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Abstract
Development of Methods for Global and Targeted Metabolomics Analysis of Biological Fluids

Dmitri Sitnikov, Ph.D.

Concordia University, 2021

Protein precipitation with organic solvents is the most common extraction method used for global
metabolomics of human plasma. This standard method has broad selectivity but does not provide
good coverage of low abundance metabolites. Increasing the metabolite coverage by parallel
analysis of plasma samples prepared using different organic solvents is inefficient due to the low
orthogonality of their selectivity. Moreover, there is an increasing demand for more selective
sample preparation methods suitable for targeted and untargeted metabolomics analysis of
biofluids that can also provide better coverage of metabolites missed by current standard
workflows. To achieve these goals, a novel sequence of orthogonal but complementary extraction
methods was designed and evaluated after performing a quantitative systematic side-by-side
comparison of seven extraction protocols with different selectivity to establish the most orthogonal
combinations with good analytical performance. A novel sequential solid-phase extraction
protocol was introduced to fractionate the metabolome into anion, cation, neutral, and zwitterion
fractions, followed by a rigorous analytical assessment. The improvement in metabolome coverage
in metabolomics study could be achieved also by analyses of alternative samples such as oral fluid.
Therefore, the final goals were to evaluate oral fluid as a sample source for targeted metabolomics
analysis via the development and validation of a liquid chromatography with tandem mass
spectrometry assay and accumulate sufficient background knowledge to handle this sample type
in future developments.

The execution of the first objective, i.e., the side-by-side comparison of solvent precipitation
methods confirmed their low orthogonality and was accompanied by severe matrix effects in
comparison to more selective methods. The comparison of solid-phase extraction (SPE) and liquid-
liquid extraction methods revealed their orthogonal metabolite coverage to other methods.
However, further experiments showed that methyl tert-butyl ether incompletely removed lipids,
which resulted in the significant and undesirable splitting of lipids between aqueous and organic
layers. Thus, the final SPE sequential fractionation protocol combined sample deproteinization by
methanol followed by the sequential SPE executed on mixed-mode strong anion-exchange and

mixed-mode strong cation-exchange polymeric sorbents. This produced four fractions enriched in
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metabolites with distinct ionic properties providing flexibility to analyze the fraction individually
or in strategic combinations tailored to various mass spectrometry methods. The final protocol
resulted in a 1.6-fold increase in total metabolite coverage compared to methanol precipitation
with a 2-fold increase in the analysis time. The method demonstrated excellent signal repeatability
for both targeted (relative standard deviation < 13%) and global (relative standard deviation <30%
for 75% metabolites) metabolomics. Moreover, excellent separation of anion and cation
metabolites (< 4% overlap) and small (< 27%) overlap between other pairs of metabolite classes
allow supplementary assignment of ionic properties to unknown metabolites that can aid
metabolite identification. The utility of the above sequential solid-phase extraction method for
fractionation of the polar metabolome can, in future, extend beyond plasma to other biofluid types,
such as oral fluid. Oral fluid allows portable sample acquisition and reflects the composition blood
at least for several metabolites. Moreover, the similar first step (methanol precipitation) between
two methods promised easier and faster transfer of the solid-phase extraction protocol from plasma
to oral fluid. Two model analytes cortisone and cortisol were selected for a preliminary study in
oral fluid to serve as standard metabolites in the future implementation of solid-phase extraction
protocol. Their selection was driven by their biological and clinical role and a commercial
availability of stable isotope labelled standards. Methanol precipitation and a short reversed-phase
chromatography run were combined with tandem mass spectrometry analysis. The successful
development and validation of the method revealed an accurate, precise (< 15% variability), and
sensitive (low limit of quantitation = 0.31 ng/mL) high-throughput assay, whose selectivity
outcompeted an immunoaffinity method, while requiring only 30 pL of oral fluid sample.

In summary, this thesis establishes the first steps towards the adaptation of the sequential solid-
phase extraction method for simultaneous global and targeted metabolomics analyses of plasma
and oral fluid. Such studies will benefit from the systemic, more in-depth characterization of
metabolite status, enriched pathway coverage, and faster identification and transition of putative
biomarkers from the discovery to the targeted stage. Therefore, my research provided the necessary
groundwork for developing and validating universal preparation and analysis workflows, which

will permit the execution of pluripotent metabolomics studies.
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1 Introduction

1.1 Introduction to metabolomics

The metabolome is defined as the collection of all low-molecular-weight species (frequently
defined by molecular weight < 1,500 Da) present in a given biological system of interest.! The
comprehensive quantitative and qualitative analysis of metabolome in a given biological system is
defined as metabolomics. The assessment of metabolite levels in a given system in response to a
particular stimulus or treatment has historically been defined with the term metabonomics.? The
increasing popularity of metabolomics approaches is illustrated by the number of metabolomics
and metabonomics studies found in PubMed using the terms (“metabolomics” OR
“metabonomics”) AND (“disease” OR “biomarker” OR “medicine”) which have increased from
63 in 2006 to 2050 in 2017. In recent years, both terms “metabolomics” and “metabonomics” are
used interchangeably* while the usage of “metabolomics” is more frequent. For example, a search

on Science Direct https://www.sciencedirect.com/search returns 14427 and 1019 manuscripts

published between 2014 and 2018 using terms “metabolomics” and “metabonomics”, respectively.
Therefore, in this thesis, the term metabolomics will be used to refer to both types of analyses.

The metabolome consolidates the influence of genomic, transcriptomic, proteomic, biological, and
environmental factors and, therefore, is a reliable indicator of the status and perturbations of a
phenotype. Metabolomics can be executed via global (untargeted) and targeted approaches. A
global metabolomics analysis focuses on the holistic acquisition of data for as many metabolites
as possible in a given sample. This type of analysis may include incomplete or partial qualitative
identification of metabolites and utilize relative quantification in order to establish key metabolites
affected by a given treatment and use the resulting information to generate new hypotheses.’
However, the global approach has a high risk of false discoveries because it lacks standard
references for many metabolites, frequently exhibits poor quantitative performance for various
metabolites, and is plagued by numerous confounding factors that may impact data
interpretation.*® In contrast to global metabolomics, a targeted metabolomics analysis provides
absolute quantification of a limited number (tens to hundreds) of known metabolites and uses an
extensive set of authentic reference standards. This decreases the risk of generation of analytical
artifacts but will not be able to detect the markers which are not included in the initial set of

targets.’ A review of metabolomics approaches is provided in Section 1.2.


https://www.sciencedirect.com/search

The combination of targeted and global strategies in a single study helps to minimize the intrinsic
limitations of each. The current metabolomics discovery paradigm includes a global study to
generate a hypothesis using one cohort of samples, followed by targeted analysis of selected
differentially regulated metabolites in a second independent cohort to validate the findings. For
example, in the metabolomics study of blood plasma from patients treated with rosuvastatin,
metabolites whose concentrations were significantly altered by rosuvastatin treatment were
detected, and identified and then, the list of a priori selected relevant metabolites was quantified
via a targeted metabolomics approach.®This allows verification of de novo discovered putative
biomarkers and/or expansion of the list of targets to ensure better coverage of selected pathways
using targeted approach. Another strategy used in this study was a parallel analysis of lipid and
non-lipid metabolites using distinct sample preparation and liquid chromatography (LC) — mass
spectrometry (MS) methods optimal for each. This increased metabolome and pathway coverage
and allowed to comprehensively integrate perturbations between lipid and non-lipid pathways.
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 coverage of metabolites of specific
interest to a particular disease or condition to provide more detailed information about the patient
health status. This approach was used in the LC-MS profiling of polar metabolites in serum after
liquid-liquid extraction (LLE) in order to identify unique biomarker profiles for cervical cancer in
patients with human papillomavirus infection.” They 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 biomarkers in samples from the same
patients. The combination of the results improved the quality of diagnostic biomarker panels and
the stratification of patient risk groups and decreased study time. Another example of the combined
approach is in the study of the protective effects of traditional Chinese medicine against systemic
inflammation in rats.!° This study combined global profiling of metabolites in serum by GC-MS,
targeted profiling of fatty acids by LC-MS, and ELISA-based 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 (global and targeted) biomarker set enabled better quality for the



stratification of rats exposed to different anti-inflammation therapy. Therefore, the combined
analysis may be extended to different types of biological samples and provide early and more

detailed scientific data compared to global metabolomic analysis 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 analysis of polar and mid-polar metabolites extracted from the blood of patients
with different subtypes of bipolar disorder (BPD). The disease was selected due to its socio-
economic impact (affects up to 1% of adult Canadians) and the lack of objective tests'!2 for the
differential diagnosis of BPD from other disorders related to the central nervous system
(CNS).!31%15 The disorder manifests symptoms of depression, which is occasionally interrupted
by switches to manic or sub-manic mood states. The neuroendocrine background demonstrates the
dysregulation of the hypothalamic-pituitary-adrenal (HPA) and hypothalamic-pituitary-thyroid
axis (HPT)!¢ (Figure 1.1). For example, the hyperactivity of HPA associated with elevated levels
of the corticotropin-releasing hormone (CRH), adrenocorticotropic hormone (ACTH), and cortisol
is considered one of the major neuroendocrine abnormalities in depression and in BPD.!®!
Another abnormality is the HPT dysfunction which is manifested by the enhanced activity of
thyrotropin-releasing hormone (TRH) and blunted thyroid-stimulating hormone (TSH) response
to injections of TRH.'® Finally, as it is shown in Figure 1.1, the increased activity of the HPA axis
has a negative effect on the HPT axis.!” However, 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 advantages of global
and targeted approaches and enables us to study the contribution of the HPA-HPT axis in BPD
and discover new associated biomarkers. We proposed to execute these combined metabolomics
analyses based on the robust methanol-based precipitation with wide metabolome coverage'® and
analyze samples using reversed-phase (RP) and hydrophilic interaction (HILIC) chromatography
coupled to high-resolution quadrupole time-of-flight mass spectrometer (QTOF-MS).
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Figure 1.1. Hypothalamic-pituitary thyroid (HPT) and hypothalamic-pituitary-adrenal (HPA)
axis, external factors (stress and circadian rhythm), key regulatory metabolites, and peptides
involved in the pathogenesis of BPD. Regulation of HPA and HPT activities is executed via
activation (green), modulation (blue), inhibition (red), and biotransformation (black) scenarios.
Corticotropic releasing (CRH) and thyrotropin-releasing hormones (TRH) are produced in the
hypothalamus. TRH stimulates the production of thyroid-stimulating (TSH) hormone in the
pituitary gland, which is released to the vascular system and increases the production of thyroid
hormones thyroxine (T4) and relatively smaller amounts of triiodothyronine (T3). These hormones
are distributed via the bloodstream, regulate multiple peripheral processes, and also provide
feedback inhibition of TSH and TRH in the CNS. Inactivation of T4 to T3 is executed by the
deiodinase system in various tissues. In the HPA axis, CRH stimulates the truncation of
proopiomelanocortin (POMC) into adrenocorticotropic hormone (ACTH). The latter is distributed
via the bloodstream to hormonal glands and stimulates the synthesis of cortisol, epinephrine, and
norepinephrine. Cortisol is released into the bloodstream and controls multiple functions,
including feedback inhibition of HPA. Activated HPA inhibits the HPT axis via increased synthesis
of dopamine and beta-endorphin.

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

resolution MS as needed. The study aimed to achieve the following goals: (i) detection and



identification of differentially expressed metabolites and corresponding pathways in the global
analysis; (ii) absolute quantitation of neurotransmitters and hormones involved in HPA and HPT
regulatory networks and circulating in the blood such as TRH, TSH, T4, T3, dopamine, [-
endorphin, serotonin, CRH, ACTH, cortisol, melatonin and catecholamines (Figure 1.1); (iii)
absolute quantitation of several members of synthesis pathways for metabolites listed in (i1); (iv)
verification of putative biomarkers and pathways discovered during the global analysis and finally
(v) construction of the targeted-global biomarker sets capable for the stratification of patient
cohorts.

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

820722 119721

used nuclear magnetic resonance (NMR)! or LC-M in either targeted”? or globa
metabolomics approaches. These studies used the same classical solvent precipitation, which was
also proposed in our study. These studies assigned a significant number of plasma metabolites
representing systemic pathways (choline, myoinositol, amino acids, biotin, pyruvate, linoleic acid,
4-aminobutanoic acid (GABA), 3-hydroxybutyrate, betaine, creatinine, 3-methoxy-4-hydroxy-
phenylglycol (3-MHPG), phenylacetic acid) as putative biomarkers. All of these metabolites are
highly abundant in plasma, with GABA present at the lowest concentration (approximately 0.1
uM in healthy individuals as reported in the Human Metabolome Database (HMDB) v 4.0.23-24

Highly abundant metabolites participate in multiple systemic pathways which may be redundant
between different diseases. For example, pathways affected in BPD (acetyl-cholinergic,
GABAergic, noradrenergic, dopaminergic, serotonergic) are very similar to the list of those in
schizophrenia (dopaminergic, serotonergic, glutamatergic) and in major depression disorder
(GABAergic, serotonergic, noradrenergic).>>° The most outstanding example of metabolite and
pathway redundancy was published recently by Lindahl et al.>’ The topic of this research was not
focused on CNS disorders and BPD but demonstrated the systematic limitations in sensitivity and
coverage of current metabolomics studies. Thus, the LC-MS analysis of methanol-precipitated
plasma of several distinct diseases demonstrated an overlap of 61% (out of 178 of all putative
biomarkers) between non-related diseases (non-Hodgkin lymphoma, congestive heart failure, and
infectious pneumonia). Moreover, even the identified metabolites which appeared as specific to a
given disease tested in the study (phenylalanine, lysophosphatidylcholines (O-18:0) and (20:5),
and androsterone sulfate) have been reported to be specific to other diseases in previous un-related

studies.



In sum, sample preparation and LC-MS methodologies used in current global metabolomics
studies of plasma demonstrate a general tendency to discover systemic, highly abundant putative
biomarkers with low specificity to a particular disease. Therefore, in my study, the development
of new approaches for global metabolomics analysis with better sensitivity and coverage was
prioritized over proceeding with the immediate execution of another biomarker study prone to the
generation of another list containing nonspecific biomarkers. Ultimately, the limitations of current
global metabolomics approaches could not support the long-term goal of discovering and
introducing objective BPD diagnostic biomarkers into clinical practice.

A global or targeted metabolomics analysis of biological specimens generally follows the typical

33,34, cell

workflow depicted in Figure 1.2 and may be applied to studies of biofluids 22, tissues
cultures*?, and breath.’® The subsequent sections will describe in detail common metabolomics

approaches employed for biological fluids.

1.1.2 Study design and selection of biological fluids for metabolomics analysis

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 parameters that will be used to segregate study cohorts, cohort sizes, and the enrollment
criteria for the subjects of the study.*®*” The selection of a sample source(s) to use for a given
study is determined by the expected availability 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 frequently used bio-fluids: 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 non-invasive and does not require specialized medical
attention or space. It contains water-soluble 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 from 4.5 to 7.5, and its osmolarity ranges from 570 to 800

mOsm/kg.*



1.2 Overview of common LC-MS metabolomics approaches for the analysis

of biological fluids
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Figure 1.2. General workflow of metabolomics analysis. Reproduced/Adapted from®® with
permission from The Royal Society of Chemistry.

The concentration of metabolites in urine varies fold-wise depending on a number of factors,
including hydration and kidney status, which mainly determine urine volume and analyte
concentrations.’**® The inter-patient differences in volumes can be corrected by several
approaches, including concentrations of creatinine, osmolality/osmolarity, specific gravity, or total
mass spectral signal®**?. Urine is widely used in targeted and global metabolomics studies,
clinical, toxicological, and doping control analysis.**

Cerebrospinal fluid (CSF) occupies subarachnoid spaces around the brain, ventricles, cisterns,
and sulci inside the brain and the central canal of the spinal cord. The metabolite composition of

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

for studies on neurodegenerative disorders, drug pharmacokinetics, and CNS regulation.*



However, high invasiveness and risk of CSF sampling preclude the routine usage of this sample
source in clinical and “-omics” analysis.*®

Saliva is excreted by salivary glands into the mouth cavity where it is mixed with transudate of
buccal mucosa, secretion of gingival cavities, and the contents of the mouth, resulting in the
generation of oral fluid.** Sampling of oral fluid is non-invasive and does not require medical
supervision. This improves participants’ enrollment and study completion rates. The
concentrations of several metabolites in oral fluid are known to correlate well with their
concentration in blood. For example, the 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
Cushing’s syndrome and Addison’s disease.’*>* The ease and feasibility of oral fluid collection
enable longitudinal and continuous sample collection during various activities in a non-restricted
environment, which would be unfeasible for the sampling of other biofluids.’* Oral fluid consists
of approximately 99% water, 40-140 mM electrolytes, metabolites, proteins, bacteria, epithelial
and blood cells, cell debris, and food remnants.’*> Total 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 corrected between individuals based on calculated blood volume and, potentially,
osmolarity.>®>

Blood plasma and serum are cell-free derivatives of whole blood and obtained by blocking or
permitting a coagulation cascade, 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 with a larger number of organs and tissues and acts as a
primary metabolite carrier. Therefore, blood metabolome composition may be indicative of a
larger number of pathophysiological processes in an organism than other biofluids.®’ In addition,
the long-time usage of blood as a diagnostic specimen in clinical analysis and “-omics” studies
may provide additional information regarding the interpretation, and known reference ranges for
metabolites of historical clinical interest. Subsequently, blood is used widely as a sample source
in metabolomics analysis. Blood consists of white and red blood cells, 92-95% of water in addition
to gases, electrolytes, salts, lipid and non-lipid metabolites, peptides, proteins (up to 7% w/v),
extracellular vesicles, and cell debris.®"*%? The total ion concentration in healthy plasma is 270-295

mM and comprises of major ions such as Na*, CI~ and HCOs". The pH of collected plasma is



maintained between 7.35 and 7.45 and determined mostly by the bicarbonate/carbonic acid
ratio.x.%** Homeostasis of blood is maintained by multiple mechanisms. Unlike urine and oral
fluid, the blood volume is under homeostatic control by several mechanisms, including Na-
dependent filtration in kidney glomerulus.®

Each of these four biofluids has different metabolite composition, but many metabolites may be
detected in more than one of the biofluids. Therefore, the analysis of several biofluids 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 thesis will focus on the evaluation of oral fluid and blood, while CSF and urine

will be omitted from further discussions.

1.2.1 Sample collection, pre-processing, and storage of samples for metabolomics
analysis

The collection of a representative sample, its modification without loss of integrity, and the
preservation of metabolite profiles until analysis are critically important to ensure the success of a
metabolomics study. Typically, sample integrity is preserved via metabolism quenching or, if not
executed, by the use of cold temperatures to minimize enzyme activity. Blood samples are usually
collected into tubes containing anticoagulants to inhibit clotting. For the production of plasma,
tubes are centrifuged at +4°C and the upper, cell-free layer is distributed into clean tubes and stored
at below - 20 °C for further analysis. The most common anticoagulants for plasma preparation are
ethylene diamine tetra-acetic acid (EDTA), cationic salts of heparin, citrate, and occasionally -
fluorides. All of them effectively stop the coagulation cascade, but the suitability and the influence
of a particular anticoagulant on the quality of metabolomics results is the subject of discussion in
the literature.%*%” In contrast to the blood plasma preparation, a serum is prepared from blood
without additives. For serum isolation, the coagulation (clotting) process is allowed to proceed for
30-60 min at room temperature. Then, coagulated blood is centrifuged, and the upper, cell-free
phase is collected for further analysis.®® Typically, 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 serum. Preparation of both plasma
and serum requires relatively expensive equipment and a minimal volume of several hundred

microliters. In the case of equipment shortage or volume limitations (newborns) the plasma can be



substituted by whole blood collected via finger-prick tests and dried blood spots.® However, the
assays executed on these samples may suffer from the presence of metabolites from blood cells,
which will complicate analysis and interpretation of results due to increased complexity, artifacts
and decreased reproducibility. Thus, blood collection remains an invasive and challenging
technique, which raises a significant interest in oral fluid as an alternative sample source. Oral
fluid can be collected directly into sterile, 50 mL Falcon tubes by spitting or by oral swabs of
various shapes after rinsing of the mouth to remove food debris.>* If the study requires the
collection from a specific salivary gland or continuous collection, the acquisition could be
executed with special devices or capillary tubes.”® Collected samples are then immediately placed
at +4 °C or centrifuged if the removal of glycoprotein (mucin) clot is required and then stored at

below -20 °C.>%7
1.2.2 Sample preparation and LC-MS analysis

1.2.2.1 Global metabolomics analysis of biological fluids

1.2.2.1.1 Sample preparation

The objective of global metabolomics is to analyze the maximum number of metabolites with
diverse physical-chemical properties. Various metabolites and metabolite classes may require
special considerations in sample preparation 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 metabolite losses inherent in the use
of more selective sample preparation methods.*® Thus, the analysis of samples in the native state,
or after minimal sample manipulation, i.e., sample dilution and/or solvent-based (methanol,
acetonitrile, ethanol) protein precipitation is the most frequently used sample preparation approach
in global metabolomics of biofluids.”'”7 Protein precipitation using an organic solvent is the
leading method for a global metabolomics analysis of blood-based derivatives and oral fluid due
to the low cost, high sample throughput, excellent reproducibility, and wide metabolome

coverage.’®
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1.2.2.1.2 LC-MS in metabolomics

Currently, global metabolomics is frequently executed by NMR or mass spectrometry (MS) with
or without coupling to separation techniques. High-resolution NMR is a non-destructive technique
that generates quantitative, reproducible signals which are informative of the chemical structure
of compounds and provides good inter-laboratory similarity of the data. The main disadvantages
of NMR are large sample volumes and low sensitivity/poor limits of detection, which result in
lower metabolite coverage (typically < 100 metabolites) than MS-based methods.>”” Among
separation techniques, gas chromatography (GC) is limited to volatile and thermostable
compounds and capillary electrophoresis (CE) to hydrophilic, charged molecules. Besides, CE-
MS has a limited sensitivity due to the use of makeup fluid.

Compared with GC-MS and CE-MS, LC-MS is applicable to a wider range of metabolites, which
makes it one of the most popular strategies for global metabolomics. The LC-MS analysis is
typically executed on high-resolution 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 to 1,000,000 FWHM depending on the model and
acquisition method). In addition to high resolving power, these modern MS instruments also
provide high mass accuracy (< 1-2 ppm) when coupled with internal mass calibration. Due to the
versatility and potential high metabolite coverage, LC-MS analysis will be used in the current
study. Combining multiple analytical techniques beyond just LC-MS can be used to increase
metabolite coverage but increases the cost of analysis and is typically employed for deep mining
of metabolome composition®”:¢!

The versatility of chromatography columns, which, when combined strategically, may allow the
retention of molecules with orthogonal properties and increase metabolome coverage via parallel
analysis of the same sample. LC reduces sample complexity in the ionization source and
subsequent matrix effects,’®> which increases metabolite coverage.”” A frequent combination in
metabolomics includes the analysis of the same sample on a reversed-phase (RP) column
consisting of octadecyl alkyl (C18) and hydrophilic interaction liquid chromatography (HILIC)
which provide complementary retention and separation of less polar (RP) and more polar/charged
(HILIC) metabolites.> The RP C18 retains nonpolar compounds via hydrophobic interactions,
which are eluted by a mobile phase with gradually decreasing polarity. The process is reversed in

HILIC, where the partitioning occurs between the nonpolar mobile phase and a 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
interactions driven by electrostatic and/or hydrogen bonding forces. The stationary phase
employed in zwitterionic ZIC-HILIC incorporates both positive and negative moieties which
provide electrostatic interactions with positively and negatively-charged functional groups of the
analytes. 3 ZIC-HILIC separations in performed near neutral pH improve the retention of a large
set of anionic, cationic and zwitterionic metabolites,®! estimated to represent up to 78% of non-
lipid metabolome in HMDB in 2013.8? ZIC-HILIC retained higher number of metabolites and
produced signals with better peak shapes compared to several other HILIC columns®!®® This
makes its usage advantageous to increase the metabolome coverage. When coupling RPLC or ZIC
HILIC to MS, volatile mobile phases must be used. Thus, formic and acetic acids, ammonium
formate and acetate, and other volatile acids or salts are used to improve chromatography and/or

ionization efficiency.

1.2.2.1.2.1 Ionization of metabolites in ESI

The ESI source is an interface that connects LC to MS and is the most frequently used ionization
method in global metabolomics. Electrospray ionization occurs in the electrostatic field at
atmospheric pressure in the interface between a nebulizer and the MS inlet. The field is formed by
applying a voltage (typically in the range of 2000-4500 V) between the nebulizer and MS inlet. If
a positive voltage is applied on the nebulizer, it generates a “plume” with positively charged ions
(+ve) ESI, and negative in (-ve) ESL.¥ An electrospray ionization combines droplet surface
ionization, gas-phase ionization and in-solution ionization. If the number of analyte molecules in
the ESI source exceeds the limited amount of charge available at surfaces and in gas phase for the
formation of ions, the ionization process becomes highly competitive and leads to the generation
of matrix effects.37 Thus, ionization matrix effects are manifested by a change in analyte signal
intensity produced 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 tandem mass spectrometry (MS/MS) is one of the tools used in order to aid the identification.

This can be accomplished in two conceptually different ways: data-dependent acquisition (DDA)
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and data-independent (DIA) acquisition. For DDA, the selection of precursor ions for
fragmentation is executed by data-acquisition software based on user-defined prioritization
criteria: for example, the highest relative abundance and isotopic pattern of the precursor ion or
the presence of diagnostic ion. The DDA attempts to collect MS/MS spectra from 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 complexity. In this case, processing algorithms as “ms-Purity”,
“iterative exclusion -omics”, and acquisition protocols such as gas-phase fractionation (GPF) can
be used.®®* They improve DDA limitations such as precursor impurity, limited spectral coverage,
and increase the number of features with collected MS/MS spectra.”® In contrast to DDA, the DIA
method fragments all ions within the selected m/z range simultaneously but the assignment of
fragments to precursor ion is complicated compared to DDA. Examples of DIA approaches are:
(i) an alternating wide m/z range scan collected at low or high collision energies (MSF) and (ii)
SWATH or Sequential Window Acquisition of all Theoretical Mass Spectra, in which
fragmentation is applied on groups of ions isolated in sequential windows of 20-50 Da. Compared
to MSE, SWATH approach simplifies the reconstruction of a lineage between precursors and
fragment ions and improves spectra quality. Finally, the MS/MS spectra, which are acquired in the
course of a global metabolomics study using DDA, DIA, or targeted MS/MS strategies, enable the
elucidation of metabolite structures and assist in confident metabolite identification. These
operations require specialized computer algorithms, databases, and libraries, which facilitate the

processing and analysis of large datasets.”"”

1.2.2.1.4 Processing of MS and MS/MS data

The analysis of raw LC-MS data is very complex and is executed using computer-based algorithms
included in commercial software packages such as MassHunter™ (Agilent Technologies),
Xcalibur/Compound Discoverer™ (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 features. A single metabolite may yield many
features including different adducts, isotope peaks, and singly/multiply charged ions. After
alignment of feature RT 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% effective. Then,
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remaining signals are used for further processing, where isotopes and adducts likely belonging to
a single metabolite are grouped together. To these putative metabolites, molecular formula is then
assigned. If necessary, the complete elucidation of the structure of metabolite is carried out in a
multi-step process and requires the use of additional equipment (Section 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 of the data. In addition,
the lack of authentic 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 confident identification of the targeted analytes.

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 can be executed according to their biological
roles or in a class- and/or pathway-specific manner depending on the objectives of the study.”**°

The knowledge of chemical/physical properties of analytes and the overall limited number of target
metabolites enables the use of analyte-tailored sample preparation and instrumental techniques.
Together, these analyte-specific strategies can yield higher sensitivity of a 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 solid-phase extraction (SPE). Despite its higher cost, SPE
usage can provide a drastic reduction of interferences and higher sample pre-concentration than
solvent extractions.”® Moreover, the knowledge of the targets’ properties and their relatively small
number facilitate the adjustment of LC methods to resolve targets of interest from coeluting
impurities and reduce matrix effects. Samples are typically analyzed using RP or HILIC method
in (+ve) and (-ve) ESI, depending on the properties of the target analytes. Among RP methods, the
use of columns with CI8 stationary phases is the most popular, while for HILIC methods,
underivatized silica, amide, and zwitterionic phases are predominant.”**'Beyond enrichment
during sample preparation and resolving impurities by LC, targeted metabolomics approaches
achieve better sensitivity than untargeted metabolomics by using triple quadrupole MS (QQQ).
These instruments can be set-up in the selected reaction monitoring (SRM) or multiple reaction

monitoring (MRM) modes to monitor selected transition(s) of precursor ion to product ion(s). This
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can considerably reduce noise and enhance signal-to-noise (S/N) ratios, thus resulting in lower
limits of detection.

The identification of metabolites in targeted metabolomics is facilitated by the availability of
standards for metabolites 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 absolute quantitation of metabolites using multipoint calibration curves for
every target metabolite. A less labor-intensive, semi-quantitative approach is also frequently used
in targeted metabolomics studies and utilizes a single, class-specific internal standard (IS) for
quantification of multiple metabolites. This approach relies on the similarity of ionization behavior
between metabolites of the same class and is frequently used for the quantitation of lipids.”’
However, different retention times between target analytes and the class-specific standard may

result in different matrix effects and reduce quantitation accuracy.”®

1.2.3 Quality assurance and quality control

Quality assurance (QA) addresses and recommends the activities the laboratory should undertake
to provide confidence that quality requirements will be fulfilled, whereas quality control (QC)
describes the measures that are used to minimize factors that negatively influence the data quality
(Figure 1.3).!° QA includes activities such as laboratory personnel training, regular instrument
maintenance, instrument calibration, and introduction of standard operating procedures and other
quality management systems into the laboratory, including QC samples.

Among those are QC samples, which are used to control the performance of a method and
equipment and the correction of analytical variability in data.'” 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 sources of
irreproducibility via the use of replicates (biological and technical). Therefore, QC analysis
provides a significant amount of information, which requires appropriate data visualization.
Control charts and/or principal component analysis (PCA) speed up the analysis of system stability
and help to detect systematic and random variability by visualization of samples or metabolites

within the space scaled by these graphs. 10101
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Quality assurance and quality control are similar in many aspects between targeted and global
metabolomics studies. However, unlike in global metabolomics, targeted metabolomics methods
can be fully validated according to regulatory guidelines to establish their accuracy, precision, and
limit-of-quantitation. Although there are currently no specific guidelines for metabolomics, the
guidelines of the U.S. Food and Drug Administration (FDA) for bioanalytical method validation
are often employed.!?? Another difference used in the targeted approach is the necessity to prepare
and inject samples representing a calibration curve together with analyzed samples. In addition,
during each targeted metabolomics analysis, additional QC samples are used beyond what is used
for global methods to ensure method accuracy.

In particular, FDA guidelines recommend the preparation of QC samples in the matrix identical to
the calibration curve at three concentrations (low, mid-range, and high) from stock standards

different than the one used for the calibration 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 methods. For both global
and targeted metabolomics approaches, QA and QC procedures provide tools and practices, which
are used to control, correct and accept the dataset prior to submitting it to statistical analysis or

biological interpretation.

1.2.4 Statistical analysis

In the simplest approach, applicable when comparing only a few metabolites, the results of relative
metabolite quantitation can be evaluated via univariate statistical methods such as the t-test. The
testing of multiple hypotheses must be corrected by adjusting p values using correction algorithms
such as Bonferroni, false discovery rate (FDR), or others.!% Volcano plots may be used to visualize
metabolite fold-changes and significance, whereas analysis of variance (ANOVA) can be used for
comparison of multiple groups. However, these univariate approaches are better suited for
hypothesis-testing in targeted metabolomics.

For global metabolomics or targeted methods that cover a large number of metabolites,
multivariate statistical approaches are preferred. The selection of individual differential
metabolites may be executed using multivariate methods such as PCA and partial least square
differential analysis (PLS-DA). PCA is an unsupervised multivariate method and applied to the
full dataset. PCA reduces data dimensionality by constructing two or three (or more) orthogonal
variables named principal components and allows the visualization of the data and its variability
on multidimensional graphs. PCA aids to reveal inter-cohort and inter-sample variability and
detect outliers amongst samples and to make decisions whether an analytical batch is suitable for
further data analysis and interpretation.'® In contrast, PLS-DA is a supervised multivariate
method, which aims to maximize covariance between independent (signal readings, for
example) and dependent (groups) variables to find subsets of exploratory variables, which are
subsequently used to build prediction or classification models of dependent variables.!** In
other words, PLS-DA may define groups of metabolites, which can classify samples to groups
relevant to the studied biological or clinical phenomena with the advantage of higher specificity
and selectivity but requires a heteroscedastic distribution of variables in groups, which is rarely
observed in biological experiments.'®>!% These biomarkers should be further verified for the
ability to differentiate cohorts using receiver operating characteristic (ROC) analysis. The ROC

analysis is a graphical tool that calculates and shows how the true positive rate (i.e., sensitivity)
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changes with the false positive rate (i.e., 1—specificity) in a graphical manner. Observation of a
sharp increase in the true positive rate versus a minimal increase in a false positive rate is a
desirable shape of a ROC curve, and the area under the curve should be as close to 1 as possible.'?’
Therefore, a typical outcome of a properly designed, executed, and analyzed study at this stage is
just a handful of metabolites. These differentiating metabolites are then prioritized for their

identification.

1.2.5 Identification

The identification of metabolites in MS-based metabolomics requires the spectra of ions generated
by ESI as described in Section 1.2.2.1.2.1. The ions produced from the original molecule form an
isotopic pattern (also called “envelope”) consisting of (M, M+1, M+2, etc.) ions with m/z and
signal strengths dictated by the charge, adducts, elemental composition of a molecule, 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 on HRMS’s
provision of accurate m/z, relative intensity, and spacing of isotope peaks from each other 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 or “level 3” identification.!®® More confident identification designated as
“putative” or “level 2” identification can be achieved in the absence of authentic standard by
comparing MS! and fragmentation (MS/MS) data of unknown compounds to reference spectra in
external or in-house spectral libraries.’

Further, the possible existence of many isomers with the same or similar MS/MS spectra may
require additional experiments such as ion mobility separation (IMS), spectroscopy, or NMR.
Therefore, a minimum of two independent and orthogonal data sets confirming identical structural
properties between an unknown compound and authentic standard analyzed under identical
experimental conditions are required for a confident identification, which is designated as
“validated” or “level 1”.!% Identification at levels 1 and 2 is required for confident interpretation
of the experimental data in the context of biological processes and pathways.’

The effort spent on the identification 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 identified or attempted to be identified using existing
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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 reliable biological interpretation.?®

1.2.6 Biological interpretation of the data

A comprehensive, computerized biological pathway interpretation of untargeted metabolomics
datasets is still under development and currently requires the compilation from several databases.
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 model organism.**!1%!!! In addition, a web-based tool such
as MassTRIX can be used for a simultaneous identification of metabolites and their annotation to
to pathways using metabolite MS/MS fingerprints for the search in HMDB, KEGG and
LipidMAPS.!!? Moreover, chemical class ontologies can be computed for metabolites 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
enzymes, that interact with a given metabolite and thus, aid in hypothesizing on the metabolite’s
biological role.!!>!1*Also, metabolites can be assigned to biological and gene ontology terms by
querying large repository databases such as UniProt. However, this process is manual and tedious
because not all metabolites have yet been linked to gene ontology terms.!''® Finally, metabolites
can be assigned to pathways or biological processes using literature searches or by querying a
metabolite repository database such as HMDB.?* The resulting biological function/pathway
assignments are used to evaluate and group putative biomarkers according to their biological
function and to increase the confidence for hypothesis formulation and planning of further

biological or clinical studies.'%

1.3 Key challenges in global metabolomics studies

Several challenges inherent in global metabolomics approaches can reduce data quality and
hamper the successful integration of metabolomics data into the systems biology network. These
major challenges include: (i) accurate and precise quantitation; (ii) high-confidence identification
and biological interpretation and (iii) incomplete metabolome coverage. In a routine study, the

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 be assigned to the various
stages of a metabolomics study at which it occurs: (i) pre-analytical; (i1) analytical and (iii) post-

analytical.
1.3.1 Accurate and precise quantitation

1.3.1.1 Biological variability

Biological intra- and inter-individual variability occur prior to the pre-analytical stage of a study
as a result of the influence of intrinsic biological factors, in particular, genetic, epigenetic, gender,
age and disease status.'!® External factors such as circadian rhythms, medication or supplement
intake, personal habits, and/or compliance to the fasting regime, to name just a few can also alter
metabolite levels. For example, a rapid increase in blood concentrations of various molecules can
be observed in blood samples if they are collected too soon after a meal or the administration of
drugs.''® Strict control of the time of sample collection is also critical for many metabolites due to
large (3-4 fold) circadian changes in blood or oral fluid.!!”"!'® The biological variability can also
arise due to other intrinsic biological factors, including genetic, epigenetic, gender, age, and
disease stages.'!® All these factors may produce a sporadic and unpredictable change in
concentrations of metabolites or occurrence of matrix effects in individual samples. Preventative
measures can be employed at the pre-analytical and analytical stages of the study (study design,

sample acquisition, sample, and data analysis) to minimize the influence of biological factors.'!

1.3.1.2 Pre-analytical variability

To counteract the effects of high biological variability, it is important to determine the appropriate
size and patient selection criteria for study cohorts, which can be estimated with preliminary

120 or by using permutation analysis.'?!

knowledge (literature, pilot studies) of data variability
Study design should include detailed and objective parameters for the cohort stratification (clinical
diagnosis or clinical tests), patient enrollment (age, sex, therapy, etc.), and patients’ behavior
(fasting, synchronization of visit time to circadian rhythms). These measures reduce uncontrolled
differences in behavior, physiological, and health status of study participants and increase the
detection rate of potential biomarkers.

The variability during sample collection and sample pre-processing (steps that typically occur

before the sample arrives at the analytical laboratory) may arise from the inconsistent execution of
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withdrawal and pre-processing or due to the absence/poor compliance with the standardized
operating procedures for sample collection. For example, differences in serum incubation times
(0.5 and 6 hours) resulted in significant changes in signals of 225 metabolites.'??> Another source
of variability is the inconsistent usage of blood sampling tubes, i.e., underfilling of tubes, usage of
tubes from different manufacturers or different lots, or even with different anticoagulation
compounds. This may cause the appearance of inconsistent artifacts (different anticoagulants
and/or contaminants) or induce variations in signals of endogenous metabolites. For example,
heparin, which is a large molecular weight anti-coagulant, can be easily distinguished from
metabolites on the one hand but increases MS background signals across a wide range of
masses.®”!?* Heparin may be replaced by potent anticoagulants, including citrates or EDTA. These
compounds chelate calcium ions and, therefore, quench the activity of many Ca-dependent
enzymes (inhibiting the clotting cascade), and citrate also acts as an anti-oxidant.”* 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 variability.® Furthermore, citrate is an endogenous
metabolite, so the use of this anti-coagulant impedes the measurement of this metabolite
Hemolysis is another frequent source of variability which occurs due to traumatic venipuncture,
vigorous shaking of a blood tube, and/or high centrifugation forces. Hemolysis has been reported
to affect signals of up to 21% of plasma metabolites.'*

Finally, QC at the preanalytical phase should aim to: (1) monitor the compliance of actual
operations to standard operating procedures (SOP); and (ii) assess and document sample quality
status/appearance (hemolysis, lipemia, and icterus) and remove samples of poor quality as
described in the Canadian “The visual assessment guide”.'?® However, instrumental methods are
needed for the assessment of a low degree of hemolysis, such as the estimation of free
hemoglobin.'?” In addition, lipemia is known to interfere with regular clinical assays, and few
instrumental methods for its assessment are available.''® Furthermore, the elevation of
triglycerides and other lipids in a lipemic sample can diminish the quality of LC separation and
reduce column lifetime, but the frequency of this occurrence was not reported in the literature to
the best of my knowledge. Regarding bilirubinemia (icterus), an isotope dilution LC-MS method
may be used as the reference method for the assessment of interference of bilirubin on clinical

creatinine tests.'?®
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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 for pre-processing, which decreases the risk of artifact
detection associated with anticoagulant or antioxidant use. However, collection devices that are
frequently used for the collection of oral fluid could introduce polymers and contaminants. Second,
oral fluid is in direct contact with the environment, which 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 patients due to individual differences in salivary
production and health status.>*!'?° 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, or the sample can be extracted as-is. These factors need
to be controlled by including into the study the analysis of collection blanks, rigorous control of
patient selection and behavior, as well as the normalization of salivary 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 preferred approach to preserve sample
integrity over the long-term. In addition, the integrity of samples can also be affected by repetitive
changes in their physical status, which occur during the freeze-thaw process.’® Therefore,
continuous handling of samples on ice and their storage at or below -70°C in small aliquots to
avoid the need for repeated freeze/thaw cycles are strongly recommended practices for all

metabolomics studies.’”'%

1.3.1.3 Analytical variability

Analytical variability includes all steps of sample preparation and LC-MS analysis. The most
complex sample manipulations are executed at this stage. Moreover, 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 extraction and 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 solvent-based extraction is one of the simplest and most robust methods and

is frequently used for global metabolomics. It relies 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 phase. In this workflow, inconsistent
metabolite recovery may occur due to (i) inconsistent co-precipitation with proteins; (ii) non-
specific adsorption to the surface of the extraction vessel; (iii) poor solubility in the extraction
solvent and/or reconstitution solvent; (iv) saturation of solvent by excessive metabolite(s)
concentration and (v) inconsistent execution of quenching measures.

Therefore, the extraction procedure should: (i) have comprehensively characterized analytical
performance for the sample type; (ii) incorporate blanks, standards, quality control, and reference
materials in parallel with processed samples (iii) be reproducible and have a minimum number of
steps; and (iv) incorporate metabolism quenching measures to ensure metabolite stability. These
measures preserve sample integrity, control the analytical performance of methods, and help to
reduce/avoid the introduction of artifacts. They also provide a means to trace back/troubleshoot

the extraction process.

1.3.1.3.2 LC-MS variability in untargeted metabolomics

The accuracy of relative quantitation in untargeted metabolomics is not generally evaluated. This
stems from a lack of authentic standards for all metabolites, poor compatibility of procedures with
all classes of metabolites, a large dynamic range of metabolite concentrations, and poor availability
of reference materials, to name just a few. Another merit of quantitation, method precision, can be
measured if multiple replicates are used. The accumulation of variability from both pre-analytical
and analytical (sample handling, preparation, and LC-MS) phases should be considered and
segregated, if possible, for troubleshooting purposes.

The variability in data can 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 instability, and consecutive batch effects. The analysis of a sample batch,
or a sub-batch (created by dividing sample set if the throughput of analytical methods is limited),
can be regarded as the continuous process of analysis of a group of samples under similar analytical
conditions executed within a particular time frame. In this case, differences and drifts in retention
times, signal intensities, and MS spectra may occur within and between batches across the analysis
time and cause inter-and intra-batch signal drift. In untargeted metabolomics, systematic biases

can be detected 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 analysis.!**!3! In addition, random error(s) will also
occur as a result of sporadic events. There is a particular assumption in the segregation of
systematic and random errors, because the “random” is attributed to the repeatable occurrence
within observer’s perception limits, for example in time or sensitivity. By other words, random
error may occur repeatedly but at the observation level appear only randomly. Both, hidden and
real random error do not form a particular pattern and may be caused, for example, by a carry-over
or uncontrollable LC or MS drifts due to sampling or run-specific factors.'*?

Therefore, in order 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 in Section 1.2.4 and metabolism quenching recommendation (Section 1.3.2.1).
The measures which are specifically relevant to LC-MS analysis include control of contamination
(analysis of blank mobile phases) and ensuring signal precision: (i) external and internal MS
calibration; (i1) assessment of instrument suitability; (iii) randomized injection order to minimize
systematic error and reduction in the size of analysis batches; (iv) regular re-analysis ’® of QC
samples throughout analytical batch; (v) use of IS spiked before LC-MS and (vi) control and
elimination of a carry-over.’®!33

The acceptability thresholds for the signal precision are not yet agreed upon throughout the
metabolomics community for non-targeted metabolomics studies. The acceptable values for QC
samples vary between publications from 20%. to 30% relative standard deviation (RSD).”®” For
lipidomics, the data quality threshold proposed in the community-initiated white paper by Burla
et al. is a maximum CV of 20% for pooled QC sample analysis.!'>*

Finally, the analytical stage provides an ultimate point to acquire metrics necessary for the
identification and troubleshooting of sources of the variability, evaluation of signal repeatability
(intra- and inter-day, for example), correction, and elimination of low-quality metabolites or the
rejection of the whole dataset.>!** In global metabolomics, metabolite quantitation, in the absence
of authentic standards, is executed in a relative manner for all of the thousands of metabolites. The
detection of a differential biomarker depends critically on ratios of peak areas for a given
metabolite across all samples, and a low method variability is crucial for the success of biomarker
discovery. In particular, accuracy of biomarker levels across cohorts may be impacted by poor
signal linearity, detector saturation, and/or differences in inter-patient matrix effects and may lead

to false biomarker detection.
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1.3.1.3.3 LC-MS variability in targeted metabolomics

In contrast to relative quantitation, absolute quantitation in targeted metabolomics requires the
control of both accuracy and precision. One of the most difficult tasks in the preparation of
calibration standards is the compensation for composition differences and matrix effects between
calibration points and study samples and the fact that metabolites are endogenous analytes.
Therefore, it is often not possible to obtain blank biological samples that do not contain the
metabolites of interest. In order to use matrix-matched calibration and provide the range of
concentrations below the smallest concentration in all study samples, targeted endogenous
metabolites need to be removed. This can be executed by various methods, including solvent
precipitation, (LLE) and SPE (charcoal stripping, for example). However, these processes are not
specific to targeted metabolites and significantly modify the composition of calibration standards
compared to samples.'*® To avoid this problem, a standard addition calibration method is often
used, but is extremely labor- and time-intensive. In this method, calibration point(s) are created by
adding known increasing amounts of analyte(s) to the aliquots of the sample of interest in order to
build the calibration curve, thus keeping the matrix similar between calibration points and study
sample.'*” Finally, IS calibration is common in metabolomics, especially in targeted workflows.
The use of stable isotope-labeled (SIL) IS, where one or several hydrogens, carbon-12, or nitrogen-
14 in a molecule are replaced by deuterium, carbon-13, or nitrogen-15, respectively) can help to
compensate for matrix effects and improve method accuracy and precision. Ideally, the molecular
weights of isotopologues should differ in mass > 3 Da to prevent an overlap of their isotopic
envelopes, inaccurate measurement of ion signals and erroneous quantitation. Calibration with SIL
IS relies on the introduction of a constant amount for each metabolite of interest into samples and
calibration curve points before extraction. The intensities of SIL IS are used for the correction of
signal differences caused by recovery or matrix differences and/or LC-MS signal drift over
time.'3®13% This approach is also known as stable isotope-dilution. The use of SIL IS compensates
well for matrix effects between samples because RT and ionization behavior are similar between
SIL IS and its analyte due to similar physical-chemical properties. However, in RP
chromatography, RT shifts have been observed for SIL IS containing a high number of
deuteriums.'** Even a slight difference in RT may result in the onset of different matrix effects

between the analyte and corresponding SIL IS with the subsequent errors in quantitation .'%
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However, the replacement of deuterated SIL IS by the ones with carbon-13 or nitrogen-15 (which
do not demonstrate RT shifts) is feasible but, expensive and not always available solution.

In sum, the selection of the quantitation approach requires detailed attention to analytical
performance and must be implemented with sufficient controls. The FDA Guidance for
Bioanalytical Method Validation!®? provides a set of measures which ensures accurate and
reproducible quantitation during targeted LC-MS analysis: (i) calibration curves and QCs should
be included in all analytical runs; (ii) total QCs should number at least five percent of the total
samples analyzed, or be at least six in number (low-, mid-, and high-QCs, in duplicate), whichever
is greater; (iii) the minimum number of non-zero calibrator (a calibration point with spiked IS)
levels > 6, and (iv) experimental concentrations, in at least 67% of all, and 50% of each level QC
samples should be = 15% nominal (theoretical) concentrations except of the low limit of
quantitation (LLOQ), where the calibrator should be + 20% of nominal concentrations in each run.
Repeatability with a coefficient of variation (CV) of 15% or less is acceptable for non-zero points,
except for concentrations at the lower limit of quantification (LLOQ), where a CV of 20% or less
is acceptable.!%>!*! Moreover, the execution of these stringent merits could be applied for absolute
quantitation of multiple metabolites simultaneously, as it was demonstrated in several studies
reviewed by Cajka and Fiehn.”® However, the labor for the creation of a multitarget calibration
curve, material cost (mostly SIL IS), and difficulties to maintain optimal separation requirements
on LC limit progressively the maximum number of targeted metabolites that can be used for
simultaneous absolute quantitation. On the bright side, a multi-targeted metabolomics LC-MS
assay does not require metabolite identification and generate less complex data files for processing

in the post-analytical phase.

1.3.1.4 Post-analytical variability

Unlike a targeted metabolomics analysis, global metabolomics experiments lead to highly complex
data sets and require proper data handling, which determines the quality of the 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 noise, in-source
fragments) and chromatography or peak-picking (for example, peaks with RT shifts, peak
shoulders, baseline noise) artifacts from real featured signals which represent a particular

metabolic feature including adducts, isotope, and multicharged ions. The data analysis in targeted
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metabolomics is facilitated by the relatively small 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 data quantitation. However, it is a challenging 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 the lowest signal
intensities. !+

The consistent assignment of metabolite ions is required by quantitation procedures in both
metabolomics approaches. Signals from isotopes, adducts, and multicharged ions, are grouped
together and assigned to a metabolite. Therefore, the inconsistent assembly of metabolite ions
across samples, decreases the reproducibility of relative quantification. Subsequently, special
attention should be paid to the execution of the robust data analyses and data quality (filtering
noise, peak picking, deconvolution, spectra alignment, missing values imputation), before

biological interpretation and identification.

1.3.2 High confidence identification and biological interpretation

Unlike nucleic acids and proteins, metabolites are not constructed by the linear assembly of a
limited number of building blocks (4 nucleic acids and 20 amino acids, respectively). This makes
their MS-based identification difficult. Metabolites (with some exceptions for lipids) do not
possess such uniformity of building blocks and can be extremely chemically diverse, which
complicates MS-based identification. In addition, the possibility to link a gene and corresponding
encoded protein(s) allows assignment and computational investigations of biological functions and
pathways. On the other hand, the assignment of biological roles for metabolites is complicated by
the lack of comprehensive systematic relationship of the metabolites to their genes or proteins,
pathway redundancy, metabolite localization, which may affect its role, and the ability of several
proteins/enzymes to interact with a single metabolite. The challenges in an identification of

metabolites and interpretation of their biological roles are discussed below.

1.3.2.1 Use of MS spectra to assign molecular formulas

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 of 382.0832 Da (belonging to celecoxib, which contains one atom of

sulfur) using MS! 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). Moreover, a resolution above
50,000 FWHM can separate M+2 isotope peak of celecoxib into two peaks (one with '3C and
another with 34S). This confirms the presence of sulfur in the celecoxib and reduces the number of
formulas from five to two but this level of analysis requires manual curation. If the analysis is
executed at the resolution 500,000 FWHM (achievable on advanced Orbitrap and Fourier-
transform ion cyclotron resonance (FT-ICR) mass spectrometers), the software automatically
resolves individual isotopes of celecoxib to baseline and provides fine isotopic structure including
low abundant >N and 30 isotopes, that eliminate the redundancy of formula assignments.'** To
further improve molecular assignments, accurate measurements of isotope abundance are also
beneficial.!'** The accuracy of isotope ratio calculations deteriorates at low signal intensities 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
abundance, low recovery and/or low ionization efficiency, especially in complex samples, and can
be partially resolved via sample decomplexation approaches.

Another difficulty encountered during assignment of molecular formulas is the propensity of ESI
to form various adducts and in-source fragments in addition to protonated and deprotonated ions
of precursor metabolite. The ESI process can result in re-arrangements and adduct formation, all
of which dramatically expand the number of potential formula candidates and the ambiguity of
formula assignments in database searches. A differential metabolic labeling with stable isotope-
labeled nutrients can be used for cell or plant metabolomics to distinguish background ions from
true metabolite signals. For instance, the isotopic labeling outlier algorithm (IROA)'* searches for
specific isotope signature pairs in the data. Any metabolites of biological origin will be present as
a pair, and the difference in mass between the pairs can also help narrow down molecular formulas.
Any background ions which do not have the correct isotopic pair pattern are removed from further
processing.

Overall, despite great strides in improving mass accuracy and resolution of MS measurements, it
is not feasible to routinely run large metabolomics studies on ultra-high-resolution instruments as
these acquisition methods are still too slow to comply with peak width in ultra-high pressure liquid
chromatography (UHPLC). This means that MS' formula assignment with current metabolomics
workflows is not always accurate and should not be used alone to infer metabolite identity. For

biological matrices of clinical interest such as a plasma or oral fluid, SIL labeling strategies such
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as IROA are not available, thus increasing the likelihood of identifying background ions as
possible metabolites. The confidence of MS-based metabolite annotations can be improved by
including RT as an orthogonal parameter. However, a poor LC method synchronization between
different laboratories, and minor differences in chromatographic conditions limited its usage for
the creation of in-house LC-MS libraries, and strict QC practices are used to ensure retention times
have not drifted significantly. However, the recent progress in the development of RT prediction
approaches for RP and HILIC provides a promising possibility for the comprehensive
incorporation of this parameter into metabolite identification in untargeted metabolomics. While
an optimization of prediction algorithms and protocols of integration of RT into metabolite
identification are still under debate '4° the immediate and clear advantages of such integration with
existing tools such as Mass Frontier and MetFrag have been already demonstrated.'*” Moreover,

1.1%6 concluded that the most promising approach would integrate ion RT predictions

Witting et a
for RP and HILIC based on training sets of metabolites and machine learning algorithms with the
possibility to apply the trained models to new separation methods and systems. The advantage of
the approach is in the constantly increasing availability of metabolomics data supplemented with
RT, LC method information and structural properties in metabolomics repositories. This approach
would address some of the inherent issues with RT variability between laboratories and systems.

However, a wide-spread integration of RT into elucidation of metabolite identity still remains

elusive.

1.3.2.2 Use of MS/MS and MS" spectra to assign putative metabolite identifications

The correct assignment of molecular formula does not provide the molecular structure (i.) and
must be supplemented by MS/MS, MS" and/or other analytical techniques. MS/MS data can also
help narrow down molecular formula assignments when more than one molecular formula fit the
acquired MS' data. The MS/MS spectrum of a precursor ion provides fragmentation information,
which helps deduce atom connectivity in the molecule. For best results, the spectrum should
originate from a presumed precursor metabolite isolated at the highest purity. In a complex sample,
this is achieved by filtering out any ions except the ones which fit into the m/z window. This
window is limited to approximately 1 Da on modern MS instruments. This minimizes (but does
not eliminate) the risk of simultaneous co-fragmentation of different precursors and improves the

authenticity of the MS/MS spectrum and the ability to match it correctly to the precursor library
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spectrum. The use of the same collision energies and same instrument model as used for library
spectrum acquisition also facilitates high-confidence matching. The match, in particular, is defined
by the quality of MS/MS spectra, i.e. purity, fragment m/z, number of expected fragments
presented and signal intensity of fragment ions. The MS/MS methods are constantly improving
via the development of new acquisition and interpretation approaches mentioned in Section
1.2.2.1.3. Depending on the instrument configuration, targeted MS/MS for global metabolomics
may require two runs: the first run to acquire m/z and RT of molecules of interest, and the second
to execute MS/MS analysis. In the absence of target information, an untargeted simultaneous MS
and MS/MS analysis in a single run is possible in current MS instruments with fast scan time or
two independent mass analyzers via DDA. However, DDA analysis over a wide m/z range
provides MS/MS data for only 48-57% of detected metabolites in serum due to the complexity and
bias of the DDA algorithm towards the most intense ions.? A recent study comparing DDA and
DIA reported an increase of the coverage by DIA, while DDA outperforms DIA in the quality of
fragmentation spectra.'*The use of a gas-phase fractionation (GPF), and especially staggered GPF
(sGPF) improves the coverage of the DDA method for untargeted metabolomics. Unlike a
conventional GPF, which uses a single m/z range, sGPF uses several narrower m/z segments (for
example, low, middle, and high ranges) for the simultaneous DDA. The fragmentation coverage
increases by > than 80% with the use of sGPF over a conventional DDA 38

Poor quality of a MS/MS spectra may 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 10, 20, and 40 V used to build the METLIN
database. Multistage (MS") fragmentation of the precursor of interest and its fragments for the
easier elucidation of metabolite composition and structure can also aid correct metabolite
identification.'® Besides, the quality of fragmentation spectra and coverage of metabolites by
fragmentation data deteriorates at high sample complexity, which emphasize again the importance
of the use of decomplexation methods. Even when good quality MS/MS spectrum of an unknown
metabolite is obtained, this metabolite may not be matched to any entries 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 of the multi-target search.> However, 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 computational in silico fragmentation algorithms such as calculated
fragmentation trees combined with machine learning and automated database searches may help
to assign putative metabolite identity, but this is still an active area of research.!>

Finally, the analysis of MS/MS or MS" spectra may provide bonding patterns of atoms and
distinguish structural isomers. However, the differentiation of stereoisomers, despite an occasional
detection of subtle differences in fragmentation patterns,'®! is beyond routine MS capabilities.
Therefore, comprehensive structure characterization requires the application of multiple
techniques, including infrared (IR), NMR, UV-Vis spectroscopies, and various separations (chiral
LC, differential ion mobility, CE).'* In conclusion, low concentrations of some metabolites and
lack of preconcentration in standard global metabolomics workflows may preclude the generation
of quality MS/MS spectra. It has been shown that approximately 60-70% of all features detectable
in MS! do not generate good quality fragmentation spectra.!>?> As such, I would speculate that the
development of enrichment extraction protocols for particular metabolite classes together with
specific depletion of highly 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 interpretation

The simultaneous presence of compounds originating from exogenous, endogenous, and
microbiome sources, their instability, inter-individual biological variability together with the
analytical variability and identification issues complicate the biological interpretation of
metabolomics data and the assignment of biological roles and pathways.!>* Metabolomics is still
a relatively young discipline, so the development of tools for the computational investigation of
biological and pathway roles 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 humans.!>* Therefore, extensive development
of computational tools integrating the knowledge of metabolic networks with the identification
and structural characterization of metabolites appears to be the most promising strategy to achieve

the full integration of metabolomics into systems biology.'%
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1.3.3 Incomplete metabolome coverage

The metabolomics analysis of human blood plasma and serum is complicated by the wide
concentration range and wide chemical diversity of metabolites. The concentrations of metabolites
in human serum/plasma span over 9 orders of magnitude (i.e., g/L to ng/L), whereas a non-targeted
metabolomic analysis is limited to intermediate to high concentration (> 10 pg/L) metabolites
except for those with high ionization efficiency. A wide dynamic range severely limits the potential
of untargeted metabolomics analysis of blood for biomarker discovery because many active and
regulatory metabolites such as norepinephrine, epinephrine, and dopamine, are present at very low
(sub-pg/L) concentrations.?®!>> Another consequence of metabolome complexity and dynamic
range is that high amounts of metabolite ions can saturate the detector and affect isotopic
abundances, which may result in erroneous metabolite identification and quantitation. This issue
can be minimized via sample dilution or the filtering of the ion flow on its way between the
ionization source and the detector.!>® However, such approaches will also reduce the detection of
low abundance metabolites.

The total number of metabolites present in plasma is high, although the exact number of
metabolites is unknown. However, the total number of all compounds in the HMDB (known,
expected, and predicted) exceeds 114,000.2* Chemical properties of blood plasma metabolites
cover all ionic classes. For example, the non-lipid metabolites set available in HMDB consists of
34% acids, 14% bases, 30% zwitterions, and 22% neutral molecules.®? In addition, metabolites
also differ by their polarity (Figure 1.4), and their predicted octanol/water partition coefficients
span across 40 orders of magnitude.

For lipids, 37% are acids, only 2% bases, 31%- zwitterions, and 30% are neutral compounds.®?
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 phospholipids!®’

More recent estimate of total lipids provides similar values
between 0.19 and 0.41% with triglycerides comprising between 0.1 — 0.2% (w/v).!>%1%

Notably, lipids span over 80% of the LogP range and overlap with non-lipid metabolites, which
occupy approximately the polar quarter of the range (Figure 1.4). This distribution predicts the
co-extraction of non-lipid and lipid metabolites by solvent-based 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 Fiehn.”® Copyright © 2016, American Chemical Society.

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

Metabolomic analysis of biofluids is not always limited to blood-derived samples, and alternative
sample sources such as oral fluid can supplement or replace the analysis of blood. Untargeted
salivary metabolomics studies for biomarker discovery have been executed by NMR and MS.#16?
In general, the oral fluid appears to be less complex than plasma, which is also supported by the
smaller number of organs in contact for oral fluid compared to blood. For instance, combined
analysis using NMR, DFI-MS, LC-MS/MS, LC-ultraviolet(UV)/fluorescence spectroscopy, GC-
MS, and inductively coupled plasma ionization (ICP)-MS resulted in the
quantification/identification of 308 salivary metabolites.’” A second study combining only GC-

MS and LC-MS untargeted platforms identified 370 out of 475 total metabolites found.?® An
HMDB?* query at the end of January 2021 reported 1245 compounds detected in saliva, 885 of
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which have been quantified. However, Zheng et al.'®!

recently demonstrated that a more sensitive
approach using chemical derivatization followed by LC-MS analysis resulted in drastic increase
of metabolite coverage of oral fluid and revealed a plethora of low abundant metabolites, that
were previously undetectable. These findings imply 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 hormones, cortisol, 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 concentration in plasma and are informative of the systemic status 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 individual.!>'® Very frequently, enzyme-linked
immunosorbent assays (ELISA) are used for such supplementary measurements due to high
sensitivity. However, this assay has 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 perspective, due to the use of different instruments and data analysis
algorithms and subsequent different in-source fragmentation, de-isotoping, de-adducting, peak
picking, integration, the direct comparison of metabolite coverage numbers across studies is
precluded. The incorporation of stable isotopes into metabolome via metabolic labelling of yeast
or E.coli cultures (credentialed metabolites)'®> helps to distinguish biologically derived
metabolites from contaminant or exogenous ones. but requires a direct side-by-side comparison.
Moreover, the ionization of some analytes, especially low abundance metabolites and metabolites
with poor ionization efficiency, may become so suppressed that they are no longer detectable in
some samples or some biofluid types. Even if the suppression is not complete, such low-intensity
signals may demonstrate too low signal-to-noise (S/N) ratios and be impossible to distinguish from
background ions and thus un-processable 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 ionization source can be 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 nano-LC to MS decreases the complexity of the sample entering the
ESI interface and can increase metabolome coverage to 10° versus 10? compounds typically
observed by direct flow injection (DFI)-MS. An additional improvement of metabolome coverage
is achieved via replacement of HPLC by an UHPLC, which can drastically increase resolution and
decrease co-elution phenomena using particle sizes <2 um. Proper selection of stationary phase-
type and the switch to smaller particle size can together drastically increase metabolome coverage.
Two UHPLC methods, CORTECS T3 with C18 phase and CORTECS C8, each with solid core
particles of 1.6 um, provided the detection of 679 and 879 credentialed features, respectively, in
extracts from E. coli compared to 173 features detected on xBridge™ RP C18 column containing
3.5 pum porous particles.'® Another frequently-used approach to increase the metabolome
coverage is the re-analysis of the same extracts on the highly complementary RP and ZIC-HILIC
LC-MS. Contrepois et al. compared metabolite coverage during LC-MS profiling of plasma
samples on five HILIC and five RP columns.®' The study reported the combined non-redundant
detection of 5188 and 4739 of metabolic features in (+ve) and (-ve) ESI, respectively. Individual
LC-MS analyses generated 2956 and 3088 in (+ve) ESI for ZIC-HILIC and RP, respectively. In (-
ve) ESI, 3611 and 1913 features were detected on ZIC-HILIC and RP, respectively. The best RP
results between tested columns were observed on Zorbax SB column using 0.06% acetic in water
(mobile phase A) and in MeOH (mobile phase B). The best ZIC-HILIC results were achieved using
10 mM ammonium acetate in 95/5 water/acetonitrile (mobile phase A) and 5/95 water/acetonitrile
(mobile phase B). Therefore, the parallel analysis of complex samples on RP and (IEX)-RP or RP
and ZIC-HILIC columns, in both (-ve) and (+ve) ESI, is currently considered the best approach to

achieving good metabolome coverage in an untargeted analysis.

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 metabolite coverage. Thus, MS analysis in (+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 nano(-ve) ESI, the
drastically scaled-down (nebulized diameter 1-50 pm, flow rate 1-100s nL/min) version of

conventional ESI (100 um diameter and 10-100s pL/min flow rates).!®® Due to such tiny
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dimensions, the droplet diameters are 100-1000 fold smaller than in a conventional ESI and
produce a drastic (up to 500 times) increase in the number of ions being 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)

selectivity, such as atmospheric pressure chemical ionization (APCI)!¢%17

or atmospheric pressure
photoionization.

Other promising strategies in untargeted metabolomics include the addition of an ion mobility
separation (IMS) between LC and MS dimensions.!”" While the increase of metabolite coverage
via advanced development of MS methodologies is on-going, the improvement of the coverage

via advanced sample preparation is another viable option.

1.3.3.3 Sample depletion approaches to increase metabolite coverage

Sample preparation can reduce complexity and the amount of sample entering the ESI source. This
can be achieved via dilution (widely used for urine analysis, not plasma), the removal of abundant
compounds, and/or fractionation of metabolites by their physical and chemical properties with the
subsequent comprehensive LC-MS analysis of every fraction. However, until now, methanol-
based extractions of biofluids are the most popular due to high reproducibility (RSD < 20%) and
recovery with the detection of 1808 - 2073 molecular features in LC-MS analysis.!®!72174
However, the excessive redundancy of metabolite compositions in different extracts results in a
disproportionally small increase in the metabolome coverage compared to the labor and MS time
expenditure. Thus, the metabolome coverage of acetone plasma extract, the most orthogonal out
of other nine (including methanol, ethanol, and acetonitrile) tested in the study, adds only 12.8%
of new features.!”> On the other hand, successful removal of phospholipids using Ostro (Waters,
Milford, MA) and Phree (Phenomenex, Torrance, CA) SPE plates improved sensitivity and
repeatability, decreased matrix effects but, unfortunately, was also associated with a loss in
recovery for many polar metabolites.'¢”!”> Similar observations were made when phospholipid

removal was achieved using SPE with polymeric or mixed-mode, polymeric-ion-exchange (IEX)

phases,”’® and zirconium-based Hybrid SPE® (Sigma-Aldrich, St. Lois, MO) SPE phases.!”®

1.3.3.4 Sample fractionation to increase metabolite coverage

A significant increase in metabolite coverage has been demonstrated by combining sample

fractionation with LC-MS analysis. Thus, one study reported the detection of 4,264 molecular
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features in deproteinized plasma sub-fractionated into polar, phospholipid, and lipid fractions by
SPE, compared to 1,792 features detected in a methanol extract alone.!”” In another study, the
analysis of methyl tert-butyl ether (MTBE) polar and SPE fractionated (phospholipids, fatty acids,
neutral and hydrophobic lipids) non-polar fractions resulted in the detection of 3,806 compared to
1,851 molecular features on methanol precipitation alone.!”* For non-lipid metabolites, the analysis
of SPE fractions enriched in cation and anion metabolites obtained from deproteinized and
delipidated (phospholipid removal) fish plasma demonstrated the possibility of at least four-fold
increase in sample loading compared to methanol extracts, an increase in signal intensity up to 40-
fold for many spiked exogenous metabolites, a fold increase in signal-to-noise ratios and a signal
variability below RSD of 30% for 62% of the metabolites.”® The numbers of molecular features
detected in cationic and anionic SPE fractions were similar to each other. However, PCA analysis
revealed 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, only the bound SPE fractions were analyzed, thus missing any metabolites
present in the flow-through fractions. Ultimately, the generation of multiple SPE fractions takes
time, which can be reduced via the implementation of on-line SPE-LC-MS.

These examples demonstrate how sample decomplexation can be achieved using fractionation
methods with narrow but complementary (preferably orthogonal) selectivity. In general, such
methods demonstrate distinct enrichment of compounds with specific properties. Therefore, the
number of metabolites in each fraction is reduced compared to a whole sample, and analysis could
reveal additional metabolites, which were not found in more complex extracts. Moreover, if a
composition of these fractions is complementary to each other, their parallel analysis may
recapitulate or even exceed the coverage of a method with wide selectivity. In addition, it is a
practical solution, which allows customizing analytical methods to suit the composition of the
fraction to the desired goals or make them more compatible with analytical methods. 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 metabolome coverage is chemical derivatization. The approach
employs reagents, that derivatize reproducibly specific functional groups of metabolites, including

amines, carboxyls, phenols, hydroxyls, carbonyls, and thiols with a subsequent LC-MS and
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MS/MS analysis.!”® Several derivatization agents used in the approach (dansyl chloride, 10-
methyl-acridone-2-sulfonyl chloride) improve analytical sensitivity several orders of magnitude

(0.04 nM for neurotransmitters, for example)'”’

thus greatly enhancing metabolite detection in a
typical metabolomics study (Section 1.1.1). Moreover, this approach can provide other important
advantages: improvement of chromatographic separations, applicability for different biofluids and
tissues, enhancement of molecular ion fragmentation, and provision of relatively inexpensive SIL
IS for semi-quantitative and absolute concentration measurements.!’%!80:18! Thys, derivatization is
a promising approach for combined global-targeted metabolomics analysis. In particular, the
enhanced sensitivity expands the metabolome coverage of low abundance or poorly ionizing
metabolites, if a reproducible, uniform and comprehensive derivatization can be established.

In conclusion, the major challenge which drove the current study was the limited coverage and
sensitivity provided by canonical sample 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 when considering more selective sample

preparation 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. In LC-MS based untargeted
metabolomics research, the current most promising strategy to improve metabolome coverage is a
repetitive analysis of the same sample using three LC approaches tailored to polar (IEX-RP or
[EX-HILIC), mid-polar (RP), and lipid (RP with isopropanol-based mobile phases) using both ESI
modes. Recent data shown in Sections 1.3.3.3 and 1.3.3.4 suggests that a sequential usage of
traditional and untraditional methods may successfully increase metabolome coverage and quality
of data. However, the systematic assessments of promising sample preparation protocols have been
limited mostly to solvent-based methods.!¢”1”? There is currently not enough known about the
quantitative performance of more selective methods such as SPE and LLE for global
metabolomics. This systematic knowledge is indispensable for the development of better sample
preparation methods with increased metabolite coverage for untargeted analysis and rational

selection of the best sample preparation method for a given metabolomics study.
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The first objective of this thesis was to perform a side-by-side comparison of three conventional
solvent precipitation methods to test the effect of solvent polarity (methanol, methanol-ethanol,
and methanol-MTBE), one LLE (MTBE) method to separate lipids from other metabolites, and
three post-deproteinization SPE methods (C18, mixed anion/cation IEX, and divinylbenzene-
pyrrolidone (PEP2)). The seven methods will be compared according to absolute recovery, matrix
effects, repeatability, selectivity, and metabolome coverage using suitable targeted and untargeted
metabolomics approaches after analysis on RP and mixed-mode IEX/RP (Scherzo) LC-MS in
(+ve) and (-ve) ESI. The resulting data will provide a basis for the rational selection of the best
and most complementary extraction and LC-MS methods. This addresses an important knowledge
gap about the quantitative performance of sample preparation methods for global metabolomics
and is described in Chapter 2.

The second objective of this research was to build on the findings of Chapter 2 to design a new
sequential SPE-based sample preparation method for global metabolomics. First, it is necessary to
develop the protocol of sequential de-lipidation, deproteinization, and SPE IEX fractionation to
produce separate fractions enriched with anion, cation, zwitterion, and neutral metabolites. The
performance of this sequential preparation was to be assessed for metabolome coverage, fraction
splitting, recovery, matrix effects, and repeatability using targeted and untargeted metabolomics
strategies. The analysis of fractions is executed on RP and ZIC-HILIC, each on (+ve) and (-ve)
ESI, as the latter method outperforms the mixed-mode method used in Chapter 2 for polar
untargeted metabolomics. Secondly, analyzing all fractions on all four methods is unnecessary 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 LC-MS analysis schemes to obtain the highest metabolome 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 predictable fashion, as described
in Chapter 3. These advantages make it compatible not only with global metabolomics workflows
but also for targeted metabolomics assays, whereby this new protocol saves time and labor for the
development of targeted sample preparation methods during transition of biomarker(s) assessment
from untargeted 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 metabolomics analysis of blood. For this preliminary
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study, a targeted metabolomics 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 biologically important metabolites involved in human stress response, and oral fluid has
previously been established as a suitable biospecimen for their measurement. Therefore, in
Chapter 4, I describe the development and validation of sample preparation and a targeted MRM
LC-MS assay for these two hormones in oral fluid. The performance of the final validated method
for cortisol was compared side-by-side with the commercial ELISA method, which is traditionally
used for this analysis. This example targeted analysis provides critical knowledge on details and
limits of metabolomics 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 Systematic assessment of seven solvent and solid-phase extraction methods

for metabolomics analysis of human plasma by LC-MS

2.1 Introduction

The objective of global metabolomics is to analyze all small-molecular-weight species (<1,500
Da) in a biological sample.! LC-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 can be detected in a single analysis.'®? The
size of the human metabolome is currently unknown but is projected to exceed the conservative
estimate of 4229 endogenous metabolites in concentrations spanning 11 orders of magnitude.®!
The most recent estimates predict 8500 endogenous metabolites,'®* and up to 40,000 additional
exogenous metabolites, such as drugs, additives, and toxins that may be present in human
samples.!®* Considering the typical coverage of untargeted metabolomics analysis, it is clear that
metabolome complexity is overwhelming the capacity of modern metabolomics methods.
Therefore, new strategies to increase 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 plasma-to-solvent ratio of 1 to 4174185175186
Cold solvent is added to minimize the extent of enzymatic conversion of metabolites and to
precipitate the proteins. The removal of proteins from plasma also prevents protein build-up on
the LC column, which improves LC column lifetime and significantly increases the number of
detected metabolites through disruption of protein binding and minimizing the number of signals
originating from proteins.'® Methanol and methanol/ethanol are the solvents of choice due to high
metabolite coverage, as shown by several studies.!’>!7>18 However, the wide selectivity of such
solvent-based precipitations results in highly complex samples, which precludes the detection of
lower abundance metabolites. A liquid-liquid extraction using methyl-tertbutyl ether (MTBE) has
become a popular alternative in recent years for its ability to provide good coverage of both polar
and lipid metabolites and compatibility with robotic systems.!®”!8% In contrast, solid-phase
extraction (SPE) methods are often avoided in global metabolomics of plasma due to their
increased selectivity compared to methanol-based extraction methods. SPE methods, thus, tend to
decrease overall metabolite coverage'® but may improve data quality through improved

18,189

repeatability and reduced matrix effects.'”!”? For instance, optimized HybridSPE™
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successfully removed phospholipids in order to lower matrix effects while maintaining acceptable
recoveries and repeatability.!® In order to increase metabolome coverage beyond what can be
achieved with methanol-based precipitations, multiple extraction methods with narrow but
complementary selectivity can be combined in a sequential manner. The approach demonstrated
2-fold increase in lipidome coverage.!””!*° However, no similar sequential extraction approaches
exist to date for non-lipid metabolites. To systematically design such sequential extraction
protocol(s), it is necessary to directly compare coverage of various solvent precipitation, LLE, and
SPE methods. However, only a limited number of studies compared solvent precipitation methods
to SPE and LLE to date.'®!">!0 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 methanol-based methods in a side-by-side fashion, and 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 repeatability only, and
no simultaneous evaluation of matrix effects and recovery in the biological matrix has been
performed to date. Recovery studies are crucial in order to design sequential extraction methods
that are fully orthogonal and do not split the signal between multiple fractions. In addition, semi-
quantitative comparisons of metabolite signal intensities between extraction methods can be
misleading because variations in analyte signals due to matrix effects are not properly taken into
account using the addition of SIL analytes'3*!"! fully isotopically-labeled complex matrices, or
standard addition calibration. The latter approach was successfully employed to monitor and
compare the absolute recovery of sequential extraction by hybrid and mixed-mode SPE in
untargeted metabolomics.”® The underappreciated advantages of the standard addition method
become obvious when comparing different extraction methods. It is well-established that the
slopes of calibration curves for biofluids originating from multiple populations can show
significant differences.!? Similarly, different matrix effects are expected in samples originating
from extraction methods with different selectivity. In such cases, signal intensity changes may be
driven by matrices alone, leading to erroneous conclusions regarding the extraction performance.
Although matrix effects are extensively studied in targeted bioanalysis, this issue has not been
addressed in global metabolomics except in one study where a post-column infusion experiment
was performed to identify the region of significant ion suppression.!’”> However, anecdotal

evidence across multiple comparison studies shows potentially significant matrix effects with huge

42



differences in signal intensity observed when using different extraction methods.”®!8%193

Therefore, 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 in our knowledge.

Following an extraction, the most frequently used LC separation in global metabolomics is the
parallel use of C18 (RP) chromatography and HILIC to achieve good coverage of non-polar and
polar metabolome, respectively.!8¢!%* More recently, mixed-mode chromatographic materials
combining RP and ion-exchange mechanisms in low-bleed MS-compatible stationary phases
provide improved retention of a broad spectrum of metabolites.!*>!°® The major objective of this
study was to perform the first side-by-side comparison of three conventional solvent precipitation
methods to test the effect of small changes in solvent polarity (methanol, methanol-ethanol, and
methanol-MTBE), one LLE (MTBE) method, and three post-deproteinization SPE methods based
on cartridges (C18, mixed cation-anion exchange (IEX) and divinylbenzene-pyrrolidone (PEP2))
for LC-MS metabolomics of human plasma (Figure 2.1). Absolute recovery and matrix effects for
standard analytes were evaluated for all seven extraction methods using the standard addition
method. The repeatability and selectivity/orthogonality of extraction methods were compared
using both targeted metabolites and on a global basis in combination with RP and mixed-mode
IEX/RP (Scherzo) LC-MS. These data pave the way for the rational selection of the best and most
complementary extraction methods of the human plasma metabolome and clearly show the effect

of using multiple sample preparation methods in 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 purchased from Sigma-
Aldrich (Oakville, ON, Canada) unless stated otherwise. ACTH (1-39) was obtained from Anaspec
(Fremont, CA, USA). Norepinephrine (ds), cholic acid (ds4), epinephrine (d3), dopamine (d4),
melatonin (d4), 4-aminobutanoic acid (d¢), and phenylalanine (ds) were obtained from CDN
Isotopes (Point-Claire, QC, Canada), while '*Ce- thyroxine was purchased from Toronto Research
Chemicals (Toronto, ON, Canada). MTBE was bought from Fisher Scientific (Toronto, ON,
Canada), while all phospho-lipids were obtained from 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 and D-erythro-sphingosine (further mentioned as sphingosine for brevity) were
purchased from Cayman Chemicals (Ann Arbor, MI, USA). Solid stationary phases (PEP2, ODS-
C18, and divinylbenzene conjugated with sulfonic acid and quaternary amine moieties (IEX)) were
obtained from Agela Technologies (Wilmington, DE, USA. Citrated pooled human plasma was
obtained from Bioreclamation (Baltimore, MD, USA), which was collected in accordance with the

company’s code of ethics. All reagents were of an analytical or higher grade.

2.2.2 Standard analyte mix

The chemical diversity of the metabolome is enormous both in terms of polarity and charge.”®%!
Using predicted octanol/water partition values, metabolites in human plasma cover a polarity range
from - 5 (polyamines, amino acids) to 10 (fatty acids) to 35 (triacylglycerides).”® For the charge
state, metabolites can be separated into acidic, basic, neutral, and zwitterion classes. For instance,
the study analyzing charge properties of 2553 non-lipid human metabolites from the Human

Metabolome Database had found that approximately 22% of metabolites are neutral, while 46.5
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and 18.2% contain acidic carboxylic and phosphate groups, respectively. Basic aliphatic amines
and aromatic heterocyclic nitrogen groups were found in 16 and 24.5% of non-lipid metabolites,
while 13.8% of compounds were zwitterions.®? The focus of current work is non-lipid metabolites,
so standard metabolite selection was confined to metabolites with high to intermediate polarity
typically found in blood plasma. A few lipids 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 for lipids was beyond the scope of this study. Therefore, we evaluated
extraction methods using standards with a limited but systematic set of chemical properties that (i)
resembled class composition of target samples and included acids, bases, neutrals (steroids),
zwitterions, lipids, and small peptides, (ii) was systematic and scalable in terms of chemical
properties (Log P range of -3.9 to 11.5, MW range of 105 to 900 Da), and (iii) amenable to the RP
and mixed-mode LC-MS analytical methods employed in the study. All individual stock solutions
were prepared in appropriate solvents as summarized in Appendix A, Supplementary Table Al,
divided in aliquots and stored at below -70 °C, while working standards were prepared at
appropriate concentrations prior to analysis. Standard mix was prepared at 5 pg/mL from

appropriate stock solutions using 20% methanol unless otherwise specified.

2.2.3 Extraction of standard analytes from a buffer

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 avoid non-specific adsorptive losses. Buffer
composition was selected to obtain 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 solvent-precipitation (methanol/ethanol (1/1, v/v), methanol,
methanol/MTBE (1/1, v/v), LLE (MTBE) and solid-phase extraction (PEP2, C18, IEX). In solvent
precipitations and LLE, 100 pL of the standard mix was extracted with 400 uL of ice-cold solvent,
vortexed for 30 min, and centrifuged for 15 min at 15000x g. All steps were executed at +4 °C.
After centrifugation, 350 uL of the upper layer was dried and stored at below -70°C until analysis.
For SPE, 100 pL of the standard mix was loaded on a 3 mL SPE cartridge containing 100 mg
(C18, IEX) or 60 mg (PEP2) sorbent. 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 mM ammonium acetate, pH 6.8 in 94% methanol
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and IEX with 400 mM ammonium acetate pH 6.8 in 42% methanol. FEluted samples were
evaporated to dryness under vacuum and stored at below -70°C. Before analysis, all samples were
reconstituted in 10 pL of 20% methanol containing 2.5 mM ammonium acetate (pH 6.5), sonicated
at ambient temperature for 5 min, vortexed for 10 min, diluted with 90 uL 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 Extraction of plasma samples spiked with internal standard 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 acetate (pH 6.5) to obtain a blank extract for
each method, (i1) plasma samples spiked with standard analytes to yield approximately 800 ng/mL
before extraction, and 100 ng/mL at LC-MS step in six replicates and (iii) un-spiked plasma
samples in 12 replicates to be pooled on the per-method basis and used to build calibration curves
for each method. Prior to 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 into replicates equivalent to 100 puL of plasma. Six of 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 one prepared for precipitation and LLE, i.e., blank extracts
(1), spiked plasma extracts (ii), and un-spiked plasma extracts (iii). All samples were dried under

vacuum and stored at below -70 °C.

2.2.5 Preparation of plasma extracts for LC-MS analysis

All plasma extracts were reconstituted in 30 uL of 20% methanol as described for standard analytes
and further dissolved in 270 pL of 2.5 mM ammonium acetate. Standard addition calibration
curves were prepared for each extraction method by adding 30 puL of the sample buffer or the mix
of standard analytes to yield matrix calibration curve with 0 or 62.5, 125, 250, and 500 ng/mL. For
the assessment of matrix effect, an external standard calibration curve in 2.5 mM ammonium

acetate pH 6.5, 2% acetonitrile was also prepared in the same concentration range.
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2.2.6 LC-MS analysis

All extracts (10 uL) were analyzed on 1290 UHPLC chromatograph (Agilent Technologies, Santa
Clara, CA) using the 3.0 um, mixed-mode Scherzo SM-C18, 2 x 150 mm column (Imtakt,
Portland, OR) and 1.8 um Zorbax Eclipse octadecyl 2 x 200 mm column coupled to Agilent 6550
iFunnel Q-TOF mass spectrometer in positive and (-ve) ESI in the mass range 100—1000 m/z.

Additional details, including LC-MS settings, are provided in 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 standard metabolites from buffer and plasma. For that, raw data was extracted at 15
ppm mass accuracy, aligned within +0.15 min retention time, integrated and corresponding adducts
(sodiated adducts were found only for melatonin in positive (+ve) ESI were summarized.
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. The recoveries of each analyte for each
extraction method were hierarchically clustered using the Euclidian distance method with

CIMminer online analysis at http://discover.nci.nih.gov/cimminer/oneMatrix.do."”  The

recoveries of analytes below 5 and above 80% were assigned to 0 and 100%, respectively for a
correct visualization. Matrix effect was calculated by dividing the peak area of an analyte in matrix
calibration standard spiked post-extraction by the area in the calibration standard prepared in the
sample buffer at the same analyte concentration and converting it to percentage. The subtraction
of endogenous signals was performed using a signal obtained in un-spiked plasma extracts. The
final result reported for matrix effect represented the mean value obtained across four different
concentrations tested for each analyte. Pooled QC samples for all target analytes in all analytical
batches showed RSD < 25%. QC data showed no evidence of analyte degradation in extracted
plasma samples except possibly for histamine and sphingosine, both of which showed a systematic
20-30% decrease of signal intensity throughout the long analytical batches. For the global
evaluation of the extraction methods, peak picking, deconvolution, alignment, and integration were
executed on Profinder (Agilent) with the following parameters: ion mass threshold of 15 ppm,
the relative height of MS+1/MS isotope abundance 15%, RT threshold £0.15 min, minimum peak
height 200 and 2000 counts for M+1 and M peaks, respectively. The selectivity and repeatability
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analysis were carried out on Mass Profiler Professional (MPP, Agilent) with integration and
binning parameters similar to Profinder, after removal of low-quality 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 of a given extraction method. The data were manually verified and found to include
2-3% duplicate entries (a feature split between multiple entries by the peak picking algorithm).
Therefore, the accuracy of putative metabolite coverage is £3%. The orthogonality of extraction
methods in the global metabolomics approach was evaluated in a pairwise manner using the above
high-quality data. A number of matched features for all possible paired combinations were used

for hierarchical clustering using CIMminer online tool.

2.3 Results and discussion

Seven different extraction methods are compared based on the absolute recovery of standard
analytes from the buffer and human plasma, repeatability, selectivity, and matrix effects in parallel
with global LC-MS based metabolomics analysis. The overall experimental design is shown in
Figure 2.1, and the list of standards in Supplementary Table A1. To the best of our knowledge,
this is the first side-by-side comparison of the quality of sample preparation from blood plasma by
conventional solvent precipitations (methanol-ethanol, methanol, methanol-MTBE), LLE

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

2.3.1.1 Recovery, repeatability, and selectivity of metabolite extraction from buffer

Analyte recovery is summarized in Appendix A, Supplementary Table A2. The analytes are
listed by increasing logP values retrieved from the ChemSpider database predicted using the ACD
Laboratories algorithm. The extraction methods are arranged according to the results of the
hierarchical analysis. As expected, methanol, methanol/ethanol, and 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 high recovery only for polar charged
metabolites, while MTBE provided high recovery for hydrophobic neutral metabolites. Among
SPE methods, PEP2 provided broader metabolite coverage than C18 (Figure 2.2) due to its ability

to retain some of the polar metabolites.
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Figure 2.2. Hierarchical analysis and heat maps show the recovery of standard analytes from the
buffer (4) and human plasma (B). All extraction methods were hierarchically clustered using the
Euclidian distance method. The intensity of each cell represents the range of recovery of an analyte
relative to the initial amount spiked prior an extraction. Recoveries below 5 and above 80% were
assigned to 0 and 100% for visualization purposes. The order of analytes corresponds to the

increase in octanol-water partition coefficients, except for angiotensin I, which did not have a
predicted value.

The highest selectivity in buffer was demonstrated by IEX, followed by C18 and MTBE.
Moreover, IEX and C18/MTBE methods demonstrated little overlap, which can be exploited in
sequential sample preparations for global and targeted metabolomics. None of the tested analytes
exhibited > 50% recovery in all extraction methods (Appendix A, Supplementary Table A2).
The Supplementary Table A6 (Appendix A) summarizes the main performance characteristics
of all extraction methods tested. The recovery of >80% is considered exhaustive, and quantitative
bioanalytical methods permit method precision of up to <20% RSD at a lower limit of quantitation.
However, very few metabolites can meet these most stringent criteria for any of the tested methods,
as shown in Supplementary Table A4 (Appendix A). Global metabolomics methods are
considered semi-quantitative, so applying more relaxed criteria of >50% recovery and <30% RSD
is a reasonable compromise between method coverage and method performance. Using these
criteria, methanol-based precipitations can provide acceptable performance for 17 out of 22
metabolites. Overall, metabolite recovery correlated to the predicted LogP values and the expected
selectivity of the extraction methods. Neutral metabolites such as melatonin demonstrated the best
quantitative (>80%) recoveries amongst all standard metabolites. The best repeatability was

demonstrated by methanol-based precipitations, while SPE and LLE methods demonstrated lower
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repeatability than methanol blends with the poorest performance by MTBE and C18 SPE
(Appendix A, Supplementary Table A3). This poor repeatability of MTBE is attributed to
irreproducible partitioning of some metabolites between organic and aqueous phases and was most

pronounced for pantothenic acid, thyroxine, and phenylalanine.

2.3.1.2 Recovery, repeatability, and selectivity of metabolite extraction from plasma

The high recovery (=80%) was demonstrated by thyrotropin-releasing hormone and melatonin in
6 out of 7 methods tested (Appendix A, Supplementary Table A4). lonic compounds such as
histamine, tyrosine, and kynurenine with low molecular weight and LogP values demonstrated
quantitative recovery in only 1 out of 7 methods. In addition, better recovery of triiodothyronine,
thyroxine, and the large peptide neurotensin (in contrast to tripeptide thyrotropin-releasing
hormone) was observed on RP SPE compared to solvent-based extractions (Appendix A,
Supplementary Table A4). The recovery of some analytes from plasma changed drastically in
plasma versus buffer. The recovery of neutral compounds (cortisol, cortisone) by MTBE, PEP2,
and C18 was decreased in plasma, but the recovery in methanol-based solvents increased
(Appendix A, Supplementary Table A4). This clearly shows the importance of performing
recovery studies in biofluid matrix. The extraction repeatability (Appendix A, Supplementary
Table AS) showed similar trends in plasma to what was seen in buffer with methanol-based
methods outperforming both SPE and LLE methods. However, SPE and LLE methods showed
significant deterioration of method precision. For instance, the MTBE method provided acceptable
precision (<30% RSD) for only melatonin, cortisol, and triiodothyronine. Hierarchical clustering
results shown in Figure 2.3 confirm wide metabolite coverage of gold standard methanol-based
solvent precipitation methods with high recovery across metabolite classes. The results also
demonstrated the selectivity of MTBE towards uncharged species with LogP > 1.4 and confirmed
orthogonal selectivity of IEX and MTBE methods previously observed for buffer. This can be used
for the removal 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 values than observed for other extractions
(Appendix A, Supplementary Table AS). 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 polarity and charge characteristics. In Supplementary Table A4
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(Appendix A), some metabolites show recoveries above 120% in some of the SPE methods. This
result was surprising, considering the similar matrix composition of standard addition calibration
and unknown samples, so it was investigated further. The first possibility considered was different
adduct formation in buffer versus plasma. No such differences were found, so this was eliminated
as a contributing factor. Melatonin and melatonin (ds) both had similar high recoveries in PEP2
and C18 SPE, which pointed to the fact this result may be due to co-suppression of spiked
metabolites. The only compositional difference between calibration standards and samples used to
evaluate recovery is the number of spiked metabolites present. Calibration standards were spiked
after extraction and will therefore contain all metabolites of the standard mix, whereas the recovery
samples were spiked before extraction and will remove or incompletely extract some of the
metabolites from the standard mix depending on the extraction method selectivity. This was further
verified by re-analyzing the same extracts on a longer chromatographic method (60 min analysis
time), and proper quantitative recovery (80-120%) was obtained in all instances. These results
clearly show that global metabolomics methods are extremely susceptible to matrix effects and
that the 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 plasma (Figure 2.2).
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 and methanol-based solvent
precipitations (Group I). The second group consists of less polar analytes (LogP > 0.4), which
demonstrate a good recovery in MTBE, PEP2, and C18 (Group II). Interestingly, Group II analytes
had recoveries > 50% in most solvent and SPE methods in contrast to their recoveries from the
buffer. This difference in recovery is attributed to adsorptive losses in the buffer. In the
experiments with buffer, we tried to minimize these losses by using high metabolite
concentrations, but clearly, adsorptive losses were still considerable, especially for metabolites
such as thyroxine, cortisone, and cortisol. In conclusion, a side-by-side systematic comparison of
the absolute recovery of extraction methods was possible using standard addition calibration and

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

Matrix effects were evaluated using the post-extraction spike method at up to four different
concentration levels. This evaluation was performed using both RP and mixed-mode LC-MS
methods in positive and (-ve) ESI. Ion suppression was observed for metabolites with lower LogP
values (melatonin, 4-aminobutanoic acid, adenine, and homovanillic acid) in methanol-based
extractions in RP. Neutral analytes of intermediate polarity with LogP of 1.2 (cortisol and
cortisone) were not affected in any extraction method, while signals from more hydrophobic
metabolites (LogP >1.4, triiodothyronine and thyroxine) were enhanced in all solvent-based
extracts, suppressed in IEX and PEP2 and remained unaffected in C18 SPE. The suppression in
solvent-based extractions in (—ve) ESI RP (Appendix A, Supplementary Figure A2,
Supplementary Table A7) affected a wider range of analytes than in (+ve) ESI RP and extended
toward neutral mid-hydrophobic analytes (cortisol and cortisone), while organic acids (folic,
pantothenic, homovanillic and cholic) remained unaffected. The suppression of polar analytes in
RP analysis in both positive and (-ve) ESI is not surprising and could be explained by the co-
elution of a large number of un-retained metabolites. However, mixed-mode LC-MS analysis,
which is capable of chromatographically separating the majority of these charged species, also
shows very significant problems with ionization suppression and/or enhancement depending on
the analyte and extraction method tested. Previous studies have also shown that HILIC methods
are also highly susceptible to matrix effects even when using microextraction format.'”> Matrix
effects could be partially decreased via improved resolution at LC-MS step by the decrease of
stationary phase particle size (< 2 um) or drastic increase of column length and chromatography
time to impractical limits.!”® Therefore, there is no simple solution to implement to address this
major problem. Finally, methanol-based extracts demonstrated a higher number of analytes
affected by matrix effects. In contrast, the more selective MTBE and C18 SPE methods showed
matrix effects for fewer metabolites and less pronounced extent of suppression/enhancement if
matrix effects were present (Table 2.1, Supplementary Figure A2). The higher suppression
matrix effect observed for methanol blends is most likely caused by higher matrix complexity as
compared to MTBE and C18 SPE methods, which are more selective, as 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 seven extraction methods. Samples were analyzed using
(+ve) ESI RP (a) — ESI RP (b), (+ve) ESI Scherzo (c), and — ESI Scherzo (d). Red color boxes
located across the diagonal show the total number of putative metabolites detected with that
extraction method from plasma. Yellow, white, and cyan blue colors designate high (99.9-80%
overlap), medium (79.9-50.0%), and low (50.0 — 0.0% overlap) of putative metabolite populations
observed by the two extraction methods specified. Therefore, the methods indicated with cyan blue
boxes are the most orthogonal pairs of methods across all of the seven extraction methods tested.

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

chromatography are more susceptible to signal enhancement. The observed enhancement of signal
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response (for example, triiodothyronine and thyroxine in Scherzo analysis (Appendix 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) formation of a significant amount of adducts in the buffer but not in
matrix calibration points and/or (iv) limited solubility of standard analytes in buffer calibration
samples versus plasma extracts. The matrix effects experiment was repeated for (+ve) ESI Scherzo
LC analysis using Orbitrap Velos™ mass spectrometer with a mass resolution of > 100,000 to
evaluate the possibility (ii). The same enhancement results were observed, so we can conclude that
the cause of observed ion enhancement is not co-elution of species with similar m/z to the analytes
of interest. Next, Na" and NH4" adduct formation was compared for buffer samples versus plasma
extract samples. No significant differences in adduct formation were found for any analytes except
for melatonin, where sodiated adduct with an intensity similar to protonated ions was formed in
buffer calibration points. The total area of sodiated and protonated ions was used in calculations
of matrix effect for melatonin to correct for sodiated adduct formation. Finally, the observation of
large differences between matrix effects in Scherzo 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 effect observed in mixed-mode LC analysis
(and occasionally in RP analysis) is based on the true difference in ionization process between
plasma-based and buffer-based samples. This is further supported by the fact that for both analytes
that exhibition enhancement, their isotopically labeled standards also confirm the same extent of

enhancement, showing high-quality 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 guide the selection of the best internal
standards for quality control 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. These include 5-methoxytryptamine, folic acid, thyrotropin-
releasing hormone, and cortisol for (+ve) ESI RP; and pantothenic and cholic acids for (-ve) 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 of the total number of standard analytes which experienced matrix effect
(suppression or enhancement) across different extraction methods in combination with either RP
or mixed-mode LC-MS analysis. Analytes (n=24, including SIL for some of the metabolites) were
counted if they were detected in the buffer and at least one of the post-extraction spiked calibration
standards. For metabolites detected at all concentration levels, the mean matrix effect obtained
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 either matrix were not counted because matrix effects could not be properly determined
for such cases. Supplementary Table A6 (Appendix A) shows full results for matrix effect
evaluation.

RP LC-MS analysis Scherzo mixed-mode LC-MS analysis

Evaluation of } | _ | | _
mairix SR EE|E B x|z |2 |BE|EE|E B x|zl
effects sEsE|lS |E|B|R|O|€E&|lsE|lS|E|B |2 |O

sl =22 | = |7 |~ sl | =2 |7 |~

= = = = = =
Suppressed (+ ESI) 6 6 6 4 7 9 5 4 4 4 4 4 7 5
Enhanced (+ ESI) 5 5 5 4 2 4 2 11 11 11 7 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 12 7 4 10 2 2 1 8 4 7 10
Suppressed (- EST) 3 3 5 0 1 1 1 7 4 9 1 10 5 3
Enhanced (- ESI) 2 2 2 2 4 7 8 4 3 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 spiked post-extraction to monitor for matrix
effects such as SIL analogues of adenine and thyroxine for (=) ESI RP; neurotensin, melatonin,
thyroxine, and cortisol for (+ve) ESI Scherzo and homovanillic acid, melatonin and thyroxine (-
ve) ESI Scherzo. These analytes show large differences in matrix effects between different
extraction methods as shown in Supplementary Figure A2 (Appendix A), which suggests their
ionization is susceptible to the presence of possible co-eluting interferences and do not overlap
with proposed recovery 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 1on suppression at that specific moment of chromatographic run.

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 experimental conditions. In general, for any combination of
extraction method and LC-MS analysis, standards with high recovery in that extraction method

and no matrix effects across all extractions for the chosen LC-MS method would make ideal
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recovery standards, while standards highly susceptible to ion suppression/enhancement would

make useful internal standards for monitoring of matrix effects across individual samples.

2.3.2 Global metabolite analysis

Seven extraction protocols were compared using four LC-MS analyses in order to assess
metabolite coverage, extraction repeatability, and method overlap (orthogonality) as shown in
Figure 2.3. In addition, Table 2.2 summarizes metabolite coverage and extraction repeatability of
all extraction methods tested. As expected, the highest number of putative metabolites was
extracted by methanol-based solvent precipitation methods, with the highest number of putative
metabolites (3804) detected for methanol/ethanol. The analysis of organic MTBE fraction resulted
in 2887 putative metabolites as revealed by (+ve) ESI RP analysis. Approximately 30% fewer
metabolite features were detected in C18, and PEP2 SPE extracts, while only 1835 putative
metabolites were observed for IEX SPE. The table also shows the median RSD of signals across
all extraction methods for each LC-MS analysis. Methanol-ethanol and methanol extractions
demonstrated the best repeatability versus all other extraction methods independently of the LC-
MS method employed. PEP2 and IEX had acceptable repeatability for global metabolomics. On
the other hand, MTBE and C18 extraction methods demonstrated the worst repeatability
independent of LC-MS analysis (Table 2.2). The high proportion of irreproducible features in
these two methods requires the application of rigorous quality controls and in-depth investigation
for the sources of such irreproducibility.

Previous C18 SPE studies for plasma metabolomics indicate conflicting evidence regarding C18
repeatability for this application. In the first study on this topic, Michopoulos ef al. showed 48%
and 55% of features detected in C18 SPE and methanol precipitation had RSD <30%, respectively,
which implied both methods have similar repeatability.'® Rico et al. also observed similar
repeatability between methanol and C18 SPE with approximately 80% of features, which met 30%
RSD criteria for both methods.!®¢ Our results show that only 42% of features extracted by C18

SPE met the repeatability criteria, which is consistent with Michopoulos's study. '’
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Table 2.2. Metabolite coverage and repeatability of extraction methods assessed by global
metabolomics analysis. This table shows the total number of putative metabolites (M) detected in
a minimum 5 out of 6 extraction replicates analyzed using RP or Scherzo mixed-mode LC-MS after
removal of features present in blank 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 repeatable with RSD < 30% for n==6 independent extractions (M30).
RSD for each putative metabolite feature was calculated using raw signal intensities in extraction
replicates (n=6). The number of features with RSD < 30% (between replicates) represent high-
quality features that could be used for biomarker discovery and pathway analysis in global
metabolomics projects.

(+ve) ESI RP (-ve) ESI RP (+ve) ESI Scherzo (-ve) ESI Scherzo
Extraction Median Median Median Median
method M % Mz | M % Mso | M % Mo | M % M3o
RSD RSD RSD RSD
Methanol-
3804 12.8 3306 | 1093 13.4 1051 | 1702 223 1087 | 1278 18.7 930
ethanol
Methanol-
MTBE 3394 17.7 2389 | 1055 12.7 849 | 1510 252 877 | 1363 21.0 897
Methanol 3795 11.5 3483 | 1035 114 940 | 1538 19.0 1089 | 1113 17.9 802
IEX 1835 17.5 1406 | 415 12.5 364 894 23.2 571 561 23.1 373
MTBE 2887 37.9 1037 | 618 26.9 362 948 39.1 326 753 31.7 345
PEP2 2430 21.0 1635 | 557 14.5 444 1 1093 24.9 651 773 21.5 498
C18 2459 34.6 1032 | 603 22.7 394 | 1078 414 318 820 33.2 357
Total
metabolome 5853 1466 3072 2229
coverage

However, our results also show vast superiority of methanol repeatability, where 92% of features
were highly repeatable with RSD <30% for n=6 extraction replicates. Considering this discrepancy
across the studies for C18 SPE, further investigation of the factors affecting repeatability is
required. Such contributing factors may include the lack 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 Michopoulos ef al. and Rico ef al. used methanol as elution
solvent which may have contributed to the poor precision.'*¢!8 Qur MTBE results are in contrast
to good precision obtained when using MTBE with in-vial dual extraction method where >80% of
features had RSD <30% for n=3 extraction replicates.!”> The same authors observed poor precision
of MTBE LLE with evaporation/reconstitution step whereby only 56% of detected features
exhibited RSD <30%. The latter result is consistent with the results of the current study, where the

evaporation/reconstitution step was employed.
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Figure 2.4. PCA analysis of seven extraction methods and quality control samples analyzed on
four LC-MS methods (a,b — RP analysis; ¢, d — Scherzo analysis in positive and (-ve) ESI,
respectively) executed on all metabolites that satisfy criteria described in the main text (not present
in the blank, and present in a 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), methanol-MTBE (violet), methanol-ethanol (green) extraction
replicates, and red diamonds for methanol extraction replicates. The plots show the top two
principal components. The numbering of replicates corresponds to their sequential injection order
in a given LC-MS analysis. The analysis was executed using multivariate analysis software SIMCA
(v 14.1.64, Umetrics, San Jose, CA, USA) after Pareto scaling.

During their evaluation of the optimum method for lipidomics, Sarafian ef al. also showed poor
repeatability of MTBE in comparison to methanol with a similar 2-fold deterioration of mean RSD

199 consistent with what was observed in the current

and the numbers of highly reproducible lipids
study. During further investigation of MTBE extraction repeatability, the repeatability of solvent
pipetting was investigated and found not to be a significant contributing factor to overall method
performance. Next, the (+ve) ESI RP LC-MS analysis of newly prepared aqueous and organic
layers obtained after MTBE extraction demonstrated repeatability in aqueous layer to methanol

extracts (median RSD of 15.7% for MTBE aqueous) versus 16.0% RSD for methanol obtained
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during this follow-up experiment. In contrast, organic extracts had a median RSD of 36.4%, which
is consistent with the 37.9% median RSD obtained in our initial experiment presented in Table
2.2. Detailed investigation of this data showed clear dependence of RSD on retention time: a large
proportion of peaks eluting with the retention time of > 20 min had RSDs greater than 50% in both
methanol and MTBE extracts. Methanol had a large number of peaks with retention time < 20 min,
which exhibited good repeatability, which resulted in good median RSDs observed for the global
metabolomics data. MTBE, on the other hand, had only a small number of metabolites eluting with
retention time <20 min, and a very high proportion of metabolites with retention time > 20 min,
which resulted in overall higher median RSD’s observed in Table 2.2. Based on this evidence, it
is believed that poor MTBE repeatability observed in our study may not arise from the extraction
method itself, but from a poor match between the composition of MTBE extract and RP and mixed-
mode LC separation methods employed in this study, which would not adequately separate lipids
extracted by MTBE.

Further analysis of Table 2.2 across LC-MS methods demonstrated inferior reproducibility of
Scherzo analysis compared to RP. This is attributed to the lower resolution of the Scherzo column
(larger particle size than RP column) and larger matrix effect than in RP as shown in matrix effects
(Section 2.3.1.4). Finally, a hierarchical analysis was performed to determine the pairwise
orthogonality of each of the methods tested (Figure 2.3). The hierarchical clustering confirms the
high orthogonality of IEX and MTBE to other methods observed in targeted analysis, the similarity
between methanol-based extractions, and the similarity between C18 and PEP2 SPE methods. Our
orthogonality results for methanol and C18 SPE (1825/2459 putative metabolites = 74% overlap
using data shown in Figure 2.3) are consistent with what was reported by Rico ef al. who observed
58-68% overlap between the two methods and ability to detect 600 additional features when
comparing SPE to methanol precipitation.'®® Using (+ve) ESI RP analysis, a total of 5853 non-
redundant putative metabolite 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 metabolites). Therefore, 7x increase 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 LC-MS methods where the increases were 34% ((-ve) ESI RP LC-MS), 80%
((+ve) ESI mixed mode LC-MS), and 74% ((-ve) ESI mixed mode LC-MS). These results clearly
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show that simply using multiple extraction methods in parallel is not the best way to increase
metabolite coverage and that sequential extractions should be explored to further boost
metabolome coverage. In support, Figure 2.4 shows principal component analysis results for all
extraction and LC-MS methods, further illustrating that IEX and MTBE are the most

complementary methods to methanol-based solvent precipitation.

Table 2.3. Summary of method performance for extraction of plasma. The number of pluses
represents the scoring of method performance where + is the worst and ++++ is the best.
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& g S
Methanol/ethanol +++ ++ +++ ++++
Methanol ++++ ++ ++++ ++++
Methanol/MTBE +++ ++ +4+ +++
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, LLE, and SPE methods using standard addition
calibration. In addition, method repeatability, orthogonality, and metabolome coverage were
compared in combination with four LC-MS methods. Our results confirm the wide selectivity of
methanol-based precipitation methods versus LLE and SPE, with the best results observed using
methanol or methanol/ethanol, as shown in Table 2.3. However, methanol-based methods suffer
from severe matrix effects, which negatively impact data quality and may result in an inaccurate
selection of tentative biomarkers. We also show that IEX and PEP2 SPE provide acceptable
performance for global metabolomics studies of plasma and 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, providing the possibility of

increased metabolome coverage via sequential application of these methods.
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3 Development of a sequential SPE-based sample preparation method for

global metabolomics analysis of human plasma by LC-MS

3.1 Introduction

The main objective of global metabolomics is a comprehensive analysis of all small-molecular-
weight species (<1,500 Da) in a biological sample.’! The execution of this task in a complex
biofluid such as blood plasma is complicated by the large number of metabolites present, their
chemical diversity, and the broad span of their concentrations, exceeding 9-10 orders of
magnitude. The chemical diversity of blood plasma metabolome spans the entire polarity range
and exceeds any single solvent's extraction capability, thus immediately narrowing down the
number of metabolites that can be detected with any single extraction method.”® Metabolome can
be further sub-divided into metabolites with anionic, cationic, zwitterionic, or neutral properties at
physiological pH.”> The inherent size and complexity of metabolome in any biospecimen of
interest leads to the co-elution of multiple compounds, which may lead to matrix effects, low
signal-to-noise ratios, and overlaps of MS and MS/MS spectra from several compounds, 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 combined MS analysis of plasma solvent
extracts on gas-chromatography (GC-MS), LC-MS, NMR, and revealed a total of 3564 confirmed
non-redundant metabolites, 79.9% of which were detected in lipidome profiling in TLC/GC-FID-
MS.%"In addition to combining different analytical techniques, other ways to increase the
metabolome coverage include combining orthogonal chromatographic separations in combination
with LC-MS, performing LC-MS analysis using both positive and (-ve) ESI modes to ensure
adequate coverage of both acidic and basic metabolites, two dimensional (2-D)-LC separations,
and/or addition of IMS to LC-MS separations. For example, combining different LC separation
methods prior to MS detection provides different elution order of analytes and re-arrangement of
the composition of co-eluting compounds and thus enable successful detection of additional non-
redundant metabolites. This is commonly achieved by combining highly complementary RP and
HILIC methods'®® or, more recently, RP and multimodal ion-exchange (IEX) — RP
separations.'!’*!1%¢ Parallel LC-MS analysis using orthogonal chromatographic separations can

significantly increase metabolome coverage. Thus, parallel analysis of the solvent extract of

61



human blood plasma using RP and zwitterionic HILIC (ZIC-HILIC) resulted in detecting 5188
and 4739 distinct metabolic features in positive and (-ve) ESI, respectively, representing > 50%
increase versus using the single LC method.®! Also, the increase of metabolome coverage can be
achieved using an online 2-D LC-MS with BEH C8 and BEH C18 columns, which have
complementary selectivity towards aqueous and lipid metabolites, respectively.?** This approach
identified 447 metabolites vs. 213, and 374 metabolites identified off-line 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 collisional cross-sections, thus increasing
the number of metabolic features in MS analysis of blood serum.!”' However, despite all these
advances in analytical instrumentation and methods, the high complexity of the human plasma
metabolome remains one of the major analytical challenges, and new strategies to further increase
metabolome coverage and data quality in untargeted metabolomics analysis are critically needed.?®
One way to decrease sample complexity with 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 proteins.!7417>:185:189.199 Nethanol extraction is currently one of the most popular methods
for the preparation of plasma or serum samples because it removes nearly 99% of proteins'®’, has
good repeatability, and generates the widest metabolome coverage using a single solvent.!8172-174
Although the use of different solvents results in slightly different metabolome coverage, a parallel
LC-MS analysis of extracts prepared using different solvents results in a disproportionally small
increase in the metabolome coverage 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 orthogonal rival
- methanol/ acetone cocktail.2%> The separation of proteins and metabolites could also be achieved
by size exclusion techniques, such as dialysis, ultra-filtration or size-exclusion chromatography
and is used in the studies of protein-metabolite interactions.?*® However, the resolution of a size
exclusion chromatography is not sufficient for a clear separation of peptides from metabolites. In
addition, the recovery losses of multiple metabolites were reported in microdialysis and
ultrafiltration.?’” Thus, none of these size-based methods have yet found wide use in global
metabolomics analysis. Studies based on SPE removal of phospholipids such as HybridSPE™

from Sigma,'® Ostro™ from Waters, and Phree™ from Phenomenex'¢”:!"> demonstrated mixed

62



results, where a decrease in a metabolome coverage of metabolites is concomitant with
improvements in sensitivity, repeatability, and matrix effects for metabolites remaining after
phospholipid removal. On the other hand, sensitivity, repeatability, and matrix effects were
improved significantly for several metabolites remaining after phospholipid removal. At the same
time, sequential sample preparation, commencing with methanol precipitation of plasma followed
by SPE sub-fractionation of methanol supernatant into phospholipid, lipid, and polar fractions,
drastically increased the metabolite coverage to 4,264 molecular features compared to 1,792
detected in methanol extract alone.!”’ In addition, the parallel analysis of non-polar and polar
fractions generated by LLE of plasma by methyl tert-butyl (MTBE) increased metabolome to 3125
metabolites compared to 1851 metabolites observed in methanol precipitations.!”* The subsequent
SPE fractionation of the non-polar MTBE fractions into phospholipid, fatty acid, neutral, and
hydrophobic lipid fractions demonstrated a further increase of the metabolome coverage to 3,806.
The above SPE sub-fractionation methods focused on extensive fractionation of lipid sub-
metabolome. However, the effect of the sub-fractionation 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 Phree™ SPE with a subsequent parallel sub-fractionation using
three SPE methods: (i) polymeric-RP SPE consisting of Strata-X sorbent; (ii) a mixed-mode SPE
consisting of Strata-X sorbent with strong cation IEX (Strata-X-C) and (iii) mixed-mode SPE of
Strata X with weak anion IEX (Strata-X-AW).”® This approach allowed at least a four-fold increase
in sample loading for SPE fractions versus methanol extracts without overloading the nano-LC
column used for the analysis. It demonstrated a 40-fold increase in signal intensity for many
metabolites, the detection of more than 5900 molecular features, and precision below 30% for at
least 62% of metabolites. However, only metabolites bound to SPE were analyzed in this
experiment, which made a comprehensive analysis of the effect of ion-exchange sub-fractionation
on the coverage of a polar metabolome impossible. The second study compared the performance
of seven extraction methods and found that mixed-mode ion-exchange SPE fractionation
demonstrated a lower total number of metabolites detected in bound fractions compared to
methanol extracts and RP C18 SPE extracts.!”® Besides, the composition of this mixed-mode IEX
was highly orthogonal to methanol, thus illustrating its ability to increase polar metabolome
coverage. However, to the best of our knowledge, comprehensive studies of the effect of a

sequential fractionation on polar metabolome have not been reported.
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Therefore, there is a need for a comprehensive assessment of polar and mid-polar plasma
metabolite coverage after ion-exchange SPE. The objective of this study was to design, develop
and characterize a novel sample preparation protocol that combines methanol deproteinization and
sequential SPE fractionation of polar and mid-polar plasma metabolites into anion, cation,
zwitterion, and neutral fractions. We systematically assessed this approach's advantages and
disadvantages on metabolome coverage, matrix effects, method reproducibility, and metabolite
recovery. Finally, we also investigated the compatibility of these anion, cation, zwitterion, and
neutral fractions with RP and ZIC-HILIC chromatographic LC-MS methods to design the most
optimal combinations of sSPE fractions and LC-MS analysis. This methodology will increase the
coverage of the polar and mid-polar metabolome according to the chemical properties of
metabolites, the knowledge of which can be partially useful for metabolite identification. In
addition, this new approach may facilitate the development of targeted sample preparation methods

and improve the integration of global and targeted metabolomics analyses.

3.2 Materials and methods

3.2.1 Chemicals and consumables

LC-MS grade solvents/mobile phase additives and analyte standards were purchased from Sigma-
Aldrich (Oakville, ON, Canada) unless stated otherwise. Norepinephrine-(ds), cholic acid (d4),
cortisol (d4), epinephrine (d3), dopamine (d4), melatonin (d4), 4-aminobutanoic acid (ds), and
phenylalanine (ds) were obtained from CDN Isotopes (Point-Claire, QC, Canada); '*Ce- thyroxine
and diosmetin (d3) were purchased from Toronto Research Chemicals (Toronto, ON, Canada).
Eicosanoids, kynurenine, and D-erythro-sphingosine (further referred to as sphingosine for
brevity) were purchased from Cayman Chemicals (Ann Arbor, MI, USA) or Cedarlane
(Burlington, ON, Canada). MTBE, acetic acid, and formic acid were bought from Fisher Scientific
(Toronto, ON, Canada). Strong mixed-mode anion-exchange/divinylbenzene-co-N-
vinylpyrrolidone (MAX) and strong mixed-mode cation-exchange/divinylbenzene-co-N-
vinylpyrrolidone (MCX) Oasis plates were purchased from Waters (Mississauga, ON, Canada).
Citrated pooled human plasma was obtained from BiolVT (Baltimore, MD, USA).

Lipids were purchased from Avanti Polar Lipids (Alabaster, AL, USA). All reagents were of
analytical or higher grade. A kit of 17 stable isotope labeled amino acids (part# MSK A2 S) was
purchased from Cambridge Isotope Laboratories, Inc. (Tewksbury, MA, USA).
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3.2.2 Overview of method development for sequential sample preparation

The initial sequential sample preparation consisted of three consecutive steps: (i) MTBE extraction
of plasma to give an organic phase (designated further as “MTBE NP” fraction) and the aqueous
phase (defined further as “agMTBE” fraction); (i) MeOH-based precipitation of agMTBE defined
further as “agMTBE-MeOH” and (iii) sequential SPE mixed-mode strong anion-exchange (SAX)
followed by mixed-mode strong cation-exchange (SCX) of agMTBE-MeOH (Figure 3.1). The
analysis of non-lipid metabolites was executed on C18 RP column using LC conditions for mid-
polar metabolites, i.e., those that are retained (RT > 2 min) on such columns and, elute between 2
and 75% MeCN and require the special C18 RP LC method conditions described in detail in
Section 3.2.3.3. Experiments were used to assess metabolome coverage, orthogonality to lipid
metabolites (lipidome), and to define the final scheme of sequential sample preparation, and results
are described in Section 3.3.1. An assessment of lipidome coverage was executed using lipid LC-
MS method (Section 3.2.3.4.5). The lipid composition of extractions was compared to a standard
lipid extraction of plasma by isopropanol (IPA).!”® These experiments are described in detail in
Section 3.2.3.4, and results were used to assess lipid recovery, lipidome coverage, and suitability
of sSPE for lipidomics analysis, as described in detail in Section 3.3.1. The step of MTBE
extraction was removed, so the final protocol, included only two consecutive steps: (i) MeOH
extraction of blood plasma and (ii) SPE fractionation (strong anion-exchange Oasis followed by
strong cation-exchange Oasis) of MeOH extract. Samples generated using the final extraction
methods were analyzed on C18 RP and ZIC-HILIC columns, using targeted and global analysis
(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
experiments (Section 3.3.2). An additional experiment (Section 3.2.5) using the final protocol of
sSPE (Section 3.2.4) was executed separately with the LC-MS analysis carried out on the HP 1290
Infinity II coupled to a 6545 QTOF MS (Agilent Technologies, Santa Clara, CA). The methods of
sample preparation and LC-MS analysis were identical to those described in Section 3.2.4, except
that (i) LC-MS analysis was executed on sSPE fractions combined in pairs to reduce analysis time
2-fold and (i1) sample loading amounts were maximized to yield the highest metabolome coverage.
The parameters of analytical performance (recovery, repeatability, metabolome coverage, matrix

effects) were assessed, and results are discussed in Section 3.3.3.
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3.2.3 Initial protocols of sequential sample preparation consisting of MTBE LLE,
MeOH precipitation and sSPE and LC-MS analysis

3.2.3.1 Standard analyte mixture for initial protocol

The systematic evaluation of the extraction methods was performed using a standard mix that (i)
resembled the class composition of biological samples and included acids, bases, neutrals, and
zwitterions; (ii) covered a wide range of chemical properties (LogPoctanol/water range from -10 to 7,
MW range from 75 to 783 Da), and (iii) was amenable to the C18 RP LC-MS method employed
in the study. All individual stock solutions were prepared in appropriate solvents as summarized
in Appendix B, Supplementary Table B1, divided into aliquots and stored at below -70°C.

The standard mix was prepared at 10 pg/mL in 20% MeOH from individual stocks. Working
solutions were prepared by dilution of the standard mix to the required concentrations 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 MTBE LLE, MeOH precipitation, and sSPE

3.2.3.2.1 MTBE LLE and MeOH extractions of the aqueous phase of agMTBE

Aliquots (150 pL) of citrated blood plasma or water (blank) were mixed with 600 pL of ice-cold
MTBE and shaken at +4 °C for 30 min with subsequent centrifugation at 17,000 x g for 15 min at
+4 °C. Then, 100 puL of the lower, aqueous phase (agMTBE) was mixed in a separate Eppendorf
tube with 400 pL of ice-cold MeOH and immediately shaken for a few seconds. Tubes were
incubated at ambient temperature for 15 min with shaking every 5 min, followed by 15 min
incubation at below -70 °C without shaking and centrifuged for 15 min at 17,000 x g at +4 °C.
Further, 175 pL of the resulting supernatant of agMTBE-MeOH was transferred into clean tubes
and stored on ice until SPE. In addition, aliquots (126 pL) of agMTBE-MeOH and aliquots (101
uL) of nonpolar (organic, upper phase) fractions of MTBE (MTBE NP) were dried under a vacuum
in a speed-vac for 8 h at 30 °C and stored at below -70 °C until LC-MS analysis. Volumes of
agMTBE-MeOH and MTBE NP were adjusted to the amount of material, equal to the content of
sSPE fractions (25.2 pL of the original plasma)).
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3.2.3.2.2 Strong anion-exchange QOasis SPE

The principal steps of sSPE are presented in Figure 3.1. A SAX SPE procedure was executed on
96-well, 2 mL MAX Oasis plates. The MAX plate was washed sequentially with 1 mL of MeOH,
I mL of 5 mM ammonium hydroxide in MM64 (60% MeCN and 40% MeOH), and 2 mL of 5 mM

ammonium hydroxide in water.

Lipid

Plasma + >| mTBENP

AIEE ] > mTBENP

+ ﬁ) Lipid fraction
Polar fraction + MeOH |»| agMTBE MeOH |

0
D

Polar fraction + MeOH |» -»-Q A,C,N,Z [C) Lipid, Mid-polar
o)

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

Figure 3.1. Flow chart of initial experiment to evaluate sSPE sample preparation versus MTBE
LLE and plasma precipitation by IPA. The sequential sample preparation method included:
MTRBE extraction of plasma, followed by MeOH protein precipitation of polar fraction, followed
by a sequential MAX-MCX SPE to generate four fractions enriched with anions (A), cations
(C), neutrals (N), and zwitterions (Z). For the comparison of lipid content, non-polar fractions
of MTBE (“MTBE NP”), methanol precipitation of polar MTBE fraction (agMTBE-MeOH),
IPA extraction of plasma (“IPA SpN”) and sSPE fractions were compared in lipid analysis.
Fractions of sSPE and their predecessor, the agMTBE-MeOH were compared in mid-polar LC-
MS analysis. Both types of analysis were carried on C18 RP columns, though LC-MS methods
were modified for an optimal separation and detection of either mid-polar metabolites or lipids.

Lipid

Aliquots of MeOH extracts (175 pL) of plasma and blanks were mixed with 825 uL of the freshly
prepared standard mix (85 ng/mL) in 2.5 mM ammonium hydroxide to generate “pre-spiked”
samples and prepared in single replicates. Aliquots of MeOH extracts, which were used for “post-
spiked” sSPE fractions and “background,” were prepared in single replicates and received the same
solution without standards. Then, 750 puL of each plasma sample (equivalent to 26.25 uL of blood
plasma) and blanks were transferred to the MAX Oasis SPE plate and loaded by gravity at ambient
temperature. The filtrate was reloaded back onto the MAX Oasis SPE plate to ensure complete

binding of anion and zwitterion metabolites, and filtrates were collected into a clean plate under
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positive pressure (nitrogen pressure 8 bars, hold time 2 min) with the aid of the MPE2 unit of the
Nimbus 96 robot (Hamilton, ON, Canada), which was used for all further filtration steps. Wells
were washed once with 200 pL of 5 mM ammonium hydroxide in water and two times by 250 L.
of 7.5 mM ammonium hydroxide in MM64 and collected into the same plate forming fraction
enriched with cations and neutral metabolites (CN). The SPE plate was eluted into another
collection plate by two sequential passages (total 600 pL) of 3% of formic acid in MM64, forming
the fraction enriched with anion and zwitterion metabolites (AZ). The collected fractions were
dried under vacuum in a Speed-vac dryer for 26 hours at ambient temperature and subjected to

MCX fractionation on the next day.

3.2.3.2.3 Strong cation-exchange Oasis SPE

SCX was executed in 2 mL MCX Oasis 96-well plates. Wells of MCX plates were washed
sequentially with 1 mL of MeOH, 1 mL of 4 mM acetic acid in MM64, and 2 mL of 4 mM acetic
acid in water prior to applying a sample. Dried CN and AZ fractions were reconstituted in 100 pL
of 8 mM of acetic acid in 30% of MM64, sonicated for 10 min, shaken on the rocker shaker at the
frequency of 450 rpm/min, and diluted with 300 puL water. Sonication and shaking were repeated,
and plates were centrifuged at 5,000 x g, +4 °C for 1 min. Supernatants (350 puL) were transferred
into the MCX Oasis SPE plate and filtered by gravity. Then, filtrates were reloaded back into the
same MCX Oasis SPE wells and collected with the aid of the Hamilton Nimbus as described above
for MAX SPE. These filtrates were combined with several washes. The first wash was executed
by 100 pL 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, respectively). The wells
were then eluted two times using 300 uL of 2.5 M NH4OH diluted in 100% MM64, and the eluent
was collected into a clean 96-well plate resulting in C and Z fractions (for CN and AZ fractions,
respectively). The collected fractions were dried under vacuum in a speed-vac dryer for 18 h at

ambient temperature and stored at or below -70 °C until LC-MS analysis the next day.
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3.2.3.3 Analysis of mid-polar metabolome

3.2.3.3.1 LC-MS analysis of mid-polar metabolites

Dried samples received 40 puL of 20% MeCN and were subjected to the reconstitution procedure,
which included two operations executed at ambient temperature: (i) sonication in a water bath for
10 min and (ii) shaking (450 rpm) for 20 min in an orbital shaker. Samples destined to serve as
“post-spiked” were reconstituted with the same solvent containing standard metabolites at
concentrations 5x higher than expected 100% recovery of standards spiked into “pre-spiked”
samples. Then, 160 puL of water was added, the reconstitution procedure repeated, and samples
were centrifuged at 10,000 x g and +4 °C for 60 s. Samples were analyzed using 10 puL injection
volumes on 1290 UHPLC chromatograph (Agilent Technologies, Santa Clara, CA) using 2.1 x
100 mm UHPLC Zorbax Eclipse Plus™ (octadecylsilane particles, 1.8 pm diameter, 95 A pore
size, equipped with 2.1 x 5 mm guard column. Mobile phases for (-ve) ESI were: solvent A: 0.02%
(v/v) acetic acid in water, solvent B: 0.02% (v/v) acetic acid in MeCN. For (+ve) ESI, acetic acid
concentrations in both A and B were increased to 0.05% (v/v). The gradient started from isocratic
2% B between 0 and 2 min, followed by a linear increase of B from 2% to 100% between 2 and
22 min, followed by 100% B isocratic for 2 min and finalized at 2% B for the last 6 min for column
equilibration. The chromatography was carried out at 0.4 mL/min at +35°C. The LC column was
coupled to Agilent 6550 iFunnel Q-TOF mass spectrometer equipped with the source containing
two nebulizers: (i) main-for samples and (ii) auxiliary-for calibration standards).

MS analysis was executed with the internal mass calibration using reference standards supplied
via the auxiliary nebulizer in positive (+ve) and negative (-ve) ESI in the mass range 100—-1000
m/z. Parameters in (+ve) ESI Q-TOF were set to: capillary voltage of 3800 V for the entire run
and nozzle voltage of 200 V for the first 4 min and 1500 V from the 4™ to the 28" minute of the
analysis. In (- ve) ESI, capillary and nozzle voltages were set to 3500 and 500 V, respectively,
during the first 5.5 min of a run and to 4200 and 800 V between 5.5 and 29 min. Drying and sheath
gas temperatures were set to +250 and +275°C and flow rates to 15 and 12 L/min, respectively,
disregarding ESI mode. Nebulizer pressure was set to 30 PSIG, and the fragmentor voltage to 175
V. Data was acquired in both centroid and profile mode at the rate of 3 spectra per s in the 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 was achieved. To assure acceptable mass accuracy 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, 1H, 3H-tetrafluoropropoxy) phosphazine (HP-
921)) in(+ve) ESI mode. Ions with m/z 119.0363 (deprotonated purine) and m/z 966.0007 (formate
adduct of HP-921) were used for calibration in (-ve) ESI.

Due to the large number of samples, each type of LC-MS analysis was executed in a separate
analytical batch. Time intervals between batches did not exceed 36 h. Sample injections were
executed in a temperature-controlled (+6 °C) injector in random order. Pooled QC samples were

injected at the beginning (n=3), at every 11"

injection’ and at the end (n=3) of each batch. Pooled
QC samples were created by mixing 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 in Profinder (version 08.01 SP) application from Agilent Technologies (Santa
Clara, CA, USA) with an ion mass accuracy threshold of + 20 ppm, retention time + 0.5 min and
intensity cutoff of 7500 counts. Peak selection and integration were verified for each standard.
The analysis of recovery was preceded by subtracting signals in “background” samples from “pre-
spiked” and “post-spiked” samples. Then, the recovery was calculated in Excel by the formula:
(signal in “pre-spiked” * 100%) /signal in “post-spiked.”

For the global data analysis, peak picking, deconvolution, alignment, and integration were
executed on the Profinder (version 08.01 SP1) application of Mass Hunter™ suite (Agilent, Santa
Clara, CA) with the following parameters: retention time 2-15.2 min, ion mass accuracy threshold
of = 20 ppm, the relative height of MS+1/MS isotope abundance to 15%, RT threshold +£0.15 min,
minimum peak height 200 and 2000 counts for M+1 and M peaks, respectively. The analysis of
global metabolome coverage in MeOH and sSPE extracts were carried out on Mass Profiler
Professional (version 14.1) application of Mass Hunter™ suite with integration and binning
parameters similar to the settings on the Profinder method. Metabolites with low quality were
removed if they met the following criteria: (i) were not at least 5x higher than the signal in a blank,
or (i1) were not found in at least 4 out of 6 replicates of a given extraction method. Manual curation
of a subset of data found 2-3% duplicate entries (a compound split between multiple entries by the

peak picking algorithm). The metabolome coverage of agMTBE-MeOH and sSPE was compared
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in Venn analysis. In addition, TIC chromatograms of MTBE NP, agMTBE-MeOH, and sSPE
fractions were visualized side-to-side to evaluate the orthogonality of metabolome coverage in
C18 RP analysis in (+ve) and (-ve) ESI to MTBE LLE and MeOH extraction. The identification
of metabolites was not carried out in this thesis. Therefore, the global results are based on the
analysis of putative unidentified metabolites. The term “metabolites” mentioned throughout the

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

3.2.3.4.1 [IPA extraction for lipidomics analysis

Ice-cold IPA (300 pl) was mixed with 100 pl of ice-cold plasma in a 1.5 mL centrifuge Eppendorf
tube and vortexed immediately for 1 minute at ambient temperature. Then, the mix was incubated
at below -70°C for 1 h without shaking and centrifuged at 25,000 x g at +4°C for 20 min. Aliquots
of the supernatant (100 pul) were transferred into 1.5 mL Eppendorf polypropylene tubes and dried

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

3.2.3.4.2 Generation of the lipid fraction
An aliquot (100 pL) of MTBE NP of plasma was mixed with 125 pL of the agMTBE-MeOH,

dried for 8 h at +30°C in a vacuum dryer, and stored at below -70°C until lipidome analysis.

3.2.3.4.3 Preparation of extracts for lipid LC-MS analysis in (-ve) ESI

Dried samples were reconstituted in 40 pl (36.3 ul for SPE extracts) of a buffer containing 0.02%
(v/v) acetic acid, 10% (v/v) MeOH, 90% (v/v) IPA and 3 pM of lipid internal standard mix (see
Appendix B, Table B2). After 10 min of sonication in a water bath at ambient temperature and
15 min of the shaking in Genie Fisher shaker at 450 rpm, samples were centrifuged at 17,000 x g
and +4 °C for 1 min. Then, samples were diluted with 160 pL (145.2 uL for SPE extracts) of

0.02% v/v acetic acid in 60/40 water/MeOH v/v, sonicated, and shaken again as described above.

3.2.3.4.4 Preparation of extracts for lipid LC-MS analysis in (+ve) ESI

Aliquots (10 pL) of samples prepared in Section 3.2.3.4.3 were further diluted with 190 pul of the
same solvent, sonicated and shaken again as described above in glass HPLC inserts. All samples

were vortexed for 1 min and 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 analysis

LC-MS analysis was executed on LTQ Orbitrap Velos™ (Thermo Fisher Scientific, Mississauga
ON, Canada) using Waters CSH C18 (130 A, 2.5 um, 2.1x75 mm) column equipped with a 2.1 x
5 mm guard-column (XSelect™ CSH C18 XP VanGuard™ Cartridge, 130 A, 2.5 pm). The sample
was eluted at a flow rate of 0.25 mL/min and temperature 55°C. For the analysis in (+ve) ESI,
mobile phase A contained 10 mM of ammonium acetate in 60/40 water/MeOH (v/v) while B was
90/10 IPA/MeOH (v/v). For the analysis in (-ve) ESI, ammonium acetate in both phases was
replaced by 0.02% (v/v) aqueous acetic acid. The same gradient was used for both ESI modes
(Appendix B, Supplementary Table B3). The MS parameters were set to: capillary temperature
+275°C, a source at +300°C, and the voltage of 3.5 kV in (+ve) ESI or 3 kV in (-ve) ESI. Sheath
gas flow was set to 10 for (+ve) ESI or 15 for (-ve) ESI; aux gas flow was set to 10 (arbitrary units)
and resolution to 60,000 FWHM (MS"). Internal mass calibration was performed using the mass
lock set to the mass of the ubiquitous background ion: 391.28428 in (+ve) EST or 311.16859 in (-
ve) ESI. The data-dependent CID fragmentation was executed, and spectra collected spectra for
eight highest signals above 5000 counts in mass ranges 385-1200 m/z for positive and 280-1200
m/z for negative ionization modes with an isolation width of 2, activation time 50 milliseconds,

and normalized collision energy of 35 V.

3.2.3.4.6 Data analysis

Lipid identification was carried out using LipidSearch 4.1 (Thermo Fisher Scientific) by matching
spectra with a mass tolerance of precursor +/- 10 ppm and product at +/- 0.5 Da against the in-
silico online LipidSearch library. The identified lipids were aligned between samples using +/- 5
ppm mass accuracy and RT threshold of +/- 0.5 min. The data was curated by removing duplicates,
and signals with a signal ratio plasma/ blank < 5. Further data analysis was executed in Excel, and

Venn analysis was carried in MPP (MassHunter™, Agilent Technologies).

3.2.4 Optimization and evaluation of sSPE for analysis of polar and mid-polar
metabolites in individual sSPE fractions

The evaluation of sequential sample preparation method was simplified (Figure 3.2) compared to

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

Standards were prepared as described in Section 3.2.3.1 except that the number of targeted
metabolites was increased to improve the systematic representation of metabolite classes and

amenability of targets to RP and ZIC-HILIC methods. (Appendix B, Supplementary Table B1).

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

Plasma + MeOH | > MeOHSpN [)| RPZIC-HILIC

Figure 3.2. Flow chart of the comparison of sSPE fractions (A, C, N and Z) to MeOH extract
(“MeOH SpN”), for mid-polar (RP) and polar (ZIC-HILIC) LC-MS analysis. A sequential
sample preparation includes MeOH extraction of plasma with subsequent sequential SPE (MAX
-> MCX) approach. Sequential SPE generated fractions presumably enriched with a single
class of metabolites: anion (A), cation (C), neutral (N), zwitterion (Z), These fractions were
analyzed in RP and ZIC-HILIC LC-MS with (+ve) and (-ve) ESI in parallel to MeOH extract
of plasma.

3.2.4.2 MeOH extraction of plasma

The flow chart of the final protocol for sample preparation with emphasis on sSPE is shown in
Figure 3.3. The standard mix was added into plasma or water (blank) to yield 70 ng/mL
concentration to form “pre-spiked” samples. Samples, which were processed without standard
analytes (and which will serve as “background” and “post-spiked”), received equal volumes of
20% MeOH. For MeOH extraction, 200 pL of the sample was mixed with 800 pL of ice-cold
MeOH and processed identically to the initial protocol (Section 3.2.3.2). 572 uL of the supernatant
were transferred into clean tubes and dried in a vacuum at +36°C for 4 h in a speed-vac. Dried

samples were kept at below -70°C until SPE extractions.

3.2.4.3 Strong anion-exchange Oasis SPE

The preparation of a MAX SPE plate was identical to the initial protocol and described in Section
3.2.3.2.2. Dried MeOH extracts were reconstituted in 175 pL of 80% MM64 using the
reconstitution procedure described in Section 3.2.3.3, centrifuged (15,000 x g, 15 s, +4 °C) and
diluted with 825 pL of 5 mM ammonium hydroxide in water of ambient temperature, followed by

the reconstitution procedure and centrifugation at 10,000 x g, 15 s, +4 °C.
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Figure 3.3. Flow diagram of the final protocol of sSPE for the analysis of individual fractions. The
flow and parameters were identical between the analysis of individual and combined sSPE
fractions (Section 3.2.5) except that in the latter, fractions were reconstituted and mixed as
described in Section 3.2.5.3. The ideal fractionation would provide segregation of metabolites (4,

C, N, and Z) into correspondent sSPE fractions, according to their charge depending on pKa of
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 and the first wash (100 ulL) were
aqueous, while the second wash and elution solutions were 100% organic and prepared by
blending 60% methanol and 40% acetonitrile (“MM64”). These measures were aimed to reduce
hydrophobic interactions due to DVBP stationary base used in MAX and MCX Oasis SPE plates.

Aliquots (700 pL) equivalent to 80 pL of plasma were transferred into wells of MAX SPE plate
and processed identically to the initial protocol (Section 3.2.3.2.2) except for the use of wash
buffers with lower ionic strength. Wells were washed sequentially with: (i) 100 uL of 2 mM

ammonium hydroxide in water and (i1) two volumes (250 pL each) of 4 mM ammonium hydroxide
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in 100% MM64. The plate with the collected CN fractions was sealed and placed on ice. The
elution was carried with three volumes (400 pL, each) of 3% formic acid in MM64 and collected
into a clean 2 mL, 96-well plate, producing AZ fractions. The collected fractions were transferred
into 1.5 mL Eppendorf tubes and dried under vacuum at +30°C for 12 hours in a Labconco
centrifugal vacuum drier (model 7982010). Dried samples were kept at below -70°C until strong
cation-exchange SPE, which took place no more than 48 h after drying.

3.2.4.4 Strong cation-exchange Oasis SPE of CN and AZ fractions

Dried MAX SPE fractions were reconstituted in 105 pL of 6.5 mM acetic acid in 80% MM64,
processed through the reconstitution procedure, diluted with 495 pL of 6.5 mM acetic acid in the
water, and the reconstitution procedure (Section 3.2.3.3) was repeated. After centrifugation
(15,000 x g, 15 sec, +4°C), reconstituted MAX fractions were loaded into wells of the MCX plate,
and SPE was executed identically to the process described in Section 3.2.3.2.3. Collected SPE
fractions (A, C, N, and Z) were transferred into Eppendorf tubes, dried as described in Section
3.2.4.3, and stored at below -70°C until LC-MS analysis, which was executed within 48 h from

the time of drying.

3.2.4.5 RP LC-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 (17,000 x g, 15 s, +4°C).
Then, samples were diluted with 114.3 uL of water, and the reconstitution procedure was repeated.
SPE extracts were reconstituted identically using 20 puL and diluted in 80 uL of 25% MeOH,
respectively. Samples were analyzed in random order with QC (mix of equal volumes of al
samples) injected at each 11" injection. The instrument and parameters of LC-MS were identical

to the ones described in the LC-MS analysis of mid-polar metabolites in Section 3.2.3.3.

3.2.4.6 ZIC-HILIC LC-MS analysis

Dried MeOH extracts were reconstituted using 28.6 pL. of 5 mM ammonium acetate in 75% MeCN
and diluted with 114.3 pL of 100% MeCN using the reconstitution procedures described in Section
3.2.3.3. SPE extracts were reconstituted identically but using 20 uL of 5 mM ammonium acetate
in 75% of MeCN/water followed by 80 pL of 100% MeCN. The chromatographic separation was
executed on a 2.1 x 100 mm SeQuant™ ZIC-HILIC column (Millipore Sigma, ON, Canada)
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packed with 3.5 pm particles with a pore diameter of 200A equipped with a 2.1 x 20 mm guard at
0.4 mL/min and +35°C. Mobile phase A contained 5 mM ammonium acetate in 95/5 (v/v)
water/MeCN and B contained 5 mM ammonium acetate in 5/95 (v/v) water/MeCN). The gradient
started at isocratic 100% B and held between 0 and 2 min, followed by an 18 min linear gradient
from 0 to 20% A and a 7 min gradient from 20 to 50% of A. The gradient was continued to an
isocratic mode at 50% A between 27 and 29 min. The column was re-equilibrated for 5 min in
100% B prior to the next injection. Samples were analyzed in random order with QC (mix of equal

volumes of al samples injected at every 111

injection. MS analysis was carried out at VCap of
3500 V, nozzle voltage of 400 V, drying gas temperature of +250°C supplied at 15 L/min, and
nebulizer pressure of 35 PSIG. Sheath gas temperature was set to +275°C and the flow to 12 L/min,
for both ionization modes. Internal mass calibration was executed as described for the RP analysis

of mid-polar metabolites in Section 3.2.3.3.1.

3.2.4.7 Optimization of sample loading

All samples prepared for LC-MS contained 0.8 pL of the original plasma sample / 1 pL. Samples
were injected in variable volumes to evaluate the effect of different sample loads on metabolome
coverage. MeOH extracts, as the most complex sample, were loaded in volumes 1, 2, and 4 ul,
which were equivalent to the amount of material equivalent to 0.8, 1.6, and 3.2 pL of original
plasma volume, respectively. Individual sSPE fractions were loaded in volumes 4, 8, and 12 ul,
which were equivalent to the amount of material equivalent to 3.2, 6.4, and 12.8 puL of original

plasma volume, respectively.

3.2.4.8 Targeted data analysis

Targeted data analysis was performed using selected identified metabolites:(Appendix B,
Supplementary Table B1). Raw LC-MS data were processed identically to the initial protocol
(Section 3.2.3.3.2). Standards of two types were identified and integrated: (i) reference standards
(IR), which were spiked into plasma prior to MeOH extraction, (ii) background reference standards
(ER), which were detected in plasma samples using masses and RT of known standards in solvents
analyzed in the same analytical batch. The quality of the fractionation was evaluated by examining
in how many sSPE fractions each metabolite was detected in. Further interpretation of
fractionation behavior was executed by comparing the observed metabolite fractionation behavior

with their predicted physical-chemical properties, i.e., pKa’s, hydrogen bonding, and LogD (at pH
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of MAX and MCX), which can be found in Appendix B, Supplementary Tables B1 and B4.

These values were calculated in silico by Chemicalize calculator in November of 2019.

(www.chemicalize.com) built by ChemAxon (Budapest, Hungary) www.chemaxon.com. In total,
93 metabolites were tested, and 62 were detected in this experiment (Appendix B, Supplementary

Table B4).

3.2.4.9 Global data analysis

The global analysis of the extraction methods, peak picking, deconvolution, alignment, and
integration was executed by Profinder (version 10.0) software from Agilent within the retention
time interval of 1 - 16 min (RP) and 0.5 - 20 min (ZIC-HILIC), ion mass accuracy threshold of
+ 20 ppm, the ratio 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 across all samples. Duplicated compounds
and compounds with poor peak shapes were removed. In addition, low-quality 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% of replicates of a given extraction method were also removed. Metabolome coverage and
orthogonality of fractions were analyzed using a Venn analysis in Mass Profiler Professional™ (v.
13.0, Agilent). Datasets from each LC-MS analysis for MeOH extracts and sSPE fractions were
processed through log transformation and Pareto scaling. A 2-D hierarchical clustering of
metabolites and samples was executed using the Euclidian distance and average linkage approach
in the  GENE-E™  application  developed by  the  Broad  Institute
(https://software.broadinstitute.org/GENE-E/). The effect of the sample loading amount was

analyzed by the assessment of the amount at which the increase in metabolome coverage and signal

growth (MeOH/fraction signal ratios) between increasing loads was saturating.

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 the standard analyte mix for the analysis of matrix effects and recovery

in combined fractions

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

sample preparation executed identically to the final protocol developed and described in Section
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3.2.4, except the composition of the mix of standard metabolites. Due 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 from their endogenous levels. In
addition, the kit with 17 amino acids isotopically labeled (*’N and '*C) was added to the standard
analyte mix to improve the representation of polar metabolome. These metabolites will be
designated by additional sign “SIL” from here and further. The concentrations of amino acids in
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 water (Appendix B, Table B7).

3.2.5.2 MeOH extraction and sSPE fractionation

Frozen citrated human plasma was thawed on ice for 30 min, distributed into aliquots (120 uL),
which were spiked with 10 pL of standard mix stock (“pre-spiked”) or 10 puL of 20% MeOH
(“post-spiked” and “background”) and vortexed twice for approximately 2 seconds on Genie
Fisher 2 (ThermoFisher Scientific, MA, USA). Water in volumes of 130 puL. was used for the
generation of blank samples. Sufficient numbers of MeOH extracts were prepared to ensure the
availability of 6 “post-spiked”, 3 “pre-spiked”, 3 “background”, and one blank for MeOH
extraction and each sSPE fraction at LC-MS analysis. After adding ice-cold MeOH (520 pL),
aliquots were immediately vortexed (2 seconds) and processed using the identical extraction
procedure described in Section 3.2.4.2. Supernatants of MeOH extraction (520 uL) equivalent to
the amount of material in 96 pL of plasma were dried in a centrifugal vacuum dryer at +30°C for
4 hours and stored at -70°C. On the day of SPE fractionation, MeOH extracts destined for SPE
were reconstituted in 147 pL of 80% MM64 and diluted with 693 puL of 5 mM NH4OH in water.
Diluted samples (700 pL) were processed through MAX and then, MCX sSPE identically to the
methods which are described in the final protocol (Sections 3.2.4.3 and 3.2.4.4) and resulted in
the generation of four fractions (A, C, N, and Z) containing material equivalent to 80 puL of the

original plasma.
3.2.5.3 LC-MS analysis

3.2.5.3.1 Reconstitution of extracts and fraction combination for RP LC- MS analysis

On the day of RP analysis, dried sSPE fractions destined to serve as “post-spiked” were

reconstituted in 20 pL of 30% MeCN, which contained the standard mix at a concentration 3.75 x
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higher than the expected 100% recovery of metabolites in SPE samples spiked before MeOH
extraction (3-OH kynurenine, for example, 151.7 ng/mL). Therefore, upon 3.75-fold dilution by
55 uL of water, these samples represented an idealized 100% reference for recovery calculations.
Dry fractions of sSPE, which were destined to serve as “background” samples, were reconstituted
in 20 puL of 30% MeCN without standards, followed by the dilution with 55 pL of water. Then,
samples were vortexed for 20 min at ambient temperature. After dilution in 55 pL of water,
samples were vortexed for 20 min and centrifuged at 17,000 x g at ambient temperature for 10
min. Finally, solvent (20 pL 30% MeCN with the standard mix), which was used for the generation
of “post-spiked” samples, was mixed with 55 uL of water to generate neat standards in a solvent,
which served as 100% reference for matrix effects assessments. 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 in (-ve) ESI, fractions were mixed to form CZ and AN combinations.
All samples were analyzed using an injection volume of 12 pL, which was equivalent to 6.4 puL of
original plasma.

On the RP analysis day, dry MeOH extracts were reconstituted in 96 puL of 30% MeCN in water
and vortexed for 20 min (450 rpm) at ambient temperature. After dilution with 264 pL of water,
samples were vortexed for 20 min and centrifuged at 17,000 x g at ambient temperature. MeOH
extracts desired to be used as “post-spiked” samples were reconstituted in 96 pL of 30% MeCN in
water, which contained the standards mix at the concentration 3.75 x higher than 100% recovery
of metabolites in samples spiked before MeOH extraction (for example, the concentration of 3-
OH kynurenine = 75.75 ng/mL). Neat standards, which will serve as 100% references for matrix
effects assessments, were prepared on the day as described in detail in Section 3.2.4.5. Therefore,
after 3.75-fold dilution by 264 pL of water, these samples represented 100% reference for recovery
calculations. All MeOH samples were analyzed using 6 pL injection volume, which corresponded
to 1.6 uL of plasma. Due to different amounts of sample materials in sSSPE and MeOH extracts,
separate QC samples were generated for sSSPE and MeOH samples. Samples for QC sSPE were
created by mixing equal volumes of replicates of combined sSPE fractions. Samples for QC MeOH
were created by equal volumes of reconstituted MeOH extracts. Otherwise, experiments were

executed as described in Section 3.2.4.5.
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3.2.5.3.2 Reconstitution of extracts and fraction combination for ZIC-HILIC analysis

On the day of ZIC-HILIC analysis, dry sSPE C and A fractions destined to serve as “pre-spiked”,
“background”, and “blank™ were reconstituted in 20 pL of 5.5 mM ammonium acetate in 60 %
aqueous MeCN and vortexed on an orbital shaker (Thermo Fisher, Mississauga, ON, Canada) at
the maximum speed for 25 min at ambient temperature. After centrifugation (10 seconds at 17000
X g at ambient temperature), the content of C and A was transferred into N and Z, respectively,
shaken and centrifuged as described in the previous step. Wells N and Z received 80 uL of 100%
MeCN, followed by another round of shaking and centrifugation as in previous steps. Then,
samples were transferred from N and Z into C and A, respectively, followed by shaking and
centrifugation. Therefore, AZ and CN combinations were analyzed in ZIC-HILIC, in both ESI
mode. Fractions of sSPE destined to serve as “post-spiked” were reconstituted identically to “pre-
spiked” ones, except that the reconstitution buffer contained the standard mix (3-OH kynurenine,
for example, = 404.5 ng/mL). After dilution, standard metabolites yielded concentrations
corresponded to an idealized 100% recovery for metabolites in pre-spiked samples. All samples
were analyzed in 8 pL injection volumes, which corresponded to the amount of material equivalent
to 6.4 uL of plasma. Neat standards in a solvent (100% reference for matrix effects assessment)
were prepared by mixing reconstitution spiked with the standard mix as described for “post-
spiked” samples with 80 puL of 100% MeCN.

On the day of ZIC-HILIC analysis, dried MeOH extracts (“pre-spiked”, “background” and
“blank”) were reconstituted in the reconstitution solvent (96 pL of 5.5 mM ammonium acetate in
60% aqueous MeCN) and vortexed identically to sSPE fractions. After dilution with 384 pL of
100% MeCN, samples were vortexed for 20 min and centrifuged for 10 sec at 17,000 x g at ambient
temperature. MeOH extracts, which were destined to serve as “post-spiked” samples, were
processed identically to other samples, except that the 5.5 mM ammonium acetate in 60% aqueous
MeCN was spiked with the standard mix which, after dilution of samples with 384 uL of 100%
MeCN vyields the concentration equal to 100% recovery of metabolites in “pre-spiked” samples.
All samples were analyzed using 8 pL injection volumes, equivalent to 1.6 uL of plasma material.
Therefore, concentrations of standards were strictly proportional to the amount of loaded plasma
material for all LC-MS samples regardless of LC mode (Appendix B, Supplementary Table B7).

Due to the different amounts of sample materials in SSPE and MeOH extracts, separate QC was
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generated for sSSPE and MeOH samples, as described in Section 3.2.5.3.2. Otherwise, experiments

were executed, as described in Section 3.2.4.6.

3.2.5.4 Data analysis

For the targeted data analysis, raw LC-MS data was processed 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 signals in six replicates in “pre-spiked” after
subtraction of an average background signal (n=3) from each “pre-spiked” replicate.

For the calculation of recovery, the average background signal (n=3) was subtracted from signals
in each “pre-spiked” replicate (n=6) and each “post-spiked” replicate (n=3). The recovery was
calculated as the mean of recoveries in each “pre-spiked” replicate(n=6), which in its turn were
calculated by the formula: signal in subtracted pre-spiked * 100% / mean of subtracted “post-
spiked”.

The matrix effects were calculated for post-extraction spiked replicates (n=3) after subtraction of
average “background” signals using the formula: (signal in “post-spiked” * 100% / mean of signals
in replicates (n=3) of neat standards in reconstitution solvent. Finally, the mean of matrix effects
across three “post-spiked” replicates for each standard analyte was calculated.

The global analysis was executed as described in Section 3.2.4.9 on metabolites that satisfy the
following criteria: (1) detected in 4 or more metabolites out of 6 replicates, and (i1) ratio of the
average signal in plasma 5-fold higher than in blank, except that 2-D hierarchical cluster analysis

0 208

and PCA were executed on Statistical Analysis of MetaboAnalyst 4. after log transformation

and Pareto scaling.

3.3 Results and discussion

3.3.1 Assessment of initial protocols of sequential sample preparation

The initial experiments aimed to define an optimal sequence of sample preparation methods for
the global analysis of metabolites in blood plasma, including the fractionation of metabolites based
on charge. The flow chart of the entire experiment is depicted in Figure 3.1, while the principal
steps of sSPE can be found in Figure 3.3. The initial protocol combined the most orthogonal
methods from our previous work.!”® The sequential sample preparation was designed to fractionate

the metabolites into distinct fractions: (i) neutral, hydrophobic metabolites in the organic phase of
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MTBE extraction (“MTBE- NP”) and (ii) charged and/or neutral polar and mid-polar metabolites,
fractionated by sSPE into anion, cation, neutral and zwitterionic groups from the aqueous phase of
MTBE LLE deproteinized with MeOH (“agMTBE-MeOH”). The extraction of plasma by MTBE
was intended to remove lipids in order to improve the analysis of polar metabolome and protect
chromatographic columns from the damage caused by strong binding of hydrophobic lipids and
enable a separate analysis of lipids in MTBE NP fraction. Methanol precipitation was executed on
an aqueous phase of MTBE LLE (agMTBE) to remove proteins prior to sSSPE. Mixed-mode SPE
phases provide desired ionic interactions with either positively (MAX plates) or negatively (MCX
plates) charged moieties complicated by undesirable hydrophobic interactions from the
divinylbenzene-co-N-vinylpyrrolidone (DVBP) matrix. Therefore, sSSPE procedures 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 of sequential sample preparation
(Section 3.2.3) were to demonstrate, that sSPE fractionation improves metabolome coverage
compared to MeOH extraction and generates orthogonal fractionation of metabolites based on their
charge properties. The compatibility of sequential sample preparation with efficient lipid removal

was also 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 was executed on all of the extracts generated by sequential
sample preparation, including (i) agMTBE after the deproteinization with MeOH, i.e., agMTBE-
MeOH; (i) MTBE NP without additional treatment and (iii) the mix of (i) and (ii) the “lipid

fraction”, which represented combined lipidome coverage of (i) and (ii).

3.3.1.2 Analysis of mid-polar metabolite coverage in sequential sample preparation combining

MTBE LLE, MeOH and sSPE

The targeted analysis demonstrated an expected distribution of the majority of standards into sSPE
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 in A and creatinine — in C fraction. Zwitterions
were fractionated as expected, except for saccharopine, which was detected in the C fraction. The
ionization status of these metabolites assumed from predicted pKa values for pH’s of sSPE steps

(Appendix B, Supplementary Table B1) does not explain their unexpected fractionation.
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Figure 3.4. TIC profiles of RP LC-MS mid-polar analysis in (+ve) ESI (left panel) and (-ve) ESI
(right panel) for plasma metabolites detected in MTBE NP(designated by “MTBE”), agMTBE-
MeOH (designated as “MeOH”), and sSPE fractions: anion (A), cation (C), neutral (N) and
zwitterion (Z). The “gradient” panels show increase in mobile phase B, which is equal to 72% at

15.2 min of RT designated by the red dashed line. Vertical red dashed lines show the RT region
used for the mid-polar data analysis.

The targeted analysis has also revealed insufficient representation of the cation group of standards
(only TRH), which precluded the analysis of the fractionation of this group. The analysis of the
fractionation will be investigated in further experiments with an extended standard mix and in
more detail (Section 3.3.2.2).

The global analysis demonstrated the increase of metabolome coverage in sSPE fractions for
1.5 — fold in (+ve) and 1.4 — fold in (-ve) ESI on RP C18 (RP from here and further) compared to
agMTBE-MeOH (Appendix B, Supplementary Figure B3). This confirms our expectations and
provided merits for further development of sequential sample preparation. In addition, the
comparison of RP TIC profiles of individual sSPE fractions, agMTBE-MeOH, and MTBE NP
extracts clearly demonstrates a limited selectivity of the current design. At first, RP analysis
demonstrated a limited selectivity toward polar metabolites. A notable surface area is covered by
TIC between 0.5 and 2 min of RT, disregarding extraction type, and ESI mode (Figure 3.4). In the
second, sSPE fractions demonstrated presumably low recovery of hydrophobic compounds.
Profiles of TIC in A, Z, and N fractions are very low at RT > 15.2 min (> 72% MeCN) compared
to the sSPE predecessor, i.e., agMTBE-MeOH.
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Figure 3.5. Analysis of lipid coverage in “MTBE NP and “agMTBE-MeOH ", lipid fraction and IPA extract in (+ve) ESI (panels A, C)
and (-ve) ESI (panels B, D) using untargeted lipidomic analysis on LTQ-Orbitrap Velos.



These problems will be addressed in more detail in Section 3.3.2.2. Overall, the evaluation of the
initial sequential sample preparation protocol towards non-lipid metabolites demonstrated
increased mid-polar metabolome coverage by sSPE compared to the predecessor: agMTBE-MeOH
extract.

Fractions A, C, N, and Z demonstrated orthogonal composition in a global metabolomic analysis.
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 sequential sample preparation.

3.3.1.3 Lipid coverage in MTBE non-polar fraction

The first objective of lipidome analysis was to establish if MTBE NP (organic phase of MTBE
LLE) may provide sufficient lipidome coverage comparable to an established lipidomics method
for plasma, such as IPA.'*° It was also unclear if sSSPE may provide an improved lipidome coverage

compared to its predecessor, agMTBE-MeOH.
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Figure 3.6. Assessment of intensities of lipids in (+ve) (4) and (-ve) (B) ESI of MTBE NP (“MTBE
NP”), agMTBE- MeOH (“MeOH”), and the lipid fraction (“lipid fr.”). Blue bars represent

average and orange bars - median (n=3) of signal ratios for lipids in three sequential extracts
relative to IPA.

Therefore, a lipid analysis was executed to assess metabolome coverage and relative analysis of
signals between sequential extracts (including sSPE fractions) and IPA precipitation, which is
considered a reference method for comprehensive and reproducible lipidome coverage in
plasma.'® The comparison of lipidome coverages in MTBE NP, agM TBE-MeOH, their mix (“lipid
fraction”), and IPA precipitation is shown in Figures 3.5 C and 3.5 D. The coverage in MTBE NP
and agMTBE-MeOH was found to be similar to IPA and is confirmed by the analysis of the lipid



fraction, which was demonstrated similar to IPA lipid composition (Figure 3.5 A and 3.5 B). At
the same time, the recovery of lipids was lower in MTBE NP and agMTBE-MeOH compared to
IPA (Figure 3.6 A and B), but it was restored in their mix (“lipid fraction’) disregarding ESI mode.
Nevertheless, the recovery in 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) and (-ve) ESI, respectively
(Figure 3.6).

Table 3.1. Lipidome coverage 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) and in IPA in (+ve) and (-ve) ESI. Signals of lipids
detected in all replicates were curated manually prior to the analysis to remove false-positive
integrations and duplicates. After the removal of irreproducible (CV > 30%) signals, the median
CV was calculated (third row). Furthermore, signals with CV < 30% were removed if their
intensities were not five times higher than in correspondent blank extracts (the lowest row). Low
coverage for the lipid fraction in this column in (+ve) ESI has been caused by the failed injection
of one of three replicates and explained in detail in the text (Section 3.3.1.1). The results of
lipidomic analysis MTBE NP fraction demonstrated drastic (10.4x) loss of recovery in (+ve) ESI
(Figure 3.5A) compared to IPA. This indicates that the de-lipidation step is not as successful as
predicted and suggests this step may be omitted from the finalized protocol.

(+ve) ESI (-ve) ESI
1 [-W ! =0
= Z. = = zZ £
Data cleanup stages E % = E 2 < E % = E 2 <«
sS& | 2 |[Fg| B |=2| 2 |5:]| =
== | E | 7& == | £ | 7 &
< E < E

Number of identified lipids

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

Number of lipids with
CV<30% 538 | 540 | 475 | 581 338 | 250 | 403 | 385
Median CV of remaining 174 15 101 173 109 205 s y
lipids (%)

Number of lipids with signal

to blank ratio > 5 185 186 130 264 295 195 362 348

These differences in signal intensities can be explained by (i) lower lipid extraction efficiency of
MTBE LLE and agMTBE-MeOH compared to IPA and (ii) more complex manipulation and higher
non-specific sample losses during the production of the lipid fraction. Surprisingly, the
repeatability was not significantly affected in the lipid fraction. For example, the number of lipids
with CV <30% in (+ve) ESI was 475 (median RSD 10.1%) in the lipid fraction and 581 (median
RSD 17.3%) in IPA. In (-ve) ESI, the number of lipids with CV <30% was 403 (median RSD
15.0%) in the lipid fraction and 385 (median RSD 14.0%) in IPA extract, respectively (Table 3.1).
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The very low number of signals of non-blank lipids in the lipid fraction in (+ve) ESI (Table 3.1)
has been caused by the drop of all intensities in one of three extraction replicates and was not
observed in (-ve) ESI in the same replicate indicating a failed injection issue and not an extraction
repeatability issue.

Therefore, the analytical performance of the combined lipid extraction from plasma by MTBE NP
and agMTBE-MeOH is approaching the quality of the “gold standard” method, i.e., IPA.

3.3.1.4 Applicability of sSPE for the fractionation of lipids

Sequential SPE did not fractionate lipids into each of 4 fractions. Most of the lipids were split
between cation and neutral fractions (Figure 3.7). In addition, the lipid recovery in sSPE fractions
was lower than in the lipid fraction (Figure 3.8). The low recovery is not surprising, considering
the hydrophobic nature of phases from which MAX and MCX SPE were manufactured. In addition,

the strong binding of lipids to various SPE phases is well documented and is sometimes used for

the removal of lipids from non-lipid metabolites in a sample cleanup procedure.?**21°
lipid A lipid 2 a Z
625 entities A ?TZ! entities 229 entities B 284 entities

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

Figure 3.7. Distribution of lipids between fractions of sSPE assessed using positive (A) and
negative (B) ESI. Fractions were prepared and analyzed in lipidomic LC-MS at (+ve) and (-ve)
ESI, as described in Sections3.2.3.4.3 -3.2.3.4.5.

Therefore, sSPE demonstrated poor lipid recovery, which confirms the observation of low TIC

profiles (Figure 3.4) for sSPE fractions on RP LC-MS analysis after 15.2 min (72% MeCN).
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Figure 3.8. Median (n=3) of lipid signal ratios in sSPE fractions and the lipid fraction to IPA in
positive (orange, dashed) and negative (blue, solid) ESI. Ratio values are designated by numbers

on the top of each bar. Fractions were prepared and analyzed in lipidomic LC-MS, as described
in Sections 3.2.3.4.3 — 3.2.3.4.5.

The most prominent decrease in signal intensities was observed in (-ve) ESI (Figure 3.8) for A and
Z fractions. Such loss of signals was not observed in agM TBE-MeOH and pinpoints the possibility
for lipid losses in the sSPE step. The losses in A and Z fractions using (-ve) ESI indicate the
involvement of fatty acids, phospholipids, and sulfur-containing lipids due to strong/irreversible
binding to the MAX phase is a plausible explanation. Another surprising observation was detecting
a large number (more than half of all lipids) of di- and triglycerides in sSPE fractions (Table 3.2).
Table 3.2. Analysis of signals (median of IPA/fraction ratio) and composition (% of di-(DG) and

triglycerides (TG) to all lipids in sSPE fractions. Fractions were prepared and analyzed in
lipidomic LC-MS at (+ve) ESI, as described in Sections 3.2.3.4.4 and 3.2.3.4.5.

Glycerides 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 was demonstrated by MTBE NP (Figure 3.6) and
indicated an inefficiency of MTBE in the depletion of lipids and impaired protection of
chromatographic RP columns from compounds with may undergo the irreversible binding with
C18 stationary phases. This brings another reason to remove MTBE LLE from the sequential

sample process. Finally, the low recovery of lipids in sSPE is not surprising. The strong binding of
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lipids to various SPE phases is well documented and is used for the removal of lipids from non-

lipid metabolites in a sample cleanup procedure.?%%-10

3.3.2 Optimization and evaluation of sequential sample preparation for analysis of
polar and mid-polar metabolites in individual sSPE fractions using targeted

and global metabolomics approach

Next, we assessed the fractionation of polar and mid-polar metabolites into sSPE fractions and
examined the limitations of the method towards metabolites belonging to various chemical classes.
The coverage of the newly designed sSPE method for polar and mid-polar metabolome was then
compared with the standard method of MeOH precipitation to see how much the new approach can
increase method performance. The effect of the sample loading amount on metabolite coverage
was also examined in detail. The third aim was the integration of sSPE fractions with the most

suitable LC-MS methods to maximize metabolome coverage in the shortest analytical time.

3.3.2.1 Performance of sequential fractionation method for selected metabolites

The performance of the final sequential fractionation method was first evaluated using 64 standards
listed in Supplementary Table B4 (Appendix B). The main evaluation parameters included
metabolite coverage and fraction overlap. The ideal result of sSPE fractionation would be a clear
fractionation of metabolites (A, C, N, and Z) into correspondent sSPE fractions (Figure 3.3). Any
splitting <10% was considered negligible and is not further discussed below.

Overall, the results of the analysis of spiked plasma demonstrated orthogonal separation of anionic
and cationic metabolites from each other (Figure 3.9). However, several anionic metabolites
(homovanillic acid, pantothenic acid, arachidonic acid, and biotin) were split between A and N
fractions, which may result from incomplete binding of these metabolites to MAX sorbent. This
observed split contradicts the pKa values of these anionic compounds (Appendix B,
Supplementary Table B1), which predicts their complete retention on MAX. Arachidonic and
pantothenic acids should be completely protonated at pH 2.4 of MCX (Appendix B,
Supplementary Table B1), which makes ionic interactions improbable.

Several metabolites (arachidonic acid, eicosapentaenoic acid, pyridoxal, and cholesteryl acetate)

were split between A and Z fractions (Fig. 9). This can be caused by the unexpected retention of
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these anion metabolites on the MCX phase, except zwitterion pyridoxal, which was just partially
retained on MCX against the expected complete retention.

For cations that are comprehensively charged at the pH of MAX (creatinine, neopterin to
histamine), unsplit fractionation into C fraction was observed as expected (Figure 3.9). Neopterin
possesses a weak basic group, behaves as a cation, and was fractionated into the C fraction due to
the presence of a positive charge. This behavior was used previously for an SCX chromatography
of this compound.?!’"*'? The results also revealed an unexpected but welcome fractionation of
carnitines into the C fraction without any splitting. Carnitines, due to the permanent positive charge
of quaternary ammonium, behave as strict cations (i.e., do not bind to MAX) despite the presence
of an ionized carboxyl group (Figure 3.9). The standards between kynurenine and aspartic acid
had predicted pKa values that characterize them clearly as zwitterions. However, these standards
were found predominantly in C, instead of the Z fraction (kynurenine to valine). Trans-4-OH-
proline and methionine were highly split between C and N fractions, while standards between S-
adenosylhomocysteine to aspartic acid shown in Figure 3.9 were split between C and Z fractions.
These results indicate a poor binding of these zwitterions via positive moieties to MCX or poor
binding of negative ion moieties to MAX for metabolites with C/N and C/Z split, respectively.
Neutral metabolites were predictably fractionated into N fraction, and the only minor C/N split (<
10%) was observed for guanosine, beta-estradiol, cortisol, and cortisone. All neutral standards
demonstrate pKa values distinct from other metabolites, which predicted their neutral charge in
both SPE protocols (Figure 3.9). The results supported that the primary mechanism of fractionation
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 metabolites on MCX with subsequent elution into Z fraction.

Only five zwitterion metabolites were exclusively detected in the 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 differ from zwitterions found in C or split into C fraction, which
suggests the involvement of other types of interactions in the tested SPE plates. Moreover,
hydrophobicity or hydrophilicity alone do not determine such behavior because the metabolites
detected in Z exclusively contain distinctively polar (glutamine, logDph 92 = -4.4) and nonpolar

(thyroxine, logDpH 92 = 1.9) standards (Appendix B, Supplementary Table B4).
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Figure 3.9. Fractionation of selected metabolites from blood plasma into fractions (blue-anion,
orange-cation, grey-neutral and yellow-zwitterion) using sSPE. The length of each bar is
proportional to the sum of peak areas (equal to 100%) in four sSPE fractions and is designated
by the primary (top) X axis. Peak area of each metabolite in a fraction, where it was detected is
represented by the corresponding color-coded portion of a stacked bar. It is necessary to note,
that relative proportion of peak areas does not guarantee similar proportion of actual amounts
in different fractions due to unknown matrix effects. The secondary X axis (bottom) shows pH for
MAX (9.2, green dashed line), MCX (2.4, black dashed line) and pKa’s of the strongest acidic
(green triangles) and the strongest basic (black round dots) moieties of each metabolite. The
location of pKa symbols on pH lines with similar color indicates equal ratio of conjugate base
and acids, i.e. equal ratio of charged/neutral moieties. The value of basic pKa’s above (to the
right) MCX pH, as well as the value of acidic pKa’s below (to the left) pH of MAX corresponds
to an increased proportion of charged moieties over neutral conjugate and vice-versa. Values of
pKas were obtained on Chemicalize™ calculator (https://chemicalize.com/#/calculation)
available on the website of ChemAxon in December of 2019.

A broader number of conditions needed to be assessed to understand and predict the fractionation
behavior of zwitterions.

The experiment demonstrated five groups of metabolites with distinct pKa profiles (Figure 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 to pKa profiles of metabolites in the Z fraction. The fractionation performance of
all metabolites except the group of zwitterions (from alanine to aspartic acid) can be predicted by
pKa, based on the set of standard metabolites evaluated. The fractionation behavior of zwitterions
was the most complex and is attributed 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 mixed-mode interactions with the sorbent. Moreover, not surprisingly, a
fractionation behavior of zwitterions could not be fully predicted using simple descriptors such as
log P, log D, hydrogen bonding potential, and pKa values (Appendix B, Supplementary Table
B4). This suggests the necessity of a wider and more comprehensive analysis of the interactions
between metabolites and complex, mixed-mode sSPE, which is outside the scope of the current
study. More importantly for our objectives, these results confirm good and predictable separation

of most cations, anions, and 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 metabolites present in plasma was examined using an
untargeted dataset containing all curated metabolite features, which comply with requirements

(Sections 3.2.4.9 and 3.2.5.4).

|

-5.0 5.0

Figure 3.10. Heat map and hierarchical analysis of all metabolites f (in rows) detected in sSPE
fractions (columns) and MeOH analyzed by RP (+ve) ESI. Fractions of sSPE are designated by A
- anion, C — cation, N- neutral, and Z — zwitterion. MeOH extracts are designated by “M”.
Extractions and metabolites are clustered using the Euclidian distance and average linkage
method. The main metabolites cluster are designated by numbers to facilitate discussion in the text.
Normalized metabolite signals are depicted by heat map colors, from dark blue to dark red,
representing the scale between -5.0 to 5.0 from 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 described in Section 3.2.4.1 also hold across the full dataset and examine
the extent of splitting in the entire dataset. Figure 3.10 shows the hierarchical clustering analysis
of A, C, N, and Z fractions and methanol precipitation, which was also included in the comparison.
The results show a clear decrease in the sample complexity of fractions versus methanol extract.
The metabolite coverage observed for methanol extract is mostly split between A, C, and N
fractions.

The full dataset used for clustering analysis included identified metabolites discussed in Section
3.3.2.1. Unknown metabolites that cluster with known identified metabolites are likely to have
similar physicochemical properties. Also, Figure 3.10 visually illustrates several clusters where
fractions improve the metabolite coverage in comparison to methanol: cluster: (1) 87 metabolites;
(2-1-1) 44 metabolites and (3-2-1) with 44 metabolites. Just a few N metabolites in cluster 1 were
unique to N, which others were detected in ionic fractions, which suggests a negligible role of
neutral fraction in the expansion of metabolome coverage (Figure 3.10). In addition, (+ve) RP LC-
MS analysis did not reveal any metabolites which were uniquely detected in MeOH, showing that
the proposed fractionation was able to recapitulate the composition of typical methanol plasma

extract fully.

3.3.2.2.2 RP analysis in (-ve) ESI

Two major clusters are formed by metabolites in RP neg ESI (Figure 3.11). Similar to what was
observed for selected known metabolites in Section 3.3.2.1 and demonstrated in Figure 3.9, this
analysis also confirmed that a very small number of metabolites were split between A and C or N
and Z fractions and that these fraction pairs were highly orthogonal.

Compared to MeOH, sSPE enhances metabolite coverage in three sub-clusters. The sub-cluster 1-
1-1-1 contains 64 compounds detected in A and N fractions, including alfa-ketoglutaric and
pantothenic acids. Sub-cluster 1-2 includes 94 compounds detected in A, Z, and C fractions,
including phenylalanine. The third cluster (#2-2-2-1) contains 60 metabolites (no standards were

detected in this cluster) in C, Z, and N fractions, most of which were split between C and N.
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Figure 3.11. Heat map of metabolites (in rows) in fractions (columns) of sSPE and MeOH analyzed
by RP (-ve) ESI. Fractions of sSPE are designated by A - anion, C — cation, N- neutral, and Z —
zwitterion. MeOH extracts are designated by “M”. Extractions and metabolites are clustered using
the Euclidian distance and average linkage method. Metabolites clusters which are discussed in
the text designated by numbers. Normalized metabolites signals depicted by colors, representing

the scale between -5.0 to 5.0 from the dark blue for not detected to the dark red for the highest
signal.
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3.3.2.2.3 ZIC-HILIC analysis in (+ve) ESI

Two major clusters are formed by metabolites, which were detected in ZIC-HILIC at (+ve) ESI
(Figure 3.12).

1-2-2-1-2

Figure 3.12. Heat map of metabolites (in rows) in fractions (columns) of sSPE and MeOH analyzed
by ZIC-HILIC (+ve) ESI. Fractions of sSPE are designated by A - anion, C — cation, N- neutral,
and Z — zwitterion. MeOH extracts are designated by “M”. Extractions and metabolites are
clustered using the Euclidian 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 the scale between -5.0 to 5. from the dark blue for not
detected to the dark red for the highest signal.

These sub-clusters were: (1-1-1) with 46 compounds and A/Z split; (1-2-2-1-2) with 34 metabolites
and A/N split; (#2-1) with 178 metabolites, including cation S-adenosylhomocysteine and
zwitterions alanine, serine and C/Z split, and (2-2-2-1) with 90 metabolites including guanosine
and trans-4-hydroxy-proline and split into C/N. These results further confirm that N fraction is only
a minor contributor to expand metabolome coverage beyond 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 clusters are observed (Figure 3.13) and formed by metabolites detected in A and C
fractions. In a ZIC-HILIC (-ve) ESI mode the sSPE expands the coverage over methanol
precipitation as shown by four sub-clusters: 1-1-1-2, 1-2-2, 2-1-1-2-1, and 2-2, respectively.
Standards (asparagine, aspartic acid, citrulline) were found only in 2-1-1-2-1 and were split

between C and Z fractions as all other metabolites in the cluster.

1-2-2

2-1-1-2-1

Figure 3.13. Heat map of metabolites (in rows) in fractions (columns) of sSPE and MeOH analyzed
by ZIC-HILIC (-ve) ESI. Fractions of sSPE are designated by A - anion, C — cation, N- neutral,
and Z — zwitterion. MeOH extracts are designated by “M”. Extractions and metabolites are
clustered using the Euclidian 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 the scale between -5.0 to 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 fractionation in sSPE across the entire metabolite set

The global analysis reported in Sections 3.1.2.1 to 3.1.2.4 has confirmed a small overlap between
anion and cation fractions, confirming the results of our targeted analysis that anion and cation
fractionation works very well. In fact, as summarized in Table 3.3, more than a half of metabolites
were detected in only one fraction (Table 3), with 61.8-62.4% and 51.9-58.5% metabolites detected
in a single fraction in RP and ZIC-HILIC analysis, respectively. The most common overlaps were
observed between 2 fractions and ranged from 31.0% in (-ve) RP to 35.8% in (+ve) ZIC-HILIC
(Table 3). The number of metabolites, which overlapped between 3 and more fractions, were
higher in ZIC-HILIC (12.3-12.6%) than in RP analysis (4.1-5.7%). The overlap values do not take
signal intensity into account, so even a minor detectable signal is considered as overlap, but could
be due to a negligible split for the majority metabolites. Further assessment of split signals was
performed to reveal how profound the splitting phenomena is, and the necessity to prioritize the
correction of split over other issues with the method. To further investigate how many of
metabolites demonstrated minor (negligible) splits, the ratio of the area of a minor component peak
area to the total sum peak area was calculated. These results are shown in Table 3.3. The proportion
of metabolites with a negligible 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 of split metabolites
experienced a profound split with the smaller signal > 10% of the total one. Metabolites detectable
in (-ve) ESI demonstrated even a larger proportion of metabolites with profound split, compared
to (+ve) ESI. This may indicate a more profound split of in-solution anion compared to in-solution
cation metabolites.

In addition, the hierarchical cluster analysis demonstrated a considerable C/N overlap of
metabolites in three LC-MS analyses, except for RP (-ve) ESI, where A/N overlap exceeds C/N
(Appendix B, Supplementary Table BS). However, the most massive split was demonstrated by
the Z fraction.

The drastic split of metabolites between fractions may affect relative and absolute quantitation if
the splitting is not reproducible. There is also 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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Table 3.3. Analysis of the overlap of metabolites in sSPE fractionation. The number of metabolites
detected in one (Not split), and 2, 3, and 4 sSPE fractions were obtained from Venn analysis. The
proportion of split metabolites (%) to the total number of metabolites (100%) in the correspondent
fractions were calculated for each LC-MS analysis. The split was considered to be negligible if the
ratio of the signal in one of two overlapped fractions to the total signal in both fractions was < 0.1.
The proportion (%) of metabolites was calculated only for metabolites split into 2 fractions,

assuming the total, non-redundant number of metabolites in both fractions = 100%.

Number of % of Number of % of
() L metabolites | metabolites SEE metabolites | metabolites
Split in 2 660 323 Split in 2 745 31
Negligible split in 191 8.9 Negllglble split 141 18.9
2 in 2
Splitin 3 74 3.6 Split in 3 124 5.2
Split in 4 11 0.5 Split in 4 10 04
Not split 1262 61.8 Not split 1526 63.5
Total 2042 100 Total 2405 100
Number of % of Number of % of
i) ZALCAETTLEE metabolites | metabolites (o) ZATCLILUIC metabolites | metabolites
Split in 2 646 35.8 Split in 2 510 31.2
Negligible split in 190 29.4 Negllglble split ’4 16.5
2 in 2
Splitin 3 202 11.2 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 desire to repair the split of metabolites between individual fractions (Section 3.3.2.2.4)
coincides with the need to combine fractions to shorten an analysis time. The split between
fractions varies between LC-MS methods (Appendix B, Supplementary Table BS).
Subsequently, LC-MS analysis should be executed by combining the most affected fractions: (i)
C&Z fractions in RP (-ve) with the subsequent combination of A&N fractions and (ii)) C&N
fractions in RP (+ve) and both ZIC-HILIC LC-MS methods with the subsequent combination of
A&Z fractions. The theoretical analysis of the composition of combined sSPE fractions indicated

a plausible increase of metabolome coverage compared to MeOH (Figure 3.4)
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3.3.2.2.7 Effect of sample load on metabolome coverage and signal intensities using sSPE

The reduction of sample complexity in sSPE fractions opened the door to increase the amount of

analyzed material.

Table 3.4. Comparison of metabolome coverage in MeOH and predicted coverage in sSPE fraction
combinations using different LC-MS methods. The table summarizes the number of metabolites
detected in extracts of MeOH (at the load equivalent to 1.6 uL plasma) and the theoretical coverage
in the proposed combination of sSPE fractions (at the load equivalent to 3.2 ulL plasma) obtained
from Venn analysis of individual fractions in the correspondent LC-MS methods. The number of
“Uniquely detected” in all sSPE combinations has been obtained from Venn analysis of the
combination against MeOH. “Uniquely detected” for MeOH were obtained from Venn analysis of
MeOH against CZ+AN for (-ve) RP or CN+AZ combination for other LC-MS methods. The total
number of unique metabolites across all LC-MS methods is the sum of unique metabolites in each
LC-MS method and may be redundant due to the absence of confident tools for matching global
metabolites between different LC methods and different ESI regimes.

LC_M.S Metabolites Fractions
analysis
MeOH CN AZ CN+AZ
RP (+
E(SIV 2 Total 1648 1070 1246 2019
Uniquely detected 264 264 411 638
MeOH CZ AN CZ+AN
RP (-
E(S;]e) Total 2022 989 1893 2383
Uniquely detected 409 527 354 806
c C MeOH CN AZ CN+AZ
Z1C-HILI
(+ve) ESI Total 1052 1398 844 1772
Uniquely detected 91 566 383 811
c C MeOH CN AZ CN+AZ
Z1C-HILI
(-ve) ESI Total 1041 1116 946 1627
Uniquely detected 171 497 394 757
Sum of uniquely detected
metabolites across LC-MS 935 3012
methods

The increase of the metabolome coverage with the analyzed sample amount was investigated in
sSPE and compared to MeOH. Doubling the amount of biological material injected from 0.8 to 1.6
uL plasma equivalents for MeOH increased the number of metabolites detected by 299 and 388
metabolites in RP (+ve) ESI and (-ve) ESI (Table 3.5).

A further increase to 3.2 pL of plasma only increased metabolite coverage by less than 150
additional metabolites (Table 3.5). For sSPE, predicted metabolite coverage combined in Venn

analysis of fractions A and C also showed only minor increases in the number of detected
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metabolites between 3.2 and 12.8 puL loads. However, theoretical, combined metabolite coverage
in fractions N and Z demonstrated a much higher increase in the number of metabolites.
For example, as shown in Table 3.5, at 6.4 puL load, metabolite coverage of fraction N increased
by 268 and 661 metabolites for (+ve) and (-ve) ESI, respectively. For fraction Z, the coverage
increased moderately by 134 and 237 metabolites for (+ve) and (-ve) ESI, respectively.

Table 3.5. Metabolome coverage in MeOH and sSPE fractions at different loading amounts of
material of blood plasma analyzed using (+ve) (A) and (-ve) RP analysis. The number of
metabolites in combined fractions are non-redundant. The sample load indicates the load of
material equivalent to the amount in the original plasma volume (uL). The experiment was
executed as described in Section 3.2.5 and generated four sSPE fractions designated by A for
anion, C — cation, N — neutral, and Z — zwitterion. Note, that due to a high overlap between A and
Z or C and N, metabolite coverage in theoretically (Venn analysis) reconstructed (CN, AZ, CZ,
AN) fractions is lower than in LC-MS analysis of individual fractions.

A. Number of metabolites in (+ve) RP ESI
Sample load (nL) MeOH A C N V4 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) RP ESI
Sample load (pL) MeOH A C N Z CZ AN
0.8 1634
1.6 2022
3.2 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 pL demonstrated the saturation in metabolite coverage,
which implies that the maximum sample loading for RP analysis should be equivalent to 6.4 pL of
plasma. The analysis of MeOH extracts on ZIC-HILIC (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 ZIC-HILIC column to 1.6 pL plasma. In
sSPE, increasing the loading from 3.2 and 6.4 pL showed no improvement in metabolite coverage,
and a further increase to 12.8 uL showed only a very negligible increase in metabolite coverage.
As expected, when the sample loading amount was increased, the signal intensities of metabolites

also generally increased for all LC-MS methods tested (Figure 3.14). The rate of the signal increase
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was higher between 3.2 and 6.4 pL and 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 plasma analyzed using (+ve) (4) and (-ve) ZIC-HILIC analysis. The number of
metabolites in combined fractions are non-redundant. The sample load indicates the load of
material equivalent to the amount in the original plasma volume (uL). The experiment was
executed as described in Section 3.2.5 and generated four sSPE fractions designated by A for
anion, C — cation, N — neutral, and Z — zwitterion. Note, that due to a high overlap between A and
Z or C and N, metabolite coverage in theoretically (Venn analysis) reconstructed (CN, AZ, CZ,
AN) fractions is lower than in LC-MS analysis of individual fractions.

A. Number of metabolites in (+ve) ZIC-HILIC

Sample load MeOH A C N Z 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 (-ve) ZIC-HILIC

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 signal compared to other metabolite classes at the
same loads. In addition, RP analysis demonstrated lower signals for metabolites in the Z, than ZIC-
HILIC at the same loads (Figure 3.14). Signals of anions and zwitterions were drastically improved
in 6.4 pL loads, compared to 3.2 pL for both RP and ZIC-HILIC analysis. Thus, taking into account
both metabolite coverage and signal saturation, the maximum sample load equivalent to material
in 6.4 puL of original plasma was selected for the final sSPE protocol.

Moreover, ZIC-HILIC appears to be the method of choice for LC-MS analysis of zwitterion and
neutral fractions because it provides signal intensities closer to what is observed in MeOH extracts
than RP in either ESI mode. Sample loading for sSPE fractions should be established at 6.4 puL.
loads to achieve high signal intensities and good metabolome coverage. Sample loading for MeOH

extracts should be limited to 1.6 pL because the increase of metabolome coverage is saturated
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between 1.6 and 3.2 pL. Besides, higher loads of MeOH extracts increase the chance to damage
chromatographic columns because they contain drastically higher amounts of non-polar
metabolites, including triglycerides and phospholipids, than SPE fractions (Figure 3.8). These

compounds may bind irreversibly and/or block chromatographic columns.
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Figure 3.14. Analysis of signal intensities in sSPE fractions on RP at (+ve) ESI (4), (-ve) ESI (B),
(+ve) ZIC-HILIC (C) and (-ve) ZIC-HILIC (D). Ratios (MeOH/sSPE fraction) of signal intensities
designated by Y-axis for identical metabolites in MeOH (M) at the load of 3.2 uL and an individual
sSPE fraction (4, C, N or Z) were calculated for each of three (3.2, 6.4 and 12.8 uL) 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 final fractionation protocol in
combined sSPE fractions using targeted and global metabolomics approaches

The goal of these experiments was to establish how well the final sSPE protocol works against
MeOH precipitation, one of the most commonly employed methods in untargeted metabolomics.
Fractions of sSPE (n=6) were prepared and analyzed as described in Section 3.2.5.3 in
combinations and in amounts recommended in Sections 3.3.2.2.5 and 3.3.2.2.6. Three main
parameters were evaluated: (i) method precision as evaluated by signal repeatability of spiked
standards; (i1) extraction recovery and the splitting of spiked standards between sSPE fractions and

(111) matrix effects in combined SPE fractions and MeOH extracts.
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3.3.3.1 Analysis of the final protocol using a targeted approach

3.3.3.1.1 Extraction repeatability of spiked metabolites

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 higher recovery.
Seven standards were found split between combined sSPE fractions. The inter-fraction split with
similar recovery between CN and AZ was demonstrated by homovanillic acid (d3), phenylalanine
“SIL”, and biotin with recoveries of 32.2 and 39.3, 16.6 and 11.4 and 13.3 and 5.0%, respectively.
These results match very well with the results shown in Figure 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 fraction. Similarly, phenylalanine showed a split between C and Z fractions
with higher intensity in C fraction. The inter-fraction split with high recovery in one fraction and
easy designation of a preferential fraction was demonstrated by deoxycholic acid (recovery of 1.2
and 51.5% in CZ and AN, respectively) and pyridoxin, neopterin, and tyrosine “SIL” with CN and
AZ recoveries of 40.4 and 2.0, 28.7 and 5.5 and 25.6 and 7.8, respectively (Figure 3.9). Besides,
the study confirmed fractionation preferences obtained in the previous experiment for the most
metabolites (Figure 3.9 and Appendix B, Supplementary Table B7).

The recovery of the sSPE method was calculated in plasma samples (n=6) spiked with the standard
mix before MeOH extraction against samples (n=3), which were spiked after extraction after
subtraction of the average if signals in background samples (n=3) as described in detail in Section
3.2.5.2 and 3.2.5.3. For the composition of the mix and concentration of standards, please see
Appendix B, Supplementary Table B7. Out of 61 spiked metabolites, eight (kynurenine, glycine
“SIL”, 3-hydroxy-DL-kynurenine, threonine “SIL”, aspartic acid “SIL”, saccharopine, lysine
“SIL”, and arginine “SIL”) were not detected in plasma samples but were detected as neat standards
in the reconstitution solvent, which was used as a 100% reference for matrix effects analysis
(Section 3.2.5.3). Out of 53 metabolites detected in plasma samples, a similar detection rate (45
were detected in sSPE and 43 in MeOH) were observed. The majority of metabolites in sSPE on
RP analysis demonstrated recovery higher than 50% in both ESI modes (Figure 3.16). The
exception was five metabolites (arachidonic and taurocholic acids, melatonin, resveratrol, and

biotin).
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Figure 3.15. Signal repeatability (n=6) evaluated using standard metabolites detected in sSPE
(blue (CN), orange (AZ)) and MeOH(grey) extracts of blood plasma. In (-ve) RP CZ (black) and
AN (green) fractions were analyzed. Repeatability was calculated as RSD% of peak areas in RP
(A) and ZIC-HILIC (B) LC-MS of 6 extraction replicates after subtracting background signal as
described in Section 3.2.5.4. Red dashed lines indicate acceptance threshold of 30% RSD for
global metabolomics. Standards detected in (-ve) ESI designated by (-) at the metabolite’ name.
“TRH” stands for a thyrotropin releasing hormone.

Notably, the loss of taurocholic acid in sSPE resembled the loss of presumably negatively charged
lipids in lipidome analysis (Section 3.3.1.4, Table 3.8). Taurocholic acid may undergo a

strong/irreversible binding to the MAX phase via very strong (pKa = -1.1) sulfur acid moiety.
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Recovery (%)

Figure 3.16. Recovery of spiked metabolites using sSPE (CN (blue) and/or AZ (orange) or MeOH
(grey) precipitation after analysis using RP (4) and ZIC-HILIC (B). Metabolites detected in (-ve)
RP analysis, where analyzed in sSPE fractions CZ (black) and AN (green) instead. Metabolites
detected in a (-ve) ESI mode are designated by the minus sign, which is placed in parenthesis at
the metabolite name. Red dashed lines indicate 50% recovery. Standards are shown from left to
right according to their elution order (RT) on RP and ZIC-HILIC. “TRH” stands for a thyrotropin
releasing hormone.

This differentiates taurocholic acid form structurally similar cholic and deoxycholic acids, which

incorporated weak carboxyl (pKa =4.5) groups and were detected in sSPE. Therefore, the recovery
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of strong anions requires a detailed investigation and improvements in the future.
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The current experiment demonstrated a poor recovery of metabolites in SSPE compared to MeOH.
The losses may be caused by a poor solubility of polar compounds at high concentrations of organic
solvents in sSPE, the complex nature of interactions provided by a DVBP-IEX phase, and a large
number of transfer and drying steps in the sSPE procedure. A detailed investigation of the recovery
revealed the majority of metabolites (30 out of 34) with recovery < 50% were detected in ZIC-
HILIC, while in RP, only 5 out of 22 metabolites demonstrated < 50% recovery (Figure 3.16).
Non-specific adsorptive losses of polar compounds indicated that the most likely culprit for the
low sSPE recovery of polar compounds in ZIC-HILIC. For example, from a total of 22 metabolites,
which were not detected in MeOH or/and sSPE, 19 metabolites encountered problems on ZIC-
HILIC (Table 3.7). Moreover, the vast majority (14) of 19 metabolites were very polar (RT > 14
min) zwitterions (Appendix B, Supplementary Table B1). The cause of the limited recovery of
highly polar metabolites in sSPE and/or ZIC-HILIC was probably their insolubility or precipitation
at high concentrations (> 95% MeCN) of organic solvents.

The solubility of highly polar compounds (amino acids) tested individually in solvents drops to
below low pg/mL at high (> 75%) concentrations of organic solvents.?!* Concentrations of spiked
amino acids (81-267 ng/mL) in sSPE extracts prepared for a ZIC-HILIC analysis (Appendix B,
Supplementary Table B7) were lower than the published solubility data. However, a very high
sample complexity could be the factor that decreases analyte solubility even at concentrations used
in the current experiments. Additional investigations on the relationship between solubility, sample
complexity, and sample composition are required. Therefore, simplification of sSPE and
optimization of the content of organic solvents, without affecting the recovery of mid-polar
metabolites should be considered in future optimization experiments. Alternatively, two-step wash
and elution (aqueous and non-aqueous) in sSPE may be investigated to improve the recovery of
metabolites.

The analysis of fractionation of standards demonstrated that several fractions and/or LC-MS
methods could be avoided without affecting the coverage of standard metabolites used in the
experiment. For example, the analysis of CN in the (-ve) ZIC-HILIC did not add to the detection
of standards (Appendix B, Supplementary Table B8). Therefore, a further reduction in the
analysis time for the current experiment could be achieved by limiting the analysis to only SLC-
MS runs instead of 8 : (i) (+ve) RP - AZ and CN; (i1) (-ve) RP - AN; (i1) (+ve) ZIC-HILIC — CZ
and (iv) (-ve) ZIC-HILIC - AZ.
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Table 3.7. Standards detected in combined sSPE fractions (A-anion, C- cation, N-neutral, Z-
zwitterion) or MeOH extracts-(Y) using preparation protocols described in Section 3.2.5.2.
Metabolites that were not detected are designated by “ND”. Concentrations in LC-MS samples
(“at LC-MS step”) were calculated based on the assumption of 100% recovery of standard and
did not include endogenous levels. Amino acids with incorporated stable isotopes (commercial kit
of “SIL” amino acids are designated by the word “SIL” at the name of a standard. For metabolites
not detected in sSPE and MeOH extracts, RT at LC-MS were obtained from the analysis of neat
standards dissolved in the reconstitution solvents used as 100% reference for analysis of matrix
effects (Section 3.2.5.3).
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This approach reduces analysis time when a metabolomics study aims at the limited classes of
metabolites. The optimized protocol also minimizes splitting across the fractions, with only 8 out
of 61 metabolites tested showing significant splitting (>10%) in two and only one metabolite
(arachidonic acid) splitting across three fractions (Appendix B, Supplementary Tables B12, and
B13).

3.3.3.1.2 Analysis of matrix effects

Matrix effects were evaluated using the post-extraction spike method at a single concentration level
equal to the expected concentration of standards at 100% recovery at the LC-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 demonstrated better
matrix effects in MeOH than in sSPE (Figure 3.17). The majority of metabolites in sSSPE, which
were affected on RP by matrix effects, eluted after 7.9 min (i.e., after diosmin) (Figure 3.17).

The analysis of matrix effects using ZIC-HILIC demonstrated seven metabolites with smaller
matrix effects in sSPE than in MeOH and five metabolites with matrix effects smaller in MeOH
versus sSPE. Out of 61 standards, matrix effects (below 80% or above 120% on Figure 3.17)
affected 42 metabolites in sSPE and 32 metabolites in MeOH (Appendix B, Supplementary
Table B9). The higher number of affected metabolites in SSPE was likely due to the higher sample
load on LC-MS analysis for sSPE (equivalent to 6.4 pL of original plasma) compared to MeOH
(equivalent to 1.6 puL of original plasma).

The analyses of signal strength and matrix effects between ZIC-HILIC and RP were also executed
using five standards that were detected in both LC-MS methods (Appendix B, Supplementary
Tables B11, and 12). The data demonstrated overall lower peak areas in ZIC-HILIC and higher
matrix effects compared to RP (Appendix B, Supplementary Table B12).

Notably, signals of these five standard metabolites were detected in different LC-MS methods and
fractions at different intensities and matrix effects. This provides a flexibility in the selection of
fractions and LC-MS methods for the analysis of such metabolites. For example, when a signal
strength (for quality of fragmentation spectrum, for example) becomes a priority, the analyzed

fraction with the highest signal can be used. Besides, the list of standards in this analysis could be
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supplemented by larger number of highly polar/charged standards such as mono- and di-
saccharides and polyols to execute a more systematic assessment in a future study.

160.0

A 1190£120 ||

199+33
140.0

471+30 _

177159 I—— o

\

120.0

100.0

200

Matrix effects (%)

—1
l

(-) Homovanillic acid (d3) T ————

60.0

400

200

0.0

it 1 —

Adenine
Cortisol
ic acid

Thymi

[.| Diosmin

mrpxlue -

Cortisone

Ad

() P-estradiol m———

(-) Adipic acid

{-) Resveratrol
Triiodothyronine F——

(=) Taurocholic acid

Stearoyl-carnitine

Phenylalanine (kit)
Butyryl-L-carnitine

(-0

Hexanoyl-L-carnitine
Octanoyl-L-carnitine

160.0

B | — | 613+191
140.0
220+4
120.0

\

g
2
& 1000
@
x
& =00
2
60.0
40.0
00 - il ii il
- [ - @ = -y mp - - -
T m T £ =¥ 2 T @ = e = 2 ¥ - w = = E £ ¥ a8 = ¥ = =
E 233535 % £ E S 3 s £ § 2% § £S5 5 82§ 2SR
T E ez g %o 8 2 o 2 @ g T 2 % g g E B S oEogogozw g £
5 W = © ©¢ .= £ " £ = e £ o . = £ & ¢ L % £ © E B
s 2 £ " 2 B 8 & =2 e 5 T 5 = g = 5 3 2 & = = a8 & £
& %2 2 & 2 5 E ¥ a8 %5 g 3 3 © 5 -+ £ 8 3 = £ & 2 = =
5 E % = 4 = - = T —_ -_—
§_E © s & g = @2 £ 5 = ':E""—“" z E =
G & = 3 & = = 3 2 8 £ E 3 E 2
— T £ T <} = © . z 2
. - £ =~ = £ E a
- 5 I - o 4 °
(=] 2 = a Y = k- =
bz ) % S = = £ ; -
= W
W
=z

Figure 3.17. Evaluation of matrix effects for metabolites spiked into sSPE and MeOH extracts
(Section 3.2.5.3) at RP (A) and ZIC-HILIC (B) LC-MS analyses. Metabolites assessed in CN (blue)
and/or AZ (orange), and/or in MeOH extracts in all LC-MS except (-ve) RP analysis, where
analyzed sSPE fractions CZ (black) and AN (green). Metabolites detected in (-ve) ESI mode are
designated by the minus sign, which is placed in parenthesis before metabolite name. Red dashed
lines indicate an 80-120% acceptance interval, which indicates negligible matrix effects. Standards
are shown from left to right according to their elution order on RP and ZIC-HILIC. Metabolites
with matrix effects above 160% range are 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 experiment (Appendix B, Supplementary Table B9) increased compared to the
IEX SPE (14 out of 30) in the systematic analysis of seven extraction methods (Section 2.3.1.4).
The trend coincided with the increased sample load (6.4 uL plasma equivalent) in the current
experiment compared to IEX SPE (2.9 pL plasma equivalent) (Section 2.3.1).

The decrease to 1.6 uL of original plasma, from 2.9 pL, produced an improvement of matrix effects
for RP analysis of MeOH in the current experiment (8 out of 21 affected) as described in Section
2.3.1.4, compared to 18 out of 27 metabolites. The targeted results suggested that the decrease of
the analyzed sample amount/volume improved solubility and matrix effects. Also, the increase in

the length of the LC separation may provide positive impact in future developments.
3.3.3.2 Evaluation of the final protocol using a global approach

3.3.3.2.1 Analysis of repeatability for all metabolites

After confirmation of the final protocol's appropriate performance using standards, the
performance of the sSPE was analyzed using a global approach. The main results of this analysis
(Table 3.8) demonstrated acceptable repeatability and good control over sSPE performance. For
example, the median repeatability of all signals was in the range 13.7 - 28.4% RSD (average 18.7
— 32.2%, n=6), which is comparable to the traditional MeOH extraction (median 14.7-25.2%,
average 19.9-30.4%, n=6).

The worst performance, with median RSD% higher than 25%, was encountered in the analysis of
CN in all methods and MeOH in RP (+ve) analysis. This also resulted in a decrease of metabolites
with RSD < 30% in these extracts, as shown in Table 3.8. In addition, the decrease in signal
repeatability between LC-MS methods coincided with the decrease of signal strength (Appendix
B, Supplementary Figure BS).

There are several key sample processing steps, which can be a source of irreproducibility: MeOH
extraction, sSPE fractionation; reconstitution and mixing fractions prior to an LC-MS analysis; and
LC-MS analysis itself. The poor repeatability of signals in either of the first two should result in
systematic deterioration of all samples across LC-MS methods, while the irreproducibility of LC-
MS analysis should be revealed by QC samples and becomes visible on PCA. However, PCA
analysis (Figure 3.18) demonstrated no outliers, and signals in QC are highly repeatable. In

addition, the poor repeatability was isolated to CN fractions only in three LC-MS methods except
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for (-ve) RP (Table 3.8). Therefore, the issue was not related to sSPE or LC-MS irreproducibility.
Therefore, a sample reconstitution and fractions combining remained as the most probable source

of the poor signal repeatability and a primary suspected reason is human error caused by the

excessively laborious 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 another for MeOH extracts) due to extremely different loading amounts of these sample
sets. PCA executed for each LC-MS method and displays QC for sSPE fractions (“QC sSPE”), QC
for MeOH (“QC MeOH”) and all combined fractions AN (anion + neutral,) CZ (cation +
zwitterion, AZ (anion + zwitterion) and CN (cation + neutral) for all metabolites that satisfy
criteria described Section 3.2.5.4. Plots are designated to LC-MS methods by letters positioned in
the upper right corners: A-(+ve)RP, B — (-ve) RP, C, and D for ZIC-HILIC (+ve) and (-ve) ESI,
respectively, and shows the top two principal components. The analysis was executed using the
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statistical package of MetaboAnalyst 4.0, as described in Section 3.2.5.4.
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The poor repeatability of metabolite signals in MeOH in (+ve) RP occurred only once on the single
sample preparation day specific to this LC-MS analysis (see Section 3.2.3.3.1 for setting up
analytical batches). Aside from these four cases, the repeatability of signals in sSPE fractions and
MeOH extracts (Table 3.8) was just slightly lower but comparable to results observed in the
parallel assessment of seven extraction methods,'” where MeOH extracts and IEX SPE
demonstrated between 11 - 19% and 17 - 23% of median RSD (n=6), respectively.

The LC-MS sample preparation was laborious, which may explain the occurrence of errors due to
fatigue. Subsequently, a simplification of sample preparation should be considered to improve the
performance of the sSPE. Overall, the detailed global metabolomics analysis confirmed the
acceptable analytical performance of the sequential sample fractionation, reported in the targeted
analysis (Section 3.3.3.1).

Table 3.8. Repeatability of metabolite signals in the experiment on combined sSPE fractions in
four LC-MS methods: (+ve) RP- A; (+ve) ZIC-HILIC — B; (-ve) RP — C; (-ve) ZIC-HILIC — D. To assess
repeatability, RSD% was calculated for each metabolite in an sSPE fraction and MeOH extract (n-
=6) and for QC samples (n=5). The batch analysis was executed injected as described in Section
3.2.3.3.1 in detail. Mean and median values were calculated across all metabolites, which satisfy

conditions described in Section 3.2.5.4 in the LC-MS method. The proportion (%) of metabolites
with RSD < 30% to the total number of metabolites in an sSPE fraction or MeOH 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 32.3 25.8 58.3
MeOH 30.4 25.2 58.6 MeOH 22 17 74.3
QC sSPE 14.3 10.1 90.6 QC sSPE 23.1 17.3 73.3
QC MeOH 13.2 8.9 91.4 QC MeOH 16.7 11 83.8
C. (-ve) RP D. (-ve) ZIC-HILIC
AN 18.7 13.7 83.9 AZ 23.6 19.4 75
CZ 22.7 17.6 86.7 CN 32.2 28.4 54.3
MeOH 21.8 16.2 78.5 MeOH 19.9 14.7 80
QC sSPE 21.5 16.7 78.5 QC sSPE 18.9 13.8 82.9
QC MeOH 20.5 14.7 80.2 QC MeOH 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 analyzed on combined fractions of sSPE and on
MeOH extracts, at amounts of material equivalent to 6.4 pL and 1.6 puL of original plasma,
respectively. The experiment demonstrated the 1.6-fold increase of total and 3.4-fold of unique
metabolite coverage in combined sSPE fractions compared to MeOH extract, which was
comparable to an average improvement of the metabolome coverage (1.4-fold) in the analysis of
individual sSPE fractions (Table 3.9). As expected, combined fractions demonstrated a reduced
split (25.3%) of metabolites on average compared to 40.7% of metabolites affected by the split in
individual sSPE fractions (Table 3.9).

The orthogonality of combined sSPE fractions to each other and to MeOH was demonstrated by
PCA analysis (Appendix B, Supplementary Figure B4) and confirmed by hierarchical cluster
analysis (Appendix B, Supplementary Figure BS). The prominent orthogonality of MeOH to
combined fractions AZ and CZ (Appendix B, Supplementary Figure B5) resembles the one
demonstrated by MeOH and the Z fraction in the individual fraction analysis (Section 3.2.2). This
suggests the prominent involvement of zwitterionic metabolites for enriching the metabolome
coverage in sSPE compared to MeOH. Indeed, the increase of metabolome coverage for very polar
metabolites (RT> 14 min in ZIC HILIC and between 4 and 6 mins on RP) in sSSPE compared to
MeOH was demonstrated by metabolite maps (Appendix B, Supplementary Figures B6 and B7).
Therefore, polar zwitterions (including amino acids, which elute after 14" min) are associated with
increased metabolome coverage in sSPE (and the loss of their detection in MeOH).

Subsequently, a poor ZIC-HILIC detection of highly polar metabolites in MeOH compared to sSPE
confirmed the results discussed in Section 3.3.1.2. The total number of metabolites detected in this
study varies from 17852 (the sum is corrected for the redundancy between MeOH and sSPE) in the
latest experiment with combined fractions to 8775 non-redundant metabolites in the previous
experiment with the analysis of individual fractions (Table 3.9). The most plausible explanation is
that the experiment with combined fractions was executed on the QTOF 6545, while all previous
experiments were run on QTOF 6550 before its replacement. The manual curation of complete data
sets in both experiments and the consistency in the increase of metabolite counts across all
extractions ensure the consistency of observations towards metabolite coverage and the split.

In conclusion, the global analysis demonstrated acceptable analytical performance, increased

metabolome coverage, and repaired the metabolite split. However, the method requires further
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improvements to minimize matrix effects, simplification of the protocol and the decrease of the

metabolite split via improved control of metabolites' fractionation behavior.

Table 3.9. Comparison of metabolome coverage of the sequential sample preparation method
analyzed using a global approach for an individual (A) and combined (B) sSPE fractions on QTOF
6550 and 6545, respectively. The comparison was executed using data from analyses of sSPE and
MeOH at sample loads equivalent to 6.4 and 1.6 uL of original plasma, respectively. Reasons for
different loads of sSPE and MeOH were discussed in Section 3.3.2.2.7. The number of total
metabolites was calculated using approaches and methods described in Sections 3.2.4.9 and
3.2.5.4 for A and B table sections. The number of unique metabolites was obtained from Venn
comparisons of MeOH against the non-redundant metabolite composition of sSPE.

A. Individual fractions

+ve -ve
Parameter (.:I: ) (;: ) (ZIC) (ZIC) a\sltel:':\g,e
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 total coverage ratio 1.2 1.2 1.7 1.6 1.4

% of all split metabolites in sSPE fractions 36.4 36.6 48.1 41.5 40.7

B. Combined fractions

+ve -ve
Parameters (':l: ) (;’: ) (ZIC) (ZIC) astel::\gle
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 sSPE fractions 29.9 16.9 30.4 23.9 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, which results had achieved the study objectives. However, the
advantages and limitations of the SSPE needed to be discussed from the perspective of an entire
metabolomics study. Low recovery of a part of the metabolome pool is a complex scientific
challenge for every extraction method used in global metabolomics, including sSPE or MeOH.
However, this pitfall of the sSPE is amenable to improvements, which could be achieved using
relatively simple and practical approaches. At the same time, it is impractical to expect that the

sSPE may provide equally great recovery for each and all metabolites. This is due to the complexity
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of the chemical properties of metabolites, which cannot be satisfied by the limited number of
conditions employed in sSPE.

For the same reasons, it will not be possible to completely resolve another sSPE pitfall, 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 advantages, where one fraction may provide better
quantitative results for a given metabolite or analyses in different fractions can confirm the
accuracy of relative quantitation of the analyte. However, the irreproducible splitting of metabolites
across different samples may jeopardize accuracy of quantitation. Therefore, the split
reproducibility (constant ratio of metabolite signals between overlapping fractions) should be
assessed in a routine manner.

The third pitfall of the sSPE is in the complexity of the sample preparation 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 compared to standard workflows.

The final disadvantage of the sSPE is an inefficient fractionation and lower recovery of blood
lipidome, which was discussed in Section 3.3.1. Due to these reasons, sSPE may not be
recommended for lipidome analysis, despite similar lipidome coverage compared to IPA.
Concluding the discussion of pitfalls, sSSPE demonstrated several limitations, which can be feasibly
eliminated, or minimized, with further method development. Most of these limitations are common
between extraction methods and are outscored by the advantages of sSPE.

The achievement of key objectives in the development provided several advantages to sSPE
compared to other sample preparation methods, including MeOH precipitation. The prominent
advantage of the sSPE is a 1.6-fold increase of the metabolome coverage compared to the most
popular solvent precipitation method (MeOH) but at the cost of a 2-fold increase in analysis time.
We demonstrated the improved detection of very hydrophilic metabolites in sSPE fractions
analyzed on a ZIC-HILIC. Several physiologically important metabolites belong to this group of
metabolites (e.g. neurotransmitters and amino acids). Therefore, sSPE can facilitate the global
approach to discover additional low abundance metabolites and their physiological functions,
which are largely inaccessible in studies based on MeOH extracts.

The sSPE provides more comprehensive metabolome coverage and higher enrichment factor for

metabolites than MeOH precipitation. Moreover, the sSPE provides the possibility to sub-
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fractionate (for example, to execute elution using aqueous or solvent-based fluids). Therefore, the
sSPE offers the advantage of running either global or targeted metabolomics analysis within the
same study. This saves labor time and facilitates the transfer of putative biomarkers to a targeted
stage. Even further reduction of the study’s time can be achieved using the sSPE fraction
combination's flexibility. For example, suppose a study aims at a limited set of metabolite classes
with known fractionation behavior. In that case, there may be no need to analyze every fraction (or
every fraction combination), as demonstrated in Section 3.3.3.1.2. Therefore, the complete set of
advantages of sSPE will be available in studies, employing both global and targeted approaches.
There is a growing demand for the analysis of several biofluids in the same study, and in the future,
the applicability of this workflow for oral fluid, urine, and CSF can be tested. Considering the
method is designed for polar and mid-polar metabolite coverage, its use for urine analysis could be
particularly beneficial

Another advantage is that the method successfully reduces the lipid content due to the strong
binding of lipids to SPE phases. Its use for the removal of lipids from non-lipid metabolites in a
sample cleanup procedure is well documented.”>!7%177

In addition, if individual analysis of sSPE fractions is employed, the method helps to assign ionic
properties to metabolite based on their fractionation behavior. In the current final protocol, the
nearly orthogonal separations of cations and anions are already achieved. This supports improving
the confidence in metabolite identifications by differentiating the presence of a particular atomic
element in the formula to a functional group. For example, if a metabolite demonstrates the
fractionation behavior of a cation, the presence of a nitrogen atom in the molecular formula
suggests the presence of a cationic (primary or quaternary) amine within the structure.

From the instrumental point of view, the advantage of sSPE is its adaptation to a 96-well plate and
the use of entirely volatile buffers. These enable a high throughput processing of sSSPE, an advanced
degree of automation via robots, and flexible 2-D online SPE or LC setups. In conclusion, sSPE

provides new opportunities in metabolomics analysis.

3.4 Conclusions and further work

In conclusion, the evaluation of the analytical performance of the proposed sSPE protocol
demonstrated a reproducible extraction of spiked metabolites with an average RSD equal to 13.1%,

which was comparable to the repeatability in MeOH extractions and to the results (CV=12.1%) of
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the targeted metabolomics SPE-based analysis executed by Tulipani et al.!”® These results were
confirmed by the global metabolomics analysis of combined fractions despite an elaborate sample
preparation in the sSPE procedure. However, the risk of an occasional sample mishandling is higher
in complex procedures, which indeed was likely observed in the final experiment. This could be
mitigated by using a set of internal standards to monitor extraction quality and exclude any failed
samples. Otherwise, the repeatability of signals in the global analysis (63-87% of metabolites with
RSD <30%) was comparable or better than the one reported by Liu ef al., which reported 55-75%
of reproducible metabolites in SPE.”” Therefore, from the repeatability point of view, the
prevention of occasional human-related errors should be addressed via the simplification and/or
automation of the sample preparation. Considering the repeatability of current sSPE protocol,
metabolite fold-changes of 2x could be detected for the majority of metabolites, in line with other
metabolomics studies where 1.5-2.0x are routinely used. However, future development and success
of metabolomics technology requires further improvement of repeatability to enable detection of
even smaller changes in metabolite levels, especially in biospecimens such as plasma which are
under homeostatic control.

The relative quantification of metabolites such as ketogenic amino acids and their degradation
products after physical exercise.?!* The detection of such small signal differences require a further
improvement of method repeatability, which can be achieved in multiple approaches. Thus, the
simplification of the process (reduction of transfer and drying steps) and automation (reduction of
human errors) and consequent expected improvement in repeatability should be given a priority in
further development in parallel to splitting phenomena. In addition, the involvement of other
factors that affect the recovery of metabolites was observed in the study. In particular, the low
recovery of spiked standards was especially prominent for ZIC-HILIC compared to RP LC-MS.
The reason for that could be the limited solubility of polar metabolites at high concentrations of
organic solvents in sSPE (100%) fractionation and ZIC-HILIC analysis (95%). Moreover, the
global metabolomics analysis revealed a drastically lower detection rate of highly hydrophilic
metabolites (elute after 14" minute in ZIC-HILIC) in MeOH compared to sSPE, which points to
the possible involvement of a more diverse sample composition of MeOH relative to sSPE. An
additional outcome of a very high load was the observation of profound matrix effects in all
samples, which should also be addressed in future improvements, for example, by 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 metabolites to MAX and
MCX phases was expected. Indirect evidence of such a strong binding via ionic or hydrophobic
interactions came from the loss of taurocholic acid in sSPE fractions in the targeted assay (Section
3.3.3.1.2). The poor recovery of hydrophobic species was also confirmed in the assessment of SSPE
for a lipidome analysis, which demonstrated (Section 3.3.1.4) a drastic loss of lipids in Z and A
fractions (anions, as taurocholic acid) at (-ve) ESI compared to the classical IPA precipitation. The
strong binding of lipids to various SPE phases was also described in experiments on the removal
of lipids from non-lipid metabolites in SPE cleanup procedures.?**!® Moreover, this process was
accompanied by the irreversible loss of recovery for select hydrophilic metabolites as well.!7>7
However, our selection of polymer-based SPE plates was rationalized by the impression of this
DVBP phase's better stability at very alkaline (pH 9.2) conditions and fewer chances of bleeding
compared to silica-based media. Just recently, lipid recovery investigations have demonstrated the
advantages of silica-IEX and HILIC-IEX SPE matrices relative to SPE with hydrophobic
phases.?!>21® Finally, improved recovery of neurotransmitters and neuropeptides from plasma was
presented in silica HILIC SPE compared to porous graphitic carbon phases at low (70% MeCN)
concentrations of solvent in the sample loading solvent.?!?

There are multiple causes of poor metabolite recovery, and the metabolite split is also involved.
The reduction of the split to 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 ionic properties of metabolites and the advantage of
the analysis of individual sSPE fractions will be diminished. In sum, the sSPE method needs a
further reduction of sample preparation complexity, the increase in recovery, the decrease of matrix
effects, and metabolite split. Therefore, several application improvements are recommended for
future work.

The simplification, automation, and miniaturization of the method should also improve nonspecific
losses of metabolites. However, there is also the need to improve conditions of sSPE, and ZIC-
HILIC LC-MS to increase the recovery of polar metabolites. The reduction of organic solvents in
the wash and elution fluids of sSSPE, sample preparation, and at the ZIC-HILIC analysis to 70-75%
should increase the solubility and recovery of highly polar metabolites. The increase of the
analyzed sample amount above 1.6 L for MeOH and 6.4 pL for sSPE would not be recommended

because it will increase matrix effects. Alternatively, the use of microflow/nanoflow ionization

119



sources, the increase in the length of a chromatographic gradient and/or an increase in the resolution
of columns used in the analysis would be recommended. Such approaches will help to avoid
reducing the sample amount and metabolome coverage.

The combination of fractions decreases the metabolite split and analysis time but precludes the
analysis of individual sSPE fractions and the assignment of metabolites' ionic properties from their
fractionation behavior. To comprehend fractionation behavior and to decrease the split, several
actions must be carried out in future work: (i) inclusion of additional (to pKa) physical-chemical
parameters for the interpretation of sSPE fractionation; (i1) increase in the number of metabolites
used for targeted evaluation/method optimization to increase the representation of molecular
properties; (iii) simplification of fractionation conditions by using less complex phases (silica-
based [EX instead of Oasis SPE). In addition, the ability of sSPE to sustain repeatable fractionation
and metabolite splitting across various samples reflective of typical inter-patient variability has not
been investigated in the current study. Moreover, it is important to consider a relatively limited
binding capacity of IEX cartridges, which could be overwhelmed by ionic compounds with high
abundance such as small peptides, phospholipids and xenobiotics. The concentrations of these
compounds can widely vary between individuals due to hemolysis, inappropriate enzymatic
quenching or post-prandial effects and medical procedures. The methodological and QC/QA
measures should be implemented and tested prior the usage of the sSPE in real studies.

Finally, the MAX-MCX sSPE approach appears to be promising sample preparation technique,
which increases metabolite coverage of plasma while maintaining acceptable repeatability
compared to MeOH and provides orthogonal metabolite separation. With improvements, the

advantages of sSPE could make it the method of choice in the practice of metabolomic assays.
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4 Validated LC-MS/MS method for the quantitation of cortisol and cortisone

in human oral fluid

4.1 Introduction

The analysis of cortisol and cortisone in oral fluid was driven by the physiological and clinical
importance of these steroid hormones. In addition, oral fluid was selected as a sample source due
to its portable, non-invasive and simple sample collection. Finally, this biofluid may provide an
alternative/expanded metabolome coverage compared to blood, if analyzed using sSPE method in
future.

Cortisol (hydrocortisone) is synthesized and released in response to the activation of the
hypothalamic-pituitary axis (HPA) by various arousal factors or stressors. The hypothalamus
releases corticotrophin-releasing hormone, which travels to the anterior pituitary gland and signals
cells to secrete adrenocorticotropic hormone (ACTH) into the blood. ACTH travels to the adrenal
gland and signals the adrenal cortex to secrete cortisol into circulation.?!® Cortisol levels follow a
daily rhythm, with levels peaking in the morning upon awakening, decreasing throughout the day,
and reaching a nadir within a few hours of sleep onset.?!” Due to the lack of enzymes, which can
metabolize cortisol in oral fluid outside of salivary glands, its levels remain stable at room
temperature for up to one week.'>>??* Salivary cortisol correlates closely with the free cortisol
fraction in serum, with a correlation coefficient ranging from r=0.71 to r= 0.96, making saliva and
oral fluid useful and less-invasive surrogate for studies aimed at measuring plasma levels of

cortisol.??!

Unlike plasma cortisol, which is highly bound to carrier proteins, only free and unbound
cortisol appears in saliva, which reduces some of the issues related to sample processing of
plasma.??? The patterns of change in the blood and oral fluid cortisol levels are similar. The strong
correlation is due to the passive diffusion of free blood cortisol into oral cavity, which is
independent of the production rate of oral fluid.?'®??* In addition, a substantial amount of diffused
cortisol is converted into cortisone in the parotid gland at a constant rate. Therefore, the
concentration of cortisone in oral fluid is also a potential indirect measure of blood-free
cortisol.??*??> However, the inter-individual variability in parotid cortisol-cortisone conversion
rates also makes the simultaneous measurement of cortisol and cortisone of interest.

Cortisol is commonly measured using commercially available immunoassays, including automated

electrochemiluminescence immunoassays and enzyme-linked immunosorbent assays (ELISA).
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Because cortisol is a steroid-based hormone and much smaller than a typical protein, the ELISA
kits use a competitive format rather than a more selective sandwich assay format. In this assay,
cortisol that is conjugated to an enzyme competes with cortisol standards or cortisol from unknown
samples for binding to a cortisol-specific polyclonal enzyme-labeled antibody. An enzyme, usually
horseradish peroxidase, converts 3,3’,5,5”-tetramethylbenzidine (TMB) to a product that absorbs
at 650 nm or 450 nm. The absorbance intensity is inversely proportional to the concentration of
cortisol in the standard or sample. The specificity of an immunoassay for cortisol is highly
dependent on the specificity of the antibody. If the antibody can bind with other structurally similar
hormones and/or drugs, then the quantitation of cortisol will not be accurate. Competitive ELISA
assays have been reported to overestimate the concentration of cortisol from 1.4 to 2.4-fold

226 and camel hair??’ as

(depending on the kit) in bio-specimens such as human saliva, urine,
compared to LC-MS/MS. In humans, cortisol is much more potent than cortisone, so that cortisone
is considered an inactive form. Cortisone is structurally similar to cortisol and differs only by the
presence of a ketone group instead of hydroxyl at the C11 of ring C. due to the removal of hydrogen
by 11-beta-steroid dehydrogenase enzymes which reside in salivary glands. Indeed, cortisol-
cortisone cross-reactivity has been suspected as the major reason for the overestimation of cortisol
concentration by ELISA assays. The cortisone cross-reactivity was estimated at 7% for quantitation
of cortisol concentrations below 5 mmol/L (which are still of clinical relevance), but the
contribution of this cross-reactivity to inaccuracy diminished at higher concentrations of cortisol
in saliva.'®* This is attributed to higher cortisone concentration in oral fluids than that of cortisol,
which in turn results in higher inaccuracy at lower cortisol levels. Moreover, the same study
reported that excessively high values of cortisol calibration setpoints were the major contributing
factor for the ELISA error, which could be decreased by correcting setpoints using MS
measurements. Finally, the cross-reactivity of anti-cortisol ELISA to other similar structures such
as dihydro- and tetrahydro metabolites of cortisol has been reported for urine analysis, where the
presence of these interferences increased ELISA response several-fold.??® Therefore, further LC-
MS assessment of interferences and their contribution to ELISA cortisol quantitation in different
biofluids and for different kits remains an important research area. Finally, immunoassays also
show significant inter-assay differences, making it difficult to compare cortisol results across
different labs and tests.??®??? In fact, the differences between clinical immunoassays for serum

cortisol measurements are so large that custom diagnostic cut-off values had to be implemented for
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each assay type. This limitation has resulted in a great push for better standardization of cortisol
methods and the increased need for validated LC-MS/MS methods as the preferred approach to
replace immunoassay measurements of cortisol in various biofluids.?*°

There are several validated LC-MS/MS assays for cortisol or both cortisol and cortisone in oral

164,224,231-235 gyral fluid collection devices,

fluid reported to date. Most of these methods use Salivette
although these may introduce contaminants and adversely impact cortisol recovery and long-term
stability.'?>??® Mezzullo et al. compared direct spitting and Salivette and found both methods were
comparable with a small negative bias (12-16%) for Salivette devices due to incomplete recovery
but better precision presumably due to removal of mucin by the cotton pad, which facilitated clear

layer separation during LLE.>® In terms of sample preparation, LLE with MTBE,

233,236 232,237

dichloromethane or ethyl acetate as well as online polymeric or C18 SPE8-10,23, are
currently the most popular methods for cortisol determination. Automated 96-well plate solid-
phase extraction was also recently proposed to further increase automation and sample throughput

by reducing manual manipulations.?*> Cortisol is typically separated from cortisone and other

8,164,225,231,2337235,237,238 C8,236 1’229 1’239

glucocorticoids using C1 pentafluorophenyl,”” pheny or phenyl-
hexyl?*> RP LC with analysis times ranging from 4 to 14 min. Fustinoni et al. proposed online
turbulent flow LC for automated high-throughput determination of cortisone, cortisol, and
melatonin in oral fluid.>** McBride et al. combined protein precipitation with dual polarity LC-
MS/MS to expand the panel of measured metabolites beyond cortisol to include steroids, alkaloids,
and neurotransmitters.”*! Magda et al. pushed method sensitivity for cortisol by combining ethyl
acetate LLE, charge derivatization with 2-hydrazino-1-methylpyridine, and online SPE to achieve
lower limits of quantitation (LLOQ) of 5 and 10 pg/mL for cortisol and cortisone, respectively.?*?
Cao et al. proposed a simpler ethyl acetate/butanol LLE-based method that achieved LLOQ of 60
pg/mL for cortisol but did not measure cortisone.?*? Such ultra-sensitive methods are required for
late-night salivary cortisol determinations but not necessary for daytime cortisol measurements. In
this study, we report a simple and sensitive, low-cost, fully validated LC-MS/MS assay to measure
cortisol and cortisone in oral fluid of healthy individuals and 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 and reagents

Cortisol (purity > 98%), cortisone (purity > 99%), dextran-coated charcoal, LC-MS grade
methanol, cortisone (dg), water, and acetic acid were purchased from Sigma-Aldrich (Oakville,
ON, Canada). Cortisol ELISA kit, cat# KA1885, was purchased from Abnova Corporation (Taipei,
Taiwan). Cortisol-ds4 was purchased from Cambridge Isotope Laboratories (Tewksbury, MA, US).
Protein micro-BCA assay kit which also included Bovine Serum Albumin (BSA) standard for

calibration was obtained from Fisher Scientific (Ottawa, ON, Canada)

4.2.2 Participants

Certification of ethical acceptability for research involving human subjects (Certificate 30001940)
was obtained from the Concordia University Research Ethics Committee. Participants (age range:
20-30 years old) were healthy, medication-free, and non-smokers, 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 medications. Smoking,
alcohol, and caffeine affect HPA axis activity and cortisol levels, which is why smoking was an
exclusion factor.’”** All participants were instructed to abstain from alcohol consumption and
sexual activity for at least 24 hours prior to their visits and to refrain from caffeine and food intake

for 2 hours before their scheduled session.

4.2.3 Testing protocol

The experiments commenced at 10:00 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. The room temperature
was kept at 20°C to minimize the effects of thermal stress on the HPA axis and the sympathetic
nervous system (SNS).2* The oral fluid was collected at three time points over an hour: at time 0,
35 min and 60 min. The participants filled a microcentrifuge tube with oral fluid (~1.5 mL) using
a sterile plastic transfer pipette. The samples were vortexed for 10 s and centrifuged at 1,100 x g
for 10 min to sediment the debris. The supernatants were removed carefully without disturbing the
pellet at the bottom of the tube, and the supernatants were aliquoted into several appropriately

labeled cryotubes for storage at below -70°C until analysis.
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4.2.4 Cortisol analysis by ELISA

Levels of cortisol were determined using competitive a colorimetric enzyme-linked
immunosorbent assay (ELISA) according to the manufacturer’s instructions. First, the samples
were diluted 3-fold with standard mix A (blank calibrant with 0.0 ng/mL cortisol). Next, the
standards or oral fluid samples were added to the coated plate. The hormone-conjugate was added
at room temperature for 60 minutes to allow the competition for binding sites to occur. The plate
was washed to remove unbound material, TMB substrate added, and the plate incubated in the dark
at ambient temperature for 30 min. Samples were quantified against standards on an ELISA plate
reader BioTek Gen5 (BioTek, VT, USA) at 450 nm. All samples of the same subject were analyzed

in duplicates.
4.2.5 LC-MS/MS assay for measurement of cortisol and cortisone

4.2.5.1 Preparation of cortisone and cortisol stock standard solutions

Cortisol and cortisone stock standards were prepared in methanol to yield 3.7 and 1.8 mg/mL,
respectively. Commercially pre-weighed (5 mg) cortisol-(d4) (purity > 97%) was reconstituted in
methanol to yield 5 mg/mL and commercially pre-weighed (1 mg) cortisone (dg) (purity > 98.2%)
to yield 1 mg/mL. Cortisol and cortisone standards were then diluted in 44% methanol to 200
ug/mL, while cortisol (d4) and cortisone (ds) internal standards were diluted to 50 pg/mL. These
standards were aliquoted and stored at -70 °C. On the day of analysis, an aliquot of each standard
was placed on ice for 10-15 min and then used to prepare two individual standards of 2.0 and 1.8
pg/mL concentration in 44% methanol. Cortisol (d4) and cortisone (dg) internal standard were

prepared at 500 ng/mL with the same diluent.

4.2.5.2 Preparation of blank oral fluid matrix for validation and calibration of LC-MS assay

The oral fluid was collected via spitting into 15 mL polypropylene centrifuge tubes from two male
and two healthy female volunteers and kept below -70°C until the day of matrix preparation. On
the preparation day, 2.5 mL of oral fluid from each individual were thawed on ice, pooled in a 50
mL polypropylene centrifuge tube, and mixed with 40 mL of ice-cold methanol. Then, the tube
was vigorously shaken for 15 sec and incubated at ambient temperature for 15 min with periodic
shaking (every 5 min) followed by incubation at -70 °C for 15 min without shaking. After 30-min

centrifugation at 4000 x g at 4°C, 45 mL of the resulting supernatant was distributed into nine 5
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mL aliquots in glass tubes and dried in a Speed-Vac (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 in Supplementary materials and methods (Appendix C)) followed by
overnight incubation on a rocker platform (10 oscillations per min) at ambient temperature. The
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 centrifuged one more time using the same conditions. The
aliquots (400 uL) of the resulting supernatant (called the blank oral fluid matrix) were stored at -
70 °C. The success of the stripping procedure was confirmed by the absence of cortisol and

cortisone during 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 day of the extraction. Once thawed, they were sonicated for 5
minutes and placed on ice. Then, using 2 pg/mL stock standards, a 40 ng/mL combined
cortisol/cortisone standard in the oral fluid matrix was prepared in 6 replicates, each of which was
further diluted by 2-fold serial dilutions in the stripped oral fluid matrix resulting in calibration

points from 20.0 to 0.156 ng/mL. Samples were stored on ice.

4.2.5.4 Extraction and reconstitution of samples prior to LC-MS/MS analysis

Individual oral fluid samples (aliquots of 100 puL) from study participants (n=20) were thawed in
a water bath, sonicated for 5 min, and vortexed for 5 min. After centrifugation at 10,000 x g for 30
s at 4 °C, samples were placed on ice. 30 pL of water (for blank extracts) or study samples or
calibration curve standards prepared in stripped oral fluid matrix were extracted with 120 pL of
ice-cold methanol containing 1.25 ng/mL of cortisol (ds4). After 15 min incubation at ambient
temperature with periodic (every 5" min) shaking and 15 min incubation at -70°C, samples were
centrifuged at 15,000 x g at 4 °C for 15 min. An aliquot (120 puL) of supernatant was transferred
into a clean 1.5 mL polypropylene Eppendorf tube and dried overnight in a Speed-Vac (Centrivap,
Labconco, cat#7812013). On the next day, samples were re-solubilized in 24 puL of 44% methanol,
sonicated for 5 min, and vortexed for 5 min. Then, 24 uL of water were added, and samples were
sonicated for 5 min, vortexed for 10 min, and finally centrifuged at 15,000 x g for 30 s to bring the

liquid to the bottom. Samples were stored on ice prior to LC-MS analysis. Two QC samples were
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created after reconstitution (i) one pooled sample by mixing equal volume from each study sample
and (ii) one QC at the concentration of 5 ng/mL by mixing equal volumes of all calibration points

prepared as described in Section 4.2.5.3.

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). Cortisol and cortisone were
chromatographically separated using gradient elution and Zorbax Eclipse Plus C18 column (2.1 x
50 mm, 1.8 um, Agilent) at 30°C and 0.4 mL/min flow rate. Mobile phase A was 0.1% (v/v) acetic
acid in the water, and mobile phase B was 0.1% (v/v) acetic acid in methanol. The following
gradient was used: 22% to 55% B between 0-0.5 min, a linear increase from 55% to 62.5% B
between 0.5 and 2.0 min, increase to 90% B at 2.1 min, hold at 90% B for 1.5 min and final re-
equilibration to the initial conditions between 3.7 to 6.0 min. The injection volume was 15 pl
representing 7.5 pl of the original sample volume.

MS analysis was executed using (+ve) ESI with capillary and nozzle voltages set to 3500 and 800
V, nebulizing and sheath gas temperatures to 325 and 385°C, and gas flow and nebulizer pressure
to 10 I/min and 35 psi, respectively. The following SRM parameters were used for quantitation:
367.2 — 121.2,363.2 — 121.2 and 361.2 — 163.1; the fragmentor voltage: 126, 126, 132 V and
collision energy: 16, 16, 20 V for cortisol-d4, cortisol and cortisone, respectively. The isolation
window was set to 0.7 FWHM (full width at half maximum) at Q1 and Q3; cell accelerator voltage
to 3 V and dwell time to 300 ms for all quantifier transitions and 80 ms for qualifier transitions.
For additional confirmation of analyte identity second SRM transition can be used: 363.2 — 327.6
and 361.2 — 121.2 for cortisol and cortisone, respectively. The final optimized method used
separate time segments where cortisone quantifier, qualifier, and IS (369.3 — 169.2, collision
energy 27) were monitored between 0 and 1.9 min, and cortisol quantifier, qualifier, and IS were
monitored between 1.91 and 6 min. Please, refer to Supplementary Figure C1 (Appendix C) for
a comprehensive view of all chromatograms. The addition of cortisone (dg) as IS for cortisone was
necessary to provide appropriate correction of recovery because charcoal-stripping of oral fluid
affected 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 injections of the stripped oral

fluid matrix were performed at the beginning of all runs. This was followed by the injection of QC
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samples, which were re-injected after every 10 injections and at the end of the injection sequence
to monitor LC-MS stability. Calibration points were injected twice, at the beginning of the batch,
after QC samples, and at the end of the batch, before the last QC samples. All other study samples
were analyzed in randomized order throughout the sequence.

The same LC-MS/MS method with modifications was used for the assessment of adduct formation
and contribution of cortisol (d4) to the SRM channel of cortisol. Adduct formation was analyzed
with Q3 set to scan in the range 75 - 410 m/z and Q1 set to ion masses of cortisol, cortisone, and
cortisol (ds) forming adduct ions ([M+H] ¥, [M+Na]", [M+K] " and [M+NH4]") as shown in
supplementary materials. The contribution of cortisol (d4) to SRM channel of cortisol (363.2 —
121.2) was assessed with the following settings: Q1 set to 367.2, 366.2, 365.2, 364.2, and 363.2
(precursor ions of cortisol (ds4) containing 4, 3, 2, 1 and 0 deuterium atoms, respectively) and Q3

set to 121.1 for each precursor.

4.2.5.6 Data analysis

Data acquisition, processing, and quantification were performed using Acquisition and Quant
applications from Mass Hunter Suite (Version B 07.00, SP1). Peaks were integrated using the Agile
2 algorithm, and area ratios of analytes to the internal standard were calculated using spiked cortisol
(d4) until cortisone (ds) was added to the method. Calibration curves were built using 1/x weighted

regression and used to quantify concentrations in unknown and validation samples.
4.2.6 Method validation

4.2.6.1 Preparation of the pooled samples for the assessment of recovery and matrix effects

The recovery of cortisol, cortisone, and cortisol (ds) was evaluated using non-stripped oral fluid
generated by pooling eight samples from different individuals. Samples were distributed into three
aliquots (A, B, and C), each consisted of three replicates of 30 uL. Replicate A was extracted with
120 pL of methanol containing 2.5 ng/mL of cortisol, cortisone, and cortisol (d4). Replicate B was
extracted with methanol containing cortisol (d4) at 2.5 ng/mL. Replicates C were extracted with
methanol without standards to determine endogenous levels of cortisone and cortisol in this pooled
sample and for matrix experiments. Samples were processed according to Section 4.2.5.4 and
reconstituted on the day of LC-MS/MS analysis as in the procedure except that replicates B were

reconstituted in 44% methanol containing 10 ng/mL of cortisol and cortisone to serve as 100%
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recovery references, while reconstitution solvent for replicates A contained no standards.
Replicates C were either reconstituted in 44% methanol without a standard to control endogenous
signals or in 44% methanol spiked with all standards at concentration 10 ng/mL to be used in the
assessment of matrix effects as post-extraction spiked samples. The stocks of 1.8 pg/mL of cortisol

and cortisone were used for the preparation of spiked standards.

4.2.6.2 Preparation of QC samples for validation experiments and for the quantitation of

individual study samples

For the intra- and inter-day analyses, high and low QC samples were 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 selected (Section 4.2.6.2) for temporary use in the course of the validation
experiments until more appropriate concentrations of QC could be selected.

For the analysis of study samples, the stock QC solution was prepared at the concentration of 60
ng/mL for cortisol and 200 ng/mL for cortisone in stripped oral fluid matrix directly from 1.8
png/mL stocks, prepared as described in Section 4.2.5.1. This sample was diluted in oral fluid matrix
10-fold, then 3-fold, and then 2-fold to obtain high (QCH), medium (QCM), and low (QCL)
samples with concentrations of (6 and 20 ng/mL), (2 and 6.67 ng/mL), and (1 and 3.33 ng/mL) for
cortisol and cortisone, respectively. Five replicates of each QC sample were extracted and

processed identically to other samples and calibration curve.

4.2.6.3 Preparation of calibration curve and assessment of LLOQ, linearity, and intra-day

accuracy and precision

Preparation started by thawing aliquots of the stripped frozen oral fluid in a water bath at ambient
temperature with periodic manual shaking. Once thawed, the calibration curve was prepared as
described in Section 4.2.5.3 using stocks of cortisol and cortisone with a concentration of 2 pg/mL
in six replicates. The calibration samples were used to assess the LLOQ, the upper limit of
quantitation (ULOQ), calibration linearity, accuracy and precision of calibration curve according

to FDA Bioanalytical Method Validation guidelines.'*

4.2.6.4 Preparation of validation samples for the assessment of intra-day accuracy and precision

Five sets of validation samples were prepared from 1.8 mg/mL individual stocks of cortisol and

cortisone in a stripped oral fluid matrix to cover the range 0.54, 1.09, 4.38. 8.75 and 17.5 ng/mL in
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n=8 replicates per concentration level and six of those extracted as described Section 4.2.5.4.
Several replicates of a stripped oral fluid matrix without the addition of standards “blank oral fluid
matrix’” were also extracted to provide the signals in the matrix without spiking. For the assessment
of LLOQ, intra-day accuracy, and precision, six replicates of each calibration point or validation
samples were reconstituted as described in Section 4.2.5.4 and analyzed on LC-MS/MS as

described in Section 4.2.5.5.

4.2.6.5 Assessment of short and long-term storage stability and freeze-thawing stability

For the assessment of long-term storage stability, two replicates of validation samples (Section
4.2.6.4) with concentrations of 1.09 and 4.38 ng/mL were stored for 6 months at below -70 °C as a
dry extract or after reconstitution for LC-MS analysis (wet extract). After 6 months, stability
samples were either reconstituted (dry extract) or thawed (wet extract) and analyzed in the LC-
MS/MS. Samples for short-term stability were reconstituted as for LC-MS/MS analysis (Section
4.2.5.4) and stored for 2 h on the bench at room temperature and for 24 h at +7 °C in the
autosampler, respectively. All samples for the assessment of storage stability were quantitated
using calibration curves freshly prepared as described in Section 4.2.5.3. Freeze-thaw stability was
assessed by exposing three 30 pL replicate aliquots of the 4.38 ng/mL validation sample (Section
4.2.6.4) to 30 min freezing at -70 °C followed by thawing in a water bath at ambient temperature.
A single aliquot out of three was exposed to either 1, 2, or 3 freeze-thawing cycles, while the
validation sample with a concentration of 4.38 ng/mL was used as the no freeze-thawing control.

(Section 4.2.5.3).

4.2.6.6 Assessment of recovery and matrix effects

For the assessment of recovery, duplicates of samples prepared as described in Section 4.2.6.1
were used. Recovery was calculated by the formula: (area in test samples-area in background
sample) * 100% / (area in reference sample-area in background sample).

For the analysis of matrix effects, samples prepared by post-extraction spiking of cortisol and
cortisone into extracts of oral fluid aliquots C (Section 4.2.6.1) were used. For comparison, neat
standards in 22% methanol were prepared at 5 ng/mL concentrations to match post-extraction
spiked samples. Matrix effects were calculated using the following formula: (signal intensity in a
post-extraction spiked sample of stripped oral fluid*100%)/signal intensity in 22% methanol neat

standard.
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4.2.6.7 Assessment of inter-day accuracy and precision

Validation samples originated from 1.8 ug/mL individual stocks (Section 4.2.6.4) and calibration
curve standards prepared as described in Section 4.2.5.3 originated from 2.0 pg/mL individual
stocks, were prepared, dried overnight, reconstituted, and analyzed on LC-MS/MS as described in
Sections 4.2.6.1, 4.2.6.3, 4.2.6.4, and 4.2.5.5, respectively. The entire procedure was repeated on
different non-consecutive days resulting in a total of 7 inter-day batches. During inter-day
validation, an injector leak and a subsequent irreproducible performance of the sample injector
were discovered. After replacement of the needle seat capillary and injection needle, highly

reproducible autosampler performance was restored.

4.2.6.8 Stability of deuterated cortisol

Individual aliquots of each analyte standard at 5 ng/mL in 22% methanol and oral fluid matrix were
prepared and analyzed as described in procedures for the assessment of the formation of ions with
[M+H]*, [M+K]", and [M+NH4]" adducts and contribution of deuterated cortisol (to the signal in
MRM channel of cortisol (363.2—121.1) which may occur due to hydrogen replacement of all
deuterium atoms. The LC-MS/MS batch included 10 equilibration injections of a stripped oral fluid
matrix, followed by sequential injections of the low, 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 LC-MS/MS in random order.

4.2.6.9 Addition of cortisone (ds) as IS for cortisone

To verify that cortisone (dg) is an appropriate IS for cortisone in non-stripped oral fluid in order to
improve method accuracy for this analyte, oral fluid from 10 individuals was evaluated. Samples
were distributed into 2 x 95 puL aliquots, A and B. Replicates A were spiked with 5 pL of cortisol
and cortisone to yield a 2.5 ng/mL increase in concentration for cortisol and 5 ng/mL for cortisone
and then spiked with both IS to yield concentrations of 5 ng/mL. Replicates B were spiked with 5
ul of solvent and then were spiked with a mix of IS to yield 5 ng/mL. Calibration standards were
prepared in a stripped oral fluid matrix, and 95 pL of it were spiked with 5 pL of the IS mix to
yield 5 ng/mL. QC samples were prepared as described in Section 4.2.6.2. After 15 min of
incubation on ice, all samples were extracted, dried, and analyzed after reconstitution as described

in Section 4.2.5.4.
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4.2.6.10 Creation of the calibration curve for routine implementation of the method

Based on validation results, for the routine implementation of the method, the preparation of the
calibration curve (dilution factors and concentration limits) were slightly modified. The calibration
curve was prepared by 1.5x serial dilution while keeping LLOQ and ULOQ of cortisol to maintain
the validated linear range to increase the number of calibration points. For the measurement of
study samples, the concentration ranges of calibration curves were 0.16-16.0 for cortisol (16.0,
10.7, 7.1, 4.7, 3.2, 2.1, 1.4, 0.94, 0.62, 0.31 and 0.16 ng/mL) and 0.21-21.3 for cortisone (21.3,
14.2,9.5,6.3,4.2,2.8,1.9, 1.2, 0.83, 0.42, 0.21 ng/mL). Aliquots (95 pL) of calibration samples
were spiked with 5 pL of the IS mix to yield concentration of 5 ng/mL, extracted, dried, and
reconstituted as described in the correspondent Section 4.2.6.3 except that reconstitution solvents

did not contain IS.

4.2.7 Comparison of LC-MS/MS and ELISA assays

In addition to 19 test samples, several standards (0.63, 2.5, and 10 ng/mL) from separate calibration
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 in-house standards were analyzed on ELISA and extracted
(including all standards from the calibration curves) on the same day for LC-MS/MS. In addition,
individual calibration curves of cortisol and cortisone were prepared in the commercial ELISA
blank (“0.0” calibration point supplied with ELISA kit) and extracted in parallel to 4 ELISA
commercial calibration standards (0.0, 0.1, 0.4, 1.7, and 7 ng/mL cortisol) for LC-MS/MS analyses
on the same day. The ELISA analysis and extractions of samples for LC-MS/MS analysis were
executed as described in Sections 4.2.4 and 4.2.5.4, respectively. All extracted samples were dried,
reconstituted, and analyzed on the next day after extraction as described in Sections 4.2.5.4 and

4.2.5.5.

4.3 Results and discussion

The objective of this research was to develop and validate a sensitive low-cost, high-throughput
LC-MS/MS assay for cortisol and cortisone 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 methanol was selected for this work to increase sample

throughput and decrease sample volume requirements. The only other successful protein
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precipitation methods for this analysis utilized acetonitrile but required 240-250 pL sample
volume.*>*** A more recent protein precipitation method which used acetonitrile:methanol:acetone
cocktail and 100 pL of the oral fluid showed poor LOQ (8.6 ng/mL) for cortisol and did not have
cortisone included in its panel.?*! Majority of other SPE and LLE-based validated methods also
required 100 to 500 pL of the sample.?*!-233242:245.246 Qyr final validated method requires only 30
pL of oral fluid, making it ideally suited for time-course studies, and the sensitivity of the method
is suitable for all time points except late-night cortisol determinations. In terms of MS analysis, we
opted for (+ve) ESI, although successful methods with APCI?*7-?*® and (-ve) ESI**® have also been

reported. 64

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 established by FDA!*?. Calibration curves of cortisol and
cortisone prepared in charcoal-stripped oral fluid demonstrated excellent linearity (R> = 0.998) in
the range 0.15-20 ng/mL, acceptable intra-day accuracy (maximum inaccuracy < 7.8%) and low
imprecision (< 15%) using cortisol (d4) as IS for both analytes (Table 4.1). Inter-day comparison
of calibration curves also showed acceptable performance, with at least 6 out of § calibration points
meeting FDA requirements on all days (Table 4.2). Slopes of calibration curves remained similar
between 7 days of the inter-day validation for each cortisol and cortisone (0.18+0.03 and
0.27+0.05, n=7, respectively), and intercepts did not deviate from zero (Appendix C,
Supplementary Table C1).

The analysis of inter-day accuracy and precision for cortisol and cortisone (Table 4.2)
demonstrated acceptable accuracy and precision in the interval of 0.31-20 ng/mL. The lowest
concentration tested (0.15 ng/mL) provided the most inaccurate daily results and did not routinely
meet LLOQ requirements set by FDA of RSD <20% and inaccuracy within + 20% for both cortisol

and/or cortisone on several of the 7 days tested.
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Table 4.1. Intra-day accuracy and precision of calibration curves (Section 4.2.6.3) and validation
samples (Section 4.2.6.4) in charcoal-stripped oral fluid. Six replicates of each calibration
standard were run to obtain calibration curves on the first day of validation and establish LLOQ.

Calibration Averag(e o/z:;curacy Pr;c;s]i)og) /f)l)l)=6,
standard
(ng/mL) Cortisol Co;‘iiso 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 13.0 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(e 0/2:§curacy Pl'elngS]l;)l(l 021) 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 aresult, 0.15 ng/mL was selected as the limit of detection (LOD) of the method, 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 concentration tested was 20 ng/mL as higher
concentrations were not expected for the late morning- mid-day samples such as the ones collected
in the current study. These LLOQ’s compare well with other methods reported in the literature,
which generally ranged from 0.3-0.8 nM for both cortisol and cortisone.!6+224:235.237.240.245.249
Despite the sporadic inaccuracy of some mid calibration points during the first 5 days, the accuracy
of at least 6 calibration points remained suitable for quantitation every day for both standards,

except for day one of the cortisone test (Table 4.2).
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Table 4.2. Summary of inter-day accuracy and precision for cortisol and cortisone in charcoal-
stripped oral fluid over non-consecutive days (n=7) of analysis. Samples were prepared as
described in Section 4.2.5.3. Based on several gross autosampler mis-injections denoted by
asterisks in the table, injector needle and needle seat capillary were changed between 5" and 6™
days, which decreased injection variability and improved the accuracy.

5 T_|zLF
52 $=F| §<9
‘s‘ %J Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7 E § ﬁ g .g e
£ = <38 E5E
S & -
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 92.4 89.4 96.2 6.8
2.5 113.0 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 78.5 107.9 102.7 103.6 108.3 100.7 101.9 100.5 10.1
20.0 99.4 96.9 100.1 101.7 96.5 101.8 100.7 99.6 2.1
Cortisone accuracy (%)
0.16 121.3 124.7 118.4 113.9 105.2 1194 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
10.0 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 points demonstrated very low repeatability (Table 4.2), which seems to affect
both cortisol and cortisone quantitation despite the correction by IS. This could be explained by
irregular injections, which was confirmed by the disappearance of the problem after replacement
of the injection needle and needle seat capillary between the 5% and 6 days. The recovery of
cortisol and cortisone spiked into the charcoal-stripped oral fluid at various concentrations ranged
from 75.2 to 86.4% for cortisol and from 69.1 to 81.4% for cortisone (Appendix C,
Supplementary Table C2). The calculation of recovery using either solvent calibration curve or
comparison of pre-and post-extraction spiked samples yielded similar results. Extraction
repeatability was excellent, with an RSD ranging from 2.6 to 10.2% for cortisol and from 1.9 to

9.5% for cortisone. Cortisol stability of up to 1 year'?® and 3 years'®* when stored at -80°C was
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previously established, so it was not examined in the current study. Table 4.3 summarizes the
results for short-term and long-term stability tests. Both cortisol and cortisone in wet extracts of
oral fluid demonstrated satisfactory stability for bench manipulations (2 hours at ambient
temperature).

The stability test of cortisone in autosampler conditions for 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 because the analysis 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 (cortisol (ds4)), which implies the necessity to investigate the
compliance of cortisol (d4) as IS for cortisone.

Table 4.3.Summary of short-term and long-term stability results. Stability was assessed by
comparing the measured concentration assessed by the freshly prepared calibration curve (Section
2.5.3) of stability samples to the expected theoretical concentrations. Samples with concentration

1.09 ng/mL destined for the assessment of the stability at 2 hours, ambient temperature were lost
during manipulation. A single replicate per condition was tested.

: -~
= = .
e 'g %J telfl héraaTul;l:n\fve ¢ 24-h autosampler, | 6 months, <-70 °C, | 6 months, <-70 °C,
-] P i +7°C, wet extracts dried extracts wet extracts
@ = extracts
2E 8
= g-
S ¢ | 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 cortisone demonstrated
acceptable stability in the batch consisted of 120 injections with a total length 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 of 72 injections with a total run time of 8.5 h. In this batch, the
concentration of cortisone was stable across the entire time (Appendix C, Supplementary Table
C3).

In addition, cortisone showed acceptable stability for long-term storage when reconstituted extracts
were stored directly (wet extracts) (6 months storage at below -70°C). Cortisol wet extracts showed
higher variability than expected, thus not meeting acceptance criteria. In contrast, dried extracts

stored after evaporation indicated 3 to 12 times lower concentrations after 6 months of storage at
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below -70 °C followed by reconstitution prior to LC-MS/MS analysis. This suggests either
degradation and/or precipitation (Table 4.3). Finally, the stability of cortisol and cortisone in oral
fluid during freeze-thawing was evaluated. All results met the 80-120% stability acceptance criteria
(Table 4.4). In sum, long-term storage of prepared extracts is not recommended, so samples should
be analyzed immediately after preparation. Therefore, the length of the analytical batch is not
recommended to be extended beyond 14 hours. Unfortunately, the entire set of samples with a
concentration of 1.09 ng/mL was lost during sample manipulation, and the experiment was
executed with only one (4.38 ng/mL) sample.

Table 4.4. Cortisol and cortisone freeze-thawing stability (using validation samples (Section

2.2.6.4) with a concentration of cortisol and cortisone at 4.38 ng/mL) was assessed as the accuracy
of quantitation in single replicates. (Expected theoretical concentration = 100%).

Number of Concentration accuracy (%)
freeze-
thaw cycles Cortisol Cortisone
1 101.6 106
2 90.6 92.0
3 94.8 96.3

The evaluation of absolute matrix effects for cortisol and cortisone in charcoal-stripped oral fluid
showed minor matrix effects with two and one samples, respectively exceeding 80-120%
acceptance criteria, where absolute matrix effects are considered negligible (Figure 4.1). When
cortisol (ds) internal standard was used to correct matrix effects, all results meet acceptance criteria
except at the LOD level of 0.15 ng/mL. Moreover, as expected, the internal standard correction
reduced data variability for cortisol (SD = 9.4 for n=12 as compared to SD = 23 before correction)
and cortisone (SD = 4.0 for n=12 as compared to SD = 14 before correction). This indicates that
even though cortisol and cortisone do not co-elute, cortisol (d4) may serve as an internal standard
for both cortisol and cortisone in the stripped oral fluid matrix (Figure 4.1). However, in
subsequent experiments, we further examined the dependence of recovery and matrix effects on
oral fluid composition by evaluating these parameters in eight different lots of oral fluid. The results

of the recovery experiment are shown in Table 4.5.

137



120 | ceereresssssssssssssssesssssssssssssses R e

100 ~ —+ 4 | PR N - T

&0 egpee

60

Matrix effect (%)
~

40

20

0

S N A B S ® D o O

RO RGN & < 6\9@%@@\5?\@9\1\ Q
& & &S obé & & K& XK

¥
(3}(" (;a\(" Cz}(" Ca,\(" & & @c.. é}” & & P &
Cortisone

120 ereesane

100 —_ MM — [
- Tl L~ TRE-H-51T7
= _
= B0 eeeees B el
(%)
@
5
= 60
=
m
= 0

20

0

PO IR IR S I S . e s
& & & ¢ & Y e PN PN

S & F S SRS

[ R & o [ @ N N 4 & & &

Figure 4.1. Correction of matrix effects in charcoal-stripped oral fluid for the calibration curve
(Cal Curve) and validation samples (sample) at different concentrations. The columns show
absolute matrix effects without internal standard correction, while the dashed 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 ionization enhancement, and values below 80% show

ionization suppression. Digits in the sample names on the x-axis correspond to their concentrations
in ng/mL.

The data demonstrates that the recovery of both cortisol and cortisone in real oral fluid samples is
similar to each other and to the recovery of IS (cortisol (ds) across different lots of oral fluids. The
t-test comparing cortisone recovery versus cortisol and cortisol (d4) recoveries showed no
significant difference with p-values of 0.56 and 0.97, respectively. 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 to Supplementary Table C2 (Appendix C), but that the internal standard

may be able to correct for this effect.

Table 4.5. Recoveries of cortisone, cortisol, and cortisol (d4) and accuracy of their quantification
in eight lots of non-striped oral fluid after correction by cortisol (ds). Samples were spiked with
cortisol and cortisone to yield 2 ng/mlL in the extraction tube. Recovery was calculated for each lot
of oral fluid using peak areas in three extracts: (i) pre-extraction spiked; (ii) not spiked
(endogenous concentration) and (iii) post-extraction spiked replicates by formula (pre-extraction
spike area- endogenous area)*100/(post-extraction spike area-endogenous area). Analyte
concentrations in each sample were calculated using a calibration curve built-in charcoal-stripped
oral fluid matrix. The difference between pre-extraction spiked and non-spiked sample
concentrations was compared to the theoretical amount of cortisol and cortisone spiked to assess
the accuracy of the final method.

Accuracy of
(1)
Recovery (%) assessment (%)
Sample ID - - -
. . Cortisol | Cortisone | Cortisol
Cortisone | Cortisol . .
(d4) 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 35.5 41.7 40.1 &1.8 100.4
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 using cortisol (d4) as an internal standard for both
analytes, it was discovered the accuracy of quantitation of cortisone is much poorer than for cortisol
(mean accuracy of 81.9+14.9 for cortisone versus 103.7+2.4 for cortisol, significant t-test with a p-
value of 0.001). Although all validation results met FDA criteria in charcoal-stripped pooled oral
fluid when faced with compositional variability of real oral fluid samples and corresponded matrix
effects (Figure 4.2), the accuracy of cortisone quantitation was inferior compared to cortisol and
was not sufficient as judged by the standard addition method. The combined effect of recovery
differences and different matrix effects resulted in poor accuracy of cortisone when using cortisol
(d4) internal standard. Thus, to achieve acceptable accuracy for cortisone, cortisone (dg) internal

standard was added to the finalized method before any analysis of real samples.
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Figure 4.2. Summary of matrix effect results obtained for eight lots of non-stripped oral fluid. The
signal intensity of 80-120% would indicate no significant matrix effects, and values below < 80%
show significant ion suppression.

As expected, the incorporation of cortisone (dg) as IS for cortisone reduced the quantitation
inaccuracy in real oral fluid samples to the acceptable 85-115% range, which is comparable to
cortisol (Figure 4.2). In contrast, other studies successfully used a single internal standard for both
cortisol and cortisone but combined it with more selective sample preparation such as LLE?*! and
LLE-derivatization-online SPE.?*?> Our LC-MS/MS SRM method has been improved without
compromising its robustness and analytical performance validated as described in Section 4.2.6.
The overall improvement is reflected by acceptable levels of accuracy (Figure 4.3) demonstrated
by the method in the analysis of oral fluid samples from study participants. 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 to obtain a matrix that

does not contain the analytes of interest.
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Figure 4.3. Accuracy of cortisol and cortisone quantitation across an analytical batch of 51
participant’s samples. All samples were quantified using the averaged external calibration curve
(squares) 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 injections, and
at the end of the analytical batch. Circles represent individual saliva samples spiked with known
amounts of cortisol and cortisone, extracted and quantified in parallel to aliquots of the same
samples that were not spiked (not shown on the graph). The accuracy was evaluated using the
formula: (concentration in spiked samples - concentration in not spiked samples)*100%
/theoretical spiked concentration, that still satisfies limits of FDA (less than 120%). Except for one
sample at LLOQ level of cortisol (0.31 ng/mL, at LLOQ 80-120% accuracy is allowed according
to FDA), all samples were quantified within 85-115% accuracy range (red dashed lines).
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The systematic positive bias of the calibration curve was observed for cortisol but not for cortisone
in standards and QC samples (Figure 4.3). This indicates a tolerable error in the preparation of
spiking solutions of authentic or/and SIL cortisol from the working stock.

Charcoal-stripped saliva was previously used for method validation in several studies,>**?** but
matrix effect evaluation was performed only in charcoal-stripped oral fluid, without comparison to
real oral fluid samples. Meszaros et al. did assessed 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%.2** It is possible that their method, which utilized protein precipitation
with acetonitrile and (-ve) ESI LC-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 LC-MS/MS assays have used artificial solutions such as 0.2% w/v bovine serum

2 or water**%? for the calibration of

albumin,?** phosphate buffered saline,?*® artificial saliva,*
cortisol assay. However, Fustinoni et al. did supplement their determination by evaluation of
relative and absolute matrix effects in six lots of oral fluid and did not find any significant matrix
effects.?** Jonsson et 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 method.>*°

4.3.2 Cortisol quantitation by LC-MS/MS and ELISA

Using the validated LC-MS/MS assay, cortisol was detected at concentrations between 0.34 and
1.78 ng/mL (0.9 and 5 nmol/L) (Appendix C, Supplementary Table C4). The concentrations of
cortisol below LLOQ (0.31 ng/mL) of LC-MS/MS assay were detected in 4 out of 51 samples and
fell between LOD and LLOQ of the assay (0.15-0.31 ng/mL). The concentrations of cortisone in
oral fluids of healthy individuals varied between 3.2 and 17.3 ng/mL (8.9-48.0 nmol/L). These
values match, in general, the results obtained by Perogamvros et al. in oral fluids of healthy
individuals.?*® They also reported decreasing cortisol-cortisone ratios from a mean of 0.2 in the
morning to a mean of 0.1 in the evening. Cortisol-to-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 different days) and noon (mean 0.12-0.14 on three
different days), which are the time points that are the closest to our collection times.>*” These results
are also comparable to the reported mean ratios of 0.13 at noon in healthy individuals and 0.16

reported for 9:30 am sampling time in late adolescent and young women.?! Thus, 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 and LC-MS/MS resulting in the overestimation of cortisol

concentrations' %

, including blood cortisol measurements.”> However, the standardization of
assays for oral fluid has lagged behind and requires further attention.

The measurement of cortisol concentrations in oral fluid samples collected during the study using
our validated LC-MS/MS method and ELISA revealed a drastic overestimation of cortisol
concentrations by competitive ELISA as compared to LC-MS/MS (Figure 4.4).

Table 4.6. Quantitation of ELISA cortisol calibration standards (supplied with the ELISA kit) by

LC-MS/MS method using an in-house cortisol calibration curve. The curve was prepared by serial
dilutions of in-house cortisol stock standard using ELISA calibration blank supplied with the kit.

. . ELIS'.A Concentration by Ratio
ELISA calibration setpoint LC-MS (ng/mL) ELISA / LC-
(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 <L0Q 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 than LC-MS/MS are
antibody cross-reactivity and improper standardization. To investigate both of these possibilities,
we first analyzed ELISA blanks and calibration standards using LC-MS/MS. The results of this
comparison are shown in Table 4.6 and show that the concentrations of ELISA standards are 1.9x
lower than stated when quantified against an in-house cortisol calibration curve built in the same
buffer.

Next, cortisol and cortisone calibration standards prepared in water were quantitated using ELISA
and its calibration curve. As expected, these standards showed 1.9x higher results when quantitated
using the ELISA calibration curve (Table 4.7).

Thus, it can be 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 and LC-MS/MS resulting in ELISA
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overestimation of cortisol concentrations'®*, including blood cortisol measurements.?> However,

the standardization of assays for oral fluid has lagged behind and requires further attention.

Table 4.7. ELISA quantitation of cortisol and cortisone using in-house standards prepared in water
from the same stock solution (2 ug/mL) whose aliquots were used for the preparation of calibration

curve in LC-MS/MS method.

. Cortisol ELISA results (ng/mL)
Standard composition 5 :
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 cross-reactivity to cortisone. As shown in Table 4.7, antibody cross-reactivity
to cortisone may be contributing approximately 5-20% inaccuracy to ELISA assay, with lower
concentrations of cortisol more significantly impacted. This level of cross-reactivity is higher than
stated by the manufacturer at 0.8%, but it is not known which concentration(s) the manufacturer
used to evaluate the cross-reactivity.

In sum, the cross-reactivity to cortisone yielded around 17.1 % of cortisol response at low (0.63
ng/mL (1.8 nmol/L) concentration and becomes more negligible at higher concentrations. These
results are similar to the cross-reactivity results reported by Bae et al. for IBL immunoassay, where
cross-reactivity to cortisone contributed from 2.6 to 43% of inaccuracy for similar cortisol
concentrations and cortisol-cortisone ratios.!®* Indeed, the overestimation of cortisol
concentrations by ELISA compared to LC-MS/MS was observed in 18 (out of 19) individual
samples (Figure 4.4).

Moreover, the non-linear (r = 0.094, n = 46) increase in the overestimation of cortisol
concentrations by ELISA compared to increasing cortisol concentrations in LC-MS/MS was
demonstrated by the Bland-Altman plot (Appendix C, Supplementary Figure C2) for 46 study
samples. This suggests the involvement of other factors beyond standardization and cortisone
cross-reactivity, one of which could be the cross-reactivity to other structures similar to

cortisone.??°
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Figure 4.4. Quantitation of cortisol in oral fluid samples from participants by competitive ELISA
(columns with horizontal stripes) and in-house LC-MS/MS method (columns with diagonal stripes).
Concentration is represented by Y-axis. Measurements executed in single replicates. The results of

two-tail, pair-wised t-test (p = 5.73E-07, (n=19)) support the confidence in observation of higher
quantitation results by ELISA.

Based on the manufacturer’s data, other structurally related hormones also show cross-reactivity,
among which 11-deoxycortisol and 17-hydroxyprogesterone demonstrate higher cross-reactivity
than cortisone.

A more comprehensive investigation of ELISA interferences in real samples was beyond the scope
of this study, but our results indicate that cortisone is not the main/only source of inaccuracy, at
least for the AbNova kit. More than 2-fold differences were observed between results of ELISA
and LC-MS/MS in test samples from participants (Figure 4.4). In addition, correlation analysis
shown in Figure 4.5 demonstrates poor linearity (1> = 0.27), indicating poor agreement between
the two methods. Finally, the correlation analysis shows huge positive Y intercept which indicates
the presence of interfering (non-analyte) cross-reacting factor. Altogether, this data indicated, that
cross-reactivity to cortisone and 2x standardization error do not explain all the reasons for

inaccurate cortisol quantitation by ELISA kit.
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Figure 4.5. Correlation analysis between cortisol concentrations obtained using LC-MS/MS and
ELISA for n=46 oral fluid samples collected at three time points (Section 4.2.3). Only samples
with signals above LLOQ in both assays were used for this plot. Linear least-squares regression
results are shown in the top right corner of the figure.

In an early study, Jonsson ef al. showed radioimmunoassay overestimated cortisol concentrations
by 2.7x.* Similarly, Bae et al. showed IBL luminescence immunoassay overestimated cortisol
levels by 2.0-2.6x but showed much higher correlation values of ~0.9.'%* Our Bland Altman
analysis shown in Figures 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 LC-MS/MS assays are accepted as a gold standard method for cortisol analysis,
Bland-Altman plots in Figure 4.6 A were plotted both against the mean of the two assays and
against LC-MS/MS assays values as a gold standard method. The latter results show very weak
proportional bias with a much lower r* value of 0.09. Electroluminescent ECLIA assay showed
good agreement with LC-MS/MS (r? of 0.892)*** across the entire cortisol concentration range
tested, but only r? of 0.02 for cortisol values below 2 nmol/L. Similarly, the Bland-Altman plot in

a study by Bae et al. revealed a wide dispersion of results below 5 nmol/L.'** In sum, our results
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for the comparison of LC-MS/MS against the Abnova immunoassay are consistent with other

literature comparisons at low cortisol levels, indicating poor agreement between the two methods.
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Figure 4.6. Bland-Altman analysis for cortisol measurements using LC-MS/MS and ELISA
prepared by plotting (A) mean concentration of both assays on the x-axis or (B) LC-MS/MS assay
concentration on x-axis. In both cases, the y-axis shows the absolute concentration differences (in
ng/mL) obtained by two methods. The red line shows the mean difference between the assays, while
the dashed lines show limits of agreement as determined by = 1.96xSD. Linear least-squares
regression was also performed, and its results are shown in the top right corner.

Clinical automated immunoassays such as Roche Cortisol II assay that uses monoclonal antibodies

showed better agreement with LC-MS/MS for cortisol measurement in serum (n=405) with the
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slope of 1.02 and intercept of 4.473 nmol/L, but an agreement for saliva (n=253) was poorer with
the slope of 1.12 and the intercept 0f 0.825 nmol/L.?>* Nevertheless, none of these studies included
ELISA tested in our study. Our results demonstrate greater specificity of LC-MS/MS method than
ELISA assay, confirm excessive values of ELISA calibration setpoints, and call for further
investigation of ELISA interferences in real samples. In conclusion, there is an obvious necessity
to correct the values of ELISA calibration setpoints according to LC-MS/MS quantitation, and
validated LC-MS/MS assays such as the one presented provide a better alternative for more
selective cortisol and cortisone measurements.

Our results of Bland-Altman analysis in Figure 4B show that immunoassay results cannot be
converted into correct cortisol concentrations by a simple function. Miller ef al. compared five
immunoassays with LC-MS/MS using 195 saliva specimens.’*® Despite high correlation
coefficients ranging from 0.92-0.96 against LC-MS/MS, they found non-linear relationships
between different immunoassays and LC-MS/MS assay and proposed a set of conversion functions
to facilitate inter-assay and inter-study comparisons of cortisol concentrations. To examine if both
ELISA and LC-MS/MS analysis would provide the same conclusions in a given study, we have
plotted relative change at t1 and t2 versus cortisol concentrations at the onset next to each other.
The results of this analysis are shown as a mirror 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 the conservative value of 50% to
indicate up- or down-regulation of cortisol in an individual during the test.

Furthermore, since 3-4 activity tests were performed per individual, we examined the dataset to see
if only particular individuals showed these discrepancies; however, no trends, according to the
individual, could be established. Based on these results, ELISA testing cannot be used to provide
correct results for acute laboratory psychosocial stress tests. To the best of our knowledge, no one
else examined relative assay results obtained by the two methods. Bae ef al. examined mean trends
across time and found both immunoassay and LC-MS/MS could provide correct conclusions about
cortisol levels.!® Thus, it is believed that despite standardization errors and interferences often
observed for ELISA, the results for an individual test could still be usable by looking at relative
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 changes in cortisol concentration at t1 and t2 (versus t0)
obtained by ELISA and LC-MS/MS for each individual collected in our study.

4.4 Conclusions and future recommendations

Cortisol oral fluid measurement is preferred to serum measurement, especially for acute laboratory
psychosocial stress tests due to non-invasive sample collection. We have developed and
implemented an inexpensive, simple, accurate, robust, and high-throughput LC-MS/MS assay for
simultaneous absolute quantitation of cortisol and cortisone in oral fluids. The method replaces
LLE and SPE with simpler and less expensive methanol extraction while ensuring excellent
quantitative performance despite limited sample clean-up. The developed LC-MS/MS method out-
competes the ELISA approach in throughput and accuracy. The throughput of LC-MS/MS is high,

and considering all necessary calibration, blank, and QC injections, the method allows quantitation
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of both target steroids in 72 samples per 14 h batch. In comparison to other LC-MS/MS methods,
this method reduces the volume of oral fluid required for analysis to 30 pL increasing its
applicability. However, the sensitivity of the current LC-MS/MS method was not sufficient to
quantify cortisol in 4 out of 51 late morning samples. Therefore, further improvements in LC-
MS/MS sensitivity towards cortisol are required if late-night salivary cortisol measurements are of
interest. The comparison of Abnova ELISA and LC-MS/MS assay showed that ELISA
significantly overestimates actual cortisol concentrations in oral fluid samples primarily due to
excessively high values of calibration setpoints. Therefore, the accuracy of the cortisol quantitation
by ELISA with corrected calibration setpoints should be investigated on a large set of samples
originating from different individuals and representing the wide range of cortisol concentrations.
Moreover, a partial (17% of cortisol signal) cross-reactivity of ELISA kit between cortisol and
cortisone at lower concentrations cannot explain the increase of ELISA error with increasing
concentrations of cortisol, indicating other interferences must be present. Therefore, further
investigation of the presence of compounds with structures similar to cortisol and their involvement
in the generation of overestimated results is necessary. This can be accomplished by performing
LC-MS identification of compounds which are bound to the antibodies used in the ELISA kit used
in the study. Overall, our results demonstrated that at cortisol concentrations tested in this study (<
2 ng/mL), ELISA does not yield either correct relative or absolute results limiting the utility of this
technique for daytime (late morning to evening) time-point measurements. The poor correlation
between ELISA and actual salivary cortisol concentrations requires urgent attention, as it may
result in serious consequences for patient health and reputation of manufacturing companies and

test laboratories.
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5 Conclusions and future directions

5.1 Conclusions

No single analytical method can successfully measure all metabolites 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 metabolite coverage of untargeted
metabolomics. Unselective organic solvent precipitations dominate in metabolomics sample
preparation due to their simplicity and broad metabolome coverage. Other sample preparation
methods such as SPE were considered not suitable for a global metabolomics analysis due to
narrow selectivity, which should reduce metabolome coverage compared to solvent precipitations.
However, selective methods and SPE, in particular, can enhance the coverage for select metabolites
by enrichment and sample decomplexation compared to solvent precipitations. Therefore, it was
postulated that the combination of several methods with narrow but complementary selectivity
might increase metabolome coverage compared to solvent precipitations. In my thesis, I examined
the performance of sample preparation methods with narrow selectivity and the effects of their
combinations on the increase in the coverage of polar and mid-polar metabolomes. In my thesis, I
examined the performance of sample preparation methods with narrow selectivity and the effect of
their combinations on the increase in the coverage of polar and mid-polar metabolomes.

Therefore, the first study was focused on a detailed comparison of solvent precipitations, LLE, and
several SPE methods to identify the most complementary sample techniques for global
metabolomics. 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 SPE, and 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 methanol-ethanol cocktail
provided a negligible increase in the coverage disregarding LC-MS conditions. Thus, RP (+ve) ESI
demonstrated the increase of metabolome coverage in a methanol-ethanol cocktail to 3804 against
3795 in MeOH and an overlap of 3428 metabolites between the two methods. Comparisons of all
extraction methods to each other revealed the most orthogonal metabolite composition in MTBE
LLE and mixed-mode IEX SPE. In this experiment, IEX SPE included the mix of SAX and SCX
stationary phases based on DVBP support. The IEX SPE presented an acceptable analytical



performance with good recovery and repeatability. The results provided sufficient data to design
the sequential sample preparation, which combined MTBE LLE, MeOH protein precipitation, and
IEX SPE, which was evaluated in the second study.

The need for the maximum 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 fraction (CN) 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 executed. Int the second step,
the fractionation of CN and AZ in SCX (MCX plates) with binding pH of 2.4 and elution pH of
9.2 generated four individual fractions N, A (MCX unbound) and C, Z (MCX bound), enriched
with neutral, anion, cation and zwitterion metabolites, respectively. Wash and elution media
contained 100% organic solvents to counteract hydrophobic interaction between metabolites and
the DVBP stationary phases of the SPE plates. The initial protocol demonstrated good
orthogonality of individual fractions to each other in standard and global metabolomics analysis
and up to a 1.5-fold increase in metabolome coverage in sSSPE compared to MeOH. Next, the initial
inclusion of MTBE LLE into 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 sequential sample preparation, consisting of MeOH protein precipitation
and sSPE. The protocol explicitly focused on polar and mid-polar metabolites because other
sequential SPE methods were already successfully reported the effective fractionation of lipidome.
In addition to metabolome coverage, the sequential (MeOH-sSPE) sample preparation was
evaluated for the critical parameter, namely, the split of metabolites between fractions. The
protocol demonstrated an orthogonal composition of cation and anion fractions (< 4% overlap) and
< 36% metabolite overlap between pairs of other fractions. Moreover, the analysis of individual
fractions of sSPE demonstrated a 1.6-fold increase in total and 3.4-fold increase in unique
metabolome coverage compared to MeOH. Finally, optimal combinations of fractions that provide
increased metabolome coverage and reduce metabolite overlap were selected for each LC-MS
analysis to reduce analysis time 2-fold.

During the analysis of combined fractions the repeatability, split of metabolites, and metabolome
coverage in sSPE were thoroughly assessed. The developed method is highly repeatable and
demonstrated an average (n=6) RSD less than 30% for nearly 75% of metabolites in global

metabolomics analysis. Total metabolome coverage in sSPE was 1.6-fold higher compared to
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MeOH. Notably, a combined sSPE provides excellent separation of anion and cation metabolites,
with less than 27% of these metabolites showing detectable splitting. However, our method
demonstrated several issues, which could be improved in future developments. One of these issues
was low metabolome recovery in sSPE. The group of very polar metabolites was the most affected.
Another slight issue was observed with the split of zwitterion and neutral metabolites into A and C
fractions. The most feasible resolution for those issues could be found via testing different SPE
plates and modifications of ionic and organic compositions of SPE and LC-MS solvents. Overall,
the performance of the method was robust, comparable to the MeOH extraction by all other
evaluation criteria and satisfies the requirements of global metabolomics studies with the above
noted improvement in metabolome coverage.

In parallel to the execution of the first and second study’s objectives, the development of targeted
analysis of cortisol and cortisone in oral fluid was carried out. Although the thesis's main focus was
on plasma as the biological matrix of choice, the rationale for the analysis of oral fluid was an
easier detection of some metabolites, which reflect the metabolome status of blood but are difficult
to detect in plasma or serum. Besides, the analysis of two fluids in a single study provides the
potential to increase the metabolome coverage and the knowledge of the metabolic status of the
whole organism. Moreover, the oral fluid allows less invasive sample collection for metabolomics
outside the laboratory.

The MRM LC-MS method for the absolute quantitation of cortisol and cortisone in the oral fluid
was developed and validated. The performance of the LC-MS method was compared with a
commercial cortisol ELISA kit. The developed and validated method provides a low-cost, accurate,
robust, and high-throughput MRM LC-MS/MS quantitation of cortisol and cortisone in oral fluids
and demonstrated LLOQ of 0.31 ng/mL. The comprehensive validation of the method according
to regulatory guidelines confirmed intra- and inter-day accuracy in the range of 85-115% and
precision (<15% RSD) at all concentrations above LLOQ, which fit into performance limits
recommended by FDA. The developed LC-MS/MS method out-competes ELISA in specificity,
and probably in cost per analysis at high number of analyses executed at once. The comparison of
this validated method to ELISA showed that the latter overestimated the concentrations of cortisol
in the samples due to antibody cross-reactivity and improper standardization, especially at low
concentrations. However, the LC-MS/MS method sensitivity was insufficient to quantify cortisol

in four out of 51 samples, indicating the need for further improvement especially if late-night
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cortisol salivary values are of interest. The development of sSPE provides a feasible solution for
that. Thus, the recovery of cortisol in CN fraction from plasma in the (+ve) RP C18 analysis of
combined sSPE was 20% higher than in MeOH extract of oral fluid with a yield of 100%.
Therefore, a single step MCX SPE should be tested for the targeted analysis of cortisol in oral fluid

in order to potentially improve sensitivity.

5.2 Importance to the field and future directions

One of the big challenges in global metabolomics is its untargeted nature and the desire to
discover/characterize as many biomarker metabolites as possible via a semi-quantitation approach,
which typically analyzes hundreds to thousands of unknown metabolites simultaneously. This
means that global metabolomics methods cannot be validated in the same way as methods targeting
one or several analytes. This inability to perform full validation studies also brought hesitancy in
the metabolomics community to execute any quantitative studies of method performance such as
recovery and matrix effect studies. Although these studies cannot be executed for all metabolites
present, obtaining such data on even a subset of metabolites provides invaluable information on
method performance, aid in rational method selection, and 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 well-established methods such as solvent precipitations as well
as infrequently employed ones, such as SPE for global metabolomics. Hence, my thesis challenges
the wide-spread hesitance to use SPE in global metabolomics because of its selectivity and narrow
metabolome coverage. Therefore, my second accomplishment was the employment of a sequential
mixed-mode SAX-SCX SPE, which produces fractions with narrow, but complementary
composition and a > 1.6-fold broader metabolome coverage compared to MeOH, including very
hydrophilic/charged metabolites. Another major accomplishment of the study was the
establishment of the orthogonal sSPE fractionation of metabolites into anion, cation, neutral, and
zwitterion fractions with a degree of orthogonality sufficient to assign anionic and cationic
properties to metabolites based on their detection in a particular sSPE fraction. Although sSPE
demonstrated increased metabolome coverage, exploration of the full potential of the method

required its optimal integration with LC-MS analysis.
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Therefore, another major accomplishment of the study was the optimal integration of combined
sSPE fractions into RP and ZIC-HILIC LC-MS methods with a 2-fold decrease in analysis time,
and a decrease in the split rate to below 30%.

The practical impact of this new sequential SPE method in metabolomics is that it can lead to the
increased pathway coverage via the increased detection of polar and mid-polar metabolites
compared to classical solvent precipitations. In addition, the knowledge of the fractionation
behavior of newly discovered biomarkers enables their faster transition from a global to a targeted
assay. Finally, sSPE fractionation utilizes only volatile solvents and buffers, thus allowing direct
MS analysis of samples or facile adaptation to 2-D on-line sample analysis in LC-MS and SPE-
MS approaches.

Throughout this research, the limitations of the chosen sets of metabolite standards became
apparent and were revised to be more representative of metabolite diversity in plasma. As noted at
the beginning of this chapter, a targeted approach always follows fewer compounds than a global
one. However, metabolite standard cost, solubility issues, and a lack of a priori knowledge about
method selectivity of some methods impeded the design of optimal metabolite sets to use for these
types of evaluations. This necessitated the adjustments of the composition of standard sets
according to the results of previous experiments and the goals of future experiments. The lesson
learned from this challenge calls for more active usage of additional metabolites to expand targeted
metabolite mixes to better reflect chemical diversity of biospecimen type of interest. For example,
the enrollment of chemically pure standard compounds can be guided by the identity (even partial)
of those unknown metabolites, which demonstrate a particular behavior during the development
(for example, metabolites with a split, or with particular RT in ZIC-HILIC, etc.). Such an approach
will be more beneficial on instruments with higher mass resolution (=500 K), which speed-
up/facilitate elucidations (confirmations) of metabolites’ structures and identities.

Despite the limited metabolite coverage, targeted analysis remains the primary approach for
exploratory investigations and the development of sample preparation and LC-MS analysis
methods, including samples from novel sources. This targeted approach was applied to successfully
develop a cortisol/cortisone quantitation method in oral fluid. The major challenge in this
development was the lack of knowledge of small but numerous essential details (for example,
interference from glycoproteins, stability, matrix effects, etc.) due to the lack of published

information at the time. The developed MRM method provides a specific, quick assessment of the
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steroid concentrations in oral fluid within a day from the time of sample acquisition. The method
quantifies cortisol and cortisone simultaneously, which establishes the tool to control cortisol-
cortisone conversion. This makes the method more reliable for the assessment of free cortisol levels
in the blood than a single cortisol immunoassay. The technique uses a cheap and straightforward
methanol extraction with broad selectivity, which in the future can permit facile incorporation of
additional metabolites into the current assay. The ease of oral fluid sample collection outside of the
laboratory provides possibilities to quantitate steroids in this biofluid alternatively when plasma
collection is impossible (for example, physical exercise, real-time monitoring of stress, etc.).
Finally, this study on cortisol demonstrated poor selectivity of cortisol immunoassays due to the
inability to create a more selective ELISA sandwich approach for analytes smaller than ~1000 Da.
Although newer immunoassays have reduced antibody cross-reactivity to cortisone, our results
show that important interferences still remain unaccounted for and merit further investigation.
Alternately, switch from small immunoassays to targeted LC-MS/MS metabolomics assays such
as ours can provide better quantitation due to the improvements in selectivity. Combining sSPE
with these targeted LC-MS/MS provides further opportunities for additional sample clean-up and
enrichment to further push LLOQs in such methods. Finally, one of the key ideas that drove the
current research was as the goal to create an integrated targeted/global workflow with increased
metabolome coverage. Such an approach allows selected target and unknown metabolites to be
measured simultaneously in an absolute and relative manner, respectively, in the same sample
extract. A prerequisite for this is the detailed knowledge of properties and restrictions of sample
preparation and analysis methods, which allow safe and controlled adjustments of extract
compositions unavailable for solvent precipitations. Moreover, the satisfactory analytical
performance of the two developed methods promises a quick and feasible integration of both in a
combined, targeted/global sSPE method for the analysis of plasma and oral fluid. The use of the
same method for the analysis of both biofluids saves time and labor on method development. In
addition, simultaneous analysis of more than one biofluid may benefit from the direct comparison
of the data between biological fluids and the expansion of metabolite coverage of such combined
study.

Considering the knowledge and methods, which were acquired during the execution of the thesis,
the metabolomics study of BPD descried in Section 1.1.1 would be executed via combined

targeted/global approach and with using oral fluid as a supplementary sample source. In such future
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study, I would execute a targeted approach towards low abundant members of HPT and HPA axes.
Immunoaffinity-based methods would be used for absolute quantitation of peptide hormones
(ACTH and TSH). The absolute quantification of other members of HPT and HPA axes requires a
development of an immunoaffinity enrichment or chemical derivatization sample preparation
method with a subsequent analysis via LC-MS/MS. The untargeted analysis in this study would be
executed as an on-line 2-D-sSPE-LC-MS or with off-line sSPE sample preparation fully automated
with the aid of a robotic liquid handler. Considering the observation of high number of low
abundant metabolites in saliva, I would prioritize the comparison of metabolome coverage of HPT
and HPA metabolites in oral fluid to blood, using sSPE and/or chemical derivatization analysis.

By outlining the strategic vision on the further development/execution of metabolomics analysis
of BPD, I am intentionally demonstrating that the knowledge and findings accumulated during the
execution of my thesis, provide an important groundwork for comprehensive and strategic planning

of prospective workflows for metabolomics analysis of samples such as plasma and oral fluid.
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Appendix A

Supplementary information for Chapter 2

Supplementary materials and methods

Plasma extraction

Plasma extractions were analyzed on C18 or Scherzo columns coupled to QTOF via positive and
(-ve) ESI. Therefore, each sample was analyzed in four LC-MS modes: (i) RP C18 UHPLC in
positive and (-ve) ESI and, (ii) mixed /ion-exchange Scherzo HPLC in positive and (-ve) ESI.

Buffer extractions were analyzed on Orbitrap Velos™ mass spectrometer in (+ve) ESI.

LC-MS reversed-phase method for the analysis of extractions in plasma

C18 separation was executed at 0.4 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 LC-MS 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) ESI QTOF settings: capillary voltage of 3800 V for the entire run and nozzle
voltage of 200 V for the first 4 min and 1500 V from 4™ to 28" min of the analysis. In (-ve) ESI,
capillary and nozzle voltages were set to 3500 and 500 V, respectively during the first 5.5 minutes
of run and to 4200 and 800 V, respectively between 5.5 and 29" minutes. For both positive and (-
ve) ESI, drying and sheath gas temperatures were set to 250 and 275°C and flow rates to 15 and 12
L/minutes, respectively. Nebulizer pressure was set to 30 psig and 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). Resolution of 12,000 FWHM (full width at half maximum)
at m/z 121 and 24,000 FWHM at m/z 922 was achieved. To assure the 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, 1H, 3H-tetrafluoropropoxy)
phosphazine (HP-921)) in positive ion mode. For (-ve) ESI analysis, ions with m/z 119.0363
(deprotonated purine) and m/z 966.0007 (formate adduct of HP-921) were used.
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LC-MS mixed-mode method for the analysis of extractions in plasma

The stationary phase of Scherzo SM-C18 HPLC 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 ionic species from the column. The
binary solvent system 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). The samples were separated at 0.22 mL/min flow rate at 35°C using the
following gradient: 0% B for the first 2 min, increase of B from 0 to 20% between 2" and 10" min,
increase of B from 20 to 100% between 10™ and 25™ min, isocratic hold at 100% B for 6 min and
6 min of re-equilibration to 100% A. In (+ve) ESI, the capillary voltage was kept 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 35" min. In (-ve) ESI, nozzle and capillary voltages were held at 250 V and 3750 V for the
entire run. All other MS settings were the same as described for LC-MS RP in previous section.
For targeted analysis, all samples were analyzed in random order with QC samples (mixture of all

analyzed samples (iii) loaded at each 11%

injection. XICs were extracted 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 standard 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 stabilize chromatography and ESI performance.
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 sub-batches containing a single replicate from each of 7 extractions and
one QC sample. In order to analyze seven blank samples (type 1) from seven methods in six sub-
batches, five of sub-batches comprised one and the sixth sub-batch — two blank samples. PCA was
performed using SIMCA 14 (Umetrics, Sweden) on all high-quality data described in Methods
section, after Pareto scaling. PCA was used to verify the stability of LC-MS signals throughout the
analysis by checking the clustering of QC signals for each analytical batch (Figure 4.3). It can also

be used to visualize repeatability and similarity between different extraction methods.
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LC-MS mixed-mode method for the analysis of extractions in buffer

The column and buffer composition were identical to the analysis in plasma. Samples were
separated at 0.22 mL/min flow rate at 35 °C using the following gradient: 0% B for the first 2 min,
increase of B from 0 to 100% between 2™ and 18™ min, isocratic hold at 100% B for 6 min and 7
min of re-equilibration to 100% A. Column was coupled to Orbitrap Velos™ mass spectrometer
in (+ve) ESI, at the following settings: ESI voltage 3.25 kV, heater and capillary temperature at
350 °C, sheet gas, auxiliary gas and sweep gas flow rates at 40, 10 and O arbitrary units,
respectively; detection of signals was executed in the range 50-1000 m/z at 250 ms activation time,
normalized collision energy 35 V, resolution 60,000 FWHM and mass accuracy 10 ppm.
Deconvolution of raw data and quantitative analysis was executed using Xcalibur ™, v. 2.0
(Thermo Fisher Scientific, Waltham, MA, USA) and statistical analysis in Microsoft Excel unless

otherwise specified.
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Supplementary tables and figures

Supplementary Table Al. Standard analytes used in the study. Monoisotopic masses and predicted
ACD/LogP values were obtained from ChemSpider (http://www.chemspider.com). LogP values
predicted by ACDLabs algorithm (Section 2.2.2). LogP predicted values could not be found for
some metabolites in ChemSpider database and these entries are shown 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 detected and (-ve) designates
analytes detected at (-ve) ESI mode. 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 see Supplementary Tables A2, A3 and A7. Other
abbreviations: AmAc - ammonium acetate, FA- formic acid, NH4OH-ammonium hydroxide, IPA-
isopropanol, DMSO-dimethylsulfoxide.

RT on | RT on Buffer composition in
Target analyte Chemical |Monoisotopic/ RP Scherzo ACD/LogP the Individual
group mass column | column stock
(min) (min)
4-aminobutanoic acid | Zwitterion | 103.0633 0.7 1.4 09 | 0% methanol,2mM
AmAc
4-aminobutanoic acid (ds) | Zwitterion | 109.1043 0.6 1.4 0.9 30% miﬁi‘f’ 2 mM
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% NH4OH
Cholic acid (d4) Negative 412.3167 [13.2(-ve)|19.1 (-ve) 2.3 0.1% NH4OH
Cortisol Neutral 362.2093 10.7 16.8 1.4 50% methanol
Cortisol (d4) 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 20.4 6.4 50% methanol
Dopamine Positive 153.0790 0.7 1.7 0.1 20% methanol, 0.1% FA
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 14.7 -3 0.1% NH.OH, 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 (d3) 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% FA
Melatonin Neutral 232.1210 9.2 15.5 1.2 50% methanol
Melatonin (dy) Neutral 236.1485 9.2 15.5 1.2 50% methanol
Neurotensin Zwitterion | 1671.9097 8.2 12.7 N/A 0.1% FA




Supplementary Table Al (cont’d).

RT on | RT on Buffer composition in
Target analyte Chemical |Monoisotopic|] 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 (1 7:0/17:0; Positive | 719.5465 | 21.1 ND 115 | 076 methanol, 10%IPA
Phenylalanine (ds) Zwitterion 170.1155 3.0 5.3 1.1 See Dopamine
Angiotensin 11 Zwitterion | 1045.5345 8.9 ND N/A See Dopamine
PI (18:3/22:4) Neutral 908.5391 214 ND 11.5 See PC
Serotonin Zwitterion 176.0950 2.5 6.8 0.2 See Dopamine
Thyroxine Negative 776.6867 11.8 18.2 5.9
Thyroxine (*Cq) Negative 782.6860 11.8 18.2 5.9 50-50 DMSO-methanol
Triiodothyronine Negative 650.7900 11 17.2 5.1
Tyrosine Zwitterion 181.0739 1.4 3 0.4 See Dopamine
Thyrotropin-releasing | 7 ..cion | 362.1703 1.5 2.6 N/A See Dopamine
hormone
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Supplementary Table A2. Recovery of extractions of standard analytes from buffer. The table
displays average recovery 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 amounts. “ND” stands for “not detected”, “N/A”
stands  for “not applicable. LogP was obtained  from ChemSpider
(http://www.chemspider.com/Default.aspx) and represents predicted octanol-water partition
coefficients (predicted ACD/LogP, ACD/Labs, Toronto, Canada. For details on the usage and fate
of analytes see Supplementary Table A10.

=] = s = = S
Analytes % é % % E g 8 % é
28 | 2 |22

Glutamic acid 79.0 106.3 | 70.8 ND ND 25.7 73.4
Tyrosine 73.9 79.1 71.4 ND ND 2.3 70.0
Creatinine 83.7 91.6 87.6 ND ND ND ND
Thyrotropin releasing hormone 68.8 74.1 66.9 104 10.2 39.3 57.7
Pantothenic Acid 73.2 79.5 73.9 13.1 9.1 27.7 | 120.9
Histamine 112.2 1224 | 98.7 ND ND 133.6 | 67.0
4-aminobutanoic acid 58.6 123.7 | 61.7 ND 555 | 1419 | ND
Adenine 75.9 80.4 73.5 44.6 ND 46.1 | 108.4

Dopamine 35.2 344 38.0 82.0 8.1 55.5 9.8
Serotonin 106.2 117.5 | 110.5 54.7 353 | 107.0 | 31.2
Homovanillic acid 56.0 50.3 51.6 102.7 60.0 | 1222 | ND
Phenylalanine (ds) 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 | 1342 | ND
Cortisol 26.7 33.6 29.1 112.6 1089 | 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 | 1224 | ND
Triiodothyronine 76.3 83.3 75.4 90.5 1054 | 1428 | 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

PI (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 1T 67.6 70.4 71.9 28.4 19.5 74.7 ND
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Supplementary Table A3. Precision of extractions of standard analytes from buffer. The table
displays average recovery 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 amounts. “ND” stands for “not detected”, “N/A” stands
for “not applicable. LogP was obtained from ChemSpider

(http://www.chemspider.com/Default.aspx) and represents predicted octanol-water partition
coefficients (predicted ACD/LogP, ACD/Labs, Toronto, Canada. For details on the usage and fate
of analytes see Supplementary Table A10.

=< = s = = S
Analytes % g % % g g g % ;
=2 | 2 |2
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 42.0 30 | 140 | 112
hormone

Pantothenic Acid 3.9 8.6 1.5 65.0 26.8 13.2 18.9
Histamine 7.1 3.3 3.6 N/A N/A 10.4 27.5
4-aminobutanoic acid 5.5 8.6 5.4 N/A 31.0 14.7 N/A
Adenine 14.0 20.4 14.1 46.9 N/A 17.1 13.1
Dopamine 8.4 11.0 23.4 24.6 25.9 20.8 40.5
Serotonin 6.4 2.9 4.1 17.3 22.6 11.7 10.9
Homovanillic acid 19.1 6.0 16.1 25.2 52.3 10.2 N/A
Phenylalanine (ds) 4.9 2.8 3.0 61.0 21.3 16.1 17.6
5-methoxytryptamine 5.5 3.2 4.6 12.3 25.2 3.6 N/A
Cortisol 24.6 23.8 273 6.8 18.6 29.4 N/A
Cortisone 16.9 24.9 18.9 8.7 13.9 27.1 N/A
Melatonin 14.4 9.6 12.1 9.0 20.5 16.8 N/A
Triiodothyronine 52 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 | NA
Sphingosine 1.2 3.0 3.5 3.0 31.9 1.0 0.3
PI (19:0) 16.0 10.4 20.4 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 11 3.9 5.3 3.0 10.5 6.8 2.7 N/A
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Supplementary Table A4. Recovery of extractions 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 analyte spiked before extraction
= 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 octanol-water partition
coefficients (predicted ACD/LogP, ACD/Labs, Toronto, Canada). “ND” stands for “not detected”,
“N/A” stands for ‘“not applicable”. For details on the usage and fate of analytes see
Supplementary Table A10.

22 £ || B | = | & ><
Analytes = % % = = E O E =
4| 2 |27
Folic acid 81.5 99.2 44.2 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 232 | 532 129.7
4-aminobutanoic acid (de) 65.6 86.3 74.5 ND 2.4 ND 33.2
4-aminobutanoic acid ND ND ND ND 15.5 ND ND
Pantothenic Acid 1103 | 109.3 | 1029 | 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 (d3) 105.1 | 115.0 | 101.7 | 8.7 5.0 108.5 96
Kynurenine ND ND ND 1.1 152.7 | ND ND
Melatonin (ds) 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 (d4) 93.4 90.7 80.7 | 69.4 5.2 2.7 ND
Cortisol 98.1 96.4 86.2 | 73.7 7.3 6.4 ND
Cortisone 69.3 74.0 383 | 745 2.9 0.4 ND
Cholic acid 1144 | 1235 | 1214 | ND 19.6 | 138.8 142.9
Cholic acid (d4) 1143 | 114.6 | 110.6 | ND 12.7 | 139.7 147.6
Triiodothyronine 46.7 56.8 58.8 11.7 | 90.0 | 1253 6.9
Thyroxin (**Ce) 56.7 77.5 68.5 3.8 849 | 117.0 6.2
Thyroxine 60.3 80.8 72.4 4.6 77.1 | 105.7 5.8
Sphingosine 3.9 27.4 10.5 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 | 98.0 | 82.6 | ND | 1029 | 1258 | 134.9
hormone
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Supplementary Table A5. Precision 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 analyte spiked before extraction
= 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 octanol-water partition
coefficients (predicted ACD/LogP, ACD/Labs, Toronto, Canada). “ND” stands for “not detected”,
“N/A” stands for ‘“not applicable”. For details on the usage and fate of analytes see
Supplementary Table A10.

E E E E E = I
Analytes £33 = S = ﬁ = ; E
29 = T2 = © ~ —
=i = = !
Folic acid 12.8 8.5 15.3 103.0 | 110.0 | 46.0 40.0
Adenine 8.7 16.3 15.6 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 (de) 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 | 1156 | 61.4 63.8 N/A
Homovanillic acid 8.7 5.8 4.0 245.0 | N/A 52.1 114
Homovanillic acid (d3) 5.9 7.0 8.7 235.0 0.5 48.7 12.8
Kynurenine N/A N/A N/A | 1619 | 143.5 | N/A N/A
Melatonin (d4) 9.7 6.4 3.1 18.8 6.3 9.5 244.9
Melatonin 8.6 4.5 34 19.1 6.6 9.9 244.9
5-methoxytryptamine 7.0 4.1 5.3 58.2 14.6 22.6 N/A
Cortisol (d4) 5.2 54 8.9 35.0 91.6 | 1314 N/A
Cortisol 6.2 7.8 8.8 36.7 58.5 53.8 N/A
Cortisone 9.2 7.4 42.5 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 10.4 23.3 10.1 32.4 28.6
Thyroxin (1*Ce) 32.0 27.6 27.1 51.2 13.5 40.9 2.7
Thyroxine 33.0 28.8 27.1 45.3 13.7 41.7 1.9
Sphingosine 18.2 154 20.1 55.6 19.2 81.0 54.3
Neurotensin 10.7 7.4 11.0 | 111.2 | 43.1 24.7 52.3
Thyrotropin releasing 238 | 27.1 | 228 | N/Ap | 684 | 37.1 10.5
hormone
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Supplementary Table A6. Efficiency of extraction methods in buffer and plasma for metabolite
standards using the data obtained in RP analysis in positive or (-ve) ESI mode. The first two
columns compare the extraction methods using the number of analytes recovered in extractions
from buffer and plasma at different thresholds of precision and recovery (R). The number of
analytes recovered with RSD less than 20% and R>80% and can be considered as metabolites
where the extraction method provides excellent performance. The metabolites which have RSD less
than 30%, and recovery higher than 50% can be considered as metabolites with acceptable
performance in semi-quantitative methods such as global metabolomics. The table also shows
mean recovery and repeatability (expressed as mean RSD) across 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 metabolites for plasma
extractions. Appendix A. Table 7 summarizes which metabolites were detected/analyzed in only one
matrix. *Higher mean recovery of PEP2 is caused by the larger number of analytes with enhanced
matrix effect (Table 2 in the Chapter 2) in RP analysis in (+ve) ESI compared to other extractions.

Buffer Spiked plasma
Ext ti # of # of # of # of
fn:;?lf Ol:; n analytes | analytes | Mean l\égall)n analytes | analytes | Mean l\gesi;l
RSD<20 | RSD<30 | R (%) (%) | RSDS20 | RSD<30 | R (%) %)
R>80% | R>50% 0 R>80% | R>50% 0
Methanol- 4 15 659 | 11.9 11 16 80.4 | 143
ethanol
Methanol 5 16 73.1 12.9 11 19 89.6 12.4
Methanol-
MTBE 5 15 66.2 12.0 10 19 77.1 13.3
MTBE 4 10 63.5 25.6 2 3 37.1 854
C18 4 5 52.9 22.0 5 7 69.8 53.4
PEP2 6 11 77.0 13.3 4 6 100.1* 42.5
IEX 3 5 71.4 21.2 4 5 69.6 52.2
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Supplementary Table A7. Extraction quality and resistance of standard analytes to matrix effects across
LC-MS methods. Analytes ordered top to down accordingly to the LogP oct/water coefficient predicted by
ACD laboratories algorithm. “ND” stands for not detected. “N” stands for neutral, “NA” stands not
available as standard analyte at the time of extraction, “N/Ap” designates analytes for which matrix effect
could not be calculated in any extraction method, “zwit.” — for zwitterions, “neg.” - for negative, “pos.” -
for positive considering the presence of either both, acidic or basic groups, respectively. Two columns
“Number of methods for which metabolite had >80% recovery and <20% RSD. " provide the number of
extraction methods in which an analyte was detected with RSD less than 20 and recovery higher than 80%
in plasma or buffer. The matrix effect section (2.3.1.4) represents the number of extraction methods (total
=7) in which matrix effect was not observed for the standard analyte. For the standard analytes marked
with asterisk, the matrix effect for isotope analog was just slightly outside 80% limit. Thus, 4-aminobutanoic
acid demonstrated 71.6% matrix effect in MTBE, while its deuterated analog demonstrated 89.4%, **
recovery of thyroxine was slightly lower (77.1%) then for its deuterated analog (84.9%). Both of these
results lie within normal LC-MS experimental error and are not statistically significantly different.
Histamine also showed no matrix effects in 2 and 5 extraction methods in RP and Scherzo analysis in (+ve)
ESI and in 4 extraction methods in Scherzo (-ve) ESI analysis, respectively. *** Cholic acid was not found
in any of liquid extractions (4 in total) in RP analysis at (-ve) ESI in contrary to its deuterated analog which
was detected in all extractions.

" Number of methods for
é w>h1c‘l)1 metabolite had Number of methods without matrix effect
Analytes o >80% recovery and
= <20% RSD:
s . . RP  (+ve Scherzo RP Scherzo (-
© | inbuffer | inplasma ES(I ) (+ve)ESI | (-ve)ESI | ve)ESI (
Folic acid Zwit. 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 Zwit 3 0 0 0 N/Ap 0
Pantothenic Acid neg. 1 4 0 1 7 3
Thyrotropin 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 (d3) neg. NA 4 0 0 6 3
Neurotensin Zwit NA 0 1 0 N/Ap N/Ap
Kynurenine Zwit NA 0 2 2 N/Ap N/Ap
Melatonin (ds) 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 (d4) 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 ('3Ce) neg. NA el 1 1 0 0
Thyroxine neg. 0 0** 1 1 N/Ap 0
Cholic acid neg. NA 4 ND ND Jhkk 2
Cholic acid (d4) neg. NA 4 ND ND 7 2
Sphingosine Zwit 0 0 0 0 0 0
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Supplementary Table A8. Summary of matrix effects observed for all metabolites across all extraction methods and RP LC-MS analyses.
Not all analytes were successfully 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 which exhibited negative signal response
were considered to be suppressed or saturated (SS) and were not used for calculation of matrix effects.

RP (+ve) ESI Scherzo (+ve) ESI
- | = = - — - =
Analytes § g EE 5 E’é e S ® E g EE‘E 5 E e = ®
ES|EE| £ || B | & | g |£8|E€e| £ | E | & | 2| T
S| B = 3 > A SE| 8 = ] s A
= = = = = =
Folic acid 954 |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 424 | 433 | 528 [106.2] 872 [176.9]121.9] 77.6 | 62.8 | 68.9 [101.3] 57.9 [ 97.6 | 103.5
Histamine 198.9[196.1 | 168.7] 88.4 | 88 [129.9[110.0] 99.9 [ 98.9 | 75.5 | 82.3 | 36.4 | 84.3 | 939
?('i?)m‘““b“ta“"'”c‘d 6.2 1126 1 43 N o941 93 1 a1 |5s52] 08 | 1.7 | 0.7 | 413 |NDM| 303 | 60.1
4-aminobutanoicacid | 0.7 | 0.7 | 0.4 | 712 |~Npm| 248 [ 409 | 02 [ 02 |~NDM| 758 |NDM]| 29.1 | 59.6
Pantothenic Acid ss | ss | ss | 775] ss | 267 ] 46.6 [209.0]213.7][205.9]1989] ss | s5 | s8
Thyrotropin-releasing | o7 5 | 961 | 955 | 101.0|101.2 | 106.6 | 101.5| 80.6 | 972 | 863 | 993 |450.2|100.3 | 100.0
Jhormone
Tyrosine ss | ss | ss [1052] ss | 925 | 82.9 | nom | NDM | NDM | 1012 [NDM] 99.6 | 91.0
Homovanillic acid 727 | 432 [ 325918 [ 170 [ 500 [116.6] ss | s5 | ss | ss | ss | ss | ss
Homovanillic acid (d3) | NDB | NpB | NDB | NDB | NDB | NDB | NDB | NDB | NDB | NDB | NDB | NDB | NDB | NDB
Neurotensin ss | ss | ss | ss |148.6]152.7]104.8 |2578.3[2750.1[3976.0[2542.4] 346.6 | 250.5 | 138.7
Kynurenine ss | ss | ss [1042] ss | ss [101.7|nom|NDM|NDM[112.7]115.9]199.8] 47.9
Melatonin (d) 453 | 46.1 | 500 | 50.7 | 43.8 | 47.5 | 459 | 161.7]171.0] 1573 ] 46.6 | 1402 350 | 353
Melatonin 452 | 459 | 474 | 483 | 439 [ 454 | 45.7 | 158.8]168.0|155.7] 453 [ 1723 ] 43.8 | 448
5-Methoxytryptamine | 88.4 | 92.7 | 83.8 | 100.7] 86.9 | 93.9 | 91.3 | 57.4 | 65.7 | 52.6 | 92.7 [107.3] 923 | 976
[Cortisol 951 |105.1] 93.8 [111.2] 92.1 [ 99.9 | 99.9 [442.4742.5]240.8 [ 481.7 [1433.7]107.3 | 106.0
[Cortisol (d4) 93.8 [100.6] 95.7 [108.9] 92.5 | 87.8 | 942 | 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 | 944 | 1235 124.1[123.9]1020] 1143 ] 44.8 | 962
Thyroxine ("Cs) 219.3(295.1 | 187.1|261.0 | 443 | 47.4 | 98.6 [206.3|216.3 |519.5|201.7 | 43.6 | 40.4 | 100.9
Thyroxine 229.71296.71179.2]257.5] 425 | 472 | 98.1 | 202.5[217.2[471.9]193.6] 432 | 416 | 101.8
[Chotic acid (ds) ~NDB | NpB | NpB | NDB | NDB | NDB | NDB | NDB | NDB | NDB | NDB | NDB | NDB | NDB
[Cholic acid ~NDB | NpB | NpB | NDB | NDB | NDB | NDB | NDB | NDB | NDB | NDB | NDB | NDB | NDB
[Sphingosine 745.4825.8]618.1]695.2 [ 352.1 | 713.4 [1677.1]1075.2[1102.0] 962.4 | 313.0 | 265.1 [ 989.7 | 3217.0
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Supplementary Table A9. Summary of matrix effects observed for all metabolites across all extraction methods and Scherzo LC-MS
analyses. Not all analytes were successfully 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 which exhibited negative signal
response were considered to be suppressed or saturated (SS) and were not used for calculation of matrix effects.

RP (-ve) ESI Scherzo (-ve) ESI

23| Sm| | m ~ Tz 3wl B | w «

S| 3 = ) > A 85| 8 = 7] s A

= = = = = =
Folic acid 96.6 | 102.5] 90.1 | 102.8 | Npm | NpMm | NDM| NDB | NDB | NDB | NDB | NDB | NDB | NDB
Adenine NDM [ NDM | NDM [ 108.1] 472 | 329 [ 754 | 95.0 | 74.4 | 94.7 [ 1042 [NDM | 102.5 | 112.7
Histamine ~NDB | NpB | NpB | NpB | NpB | NDB | NDB | NDB | NDB | NDB | NDB | NDB | NDB | NDB
4-aminobutanoic acid (dg) | SS | ss | ss | ss | ss | ss | ss |~nom|Npm|NDM| 8.7 [ NDM|NDM| NDM
4-aminobutanoic acid ss | ss | ss | ss | ss | ss | ss |~oB|~NoB|NpB|NDB| NDB| NDB | NDB
Pantothenic Acid 942 [ 959 [ 92.0 | 97.6 [108.7] 106.4 [ 115.0[ 1553 | 134.5 [ 147.0| 105.6 [ 219.7| 116.8 | 108.8
Thyrotropin releasing 81 | 102 | 7.4 | 977|965 [129.6[187.3] 80.7 | 82.3 | 82.0 [ 103.3 | 44.3 | 149.3 | 1582
Jhormone
Tyrosine ss | ss | ss [100.9]269.4]197.6 | 242.5| NDM | NDM | NDM | NDM | NDM | NDM | NDM
Homovanillic acid 81.7 | 91.5 | 75.6 [101.2]107.0] 85.7 [1103] 715 [118.1] 29.1 [ 106.7] 20.5 [422.1] 97.5
Homovanillic acid (d3) 87.6 | 87.6 | 725 [101.1] 812 | 85.7 [ 116.4] 70.6 [ 104.4] 61.0 [1053] 22.7 [3922] 111.2
Neurotensin ~NDB | NpB | NpB | NpB | NDB | NDB | NDB | NDB | NDB | NDB | NDB | NDB | NDB | NDB
Kynurenine ~NDB | NpB | NpB | NpB | NpB | NDB | NDB | NDB | NDB | NDB | NDB | NDB | NDB | NDB
Melatonin (d.) 633 | 67.7 | 60.2 [105.6]101.5]136.4|121.8] 193 | 155 [ 19.9 [ 995 | 12.9 | 75.8 | 883
Melatonin 63.1 | 64.8 | 62.1 [100.2]106.5]103.4[116.9] 159 [ 132 | 19.9 [100.6] 11.8 | 769 | 89.2
5-Methoxytryptamine NDB | NpB | NpB | NDB | NDB | NDB | NDB | NDM | NDM | NDM | NDM | NDM | NDM | 109.3
[Cortisol NDM | Npm | NpDM [ NDMm | 86.5 | 227.1 ] 123.6 | NDM | NDM | NDM [ NDM | 6.1 | 983 | 975
[Cortisol (ds) NDM | Npm | Nom | Nom | Npm | Npm | Npm | Ny | Nov | Novi | Npm [ Npv | Npv | Nom
[Cortisone NDM | NDM | NDM | NDM [ 2259 214.8 [ 250.8| 42.8 | 468 [ 38.1 [ 909 | 2.8 | 883 | 959
Triiodothyronine 315.4|359.2[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 (3Ce) 322.5[377.5 | 286.4[330.7 | 828.3 [ 447.4 | 728.4 | 312.0 [ 127.1] 27.4 [ 163.1] 163 | 39.4 | 423
Thyroxine ~NDM | NDB | NDB | NDB | NDB | NDB | NDB [326.2[128.0] 296 [ 1672] 17.8 | 423 | 425
[Cholic acid (ds) 949 [105.0 99.0 [ 116.4 ] 1145|112.1]119.0] 99 [112.3] 96 |131.9| NDB | NDB | NDB
[Chotic acid ~NDB | NDB | NDB | NDB [ 115.0 [ 116.5 | 121.3] 108 [112.4] 102 [130.8] 34.7 [422.1] 3922
[Sphingosine ~NDB | NpB | NpB | NpB | NDB | NDB | NDB | NDB | NDB | NDB | NDB | NDB | NDB | NDB
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Supplementary Table A10. Usage and fate of standard analytes in targeted quantitation
experiments in buffer and plasma. NA-not available at the time of analysis;, ND — not detected.
Inability to detect PE and PI phospholipids in plasma and PC in buffer and plasma is most likely
is due to a high suppression effect at the end of chromatogram caused by LC-MS methodology
which was not optimized for lipid metabolites.

Detection in extractions Detection in extractions from
Analytes from buffer plasma
4-aminobutanoic acid (de) NA +
Angiotensin 11 + Replaced by Neurotensin
Cholic acid NA Added to supplement analysis in
(-ve) ESI
s Added to supplement analysis in
Cholic acid (d4) NA (-ve) ESI
Cortisol (d4) NA +
Creatinine + Excluded (too hlgh.endogenous
concentration)
Dopamine + ND
Dopamine (d4) NA ND
Folic acid ND +
Glutamic acid + Excluded (too hlgh.endogenous
concentration)
e Added to supplement analysis in
Homovanillic acid (d3) NA (-ve) ESI
Kynurenine NA +
Melatonin (d4) NA +
Neurotensin NA Added to represent large peptides
Phenylalanine (ds) + Used as internal reference
PI (18:3/22:4) + ND
PE (17:0/17/0) + ND
Serotonin + ND
Thyroxine (3Cg) NA +
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25 mM Ammonium Acetate Plasma + Plasma No
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
rvf 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

Evaluation of matrix effect

Global metabolomics analysis

Supplementary Figure Al. Study design for the targeted and global metabolomics analysis of
extraction methods. Blue and purple colors designate experiments in buffer and blood plasma,
respectively. Green color designates LC-MS analyses step executed on RP (reversed-phase) and
mixed mode (weak anion/weak cation/RP) mode columns. Peach color designates major data
analysis blocks.
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Supplementary Figure A2. Matrix effects observed in human plasma in all LC-MS analysis across
all analytes and extraction methods. On Y axis, graph displays area ratios between analytes of the
same concentrations in buffer and a matrix calibration points ((area in spiked matrix-area in blank
matrix) / (area in buffer-area in blank)*100%)) assuming the area of analyte in the buffer as 100%.
Analytes are displayed along X-axis 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 same for all panels. Error bars represent relative standard deviation of matrix
effects between different concentration levels tested. Due to very high matrix effect of some analytes
in RP and Scherzo in (+ve) ESI, full scale inserts were placed. Missing bars indicate that matrix
effects could not be calculated 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 with increased concentration at the concentration levels tested). The
differences in matrix effect between 4-aminobutanoic acid and its deuterated analog in RP (+ve)
ESI (NDM) and Scherzo in (+ve) ESI (methanol) is most likely due to the strong suppressing matrix
effect. The differences in matrix effects between cholic acid, thyroxine and their deuterated analogs
in RP in (-ve) ESI are most likely due to the error in preparation of calibration points in the
correspondent samples where it was not detected. Cortisol (dy) was removed from the graph
because it was not detected in neither analysis except RP in (+ve) ESI. See Appendix A. Table 5
for details.
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Appendix B

Supplementary information for Chapter 3.

Supplementary Table Bl. Standard metabolites used in the analysis of single sSPE fractions
obtained in the initial and final protocols of sequential sample preparation (Sections 2.3 and 2.4,
respectively) included into the standard mix spiked before sSPE (IR) or detected (ER) in LC-MS
data files using known masses and RT retrieved from parallel LC-MS analysis runs of standards
in solvents. Standards that were not detected are designated by “ND . The ionic class of standards
was assumed from the presence of positive (C), negative (A), no charge (N), or both charges (Z)
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 designated as Z due to the presence of both charges, negative from the
carboxyl group, and pH-independent, the positive charge of the quaternary amine. The presence
of quaternary amine determines choline designation as C.

" o =

8 2 = |2 s 2

S ] Ay = < = = =

I < o -4 m. 2 = z e

D — 1 7] = =

< 5 2 Y | & || 5

Metabolite = E = E N g ] H =

‘S =) 8 ~ ’a = = g g

2 = : |E|E|Z(3|% )z

= S == 2|32 %

= ) 2 | = )

K @
3-hydroxy-DL-kynurenine (IR CioH12N204 2240797 |54 |144 |1.0 (89 | 1.1 water
4-aminobenzoic acid IR C7H7NO2 137.0477 |ND |ND |4.8 (2.7 | 0.8 | water
4-aminobutanoic acid ER C4HoNO2 103.0633 [ND |ND |45 (1.0 [-2.9 | water
5-hydroxy-indoleacetic acid{IR Ci0H9NO3 191.0582 [ND |85 (42 |-55 |03 water

Ci1iHi2N203 220.0848 |22 |16 |22 |92 |-14 | water
CiiHu4N20 190.1106 |ND |98 |ND (9.8 |13 |MeOH
CoHi13N503 239.1018 | 1.2 |11.3 |13.0 3.7 [-2.0 | water

5-hydroxy-L-tryptophan (IR

5-methoxy-tryptamine IR
7,8-dihydro-L-biopterin IR

A cetyl-DL-carnitine IR CoH17NO4 203.1158 [ND |ND |4.1 |-7.1 [-4.5 | water
IAdenine IR CsHsNs 135.0545 | 3.9 ND 103 |3.7 |-0.5 water
|Adenosine IR CioH13N504 267.0968 | 3.9 46 (125 |39 |-2.1 water

CioH14NsO7P  [347.0631 |ND |143 |12 (3.2 |-4.7 | water
20%

|Adenosine monophosphate [ER

[Adipic acid IR CsH1004 146.0579 |74 |ND |3.4 [Nav | 0.5

N[(N|N[P>|P»|N|[> |P»|Z2]|Z|N|[Z]|O|N|>|>]|»|N]|Class (physiological pH)

MeOH
Alanine ER C3H7NO2 89.0476 | ND |15.7 (2.5 [9.5 |-2.8 | water
Anthranilic acid ER C7H7NO2 137.0477 |ND |ND |49 (2.0 |09 |MeOH
Arachidonic acid IR C20H3202 304.2402 |20.1 | 1.2 |48 |[Nav | 6.6 |MeOH
Arginine ER CsH14N4O2 174.1117 | ND (27.1 |24 |12.4 |-3.2 | water
[Asparagine ER CsHsN203 132.0526 |ND |20.0 |2.0 |8.4 |-4.3 | water
[Aspartic acid ER CsH7NO4 133.0379 |ND |22.1 |1.7 |9.6 |-3.5 | water
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Supplementary Table Bl (cont’d).
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Bilirubin ER |A C33H36N4O¢ 5842629 |[ND |[ND |4.0 |-2.8 | 3.1 water
Biotin IR [A | CioHieN205S |244.0882 | 6.4 |11.6 |44 |-19 | 0.3 |MeOH
Butyryl-L-carnitine IR |Z Ci11H21NO4 231.1471 | 4.0 |13.5 (43 |-7.1 |-3.3 |MeOH
Carnitine IR |Z C7HisNOs3 161.1052 | 09 |21.1 |42 |-7.1 |-49 | water
Cholesterol ER [N C27H460 3863549 |ND |29 |[182 |-14 | 7.1 |MeOH
0,
Cholesteryl acetate IR [N C29Ha302 428.3654 | 5.7 |ND |[Nav |-7.0 | 7.4 l\igng
0,
Cholic acid IR |A C24Ha00s 408.2876 | 124 | 57 |45 |02 |25 20%
MeOH
Choline ER |C CsH14NO 104.1075 |ND |ND |14.0 |14.0 |-4.7 | water
Citrulline ER | Z Ce¢Hi3N303 175.0965 | 0.7 |21.6 |23 |92 |-3.9 | water
Coenzyme Q10 ER [N Cs9H9004 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 C21H280s 360.1937 | 9.7 1.0 |12.6 |-3.3 | 1.7 |MeOH
Creatinine ER |N CsH7N3O 113.0587 | 0.8 |56 (9.2 |50 |-1.1 | water
Decanoyl-L-carnitine IR |Z C17H33NO4 315.2410 |10.6 [10.8 (42 |-7.1 | 2.9 |MeOH
[Deoxycholic acid IR [A C24H4004 392.2927 |14.8 |[ND (4.7 [-04 | 3.8 |MeOH
Diosmin IR A C2sH32015 608.1741 | 8.0 |72 |85 |-3.6 |-04 | EtOH
[Docosahexaenoic acid IR [A C22H3202 328.4883 |19.8 [ ND |49 |[Nav | 6.8 |MeOH
[Eicosapentaenoic acid IR |A C20H3002 302.2246 |19.1 |[ND [4.8 |Nav | 6.2 water
0,
Folic acid IR A CioH19N70¢ 441.1397 |55 |ND (34 (2.1 |-0.7 20%
MeOH
Glutamine ER | Z CsHi1oN203 146.0674 |ND |19.9 |2.2 |9.3 |-4.0 | water
Glutathione oxidized IR |Z | C20H32N¢O12S2 |612.1520 | ND |18.6 |1.4 |9.6 |-10.0 | water
Glycine ER |Z C2HsNOz 75.0324 | 0.6 |19.0 ({23 (9.2 |-34 |MeOH
Glycocholic acid IR [A C26H43NOg 465.3090 |11.1 |10.0 (3.7 |-0.1 | 1.4 water
Guanosine IR [N Ci0H13N50s 283.0917 | 0.7 |12.0 {10.2 |0.5 |-2.7 | water
Guanosine 3'-phosphate ER |A | CioHisNsOsP 363.0580 |ND |[ND |[1.3 |-0.4 |-3.1 | water
Guanosine 5'-phosphate IR [A Ci10H14N50sP 363.0580 |ND [ND |[1.1 |04 |-3.1 |[MeOH
Hexanoyl-L-carnitine IR |Z Ci13H2sNO4 259.1783 | 6.8 |11.8 |42 |-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 CioH7NOs3 189.0426 |49 |57 |32 |44 | 1.6 | water
Kynurenine IR |Z CioHi12N203 208.0848 | 2.6 |92 |12 |9.0 |-1.9 | water
Lysine ER |Z CsH14N202 146.1055 |[ND |ND |2.7 [10.3 |-3.2 | water
Maleic acid IR |A C4H404 116.0110 |ND |ND |3.1 |Nav | 0.0 | water
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Supplementary Table Bl (cont’d).
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[Methionine ER |Z CsHiNO2S 149.0514 |ND [13.1 |23 |92 |-1.9 | water
Melatonin IR [N Ci3Hi6N202 232.1212 | 8.2 1.0 |158 |-1.6 | 1.2 |MeOH
Melatonin (ds) IS |N | CisHi2DaN202 | 236.1485 | 8.2 1.0 |158 |-1.6 | 1.2 |MeOH
Myo-Inositol ER [N CsH1206 180.0634 | ND |14.3 |12.3 |-3.6 |-3.8 | water
Myoinositol 1-phosphate |[ER | A CsH1309P 260.0297 |ND |[ND |12 [-3.6 |-3.9 | water
N-Acetyl-L-cysteine IR [A CsHoNOs3S 163.1950 |ND |ND (3.8 |-1.5 |-0.7 | water
[Neopterin IR [N CoH11N504 253.0811 | 1.0 |[153 |[10.0 1.0 |-2.8 |DMSO
[Nervonic acid ER |A C24Ha602 366.3498 |ND |[ND |5.0 [Nav | 9.5 |MeOH
NAD ER |Z | C2iH27N7014P2 [ 663.4300 | ND [22.4 |19 |4.0 |-49 | water
[Norepinephrine IR |C CsH11NO3 169.0739 | 1.1 23 |95 (89 |-0.9 | water
Octanoyl-L-carnitine IR |Z CisH290NO4 287.2097 | 9.0 |[11.1 |42 |-7.1 |n/av |MeOH
0,
[Pantothenic acid IR |A CoH17NOs 219.1107 |42 |ND |44 |-28 |-14 20%
MeOH
. 20%
[Phenylalanine IR |Z CoH1INO2 165.0790 |25 |[ND (25 |95 |-1.2 McOH
20%
[Pregnenolone IR |N C21H3202 3162402 |ND |[ND |182 |-1.4 | 3.6 MeOH
Proline ER |Z CsHoNO2 115.0632 |ND |15.6 |19 [11.3 |-2.6 | water
Propionyl-L-carnitine IR |Z CioH19NO4 217.1314 | 1.6 |[ND |42 |-7.1 |-3.6 |MeOH
Pyridoxal IR [A CsHoNO3 167.0582 | 1.1 57 |80 |41 |02 | water
[Pyridoxamine IR |Z CsHi12N202 168.0899 | 1.1 |ND |7.8 |9.8 |-1.6 | water
Pyridoxine IR [N CsH11NOs 169.0739 [ 2.6 |[ND (94 |56 |-1.0 | water
Resveratrol IR |A CisH1203 228.0786 |89 |22 |85 [-6.2 |34 |MeOH
0,
Riboflavin IR [A C17H20N4O¢ 376.1383 | 6.3 59 6.0 [-2.6 |-1.0 20%
MeOH
. 20%
Saccharopine IR |Z C11H20N206 276.2863 | ND (236 (1.4 |109 |-5.4 MeOH
S-adenosylhomocysteine |[ER | Z C14H20N6OsS 384.1214 | 1.3 |[185 |1.8 |9.5 |-4.0 | water
S-adenosylmethionine ER |Z CisH23N6OsS 399.1451 |ND |[ND |1.7 |94 |-5.3 | water
Serine ER |Z CsH7NO3 105.0426 |ND [21.1 (2.0 |8.9 |-3.9 | water
Serotonin ER [C CioH12N20 176.0950 |ND |ND (9.3 [10.0 | 0.5 water
S-methyl-L-cysteine ER |Z CsHoNO2S 135.0359 | ND |14.1 (2.4 (9.2 |-2.2 | water
Spermidine IR |C C7Hi9N3 145.1579 |ND |ND |[Nav [10.7 |-1.0 | water
Spermine IR |C C1oH26Na 202.2157 |ND |[ND |Nav [10.8 |-1.5 | water
Stearoyl-carnitine ER |Z C25H49NO4 4273662 |ND |10.1 (4.2 |-7.1 | 2.9 |MeOH
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Supplementary Table Bl (cont’d).
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Taurocholic acid IR [A C26H4sNO7S 515.2917 |89 |ND |-1.1 |03 |-0.2 |MeOH
Taurodeoxycholic acid IR |A |C2HasNNaOeS |521.2787 |ND |ND |-0.8 |-0.2 | 1.1 |MeOH
Threonine ER | Z CsHoNO3 119.0582 |ND |18.8 |2.6 |104 |-2.9 | water
Triiodothyronine IR |Z CisH12I3NO4 650.7900 | 9.9 87 103 (9.5 |28 |[MeOH
Thymine IR |N CsHeN202 126.0429 | 1.8 | 7.8 [10.0 |-5.0 |-0.5 | water
TRH IR |C Ci6H22N6O4 362.1703 | 14 | 9.6 |[11.2 |6.7 |-3.3 | water
Thyroxine IR |Z | CisHiulaNOs4 |776.6867 |10.7 | 81 (0.3 |94 | 0.7 |MeOH
Trans-4-hydroxy-proline [ER |Z CsHoNO3 131.0582 |(ND |[184 |1.6 (10.6 |-3.7 | water
Tryptamine ER |C CioH12N2 160.1000 [ND |ND |17.2 [9.7 |15 water
Valine ER |Z CsHiiNO2 117.0790 | 0.7 |14.1 |2.7 |9.6 |-2.0 | water
a-Ketoglutaric acid IR [A CsHeOs 146.0215 | 1.5 |ND |2.7 |-9.7 |-0.1 | water
B-estradiol IR [N Ci1sH2402 272.1776 | 9.6 | 6.1 [10.3 |-0.9 | 3.8 |[MeOH
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Supplementary Table B2. List of lipid standards used to evaluate the lipid content of fractions
including labeled with stable isotopes designated by “dX”, where X indicates the number of
deuterium atoms) using the LC-MS lipidomics method described in 2.4.6. Standards were prepared
in 100% MeOH at 10 ug/mL.

Name Monl(l)li:;)stopic Formula RFI;IS;E)S D erll(llllal)s D

Cer (d18:1/18:0) 565.5434 C36H71NO3 242 242
DG (16:1/0:0/16:1) (ds) 569.5068 C35Hs9Ds0s 255 ND
DG (18:0/0:0/18:0) (ds) 629.6007 | C39H7DsOs 274 ND
DG (18:1/0:0/18:1) (ds) 625.5694 | C39He7DsOs 27.4 ND
DG (18:2/0:0/18:2) (ds) 621.5381 C39He3D505 26.0 ND
LPC (17:0) 509.3481 | C2sHs2NO-P 12.8 12.8

LPC (17:1) 507.3325 | CasHsoNO7P ND 11.0

LPS (17:1) 509.2754 | Cx3H44NOoP 9.3 6.7
Lyso-SM (d17:1) 450.3223 | C22H4N20sP ND 20.2
PA (18:0/18:0) 704.5356 C39H7705P ND 174

PC (17:0/14:1) 717.5309 | C3oH7NOsP ND 212

PC (19:0/19:0) 817.6561 | CicHoNOsP 26.2 26.6

PC (17:0/17:0) 761.5935 | C4HsaNOsP 24.1 24.0

PE (12:0/13:0) 593.4057 | C3HeoNOsP 17.8 17.9

PE (17:0/17:0) 719.5465 | CioH7sNOsP 24.2 24.2

PG (17:0/17:0) 750.5411 CaoH79010P 22.1 16.5

PG (18:0/18:0) 778.5724 C42Hg3010P 23.3 18.0

PI (17:0/14:1) 794.4945 C40H75013P ND ND

PS (17:0/17:0) 763.5363 | C4oH7sNO1oP 21.9 18.8

SM (d18:1/12:0) 646.5050 | C3sH7N206P 26.4 ND
TG (17:0/17:0/17:0) (ds) 851.7990 Cs4H97D506 34.6 ND
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Supplementary Table B3. LC gradient used in lipidomic LC-MS 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 Table B4. Parameters of metabolites used in the analysis of single fractions of
SSPE. Fractionation was executed identically to the final protocol (Section 3.2.4). Values were
obtained from Chemicalize™ calculator (https.//chemicalize.com/#/calculation) available on the

website of ChemAxon (Budapest, Hungary) in December of 2019.

= E ] 2] = E < a
Standard 5c¢8 o0 a a Standard 5 S8 o0 a a
SR = =) =0 ) S 2 = =)

= 17 38|53 = | -] & &

S - - S - -
Taurocholic acid 57 -0.2 | -0.9 | 0.0 | Glutathione oxidized 6/7 -10 | -4.9 | -8.6
a-Ketoglutaric acid 2/5 [-0.11] -0.3 | -7.2 | Proline 2/3 26103 | 0.2
Kynurenic acid 2/4 1.6 | 1.3 | -1.7 | 5-Hydroxy-L-tryptophan 4/4 -141-15|-17
Adipic Acid 2/4 0.49 | 0.5 | -6.5 | Glycine 2/3 -341-3.6]-3.6
Glycocholic acid 5/6 14 | 1.4 | -2.1 | Arginine 5/6 -321-64|-34
5-hydroxyindoleacetic acid |  3/3 0.26 | 1.4 | -2.2 | S-methyl-L-cysteine 2/3 22127 |-27
Cholic acid 4/5 2.5 | 2.5 | -1.0 | Alanine 2/3 -2.8 1-3.1]-3.0
Deoxycholic acid 3/4 3.8 | 3.8 | 0.3 | Phenylalanine 2/3 -1.21-14|-14
Docosahexaenoic Acid 1/2 6.8 | 6.8 | 3.3 | Valine 2/3 2 | -23]-20
Homovanillic acid 2/4 1.2 | 1.1 | -2.4 | Trans-4-hydroxy-proline 3/4 -3.71-38|-3.7
Pantothenic acid 4/5 -1.4 | 0.0 | -1.0 | Methionine 2/3 -1.91-24]-25
Biotin 3/3 0.3 | 0.0 | -1.0 | S-adenosylhomocysteine | 5/10 -4 | -55|-42
Arachidonic Acid 1/2 6.6 | 6.6 | 3.1 | Serine 3/4 -39 1-40] 43
Eicosapentaenoic Acid 1/2 6.2 | 6.2 | 2.7 | Asparagine 3/4 431 -441-50
Pyridoxal 2/4 0.2 | -1.1 | -1.1 | Citrulline 4/4 39141 |-42
Cholesteryl acetate 0/1 7.6 | 7.6 | 7.6 | Aspartic acid 3/5 -3.51-351-70
Carnitine 1/3 -4.9 | -4.8 | -4.1 | Guanosine 5/8 2.7 12727
Decanoyl-L-carnitine 1/3  [-0.85] -0.6 | 0.1 | Riboflavin 5/9 -1 1-09|-2.8
Hexanoyl-L-carnitine 1/3 -0.6 | -2.4 | -1.6 | Resveratrol 373 34 [ 34 |23
Octanoyl-L-carnitine 1/3 -1.5 | -1.5 | -0.7 | Diosmin 8/15 [-04]-04]-23
Propionyl-L-carnitine 1/3  |-3.75] -3.7 | -2.3 | Thymine 2/2 -0.51-0.5]-0.8
Stearoyl-carnitine 1/3 -3.7 | 29 | 3.7 | B-estradiol 2/2 375137 | 37
Butyryl-L-carnitine 1/3 -3.7 | -3.7 | -2.3 | Myo-Inositol 6/6 -3.81-3.8|-3.8
Creatinine 1/4 -1.1 | -3.4 | -1.6 | Cortisone 2/5 1.7 117 | 17
Pyridoxine 3/4 -1 | -24 | -1.2 | Cortisol 3/5 1.8 113113
Norepinephrine 4/4 -0.9 | -3.2 | -0.7 | Melatonin 2/2 1.2 11212
Neopterin 6/9 -2.8 | -2.6 | -2.2 | Cholesterol 1/1 7.1 171 | 71
Adenine 2/4  1-0.53| -2.1 | -0.6 | Triiodothyronine 3/4 28 | 28 | 1.8
TRH 4/5 -3.3 | -3.9 | -3.3 | Thyroxine 3/4 07 13719
Adenosine 4/8 [-2.09| -3.5 | -2.1 | Saccharopine 5/8 -541-56|-9.0
Histamine 2/2 -0.7 | -4.9 | -1.1 | Glutamine 3/4 -4 | 42|42
Kynurenine 3/5 -1.9 | -2.8 | -2.3 | Folic acid 6/12 | -0.7 | -0.7 | -7.2
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Supplementary Table B5. The split of metabolites between sSPE fractions for RP and ZIC-HILIC
analysis in positive (+ve) and negative (-ve) ESI. Colors designate the number of metabolites,
which were split between (detected in more than one) sSPE fractions to facilitate visualization.
The intense red indicates the highest, while the dark green indicates the lowest number of split

metabolites in the correspondent LC-MS method.

(+ve) ZIC-
(+ve) RP A C N Z HILIC A C N Z
A 640 | 47 | 176 | 290 A 189 | 121 | 168 | 139
C 370 {313 | 134 C 371 |1832 | 319
N 232 | 69 N 209 | 215
Z 149 Z 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 11392 1 250
N 183 | 104 N 303 | 200
Z 115 Z 64
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Supplementary Table B6. Analysis of the metabolite split between individual sSPE fractions in
theoretical combinations, which were proposed for LC-MS analysis of combined fractions
(combinations designated by fraction letters and “& ” symbol) at different loading amounts, which
expressed in uL of original plasma. The table demonstrates the expected percentage (% to total)
of split metabolites to the nonredundant sum of metabolites 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 analysis (Section 2.4.9).

S.ample load Split metabolites Split metabolites
(equivalent to pL of o
original plasma) (% to total) (numbers)
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&Z 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
ACHILICTY) | caN | A&z | c&N | 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
ZIC'HELSIIC “ve) | canN | 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 Table B7. Concentrations of the standards which were used for the analysis of
combined sSPE fractions in the final protocol (Section 2.5.2). Atoms with stable isotopes are
designated by’ 15NX ‘for nitrogen -15, “13CX” for carbon -13, and “DX” for deuterium, where
the subscript “X” indicates the number of atoms if more than one. TRH stands for thyrotropin-
releasing hormone. Concentrations at LC-MS steps are calculated based on the assumption of
100% recovery of standard. Concentrations of spiked metabolites do not include endogenous
levels. Amino acids from the kit are designated by the “SIL” positioned near the name of an acid.

2 z £ LS
A -
£ 2 : |Z2|2ig 55|53
e g § |3E|EEE| 22|22
2 g S £Q £S5 | 7=

BERERERE

O O o
3-Hydroxy-DL-kynurenine CioH12N204 224.0797 | 910 70.0 80.9 | 20.2
5-hydroxy-indoleacetic acid Ci10HoNO; 191.0582 | 910 70.0 80.9 | 20.2
5-hydroxy-L-tryptophan Ci11H12N203 220.0848 | 910 70.0 80.9 | 20.2
5-methoxy-tryptamine C11H14N2O 190.1106 | 910 70.0 80.9 | 20.2
7,8-dihydro-1-biopterin CyH13N503 239.1018 | 910 70.0 80.9 | 20.2
Adenine CsHsNs 135.0545 | 910 70.0 80.9 | 20.2
Adenosine CioH13N504 267.0968 | 1820 | 140.0 | 161.7 | 40.4
Adipic acid CeH 1004 146.0579 | 910 70.0 80.9 | 20.2
Alanine “SIL” BC3H;°NO; 93.0548 | 1540 | 118.5 | 136.9 | 34.2
Arachidonic Acid (dg) Ca0H24D30> 312.2985 | 1236 | 120.0 | 138.6 | 34.7
Arginine “SIL” BCeH 14" N4O2 184.1197 | 3011 | 231.6 | 267.5| 66.9
Aspartic acid “SIL” BC4H;75NO4 138.0480 | 2301 | 177.0 | 204.5 | 51.1
Biotin Ci0H16N203S 244.0882 | 1820 | 140.0 | 161.7 | 40.4
Butyryl-L-carnitine CiiH21NO4 231.1471 | 1300 | 100.0 | 115.5 | 28.9
Cholesteryl acetate Ca9H430, 428.3654 | 910 70.0 80.9 | 20.2
Cholic acid (d4) C24H36D40s 412.3167 | 1300 | 100.0 | 115.5 | 28.9
Cortisol C21H3005 362.2093 | 910 70.0 80.9 | 20.2
Cortisone C21H2305 360.1937 | 910 70.0 80.9 | 20.2
Creatinine (d3) C4H4D3N3O 116.0807 | 910 70.0 80.9 | 20.2
Cysteine “SIL” BCeH7'°NO,S 125.0268 | 2093 | 161.0 | 186.0 | 46.5
Decanoyl-L-carnitine Ci7H33NO4 315.2410 | 910 70.0 80.9 | 20.2
Deoxycholic acid Cr4H4004 392.2927 | 910 70.0 80.9 | 20.2
Diosmin C23H3,015 608.1741 | 910 70.0 80.9 | 20.2
Folic acid Ci9H19N7Os 441.1397 | 910 70.0 80.9 | 20.2
Glutamic acid “SIL” BCsHo'SNO4 153.0671 | 2543 | 195.6 | 2259 | 56.5
Glycine “SIL” BC,Hs " NO, 78.0357 | 1298 99.9 | 1154 | 28.9
Glycocholic acid Ca6H43NOg 465.3090 | 910 70.0 80.9 | 20.2
Guanosine Cio Hi3Ns Os 283.0952 | 2860 | 220.0 | 254.1 | 63.6
Hexanoyl-L-carnitine Ci3H2sNOy4 259.1783 | 910 70.0 80.9 | 20.2
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Supplementary Table B7 (cont’d).
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Homovanillic acid (d3) CoH7D304 185.0784 910 70.0 80.9 | 20.2
Isoleucine “SIL” BCeH13°NO, 138.1119 2268 | 174.5 | 201.6 | 504
Kynurenic acid Ci10H7NO3 189.0426 910 70.0 80.9 | 20.2
Kynurenine CioH12N>03 208.0848 | 910 70.0 80.9 | 20.2
Leucine “SIL” BCeH13°NO» 138.1119 | 2268 | 174.5 | 201.6 | 504
Lysine “SIL” BCeH 14" N0, 154.1197 | 2527 | 206.4 | 2384 | 59.6
Melatonin Ci3Hi6N20» 232.1212 | 910 70.0 80.9 | 20.2
Methionine “SIL” BCsH11°NOsS 155.0650 | 2579 198.4 | 229.2 | 573
Neopterin CoH11N504 253.0811 910 70.0 80.9 | 20.2
Norepinephrine (ds) CsHsDgNOs3 175.1176 910 70.0 80.9 | 20.2
Octanoyl-L-carnitine Ci5H29NO4 287.2097 910 70.0 80.9 | 20.2
Phenylalanine “SIL” BCyH 1 1’NO; 175.1065 | 2856 | 219.7 | 253.8 | 63.5
Proline “SIL” B3CsHy ' NO;, 121.0772 | 1990 | 153.1 | 176.8 | 44.2
Propionyl-L-carnitine C1oH19NO4 217.1314 | 1300 100.0 | 115.5 | 289
Pyridoxal CsHoNOs 167.0582 | 910 70.0 80.9 | 20.2
Pyridoxamine CsHi2N>0, 168.0899 | 3640 | 280.0 | 3234 | 80.9
Pyridoxine CsHi1NOs 169.0739 | 910 70.0 80.9 | 20.2
Resveratrol Ci4Hi203 228.0786 | 1300 | 100.0 | 115.5 | 289
Riboflavin C17H20N406 376.1383 | 1300 | 100.0 | 115.5 | 28.9
Saccharopine Ci11H20N>06 276.2863 910 70.0 80.9 | 20.2
S-adenosylhomocysteine Ci4H20N6OsS 384.1214 910 70.0 80.9 | 20.2
Serine “SIL” 13C3H715sN O3 109.0497 | 1817 139.8 | 161.5 | 404
S-methyl-L-cysteine C4HoNO,S 135.0359 | 6760 | 520.0 | 600.6 | 150.2
Stearoyl-carnitine CysH4oNOy4 427.3662 | 2730 | 210.0 | 242.6 | 60.7
Taurocholic acid CasHasNO7S 515.2917 910 70.0 80.9 | 20.2
Threonine “SIL” BC4H'"NO; 124.0687 | 2059 | 1584 | 183.0 | 45.8
Thymine CsHeN2O» 126.0429 | 910 70.0 80.9 | 20.2

TRH CisH2N6O4 362.1703 910 70.0 80.9 | 20.2
Thyroxine CisH1114NO4 776.6867 | 910 70.0 80.9 | 20.2
Triiodothyronine CisHi2IsNO4 650.7900 | 910 70.0 80.9 | 20.2
Tyrosine “SIL” 3CoH;1"°NO;s 191.1014 | 3132 | 241.0 | 2784 | 69.6
Valine “SIL” BCsH;1°NO» 123.0929 | 2024 | 1557 | 179.8 | 45.0
B-estradiol CisH240, 272.1776 | 1625 125.0 | 1444 | 36.1
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Supplementary Table BS. Fractionation preferences of standards detected in the evaluation of the
analytical performance of combined sSPE fractions in plasma or standard solvent solutions.
Detectability of standards demonstrated for both individual and n combined sSPE fractions and
MeOH. LC-MS analysis on RP and ZIC-HILIC columns 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 (Z) charges or neutral (N) at the physiological pH of human plasma. Fractionation
preferences of standards were studied in individual sSPE (Section 3.2) and combined sSPE
fractions (Section 3.3). Fractionation of metabolites into more than one individual or combined
fraction is designated by the “/” symbol. Several metabolites were not detected in either SPE or
MeOH extracts (“ND”). The retention time of such metabolites and the LC-MS method was
obtained from the analysis of neat standards in reconstitution solvent or from optimization and
evaluation experiments (Section 2.4). Fractionation preferences are designated by fraction
symbols: A — anion, C - cation, Z — zwitterion, N — neutral. Combined fractions were used for the
assessment of analytical performance: AN (A+N), CZ (C+Z) in RP (-ve) ESI and AZ (A+Z), CN
(C+N) in other three LC-MS methods. “TRH” stands for thyrotropin-releasing hormone.
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Thymine RP+ | 126.0429 | 1.9 ND N N CN Y
Kynurenine RP+ | 208.0848 | 2.5 ND z ND
Phenylalanine “SIL” RP+ | 1751065 | 2.6 115 z C CN/AZ Y
Butyryl-L-carnitine RP+ | 231.1471 | 33 133 z C CN Y
Adenine RP+ 135.0545 | 4.1 4.0 N C CN Y
Adenosine RP+ | 267.0968 | 4.1 49 N C CN Y
Adipic acid RP- 146.0579 43 6.8 A A AN ND
Homovanillic acid (d3) RP+ | 185.0784 | 6.2 8.0 A AN CN/AZ Y
Biotin RP+ | 244.0882 | 6.3 123 A AN CN/AZ Y
Hexanoyl-L-carnitine RP+ 259.1783 6.5 11.3 Z C CN Y
Diosmin RP- 608.1741 | 7.9 7.3 N A/N AN Y
Melatonin RP+ | 2321212 | 82 0.9 N N CN Y
Octanoyl-L-carnitine RP+ | 2872097 | 8.7 10.9 z C CN Y
Resveratrol RP- 228.0786 | 8.9 1.5 N N AN Y
Cortisol RP+ | 3622093 | 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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Supplementary Table B8 (cont’d).
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Taurocholic acid RP- | 5152917 | 11.2 7.8 A A AN Y
f-estradiol RP- | 272.1776 | 11.9 6.4 N N AN Y
Deoxycholic acid RP- | 3922927 | 14.6 2.5 A A CZ/AN Y
Arachidonic Acid (ds) RP- | 312.2985 | 20.0 1.0 A A ND Y
Glycine “SIL” e ] 780357 | 06 | 190 | z ND
Pyridoxal . | 1670582 | 11 | 2 A z CN
Pyridoxine s [ 1690739 | 12 | 26 N cz | cNaz
.. ZIC-
Creatinine (ds) HiLlcs | 116.0807 | 1.1 6.2 N CN Y
. . ZIC-
Riboflavin HiLlcs | 3761383 | 6.3 6.5 A CN Y
. . ZIC-
Cholic acid (d4) HiLlcs | 4123167 | 124 6.5 A AN Y
Cysteine “SIL” s | 1250268 | 0.6 | 68 z ND ND Y
kynurenic acid se | 189.0426 | 49 | 68 A A AZ Y
5-methoxytryptamine s | 190.1106 | nd | 98 C N ND Y
Cholesteryl acetate S| 4283654 | 175 | 102 | N A N ND
TRH* o, | 3621703 | 12 | 102 C C AZ Y
Norepinephrine (d(Cs) Hﬂc('} 175.1176 | 0.6 10.6 C C CN Y
Glycocholic acid e | 4653000 | 101 | 112 | A A AZ Y
Pyridoxamine L, 1680899 [ 07 | 112 |z ND CN Y
7,8-Dihydro-l-biopterin | .57, | 2391018 | 06 | 122 | N N ND Y
Leucine “SIL” o, 13819 | 12 | 122 z C CN Y
Guanosine o, | 283.0952 | ND | 1273 | N C CN Y
Isoleucine “SIL” Hﬂc{} 138.1119 | 12 12.9 Z C CN Y
Methionine “SIL” e, | 1550650 | 09 | 138 z c N ND
5-hydroxy-indoleacetic acid | . | 191.0582 | 55 | 142 | A A ND Y
3-Hydroxy-DL-kynurenine leé?c . | 224.0797 | ND 14.8 z ND
S-methyl-L-cysteine e 11350359 | 08 | 149 z c CN Y
Valine “SIL” o, | 123.0920 | 0.6 | 150 z C CN Y
Tyrosine “SIL” Hillc('} 1911014 | 1.2 15.5 z ND CN/AZ Y
Propionyl-L-carnitine Hf{% 217.1314 | 13 15.5 z C CN Y
Neopterin e | 2530811 | 10 | 160 | N CN/AZ | ND
5-Hydroxy-L-tryptophan | .7, | 2200848 | 2.0 | 165 z N ND Y
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Supplementary Table BS. (cont’d).
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Proline “SIL HiLlcs | 1210772 | 05 16.7 z C CN Y
: < D ZIC-
Threonine “SIL HILIc. | 124.0687 | 08 18.9 z ND
. ZIC-
S-adenosylhomocysteine HiLlcs | 3841214 | 3.0 19.1 z c/z AZ ND
s (13 2 ZIC—
Serine “SIL HILIC. | 109.0497 | 0.7 21.1 z C CN Y
Glutamic acid “SIL” e 11530671 | 07 | 226 |z A AZ ND
Alanine “SIL” S | o30s4s | 07 | 230 | z crz AZ ND
- s 13 9 ZIC-
Aspartic acid “SIL HiLlc. | 138.0480 | 07 23.0 z ND
. . ZIC-
Folic acid HiLlc. | 441.1397 | 53 232 A A AZ ND
. ZIC-
Saccharopine HILIc. | 2762863 | 0.6 24.1 z ND
. 2 ZIC-
Lysine “SIL HILICs | 1541197 | 04 242 z ND
.. 9 ZIC-
Arginine “SIL HILICs | 1841197 | 05 25.1 z ND
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Supplementary Table BY. The total number of standards affected by matrix effects at the maximum
amount loaded in SPE fractions (equivalent to 6.4 uL of plasma) and MeOH extracts (equivalent
to 1.6 uL of plasma). Matrix effects were compared between SPE fraction(s) and MeOH extracts
within the same LC-MS method, which promotes the strongest signal for neat standards in the
sample reconstitution solvent (used as 100% reference for calculation of matrix effects. Please see
Section 3.3.4 for details. Therefore, each standard was accounted for once for the best LC-MS
method. Matrix effects were calculated in combined fractions CN and AZ (CZ and AN,
respectively, in (-ve) RP) and MeOH extracts. In the case of split metabolites, the fraction with
higher recovery (Figure 3.16) was chosen for this table to avoid redundancy. Matrix effects for
split metabolites are demonstrated for both fractions in Figure 3.17.

. (+ve) RP (+ve) ZIC HILIC
Matrix effects 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 (80-120%) 4 11 15 1 1 2
Total affected 10 3 13 19 18 37
Total not affected 4 11 15 1 1 2
Matrix effects (-ve) RP (-ve) ZIC HILIC
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 (80-120%) 2 1 3 3 2 5
Total affected 5 5 10 8 6 14
Total not affected 2 1 3 3 2 5
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Supplementary Table B10. Total metabolome coverage in combined sSPE fractions (AN and CZ
for (-ve) RP, AZ, and CN for other 3 LC-MS methods) at the loading amount equivalent to
equivalent to 6.4 uL plasma. The study’s total is a direct sum of metabolites across all LC-MS
methods. Due to technical challenges, the search for identical metabolites across methods is
unfeasible, and the redundancy assessment was not executed. Metabolites in which signal ratio to
the sum of signals in both was below or equal to 0.1 were considered as metabolites with the minor

split.
(tve) (-ve) )
Parameters (-;,l? (-l‘lif’) ZIC- Z1C- Stt:t(;)ll
HILIC HILIC
Total AX (X = N for (-ve) RP;
X =7 for (+ve) RP) 3184 3099 1918 2411 10612
Total CX (X = Z for (-ve) RP;
X =N for (+ve) RP) 2556 2131 2041 1981 8709
Total metabolites sSSPE 4370 4472 3037 3545 15424
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Supplementary Table Bll1. Peak areas for standard metabolites, which were detected in several LC-MS methods and sSPE fractions.
Peak areas were obtained as described in Sections 3.2.4.8, respectively. The analysis was executed in combined sSPE fractions, as

described in Section 3.2.5.1.

Propionyl-L-carnitine

MeOH AZ CN MeOH AZ MeOH CN
Standard (+ve) (+ve) (+ve) MeOH AN (-ve) (-ve) (+ve) (+ve)
RP RP RP (-ve) RP | (-ve) RP | ZIC- ZIC- ZIC- ZIC-
HILIC | HILIC | HILIC HILIC
Stearoyl-carnitine 353934
Adenine 41763 40500
Kynurenine 176315 | 138741 | 354044
Butyryl-L-carnitine 96616 617029
Hexanoyl-L-carnitine 84630 404593
Octanoyl-L-carnitine 436599 2770546
Decanoyl-L-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 5554910 | 6396087
Pyridoxal 119342
3100486 | 10055419
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Supplementary Table B12. Comparison of matrix effects (“M. effects’) and peak areas (““Peak area”) for standard metabolites, which
were detected in several LC-MS methods and sSPE fractions. The analysis was executed in combined sSPE fractions, as described in
Section 3.2.5.1. Peak areas and matrix effects were calculated as described in Sections 3.2.4.8 and 3.2.5.4, respectively. Coloring of
peak areas was executed in Excel using tri-color formatting function to facilitate signal differentiation from the lowest (dark blue) to
the highest (dark red) in a row.

MeOH AZ MeOH CN
MeOH AZ CN MeOH AN -ve -ve +ve +ve
Standard Parameter | ' O"Rp | (4ve) RP | (+ve)RP | (-ve)RP | (-ve) RP éIC)- éIC)- (Zlcz (ZIC2
HILIC HILIC HILIC HILIC
Riboflavin Peak area 91,531 426,474 _
Riboflavin M. effects 59 65 74
Thyroxine Peak area 440,397 -
Thyroxine M. effects 59 50
Adenosine Peak area 1,919,525 _
Adenosine M. effects 68 63
Taurocholic acid | Peak area 253,303 185153
Taurocholic acid | M. effects 90 64 39
Glycocholic acid | Peak area 2,126,382 1,208,507 | 3,389,056 | 2,351,640
Glycocholic acid | M. effects 83 106 56 66
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Supplementary Figure Bl. Approximate representation of strong anion and strong cation-
exchange sorbents in MAX and MCX Oasis SPE plates. Sorbents consist of DVB linked by short
alkyl chains, conjugated with pyrrolidone and containing quaternary ammonium (A) or
benzenesulfonate (B) for MAX and MCX plates, respectively. Reprinted with permission.*>*
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Supplementary Figure B2. Recovery of standard metabolites spiked into agMTBE-MeOH
immediately prior to sSPE and detected in RP analysis in (+ve) and (-ve) ESI. Preferential
ionization mode for metabolites can be found in Supplementary Table BS8. sSPE fractions by
the color of bars: blue-anion,; grey-neutral; orange-cation and yellow-zwitterion. The recovery
(% of signal in “pre-spiked” relatively to “post-spiked”) is indicated on Y-axis and by digits
within bars. Standards are distributed across X-axis in groups by their charge state at
physiological pH (7.2), which are designated by letters on the insert below the graph: A - anion,
C - cation, N — 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 Figure B3. Analysis of the coverage of mid-polar metabolome by agMTBE-
MeOH and sSPE in RP LC-MS at (+ve) (panel A) and (-ve) (panel B) ESI. Details for the raw
data processing and analysis can be found in Section 3.2.3.3.2. The total number of metabolites
calculated for sSPE and agMTBE-MeOH is non-redundant.
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Supplementary Figure B4. Hierarchical cluster analysis of combined sSPE fractions and MeOH
extracts for LC-MS analysis A-(+ve) RP, C — (-ve) RP, B, and D for ZIC-HILIC (+ve) and (-
ve) ESI, respectively. Extracts designated by color bands at the top of each plot, blue -MeOH,
red - AN (-ve)RP and AZ (+ve) RP and green - CZ (-ve)RP and CN (+ve) R. Plots display
metabolites that satisfy criteria of the data analysis described in the Section 3.2.5.4. The
strength of signals is designated by the range from 4 to — 4, which corresponds to the range
from the maximum signal (red) to no detection status (dark blue).
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Supplementary Figure B5. Repeatability (Y-axis "RSD% ") over the average signal area (X-
axis, “Average signal area”) in replicates (n=6) of combined sSPE (A4, C, E, and G) and
MeOH extracts (B, D, F, H) in RP analysis at (+ve) ESI (4, B), (-ve) ESI (C, D) and in ZIC-
HILIC analysis at (+ve) ESI (E, F) and (-ve)ESI (G, H). sSPE represented by the
nonredundant (Venn analysis) content of both combined fractions: ((AN + CZ) for (-ve) RP;
(AZ+CN) for other LC-MS methods.
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Supplementary Figure B6. An enrichment of polar metabolites on mass maps of metabolites detected in the ZIC-HILIC analysis of
combined sSPE fractions: A, B -unique (compared to MeOH) sSPE metabolites in (+ve) (A) and (-ve) (B) ZIC HILIC analysis. C, D —
all metabolites detected in MeOH in(+ve) ZIC HILIC) and (-ve) ZIC HILIC, respectively. Colors correspond to the detection frequency

in the data set between 29 (dark red) and 4 (dark blue). Note the enrichment of highly polar (RT > 14 min) metabolites in sSPE (A, B)
vs. MeOH (C, D).
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Supplementary Figure B7. An enrichment of polar metabolites on mass maps of metabolites detected in the RP analysis of combined
SSPE fractions: A, B -unique (compared to MeOH) sSPE metabolites in (+ve) (A) and (-ve) (B) RP analysis. C, D — all metabolites
detected in MeOH in(+ve) RP and (-ve) RP, respectively. Colors correspond to the frequency of the detection in the data set between
29 (dark red) and 4 (dark blue). Note the enrichment of highly polar (RT between 4 and 6 min) metabolites in sSPE (A, B) vs. MeOH

(C, D).
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Supplementary Figure BS. TIC profiles of sSPE fractions: CN (Al), AZ (A3), and MeOH
extract (A2) in (+ve) RP and CZ (B1), AN (B3) and MeOH (B2) in (-ve) RP analysis.
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Supplementary Figure B9. TIC profiles of sSPE fractions: CN (Al), AZ (A3) and MeOH
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analysis.
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Supplementary Figure B10. Extracted ion chromatograms (EIC)s of example unknown metabolites detected only in sSPE fractions
in (+ve) RP global metabolomics analysis. An m/z value, molecular formula, RT (min), fraction name, and height of the peak are
indicated on the top of each chromatogram. The EIC of metabolites in sSPE fraction (black), sSPE blank of the same fraction (green),
and MeOH extract (red) were extracted with accuracy £ 20 ppm. Chromatograms bl, b2, and el, e2 demonstrate metabolites split
between A, N, and C, Z fractions, respectively.
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Supplementary Figure B10 (cont’d). Chromatograms hl and h2 demonstrate the metabolite, which split between A and Z fractions.
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Supplementary Figure Bl 1. EICs of example unknown metabolites detected only in sSPE fractions in (-ve) RP global metabolomics
analysis. An m/z value, molecular formula, RT (min), fraction name, and height of the peak are indicated on the top of each
chromatogram. The EIC of metabolites in sSPE fraction (black), sSPE blank of the same fraction (green), and MeOH extract (red)
were extracted with accuracy = 20 ppm. Chromatograms bl, b2 demonstrate metabolites split between C, Z fractions.
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Supplementary Figure Bl12. EIC of unknown metabolites detected only in sSPE fractions in (+ve) ZIC-HILIC in the global
metabolomics analysis of individual sSPE fractions. An m/z value, molecular formula, RT (min), fraction name, and height of the
peak are indicated on the top of each chromatogram. The EIC of metabolites in sSPE fraction (black), sSPE blank of the same fraction
(green), and MeOH extract (red) were extracted with accuracy + 20 ppm.
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Supplementary Figure BI2 (cont’d). Chromatog}’ams hl and h2 demonstrate the metabolite split between fractions C and N,
respectively. The peaks in sSPE fraction C (chromatogram I, green trace) was below the intensity threshold (7500) and was rejected
from further analysis.
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Supplementary Figure Bl3. EIC of unknown metabolites detected only in sSPE fractions in (-ve) ZIC-HILIC in the global
metabolomics analysis of individual fractions. An m/z value, molecular formula, RT (min), fraction’ name, and height of the peak
indicated on the top of each chromatogram. The EIC of metabolites in sSPE fraction (black), sSPE blank of the same fraction (green),
and MeOH extract (red) were extracted with accuracy + 20 ppm. Chromatograms dl1, d2, and el, e2 demonstrate metabolites split
between A, N, and C, Z, respectively. Peaks in MeOH (chromatograms c, d1, and d2, red EIC) were below the intensity threshold
(7500) and were rejected from further analysis.
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Supplementary Figure B13 (cont’d). Chromatograms f1 and f2 demonstrate the metabolite split between A and N fractions.
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Supplementary Figure B14. EIC of unknown metabolites detected only in sSPE fractions in (+ve) RP in the global metabolomics
analysis of combined sSPE fractions. An m/z value, molecular formula, RT (min), fraction’ name, and height of the peak indicated
on the top of each chromatogram. The EIC of metabolites in sSPE fraction (black), sSPE blank of the same fraction (green), and
MeOH extract (red) were extracted with accuracy + 20 ppm. The peak in the “d” was colored to designate the peak of interest.
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Supplementary Figure B14 (cont’d).
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Supplementary Figure B15. EIC of unknown metabolites detected only in sSPE fractions in (-ve) RP in the global metabolomics analysis
of combined sSPE fractions. An m/z value, molecular formula, RT (min), fraction’ name, and height of the peak indicated on the top of
each chromatogram. The EIC of metabolites in sSPE fraction (black), sSPE blank of the same fraction (green), and MeOH extract (red)
were extracted using m/z provided by the Mass Profiler Professional (see Section 2.3.3.2) with accuracy £+ 20 ppm.
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Supplementary Figure B15 (cont’d). The metabolite in h1 and h2 was split (detected in two sSPE fractions) between AN and CZ.
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Supplementary Figure B16. EIC of unknown metabolites detected only in sSPE fractions in (+ve) ZIC-HILIC in the global metabolomics
analysis of combined sSPE fractions. An m/z value, molecular formula, RT (min), fraction’ name, and height of the peak indicated on
the top of each chromatogram. The EIC of metabolites in sSPE fraction (black), sSPE blank of the same fraction (green), and MeOH

extract (red) were extracted with accuracy + 20 ppm.

244



= 104 |+ES| EIC(S55 1212] Scan Frage] 76,0V 20Feb27_13 Csp.d ¥10 4 [+ES! EIC(EBN.4093) Scan Fiage175.0v 20Feb27_34 Mip.d

X108 +ESI EIC(HA0 3730) Scan Fisge1 TS0V 20Feb27_19CHipd  ~ — - - — - e .
25 A0+ | €51 EIC[337.1081) Scan Frag=175.0V 20Feb2?_34 Msp.d w104 |+ES1 EICI498 2854) Scan Frag=175.0v 20Feb27_34 Msp d 5.
2‘: :: 1.15. 185 .I . J
2% f we| 8 "‘f h 16 o
1
&-raquasss e S riton is| 1982854 i Sc)igi-llfsll\:imossz n gigﬁgxmspz
22 15 3
26| C26H49NO4 o=t C21H1SNOSP = C28H33NBO !
21
205 3.6 ,,0;, 17.1 nuyg 11.9 i 15.6 - 2
2 085 1.3 28
145 AZ o] AZ o=t CN CN CN
= = N 1 1.3E+4 1 2.4E+4
185 08 : . 26 .
18 1.5E+5 oz 8.0E+3 085: 8.0E+3 “2: -
0825
08 1.15 24
077
ars i -
0725 105
07 1 21
0675 o
Y 0%
0625 08 18
06 18
0575 o 1.7
055 08
0525 o 15
05 15
0475 0 14
0.45. 085
Bz 06 L
e 12
0375 055 1
035 05 i
035
03 03 0.9
0.275: bt o8-
05
azs (&3 o7
0z a3 &
0175 025 05
015
0125 €3 04
(] 015 03
n:: [ (1] 029
. 005 f oid
- o \ ) % ~—A ALt "\1 0 VAVAVN A A LU
33 34 35 kL a7 38 a9 £ 1‘7 “9 163 17 171 ”12 ”) 174 d’s ”’s 177 17t N7 N5 118 N 13 NS 12 1208 121 \- 184 1545 185 EE 186 1565 \FV 18 185 19 19 2 206 21 215 22 25

Supplementary Figure B16 (cont’d). The height of the peak in the MeOH fraction (chromatogram g, red EIC) is below the intensity
threshold (7500) and was rejected from the analysis.
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Supplementary Figure B17. EIC of unknown metabolites detected only in sSPE fractions in (-ve) ZIC-HILIC in the global metabolomics
analysis of combined sSPFE fractions. An m/z value, molecular formula, RT (min), fraction’ name, and height of the peak indicated on
the top of each chromatogram. The EIC of metabolites in sSPE fraction (black), sSPE blank of the same fraction (green), and MeOH
extract (red) were extracted with accuracy £ 20 ppm. The height of the peak in the sSPE blank (chromatogram b, green EIC) is below
the intensity threshold (7500) and was rejected from the analysis.
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Supplementary Figure B17 (cont’d).
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Appendix C

Supplementary information for Chapter 4

Supplementary materials and methods

Activation of charcoal

Charcoal was activated by incubation of 1 gram in 10 mL methanol for 30 mins followed by
centrifugation of charcoal-methanol slurry at 4000 x g for 15 mins at ambient temperature,
removal of 9 mL of supernatant followed by addition of 10 mL water on the top of the charcoal.
The procedure was repeated one more time with water and produced 1 mL of charcoal slurry.
One mL of this slurry (equivalent to 0.5 grams of dry charcoal) was used for stripping 9 mL of

reconstituted extracted oral fluid.
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Supplementary tables and figures

Supplementary Table Cl1. Repeatability of calibration curve slopes and intercepts during inter-
day validation. Calibration curves were prepared fresh daily in a stripped oral fluid matrix.

. Cortisol Cortisone
Experimental day -
Slope | Intercept | Slope | intercept
Day 1 0.16 -0.002 0.24 -0.009
Day 2 0.16 0.010 0.26 -0.020
Day 3 0.17 -0.002 0.25 -0.001
Day 4 0.15 -0.007 0.23 -0.020
Day 5 0.17 0.008 0.27 0.010
Day 6 0.24 0.010 0.39 0.010
Day 7 0.19 0.001 0.27 0.005
Mean of slope (n=7) 0.18 0.003 0.27 -0.004
SD of slope ((n=7) 0.03 0.007 0.05 0.013
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Supplementary Table C2. Analysis of recovery and extraction repeatability in the charcoal-
stripped oral fluid matrix. Section A. Recovery was calculated using 6 replicates for each
validation sample, and the calibration curve was made in a solvent using the formula: actual
concentration in the validation sample*100%/expected concentration. Section B. Recovery was
calculated by comparing peak areas in samples spiked pre-extraction (n=6) vs. samples spiked
post-extraction (n=1 for each concentration) after correction by the peak area of internal
standard, cortisol (dy4). The recovery was calculated by the formula: (peak area ratio in pre-
extraction spiked validation sample)*100% / (peak area ratio in a post-extraction spiked

sample).

Validation Cortisol Cortisone
samples Mean RSD (%) Mean RSD (%)
(ng/mL) | recovery (%) recovery (%)

A. Recovery by quantitation using calibration curve in solvent
0.54 84.7 53 76.9 5.1
1.09 82.3 4.9 77.3 6.0
4.38 86.4 8.9 81.4 10
8.75 75.2 4.7 69.1 53
17.5 76.4 5.5 71.1 6.2
B. Recovery by areas in pre- and post-extraction spiked samples
0.54 84.0 6.0 71.4 6.4
1.09 78.9 5.6 79.1 6.2
4.38 87.5 10.2 75.8 12.3
8.75 76.4 6.3 64.4 7.6
17.5 79.0 7.2 67.5 8.7
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Supplementary Table C3. The stability of cortisol and cortisone in the intraday analytical batch
consisted of 72 injections with a total length of 8.5 hours. QC samples and calibration curve
replicates with different concentrations were prepared as described in Sections 3.2.6.2 and
3.2.6.3 and injected multiple times during analysis. The first injection and second sequential
injections of the batch were QC low (1.5 ng/mL) and QC high (11.5 ng/mL) at “0.0” and 0.11
h, respectively. The replicates of QC low and high were also the two last injections of the batch
(71 and 72) injected at 8.3 and 8.4 h of the batch analysis time, respectively. The sequential
position of injections is designated in “Seq. injection#”. The accuracy of quantitation was

calculated against the calibration curve, assuming expected concentrations equal to 100%.

= : :
. B2l g E | =l 5|3

= 5SE| = | £ | EE| F | EE| F | £

5 S8= = = S = 5 S 5 3

2 23 & £ s = © g 2 = g =

2 g 3 2 & < S < &

g 5 z £ |z £ <

z ’ © °

Calibration curve 1 1.25 31 3.6 1.2 100.0 1.4 108.4 756
Calibration curve 1 1.25 33 3.9 1.35 110.0 1.2 95.3 693
Calibration curve 1 1.25 40 4.7 1.3 106.3 1.3 101.9 719
Calibration curve 1 1.25 50 5.8 1.2 95.6 1.2 99.1 762
Calibration curve 1 1.25 64 7.5 1.1 91.5 1.2 95.9 728
Calibration curve 2 10 8 0.9 10.6 105.9 9.6 95.8 727
Calibration curve 2 10 19 2.2 9.1 91.0 9.5 95.4 697
Calibration curve 2 10 32 3.7 10.1 101.4 9.7 97.4 715
Calibration curve 2 10 39 4.6 9.2 92.2 8.7 86.6 669
Calibration curve 2 10 49 5.7 9.2 91.5 9.2 92.3 726
Calibration curve 2 10 62 7.2 9.8 97.6 10.0 99.6 729
Calibration curve 3 20 9 1.1 21.3 106.7 20.4 101.8 714
Calibration curve 3 20 20 2.3 19.6 98.2 19.6 97.8 617
Calibration curve 3 20 37 4.3 18.8 94.0 19.2 95.8 684
Calibration curve 3 20 57 6.7 20.4 102.0 18.7 93.3 730
Calibration curve 3 20 66 7.7 20.2 100.9 19.7 98.5 735
Calibration curve 3 20 68 7.9 20.4 101.8 18.5 92.3 735
QC high 11.5 2 0.1 11.2 97.6 11.8 102.9 744
QC high 11.5 23 2.7 11.3 98.1 11.9 103.6 727
QC high 11.5 45 53 12.1 105.5 12.7 110.1 690
QC high 11.5 67 7.8 11.9 103.5 12.2 105.9 707
QC high 11.5 72 8.4 11.7 101.8 12.1 105.4 730

QC low 1.5 1 0.0 1.5 101.7 1.6 105.5 711
QC low 1.5 12 1.4 1.5 98.9 1.6 105.0 694
QC low 1.5 34 4.0 1.5 101.9 1.6 105.7 700
QC low 1.5 56 6.5 1.6 103.7 1.6 109.3 680
QC low 1.5 71 8.3 1.5 101.3 1.6 108.8 702

251



Supplementary Table C4. Comparison of cortisol concentrations measured in oral fluid samples
by LC-MS/MS and ELISA and side-by-side comparison to cortisone concentrations measured by

LC-MS/MS.
=} — 5} — ) - ) -
= | £ | E_|E_ | E.| 2 | £ |E_|:&.|%i.
§ | Ex| 5% |EE| S| & | Bz | EE | E® | £%
E g | 22 |g2| 2 E gd | 22 | g2 | 282
s | 2 ST ST 2T £ | ¢ ST & | B
2 = = < - =
LCR20 | actl A 0.70 5.21 2.93 LCR16 | act3C 0.34 5.44 3.91
LCR20 | actl B LLOQ 5.07 3.20 LCR 16 | act4 A 0.62 6.00 3.45
LCR20 | actl C LLOQ 3.34 3.31 LCR 16 | act4 B 0.83 5.59 4.07
LCR20 | act2 A 1.45 9.68 4.88 LCR 16 | act4 C 0.65 5.92 4.30
LCR20 | act2B 1.36 10.46 6.59 LCR18 | actl A 1.04 6.79 5.43
LCR20 | act2C 1.06 7.42 5.32 LCR18 | actl B 1.05 17.29 7.57
LCR20 | act3 A 1.30 9.67 4.39 LCR18 | actl C 1.07 8.72 6.27
LCR20 | act3B 0.73 6.14 4.70 LCR 18 | act2 A 0.39 3.54 2.24
LCR20 | act3C 0.58 7.77 3.61 LCR18 | act2 B 0.65 6.14 1.93
LCR19 | act2 A 0.83 5.47 5.00 LCR18 | act2 C 0.62 5.09 1.59
LCR19 | act2B 1.11 7.90 6.13 LCR18 | act4 A 1.53 8.33 7.10
LCR19 | act2C 1.01 8.29 4.77 LCR18 | act4 B 0.69 5.39 4.54
LCR19 | act3 A 1.78 10.17 3.31 LCR18 | act4 C 1.12 7.68 5.28
LCR19 | act3B 0.83 7.80 5.40 LCR 14 | actl A 0.43 3.49 2.58
LCR19 | act3C 0.51 5.39 3.74 LCR 14 | actl B 0.53 4.83 2.28
LCR19 | act4 A 0.47 4.17 4.93 LCR14 | actl C 0.34 3.17 2.55
LCR19 | act4 B 0.76 6.43 6.09 LCR 14 | act2 A 0.65 4.34 7.57
LCR19 | act4 C 0.43 4.53 4.68 LCR14 | act2 B 0.42 3.56 3.19
LCR 16 | actl A 0.38 4.83 3.24 LCR 14 | act2 C 0.51 3.74 1.69
LCR 16 | actl B 0.34 3.72 2.29 LCR14 | act3 A 0.90 7.56 4.71
LCR 16 | actl C LLOQ 3.20 2.07 LCR 14 | act3B 0.75 7.61 3.85
LCR16 | act2 A 0.55 4.20 4.10 LCR14 | act3C 0.53 4.75 5.05
LCR16 | act2 B 0.32 4.15 2.89 LCR 14 | act4 A 0.90 6.54 4.10
LCR16 | act2 C LLOQ 3.15 4.93 LCR14 | act4 B 0.96 5.73 3.56
LCR16 | act3 A 0.76 5.61 3.35 LCR 14 | act4 C 0.61 4.47 2.67
LCR16 | act3B 0.47 4.33 4.11
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Supplementary Figure CIl. Example chromatograms of QCH (quality control high) with
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cortisone and cortisol concentrations of 5 ng/mL prepared in a stripped oral fluid matrix.
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Supplementary Figure C2. Bland-Altman analysis for cortisol measurements using LC-MS/MS
and ELISA by plotting LC-MS/MS assay concentration on the X-axis and a relative
concentration differences (in %) obtained by two methods on the Y-axis. The red line shows the
mean relative difference between the assays, while the dashed lines show limits of agreement as
determined by + 1.96xSD. Linear least-squares regression was also performed, and its results
are shown in the top right corner.
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