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Abstract
Development of Methods for Glaband Targeted Metabolomics Analysis of Biological Fluids

Dmitri Sitnikov, PhD.

Concordia University, 2QR

Protein precipitation with organic solvems the most commogxtractionmethod used for global
metabolomics of human plasma. This standard metlasdroad selectivity but does not provide
good coverage of low abundance metabolitasreasing the metabolite coverage by parallel
analysis of plasma s#les prepared using different organic solvents is inefficient dtieetow
orthogonalityof their selectivity Moreover, there is an increasing demand for more selective
sample preparation methods suitable for targeted and untargeted metabolomics afalys
biofluids that can also provide better coverage of metabolites missed by current standard
workflows. To achieve thsegods, a novel sequence of orthogonal but complemermteinaction
methods was designed and evaluaad@r performing a quantitatv systematic sidby-side
comparison of seven extractiprotocolswith different selectivityto esaiblish the most orthogonal
combinations with good analytical performande. novel sequential solighase extraction
protocol was introduced toactionatethe metabolome into anion, cation, neutral, and zwitterion
fractions followed by a rigorous analytt assessmeritheimprovement irmetabolome coverage

in metabolomics study could be achieved also by analyses of alternative samples sldhuaks o
Therefore, hefinal goak wereto evaluate oral fluid as a sample source for targeted metabolomics
aralysis via the development and validation afiquid chromatography with tandem mass
spectrometnassay and accumuesufficient backgroundiowledge to handle this sample type

in future developments

The execution of the first objective, i.ehet sideby-side comparison of solvent precipitation
methods confirmed their low orthogonality and was accompanied by severe matrix effects in
compari®n to more selective methods. The comparis@olid-phase extractio(GPE)and liquid

liquid extraction methodsevealedtheir orthogonal metabolite coverage other methods
However, further experiments showed that methyttatyl ether incompletelyemoved lipids,

which resulted in the significant and undesirable splitting of lipids between aqueous and organic
layers. Thusthe finalSPEsequential fractionatioprotocol combinedampledeproteiniationby
methanolfollowed bythe sequentiaBPEexecuted ommixed-modestrong aniorexchangeand
mixed-modestrong catiorexchanggolymericsorbentsThis producedour fractions enricheah



metabolites with distinct ionic propertipsoviding flexibility to analyze the fraction individually

or in stategic combinations tailored to varioosass spectrometmethods. The final protocol
resulted in a 180ld increasen total metabolite coverage compdrto methanol precipitation
with a 2fold increase in the analysis time. The method demonstratede@gnal repeatability

for both targetedrélative standard deviatien13%) and globalrélative standard deviaticc 30%

for 75% metabolites) metabolomic8loreover, excellent separation of anion and cation
metabolites (< 4% overlap) and smallZZ%) overlap between other pairs of metabolite classes
allow supplementary assignment of ionic properties to unknown pigé&sbthat canaid
metabolite identificationThe utility of the above sequentisblid-phase extractiomethod for
fractionation othepolar metabolome caim future,extend beyond plasma to other biofluid types
such as oral fluidOral fluid allows @rtable sample acquisition and reflects the composition blood
at leastfor several metabolitedloreover, the similar first step (metharkcipitation) between
two methods promised easier and faster transfer of thedudiske extraction protocol fromggima

to oral fluid. Two model analytes cortisone and cortis@re selectedor a preliminarystudyin

oral fluid to serve as standard metaboliteghe future implementation of soligphase extraction
protocd. Their selection was driven by their biologicand clinical role and a commercial
availability of stable isotope labelled standaidsthanol precipitation andshortreverseephase
chromatographyun were combinedvith tandem mass spectrometapalysis The successful
development and validation die method revealed an accurate, precisE5®o variability) and
sensitive low limit of quantitation= 0.31 ng/mL)high-throughput assay, whose selectivity
outcompeted an immunoaffinity methaahile requiring only 3QL of oral fluid sample

In sunmaly, this thesisestablishes the first steps towatte adaptation of the sequentsallid-
phase extractiomethod forsimultaneous global and targeted metabolomics analyses of plasma
and oral fluid. Such studies will benefit from the systemic, mordeph characterization of
metabolite status, enrichg@éthway coverageand faster identification and transition of pivtat
biomarkers from the discovery to the targeted stage. Therefore, my research provided the necessary
groundwork for developing and valigiag universal preparation and analysis workflows, which

will permit the execution of pluripotent metabolomics stadie
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1 I ntroducti on

1.1 Introduction to metabolomics

The metabolome is defined as the collection of all-toalecularweight species (frequently

defined by molecular weight < 1,500 Da) present in a given biological system of ihtEhest.
comprehensive quantitative and qualitative analysis of metabolome in a given biological system is
defined as metabolomics. Thesassment of mdialite levels in a given system in response to a
particular stimulus or treatment has historically been defined with the term metaboAdimécs.

increasing popularity of metabolomics approaches is illustrated by the number bblmetias

and methonomics studies found in PubMed usithe t er ms (Amet abol omi
Amet abonomicso) AND (fAidi seasedo OR fAbiomarkero
63 in 2006 to 2050 in 201%An recent years, bothe r ms i meds & baood d mMimet abonor
used interchangealfiwh i | e t he usage of fmetabol @seaickso i s

on Science Dect https://www.sciencedirect.com/searobturns 14427 and 1019 manuscripts

published between 2014 and 2018 usingr ms fimet abol omi cs 0 and Amet
Therefore, in this thesis, the temetabolomics will be used to refer to both types of analyses.

The netabolome consolidates the influence of genomic, transcriptomic, proteomic, biological, and
enviomnmental factors and, therefore,aiseliable indicator othe status and perturbatiornd a
phenotype. Metabolomics can be executed via global (untargeted) and targeted approaches. A
global metabolomics analysis focuses on the holistic acquisition @ffalahs many metabolites

as possible in a given sample. This type of analysis may mahedmplete or partial qualitative
identification of metabolites and utilize relative quantification in order to establish key metabolites
affected by a given treatmeand use the resulting information to generate new hypotheses.
However, the global approach has a high risk of faiseoveries because it lacks standard
references for many metabolites, frequently exiipibor quantitative performance for various
metabolites, and is plagued by numerous confounding factors that may impact data
interpretatiorf' © In contrast to global metabolaes, a targeted metabolomics analysis provides
absolute quantification & limited number (tens to hundreds) of known metabolites and uses an
extensive set of autheatreference standards. This decreases the risk of generation of analytical
artifacts butwill not be able to detect the markers which are not included in the initial set of

targets’ A reviewof metabolomics approaches is provide&ection 1.2.


https://www.sciencedirect.com/search

Thecombination of targeted and global strategies in a single study helps to minimizeitis&cint
limitations of each. The current metabolomics discovery paradigm includes a global study to
generate a hypothesis using one cohort of samples, followed byethrgealysis of selected
differentialy regulatedmetabolites in a second independentarblo validate the findings. For
example, in the metabolomics study of blood plasma from patients treated with rosuvastatin,
metabolites whose concentrations wereni§igantly altered by rosuvastatin treatment were
detected, and identified and then, lisé of a priori selected relevant metabolites was quantified

via a targeted metabolomics appro&this allows verification ofdle novodiscovered putative
biomarkers and/oexpansion othe list of targets to enselibetter coverage of selected pathways
using targeted approach. Another strategy used in this study was a parallel analysis of lipid and
nontlipid metabolites using distinct sample preparation lamdd chromatographyL. C) i mass
spectrometryNIS) method optimal for each. This increased metabolome and pathway coverage
and allowed to comprehensively integrate perturbations between lipid argidopathways.
Furthermore, it facilitated a biological interpretation of the data to propose the mechanism of
myopathy, a side effect that occurs in hyperlipidemic patients upon rosuvastatin treatment.
Another approach that has gained popularity in recent years is to combine targeted and global
analyses during the discovery stage in order to ensure the covéragsatbolites of specific
interest to a particular disease or conditomprovidemore detailed information about the patient
health status. This approach was used in theViSCprofiling of polar metabolites in serum after
liquid-liquid extraction (LLE) n order to identify unique biomarker profiles for cervical cancer in
patients with human papillomavirus infectidfhey used a targeted approach for the verification

of altered pathways and the establishment of an objective clinical staging of the infection in
patients, and a global approach for the detection of putative biomarksaraplesfrom the same
patients. The combination of the results improved the quality of diagnostic biomarkergahels
thestratification of patient risk groups and decreased study time. Another example of the combined
approach isn the study 6the protetive effecs of traditional Chinese mediaagainst systemic
inflammation in rats$® This study combined global profiling of metabolites in serum by-IGS,
targeted profiling of fatty acids by L-®1S, and ELISAbased assay of corticosteroids in urine.

The results of the targeted approach helped to filter and improve the quality of the global set of
markers with a concomitant discovery of a new putative biomarker (gluconic lactone).

Furthermore, the enriched (globahd targeted) biomarker setabledbetter quality for the



stratification of ratsexposed tadifferent antiinflammation therapy. Therefore, the combined
analysis may be extended to different types of biological samples and provide early and more

detailedscientific data compadto globalmetabolomicanalysis of a single biofluid.

1.1.1 Proposed metabolomics analysis of bipolar disorder

Based on the above advantages, we intended to apply combined global and targeted metabolomics
approaches for the analysispolar and midpolar metabolites extracted from the blood of patients
with different subtypes of bipolar disorder (BPD). The disease was selected due to HS socio
economic impact (affects up to 1% of adult Canadians) and the lack of objectiV&'tdststhe
differential diagnosis of BPD from other disorders related to the central rsersyatem
(CNS)131415 The disorder manifests symptoms of depression, which is occasionally interrupted
by switches to manic or suimanic mood states. The neuroendocrine background demonstrates the
dysregilation of the hypothalamipituitary-adrenal (HPA) and hypothalamgituitary-thyroid

axis (HPTY® (Figure 1.1). For example, the hypastivity of HPA associated with elevated levels

of the corticotropirreleasing hormone (CRH), adrenocorticotropic hormone (ACTH), and cortisol

is considered one ahe major neuroendocrine abnormalities in depression and in'8PD.
Another abnormality is the HPT dysfurai which is manifested by the enhanced activity of
thyrotropinreleasing hormone (TRH) and blunted thyrstdnulating hormone (TSH) response

to injections of TRH® Finally, as it is shown iffigure 1.1, the increased activity of the HPA axis

has a negative effect on the HPT aXislowever, the detailed molecular mechanisms of HPA and
HPT dysfunctions, their interactions, and an influence on the entire organism remain unknown in
BPD. Therefore, it was necessary to create a new method, which combines the advantagds of globa
and targeted approaches and enables us to study the contribution of tHéPAPakis in BPD

and discover new associated biomarkers. We proposed to executeaiméseed metabolomics
analyses based on the robust methdasied precipitation with wide nadtolome coverag@and
analyze samples using ergedphase (RP) and hydrophilic interaction (HILIC) chromatography

coupled to highresolution quadrupole timef-flight mass spectrometer (QTEWS).
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Figure 1.1. Hypothalamiepituitary thyroid (HPT) and hypothalamituitary-adrenal (HPA)

axis, external factors (stress and circadian rhythm), kegulatory metabolites, and peptides
involved in the pathogenesis of BPD. Regulation of HPA and HPT activities is exkedat
activation (green), modulation (blue), inhibition (red), and biotransformation (black) scenarios.
Corticotropic releasing (CRHand thyrotropinreleasing hormones (TRH) are produced in the
hypothalamus. TRH stimulates the production of thystiishdating (TSH) hormone in the
pituitary gland, which is released to the vascular system and increases the production of thyroid
hormoneghyroxine (T4) and relatively smaller amounts of triiodothyronine (T3). These hormones
are distributed via the bloodstreg regulate multiple peripheral processes, and also provide
feedback inhibition of TSH and TRH in the CNS. Inactivation of T4 to €8eisuted by the
deiodinase system imarious tissues. In the HPA axis, CRH stimulates the truncation of
proopiomelanocorh (POMC) into adrenocorticotropic hormone (ACTH). The latter is distributed
via the bloodstream to hormonal glands and stimulatesyh#esis of cortisol, epinephrine, and
norepinephrine. Cortisol is released into the bloodstream and controls multipleidns,
including feedback inhibition of HPA. Activated HPA inhibits the HPT axis via increased synthesis
of dopamine and betandomphin.

To ensure that all metabolites of specific interest participating in HPT and HPA netigpse(
1.1) could be deteted, targeted triple quadrupole MS analysis was planned to supplement high

resolution MS as need The study aimed to achieve thdldaing goals: (i) detection and



identification of differentially expressed metabolites and corresponding pathways gioltizé
analysis; (ii) absolute quantitation of neurotransmitters and hormones involved in HPA and HPT
regulatory networks and circuiang i n the Dblood such as- TRH,
endorphin, serotonin, CRH, ACTH, cortisol, melatonin and catechoémrFigure 1.1); (iii)
absolute quantitation of several members of synthesis pathways for metabolites listed in (ii); (iv)
verification of putative biomarkers and pathways discovered dtineglobal analysis and finally

(v) construction of the targeteglobal biomarker sets capable for the stratification of patient
cohorts.

This design is different than that of other metabolomiadiesuof BPD and CNS disorders which

used nuclear magnetic resonan¢®MR)'® or LC-MS?%22 in either targeted or globat¥2!
metabolomics approaches. These studies used the same classical solvent precipitation, which was
also proposed in our study. Tlestudies assigned a significant number of plasma metabolites
representing systemic pathways (choline, myoinositol, amino,dga, pyruvate, linoleic acid,
4-aminobutanoic acid (GABA), -Bydroxybutyrate, betaine, creatininejrgthoxy4-hydroxy
phenyglycol (3-MHPG), phenylacetic acid) as putative biomarkers. All of these metabolites are
highly abundant in plasma, with GABgresent at the lowest concentration (approximately 0.1
UM in healthy individuals as reported in the Human Metabolome DatabasBBjiv4.02324

Highly abundantnetabolites participate in multiple systemic pathways whialy beredundant
between different diseases. For example, pathwdfectad in BPD (acetytholinergic,
GABAergic, noradrenergic, dopaminergic, serotonergic) are very similar to the list ofithose
schizophrenia (dopaminergic, serotonergic, glutamatergic) and in major depression disorder
(GABAergic, serotonergic, noradrergic)?>?® The most outstanding example of metabolite and
pathway redundanayas published recently by Lindagi al?’ The topic of thigesearch was not
focused on CNS disorders and BPD but demonstrated the systematic limitations in sensitivity and
coverage of cwent metabolomics studies. Thus, the-MS analysis of methangirecipitated
plasma of several distinct diseases demonstrateremap of 61% (out of 178 of all putative
biomarkers) between neelated diseases (ndthodgkin lymphoma, congestive hearildiege, and
infectious pneumonia). Moreover, even the identified metabolites which appeared as specific to a
given disease testad the study (phenylalanine, lysophosphatidylcholinesl8®) and (20:5),

and androsterone sulfate) have been reported tododis to other diseases in previousretated

studies.



In sum, sample preparation and IMS methodologies used in current lgdd metabolomics
studies of plasma demonstrate a general tendency to discover systemic, highly abundant putative
biomarkers wih low specificity to a particular disease. Therefore, in my study, the development
of new approaches for global metabolomics ysial with better sensitivity and coverage was
prioritized over proceeding with the immediate execution of another biomarkgrstne to the
generation of another list containing nonspecific biomarkers. Ultimately, the limitations of current
global metablomics approaches could not support the lwrgh goal of discovering and
introducing objective BPD diagnostic biomarkers ialiaical practice.

A global or targeted metabolomics analysis of biological specimens generally follows the typical
workflow depicted inFigure 1.2 and may be applied to studies of bioflufds?, tissue®34, cell
cultures?, and breati® The subsequent sections will describe in detail common metabolomics
approaches employed for biological fluids.

1.1.2 Study design ansdelectionof biological fluids for metabolomics analgs

Global metabolomics studies can be used to search for metabolite differences between sets of
samples from subjects with different phenotypes. Therefore, the study design defines biological or
clinical parametey that will be used to segregate study cthaohort sizes, and the enroliment
criteria for the subjects of the stutR?’ The selection of a sample source(s) to useafgiven

study is determined by the expeattavailability and reliability of analytes in a sample, by the
availability of samples in repositories, and/or the invasiveness of sample collection procedures.
These parameters differ between the four most fretpuesed biefluids: urine, cerebrospinal

fluid (CSF), saliva, and blood.

Urine is generated by kidneys and is an easily accessible biofluid if collected by urination. The
sampling of urine requires privacy, but it is Aiorasive and does not require sjadized medical
attention or space. It ctains watessoluble metabolites filtered in kidneys from the blood, such

as sugars, electrolytes, amino acids, organic acids, lipids, and trace levels of proteins. The pH of
urine in healthy individuals ranges no4.5 to 7.5, and its osmolarity rangesniré70 to 800
mOsm/kg3®



1.2 Overview of common LGMS metabolomics approaches for the analysis

of biological fluids
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Figure 1.2. General workflow of metabwmics analysis. Reproduced/Adapted ff&rwith
permission from The Royal Society of Chemistry

The concentration of metabolites in urine varies -fgise depending ora number of factors,
including hydration andkidney status, which mainly determine urine volume and analyte
concentration§®*® The inter-patient differences involumes can be corrected by several
approaches, includingpncentrations afreatinne, osmolality/osmolarity, specific gravity, or total
massspectral signdf 42 Urine is widely used in targeted and global metabolsnsiudies,
clinical, toxicological, and doping control agsis*>4*

Cerebrospinal fluid (CSF) occupies subaraobid spaces around the brain, ventricles, cisterns,
and suti inside the brain anthe central canal of the spinal cortihe netabolite composition of

CSF is closely linked to brain function and provides exclusive biomarker and pathway information

for studes on neurodegenerative disorders, drug pharmacokinatics,CNS regulatiofr' 4’



However, high invasiveness and risk of CSF sampling preclude the routine usage of this sample
source i n -ocnhiicnsioc &1 n aalnyds ifis .

Salivais excreted by salivary glands intbe mouth cavity where it is mixed with transudate of
buccal mucosa, secretion of gingival cavities, and the cantérthe mouth, resulting in the
generation of oral fluid® Sampling of oral flui is norrinvasive and does not require medical
supervision. Thi s i mproves participants?©o en
concentrations of several metabolites in oral fluid are known to correlate well with their
concentration in blood. For exaneplhe concentration of cortisol in oral fluid correlates with its

free concentration in blood and could be used in studies of mental diseases, a diagnostic of
Cushingdés syndr ome >3 Thd eagedndifemsibitity of oral flusbkectiene .
enable longitudinal and continuous sample collection during various activities irrastooted
environment, which would be unfeasible for the sampling of other biofttiidsal fluid consists

of approximately 99% water, 4D40 mM electrolytes, metabolites, proteins, bacteria, epithelial
and blood cells, cell debris, and food remn&ft8Total protein content of oral fluid is about 6.7
mg/mL. Its pH is about 7.2, and the average production rate of saliva is between 0.75 and 1.5 L of
saliva per day®>’ The volume of oral fluid depends on physical activity and disease status and
could be correctedbetween individuals based on calculated blood volume and, potentially,
osmolarity>8>°

Blood plasma and serumare celifree derivatives of whole blood and obtained by blocking or
permitting a coagulation ceade respectively. The collection of blood by venipuncture is an
invasive procedure and requires specialized space and qualified medical attention. In contrast to
other biofluids, blood is in direct contact waHarger number of organs and tissues and @&t
primary metabolite carrier. Therefore, blood metabolome composition may be indicative of a
larger number of pathophysiological processeaninrganism than other biofluid8In addition,
thelongt i me usage of blood as a diagoamsBtso spedi
may provide additional information regarding the interpretation, and known reference ranges for
metabolits of historical clinical interest. Subsequgnthlood is used widely as a sample source

in metabolomics analysis. Blood consists of white and red blood cel#%®2f water in addition

to gases, electrolytes, salts, lipid and 4ipid metabolites, peples, proteins (up to 7% wi/v),
extracellular esicles, and cell deb#$52The total ion concentration in healthy plasma is-298

mM and comprises of major ionsch as N§ CI' and HCQ'. The pH of collecteghlasma is



maintained between 7.35 and 7.4Bd determinedmostly by the bicarbonate/carbonic acid
ratiox.®3®*Homeostasis of blood is maintained by multiple mechanisimiske urine and oral

fluid, the blood volume is under homeostatic control by several mechanisms, incNaing
dependent filtration in kidney glomerulffs.

Each of these four biofluids has different metabolite composition, but many metabolites may be
detected in more than one of thefhi@s. Therefore, the analysis of severalfhims within the

course of a single metabolomic study may increase metabolite coverage and provide
complementary information. However, the evaluation of all biofluids in a single study is
unfeasible. This thés will focus on the evaluation of oral flumhd blood, while CSF and urine

will be omitted from further discussions.

1.2.1 Sample collection, prprocessing, and storage of samples for metabolomics
analysis

The collection of a representative sample, its modifon without loss of integrity, and the
presrvation of metabolite profiles until analysis are critically important to eriteasiccess of a
metabolomics study. Typically, sample integrity is preserved via metabolism quenching or, if not
executed, byhte use of cold temperatures to minimize enzgetevity. Blood samples are usually
collected into tubes containing anticoagulants to inhibit clotting. For the production of plasma,
tubes are centrifuged at 2 and the upper, celtee layer is distributeihto clean tubes and stored

at below-2 0 for f@Qrther analysis. The most common anticoagulants for plasma preparation are
ethylene diamine tetracetic acid (EDTA), cationic salts of heparin, citrate, and occasionally
fluorides. All of them effectivig stopthe coagulation cascade, but the ity and the influence

of a particular anticoagulant on the quality of metabolomics results is the subject of discussion in
the literaturé®®’ In contrast to the blood plasma preparation, a serum is pafi@m blood
without additives. For serum ision, the coagulation (clotting) process is allowed to proceed for
30-60 min at room temperature. Then, coagulated blood is centrifuged, and the upgezecell
phase is collected for further analy$isTypically, plasma is more frequently used for
metabolomics studies as it avoids metabolite changes associated with room temperature incubation
step, which is required for activation of the clotting cascade for serupar@tien of both plasma

and serumequires relatively expensive equipmemd aminimal volume of several hundred

microliters.In the case of equipment shortage or volume limitatinag/borng the plasma can be



substitutedby whole blood collected via fiperprick tests and dried blood $88° However,the
assays executed on these sampiay suffer fromthe presence of metabolites from blazadls,
which will complicate analys and interpretation of resulisie to increased complexity, artifacts
and decreased reproducibilityrhus, blood collection remains an invasive and challenging
technique, which raises a significant interest in oratflas an alternative sample sourCeal

fluid can be collected directly into sterile, 5A_rfralcon tubes by spitting or by oral swabs of
various shapes after rinsing tife mouth to remove food debrié.If the study requires the
collection from a specific salivary gland or continuous collection, the acquisition could be
executedvith special devices or capillary ted’° Collected samples are then immediately placed
a +4 orCentrifuged if the remat of glycoprotein (mucin) clot is required and then stored at

below-201C %>’
1.2.2 Sample preparation and EKS analyss

1.2.2.1 Global metabolomics analysis liblogical fluids

1.2.2.1.1 Sample preparation

The objective of global metabolomics is to analyze the maximum number of metabolites with
diverse plgsical-chemical properties. Various metabolites and metabolite classes may require
special considerations in sampleparation and analysis. To avoid such issues, minimal sample
manipulation and unselective sample preparation methods predominate in global metabolomics
workflows to ensure good reproducibility while minimizing metabdbtsses inherent in the use

of moreselective sample preparation methétEhus the analysis of samples in the native state,

or after minimal sample manipulation, i.e., sample dilution and/or sebas#d (methanol,
acetonitrile, ethanol) protein precipitation is the most frequently used sarapéegtion approach

in global metablmmics of biofluids’Y "> Protein precipitation using an organic solvent is the
leading method for a global metabolomics analgéislood-based derivatives and oral fluid due

to the lov cost, high sample throughput, excellent reproducibility, and wide metabolome
coverag€e®
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1.2.2.1.2 LC-MS in metabolomics

Currently, global metabolomics is frequently execligdNMR or mass spectrometry (MS) with

or without coupling to separation techniques. Higbolution NMR is a nodestructve technique

that generates quantitative, reproducible signals which are informative of the chemical structure
of compounds and provides good ink@boratory similarity of the data. The main disadvantages
of NMR are large sample volumes and lowsewity/poor limits of detection, which result in
lower metabolite coverage (typically < 100 metabolites) thanbéi&d method$.”” Among
separation techniquegas chromatographyGC) is limited to volatile and thermostable
compounds andapillary electrophoresisCE) to hydophilic, charged molecules. Besides,-CE
MS has a limited sensitivity due to the use of makeup fluid.

Compared witlGC-MS and CEMS, LC-MS is applicable to a wider range of metabolites, which
makes it one of the most popular strategies for globdalodomics. The LEMS analysis is
typically executed on highesolution mass spectrometers (HRMS) such as QTOF MS (routine
resolution 10,000 30,000 FWHM, with some top models reaching a resolution of up to 60,000
FWHM) or Orbitrap MS (resolution of up tb,000000 FWHM depending on the model and
acquisition method). In addition to high resolving power, these modern MS instruments also
provide high mass accuracy {2 ppm) when coupled with internal mass calibration. Due to the
versatility and potentialigh meabolite coverage, L&S analysis will be used in the current
study. Combining multiple analytical techniques beyond justM& can be used to increase
metabolite coveraglutincreases the cost of analysis astyypically employed for deep mining

of metaébolome compositiot -

The versatility of chromatography columns, whialhen combined strategicallynay allow the
retention of molecules with orthogonal properaesiincrease metabolome coverage via parallel
analysis of the same sampld.C reducessample complexity in the ionization source and
subsequent matrix effectwhich increases metabolite coverdg@ frequent combination in
metabolomics includes the analy®is the same sample on raverseephase(RP) column
consising of octadecyl alkyl (C18) anflydrophilic interaction liquid chromatograplMILIC)
which provide complementargtention and separation of less pgRP) and more polar/charged
(HILIC) metaboltes? The RP C18 retains nonpolar compounds via hydrophobic interactions,
which are eluted by a mobile phase with gradually decreasing polarity. The processssdaw

HILIC, where the partitioningccursbetweerthe nonpolar mobile phasanda polar water layer
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adjacent to a polar stationary phase is considered to be the main retention mechanism. Depending
on the stationary phase employed in HILIC, this water layer portioning may be accompanied by
interactionsdriven by electrostaticandor hydrogen bonding forces. The stationary phase
employed inzwitterionic ZIGHILIC incorporates both positive and negative moieties which
provideelectrostatianteractionswith positively and negativelgharged functional groups of the
analytes® ZIC-HILIC separions inperformednear neutral pH improve the retention of a large

set of anionic, cationic and zwitterionic metabolfteestimated to represent tp 78% ofnon

lipid metabobmein HMDB in 2013% ZIC-HILIC retained higher number of metabolites and
producel signals withbetter peak shapecomparedto severalother HILIC columns®®3 This

makes its usagavantageouto increasehemetabolome coveragé/hen coughg RPLC or ZIC

HILIC to MS, volatile mobile phasemust be used. Thu$rmic and acetic acids, ammonium
formate and acetatand other volatile acids or salts are usetnprove chromatographgnd/or

ionization efficiency?*

1.2.2.1.2.1 lonization of metabolites in ESI

The ESI source is an interface that connects LC taahtSis the most frequently used ionization
method in glbd metabolomics. Electrospray ionization occurs in the electrostatic field at
atmospheric pressure in the interface between a nebulizéneli® inlet. The field is formed by
applying a voltage (typically in the range of 260800 V) between the nebudizand MS inlet. If

a positive voltage is applied on the nebulize
(+ve) ESI, andnegative in(-ve) ESI® An electrospray ionization combines droplet surface
ionization, gagphase ionization anid-solution ionizaibn. If the number of analyte moleculies

the ESl sourceexceeds the limited amount of charge availableurfaces and in gas phésethe
formation of ions, the ionization process becomes highly competitive and leads to the generation
of matrix effect$58” Thus, ionization matrix effects are manifested by a change in asajyta
intensity produed by the same number of analyte molecules when present in samples of different

complexity and composition

1.2.2.1.3 LC-MS/MS analysis

In global metabolomics workflows, there is a need to fragment as many metabolites as possible
and a tandm mass spectrometry (V\S) is one of the tools us@dorder to aid the identification

This can be accomplished in two conceptually different ways:akgiandent acquisition (DDA)
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and datandependent (DIA) acquisition. For DDA, the selection of preourions for
fragmentaibn is executed by datcquisition software based on uskefined prioritization
criteria: for example, the highest relative abundance and isotopic pattern of the precursor ion or
the presence of diagnostic ion. The DDA attemptsdibect MS/MS spectra &dm a single
metabolite at a time, which enables detection, quantification, and identification of metabolites.
However, not all metabolites will be selected for fragmentation, depending on instrument
acquisition speed and sample cdexgy. In this case, rc essi ng al gRuntyt h ms
Aiterat i voemi easddcquisition protocols such as-gémse fractionation (GPF) can

be used®®They improve DDA limitations such as precursor impurity, limited spectral coverage
and increase theumber of featurgwith collected MS/MS spectr.In contrast to DDA, the DIA
method fragments all ions within thelscted m/z range simahieouslybut the assignment of
fragments to precursor ion is complicated compared to DEAamples of DIA approaches are:

(i) an alternating wide m/z range scan collected at low or high collision energi&} gntSii)

SWATH or Seqiential Window Acquisibn of all Theoretical Mass Spectran which
fragmentation is applied on groups of ions isolatesknuential windows of 260 Da Compared

to MSE, SWATH approachsimplifies the reconstruction & lineage between precursoand
fragment ions and improvepectra qualityFinally, theMS/MS spectra, which are acquired in the
course of a global metabolomics study using DDA, RiiAtargeted MS/MS strategies, enable the
elucidation of metabolite strures and assist in confident metabolite identificatiohese
operations require specialized computer algorithms, databases, and libraries, which facilitate the

processing and analysis of large data$ets.

1.2.2.1.4 Processing of MS and MS/MS data

The analysis of raw L®AS data is very complex and is executed using comymateed algoritins
included in commercial software packages such as MadsHYi (Agilent Technologies),
Xcalibur/Compound Discover8f (ThermoFisher Scientific), or free software packages such as
XCMS*? or MetaboAnalyst® The initial analysis generates a list of ions with a unique
combination of m/z and retention time, i.e., MS featufesingle metabolite may yield many
features includingdifferent adducts, isotoppeaks and singly/multiply chaiged ions. After
alignment offeatureRT across analytical runs, features belonging to background ions or random

noise should be filtered out from the dataset, but this process may not be 100% effeetive.
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remaining signalareusedfor further processi), where isotopes and adducts likblonging to

a single metabolite are grouped togethier these putative metaboliteaplecular formula ishen
assignedIf necessary, the complete elucidation of the structure of metabolite is carried out in a
multi-step process and requires the useadditional equipmentSection 1.3.4.3 One key
difference between global metabolomics and targeted analysis is the large number of analyzed
metabolites, and subsequently, the drastically larger size and complexity adta. In addition,

the lack of athentic standards puts a great emphasis on the identification of unknown metabolites
of interest, unlike targeted methods where authentic standards are typically included in the analysis

and used for immediate confidedentification of the targeted anabg.

1.2.2.2 Targeted metabolomics analysis of biological fluids

The goal of a targeted metabolomics study is the measurement of differences in concentrations of
a priori selected metabolites. The selection of targets candmited according to their biological

roles or in a classand/or pathwaspecific manner depending on the objectives of the sty .

The knowledge of chemical/physical properties of analytes and the overall limited number of target
metabolites enables the use of anatgitored sample preparation and instrumental techniques.
Together, these analyspecific strategies can yield lhigr sensitivity ofa targeted analysis as
compared to a global one. For example, sample preparation may be executed with the use of more
selective extraction methods such as sphdse extraction (SPE). Despite higher costSPE

usage can provide a dtac reduction of interferences and higher samplegargcentration than
solvent extraction& Moreover, the knowledge of the targetsoperties and thenelativelysmall

number facilitate the adjustment of LC methods to resolve targets of interest from coeluting
impurities and reduce matrix effects. Samples are typically analyzed RBiogHILIC method

in (+ve) and {ve) ESI, depetling on the properties dhetarget analytesAmong RP methodghe

use ofcolumns with C18 stationary phases the most popular, while for HILIC methods,
underivatized silica, amide, and zwitterionic phases are predoni#fdBeyond enrichment

during sample preparation and resolving impuritgsLC, targeted metabolomics approaches
achieve better sensitivity than untargeted metabolomics by using triple quadrupole MS (QQQ).
These instruments can be-sgtin the selected reaction monitoring (SRM) or multiple reaction

monitoring (MRM) modes to motar selected transition(s) of precursam to producton(s). This
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can considerably reduce noise and enhance sigmadise (S/N) ratios, thus resulting in lower
limits of detection.

The identification of metabolites in targeted metabolomics is faedltédy the availability of
standards fometabolites of interest and executed by the comparison between metabolite of interest
and its authentic standard. The availability of authentic standards (ideally, also isotopically labeled
standards) facilitates ablute quantitation of metabolites usimyltipoint calibration curves for

every target metabolité\ less labotintensive, semquantitative approach is also frequently used

in targeted metabolomics studies and utilizes a single,-sfassfic internal @ndard (IS) for
guantification of mulfple metabolites. This approach relies on the similarity of ionization behavior
between metabolites of the same class and is frequently used for the quantitation 8f lipids
However, different retention times between target analytes and thespkgfc standard may

result in different matxi effects andeducequantitation accuraci?®®

1.2.3 Quality assurance and quality control

Quiality assurance (QA) addresses and recommends the activities the laboratory should undertake
to provideconfidence that quality requirements bk fulfilled, whereas quality control (QC)
describes the measures that are used to minimize factors that negatively influence the data quality
(Figure 1.3).1%° QA includes activities such as laboratory personnel training, regular instrument
maintenance, instrument calibratj@nd introduction of standard operating procedures and other
guality management systenmso the laboratory, including Q€ampées

Among those are QC samples, which are used to control the performaacamethod and
equipment andhe correction ofanalytical variabilityin datal® Aside from the analysis of QC
samples, QC activities include monitoring of contaminants via analysis of blanks (collection,
extraction, mobile phase), system suitability testing, and control of known soafces
irreproducibility via the us of repicates (biological and technical). Therefore, QC analysis
provides a significant amount of information, whiobguires appropriate data visualization.
Control charts and/or principal component analysis (PCA) speed up the analysis of system stability
and hédp to detect systematic and random variability by visualization of samples or metabolites

within the space st&d by these graph&019!
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Figure 1.3. Quality assuranceguality control, and sources of variability n the context of the data
qguality in metabolomics analysis. fRented from Dudzik etal., 2018 with permission of
Elsevierl®

Quality assurance and quality control are similar in many aspects betargeted and global

metabolomics studies. However, unlike in global metabolomics, targeted metabolomics methods

can be fully validated according to regulatguidelines to establish their accuracy, precision, and

limit-of-quantitation. Although there amirrently no specific guidelines for metabolomics, the

guidelines of the U.S. Food and Drug Administration (FDA) for bioanalytical method validation

are ofteremployedt®2 Another difference used ingrargeted approach is the necessity to prepare

and injectsamples representirgycalibration curve together with analyzed samples. In addition,

during eachargeted metabolomics analysis, additional QC samples are used beyond what is used

for global methds to ensure method accuracy.

In particular, FDA guidelines recommend the preparation of QC samples in the matrix identical to

the calibration curve at thremncentrations (low, midange, and high) from stock standards

different than the one used foretlzalibration curve. The frequency of injection of QC samples
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may also be adjusted as targeted methods tend to be shorter than global rrethmots. global

and targeted metabolomics approaches, QA and QC procedures provide tools and practices, which
areused to control, correct aratceptthe dataset prior to submitting it to statistical analysis or
biological interpretation.

1.2.4 Statistical analysis

In the simpest approach, applicable when comparing only a few metabolites, the results of relative
metabolie quantitation can be evaluated via univariate statistical methods such -sssthd e
testing of multiple hypotheses must be corrected by adjustingipsvaking correction algorithms
such as Bonferroni, false discovery rate (FDR), or otlfékolcano plots may be used to visualize
metabolite foldchanges andgnificance, whereas analysis of variance (ANOVA) can be used for
comparison of multiple groups. dwever, these univariate approaches are better suited for
hypothesidesting in targeted metabolomics.

For global metabolomics or targeted methdtat cover a large number of metabolites,
multivariate statistical approaches are preferred. The selecfiomdividual differential
metabolites may be executed using multivariate methods such as PCA and partial least square
differential analysis (PL®A). PCA is a unsupervised multivariate method and applied to the
full dataset. PCA reduces data dimensiogdlif constructing two or three (or more) orthogonal
variables named principal components atidwsthe visualization of the data and its variability

on multdimensional graphs€?CA aids torevealinter-cohort and intesample variabilig and

detect outlies amongst samples and to make decisions whethanalytical batch is suitable for
further data analysis and interpretati8hin contrast, PLEDA is a supervised multivariate
method, which aims to maximize covariance between independent (signal readings, for
example) and dependent (groups) variablefniw subsets of exploratory variables, which are
subsequently used to buildgaliction or classification models of dependent variaHl&sn

other words, PLDA may define groups of metabolites, which adassify samples to groups
relevart to the studied biological or clinical phenomena with the advantage of higher specificity
and selectivitybut requires a heteroscedastic distribution of variables in groups) vemarely
observedin biological experiment®51% These biomarkershould be further verified for the
ability to differentiate cohorts using receiver operating characteristic (ROC) andlysiROC

analysis is a graphical tbthat calculates and shows how the true positive rate (i.e., sensitivity)
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changes with the false positive Obaarvationola. e. ,
sharp increase in the true positive rate versusranmal increase in a false ptise rate is a
desirable shape of a ROC curve, and the area timeleurve should be as close to 1 as possfile.
Therefore, a typical outcome of a properly designed, execaneldanalyzedtudy at this stage is

just a handful of metabolites. These differentiating metabolites are then prioritized for their

identification.

1.2.5 ldentification

The identification of metabolites in Mi@&ased metabolomics requires the spectra of ions generated
by ESlas described iBection 1.22.1.21. The ions produced from the original molecule form an

i sotopic pattern (also called fAenvelopeod) ¢
signal strengths dictated by the charge, adducts, elemental compositiomolecule, and the
relative natural abundance of isotopes of each atom that comprises the molecular formula.
Therefore, the molecular formula can be elucidated from that the envelope based o HRMS
provision of accurate m/z, relative intensiind acing of isotope peaks fromakaother and
provide a putative metabolite identification via database search. This information can then be used
to obtain tentative matches of an unknown compound to possible candidates in public and
commercial databases brl e v e | 30 9 Mogenconfident idemtifidatom designated as
Aput atilvewelor2 o i d eachieved indhe alkisemce ofcaatmentib standard by
comparing M$ and fragmentation (MS/MS) data of unknown compounds to reference spectra in
external or ishouse spectral librariés.

Further, the possible existence of many isomers with the same or similar MS/MS spectra may
require additional experiments such as ion rlibp separation (IMS), spectroscopy, or NMR.
Therefore, aninimum of two independent and orthogonal data sets confirming identical structural
properties between an unknown compound and authentic standard analyzeddanteal
experimental conditions @rrequired for a confident identification, which designated as
fival i dat e d@Ildentficafion atVeeels 1 ddis required for confident interpréitan

of the experimental data in the context of biological processes and pathways.

The effort spent on the identificah is determined by the goal of metabolomics analysis. In
biomarker discovery metabolomic studies, statistical analysis is performed at first, and only the

resulting differentiating metabolites are then identifiedtt@mpted to be identified using exngt

18

o

N



databases and/or authentic standard confirmation. On the other hand, global pathway analyses
require the identification of as many metabolites as possible in order to provide better pathway

coverage and reliableddogical interpretatioR®

1.2.6 Biological interpretation of the data

A comprehensive, computerized biological pathway interpretation of untargeted metabolomics
datasets is still under development and currently reguire compilation from several databs.

The most widely used ones are public: Kyoto Encyclopedia of Genes and Genomes (KEGG),
Reactome, Cytoscape in MetScape. These can be queried by an assignment of a putative
metabolite(s) to a pathway in a given moolganism®>119114n addition, a wetbased toosuch

as MassTRIXcan beused for a simultaneous identification of metabolites and theirtatiom to

to pathways using metabolitslS/MS fingerprints for the search in HMDB, KEGG and
LipidMAPS 112 Moreovet chemi@l class ontologies can be computed fieetabolites using
Medical Subject Heading ontology (MeSH) or chemical entities of biological interest (ChEBI) by
the European Bioinformatics Institute. The chemical ontology may provide a hint regarding the
enzymesthatinteract with agiven metaboliteand thus, aid in hypothesizing tme metabolit® s
biological role!'31Also, metabolites can be assigned to biological and gene ontology terms by
guerying large repository databases such as UniRostever, this process is manual and tedious
because not all metabolites haxat been linked to gene ontology terhisFinally, metabolites

can be assigned to pathways or biological processes using literature searches or by querying a
metabolite repository database such as HMDBhe resulting biological function/pathwa
assignmentsre used to evaluate and group putative biomarkers according to their biological
function and to increase the confidence for hypothesis formulation and planniigther

biological or clinical studie&?®

1.3 Key challenges in global metabolomics studies

Several challenges inherent in global metailmics approaches can reduce data quality and
hamper the successful integoatiof metabolomics data into the systems biology network. These
major challenges include: (i) accurate and precise quantitation; (ilchigiidence identification

and biologichinterpretation and (iii) incomplete metabolome coverage. In a routine shaly,

data quality depends on the selected analytical method(s), study design, and data variability of
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biological and experimental origin. The experimental variability can bgrassito the various
stages of a metabolomics study at which it occurs: (Papedytical; (ii) analytical and (iii) post

analytical.
1.3.1 Accurate and precise quantitation

1.3.1.1 Biological variability

Biological intra and interindividual variability occur prior to the pranalytical stage of a study

as a result of the influence iotrinsic biological factors, in particular, genetic, epigenetic, gender,
age and disease stafd$Externalfactors such as circadian rhythms, medication or supplement
intake, personal habits, and/or compliance to the fasting regime, to nameguwstaafalso alter
metabolite levelsFor example, a rapid increase in blood concentrations of various moleaules ca
be observed in blood samples if they are collected too soon after a nl@abhdministration of
drugs!!® Strict control of tle time of sample collection is also critical for many metabolites due to
large (34 fold) circadian changes in lad or oral fluid**"1*® The biological variability can also
arise due to other intrinsic biological factomscluding genetic, epigenetic, gender, age, and
disease stagé$® All these factors may produce a sporadic and unpredictelmge in
concentrabnsof metabolites or occurrence of matrix effein individual sample®reventative
measures can be employed at theagralytical and analytical stages oétktudy (study design,

sample acquisition, samplend data analysi$d minimize the influence of biological factors

1.3.1.2 Preanalytical varidility

To counteract the effects of high biological variability, it is important to determirapfirepriate

size and patient selection criteria for study cohorts, which can be estimated with preliminary
knowledge (literature, pilot studies) of data waility'?® or by using permutation analysfs.

Study design should include detailed and objectivarpaters for the cohort stratification (clinical
diagnosis or clinical tests), patient enrollmeatd e , sex, therapy, etc. ),
(fasting, synchronization of visit time to circadian rhythms). These measures reduce uncontrolled
differences in behavior, physiological, and health status of study participantsarehsethe
detectiorrate of potential biomarkers.

The variability during sample collection and sample-gn&cessing (steps that typically occur

before the sample arrivestheanalytical laboratory) may arise from the inconsistent execution of
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withdrawal and prerocessing odue to the absence/poor compliance with the standardized
operating procedures for sample collection. For example, differences in serum incubation times
(0.5and 6 hours) resulted in significant changes in signals of 225 metab#litemther source

of variability is the ionsistent usage of blood sampling tubes, i.e., underfilling of tubes, usage of
tubes from differen manufacturers or different lots, or even with different anticoagulation
compounds. This may cause the appearance of inconsistent artifacts (differevagadicts

and/or contaminants) or induce variations in signals of endogenous metabolites. Fdegxamp
heparin, which is a large molecular weight amgagulant can be easily distinguished from
metabolites on the one hand but increases MS backgroundssigrass a wide range of
masse$’1?*Heparin may be replaced by potent anticoagulants, including sitafeDTA. These
compounds chelate calcium ions and, therefore, quench the activity of matgp@&@dent
enzymes i(hibiting the clotting cascadg)and citrate also acts asn antioxidant!?* A
disadvantage of both EDTA and citrates is the similarity of their masses to metabolites and
relatively high concentrations. These factors may cause ion suppression in their chromatographic
elution window and an increase in data variabfitifurthermore, citrate is an endogenous
metabolite, sothe use of this antioagulant impedes the measurement of this metabolite
Hemolysis is another frequent source of variability which occurs due to trawmeatmuncture,
vigorous shaking of a blood tube, and/or high centrifugation forces. Hemolysisdmseperted

to affect signals of up to 21% of plasma metabolites.

Finally, QC at the preanalgal phase should aim to: (i) monitdéhe complianceof actual
operationgo standaraperatingprocedures (SOP); and (ii) assess and document sample quality
status/appearance (hemolysis, lipemia, and icterus) and remove samples of poor quality as
descibd i n t he Canadi an @ TH¢oweiersinsaumentalsretacslsanee n t
needed for the assessment of a low degree of hemolysis, such as the estimation of free
hemoglobint?’ In addition, lipemia is known to interfere with regular clinical assays, and few
instrumental methods for its assessment are avaft&blEurthermore, the elevation of
triglycerides and other lipids in a lipemic sampén dminish the quality of LC separation and
reduce column lifetimebut the frequency of this occurrence was not reported in the literature to
the best of my knowledge. Regarding bilirubinemia (icterus), an isotope dilutioid@ethod

may be used ahé¢ refeence method for the assessment of interference of bilirubin on clinical

creatinine test$?®
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The sources of variability for oral fluid are similar to blood, with a few exceptions. First,
anticoagulation agents are not used poe-processing, which decreases the risk of artifact
detection associated with anticoagulant or antioxidaat ldHewever, collection devices that are
frequently used fathecollection of oral fluid could introduce polymers and contaminants. Second,
oral fluid is in direct contact with the environmewnthich leads to the introduction of exogenous
metabolites from food or air (smoking). Third, the composition and concentrations of metabolites
in saliva and oral fluid vary significantly between patientstduadividual differences in salivary
production and health statefs!?°Finally, saliva has a high concentration of glycoproteins, which
form a clot in a collection device and interfere with sample manipulation. This clot can be removed
by centrifugation prior to the extraction, ¢tlhe sample can be extractedias These factors need

to be controlled by including into the study the analysis of collection blanks, rigorous control of
patient selection and behavias well as the normalization ofisary volume production. To the

best of my knowledge, the latter has not yet been established.

The efforts to preserve sample integrity continue throughout the whole process and into sample
handling during storage, where low temperatures are the peesgrpeoach to preserve sample
integrity overthelong-term. In addition, the integrity of samples @so beaffected by repetitive
changesin their physical status, which occur during the fre#izaw proces&® Therefore,
continuous handling of samples on ice and theiragi® at or below70°C in small aliquots to

avoid the need for repeated freeze/thaw cycles are strongly recommended practices for all
metabolomics studie¥:12°

1.3.1.3 Analytical variability

Analytical variability includes all steps of sample preparation aneMSCanalysis. The most
complex sample manipulations are executed at this.dtgyeover, all QC samples, which were
generated in the preceding stages, undergo an actual measurement at this stage. The combination
of these two activities requires a meticulous execution of protocols and the use of robust and
repeatable sample extramtiand analysis methods.

1.3.1.3.1 Variability during sample extraction

The extraction procedure itself is the most vulnerable step to operator errors due to complexity and
lack of automation. A solvetiiased extraction is one of the simplest and most robust methdds

is frequently used for global metabolomittgelies on the relative insolubility of plasma proteins
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in organic solvents. Proteins precipitate, forming a solid phase that can be removed by
centrifugation, while metabolites remain in the liquid phdsethis workflow, inconsistent
metabolite recovery may occur due to (i) inconsistenrprezipitation with proteins; (ii) non
specific adsorption tthe surface ofthe extraction vessel; (iii) poor solubility ithe extraction
solvent and/or reconstitutiosolvent; (iv) saturation of solvent by excessive metabolite(s)
concentration and (v) inconsistent execution of quenching measures.

Therefore, the extraction procedwshbould: (i) have comprehensively characterized analytical
performance for the samplepy; (ii) incorporate blanks, standards, quality control, and reference
materials in parallelith processed samplés) be reproducible and have a minimum number of
steps; and (iv) incorporate metabolism quenching measures to ensure metabolite Sthbgiy.
measures preserve sample integrity, corttrelanalytical performance of methqgdmd help to
reduce/avoid the introduction of artifacts. They also provide anméo trace back/troubleshoot

theextraction process.

1.3.1.3.2 LC-MS variability in untargetednetabolomics

The accuracy of relative quantitation in untargeted metabolomics is not generally evaluated. This
stems from a lack of authentic standards for all metisolpoor compatibility of procedures with

all classes of metaboliteslarge dynamicange of metabolite concentrations, and poor availability

of reference materials, to name just a few. Another merit of quantitation, method precision, can be
measured imultiple replicates are used. The accumulation of variability from botammabytical

and analytical (sample handling, preparatiand LGMS) phases should be considered and
segregated, if possible, for troubleshooting purposes.

The variability in datacan be caused by constant, repeatable factors and appear as a systematic
inaccuracy which may form a pattern (bias). Examples of such causes include repeatable
instrument and sample instabilignd consecutive batch effects. The analysis of a samlle, bat

or a subbatch (created by dividing sample set if the throughput of analytical deethdimited),

can be regarded as the continuous process of analysis of a group of samples under similar analytical
conditions executed within a particular time franmethis case, differences and drifts in retention
times, signal intensities, and MS sp@ may occur within and between batches across the analysis
time and cause intend intrabatch signal drift. In untargeted metabolomics, systematic biases

can be diected and corrected by the repeated analysis of pooled QC or sample replicates and by
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the usage of IS spiked into samples prior to analy®té! In addition, random error(syill also
occur as a result of sporadic events. There is a particular assumption sedghegation of
systematic and r andom isattribotedso,therbpeatable cceurrence e A r &
within o b s e rpereeptiorslimits, for example in time eensitivity. By other words, random
error may occur repeatedly but at the observateellappear only randomloth, hdden and

real random errado not form a particular pattern and may be caused, for example, by-awairry

or uncontrollable LC or I8 drifts due to sampling or respecific factorg3?

Therefore, irorder to eliminate/minimize systematic and decipher random errors at the analytical
phase, several concurrent strategies are employed and rely in general on the QA measures, which
were discussed iBection 1.2.4and metabolism quenching recommendati8action 1.3.2.1

The measures which are specifically relevant teNLE analysis includeantrol of contamination
(analysis of blank mobile phases) and ensuring signal precision: (i) external and internal MS
calibration; (ii) assessment of instrument dhiltey; (iii) randomized injection ordeto minimize
systematic erroandreduction inthe size of analysis batches; (iv) regularamalysis’® of QC
samples throughout analytical batch; (v) use of IS spiked beforM1&G@Gnd (vi) control and
elimination of a carrover/®133

The acceptability threshold®r the signal precision are not yet agreed upon throughout the
metabolomics community for netargeted metabolomics studies. The acceptable values for QC
samples viy between publications from 20%. to 30&tative standard deviatioRED).”%%7 For
lipidomics, the data quality threshold proposed in the commumiigted whie paper byBurla

et al.is a maximum CV of 20% for pooled QC sample anal{#is.

Finally, the analytical stage provides an ultimate point to acquire metrics necesséng for
identification and troubleshooting of sources of the variability, evaluation ofl sigpeatability

(intra- and interday, for example), correctipand elimination of lowquality metabolites or the
rejection of the whole dataset®®In global metabolomics, metabolite quantitation, in the absence
of authentic standards, igexuted in a relative manner for all of the thousands of metabolites. The
detection of adifferential biomarker depends critically on ratios of peak areas for a given
metabolite across all samples, aldw methodvariability is crucial for the success lmbmarker
discovery.In particular,accuracyof biomarker levels across cohortey be inpactedby poor

signal linearity, detector saturaticand/ordifferences innter-patient matrix effects and may lead

to false biomarker detection
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1.3.1.3.3 LC-MSvariability in targeted metabolomics

In contrast to relative quantitation, absolute quantitation ngetad metabolomics requires the
control of both accuracy and precision. One of the most difficult tasks in the preparation of
calibration standards iseélfcompensation for composition differences and matrix effects between
calibration points and study safaes and the fact that metabolites are endogenous analytes.
Therefore, it is often not possible to obtdilank biological samples that do not contaime
metabolits of interest. In order to use matmmatched calibration and provide the range of
concentations below the smallest concentration in all study samples, targeted endogenous
metabolites need to be removed. This can be executed by various metbhatng solvent
precipitation (LLE) and SPE(charcoal stripping, for example). However, these ggees are not
specific to targeted metabolites and significantly modify the composition of calibstiodards
compaed to sample$3® To avoid this problem, a standard addition calibration method is often
used, but is extremelgbor and timeintensive. In this method, calibration point(s) are created by
adding known increasing amounts of analyte(s) to the aliquots of the saimykrest in order to

build the calibration curve, thus keeping the matrix similar between cadibadints and study
samplet®” Finally, IS calibration is common in metabolomics, especially in targeted workflows.
Theuse of stable isotopdabeled EIL) IS, whereone orseveral hydrogens, carbdr, or nitrogen

14 in a molecule are replaced by dewte, carborl3, or nitrogenl5, respectively) can help to
compensate for matrix effects and improve method accuracy and precision. Ideally, the molecular
weights of i sotopologues should differ i n ma:t
enveloges, inaccurate measurement of ion signals and erroneous quantitation. Calibration with SIL
IS relies on the introduction of a constant amount for eachbubltie of interest into samples and
calibration curve points before extraction. Theensities of 9l IS are used for the correction of
signal differences caused by recovery or matrix differences and/evi&Gignal drift over

time 138139 This approach ialso known as stable isotegéution. The us of SIL IS compensate

well for matrix effects between samples because RT and ionization behavior are [stuviaen

SIL IS and its analyte due teimilar physicalchemical properties. However, in RP
chromatogaphy, RT shifts have been observed for SIL IS containing a high number of
deuteriums3® Even a slight difference in RT magsult inthe onsetof different matrix effects
betweenthe analyteand corresponding SIL IS with the subsequent errorguBmtitation.4°
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However, the replacement of deuterated SIL IS by the ones with eaBonnitogerl5 (which

do not demonstrate RT shifts)fesasible butexpensive and not always available solution.

In sum, the selection of the quantit@ approach requires detailed attention to analytical
performance and must be implemented with sufficienttrotsn The FDA Guidance for
Bioanalytical Method Validatio¥? provides a set of measuresvhich ensures accurate and
reproducible quantitation during targeted-MS analysis: (i) calibration curves a@{s should

be included in all analytical runs; (ii) total QCs should number at least five percent of the total
samples analyzed, or be at lesigtin number (low, mid-, and highQCs, in duplicate), whichever

is greater; (iii) the minimum number of narro calibrator (a calibration point with spiked IS)

|l evels O 6, and (iv) experimental conet@mtrat.
samples should be £ 15% nominal (theoretical) concentrations egteppe low limit of
guantitation LLOQ), where the calibrator should be + 20% of nominal concentrations in each run.
Repeatability witha coefficient of variation (CV) of 15% or less is acceptable forpem points,
except for concentrations at the lower limit of quantification (LLOQ), elee€V of 20% or less

is acceptablé®?14IMoreover, the execution of these stringent merits cbeldpplied for absolute
guantitation of multiple metabolites simultaneously, as it was demonstrated in several studies
reviewed by Cajka and FiefhiHowever, the labor for the creation of a multitarget calibration
curve, material cost (mostly SIL IS), and difficulties to maintain optimdusdion requirements

on LC limit progressively the maximum number of targeted metabolites that can be used for
simultaneous absolute quantitation. On the bright @adaplti-targeted metabolomics RS

assay does not require metabolite identificationgarkrate less complex data files for processing

in the postanalytical phase.

1.3.1.4 Postanalytical variability

Unlike a targeted metabolonsianalysis, global metabolomics experiments lead to highly complex
data sets andequire propedata handling, which etermina the quality ofthe metabolomics
results. As the origin of the observed signals cannot be validated by IS, it is a challenging task to
differentiate MS (for example, solvent contaminants, background signal noiseurice
fragments) and chromat@phy or pealpicking (for example, peaks with RT shifts, peak
shoulders, baseline noise) itatts from real featured signals which represent a particular

metabolic featurencluding adducts, isotopand multicharged ia The data analysis in targeted
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metabolomics is facilitated by thelativelysmall number of analyte targets and the use of IS and
authentic standards, which validate the identity of signals in study samples. This also facilitates
automation of the dataugntitation. However, it is a chenging task to establish a robust
automated procedure. The reasons for this are similar to those observed in a global approach, i.e.,
the distinguishing of real signals from MS and LC artifacts, especially at thestsignal
intensites4?

The consistent assignment of metabolite ionsetgured by quantitation procedureis both
metabolomics approacheSignals from isotopg adducs, and multicharged ionsgre grouped
together andassigned to a metalit®. Therefore, the inconsistent assembly of metabolite ions
across sampleglecreases the peducibility of relative quantification. Subsequently, special
attention should be paid to the execution of the robust datasasaind data quality (filtering
noise, peak picking, deconvolution, spectra alignment, missing values impuytdigfoye

biological interpretation and identification.

1.3.2 High confidence identification and biological interpretation

Unlike nucleic acids andrpteing metabolites are natongructed by the linear assembly of a
limited number of building blocks (4 nucleic acids and 20 amino acids, respectiMaly)makes
their MSbased identificatiordifficult. Metabolites (with some exceptions for lipids) dot
possess such uniformity of itding blocks and can be extremely chemically diverse, which
complicates MShased identification. In addition, the possibility to link a gene and corresponding
encoded protein(s) allows assignment and computational ingegtig of biological functionand
pathways On the other hand, the assignment of biological roles for metabolites is complicated by
the lack of comprehensive systematic relationshitheimetabolites taheir genes or proteins,
pathway redundancy, metdite localization, which may aff# its role, and the ability of several
proteins/enzymes to interact with a single metabolitee challenges in ardentification of
metabolites and interpretation of their biological roles are discussed below.

1.3.2.1 Use of MSspectra to assign molecular forrasl

The success of metabolite identification depends on the quality of the acquired MS spectra, which
is determined by resolving power, accuracy, and sensitivity of instruments. For example, the
assignment of the mass of28832Da (belonging to celecoxibwhich contains one atom of

sulfur) using M$ at the resolution of 50,000 FWHM can be narrowed down from 37 formulas (at
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five ppm accuracy) to five formulas (at one ppm mass accuracy). Moreoesglution above
50,000 RVHM can separate M+2 isotope peakcelecoxib into two peaks (one withC and
another with**S). This confirms the presence of sulfur in the celecoxib and reduces the number of
formulas from five to two buthis level of analysisequires manual curatiotf the analysis is
executed athte resolution 500,000 FWHM (achievable on advanced Orbitrap and Fourier
transform ion cyclotron resonance @KIR) mass spectrometers), the software automatically
resolves individual isotopes of celecoxib to baseline aodges fine isotopic structurealuding

low abundant®N and®0 isotopesthateliminate the redundancy of formula assignméfit3o

further improve molecular assignments, accurate measutgeroemsotope abundance are also
beneficial*** The accuracy of isotope ratio calculations deteriorates at low sigeakities due

to the increased errors in measurements of mass and relative isotope signal ratios or complete
disappearance of signals from M+n isotopes. This problem is prominent for metabolites with low
abundancgow recoveryand/or low ionization effiency, especially in complex samples, and can

be partially resolved via sample decomplexation approaches.

Anotherdifficulty encountered during assignment of molecular formulas is the propensity of ESI
to form various adducts and-gource fragments in ddion to protonated and deprotonated ions

of precursor metabolite. The ESI process can resultanmremgementsral adduct formation, all

of which dramatically expand the number of potential formula candidates and the ambiguity of
formula assignments idatabase searches.differential metabolic labeling with stable isotepe
labeled nutrients can be used for celptant metabolomic#o distinguish background ions from

true metabolite signal&or instance, the isotopic labeling outlier algorithm (IRE29earchefor
specific isotope signature pairsthe data. Any metabolites of biological origin will be present as

a pair, and the difference in mass between the pairs can also heip dawn molecular formulas.

Any background ions which do not have the correct isotopic pair patememoved fron further
processing.

Overall, despite great strides in improving mass accuracy and resolution of MS measurements, it
is not feasible to rdinely run large metabolomics studies on ulirgh-resolution instruments as
these acquisition methods are sblbtslow to comply with peak widih ultra-high pressure liquid
chromatographyHPLC). This means that MSormula assignment with currentetabolomics
workflows is not always accurate and should not be used alone to infer metabolite identity. For

biological matrices of clinical interest suchaglasma or oral fluid, SIL labeling strategies such
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as IROA are not available, thus increasthg likelihood of identifying background ions as
possible metabolites. The confidence of -Bsed metabolite annotat® can be improved by
including RT as an orthogonal parametdéowever a poor LC methodsynchronization between
different laboratoriesandminor differences in chromatographic conditidinsited its usagdor

the creation oin-house LEMS libraries andstrict QC practices are used to ensure retention times
have not drifted significantiyHowever, therecentprogress in thelevelopment of RPprediction
approaches for RP and HILI@rovides a promising possibility for the comprehensive
incorporation of this parameter into metabolite identification in untedigeetabolomicswhile

an optimization of predictioralgorithms andprotocols ofintegration of RT into metabolite
identification arestill under debat&*®the immediatend clear advantages of such integration with
existing tools such as Mass Frontier and MetFrag have been already demot€thatedover,
Witting et al*® concluded thathte mostpromisingapproachwould integrde ion RT predctions

for RP and HILIC based on training sets of metaboéte$ machine learng algorithmswith the
possibilityto apply thetrained model$o new separation methods and systems. The advawitage
the approacls in theconstantly increasingvailability of metabolomics data supplemented with
RT, LC method informatiomndstructural properties metabolomicsepositoriesThis approach
would address some dlfie inherentissues withRT variability between laboratories andsssms.
However,a widespread mtegration of RT into elucidation of metabolite identtyll remains

elusive.

1.3.2.2 Use of MS/MS and MSspectra to assign putative metabolite identifications

The correct assignment of molecular formula does not prothdanolecularstructue (i.) and

must ke supplemented by MS/MS, M&nd/or other analytical techniques. MS/M&a can also
help narrow down molecular formula assignments when moreotiimolecular formula fithe
acquired M$ data. The MS/MS spectrum of a precursor ion provides fragmentafamation
which helps deduce atom connectivitythe molecule. For best results, the spectrum should
originate from a presumed precursor metabolite isolated at the highest puitgniplex sample

this is achieved by filtering out any ions excép ones which fit intahe m/z window. This
window islimited to approximately 1 Da on modern MS instruments. This minimizes (but does
not eliminate) the risk of simultaneous-tagmentation of different precursors and improves the

authenticity ofthe MS/MS spectrum anthe ability to match it correctly tohe precursor library
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spectrum. The use die same collision energies and same instrument model as used for library
spectrum acquisition also facilitates highnfidence matching@-hematch, in particlar, is defined

by the quality of MS/MS spectra, i.@urity, fragment m/z,number of expected fragments
presentedand signaintensity of fragment ionsThe MS/MS methods are constantly improving

via the development of new acquisition and interpretatigor@achesmentioned inSection
1.2.2.1.3 Depending orthe instrument configuration, targeted MS/MS for global metabolomics
may require two runghefirst run to acquire m/z and RT of molecules of interest, and the second
to execute MS/MS analysis. In tabsence of target information, an untargeted simedtas MS

and MS/MS analysis in a single run is possible in current MS instruments with fast scan time
two independent mass analyzetia DDA. However, DDA analysis over a wide m/z range
provides MS/MSlata for only 48&7% of detected metabolites in serdue to the complexity and

bias ofthe DDA algorithm towards the most intense idA#\ recent study amparing DDA and

DIA reportedanincrease of the coverage by DIA, while DDA outperforms DIA in the quality of
fragmentation spectrd®The use of a gaghase fractionation (GPF), and especially staggered GPF
(sGPF) improves the coverage thie DDA method for untargeted metabolomics. Unlike a
convernional GPF, which uses a single m/z range, SGPF esesad narrower m/z segments (for
example, low, middleand high ranges) for the simultaneous DDA. The fragmentation coverage
increass by > than 80% with the use of SGPF over a conventional B,

Poor quality of aS/MS spectramay preclude automated search in spectral libraries. This issue
can be partially resolved by obtaining spectra at different standardized collision energies that
match the energies of library MS/MS spectra, such as 1@na040 V used to bulthe METLIN
database. Multistage (MBfragmentation of the precursor of interest and its fragmentthéor
easier elucidation of metabolite composition and structure can also aid correct metabolite
identification1® Besides the quality of fragmentation spectra and coverage of roktedh by
fragmentation data deteriorates at high sample compleditigh emphasize again the importance

of the use of decomplexation methoBsen when good quality MS/MS spectrum of an unknown
metabolite is obtained, this metabolite may not be matahadyt entris in a particular library. In
addition, poor standardization of quality merits for MS/MS spectral matching and insufficient
assessment of the false detection rate (FDR) between multiple libraries and publications continue
to slow the success tife multi-target searchHowever, this aspect of metabolomics analysis has

greatly improved over recent years due to extensive efforts towards the development of spectral
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libraries.Moreover, the use of computatiomalslico fragmentation algorithms such as calculated
fragmentation treesombined with machine learning and automated database searches may help
to assign putative metabolite identibut this is still an active area of reseatth.

Finally, the analysis of MS/MS or MSspectra may provide bonding patterns of atoms and
distinguish structural isomers. However, the differentiation of stereoisomers, despite an atcasion
detectionof subtle differences in fragmentation pattefiss beyond routine MS capabilities.
Therefore, comprehensive structure characterization requivesapplication of multiple
techniqus, includinginfrared (IR), NMR, U\lVis spectroscopiesindvariousseparations (chiral

LC, differential ion mobility, CE}*3In conclusion, dw concentrations of some metabolites and
lack of preconcentration in standard global metabolomics workflows may preclude the generation
of quality MS/MS spectra. lias ben shown that approximately -60% of all features detectable

in MS! do not generate good quality fragmentation speétras such, | would speculate that the
development of enrichment extraction protocols for particular metabolite classes together with
specific depletion olighly abundant compounds could provide a promising approach to increase
the number of metabolites with usable MS/MS spectra and/or to aid orthogonal characterization

such as NMR which requires large quantities of unknown metabolite.

1.3.2.3 Biological interpreation

The simultaneous presence of compounds originating from exogenous, endpgambus
microbiome sources, their instability, ind@dividual biological variability together with the
analytical variability and identification issues complicate the kickl interpretation of
metabolomis data and the assignment of biological roles and pathiv4jsetabolomics is still

a relatively young disciplineso the development of tools for the computational investigation of
biological and pathay rolkes of metabolites is still under development. In addition, from the
systems biology point of view, metabolites are the subjects of a pool of enzymatic reactions, from
which more than 2000 remain to be characterized in hufifiserefore, extensive development

of computational tools integrating the knowledge of metabolic néswvarth the identification

and structural characterization of metabolites appears to be the most promising strategy to achieve

the full integration of metabolomics into systems biol&y.
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1.3.3 Incomplete metabolome coverage

The metabolomics analysis of human blood plasma and serum is complicatbd wide
concentration range and wide chemical diversity of metabolites. The concentratietsbolites

in human serum/plasma span over 9 orders of magnitude (i.e., g/L to ng/L), wheredsrg@ieal
metabolomic analysis limited to intermediate to high concentration (> @L) metabolites
excepffor those with high ionization efficiencp wide dynamic rangseverely limits the potential

of untargeted metabolomics analysis of blood for biomarker discovery because many active and
regulatory metabolites such as norepinephrine, epineplndelopamine, are present at very low
(subug/L) corcentraions?81% Another consequence of metabolome complexity and dynamic
range is that high amounts of metabolite ions can saturate the detector estdisaffopic
abundances, which may result in erroneous metaboliteifidation and quantitation. This issue
can be minimized via sample dilution or the filtering of the ion flow on its way betiveen
ionization source and the detectdtHowever, such approaches will also reduce thedatien of

low abundance metabolites.

The total number oimetabolites present in plasma is high, althotigé exact number of
metabolites is unknown. However, the total number of all compounds in the HMDB (known,
expected and predicted) exceeds 114,6@Chemical properties of blood plasma metabolites
cover all ionic tasses. For example, the nlgpid metabolitesset available in HMDB aasists of

34% acids, 14% bases, 30% zwitteriomsd 22% neutral molecul&sIn addition, metabolites
also differ by their polarityKigure 1.4), and their predicted octanol/water partition coefficients
span across 40 orders of magnitude.

For lipids, 37% are acidenly 2% bases, 31%witterions and 30% are neutral compourids.
The total lipid content of blood plasma (phospholipids, neutral lipids, total cholesterol and
cholesterol ester of fatty acids) was reported between 0.4 to 0.7% (w/v) with 33% of this total
corresponding to phospholipi@$ More recent estimate of total lipids provides similar values
between 0.19 and (L% with triglyceides comprising between 0.10.2% (w/v)°81%°

Notably, lipids span over 80% of the LogP range and overlap witHipidnmetabolites, which
occupy appoximately the ptar quarter of the rangd-igure 1.4). This distribution predicts the
co-extraction of nodipid and lipid metabolites by solvebiased extraction protocols and their co

elution in chromatographic separations.
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Figure 1.4. Predicted octanol/water partition coefficients (X log P) of metabolites. Reprinted with
permission from Cajka et FieHACopyright © 2016, American Chemical Society.

One major consequence of such-elution is its impact on the ESI process andititeeeased
likelihood of matrix effects for various metabolites.

Metabolomic analysis of biofluids is not always limited to blatsdived samples, and alternative
sample sources such as oral fluid can supplement or replace the analysis of blood. Untargeted
salivary metabolomics dtiies for biomarker discovery have been executed by NMR ant?N5.
In generalthe oral fluid appears to be less complex than plasmach is also supported by the
smaller number of organs in contact for oral flemmpared to blod For instance, combined
analysis using NMR, DFMS, LC-MS/MS, LC-ultraviolet(UV)/fluorescence spectroscopy, 6C
MS, and inductively coupled plasma ionization (I&P$ resulted in the
quantification/identification of 308 salivary metabolitésA second study combining only GC
MS andLC-MS untargeted platforms identified 370 out of 475 total metabolites fSuAd.
HMDB?* query at the end afanuary 202tepored 1245 compounds detected inlisa, 885 of
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which have ken quantifieddowever,Zhenget al'®! recently demonstratidhat a more sensitive
approach using chemical derivatization followed by-MS analysis resulted idrasticincrease

of metabolite coverage obral fluid andreveaéd a plethora of low abundant nadolites that

were previously undetectablBhese findngsimply the possibility of using oral fluid to substitute

or supplement the analysis of blood with several possible practical advantages. For example, free
concentrations of two steroid hormonesttisol, and cortisone in plasma are more difficult to
quantify than in oral fluid because they are close to the limit of detection of the targeted
metabolomics analysis. In addition, their concentrations in oral fluid correlate very well with their
free cacentration in plasma and are informative of the systestaitus of an individual such as
circadian cycle, which can be used for the QC of sampling, time and for the supplementary
assessment of the stress status of an indiviG#8F Very frequently, enzyméinked
immunosorbent assayELISA) are used for such supplementary raeeements due to high
sensitivity. However, this assay$ a high cost per sample and can overestimate corticosteroid
concentrations® Finally, the differences in the composition of plasma and oral fluid may result

in different matrix effects, whereby one type of biofluid may be preferred for the analysis of a
subset of metabolites.

From the metabolite coverage perspectile to the se of different instruments and data analysis
algorithms and subsequent differentsiource fragmentation, dsotoping, deadducting, peak
picking, integration, the direct comparison of metabolite coverage numbers across studies is
precludedTheincorpotion of stable isotopes into metabolome miataboliclabeliing of yeast

or E.coli cultures (credentialedmetabolite¥®® helps © distinguis biologically derived
metabolites from contaminant or exogenous ones. but requdiescasideby-side comparison.
Moreover, the ionization of some analytes, especially low abundance metabolites and metabolites
with poor ionization efficieng, may becora so suppressed that they are no longer detectable in
some samples or some biofluid types. Even if the suppression is not complete, suntbrisity

signals may demonstrate too low sigt@hoise (S/N) ratios and be impossible to distingérisin
backgound ions and thus yprocessable for automatic retrieval. The decrease of matrix effects
via sample decomplexation, the manipulation of matrix effects via changing the composition of a
sample, or manipulations of the selectivity of ionizatgmurce can & used in metabolomics

analysis to improve metabolome coverage.
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1.3.3.1 LC strategies to increase metabolome coverage

The coupling of CE, LC, or naAoC to MS decreases the complexity of the sample entering the

ESI interface and can increasgetabobme coverage to #Oversus 18compounds typically

observed by direct flow injection (DFNIS. An additional improvement of metabolome coverage

is achieved via replacement of HPLC byW#APLC, which can drastically increase resolution and
decrease@elution phenomena using particle sizes < 2 pm. Proper selection of stationary phase

type andheswitch to smaller particle size can together drastically increase metabolome coverage.

Two UHPLC methodsCORTECS T3 with C18 phase and CORTECS C8, eachswittl core

particles of 1.6 um, provided the detection of 679 and 879 credentialed features, respéatctively
extracts fromE. colicompaedto 173 features detected on xBridJ&kP C18 column containing

3.5 pm porous particle€® Another frequentlyused approacho increase the metabolome
coverageish e -ameal ysi s of the same extracts-Hbbhl €he h
LGMS Contretpoceokmpar ed met abol i t-MS cporvoefrialgien gd ua fi |
samples on five HIEBHT@Geansd ufdiyve eRB d ¢radddauimhdea nat o r
deteofi BE88 and 4739 of mevapoEBL, featpeetsti vaea
LEGMS analyses generated 2986 LAICd ai@8 RP, Aresper
ve) ESI, 3611 and 19nl 3ZHfIGLd tCu raend WRERT, Je lar ebssttp elcR e d
reshétween tewerd chb&eambeadk SB column using O.
(mobil e phase A) and i n MeHIHL I(Gnorbe g vel tpsh avseer eB)a
10 mM ammoni om98ctBt waemabialcetmmase iA)e alnd 5/ 95

(mobile phase B). Therefore, the patrRePl logl R&Pna
and -HIILCI C col unvnes), annd b(ottvhe )( ESI , biesppachenbhbl vy
achievingolgome eomevebage in an untargeted anal)

1.3.3.2 MS approaches to increase metabolite coverage

In addition to the separation strategies discussed above, improving the efficiency of ionization can
also be used to increase metaboliteetage. Thus, MS analysis (#ve) and {ve) ESI is an easy

and productive approach to increase metabolome coverage, as some analytes ionize preferentially
in one mode®’ In addition, metabolite coverage can be increased using(va)oES| the
drastically scaledlown (nebulized diameter-30 um, flow rate 1100s nL/min) version of

conventional ESI (100 um diameter and-1@s pL/min flow rates®® Due to such tiny
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dimensions, the droplet diameters are I1@WO fold smaller than in a conventional ESI and
produce a drastic (up to 500 times) irage in the number of ionsibhg formed and entering the

mass analyzer. Other strategies can focus on optimizing the composition of the mobile phase and
executing analysis with other ionization methods that provide an orthogonal (at least partial)
selectivty, such as atmospheric psese chemical ionization (APCH*7°or atmospheric pressure
photoionization.

Other promising strategies untargeted metabolomics include the addition of an ion mobility
separation (IMS) between LC and MS dimensith#Vhile the increase of metabolite coverage

via advanced development of MS methodologies igang, the improvement of the coverage

via advanced sample preparation is another viable option.

1.3.3.3 Sample depletion approaches to increase lmoéta coverage

Samplepreparatiorcan reduce complexity and the amount of sample enterifgRhsourceThis
canbeachievedvia dilution (widely used for urine analysis, not plasma), the removal of abundant
compounds, and/or fractionation of metabgality their physical and chemical properties with the
subsequent comprehensive IMS analysis ofevery fraction. Howeve, until now,met han o |
based exthri aoadthiuemsshe most popul ar due to high
recovery ewietch i bh20@3 1808ecul arMSf eantdad rif&d si n |

However,sthe e&edesdancy of metabolite composi
di sproportional Inpetsartadl!ll o men ca eeherbleegleno it daep G r MS t
expenditure. Thus, the metabol ome cgoenbgeudf
of ot her nine (including methanol, et hanol , a
of hewtdrest he oghece hafndl, removal of phosphol
Mi |l ford, MA) and TRhrrreeenc@RPheCrhAomedRREK , pl ates i m
repeatability, decr emrsfeadrw ansntard iled e fa fsasl odess ia a

recovery for mah%’3daridrar metbstealviattd os.ns were m
removalchwesred using SPE -noidteh, ppmool logmmeeiridaa ger ( miEX
pha%%esd zibaseduddBBi htharich, St. LdJI%, MO) S

1.3.3.4 Sample fractionation to increase metabolite coverage

A significant increasan metabolite coverage has beeantnstrated by combining sample

fractionation with LEMS analysis. Thus, one study reported the detection of 4,264 molecular
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features in deproteinized plasma dtdctionated into polar, phospholipid, and lipid fractions by
SPE, compadto 1,792featuresdetected ina methanol extract alorfé! In another studythe
analysis of methyl tefbutyl ether (MTBE) polar and SPE fractionated (phospholipids, fatty acids,
neutral and hydrophobic lipids) nguolar fractions resulted in the detection of 3,806 comexbiar

1,851 molecular feateson methanol precipitatiori@ne’*For nonlipid metabolites, the analysis

of SPE fractions enriched in cation and anion metabolites obtained from deproteinized and
delipidated (phospholipid removal) fish plasma demonstrated the pibg®biat least fouifold
increase in sampleadingcompaedto methanol extracts, an increase in signal intensity up-to 40
fold for many spiked exogenous metabolites, a fold increase in 4@nalse ratios and signal
variability below RSD of 30% 062% ofthe metaboliteS® The numbers of molecular features
detected in cationic and anionic SPE fractions were similar to eaah idthweever, PCA analysis
reveakd significant differences between these two extracts, thus indicating potentially orthogonal
composition and the possibility to increase metabolite coverage if both methods were run in
parallel. Unfortunately, onltheboundSPEfractions were analyzedjus missing any metabolites
present irnthe flow-through fractions. Ultimately, the generation of multiple SPE fractions takes
time, which can be reduced via the implementation dfrenSPELC-MS.

Theseexamples demonstrateow sample decomplexation cae achieved usinfractionation
methods with narrow but complementgpreferably orthogonalselectivity. In general,such
methods demonstrate distiretrichment of compounds wipecific propertiesTherefore the
numberof metabolites ireachfractionis reduceccompared to a whole sampésdanalysis could

reveal additional metaboliteswhich werenot found in more complex extrast Moreover, ifa
compositionof these fractions icomplementary to each otheheir parallelanalysis may
recapitulateor even exceed the coverage of a method with wide selectinitgddition, itis a
practical solution, which allowsustomizinganalytical methods to suit the composition of the
fractionto the desired goal®r make them more compatible with analyticalthuas Although
promising,these recent developments of sample preparation methods for metabolomics lack the
systematic assessment of multiple methods that have good potential for the increase of metabolome
coverage.

Another successful way to expand mefalme coverage is chemical derivatizatidhe approach
employs reagentthatderivatize reproducibly specific functional groups of metabolites, including

amines, carboxyls, phenols, hydroxyls, carbongisd thols with a subsequent LMIS and
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MS/MS analgis!’® Several derivatation agents used in the approach (dansyl chloride, 10
methylacridone2-sulfonyl chloride) improve analytical sensitivity several orders of magnitude
(0.04 nM for neurotransmitters, for exampl&}hus gratly enhancing metabolite detection in a
typical metabolomics studyséction 1.1.). Moreover, this approach can provide other important
advantages: improvement of chromatographic separations, applicabilit{féoewl biofluids and
tissues, enhancemeritmolecular ion fragmentatiopand provision of relatively inexpensive SIL

IS for semiquantitative and absolute concentration measurenh&nif:'8Thus,derivatization is

a promising approach for combined gloltafgeted metabolomics analysis. In particular, the
enhanced seaitivity expands the metabolome coveragela abundance or poorly ionizing
metabolitesif a reproducible, uniform and comprehensive derivatization can be established

In conclusion, the major challenge which drove the current study was the limitedg®\and
sensitivity provided by canonicalample preparation and analyses currently used in global
metabolomics. The effect of sample preparation on data quality and metabolite coverage in global
metabolomics has not been fully evaluated, especially whasidering more selective sample

preparaibn methods such as SPE and LLE.

1.4 Thesis objectives

Metabolome complexity of human blood plasma, or other biofluids, cannot be comprehensively
covered using a single untargeted metabolomics analytical method -MS_Based untargeted
metabolomics researctie current most promising strategy to improve metabolome coverage is a
repetitive analysis of the same sample using three LC approaches tailored to polRP(I&X
IEX-HILIC), mid-polar (RP), and lipid (RP witisopropancibased mobile phases) usingb &SI

modes. Recent data shownSections 1.38.3 and 1.33.4 suggests that a sequential usage of
traditional and untraditional methods may successfully increase metabolome coverage and quality
of data. However, the systematic assessments of promisipdesaraparation protocols have been
limited mostly to solvenbased method$’ 1’2 There is currently not enough known about the
guantitative performance of more selective methods such & & LLE for global
metabolomics. This systematic knowledgendispensable for the development of better sample
preparation methods with increased metabolite coverage for untargeted analysis and rational
selection of the best sample preparation method fjiven metabolomics study.
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The first objective of this #sis was to perform a sidg-side comparison of three conventional
solvent precipitation methods to test the effect of solvent polarity (methanol, methlaaobl,

and methaneMTBE), one LLE(MTBE) method to separate ligdrom othemetabolites, and

three posteproteinization SPE methods (C18, mixed anion/cation IEX, and divinylbenzene
pyrrolidone (PEP2)). The seven methods will be compared according to absolute recovery, matrix
effects, reeatability, selectivity, and metabolome coverage using $eitalgeted and untargeted
metabolomics approaches after analysis on RP and mmxel@ IEX/RP (Scherzo) L-®IS in

(+ve) and {ve) ESI. The resulting data will provide a basis for the rationacteh of the best

and most complementary extraction andMS methodsThis addresses an important knowledge

gap about the quantitative performance of sample preparation methods for global metabolomics
and is described i€@hapter 2.

The second objectivef this research was to build on the findingChfapter 2 to design a new
sequential SPbased sample preparation method for global metabolomics. First, it is necessary to
develop the protocol of sequential-jgdation, deproteinization, and SPE IEX dtenation to
produce separate fractions enriched with angation, zwitterion, and neutral metabolites. The
performance of this sequential preparaticas tobe assessed for metabolome coverage, fraction
splitting, recovery, matrix effects, and repedigbusing targeted and untargeted metabolomics
strategies. e analysis of fractions is executed on RP andHIAC, each on (+ve) and\e)

ESI, as the latter method outperforms the mixemtle method used i€hapter 2 for polar
untargeted metabolomicSecondly, analyzing all fractions on all four methods is cessary as

many metabolites may be detected in both ESI modes or using both chromatographic methods,
creating highly redundant datasets. Thus, it is necessary to optimize and integrate sample
preparation and L@S analysis schemes to obtain the highestabmwbme coverage in the
minimal number of analytical runs. This new methodology increases the coverage of the polar and
mid-polar metabolites while decreasing sample complexity in a predidthlen, as described

in Chapter 3. These advantages makeadtmpatible not only with global metabolomics workflows

but also for targeted metabolomics assaygereby this new protocol saves time and labor for the
development of targeted sample preparati@thods during transition of biomarker(s) assessment
from untrgeted to targeted metabolomics analysis

The final objective of the current work aims at the possibility of using saliva as an alternative

sample source to substitute or supplement metabctoarialysis of blood. For this preliminary
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study, a targeted etabolomics method was set up to monitor cortisol and cortisone concentrations
in the oral fluid while permitting easy sampling throughout an intervention. Cortisone and cortisol
are biologicaly important metabolites involved in human stress responsepi@hdiuid has
previously been established as a suitable biospecimen for their measurement. Therefore, in
Chapter 4,1 describe the development and validation of sample preparation and addvtiei

LC-MS assay for these two hormones in oral fluid. Teééggmance of the final validated method

for cortisol was compared sidg/-side with the commercial ELISA method, whishraditionally

used for this analysis. This example targeted analyesadg®es critical knowledge on details and

limits of metabolomis analysis of oral fluid, with a particular focus on quantitative method

performance and the most suitable calibration strategies to use.
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2.1 Introduction

The objective of global metabolomics is to analyze all smalecularwe i ght speci es
Da) in a biological sampleLC-MS is currently the method of choice for global metabolomics
studies because it provides the highest metabolite coverage using a single analytical technique.
Typically, several hundred to thousand(s) metabolites caetieetdd in a single analysf€ The

size ofthe human metaboime is currently unknown bug projected to exceed the conservative
estimate of 4229 endogenous metabolites in concentrations spanning 11 orders of m#dgnitude.
The most recent estimates predict 8500 endogenous metabtlaes, up to 4M00 additional
exogenous metabolites, suels drugs, additivesand toxns that may be present in human
sampleg®* Considering the typical coverage of untargeted metabolomics analysis, it is clear that
metabolome complexity is overwhelming the capacity of modern metabolomics methods.
Therefore, new strategiesitecrease metabolome coverage are required.

The most widely used protocol for global metabolomics of plasma is solvent precipitation using
cold methanol or methanol/ethanol (1/1, v/v) with a plasorsolvent ratio of 1 tat,174185175186

Cold solvent is added to minimize the extent of enzymatic conversion of metabolites and to
precipitate the proteins. The removal of proteins from plasntapas/ents protein buildp on

the LC column which improves LC column lifetime and significantly increases the number of
detected metabolites through disruption of protein binding and minintizeygumber of signals
originating from protein$® Methanol and methanol/ethanol are the solvents of choice due to high
metabolite coverag@s shown by several studi€$l>8However, the wid selectivity of such
solventbased precipitatits results in highly complex samplegich precludes the detection of

lower abundance metabolitésliquid-liquid extraction using methytertbutyl ether (MTBE) has
become a popular alternative in recerdrgefor its ability to provide good coveragebaith polar

and lipid metabolitesand compatibility with robotic system&'88 In contrast, soligphase
extradion (SPE) methods are often avoided in global metabolomics of plasma due to their
increased selectivity comparto methancbased extraction methods. SPE methods, thus, tend to
decrease overall metabolite coverdgéut may improve data quality through improved
repeatability 88 and reduced matrix effect®’1’? For instance, optimize Hy br i d SPEE
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successfully removed phospholipids in order to lower matrix effects while maintaining acceptable
recoveries and repeatabilt§In order to increase metabolome coverage beyond what can be
achieved with methanddased precipitations, multiple extraction methadsh narrow but
complementary selectivitgan be combined in a sequential maniiée approach demetrated

2-fold increae in lipidome coverag€”*°*However, no similar sequential extraction approaches
exist to date for notipid metabolites To systematically design such sequential extraction
protocol(s), it is necessary to directly compare covergarmus solvent prepitation, LLE, and

SPE methods. However, only a limited number of studies compared solvent precipitation methods
to SPEand LLE to daté®1721°Based on these published evaluations of extraction methods in real
samples, a few limitations should be highlighted. None of these studies examine the orthogonality
of SPE and MTBE methods to methaialsed methods msideby-side fashionand comparison
across the studies is not possible due to the different instrumentation and data processing strategies
used. Most of these studies focus on metabolome coverage and extraction repeatabiéitydonly,

no simultaneous \&luation of matrix efficts and recovery ithe biological matrix has been
performed to dateRecovery studies are crucial in order to design sequential extraction methods
that are fully orthogonal and do not split the signal between multiple fractioaddition, semi
guantititive comparisons of metabolite signal intensities between extraction methods can be
misleading becauseriations in analyte signals due to matrix effects are not properly taken into
account using the addition of SIL analyf&$®! fully isotopically-labeled complex matrices, or
standard addition calibration. The latter approach was successfully employazhitornand
comparethe absolute recovery o$equential extraction by hybrid and mixewde SPE in
untargeted metabolomié®.The undeappreciated advantages thie standard additn method
become obvious when comparing different extraction methods. It isestalblished that the
slopes of calibration curves for biofluids originating from multiple populations can show
significant differeces!®? Similarly, different matrix effects are expected in samples originating
from extraction methodsith different selectivity. In such casesgmsal intensity changes may be
driven by matrices alonéading to erroneous conclusions regarding the extraction performance.
Although matrix effects are extensively studied in targeted bioanalysis, this ssuehbeen
addressed in global metabolom@scept in one study wheegpostcolumn infusion experiment

was performed to identifghe region of significant ion suppressioff. However, anecdotal

evidence across multiple comparison studies shows potentially significant efigcits with huge

42



differences in signal bensity observed when using different extraction metfot8:1*2
Therefae, the quantification of absolute recovery and matrix effects using a systematic set of
standard analytes when evaluating multiple extraction methods is missing from comparisons to
date, leaving a critical gap our knowledge.

Following an extraction,hie most frequently used LC separation in global metabolomics is the
parallel use of C18 (RP) chromatography and HILIC to achieve good coverage pdlaoand

polar metabolomerespectively*3¢1%* More recently, miedmode chromatographic materials
combining RP and icexchange mechanisms in ldeed MScompatible stationary phases
provide improved retention of a broad spectrum of metabdfté&The major objective of this
study was to perform the first sithg-side comparison of three conventional solvent precipitation
methods to test the effect of small changes in solvent polarity (n@thraethanckthanol, and
methanolMTBE), one LLE (MTBE) methogand three postieproteinization SPE methobased

on cartridge¢C18, mixed catioranion exchange (IEX) and divinylbenzepgrolidone (PEP2))

for LC-MS metabolomics of human plasifiagure 2.1). Absolute recovery and matrix effects f
standard analytes were evaluated for all seven extraction methodsthesstgndard addition
method. The repeatability and selectivity/orthogonality of extraction methods were compared
using both targeted nadiolites and om global basis in combinatiowith RP and mixeanode
IEX/RP (Scherzo) LEMS. These data pave the way for the rational selection of the best and most
complementary extraction methods of the human plasma metabolome and clearly séfbecthe

of using multiple sample preparation methad a given study design on metabolome coverage.

2.2 Materials and methods

2.2.1 Solvents and reagents

LC-MS grade solvents/mobile phase additives and analyte standards were purchaSagnfram
Aldrich (Oakville, ON, Canada) unless stated otherwise. ACTFBB)Iwas obtained from Anaspec
(Fremont, CA, USA). Norepinephrine gfd cholic acid (d), epinephrine (¢, dopamine (g,
melatonin (1), 4-aminobutanoic acid &, and phenylalanine &l were obtained from CDN
Isotopes (PoinrClaire, QC, Canada), whiléCs- thyroxine was purchased from Toronto Research
Chemicals (Toronto, ON, Canada). MTBE was bought from Fisher Scientific (Toronto, ON,
Canada), while all phospHipids were obtained &m Avanti Polar Lipids (Alabaster, Alabama,
USA).
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Figure 2.1. Overview of experimental design to compare seven extraction methods for untargeted
metabolomics analysis of human plasma

Kynurenine andD-erythrosphingosine (further mentioned as sphingosine for brevity) were
purchaed from Cayman Chemicals (Ann Arbor, MI, USA). Solid stationary phases (PEP2, ODS
C18 and divinylbenzene conjugated with sulfonic acid and quaternary amine moieties (IEX)) we
obtained from Agela Technologies (Wilmington, DE, USAtrated pooled humaniagsma was
obtained from Bioreclamation (Baltimore, MD, USMhich was collected in accordance with the
companyo6s code of e arnanalytgal or Wighéegradee agent s wer e

2.2.2 Standard analyte mix

The chemical diversity ahe metabolome is enormoumth in terms of polarity and char&*

Using predicted oanol/water partition values, metabolites in human plasma cover a polarity range
from - 5 (polyamines, amino acids) to 10 (fatty acids) to 35 (triacylglycerid@d3)r the charge
state, metabolites can be sepadlanto acidic, basic, neutrand zwitterion classes. For instance,
the studyanalyzing charge properties of 2553 #mid human metabolites frorthe Human

Metabolome Database had found that approximately 22% of metabolites are neutrad6véhile
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and18.2% contain acidic carboxylic and phosphate groups, respectively. Basicialgrhates

and aromatic heterocyclic nitrogen groups were found in 16 and 24.5%-tibiibmetabolites,

while 13.8% of compounds were zwitteridiT he focus of current work is ndipid metabolites

so standard metabolite selection was confined to migbavith high to intermediate polarity
typically found in blood plasma. A fewpids were also included in the mix to help in the
assessment of matrix effects and method selectivity towards lipids, but systematic evaluation of
extraction performance fdipids was beyond the scope of this study. Therefore, we evaluated
extraction metods using standards wihimited but systematic set of chemical properties that (i)
resembled class composition of target samples and included acids, bases, neutrals),(stero
zwitterions, lipids and small peptides, (ii) was systematic and scalableerms of chemical
properties (Log P range 8.9 to 11.5, MW range of 105 to 900 Da), and (iii) amenable to the RP
and mixedmode LGMS analytical methods employed in thady. All individual stock solutions

were prepared in appropriate solvents asmsanzed inAppendix A, Supplementary TableAl,

divided in aliquots and stored at belowO °C, while working standards were prepared at
appropriate concentrations prior to analysis. Standard mix was prepared at 5 pg/mL from
appropriate stock solutions ugi20% methanol unless otherwise specified.

2.2.3 Extraction of standardnalytes fromabuffer

The standard mix was prepared at 5 pg/mL of each compound in 25 mM ammonium acetate, pH
6.5 buffer. This high concentration was required to avoidspatific adsorpte losses. Buffer
composition was selected btbtain suitable pH and ionic strength for IEX stationary phases in
order to achieve maximum recovery of analytes while ensuring MS compatibility. The standard
mix was extracted in six replicates by solvpracipitation (methanol/ethanol (1/1, v/v), matiol,
methanol/MTBE (1/1, viV),.LE (MTBE) and solidphase extraction (PEP2, C18, IEX). In solvent
precipitations and LLE, 100 L #fiestandard mix was extracted with 400 pL of-cmd solvent,
vortexed for ® min, and centrifuged for 15 min at 15000xAjl steps were executed at %@.

After centrifugation, 350 pL of the upper layer was dried and stored at be03® until analysis.

For SPE, 100 uL ofhe standard mix was loaded on a 3 mL SPE cartridgeagung 100 mg

(C18, IEX) or 60 mg (PEP2) sabt. The cartridges were washed with 1 mL of sample buffer and
eluted into glass tubes with 1.5 mL of elution solvent specific for every sorbent: C18 with 0.1%
formic acid in 100% acetonitrile, PEP2 with 150 nakimonium acetate, pH 6.8 in 94% methanol
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and IEX with 400 mM ammonium acetate pH 6.8 in 42% methanol. Eluted samples were
evaporated to dryness under vacuum and stored at b&0G®. Before analysis, all samples were
reconstituted in 10 pL of 20% methamalntaining 2.5 mM ammonium acetate (pH 6sB)icated

at ambient temperature for 5 min, vortexed for 10 min, diluted with 90 pL of 2.5 mM ammonium

acetate, pH 6.5, sonicated and vortexed for 5 and 10 min and centrifuged at 15000 x g for 30 s.

2.2.4 Extractionof plasma samples spiked with intern@rghrd analytes

Solvent precipitations and LLE were carried out as described above using (i) the sample buffer
(composed of 2% acetonitrile in 2.5 mM ammonium acéf#te6.5) to obtain a blank extract for

each mdtod, (ii) plasma samples spiked with standardlytes to yield approximately 800 nu/

before extractionand 100 ng/mL at L@AS step in six replicates and (iii) tapiked plasma
samples in 12 replicates to be pooledtmpermethod basis and used taldwcalibration curves

for each method. Prido SPE extraction, replicates of plasma and sample buffer were precipitated
using methanol as described above, evaporated to dryness, reconstituted in the sample buffer,
pooled as appropriate, and divided inéplicates equivalent to 100 pyL of plasmax 8f these
replicates were spiked with the standard analytes at 800 ng/mL per each of three SPE methods. All
samples were extracted by three SPE sorbents in parallel following the protocols described above
to generate the sample sets similar to the onpamexd for precipitation and LLE, i,&lank extracts

(i), spiked plasma extracts (ii), and-gpiked plasma extracts (iilAll samples were dried under

vacuum and stored at belewO °C.

2.2.5 Preparation of plasmextracts for LEMS analysis

All plasma extrats were reconstituted in 30 pL of 20% methanol as described for standard analytes
and further dissolved in 270 yL of 2.5 mM ammonium acetate. Standard addition calibration

curves were prepared for each exti@ttnethod by adding 30 pL of the sample buéfethe mix

of standard analytes to yield matrix calibration curve with 0 or 62.5, 125a88®00 ng/mL. For

the assessment of matrix effect, an external standard calibration curve in 2.5 mM ammonium

acetatgoH 6.5, 2% acetonitrile was also preparethi;same concentration range.

46



2.2.6 LC-MS analysis

All extracts (10 pL) were analyzed on 1296I1BLC chromatograph (Agilent Technologies, Santa
Clara, CA) using the 3.0 um, mixedode Scherzo SMC18, 2 x 150 mm a@umn (Imtakt,
Portland, OR) and 1.8 um Zorbax Eclipse octadecyl 2 x 200 mm column coupled to Agilent 6550
iFunnel QTOF mass spectrometer positive and(-ve) ESIlin the mass range 100000 m/z.

Additional detailsincluding LGMS settingsare providedn Appendix A

2.2.7 Data analysis

TOF Quant software (version B.07.00 SP1, Agilent) was used for the determination of absolute
recovery of standd metabolites from buffer and plasma. For that, raw data was extracted at 15
ppm mass accuracy, aligned within #®min retention time, integrated and corresponding adducts
(sodiated adducts were found only for melatonin in posifinee) ESI were summazed.
Otherwise, protonated and deprotonated ions were used for all other analytes in positive and
negative(-ve) ESI, respectively. Quantitation was executed using external calibration curves in
the buffer and standard addition calibration in plasma. fdu®veries of each analyte for each
extraction method were hierarchically clustered using the Euclidian distanttedneith

CIMminer line analysis at http://discover.nci.nih.gov/cimminemeMatrix.do!®”  The

recoveries of analytes below 5 and above 80% were assigned to 0 and 100%, respectvely for
correct visualizabn. Matrix effect was calculated by dividing the peak area of an analyte in matrix
calibration standard spiked peasttraction by the area ithe calibration standard prepared in the
sample buffer at the same analyte concentration and convierttngecentage. The subtraction

of endogenous signals was performed usisggnal obtained in uspiked plasma extracts. The
final result reportedor matrix effect represented the mean value obtained across four different
concentrations tested for each analizeoled QC samples for all target analytes in all analytical
batches showed RSD O 25%. QC data shtmastedd no
plasma samples except possibly for histamine and sphingbstheof which showed systematic
20-30% decease of signal intensity throughout the long analytical batches. For the global
evaluation of the extraction methods, peak picking, decatieol, alignmentand integration were
executed on Profinder (Agilent) with the following parameters: ion masshibiceof £15 ppm,
therelative height of MS+1/MS isotope abundance 15%, RT threshold £0.15 min, minimum peak
height 200 and 2000 counts forH¥l and M peaks, respectively. The selectivity and repeatability
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analysis were carried out on Mass Profiler Protessi (MPP, Agilent) with integration and
binning parameters similar to Profinder, after removal of-d¢mality metabolite signals that (i)

were not at least 5x higher than the signal in blank and (ii) that were not found in at least 5 out of
6 replicates ba given extraction method. The data were manually verified and found to include
2-3% duplicate entries (a feature split between multipteieenby the peak picking algorithm).
Therefore, the accuracy of putative metabolite coverage is £3%. The orthtygoheaxtraction
methods irtheglobal metabolomics approach was evaluated in a pairwise manner using the above
high-quality data A numberof matched features for all possible paired combinations were used

for hierarchical clustering using CIMminer amdi tool.

2.3 Results and discussion

Seven different extraction methods are compared based on the absolute recovery of standard
analytes fronthebuffer and human plasma, repeatability, selectiatyd matrix effects in parallel

with global LGMS based metaboinics analysis. The overall expaental design ishown in

Figure 2.1, and the list of standards 8upplementary TableAl. To the best of our knowledge,

this is the first siddoy-side comparison of the quality of sample preparation from blood plasma by
conventional solvent precipitatis (methanekthanol, methanol, methaAWITBE), LLE

(MTBE), and SPE (C18, IEX, PEP2) methods in a single study.

2.3.1 Targeted analysis

2.3.1.1 Recovery, repeatabilityand selectivity of metabolite extraction from buffer

Analyte recovey is summarized irAppendix A, Supplementary Table A2 The analytes are
listedby increasing logP values retrieved frtme ChenSpider database predicted usthg ACD
Laboratories algorithm. The extraction methods are arranged according to the resh#s of
hierarchical analysis. As pected, methanol, methanol/ethgrasid methanol/MTBE extractions
clustered closely together and provided the broadest coverage and the highest recovery across the
wide range of metabolite classes tested. IEX provided hegbvery only for polar charged
metabolites, while MTBE provided high recovery for hydrophobic neutral metabolites. Among
SPE methods, PEP2 provided broader metabolite coverage thaRi@ire @.2) due to its ability

to retain some of the polar metabolites
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Figure 2.2. Hierarchical analysis and heat maphow the recovery of standard analytes fitbm
buffer (A) and human plasma (B). All extraction methods were hierarchically clusteredhesing
Euclidiandistance metbd. The intensity of each cell represeherange of recovery of an analyte
relative to the initial amount spiked prian extraction. Recoveries below 5 and above 80% were
assigned to 0 and 100% for visualization purposes. The order dftasacorrespods to the
increase in octanelater partition coefficients, except for angiotensinwhich did not havea
predicted value.

The highest selectivity in buffer was demonstrated by IEX, followed by C18 and MTBE.
Moreover, IEX and C18/MTBE metldls demonstrat little overlap, which can be exploited in
sequential sample preparations for global and targeted metabolomics. None of the tested analytes

e x hi b 50fbeaetovedy in all extraction methodsppendix A, Supplementary TableA2).

The Supplementary Table A6 (Appendix A) summarizes the main performance characteristics

of all extraction methods test ed,andguamtitatvec ov er
bi oanal ytical met hods per mi t alowertinitofduanpttator. i si on
However, very few metabolites can meet these most stringent criteria for any of the tested, methods

as shown inSupplementary Table A4 (Appendix A). Global metabolomics methods are
considered seruantitative, so applyingmore redcrt er i a of O50% recovery
is a reasonable compromise between method coverage and method perfotisargetese

criteria, methanebased precipitations can provide acceptable performance for 17 out of 22
metabolites. Overall, metabolitecovey correlated to the predicted LogP values and the expected
selectivity of the extraction methods. Neutral metabolites such as melatonin demonstrated the best
quantitative (080 %) recoveries amongst al | S

demongrated by methandbased precipitationsvhile SPE and LLE methods demonstrated lower
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repeatability thn methanol blends with the poorest performance by MTBE and C18 SPE
(Appendix A, Supplementary Table A3). This poor repeatability of MTBE is attuted to
irreproducible partitioning of some metabolites between organic and aqueous phases and was most
pronounced for pantothenic acid, thyroxiaad phenylalanine.

2.3.1.2 Recovery, repeatabilifyand selectivity of metabolite extraction from plasma

The high recovery O8 0 %) was de mo n s-teleagingéarmobeyandtmelgtonm tnr o p i r
6 out of 7 methods testedgpendix A, Supplementary Table A4). lonic compounds such as
histamine, tyrosineand kynurenine with low molecular weight and Logiues demonstrated
guantitative recovery in only 1 out of 7 methods. In addition, better recovery of triiodothyronine,
thyroxing and the large peptide neurotensin (in contrast to tripeptide thyrotrelpesing
hormone) was observed on RP SBa&mparedto solventbased extramns Appendix A,
Supplementary TableA4). The recovery of some analytes from plasma changed drastically in
plasmaversusbuffer. The recovery of neutral compounds (cortisol, cortisbyeMTBE, PEP2

and C18 was decreased in plasrbat the recovery in mBthanolbased solvents increased
(Appendix A, Supplementary Table A4). This clearly shows the importance of performing
recovery studies in biofluid matrix. The extracti@peatability Appendix A, Supplementary

Table A5) showed similar trends plasmato what was seen in buffer with methasbased
methods outperforming both SPE and LLE methods. However, SPE and LLE methods showed
significant deterioration of method predois. ForinstancetheMTBE method provided acceptable
precision ( O3 MméatoRrS @itisglnd triiodothyrogineHierarchical clustering

results shown ifrigure 2.3 confirm wide metabolite coverage of gold standard methbaséd

solvent preipitation methods witthigh recovery across metabolite classes. The results also
demonstratetheselectivity ofMTBEtowardsu nc har ged species wiedh Log
orthogonal selectivity of IEX and MTBE methods previously observed for buffes caéh be used

for theremoval of hydrophobic compounds in sequential sample preparations. Finally, methanol
based methods provide the most comprehensive and reproducible extraction of standard analytes
from plasma as indicated by much lower mean RSD salu@n observed for ath extractions
(Appendix A, Supplementary TableA5). The more selective methods of SPE and LLE show
good performance only for a narrow range of metabolites that are best suited to each extraction
method depending on their polaritydacharge characterisic In Supplementary Table A4
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(Appendix A), some metabolites show recoveries above 120% in sothe 8PE methods. This
result was surprising, considering the similar matrix composition of standard addition calibration
and unknown samples, so it was invgested further. The first possibility considered was different
adduct formation in buffer versus plasnNo such differences were found, so this was eliminated
asa contributing factor. Melatonin and melator(eh) both had similar high recoveries in PEP2

and C18 SPE, which pointed to the fact this result may be due-sappoession of spiked
metabolitesThe only compositional difference between calibration standards and samples used to
evaluate recovery is the number of spiked metabolites present.aflahibstandards were spiked

after extraction and will therefore contain all metabolites of the stdmadiar whereas the recovery
samples were spiked before extraction and will remove or incompletely extract some of the
metabolites fronthestandard mix deending on the extraction method selectivity. This was further
verified by reanalyzing the same extts onalonger chromatographic method (60 min analysis
time), and proper quantitative recovery {B20%) was obtained in all instances. These results
clearly show that global metabolomics methods are extremely susceptible to matrix effects and
thatthe semi-quantitative performance of these methods can be affected by minor differences in

matrix composition.

2.3.1.3 Extraction preferences of standard analytes

Two groups of analytes emerged based on our recovery studies in buffer and(pligsmes2.2).

Analytes with LogP below 0.4 (above tyrosine) show poor recovery in MTBE and good recovery

in methods suitable for extraction of polar species such as PEP2 arahatbtsed solvent
precipitations (Group 1). The secofd4)hwgchoup coc
demonstratagood recovery in MTBE, PERand C18 (Group lIl). Interestingly, Group Il analytes

had recoveries O 50 % ethods inntonsrast tostleir recoveries falmd S P E
buffer. This difference in recovery is attributed tdsarptive losses inthe buffer. In the
experiments with bufferwe tried to minimize these losses by using high metabolite
concentrations, but clearhadsorptive losses were still considergldspecially for metabolites

such as thyroxine, cortisongndcortisol.In conclusiona sideby-side systematic comparison of

the absolute recovery of extraction methods was possible using standard additionorahioicat

showed clearly the critical importance of recovery determination in biofluids.
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2.3.1.4 Matrix effecs

Matrix effects were evaluated using the pestraction spike method at up to four different
concentration levels. This evaluation was performed usot BP and mixednode LCMS
methods in positive an@ve) ESI lon suppression was observed for meligdowith lowerLogP
values (melatonin, -Aaminobutanoic acid, adeninand homovanillic acid) in methanbhsed
extractions in RP. Neutral analytes otermediate polarity with LogP of 1.2 (cortisol and
cortisone) were not affected in any extraction method, while signals from more hydrophobic
met abol ites ( thgraniRe afdlthyebxine)tweré enbamaed in all sohsased
extracts, supressed inlEX and PEP2 and remained unaffected in C18 SPE. The suppression in
solventbased extractions inive) ESI RP Appendix A, Supplementary Figure A2,
Supplementary Table A7 affectedawider range of analytes than(#fve) ESIRPand extendd
toward neutralmid-hydrophobic analytes (cortisol and cortisone), while organic acids (folic,
pantothenic, homovanillic and cholic) remained unaffected. The suppression of polar analytes
RP analysis in both positive aifele) ESlis not surprising and could be explad by the co
elution of a large number of unetained metabolites. Howevanixedmode LCMS analysis

which is capable of chromatographically separating the majorityesieticharged specjesso
shows very significant problems with ionization supp@ssind/or enhancement depending on
the analyte and extraction method tested. Previous studies have also shown that HILIC methods
are also highly susceptible to matrix effeelven when using microextraction fornr&tMatrix

effects could be partially decreased via improved resotuat LGMS step by the decrease of
stationary phase patrticle size (< 2 um) or drastic increase of column length and chromatography
time to impractical limitd®® Therefore, there is no simple solution to implement to address this
major problem. Finally, methandlased extracts demonstratachigher number of analytes
affected by matrix effest In contrast, the more selective MTBE and C18 SPE methods showed
matrix effects for fewer metabolitesd less pronounced extent of suppressitr@ecement if
matrix effects were presentdble 2.1, Supplementary Figure A2 The higher suppression
matrix effect observed for methanol blends is most likely caused by higdtex complexity as
compared to MTBE and C18 SPE methaoakich are more selectivas shown by our recovery

experiments.
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Figure 2.3. Hierarchical clustering of the number of putative metabolites detected in plasma
extracts and pairwise overlap coverage of sesetraction methods. Samples were analyzed using
(+ve) ESIRP (a)i ESI RP (b)(+ve) ESIScherzo (g)andi ESI Scherzo (d). Red color boxes
located across the diagonal show the total number of putative metabolites detected with that
extraction method ém plasma. Yellow, whitand cyan blue colors designate high (98®%
overlap), medium (79:90.0%) and low (50.0 0.0% overlap) of putative metabolite populations
observed by the two extraction methods specified. Therefore, the methods indicatgdmiiline

boxes are the most orthogonal pairs of methods across all of the seven extraction metehds tes

Overall, the results of this comparison show that matrix effects pose a significant challenge in all
extraction protocols and can hawsignificart impact on biomarker discovery efforts. Additional
ways to reduce and evaluate matrix effects duringhsstudies should be explored and
implemented. Table 2.1 also shows that the analyses performed using mixede

chromatography are more susceptiblsigmal enhancement. The observed enhancement of signal
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response (for example, triiodothyronine and tixyme in Scherzo analysisAppendix A,
Supplementary Figure A2) may be explained by: (i) true matrix effect; (ii) the presence of co
eluting isobaric contaminants whose signals were mistakenly included due to insufficient
resolution of QTOF; (iii) formatin of a significant amount of adducts the buffer but not in

matrix calibration points and/or (iv) limited solubility of standard analytes in buffer calibration
samples versus plasma extragtse matrix effect experiment was repeated {ewve) ESI Schezo

LC analysis using Orbitrap Vel8% mass spectrometer withmass resolution o® 100,000to
evaluatehepossibility (ii). The same enhancement results were observed, so we can conclude that
the cause of observed ion enhancement is netutmn of speies with similar m/z to the analytes

of interest. Next, Naand NH4" adduct formation was compared for buffer samp&susplasma

extract samples. No significant differences in adduct formation were found for any analytes except
for melatonin where sodited adduct wittanintensity similar to protonated ionsagformed in

buffer calibration pointsThetotal area of sodiated and protonated ions was used in calculations
of matrix effect for melatonito correct for sodiated adduct formatidinally, theobservation of

large differences between matrix effects ilm&ezo and RP despite identical sample preparation
protocols between these two methods exclude the involvement of partial solubility.

Thus,it is plausible to conclude that the enhancement efileserved in mixednode LC analysis

(and occasionally in RPnalysis) is based othe true difference in ionization process between
plasmabased and buffednased samples. This is further supported by the fact that for both analytes
that exhibition enhanoeent, their isotopically labeled standards also confirm theesaxtent of

enhancemenshowing highquality of the collected data.

2.3.1.5 Selection of internal standards for global metabolomics.

Our recovery and matrix effects results can be used to guideclbetion of the best internal
standards for qualitycontrol for human plasma metabolomics. Standards that show no
susceptibility to matrix effects make ideal internal standards (as SIL) spike before extraction in
order to monitor extraction recovery. Thdaaclude Smethoxytryptamine, folic acid, thyrotrapi
releasing hormone&nd cortisol fo(+ve) ESI RP; and pantothenic and cholic acids(fee) ESI

RP, all of which showed no matrix effects across all seven extraction methods tested as shown in

Supplementary Table A7 (Appendix A).
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Table 2.1. Summary othe total number of standard analytes which experienced matrix effect
(suppression or enhancement) across different extraction methods in combinatiertheitiRP

or mixedmode LGMS analysisAnalytes (n=24, including SIL for some of the metabolites) were
counted if they were detectedirebuffer and at least one of the p@stiraction spiked calibration
standards. For metabolites detected at all comadion levels the mean matrix effectbtained

across all concentration levels is reported. A metabolite was considered to be enhanced if its
matrix effect ratio exceeded 120% or suppressed if it was less than 80%. The species that were not
detected in ¢her matrix were not counted becausatnx effecs could not be properly determined

for such casesSupplementary TableA6 (Appendix A) shows full results for matrix effect
evaluation.

RP LC-MS analysis Scherzo mixedmode LC-MS analysis
Evaluation of . . — . _
i © 53| © =) o25| © o
oGl a=| @ = o |l =S| 2 = o
= = = = = =
Suppressed (+ ESI) 6 6 6 4 7 9 4 4 4
Enhanced (+ ESI) 5 5 5 4 2 2 11 11 | 11 7 3 2
Total affected (+ ESI) 11 11 | 11| 8 9 [ 13| 7 15 15 (15| 11| 11| 10| 7
Total unaffected(+ ESI) 6 6 6 122 | 7 4 10 2 1 8 4 7 10
Suppressed { ESI) 3 3 5 0 1 1 1 4 9 1 10 | 5 3
Enhanced ¢ ESI) 2 2 2 2 4 7 8 3 2 5 1 4 2
Total affected ¢ ESI) 5 5 7 2 5 8 9 11 7 11| 6 11| 9 5
Total unaffected ¢ ESI) 5 5 3 10| 9 6 5 2 6 2 8 1 4 9

These can be supplemented with additional standards spikeelqtrastion to monitor for matrix
effects such as SIL analogues of adenine and thyroxing¥&SI RP; neurotensin, melatonin,
thyroxing and cortisol for(+ve) ESI Scherzo and homovanillic acid, melatonin and thyrogine

ve) ESI Scherzo. These analytelsow large differences in matrix effects between different
extraction methods as shownSupplementary Figure A2 (Appendix A), which suggests their
ionization is susceptible tine presence of possible -@uting interferences and do not overlap
with propsedrecovery standards. The use of matrix effect standards is suggested to evaluate
relative matrix effects between individual samples, but it should be noted that they would only

reflect the extent of ion suppression at that specific moment of chromatt@grnan.

Finally, the above internal standard suggestions are valid for the exact extraction methods, plasma
loading, and LC methods tested in this study. Further testing is required to extrapolate the use of
these specific standards to other experimetadaditions. In general, for any combination of
extraction method and L®IS analysis, standards with high recovery in that extraction method
and no matrix effects across all extractions for the choseM&0nethod would make ideal
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recovery standards, whildandards highly susceptible to ion suppression/enhancement would

make useful internal standards for monitoring of matrix effectess individual samples.

2.3.2 Global metabolite analysis

Seven extraction protocols were compared using fourMSC analyses inorder to assess
metabolite coverage, extraction repeatahilggpd method overlap (orthogonality) as shown in
Figure 2.3 In addition,Table 22 summarizes metabolite coverage and extraction repeatability of
all extraction methods testeds expected, the higest number of putative metabolites was
extracted by methanddased solvent precipitation methods, with the highest number of putative
metaboites (3804) detected for methanol/ethanol. The analysis of organic MTBE fraction resulted
in 2887 putative metahitds as revealed bftve) ESI RP analysis. Approximately 30féwer
metabolite features were detected in CaA8d PEP2 SPE extractehile only 1835 putative
metabolites were observed for IEX SPE. The table also sti@wsedian RSD of signals across

all extraction methods for each LMS analysis. Methanedthanol and methanol extractions
demonstrated the best repeatability versus all otheratiinamethods independently thfe LC-

MS method employed. PEP2 and IEX had acceptable repeatability for gloladdatoatics. On

the other hand, MTBE and C18 extraction methods demonstrated the worst repeatability
independent of LEMS analysis Table 2.2. The high proportion of irreproducible features in
these two methods requires the application of rigorous qualitiyals and irdepth investigation

for the sources of such irreproducibility.

Previous C18 SPE studies for plasma metabolomics indicatectiogflevidence regarding C18
repeatability for this applicatiohn the first study on this topic, Michopoulesal. showed 48%
and 55% of features detected i n C1,8espeddveEly,and
which implied both methods haw@milar repeatability®® Rico et al. also observed similar
repeatability between methanol and C18 SPE with approximately 80% of featicsmet 30%

RSD criteria for both method&® Our results show that only 42% of features extracted by C18
SPE met the peatability criteriawhich is consistent with Michmbulos's study*8®
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Table 2.2. Metabolite coverage and repeatability of exttion methods assessed by global
metabolomics analysis. This table shdhestotal number of putative metabolites (M) detected in
aminimum 5 out of 6 extraction replicates analyzed usingiR8therzo ixed-mode LEMS after

removal of features present lank extracts, median RSD of signal intensity across all putative
metabolite features detected in the extraction method and the number of metabolites for which
extraction method was highly repeatabléewi RSD O 30% for n=6 indepen
RSD for each putative metabolite feature was calculated using raw signal intensities in extraction
replicates (n=6)Themu mber of features with RSD O -30% (b
quality featwes that could be used for biomarker discovery aathway analysis in global
metabolomics projects.

(+ve) ESI RP (-ve) ESIRP (+ve) ESI Scherzo (-ve) ESI Scherzo
Extraction Median Median Median Median
method M % M 3o M % M 3o M % M 30 M % M 3o
RSD RSD RSD RSD
M;f;r?;' 3804| 128 | 3306 1093| 13.4 |1051| 1702| 223 | 1087| 1278| 187 | 930
Mmg’g"' 3394| 17.7 | 2389| 1055| 12.7 | 849 | 1510| 252 | 877 | 1363| 210 | 897
Methanol | 3795| 115 | 3483|1035 114 | 940 [ 1538 190 | 1089 1113] 179 | 802
IEX 1835 175 |1406[ 415 | 125 | 364 | 894 | 232 | 571 | s61 | 231 | 373
MTBE 2887| 379 |1037| 618 | 269 | 362 | 948 | 391 | 326 [ 753 | 317 | 345
PEP2 2430 210 | 1635 557 | 145 | 444 | 1003 249 | es1| 773 | 215 | 498
c18 2459| 346 | 1032| 603 | 227 | 394 | 1078 414 | 318| 820 | 332 | 357
Total
metabolome 5853 1466 3072 2229
coverage

However, our results also show vast superiority of methanol repeatalhigéye 92% of features

were highly repeatable with RSD O30% for n=6 ¢
across the studies for C18 SPE, further investigation offatirs affecting repeatability is

required. Such contributing factors magludethelack of automation used in our study and the

exact selection of sorbent characteristics and wash/elution conditions. For instance, our study
employed acetonitrile, whereas both Michopowdbsl. and Ricoet al. used methanol as elution
solventwhich may have contributed to the poor precisf§it® Our MTBE results are in contrast

to good precision obtained when using MTBE wittvim al dual extracti on met
features had R SbiorO&catesT The samealhors sbserved poor precision

of MTBE LLE with evaporation/reconstitution step wlgy only 56% of detected features
exhibited RSD O30%. The | atter r esu,wheretha consi

evaporation/reconstitution step was employed.
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Figure 2.4. PCA analysiof seven extraction methods and quality control samples analyzed on
four LCMS methodsabi RP analysis;c, d i Scherzo analysis in positive anev€) ESI,
respectively) executed on all metabolites that §atisteria described ithemain text (not pesent

in theblank, and present ia minimum of 5 out of 6 replicates of at least one extraction method).
The graph displays colored spheres for blank (red), QC (dark grey), IEX (dark gold), C18 (yellow),
PEP2 (blue), MTBE (black), methan®TBE (violet), methanolethanol (green) extraction
replicates and red diamonds for methanol extraction replicates. The plots show the top two
principal componentshe rumbering of replicates corresponds to their sequentjattion order

in a given LEMS analysisThe analysis was executed using multivariate analysis software SIMCA
(v 14.1.64, Umetrics, San Jose, CA, USA) after Pareto scaling.

During their evaluation ofhe optimum method for lipidomics, Sarafiat al. also showed poor
repeatability of MTBE in comgrison to methanol with a similasf@ld deterioration of mean RSD

and the numbers of highly reproducible ligifsonsistent with what was observedtie current
study.During further investigation of MTBE extraction repeatability, the repeatability of solvent
pipeting was investigated and found not todx&gnificant contributing factor to overall method
performance. Next, thérve) ESI RP LCMS analysis of newly prepareatjueous and organic
layers obtained after MTBE extraction demonstrated repeatability in asjlg@ger to methanol
extracts (median RSD of 15.7% for MTBE aqueous) versus 16.0% RSD for methanol obtained
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during this followup experiment. In contrast, orgaeitracts hadmedian RSD of 36.4%wvhich

is consistent withthe 37.9% median RSD obtained aur initial experiment presented rable

2.2. Detailed investigation of this data showed clear dependence of RSD on retenti@ldnge:
proportion of peaksleting with theretention time of 20 min had RSDs greater than 50% in both
methanol and MTE extracts. Methanol hadarge number of peaks with retention tisn20 min,

which exhibited good repeatability, which resulted in good median RSDs obsertid fpobal
metabolomics data. MTBE, on the other hand, had@ashgall number of metabolitetuting with
retention time <20 min, analvery high proportion of metabolites with retention tim&0 min,

which resulted in overall higher median R&Dbserved in Table 22. Based on this evidence, it

is believed that poor MTBE repeatability obserwedur study may not arise from the extraction
method itself, but fromapoor match between the composition of MTBE extract and RP andmixed
mode LC separation metds employed in this stugywhich would not adequately separate lipids
extracted by MTBE.

Further analysis offable 2.2 across LEMS methods demonstrated inferior reproducibility of
Scherzo analysisomparedo RP. This is attributed tihelower resolution othe Scherzo column
(larger particle size than RP column) and larger matrix effectith@R as showm matrix effects
(Section 2.3.1.4) Finally, a hierarchical analysis was performed to determine pairwise
orthogonality of each of the methods teqtieéidure 2.3). The hierarchical clustering confirms the

high orthogonality of IEX and MBE to other methods obsed/a targeted analysithesimilarity
between methandlased extractionandthesimilarity between C18 and PEP2 SPE methGus.
orthogonality results for methanol and C18 SPE (1825/2459 putative metabolites = 74% overlap
using data shown iRigure 2.3) are consistenwith what was reported by Ri@t al.who observed
58-68% overlap between the two methods and ability to detect 600 additional features when
comparing SPE to methanol precipitatidfUsing (+ve) ESI RP analysisa total of 5853 no-
redundant putativenetabolite features were detected across all seven extraction methods tested.
This represents only 54% improvement over the single best extraction method of methanol/ethanol
(3804 putative metabolites) or methanol (3795 putative migiak)o Therefore, 7icrease in MS
analysis time and the use of LLE and SPE with widely different selectivity mechanisms did not
provide a huge boost in our ability to detect low abundance metabolome. Similar results were
observed for other LIS methodsvhere the increasasere 34% (-ve) ESIRP LGMS), 80%

((+ve) ESImixed mode LEGMS), and 74% (-ve) ESImixed mode LEMS). These results clearly
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show that simply using multiple extraction methods in parallel is not the best way to increase
metabolite coveage and that sequéadt extractions should be explored to further boost
metabolome coveragin support,Figure 2.4 shows principal component analysis results for all
extraction and LEMS methods further illustrating that IEX and MTBE are the most

complanentary methods to rtenolbased solvent precipitation.

Table 2.3. Summary of method performance for extraction of plashh@ rumber of pluses
represendg the scoring of method performance where + is the tnamd ++++ is the bes

Q
Py - g Q
Extraction % £ § §§’ § g
method g S5 | 288 | €3
@ % o
Methanol/ethanol +++ ++ +4++ 4
Methanol ++++ ++ ++++ o+
Methanol/MTBE +++ ++ +++ +++
MTBE ++ ++++ + ++
C18 +++ ++++ + ++
PEP2 +++ ++ ++ ++
IEX + +++ ++ +

2.4 Conclusions

For the first time, absolute analyte recoveries and matrix effects in plasma were systematically
assessed for seven solvent precipitations, ,LaBd SPE methods using standard addition
calibration. In addition, method repeatabilitgrthogonaliy, and metabolome coverage were
compared in combination with four RIS methods. Our results confirthe wide selectivity of
methanolbased precipitation methods versus LLE and SPE, with the best results observed using
methanol or methanol/eghol as show in Table 2.3. However, methandbased methods suffer

from severe matrix effectsvhich negatively impact data quality and may resulininaccurate
selection of tentative biomarkers. We also show that IEX and PEP2 SPE provide acceptable
performance forglobal metabolomics studies of plasirad can be employed depending on the
desired coverage of the metabolome for a given application. Our analysis platform revealed high
orthogonality of MTBE and IEX to each other and other methods, prayvitii@ possibity of

increased metabolome coverage via sequential application of these methods.
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3 Devel opment oSPBasedusampadlk preparat.

gl obal met abol omics anla@GWsSsi s of human

3.1 Introduction

The main objective oflobal metabolomics is a comprehensive analysis of all asmakcular
weight species (01, 50 € Thb axecutiomof this task io b cogplex a |
biofluid such as blood plasa is complicated byhe large number of metabolitepresent their
chemical diversity and the broad span of their concentiahs, exceeding Q0 orders of
magnitude. The chemical diversity of blood plasma metabolome spans the entire polarity range
and exeeds any single solvent's extraction capabilityis immediately narrowing down the
number of metabolites that can be detdawith any single extraction meth&Metabolome can

be further suldivided into metabolites with anionic, cationic, zwitterigmicneutral properties at
physiolayical pH®® The inherent size and cgiexity of metabolome in any biospecimen of
interest leads to the axution of multiple compoundsvhich may lead to matrix efféx low
signatto-noise ratios, and overlaps of MS and MS/MS spectra feverakcompoundg 2200203

This results in poor metabolite coverage and can adversely impact data quality and biological
interpretation.

In one of the most comprehensive analyses to date, the con#iadalysis of plasma solvent
extracts on gashromatography (G®IS), LC-MS, NMR, andrevealed a total of 3564 confirmed
nontredundant metabads, 79.9% of which were detect@dlipidome profiling in TLC/GCGFID-
MS.%4n addition to combining differe analytical techniques, other ways to increase the
metabolome coverage include combining orthogonal chromatographic separatiombination

with LC-MS, performing LEMS analysis using both positive afde) ESImodes to ensure
adequatecoverage of bih acidic and basic metabolitds;o dimensional Z-D)-LC separations
and/or addition of IMS to LE@MS separations. For example, dauming different LC separation
methods prior to MS detection provgigifferent elution order of analytes andagangemenof

the composition of celuting compounds and thus enable successful detection of additioral non
redundant metabolites. This isnemonly achieved by combining highly complementary RP and
HILIC method$®® or, more recently RP and multimodal iomxchange (IEX)i RP
separations’>% Parallel LGMS analysis using orthogonal chromatographic separatioms ca
significantly increase metabolome coverage. Thus, parallel analysie gblvent extract of
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human blood plasma using RIAd zwitterionic HILIC ZIC-HILIC) resulted indetecting5188

and 4739 distinct metabolic features in positive @md) ES| respetively, representing > 50%
increase versus usirige single LC method! Also, the increase of metabolome coverage can be
achieved usingan online 2D LC-MS with BEH C8 and BEH C18 columns, which have
complementargelectivity towards aqueous and lipid metabolites, respgi? This approach
identified447 metabolitess.213 and 374 metabolites identified offine during aqueous and lipid
analyses, respectively. Finally, the introduction of IMS provides an orthogonal separation to LC
and enhances the separation of metabolites with different collisionalsercissrs, thus ircreasiny

the number ofmetabolic featuregn MS analysis of blood serut! However, despite all these
advances in analytical instrumentation and methods, the high complexity of the human plasma
metabolome remairmne ofthe major analytical challenges, and new strategies to further increase
metabolome coverage and data quality in untargeted metabolomics analysis are criticallyheeded.
One way to decrease sample compjewith a simultaneous increase in blood plasma metabolome
coverage is sample preparation. The key goal of sample preparation in standard untargeted
metabolomics is to remove compounds that interfere with MS analysis and equipment,lifetime
such as proteisl’4175185189.19%1ethanol extraction is currently one of the most popular methods
for the preparation of plasma or serum samples becawsadvesearly99% of protein¥®, has

good repeatabilityand generates the widest metabolome coverage using a single Sol&tit.
Although the use of different solvents results in slightly different metabolome covargelel

LC-MS analysis of extracts prepared using different solvents results in a disproportionally small
increase in the metalmrhe coerage when compared to labor and MS time expenditure. Thus, the
metabolome coverage of acetone plasma extract, the most dissimilar out of nine solvents tested in
parallel, added only 12.8% of new features to the coverage provided by its most mathogd

- methanol/ acetone cocktai The separation of proteins and metabolites couldmsehieved

by size exclusion techniques, such as dialysisa-filtration or sizeexclusion chromatography

andis used in the studiesf proteinmetabolite interaction®® However, theesolution ofa size
exclusionchromatographys not sufficient for a cleaeparation opeptides from metabolitebn
addition, the recovery losses of multiple metabolites were reporteghigrodialysis and
ultrafiltration®®” Thus, none of these sibmsed methods have yktund wide use in global
metabolomicsanalysis.Studiesbased on SPE removal of phospholipids such as HybridSPE

from Sigmat® Ostro™ from Waters, and Phr&&from Phenomené&”!’2demonstrated mixed
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results, where alecreasein a metabolome coveragef metabolites is concomitant with
improvements insensitivity, repeatabilityand matrix effects for metabolitesmaining after
phospholipid removalOn the other handsensitivity, repeatabilityand matrix effectsvere
improved significantlyfor severalmetabolites remaining after phospholipid remo@althe same
time, ssquental sample preparation, commencing witkthanol precipitation of plasma followed
by SPE subractionation of methanol supernatant into phospholipid, Jligitd polar fractions
drastically increased the metabolite coverage to 4,264 molecular featumgsed to 1,792
detected in methanol eafrt alone'’” In addition, the parallel analysis of nepolar and polar
fractions generated by LLE of plasma by methytbertyl (MTBE) increased metabolone@3125
metabolitesomparedo 1851 metabolitesbservedn methanol precipitatiost’#The subsequén
SPE fractioation of the norpolar MTBE fractions intophospholipid, fatty acid, neutradnd
hydrophobic lipidfractions demonstrated a furthacreag of themetabolome coverade 3,806
The above SPE stfpactionation methods focused on extensivactionation of lipid sub
metabolome. Hwever, the effect adhesubfractionation of polar compounds on the metabolome
coverage had not been demonstrated clearly to date. In one study, fish plasma was deproteinized
by methanol and delipidated on PHM&SPE with a subsequent parallel sfractionation using
three SPE methods: (i) polymeiRP SPE consisting of Stra¥asorbent; (ii) a mixednode SPE
consisting of StratX sorbent with strong cation IEX (Stra¥aC) and (iii) mixedmode SPE of
Strata X withweak anion IEX (StratX-AW).% This approach allowed at leafour-fold increase
in sample loading for SPE fractions versus methartracts without overloadinthe naro-LC
column used for the analysis. It demonstrated do#tD increase in signal intensity for many
metabolitesthe detection ofmore than 5900 molecular featyraad precision below 30% for at
least 62% of metabolise However, only metabolites bound 8PE were analyzed in this
experimentwhich made a comprehensive analysithe effect of iorexchange sufractionation
on the coverage of a polar metaboloime@ossible The second studyompared the performance
of seven extraction methodsnd found thatmixedmode ionexchange SPE fractionation
demonstratedh lower total number of metabolites detected in bound fractmraparedto
methanol extracts and RP C18 SPE extrdéBesidesthe composition of this mixehode IEX
was highly orthogonal to methanpthus illustrating its abilityto increase par metabolome
coverage. However, to the best of our knowledgempehensivestudiesof the effect of a

sequential fractionation on polar metaboldma&e not been reported.
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Therefore, there is a neddr a comprehensive assessmefitpolar and miepolar plasma
metabolite coveragafterion-exchange SPEhe objective othis study was talesign, develop
and characterize a novel sample preparation protocol that combines methanol deproteinization and
sequential SPE fractionatioof polar and mid-polar plasm metabolites into anion, cation,
zwitterion, and neutral fractionsWe systematically assesbthis approach's advantages and
disadvantagesn metabolome coverage, matrix effects, method reproducjlality metabolite
recovery.Finally, we alsoinvestigded the compatibility of these anion, cation, zwitteriamd
neutra fractionswith RP andZIC-HILIC chromatographic L&MS methodgo design the most
optimal combinations SPE fractions and LGS analysis. This methodology will increase the
coverage ofthe polar and miegpolar metabolome according to the chemical priogerof
metabolites, the knowledge of which can be partially useful for metabolite identific&tion
addition, this new approach may facilitate the development of targeted sample pepaethiods

and improve the integration of global and targeted noddatics analyses.

3.2 Materials and methods

3.2.1 Chemicals andansumables

LC-MS grade solvents/mobile phase additives and analyte standards were purchased frem Sigma
Aldrich (Oakville, ON,Canada) unless stated otherwise. Norepinepfids)e cholic acid (d),
cortisol (di), epinephrine (¢), dopamine (¢, melatonin (@), 4-aminobutanoic acid & and
phenylalanine (§) were obtained from CDN Isotopes (Pe@igire, QC, Canada)?Cs- thyroxine
and diosmetin (g were purchased from Toronto Research Chemidalsoito, ON, Canada).
Eicosanoids,kynurenine and Derythrosphingosine (furthereferred toas sphingosine for
brevity) were purchased from Cayman Chemicals (Ann Arbor, MI, USA)Cedarlane
(Burlington, ON, Canada). MTBEcetic acid, and formic acid vebought from Fisher Scientific
(Toronto, ON, Canada). Strong mixedmode anionexchangélivinylbenzeneco-N-
vinylpyrrolidone (MAX) and strong mixedmode cationexchangalivinylbenzem-co-N-
vinylpyrrolidone (MCX) Oasisplates were purchased from Waters g8isauga, ON, Canada).
Citrated pooled human plasma was obtained from BiolVT (Baltimore, MD, USA).

Lipids were purchased from Avanti Polar Lipids (Alabaster, AL, USA). All reagemte of
analytical or higher gradé kit of 17 stable isotope labeled am acids (part# MSK A2 S) was
purchased from Cambridge Isotope Laboratories, Inc. (Tewksbury, MA, USA).
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3.2.2 Overview ofmethoddevelopmentor sequentiabample preparation

The initialsequential sample preparaticonsistef threeconsecutiveteps: (i) MBE extraction

of plasmatggi ve an organic phase (desi @gndthdagudoud ur t he
phase (defined f ur t;i)eeOHbasedrecipitdtibBoBgVTBE dafioedi o n )
further aMe GiHaog MilsBdoential SPEixed-mode strong anieexchange (SAX)
followed by mixedmode strong catioexchange (SCXdf agMTBE-MeOH (Figure 3.1). The

analysis ofnonlipid metabolites was executed @18 RP column using LC conditions for mid

polar metabolites, i.e., those that areiretd (RT > 2 min) on suatolumnsand,elute between 2

and 75% MeCN andequire the special C18 RP LC methoahditionsdescribed in detail in
Section 3.2.3.3.Experimelts were used to assess metabolome coverage, orthogonality to lipid
metabolites (lipidme), and to define the final scheme of sequential sample preparation, and results
are described iBection 3.3.1An assessment of lipidome coverage was executed upidd_IC-

MS method $ection3.2.3.4.5. The lipid composition of dractions was compageo a standard

lipid extraction of plasma by isopropanol (IPARJ These experiments adescrbed in detail in
Section3.2.34, and results were used to assess lipid recovery, lipidome coverage, and suitability
of sSPE for lipidomics analysis, as described in detafbection 3.3.1 The step of MTBE
extracton was removedso the final protocol includedonly two consecutive step§) MeOH
extractionof blood plasma and (ii) SPE fractionation (strong ar@mohangeDasis followed by

strong catiorexchangeOasi§ of MeOH extract Samples generated using the final extraction
methodswere analyzed o€18 RP andIC-HILIC columns, using targeted and glolalalysis
(Section 3.2.4). Fractionation quality, orthogonality, metabolome coverage, maximum loading
amount, and optimal combination of sSPE fractions for faster analysis were assessed in these
experments Section 3.32). An additional experimentSection3.2.5) using the final protocol of
sSPHSection 3.2.4was executed separately with the-MS analysis carried out on the HP 1290
Infinity 1l coupled to a 6545 QTOF MS (Agilent Technologies, Sargaa; CA). The methods of
sample preparation and XS analysis were identical to those describeSention3.2.4, except

that (i) LGMS analysis was executed on sSPE fractions combined in pairs to reduce éinatysis
2-fold and (ii) sample loading amotswere maximized to yield the highest metabolome coverage.
The parameters ohalytical performance (recovemgpeatability, metabolome coverage, matrix

effects) were assesseuhd result@arediscussed irfsection3.3.3
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3.2.3 Initial protocols of equential ample preparationonsising of MTBE LLE,
MeOH precipitationand sSPENdLC-MS analysis

3.2.3.1 Standard analyte mixrefor initial protocol

The systematic evaluation of the extraction methods was performedastemgdard mix that (i)
resembledhe class compsition of biological samples and included acids, bases, neyjaald
zwitterions (ii) covered a wide range chemical propertieogPoctanoiwatedangefrom -10 to 7,
MW rangefrom 75 to 783 Da)and (iif) wasamenable to th€18 RP LGMS method emplyed

in the study. All individual stock solutions were prepared in appropriate sol\&stgranarized
in Appendix B, Supplementary TableB1, divided into aliquots and storedkalow-70°C

The standard mix was prepared at 10 pg/mL in 20% MeOH from oheavistocks. Working
solutions were prepared by dilution of the standard mix to thereshooncentrations on the day

of extraction, incubated on ice for 30 min, and added into samples prior to SPE.
3.2.3.2 Sequential extraction of metabolites by MTBEE, MeOH precipitation andsSPE

3.2.3.2.1 MTBE LLE and MeOH extractions of the aqueous phaseMiBE

Aliquots (150 uL) of citrated blood plasma or water (blank) were mixed with 600 UL -cbide

MTBE and shagnat+4 C f or 30 min wit h atslé®&gfogrd®emntat cent r
+ 4 . Theénh, 100QuL of the lower aqueous phase (agMTB®&asmixed in a separatéppendorf

tube with 400 pL of icecold MeOH and immediately shaken for a few seconds. Tubes were
incubated at ambient temperature for d&bn with shakingevery 5 min, followed by 15 min
incubationat below-7 0 C without shaking and centrifuge
Further, 175 pL of the resulting supernatahagMTBE-MeOH was transferred o clean tubes

and stored on ice until SPE. In addition, aliquots (126 uL) of agMVB®OH and aliquots (1

pL) of nonpolar (organic, upper phase) fractions of MTBE (MTBE NP) were dried under a vacuum
inaspeeeh ac for 8 h aatbeb@-70 € amavd snalgsi€ev/dlumes of
agMTBE-MeOH and MTBE NP were adjustéal the amount of materiagéqual to the content of

SSPE fractions (25.2 uL of the original plasina)
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3.2.3.2.2 Strong aniorexchange Oasis SPE

The principal steps of SSPE are presentdeignre 3.1. A SAX SPEproceduravas executed on
96-well, 2 mL MAX Oasis platesThe MAX plate waswashedsequentially with 1 mL of MeOH,
1 mL of 5 mM ammonium hydroxide in MM6@®0%MeCN and40%MeOH), and 2 mL of 5 mM

ammonium hydroxide in water.

Lipid

Plasma +
AIEE ] > mTBENP

o)

+ ﬁ) Lipid fraction E> Lipid
o)
o)

> MTBE NP

Polar fraction + MeOH |»| agMTBE MeOH |

Polar fraction + MeOH |» - » -f‘} A CN,Z

Polar fraction + MeOH > aqMTBE MeOH Lipid, Mid-polar

Figure 3.1. Flow chart of initial experiment to evaluaa&PEsample preparation versus MT
LLE and plasma precipitatiohy IPA. The sequential sgie preparation method includec
MTBE extraction of plasma, followed by MeOH protein precipitatiqrotdr fraction,followec
by a sequential MAXMMCX SPE to generate four fractions enriched walnions (A), catior
(C), neutrals (N), and zwitterior{g). Forthe comparisorof lipid content nontpolar fractions
of MTBE( i MT B E , niefandl precipitation of polar MTBfraction @gqMTBEMeOH)
IPA extraction ofplasma {IPA SpN) and sSPE fractionaiere comparedn lipid analysis
Fractions of sSSPE anttheir predecessor, the agMTB#eOH were compared in nygblar LC-
MS analysis. Both types of analysis were carrie@d8 RPcolumns, thoughC-MS methoc
were modified for anptimal separatiomnd detectiomf either midpolar metabolites or lipid

Lipid, Mid-polar

Ali quots ofMeOH extracts (175 uLdf plasma and blanksere mixed with 825 plof the freshly

prepared standard m85 ng/mL) in 2.5 mM ammonium hydroxideo gene-s pitlee di®dr e
samples and prepared in single replicaddisuots of MeOH extracts, whichwee used- for A
spi kedo sSPE fractions and fAbackgroundme& wer e
solution without standard$hen, 750 uL of eachlasmasample (equivalent to 26.25 pL of blood
plasmajynd blanksvere transferretb theMAX OasisSPE plate anbadedby gravity at ambient
temperature. The filtrate was reloaded back ehedVIAX Oass SPE plateo ensure complete

binding of anion and zwitterion metabolites, and filtrates were collected into a clean plate under
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positive presure (nitrogen pressuBebars hold time 2min) with the aid othe MPE2 unitof the
Nimbus 96robot (Hamilton, ON, Canada), which was used for all further filtration steps. Wells
werewashe once with200 pL of 5 mM ammonium hydroxide in water and tivoesby 250 pL

of 7.5 mM ammonium hydroxide iMM64 and collected into the sanpdate formingfraction
enriched wih cations and neutral metabolites (CNhe SPE plate wasluted into another
collection platdoy two sequential passages (total Q0 of 3% of formic acid inMM64, forming

the fraction enriched with anion and zwitterion metabolites (ABhe ®llectedfractions were
dried under vacuum in 8peedvac dryer for 26 hourst@ambient temperaturend subjected to

MCX fractionation on the next day.

3.2.3.2.3 Strong catiorexchange Oasis SPE

SCX was executed i@ mL MCX Oasis 96éwell plates Wells of MCX plates were washed
sequentially with 1 mL of MeOH, tL of 4 mM acetic acidn MM64, and 2 mL o# mM acetic
acidin waterprior to applying a sampl®ried CN and AZ fractionsvere reconstituted in 100 pL

of 8 mM of acetic acid in 30% ®fiIM64, sonicatedor 10 min, shaken on the rocker shaker at the
frequency o#450rpm/min, and diluted with 300 uL water. Sonication and shakirgerepested,

and plates wereentrifuged at 5,00&@ g, +4  ford min.Supernatants360 uL) were transferred
into the MCX Oasis SPE plate and filtered by gravity. Then, filtrates were reloaded back into the
same MCXOasisSPE wellsand collectedavith the aid otheHamilton Nimbusas described above
for MAX SPE These filtrates were combined with several washhe fifst washwasexecuted

by 100 uL of 2.5 mM acetic acid in 7.5% MM64, followed by 600 uL of 2 mM acetic acid in
100% MM64, and produced N and A fractions (for CN and AZ fractions, respectivel/jvdits
were therelutedtwo timesusing300 pL of 2.5 M NHOH dilutedin 100% MM64, and the eluent
was collected into a clean 9¢ell plate resulting in C and Z fractions (for CN and AZ fractions,
respectively). Theallectedfractions were dried under aiaum in aspeedvac dryer forl8 h a

ambient temperatur@nd storedteor below-70 °C untilLC-MS analysis the next day
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3.2.3.3 Analysis of midpolar metabolome

3.2.3.3.1 LC-MSanalysis of miepolar metabolites

Dried samples received 40 uL of 20% MeCN avetesubjeted to the reconstitution procedure,
which included two operations executed at ambient temperatusen{gation in a water bath for

10 min and(ii) shaking (450 rponfor 20 min in an orbital shake Samples destined to serve as

A p esspti k e d cecontitutede with the same solvent containing standard metabolites at
concentrations 5x highar han expected 100% recovesypyi knddost a
samplesThen,160 uL of water was added, the reconstitution procedure repeated, and samples
were catrifuged at 10,000 x g and +4 °C for 6(6Bsimples were analyzed using 10 pL injection
volumes onl1290 WHPLC chromatograph (Agilent Technologies, Santa Clara, @#)g 2.1 x

100 mm UHPLCZorbax Eclipse PIU$' (octadecylsilane parties, 1.8 pmdiameter,95 A pore

size equipped with 2.1 x 5 mm guard colunMobile phase$or (-ve) ESlwere: ®lvent A: 0.02%

(v/v) acetic acid in watesolvent B: 0.02% (v/v) acetic acid in MeCRor (+ve) ES| acetic acid
concentrationg both A and B were increas&n 005% (v/v). The gradient started from isocratic

2% B between 0 andin, followed by a linear increase of B from 2% to 100% between 2 and
22min, followed by 100% B isocratic for ghin and finalizedat2% B for the last &nin for column
equilibration.The chromatography was carrieditat 0.4 ni./min at+35°C.The LC column was
coupled to Agilent 6550 iFunnel-QOF mass spectrometer equipped with the source containing
two nebulizers: (i) maifior samples and (ii) auxiliarfor calibration standards).

MS andysis was executed with the internal mass calibration using reference standards supplied
via the auxiliary nebulizer in positive (+ve) and negative) ESI in the mass range 1000

m/z. Parametey in (+ve) ESIQ-TOF wereset to:capillary voltage of 380 V for the entire run

and nozzle voltage of 200 V for the first 4 min and 1500 V ftbe¥™" to the 28" minute of the
analysis. In- ve) ESI, capillary and nozzle voltages were set to 3500 and 500 V, respectively
duringthe first 5.5 min oirun andio 4200 and 800 Yetween 5.5 and 29 miDrying and sheath

gas temperatures were sett#2b0 and+275°C and flow rates to 15 and 12 L/min, respectively
disregarding=SImode Nebulizer pressure was set toBBIG,andthefragmenbr voltage to 175

V. Data was acquired in both centroid and profile mode at the rate of 3 spectra fher extended
dynamic range mode (2 GHz). Resolution of 12,000 FWHM (full width at half maximum) at m/z
121 and 24,000 FWHM at m/z 922 wasiagied. To assure acceptable syascuracy of recorded
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ions, continuous internal calibration was executed using signals at m/z 121.0509 (protonated
purine) and m/z 922.0098 (protonated hexakis (1H, 1He3tafluoropropoxy) phosphazine (HP

921)) in+ve) ESI modelons with m/z 119.036@leprotonated purine) and m/z 966.0007 (formate
adduct of HP921) were usetbr calibration in {ve) ESI.

Due to the large number of samples, each type eMSCanalysis was executed in a separate
analytical batch. Time tervals between batches did notead 36 h. Sample injections were
executed in a temperatucentrolled (+6 °C) injector in random order. Pooled QC samples were
injected at the beginning (n=3), at every'Idjection and at the end (n=3) of each bateboled

QC samples were created tmyxing equal volumes of all plasma extracts destined for the batch

unless stated otherwise

3.2.3.3.2 Data analysis

For the targeted data analysis, peaks with known mass and RT were picked and integrated using
the targeted method Profinder (version 08.01 SP) digptionfrom AgilentTechnologies (Santa
Clara, CA, USA)with anion mass accuracy threshold o2& ppm, retention time + 0.5 min and

intensity cutoff of 750@ounts Peak selection and integration were verified for esi@hdard.

The analysisofrecovey was preceded by subtracting-signal

spi kedo -sapnidk efidpoo sstampl es. Then, the recovery
(signabkpi kedpré& 100 %pked ei gnal i n Apost

For the globaldata analysispeak picking, deconvolution, alignmerdnd integration were
executeabn theProfinder (version 08.01 SPapplicationof Mass Hunté™ suite (Agilent, Santa
Clara, CA)with the following parameters: retention timé 2.2 mn, ion mass accuracy threshold
of + 20 ppm,therelative height of MS+1/MS isotope abundataecé&5%, RT threshold £0.15 min,
minimum peak height 200 and 2000 counts for M+1 and M peaks, respectivelgndlygsis of
global metabolome coverage in MeOH as@PE extractsvere carried out omMass Profiler
Professional (version 1#) application of Mass HuntBt suite with integration and binning
parameters similar tthe settings on throfindermethod. Metabolites with low qualitywere
removed if they met thfollowing criteria(i) were notat least 5x higher than the signabliblank

or (i) were not found in at least 4 out ofé€plicatesf a given extraction methoManual curation
of a subset of dataund 23% duplicate entries (a compound spitween multiple entries by the
peak pcking algorithm) The metabolome coverage of agMTBEOH and sSPE was compared
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in Venn analysisin addition, TIC chromatograms of MTBE NP, agMTBEOH, and sSPE

fractions werevisualizedsideto-side to evaluate therthogonality of metabolome coverage i

C18 RP analysis in (+ve) anev€) ESI to MTBE LLE and MeOH extractiofmhe identification

of metabolites was not carriealit in this thesis. Therefore, thgdobal results are based on the
analysisof putative unidetified metabolites The t ertne siomenteanbtaloined t hr

analysis and discussion of global analysis was used for brevity.
3.2.3.4 Lipidomics analysis

3.2.3.4.1 IPA extractionfor lipidomics analysis

Ice-cold IPA (300 pl) wasmixed with100 pl ofice-cold plasman a 1.5 mL centrifug&ppendorf
tubeand vortexedimmediately for 1 minute at ambient temperature. Themix wasncubatel
at below-70°C for 1 h without shaking and centrifubgt 25,000« g at+4°C for 20min. Aliquots
of thesupernatant @0 ul) were transferredhto 1.5 mLEppendorfpaypropylene tubsand dred

for 2 hours at +30°C in a vacuum dryer.

3.2.3.4.2 Generation of the lipid fraction

An aliquot 00 pL) of MTBE NP of plasma was mixed with25 pL ofthe agMTBEMeOH,
dried for 8 h at +30°C in a vacuutnyer, and stored at below 0°C until lipidome analysis.

3.2.3.4.3 Preparation of extracts fdipid LC-MS analysis ir{-ve) ESI

Dried samples were reconstituted in 40 ul (36.8r SPE extracts)f a buffer containing 0.02%
(v/v) acetic acid,10% (v/v) MeOH,90% (Wv) IPA and 3 uM of lipid internastandard mixgee
Appendix B, Table B2). After 10 min of sonication in a water bath at ambient temperature and
15 min of the shaking in Genie Fisheradter a450rpm, samples wereentrifugedat 17,000 g

and +4°C for 1 min.Then, samplewere dilutedwith 160 [L (145.2 |L for SPE extrac)sof

0.02% v/v acetic acith 60/40 watetMeOH v/v, sonicatedand shakemagain as described above

3.2.3.4.4 Preparationof extracts for lipid LEMS analysis in (+ve) ESI
Aliquots (10 pL) of samples preparadSection3.2.3.43 were further dilutedavith 190 ul ofthe

same solventsonicated and shaken again as described abalassHPLC inserts. All samples

were vortexed for 1 miand centrifuged for 1 min at 10000 x g at ambient temperature
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3.2.3.4.5 LC-MS methods for lipid angsis

LC-MS analysis was executed &TQ Orbitrap Velo$" (Thermo Fisher Scientific, Mississauga
ON, Canadajising Waters CSH C18 (130 A, 2.5 pm, 2.1x75 nesiumnequipped with a 2.1 x

5 mm guarecolumn(XSelect™ CSH C18XP VanGuard“ Cartridge, 130 A, & pum). The sample
was elutedat a flow rate of 0.25 mL/m and temperature 55°Cor the analysis i+ve) ESI,
mobile phasé\ containedlO mM of ammonium acetate in 60/40 waMeOH (v/v)while B was
90/10IPA/MeOH (v/v). For the analysis if-ve) ES| ammonium acetate in both phasess
replaced by 0.02% (v/v) aqueous acetic a€ite samegradient wasisedfor both ESI modes
(Appendix B, Supplementary TableB3). The MSparameters wergetto: capillarytemperature
+275°C,asource atr300°C and thevoltageof 3.5 kVin (+ve) ESI or 3 kVin (-ve) ESI. Sheath
gas flow was set to 1for (+ve) ESI or 5 for (-ve) ESI; aux gas flowwas set td 0 (arbitrary units)
andresolutin to 60,000 FWHM(MSY). Internal mass calibration was performed using the mass
lock set to thanassof the ubiquitous background i01391.28428n (+ve) ESI or 311.1685% (-

ve) ESI. The datadependent CID fragmentation was executed, and spectra collected $pectra
eight highest signals above 5000 counts in mass ranges2886m/z forpositive and 281200
m/z for negative ionization modes widéim isolation width of 2, activationrne 50 milliseconds

and normalized collision energy of 35 V

3.2.3.4.6 Data analysis

Lipid identification was carriedut usingLipidSearch.1 (Thermd=isher Scientic) by matching
spectrawith a mass tolerance of precursor £0 ppm and produdit +/- 0.5 Da @ainst thein-
silico online LipidSearch libraryThe dentifiedlipids were aligned between samples using5s+/
ppm mass accuracy and RT threshold eD#3min. Thedata was curated by removidgplicates,
andsignalswith asignalratio plasma/ blank §. Further datanalysis was executed in Excahd
Venn analysisvas carried itMPP (MassHuntéM, Agilent Technologies).

3.2.4 Optimization and evaluation &fSPE for analysis of polar and nmigolar
metabolitesn individual sSPE fractions

Theevaluation of sequential sample preparation method was simpHigaré 3.2) comparedo

the initial protocol due to the removal of MTBE LLE extraction.
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3.2.4.1 Standard analgtmix for the analysis of single fractions

Standards were prepared as describe®action 3.2.3.1 except that the number of targeted
metabolites was increased to imprawe systematic representation of metabolite classes and
amenability of targstto RPandZIC-HILIC methods(Appendix B, Supplementary TableB1).

Plasma + MeOH |s)| MeoH spN. ) AR e A, ¢, N,z )| Re zic-HILIC

Plasma + MeOH | > MeOH SpN [> RP, ZIC-HILIC

Figure 3.2. Flow chartof the comparisorf sSPEfractions (A, C, N and Z) tbleOH extrac
( AMe OH , ®pnmidpplar (RP) and polar (ZIGHILIC) LC-MS analysis. A sequent
sample preparation includes MeOHction of plasma with subsequent sequential SPE (
-> MCX) approach. Sequential SPE generated fractions presumably enriched with ¢
class of metabolites: anion (A), cation (C), neutral (N), zwitterion (Z), These fraction
analyzed irRP and ZIC-HILIC LC-MS with (+ve) and-{e) ESI in parallel to MeOH extre
of plasma

3.2.4.2 MeOH extractiorof plasma

The flow chartof thefinal protocolfor sample preparatiowith emphasis on sSPE shownin

Figure 3.3 The standard mix was added into plasmawate (blank) to yield 70 ng/mL
concentrationt o f o rsmp i fkerde. Sanplegvhiah svereprocessed withoustandard

analytest and whi ch wi || ser v e pa«k eficvédeqatvolumesnol 6 and
20% MeOH. For MeOH extraction, 200 puL othe sample vas mixed with 800 pL of icecold

MeOH and processed identically to the initial proto@@¢tion3.2.3.2). 572 L of the supernatant

were transferred into clean tubes and dried wacuum at +36°C for 4 h in a speeak. Dried

samples were kept at bele®0°Cuntil SPE extractions.

3.2.4.3 Strong aniorexchange Oasis SPE

The preparation of IAX SPE platavasidentical to the initial protocol and describedSaction

3.2.3.22. Dried MeOH extracts were reconstituted in 178 of 80% MMG64 using the
reconstitution proedure described iSection3.2.3.3 centrifuged (15,000 x g, 1§ +4 °C) and

diluted with 825 pL of 5 mM ammonium hydroxide in watérambient temperaturéollowed by

the reconstitution procedure and centrifugagbd 0,000 x g, 15 s, +4C.
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| 10 L standard mix + 120 pL plasma + 520 pL MeOH

~-

| Dry 520 pL of supernatant |

| Reconstitute in 147 pL 80% MM64 + 693 pL 2 mM NHAOH pH 9.2 |

700 L
-
w MAX v
Flow-through + wash] (100 pL} 2 mM NH,OH in water Elution (2 3:4_()()|1L}
+wash (2 x 250 L) 4 mM NH,OH in MMB4 3% formic acid in MM64
c|w~ A
~-
Reconstitute 105 pl 6.5 mM acetic acid in 80% MM&4 Identical to
Dilute 5.7-fold with 6.5 mM acetic acid in water, pH 2.4; CI\!
Transfer all into MCX fraction
o me L .
Flow-through + Hution 2.5 % Identical Identical to
wash (100 puL} 2.5 mM acetic acid in water + NH,OH in to N C_
wash (2 x 300 pL} with 2 mM acetic acid in 100% MM64 MMBA fraction fraction
L

\
Dry

Reconstitute in 25% MeOH;
Dilute 5-fold with water

Reconstitute in 5 mM Ammonium Acetate in 75% MeCN;
Dilute 5-fold with 100% MeCN

.

C18RP

flow and parameters were identical betwethie analysis of individual and combined sSPE

.

ZIC-HILIC

Figure 3.3. Flow diagram of the final protocol of sSSR& the analysis of individual fraction$he

fractions (Section 3.2.5) except that in the latter, fractions wereconstituted andnixed as

described irSection3.2.5.3 The ideal fractionation would providegregation of metabolites (A,

C, N, and Z) into correspondent sSPE fractions, according to their charge depengiig afi
standards and pH of SPE (MAX, pH 9.2; MCX, pH 2.4). For example, cations (C) neutral at pH
9.2 of at the MAX loading CN fraction from which due to the presence of a charge, will bind to

MCX and eluted into cation (C) fraction. Sample loading &#mel first wash (100 pL) were
aqueous, while the second wash and elution solutions were 100% organic and prepared by
e (AMM640) .

blending 60% methanelind 40 % acetoni

hydrophobic interactiondue to DVBP stationarjaseused in MAX and MCX Oasis SPE plates.

Aliquots (700 pL) equivalent to 80 pL of plasmaeretransferred into wells of MAX SPE plate
and processed identically to the initial protoc@e(ction 3.2.3.22) except for the use of wash

tri

buffers with lower ionicstrength. Wells were washed sequentially wiilh 100 pL of 2 mM

ammonium hydroxide in watand(ii) two volumes (250 puL each) of 4 mEmmonium hydroxide
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in 100% MM64. The plate with the collecte@N fractions was sealednd placed on iceThe
elution was carried with three volumes (400, each) of3% formic acid in MM64 and collected
into a clean 2 mL, 96vell plate producing AZ fractionsThecollected fractions wergansferred
into 1.5 mL Eppendorftubes and driedindervacuum at +3°C for 12 hoursin a Labconco
centrifugal vacuundrier (model7982010) Dried samples were kept at belewd°C until strong

cationexchange SPE, whidbok placeno more tha8 hafter drying.

3.2.4.4 Strong catiorexchangeasisSPEof CN and AZ fractions

Dried MAX SPE fractims were reconstituted ia05 pL of 6.5 mMacett acid in 80% MM64
processed througie reconstitution procedureéiluted with 495 puL of 6.5 mMaceticacid inthe
water, and the reconstitution procedu(8ection 3.2.33) was repeated.After centrifugation
(15,000x g, 15 sec, +4°F; reconstituted MAX fractions were loaded into wellgtMCX plate,
and SPBEwvas executed identically to thprocessdescribedn Section 3.2.3.23. CollectedSPE
fractions(A, C, N, and Z)weretransferred intdEppendorftubes dried as described iBecton
3.24.3, andstored at below70°Cuntil LC-MS analysis whichwas executeavithin 48 hfrom
thetime ofdrying.

3.2.4.5 RPLC-MS analysis

Dried MeOH extracts were reconstituted using 28.6 uL of 25% (v/v) MeOH in water and were
subjected to the reconstitution procedure followed by centrifugation (17%0§015 s, +4°C).
Then, samples were diluted with 114.3 pL of waded the reconstitution procedurasvepeated.
SPE extracts were reconstituted identically using 20 pL and diiate80 uL of 25% MeOH,
respectively.Samples were analyzed in random order with QC (mix of equal volumes of al
samples) injected at eachlihjection. The instrumenand parameters &fC-MS were identical

to theones described ithe LC-MS analysis of nad-polar metabolites isection3.2.3.3

3.2.4.6 ZIC-HILIC LC-MS analysis

Dried MeOHextractswvere reconstituted usirg.6 pL of 5 mM ammonium acetain 75%VieCN
and diluted with 114.3 pL of 100%eCNusing the reconstitution procedures describedkiction
3.2.3.3. SPE extracts were reconstituted identically but usingl26f 5 mM ammonium acetate
in 75% ofMeCNwaterfollowed by80 pL of 100%MeCN. The chromatographieparation was
executed ora 2.1 x 100 mmSeQuant" ZIC-HILIC column Millipore Sigma,ON, Caadd

75



packed with 3.5 pm particlesith a pore diameter &F00A equipped with a 2.1 x 20 mm guaat
0.4 mL/min and+35°C. Mobile phaseA contained5 mM ammonium acetate in 95/5 (v/v)
waterMeCN andB containecb mM ammonium acetate in 5/95 (v/v) wakéeCN). Thegradient
started at isocratic 100% @&d heldoetween 0 and &in, followed byan 18 min lineargradient
from 0 to 20% A and a 7 min gradient from 20 to 50% of A. The gradient was continuaa to
isocraticmode at50% A between27 and 29 min. Thecolumn was reequilibrated fors5 min in
100% Bprior to the next injectiorBamples were analyzed in random order with QR @hequal
volumes of al samples injected etery 11" injection. MS analysis was carried out 4Cap of
3500V, nozzle voltage o#00 V, drying gas temperature af250°C supplied at 15 L/mjrand
nebulizer pressure of 351G Sheath gas temperature wsasto+275°C and the flow to 12 L/mjn
for bothionization mods. Internal mass calibration was executed as described for thedRRia

of mid-polar metabolites iSection3.2.3.3.1

3.2.4.7 Optimization of sample loading
All samples prepared for LMS contaired0.8 pL of the original plasma samplé pL. Samples

were injected in variable volumes to evaluate the effect of diffesganpé loadson metabolome
coverage MeOH extractsas the most complex samplgere loadedn volumes 1, 2and 4 ul,
which were equivalento the amount of material equivalent @8, 1.6 and 3.2 pL of original
plasmavolume respectively. Individual sSPEafttions were loaded in volumes 4,a8d 12 u|

which were equivalent tthe amount omaterial equivalent t8.2, 6.4 and 12.8 uL of original

plasmavolume respectively.

3.2.4.8 Targeted data analysis

Targeted data analysis was performed using selected iddntifietabolitesAppendix B,
Supplementary TableB1). Raw LGMS data vere processed idditally to the initial protocol
(Section3.2.3.3.2). Standards of two types were identified and integratedef@rence standards

(IR), whichwere spiked into plasmaipr to MeOH extraction(ii) backgroundeferencestandards

(ER), which weredetected in plasma samples using masses and RT of known standards in solvents
analyzed in the same analytical bat€hequality of thefractionatiorwasevaluated by examining

in how many SSPE fractions each metabolite was detectedFurther interpretaéion of
fractionation behavior was executegcomparinghe observethetabolite fractionatiobehavior

with theirpredicted physial-chemical properties, i.pKad s , h y ahding,@rediogDiat H
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of MAX and MCX), which can be found il\ppendix B, Supplementary Tables B1 and B4.

These walues were calculateth silico by Chemicalize calculatommn November of 2019.

(www.chemicalize.combuilt by ChemAxon (Budapest, Hungayywww.chemaxon.comin total,
93 metabolites were tested, andgedetectedn thisexperimentfAppendix B, Supplementary
Table B4).

3.2.4.9 Global data analysi

The globalanalysisof the extraction methods, peak pickindgconvolution, alignmentand
integrationwasexecuted by Profinder (version 10€)ftwarefrom Agilent withinthe retention

time interval ofl - 16 min (RP) and 0.5 20 min (ZIC-HILIC), ion mass accuracy threstof

+ 20ppm,theratio of MS+1/MS isotope abundance 12.5%, RT threshold £0.1 min, minimum ion
height of 450 and compound height of 4500. The RT and integration were verified (and corrected,
if necessary) manually for every compound detected acrosanafilss. Duplicatedaznpounds

and compounds with popeakshaps were removedin addition, lowquality metabolite signals

that: (i) were not at least 5x higher than the signal in blank and (ii) that were not found in at least
66% ofreplicates of a giveextraction methodvere alsoremoved.Metabolome coveragand
orthogonality of fractions were analyzed usingesmn analysisn Mass Profiler Professiondl (v.

13.0, Agilent) Datasets from each L-0IS analysis for MeOH extracts and sSPE fractions were
proessed through log @nsformation and Pareto scaling. AD2hierarchical clustering of
metabolites and samples was executed ubi@guclidian distance and average linkage approach

in the GENEE™  application  developed by the Broad Institute
(https://software.broadinstitute.org/GENE). The effect of the sample loading amount was

analyzed by the assessment of the amount at which the increase in metabolome andesiggeal

growth(MeOH/fractionsignal ratiospetwesnincreasingoadswassaturating.

3.2.5 Assessment of the analytical performance of the final sequential protocol in

combined sSPE fractions using targeted and global metabolomics approaches

3.2.5.1 Preparation of thetandard analyte mix for thanalysis ofmatrix efects and recovery

in combined fractioa

The analysis of combined fractions was executed using a separate experiment of the sequential

sample preparation executed identically to the final protocol developed and descHastion
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3.2.4, except theeomposition of the mix of standard metabolitBsie to the necessity to assess
recovery and matrix effects, the mix for the experiment was prepared at higher concentrations for
several metabolites to yield significant signal differences ftbeir endogenas levels. In
addition, the kit with 17 amino acids isotopically label&t (and'*C) was added to the standard
analyte mix to improve the representation of polar metaboldrhese metabolites will be
designated by addheteiamdriuéidr. The cogcentradti®$ df aminb acolsmn

the mix yielded between 1.3 pg/mL (glycine) to 3.13 pg/mL (tyrosine). The mix contained a total
of 62 metabolites in 20% (v/v) MeOH in wal@ppendix B, Table BY).

3.2.5.2 MeOH extraction and sSPE fractioiwat

Frozen citated human plasma was thawed on ice for 30 min, distributed into aliquots (120 pL),
which were spiked with 16spOdlkeafd) stoandear dOLmioxf
(Apopitkedd and Abackgroundo) a l2dsecondsronh &iee d t wi
Fisher 2 (ThermoFisher Scientific, MA, USA). Water in volumes of 130 pL was used for the
generation of blank samplesuficient numbes of MeOH extracts were prepared to ensine

availability of 6 i pwkadto3 Appiek e d 0k g r o ,uandlamesblank for MeOH
extractionand each sSPE fraction at IMS analysis After adding icecold MeOH (520 pL),

aliquots were immediately vortexed (2 seconds) and processed using the identical extraction
procedure described Bection3.2.4.2.Supernatants dleOH extraction (520 pL) equivalent to

the amount of material in 96 uL of plasma were dried in a centrifugal vacuum dryer at +30°C for

4 hours and stored af0°C. On the day of SPE fractionation, MeOH extracts destined for SPE

were reconstuted in 147 | of 80%MM64 and diluted with 693 pL of 5 mM N4OH in water.

Diluted samples (700L) were processed through MAX and then, MCX sSPE identically to the
methods which are described in the final proto&adtiors 3.2.4.3 and3.2.4.4 andresuted in

the generation of four fractions (A, C, N, and Z) containing material equivialédt uL ofthe

original plasma.
3.2.5.3 LC-MS analysis

3.2.5.3.1 Reconstitutiorof extracts and fraction combination for RP-LI@S analysis

On the day of RP analysis, dried sSRBcio ns desti ned -s5pi ksedd ewarse
reconstituted in 20 pL d30% MeCN ,which contained the standard mixaatoncentration 3.75 x
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higher thanthe expected00% recovery of metabolites in SPE samples spiked before MeOH
extraction (30H kynureine, for example, 151.7 ng/mL). Therefore, upon 3{a@kl dilution by

55 uL of water, these samples represemtediealized00% reference for recovery calculations.
Dry fractions of sSPE, which were desitutedhed t o
in 20 pL of 30% MeCN without standards, followed by the dilution with 55 pyL of water. Then,
samples were vortexed for 20 min at ambient tempexaffter dilution in 55 uL of water,
samples were vortexed for 20 min and centrifuged at 17,000 »aigplaient temperature for 10

min. Finally, solvent (20 pL 30% MeCN with the standard mix), which was used for the generation
of f@sppoisktedd samples, was mixed with 55 OL of v
which served as 100% reference foatnx effectsassessments. The pooling of fractions was
carried out by mixing 25 pL of each fraction in pairs C with N and A with Z for RP analysis in
(+ve) ESI. For RP analysis irve) ESI, fractions were mixed to form CZ and AN combinations.

All sampleswereanalyzed using an injection volume of 112, which was equivalent to 6.4 uL of
original plasma.

OntheRP analysis daydry MeOH extractsvere reconstituted in 96 pL of 30% MeCN in water
and vortexed for 2@nin (450 rpm)at ambient temperature. Aftdilution with 264 pL of water,
samples were vortexed for 28in and centrifuged at 17,000g at ambient temperature. MeOH
extractd esi red to -bpi ke e dweseaeoofditetedin 96 uL of 30% MeCN in
water, which contained the standardsx at the concentration 3.75 x higher than 100% recovery

of metabolites in samples spiked before MeOH extradfimnexample, the concentration of 3

OH kynurenine= 75.75 ng/mL). Neat standards, which will serve as 100% references for matrix
effects assssmats,were preparednthe dayas described in detail Bection3.2.4.5 Therefore,
after3.75fold dilution by 264 pL of water, these samples represented 100% reference for recovery
calculationsAll MeOH samples were analyzed using 6 pL injection voluwtgach corresponded

to 1.6 pL of plasmaDue to different amounts of sample materials8PE and MeOH extracts,
separate QGamples wergenerated for sSSPE and MeOH samples. Samples for QC sSPE were
created by mixing equal volumes of replicates of combs®PE fractions. Samples for QC MeOH
were created by equal volumes of reconstituted Maetdacts. Otherwise, experiments were

executed as described$®ction3.2.4.5
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3.2.5.3.2 Reconstitutiorof extracts and fraction combination for ZKILIC analysis

Ontheday ofZIC-HILIC analysis, dy SSPEC and Afractionsd e st i ned tgopsé&ede, as
Abackgr oun d dwere regomstitufed ih 20nuk of 5.5 MM ammonium acetate in 60 %
agueous MeCN and vortexed an orbital shakdgiThermo Fisher, Mississauga, Q8anadapt

the maximum speefdr 25min at ambient temperature. After centrifugatio geconds at 17000

X g at ambient temperature), the content odr@@l A was transferreitito N and Z respectively,

shaken and centrifuged as described in the pregimps Wells N and Z receivé pL of 100%

MeCN, followed by another round aghaking andcentrifugationas in previous stepshen,

samples were transferred from N and Z into C andae&pectively, followed by shaking and
centrifugation.Therefore, AZ andCN combinations were analyzed in ZHILIC, in both ESI

mode. Fractions of3PE destined to servefagp esspti kwvereréconstituteddenticallyt o -Aipr e

s p i k e dexcemtmaettsereconstitution buffecontained thetandard miX3-OH kynurenine,

for example, = 404.5 ng/mL). After dilution, standantetabolits yielded concentrations
corresponded to aidealized100% recoveryor metabolites in prapiked samplesAll samples

were analyzed in 8 L injection volumes, which corresjgoitotheamountof materialequivalent

to 6.4 pL of plasmaNeat standards iasolvent (100% reference for matrix effects assessment)
were prepared by mixing reconstitution-spike:
spi kedo s&mlpdf®08 MeCN h

On the day of ZIGHILIC analysis, driedMeOH extracts( A psrpa k e d 0 , Abackgr o
A b | aweke deronstituted ithe reconstitution solven®6 pL of 5.5 mM ammonium acetate in

60% aqueous MeCNand vortexeddentically to sSPE fractiongfter dilution with 34 uL of

100% MeCN samples were vortexed for 20n and centrifugedbr 10 seat 17,000k gat ambient
temperature. MeOH extractsvhich were destined to servasii p esspti kedo sampl es,
processed identically to other samples, ektiggt the5.5 mMammonium acetate in 60% aqueous

MeCN was spiked with thetandard mixvhich, after dilution of samples with 34 of 100%

MeCN vyields the concentration equall00%r ecovery of mepiabedoteampih
All samples were analyzaging8 L injection volumes, equivalent to 1.6 pL of plasma material.
Therefore, concentrations of standards were strictly proportional to the amount of loaded plasma
material for all LGMS samples regardless of LC mdé@pendix B, SupplementaryTable B7).

Due to thedifferent amounts of sample materials in SSPE and MeOH extracts, separate QC was
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generated for sSSPE and MeOH samples, as descrilgatiion3.2.5.32. Otherwise, experiments

were executed, as describedSiection3.2.46.

3.2.5.4 Data analysis

For the targetedata analysis, raw L-8S data vasprocessed as described in the final protocol

(Section 3.2.4.8. Calculations of recovery, repeatability, and matrix effects were executed in

Excel. Repeatability was calculated as RSD% across sigrsilsrine p | i cpeets @ $ kiem ofi af t
subtraction of an average bagikigeidae.nrde sli gnal (
For the calculation of recovery, the average background signal (n=3) was subtracted from signals

in eachpikpded replicatespk@do=6pandacaclinBpdst T
calcul ated as the meampi ddpltaiensa), whichinetsturn weree a c h
calculated by the formula: signal in subtractedpnei ked * 100% / mean of
spi kedo.

The matrix effectsvere calculated for posixtraction spiked replicates (n=3) after subtraction of
averageofumaokgi gnals usingspihleefiormul @0 %(ki measa
in replicates (n=3) of neat standards in reconstitution solvent. Finalljpeha of matrix effects
across tshpriekee diiop orsetp |l i cat es a$calulatedach st andard a
The dobal analysis was executed as describefaation3.2.4.9on metabolites that satisfy the

following criteria: (i) detected in 4 or more metaledi out of 6 replicates, and (ii) ratio thfe

average signal in plasmaféld higher than in lank, except that 2D hierarchical cluster analysis

and PCA were executed on Statistical Analysis of MetaboAnalygt%atter log transformation

andPareto scaling

3.3 Results and discussion

3.3.1 Assessment of initial protocols aéguential sample preparation

Theinitial experments aimed to define an optinsequence adample preparatiomethodsfor
theglobal analysis afnetabolitesn blood plasmaincluding the fractionation of metabolites based
on chargeThe flow chart of the entire experiment is depicteérigure 3.1, while the principal
steps of sSPE can be foundhigure 3.3. The initial protocb combined the most orthogonal
methods from our previous wotk The sequential sample preparation was designeddtdnate
the metabolites into distinct fractions: (i) neutral, hydrophobic metabolitee arganic phase of
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MTBE extr aciNiPon (aimMTBEE i ) c llarang enidpolar metadbalites, ne ut r
fractionated by sSPE into anion, cation, newral zwitterionic groups from the aqueous phase of
MTBE LLE deprotei ni zeMe H @hbextkhetiontdf plasma WVBEB E
wasintendedto remove lipids in order tonprovethe analysis of polar metabolon@end protect
chromatographic columns frothe damage caused by strong binding of hydrophobic lipids and
enableaseparate analysis of limdnMTBE NP fraction Methanol precipitation was executed on

an aqueous phaof MTBE LLE (agMTBE) to remove proteins prior to SSPE. Mixedde SPE
phases mvide desired ionic interactiongth eitherpositively (MAX plates or negatively(MCX

plateg charged moieties complicated by undesirable hydrophobic interactions from the
divinylbenzeneco-N-vinylpyrrolidone DVBP) matrix Therefore, sSPgrocedures were adjusted

to minimize hydrophobic interactions by the high content of organic solvents in wash and elution
steps Figure 3.3). The main objectives of the initial protocol sequential sample preparation
(Section 3.2.3 were to demonstratethat sSSPE fractionation improves metabolome coverage
compaedto MeOHextractionand generates orthogonal fractionatidbmetabolites based on their
charge propertie.he compatibilityof sequential sample preparatiorth efficient lipid removal
wasalso evaluated and used to guide the development of the final protocol

3.3.1.1 Lipid content of fractions generated using the sequential sample preparation method

The untargeted lipidomic analysis svaxecuted omll of the extracts generated by sequential
samplepreparation, including (i) agMTBE after the deproteinization with MeOH,agMTBE
MeOH; (ii) MTBE NP without additional treatment aiid) the mix of (i) and (i)theA | i pi d
f r a c,wihich neppesergdcombined lipidome coverage of (i) and (ii).

3.3.1.2 Analysis of midpolar metabote coveragen sequential sample preparation combining
MTBE LLE, MeOH and sSPE

The targeted analysis demonstrated an expected distribution of the majority ofdsanitesSPE

fractions Appendix B, Supplementary Figure B2). The exceptions were found amongst anions
(pantothenic acid, split between A and N fractions, and resveratrol detected in N only). In the
group of neutral metabolites, adenine was detected mdA®eatining in C fraction. Zwitterions

were fractionated asxpected, except f@accharopinewhich was detected the C fraction. The
ionization status of these metabolites assume

(Appendix B, Supplementary Table B1)does noexplain their unexpected fractionatio
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Figure 3.4. TIC profiles of RP L&MS midpolar analysis in(+ve) ESI(left panel) and-ve) ESI

(right pane) for plasma metabolitesdeteed i n MTBE NP(designated by
MeOH (designated as AMeOHO), and sSPE fracti
zwitterion ( Z) .ssHowiecredsginmllle phase B) whirlkais egual to 72% a

15.2 min of RT designated khe red dashed lin&/ertical red dished lines show thRT region

used for the miepolar data analysis.

The targeted analysis has also revealed insufficient representation of the cation group of standards
(only TRH), whichprecluded the analysis of thieactionation of this group. Thanalysis of the
fractionation will be investigated in further experimewtth an extended standard mix and in
more detail $ection3.3.2.2.

The dobal analysis demonstrated the increase ofabwome coverage in sSPE dtians for

1.57 fold in (+ve) and 1.4 fold in (-ve) ESI on RRC18 (RP from here and further) compated
agMTBEMeOH (Appendix B, Supplementary Figure B3). This confirms our expectations and
provided merits for furtker developmentof sequentialsample preparation. In addition, the
comparison oRP TIC profiles of individual sSPE fractions, agMTB#eOH, and MTBE NP
extracts clearly demonstrates a limited selectivity of the current deAigiicst, RP analysis
demonstated a limited selectivitjoward polar metabolites. A notable surface area is covered by
TIC between (b and 2 min of RTdisregarding extraction typand ESI modeRigure 3.4). In the
secord, sSPE fractions demonstrated presumably low recoweériiydrophobiccompounds.
Profiles of TIC in A, Z, and N fractions are very low at RT1L5.2 min & 72% MeCN)compared

to the sSPBEredecessor,e.,agMTBEMeOH.
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Lipid fraction
total 677

Lipid fraction
total 438

Figure 3.5. Analysis of lipid coverage n A MT BaRdf M | M TMBeEO Hllipid fraction and IPA extract if+ve) ESl(panels A, C)
and (-ve) ESI(panek B, D) using untargeted lipidomic analysis on LT®@bitrap Velos.
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These problems will be addressednoredetail inSection3.3.2.2. Overall, he evaluation of the

initial sequential ample preparation protocol towards Fgid metabolites demonstrated
increased migbolar metabolome coverage by sSSPE compared to the predecessor: atyMTBE

extract.

Fractions A, C, N, and Z demonstrated ortha@@omposition in a global metabolomicadysis.

The results were supported by the expected fractionation of standard metabolites in a targeted

analysis. The experimental data supported the continuation of the further development and
evaluation of sequeti sample preparation.

3.3.1.3 Lipid coverage ilMTBE non-polar fraction

The first objective of lipidome analysis was to estabiisM TBE NP (organic phase of MTBE
LLE) may provide sufficientipidome coverage comparabte an established lipidomics method
for plasma, such as IPR?It was also unclear if SSPE mpgovideanimproved lipidome coverage
comparedo its predecessor, agMTBHeOH.
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Figure 3.6. Assessment of intensities of lipids in (+ve) (A) aud)(B)ES of MTBENP ( A MTBE
NPO) , a yyMIOBE ( ndea@ld t he | i pid fBlue dars represerfti | i

average and orange barsmedian (n=3)of signalratios for lipids in three sequential extracts
relative to IPA.

p i

Therefore, a lipid analysis was exemditto assess metabolome coverage and relatakysis of
signak between sequential extracisquding sSPE fractionsand IPA precipitation which is
considereda referencemethod for comprehensive and reproducible lipidome coverage
plasmat®® The comparison ofpidome coverages MTBE NP, agMTBEMeOH, their mix (fi ipid
fractiono), and IPA precipitation is shown Figures 3.5 C and 3.5 D The coverage in MTBE NP
and agMTBEMeOH was found to be similar to IPA and is confirmed by the analysis of the lipid



fraction, which was demonstrated similar to IPA ligidmposition(Figure 3.5A and 3.5B). At

the same time, the recovery of lipids was loweMiRBE NP and agMTBEMeOH compared to
IPA(Figure36AandB) , but it was reftacedohnhn)ttdesr emaxroc
Neverthelessthe recoveryn the lipid fraction was lower than in IPA, which is demonstrated by

high average IPA/lipid fraction signal ratios of 1.7 and 1.6 in (+ve) arg) ESI, respectively

(Figure 3.6).

Table 3.1. Lipidome covesige and signal reproducibility in extracts of sequential sample
preparation in nonpolar MTBE fractions (MTBE_NP), MeOH extract of polar MTBE fraction
(agMTBE-MeOH), their mix (Lipid fraction) anéh IPA in (+ve) and {ve) ES$. Signals of lipids
detected imall replicates were curated manually prito the analysis to remove falpositive
integrations and duplicates. Aftéreremoval of irreproducible (C¥ 30%) signalsthe median

CV was calculaied (third row). Furthermore, signals with C¥ 30% were remeed if their
intensities were ndive times higher than in correspondent blank extracts (the lowest row). Low
coverage for théipid fraction in this column in (+ve) ESI has been causethbyfaled injection

of one of three replicates and explained itall in the text $ection 33.1.1). The results of
lipidomic analysis MTBE NP fraction demonstrated drastic (10.4x) loss of recovery in (+ve) ESI
(Figure 3.5A) comparedo IPA. This indicates that the dipidation step is not as successful as
predicted ad suggests this step may be omittechftbefinalized protocol.

(+ve) ESI (-ve) ESI
] D_ ! D.
N W
Data cleanup stages o 5 E =] é < o 5 E e -§ <
S22 ) 9 o S 2 ) g3 e
@ = - & = =

Number of identified lipids

, 641 604 677 680 426 348 438 442
after manual curation

Number of lipids with
CVO30%

Median CV of remaining | 17, | 15 | 101 | 173 | 190 | 205 | 15 | 14
lipids (%)

538 540 475 581 338 250 403 385

Number of lipids with signal

to blank ratio O5 185 186 130 264 295 195 362 348

These differences in signal intensities t@nexplained byi) lower lipid extraction efficiency of

MTBE LLE and agMTBEMeOH compared to IPA and (i) more complex manipulation and higher
nonspecific sample losses during the production of the lipid fracturprisingly, the
repeatability was natignificantly affeced in the lipid fraction. For exampldye number of lipids

with CV 030% in (+ve) ESI was 475 (median RSD
RSD 17.3%) in IPAIn (-ve) ES, the number of | i pi d3(mediantRSD CV 03
15.0%) in the lipd fraction and 38 (median RSD 14.0%M IPA extract, respectivelyl@ble 3.1).
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The very low number of signals of ndaank lipids in the lipid fraction in (+ve) ESTéble 3.1)

has been caused by the drop of all intensities in one of éxtegction replicates and was not
observed in{/e) ESlin the same replicate indicating a failed injection issue and nexteaction
repeatability issue

Therefore, the analytical performance of the combined lipid extraction from plasma by MTBE NP
andagMTBE-MeOH is approaching thguality of thefi g ostandiard method, i.e., IPA.

3.3.1.4 Applicability of sSPHor the fractionation olipids

Sequential SPEid not fractionate lipidsnto each of 4 fractionsMost of the lipids were split
between cation and nieal fractions Figure 3.7). In addition, thdipid recovery in sSSPE fractions
was lower than in the lipid fractiorrigure 3.8). The low recovery is not surprising, considering
the hydrophobic nature of phases from which MAX and MCX &BEmanufacturedn addition,

the strong binding of lipids to variou$®E phases is well documented and is sometimes used for

the removal of lipids from nefipid metabolites in a sample cleanup procedti&

lipid A lipid Z
665 entities A

a 2
713 entities 229 entities B 264 entities

lipid € lipid N € n
910 entities 847 entities | 379 entities 405 entities

Figure 3.7. Distribution of lipids between fractions of SSPE assessadg positive (A) and
negative (B) ESIFractions were prepared and analyzed in lipidomic-MS at (+ve)and ¢ve)
ESI, as described i8ection8.2.3.43-3.2.3.4.5

Therefore sSPE demonstrategpoorlipid recovery which confirms the observation of low TIC
profiles (Figure 3.4) for SSPE fractions on RP LMS analysis after 15.2 min (72% MeCN).
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Figure 3.8. Median (n=3) of lipid signal ratios in sSSPE fractions attie ipid fraction to IPAIn

positive (orange, dashed) and negative (blue, solid) ESI. Ratio values are designated by numbers
on the top of eachar. Fractions were prepared and analyzed in lipidorhiC-MS, as described

in Sections3.2.3.4371 3.2.3.4.5

The most prominent decrease in signal intensitiesolvasrved ir{-ve) ESI fFigure 3.8) for A and

Z fractions Such loss of signaisas not obseed in agMTBEMeOH and pinpoints the possibility
for lipid losses in the sSPE step. The losses in A and Z fraalising (-ve) ESI indicate the
involvement of fatty acids, phospholipids, and sutfantaining lipids due to strong/irreversible
binding to he MAX phase is a plausible explanation. Another surprising observedi®detecting
a large number (more than half of all lipids) ofand triglycerides in SSPE fractio(iable 3.2).
Table3.2. Analysisof signals (median of IPA/fraction ratio) and composition (% efDus) and

triglycerides (TG) to all lipids in sSPE fractions. Fractions were prepared and analyzed in
lipidomic LGMS at (+ve) ESI, as described$®ections3.2.3.4.4and3.2.34.5.

Glycerices in SPE fractions IPA/A | IPA/C | IPA/Z | IPA/N
DG, TG median signal ratios 3.5 3.5 3.5 3.7
DG TG % to all lipids in fraction 65.2 |51.7 |62.1 |53.4

This coincided with low lipid recovery, which wadsmonstrated by MTBE NR-{gure 3.6) and
indicated an inefiiency of MTBE in the depletion of lipids and impaired protection of
chromatographidkP columns from compounds with may undergo the irreversilsiditg with

C18 stationary phases. This brings another reason to remove MTBE LLE from the sequential

sample pocessFinally, the low recovery of lipids in SSPE is not surprising. The strong binding of
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lipids to variousSPE phases is well documented andsed for the removal of lipids from non

lipid metabolites in a sample cleanup procedfité!°

3.3.2 Optimizationand evaluation ofexjuentibsample preparatiofor analysis of
polar and migpolar metabolitesn individual sSPE fractions using targdt
and global metabolomics approach

Next, we assessed the fractionation of polar andpuldr metabolites into sSPE fractions and
examined the ihitations of the method towards metabolites belonging to various chemical classes.
The coverage of the newlyesdigned sSPE method for polar and 4padlar metabolome was then
compared with the standard method of MeOH precipitation to see how much thepneachcan
increase method performance. The effect of the sample loading amount on metabolite coverage
was al® examined in detail. The third aim was the integration of SSPE fractions with the most
suitable LGMS methods to maximize metabolome coverag@énshortest analytical time.

3.3.2.1 Performance of sequential fractionation method for selected metabolites

The peformance of the final sequential fractionation method was first evaluatedodsstgndards
listed in Supplementary Table B4 (Appendix B). The main evaluation parameters included
metabolite coverage and fraction overlape ideal result of SSPE fractiation would be a clear
fractionation of metabolites (A, C,,ldnd Z) into correspondent sSPE fractidrig/(re 3.3). Any
splitting <10% was @nsidered negligible and is not further discussed below.

Overall, the resultef the analysis of spiked plasdamamstratedrthogonakeparation of anionic
and cationic metabolites from each othErg@re 3.9). However, several anionimetabolites
(homovanillic acid, pantothenic acid, arachidonic geind biotin) were split between A and N
fractions, which may resuftom incomplete binding of these metabolites to MAX sorbent. This
observed split contradictshe pKa values of these aninic compounds Appendix B,
Supplementary TableB1), which predicts their complete retention on MAX. Arachidonic and
pantothenic acidsshould be completely protonated at pH 2.4 of MCXAppendix B,
Supplementary TableB1), which makes ionic interactions ingtrable.

Several metabolites (arachidonic acid, eicosapentaenoic acid, pyridoglatholesteryl acetate)

were split between A and Zactions (Fig. 9). This cabe caused bthe unexpected retention of
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these anion metabolites on the M@Kase gxceptzwitterion pyridoxal which was just partially
retained orMCX against the expected complete retention

For cations that areomprehensiely charged atthe pH of MAX (creatinine, neopterin to
histamine) unsplitfractionation into C fraction was observed as expedteglife 3.9). Neopterin
possessesweak basic grouypehaves as a cation, awds fractionated intoéhe C fraction due to

the presence d positive chargeThis behavior waasedpreviouslyfor an SCX chromatography

of this compound*?? The results also revealed an unexpediet welcome fractionation of
carnitines into the C fraction without argligting. Carnitines, due to the permanent positive charge

of quaternary ammonium, behave as strict cations @oenot bind to MAX) despite the presence

of anionized carboxyl gyup Figure 3.9). The standards between kynurenine and aspartic acid
had pedicted pKa values that characterize them clearly as zwitterions. However, these standards
were found predominantly in C, insteadtbe Z fraction (kynurenine to valine)lrans4-OH-

proline and methionine were highly split between C and N fractions, stfaielards between S
adenosylhomocysteine to aspartic acid showrignre 3.9 were split between C and Z fractions.
These results indicatpoor binding of these zwitterions viagitive moieties to MCX or poor
binding of negative ion moieties to MARr metabolites with C/N an@/Z split, respectively

Neutral metabolites were predictably fractionated into N fraction, and the only minor C/Ncsplit (
10%) was observed for guanosjrbetaestradiol, cortisol, and cortisone. All neutral standards
demonstrate pKa values distinct from other metabolites, which predicted their neutralioharge
both SPE protocolg-{gure 3.9). The results supported that firémary mechanism of fractiotian

was ionic and that the designed protocol is working well. The observation of minor splits suggests
the minor involvement of other types of interactions (hydrophobic or polar), which provide the
retention of neutral metabt@s on MCX with subsequentgion into Z fraction.

Only five zwitterion metabolites were exclusively detectedh@Z fraction. Such retention is
possible only in the case of their complete retention on both MAX and MCX sorbents. The profiles
of pKa for these standards do not diffrom zwitterions found i€ or split into C fraction, which
suggest the involvement of other types of interactions in the tested SPE plates. Moreover,
hydrophobicity or hydrophilicity alone do not determine such behawoause thenetabolites
detecte in Z exclusivelycontain distinctively polar (glutaminéggDpH 9.2 = -4.4) and nonpolar

(thyroxine, lodpH 9.2= 1.9) standardsAppendix B, Supplementary TableB4).
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Figure 3.9. Fractionation of selected metabolites from blood plasma into fractions-éolios
orangecation, greyneutral and yellowzwitterion) using sSPE. The length of each s
proportional to the sum of peak areas (equal t0%0) in four SSPE fractions and is designi

by the primary (top) X axif®eak area of each metabolite in a fraction, where it was detec
represented by the corresponding cetmded portion of a stacked bar. It is necessary to,

that relative prgortion of peak areas does not guarantee similar proportion of actual an

in different fractions due to unknown matrix effects. The secoxdaxys (bottom) shows pH-
MAX (9. 2, green dashed | ine), MC X ¢egt acidi
(green triangles) and the strongest basic (black round dots) moieties of each metabao
location of pKa symbols on pH lines wihmilar color indicates equal ratio of conjugate b

and acids, i.e. equal ratio of charged/neutral moietesThe val ue of be
right) MCX pH, as well as the value of

to an increxsed proportion of charged moieties over neutral conjugate aneversa. Values

pKas were obtained on Cimcalizé™ calculator (https://chemicalize.com/#/calculati
available on the website of ChemAxon in December of 2019.

A broademumber of conditions needed to be assessed to understand and pechiasttionation
behavior of zwitterions.

The expernent demonstrated five groups of metabogth distinct pKa profilesKigure 3.9),
which encounter one group in A, three groups in C, and 1 group in N. One of three pKa profiles in
the C is similar tgpKa profiles of metabolites in the Z fraction. Tinactionation performance of

all metabolites excefhe group ofzwitterions(from alanine to aspartic acid) can be predicted by
pKa, based on the set of standard metabolites evalddtedractionation bhavior of zwitterions
was the most compleand is dtributed to the presence of multiply charged groups, as it is
impossible to find pH values to have all zwitterions in the same overall charge state and minor
contribution of mixeemode interactions withthe sorbent.Moreover not surprisingly, a
fractionaion behavior of zwitterions could not be fully predicted using simple descrgiclsas

log P, log D, gdrogen bonding potentiadnd pKa valuegAppendix B, Supplementary Table

B4). This suggests theecessity ot wider and more&eomprehensive analysis of the interactions
between metabolites and complex, nebreode sSPEwhich isoutside the scope of the current
study.More importantly for our objectives, these results confirm good and predictabtatsmpa

of most cations, anionand neutrals in their respective fractions, thus achieving our goal of sample

decomplexation.
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3.3.2.2 Fractionation of unknown metabolites in plasma using SSPE

3.3.2.2.1 RP analysis in (+ve) ESI

Next, the fractionation performance of all taieolites present in plasma svaxamined using an
untargeted dataset containing all curated metabolite features, which comply with requirements
(Sections3.2.4.9 and3.2.5.9.

|

-5.0 5.0

Figure 3.10. Heat mapand higarchical analysisof all metéaolites f (in rows) detectedn sSPE
fractions (columns) and MeOH analyzed by RP (+ve) ESI. Fractions of SSPE are designated by A
- anion, Ci cation, N neutral and Zi zwitterion. MeOH extracts are designated fiby\d.
Extradions and metabolites are clustered usithg Euclidian distance and average linkage
methodThe main ratabolites clusteare designated by numbet facilitate discussion in the text
Normalized metabolite signalsre depicted byheat mapcolors, from dak blue to dark red
representing the scale betweé&n0 to 5.0from not detected to the highest signal, respectively
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This analysis's main objective was to investigate if the trends that were observed for standard
metabolites prepared as describe&ection 3.2.41 also hold across the full dataset and examine

the extent of splitting in the entire datasagure 3.10 shows the hierarchical clustering analysis

of A, C, N, and Z fractions and methanol precipitation, which was also included in the smmpar

The results show a clear decrease in the sample complexity of fractions versus methanol extract.
The metabolite covage observed for methanol extract is mostly split between A, C, and N
fractions.

The full dataset used for clustering analysis inetldientified metabolites discussedSaction

3.3.2.1. Unknown metabolites that cluster with known identified metabo#teslikely to have

similar physicochemical properties. Aldéigure 3.10 visually illustrates several clusters where
fractions improe the metabolite coverage in comparison to methanol: cluster: (1) 87 metabolites;
(2-1-1) 44 metabolites and{31) with 44 metabolites. Just a fdwmetabolites in clusterdere

unique to N, which others were detected in ionic fractions, which sugaestgligible role of
neutral fraction in the expansion of metabolome coveffeigerre 3.10). In addition, (+ve) RP LE

MS analysis did not reveal any metabolites which were uniquely detected in MeOH, showing that
the proposed fractionation was able to rétcdgute the composition of typical methanol plasma

extract fully.

3.3.2.2.2 RP analysis in-{/e) ESI

Two major clsters are formed by metabolites in RP neg E&Jure 3.11). Similar to what was
observed for selected known metaboliteSéettion3.3.2.1 and demonsated inFigure 3.9, this
analysis also confirmed thatvary small number of metabolitegere split between A and ©r N
and Zfractionsand that these fraction pairs were highly orthogonal

Compared to MeOHsSPEenhances metabolite coverage in ttseleclusters.The subcluster 1
1-1-1 contains64 compoundsletected in A and N fractions, inding alfa-ketoglutaric and
pantothenic acidsSubcluster 12 includes 94 compoundsetected inA, Z, and C fractions
including phenylalanineThe third cluster#2-2-2-1) contains60 metabolitegno standards were

detected in this cluster) @, Z and N fractionsmost of which were split between C and N
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Figure 3.11. Heat map of metabolites (in rows) in ftexms (columns) of SSPE and Me@HRalyzed

by RP {ve) ESI. Fractions of SSPE are designated byaAion, Ci cation, N neutral, and Z
zwitterion. MeOH extracts are designated by AaN
the Euclidian distane and average linkage method. Blatlites clusters which are discussed in

the text designated by numbers. Normalized metabolites signals depicted by colors, representing
the scale betweetb.0 to 5.0 from the dark blue for not detected to the dark rethé®ohighest

signal.
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3.3.2.2.3 ZIC-HILIC analysis in (+ve) ESI

Two major custers are formed by metaboliteghich were detected iAIC-HILIC at (+ve) ESI
(Figure 3.12).

1

1-2-2-1-2

Figure 3.12. Heat map of metabolit€s rows) in fractions (columns) of sSSPE and MeOH analyzed

by ZIC-HILIC (+ve) ESI. Fractions of SSPE are designated byafion, Ci cation, N neutral

and ZT zwi tterion. Me OH extracts are dditesiaenat ed
clustered umg theEuclidian distance and average linkage method. Metabolites clusters which are
discussed in the text designated by numbers. Normalized metabolites signals depicted by colors,
from the dark blue to dark red, representing thals®detweenr5.0 to 5.from the dark blue for not
detected to the dark red for the highest signal.

Thesesub-clustersvere: (-1-1) with 46 compoundand A/Z split;(1-2-2-1-2) with 34 metabolites
and A/N split; (#2-1) with 178 metabolitesincluding cation S-adenosylhomocystee and
zwitterionsalanine serineand C/Z split, and2-2-2-1) with 90 metabolitesncluding guanosine
andtrans4-hydroxy-prolineand split into C/NThese resultirtherconfirmthat N fraction is only

a minor contributor to expa metabolome coveradeeyond the metabolites that can be observed
using methanol precipitation.
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3.3.2.2.4 ZIC-HILIC analysis in {ve) ESI

Two major clsters arenbserved(Figure 3.13) and formed by metabolites detected in A and C
fractions. In a ZIGHILIC (-ve) ESI mode the sSPE expandsthe coverage over methanol
precipitation as shown by fowsubclusters 1-1-1-2, 1-2-2, 21-1-2-1, and 22, respectively.
Standardg(asparagine, aspartic aciditrulline) were found only in 2-1-2-1 and weresplit

betweenC and Z fractiongss all othemetabolites in the cluster

1-2-2

2-1-1-2-1

2-2

Figure 3.13. Heat map of metabolites (in rows) in fractions (columns) of sSSPE and MeOH analyzed

by ZIGHILIC (-ve) ESI. Fractions of sSSPE are dgsted by A anion, Ci cation, N- neutral,
and Zi zwi tterion. Me OH extracts are designated
clustered usingheEuclidian distance and average linkage method. Metabolites clusters which are
discussed in the text signated by numbers. Normalizetktabolites signals depicted by colors,

from the dark blue to dark red representing the scale betvge@no 5.0 from the dark blue for not
detected to the dark red for the highest signal
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3.3.2.2.5 Quality of metabolite fractiorteon in SSPE across the entireetabolite set

The global analysis reported $ections 3.1.2.1 to 3.1.2Has confirmed a small overlap between
anion and cation fractions, confirming the results of our targeted analysis that anion and cation
fractionationworks very well. In fact, as sumarized inTable 3.3, more than a half of metabolites
were detected in only one fractioraple 3), with 61.862.4% and 51:%8.5% metabolites detected

in a single fraction in RP and ZIBILIC analysis,respectivelyThe most common overlaps were
observedbetween 2 fractions and ranged from 31.0%vwe) RP to 35.8% in (+ve) ZHEILIC

(Table 3). The number of metabolites, which overlapped between 3 and more fractions, were
higher inZIC-HILIC (12.312.6%) than in RP analysis (43.7%) Theoverlapvaluesdo not take

signal intensity into account, so even a minor detectable sgjoahsidere@s overlapbut could

be due to a negligle split for the majority metabolitesurtherassessmerdf split sighalswas
performedto reveal how profounthe splitting phenomenas, and the necessitp prioritize the
correction ofsplit over otherissues with the methodlo further investigate how many of
metabolites demonstrateninor (negligiblg splits, theratio ofthe area of aninor component peak

area tdhetotal sum peak area was calculated. These results are shdabier8.3. The proportion

of metabolites with anegligible split in 2 fractions was small and ranged between 29.4% (+ve)
ZIC-HILIC to 16.5% in ¢ve) ZIC-HILIC, which suggests that the majority split metabolites
experiencd a profound split with the smaller signall®8%of the total one. Metabolites detectable

in (-ve) ESI demonstrated even a larger proportion of metabolites withupib&plit, compared

to (+ve) ESI. This may indicate a momdfound split of irsolution aniorcomparedo in-solution

cation metabolites.

In addition, the hierarchical cluster analysis demonstrated a considerable C/N overlap of
metabolitesn three LCMS analyses, except for RPv€) ESI, where A/N overlap exceeGsN
(Appendix B, Supplementary TableB5). However, the most massive split was demonstrated by
the Z fraction.

The drastic split of metabolites between fractions may affect relative and abs@uatdagion if

the splitting is not reproducible. There is@limited gain in analyzing fractions that do not contain
many unique metabolites, such as Z fraction, opening up the necessity to combine fractions

strategically.
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Table3.3. Analysis of the overlap of tabolites in SSPE fractionation. The number of metabolites
detected in one (Not split), and 2,a@d 4 sSPE fractions were obtained from Venn analybis.
proportion of split metabolites (%) the tdal numberof metabolite§100%)in thecorrespondent
fractions were calculated for each H@S analysisThe split was considered to begligibleif the

ratio of the signal in one of two overlapped fractions to the total signal in both fractior@ was . 1 .
The proportion (%) of metabolites was calculatedyofdr metabolites split into 2 fractions,
assuming the total, neredundant number of metabolites in both fractions = 100%.

Number of % of Number of % of

(R [R1P metabolites | metabolites GEHR metabolites | metabolites
Splitin 2 660 32.3 Split in 2 745 31
NegI|g|b£e split in 191 28.9 Negll?r:bée split 141 18.9
Splitin 3 74 3.6 Splitin 3 124 5.2
Split in 4 11 0.5 Split in 4 10 0.4
Not split 1262 61.8 Not split 1526 63.5
Total 2042 100 Total 2405 100
Number of % of Number of % of

ey ZIARILE metabolites | metabolites el 2L metabolites | metabolites
Split in 2 646 35.8 Split in 2 510 31.2
Negllglblze splitin 190 29.4 Negllgi]r:b;e split 84 16.5
Split in 3 202 112 Split in 3 168 10.3
Split in 4 20 1.1 Split in 4 42 2.6
Not split 935 51.9 Not split 956 58.5
Total 1803 100 Total 1634 100

3.3.2.2.6 Combination of sSPE fractions for maximum metabolome coverage in the shortest

analysis time

The desireto repair the split ofmetabolites between individual fractiofSection 3.3.2.24)
coincides with the need to combine fractidnsshorten aranalysis time.The split between
fractions varies between LMS methods Appendix B, Supplementary Table B5).
Subsequently, LEMS analyss should be executday combiningthe most affected fractions: (i)
C&Z fractions in RP +e) with the subsequent combination A&N fractions and (i) &N
fractions in RP (+ve) and bo#IC-HILIC LC-MS methodswith the subsequent combination of
A&Z fractions.The theoretical analysis tiie composition of combined sSPE fractiamdicated

a plausible increase of metabolome coveageparedo MeOH Figure 3.4
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3.3.2.2.7 Effect of sample load on metabolome coveragesaghl intensities using SSPE

The reductia of sample complexity in sSSPE fractions opened the door to increase the amount of

analyzed material.

Table3.4. Comparison of metabolome coverage in MeOH and petimbverage in SSPE fraction
combinationsusing different LGMS methods. The table summarizes the number of metabolites
detected in extracts of MeOH (at the load equivalent to 1.6 pL plasma) and the theoretical coverage

in the proposed combination of sSRactions (at the load equivalent to 3.2 plasma) obtained

from Venn analysis of individual fractions in the correspondenrM3methods.The number of

AUni quely detectedo in all SSPE combinations
combinatormgai nst MeOH. AUni q uverk gbtaided froend/¢ne ahalysifad r Me
MeOH against CZ+ANor (-ve) RPor CN+AZ combinatiorfor other LGMS methodsThe total

number of unique metabolites across alF-MS methods is the sum of unique metabolitesah

LC-MS method and may be redundané da the absence of confident tools for matching global
metabolites between different LC methods and different ESI regimes.

Ie;r?a-lg/ls?s Metabolites Fractions
MeOH CN AZ CN+AZ
RPE(S+Ive) Total 1648 1070 1246 2019
Uniquely detected 264 264 411 638
MeOH Cz AN CZ+AN
R':;g\l/e) Total 2022 989 1893 2383
Uniquely detected 409 527 354 806
MeOH CN AZ CN+AZ
Z('fv';”ég Total 1052 1398 844 1772
Uniquely detected 91 566 383 811
MeOH CN AZ CN+AZ
Z'(Cve'? ”E"S? Total 1041 1116 946 1627
Uniquely detected 171 497 394 757
Sum of uniquely detected
metabolites across LEMS 935 3012
methods

The increase of the metabolome coverage with the analyzed sample amountestigated in

sSPE and compared to MeOH. Doubling the@ant of biological material injected from 0.8 to 1.6

pL plasma equivalents for MeOH increased the number of metabolites detected by 299 and 388
metabolites in RP (+ve) ESI and/ié) ESI Table 3.5).

A further increase to 3.RL of plasmaonly increased mabolite coverage by less than 150
additional metabolitesT@ble 3.5. For sSPEpredictedmetabolite coverageombined in Venn
analysis offractions A and C also showezhly minor increases in theumber of detected
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metabolites between 3.2 and 12.8 pL leadowevertheoretical, combinethetabolite coverage
in fractions N and Z demonstrated a much higher increase in the number of metabolites.

For example, as shown irable 3.5, at 6.4 uL loagmetabolite coverage of fraction N increased
by 268 and 661 mdbalites for (+ve) and-ye) ESI, respectively. For fraction Z, the coverage
increased moderately by 134 and 237 metabdtiteG-ve) and {ve) ESI, respectively

Table 3.5. Metabolome coverage in MeOH andPRiS fractions at different loading amounts of
material of blood plasma analyzed usiigve) (A) and {ve) RP analysis The number of
metabolites in combined fractions are a@dundant. The sapte load indicates the loadf
material equivalent tothe amountin the original plasma volume (uL)The experiment was
executed as described 8ection3.2.5 and generatedour sSPE fractions designated by A for
anion, Ci cation, Ni neutral, andZ i zwitterion. Note, that due to a high overlap between A and
Z or C and N, metabolite coverage theoretically(Venn analysisjyeconstructedCN, AZ, CZ,
AN) fractions is lower than in L@/AS analysis of individual fractions.

A. Number of metabolites in (+ve) RP ESI

Sample load(uL) MeOH A C N Z CN AZ
0.8 1349
1.6 1648
3.2 1775 1008 | 788 | 616 436 1070 | 1246
6.4 1076 | 778 | 750 570 1153 | 1329
12.8 1122 | 825 | 886 706 1266 | 1410

B. Number of metabolites in {ve) RPESI

Sample load(uL) MeOH A C N V4 Ccz AN
0.8 1634
1.6 2022
32 2162 1556 | 601 | 684 587 989 1893
6.4 1605 | 680 | 1117 815 1485 | 1979
12.8 1676 | 733 | 1248 | 1023 | 1592 | 2076

The further increase in the load to 12.8 uL demonstrated the saturation in metabolite coverage,
which implies that the maximum sample loading for RBIysis should be equivalent to fué of

plasma. The analysis of MeOH extracts on -HLIC (Table 3.6) demonstrated a negligible
increase in metabolome coverage in both ESI modes between 0.8 and 1.6 pL loads and saturation
between 1.6 and 3.2 pL.

This limits the loading amount of MeOH extract onto the-HICIC column to 1.6 pL plasma. In

SSPE, increasing ¢éhloading from 3.2 and 6.4 pL showed no improvement in metabolite coverage,
andafurther increase to 12.8 uL showed only a very negligible increaseiabolite coverage.

As expected, when the sample loading amount was increased, the signal inteinsigegbolites

also generally increased for all NS methods testedrigure 3.14). The rate of the signal increase
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was higher between 3.2 and 6.4 phd slowed down or stopped between 6.4 and 12.8 pL,

indicating some metabolites reached saturation.

Table 3.6. Metabolome coverage in MeOH and sSPE fractions at different loading amounts of
material of blood fasma analyzed using (+ve) (A) andad) ZIC-HILIC analysis. The number of
metabolites in combined fractions are a@mudundant. The sample load indicates thad of
material equivalent to the amount in the original plasma volume (pL). The experiment was
executed as described in Section 3.2.5 and generated four sSPE fractions designated by A for
anion, Ci cation, Ni neutral, and Z zwitterion. Note, that du a high overlap between A and

Z or C and N, metabolite coverage in theoretically (Venn analysmnstructed (CN, AZ, CZ,

AN) fractions is lower than in LS analysis of individual fractions

A. Number of metabolites in (+ve) ZIGHILIC

Sampleload MeOH A C N V4 CN AZ
0.8 950
1.6 1052
3.2 1082 481 | 1074 | 856 | 502 | 1398 844
6.4 457 | 1067 | 890 | 537 | 1416 853
12.8 505 | 1064 | 904 | 578 | 1427 910

B. Number of metabolites detected in-ge) ZIC-HILI

Sample load MeOH A C N Z CN AZ
0.8 875
1.6 1041
3.2 1100 673 657 842 | 434 | 1116 946
6.4 711 694 | 749 | 496 | 1087 1008
12.8 748 718 934 | 513 1198 1041

Metabolites in the Z demonstrated the lowest sigoaiparedo other metabolite classes at the
same loads. In addition, RP analysis demonstrated lower signals for metabolites in the Z,than ZIC
HILIC at the samépads Figure 3.14). Signals of anions and zwitterions were drastically improved

in 6.4 pL loadscompaedto 3.2 pL for both RP and ZIEILIC analysis. Thus, taking into account

both metabolite coverage and signal saturation, the maximum sample loaalesguiy material

in 6.4 uL of original plasma was selected for the final SSPE protocol.

Moreover, ZIGHILIC appears to beht method of choice for LIS analysis of zwitterion and
neutralfractions because it provides signal intensities closer to wbhbserved in MeOH extracts

than RP in either ESI mod8ample loading for sSPE fractions should bebdisteed at 6.4 pL

loads to achieve high signal intensities and good metabolome coverage. Sample loading for MeOH

extracts should be limited to 1.6 pL laese the increase of metabolome coverage is saturated
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between 1.6 and 3j2L. Besides, higher loads of MeOH extracts increase the chance to damage
chromatographic columns because theyntain drasticallyhigher amounts of noipolar
metabolitesincluding tiglycerides and phospholipid¢han SPE fractionsF{gure 3.8). These

compounds may bind irreversipbnd/or block chromatograjahcolumns
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Figure 3.14. Analysis of signal intensities in SSPE fraction®Rbhat (+ve) ESI (A),-¢e) ESI (B),
(+ve) ZIC-HILIC (C) and ¢ve) ZIC-HILIC (D). Ratios (MeOH/sSPE fraction) of signal intensities
designated by-éxis for identical metabolites in MeOH (M) at the load&f uL and an individual
sSPE fraction (A, C, N &) were calculated for each of three (3.2, 6.4 and 12.8 L) loads of sSPE.
Median values for each sSPE fraction/load are displayed on top of the bars.

3.3.3 Assessment of the analytical performance of the fraationation protocol in
combined sSPE fractionsing targeted and global metabolomics approaches

The goal of these experiments was to establish how well the final sSSPE protocol works against
MeOH precipitation, one of the most commonly employed methodsatargeted metabolomics.
Fractions of SSPE (n=6)were prepared and analyzed as describedsection 3.2.5.3 in
combinations and in amounts recommendedattions3.3.2.2.5 and 3.3.2.26. Three main
parameters were evaluated: (i) method precision aki&ed by signal repeatability of spiked
standards(ii) extraction recovery and the splitting of spiked standards between sSPE fractions and

(i) matrix effects in combined SPE fractions and MeOH extracts.
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3.3.3.1 Analysis of the final protocol usingtargeted approach

3.3.3.1.1 Extraction reatability of spiked metadlites

Fractionation of metabolites was assessed by the fact of detection in one or more (splitting)
fractions.In the case of metabolite split, a preferable fraction was determined by a higheryeco

Seven standards were found split between combine#& $@actionsThe inter-fraction split with

similar recovery between CN and AZ was demonstrated by homovanillic ggigh(@nylalanine

ASI L6, and biotin with r dkdoandel8.3 amd5.0% frese@ively. an d
These results matckery well with the results shown iRigure 3.9, where homovanillic acid
demonstrated an even split between A and N fractions. In contrast, biotin showed higher intensity

in N fraction versus A fra@n. Similarly, phenylalanine showed a split between Czfrdctions

with higher intensity in C fractionlhe inter-fraction split with high recovery in one fraction and

easy designation of a preferential fraction was demonstrated by deoxycholic eicfyeof 1.2

and 51.5% in CZ and AN, respectively) andiggxin, neopterin, and/tosinen S1 Lo wi t h CN
AZ recoveries of 40.4 and 2.0, 28.7 and 5.5 and 25.6 and 7.8, respedtigelhe (3.9). Besides,

the study confirrad fractionation preferences @bhed in the previous experiment for the most
metabolitegFigure 3.9 andAppendix B, Supplementary TableB7).

The recovery of the sSSPE method was calculated in plasma samples (n=6) spiked with the standard
mix before MeOH extraction against samples (na3@hich were spiked after extraction after
subtraction othe average if signals in background samples (n=3) as described in d&&aition
3.25.2and 3.2.5.3 For the composition of the mix and concentration of standards, please see
Appendix B, Supplementary TableB7. Out of 61 spiked metabolites, eigkyurenine, glycine

A S| L-bydroxy@DL-k y nur eni ne, t hreonine #ASILO, aspart
A S| &anda,r gi ni nvere fodetécidin plasma samples but were deteatediestandards

in the reconstitution solvent, which was usedaa$00% reference for matrix effects analysis
(Section3.2.5.3. Out of 53 metabolites detected in plasma samples, a similar detection rate (45
were detected in SSPE and 43 in MeOH) were olskerThe majority of metabolites in SSPE on

RP analysis demonstetl recovery higher than 50% in both ESI modégure 3.16). The
exception was five metabolites (arachidonic and taurocholic acids, melatonin, resveratrol, and
biotin).
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Figure 3.15. Signal epeatability(n=6) evaluated using standard metabolites detectesbPE
(blue (CN),orange(AZ)) and MeOHg(rey) extracts of blood plasmin (-ve) RP CZ (black) ar
AN (green) fractions were analyzdRlepeatdility was calculated as RSD#% peakareasin RF
(A) andZIC-HILIC (B) LC-MSof 6 extraction replicates after subtracting background sig
described inSection 3.2.5.4Red dashed lines indicateceptancehreshold of 30% RSHbr
global metabolomicsStandards detected iave) ESI designated by)( at t he me
ATRHO stands for a thyrotropin releasin

Notably, the loss of taurocholic acid in sSSPE resembled the loss of presuraghilyely charged
lipids in lipidome analysis Section 3.3.1.4 Table 3.§. Taurocholic acid may undergo a

strongl/irreversible binding to the MAX phase via very strong (pK& ¥) sulfur acid moiety.
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Figure 3.16. Recovery of spiked metabolites using SSPE (CN (blue) and/or Ag¢pr@amMeOt
(grey) precipitation after analysis using RP (A) and -HLIC (B). Metabolites detected invE)
RP analysis, where analyzed in sSPE fradti@Z (black) and AN (green) instead. Metabao
detected in a-ye) ESI mode are designated by thausisign, which is placed in parenthesi
the metabolite name. Red dashed lines indicate 50% recovery. Standards are shown fr:
right accordingto their elution order (RT)onRPandZKEI L1 C. A TRHO st a
releasing hormone.

This differentiates taurocholic acid form sttw@lly similar cholic and deoxycholic acids, which
incorporated weak carboxyl (pKa = 4.5) groups and weteated in SSPE. Therefore, the recovery

of strong anions requires a detailed investigation and improvements in the future.
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The current experimenemonstrated poor recovery of metabolites in sSB&mparedo MeOH

The losses may be caused by a poartsbty of polar compounds at high concentrations of organic
solvents in sSPE, the complex nature of interactions provideddByBP-IEX phase, ana large
number of transfer and drying steps in the sSSPE procedure. A detailed investigation of the recovery
revealed the majority of metabolites (30 out of @4th recovery < 50% were detected in ZIC
HILIC, while in RP, only 5 out of 2 metaboliteslemongrated< 50%recovery Figure 3.16.
Non-specific adsorptivéosses of polar compounds indicatibat the most likelyculprit for the

low sSPEecovery ofpolarcompounds in ZIEHILIC. For example, from a total of 22 metabolites,
which werenot detected irMeOH or/and sSPE, 19 metabolites encountered problems on ZIC
HILIC (Table 3.7). Moreover, the vast majority (14) of 19 metabolites were very polar>(RI

min) zwitterions Appendix B, Supplementary TableB1). The cause of thimited recovery of
highly polar metabolites1 SSPE and/or ZIEILIC was probably theinsolubility or precipitation
athigh concentrationé6 ©5% MeCN)of organic solvents.

The solubility ofhighly polar compoundgamino acidy tested individually in solventdrops to
below low pg/mLat high (> B%) concentrationsf organic solvent$t® Concentratios of spiked
amino acids (8267 ng/mL) in sSPE extracts prepared for a HILIC analysis(Appendix B,
Supplemertary Table B7) werelower than the published solubility datdowever, a very high
sample complexity could be the factor that decreases analytelgy even at concentrations used

in the current experiments. Additional investigations on the relatiobsiigeen solubility, sample
complexity, and sample composition are requirétierefore, simplification of sSPEnd
optimization of the content obfrganic solventswithout affecting the recovery of mygblar
metaboliteshould be considered in future opization experimentAlternatively, twestep wash

and elution (aqueous and nragueous) in SSPE may be investigated to improve the recovery of
metabolites.

The analysis of fractionation of standards demonstrated that several fractions andi@ LC
method could be avoided without affecting the coverage of standard metabolites used in the
experimentFor example, the analysis of CN in thed) ZIC-HILIC did not add to the detection

of standards Appendix B, Supplementary Table B8). Therefore, a further redtion in the
analysis time for the current experiment could be achieved by limiting the analysis to orly 5LC
MS runs instead of 8 : (i) (+ve) RFAZ and CN; (ii) fve) RP- AN; (ii) (+ve) ZIC-HILIC i CZ

and (iv) ¢ve) ZIC-HILIC - AZ.



Table 3.7. Sandarcs detected in combined sSRfctions (A-anion, G cation, Nneutral, Z
zwitterion) or MeOH extract§Y) using preparation protocols described $ection 3.2.5.2.
Metabolites that were not detected are desigead b y Cofclrirationsn LC-MS samples

( A atMSL G twerpaalgulated basedn the assumption of 100% recovery of standard
did not include endogenous levels. Amino agidhk incorporated stable isotopes (commercial kit
ofii S | dmio acids aedesignatedbythwo r d i $ié Narmbe olstandardFor metabolites
not detectd in SSPE and MeOH extracts, RT at-MS were obtained from the analysis of neat
standards dissolved in the reconstitution solvents used as 100% reference for anahgsisxof
effects $ection3.2.5.3).
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. o~ ZIC
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This approachreducesanalysis time when a metabolomics study aahghe limited classeof
metabolitesThe ogimized protocol also minimizes splitting across the fractions, with only 8 out
of 61 metabolites tested showing significant splitting (>10%)wo and only one metabolite
(arachidonic acid) splitting across three fractiohgpgendix B, Supplementaly TablesB12,and
B13).

3.3.3.1.2 Analysis of matrix effects

Matrix effects were evaluated using the pestraction spike method at a single concentration level
equal to the expected concentration of standards at 100% recotleey. @MS step Appendix

B, Supplementary Table B7). The analysis of SSPE and MeOH extracts on RP revealed nine
metabolites for which matrix effects were similar between sSPE and MeOH, five metabolites for
which matrix effects were improved in SSPE, and seven metabolites which demoristttted
matrix effects in MeOH than in sSSPEiqure 3.17). The majority of metabolites in sSP&hich

were affected on RP by matrix effeatduted after 7.9 min (i.e., after diosmimidure 3.17).

The analysis of matrix effectsising ZIC-HILIC demonstated seven metabolites with smaller
matrix effects in sSSPE than in MeOH and five metaboligkl matrix effects smaller in MeOH
versussSPE. Out of 61 standards, matrix effects (below 80% or above 12Fgure 3.17)
affected42 metabolites in sSPBENnd 32 metaolites in MeOH Appendix B, Supplementary
Table B9). The higher number of affected metabolites in sSSPE was likely dibe tagher sample
load on LGMS analysis foisSPE (equivalent to 6.4 pL afriginal plasma)compared taiMeOH
(equivalent tdl.6 pL of original plasma.

The analyses of signal strength and matrix effects betweeiHI[C and RP were also executed
using five standards that were detected in botAME methods Appendix B, Supplementary
Tables B11, and12). The data demonstratederall lover peak areas in ZIEILIC and higher
matrix effects compared to RR{pendix B, Supplementary TableB12).

Notably,signals ofthese five standard metabolit@ere detected in different @S methods and
fractionsat different intensities and matrix efts. Thisprovidesa flexibility in the selectionof
fractiors and LGMS methoddor the analysis of suchetabolites. For exampleshen a signal
strength (for quality of fragmentation spectrum, for example) becomes aypribet analyzed
fraction with te highest signal can be us&gksides, the list of standards in this analysis could be



supplemented by larger number of highly polar/chargeddatas such as monand di
saccharides and polyols to execute a more systematic assessment in a future study.
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Figure 3.17. Evaluation of matrix effects for metabolites spiked into SSPE and MeOH extracts
(Section 3.2.5.3 at RP (A) and ZIEHILIC (B) LC-MS analyses. Metabolites assessed in CN (blue)
and/or AZ (orangg, and/or in MeOH extracts in all LGOS except-¢e) RP analysis, where
analyzed sSPE fractions CZ (black) and AN (green). Metabolites detedted)ieSI mode are
designated by the minus sign, which is placephienhesis before metabolite name. Reglied

lines indicate an 8A20% acceptance interval, which indicates negligible matrix effects. Standards
are shown from left to right according their elution order on RP and ZiBILIC. Metabolites

with matrix effects above 160% rangee annotated.
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The proportion of metabolites affected by matrix effects (15 out of 21) in the RP analysis of SSPE
in the current experimenAppendix B, Supplemenary Table B9) increased compared to the

IEX SPE (14 out of 30) in the systematic analysis of seven extraoitimodsSection 2.3.14).

The trend coincided with the increased sample load |(B.4lasma equivalent) in the current
experiment compared to IEX SPE (29 plasma equivalentSection 2.3.1

The decrease th6 pLof original plasma, from 2.AL, produced an improvement afatrix effects

for RP analysis of MeOH in the current experi@hout of 21 affected) as describedSaction

2.3.14, compared td.8 out of 27 metaboliteF hetargetedresults suggestithatthe decrease of

the analyzed sample awntvolumeimproved solubility and matrix effectsAlso, theincrease in
thelength d theLC separatioomay providepositive impactn future developments

3.3.3.2 Evaluation of the final protocol using a global approach

3.3.3.2.1 Analysis of repeatabilitfor all metabdites

After confirmation of the final protocol's appropriate performance using stis)ddhe
performance of the sSPE was analyzed using a global approach. The main results of this analysis
(Table 3.8) demonstrated acceptable repeatability and good camteslSSPE performance. For
example, the median repeatability of all signals waserréimge 13.7 28.4% RSD (average 18.7

I 32.2%, n=6), which is comparable tioe traditional MeOH extraction (median 1425.2%,
average 19:30.4%, n=6).

The worst pedrmance, with median RSD% higher than 25%, was encountered in the analysis of
CN inall methods and MeOkh RP (+ve) analysis. This also resulted in a decrease of metabolites
with RSD O 30% i n tihTabslee3.8 dxatditianc tie slecreas is sighdl o w n
repeatabilitypetween LEMS methods coincidedith the decrease of siginstrength Appendix

B, Supplementary FigureB5).

There are several key sample processing steps, which can be a source of irreprodiviziiy:
extraction sSSPE fractioatiors reconstitution and mixing fractions prior to la@-MS analysisand
LC-MS andysis itself. The poor repeatability of signals in either of the first two should result in
systematic deterioration of all samples acrossM.® methods, while the irrepradibility of LC-

MS analysis should be revealed by QC samples and becomes visiBiéAorHowever,PCA
analysis Figure 3.18) demonstrated no outliers, and signals in QC are highly repeatable. In
addition, the poor repeatability was isolated to CN fractmnyg in three LEMS methods except
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for (-ve) RP Table 3.8). Therefore, the issueas not related to SSPE or {MS irreproducibility.
Therefore a sample reconstitution af@dctionscombining remained as the most probable source
of the poor signal repedttility and a primary sispected reason is human error caused by the

excessively lab@ous procedure.
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Figure 3.18. PCA analysis of fractions and MeOH extracts. Two QC sample sets were used (one

of SPE and amther for MeOH extracts) due to extremely different loading amounts of these sample

sets. PCA executed foreach-M’S met hod and displays QC for sSF
for Me OH (AQC MeOHO) and all combined+fracti
zwitterion, AZ (anion + zwitterion) and CN (cation + neutral) for all metabolitest satisfy

criteria describedSection3.2.5.4 Plots are designated to LS methods by letters positioned in

the upperright corners: A(+ve)RP, Bi (-ve) RP, Cand Dfor ZIC-HILIC (+ve) and ¢ve) ESI,
respectivelyand show the top two principal component3he analysis wasexecuted using the

statistical package of MetaboAnalyst 428 described itsection3.2.5.4
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The poor repeatability of metabolite si¢gian MeOH in (+ve) RP occurred only once on the single
sample preparation day specific hus LC-MS analysis gee Section 3.2.3.3.1for setting up
analytical batchesAside from these four cases, the repeatability of signals in sSSPE fractions and
MeOH extracts (Table 3.8) was just slightly lower but comparable to results observed in the
parallel assessment of seven extraction methGdeshere MeOH extracts and IEX SPE
demonstrated between 119% and 17 23% of median RSD (n=6), respectively.

The LGMS sample preparation was laborious, which may explain the occurrence of errors due to
fatigue.Subsequently, a simplificatn of sample preparation should be considered to improve the
performance of the sSPE. Overalhetdetailed global metabolomi@nalysisconfirmed the
acceptablanalytical performancef the sequential sample fractionation,oepd in the targeted
analyss (Section 3.33.1).

Table 3.8. Repeatabilityof metabolite signals in the experiment on combined sSPE fractions in
four LGMS methods (+ve) RPA; (+ve) ZIHILIC; B; (-ve) RR; C;(-ve) ZIEHILIG; D. Toassess
repeatability, RSD% was calculated for each metabolite in an sSPE fraction and MeOH extract (n
=6) and for QC samples (n=%he batch analysis was executepkcted as described Bection
3.2.3.3.1in detail. Mean and median values were calcudadeross all metabolites, which satisfy
conditions described iBection3.2.5.4in the LCMS method. The proportion (%) of metabolites

with RSDX otosfhe total number of metabolites in an SSPE fractioMeOH extract were also
calculated.
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A. (+ve) RP B. (+ve) ZIC-HILIC

AZ 25.7 19.6 75.7 AZ 29 24 63.8
CN 29.9 26.1 55.8 CN 323 | 258 58.3
MeOH 30.4 25.2 58.6 MeOH 22 17 74.3

QC sSPE 14.3 10.1 90.6 QCsSPE | 231 | 17.3 73.3
QC MeOH 13.2 8.9 914 | QC MeOH | 16.7 11 83.8

C. (ve) RP D. (-ve) ZIC-HILIC
AN 18.7 | 13.7 | 83.9 AZ 236 | 19.4 75
cz 227 | 176 | 86.7 CN 322 | 284 | 543
MeOH 218 | 162 | 785 MeOH 19.9 | 14.7 80

QC sSPE 215 16.7 78.5 QCsSPE | 189 | 13.8 82.9
QC MeOH 20.5 14.7 80.2 | QCMeOH | 16.8 | 11.8 87.1
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3.3.3.2.2 Analysis of fractionation and metabolome coverage

The fractionation and metabolome coverage were anatyzedmbined fractions of SSPE aoml
MeOH extracts at amounts oimateral equivalent t06.4 pL and 1.6 pL oforiginal plasma,
respectively. The experiment demonstrateel 1.6fold increa® of total and 3.4old of unique
metabolite coveragen combined SPE fractios comparedto MeOH extract which was
comparable to an avegaimprovement of the metabolome coverage-fbld) in the analysis of
individual sSPE fractionsT@ble 3.9). As expected, combad fractionsdemonstrated eeduced
split (25.3%) of metabolites on average compared to 40.7% of metabolites affected Ipjittire s
individual sSPE fractionélable 3.9).

The orthogonality otombinedsSPE fractions to each other andMleOH wasdemonstratedby
PCA analysis Appendix B, Supplementary Figue B4) and confirmed by hierarchical cluster
analysis Appendix B, Supplementary Figure B5). The prominentorthogonality ofMeOH to
combinedfractionsAZ and CZ(Appendix B, Supplementary Figure B5) resembles the one
demonstrated by MeOEBInd theZ fractionin the individual fraction analysiSection 3.2.2. This
suggests th@rominentinvolvement of zwitterioit metabolitesfor enrichingthe metabolome
coveragen sSPEcomparedo MeOH Indeed, the increase of metabolome covefageery polar
metaboliteRT> 14 min in ZIC HILIC and between 4 and 6 mins on RP) in sSSPE comfmred
MeOH was demonstrated byetabolite mapéAppendix B, Supplementary FiguresB6 and B7).
Thereforepolar zwitterions (including amino acids, which elute afté? ridn) are associated with
increased metabolome coverage in SSPE (and the loss of tieetiaiein MeOH).

Subsequently, a poor ZIBILIC detection of highly polar metabolites in Me@dmparedo sSPE
confirmed the results discussedSaction 3.3.12. The tdal number of metabolites detected in this
study varies from 17852 (the sum is cotegicfor the redundancy between MeOH and sSPE) in the
latest experiment with combined fractions to 8775-remtundant metabolites in the previous
experiment with the analigsof individual fractionsTable 3.9). The most plausible explanation is
that he experiment withcombined fractions was executedtbe QTOF 6545 while all previous
experiments were run @TOF 655Mefore its replacement. The manual curation of coraplata
sets in both experiments and the consistency inirtbeeaseof metabolite conts across all
extractions ensure the consistency of observations towards metabolite coverage and the split.
In conclusion, the global analysis demonstrated acceptablgtiealaperformance, increased

metabolome coverage, and repaired the metabolite Bjgdiwever, the method requires further
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improvements to minimize matrix effec@mplification of the protocol and the decrease of the
metabolite split via improved controf metabolites' fractionation behavior.

Table 3.9. Comparison of metabolome coverage of the sequential sample preparation method
analyzed using global approach foanindividual (A) and combined (B) sSSPE fractions on QTOF
6550 and 6545, respectively. The comparison was executed usirfgodatnalyses of SSPE and
MeOH at sample loads equivalent to 6.4 and 1.6 pL of original plasma, respediealsons for
different loads of SSPE and MeOHvere discussedn Section 3.3.2.2.7. The rumber of total
metabolites was calculated using approacheend methods deribed inSections3.2.4.9 and
3.2.5.4for A and B table sectionghe number of unique metaboliteasmbtained from Venn
comparisons of MeOH against the Aa@dundantmetabolitecompositiorof SSPE

A. Individual fractions

(+ve) | (-ve)

Parameter (T?Vs) (]\q/|e3) ZIC ZIC asgligée
HILIC | HILIC
Total metabolites in SSPE 2019 2383 1772 1627
Total MeOH 1648 2022 1052 1041
Metabolites unique to SSPE 638 806 811 757
Metabolites unique to MeOH 267 445 91 171
SPE/MeOH ttal coverage ratio 1.2 1.2 1.7 1.6 1.4

% of all split metabolites in sSPE fraction| 36.4 36.6 48.1 41.5 40.7
B. Combined fractions

(+ve) (-ve)

Parameters (+va§ ) (-I\?/Ii) ZIC ZIC asg:gée
HILIC HILIC
Total metabolites in SSPE 4370 4472 3037 3545
Total MeOH 2787 2925 1713 2165
Metabolites unique to sSPE 2184 2340 1721 2017
Metabolites unique to MeOH 601 793 397 637
SPE/MeOH total coverage ratio 1.6 1.5 1.8 1.6 1.6

% of all split metabolites in sSSPE fraction| 29.9 16.9 30.4 239 25.3

3.3.3.3 Limitations and advantages of the sSPE method

Limited metabolome coverage and low sensitivity of standard metabolomics workflow had driven
the current method development, whresultshad achieved the study objectivétowever the
advantges andimitations of the SSPE needed to be discussed from the perspective of an entire
metabolomics studylL.ow recovery of a part of the metabolome pookisomplex scientific
challengefor every extraction methodsed in global metabolomics, includis§PE orMeOH.
However, this pitfall of the sSSPE is amenable to improvements, which could be achieved using
relatively simple and practical approach&sthe same timeit is impractical to expect that the
sSPE may provide equally great recovery for eachedl metabolites. This is due to the complexity
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of the chemical properties of metabolites, which cannot be satisfied by the limited humber of
conditions employed in SSPE.

For the same reasond, will not be possible to completely resolveotimer sSPEitfall, i.e.,
compromised fractionation orthogonality. While the decrease/adjustment of the split phenomena
is amenable to the reparation via practical approaches like fraction combinations or change of SPE
(Section 3.3.3, splitting can also provide advages, wkre one fraction may provide better
quantitative results for a given metabolite or analyisedifferent fractions can confirm the
accuracy of relative quantitation of the analytewever, the irreproducibkeplitting of metabolites

across different samgd may jeopardize accuracy of quantitatiomherefore, the split
reproducibility (constantratio of metabolitesignalsbetween overlappg fractions) should be
assesseith a routine manner

The third pitfall of the sSPE is in the complexity tbk samplepreparation process. While the
majority of labor could be outsourced to automaton devices, the preparation still requires close
attention to details and will limit sample throughput comp#oestandard workflows.

The final disadvantage of the sSPE is maefficient fractionation and lower recovery of blood
lipidome which was discussed iBection 3.31. Due to these reasons, sSPE may not be
recommended for lipidome analysis, despite simiiprdbme coverage compared to IPA.
Concluding the discussion oftfalls, sSPEdemonstrated several limitationghich can beeasibly
eliminated or minimized with further method developmeriflost of these limitations acmmmon
between extraction methodad are outscored by the advantages of sSPE.

The achievement okey objectives in the development provided several advantages to sSPE
compared to other sample preparation methods, including MeOH precipitation. The prominent
advantage ofthe sSPEis al.6-fold increase ofhe metabolome coverage compdito the most
popular solvent precipitatio method (MeOH) but at the cost o2dold increase in analysis time.

We demonstrated the improved detection of very hydrophilic metabolites in sSPE fractions
analyzd on a ZICHILIC. Several physiologically important metaboliteslong to thé group of
metabolites (e.g. neurotransmittensd amino acids). Therefore, sSREnN facilitatethe global
approach to discovemdditional low abundance metabolites and tipdysiological functions,

which are largely inaccessible in studies&d on MeOH extracts

The sSPE provides more comprehensive metabolome coverage and higher enrichment factor for
metabolites than MeOH precipitation. Moreover, the sSPE provides the ptsdibilsub
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fractionate (for example, to execute elution usingeags or solvenbased fluids). Therefore, the
SSPE offers the advantage of running eitiiebal or targetedmetabolomics analysis within the
same study. This saves labor time and facilitdtegransfer of putative biomarkers to a targeted
stage. Even fut her reduction of the studyoés ti me
combination's flexibility. For example, suppose a study aims at a limited set of metabolite classes
with known frat¢ionation behavior. In that case, there may be no need to aealgmefraction (or
every fraction combinationgs demonstrated Bection3.3.3.1.2 Therefore, the complete set of
advantages of sSPE will be available in studies, employingdiotial and targetedpproaches.
There is a growing demand for the analygdiseveral biofluids in the same study, anthefuture,

the applicability of this workflow for oral fluid, urinand CSF can be tested. iSalering the
method is dagned for ptar and midpolar metabolite coverage, its use for urine analysis could be
particularly beneficial

Another advantage is that the metrstcessfully redusethe lipid contentdue to thestrong
binding of lipids toSPEphass. Its usefor the removal of limls from nonlipid metabolites in a
sample cleanup procedusewell docunented’>172177

In addition, if individual analysis (fSPEfractions is employed, the method helpsagsign ionic
propertiesto metabolite based on their fractionatie@havior.In the currentfinal protoco| the
nearly orthogonal separations aftions and aniorarealready achieved. Th&ipportamproving

the confience in metabolite identifications by differentiating gresencef a particularatomic
elementin the formula to a functional group. For example, if a metabolite demonstrates the
fractionation behavior o# cation, the presence of a nitrogen atontha molecular formula
suggestthe presence @ cationic (primary or quaternary) amine within the structure.

From the instrumental point of view, the advantage of sSPE is its adaptatid®6well plate and

the use of entirely volatile buffers. These erabhigh throughput processiofisSPE, an advanced
degree of automation via robots, and flexibl® 2nline SPE or LC setups. In conclusion, SSPE

provides new opportunities in metdbmics analysis.

3.4 Conclusions and further work

In conclusion, the evaluath of the analytical performance of the proposed sSPE protocol
demonstrated a reproducible extraction of spiked metabuwlitesan average RSD equal to 13.1%,

which was comparable tberepeatability ilMeOH extractions and to the results (CV=12.1%) of
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the targeted metabolomics SBEsed analysis executed Bylipani et al’? These results were
confirmed by the global metabolomics analysis@hbined fractionslespitean elaboratsample
preparation inhesSPE procedurélowever, the risk of an occasional samplshandingis higher

in complex procedures, which indeed was likely observed in thedkmrimentThis could be
mitigated by ging a set of internal standards to monitor extraction quality and exclude any failed
samples. Otherwise, the repeatability of signalthe global analysis (687% of metabolites with
RSD O 30%) was compar abl e o retdhwhichreported 35% t he
of reproducible metabolites in SPETherefore, fromthe repeatability point of view, the
prevention of occasional humaelated errors should be addressed via the simplditand/or
automation of the sample preparati@onsidering the repeatability of current sSSPE protocol,
metabolite foldchanges of 2 could be detected for the majority of metabolites, in line with other
metabolomics studies where 2%x are routinely sed. However, future development and success
of metabolomics technology requires further improvement of repeatability to enableotietéc

even smaller changes in metabolagels, especially in biospecimens such as plasma which are
under homeostatic atrol.

The relative quantification of metabolites such as ketogenic amino acids and their degradation
products after physical exesei?!* The detection of such small signal differences require a further
improvement of method repeatability, which can be achieved in multiple approachesth€éhus,
simplification of the process (reduction of transfer and drying steps) and automation (redfiction
human errors) and consequent expected improvement in repeatdinlitg be given a priority in
further development in parallel to splitting phenomelmaaddition, the involvement of other
factors that affect the recovery of metabolites was observéweistudy. In particular, the low
recoveryof spiked standards waspecially prominerfior ZIC-HILIC comparedo RPLC-MS.

The reason for that could bleetlimited solubility of polar metabolites high concentrations of
organic solventsn sSPE (100%fJractionation andZIC-HILIC analysis(95%). Moreover,the
global metabolomics analysis revealed a drastically lower detection rate of highly hydrophilic
metabolites (elute after £4minute in ZIGHILIC) in MeOH compaedto sSPE, which points to

the posdile involvement of a more diverse sample composition of MeOH relatis&R&. An
additional outcome of a very high load was the observation of profound matrix effects in all
samples, which shouldlso beaddressed in futuremprovements, for exampldy coupling

fractions with nano or capillary LC where lower flowrates promote more efficient ionization.
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The poor recovery as the consequence of strong/irreversible binding of metabdit&X &nd

MCX phases was expectdddirect evidence of such a strobmding via ionic or hydrophobic
interactions came from the loss of taurocholic acid in sSPE fractions in the targete@astay (
3.3.3.1.2. The poor recovery of hydrophobic speaiessalso confirmed ithe assessment of SSPE

for a lipidome analysisihich demonstratedSection3.3.1.4) a drastic loss of lipidsn Z and A
fractions (anions, as taurocholic acid)-&e{ ESlcomparedo the classical IPA precipitation. The
strong binding of lipids tovarious SPEphase was also described in experimentstbe removal

of lipids from nonlipid metabolites irSPEcleanup procedus£®®?1°Moreover, this process was
accompanied by the irrewaible loss of recovery for select hydrophitieetabolitesas well'’27>
However, our selectionf@olymerbased SPE plates was rationalized by the impression of this
DVBP phase's better stability at very alkal{(pH 92) conditions and fewer chances of bleeding
compaedto silicabased medialust recentlylipid recoveryinvestigations havdemonstated the
advantages osilica-lEX and HILIGIEX SPE matricesrelative to SPE with hydrophobic
phaseg®21%Finally, improved recovery of neurotransmitters and neuropeptides from phesna
presented irsilica HILIC SPE compagd toporous graphitic carbon phasaslow (70% MeCN
concentrations of solvent indlsample loading solveit’

There are multiple causes of poor metabolite recovery, and the metabolite ajdi involved.

The reduction of the splito below 31% in our analysis of combined fractions was achieved
mechanistically and did not address the gap in the understanding of ionic interactions and our
control of it. Without that, the prediction of ioncoperties of metabolites and the advantaige

the analysis of individual sSSPE fractions will be diminished. In sum, the sSSPE method needs a
further reduction of sample preparation complexig,increase in recovemhedecrease ahatrix

effects, andmetabolite split.Therefore, several applitah improvements are recommended for
future work.

The simplification, automatigand miniaturization of the methetiouldalso improvenonspecific

losses of metaboliteslowever, there is also the needirtgprove conditions of sSPEand ZIG

HILIC LC-MS to increase the recovery of polar metabolifBise reduction of organ&olvents in

the wash and elution fluids e6PE, sample preparati@ndat theZIC-HILIC analysis to 76/5%

should increase the solubility érrecovery of highly polar metabolite¥he increase of the
analyzed sample amount above 1.6 pL for MeOH and 6.4 pL for sSSPE would not be recommended

because it will increase matrix effeciSlternatively, the use oimicroflow/nanoflow ionization
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sourcesthe increase in the length of a chromatogmagradient and/or an increase in the resolution
of columns used in the analysisuld be recommendeduchapproachewill help to avoid
reducing the sample amount and metabolome coverage.

The combination of &ictions decreases the metabolite sphitl analysis time byirecludes the
analysis of individual sSPE fractions and the assignment of metabolites' ionic properties from their
fractionation behavior. To comprehend fractionation behavior and to decreasaithseveral
actions must be cardeout in future work (i) inclusion of additional (to pKa) physitchemical
parameter$or the interpretation of SSPE fractionatidi) increase in the number of metabolites
used for targeted evaluation/method omtemion to increase the representatioh molecular
properties; (iii) simplification of fractionation conditiomy usingless complexphass (silica
basedEX instead of Oasis SBHN addition theability of sSSPEo sustain repeatable fractionation
andmetabolitesplitting across various saples reflective ofypical interpatient variabilityhas not
been investigated in the current stutdoreover, t is important to consider a relatively limited
binding capacity of IEX cartridges, whidould be overwlelmed byionic compoundsvith high
abundancesuch as small peptides, phospholipids and xenobiofics concentrations of these
compoundscan widely vary between individuals due to hersayinappropriate enzymatic
guenching or pogprandial effects and nedical procedures. The methodologieeld QC/QA
measures should be implemented and tested thearsage of the sSPE in real studies.

Finally, theMAX -MCX sSPEapproachappears to be promising sample preparation technique
which increases metabolite coage of plasma while maintainingccepable repeatability
comparedto MeOH and provide orthogonal metabolite separatiowith improvements, the
advantages of sSPE could make it the method of choice in the practice of metabolomic assays.
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4 Val i datM&dM&et hfootrhgeuant i t ati andoftocor so

i n human or al fl uid

4.1 Introduction

The analysis of cortisol and cortisone in oral fluid was driven by the physiological and clinical
importance of thessteroidhormonesin addition,oral fluid was ®lectedas a samplsourcedue

to its portable noninvasiveand simple sample collection. Finally, this biofluid may provide an
alternative/expandeahetabolome coveragmmpared to bloodf analyzedusingsSPE methoth
future

Cortisol (hydrocortisone)s synthesized andeleased in response the activation of the
hypothalamiepituitary axis (HPA) by various arousal factors or stressbh&e hypothalamus
releases corticotrophireleasing hormone, which travels to the anterior pituitary gland andssigna
cells to secretadrenocorticotropic hormone (ACTH) into the blood. ACTH travels to the adrenal
gland and signals the adrenal cortex to secrete cortisol into circul&tidartisol levels follow a
daily rhythm, with levels @aking in the mormig upon awakening, decreasing throughout the day,
and reaching a nadir within a few hours of sleep ofi8&ue to the lack of enzymgwhich can
metabolke cortisol in oral fluid outside of salivary glargl its levels remain stable at room
temperature for up to one we&R?2° Salivary cortisol correlates closely with the free cortisol
fraction in serum, with a correlation coeffioteranging from r=0.71 to r= 0.96, making saliva and
oral fluid useful and lesmvasive surrogate for studies aimed at measuring pldsweds of
cortisol??*Unlike plasma cortisol, wih ishighly bound to carrier proteins, only free and unbound
cortisol appears in saliva, which reduces some of theess related to sample processing of
plasma??? The mtterns of change itheblood and oral fluid cortisol levels are similar. The strong
correlation is dueto the passive diffusion of free blood cortisol into oral cavity, which is
independent of the production rate of oral fI&figf>3In addition,a substantial amourtf diffused
cortisol is converted into cortisone in the parotid glandaatonstant rate. Therefore, the
concentrationof cortisone in oral fluid is also a potential indirect measure of bl
cortisol??4225> However, the intemdividual variability in parotid cortisetortisone conveisn
ratesalso makes the simultaneamgasurement of cortisahd cortisone of interest.

Cortisol is commonlyneasuredising commerciallavailablemmunoassays, including automated

electrochemiluminescence immunoassays anziymelinked immunosorbent asgs (ELISA).
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Because cortisol is a stereidised hormone and much smaller than a typical protein, the ELISA
kits use a competitivormat rather than a more selective sandwich assay fomttis assay,
cortisol that is conjugatetd an enzymeompetes th cortisolstandards atortisol fromunknown
samples for binding to a cortisspecificpolyclonal enzymdabeledantibody.An enzyme, usually
horseradish peroxidase, convedts 3 0-tettameihglbenzidinéTMB) to a product that absorbs

at 650 nm or 80 nm.The absorbance intensitis inversely proportional to the concentration of
cortisol in the standard or sampl€he specificity of an immunoassdygr cortisol is highly
dependent on the specificity of the antibodyhe antibodycan bindwith otherstructurallysimilar
hormonesand/or drugsthen the quantitation of cortisol will not be accur&empetitive ELISA
assays have been reported to overestirttegeconcentration of cortisol from 1.4 to 2fdid
(depending on the kit) in bispecimens suchs human sala, uring??® and camel haff’ as
comparedo LC-MS/MS. In humans cortisd is much more potent than cortisoneftsat cortisone

is considered an inactive forr@ortisone is structurally similar to cortisol and difenly by the
presence adiketone group instead of hydroxyltaeC11 of ring Cdue to theemoval of hydrogen

by 1l-betasteroid dehydrogenasenzymeswhich residein salivary glandsindeed, cortisal
cortisone crosseactivity has been suspected as the major reason for the overestimation of cortisol
concentration by ELISA assays. The cortisonesreactivitywas estimated &% for quantitation

of cortisol concentrations below 5 mmol/L (which are still of clinical relevanbej the
contribution of this crosseactivity to inaccuracy diminishedt higher concentrations of cortisol

in salival®* This is attributed tdighercortisone concentration in oral fluitlsan that of cortisgl

which in turn results in higher inaccuracy at lower cortisol levdisteover, the same study
reported that excessively high values of cortisol calibration setpoints were the major contributing
factor for the ELISA error, which couldbe decreask by correcting setpoints using MS
measurements. Finallthe crossreactivity of anticortisol ELISA to other similar structures such

as dihydre and tetrahydro metabolites of cortisol has been reported for urine analysis, where the
presence fothese interferenceacreased ELISA response seveiat.??® Therefore, further LE

MS assessment of interferences and their contribution to ELISA cortisol quantitation in different
biofluids and for different kits remasnanimportantresearch aredinally, immunoassays also
show significant inteassay differences, making it difficulb tompare cortisol results across
different labs and test€®2?°In fact, the differences betwr clinical immunoassays for serum

cortisol measurements arelaggethat custom diagnostic coff values had to be implemented for
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each assay type. This limitation has resulted in a great push for better standardizatibis af
methods and the inased need for validated EKZS/MS methods as the preferred approach to
replace immunoassay measurements of cortisol in various bioffids.

There are several validated {MIS/MS assays for cortisol or both cortiseidacortisone in oral
fluid repated to date. Most of these methods Babvettd®4224.231235grg| fluid collection devices,
although these may introduce contaminants and aelyamspact cortisol recovery drongterm
stability 12°?2Mezzulloet al compared direct spitting and Salivette and tbbhath methods were
compaablewith a small negative bias (126%) for Salivette devices due to incomplete recovery
butbetter precision presumably due to removal of mucin by the cottonvpazh facilitated clear
layer separation duringLLE.?*® In terms of sample preparation,LE with MTBE,
dichloromethan®3236or ethyl acetatéd?>?*’as well as online polymeric or C18 SREB8,23, are
currently the most popular methods for cortisol determination. Automatete®plate solid
phase extraction was also recently proposed to further increase automation pladisannghput

by reducing manual manipulatiof8.Cortisol is typically separated from ¢isone and other
glucocorticoids using C1¥#225231.23235.237.238C 8 236 hentafluorophenyt?® phenyl?*° or phenyl
hexyP3? RP LCwith analysis times ranging from 4 to 14 min. Fustinenal. proposed online
turbulent flow LC for automated highhroughput determination of cortisone, cortisol, and
melatonin in oral fluid*® McBride et al combined protein precipitation wittual polarity LG
MS/MSto expanl the panel of measured metabolites beyond cortsotiude steroids, alkaloids,
and neurotransmittefé! Magdaet al. pushed method sensitivity for cortisol by combining ethyl
acetate LLE, charge derivatization withhgdrazinel-methylpyridine, and online SPE to achieve
lower limits of quantitation (LLOQ) of 5 and 10 pg/mL for cortisol and cortisone, respecfitely.
Caoet al.proposd a simpler ethyl acetate/butanol Litased method #t achieved.LOQ of 60
pg/mL for cortisol but did not measure cortisdfigSuch ultrasensitive methods arequired for
late-night salivary cortisol determinations but not necessary for daytime cortisol measuréments.
this study, we reportsimple and sensitive, lowost, fully validated LEMS/MS assayo measure
cortisol and cortisone iaral fluid of heathy individualsand compare the results to those obtained

using a commercially available ELISA kit for salivary cortisol.
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4.2 Materials and methods

4.2.1 Materials andeagents

Cortisol ( pur i t vy, coisor®g pol r i t y, deRirasBo@dtés) charcoalLC-MS grade
methanol,cortisone (@), water, and acetic acid werpurchasedrom SigmaAldrich (Oakville,
ON, Canada). Cortisol EBIA kit, ca## KA1885, was purchased fromiovaCorporation(Taipei,
Taiwan). Cortisotds was purchased from Cambridge Isotope Laboieg¢Tewksbury, MA US).
Protein micreBCA assay kit which also included Bovine Serum Albumin (BSA) standard for

calibration was obtaineflom Fisher Scientific (Ottawa, ON, Carad

4.2.2 Participants

Certification of ethical acceptability for research involving human subjects (Certificate 30001940)
was obtained from the Concordia University Research Ethics Comnitg&ipantgage range:

20-30 years oldwere healthy, medicatiefiee, and norsmokes, which was determined by a

health questionnaire. Exclusion criteria included chronic or acute diseases (e.g., heart disease and
autoimmune disease) and/or prior or current use of immunomodulatory medic&toolsing,

alcohol, and caffeie affect HPA ais activity and cortisol levels, which is why smoking was an
exclusion factar’?*3 All participarts were instructed to abstain from alcohol consumption and
sexual activity for at least 24hbrsprior to their visits and to refrain from cafhe and food intake

for 2 hours before their scheduled session.

4.2.3 Testing protocol

Theexperimenteommenced at 100 am (or as close to that time as possible, with an average start
time of 11:00 am) to minimize the confounding factor of diurnal rhythms.rdbm temperature

was kept at 20°C to minimize the effects of thermal stresb®HPA axis andhe sympathetic
nervous system (SN3)* The aal fluid was collected at thrégne pointsover an hourattime 0,

35 min and 60 minThe paticipants filled a microcentrifuge tube with oral fluid (~1.5 mL) using

a sterile plastic transfer pipette. The samples were vortexed foardd centrifuged at,100 xg

for 10 min to sediment the debris. The supernatants were removed carefully wisianging the

pellet at the bottom of the tube, and the supernatants were aliquoted into several appropriately

labeled cryotubes for storagelkelow-70°C until analysis.

124



4.2.4 Cortisol analysis by ELISA

Levels of cortisol were determined using competitige colorimetric enzymelinked
immunosorbent assay (ELIS®&ccor ding to the maFrsy thasampleser 6 s
were diluted old with standard mix A (blank calibrant with 0.0 ng/mL cortisdext, the

standard or oral fluid samples weradded to the coated plate. The hormoasjugate was added

at room temperature for 60 minutes to allow the competition for binding sites to dheuplate

was washed to remove unbound material, TMB substrate aaluttie plate incubated in the dark
atambient temperature for 30 min. Samples were quantified against standards on an ELISA plate
reader BioTek Gen5 (BioTek, VT, USA) at 450 nm. All séespf the same subject were analyzed

in duplicates.

4.2.5 LC-MS/MS assay for measurement of cortisol and coréson

4.2.5.1 Preparation of cortisone and cortisol stock standalhations

Cortisol and cortisone stock standards were prepared in methanol to yield 3.8 ang/rhL,
respectively. Commercially piweighed (5 mg) cortise(ds) (purity > 97%) was reconstituted in
methanol to yield 5Smg/mL and commercially preveighed (1 mg) cortisone dd(purity > 98.2%)

to yield 1 mg/mL Cortisol and cortisonstandardsvere then diluted in 44% methanol to 200
pg/mL, while cortisol(ds) and cortisone @ internal standards weluted to 50 pg/mL. These
standards were aliquoted and storee’t@t C. On t he day of anal ysi s,
was placed on ice for 105 min and then used to prepare two individual standards of 2.0 and 1.8
pg/mL concentration in 44% methandortisol (ds) and cortisone @ internal standard ere

prepared at 500 ng/mL with the same diluent.

4.2.5.2 Preparation of blank oral fluid matrix fomlkdation and calibrationf LC-MS assay

The aal fluid was collected via spitting into 15 mL polypropylamatrifuge tubes frortwo male
andtwo healthy femaleolunteers and kept below0°C until the day of matrix preparation. On

the preparation day,2mL of oral fluid from each individual erethawed on ice, pooled in a 50

mL polypropylene centrifuge tuband mixed with 40 mL of iceold methanol. Then, the tube

was vigorously shaken for 15 sec and incubated at ambient temperature for 15 mirriadglic pe
shaking (every 8min) followed by ircubation at7 0 for T min without shaking. After 3fin
centrifugation at 4000 x g at 4 C, 45 mL of
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mL aliquots in glass tubes and dried in a Spéad (Centrivap, Labconco, cat#7812013)
overnight.Next morning, the content of each tube was reconstituted to 1.0 mL with 5% methanol,
combined into a single polypropylene 15 mL centrifuge tube and stripped using 0.5 g of charcoal
(activated as described Bupplementary materials and methods (Appendix ¢) followed by
overnight incubation on a rocker platform (10 oscillations per min) at ambient tempefdiare.
stripped oral fluid was centrifuged at 4000 x g at ambient temperature for 15 min. The supernatant
was transferred into a new tube and then ckrged one more time using the same conditions. The
aliquots 400nlL) of theresulting supernataritalledthe blank oral fluid matrix werestored at

7 0 The€ succes®f the stripping procedurewas confirmedby the absence of cortisol and

cortisoneduring LC-MS/MS analysis of this supernatant.

4.2.5.3 Preparation of calibration curve

Aliquots of the stripped frozen oral fluid were thawed in a water bath at ambient temperature with
periodic manual shaking on the dafytbe extraction. Once thawed, they were sated for 5
minutes and placed on ice. Then, usidgug/mL stock standards, a 40 ng/mL combined
cortisol/cortisone standard theoral fluid matrix was prepared in 6 replicates, each of which was
further diluted by 2fold serial dilutions inthe strippedoral fluid matrix resulting in calibration

points from 20.0 to 0.156 ng/mBamples were stored on ice.

4.2.5.4 Extraction and reconstitution of samples prior toMS/MS analysis

Individual oral fluid samplegaliquotsof 100 pL)from studyparticipants (n=@) were thawed in
awater bath, sonicated for 5 mand vortexed for 5 min. After centrifugation at 10,000 x g for 30
s at 4°C, samples were placed on ice. 30 pLvadter (for blank extracts) atudy samples or
cdibration curve standds prepared in stripped oral fluid matrix were extracted with 120fu
ice-cold methanol containing 1.25 ng/mL of cortigdh). After 15 min incubation at ambient
temperature with periodic (every’®nin) shaking and 15 min inculban at-7 0 C, saemp!l es
centrifuged at 15,000 x g 4t forCL5 min.An aliquot (L20 |L) of supernatant astransferred
into aclean1.5 mLpolypropyleneEppendortube and dried overnight amSpeedvac (Centrivap,
Labconco, cat#78120).30n the nextay, samples were+sdubilized in 24 pL of 44% methanol,
sonicated for 5 minand vortexed for 5 mirithen 24 yL of water were added, and samples were
sonicated for 5 min, vortexddr 10 min and finallycentrifuged at 15,000 x g for 3@sbringthe

liquid to the bottom. &mples were stored on ice prior toIMS analysisTwo QC samples were
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createdafter reconstitutioifi) one pooled sample by mixing equal volume from each study sample
and (ii) one QC at the concentration of 5 ng/mL by mixing eqoleinres of all calibratin points

prepared as described$®ection4.2.5.3

4.2.5.5 LC-MS/MS analysis

LC-MS/MS analysis was executed on triple quadrupole mass spectrometer QQQ 6460 connected
to UHPLC 1290 from Agilent Technologies (Santa Clara, CA, US). Cortisdl @rtisone were
chromatographically separated usgrgdient elutiorandZorbax Eclipse Plus C18 column (2.1 x

50 mm, 1.8 um, Agilenth t 30 C and O..WobielpHaseiAvas0li% (@/vyacetia t e
acid inthe water, and mobile phase B wds1% (v/v) acetic acid in methandlhe following
gradient was used: 22% to 55% B betweeb® min,a linear increase frori5% to 62.5% B
between 0.5 and 2.0 min, increase to 90% B at 2.1 min, &o80% B for 1.5 min and final +e
equilibration to the initial conditions between 3.7 to 6.0 niine njection volume was 15 pl
representing 7.0l of the original sample volume.

MS analysis was @cuted using+ve) ESlwith capillary and nozzle voltag set to 3500 and 800

V, nebulizing and sheath gas temperatures to 325 ann€3&%d gas flow and nebulizer pressure

to 10 I/min and 35 psi, respectively. The following SRM parameters were usedafatitgtion:
367.2 Y 121. 2, 363. &.1\eftagnento? voleaged1263 B4, 132 V ¥hd 1
collision energy: 16, 16, 20 V for cortisdi, cortisol and cortisone, respectivelyhe isolation
windowwas set to 0.7 FWHM (full width at half mamum) at Q1 and Q3; cell accelerator voltage

to 3 V anddwell time to 300 ms for aljuantifier transitions and 80 ms for qualifier transitions
For additional confirmation of analyt&87b6denti f
and 36 R21L22for Jortisbl and cortisone, respectivelhe final optimized method used
separate time segmenwhere cortisone quantifier, qualifieand 1S(369.3 Y @9.2, collision

energy 27)were monitoreetween 0 and 1.9 miand cortisol quantifier, qualifieand ISwere
monitoredbetween 1.91 and 6 miRlease, refer t&upplementary FigureC1 (Appendix C) for

a comprehensive view of all chromatograms. The additi@oniisone () as IS for cortisoneas
necessary trovide appropriate correction of recoydecause charceatripping of oral fluid
affeded recovery as shown during validation, and cortisol standard was not able to compensate
adequately for this effect

All LC-MS analyses were performed as follows: 10 equilibration injectioriseo$trippe oral

fluid matrix were performed at the begingiof all runs. This was followed by the injection of QC
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sampleswhichwere reinjected after every 10 injections and at the enthefnjection sequence

to monitor LGMS stability. Calibration points werejected twice, at the beginning of the batch,
after QC samples, and at the end of the batch, before the last QC saxtmtwer study samples
were analyzed in randomized order throughout the sequence.

The same LAMS/MS method with modifications wased for the assessment of adduct formation
and catribution of cortisol (d) to the SRM channel of cortisol. Adduct formation was analyzed
with Q3 set to scan in the range -7%10 m/z and Q1 set to ion masses of cortisol, cortjsame:
cortisol (d) forming adductions ([M+H] ¥, [M+Na]*, [M+K] * and [M+NH4]*) as shown in
supplementary materials. The contribution of cortisg) (dt o SRM channel of
121.2) was assessed with the following settings: Q1 set to 367.2, 366.2, 365.2a86883.2
(precursor ions of cortisol gdcontaining 4, 3, 2, 1 and 0 deuterium atoms, respectively) and Q3

set to 121.1 for eagbrecursor.

4.2.5.6 Data analysis

Data a&quisition, processingand quantification wre performed using Acquisition and Quant
applicdions from Mass Hunter Suite (Version B 07.00, SP1). Peaks were integratethasigde

2 algorithm andarea ratios of analytés the internal standard were calculatethg spiked cortisol
(da) until cortisone (g) was added to the methdghalibration curves were builusing 1/x weigted

regression and used to quantify concentrations in unkamarvalidatiorsamples.
4.2.6 Method vaidation

4.2.6.1 Preparation othe pooled sampldsr the assessmeaf recovery and matrix effects

The recovery of cortisol, costbne and cortisol (d) wasevaluatedusing nonrstripped oral fluid
generated bpoolingeightsamples from different individualSamples were distributed intbree
aliquots @, B, and Q, each consisted of three replicates of 30 Réplicate A vasextracted with
120puL of methanol containing 2.5 ng/mL of cortisol, cortispared cortisol (@). Replicate B \as
extracted with methah@ontaining cortisol (g at 2.5 ng/mL. Replicates C were extracted with
methanolithout standards to determine endogerleusls of cortisone and cortisol in this pooled
sample and for matrix experimentSamples were processed accordingéation4.2.54 and
reconstitutedn the day of LEMS/MS analysisas in the procedure except that replicates B were
reconstituted in 44% methanol containib@ ng/mL of cortisoland cortisoneto serve as 100%
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recovery referenceswhile reconstitution solvent for rephktes A contaired no standards
Replicates C were eiéh reconstituted id4% methanolithout a standard to control endogenous
signals or in 44% methanol spiked with all standatdsoncentration 10 ng/mL to be used in the
assessment of matrix effeetspostextraction spiked sampleBhe stocks of 1.8 ugiL of cortisol

and cortisone were used for the preparation of spiked standards.

4.2.6.2 Preparation of QGamples for validatioexperiments and for the quantitation of

individual study samples

For the intraand interday analyses, high and low QC samp¥ese prepared fresh from 1.8 pg/mL
stock at concentrations 1.5 and 11.5 ng/mL concentration in the stripped oral fluid matrix. The
concentrations were selectegettion4.2.62) for temporary usén the courseof the validation
experiments untinore apprpriateconcentrations of QCouldbeselected

For the analysis of study sampldse stock QGolutionwas prepared at the concentration of 60
ng/mL for cortisol and 200 ng/mlfor cortisone instrippedoral fluid matrix directly from 1.8
pg/mL stocks, prneared as described 8ection4.2.5.1 This sample was diluted in oral fluid matrix
10-fold, then 3fold, and then Zold to obtain high(QCH), medium (QCM), and low (QCL)
samples with concentrations (@ and20 ng/mL),(2 and 6.67 ng/mL)and(1 and 3.33 ng/mLjor
cortisol and cortisone, respectivelifive replicates of each QC sample were extracted and

processed identically to other samples and calibration curve

4.2.6.3 Preparation of calibration curve anssassmant of LLOQ, linearity andintra-day

accuracy and precision

Preparatiorstarted by thawing aliquots of the stripped frozen oral fluid in a water bath at ambient
temperature with periodic manual shaking. Once thatecalibration curve was prepared as
described irBection4.2.5.3using socks of cortisol and cortisone wigdtoncentratiorof 2 pg/mL

in six replicates.The calibration samples were used to as$kesd LOQ, the upper limit of
quantitation (ULOQ), calibration linearity, accuracy and preaisif calibration curveaccording

to FDA Bioanalytical Method Validation guideliné®

4.2.6.4 Preparation of validation samples for the assessmentrafday accuracy and precision

Five sets of validatiorsamples were prepared from 1.8 mg/mL individual stocks of cortisol and
cortisone ima strippedral fluid matrixto cover the rang8.54, 1.09, 4.38. 8.75 and 17.5 ng/mL in
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n=8 replicates per concentration levehd six of thoseextractedas described®edion 4.2.5.4
Severakeplicates of strippedoral fluid matrix withouthea d di t i on of st andards
ma t rwergalso extractetb provide the signals in the matrix without spikiRgr the assessment

of LLOQ, intra-day accuracyand preaion, six replicates of each calibration pointvatidation

samples were reconstituted as describebaation 4.2.54 and analyzed on L&IS/MS as

described irBection4.2.55.

4.2.6.5 Assessment of shoandlong-termstoragestability and freezehawing stabiky

For the assessment of lotgym storage stability, two replicates of validation sampection
4.2.64) with concentrations of 1.09 and 4.38 ng/mL were stored for 6 months at{ffelowas &
dry extract or after reconstitution for EKAS analysis (wet extract). After fonths, stability
samples were either reconstituted (dry extract) or thawed (wet exaratianalyzed in theC-
MS/MS. Samples for shotterm stability were reconstited as for LEMS/MS analysis $ection
4.2.54) and stord for 2 h on the bench at room temperature ford24 h at +7°C in the
autosampler, respectivelpll samples for the assessment of storage stability were quantitated
using calibration curves freshprepared as describedSection4.2.5.3 Freezethaw gability was
assessed by expositigee30 |L replicate aliquots of the 4.38 fmgL validation sampleSection
4.2.6.4 to 30 min freezing af7f0 Collofved by thawing in a water bath at ambient temperature.
A single aliquot out of three waexposed teeither 1, 2, or 3 freez¢hawing cycleswhile the
validation sample witla concentration of 4.38 niglL. was used ashe no freezethawing control.
(Section4.2.5.3).

4.2.6.6 Assessment akecovery and matrix effects

For the assessment of recovery, duplicates of sarppégmred as described $ection4.2.6.1
were usedRecovery was calculated lkie formula: (area in test samptasea in background
sample) *100% / (area in reference samplea in background sample)

For the analysis of matrix effects, samppeepared by posxtraction spiking of cortisol and
cortisone into extracts of oral fluid aliquots Se(tion4.2.6.1) were usedFor comparison, néa
standards in 22% methanol were prepared at 5 ng/mL coatiens to match posxtraction
spiked sampledMatrix effects vere calculatedising the following formula: (signal intensity &
postextraction spikedample ofstrippedoral fluid*100%)/sign&intensity in 22% methanaieat

standard
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4.2.6.7 Assessment of ter-day accuracy and precision

Validation samplewriginatedfrom 1.8 pg/mL individual stockéSection4.2.6.4 and @libration
curve standardprepared as described $ection4.2.5.3 originatedfrom 2.0 pg/mL individual
stocks wereprepared, dried oveight, reconstituted, and analyzed on-MS/MS as described in
Sections4.2.6.1,4.2.6.3 4.2.6.4 and4.2.5.5 respectivelyThe entire procedure was repeated on
different nonconsecutivedays rsulting in a total of 7 inter-day batchesDuring interday
validation, a injectorleak and asulsequentrreproducible performance dlhe sample injector
were discovered. After replacement of the needle seat capillary and injection nieiggthly,

reprodwible autosampler penfmancewas restored.

4.2.6.8 Stability of deuterated cortisol

Individual aliquots of each analyséandardat 5 ng/mL in 22% methanol and oral fluid matrix were
prepared and analyzed as described in procedures for the assessment of tioa fofroas with

[M+H]*, [M+K] ™, and [M+NH;]* adducts and contribution of deuterated cortisol (to the signal in

MRM channel of cortisol (363.2Y121.1) which n
deuterium atoms. The L®IS/MS batchincluded10 equilibration injections @ strippedoral fluid

matrix, followed by sequential injections tifelow, medium and high QC samples with additional

injections of QC samples at each 11th run and at the end of injection sequence. Other samples were
loaded onto LEMS/MS in random order.

4.2.6.9 Addition ofcortisong(ds) as IS for cortisone

To verify that cortisone @)l is anappropriatdS for cortisone in nostripped oral fluidn order to
improvemethodaccuracyfor this analyteoral fluid from 10 individuals wasvaluated Samples
were distributed into 2 x 95Lualiquots, A and B. Replicaté\ were spiked with fuL of cortisol

and cortisone to yield 2.5 ngiL increase in concentration for cortisol and 5 ng/mL for cortisone
ard then spiked with both IS to yield concentratioh® ng/mL. Replicates B were spikedth 5

pl of solvent and then were spiked wamix of IS to yield 5 ng/mL. Calibratiostandardsvere
prepared ima strippedoral fluid matrix and 95uL of it were piked with 5uL of the IS mix to
yield 5 ng/mL. QC samples were prepared as desciibedkection 4.2.6.2. After 15 min of
incubation on ice, all samples were extracted, daad analyzedfterreconstituion as described

in Section4.2.5.4

131



4.2.6.10 Creation of the calibration curve for routine implementation of the method

Based on validation rafis, for the routine implementation of the method, theppration of the
calibration curve (dilutiofiactorsand concentration limits) @veslightly modified. Thecalibration
curve was prepared by 1.S&rial dilutionwhile keepingd_.LOQ and ULQQ of cortisol to maintain
the validated linear rang® increase the number of calibration pairier the measurement of
study sampleshe concentration ranges oflibaation curves wer®.16:16.0for cortisol (16.0,
107, 7.1, 4.7, 2, 2.1, 1.4, 0.9, 0.62, 0.31and 0.16 ng/mLpand 0.2321.3 forcortisone (21.3,
14.2, 95, 6.3,4.2, 2.8, 9, 1.2, 0.83, 0.3, 0.21 ng/mL). Aliquots 95 L) of calibrationsamples
were spikd with 5 pL of the IS mix to yieldconcentration ob ng/mL, extracted, driedand
reconstitted as described in the correspondaattion 4.2.6.3except that reconstitution solvents

did not contain IS.

4.2.7 Comparison of LEMS/MS and ELISA assays

In addition to 19estsamples, severatandard$0.63, 2.5, and 10 ng/mL) froseparatealibration
curves (from 10 to 0.31 ng/mL) of cortisol and cortisone in water and a QC at 1 ng/mL cortisol in
a stripped oral fluid matrix using Hdmouse standards weranalyzed on ELISA and extracted
(including allstandard$rom the calibration curves) on the same day LC-MS/MS. In addition,
individual calibration curves of cortisol and cortisone were prepared in the commercial ELISA
bl ank (fA0. 00 suapplied withh BELISA &ith ang extractdd in parallel toELISA
commerciakalibrationstandards(.0,0.1, 0.4, 1.7and 7 ng/mL cortisglfor LC-MS/MS analyses

on the same day. The ELISA analysis and extractions of samples SIS analysis were
execued as described Bectiors4.2.4and4.2.5.4, respectively. All extracted samples were dried,
reconstiuted, and analyzed on the next day after extraction as descrilgettions4.2.5.4and
4255

4.3 Results and discussion

The objective of this research was to develop and validate a sensitroedgwighthroughput
LC-MS/MS assay for cortisol and catine in oral fluid and to minimize the sample volume
required for this analysis. Although most validated methods reported to date required the use of
LLE or SPE, protein precipitation with methavehs selected for this work to increase sample

throughput ad decrease sample volume requirements. The only other successful protein
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precipitation methods for this analysis utilized acetonitrile but required22@QuL sample
volume?®234A more recent protein precipitation method which useetonitrile:methanol:acetone
cocktail and 10QuL of the oral fluid showed poor LOQ (8.6 ng/mL) for cortismiddid not have
cortisone included in its pan&t: Majority of other SPE and LL®ased validated methods also
required 100 to 50QL of the samplg3Y233:242.245.240r final validded method requires only 30
pL of oral fluid, making itideally suited for timecourse studies, and the sensitivity of the method
is suitable for all time points except lat@ght cortisol determirteons. In terms of MS analysis, we
opted for(+ve) ES| athough successful methods with APE£*8and(-ve) ES3® have also been

reported:®*

4.3.1 Validation of LC-MS/MS assay

The finalized method was validated for selectivity, accuracy, precision, stability, recovery, matrix
effects, linearity,and LOD/LLOQ according to the procedures and acceptance criteria for
Bioanalytical Method Validation establisheby FDA!%. Calibration curves of cortisol and
cortisone prepareih charcoalstripped oal fluid demonstrated excellent linearity{R 0.998) in

the range 0.1220 ng/mL, acceptable int@ay accurag (maximum inaccuracy < 7.8%) and low
imprecision (< 15%) using cortisol4das ISfor both analytegTable 4.1). Inter-day comparison

of calibration curves also showed acceptable performance, with at least 6 out of 8 calibration points
meeting FDA requaments on all dayd &ble 4.2). Slopes of calibration curves remeadsimilar
between7 days of the inter-day validation for each cortisol and ocetisone (0.18+0.03 and
0.27+0.05, n=7, respectively), andhtérceptsdid not deviate from ero @Appendix C,
Supplementary TableC1).

The analysis of inteday accuracyand precisionfor cortisol and cortisoneTable 4.2)
demonstrated acceptabdecuracy ad precisionin the intervalof 0.31-:20 ngiL. The lowest
concentration teste@.15 ngmL) provided the most inaccurate daily resaltsl did not routinely
meet LLOQ requir eme 8a%sndmacturatywithih D2%60bdth dergsbl O
andbr cortisoneon several of the 7 days tested
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Table4.1. Intra-day accuracy and precision of calibration cury&gction4.2.6.3) and validation
samples(Section 4.2.6.4 in charcoalstripped oral fluid. Six eplicates of each calibration
standard were run to obtain calibration curves on the filwy of validation and establish LLOQ

Calibration Averag(%A)e)lccuracy Pracsiséo(r:) /g)r;:G,
standard
(ng/mL.) Cortisol Cor:'gso Cortisol | Cortisone
0.15 98.9 99.6 13.3 7.9
0.31 102.7 106.8 8.0 4.0
0.63 96.9 92.2 130 16.9
1.25 97.4 97.7 10.2 11.2
2.5 103.9 104.4 5.7 2.1
5 102.7 102.4 4.6 5.0
10 96.7 98.1 6.1 4.8
20 100.7 100.5 4.2 3.7
validation Averag(eé/gccuracy Prelslssll:;)? (ygr)w 6,
samples . Cortiso . .
(ng/mL) Cortisol ne Cortisol | Cortisone
0.54 98.9 101.5 6.2 6.5
1.09 96.0 101.5 6.0 7.7
4.38 100.1 105.9 10.3 12.3
8.75 87.6 90.4 6.3 7.6
17.5 88.9 93.0 7.2 8.8

As a result, 0.15 ng/mL was selected as the limit of detection (LODeahtthod, while LLOQ

was determined to be 0.31 ng/mL for both cortisol and cortisone as this concentration consistently
met FDA requirements on all days tested. The highest contenti@sted was 20 ng/mL as higher
concentrations were not expected fog tate morningmid-day samples such as the ones collected

in the current study. Thedd OQ& compare well with other methods reported in the literature,
which generally ranged fror0.3-0.8 nM for both cortisol and cortisoh!224:235.237,240,245,249
Despite the sporadic inaccuracy of some mid calibration points during tiedags, the accuracy

of at least 6 calibration points remained suitable for quantitation every day for both standards,

except for day one dhecortisone tesfTable 4.2).
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Table4.2. Summary of inteday acaracy and precision for cortisol and cortisone in chareoal
stripped oral fluid over noftonsecutive day$n=7) of analysis.Samples were prepared as
described inSection 4.2.5.3. Based on severajross autosampler minjections denoted by
astefisksin thetable, injector needle and needle seat capillary were changed beB{eemd 61"
days which decreased injection variability and improved the accuracy.

: RS
= -~ o=

=€ S | 7 S
¢ | Dayl| Day2 | Day3 | Day4 | Day5 | Day6 | Day7 E) s 2| 52 y
o2 I335|E% 3
@] o - e (1]
(@) © o ©

Cortisol accuracy (%)

0.16 97.6 95.8 113 119.6 | 105.8 | 118.7 | 100.2 107.2 9.9
0.31 | 109.5 [ 101.5 99.4 107.3 | 113.8 | 102.7 | 116.9 107.3 6.5
0.63 80.7 111.6 94.4 94.0 69.4* 94.9 102.1 96.3 10.2
1.25 | 102.6 91.3 101.1 90.8 106.1 924 89.4 96.2 6.8
2.5 1130 95.0 89.9 89.9 104.5 92.5 88.4 96.2 9.2
5.0 97.1 64.7* 99.5 93.1 96.4 97.2 100.4 97.3 2.6
10.0 78.5 1079 | 102.7 | 103.6 | 108.3 | 100.7 | 101.9 100.5 10.1
20.0 99.4 96.9 100.1 | 101.7 96.5 101.8 | 100.7 99.6 2.1

Cortisone accuracy (%)
0.16 | 121.3 | 124.7 | 118.4 | 1139 | 105.2 | 119.4 | 113.7 | 116.7 6.4

0.31 97.1 92.8 95.6 116.5 | 111.1 | 102.5 [ 105.7 103 8.7
0.63 79.4 96.3 88.2 88.7 69.9* 92.5 107.0 92.0 9.3
1.25 95.2 84.6 104 93.8 108.2 98.3 86.7 95.8 8.6
2.5 111.7 94.0 93.9 84.9 102.1 90.5 85.6 94.7 9.5

5.0 94.7 53.1* 96.7 95.9 95.0 99.1 98.7 96.7 1.9
100 [ 66.1* | 111.7 | 102.8 | 106.2 | 116.5 93.7 100.1 105.2 8.2
20.0 | 100.7 95.9 100.2 | 100.2 93.0 104.7 | 102.5 99.6 3.9

Several calibration pointdemonstratedery low repeatability {able 4.2), which sems to affect

both cortisol and cortisone gquantitation despite the correction by IS. This could be explained by
irregular injectionswhichwas confirmed by the disappearance of the problem after replacement
of the injection needle and needleeapillarybetweenthe 5" and &' days.The recovery of
cortisol and cortisone spiked intioe charcoalstripped oral fluid at various concentrations ranged
from 75.2 to 86.4% for cortisol and from 69.1 to &h.4for cortisone (Appendix C,
Supplementary TableC2). The calculation of recovery using either solvent calibration curve or
comparison of prand postextraction spiked samples vyielded similar results. Extraction
repeatability was excellenvith an RSD ranging fron2.6 to 10.26 for cortisol andfrom 1.9to

9.5% for cortisone Cortisol stability of up to 1 ye&® and 3 year$* when stored at80°C was
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previously established, sbwas not examined ithe current studyTable 4.3 summarizes the
results for shorterm and longerm stability testsBoth cortisol and cortisone in wet extracts of
oral fluid demonstrated satisfactory stability for bench manipulations (2 hours at ambient
temperature)

The stability test of cortison@ autosampleconditionsfor 24 hours Table 4.3) demonstrated
surprising failure for the cortisone, and the reasons for that were unclear. The inconsistent
performance of the autosampler may be involved becausm#tgsis was done a day before the
injector failure detection and the replacement of the injector assembly. However, the injector
failure was not corrected by the IS (cortisal)Jdwhich implies the necessity to investigate the
compliance of cortisol @) as IS for cortisone.

Table 4.3.Summary of shoterm and longterm stability results. Stability was assessed by
comparing the measured concentratamsessely the freshly prepared calibration cun&ection

2.5.3 of stability samples to the p&cted theoretical concentrations. Samples with concentration

1.09 ng/mL destinefibr the assessment of the stability at 2 hours, ambient temperature were lost
during manipulation. A single replicate per condition wested.

f=Ran
= .
2 _5 S terﬁ héri?&?leer::/et 24-h autosampler, | 6 months, <- 70°C, | 6 months, <- 70°C,
SRS P ' +7°C, wet extracts dried extracts wet extracts
D5 o, extracts
259
o 'g-
8 8 | Cortisol | Cortisone | Cortisol | Cortisone | Cortisol | Cortisone | Cortisol | Cortisone
1.09 NA NA 95.5 120.3 34.4 12.4 141.7 115.7
4.38 99.6 115.1 114.4 144.0 18.0 8.3 124.4 107.6

Moreover, in the analysis of samples from study participants, the certd®monstrated
acceptable stability in the batch consisted of 120 injectiatisatotal lengh of 14 h Figure 4.3).

In the validation, however, the longest incubation of standard samples was carried in the intraday
analysis batch, which was consisted ®finjectionswith atotal run time of 8.5 h. In this batch, the
concentration of cortisone watable across the entire tindgppendix C, Supplementary Table

C3).

In addition, cortisone showed acceptable stabilitydogiterm storag&hen reconstituteextracts

were stored directly (wet extrac{§) monthsstorageat below-70°C).Cortisol wetextracts showed
highervariability than expected, thus not meeting acceptance criteria. In contrast, dried extracts

stored after evaporatiandicated 3 to 12 times lower concentratiorafter 6 months of storage
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below -70 °C followed by reconstitution goor to LC-MS/MS analysis. Thissuggest either
degradation arldr precipitation(Table 4.3). Finally, thestability of cortisol and cortisona oral

fluid duringfreezethawingwas evaluated. All results miie80-120% stability acceptance criteria
(Table 4.4). In sum, longterm storage of prepared extracts is not recommended, so samples should
be analyzedmmediately after preparation. Therefore, the length of the analytical batch is not
recommended to be extendedyond 14 hoursUnfortunately, the eme set of samples with
concentrationof 1.09 ng/mL was lost during sample manipulation, and the expetiwas
executed with only one (4.38 ng/mL) sample.

Table 4.4. Cortisol and cortisone freezbawing sability (using validation sample (Section

2.2.6.4 with a concentration of cortisol and cortisone at 418 mL)wasassessed as the accuracy
of quantitationin single replicates(Expectedheoreticalconcentration = 100%)

Number of Concentration accuracy (%)
freeze
thaw cycles Cortisol Cortisone
1 101.6 106
2 90.6 920
3 94.8 96.3

The evaluation of absolute atrix effects for cortisol and cortisone ¢harcoaistrippedoral fluid
showed minor matrix effects with two and one samples, ctispty exceeding 8120%
acceptance criteria, where absolute matrix effects are considered nedkdginire 4.1). When
cortisol (d;) internal standard was used to cormeetrix effects, all results meet acceptance criteria
except at the LOD level of D5 ng/mL.Moreover, as expected, the internal stanaamaection
reduced datmariability for cortisol (SD =9.4for n=12ascompaedto SD =23 before correction)
and cortisone (SD = 4f@or n=12ascompaedto SD =14 before correction)his indicateghat
even though cortisol and cortisone do noetate, cortisol (é) may sere as an internal standard
for both cortisol and cortisone in the stripped oral fluid matfigre 4.1). However,in
subsequent experiments, we further examined the dependeremvery and matrix effects on
oral fluid composition by evaluating thesegaeters in eight different lots of oral fluid. The results

of the recovery experiment are showeble 4.5.
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Figure 4.1. Correction of matrix effects in charcoeatripped oral fluid forthe calibration curve

(Cal Curve) and validation samples (sample) at different concentrations. The columns show
absolute matrix effects without internal standard correction, whédashel line shows the matrix
effects after the correction of analyte peak areas by cortisol (d4) internal standard. Values of 80
120% shown by dotted lines depict acceptance criteria where matrix effects are considered
negligible. Values above 120% show ioni@atenhancementand values below 80% show

ionization suppression. Digits in the sample namader-axis correspond to their concentrations
in ng/mL

The data demonstrates thila¢ recovery of both cortisol and cortisone in real oral feagnhpless
similar to each other and to the recovery of IS (cortisg)lddross different lots of oral fluid§he
t-test comparing cortisone recovery versus cortisol and cortigdpl régoveries showed no
significant difference with qwalues of 0.56 and 0.97, respeely. More importantly, the recovery

results also show that there is a high variability of recovery from lot to lot of oral fluid when
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comparing these results Supplementary TableC2 (Appendix C), but thattheinternal standard
may be able to correabfthis effect

Table4.5. Recoveries of cortisone, cortisahd cortisol (d) and accuracy of their quantification
in eight lots of nosstriped oral fluidafter correction by cortisol (. Samples were spikedth
cortisol and cortisone to yield 2 ng/mL in the extraction tiRexovery was calculated for each lot
of oral fluid usng peak areas in three extracts: (i) pegtraction spiked; (i) not spiked
(endogenous concentration) and (iii) p@straction sgked replicates by formula (prextraction
spike area endogenous area)*100/(pesktraction spike areandogenous area). Alyte
concentrations in each sample were calculated uaicagibration curve buikin charcoatstripped
oral fluid matrix. The diffence between prextraction spiked and nespiked sample
concentrations was compared to the theoretical amount of coambtortisone spiked to assess
the accuracy of the final method

Accuracy of
0,

Recovery (%) assessment (%)

Sample ID - - :
. . Cortisol | Cortisone | Cortisol

Cortisone | Cortisol . .
(da) spike spike
Lotl 87.7 86.5 87.4 108.7 105.7
Lot2 56.7 68.0 62.7 76.9 102.8
Lot3 355 41.7 40.1 81.8 100.4
Lot4 108.1 102.4 92.1 90.7 103.2
Lot5 69.1 80.8 70.6 86.8 106.4
Lot6 74.3 88.4 79.7 62.6 104.8
Lot7 95.0 100.3 81.0 83.7 105.8
Lot8 70.7 79.9 86.6 63.6 100.5

However, during the evaluation of accuracy ustogtisol (d) as an internal standard for both
analytes, it was discoveréke accuracy of quantitation of cortisaeaenuch poorer than for cortisol
(mean accuracy of 81.9+14.9 for cortisone versus 103.7+2.4 for cortisol, signdieantith a p
valueof 0.001). Although all validation results met FDA criteria in charatapped pooled oral
fluid when faced with compositional variability of reahl fluid samples and corresponded matrix
effects Figure 4.2), the accuracy of cortisorguantitation wa inferior compagdto cortisoland
was not sufficient as judged by the standard addition method. The combined effscb\ary
differencesanddifferentmatrix effectsresulted in poor accuracy of cortisone when using cortisol
(ds) interral standard. fius, to achieve acceptable accuracydomtisone cortisone (g) internal

standard was added to the finalized method before any analysis of reasampl
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Figure 4.2. Summary of matrix effeptsults obtained for eight lots abnstrippedoral fluid. The
signal intensity of 86120% would indicate no significant matrix effects, and values bel8@%
show significant ion suppression

As expected, theéncorporaton of cortisone (g) as IS for cortisone reduced the quantitation
inaccuracyin real oralfluid samples to the acceptal@3&-115% range, which is comparable to
cortisol Figure 4.2). In contrastpther studies successfully used a single internal standard for both
cortisol aml cortisone but combined it with more selective sample preparation such 4% &hdE
LLE-derivatizatioronline SPE*2 Our LCG-MS/MS SRM method has been improved without
compranising its robustness and analytical performance validated as descriBedtion4.2.6.

The overall improvement is reflected by acceptable levels of accUFapyé€ 4.3) demonstrated

by the method in the analysis of oral fluid samples from study pamits This example of poor
cortisone accuracy illustrates a key difficulty during the validation of methods for endogenous
biomarkers such as cortisol and cortisone, where it is usually not possible toanintatimx that

does not contain the analytesimterest.
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Figure 4.3. Accuracy of cortisol and cortisone quantitation across an analytical batchl
parti ci p a.rAl samplesveera puamtified using the averaged external calibration curve
(squaes) injected at the beginning and at the end of the batch. Three QC samples: low,,medium
and high (triangles) were injected one after another at the beginning, after every 10 injetithns

at the end of the analytical batch. Circles representviddia saliva samples spiked with known
amounts of cortisol and cortisone, extracted and quantified in parallel to aliquots of the same
sampleshat were not spiked (not shown on the graph). The accuracy was evaluatedhesing
formula: (concentration in mked samples- concentration in not spiked samples)*100%
/ltheoretical spiked concentratipthatstill satisfies limits of FDA (less than 120%). Exdepione
sample at LLOQ level of cortisol (0.31 ng/mL, at LLOQ@120% accuracy is allowed according

to FDA), all samples were quantified within 835% accuracy range (red dashed lines)
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The systematipositivebias of the calibration curve was observed for cortisol but not for cortisone
in standardaand QC samplegFigure 4.3). This indicates a tolerableerrar in the preparation of
spiking solutions of authentic or/and SIL cortisol frtmeworking stock.

Charcoalstripped saliva was previously used for method validation in several stéfch&but

matrix effect evaluation was performed only in charegappedoralfluid, without comparison to

real oral fluid samples. Meszaresal did assesxl overall method accuracy in four lots of non
striped saliva, but the results obtained for both cortisol and cortisone were acceptable with mean
values of 97.9% and 99.7% It is possible that their method, which utilized protein precipitation
with acetonitrie and(-ve) ESILC-MS/MS analysis, had slightly different selectivity or that the
four lots tested were not sufficient to detect higher variability and poorer accuracy of cortisone.
Other clinical LGMS/MS assays have used artificial solutions such & Qv& bovine serum
albumin?33 phosphatebuffered saling®® artificial saliva?*? or watef*%*°for the calibration of
cortisol assay. However, Fustinoai al did supplement their determination by evalotof
relative and absolute matrix effects in six lots of oral fluid and did not find any significant matrix
effects®*® Jonssoret al. compared water and oral fluid for one lot and did not find significant

matrix effects for cortisol, but cortisone was not measured in that métAod.

4.3.2 Cortisol quantitation by LOMS/MS and ELISA

Usingthevalidated LGMS/MS assaycortisol was detected at concentrations between 0.34 and
1.78 ng/mL (0.9 and 5 nmol/LAppendix C, Supplementary Table C4). The @ncentrations of
cortisol below LLOQ (0.31 ng/mL) of LAS/MS assay were detected in 4 oubttsamples and

fell between LOD and.LOQ of the assay (0.18.31 ng/mL) The concentrations of cortisone in
oral fluids ofhealthy indviduals varied between 3.2 and 17.3 ng/mL {830 nmol/L) These
values matchin general the results obtained by Perogamveisal in oral fluids of healthy
individuals®®® They also reported decreasing cortisottisone ratios from a mean of Qr2the
morning to a mean of 0.1 in the eveni@mrtisotto-cortisone ratios obtained in this study ranged
from 0.05 to 0.18, with a mean of 0.12. These results match well the ratios obtained at 8:30 am
(mean 0.16 to 0.23 for determinations on three difiedays) and noon (mean 0-02L4 on three
different days), which are the time points that are the closest to our collectiod¥ifiesse results

are also comparable to the reportecametios of 0.13 at noon in healthy individuals and 0.16

reported for 9:30 am sampling time in late adolescent and young wohiEhnus it can be
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concluded that there is a 1.9x standardization error between the two assays, and to resolve this
standardization error requires comparison to traceable reference material. Others have also reported
standardization errors between ELISA andMS/MS resultingin the overestimation of cortisol
concentration$?, including blood cortisol measuremeft$.However, the standardization of
assays for oral fluid has lagged behind and requires further attention.

The measurememf cortisol concentrations in oral fluid sampteslected during the study using

our validated LEMS/MS method and ELISAevealed a drastic overestimation of cortisol
concentrations by competitive ELIS# comparetb LC-MS/MS (Figure 4 .4).

Table4.6. Quantitation of ELISA cortisol calibration standards (supplied with the ELISA kit) by

LC-MS/MS method usiranin-house cortisol calibration curve. The curve was prepared by serial
dilutions of n-house cortisol stock standard using ELISA calibration blank supplied with the kit

L ELIS.A Concentration by Ratio
ELISA calibration setpoint LGMS (ng/mL) ELISA LG
(ng/mL) MS/MS
ELISA calibration blank 0.0 ND NA
ELISA calibration point 1 0.1 ND NA
ELISA calibration point 2 0.4 <LOQ NA
ELISA calibration point 3 1.7 0.78 2.2
ELISA calibration point 4 7.0 3.42 2.0

Two main possible reasons for ELISA to yield systematically higher results thhS/RS are
antibody crosseactivity and improer standardization. To investigate both of these possibilities,
we first analyzed ELISA blanks and calibration standards usSyyIS/MS. The results of this
comparison are shown irable 4.6 and show that the concentrations of ELISA standards are 1.9x
lower than stated when quantified against ahawise cortisol calibration curve built in the same
buffer.

Next, cortisol and coidone calibration standards prepared in water were quantitated using ELISA
and its calibration curve. As expected, these stasddmolwed 1.9x higher results when quantitated
using the ELISA calibration curvd éble 4.7).

Thus, it can be concluded thaetk is a 1.9x standardization error between the two assays, and to
resolve this standardization error requires comparison tediée reference material. Others have

also reported standardization errors between ELISA andVBIMS resulting in ELISA
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overesimation of cortisol concentratiotf$, including blood cortisol masurement$®? However,

the standardization of assays for oral fluid has lagged behind and requires further attention

Table4.7. ELISAquantitation of cortisol and cortisonesingin-house standards prepared in water
from the same stock solution (2 pg/mL) whose aliquots were used for the preparation of calibration

curve in LGMS/MS methaod

Standard comppsition Cortisol ELISA results (ng/mL)

Replicate 1 | Replicate 2 Mean

Cortisol in water 0.63 ng/mL 1.0 1.2 1.1

Cortisol in water 2.5 ng/mL 5.4 5.4 5.4
Cortisol in water 10 ng/mL 18.7 20.1 19.4

Cortisone in water 0.63 ng/mL 0.2 0.2 0.2
Cortisone in water 2.5 ng/mL 0.4 0.3 0.35

Cortisone in water 10 ng/mL 0.5 0.3 0.4

The measurement of individual cortisone standards prepared in water by ELISA also allowed us to
investigate antibody crosgactivity to cortisone. As shown irable 4.7, antibodycrossreactivity

to cortisone may be contributing approximate20% inaccuracyto ELISA assay, with lower
concentrations of cortisol more significantly impacted. This level of aemdivity is higher than
stated by the manufacturer at 0.8%, but itas known which concentration(s) the manufacturer
used to evaluate theassreactivity.

In sum, he crosgeactivity to cortisone yielded aroudd.1% of cortisol response at low (0.63
ng/mL (1.8 nmol/L) concentration and beconmasre negligibleat higherconcentrationsThese
results are similar to the cressactivity reslts reported by Baet al for IBL immunoassay, where
crossreactivity to cortisone contributed from 2.6 to 43% of inaccuracy for similar cortisol
concentrations and cortisobrtisone ratios!®* Indeeqd the overestimation of cortisol
concentration®y ELISA comparedio LC-MS/MS was observed in 18 (out of 189)dividual
sampleg(Figure 4.4).

Moreover, thenortlinear (r = 0.094, n= 46) increase in the overestimation of cortisol
concentrations by ELISAomparedto increasng cortisol concentrationgn LC-MS/MS was
demonstrated bthe Bland-Altman plot Appendix C, Supplementary Figure C2) for 46 study
samples This suggests the involvement of other factoeyond standardization and cortisone
crossreactivity, one of which could be the cressactivity © other structures similar to

cortisone??®
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Figure 4.4. Quantitation of cortisol iroral fluid sampledrom participantsby competitive ELISA
(columns with horizontal stripes) andimuse LEMS/MS method (columns with diagonal stripes).
Concentration is represented byaXis. Measuremenexecuted in single replicatehe results of
two-tail, pair-wisedt-tes (p = 5.73E07, (n=19)) support the confidence in observation of higher
guantitation results by ELISA

Based on the manufacturer6s dat a,crossteacivity, st r uc
among which 14deoxycortisol and Fhydroxyprogesterone demonstrate higher creastivity

than cortisone.

A more comprehensive investigation of ELI8Aerferences in real sampless beyond the scope

of this study, but our resultsditate that cortisone is not the main/only source of inaccuracy, at
least for the AbNova kitMore than 2fold differences were observéetween results of ELISA
and LC-MS/MS in test samples from participan@Sigure 4.4). In addition, orrelation analysis
shown inFigure 4.5 demonstratepoor linearity (2 = 0.27), indicating poor agreement between
the two methoddg=inally, thecorrelation analysis shovwmsige positive Y irgrcept which indicate

the presence of interfering (n@malyte) crosseacting faabr. Altogether, this data indicadethat
crossreactivity to cortisone and 2x standardization error do not explaithalleasonsfor

inaccuratecortisolquantitation byELISA kit.
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Figure 4.5. Correlation analysis between cortisol concentrations obtained usingyIBIMS and
ELISA for n=46 oral fluid samplesollected at three time pointSé¢ction 4.2.3 Only samples
with signals abov&LOQ in both assays were used for this plohear leastsquares regession
results are shown ithetop right corner of the figure

In an early study, Jonsset al showed radioimmunoassay overestimated cortisol concensatio

by 2.7x%° Similarly, Baeet al. showed IBL luminescence immunoassay estmated cortisol
levels by 2.62.6x but showed much higher correlation values of <6#3ur Bland Altman
analysis shown ifrigures 4.6 A and 4.6 B indicates clearly the presence of proportional bias: as
the concentration of cortisol increases, the agreement between the two methods becomes closer.
Considering that LAMS/MS assays are accepted as a gold standard method for cortisol analysis,
Bland-Altman plots inFigure 4.6 A were plotted both against the mean of the two assays and
against LEGMS/MS assays values as a gold standard method. The latter results showalery we
proportional bias with a much lowet value of 0.09. Electroluminescent ECLIAsay showed

good agreement with LMS/MS (> of 0.892%3* across the entire cortisobecentration range
tested, but only?rof 0.02 for cortisol values below 2 nmol/8imilarly, the BlangAltman plot in

a study by Baet al revealed a wide dispersion outs below 5 nmol/l¥%* In sum, our results
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for the comparison oLC-MS/MS againstthe Abnova immunoassay are consistent with other

literature compasons at low cortisol levels, indicating poor agreement between the two methods.
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Figure 4.6. Bland-Altman analysis for colol measurements using {S/MS and ELISA
prepared by plotting (A) mean concentration of both assayseoaxis or (B) LCMS/MS assay
concentration on-axis. In both caseshey-axis shows the absolute concentratioriedténces (in

ng/mL) obtained btwo methods. The red line shows the mean difference between the assays, while
the dashed lines show limits of agreement as determined by + 1.96xSD. Linessqleass
regression was also performeghd its results are shawin thetop right corner

Clinical automated immunoassays such as Roche Cortisol Il assay that uses monoclonal antibodies

showed better agreement with IMLS/MS for cortisol measurement in serum (n=404h the
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slope of 1.02 and intercept of 4.473 nmollut an agreement for salivia=253) was poorer with

the slope of 1.12 and the intercept 0f 0.825 nm&t/Neverthelessjone of these studies inded

ELISA tested in our studyOur results demonstrate greater specificity ofMS/MS method than
ELISA assay, confirm excessive values of ELISA calibration setpoamd call for further
investigation of ELISA interferences in real samples. In comahi¢here is an obvious necegs

to correct the values of ELISA calibration setpoints according teMSIMS quantitation and
validated LGMS/MS assays such as the one presented provide a better alternative for more
selective cortisol and cortisone me@suents.

Our results of Blandhltman analysis irFigure 4B show that immunoassay results cannot be
converted into correct cortisol concentrations by a simple function. Milet compared five
immunoassays with LGIS/MS using 195 saliva specimetf§. Despite Igh correlation
coefficients raging from 0.920.96 against LEMS/MS, theyfound nonlinear relationships
between differentimmunoassays andMS/MS assay and proposed a set of conversion functions

to facilitate interassay and intestudycomparisons of cortisol concentratiom® examine if both

ELISA and LCGMS/MS analysis would provide the same conclusions in a given studyavee
plotted relative change at t1 and t2 versus cortisol concentrations at theexiset each bier.

The resllts of this analysis are shown asirror plot in Figure 4.7 and indicate that the use of
ELISA or LC-MS/MS would have resulted in incorrect conclusions about the change in cortisol
levels in at least 14 instances out of 34 tests even when using tleevedine value of 50% to
indicate up or downregulation of cortisol in an individual during the test.

Furthermore, since-3 activity tests were performed per individual, we examined the dataset to see
if only particular individuals showed these discrepas; however, no trends, according to the
individual, could be established. Based on these results, ELISA testing cannot be used to provide
correct result$or acute laboratory psychosocial stress teBtisthe best of our knowledge, no one
else examineckelative assay results obtained by the twéhods. Baet al.examined mean trends
across time and found both immunoassay andMISEIMS could provide correct conclusions about
cortisol levelst® Thus, it is believed that despite standardization errors and interferences often
observed for ELISA, the results for an indival test could still be usable by lookingrelkative
changes. Our results dispute this supposition, at least for studies where low levels of cortisol are

being measured in healthy individuals (< 2 ng/mL).
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Figure 4.7. Mirror plot showing relative canges in cortisol concentration at t1 and t2 (versus t0)
obtained by ELISA and L®IS/MS for each individual collected in our study.

4.4 Conclusions and future recommendations

Cortisol aal fluid measurement is preferred to serum measureresmecially for acie laboratory
psychosocial stress tests due to -morasive sample collectionWe have developed and
implementecaninexpensivesimple,accurate, robusand highthroughput.C-MS/MS assaydr
simultaneous absolute quantitation of cortisol and cortisoeradl fluids.The method replaces

LLE and SPE with simpler and less expensive methanol extraction while ensuring excellent
guantitative performance despite limited sample elgaThe devebped LCMS/MS method out
competeshe ELISA approach in throughpand accuracy. The throughput of IMIS/MS is high,

and considering all necessaalibration blank,and QC injectionghemethod allows quantitation
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of both target steroids 2 samples pr 14 hbatch.In comparison to other LMS/MS methods,

this metlod reduces the volume of oral fluid required for analysis touBQOincreasing its
applicability. However, the sensitivity of theurrentLC-MS/MS method was not sufficient to
quantify cortisb in 4 out of 51late morningsamples. Therefore, further impronents in LG
MS/MS sensitivity towards cortisol are requiiiéthte-night salivary cortisol measurements are of
interest The comparison of Abnov&LISA and LCMS/MS assay showed that ELISA
significantly overestimates actual cortisol concentrations in fiwal samples primarily due to
excessively high values of calibration setpoints. Therefore, the accuracy of the cortisol quantitation
by ELISA with corrected calibration setpoints shouldifeestigated on a large set of samples
originating from differenindividuals and representing the wide range of cortisol concentrations.
Moreover, a partial (17% of cortisol signal) crasactivity of ELISA kit between cortisol and
cortisone at lower carentrations cannot explain the increase of ELISA error with astrg
concentration of cortisol indicating other interferences must be presdinerefore, further
investigation 6the presence of compounds with structures similar to cortisol andtheivement

in the generation of overestimated results is necgsthis can be accomplished by performing
LC-MS identificaion of compoundsvhich arebound tathe antibodies used ifhe ELISA kit used

in the studyOverall, our resultdemonstratethat a cortisol concentrations tested in this study (<

2 ng/mL), ELISAdoes not yield either correct relative or absolute results limiting the utility of this
technique for daytime (late morning to evening) tipgént measurement3.he poor correlation
betweenELISA andactualsalivary cortisol concentrationsequires urgenattention asit may
result in serious consequences for patient health and reputation of manufacturing companies and

test laboratories.
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5 Conclusifaansuurandli recti ons

5.1 Conclusions

No single analytical method can successfully measure albwldts present in a given biological
sample. Although numerous strategies can be used to increase metabolite coverage, my thesis
focused specifically on the role of sample preparation in metabobverage of untargeted
metabolomics.Unselective organicsolvent precipitations dominate in metabolomics sample
preparation due ttheir simplicity and broad metabolome coverage. Other sample preparation
methods such as SPE were considered not suifable global metabolomics analysis due to
narrow selectivitywhich should reduce metabolome coverage coegfiarsolvent precipitations.
However, selective methods and SPE, in particadarenhance the coverage for select metabolites

by enrichment andgample decomplexation compdito solvent precipitations. Thefore, it was
postulated that the combination of several methods with narrow but complementary selectivity
might increase metabolome coveragenparedo solvent precipitations. In my thesigXamined

the performance of sample preparation methods véthow selectivity and the effecof their
combinations on the increase in the coverage of polar anghoiad metabolomesn my thesis, |
examined the performance of sample preparation methitiisarrow selectivity and the effect of

their combination®n the increase in the coverage of polar andpoidr metabolomes.

Therefore, the first study was focused on a detailed comparison of solvent precipitations, LLE, and
several SPE methods to iddy the most complementary sample techniques for global
metbolomics. Orthogonality, repeatability, absolute recovery, and matrix effects were evaluated
using simple standard solutions and human plasma. The results confirmed the broad selectivity of
solvent precipitations, which were superior to MTBE LLE and S&tf] provided the highest
metabolite coverage in a single method but suffered from severe matrix effects. Furthermore,
changing the composition of the extraction solvent from MeOH to mettedinalol cocktail
provided a negligible increase in the coverageegiarding LEMS conditions. Thus, RP (+ve) ESI
demonstrated the increase of metabolome coverage in a mediiaaodl cocktail to 3804 against
3795 in MeOH and an overlap of 3428 metabolitagvben the two methods. Comparisons of all
extraction methodt each other revealed the most orthogonal metabolite composition in MTBE
LLE and mixedmode IEX SPE. In this experiment, IEX SPE included the m&AX and SCX
stationary phases based on DVB#port. The IEX SPE presented an acceptable analytical



perfomance with good recovery and repeatabilitiie results provided sufficient data to design
the sequential sample preparation, which combined MTBE LLE, MeOH protein precipitation, and
IEX SPE, whch was evaluated in the second study.

The need for the maxinnu decomplexation prompted the design of the sequential SPE in which
plasma was fractionated in two steps. In the first step, the enrichment of cation and neutral
metabolites in unbound fractio®€) and anions and zwitterions into a bound fraction (AZ) in
SAX (MAX plates) with binding pH of 9.2 and elution pH of 2.4 is execuli@icthe second step,

the fractionation of CN and AZ in SCX (MCX plates) with binding pH of 2.4 and elution pH of
9.2 gerrated four individual fractions N, A (MCX unbound) and C(MECX bound), enriched

with neutral, anion, cation and zwitterion metabolites, respectively. Wash and elution media
contained 100% organic solvents to counteract hydrophobic interaction betwidolitess and

the DVBP stationary phases of the SPE platelse Thitial protocol demonstrated good
orthogonality of individual fractions to each other in standard and global metabolomics analysis
and up to a 15old increase in metabolome coverage in s8&fparedo MeOH. Next, the initial
inclusion of MTBE LLE irto sequential sample preparation was reconsidered due to the incomplete
removal of many lipids, making it not very effective for LC column protection. These results
shaped the final design of semptial sample preparation, consisting of MeOH protein pitatipn

and sSPE. The protocol explicitly focused on polar and-poldr metabolites because other
sequential SPE methods were already successfully reported the effective fractionation oélipidom
In addition to metabolome coverage, the sequential (MeEPE) sample preparation was
evaluated for the critical parameter, namely, the split of metabolites between fractions. The
protocol demonstrated an orthogonal composition of cation and anidnrisa@t 4% overlap) and

< 36% metabolite overlap between gaif other fractions. Moreover, the analysis of individual
fractions of sSPE demonstrated a-thl@l increase in total and 3féld increase in unique
metabolome coveragmmparedo MeOH. Finally, optimal combinations of fractions that provide
increased mtabolome coverage and reduce metabolite overlap were selected for ebth LC
analysis to reduce analysis timéakd.

During the analysis o€ombined fractionsherepeataility, split of metabolites, and metabolome
coverage in sSPE are thoroughly assessed. The developed method is highly repeatable and
demonstratechn average (n=6) RSD less than 30% for nearly 75% of metabolites in global
metabolomics analysig.otal méabolome coverage in sSSPE was -fofd higher compared to
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MeOH. Notably, a comhed sSPE provides excellent separation of anion and cation metabolites,
with less than 27% othesemetabolites showing detectable splitting. Howewarr method
demonstrated seval issues, whicbould bemproved in future developmentne of these isges
waslow metabolome recovery in sSPEhe group of very polar metabolites was the most affected.
Another slight issue was observed with the split of zwitterion and neutrdbofiega into A and C
fractions. The most feasible resolution for thasiescould be found via testing different SPE
plates and modifications of ionic and organic compositions of SPE afM3.€olvents. Overall,

the performance of the method was robesinparable to the MeOH extraction by all other
evaluation criteria and satisé the requirements of global metabolomics studi¢s the above
noted improvement in metabolome coverage.

I n parallel to the execut i ong, thedevelogment df targeted a n d
analysisof cortisol and cortisonia oral fluid wascarriedout. Although the thesis's main focus was
on plasma ashe biological matrix of choice, the rationale for the analysi®m@ fluid was an
easier detection of sonneetabolites, which reflect the metabolome status of blood but are difficult
to detect in plasma or seruBesides, the analysis of two fluids a single study providesé
potential to increase the metabolome coveragetlmmdénowledge of the metaboktatus of the
whole organismMoreover, theoral fluid allows less invasiveanple collection for metabolomics
outside the laboratory.

The MRM LG-MS method for the absolute quantitation of cortisol and cortisone in the oral fluid
was developed and validdteThe performance of the LS method was compared with
commercial cortisScELISA kit. The developednd validatednethod providsalow-cost accurate,
robust, and highthroughput MRM LGMS/MS quantitation of cortisol and cortisone in oral fluids
and eemonstrated LLOQ of 0.31 ng/mL. The comprehensive validation of the metboxtliag

to regulatory guidelines confirmed irtrand interday accuracy in the range of-835% and
precision (015% RSD) at al | concennecedinits ons a
recommended by FDA. The developed-MS/MS method outompetes ELSA in specificity,

and probably incost per analysiat high number of analyses executed at ombe comparison of

this validated method to ELISA showed that the latter ovenastid the concentrations of cortisol

in the samples due to antibody crosactivity and improper standardizatioespecially at low
concentrationsHowever, the LEMS/MS method sensitivity was insufficient to quantify cortisol

in four out of 51samples, indicating the need for further improvenesyecially if latenight
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cortisol salivary values are of interedthe development of sSREovidesa feasible solution for
that. Thus, the recovery of cortisol in CN fraction from plasma in the (+veJEPanalysis of
combined sSPE was 20% higher than in MeOH extract of oral fluid witleld of 100%.
Therefore, a single step MCX SBBbuld be tested for the targeted analysis of cortisol in oral fluid

in order topotentially improve sensitivity.

5.2 Importance to the fieldand future directions

One of the big challenges in global metabolmsnis its untargeted nature and the desire to
discovefcharacterizas many biomarker metabolites as possible via agaamtitation approach,
which typically analyzesiundreds to thousands of unknown metabolites simultaneously. This
means that global meholomics methods cannot be validated in the same way as methods targeting
one or several analytes. This inability to perform full validation studies also broughnbgsita

the metabolomics community to execatgy quantitative studies of method perfante such as
recovery and matrix effect studies. Although these studiesothe executed for all metabolites
present, obtaining such data on even a subset of meg¢gbplitvids invaluable information on
method performance, aid in rational method s&actind help to move the field forward.

Thus, one of the key accomplishments of my thesis research was the demonstration of the
advantages and limitations of both weditablished methods such as solvent precipitations as well
as infrequently employed en, such as SHBr globalmetabolomicsHencemy thesis challenges

the widespread hesitance to use SPE in global metabolomics becatsssebéctivity andharrow
metabolome coverage. Therefore, my second accomplishment was the employment of aasequenti
mixedmode SAX-SCX SPE, which produces fractions with narrow, but complementary
composition and a > 1-®Id broader metabolome coveragempared tdMeOH, including \ery
hydrophilic/charged metabolites. Another major accomplishmeintthe study was the
establishment of the orthogonal sSPE fractionation of metabolites into anion, cation, neutral, and
zwitterion fractions witha degree of orthogonality sufficient to agsi anionic and cationic
properties to metabolites based on their detection in a dartisBPE fraction. Although sSPE
demonstrated increased metabolome coverage, exploratitive &ill potential of the method

required its optimal integrationith LC-MS analysis
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Therefore, another major accomplishment of the study was the optimal imegricombined
SSPE fractions into RP and ZKILIC LC-MS methods with a-Bold decrease in analysis time,
and a decrease in the split rate to below 30%.
The practicalmpact of this new sequential SPE method in metabolomics is that it can lead to the
increased pathway coverage via the increased detection of polar armblaridnetabolites
compared to classical solvent precipitations. In addition, the knowledge ofattteriation
behavior of newly discovered biomarkers enables their faster transamorafglobal to a targeted
assay. Finally, sSPE fractionation utilizes only volatile solvents and buffers, thus allowing direct
MS analysis of samples or facile adaptatto 2D online sample analysis in L®#S and SPE
MS approaches.

Throughout this reseeh, the limitations of the chosen sets of metabolite standards became
apparent and were revised to be more representative of metabolite diversity in plasotaed/Ad
the beginning of this chapter, a targeted approach always follows fewer compounalg) kblaal
one. However, metabolite standard cost, solubility issues, and a lack of a priori knowledge about
method selectivity of some methods impeded the desigptimal metabolite sets to use for these

types of evaluationsThis necessitated the adjoints of the composition of standard sets

according to the results of previous experiments and the goals of future experiments. The lesson

learned from this chinge calls for more activesage ofdditionalmetabolitego expard targeted
metabolite mixeso better reflect chemical diversity of biospecimen type of inteFestexample,
the enrollment of chemically pure standard compounds can be guided byntiity {@ven partial)
of those unknown metaboliteghich demonstrate a particular behavior dgrihe development
(for example, metabolitesith a split, or with particular RT in ZIHILIC, etc.). Such an approach

will be more beneficial on instruments Wit hi gher mass resolution

up/facilitate elucidations (confirmations) ofm@a b ol i t es® structures and

Despite the limited metabolite coverage, targeted analysis remains the primary approach for
exploratory investigations anthe development of sample preparation andNE analysis
methods, including samples from novel sources. This targeted approactphedtasuccessfully
develop a cortisol/cortisone quantitation method in oral fluid. The major challenge in this
developnent was the lack of knowledge of small but numerous essential details (for example,
interference from glycoproteins, stability, matmeffects, etc.) due to the lack of published
information at the time. The developed MRM method provides a specific, agselssment of the
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steroid concentrations in oral fluid within a day from the time of sample acquisition. The method
quantifies cortisband cortisone simultaneously, which establishes the tool to control cortisol
cortisone conversion. This makes the metiaode reliable for the assessment of free cortisol levels

in the blood than a single cortisol immunoasskye technique uses a cheaqp straightforward
methanol extraction with broad selectivity, which in the future can permit facile incorporation of
addtional metabolitsinto the current assayhe easef oral fluid sample collectionutside othe
laboratoryprovides possibilitieso quantitate steroids in this biofluid alternatively when plasma
collection is impossible (for example, physical exercigattime monitoring of stress, etc.).
Finally, this study on cortisol demonstrated poor selectivity of cortisol immunoassays ttiee to
inability to createamore selectiv&LISA sandwich approach for analytes smaller than ~1000 Da.
Although newer immuoassays have reduced antibody ciressctivity to cortisone, our results
show that important interferences still remain unaccountedrid merit further investigation.
Alternately, switch fom small immunoassays to targeted-MS/MS metabolomics assayscsu

as ours can provide better quantitation due to the improvements in selectivity. Combining sSPE
with these targeted L-&MS/MS provide further opportunities for additional sample clegnand
enrichment to further push LLOQs in such methddsally, oneof the key ideas that drove the
current research was as the goal to create an integrated targeted/global workflow with increased
metalmlome coverage. Such an approach allows selected target and unknown metabolites to be
measured simultaneously in an abseland relative manner, respectively, in the same sample
extract. A prerequisite for this is the detailed knowledge of propertieseatrittions of sample
preparation and analysis methods, which allow safe and controlled adjustments of extract
compositims unavailable for solvent precipitations. Moreover, the satisfactory analytical
performance of the two developed methods promisesck @nd feasible integration of both in a
combined, targeted/global sSPE method for the analysis of plasma and oraltiiigse of the

same method for the analysis of both biofluids saves time and labor on method development. In
addition, simultaneousnalysis of more than one biofluid may benefit from the direct comparison

of the data between biological fluids and #éxpansion of metabolite coverage of such combined
study.

Considering the knowledge and methaalkjch were acquired during the executiof the thesis,

the metabolomics study of BPBescried inSection 1.1.1would be executedia combined
targeted/global ggroachand withusingoral fluid as a supplementasgmplesource In such future
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study, | would execute gargeted approach towards low abundant members of HPT and HPA axes
Immunoaffinitybased methods would be used for absolute quantitation of pemirdeoines
(ACTH and TSH) The absolutguantification ofothermembers of HPT and HP@xesrequires a
develgpment of an immunoaffinity enrichment or chemical derivatizatisample preparation
methodwith a subsequent analysis W&-MS/MS. The untargeted ahgisin this studywould be
executeds amon-line 2D-sSPELC-MS or with offline sSSPE sample preparatifully automated
with the aid of arobotic liquid handlerConsidering the observation of higiumberof low
abundant metabolites in saliva, | woldoritize the comparison of metabolome coverage of HPT
and HPA metabolites in oral fluid to blood, usst§PE and/or chemical derivatization analysis
By outlining the strategic visioon thefurther developmentkecution ofmetabolomicsanalysis

of BPD,| am intentionally demonstratirthat theknowledgeand findingsaccumulated during the
execution of myhesis provide arimportant groundwork focomprehensivand strategic planning

of prospectiveworkflows formetabolomics analysis shmplessuch agplasma and oral fluid.
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AppenAli x

Supplementary information for Chapter 2

Supplementary materials and methods

Plasmaextraction

Plasma extractions were analyzed on C18 or Scherzo columns coupled to QTOF via positive and
(-ve) ESI Therefore, each sample was analyzed in foME modes (i) RP C18 UHPLC in

positive and(-ve) ESland, (ii) mixed /iorexchange Scherzo HPLC in positive grde) ESI

Buffer extractions were analyzed on Orbitrap VElbmass spectrometer {rve) ESI

LC-MS reverseebhase method for the analysis of exti@ts in plasma

C18 separation was executed ®4 mL/min flow rate at 35°C using binary solvent system
consisting of 0.1% formic acid, 2% acetonitrile in water (solvent A) and 0.1% formic acid in 100%
acetonitrile (solvent B). For L®IS analysis in(-ve) ESI, concentration of formic acid in both
solvents was reduced to 0.05%. The following gradient was used for separation: 2% B for 3 min,
then increase of B from 2 to 100 % for 20 min followed by 2 min hold at 100% B and 4 min of re
equilibration to 100% A.

In addition,(+ve) ESIQTOF settings: capdry voltage of 3800 V for the entire run and nozzle
voltage of 200 V for the first 4 min and 1500 V froffité 28" min of the analysis. I¢-ve) ES]|

capillary and nozzle voltages were set to 3500 and 508s@ectively during the first 5.5 minutes

of run and to 4200 and 800 V, respectively between 5.5 dhdnfutes. For both positive an¢

ve) ES| drying and sheath gas temperatures were set to 250 and 275°C and flow rates to 15 and 12
L/minutes, respectaly. Nebulizer pressure was set to 30 psid the fragmentor voltage to 175

V. Data was acquired in both centroid and profile mode at the rate of 3 spectra per second in the
extended dynamic range mode (2 GHz). Resolwfdr2,000 FWHM (full width at h&lmaximum)

at m/z 121 and 24,000 FWHM at n822 was achieved. To assuhe desired mass accuracy of
recorded ions, continuous internal calibration was executed using signals at m/z 121.0509
(protonated purine) and m/z 922.0098 (protonated hexakis (1H,3HHetrafluoropropoxy)
phosphazine (HP21)) in positive ion mode. Fof-ve) ESlanalysis, ions with m/z 119.0363
(deprotonated purine) and m/z 966.0007 (formate adduct € Pwere used.



LC-MS mixedmode method for the analysis of extractions aspia

The stationary phase of Scherzo-8MIBHPLC column is composed of C18 alkyl and weak cation

and anion moieties. Therefore, solvent was supplemented with ammonium acetate buffer to execute
mixed mode RP/ion exchange) chromatography and elute ioniciggefrom the column. The

binary solvent sytem consisted of 2 mM ammonium acetate buffer, pH 3.5 in 2% acetonitrile and
98% of water (solvent A) and 100 mM ammonium acetate buffer, pH 3.5 in 96% acetonitrile and
4% of water (solvent B). Theamples wereeparatedat 0.22 mL/min flow ratat 35°C usig the
following gradient: 0% B for the first 2 min, increase of B from 0 to 20% betw¥em# 18" min,

increase of B from 20 to 100% betwee'Hhd 24" min, isocratic hold at 100% B for 6 min and

6 min ofre-equilibration to 100% Aln (+ve) ES| the capillary voltage wasept at 3500 V for the

entire run, while nozzle voltage was set to 200 V for the first 5 min of run and to 800 V between
5 and 3% min. In(-ve) ES| nozzle and capillaryoltages werdeld at 250 V and 3750 V for the

entire run. All other MS settings were the same as described fMERP in previous section.

For targeted analysis, all samples were analyzed in random order with QC samples (mixture of all
analyzed samples (i) loaded each 11 injection. XICs wereextracted with 15 ppm accuracy

and aligned within = 0.15 min retention time interval. Metabolite identity was confirmed by the
match of retention time and m/z between signals in analyzed samples and signals in calibration
points. The concentrations of stkmd analytes were quantitated using external calibration curves
obtained as described in materials and methods. For both targeted and global analyses, at least 10
runs of QC samples preceded batch runs in order to gebiiromatography and ESI perfommua.

For the global analysis, to ensure confident comparisons across extraction methods in global
metabolomics analysis, samples from solvent, LLE and SPE extractions were analyzed side by side
in 6 randomly organized stlatches containing a single rejplie from each of 7 extractions and

one QC sample. In order to analyze seven blank samples (type i) from seven methods i six sub
batches, five of subatches comprised one and the sixth-satzhi two blank samples. PCAag
performed using SIMCA 14 (Uméts, Sweden) on all highuality data described in Methods
section, after Pareto scaling. PCA was used to verify the stability-d&Gignals throughout the
analysis by checking the clustering of QC signals for eaclytasalbatch(Figure 4.3). It canalso

be used to visualize repeatability and similarity between different extraction methods.
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LC-MS mixedmode method for the analysis of extractions in buffer

The column and buffer composition were identical to thdyamsin plasma. Samples were
sepa ated at 0.22 mL/ min flow r a@eBfathefiBt2ZminC usi r
increase of B from 0 to 100% betweel &nd 18" min, isocratic hold at 100% B for 6 min and 7
min of reequilibration to 108 A. Column was coupled to Orbipa/elos™ mass spectrometer

in (+ve) ESJ at the following settings: ESI voltage 3.25 kV, heater and capillary temperature at
350 C, s hiarg gas gnd sweep gasxflow rates at 40, 10 and O arbitrary units,
respetively; detection of signals waxecuted in the range 8®00 m/z at 250 ms activatitime,
normalized collision energy 35 V, resolution 60,0B&VHM and mass accuracy 10 ppm.
Deconvolution of raw data and quantitative analysis was executed using Xcalibu. 2.0
(Thermo Fisher Scieffic, Waltham, MA, USA) and statistical analysis in Microsoft Excel unless

otherwise specified.
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Supplementarytables andfigures

Supplementary TablelAStandard analytes used the study. Monoisotopic massesl gredicted
ACD/LogP values were obtained from ChemSpider (http://www.chemspider.com). LogP values
predicted by ACDLabs algorithngéction 2.2.2 LogP predicted values could not be found for
some metabolites in ChemSpidatabase and these entries af@wn as not available (N/A) in

the table. Retention times provided are for 500 ng/mL buffer calibration (= highest concentration
analyzed) point analyzed in either ESI mode. ND stands for not detectedvahdidsignates
analytes detected atve) ESI mod. ACTH, epinephrine, norepinephrine and PC (19:0/19:0) were
not detected in any conditions and are removed from subsequent tables. For details on the usage
and fate of analytes in experiments sBapplementary TablesA2, A3 and A7. Other
abbreviations: AmAe ammonium acetate, FAormic acid, NH4OHammonium hydroxide, IRA
isopropanol, DMS@limethylsulfoxide.

RTon | RTon Buffer composition in
Target analyte Chemical |Monoisotopiq RP | Scherzo ACD/LogP the Individual
group mass column | column stock
(min) (min)
4-aminobutanoic acid Zwitterion 103.0633 0.7 1.4 -0.9 50% mztnrlzréol, 2mM
4-aminobutanoicacid (ds) | Zwitterion | 109.1043 0.6 14 -0.9 50% m:::zr(l:ol, 2mM
5-methoxytryptamine Zwitterion 190.1106 6.6 8.6 1.3 Water
ACTH Zwitterion | 4508.0410 ND ND N/A Water
Adenine Positive 135.0545 0.9 2.8 -2.1 Water
Cholic acid Negative | 408.2875 |13.2¢ve)[19.1 ¢ve) 2.3 0.1% NHOH
Cholic acid (ds) Negative | 412.3167 |13.2¢ve)[19.1¢ve) 2.3 0.1% NHOH
Cortisol Neutral 362.2093 10.7 16.8 1.4 50% methanol
Cortisol (da) Neutral 366.2366 10.7 16.8 1.4 50% methanol
Cortisone Neutral 360.1937 10.8 16.9 1.4 50% methanol
Creatinine Zwitterion 113.0589 0.7 1.6 -1.6 50% methanol
Sphingosine Zwitterion 299.2824 14.6 204 6.4 50% methanol
Dopamine Positive 153.0790 0.7 1.7 0.1 20% methanol, 0.1% F
Dopamine (d4) Positive 157.1063 0.7 1.7 0.1 See Dopamine
Epinephrine Negative | 183.0895 ND ND -0.6 See Dopamine
Epinephrine (ds) Negative | 186.1100 ND ND -0.6 See Dopamine
Folic acid Zwitterion | 441.1397 | 6.6 | 147 3 0.1% NFOH, 50%
methanol
Glutamic acid Zwitterion 147.0531 1.1 6.4 -3.9 water
Histamine Zwitterion 111.0796 1.5 2 -0.7 water
Homovanillic acid Negative 182.0579 7.3 14.2 1.1 as Folic acid
Homovanillic acid (ds) Negative 185.0784 7.3 14.2 1.1 as Folic acid
Kynurenine Zwitterion | 208.0848 2.9 5.8 1.1 50% methanol, 0.1% F
Melatonin Neutral 232.1210 9.2 15.5 1.2 50% methanol
Melatonin (da) Neutral 236.1485 9.2 155 1.2 50% methanol
Neurotensin Zwitterion | 1671.9097 8.2 12.7 N/A 0.1% FA
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Suppl ementary .Table A1 (cont6d)
RTon | RTon Buffer composition in
Target analyte Chemical [Monoisotopidq RP | Scherzo ACD/LogP the Individual
group mass column | column stock
(min) (min)
Neurotensin Zwitterion | 1671.9097 8.2 12.7 N/A 0.1% FA
Norepinephrine (de) Positive 175.1149 ND ND -0.9 see epinephrine
Pantothenic acid Negative 219.1107 5.0 8.6 -0.4 See Folic
PC (19:0/19:0) Positive 818.5540 ND ND 11.5
PE (17:0/17:0) Positive | 719.5465 | 21.1 | ND 115 | 0% methanol, 10% IP
Phenylalanine (d) Zwitterion | 170.1155 3.0 5.3 1.1 See Dopamine
Angiotensin Il Zwitterion | 1045.5345 8.9 ND N/A See Dopamine
Pl (18:3/22:4) Neutral 908.5391 21.4 ND 11.5 See PC
Serotonin Zwitterion | 176.0950 2.5 6.8 0.2 See Dopamine
Thyr oxine Negative 776.6867 11.8 18.2 5.9
Thyroxine (*°Ce) Negative | 782.6860 | 11.8 18.2 5.9 50-50 DMSGmethanol
Triiodothyronine Negative 650.7900 11 17.2 5.1
Tyrosine Zwitterion | 181.0739 1.4 3 0.4 See Dopamine
Thyrotropin -releasing | 7 uerion | 362.1703 | 1.5 2.6 N/A See Dopamine
hormone
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Supplementary Table2ARecovery of extractions of standaadalytes from buffer. The table
displays average recovery calculated from individual replicates (n=6uairof standard analyte

spiked before extraction = 100%) and a relative standard deviation (standard
deviation/ mean* 100 %, nPOd) safandec d\we r didNddAnoa e te
stands for Anot applicabl e. LogP was

(http://www.chemspider.com/Default.aspx) and represents predicted ocetated partition
coefficients (predicted ACD/LogP, ACD/Labs, Toronto, Cankdadetails on the usage and fate
of analytesseeSupplementary Table A10

23 g Em w N
Analytes 83 g | 8w = = i n
o ﬁ o oS = © o -
= = =
Glutamic acid 79.0 106.3| 70.8 ND ND 25.7 | 73.4
Tyrosine 73.9 79.1 | 714 ND ND 2.3 70.0
Creatinine 83.7 91.6 | 87.6 ND ND ND ND
Thyrotropin releasing hormone 68.8 741 | 66.9 104 10.2 | 39.3 | 57.7
PantothenicAcid 73.2 795 | 739 13.1 9.1 27.7 | 120.9
Histamine 112.2 | 122.4| 98.7 ND ND | 133.6| 67.0
4-aminobutanoic acid 58.6 123.7| 61.7 ND 55.5 | 141.9| ND
Adenine 75.9 804 | 735 44.6 ND 46.1 | 108.4
Dopamine 35.2 34.4 | 38.0 82.0 8.1 55.5 9.8
Serotonin 106.2 117.5] 1105 54.7 35.3 | 107.0| 31.2
Homovanillic acid 56.0 50.3 | 51.6 102.7 60.0 | 122.2| ND
Phenylalanine (d) 64.7 69.2 | 66.5 14.3 11.1 | 22.8 | 128.8
5-methoxytryptamine 65.9 71.7 | 70.3 71.4 54.6 | 134.2| ND
Cortisol 26.7 33.6 | 29.1 112.6 | 108.9| 70.3 ND
Cortisone 25.9 31.6 | 28.0 101.1 | 113.7| 71.1 ND
Melatonin 93.6 58.8 | 99.0 104.1 | 109.8| 122.4| ND
Triiodothyronine 76.3 83.3 | 754 90.5 105.4 | 142.8| ND
Thyroxine 18.8 259 | 10.3 57.2 18.6 ND ND
Sphingosine 33.7 34.4 | 34.7 62.6 74.4 | 46.8 | 46.5
P1(19:0) 64.5 66.9 | 85.0 83.8 ND ND ND
PE (17:0) 89.6 103.6| 81.7 45.5 ND ND ND
Angiotensin |l 67.6 70.4 | 71.9 28.4 195 | 74.7 ND
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Supplementary Table3APrecisionof extractions of standard analytes from buffer. The table
displays average r@very calculated from individual replicates (n=6, amount of standard analyte

spiked before extraction =100%) and a relative standard deviation (standard
deviation/ mean*100%, n=6) of recovered amount s
for A napplicable. LogP was obtained from ChemSpider
(http:/mwvww.chemspider.com/Default.a3prand represents predicted octarmshter partition

coefficients (predicted ACD/LogP, ACD/Labs, Toronto, CanadadEtails on the usage and fate

of analytesseeSupplementary Table A10

2o 2 2 w w N
Analytes g3 g | g = g i n
ol o DS p= o -
= = =
Glutamic acid 25.5 26.4 6.2 N/A N/A 14.6 | 41.5
Tyrosine 4.6 12.2 5.7 N/A N/A 9.0 30.8
Creatinine 9.0 8.7 5.8 N/A N/A N/A N/A
Thyrotropin releasing 4.0 126 | 40 | 420 | 30 | 140 | 11.2
hormone
Pantothenic Acid 3.9 8.6 15 65.0 26.8 | 13.2 | 18.9
Histamine 7.1 3.3 3.6 N/A N/A 104 | 275
4-aminobutanoic acid 5.5 8.6 5.4 N/A 31.0 | 14.7 | N/A
Adenine 14.0 20.4 14.1 469 N/A 17.1 13.1
Dopamine 8.4 11.0 | 234 24.6 259 | 20.8 | 40.5
Serotonin 6.4 2.9 4.1 17.3 226 | 11.7 | 10.9
Homovanillic acid 19.1 6.0 16.1 25.2 52.3 | 10.2 | N/A
Phenylalanine () 4.9 2.8 3.0 61.0 213 | 16.1 | 176
5-methoxytryptamine 5.5 3.2 4.6 12.3 25.2 3.6 N/A
Cortisol 24.6 23.8 | 27.3 6.8 186 | 29.4 | N/A
Cortisone 16.9 249 | 18.9 8.7 139 | 27.1 | N/A
Melatonin 14.4 9.6 12.1 9.0 20.5 | 16.8 | N/A
Triiodothyronine 5.2 3.5 2.8 6.1 11.7 6.6 N/A
Thyroxine 15.0 56.3 | 15.6 55.6 18.3 | N/A N/A
Sphingosine 1.2 3.0 3.5 3.0 31.9 1.0 0.3
PI (19:0) 16.0 104 | 204 25.0 N/A N/A N/A
PE (17:0) 46.8 21 63.7 16.8 N/A N/A N/A
Angiotensin I 3.9 5.3 3.0 10.5 6.8 2.7 N/A
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Supplementary Table4ARecoveryof extractiors of standard ankytes from plasma. The table

displays average recovery calculated from individual replicates after subtraction of any
endogenous level of metabolite present (n=6, amount of standard analyte spiked before extraction

= 100%) and a relative andard deviationstandard deviation/mean*100%, n=6) of recovered
amounts. LogP was obtained online from ChemSpider website
(http://www.chemspider.com/Default.aypand represents predicted octamwshter partition

cod ficients (predicted ACD/ LogP, ACD/ Labs, Tor

AN/ AO stands for inot applicabl eodanalytdseee det a
Supplementary Table A10
23 2 Sw| w N
Analytes S| & o | B = i &5
oy © T s = © o -
= = =
Folic acid 81.5 99.2 442 | 10.8 | 73.1 | 139.0| 185.7
Adenine 91.1 75.3 96.6 | 13.0 | 244.0| 245.6 ND
Histamine 28.8 68.0 46.3 ND 23.2 | 53.2 129.7
4-aminobutanoic acid (d) 65.6 | 86.3 745 | ND 2.4 ND 33.2
4-aminobutanoic acid ND ND ND ND 155 ND ND
Pantothenic Acid 110.3| 109.3 | 102.9| 7.9 12.6 54 95.1
Tyrosine ND ND ND 101.6| 53.7 | 18.6 ND
Homovanillic acid 98.0 | 111.6 | 92.7 8.5 ND | 115.6 99.1
Homovanillic acid (ds) 105.1| 115.0 | 101.7| 8.7 5.0 | 108.5 96
Kynurenine ND ND ND 1.1 | 152.7| ND ND
M elatonin (d4) 118.0| 121.0 | 119.0| 103.9| 163.9| 158.8 2.2
Melatonin 106.1| 106.8 | 104.1| 92.6 | 150.7 | 157.3 1.5
5-Methoxytryptamine 73.1 80.4 66.8 | 18.8 | 107.1| 109.4 ND
Cortisol (ds) 934 | 90.7 | 80.7 | 69.4 | 52 | 27 ND
Cortisol 98.1 96.4 86.2 | 73.7 7.3 6.4 ND
Cortisone 69.3 74.0 38.3 | 745 2.9 0.4 ND
Cholic acid 114.4| 1235 | 121.4| ND 19.6 | 138.8| 142.9
Cholic acid (d4) 114.3| 114.6 | 110.6| ND 12.7 | 139.7| 147.6
Triiodothyronine 46.7 | 56.8 | 58.8 | 11.7 | 90.0 | 125.3 6.9
Thyroxin (**Ce) 56.7 | 775 | 685 | 3.8 | 84.9 | 117.0| 6.2
Thyroxine 60.3 | 80.8 724 | 4.6 77.1 | 105.7 5.8
Sphingosine 3.9 274 | 105 | 56.6 | 56.0 | 75.0 21.4
Neurotensin 62.0 68.9 39.3 6.9 | 143.3| 154.7 5.2
Thyrotropin -releasing 90.7 | 980 | 82.6 | ND | 102.9| 125.8| 134.9
hormone
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Supplementary Table5APrecision of extraction of standard analytes from plasma. The table
displays average recovery calculated from individual replicates after subtraction of any
endogenous level of metabolite present (n=6, amount of standard analytelsgfiedextraction

= 100%) and a relative standard deviation (standard deviation/mean*100%, n=6) of recovered
amounts. LogP was obtained online from ChemSpider website
(http://www.chemspider.com/Default.aspx) and represents predicted oetatel partition
coefficients(predct ed ACD/ LogP, ACD/ Labs, Toronto, Cane

AN/ AO stands for inot applicabl eo. Feee det a
Supplementary Table A10
gg 2 2w N
Analytes 28 8 &8 ID—D E = & ﬁ
Th o TS| S © a =
= = =
Folic acid 12.8 8.5 15.3 | 103.0| 110.0| 46.0 40.0
Adenine 8.7 16.3 156 | 69.2 | 81.2 | 46.0 N/A
Histamine 26.9 13.4 13.7 | N/A 60.1 | 46.0 20.6
4-aminobutanoic acid (d) 8.4 20.8 7.7 N/A 12.1 | N/A 14.2
4-aminobutanoic acid N/A N/A N/A N/A 59.0 | N/A N/A
Pantothenic Acid 54 3.0 3.6 | 123.8| 38.9 | 42.7 18.0
Tyrosine N/A N/A N/A | 115.6| 61.4 | 63.8 N/A
Homovanillic acid 8.7 5.8 4.0 | 245.0] N/A 52.1 114
Homovanillic acid (ds) 5.9 7.0 8.7 | 235.0] 05 48.7 12.8
Kynurenine N/A N/A N/A | 161.9| 1435 | N/A N/A
Melatonin (d.) 9.7 6.4 31 | 188 | 63 | 95 | 244.9
Melatonin 8.6 4.5 3.4 19.1 6.6 9.9 244.9
5-methoxytryptamine 7.0 4.1 5.3 58.2 | 146 | 22.6 N/A
Cortisol (d4) 5.2 5.4 8.9 35.0 | 91.6 | 131.4 N/A
Cortisol 6.2 7.8 8.8 36.7 | 58.5 | 53.8 N/A
Cortisone 9.2 7.4 425 | 29.4 | 93.0 | N/A N/A
Cholic acid 11.8 10.7 9.9 N/A | 113.3| 9.1 40.6
Cholic acid (d4) 12.6 9.0 9.8 N/A | 110.6| 9.6 38.0
Triiodothyronine 36.0 23.8 104 | 23.3 | 10.1 | 324 28.6
Thyroxin (**Ce) 320 | 276 | 27.1 | 51.2 | 13,5 | 409 2.7
Thyroxine 33.0 | 28.8 271 | 453 | 13.7 | 417 1.9
Sphingosine 182 | 154 | 20.1 | 556 | 19.2 | 81.0 54.3
Neurotensin 10.7 7.4 11.0 | 111.2| 43.1 | 24.7 52.3
Thyrotropin releasing 238 | 271 | 228 | N/Ap | 68.4 | 37.1| 105
hormone




Supplementary Table6AEfficiency of extraction methods in buffer and plasma for metabolite

standards using the data obtained in RP analysis in positiveve) ESImode.The first two
columns compare the extraction methods usiregnumber of analytes recovered in extrat$io

from buffer and plasma at different thresholds of precision and recovery (R). The number of
t han

anal ytes

performance in serguantitative methods such as global metabolomics. The table also shows

recovered
where the extraction meth@aovides excellent performance. The metabshvhich have RSD less
than 30%, and recovery higher than 50% can be considered as metabolites with acceptable

wi t h

RSD

| ess

20%

mean reovery and repeatability (expressed as meaD)R&ross all metabolites observed in a
given extraction method. The total number of standard analytes detected from standard mixture by
at least one extraction method is 22 metabolites for buffer and 24 mttabfar plasma

extractionsAppendix ATable 7 summarizes which metabolites were detected/analyzed in only one

anec

matrix. *Higher mean recovery of PEP2 is caused by the larger number of analytes with enhanced
matrix effect (Table i the Chapter 2in RP analysis in(+ve) ESlcomparedo other extratons.

Buffer Spiked plasma
Extractlon # of # of Mean # of # of Mean
method analytes | analytes | Mean RSD analytes | analytes | Mean RSD
RSDO|RSDO| R (%) (%) RSDO|RSDO| R (%) (%)
RO80|RO50 0 ROB80|RO50 0
Methanot 4 15 | 659 | 119 | 11 16 | 80.4 | 143
ethanol
Methanol 5 16 73.1 12.9 11 19 89.6 12.4
Methanot
MTBE 5 15 66.2 12.0 10 19 77.1 13.3
MTBE 4 10 63.5 25.6 2 3 37.1 85.4
C18 4 5 52.9 22.0 5 7 69.8 53.4
PEP2 6 11 77.0 13.3 4 6 100.1* | 425
IEX 3 5 71.4 21.2 4 5 69.6 52.2
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Supplementary Table7AExtraction quality and resistance of standard analytes to matrix effects across

LC-MS methods. Analytes ordered top to d@awsoordingly to the LogP oct/water coefficient predicted by

ACD lalor at ori es
avail abl e as
could not be

in plasma or buffer. The matrix effect sect{@B.1.9 represents the number of extraction methods (total
=7) in which matrix effect was not observed foe $tandard analyte. For the standard analytes marked

algorithm.

standard

anal

i NDo
yte

stands

at

t he

for
ti

not

meeffextf

det €
ext

r
calcul atediforamwi exefaohseegdmegbodi
for positive considering the presence of either both, acidic or basic groups, respectively. Two columns
fiINumber of methods for which metab i
extraction methods in which an analyte was detected with RSD less than 20 and recovery higher than 80%

t e

had

080

%

with asterisk, the matrix effect for isotope analog was just slightly outside 80% limit. Tdmgxbutanoic
acid demonstrated 71% matrix effect in MTBE, while its deuterated analog demonstrated/89%
recovery of thyroxine was slightly lower (77.1%) then for its deuterated analog4{B84B®th of these
results lie within normal LEMS experimentakrror and are not statistically significantly different.
Histamine also showed no matrix effects an@ 5 extraction methods in RP and Scherzo analy$is/iz)
ESland in 4 extraction methods in Sche(age) ESlanalysis, respectively. *** Cholic acidas not found
in any of liquid extractions (4 in total) in RP analysig-ak) ESIlin contrary to itsdeuterated analog which
was detected in all extractions

@ Number of methods for
T“j Wh ICI; metabolite had Number of methods without matrix effect
Analytes o 80 /0 recovery and
= 020% RSD
) in buffer | in plasma RP (+ve)| Scherzo RP Scherzo (-
ESI (+ve) ESI (-ve) ESI ve) ESI
Folic acid zZwit. NA 2 7 2 4 N/Ap
Adenine pos. 2 2 2 3 1 5
Histamine Zwit. 4 0 2 5 N/Ap 4
4-aminobutanoic acid (d6)  |zwit. NA 0 1* 0 N/Ap N/Ap
4-aminobutanoic acid zZwit. 3 0 0 0 N/Ap 0
Pantothenic Acid neg. 1 4 0 1 7 3
Thyrot ropin releasing hormone |zwit. 0 0 7 6 2 4
Tyrosine Zwit. 0 0 3 3 1 N/Ap
Homovanillic acid neg. 1 4 2 0 6 3
Homovanillic acid (ds) neg. NA 4 0 0 6 3
Neurotensn zZwit. NA 0 1 0 N/Ap N/Ap
Kynurenine zZwit. NA 0 2 2 N/Ap N/Ap
Melatonin (da) N NA 6 0 0 4 2
Melatonin N 4 6 0 0 4 2
5-Methoxytryptamine Zwit. 1 2 7 4 N/Ap 1
Cortisol N 2 3 7 2 1 2
Cortisol (da) N 2 3 7 N/Ap N/Ap N/Ap
Cortisone N 2 0 7 2 0 3
Triiodothyronine neg. 4 1 1 3 0 2
Thyroxine (*3C) neg. NA 1% 1 1 0 0
Thyroxine neg. 0 0** 1 1 N/Ap 0
Cholic acid neg. NA 4 ND ND i 2
Cholic acid (ds) neg. NA 4 ND ND 7 2
Sphingosine Zwit. 0 0 0 0 0 0

recopepyidedt D& 0 fou |



Supplementary TableBASummary of matrix effects observed for all metabolites across all eatrangthods anBP LC-MS analyses.
Not all analytes were successfully detected in buffer (MDB) an extract (NDM) which made the calculation of matrix effect impossible
as specified. Analytes which did not respond to increased concentrations of qikizdds or which exhibited negative signal response
were considered to be suppressed or saad (SS) and were not used for calculation of matrix effects.

RP (+ve) ESI Scherzo (+ve) ESI
il e I\ °5B|© e N
2|2z 2| = 2|22 2| =
Folic acid 95.4 | 108.2] 109.1] 106.4] 109.9] 114.4] 111.9] 372.8 344.0] 400.6] 100.5] 119.5] NDM | NDM
Adenine 42.4| 433 52.8|106.2| 87.2|176.9]121.9] 77.6 | 62.8| 68.9 | 101.3] 57.9| 97.6 | 1035
Histamine 198.9]196.1 168.7| 88.4| SS |129.9/110.0] 99.9 | 98.9| 755 | 82.3| 36.4 | 84.3| 93.9
?C;;m'“‘)b”ta”o'cac'd 621126) 43 | g94| 03 | 621 (552]| 0.8 | 1.7 | 07 | 41.3|NDM| 30.3 | 60.1
4-aminobutanoic acid | 0.7 | 0.7 | 0.4 | 71.2 [NDM | 24.8| 409 0.2 | 0.2 |NDM]| 75.8 [NDM | 29.1 | 59.6
Pantothenic Acid SS | SS | SS | 77.5| SS | 26.7| 46.6 | 209.0/ 213.7/205.9| 198.9] SS | SS | SS
Ig?’r:f’;g" n-releasing | 97 5| 96.1 | 955 [101.0{101.2 106.6| 101.5 80.6 | 97.2 | 86.3 | 99.3 | 450.2| 100.3| 100.0
Tyrosine SS | sS | sS [105.2] SS | 92.5| 82.9|NDM |NDM |[NDM | 101.2[NDM | 99.6 | 91.0
Homovanillic acid 72.7| 432|325 918 17.0| 50.0|116.6] Ss | ss | ss | ss | ss | ss | ss
Homovanillic acid (d3) | NDB | NDB | NDB | NDB | NDB | NDB | NDB | NDB | NDB | NDB | NDB | NDB | NDB | NDB
Neurotensin SS | sS | SS | sS |148.6/152.7] 104.8|2578.92750.13976.02542.4 346.6 250.5] 138.7
Kynurenine sS | ss | ss |104.2] ss | ss |101.7/NDM |NDM |NDM | 112.7] 115.9] 199.8] 47.9
[Melatonin (da) 453] 46.1| 500 50.7 | 43.8| 47.5| 45.9]161.7| 171.0 157.3] 46.6 | 140.2] 35.0| 35.3
[Melatonin 452 | 45.9| 47.4 | 483 | 43.9| 45.4| 45.7|158.8/ 168.0] 155.7| 45.3 |172.3| 43.8| 448
5 Methoxytryptamine | 88.4 | 927 | 83.8 | 100.7| 86.9 | 93.9| 91.3| 57.4 | 65.7 | 52.6 | 92.7 | 107.3| 92.3| 97.6
Cortisol 95.1|105.1] 93.8 |111.2| 92.1 | 99.9 | 99.9 | 442.4] 742.5| 240.8] 481.7/1433.7 107.3] 106.0
Cortisol (d4) 93.8|100.6] 95.7 | 108.9| 92.5 | 87.8 | 94.2 |[NDM |NDM | NDM | NDM | NDM | NDM | NDM
Cortisone 87.4| 99.7 | 89.4 | 111.6] 93.7 | 99.3| 98.6 | 322.6| 575.1| 244.8| 495.4/2391.1 104.7| 104.2
Triiodothyronine 215.8/ 270.8| 223.4] 253.5| 51.4 | 53.4 | 94.4 | 123.5] 124.1] 123.9| 102.0| 114.3] 44.8| 96.2
Thyroxine (°Ce) 219.3(295.1| 187.1| 261.0| 44.3 | 47.4 | 98.6 | 206.3| 216.3 519.5| 201.7| 43.6 | 40.4 | 100.9
Thyroxine 229.7/296.7]179.2| 257.5| 42.5 | 47.2| 98.1 | 202.5] 217.2[ 471.9| 193.6] 43.2 | 41.6 | 101.8
Cholic acid (d) NDB | NDB | NDB | NDB | NDB | NDB | NDB | NDB | NDB | NDB | NDB | NDB | NDB | NDB
Cholic acid NDB | NDB | NDB | NDB | NDB | NDB | NDB | NDB | NDB | NDB | NDB | NDB | NDB | NDB
Sphingosine 7454 825.8 618.1] 695.2| 352.1| 713.4/1677.41075.41102.4 962.4| 313.0] 265.1] 989.7/ 3217.0
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Supplementary Table9ASummary of matrix effects observed for all metabolites across all extraction metho8shemdoLC-MS
analysesNot all analytes wersuccessfully detected in buffer (NDB) or in an extract (NDM) which made the calculation of matrix effect
impossible as specified. Analytes which did not respond to increased concentrations of spiked standards or viteitinegative signal
response wer considered to be suppressed or saturated (SS) and were not used for calculation of matrix effects.

RP (-ve) ESI Scherzo (ve) ESI
o3| © e I\ il e N
$552 2 = 1552 2| =
Folic acid 96.6 | 102.5] 90.1 | 102.8] NDM |NDM [NDM [ NDB | NDB | NDB | NDB | NDB | NDB | NDB
Adenine NDM |NDM [NDM | 108.1] 47.2| 32.9] 75.4| 95.0 | 74.4 | 94.7 [ 104.2] NDM | 102.5] 112.7
Histamine NDB | NDB | NDB | NDB | NDB | NDB | NDB | NDB | NDB | NDB | NDB | NDB | NDB | NDB
4-aminobutanoic acid () | SS | SS | SS | SS | SS | SS | SS |NDM |NDM |NDM | 8.7 |[NDM |NDM | NDM
4-aminobutanoic acid SS SS SS SS SS SS SS |NDB | NDB | NDB | NDB | NDB | NDB | NDB
Pantothenic Acid 94.2| 95.9] 92.0| 97.6 | 108.7| 106.4] 115.0] 155.3] 134.5| 147.0] 105.6] 219.7| 116.8] 1088
Ig?’;}oot;oep'” releasing 8.1 | 102| 7.4 | 97.7| 96.5|129.6| 187.3| 80.7 | 82.3 | 82.0 | 103.3| 44.3 | 149.3| 158.2
Tyrosine ss | ss | ss [100.9]269.4| 197.6] 242.5] NDM | NDM | NDM | NDM | NDM | NDM | NDM
Homovanillic acid 817 | 91.5| 75.6 | 101.2] 107.0] 85.7 [ 110.3] 71.5|118.1] 29.1 [1067] 205 [422.1] 975
Homovanillic acid (ds) 87.6| 87.6 | 72.5|101.1] 81.2| 85.7 | 116.4] 70.6 | 104.4| 61.0|105.3| 22.7 [392.2] 111.2
Neurotensin NDB | NDB | NDB | NDB | NDB | NDB | NDB | NDB | NDB | NDB | NDB | NDB | NDB | NDB
Kynurenine NDB | NDB | NDB | NDB | NDB | NDB | NDB | NDB | NDB | NDB | NDB | NDB | NDB | NDB
[Melatonin (da) 63.3| 67.7 | 60.2 | 105.6/ 1015/ 136.4| 121.8] 193] 155 109 995| 12.9] 75.8| 883
[Melatonin 63.1| 64.8| 62.1|100.2 106.5]103.4| 116.9] 15.9| 13.2]| 19.9100.6] 11.8] 76.9] 89.2
5-Methoxytryptamine NDB | NDB | NDB | NDB | NDB | NDB | NDB | NDM | NDM | NDM | NDM | NDM [NDM | 100.3
Cortisol NDM | NDM | NDM |NDM | 86.5 | 227.1] 123.6| NDM |NDM [NDM [NDM | 6.1 | 98.3| 975
Cortisol (d.) NDM | NDM | NDM | NDM | NDM | NDM | NDM | NDM | NDM | NDM | NDM | NDM | NDM | NDM
Cortisone NDM | NDM | NDM |NDM | 225.9] 214.8| 250.8| 42.8 | 46.8| 38.1| 90.9| 2.8 | 88.3| 95.9
Triiodothyronine 315.4] 350.2| 297.3] 320.6| 341.6| 198.8| 286.2| 197.0| 112.4| 170.4| 169.9] 109.6| 54.8 | 51.5
Thyroxine (3Cs) 322.5| 377.5| 286.4] 330.7] 828.3| 447.4| 728.4 312.0| 127.1] 27.4 [ 163.1] 16.3]| 39.4| 42.3
Thyroxine NDM | NDB | NDB | NDB | NDB | NDB | NDB | 326.2] 128.0 29.6 | 167.2] 17.8| 42.3| 425
Cholic acid (ds) 94.9 [105.0| 99.0 [ 116.4| 114.5| 112.1| 119.0] 9.9 [112.3| 9.6 |131.9| NDB | NDB | NDB
Cholic acid NDB | NDB | NDB | NDB | 115.0[ 116.5 121.3] 10.8 [ 112.4] 10.2 | 130.8] 34.7 | 422.1] 392.2
Sphingosine NDB | NDB | NDB | NDB | NDB | NDB | NDB | NDB | NDB | NDB | NDB | NDB | NDB | NDB
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SupplementaryTable AL0. Usage and fate of standard analytes in targeted quantitation
experiments in buffer and plasma. N8t available at the tim of analys; ND i not detected.
Inability to detect PE and PI phospholipids irapia and PC in buffer and plasma is most likely
IS due to a high suppression effect at the end of chromatogram causedNd@ bi&thodology
which was not optimized for lipid metabolites

Detection in extractions | Detection in extractions from
Analytes from buffer plasma
4-aminobutanoic acid (d) NA +
Angiotensin Il + Replaced by Neurotensin
Cholic acid NA Added to supplement analysis i
(-ve) ESI
. . Added tosupplement analysis ir
Cholic acid (da) NA (-ve) ESI
Cortisol (ds) NA +
Creatinine + Excluded (t@ high _endogenous
concentration)
Dopamine + ND
Dopamine d4) NA ND
Folic acid ND +
Glutamic acid + Excluded (too hlgh_ endogenou
concentration)
- . Added to supplement analysis i
Homovanillic acid (ds) NA (-ve) ES|
Kynurenine NA +
Melatonin (da) NA +
Neurotensin NA Added to represent large peptid
Phenylalanine (&) + Used as internal reference
Pl (18:3/22:4) + ND
PE (17:0/17/0) + ND
Serotonin + ND
Thyroxine (3Ce) NA +
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25 mM Ammonium Acetate Plasma + Plasma No
pH 6.5 std. analytes analytes
+ standard analytes (5 pg/mL) (800 ng/mL) (0 ng/ml)
12 12
Extraction Extraction Extractions
T L4 '4
Create Dry,
D external Dry, reconstitute
W: calibration reconstitute Standard
reconstitute . . . .
curvein No spike calibration
_ same buffer _ additions
O i A4 24
Calibration
Unknowns Unknowns curve for
each
extraction

RP and mixed-mode LC-MS
UPLC 1290 Agilent 6550 QTOF in
ositive and negative ESI

RP and mixed-mode LC-MS

UPLC 1290 Agilent 6550 QTOF in
ositive and negative ESI

Absolute recovery of standards in buffer and plasma

Supplementary Figure 1A Study design for the targeted and global metabolomics analysis of

Evaluation of matrix effect

Global metabolomics analysis

extraction methods. Blue and purple colors designate experiments in buffétcaadplasma,
respectively. Green color designates-MS analyses step executed on RP (revepbedé and

mixed mode (weak anion/weak cation/RP) mode columns. Peach color designates major data

analysis blocks.
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Supplementary FigureA Matrix effects observed in human plasma in allMS analysis across

all analytes and extraction methods. On Y axispgrdisplays area ratios between analytes of the
same concentrations in buffer and a matrix calibratiomgs (area in spiked matriarea in blank
matrix) / (area in buffeiarea in blank)*100%)assuminghe area of analyte in the buffer as 60
Analytes are displayed alongakis from left to right according to the increase of their predicted
ACD/LogP, ACD Laboratories Toronto, Canada). Legend designating extraction methods on RP
positive panel is samerf all panels. Error bars represent relaé standard deviation of matrix
effects between different concentration levels tested. Due to very high matrix effect of some analytes
in RP and Scherzo ifFve) ES| full scale inserts were placed. Missing bardigate that matrix
effects could not beatculated due to one of three possible events: (i) analyte is not detected in
buffer, (ii) analyte is not detected in a particular matrix or (iii) analyte signal was saturated (signal
did not increase together witincreased concentration at the concenatlevels tested)The
differences in matrix effect betweefamhinobutanoic acid and its deuterated analog in(R#e)
ESI(NDM) and Scherzo iftve) ESI(methanol) is most likely due to the strong suppressingxnatr
effect.The differences in matrix effis between cholic acid, thyroxine and their deuterated analogs

in RP in(-ve) ESlare most likely due to the error in preparation of calibration points in the
correspondent samples where it was not detected. Gb(tls) was removed from the graph
becaus it was not detected in neither analysis except RFvR) ESI SeeAppendix ATable 5

for details.
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Supplementary information f@hapter 3.

Supplementary TablBl. Standard metabolites used in the analysis of single sSPE fractions
obtained in the initial and final protocols of sequential sample preparé8eations 2.3 and 2.4,
respectivelyincluded into the standard mix spiked before sSPE (IR) or detdeRdinLC-MS

data files using known masses and RT retrieved from paralldlE@nalysis runs of standards

in solvents. Standards that were not detected
was assumed from the presence of positive (@gtie @), no charge (N), or both charges (2)

at physiological pH (7.2) based on corresponding pKa values predicted by ACD Labs (ON,
Canada)and obtained from ChemSpider Database (https://www.chemspider.com) in February of
2019. Carnitines are designatext Z dueto the presence of both charges, negative from the
carboxyl group, and pHhdependent, the positive charge of the quaternary amine. The presence
of quaternary amine determigeholine designation as.C

Metabolite

RT (min) RP
pKa strongest base

Type of reference
Formula
Monoisotopic mass

RT (min) ZIC -HILIC
pKa strongest acid
LOgP (octanol/water)
Stock standard solvent

C10H12N204 224.0797 | 5.4 (144 |10 (89 | 1.1 | water
C/H/NO2 137.0477 |[ND |ND |4.8 [2.7 | 0.8 | water
C4H9NO2 103.0633 |[ND |ND |4.5 [1.0 [-2.9 | water
Ci0HsNOs 191.0582 |[ND |85 |4.2 |-55 | 0.3 | water

C11H12N203 220.0848 | 2.2 [16.1 |2.2 |9.2 |-1.4 | water

3-hydroxy-DL -kynurenine |IR

4-aminobenzoic acid IR

4-aminobutanoic acid ER

5-hydroxy-indoleacetic aciqIR

5-hydroxy-L-tryptophan  |IR

5-methoxy-tryptamine IR C11H14aN20 190.1106 |ND | 9.8 |ND |9.8 | 1.3 [MeOH
7,8-dihydro-L -biopterin IR CoH13Ns0s 239.1018 | 1.2 |11.3 |13.0 |3.7 |-2.0 | water
IAcetyl-DL -carnitine IR CoH17NO4 203.1158 |[ND |ND |4.1 |-7.1 |-4.5 | water
IAdenine IR CsHsNs 135.0545 | 39 |ND |10.3 |3.7 |-0.5 | water
IAdenosine IR C10H13N504 267.0968 | 3.9 | 4.6 (125 (3.9 |-2.1 | water

C10H14aNsO7P 347.0631 |ND |14.3 (1.2 (3.2 |-4.7 | water
20%

IAdenosine monophosphat¢ER

N|IN[N[>|>IN| > [>|Z[Z|N|Z|0O|N|>]|X>|>|N|Class (physiologcal pH)

Adipic acid IR CeH1004 146.0579 | 7.4 |ND |3.4 |[Nav | 0.5 MeOH
Alanine ER CsHINO2 89.476 |ND |15.7 |2.5 9.5 |-2.8 | water
IAnthranilic acid ER C/HINO: 137.0477 |[ND |ND |4.9 |2.0 | 0.9 |MeOH
IArachidonic acid IR C20H3202 304.2402 |20.1 | 1.2 (4.8 |[Nav | 6.6 |MeOH
Arginine ER CesH14N4O2 1741117 |ND |27.1 |2.4 [12.4 |-3.2 | water
IAsparagine ER C4HsN203 132.026 |ND |[20.0 |2.0 |8.4 |-4.3 | water
IAspartic acid ER C4H7INO4 133.0379 | ND |22.1 |1.7 |9.6 |-3.5 | water
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Bilirubin ER [A CasH3zeN4Os 584.2629 |[ND | ND |4.0 |-2.8 | 3.1 | water
Biotin IR |A | CioHieN20sS |244.0882 | 6.4 (116 |4.4 |-1.9 | 0.3 |MeOH
Butyryl -L -carnitine IR |Z C11H21NOs 231.1471 | 40 |[135 (43 |-7.1 |-33 |MeOH
Carnitine IR |Z CrH1sNOs 161.1052 | 0.9 |21.1 4.2 |-7.1 |-4.9 | water
Cholesterol ER [N C27H460 386.3549 [ND | 2.9 (18.2|-14 | 7.1 |MeOH
Cholesteryl acetate IR [N C29H1802 428.3654 | 5.7 |ND |Nav |-7.0 | 7.4 MZSS/OH
Cholic acid R |A | CobaOs  [408.2876 |124 |57 |45 |02 |25 | 2%
Choline ER |C CsH1aNO 104.1075 | ND | ND |14.0 (14.0 |-4.7 | water
Citrulline ER |Z CeH13N30s 175.0965 | 0.7 [21.6 |2.3 |9.2 |-3.9 | water
Coenzyme Q10 ER |N CsoHo004 862.6839 | ND | ND |Nav |-4.7 |17.2 |MeOH
Cortisol IR |N C21H3005 362.2093 | 9.6 | 1.0 |12.8|-1.6 | 1.8 |MeOH
Cortisone IR |N C21H2805 360.1937 | 9.7 | 1.0 |12.6 |-3.3 | 1.7 |MeOH
Creatinine ER [N CsH7NsO 113.0587 | 0.8 |56 |9.2 |5.0 |-1.1 | water
DecanoytL -carnitine IR |Z Ci17H33NOs 315.2410 {10.6 |10.8 |4.2 |-7.1 | 29 |MeOH
Deoxycholic acid IR |A C24H4004 392.2927 (148 |ND |4.7 |-04 | 3.8 |MeOH
Diosmin IR |A Ca8H32015 608.1741 | 8.0 | 7.2 |85 |-3.6 |-0.4 | EtOH
Docosahexaenoic acid IR |A C22H3202 328.4883 [19.8 |ND |4.9 |Nav | 6.8 |MeOH
Eicosapentaenoic acid IR [A C20H3002 302.2246 |19.1 | ND (4.8 |Nav | 6.2 | water
Folic acid IR [A C19H19N706 441.1397 | 55 |ND 3.4 (2.1 |-0.7 |\/|2£(0)/0H
Glutamine ER (Z CsH10N20s 146.0674 | ND 199 |2.2 |9.3 |-4.0 | water
Glutathione oxidized IR | Z | Ca0H32NeO12S2 |612.1520 | ND [18.6 |1.4 |9.6 |-10.0 | water
Glycine ER |Z C2HsNO: 75.0324 | 0.6 |19.0 |2.3 |9.2 |-3.4 |MeOH
Glycocholic acid IR [A C26H43NOs 465.3090 |11.1 |10.0 |3.7 |-0.1 | 1.4 | water
Guanosine IR |N C10H13Ns0s 283.0917 | 0.7 |[12.0 |10.2 |[0.5 |-2.7 | water
Guanosine 3‘phosphate  [ER |A C10H14aNsOgP | 363.0580 | ND | ND (1.3 |-0.4 |-3.1 | water
Guanosine 5'phosphate  [IR |A C10H14NsOgP | 363.0580 | ND | ND [1.1 |0.4 |-3.1 |MeOH
Hexanoyl-L -carnitine IR |Z C13H2sNOs 259.1783 | 6.8 [11.8 (4.2 |-7.1 | ND |MeOH
Histamine ER |C CsHoN3 111.0797 | ND |24.4 |145 9.6 |-0.7 | water
Homovanillic acid IR [A CoH1004 182.0579 | 6.2 |ND |3.7 |-49 | 1.2 | water
Kynurenic acid IR |A Ci10H7NOs 189.0426 | 49 |57 |3.2 |-44 | 1.6 | water
Kynurenine IR |Z CioH12N203 208.0848 | 26 | 9.2 (1.2 |9.0 |-1.9 | water
Lysine ER |Z CeH14N202 146.1055 | ND |[ND |2.7 |10.3 |-3.2 | water
Maleic acid IR [A CaH404 116.0110 [ ND | ND |3.1 |Nav | 0.0 | water
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Methionine ER |Z CsH1INO2S 149.0514 |ND |13.1 {2.3 |9.2 |-1.9 | water
Melatonin IR [N Ci3H16N202 232.212 |82 |10 |158|-1.6 | 1.2 |MeOH
Melatonin (da4) IS [N | Ci3H12D4N202 |236.1485 | 8.2 | 1.0 [15.8 |-1.6 | 1.2 |MeOH
Myo-Inositol ER |N CeH1206 180.0634 | ND |14.3 |12.3 |-3.6 |-3.8 | water
Myoinositol 1-phosphate [ER | A CeH1300P 260.0297 |[ND |ND |1.2 |-3.6 |-3.9 | water
N-Acetyl-L -cysteine IR |A CsHoNOsS 163.1950 | ND |ND |3.8 |-1.5 |-0.7 | water
Neopterin IR [N CoH11N504 253.0811 | 1.0 |15.3 |10.0 |1.0 |-2.8 |DMSO
Nervonic acid ER |A C24H4602 366.3498 |[ND |[ND |[5.0 [Nav | 9.5 |MeOH
NAD ER | Z | CaiH27N7014P2 | 663.4300 | ND (22.4 |19 (4.0 |-4.9 | water
Norepinephrine IR |C CgH11NOs 169.0739 | 1.1 | 2.3 (9.5 |89 |-0.9 | water
Octanoyl-L -carnitine IR |Z CisH29NO4 287.2097 | 9.0 [11.1 |4.2 |-7.1 |n/av |MeOH
Pantothenic acid IR [A CoH17NOs 219.1107 | 42 |ND |44 |-2.8 |-14 |v|2£(0)/0|-|
Phenylalanine IR |Z | CHuNO; |1650790 |25 |ND (25 |95 [-12 | 200
Pregnenolone IR [N C21H3202 316.2402 |ND |ND |18.2 |-1.4 | 3.6 |V|2£(0)/0H
Proline ER |Z CsHoNO2 115.0632 | ND |15.6 [1.9 |11.3|-2.6 | water
Propionyl-L-carnitine IR |Z Ci10H19NO4 217.1314 | 1.6 |ND |4.2 |-7.1 |-3.6 |MeOH
Pyridoxal IR [A CsHoNO3 167.0582 | 1.1 | 5.7 (8.0 |4.1 | 0.2 | water
Pyridoxamine IR |Z CsH12N202 168.0899 | 1.1 |ND (7.8 |9.8 |-1.6 | water
Pyridoxine IR [N CsH11NOs 169.0739 | 2.6 |ND (9.4 |5.6 |-1.0 | water
Resveratrol IR [A C14H1203 228.0786 | 89 |22 |85 |-6.2 | 3.4 |MeOH
Riboflavin IR |A | CrHN:Os |3761383 |63 |59 (6.0 |26 [-1.0 | 200
Saccharopine IR [Z | CuHeoN:Os |276.2863 |[ND |23.6 |1.4 [10.9 |-5.4 Mzggf’H
S-adenosylhomocysteine [ER | Z C14H20N6OsS | 384.1214 | 1.3 |18.5 (1.8 |9.5 [-4.0 | water
S-adenosylmethionine ER |Z CisH2aNeOsS [ 399.1451 |[ND | ND [1.7 |9.4 |-5.3 | water
Serine ER |Z C3H7/NO3 105.0126 |ND |21.1 |2.0 |8.9 |-3.9 | water
Serotonin ER |C Ci10H12N20 176.0950 | ND | ND (9.3 |10.0 | 0.5 | water
S-methyl-L -cysteine ER |Z C4aHoNO2S 135.0359 | ND |14.1 (2.4 |9.2 |-2.2 | water
Spermidine IR |C C7H1oNs 1451579 | ND | ND ([Nav |10.7 |-1.0 | water
Spermine IR |C CioH26N4 202.2157 | ND | ND |Nav |10.8 [-1.5 | water
Stearoylcarnitine ER |Z C25Ha9NO4 427.3662 | ND |[10.1 |4.2 |-7.1 | 2.9 |MeOH
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Taurocholic acid IR |A CoeHasNO7S  [515.2917 | 89 |ND |-1.1 (0.3 |-0.2 |MeOH
Taurodeoxycholic acid IR |A |C2HaaNNaGS |521.2787 |[ND |ND (-0.8 |-0.2 | 1.1 |MeOH
Threonine ER |Z CsHoNOs 119.0582 | ND |18.8 |2.6 |10.4 |-2.9 | water
Triiodothyronine IR |Z CisH1213NOs  |650.7900 | 9.9 (8.7 |0.3 |95 | 2.8 [MeOH
Thymine IR |N CsHsN202 126.0429 | 1.8 | 7.8 [10.0 |-5.0 |-0.5 | water
TRH IR |C C16H22N604 362.1703 | 1.4 | 9.6 |11.2|6.7 |-3.3 | water
Thyroxine IR |Z | CisHulaNOs |776.6867 |10.7 | 8.1 |0.3 |9.4 | 0.7 |MeOH
Trans-4-hydroxy-proline [ER | Z CsHoNOs 131.0582 | ND |18.4 |1.6 |10.6 |-3.7 | water
Tryptamine ER |C CioH12N2 160.1000 | ND |ND |17.2 9.7 | 1.5 | water
Valine ER|Z CsH11NO2 117.0790 | 0.7 |14.1 |2.7 |9.6 |-2.0 | water
U-Ketoglutaric acid IR |A CsHeOs 146.0215 | 1.5 |ND |2.7 |-9.7 |-0.1 | water
b-estradiol IR |N Ci8H2402 2721776 | 9.6 | 6.1 [(10.3|-09 | 3.8 |MeOH
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Supplementary TablB2. List of lipid standards used to evaluate the lipid content of fractions
including labeéd with stablee s ot opes designated by AdXo, wh e
deuterium atoms) using the HS lipidomics method described in 2.4.6. Standards were prepared

in 100% MeOH at 10 pg/mL.

Name Monr(%iz’(s);opic Formula R-r(r(;irl::)s') RT(rﬁulrE\)S )
Cer(d18:1/18:0) 565.5434 | CseH7NOs 24.2 24.2
DG (16:1/0:0/16:1) (9 569.5068 | CssHseDsOs 255 ND
DG (18:0/0:0/18:0)ds) 629.6007 | CasH71DsOs 27.4 ND
DG (18:1/0:0/18:1)ds) 625.5694 | CsoHe7Ds0s 27.4 ND
DG (18:2/0:0/18:2)ds) 621.5381 | CasHesDsOs 26.0 ND
LPC (17:0) 509.3481 | CasHs:NOP 12.8 12.8
LPC (17:1) 507.3325 | CasHsoNOP ND 11.0
LPS (17:1) 509.2754 | CHaNOoP 9.3 6.7
Lyso-SM (d17:1) 450.3223 | CosHarN20sP ND 20.2
PA (18:0/18:0) 704.5356 | CsoH770sP ND 17.4
PC (17:0/14:1) 717.5309 | CsoH7eNOsP ND 21.2
PC (19:0/19:0) 817.6561 | CagHoNOsP 26.2 26.6
PC (17:0/17:0) 761.5935 | CazHeaNOsP 24.1 24.0
PE (12:0/13:0) 593.4057 | CsHeoNOsP 17.8 17.9
PE (17:0/17:0) 719.5465 | CsgH7eNOsP 24.2 24.2
PG (17:0/17:0) 750.5411 | CaoH79010P 22.1 16.5
PG(18:0/18:0) 778.5724 | CaHsiOwP 23.3 18.0
Pl (17:0/14:1) 794.4945 | CaoHrs013P ND ND
PS (17:0/17:0) 763.5363 | CaoH7eNO10P 21.9 18.8
SM (d18:1/12:0) 646.5050 | CssH71N206P 26.4 ND
TG (17:0/17:0/17:0)ds) | 851.7990 | Cs4HoeDsOs 34.6 ND




Supplementary TabB3. LC gradient used in lipidomic L-®S analysis

Time (min) %A %B
0.0 80 20
2.0 80 20
4.0 70 30
25.0 20 80
35.0 15 85
38.0 5 95
41.0 5 95
41.1 80 20
50.1 80 20
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Supplementary TablB4. Parameters of metabolites used in the analysis of single fractions of

SSPE. Fractionation was executed identically to the final prot(feettion3.2.4). Values were
obtained from ChemicaliZ¥8 calculator https://chemicalize.com/#/calculatipavailable on the

website of ChemAxon (Budapest, Hungary) in December of 2019.

S < s\ IS} < N

G_@| 2| o |2 &_a| z| Y| ©

228 | 5| & 823l a | 5| &

Standard _§‘ S 8 2| A a Standard 53 8 o | a

T 2|/=2]18]| ¢ = I I N

'8 — - ‘8 | |
Taurocholic acid 5/7 |-0.2|-0.9| 0.0 | Glutathione oxidized 6/7 -10 | -4.9| -8.6
UKetoglutaric acid 2/5 [-0.11] -0.3 | -7.2 | Proline 2/3 -2.6] 0.3 ] 0.2
Kynurenic acid 2/4 1.6 | 1.3 | -1.7 | 5-Hydroxy-L-tryptophtan| 4/4 | -1.4|-1.5| -1.7
Adipic Acid 2/4 10.49| 0.5 | -6.5| Glycine 2/3 -3.4|-3.6|-3.6
Glycocholic acid 5/6 1.4 | 1.4 | -2.1]| Arginine 5/6 -3.2|-6.4|-3.4
5-hydroxyindoleacetic acif 3/3 |0.26| 1.4 | -2.2 | S'methytL-cysteine 213 | -22|-27]|-27
Cholic acid 4/5 25| 25| -1.0] Alanine 2/3 |-28|-3.1|-3.0
Deoxycholic acid 3/4 3.8 | 3.8 | 0.3 | Phenylalanine 213 |-1.2|-14|-14
Docosahexaenoic Acid 1/2 6.8 | 6.8 | 3.3 | Valine 2/3 -2 1-2.3]-2.0
Homovanillic acid 2/4 1.2 | 1.1 | -2.4 | Trans4-hydroxy-proline 3/4 | -3.7]|-3.8|-3.7
Pantotheni@cid 4/5 | -1.4] 0.0 | -1.0 | Methionine 2/3 |-19|-24]|-25
Biotin 3/3 0.3 | 0.0 | -1.0 | S-adenosylhomocystein| 5/10 -4 | -55|-4.2
Arachidonic Acid 1/2 6.6 | 6.6 | 3.1 | Serine 3/4 |-39|-40]|-43
Eicosapentaenoic Acid 1/2 6.2 | 6.2 | 2.7 | Asparagine 34 | -43|-44|-50
Pyridoxal 2/4 0.2 | -1.1| -1.1 | Citrulline 4/4 -3.9|-41|-42
Cholesteryl acetate 0/1 7.6 | 7.6 | 7.6 | Aspartic acid 3/5 -35]-35]|-7.0
Carnitine 1/3 -4.9| -4.8| -4.1 | Guanosine 5/8 2.7 -2.7)|-27
DecanoyiL -carnitine 1/3 |-0.85| -0.6 | 0.1 | Riboflavin 5/9 -1 1-09)|-28
HexanoyiL -carnitine 1/3 -0.6 | -2.4 | -1.6 | Resveratrol 3/3 34|34 23
OctanoyiL-carnitine 1/3 -1.5| -1.5| -0.7 | Diosmin 8/15 | -04|-04|-23
PropionytL-carnitine 1/3  |-3.75| -3.7 | -2.3 | Thymine 2/2 -0.5|1-05]|-0.8
Stearoylcarnitine 1/3 -3.7| 2.9 | 3.7 | b-estradiol 2/2 |3.75| 3.7 | 3.7
Butyryl-L-carnitine 1/3 -3.7 | -3.7 | -2.3 | Myo-Inositol 6/6 -3.8|-3.8| -3.8
Creatinine 1/4 -1.1| -3.4| -1.6 | Cortisone 2/5 17117 |17
Pyridoxine 3/4 -1 | -2.4| -1.2 | Cortisol 3/5 18] 13|13
Norepinephrine 4/4 | -0.9] -3.2| -0.7 | Melatonin 212 12112 | 1.2
Neopterin 6/9 -2.8| -2.6 | -2.2 | Cholesterol 1/1 7171|171
Adenine 2/4 |-0.53| -2.1 | -0.6 | Triiodothyronine 3/4 282818
TRH 4/5 | -3.3|-3.9]| -3.3 | Thyroxine 3/4 0713719
Adenosine 4/8 |-2.09| -3.5| -2.1 | Saccharopine 5/8 -54]-5.6|-9.0
Histamine 212 -0.7| -4.9| -1.1 | Glutamine 3/4 -4 | -42|-4.2
Kynurenine 3/5 -1.9] -2.8] -2.3 | Folic acid 6/12 | -0.7]-0.7] -7.2
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Supplementary TabIB5. The split of metabolites between sSPE fractions for RP andHEIIC
analysis inpositive (+ve) and negativeue) ESI. Colors designate the number of metabolites,
which were split between (@eted in more than one) sSPE fractions to facilitate visualization.
The intense red indicates the highest, while the dark green indicatesathst loumber of split
metabolites in the correspondentIMS method.

(+ve) ZIC-
(+ve) RP A C N z HIL IC A C N Z
A 640 | 47 | 176 | 290 A 189 | 121 | 168 | 139
C 370 | 313 | 134 C 371 | 832 | 319
N 232 | 69 N 209 | 215
Z 149 YA 89
(-ve) ZIC-
(-ve) RP A C N Z HILIC A C N Z
A 944 | 53 | 347 | 297 A 365 | 92 | 214 | 161
C 284 | 177 | 199 C 167 | 892 | 250
N 183 | 104 N 303 | 200
z 115 z 64
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Supplementary TablB6. Analysis of the metabolite splietween individual sSPE fractions in
theoretical combinations, which were proposed for-M& analysis ofcombined fractions
(combinations designated by fraction | etters ;
expressed in pL of original plasm&he table demonstrates the expected percentage (% to total)

of split metabolites to the nonredundant safrmetabolites in both fractions (100%). The expected

number of split metabolites in proposed fraction combinations is also displayed (two columns on

the right). The number of redundant metabolites was obtained from Venn arfagdierf 2.4.9

Sample bad Split metabolites Split metabolites
(eql_u\_/alent to L of % to total) (numbers)

original plasma) (%

RP (+ve) ESI C&N A&Z C&N A&Z

3.2 28.7 29.4 313 389

6.4 32.5 23.9 375 317

12.8 35.2 29.6 445 418

RP (-ve) ESI C&Zz A&N C&z A&N

3.2 20.1 18.3 199 347

6.4 21.9 16.6 269 302

12.8 23.9 25.4 339 592

At ve) | ceN | A&z | caN | A&z

3.2 38.1 16.5 532 139

6.4 37.1 16.5 526 141

12.8 38.3 19.0 545 171

Z'C'Hgg("’e) C&N | A&z C&N A&Z

3.2 354 17.0 392 161

6.4 32.8 19.7 356 199

12.8 37.9 21.1 454 220
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Supplementary TablB7. Concentrations of the standards whisiere used for the analysis of
combined sSPE fractions in the final protocBke¢tion 2.5.2 Atoms with stable isotopes are
designated byo 115N X ifioBoarkan-1t3r,o ggennd A DXo0 f or deut
the subscript nAXo atomsdfimora tha ®ne.tTRH stands farbtleymotremnf
releasing hormone. Conceations at LCGMS steps are calculated based on the assumption of

100% recovery of standard. Concentrations of spiked metabolites do not include endogenous
levels. Aminoacidsfm t he kit are designated by the ASIL

7 X 8 é O

@ £ 2 c s~ | =
’ = | 8.|25, 58|52
g E 2 | 22| 28222 | GE
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3 S 2 5 2 8 gl ol ==
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3-Hydroxy-DL-kynurenine CioH12N204 224.0797| 910 70.0 | 80.9 | 20.2
5-hydroxy-indoleacetic acid Ci0H9NO3 191.0582| 910 70.0 | 80.9 | 20.2
5-hydroxy-L-tryptophan C1iH12N203 220.0848| 910 70.0 | 80.9 | 20.2
5-methoxytryptamine CuH14N20 190.1106| 910 70.0 | 80.9 | 20.2
7,8-dihydro--biopterin CoH13NsO3 239.1018| 910 70.0 | 80.9 | 20.2
Adenine CsHsNs 135.0545| 910 70.0 | 80.9 | 20.2
Adenosine Ci10H13Ns04 267.0968| 1820 | 140.0 | 161.7| 40.4
Adipic acid CsH1004 146.0579| 910 70.0 | 80.9 | 20.2
Al anine | 13C3H7°NO; 93.0548 | 1540 | 118.5 | 136.9| 34.2
Arachidonic Acid (d) CaoH24Ds0: 312.2985| 1236 | 120.0 | 138.6| 34.7
Arginine 17 BCHidN©O, 184.1197| 3011 | 231.6 | 267.5] 66.9
Aspartic afg( 13C4H7NO4 138.0480| 2301 | 177.0 | 204.5| 51.1
Biotin CioH16N205S 244.0882| 1820 | 140.0 | 161.7| 40.4
Butyryl-L-carnitine C11H21NO4 231.1471| 1300 | 100.0 | 115.5]| 28.9
Cholesteryl acetate CogHag02 428.3654| 910 70.0 | 80.9 | 20.2
Cholic acid ¢ls) Ca4H36D40s5 412.3167| 1300 | 100.0 | 115.5] 28.9
Cortisol Co1H300s 362.2093| 910 70.0 | 80.9 | 20.2
Cortisone C1H260s 360.1937| 910 700 | 80.9 | 20.2
Creatinine (g) CsH4D3Ns0O 116.0807| 910 70.0 | 80.9 | 20.2
Cysteine 1 BCsHANO,S 125.0268| 2093 | 161.0 | 186.0| 46.5
DecanoyilL-carnitine Ci7H33NO4 315.2410| 910 70.0 | 80.9 | 20.2
Deoxycholic acid C24H1004 392.2927| 910 70.0 | 80.9 | 20.2
Diosmin CagH32015 608.1741| 910 70.0 | 80.9 | 20.2
Folic acid Ci1gH1dN7Os 441.1397| 910 70.0 | 80.9 | 20.2
Glutamic adg 13CsHe'*NO4 153.0671| 2543 | 195.6 | 225.9| 56.5
Glycine A/ BCHENO, 78.0357 | 1298 | 99.9 | 115.4| 28.9
Glycocholic acid CoeH43NOg 465.3090| 910 70.0 | 80.9 | 20.2
Guanosine Ci0Hi3Ns Os 283.0952| 2860 | 220.0 | 254.1| 63.6
HexanoyiL-carnitine Ci3H2sNOs 259.1783| 910 70.0 | 80.9 | 20.2
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Homovanillic acid (g) CoH7D304 185.0784| 910 70.0 | 80.9 | 20.2
| sol eucine 13CsH13"°NO; 138.1119 2268 | 174.5 | 201.6| 50.4
Kynurenic acid CigH/NOs 189.0426 | 910 70.0 | 80.9 | 20.2
Kynurenine CigH12N205 208.0848| 910 70.0 | 80.9 | 20.2
Leucine 1§ 13CsH15"°NO; 138.1119| 2268 | 174.5 | 201.6| 50.4
Lysine AS]| 13CsH14N20; 154.1197| 2527 | 206.4 | 238.4| 59.6
Melatonin Ci3H16N202 232.1212| 910 70.0 | 80.9 | 20.2
Met hi oni ne BCsH1'*NO,S 155.0660 | 2579 | 198.4 | 229.2| 57.3
Neopterin CoH11N504 253.0811| 910 70.0 | 80.9 | 20.2
Norepinephrine (g CgHsDeNO3 175.1176| 910 70.0 80.9 | 20.2
OctanoyiL -carnitine CisH20NO4 287.2097| 910 70.0 80.9 | 20.2
Phenyl al ani BCoH11'NO; 175.1065| 2856 | 219.7 | 253.8| 635
Proline ‘! BCsHo*NO; 121.0772| 1990 | 153.1 | 176.8| 44.2
PropionytL -carnitine Ci10H19NO4 217.1314| 1300 | 100.0 | 115.5] 28.9
Pyridoxal CsHoNO3 167.0582| 910 70.0 | 80.9 | 20.2
Pyridoxamine CsH12N20; 168.0899 | 3640 | 280.0 | 323.4| 80.9
Pyridoxine CsH11NGs 169.0739| 910 70.0 | 80.9 | 20.2
Resveratrol Ci14H1203 228.0786| 1300 | 100.0 | 115.5] 28.9
Riboflavin Ci7H20N40s 376.1383| 1300 | 100.0 | 115.5| 28.9
Saccharopine C11H20N206 276.2863| 910 70.0 | 80.9 | 20.2
S-adenosylhomocysteine C14H20N60sS 384.1214| 910 70.0 | 80.9 | 20.2
Serine @S 13CsH715N O3 109.0497| 1817 | 139.8 | 161.5| 40.4
S-methylL-cysteine C4HoNOS 135.0359| 6760 | 520.0 | 600.6| 150.2
Stearoydcarnitine CasHagNO4 427.3662| 2730 | 210.0 | 242.6| 60.7
Taurocholic acid CoeHasNO7S 515.2917| 910 70.0 80.9 | 20.2
Threonineil S L 0 BC4Ho'*NO; 1240687 | 2059 | 158.4 | 183.0| 45.8
Thymine CsHeN20O; 126.0429| 910 70.0 | 80.9 | 20.2
TRH Ci6H22N6O4 362.1703| 910 70.0 | 80.9 | 20.2
Thyroxine CisH111sNO4 776.6867| 910 70.0 | 80.9 | 20.2
Triiodothyronine CisH1215NO4 650.7900| 910 70.0 | 80.9 | 20.2
Tyrosine B3CoH11NO;3 191.1014| 3132 | 241.0 | 278.4| 69.6
Valine AS 13CsH11°NO; 123.0929| 2024 | 155.7 | 179.8| 45.0
b-estradiol CigH2407 272.1776| 1625 | 125.0 | 144.4| 36.1
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Supplementary TabB8. Fractionation preferences of standards detectetthé evaluation of the
analytical performance of combined sSPE fractions in plasma or standard solvent solutions.
Detectability of standards demonstrated for bipttividual and n combined sSPE fractions and
MeOH. LCMS analysis on RP and ZBILIC columrs were executed in positive (+) and negative

(-) ESI modes. The class of a standard is determined by its ability to carry negative (A), positive
(C), both (Z2) chargs or neutral (N) at the physiological pH of human plaskractionation
preferences of stalards were studied in individual sSREection 3.2 and combined sSPE
fractions Section 3.3. Fractionation of metabolites into more than one individual or contbine
fraction is designated by the A/ 0 syS8HEod . Sev
Me OH extracts (ANDO). The r et ent-NMSomethad iwase o f
obtained from the analysis of neat standards in reconstitution saveénbm optimization and
evaluation experimentsSéction 2.4. Fractionation preferences ardesignated by fraction
symbols: A anion, C- cation, Zi zwitterion, Ni neutral. Combined fractions were used for the
assessment of analytical performance: ANN), CZ (C+Z) in RP {ve) ESI and AZ (A+Z), CN

(C+N) in other three LEMS me t h o d sands forThRrétropireléasing hormone.

a 1=

. | & |E £ % |2
= — c
3 g & ©gl 8 o <]
B = I £ LB T®| 5 3
= (3] cc c = O ~ c <]
© 2} < =5| 98 8 =| =2 ¢ € 0 3
° = <] s | JB5 c 2 © o c D @
= O 5 r2 | g2 | &62| £8 o Q o
e - 2 =9 g 2 wol 5 8 o o 6
n g I = 89 o& [ 3

~ = - & = f=

= o (

o o o
Thymine RP+ | 126.0429| 1.9 ND N N CN Y

Kynurenine RP+ | 208.0848| 2.5 ND z ND

Phenyl al ani| RP+ | 1751065 2.6 11.5 z c CN/AZ Y
Butyryl-L-carnitine RP+ | 231.1471| 3.3 13.3 z C CN Y
Adenine RP+ | 135.0545| 4.1 4.0 N C CN Y
Adenosine RP+ | 267.0968| 4.1 4.9 N C CN Y
Adipic acid RR | 146.0579| 4.3 6.8 A A AN ND
Homovanillic acid (d) RP+ | 185.0784| 6.2 8.0 A AIN CN/AZ Y
Biotin RP+ | 244.0882| 6.3 12.3 A AN CN/AZ Y
HexanoyiL-carnitine RP+ | 259.1783| 6.5 11.3 z C CN Y
Diosmin RP- | 608.1741| 7.9 7.3 N AN AN Y
Melatonin RP+ | 232.1212| 8.2 0.9 N N CN Y
OctanoytL-carnitine RP+ | 287.2097| 8.7 10.9 z C CN Y
Resveratrol RR | 228.0786| 8.9 15 N N AN Y
Cortisol RP+ | 362.2093| 9.5 1.0 N N CN Y
Cortisone RP+ | 360.1937| 9.7 1.0 N N CN Y
Triiodothyronine RP+ | 650.7900| 9.9 8.9 z z AZ Y
Thyroxine RP+ | 776.6867| 10.7 8.6 z z AZ Y
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Taurocholic acid RR | 5152917 112 | 78 A A AN Y
b-estradiol RR | 272.1776| 119 | 6.4 N N AN Y
Deoxycholic acid RR | 392.2927| 14.6 25 A A CZIAN Y
Arachidonic Acid (d) RP | 312.2985| 20.0 1.0 A A ND Y
Glycine a{,S |780357| 06| 190 | z ND
Pyridoxal L, | 167.0582 11 | 21 A z CN Y
Pyridoxine L, | 1600739 1.2 | 26 N ciz | cNAz | Y
Creatinine (g) Lo, | 1160807) 11 | 62 | N c CN v
Riboflavin o, | 376.1383) 63 | 65 | A CN Y
Cholic acid ¢ls) Lo, | 4123167 124 | 65 | A A AN Y
Cysteine .7, |125028| 06 | 68 z ND ND Y
kynurenic acid ol | 180.0426| 49 | 68 | A A AZ Y
5-methoxytryptamine | %, | 190.1106| nd | 98 | C N ND v
Cholesteryl acetate | .o/ | 428.3654| 17.5 | 102 | N A CN ND
TRH* Lo, | 62.1703) 12 | 102 | C c AZ Y
Norepinephrine ((Cs) | ¢, | 175.1176| 06 | 106 | C c CN Y
Glycocholic acid ol | 4e5.3000( 101 | 112 | A A AZ Y
Pyridoxamine A | 168.0899| 07 | 112 | z ND CN v
7,8Dihydro-l-biopterin | &%, | 230.1018| 0.6 | 122 | N N ND v
Leucine 0§, %, |1381119] 12 | 122 | Z c CN Y
Guanosine oI, | 2830052] ND | 1273 | N c CN Y
l sol euci ne| %, |1381119) 12 | 129 | z c CN v
Met hi oni ne| %, | 1550650 09 | 138 | z c CN ND
5-hydroxy-indoleacetic acid ;. | 191.0582| 55 | 142 A A ND Y
3-Hydroxy-DL-kynurenine | ', | 224.0797| ND | 148 | z ND
SmethytL-cysteine | 5. | 135.0359| 08 | 149 | z CN Y
Val ine #S| %, |123002 06 | 150 | z CN Y
Tyrosinei S1 Lo | 2%, | 1911014| 12 | 155 | z ND | CNAZ | Y
PropionytL-camitine | 2%, | 217.1314| 13 | 155 | z CN v
Neopterin o | 2530811 10 | 160 | N CN/AZ | ND
5-Hydroxy-L-tryptophan | ', | 220.0848| 20 | 165 | Z ND Y
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Proline @l %, [1200772) 05 | 167 | z c CN v
Threonine | % |1240687| 08 | 189 | Z ND
S-adenosylhomocysteine | =%, | 384.1214| 30 | 191 | z ciz AZ ND
Serine S| % |1000407 07 | 211 | z c CN Y
Gl utamic ad,. % |1530671 07 | 226 z A AZ ND
Al anine A{ . |o30s48| 07 | 230 | z ciz AZ ND
Aspartic ad, |138048 07 | 230 | z ND
Folic acid | 4a11307| 53 | 232 A A AZ ND
Saccharopine 2| 2762863 06 | 241 | Z ND
Lysine S| %, |1541197| 04 | 242 | z ND
Arginine 2% |1841107| 05 | 251 | z ND
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Supplementary TabIg9. The total number of standards affected by matrix effects at the maximum
amount loaded in SPE fractions (equivalem6.4 pL of plasma) and MeOH extracts (equivalent

to 1.6 yL of plasma). Matrix effects were compared between SPE fraction(s) and Me@itsextr
within the same L@AS method, which promotes the strongest signal for neat standards in the
sample reconstitutimsolvent (used as 100% reference for calculation of matrix effects. Please see
Section 3.3.4or details. Therefore, each standard wasaeutted for once for the best H@S
method. Matrix effects were calculated in combined fractions CN and AZ (CZ and AN,
respectively, inHye) RP) and MeOH extracts. In the case of split metabolites, the fraction with
higher recoveryKigure 3.16) was choseffor this table to avoid redundancy. Matrix effects for
split metabolites are demonstrated for both fractionSigure 3.17.

Matrix effects (+ve) RP (+ve) ZIC HILIC
sSPE | MeOH Total sSPE | MeOH [ Total
Signal suppression € 80%) 9 0 9 18 17 35
Signal enhancement § 120%) 1 3 4 1 1 2
No matrix effects (86120%) 4 11 15 1 1 2
Total affected 10 3 13 19 18 37
Total not affected 4 11 15 1 1 2
. (-ve) RP (-ve) ZIC HILIC
Matrix effects SSPE | MeOH | Total | SSPE | MeOH | Total
Signal suppression (<80%) 5 4 9 6 6 12
Signal enhancement¥ 120%) 0 1 1 2 0 2
No matrix effects (863120%) 2 1 3 3 2 5
Total affected 5 5 10 8 6 14
Total not affected 2 1 3 3 2 5




Supplementary TablB10. Total metabolomeoverage in combined sSPE fractions (AN and CZ
for (-ve) RP, AZ, and CN for other 3 @S methods) at the loading amount equivalent to
studyMS
methods. Due to technicahallenges, the search for identical metabolites across methods is
unfeasible, and the redundancy assessment was not executed. Meatabuliiech signal ratio to

ewi val ent to

the sum of signals in both was below or equal to 0.1 were considered as metabolitesmittiothe

6 .

4

oL

pl as ma.

The

split.
Parameters (Tqu) (gg) (Z+I\(lle—) é—l\gz StottalIJ d
HILIC | HILIC
T or ey Ry | 3184 | 3099 | 1018 | 2411 | 10612
T lor vy iy 7| 2556 | 2131 | 2041 | 1081 | 8709
Total metabolites SSPE 4370 | 4472 | 3037 | 3545 | 15424
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Supplementary TablB11l. Peak areas fortandard metabolites, which were detected in severaMSmethods and sSPE fractions.
Peak areas were obtained as describe@attions3.2.4.8 respectively. The analysis was executed in combined sSPE fractions, as

described irSection3.2.5.1

MeOH A7 CN MeOH AZ MeOH CN
MeOH AN -ve -ve +ve +ve
Standard (ve) | (ve) | (e) | (ve) RP | (-ve) RP T I I I
HILIC HILIC HILIC HILIC
Stearoyicarnitine 353934
Adenine 41763 40500
Kynurenine 176315| 138741 | 354044
Butyryl-L-carnitine 96616 617029
HexanoyiL -carnitine 84630 404593
OctanoyiL-carnitine 436599 2770546
DecanoyiL -carnitine 677404 2652091
Cortisone 33871 109074
Cortisol 247073 986892
Riboflavin 15089 91531 426474 | 759397
Thyroxine 77960 | 114479 440397 | 970519
Adenosine 89710 277100 1919525| 4779214
Taurocholic acid 47272 | 253303 185153 984996 | 60291
Glycocholic acid 753358| 2126382 1208507| 3389056| 2351640| 5953047
Kynurenic acid 31326 947299
Deoxycholic acid 634441 | 470584
Folic acid 14873 | 26373
Pyridoxine 55549D | 6396087
Pyridoxal 119342
PropionytL-carnitine 3100486| 10055419
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Supplementary Tabig12.

Compari son
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x effects
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e faboditest whioh)

and

were detected in several H@S methods and sSPE fractions. The analysis was executed in combined sSPE fractions, as described in

Section3.2.5.1 Pe&k areas and matrix effects were calculated as describ8eations3.2.4.8 and3.2.5.4 respectively. Coloring of
peak areas was executed in Excel usingator formatting function to facilitate signal differentiation from the lowest (dark blue) to

thehighest (dark red) in a row.

Standard Parameter
Riboflavin Peak area
Riboflavin M. effects
Thyroxine Peak area
Thyroxine M. effects
Adenosine Peak area
Adenosne M. effects
Taurocholic acid | Peak area
Taurocholic acid | M. effects
Glycocholic acid | Peak area
Glycocholic acid | M. effects

MeOH
(+ve) RP

MeOH AZ MeOH CN
AZ CN MeOH AN (-ve) (-ve) (+ve) (+ve)
(+ve) RP | (+ve) RP | (-ve) RP | (-ve) RP ZIC- ZIC- ZIC- ZIC -
HILIC | HILIC | HILIC | HILIC
91,531 426,474 | 759,397 |
59 65 74
440,397 | 970,519 |
59 50
1,919,525 4,779,214|
68 63
253,303 185153
90 64
2,126,382 1,208,507 3,389,056
83 106 56
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Supplementary Figure B Approximate representation of strong anion and strong ce
exchange sorbents in MAX and MCX Oasis SPE plates. Sorbents coDdi® tiked by sho
alkyl chains, conjugated with pyrrolide and containing quaternary ammonium (A)
benzenesulfonate (B) for MAX and MCX plates, respectively. Reprinted with perrfission
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Supplementary Figurd2. Recovery of standard metabolites spiked into agMVEBBH
immediately prior to SSPE and detected in RP analysis in (+ve) -am)l ESI. Preferential

ionization mode for metalitds can be found iSupplementaryrable B8.sSPE fractiondy

the color of bas: blueanion; greyneutral; orangecation and yellowzwitterion. The recovery

(% of si gsnpailk eidnd0 frperleapi keldy ) t 0 s-axp and bydigitse d o n
within bars. Standards are distributed acrossaXs in groups by their charge $taat
physiological pH (7.2), which are designated by letters on the insert below the graphiof,

C - cation, Ni neutral, and Z zwitterion.
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A (+ve) ESI B (-ve) ESI

Methanol sSPE Methanol sSPE
Total 2045 Total 3132 Total 1789 Total 2487

Supplementary gure B3. Analysis of the coverage of rpdlar metabolome by agMTBE
MeOH and sSPE in RP NS at (+ve) (panel A) and\e) (panel B) ESI. Details for the raw
data processing and analysis can be foun8ention3.2.3.3.2 The total number of metabolites
calculated for sSPE and agMTB#eOH is norredundant.
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Supplementary FigurB4. Hierarchical cluster analysis of combined sSPE fractions and MeOH
extracts forLC-MS analysis A+ve) RP, Ci (-ve) RP, B, and D for ZKEILIC (+ve) and ¢

ve) ESI, respectively. Extracts designated by color bands at the top of each pletldQid,

red - AN (ve)RP and AZ (+ve) RP and greel€Z (ve)RP and CN (+ve) R. Plots display
metabolites that satisfy criteria of the data analysis described irSt#wtion 3.2.5.4 The
strength of signals is designated by the range fromi44pwhich correspondotthe range
from the maximum signal (red) to no detection status (dark blue).
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