned using each method
were processed in SIEVE together with the corresponding blank controls in order to dnmeaksal
used for subsequent PCA were real peaks originating from the biological system ratheifdws art
of the sample preparation procedure.

8.3.2 Quality control (QC) results

In current study, quality control sample was prepared by combining aliquotsafrgilesif vivo

SPME,ex vivoSPME, UF and PM) within the sample set. This QC was run at the beginning of the
sample set to ensure system is properly conditioned, throughout the sample set after every 12 sample
injections and at the end of the samplie She results for this QC are used to ensure no systematic

drift occurred throughout the entire run time. Plots of signal intemersusrun order for several

identified metabolites are shownkigure8.3. The metabolites weiselected to cover a wide range

of signal intensities and the entire chromatographic space in terms of retentidnjgécteons 005 to

008 were considered part of the preconditioning procedure and are included to show that the system
was adequately preonditioned Figure8.4 shows RSD results for all QC injections for all known
metabolites observed usiimgvivo SPME. The results indicate good performance of the entire LC

MS systenwith mean RSD of 16% for aknown metabolitegn QC sampleTwo internal standards
glucosed?7 and phenylalanind5 hadRSD of 7 and 12%or all QC injections and RSD a23% and

2% forin vivo SPME injections (n=8 animals). Carbamazeph@ which was used as -dibre

calibrant for CBZ had RSD of 12% all QC injections and 17% fam vivo SPME injections (n=8

animals) indicating no problems with any of the probes used during the study.

Furthermorejn addition to targeted processing of selected metabolites confirmed using authentic
standards, QC s#ples can also be used to evaluate the quality of global metabolomicEhigtia
performed by subjecting these QC samples to SIEVE processing followed by PCA together with the
actual samples. The results of PCA analysis for current gtatliding QC seplesare shown in
Figure8.6 (a, b and ¢l All QC injections (shown in red) cluster tightly together with no evident
outliers indicatng good quality of the data set indicating that further processing and interpretation of
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the ddaset is worthwhile as analytical variability was properly kept in check during th&hignis

further illustrated irFigure8.7 which shows the dependence of the same data on the run order.
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Figure 8.3 Signal intensity versus QC run order for selected compounds (a) glucose (b) reduced

glutathione (c) progesterone (d) nicotinamide and (e) carbamazepine

8.3.3 Evaluation of intra-animal variability and reproducibility of in vivo SPME
sampling

One of the goals of current study wasevaluatehereproducibility ofin vivo SPME sampling for
global metabolomics on one mouse (relsecutivesamplings prior to dosingplthough some
temporal variability in metabolite concentratocan be expected over the time scale of the
experiment, some of the metaboligg®uldremain effectively unchanged permittiag approximate
evaluation ofn vivo SPME procedure. The results of this experiment are siro®igure8.4 for the
set of known metaboliteend compared against the intgrimal variability (n=8 micejor the same
set of metabolites. The reproducibility of QC injections is also includ#tkifigure asreference
point For the majorityof the metabolites inteainimal variation is significantly higher than within
animal variationwith some of the metabolites such as reduced and oxidized glutathione exhibiting

>3-fold higherinter-animal variability.These results are in line with theidy by Crewset al. who
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reported biological variability of 35% and 46% RSD for cerebrospinal fluid and human plasma
respectivelyyersusanalytical variability of 15.6% RSD for both matricé$.One exception to this
general trend was adenosine where Hat@imal variation was similar to withianimal variation. This

can perhaps be attributed to extremely short half life of this species which may contribute to rapidly

changing concentrations on the timescale of therexpat.
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Figure 8.4 Comparison of inter-animal versus intra-animal variability (expressed as %RSD) for

the set of known metabolites detected usirig vivo SPME sampling.

8.3.4 Principal component analysis: effect of CBZ dosing

Usingin vivo SPME, it was possible to sample the same n=4 mice before and after dosing with
carbamazepind.he data set consisted of 1845 features detected using shortsampling time
which is in agreement with our previous studiehomanplasma (se&able7.4). The results of PCA
for this data set are shownkigure8.5. First three components descril@t9% of variance anihe
differentiation of mice according to dosing was immaéely apparent as shownkigure8.5 (a). The
main source of variation wdmochemical individuality of animals as shown in 2D scores plot of
principal components 1 andRigure8.5 (b)), with the twocomponents contributing to 60.2 and
17.8% of variance respectively. Principal componeat®unted for 9.9% of variance aatbwed
258



thedifferentiation of tlis data set according to CBZ dosirithese results are in agreement with the
study performed bZroixmarieet al.who found that the main source of variation in their data set was

the origin of liver hepatocytes (46% of variance), while the treatment with drug only accounted for

13% of variation and run order accounted for 11% of varidtion.
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Figure 8.5 (a) 3D scores plot obtained forin vivo SPME sampling of n=4 mice (M5, M6, M7,
M8) prior to (TO) and 30-min (T30) post dose. (bRD scores plotof the same dataset showing
PC1lversusPC2 (c) Loadings scatter plot of PClversusPC2 illustrating the peaks contributing
most to the observed clusteringd) 2D scores plot of the same dataset showing P@&rsusPC3
(e) Loadings scatter plot of PClversusPC3illustrating the peaks contributing most to the
observed clustering Blank injections are shown while QC injections are omitted for clarity in

all plots.

Figure8.6 shows the results of PCA for samples obtained using ulteiiih (UF) and solvent
precipitation with methanol/ethanol (PM)he results indicate large influence of the sample
preparation method on the data collected. This is the result of vastly different metabolite coverage
achievable by the two methods as d&sad in detail in Chapter 7 using human plasma example.
Differentiation according to dosing is observed only for UF samples no such differentiation is
observed for PM samples using three principal components which conG&gtel 4.5 and 5.6% of
variance respectivelyClearly one disadvantage of the traditional analysis employed here was the fact
that different mice were sampled as conaisusireatmengroups. This was necessary in order to
collect sufficient blood volum#o perform the analysissing all methodsThe results show thahé
use of small sample set (n=4 mice/groo@y or may nopermitacceptable differentiation of
samples according to dosing as irdarmal variabilityis includedwithin the data setnter-animal

variability canbe very high (estimated at 78% using/ivo SPME method)thus making it very easy
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to obscure the effect of dosing as was foundPldrmethodn current study. Thus, if the only

objective of the study was a classical metabolomics study to the effetsatfiotic dosingPM data

set would be virtually unusable and would require a new study with much hangéxer of animals.

In contrast, both SPME and UF were able to clearly differentiate the samples based on dosing even
when such small data set was udgath of these methods provideesponse which is proportional to
biologically active free concentrationhe fact that both methods were able to differentiate the
samplesndicates that free concentration informatt@m be extremely valuable in the caxttof

metabolomic studies.

Furthermore, the data was examined for known CBZ metabolites which include 10,11
carbamazepine epoxide (m/z 253.0972 for protonated igmjd@xycarbamazepine (m/z 253.0972
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Figure 8.6(a) 3D scores plot obtained using ultrafiltration (UF, black sphere$ and solvent
precipitation (PM, blue sphere¥for n=4 mice prior to CBZ dosing (PM and UF) and n=4 mice
30-min post dose(PM CBZ and UF CBZ). (b) 2D scores plot ohé same dataset showing PC1
versusPC2 (c) Loadings scatter plot of PClversusPC2 illustrating the peaks contributing most
to the observed clusteringd) 2D scores plot of the same dataset showing P€drsusPC3 (e)
Loadings scatter plot of PClversusPC3 illustrating the peaks contributing most to the

observed clustering Blank and QC injections are also shown
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for protonated ion), -Biydroxycarbamazepine (m/z 253.0972 for protonated ion), 10,11
dihydrocarbamazepine (m/z 239.1179 for protonated ion)1&bhydro-10-hydroxycarbamazepine

(m/z 255.1128 for protonated ion) and 10dihydro-10,1tdihydroxycarbamazepine (m/z 271.1077

for protonated ionj*® The main CBZ metabolite, 10,&carbamazepine epoxide wastected using

all sample preparation methods employed in current study, while other metabolites were only
detected in samples prepared using solvent precipitation (PM) and had relatively low signal intensity.
In other words, the detection of these spebie SPME and UF failed due to very low concentrations

in blood at the time point of analysis. The low concentration of these metabolites may be due to the
fact that samples were analyzed onlyr8i postdose, and perhaps monitoring of longer times

would be useful in this situation. Thus, from the perspective of monitoring very low level exogenous
drug metabolites PM data was invaluable even though it failed to differentiate mice according to
dosing using the global metabolomics approach. Therefore iy clearly shows the advantages of

using set of complementary methods during an animal study to further enhance the understanding of

the biological processes and shows that each method can contribute an important piece of the puzzle.

Figure8.6 depicts another interesting finding. Mouse 2 (labelled as M2) is shown as an outlier
using both UF and PM methods as shown by this
interval. This result is not simply an aptidal outlier as shown iigure8.7, as QC standards, blanks
and other samples do not exhibit significant trends with respect to run order. Furthesmave,

SPME results also indicate M2 as an outlier, wheireaivo SPME results show reasonable

clustering of M2 with other micd={gure8.9). This data seems to indicate that important metabolic
changes occurred for blood collected from M2 during sampling or sample storage proaedictes,
resulted in a significantly changed composition of this sample. From experimental viewpoint, blood
from M2 was treated in exactly the same way as for the rest of the mice, so it is not clear what
additional precautions could be taken to ensure saimglgrity for this particular blood sample. This
data therefore indirectly indicates an advantaga wivo SPME sampling the ability to properly
capture the metabolome composition at the time of sampling without inadvertent changes in

composition occuing during or possample collection.

263



AAAA QaAr 4000040,

Ad,a

AA

+ 2NV dN
+NVId dN
+Z9d9J 8IN Nd
+240 LIN Nd
+24d2 SIN INd

LTIN INd
3 ¢ INV1d INd
5 MNV1E N

22 SH.

1+2 SD

600 ”3 SD

-200T| A4

-400 -

-600

Obs ID (Primary)

8 SD

|psD

A,

AAAAAA LALAAAAAA

A, aaa

A A

+2 SD

+Z92 8N 4N
+Zgd SN 4N
IR EN

FEW 4N
NNED!

A Na:El
FYINVIE 30
+292 8N INd
+292 LN INd
+792 SN INd
YNNG

FEN INd

T2 INd

TN INd

3 ¢ INV1d Nd
SINV1E W

Obs ID (Primary)

2SN

300 F

200

1001

[zh

-100T

-200

-300 T

264



250
s A
2001
18sD
150
100 +2 SD
50T
o 1 AAAAAA 4, AR, ,
hed 0 A A AA AA
T A
-50T
1 A A A A,
A
-100 1 ol
_15077-2 SD
20073 SDr b R
A P e G R RIS E U D TSR O
iZ§§§§88852LLLLLL88%QO‘8808,00‘OO‘OO’8
mﬁ&&&&EEEmiDDDEE
Z Sss4% uw
2 aon-Y DD

Obs ID (Primary)

Figure 8.7 Plot of principal component 1 (a), 2 (b)and 3 (c) versus observation ID for data set

shown inFigure 8.6.

No global metablomic studies othedosing of carbamazepine have begported in literature, so
the current study algaresented an interesting modekt@amine CBZffects on endogenous
metabolites, whereas CBZ exogenous metabolites arechaalhicterized in literaturdhe most
relevant metabolites detected after PCA analysis were subjected to database search using HMDB for
tentative identification of possible chemical formula. Current version of HMDB database contains
about 6500 entries, but often does not containpmamds after phase | and 1l metabolism (such as
glucuronides, sulfates, amino acid conjugates, etc.) . In current study, the tentative identification was
performed by comparing the accurate mass obtained for unknown peak with database entries within 5
ppmaccuracy. Furthermore, possible matches were examined accordingoongh@undoolarity
and ion type. For example, compounds with higher log P values would be expected to have longer

retention time$ if the unknown peak eluted with the retention timé & min, this
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Figure 8.8 Individual 3D scores plot obtained using (a) ultrafiltration (UF) and (b) solvent
precipitation (PM) for n=4 mice prior to CBZ dosing (PM and UF) and n=4 mice 3émin post
dose(”MV CBZ and UF CBZ).
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Figure 8.9 Results of PCA comparingin vivo versusex vivoSPME sampling (ho CBZ dosing)

shown as 2D scores plot of 2 main principal components contributing 51.2% and 19.0% of
variance respectively.
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would not represent a likely match and would be omitted from the table. Likely matches were also
examined according to ion type, with protonated and sodiated ions being more likely than other
adducts. Finally, expected camtration in blood ofentative matches was also considered with more
abundant species being more likely to be observed using this global metabolomics workflow. For
unknown peaks, where no suitable ions were identified using database according to the described
criteria, the etry was marked as no hits. For unknown species with many possible chemical formulas,
the entry was marked accordingly as it was not possible to further narronctievmical identity of

the compounds.

Table 8.1 summarizeke tentative identification of p20 metabolites observed using
ultrafiltration which contributed to the differentiation of samples according to the dosing. The
maj ority of these species are vVver yandooelofthe met ab ol
entries likely corresponds propylene glycol which was used as dosing vehicle and only present in
mice receiving CBZ treatment. Interestingly, both carbamazepine and carbamazepirepbidé
were observed in UF samples, but were not identified as the main contributors actoRID#AY so
they are not listed within this table. Table 8.1 also shows whether each particular metabolite was
observed by other methods employed in current study (SPME and PM). The results show that one of
differentiating metabolites is unique to UF onlhile others were observed by other methods as
well. As mentioned previously, differentiation of samples after solvent ptatiqui could not be

performedsuccessfullyso no such list of features could be collected based on PM data.

Table 8.2 lists top @ features obtained usimgvivo SPME after PCA. It is immediately apparent
that the differentiating metabolites observedrbyivo SPME are completely different than those
observed for UF (Table 8.1) indicating the techniques are complementary inchadurethe
differences in metabolite coverage achievable by the two techniques. In contrast to UF data,
carbamazepine (both protonated and &ediform3 were detected by PCA as important
differentiating metabolite One potentially interesting finding tentative identification of oleamide.
According to HMDB,oleamide interacts with multiple neurotransmitter systexitsough its mode
of action is not fully understood. An indication of seizlingiting properties of this compound was
previously reporteth literature, although exogenous dosing of this compound did not result in
statistically significant attenuation of full epileptic episodes when compared to dosing of known anti

epileptics such as CBZ dpessiblyto potencyandbr dosage selectidi’ The current studys the
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Table 8.1 List of features contributing to differentiation of UF samples according to CBZ

dosing
Retention Tentative chemical Mass Observed
) . Observed
time m/z formula according to | accuracy lon type by by PM
(min) HMDB (opm) SPME y
1.65 158.9612 no hits N/A N/A no yes
1.25 203.0527 CsH1,06 0.53 M+Na[1+] yes yes
1.28 153.0869 no hits N/A N/A no yes
1.34 115.0366 multiple formulas 0.33 M+Na[1+] yes yes
1.36 169.0582 CsH1oN,O5 -0.91 M+Na[1+] no yes
1.36 147.0763 CsH1oN,O3 -0.83 M+H[1+] yes yes
multiple formulas
1.45 118.0863 including propylene 0.39-0.45 | M+H [1+] yes yes
glycol
1.41 120.0657 C4HgNO; 15 M+H [1+] yes yes
1.45 148.0603 Glutamic acid* -0.93 M+H[1+] yes yes
1.47 176.1030 CeH13N303 0.18 M+H[1+] yes yes
1.85 115.0366 multiple formulas 0.33 M+Na[1+] yes yes
multiple formulas
1.93 118.0862 including propylene 0.39-0.45 M+H[1+] yes yes
glycol
1.93 147.0757 CsH1oN,O3 -4.8 M+H[1+] yes yes
2.16 148.0426 no hits N/A N/A no yes
2.55 102.034 no hits N/A N/A no no
350 | 150.0582 CsHuNO,S -0.92 M+H[1+] yes yes
methionine

7.65 182.0809 C19H11NO3 -1.5 M+H[1+] yes yes
9.51 166.0863 Phenylalanine* 0.28 M+H[1+] yes yes
12.26 205.0966 Tryptophan* -2.7 M+H[1+] yes yes
17.58 207.1490 no hits N/A N/A yes yes

*confirmed with authentic standard

first report to tentatively link oleamide to tirevivoaction of carbamazepine, and clearly merits

furtherexploration. Another interestingmpound tentatively identified in Table 8.2 is thromboxane.

Thromboxane is one of the products of arachidonic acid cascade, and this vagtadwainis

under discussion as putative drug target of common mood stabilizers such as carbamazepine

accordingto currentliterature?*® It is interesting to note that this simple study resulted in two possible
links to known or putative endogenous metabolites involved in carbamazepine mechanism. In future

studies, it wold be interesting to further characterize and interpret the unknown metabolites reported
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in Table 8.2, as it could provide additional information regarding biological processes affected by

CBZ administration.

Table 8.2 List of features contributing to differentiation of in vivo SPME samples according to

CBZ dosing
Retention VEnEe chemical et Observed | Observed
time (min) m/z formula according to | accuracy lon type by PM by UF
HMDB (ppm)
1.90 158.9640 no hits N/A N/A no no
1.90 226.9513 no hits N/A N/A no no
2.88 102.0340 no hits N/A N/A yes no
10.47 156.1380 C14H250; -1.8 M+2ACN+2H[2+] yes yes
14.31 259.0836 Carbamazepine* -1.9 M+Na[1+] yes yes
14.32 237.1017 Carbamazepine* -2.1 M+H[1+] yes yes
17.22 409.1510 no hits N/A N/A yes yes
18.71 520.3394 lysigﬁr';';gg‘%;i q -0.82 M+H[1+] yes yes
18.75 | 544.3395 Iysiﬁﬁggg%ﬁ)i ; -0.56 M-+H[1+4] yes no
18.87 | 568.3394 Iys%gﬁgggﬁﬁ)i ] -0.64 M-+H[1+4] yes no
19.26 | 520.3400 Iysiﬁﬁggsr%ﬁ)i . 0.46 M+H[14] yes yes
21.64 256.2733 no hits N/A N/A yes no
21.96 282.2786 | CigH35NO oleamide -1.9 M+H[1+] yes yes
21.96 283.2719 no hits N/A N/A yes no
21.96 282.3002 no hits N/A N/A yes no
22.05 282.2584 no hits N/A N/A yes no
24.02 338.3409 | C,oH400 thromboxane 24 M+ACN+H[1+] yes yes
19.94 303.2313 C,oH300, -1.8 M+H[1+] yes no
24.98 391.2838 C,4H350,4 1.2 M+H[1+] yes yes
12.57 413.1332 gz';tl;';'q%‘o an';erf)oag 2.7 OM+K[1+] yes yes

*confirmed with authentic standard

8.3.5 Principal component analysis: biochemical individuality

As shown in 2D scores plot presentedrigure8.5(b) principal component 1 and 2 corresponded to

biochemical individuality: individual mice clustered closely together regadie€BZ dosingTable

8.3 lists 20 most important features contributing to this differentiation as extracted from the loadings
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Table 8.3 List of features contributing to differentiation of in vivo SPME samples according to

biochemical individuality

Retention Tentative chemical Mass Observed | Observed
time m/z formula according to | accuracy lon type by PM by UE
(min) HMDB (ppm) y y
1.63 308.0905 Glutathione* -1.8 M+H [1+] yes no
1.90 294.9385 no hits N/A N/A no no
1.90 362.9258 no hits N/A N/A no no
1.90 430.9131 no hits N/A N/A no no

CsHsN50,, 2,8-
1.92 105.0425 | Dihydroxyadenine or 8- -2.0 M+ACN+2H[2+] no no
Hydroxyguanine
1.92 136.9821 no hits N/A N/A no no
C3Hs0,P
2.87 184.9854 | Phosphohydroxypyruvic 4.5 M#+H[1+] yes no
acid
CsHs0,P
2.90 226.0119 | Phosphohydroxypyruvic 35 M+ACN+H[1+] no no
acid
200 | 1315334 | CeHoN20sP Imidazole 3.0 M+ACN+2H[2+] no no
acetol-phosphate
6.45,7.28 | 132.1019 |  CeH1sNO: leucine -0.10 M+H[1+] yes yes
isomers
9.36 166.0862 Phenylalanine* -0.37 M+H[1+] yes yes
10.47 156.1383 C14H2505 0.20 M+2ACN+2H[2+] yes yes
11.70 116.1435 no hits N/A N/A yes yes
17.55 207.1491 no hits N/A N/A yes yes
19.06 496.3388 CygH47NO, -1.8 M+Na[1+] yes yes
Ca26HssNO;P B
20.24 524.371 lysophospholipid 0.12 M+H[1+] yes yes
21.64 256.2733 no hits N/A N/A yes no
21.96 282.2786 C1gH3sNO oleamide -1.9 M+H[1+] yes yes
24.02 338.3409 | C,oH400 thromboxane -2.4 M+ACN+H[1+] yes yes
26.68 | 806.5693 CasHeoNOsP -0.16 M+H[1+] yes no

phosphatidylcholine

*confirmed with authentic standard

plot shown inFigure8.5(c). The list includes glutathione and several amino acids, tentative

identification of hydroxylated base and several lipids and seven unknown features. Sloase of

features are detected only usingrivo SPME and not by any other method (PM or UF) further

indicating complementary nature of the tested methodologies.
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Compound identification remains a bottleneck of metabolomics analysis, and the tentative
identification performed in current study represents at best only an educated fuéssr work is
absolutely necessary to confirm the identity of discussed spésiatiown in Tables 8.1 to 8.3,
numerous features could not even be tentatively identifiedanlitely chemical formula, showing
concerted global effort is needed to further characterize and catalogue mammalian metabolites in

various specimens.

8.3.6 Advantages of in vivo sampling versus blood withdrawal approaches

Table8.4 shows 83 features which were detected ugingvo SPME sampling, and not detected
usingex vivoSPME after blood withdrawal. The majority of these peaks (all except 9) were also not
detected using solvent precipitation and ultrafiltration methblis. dda was compiled by comparing

in vivoSPME results versiex vivoSPME results for the mice which were not dosed (n=8 mice for

in vivoSPME, n=4 mice foex vivoSPME), so it represents endogenous metabolites, rather than CBZ
metabolites. The fact that vivo SPME is capable to capture this many unique features not observed
by any other methodpresents a unique advantagenofivo sampling approaches as the metabolome
at the time of analysis is better representative of the true metabolome at thedanethg. Efforts

are currently underway in our laboratory to further characterize these species, but preliminary data
indicates that many of thepecies are energy metabolites with fast turnover rates. For example,
vivoSPME wasald t o cMADwhich was bot observed using fimevitro methodology post

blood withdrawal (SPME, UF or PMis shown irFigure8.10 andFigure8.11. These results are

shown in Figures 80land 811 for one mouse but are consistent for the ewtiteort of eight mice
sampled withinthe studf. h e f i gur e s h o wNAD tsimgreverse¢hhase heigative of b
ESI method, but the same finding was also confirmed in rewpisase positive EShethod.
Tentativedatabase identification of few additional species seem to indi@fresence of

hydroxylated bases as well as some phosphorylated species ghcs@sohydroxypyruviand

imidazole acetephosphate, but this requires further confirmation againthentic standards or using
fragmentation patterns on a full Orbitrap. For the nine specikslile8.4 which were also found

using solvent precipitation method, the fact they were not obsesiegex vivoSPME on the same
plasma sample seems to indicate that the free (unbound) concentration of these species decreased in
the collected blood samples in comparison with theitrwévo concentration. This is supported by

the fact that these species have relatively long retetitizes, indicative of relatively hydrophobic

species which generally exhibit higher degree of bindiihg. time delay between blood collection
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and sample preparation could indicate slinding kinetics Alternatively, it is possible that the total
conentrations of these species decreased after blood withdrawal due to other processes occurring
such as degradation or enzymatimversion, but the total concentration remained sufficiently high to
still be detectable by PM method.

Table 8.4 List of features observed usingn vivo SPME and not observed usingx vivoSPME

Time m/z Observed by Observed by Ob;erved by in Obgerved by
(min) PM UF vivo SPME ex vivo SPME
1.60 232.0913 no no yes no
1.62 349.0733 no no yes no
1.63 359.5208 no no yes no
1.63 665.1195 no no yes ( fNAD) no
1.63 380.0340 no no yes no
1.63 310.0972 no no yes no
1.63 309.0939 no no yes no
1.63 332.5612 no no yes no
1.90 498.8875 no no yes no
1.91 704.3677 no no yes no
1.92 881.8183 no no yes no
1.95 658.8367 no no yes no
1.97 472.8165 no no yes no
2.86 174.9391 no no yes no
2.86 338.9091 no no yes no
2.87 334.9113 no no yes no
10.33 216.0663 no no yes no
10.46 132.0808 no no yes no
11.44 455.1882 no no yes no
11.64 290.1706 no no yes no
12.21 329.2295 no no yes no
12.21 307.2476 no no yes no
12.26 383.1205 no no yes no
12.65 213.1597 no no yes no
13.47 379.3050 no no yes no
13.48 401.2866 no no yes no
13.79 585.2098 no no yes no
13.80 753.3840 no no yes no
14.73 263.1725 no no yes no
14.82 214.1799 yes no yes no
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Time m/z Observed by Observed by Obs_erved by in Ob;erved by
(min) PM UF vivo SPME ex vivo SPME
15.56 837.4057 no no yes no
15.64 247.0880 yes no yes no
17.43 226.1225 no no yes no
17.50 269.1280 no no yes no
17.55 279.1814 no no yes no
17.56 300.1600 no no yes no
17.91 302.1207 no no yes no
18.11 476.2348 no no yes no
18.22 346.1468 no no yes no
18.62 266.1536 no no yes no
18.86 252.1250 no no yes no
18.86 250.1292 no no yes no
19.11 263.2116 no no yes no
21.27 590.4322 no no yes no
21.40 757.3939 no no yes no
21.51 730.5676 no no yes no
21.60 686.5406 no no yes no
21.69 642.5152 no no yes no
21.72 657.3538 no no yes no
21.79 643.8542 no no yes no
21.79 581.4620 no no yes no
21.80 599.4922 no no yes no
21.91 537.4360 no no yes no
21.91 555.4663 no no yes no
21.91 560.4216 no no yes no
22.00 516.3995 no no yes no
22.01 511.4394 no no yes no
22.02 493.4092 no no yes no
22.12 449.3831 no no yes no
22.12 472.3685 no no yes no
22.26 428.3424 no no yes no
22.46 791.4290 no no yes no
22.46 781.9151 no no yes no
22.50 339.2866 no no yes no
22.67 727.8665 no no yes no
22.78 693.8612 no no yes no
22.86 685.1505 no no yes no

273




Time m/z Observed by Observed by Obs_erved by in Obgerved by
(min) PM UF vivo SPME ex vivo SPME
23.16 896.4543 no no yes no
23.88 717.8722 no no yes no
24.15 911.4509 no no yes no
24.18 480.1591 no no yes no
24.33 866.9233 no no yes no
24.58 738.5066 yes no yes no
24.60 813.5258 yes no yes no
24.62 385.2452 no no yes no
24.72 788.5220 yes no yes no
24.80 388.3417 no no yes no
24.81 764.6094 yes no yes no
24.81 763.6062 no no yes no
25.43 788.5201 yes no yes no
25.45 744.5446 yes no yes no
25.81 762.5433 yes no yes no
26.69 796.5851 no no yes no

Table8.5 shows 24 compounds which were foun@xwvivoSPME samples and not foundim

vivo samples, indicating these species were likely formed during or after blood collection. In majority
of cases (18 out of 24), the presence of¢hgpecies was also confirmed in samples obtained after
PM method, and two of these species were also found using ultrafiltration. For six species which were

not confirmed in solvent precipitation samples, it is possible that significant ionization sigpres

occurred within the retention time window of these species.
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Table 8.5 List of features observed usingex vivo SPME and not observed usingn vivo SPME

Time m/z Obselg\'(/led by ObselrJvFed by Obse(xsg 557 7 Ob\zs:)vg%&;&ex
SPME
1.63 | 192.9099 no no no yes
1.90 | 835.8282 no no no yes
10.23 | 427.2228 yes yes no yes
13.29 | 381.1538 yes yes no yes
13.42 | 347.2210 yes no no yes
14.73 | 345.2052 yes no no yes
18.27 | 480.2990 yes no no yes
18.65 | 282.6229 yes no no yes
18.71 | 520.2381 yes no no yes
18.71 | 520.2143 yes no no yes
18.71 | 547.2985 yes no no yes
18.71 | 520.4332 yes no no yes
18.71 | 520.4213 yes no no yes
18.71 | 520.4647 yes no no yes
18.71 | 551.3123 yes no no yes
18.73 | 591.3254 yes no no yes
18.73 | 544.2952 yes no no yes
18.73 | 539.8147 yes no no yes
19.08 | 880.8452 no no no yes
19.99 | 539.2618 no no no yes
20.23 | 759.3737 no no no yes
21.17 | 337.2733 yes no no yes
21.20 | 439.2361 yes no no yes
29.32 | 925.2700 no no no yes

In conclusion, boti able8.4 andTable8.5 present convincing evidence that observable changes
occur in metabolome during and/or after blood collection. Additional studies to further elucidate the
nature of compounds capturedibywivo SPME can help further establish this technigaiara

important tool in metabolomics.

8.4 Conclusions

This chapter presents an important addition to global metabolomics data of human plasma presented
in Chapter 7. Primarily, it shows distinct advantageis ®fivo SPME sampling approach over
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traditional metlbds based on blood withdrawal. Firsily vivo SPME is capable of capturing

numerous metabolites not observed by other techniques including some important energy metabolites.
This means that the true metabolome at the time of sampling is captured nuwagecand can help

lead to more accurate biological data interpretation in future. Secondly, the ability to repeatedly
sample the same animals permits the use of small cohort of animals while still obtaining highly
relevant data, which may not be theecagien animal sacrifice per each experiment data point is
utilized as the underlying data structure may be obscured by inhereranitteal variability in

metabolic processes. Thirdiy, vivo SPME can be a very promising tool to study irgeimal

variaion with the information on unbound concentration providing an important dimension for
biological data interpretation. Finally, the results for mouse 2 in current study indicate significant
changes in sample compositie@rsusn vivo SPME sample collectefor the same mouse, indicating
sample composition can unpredictably change after biofluid collection despite the precautions taken.
From the perspective of CBZ metabolism, two seemingly important links to oleamide and
thromboxane have emerged from SPMiEag but further characterization of all potentially

differentiating metabolites is needed.
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