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Abstract

There is a need for comprehensive analysis of the dried blood spot (DBS) metabolome to study both
new and known inborn errors of metabolism (IEM). The purpose of this study was to complete and
evaluate an untargeted metabolomics method using liquid chromatography — electrospray ionization —
Q Exactive Orbitrap mass spectrometry (MS), for analysis of one punch (3.2 mm diameter
corresponding to about 3 pL whole blood) of a DBS. The criteria for evaluation and measurements
were inspired by stringency applied by the World Anti-Doping Agency. In this regard, the instrument
repeatability and assay reproducibility were satisfactory with relative standard deviation (% RSD) of
peak areas <10 % and retention times <1 %, using a pooled control sample, injected three times each
day during sample analysis for 11 days. Compared to perimeter punches, analyzing center punches
improved the repeatability. An increased organic solvent amount in the reconstitution solution, and
reduced m/z range of the MS (focusing more on each m/z increases sensitivity) increased the number
of hydrophobic and low-abundant compounds detected, respectively. The quantification of most of the
method evaluation compounds (acylcarnitines and amino acids) was satisfactory, with linear
correlation of R?>0.99 in signal vs. concentration plots, using 1-4 punches (about 3, 6, 9 and 12 pL
whole blood) of the DBS, but some polar compounds were affected by matrix effects. Tandem MS
data was acquired to secure better identification. Combining the method with bioinformatics, one
could identify changes between samples taken after free diet, overnight fasting (12 hours) and
prolonged fasting (36 hours), using only 3 pL blood on paper. The method will be used to detect

differences in the metabolome of patient and healthy samples in research and in future diagnostics.
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1 Abbreviations

Abbreviations

AH"
AlF
Ala
APCI
APPI
Arg
BH"
C18

C8

Cit

Da
DBS
DC
DDA
ddms?
DIA
DNA
DPS
EDTA
EIC
ESI

FA
FDA
FT-ICR
FWHM
GC

GC - MS

Term

Protonated acid

All ion fragmentation

Alanine

Atmospheric pressure chemical ionization
Atmospheric pressure photoionization
Arginine

Deprotonated base

Octadecyl

Octyl

Citrulline

Dalton

Dried blood spot

Direct current

Data-dependent acquisition
Data-dependent tandem mass spectrometry
Data-independent acquisition
Deoxyribonucleic acid

Dried plasma spot
Ethylenediaminetetraacetic acid

Extracted ion chromatogram

Electrospray ionization

Formic acid

Food and Drug Administration

Fourier transform ion cyclotron resonance
Full width at half maximum

Gas chromatography

Gas chromatography — mass spectrometry



Gly Glycine

HCD Higher energy collision-induced dissociation
HILIC Hydrophilic interaction liquid chromatography
HPLC High-performance liquid chromatography

I Intensity

lh Intensity threshold

IEM Inborn error of metabolism

IS Internal standard

LC Liquid chromatography

LC - MS Liquid chromatography — mass spectrometry
Leu Leucine

LLOD Low limit of detection

M Molecule

MeOH Methanol

Met Methionine

MRNA Messenger ribonucleic acid

MS Mass spectrometry

MS? Tandem mass spectrometry

m/z Mass-to-charge ratio

N Number of replicates

NMR Nuclear magnetic resonance

Or Ornithine

PA Peak area

PCA Principal component analysis

Phe Phenylalanine

PLS Partial least square

ppm Parts per million

QC Quality control

Q-TOF Quadrupole - time-of-flight

R Resolution

REC Regional Committee for Medical and Health Research Ethics
RF Radio frequency

RNA Ribonucleic acid



RSD

Rt

SIM
STD
SWATH
TIC
TOF
Tyr

Val
WADA

Relative standard deviation

Retention time

Single ion monitoring

Absolute standard deviation

Sequential window acquisition of all theoretical fragment-ion spectra
Total ion chromatogram

Time-of-flight

Tyrosine

Valine

World Anti-Doping Agency



2 Introduction

2.1 Inborn errors of metabolism

The metabolism involves all biochemical reactions that take place within each cell of a living
organism. Biochemical reactions are linked in series as biochemical pathways that start with
one metabolite which is converted by specific proteins (enzymes) to other metabolites [1].
The recipes of specific proteins are in the genes, stored as deoxyribonucleic acid (DNA)
information which transcribes into messenger ribonucleic acid (mMRNA), and mRNA
information translates into proteins. Mutations in genes give the wrong recipes for protein
synthesis and may result in dysfunctional proteins [2]. Inborn errors of metabolism (IEMs) are
a group of genetic disorders causing deficiency or abnormality of specific proteins, most often
enzymes, their cofactors or transporters, leading to abnormal levels of metabolites in
biochemical pathways. Figure 1 illustrates an example of the result of an IEM when a
deficiency or dysfunction of a necessary enzyme protein occurs. The result may be toxic
substrate accumulation or deficiency of downstream products. The altered concentrations of
metabolites (upstream substrates and downstream products) may affect other biochemical

pathways creating further biochemical imbalances and pathological metabolites [3].

DNA

v

A—B —(C — D E —> F
X Y
Pathological metabolites

Figure 1: General pathophysiology in inborn errors of metabolism. A, B, C, D, E and F represent metabolites in a
biochemical pathway. The arrows represent enzymes. Mutation in DNA creates dysfunctional or abnormal enzymes leading
to a metabolic block in the biochemical pathway after metabolite D. The results may be deficiency of products (E and F),
toxic accumulation of substrate (D) and creation of pathological metabolites (X and Y) when the accumulated substrate is

involved in other biochemical pathways.



An example of an IEM is glycogen storage disease type I. This is a result of a defect in the
gene for the enzyme glucose-6-phosphatase which is essential to the cell’s ability to
metabolize glycogen. The reduced ability to metabolize glycogen results in a low
concentration of glucose, which is life threatening. In addition, the intermediate metabolites

can interact in other pathways leading to increased lipid, uric acid and lactic acidosis levels

[4].

An IEM can cause irreversible mental retardation, physical disability, neurological damage
and even mortality if undiagnosed and untreated [5]. Early diagnostics is crucial to start early
treatment to avoid severe irreversible damage or, in the worst cases, mortality. The study of
IEMs to identify new diseases, to better characterize known diseases and to identify relevant
biomarkers is of high importance to improve both diagnosis and monitoring of the diseases.
Tools and methodologies to study and characterize the different “-omics” are important to

increase knowledge of, and improve treatment of IEMs.

2.2 Omics to study inborn errors of metabolism

Biological information in an organism starts with genes and continues with transcripts
through proteins and finally to metabolites. Genomics, epigenomics, transcriptomics,
proteomics and metabolomics are the comprehensive study of DNA (genome), chromatin
structure and gene regulation (epigenome), MRNA (transcriptome), proteins (proteome) and
metabolites (metabolome), respectively, in a biological system. The study of the omics
cascades improves understanding of biological systems [6].

Genomics, transcriptomics and proteomics reveal information about potential and actual
biochemical processes in an organism and metabolomics can tell us which processes that are
really happening; that is, the actual biochemical status or results at the time of sampling.
Genomics is used to investigate what can happen in an organism. Transcriptomics makes it
possible to see what appears to be happening. Proteomics tells what makes this happen.
Metabolomics shows what has happened and is happening. All this results in the phenotype

of an organism [7].

Metabolomics is the endpoint of the omics cascade and the metabolome reflects changes in

the genome, transcriptome and proteome. In addition, the metabolome reflects the ingestion
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or effects of exogenous factors, such as environmental and dietary factors, contrary to the
other omics. The metabolome is therefore dynamic and provides a “snapshot” of the
physiology of the organism compared to the genome, transcriptome and proteome [8].
Metabolites are tightly related to the pathophysiology of IEMs and the study of all metabolites
are therefore relevant for diagnostics of IEMs [9]. This makes metabolomics a promising and

useful tool in laboratory research, diagnostics and monitoring of IEMs [6].

2.2.1 Metabolomics

Metabolomics is the comprehensive study of low-molecular weight metabolites <1500 Da
[10, 11], like sugars, nucleotides, amino acids, fatty acids and lipids, in a biological sample
[12]. Metabolomics approaches are divided into targeted and untargeted metabolomics.
Targeted metabolomics is specific assays which identifiy and quantify specific metabolites
coupled to specific biochemical pathways. Untargeted metabolomics is the comprehensive
approach to identify and quantify as many metabolites in a biological sample as possible. The
latter provides a fingerprint of the pathophysiological state of the organism [13].

Targeted metabolomics

Targeted metabolomics is used in standard clinical chemistry to measure the levels of known
metabolites related to biochemical pathways of interest. The chemical properties of the
metabolites are known so that specific sample preparation and analytical methods can be
optimized. This gives the potential to obtain specific and sensitive measurements, but it
results in multiple sample preparation and analytical methods when measuring several
metabolites [14]. Targeted metabolomics is a good approach to measure known metabolites
related to known biochemical pathways, but there is a high chance of missing information

about other interesting metabolites [15].

Untargeted metabolomics

Untargeted metabolomics is an approach to identify and quantify as many metabolites as
possible in a biological sample. Non-specific sample preparation and analytical assays are
used which determine the number of detected metabolites. Data obtained from the analysis are
processed and metabolites of interest may be identified [16]. The development of

bioinformatics tools over the years, such as databases and software, facilitates the data
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processing and identification of metabolites [17]. The use shows an increase in clinical
research of IEMs due to more sensitive and accurate analytical techniques developed over the
last years [18, 19]. New technologies allow to screen for many different metabolites in one
biological sample, in one single analysis [20].

Targeted approaches provide better quantification, but untargeted approaches provide broader
coverage [21]. Targeted metabolomics approach has been used in laboratory diagnostics of
IEMs since the discovery of the first IEM [22, 23], while untargeted metabolomics has the
potential to improve future diagnostics and monitoring of IEMs by rapid identification of a
broad range of biochemical disturbances reflecting the specific biochemical aberration and the
resulting dysfunctional pathways and biochemical status of the patient [20, 24, 25].

2.3 Diagnostic practice for inborn errors of
metabolism

Each individual IEM is rare, but IEMs as a group are collectively common, with over 1500
described IEMs [26]. Many symptoms can be avoided or relieved by treatments such as
dietary restriction and supplements. An example is the treatment of phenylketonuria with a
low-phenylalanine formula. Maintaining a strict diet prevents an otherwise inevitable
progression of mental retardation [27]. It is important to diagnose these patients early to start
treatment, as some of these diseases can lead to rapid death or severe conditions if not

properly treated.

Targeted metabolomics is used in diagnostics of IEMs by measuring the amount of substrate,
products and pathological metabolites in known biochemical pathways. The metabolites are
biomarkers for IEMs to see if the measured amount is within a reference range for healthy
individuals or in levels compatible with an IEM. When a specific diagnosis is suspected,
targeted metabolomics is a useful tool. Multiple targeted approaches may be required if the
result doesn’t support the hypothesis or if additional findings are necessary to conclude,
resulting in multiple sample types and analytical assays used. Targeted approaches may be
time and resource demanding when there is no clear hypothesis. This can hamper the process
when an early diagnosis is needed. In untargeted approaches, in contrast, one sample and one

assay may be used to screen for virtually all possible metabolites, resulting in a hypothesis
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followed up by confirmation. This can be done by using one single targeted follow-up method
[24], and/or DNA sequencing confirming disease causing mutation(s) in the relevant gene.

This is illustrated in Figure 2.

Multiple potential conditions

O /f’
Targeted metabolomics Untargeted metabolomics
Different sample types with specific One sample type with one
sample preparation methods sample preparation method
Many specific assays Single metabolic screening
all ‘
Multiple individual reports Hypothesis generated
True or false hypothesis Confirmation by targeted method(s)

Figure 2: Metabolomics has the potential to efficiently screen metabolites in biological samples for diagnostics of
inborn errors of metabolism. Targeted metabolomics may require multiple sample types and assays, while untargeted

metabolomics has the potential to use one sample type and one comprehensive analysis to screen for all possible metabolites.

The figure was adapted from [24].



Diagnostics of IEMs is based on the specific presenting clinical phenotype in patients, family
history of IEMs and results of newborn screening [28]. Experienced health personnel consider
the symptoms and signs of the patient and recommend targeted metabolomics analyses. The
most used method is to search for specific metabolites in various body fluids. Urine is for
example used to analyze organic acids and plasma is used to analyze acylcarnitines [29, 30].
A lot of time and resources can therefore be used. The future goal of diagnostics of IEMs is
therefore to start the diagnostic examination with untargeted metabolomics analyses of
biological samples, generate an hypothesis after studying the metabolic pathways and then do

experimental validation with targeted analyses or DNA sequencing [9].

All newborns in Norway are since 2012 screened for 21 IEMs. This screening is performed by
the Department of Newborn Screening at Oslo University Hospital. Patients with other
suspected IEMs are diagnosed at the National Unit of Screening and Diagnosis of Congenital

Pediatric Metabolic Disorders.

2.3.1 Department of Newborn screening

Even though a newborn seems healthy at birth, it may be born with an IEM. Early diagnostics
is important to be able to start treatment as soon as possible. The Norwegian Newborn
Screening Programme offers parents in Norway screen of their newborns for 25 rare disorders
where early treatment is of vital importance. Out of these rare disorders, 21 are IEMs; the
others are two endocrinological conditions, severe combined immunodeficiency and cystic
fibrosis. Dried blood spot (DBS) samples are collected from a puncture of the newborn’s heel
48-72 hours after birth. This is a common sample collection method for newborn screening in
many countries [31]. The samples are shipped for analysis at the Department of Newborn
Screening at Oslo University Hospital along with contact information of the mother, and
information such as time of birth, gestational length, weight and sex of the baby, as these
factors affect the metabolite concentrations. Information about the newborn is important to
consider all the factors that may affect the test results. The Norwegian Newborn Screening
Programme is a good service, but is only used to detect some of the IEMs. There are strict
rules for newborn screening laboratory diagnostics, for example that the disease must be
severe, the treatment must be efficient and there must be a good diagnostic marker. This
explains the low number of diseases that are screened for compared to the huge number of

individual diseases described. When it is suspected that a patient is suffering from an IEM



that is not included in the newborn screening, samples are collected and analyzed at the

National Unit of Screening and Diagnosis of Congenital Pediatric Metabolic Disorders [32].

2.3.2 National Unit of Screening and Diagnosis of Congenital
Pediatric Metabolic Disorders

The National Unit of Screening and Diagnosis of Congenital Pediatric Metabolic Disorders
performs diagnostic analyses when there is a suspicion of an IEM. Information about clinical
symptoms, medical history, family members with IEMs and relevant investigations already
performed on the patient is used to generate a diagnostic hypothesis and determine the

diagnostic workflow.

The unit wants to establish an untargeted metabolomics method and use it in diagnostics of
IEMs as a door opener to new targeted metabolomics methods. The goal is to identify
pathological metabolites that stand out from a healthy biochemical profile and study the
biochemical processes of the identified metabolites to find the biochemical fault and to
identify new or better biomarkers of the disease and its severity. Figure 3 illustrates a healthy
vs. a pathological biochemical process that result in healthy and biochemical profiles.
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Healthy biochemical process

Ao B T C "D

Enzyme 2 Enzyme 3

Pathological biochemical process
A Enzyme 1 Enzyme 2 %E

/ \ Enzyme 3

Healthy profile

Pathological profile

Figure 3: An inborn error of metabolism causing a defect enzyme results in a pathological biochemical process. The
comparison of a normal vs. a pathological profile may show the accumulation of substrate, the deficiency of product and/or
the pathological metabolites from other biochemical processes where the substrate is involved. The area of the peaks

represents the amount.

Most of the IEMs are named by the laboratory findings, such as tyrosinemia (high levels of
tyrosine in blood) and phenylketonuria (high levels of phenylalanine in urine).This IEM
would be called C-emia if the diagnostic test was in blood and C-uria if the diagnostic test
was in urine. Targeted approaches, that are used today, can for example measure metabolite
“C”, but untargeted metabolomics has the potential to measure all the metabolites in the

biochemical pathway and pathological metabolites created as a consequence of an IEM. In
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general, normal time for a complete diagnostic service of an IEM is one month [33]. The use
of an untargeted metabolomics approach may reduce the response time. Likewise, the use of
next generation DNA sequencing of all relevant genes might be more cost effective and time

consuming than analyzing one or a few suspected genes.

Metabolic screening is performed in urine, serum, plasma, spinal fluid, whole blood and DBS
dependent on what metabolites that are measured. There can be specific pre-analytical
procedures and sampling, like overnight fasting, immediate freezing and shipping on dry ice.
The use of DBS facilitates the storage and transport.

2.4 Dried blood spots

Whole blood contains red blood cells, white blood cells and platelets (about 45 %) which are
suspended in plasma (about 55 %). Plasma contains water, proteins, nutrients and vitamins,
hormones, electrolytes, trace elements, blood gases and a whole range of metabolites. The
cells gravitate towards the bottom, thus, plasma is obtained by separating the red blood cells
from the liquid portion of whole blood. Centrifugation accelerates the process of separating
plasma and cells. The difference between plasma and serum is that plasma contains all plasma
proteins and is obtained by adding anticoagulant in the whole blood sample, whereas serum
contains no anticoagulant and has lost the proteins and factors used in generating the blood
clot in the sample vial. Venipuncture collection (collection of blood directly from a vein in a
tube) is the most common way to collect blood samples. Blood may also be collected from the
capillaries (tiny blood vessels near the surface of the skin) by puncturing the skin and using

capillary blood collection tubes or collection on filter paper card as DBS [34].

Plasma, serum and urine are the most used sample materials for diagnostics of metabolic
disorders [20, 24, 30, 35]. DBS collection is of high interest in diagnostics of metabolic
disorders due to its many benefits. DBS sampling requires only a small amount of sample
material, which is beneficial for collection of blood samples from infants, and for frequent
sampling, such as in follow-up treatment. The benefits of using DBS samples compared to
plasma and urine are the easy collection, less storage space and easy transport [36, 37]. The
risk of infections for the laboratory personnel using DBS compared to venous sampling is
reduced [38].
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Generally, a puncture in the finger or the heel is
performed with a lancet. The droplet of blood is applied
in a dashed ring of 1.2 cm (used in this project) in
diameter that holds about 50 pL of blood, see Figure 4.
Sometimes, the whole spot is used for analysis, but
commonly, only a portion of the spot is analyzed. When
only a portion of the spot is used, a punch is taken from
the spot with either a manual or an automatic puncher
(often 0.32 cm in diameter, which is equivalent to

approximately 3 uL whole blood [39]). Compounds can

Spot
1.2cm
50 pL

<>
Punch

0.32cm
3uL

Figure 4: Dried blood spot with a center
punch. The diameter of the spot is 1.2 cm
(holds approximately 50 pL blood) and the
diameter of the punch is 0.32 cm (equivalent

be extracted from the spot into a solution. to approximately 3 UL whole blood).

A DBS is a droplet of blood that is applied on a filter paper card and dried. There are many
filter paper cards available for collection of whole blood. The properties of different types of
filter paper cards, for example material, thickness and pore size, influence the rate of
adsorption and distribution of whole blood. Whatman 903 filter paper cards consist of 100 %
cellulose and were used in this project. These are one of two card types approved by the Food
and Drug Administration (FDA) [40].

The location of the spot where the punch is taken (punch location), hematocrit value (the
percentage of red blood cells in a unit volume of whole blood) and volume of blood spotted
are factors that potentially affect DBS quantification and may give false positive or negative
measurements. These variables must be controlled or adjusted for, if possible, in quantitative
measurements [41]. Studies that have investigated the punch location have found different
amounts of metabolites in punches taken from the center of the DBS compared to the
perimeter dependent on the targeted metabolite [36, 41]. The hematocrit affects the sample
volume at a fixed punch size of a DBS due to the greater viscosity of blood at high hematocrit
values compared to low. For the same volume applied, higher hematocrit results in smaller
blood spots and therefore higher observed concentrations of analytes [38, 41]. Studies show
that the correction of measurements using hematocrit values increases the accuracy of
measurements by measuring, for example, light transmission [41], potassium measurements

[42] and reflectance [38], as surrogates of hematocrit. Volume spotted may be controlled
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using the dashed line and only DBS of approximately equal area should be compared. The
effect of hematocrit values and volume spotted was not investigated in this project as
untargeted metabolomics methods analyze the metabolic profile with the potential to observe
increased or decreased concentrations of all detected compounds.

The use of DBS in targeted metabolomics approaches requires that the effect of storage,
matrix effects and extraction efficiency on the quantification should be evaluated [43].
Newborn screening all over the world have been using DBS samples for about 60 years,
resulting in an accumulation of considerable experience and thorough validation of several
diagnostic markers, amino acids and acylcarnitines, specifically. There are, for example,
many studies of the storage of metabolites using DBS samples. A study that investigated the
effect of storage of DBS in different temperatures found that storage over two years at -20 °C
and -80 °C reduces changes of metabolite concentrations significantly over time compared to
storage at room temperature, but some compounds are more affected than others and this need
to be considered when analyzing stored samples [44]. Another study found that acylcarnitines
were stable for over 330 days at -18 °C [45]. The DBS cards in this project were stored at -80
°C based on these findings and DBS samples that will be compared using untargeted
metabolomics approaches should be stored and handled in the same way. The investigation of
the matrix effect, extraction efficiency and the absolute quantification is impossible to do for
all compounds when performing untargeted metabolomics, but these factors can be

investigated for some chosen metabolites, which were done in this project.

DBS samples require analytical techniques that are able to detect low concentrations and

separate many metabolites.

2.5 Analytical techniques used in untargeted
metabolomics

The goal of an untargeted metabolomics method is to pick up differences in the metabolome
of test and control groups and to identify them. Thus, the analytical techniques used must be
able to perform quantitative and qualitative measurements of as many metabolites as possible
in a biological sample. There is no single analytical technique that covers the entire spectrum

of the metabolome, due to the wide differences in chemical properties and concentrations of
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the metabolites. This means that the analytical techniques used determine the coverage of the
metabolome in the analyzed sample [46, 47]. Nuclear magnetic resonance (NMR) and mass
spectrometry (MS) are the two main analytical techniques used in untargeted metabolomics
today [19, 47-49]. The analyses may be qualitative and/or quantitative [50].

NMR is reproducible and non-destructive, and requires little sample preparation [51]. The
disadvantage of NMR compared to MS is the sensitivity [46]. The sensitivity of NMR has
improved due to technological improvements, but is still about 1000 times less sensitive than
MS [52]. The low limit of detection (LLOD) of NMR is normally in uM, but reaches down to
nM (10®) with the latest improvements. The LLOD of MS is less than pM (10™*%) [53]. The
concentration of many metabolites in DBS samples is low, thus high sensitivity is important
to detect as many metabolites as possible. MS was used in this project, as the LLOD of MS
results in a higher number of detected metabolites, see Figure 5. This gives a wider coverage
of the metabolome by increasing the coverage of the low abundant metabolites in a given

biological sample compared to the use of NMR [54].
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Figure 5: Relative sensitivity and number of metabolites detected by analytical techniques used in untargeted
metabolomics approaches. The detection limit when using liquid chromatography-mass spectrometry (LC-MS) is lower
than when using gas chromatography-mass spectrometry (GC-MS) and nuclear magnetic resonance (NMR). The figure was
adapted from [53].
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MS measures ions under high vacuum, thus ions must be transferred into gas phase and
neutral gas molecules must be removed prior to ion separation to avoid molecular collision
[55]. Different ion sources can be used to solve these challenges. Commonly used ion sources
in metabolomics are atmospheric pressure chemical ionization (APCI), atmospheric pressure
photoionization (APPI) and electrospray ionization (ESI) [56]. The ionization techniques have
different abilities to ionize. The use of different ionization techniques increases the number
and types of analytes observed [57, 58]. A comparison of the compounds that are ionized with
the different ionization techniques based on polarity and molecular weight of compounds is

shown in Figure 6.

©
o)
=< 100]
c
oo
Q
2 10 ESI
o
S
(@)
Q1
o APPI APCI
2 [
Low High

Analyte polarity

Figure 6: A comparison of ionization techniques used in LC-MS metabolomics based on analyte polarity and
molecular weight. Atmospheric pressure photoionization (APPI) and atmospheric pressure chemical ionization (APCI) are
more suitable for non-polar and low-molecular weighted analytes than electrospray ionization (ESI). The figure was adapted
from [59].

ESI is one of the most used ion sources in the chemical and biochemical analyses [60, 61],
and was used in this project as the majority of metabolites in the DBS metabolome are polar
[47]. It is a favored ionization technique in untargeted metabolomics due to the ability to
produce a large number of ions, as compounds of moderate to high polarity and low to high
masses [62]. The technique is soft, with little or no uncontrolled fragmentation of analytes due
to little residual energy retained by the analytes [63]. The result is mass spectra mostly
containing peaks from intact molecular ions [11]. This is an advantage in untargeted
metabolomics as many of the metabolites measured are unknown. A consequence of direct

injection of a sample into the ESI source is that molecules of unknown amounts and
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properties are introduced to the source simultaneously, resulting in poor ionization efficiency
for multiple analytes. lon signal may be suppressed or enhanced in the ion source, thus a
separation step of a complex sample prior to the introduction into the ion source is necessary
[47, 55].

The compounds can be separated in time by separation techniques such as liquid
chromatography (LC) and gas chromatography (GC). This allows compounds to enter the ion
source at different times, which improves the sensitivity and facilitates the identification of
compounds. GC uses temperature to separate compounds and is used to separate volatile, or
derivatized into volatile and thermally stable compounds [56]. GC-MS is a robust and
reproducible technique with a lot of databases for identification, but it is less sensitive than
LC-MS [53], see Figure 5. The majority of the metabolites are polar and involatile, thus the
separation with GC requires derivatization [47]. LC is a technique that is used to separate
compounds in a solution based on different equilibriums between a solid stationary phase and
a liquid mobile phase. It separates very polar to non-polar compounds dependent on the
column used, and is the most used separation method in untargeted metabolomics based MS

due to its versatility [56].

LC-ESI-MS is a much used analytical tool in untargeted metabolomics [47, 64-66]. Further

details on each technique are described below.

2.5.1 Mass spectrometry

Mass spectrometry (MS) is an analytical technique that separates charged compounds in gas
phase based on their mass-to-charge ratio (m/z) using an electric and/or magnetic field. The
result is a mass spectrum where the signal intensity of a charged compound is plotted against
its m/z. A sample is introduced in to the instrument through a sample inlet, and the analytes
are transformed into gas phase ions by an ion source. Further, the ions are focused on to a
mass analyzer which separates the ions according to their m/z, and focuses the ions into the
detector which determines the signal intensities of each separated m/z. A computer records
and processes the data generated in addition to control the operation of the instrument. The
mass analyzer, detector and sometimes the ion source are kept under vacuum to prevent loss
of ions due to collision with neutral molecules. The components of a mass spectrometer are

shown in Figure 7 [67].
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Figure 7: General components of a mass spectrometer. The sample inlet introduces the sample. The ion source
transforms analytes to gas phase ions. The mass analyzer separates ions according to their m/z. The ion detector detects
ions where the signal intensities of each m/z value are determined. The vacuum system prevents loss of ions through
collisions with neutral gas molecules and the walls of the ion source, mass analyzer and ion detector. The data system
controls the instrument operation, and records and processes generated data. The figure was adapted from [68].

Tandem MS (MS?) can be performed to investigate structural information in addition to the
mass of a compound. In MS? analyses, one mass analyzer is commonly used to select an ion
of interest (precursor ion), induce fragmentation and the fragments (product ions) are

analyzed in a second mass analyzer [67].

High resolution and mass accuracy are important performance parameters of the MS in
untargeted metabolomics as this increase the confidence in metabolite identification [47, 69].
Mass resolution is a measure of the ability of a mass analyzer to separate ions with different
m/z. The most commonly used definition of mass resolution is to use the full width of the

peak at half its maximum height (FWHM), see Equation 1.

Rg =22 Eq. 1

Wos

Where R is the mass resolution, m/z is the mass-to-charge ratio and wys is the peak width at
half height (FWHM) [67].
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Mass accuracy is the difference between the measured accurate mass and the calculated exact
mass and can be expressed as the mass error in parts per million (ppm) [67], which is defined

in Equation 2.

Exact mass—Accurate mass

Mass accuracy (ppm) = x 106 Eq. 2

Exact mass

There are many different mass analyzers available, with different performance abilities. Triple
quadrupoles are often used in targeted metabolomics, due to their ability to scan for masses in
a certain mass range and select specific masses to be analyzed and/or fragmented. The
disadvantages are low resolution and mass accuracy. Time-of-flight (TOF) is often used in
untargeted metabolomics analyses due to the ability to obtain many spectra in a short time,
but TOF instruments have lower mass accuracy compared to Orbitraps and Fourier transform
ion cyclotron resonance (FT-ICR) instruments. The latter has better mass resolution and
accuracy than the Orbitrap, but needs a superconducting magnet and is relatively expensive

[67, 70]. Table 1 shows the comparison of frequently used mass analyzers.
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Table 1: Comparison of frequently used mass analyzers based on mass resolution (full width at half maximum (FWHM)),
mass accuracy in parts per million (ppm) and mass range in Da (Dalton). Table adapted from [52, 67]. SIM: Single ion
monitoring. FT-ICR: Fourier transform ion cyclotron resonance.

Triple Time-of- | Orbitrap FT-ICR
Quadrupole | flight

Mass resolution 1,000-5,000 | 10,000- 50,000- | 1,000,000-2,000,000
(FWHM) 50,000 200,000

Mass accuracy (ppm) 5-500 2-5 0.5-1 0.5-1

Upper mass limit (Da) 4,000 >350,000 4,000 4,000
Spectra collection rate 20 10,000 10 <1

(H2)
Advantages Scan Fast Resolution Resolution
SIM Spectra Mass Mass accuracy

collection accuracy

Mass

range
Disadvantages Nominal No SIM Resolution | Resolution decreases
mass only decreases with data collection

with data and increased mass

collection Superconducting
and magnet

increased Expensive
mass

The Orbitrap MS is widely used in untargeted metabolomics methods due to the high
resolution and mass accuracy and was used in this project [47].

Q-Exactive Orbitrap mass spectrometer

The Q-Exactive mass spectrometer consists of a bent flatapole, a quadrupole mass filter, a C-
trap, a higher collision-induced dissociation (HCD) cell with the opportunity to perform MS
and MS? analysis and an Orbitrap mass analyzer [37]. A schematic view is shown in Figure

8. Gas phase ions from the ion source are introduced into a bent flatapole that prevents neutral
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ions to pass since they are not able to follow the curved shape [71]. The ions then enter a
quadrupole which uses an electrical field to filter the m/z of interest. The quadrupole consists
of four electrodes (rods) where the opposite rods are in pair. Radio frequency (RF) and direct
current (DC) voltages are applied to the rods, one pair with positive DC voltage applied
combined with RF voltage and the other pair with negative DC voltage applied combined
with RF voltage 180° out of phase. The applied RF voltages results in the rods constantly
changing between positive and negative polarities. lons start to oscillate in the electrical field
and the combination of RF and DC voltages determines if the ions with a specific m/z
oscillate in a stable trajectory along the axis of the quadrupole to the detector. All the other
ions are lost due to collision with the rods. When filtering masses in an m/z range, the DC and
RF are changed progressively, but with constant ratio [67]. The ions that are filtered enter the
C-trap, which is a curved RF-quadrupole filled with gas that can store and inject ions either
into the Orbitrap in packages, or to the HCD cell for fragmentation, back to the C-Trap and
then to the Orbitrap. In the Orbitrap, ions are trapped in axial oscillations in a homogenous
electrostatic field where each m/z achieve a specific axial oscillation and is used to determine
the m/z of the ions [70].

Collision gas

Quadrupole C-trap

Mass Filter Fragment ions
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Figure 8: A schematic view of the most important parts of the Q Exactive Orbitrap mass spectrometer. lons and
neutrals enter the mass spectrometer from the ion source. The bent flatapole prevents neutrals to enter the quadrupole where
ions in the preselected m/z range pass. The ions enter the C-trap that shoots the ions into the Orbitrap mass analyzer or send
them to the collision cell for fragmentation. The fragments are sent back to the C-trap and further to the Orbitrap mass

analyzer for detection. The figure was adapted from [55].
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The mass analyzer consists of two types of electrodes that are electrically isolated from each
other: a spindle-like central electrode and a pair of barrel-like outer electrodes with a DC
voltage applied. lons enter between the electrodes from the C-trap. The ions oscillate around
the central electrode and oscillate axially in trapped stable orbits simultaneously. These orbits
cause image currents in the outer electrodes, which can be detected using a differential
amplifier [55]. The axial frequency of the movements is related to the m/z of ions. The signal
of all axial frequencies of the ions in the Orbitrap mass analyzer is detected, decomposed into
individual frequencies and converted to an m/z spectrum by Fourier Transformation [72].

The Q Exactive mass spectrometers can be operated in full MS mode, where precursor ions
within a selected m/z range are detected, and MS? mode, where the precursor ions are

fragmented and detected for identification. The latter requires a HCD cell [11].

2.5.2 Electrospray ionization

ESI uses electrical energy to transform ions in solution into gas phase ions by the formation of
charged droplets [61]. Positively and negatively charged compounds in solution may be
transferred to a gaseous phase dependent on the voltage applied, called positive and negative
ionization mode, respectively. Figure 9 illustrates ESI in positive mode. Easily ionized
compounds, e.g., protonated bases (BH") and deprotonated acids (AH) may already be
ionized in the solvent by regulating the pH in the mobile phase. Eluent from the LC column
passes through a steel capillary with a coaxial flow of nebulizing gas (often N;) [55]. A
potential is applied between the MS inlet and the tip of the capillary, usually 2-6 kV [60, 63],
which creates a strong electric field in the spray chamber. In positive ionization mode, a
negative voltage is applied to the MS inlet and positive voltage is applied to the capillary tip.
The negatively charged MS inlet attracts positive ions and the capillary wall attracts negative
ions, leading to positive ions at the end of the open capillary. Repulsive forces between the
positively charged ions overcome the surface tension and create a Taylor cone, which turns
into a plume of droplets with positive ions moving towards the MS inlet [55]. The volatile
solvent in the droplets is evaporated by heated inert gas (often N) or heated air [60], which
increases the repulsive forces further, resulting in the creation of smaller droplets. This
process continues until the ions are in the gas phase ready to enter the MS which is held under

high vacuum [63].

22



Taylor
Steel
) cone
capillary /

"o (+) O O
ne ‘\-I;) G-) + \// <-D 4 \/-I-:l-+\‘ (gt f":|:\\,:> )+ 2 -B
°% ©° o LY L) & B~ 00 g

L+ ) >
© o o o /

Gas
e phase
l ions
High voltage € —» I
oV power supply -(2-6) kV

Figure 9: Illustration of electrospray ionization in positive mode. The liquid forms a Taylor cone due to the electric
potential and spread into a plume of droplets. The droplets form smaller droplets due to evaporation of the solvent and
repulsive forces between the ions until the ions are the in gas phase. The gas phase ions are charged and are attracted to the
MS inlet. The figure was adapted from [55].

All voltages applied are opposite in negative polarity mode, resulting in the formation of
negative ions in the gas phase entering the MS [55]. The ions will be detected and are called
molecular ions: [M+nH]™ for positive ions and [M-nH]" for negative ions, where M is the
monoisotopic mass if the compounds, H is hydrogen and the mass of a proton and n is the
number of protons donated or accepted. The ions formed are most often with -1 or +1 charge
[55]. Compounds may form adducts in solution by cationization or anionization. Cations such
as Na" are always present in ESI samples that may come from glass storage bottles, impurities
or solvents. The measured molecule (M) with Na* adducts are represented as [M+Na]" [73].

A common problem that occurs when using electrospray mass spectrometry is ion suppression
or ion enhancement. This can be caused by high concentration sample compounds of other
than the analyte of interest. There are a limited number of charge sites in the droplets, making
ESI a competitive process where sample compounds eluting at the same time as the analyte
can be ionized at the expense of the analyte. If another compound with the same m/z co-elutes
with the analyte of interest, signal enhancement may occur. To reduce ion suppression and
enhancement, separation of the sample compounds is important to reduce the degree of ions
entering simultaneously. This is often done by chromatographic techniques [60].
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2.5.3 High-performance liquid chromatography

High-performance liquid chromatography (HPLC) is an analytical technique that separates
compounds in solution. A mobile phase transports sample compounds through a closed
column containing a stationary phase using high pressure generated by a pump. Each
compound in the sample will interact differently with the stationary phase and the mobile
phase based on their molecular structure and composition [55]. The compounds are separated
in time, and compounds with high affinity to the stationary phase will be strongly retained,
thereby eluting late from the column. The time a compound takes from the sample

introduction to the elution from the column is called the compound’s retention time [74].

The basic HPLC instrumentation consists of solvent reservoirs, pumps, an injector, one or
several columns, a detector and a data system, see Figure 10. The reservoirs consist of mobile
phase and the pumps deliver the mobile phase at a given flow. The sample is introduced into
the mobile phase flow by the injector, most often automatically, but can be manual, and the
sample compounds are separated in time by the analytical column filled with stationary phase.
The compounds are detected by the detector and the signals are visualized as a function of
time and presented as a chromatogram. The data system controls the instrumentation and
handles the data [74].
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Figure 10: General high-performance liquid chromatography instrumentation consists of reservoirs with mobile phase,
pumps that deliver the mobile phase, a manual or automatic injector where the sample is introduced, analytical column(s) that
is filled with stationary phase and separates the compounds, a detector that detects the signal of the compounds and a data

system that controls the instrument and handles the data. The figure was adapted from [55].

There are several different separation principles in HPLC. The stationary phase used

determines how the compounds are separated. Silica is the most used material to prepare
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stationary phases in HPLC, forming spherical porous beads of uniform particle size. The
silica itself can be used as a stationary phase, or functional groups can be covalently bonded
to the surface. Normal phase chromatography uses polar stationary phase (e.g., silica and
silica with attached cyano or amino groups) and non-polar mobile phase (e.g., hexane), thus
the polar compounds are the most retained. Hydrophilic interaction liquid chromatography
(HILIC) uses polar stationary phase, as in normal phase, but with polar mobile phase (e.g.,
acetonitrile and methanol). In HILIC, the polar compounds will be the most retained.
Reversed phase liquid chromatography is the most used separation principle in HPLC and is
the reverse principle of normal phase chromatography. Non-polar stationary phases (e.g.,
octyl (C8) and octadecyl (C18)) and polar mobile phases are used. Here, the non-polar
compounds are the most retained. The most common stationary phase is silica-based C18
materials [74].

A constant composition of the organic mobile phase and water may be used in the separation,
called isocratic elution, but this is not beneficial when separating compounds with highly
different hydrophobicity (e.g., biological samples). Gradient elution is when the mobile phase
composition changes throughout the separation. The solvent gradient usually starts with a low
organic amount (2-5 %) in water and gradually increases the amount of organic solvent [74].
This can reduce the retention of the highly retained compounds and give more narrow peaks,
resulting in faster and better separation. Peak capacity is a measure of the efficiency of the
column, how well it separates close peaks and is defined by the number of peaks separated
within the gradient time [75]. Reversed phase liquid chromatography using gradient elution is
the most commonly used separation technique in metabolome analysis and was used in this

project [47].

HPLC — ESI — Q Exactive Orbitrap MS was used as the analytical platform in this project.
Data acquisition by the instrument is an important factor for data processing and metabolite
identification [76].
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2.6 Untargeted metabolomics workflow

There are multiple ways to perform untargeted metabolomics using LC-MS [77]. A general
workflow includes the preparation of a sample, data acquisition, data processing and
statistical analyses of the data generated to reduce the complexity and reveal trends, use the
information to identify metabolites and map them to their biochemical pathway. A hypothesis
is hopefully generated and an experimental validation with quantitative measurements may be
done to validate the identification [47, 76]. See Figure 11 for an illustration of a general

untargeted metabolomics workflow.

Metabolite Pathway
Biological Identification analysis
sample

Sample Statistical

preparation analyses

Data Data Experimental
acquisition processing validation

Figure 11: A general untargeted metabolomics workflow is hypothesis generating. A biological sample is prepared
before data acquisition. The data are processed and statistically analyzed. Metabolites of interest are identified and their
biochemical pathways are studied resulting in a hypothesis that may be validated with established methods.
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Untargeted metabolomics LC-MS analysis compares peaks from a single ion (e.g., [M+H]",
[M-H]" and [M+Na]"), called features. The features detected must be grouped to their
compound prior to metabolite identification [69]. Data acquisition and data processing
methods are important factors of the workflow for metabolite identification.

2.6.1 Data acquisition

The analytical aim of untargeted metabolomics is to maximize the number and diversity of
detected metabolites with different concentrations and in addition achieve high precision and
good repeatability and reproducibility [78]. The data acquisition by the instrument is managed
using software. A method is set up and a sequence file is generated which determines the
samples that will be analyzed. The performance of the analytical method may change over
time, especially for long runs, due to the need for periodical cleaning and calibration. The use
of control samples or internal standards facilitates observation of possible analytical

variations during a run [79].

Quality control samples

A quality control (QC) sample is a sample that is injected multiple times throughout an
experiment to control the analytical drifts. The relative standard deviation of peak areas and
retention times are commonly observed to evaluate the analytical performance [47]. All
samples in a run pooled together are commonly used as a QC sample, but one sample or
standards may also be used. The relative standard deviation peak areas in QC samples under
20 % is considered to be good reproducibility [79].

Internal standards

The use of quality control samples makes it possible to discover changes in instrument
performance over time. A possibility to control the instrument signal variation in each sample
analysis is to add internal standards (IS) of predetermined concentrations to each sample. The
m/z, retention time, peak shape and peak area of each IS compound in each sample are
observed and compared with expected values to determine parameter drift over time [78].

ISs are commonly used in targeted LC-MS metabolomics analyses to quantify compounds

[47, 65]. ISs are added to the samples and, ideally, they have the same physical and chemical
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properties as the analyte, meaning that the analyte of interest and the ISs are affected by
instrument performance in the same way. Instead of using an absolute response, the ratio of
response between the analyte and the IS is used. The analyte/IS response ratio is used to
compensate for losses during sample preparation, volume injection variations and matrix
effects as ion suppression and enhancement. The use of ISs improves the accuracy and
precision of measurements [80]. This would be ideal for untargeted metabolomics as well,
but, unfortunately, this is not so easily done. First, there are too many metabolites, and
second, there are many unknown metabolites detected. It is impossible to use internal
standards and specific calibration curves for all analytes. It is therefore impossible to achieve
absolute quantification, accuracy and precision and detection limits [78]. ISs for each
compound group (e.g., amino acids, sugars, nucleotides) and I1Ss grouped by retention time
have been used in untargeted metabolomics approaches without complete success [81].

Full scan and tandem mass spectrometry

Data acquisition by LC-MS in untargeted metabolomics typically relies on full scan analyses
where metabolites of interest are identified and confirmed with targeted MS? analysis. This
procedure may be time- and sample-consuming, thus, multi-event acquisition which detects,

quantifies and performs structure analysis in one single run is of high interest [76].

There are two commonly used multi-event acquisition methods used to acquire data in
untargeted LC-MS based metabolomics: data-independent acquisition and data-dependent

acquisition.

All ion fragmentation is a data-independent acquisition method which fragments all precursor
ions in a selected m/z range simultaneously. This acquisition mode produces complicated
fragmentation spectra which make it difficult to link the precursor and fragment ions in
untargeted analyses. Sequential window acquisition of all theoretical fragment-ion spectra
systematically fragments all precursor ions in predefined retention time and m/z ranges and
facilitates the coupling of precursor and fragment ions [76]. Fragment ions are matched with

precursor ions based on retention time and m/z [77].

The MS switches automatically from full MS to MS? in data dependent acquisition when
precursor ions fulfill the predefined criteria such as a minimum intensity. All ions above the

intensity threshold are fragmented [76]. Low abundant metabolites will not be fragmented in
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data dependent acquisition mode. The choice of the intensity threshold is of high importance
since relevant compounds are not selected for fragmentation if they do not exceed the
intensity threshold and MS? spectra of irrelevant ions with high intensity might be generated,
resulting in a complex fragmentation — precursor puzzle. Collection of many MS? spectra may
result in an insufficient number of data points of a chromatographic peak [76]. Most, if not
all, metabolomics fragmentation uses low energy collision (0-100 eV) to not produce many

fragments resulting in a big puzzle of fragments [11]. Figure 12 illustrates the acquisition

modes.
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Figure 12: Schematic illustration of some acquisitions modes of Q Exactive Orbitrap MS: data-dependent acquisition
(DDA), sequential window acquisition of all theoretical fragment-ion spectra (SWATH) and all ion fragmentation (AIF).

Mass spectra with intensity (1) over mass-to-charge ratio (m/z). ly,: Intensity threshold. The figure was adapted from [76].

2.6.2 Data processing

The first goal of data processing is to correct for mass and retention time shifts using the

observed signal from the internal standards or QC samples [79]. The ionization process may
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generate several different ions from the same neutral molecule, with the result that the
variables measured are often features and not metabolites. Retention times are used to group
the features together as the same metabolite, including isotope ratios and common adducts.
This is often done using algorithms with comprehensive software [79]. There are several
bioinformatics software programs that generally provide the steps of spectral alignment and

statistical analysis in a relatively automated process [49].

Several univariate and multivariate statistical methods can be used to the desired study
analysis of the metabolite features. Univariate methods (e.g., t-test and ANOVA) analyze
metabolomics features independently, features from the same metabolite will, therefore, be
considered to be different metabolites. Multivariate methods take all the metabolomics
features into account simultaneously, thus relationship patterns of features may be seen. The
multivariate analyses that are unsupervised summarize the complex metabolomics data to
detect data patterns, while the supervised identify metabolic patterns correlated with a specific
phenotype. Principal component analysis (PCA) is the most used unsupervised method and
partial least square (PLS) is the most used supervised method in untargeted metabolomics
[19].

PCA analysis is a technique used to emphasize variation and bring out strong patterns in a
dataset. PCA analysis results in a PCA plot which is used for easier exploration and
visualization of the data. The distance between the points indicates the difference between
them. The closer they are together, the more similar. In untargeted metabolomics, one point

represents all detected metabolites in a specific sample [19].

The identification of new biomarkers is usually determined using a supervised analysis, such
as PLS. Components in a PLS plot represent the measure of how much a feature contributes
to the differentiation [19]. Differential analysis using volcano plot calculate the ratio of
metabolites in two compared groups and the P-value to determine the metabolites that

contribute to the variation and the significance of the change.

2.6.3 Metabolite identification

The identification of metabolites is the bottleneck of untargeted metabolomics [19, 46, 47,
69]. The identification method determines the level of metabolite identification confidence.

The lowest level of confidence in the identification of metabolites is to use the measured mass
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+ ppm to determine a particular molecular formula. A potential composition may be
determined and searched for in databases, which may result in a large number of potential
metabolites. The number of hits is reduced with additional information about the retention
time, isotope pattern, charge states, common adduct ions and fragmentation patterns from a
MS? analysis. The highest level of metabolite identification confidence is when the metabolite
is confirmed by a targeted MS? analysis of a reference compound and/or orthogonal
information obtained by the analysis of the sample with different separation techniques and/or
analytical techniques, such as NMR [49]. Confidence of the identification increases when the
identified metabolite can be related to metabolic pathways [82]. Many metabolite features do
not match a specific compound, thus searches in more databases or more data from other

analytical techniques may help [49].

2.7 Untargeted metabolomics of dried blood spots

Detecting as many metabolites as possible in a biological sample is not a straightforward
process. Several untargeted metabolomics approaches have been successfully developed to
analyze biological samples using different analytical platforms. Miller et. al identified about
900 compounds where about 500 were known endogenous metabolites and successfully
screened for 20 out of 21 IEMs tested using GC-MS and LC-MS with positive and negative
ionization mode in one single plasma sample [20]. Kennedy et. al were able to identify about
1200 metabolites from about 100 urine samples, including biomarkers for 16 out of 18 IEMs
tested using four different analytical platforms; single quadrupole MS, reversed phase LC-MS
in positive ionization mode, and HILIC-MS in negative ionization mode [24]. Coene et. al
diagnosed 42 out of 46 IEMs correctly in a plasma sample from each patient using
Quadrupole-TOF (Q-TOF) MS in positive and negative ionization mode [25]. Petrick et. al
found more than 1000 features using LC-Q-TOF MS in positive and negative ionization mode
in punches of DBSs containing about 8 pL blood with additional measurement of potassium
to correct for the hematocrit values [83].

At the National Unit of Screening and Diagnosis of Congenital Pediatric Metabolic Disorders
at Oslo University Hospital, an untargeted metabolomics method for urine with HPLC-Q-
TOF-MS was used as a starting point for the development of an untargeted metabolomics
method for DBS analysis with HPLC-Orbitrap-MS [84, 85]. The sample preparation method
of DBSs was developed based on the sample preparation method used at the Department of
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Newborn Screening at Oslo University Hospital [86]. This method was developed with the
purposes of achieving the best possible separation of as many compounds as possible and
maximizing sensitivity and coverage of the metabolome [87, 88]. The developed untargeted
metabolomics method of DBS samples was evaluated in this project.

An untargeted metabolomics method of DBS samples is wanted as the Department of
Newborn Screening has archived DBS samples from many newborns in Norway with known
and unknown IEMs. Samples from infants with a known IEM can be used to perform
untargeted metabolomics methods to get a wider biochemical picture of an IEM. The
untargeted metabolomics method is wanted to see the wider biochemical consequences of

IEMs to narrow the gap between genotype and phenotype.

2.7.1 Lack of thorough evaluation of untargeted metabolomics
methods

Targeted bioanalytical methods are commonly validated using, for example, criteria from
FDA, European Medicines Agency or EuroChem. The validation of an untargeted
metabolomics method is a difficult task. Many untargeted metabolomics studies determine the
proof of concept of their methods by comparing sample groups to identify metabolites that
stand out [20, 24, 25, 83]. Generally, there is a lack of thorough evaluation in untargeted
metabolomics methods. It is necessary to know the limitations of the method as well as the
strengths. Each step of the untargeted metabolomics workflow affects the number of
metabolites detected and the quality of the data [16]. The evaluation of the coverage of the
metabolome by the method is important to explain the metabolites not detectable. The
evaluation of the peak area and retention time repeatability is important to achieve accurate
measurements and confidently identify compounds [47]. Untargeted metabolomics methods
are not absolute quantitative [78], but the quantitativity should be evaluated as the amounts of
metabolites in groups are compared. Data workflow including acquisition and processing are

important factors to evaluate as it is the foundation for metabolite identification [82].

The ability of the method to detect changes in metabolic profiles is obviously important, but
the result may be easier to explain when all these factors are evaluated. In untargeted
metabolomics, the evaluation of all these factors can be performed using a carefully chosen
selection of metabolites representing several classes of compounds with the same physical

and chemical properties, rather than evaluating each and every single metabolite.
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2.8 Aim of study

Early diagnosis of IEMs can be crucial to avoid irreversible damage and death. Targeted
metabolomics approaches are most often used in diagnostics. Untargeted metabolomics are
hypothesis generating and may result in earlier diagnosis and, most importantly, saved lives.
An ideal untargeted metabolomics method identifies and quantifies all metabolites in a
biological sample, but the metabolites measured are restricted by the analytical techniques

and the biological material used.

The aim of this study was to complete and evaluate the ability of a previously developed
HPLC-Orbitrap MS method, using one punch from a DBS, to cover the DBS metabolome and
to give repeatable and quantitative measurements, to establish an untargeted metabolomics
data workflow, and to show the method’s suitability for detection of changes in the
metabolome after normal physiological changes. The evaluation was done by investigating
the method’s ability to detect a set of chosen compounds, to perform repeatable measurements
and to perform quantitative measurements by analyzing 1, 2, 3 and 4 punches of a dried blood
spot (equivalent to about 3, 6, 9 and 12 uL whole blood). To evaluate the method’s ability to
detect changes in the metabolome after normal physiological changes, samples taken from
healthy volunteers after free diet intake, overnight fasting (12 hours) and prolonged fasting
(36 hours) were compared. Figure 13 shows the untargeted metabolomics workflow used in
this project with factors that were evaluated in this thesis.

+ DBS metabolome coverage
»  Detection of chosen compounds?

+ Repeatability

* Retention time <1 % RSD?
» Peak area <10 % RSD?
1&_"_’2 - + Qzuantitativity
: + R <0.99?
- : + Data workflow
+ Data acquisition?
Dried »  Data processing?
blood spot Extraction R +  Analysis of metabolic profiles
LC-ESI-MS «  Detection of changes in the
DBS metabolome?
« ldentification of changed compounds?

Figure 13: The untargeted metabolomics workflow: sampling, sample preparation, HPLC-MS analysis, and factors that were
evaluated in this project. RSD: Relative standard deviation. R?=1 when there is a linear correlation.
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3 Experimental

3.1 Small equipment

All pipettes used were PIPETMAN purchased from Gilson, Inc. (Middleton, WI, USA). The
analytical balance weight used was AG 245 from Mettler-Toledo (Columbus, OH, USA).

3.2 Chemicals

3.2.1 Solvents

Methanol (MeOH) (> 99.9 % purity) and formic acid (FA) (98-100 % purity) were obtained
from Merck (Dramstadt, Germany). All water used was type 1 water (resistivity of 18.2
MQecm at 25 °C) taken from a Millipore Milli-Q purification system with a Q-guard
cartridge, a Quantum cartridge and a filter membrane with 0.22 um pores purchased from
Merck.

3.2.2 Reagents

Creatinine was obtained from Merck. Uric acid was purchased from Sigma Aldrich
(Dramstadt, Germany). Creatine was obtained from Nutritional Biochemical Corporation
(Twinsburg, OH, USA). C2-, C12- and C16 acylcarnitine were purchased from Larodan

(Malmo, Sweden).

Isotopically labeled internal standards were obtained from Cambridge Isotope Laboratories,
Inc (London, England). Three sets of a dry mixture in a vial, of 25 isotopically labeled
internal standards were purchased. One set of 12 isotopically labeled amino acids (**N; 2-**C-
Glycine, Hg-Alanine, 2Hg-Valine, Hs-Leucine, 2Hs-Methionine, *Cg-Phenylalanine, **Ce-
Tyrosine, 2Hs-Aspartate, “Hs-Glutamate, 2H,-Ornithine, 2H,-Citrulline and ?Hs; 5-*C-
Arginine) (NSK-A), another set of 8 isotopically labeled carnitine and acylcarnitines (*Hg-CO0,
?H3-C2, ®H3-C3, 2H3-C4, *Hq-C5, *H3-C8, ?Hg-C14 and *H3-C16) (NSK-B) and a third set of 5
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isotopically labeled acylcarnitines (*Hs-C180H, “Hs-C50H, 2Hg-C12, 2Hs-C18 and 2Has-
C160H) (NSK-B-G1).

3.2.3 Solutions

Standard solution

A mix of creatinine, creatine, uric acid and acylcarnitines C2-, C12- and C16 was made.
13.940 mg creatinine (1.233 mM), 5.931 mg uric acid (0.353 mM), 1.831 mg creatine (0.1397
mM), 1 mL 0.303 mM (30.3 puM) acylcarnitine C2, 1 mL 0.053 mM (5.3 uM) acylcarnitine
C12 and 1 mL 0.045 mM (4.5 uM) acylcarnitine C16 were dissolved in water to a final
volume of 100 mL. The concentrations in the parenthesis are the final concentrations in the
standard solution (stored at 4 °C). The solution is further referred to as “standard solution” in
this thesis.

Extraction solution

The extraction solution consisted of 80 % methanol (MeOH), 20 % water with 0.1 % formic
acid (FA) and was stored at 4 °C.

Reconstitution solution

The reconstitution solution consisted of 98 % water, 2 % MeOH with 0.1 % FA and was

stored at 4 °C.

Mobile phases

Mobile phase A consisted of water with 0.1 % FA. Mobile phase B consisted of MeOH with
0.1 % FA. Mobile phases were stored at room temperature (about 30 °C) after preparation.

Mobile phases were prepared prior to each experiment.

Calibration solutions

Pierce LTQ Velos ESI Positive lon Calibration solution and Pierce ESI Negative lon
Calibration solution were obtained from Thermo Fisher Scientific (Waltham, MA, USA)
(stored at -18 °C).
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Acylcarnitine standard solution

All compounds referred to as CX are acylcarnitines with X carbon atoms attached.

Acylcarnitines (C0-C18) were purchased from European Research Network for evaluation

and improvement of screening, Diagnosis and treatment of Inherited disorders of Metabolism

(Winterswijk, The Netherlands), and stored at 4 °C. The standard concentration in umol/L and

the reference range in blood of the acylcarnitines are shown in Table 2.

Table 2: Concentrations of acylcarnitines in the acylcarnitine standard solution.

Standard Ref. range in
concentration blood
Acylcarnitine (umol/L) (umol/L)
C3 0.41 0.08-1.2
C4 0.32 0.06-0.36
C5 0.21 0.05-0.54
C6 0.041 0.011-0.094
C8 0.14 0.02-0.22

Standard Ref. range

concentration | in blood

Acylcarnitine (umol/L) (umol/L)
C10 0.21 0.02-0.33

C12 0.063 0.3-0.016

Cl4 0.03 0.02-0.12

C16 0.094 0.03-0.51

C18 0.033 0.02-0.07

Internal standard solution

NSK-A, NSK-B and NSK-B-G1 were reconstituted in the vial with 1 mL of 80 % MeOH in
water and mixed well to make concentrated standards. The three standards were mixed and
diluted in 9 mL of 80 % MeOH in water and this diluted standard is referred to as the

extraction solution with internal standards. The extraction solution with IS was used to

prepare DBS samples. Concentrations of the isotopically labeled compounds in the extraction

solution with IS are shown in Tables 3-5. The extraction solution with IS was stored in a

tightly sealed vial at 4 °C.
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Table 3: Concentration in standard solution and in extraction solution of the isotopically labeled compounds in NSK-A.

Standard solution NSK-A

Extraction
solution with IS

Reference Standard

Concentration

Concentration

(nmol/mL) (nmol/mL)
BN; 2-"C-Glycine 2500 208.3
Hy-Alanine 500 41.7
Hg-Valine 500 41.7
“Ha-Leucine 500 41.7
’Hs-Methionine 500 41.7
*C¢-Phenylalanine 500 41.7
13Ce-Tyrosine 500 41.7
“Hs-Aspartate 500 41.7
’H,-Glutamate 500 41.7
’H,-Ornithine 500 41.7
“H,-Citrulline 500 41.7
’H,; 5-"*C-Arginine 500 41.7
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Table 4: Concentration in standard solution and in extraction solution of the isotopically labeled compounds in NSK-B.

Table 5: Concentration in standard solution and in extraction solution of the isotopically labeled compounds in NSK-B-G1.

38

Standard solution NSK-B

Extraction
solution with
IS

Reference Standard

Concentration

Concentration

(nmol/mL) (nmol/mL)
Hq-Carnitine (free carnitine, CN) 152.0 12.7
“Hs-Acetylcarnitine (C2) 38.0 3.2
“Hs-Propionylcarnitine (C3) 7.6 0.6
“H,-Butyrylcarnitine (C4) 7.6 0.6
Hq-Isovalerylcarnitine (C5) 7.6 0.6
“H,-Octanoylcarnitine (C8) 7.6 0.6
’Hg-Myristoylcarnitine (C14) 7.6 0.6
“Hs-Palmitoylcarnitine (C16) 15.2 1.3

Standard solution NSK-B-G1

Extraction
solution with
IS

Reference Standard

Concentration

Concentration

(nmol/mL) (nmol/mL)
*Hs-Glutarylcarnitine (C180H) 15.20 1.3
“Hs-Hydroxyisovalerylcarnitine 7.6 0.6
(C50H)
“Hq-Dodecanoylcarnitine (C12) 7.6 0.6
®H;-Octadecanoylcarnitine (C18) 15.20 1.3
?H,-Hydroxypalmitoylcarnitine 15.20 1.3

(C160H)




3.3 Sample preparation of dried blood spots

The filter paper cards used in all experiments were Whatman 903 Protein Saver cards from
GE Healthcare Life Science (Chicago, IL, USA). Figure 14 shows droplets of blood spotted
on a filter paper card with a punch of 3.2 mm (about 3 pL full blood) diameter from the center
of the spot. The diameter of the circle on the card is 1.2 cm and holds about 75-80 pL of

sample.

Whatman S03™ [co3] 705071

—
~
-—

a

T Tuck Cover Here |

Name ____

Date

Figure 14: Dried blood on a filter paper card with a punch taken from the center of the spot.

The following procedure was used for sample preparation of all DBS samples at the
beginning of the project: DBS samples were taken from a healthy volunteer. Either directly
from the finger or collected in an EDTA (ethylenediaminetetraacetic acid, prevents the whole
blood to coagulate) tube prior to spotting. A manual puncher (from McGill (Jacksonville, FL,
USA)) was used to punch out 3.2 mm, containing approximately 3 pL whole blood [39]. A
punch of clean filter paper was done in between spot punches to prevent contamination. 100
pL 80 % aqueous MeOH with 0.1 % FA was added and extraction was performed by mixing
(700 rpm) for 45 minutes at 45 °C with a Thermomixer Comfort from Eppendorf (Hamburg,
Germany). This was performed in a micro tube from Sarstedt (Nimbrecht, Germany). The
sample was transferred to a glass tube from VWR (Radnor, PA, USA), and evaporated to
dryness with a TurboVap LV, Caliper Life Sciences (Waltham, MA, USA) under a stream of
dry nitrogen at 40 °C. After evaporation to dryness, approximately 10 minutes, the sample
was reconstituted in 100 pL 2 % aqueous MeOH with 0.1 % FA. The sample solution was
mixed on a table vortex (Genie2, Scientific Industries, Bohemia, NY, USA) and transferred to
an HPLC vial (from Matriks AS, Oslo, Norway) with insert glass and caps from Matriks. The
sample was placed in the autosampler and 2 puL was injected. The samples were analyzed in
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positive and negative mode. However, only results from positive ionization are presented due

to temporary technical problems with negative ionization.

3.4 Liquid chromatography — mass spectrometry
Instrumentation and settings

The liquid chromatography — mass spectrometer instrumentation used was Dionex Ultimate
3000 UHPLC system coupled to a Q Exactive Orbitrap MS, both from Thermo Scientific. The
analytical column used in all experiments was Pursuit XRs C18-diphenyl (250 x 2.0 mm,
particle size 3 um) purchased from Agilent Technologies (Santa Clara, CA, USA).

The liquid chromatography settings have been optimized to achieve separation of as many
compounds as possible by investigating the analytical column, mobile phase composition,
gradient elution profile, injection volume, column temperature and mobile phase flow rate
[87]. The mass spectrometric and electrospray settings have been optimized with the purpose
of maximizing the number of compounds detected and peak intensity by investigating
electrospray voltage, electrospray needle position, resolution, automatic gain control value
and mobile phase flow rate [88]. The liquid chromatography, mass spectrometric and

electrospray settings used are shown in Tables 6-9 and Figure 15.

Table 6: Liquid chromatography settings used in all experiments.

Parameter Setting

Mobile phase A Water + 0.1 % formic acid
Mobile phase B Methanol + 0.1 % formic acid
Gradient See Table 7 and Figure 15
Injection volume 2 uL

Column temperature 30 °C

Flow rate 300 pL/min

Analysis time 27.5 minutes

Re-equilibration time 10 minutes
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Table 7: Flow gradient.

Mobile phase:

A: Water + 0.1 % formic acid. 100
B: Methanol + 0.1 % formic acid.
80
Time % B m 60
(=]
0 ’ X 40
20
6 10
0
8.5 75
25 100
27.5 100

Table 8: Initial mass spectrometric settings used in this project.

5 10 15 20 25

Time [Minutes]

Figure 15: Flow gradient.
Mobile phase: A: Water + 0.1 % formic acid.
B: Methanol + 0.1% formic acid.

Parameter Setting

Scan type Full MS

Scan ranges (m/z) 50-750 and 750-1700
Fragmentation None

Resolution at m/z 200 70,000

Polarity Positive and negative
Micro scans 1

Lock masses Off

Automatic gain control target value 1.00E+06

Maximum injection time 250 ms

Analysis time 27.5 minutes
Re-equilibration time 10 minutes
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Table 9: Electrospray settings used in all experiments.

Electrospray parameter Setting
Sheath gas (N,) flow rate 40 a.u.
Auxiliary gas (N) flow rate 10 a.u.
Sweep gas (Ny) flow rate 2 a.u.
Capillary temperature 250 °C
S-lens RF level 50.0
Auxiliary gas heater temperature 300 °C
Electrospray voltage 3.5kV
Electrospray needle position C
Capillary temperature 250 °C

3.5 Computer software

Xcalibur (Version 4.0) was used for data acquisition and processing. An automatic
chromatographic peak detection strategy was used by creating layout files with exact m/z,
using Qual Browser in Xcalibur to observe the chromatographic peaks, retention times and
m/z. Processing SetUp in Xcalibur was used with m/z and expected retention time to

automatically integrate the chromatographic peaks to obtain peak area.

Tune (version 2.5 Build 2042) was used to calibrate and observe the mass spectrometric
parameters, and Mass Calculator in Tune was used to calculate the exact masses of the
compounds. Chromeleon Xpress (version 6.80) was used to control the instruments.
Compound discoverer (version 2.1 SP1) was used to process the data, perform statistics and
search in online database (chemspider, mzCloud and KEGG). All the software programs are

from Thermo Scientific.
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4 Results and discussion

In the present study, further development and evaluation of an untargeted HPLC-ESI-MS
metabolomics method of dried blood spot was done, referred to as the “initial method” [87,

88]. The workflow of the initial method is shown in Figure 16.

Dried Punch
blood spot Extraction
Evaporation LC-ESI-MS
Reconstitution

Figure 16: Workflow of the initial untargeted LC-ESI-MS metabolomics method.

The results of the experiments in this project are presented in each section below (Section
4.2-4.8) with a schematic conclusion at the end of each section. The schematics show the
workflow of the method where the parts in black and white were held constant, while the

parts in color were changed.

4.1 Framework of study

4.1.1 Initial compounds that represent the dried blood spot
metabolome

The initial method was developed using DBS samples spiked with tobramycin, bilirubin,
creatinine, creatine, glucose and acylcarnitines C2, C12 and C16. These compounds were
chosen to obtain diversity in molecular weight and hydrophobicity, and they can all be
measured by established methods at the laboratory at the National Unit of Screening and
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Diagnosis of Congenital Pediatric Metabolic Disorders, Oslo University Hospital.
Tobramycin is a medicament, bilirubin was not detected by the method and glucose was only
detected in negative ionization mode. All the compounds except from tobramycin are present
in whole blood (endogenous metabolites) [87]. In this project, endogenous metabolites in
whole blood from a healthy volunteer were chosen to be observed for method evaluation. The
endogenous metabolites chosen were creatinine, creatine, uric acid and acylcarnitines C2, C12
and C16, referred to as the “initial compounds”, as the compounds observed in the method
evaluation was changed during the project. Table 10 shows their exact mass, molecular
PubChem database
(https://pubchem.ncbi.nim.nih.gov/)). The logP value indicates the degree of the

formula and logP value (obtained from

hydrophobicity of a compound: the higher the value, the more hydrophobic the compound. P
Is the partition coefficient, that is the ratio between the concentration of a compound in a non-

polar phase (e.g, octanol) and its concentration in a polar phase (e.g., water) [89].

Table 10: Exact mass, molecular formula and logP value of initial endogenous compounds used for method evaluation.

Compound Exact mass Molecular formula | logP
Creatinine 113.05836 C4H7N30 -1.8
Uric acid (UA) 168.02779 CsH4N4O3 -1.9
Creatine 131.06893 C4HyN30O, -1.2
Acylcarnitine C2 203.11521 CoH17NO4 0.4
Acylcarnitine C12 343.27171 C19H37NO4 5.5
Acylcarnitine C16 399.33431 Co3HasNOy 7.7

4.1.2 Defined criteria of detected compounds

The minimum HPLC-MS criteria for identification of a compound were chosen based on the
criteria used by the World Anti-Doping Agency (WADA) to confirm the identity of analytes
for doping control purposes [90]. The chromatographic criteria for identification of known
metabolites used, was that the sample compounds should not differ more than £ 0.1 minute.
The mass spectrometric identification criteria used was mass accuracy set to the exact mass of

the molecular ion £5 ppm. This mass accuracy is commonly used in untargeted LC-MS based
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metabolomics [91, 92]. WADA uses £0.5 Da from the mass of standard compounds, but
WADA laboratories use quadrupole mass analyzers with lower mass accuracy (£5-500 ppm)
than the Orbitrap (+ 0.5-1 ppm) [52]. Another mass spectrometric criteria for detection used
were 10 or more data points across the chromatographic peak and peak area >10* a.u. These
criteria were chosen to be able to consider the peak shape and obtain reproducible instrument
signals. Relative standard deviation in % (% RSD) of the peak area and retention time was
calculated after analysis of samples. Accepted % RSD of peak area and retention time were
<10 % and <1 %, respectively.

% RSD for the measured peak areas and retention times of all compounds observed in all

experiments are shown in Appendix, Tables 13-24, section 6.1.

4.2 The hydrophobic and low-abundant compounds
were not detected by the initial method

4.2.1 Detection of compounds in spotted standard solution

The retention time and the m/z of the initial compounds were used in this project to identify
the compounds. To find the retention times, the standard solution was spotted on to a filter
paper card and analyzed five times by the initial method. The result was a chromatogram
containing signals from all measured ions, called a total ion chromatogram (TIC). The exact
masses of the molecule (M) with an added hydrogen atom [M+H]" were found in the Tune
software using the Mass calculator. These masses £5 ppm were used to extract the peaks of
the compounds from the TIC, resulting in extracted ion chromatograms (EIC). The EICs with
peaks, extracted m/z ranges and retention times observed of the charged compounds are

shown in Figure 17.
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Figure 17: Extracted ion chromatograms of compounds in the standard solution analyzed by the initial method with retention
time (Rt) and extracted mass-to-charge ratio range (m/z).

All the peaks of the chosen compounds met the criteria to be detected except for acylcarnitine
C16 with 49 % RSD of peak area and 7 points across the chromatographic peak. The % RSD
of the retention times and peak areas of all the other compounds was satisfactory, <0.4 % and

of <5 %, respectively.

4.2.2 Detection of compounds in dried blood spot samples

One DBS sample was prepared and analyzed 20 times with the initial method. The exact
masses (x5 ppm) and observed retention times (+0.1 minutes) (see Figure 17) of the
compounds in the spotted standard solution were used to extract peaks of endogenous
compounds from the TIC. The EICs with peaks of the initial compounds detected by the

initial method in the DBS sample are shown in Figure 18.
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Figure 18: Extracted ion chromatograms (EIC) of the initial compounds detected by the initial method in a DBS sample.

Creatinine, creatine, acylcarnitine C2 and uric acid met the criteria of a detected peak with %

RSD of peak areas <2 % and retention times <0.2 %.

The hydrophobic and low-abundant compounds were not detected by the initial method.
Efforts to include these compounds were done in this project. The instrument repeatability

was satisfying for the compounds detected.

4.3 Random punch locations contributed to lower
assay reproducibility

The instrument repeatability of the detected compounds was satisfactory. Assay
reproducibility was assessed by analyzing 20 DBS samples from one healthy volunteer with

the initial method. The peak areas of each compound were observed and the % RSDs were

calculated, shown in Figure 19.
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Figure 19: Assay reproducibility: Peak areas with calculated relative standard deviation (% RSD) of initial compounds
detected by the initial method in 20 DBS samples.

The assay reproducibility of the initial compounds was satisfactory for all compounds
detected. The 20 DBS samples analyzed were prepared with punches taken from random
locations of the DBS. Analyses of DBS samples prepared from specific punch locations of the

DBS were done to see if punching from one location reduced the % RSD of peak areas.

4.3.1 Center punches improved the assay reproducibility

To observe the effect of punch location, DBS samples from one healthy volunteer were
prepared using 10 punches from each location; A, B, C and D, where A was in center and B

and C had increased distance to D in the perimeter, see Figure 20.
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Figure 20: A filter paper card with locations of the punch used in the punch location experiment.

Figure 21 shows the peak areas of the initial compounds detected by the initial method, the
calculated % RSD for each compound in the four locations and the % increase of peak area in
perimeter to center punches (D/A). Creatinine and C2 had more than 10 % higher peak area in
punches taken from the perimeter than from the center of the spot, while creatine and uric acid
differed less than 10 %, implying that the difference may be due to instrumental variations.
Uric acid was the only compound that was observed with higher peak area in the center than

in the perimeter of the DBS, but the difference in peak area was only 2 %.

Larger % RSD was observed in punches taken from the perimeter than from the center of the
spot. Accurate measurements were considered to be more important than high sensitivity,
thus; punches from the center of the spot were taken in all the experiments that followed.
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Figure 21: Peak areas with calculated % RSD of initial compounds detected by the initial method in DBS samples prepared
with punches taken from location A, B, C and D. (A was in the center, and B and C had increased distance to the center,

while D was in the perimeter). 10 samples from each location were prepared.

The different amount of compounds in perimeter punches compared to in center punches may
be due to the inhomogeneous nature of blood, as whole blood may not distribute
homogenously on the filter paper as it contains cells and plasma [93]. Samples with punches
from the center and the perimeter in DBS were compared with dried plasma spots, see
Appendix, section 6.2. The presence of red blood cells seemed to result in higher abundance
of compounds in the perimeter of the DBS. This indicates that correcting for hematocrit

values (amount red blood cells) may result in more accurate measurements.
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To summarize, the instrument repeatability and assay reproducibility were satisfactory with
% RSD of peak areas and retention times of the detected chosen initial compounds <10 %
and <1 %, respectively, with the initial method. The assay reproducibility was improved by
the analysis of punches taken from the center of the DBS, see Figure 22.

% RSD< 10 %
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# q m/Z
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Dried = —“‘—
blood spot Extraction gﬂ _—‘k_
Evaporation LC-ESI-MS @ __‘L_
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Figure 22: Center punches improved the assay reproducibility, resulting in % relative standard deviation of peak areas and
retention times of the initial compounds detected by the initial method <10 % and <1 %, respectively.

4.4 Changing the initial method increased the
detection of hydrophobic and low-abundant
compounds

4.4.1 Increased amount of organic solvent in the reconstitution
solution increased the coverage of the hydrophobic compounds

Acylcarnitine C12 and C16 were the most hydrophobic compounds of the initial compounds
and were not detected by the initial method. Compounds from whole blood in a punch of a
DBS were extracted by using 80 % aqueous MeOH and thermal mixing. The solution was
evaporated to dryness and reconstituted in the mobile phase start gradient (2 % aqueous
MeOH). Three DBS samples prepared with 40 % and 80 % aqueous methanol in the
reconstitution solution, and with the exclusion of the evaporation and reconstitution steps

were tested. Retention time and peak area of initial compounds were observed, see Figure 23.
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Figure 23: Peak area of compounds detected in DBS samples prepared with 2 %, 40 % and 80 % aqueous methanol in the
reconstitution solution, and with the exclusion of the evaporation and reconstitution steps. With retention times of each
organic solvent concentration tested.
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All compounds detected increased the peak area (28-40 % increase for all compounds) when
excluding the evaporation to dryness and reconstitution steps compared to the initial method.
Comparison of reconstitution in 80 % organic solvent with exclusion of the evaporation and
reconstitution steps showed that the amount of compounds lost was decreased. This was most
likely due to evaporated compounds and/or compounds being “stuck” in the evaporation glass

tube.

Acylcarnitine C12 was still not detected. C16 increased the peak area with increased amount
of organic solvent amount in the reconstitution solution, but did only have 7 points across the
chromatographic peak. The % RSD of peak area was about 13 %, probably due to few data
points across the chromatographic peak. A standard solution containing acylcarnitines (CO-
C18) was analyzed to observe the instrument method’s ability to detect other hydrophobic
compounds than the initial ones, see Appendix, Section 6.3.1. The mid-long acylcarnitines:
C6, C8, C12 and C14 were detected with high peak area % RSD (15-35 %). Poorer extraction
efficiency of these compounds compared to the other acylcarnitines was observed and
affected the detection of low-abundant compounds, like acylcarnitines, see Appendix, section
6.3.2.

Decreased retention of compounds was expected, as the eluent strength increases as the
percentage of organic solvent increases [55]. The retention time of acylcarnitine C2 was most
affected, but the retention time of the polar compounds (creatinine and creatine) did not
change. The changes in retention time were not considered to be large, most likely due to the
low volume injected (2 pL). Taken this under consideration, it was decided to exclude the
evaporation to dryness and reconstitution steps. This leads to less potential errors and

reduction of the sample preparation time.

The poor detection of hydrophobic compounds seemed to be partly caused by solubility
issues, but excluding the evaporation to dryness and reconstitution steps did not solve the

problem completely.

4.4.2 Reduction of the mass range increased the coverage of the
low-abundant compounds

The initial method was set to perform two scan ranges (m/z 50-750 and 750-1700) to cover a

wide range of metabolites. However, more of the metabolites of interest are in the scan range
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of m/z 50-750 rather than the scan range of m/z 750-1700. The results from one scan range of
m/z 50-750 were compared with results from two scan ranges (m/z 50-750 and 750-1700) to

observe if the low-abundant compounds were detected by increasing the sensitivity.

With two scan ranges, the quadrupole scans for m/z 50-750 and m/z 750-1700 every other
time and passes ions within the scan range in to the C-trap which sends the ions into the
Orbitrap. Figure 24 shows the peak of carnitine (m/z 113.05836) with one and two scan
ranges. This m/z was only detected when scan range m/z 50-750 was performed. When scan
range m/z 750-1700 was also performed, this m/z gave a lower signal. The result was that the
peak of this m/z appeared to go up and down when using two scan ranges, and looked smooth

when using one.
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Figure 24: The peak of carnitine (m/z 113.05836) after analysis with two scan ranges (m/z 50-750 and 750-1700) and one
scan range (m/z 50-750).

Using one scan range instead of two resulted in a doubling of peak area of all already detected
compounds by the initial method and C12 was detected, see Figure 25. The increase in peak

area from using two scan ranges to one scan range was 92-109 %.
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Figure 25: Peak area increase of all detected compounds when going from two scan ranges (m/z 50-750 and 750-1700) (initial
method) and one scan range (m/z 50-750).

If greater sensitivity is wanted rather than a wide m/z range, it is preferred to use one scan

range. If both ranges are preferred, two separate analyses of one sample, one with scan range

m/z 50-750, and one with scan range m/z 750-1700 may be performed.
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To summarize: An increased organic solvent amount in the reconstitution solution, and
reduced m/z range of the MS, increased the number of hydrophobic and low-abundant

compounds detected, respectively, see Figure 26.
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Figure 26: The exclusion of the evaporation to dryness and reconstitution steps and the decreased mass range of the mass
analyzer resulted in more detected hydrophobic and low-abundant compounds.

4.5 The final method detected all the initial
compounds

The initial method was able to detect all the chosen compounds except from the most
hydrophobic and low-abundant, thus changes of the initial method were done to increase the
coverage of the metabolome. The final sample preparation method in pictures is shown in
Appendix, section 6.4, figure 42. Figure 27 shows the initial and final method, where the
evaporation to dryness and reconstitution steps were eliminated and the mass range was
reduced, with the chromatographic peaks of acylcarnitines C6-C18 before and after the
changes were made. This final method made it possible to detect all the chosen compounds

and was used in all the experiments described below.
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Figure 27: Initial and final method and the chromatographic peaks of acylcarnitines C6-C18 after analysis with the initial

method, method with increased organic amount and the final method.
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4.5.1 Final compounds that represented the dried blood spot
metabolome

Isotopically labeled ISs were added to the extraction solution to control the instrumental drift.
These isotopically labeled 1Ss have diversity in mass and polarity and have the same physical
and chemical properties as the endogenous compounds in Table 11. It was chosen to observe
the 1Ss’ endogenous compounds, referred to as the “final compounds”, when performing the
evaluation of the final method. The IS compounds are shown in Section 3.2.3, Tables 3-5

Table 11: Final endogenous compounds chosen and their chemical formula, exact mass and logP value (obtained from

PubChem database (https://pubchem.ncbi.nlm.nih.gov/)).

Chemical Exact Chemical Exact
Amino acid formula | mass (Da) | logP Acylcarnitine | formula | mass (Da) | logP
Ornithine (Or) CsHi,N,O, | 132.08987 | -4.4 Co C;HisNO; | 161.10519 | -0.2
Citrulline (Cit) CsH13N30; | 175.09569 | -4.3 Cc2 CgHy7NO, | 203.11575 | 0.4
Arginine (Arg) CsH1uN4,O, | 174.11167 | -4.2 C3 C1oH1gNO, | 217.13140 | 0.9
Glycine (Gly) C,HsNO, | 75.03202 | -3.2 C4 CiH,NO, | 231.14705 | 1.2
Alanine (Ala) C3H/NO, 89.04767 | -2.7 C5 CioHsNO, | 245.16270 | 1.6
Valine (Val) CsH;;NO, | 117.07897 | -2.3 C8 CisHgNO, | 287.20965 | 3.4
Tyrosine (Tyr) CoH11NO; | 181.07389 | -2.3 Ci12 CigH37NO, | 343.27225 | 55
Methionine (Met) | CsHy;;NO,S | 149.05104 | -1.9 Cl4 CxHyuNO, | 371.3035 | 6.6
Leucine (Leu) CeHisNO, | 131.09462 | -1.5 C16 CysHisNO, | 399.33485 | 7.7
Phenylalanine (Phe) | CgHy;;NO, | 165.07897 | -1.5 C18 CysHigNO, | 427.36615 | 8.8
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4.5.2 All amino acids and acylcarnitines were detected by the final
method

All the final compounds were detected by the final method. The EICs of the compounds are

shown in Figure 28.
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Figure 28: Extracted ion chromatograms of all the final compounds.

All the final compounds were detected by the final method.

4.6 The method was able to perform quantitative
measurements

The ability of the final method to perform quantitative measurements of the final compounds
was determined by the analysis of more than one punch of the DBS. DBS samples of 1, 2, 3
and 4 (3, 6, 9 and 12 pL) punches were prepared three times. Linear regression of the peak
areas from 1, 2, 3 and 4 punches of each compound was performed. A perfect positive linear

correlation is when R?=1, meaning that all the points make up a straight line. In analytical
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practice, quantitative graphs give numerical R*-values greater than 0.99 [94]. Figure 29

shows the peak area for the different number of punches tested with the R? value for glycine

and alanine with R?<0.99 and ornithine and arginine with R*>0.99. All the rest of the final

compounds had R?<0.99 except from tyrosine and C3. The correlation of the rest of the

compounds is shown in Appendix, Figure 43 in section 6.5.
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Figure 29: Peak area for the numbers of punches tested with the R? value for glycine, alanine, ornithine and arginine.

C12 had a high % RSD when using one punch, while the other acylcarnitines had <10 %.
Using four punches compared to one improved the % RSD of C12, and therefore the

detection.
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Matrix effects of the final compounds were investigated in Appendix Section 6.5.1. The peak
area of the polar compounds, ornithine, arginine and methionine were enhanced with ratios of
278, 166 and 140 %, respectively, and the peak area of C3 and C4 were slightly suppressed
with ratios of 79 and 83 %, respectively. Ornithine, arginine and C3 showed poorer

quantitativity than the other compounds and may be explained by the matrix effect.

To summarize: The quantification of most of the acylcarnitines and amino acids was
satisfactory, with linear correlation of R?>0.99 in signal vs. concentration plots, using 1-4
punches (about 3, 6, 9 and 12 uL whole blood) of the DBS, see Figure 30, but some polar

compounds were affected by matrix effects.
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LC-ECI-MS .
Signal
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Figure 30: The analyses of 1, 2, 3 and 4 punches of the DBS using the final method showed that the method was able to
perform quantitative measurements.

Dried
blood spot

4.7 Data acquisition, data processing and
metabolite identification

In the analytical evaluation, data acquisition of all possible metabolites (m/z 50-750) was
performed by reverse phase LC — positive ESI mode — Orbitrap MS without fragmentation.
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Fragmentation spectra are commonly used to secure better identification of metabolites [11,
82]. Thus, MS? data acquisition was wanted to be implemented in the final method. Data-
dependent acquisition was tested and the identification of metabolites using MS and MS? was
compared. Data-dependent acquisition with intensity threshold was tested, as observations
throughout the experiment have been poor detection of peaks with intensity below 10* counts
per second. Additionally, a study showed that higher quality spectra were obtained using data-

dependent acquisition compared to data-independent acquisition [95].

Full bioinformatics software (Compound Discoverer 2.1 from Thermo Scientific) was used to
process the untargeted metabolomics data after analysis of DBS using the final method.
Untargeted metabolomics workflow of data processing was used to find and identify the
differences between compared samples. The software aligned the retention times of all
features to group features across all samples. Predicted elemental compositions of all
metabolites in the samples and/or fragmentation spectra were used to search in databases for

metabolite identification.

4.7.1 Tandem mass spectrometry facilitated the metabolite
identification

The use of full scan MS! and data-dependent MS? acquisition in combination make it possible
to quantify and identify target compounds and non-target compounds in the same workflow
[77, 96]. This scan mode was tried with the MS settings shown in Table 12. The settings used

were inspired by a study that successfully identified metabolites in food [97].

Table 12: Mass spectrometric settings in full scan and data-dependent MS? acquisition (ddMS?): Resolution in full width at
half maximum (FWHM), scan range, collision energy and intensity threshold.

Full scan

Resolution setting 70,000 (FWHM) at m/z 200
Scan range (m/z) 50-750

ddMs?

Resolution setting 17,500 (FWHM) at m/z 200
HCD collision energy (stepped) 20, 80 eV

Intensity threshold 3.2e4
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Data obtained after analysis of a DBS sample by the final method was processed in the
software. All ions with intensity >10° counts per second acquired were used in the processing.
1226 features were detected and grouped to 536 compounds. Data acquisition with full scan
MS resulted in the software proposing 229 names, while data acquisition with ddMS?
proposed 334 names. A name was proposed for multiple compounds, as the names proposed
using MS data are obtained by searching the elemental compositions in a database and the

most referred compound is proposed.

One example was a compound with an elemental composition could that could be caffeine or
enprophylline suggested by this database. Caffeine was proposed as it was the most referred
compound. The additional MS? data made it possible to determine that the compound was

caffeine, as the fragmentation spectrum matched 97.1 % with spectra in a database.

Another example was two compounds with molecular mass of 180.06439 Da with two
different retention times. Three different structures were suggested by using MS data
(theobromine, theophylline and paraxanthine) and both of them were named theophylline
because of the highest number of references. MS? data was able to identify them. The first

peak was theobromine (87.6 % match) and the second peak was paraxanthine (91.1 % match).

These two examples illustrates why MS? data is important to identify metabolites in

untargeted LC-MS based metabolomics analyses.

Only the peaks with intensity over 10> counts per second were processed. The intensity
threshold was decreased to 10* counts per second to observe the number of features,
compounds and proposed names by the software. 30551 features were detected, grouped to
5333 compounds, and 1837 names were proposed. Decreasing the intensity threshold from

10° to 10* counts per second increased the number of compounds by a factor of 10.

Data processing using the software was a relatively automatic process. The proposed names
of compounds must be thoroughly considered to be identified as a metabolite, as multiple
compounds were named as the same compound. There were also many unidentified

compounds. This made metabolite identification the most challenging step of the workflow.

Additional searches in other databases and the use of other analytical techniques could

potentially secure better identification of metabolites and identify more metabolites.
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Validation with established quantitative methods can be done to reach the highest level of

quantification.

To summarize; acquisition of MS? data secured better metabolite identification, see Figure
31, even though metabolite identification was the most challenging step of the untargeted

metabolomics workflow, as the metabolite identification often requires additional steps.
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- Fragmentation
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Figure 31: Acquiring MS? data increased the number of identified metabolites.

4.8 The method detected changes in the
metabolome after a physiological change

4.8.1 Detected the intake of one metabolite

The ability of the method to detect one single metabolite among the other detected
metabolites was investigated by comparing the measured caffeine amount in DBS samples
collected from six healthy volunteers. Samples were collected during one day of free intake of
caffeine (e.g., coffee and soda) and two days of no intake of caffeine. As shown in Figure 32,
the measured amount in samples taken after free intake was more spread and higher than in
samples taken during no intake and the amount decreased with time after the last intake, as

expected.
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Figure 32: Measured amount of caffeine in samples from six individuals after free caffeine intake for 15 hours and after no

caffeine intake for 36 hours.

There was a clear difference between the samples after free caffeine intake versus no intake in

such a small amount of whole blood on a paper card using the final method.

4.8.2 Research project: Investigation of the dried blood spot
metabolome after normal physiological changes

Medical and health research projects must be approved by the Regional Committee for
Medical and Health Research Ethics (REC). The aim of REC is to promote good quality and
ethically accepted medical and health research. The benefits versus risks and that the data is

protected are considered when they receive an application.

An application for a research project to REC called NOMFASTE2018 was sent during this
project. The research project involved the investigation of the DBS metabolome after normal
physiological changes, such as fasting, workout etc., as these factors alter the metabolic
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concentrations. The application included the purpose of the research project, an execution
plan and the creation of a biobank. A biobank is the storage of biological material to be used
in research projects. A coding list with letters given to each volunteer with their information
was created to protect the identity of the healthy volunteers. The list was stored securely. The
REC approved our research project and the informed consent form to all the healthy
volunteers can be seen in Appendix, section 6.6.1. A pilot study was performed during this

project to see if the method was able to detect changes in the metabolome after fasting.

4.8.3 Detected changes in the metabolome after fasting

Many metabolic analyses are taken only after overnight fasting to avoid positive false results
that are caused by food intake. As a proof of concept, to see if the method was able to
differentiate between the samples after food intake and after fasting, the investigation of the
dried blood spot metabolome before, during and after fasting was done. Six healthy
volunteers fasted for 36 hours. The volunteers were allowed to drink water during the fasting
period. Urine samples and whole blood in tubes were also collected and stored in — 80 C, if
targeted approaches to validate metabolite concentrations in the future are wanted. 16 samples
were collected over five days during free diet, fasting for 36 hours and controlled diet. See

Appendix, section 6.6.2, Figure 46 and Table 25 for the sampling programme.

The samples collected during free diet and overnight fasting were analyzed in one analysis
run, using ISs to control the instrumental drift. Another analysis run analyzed all 16 DBS
samples with control samples, see Appendix, section 6.6.3 for the measured peak areas and
calculated % RSD from the IS and control samples. Peak area % RSD for most of the IS
compounds were <10 % for all samples in the first analysis run. Compounds in the control
samples showed excellent peak area % RSD <10 % in a DBS sample analyzed three times
each day over 11 days. The software had troubles with the alignment of some of the samples
(probably due to retention time drift), thus, two samples during free diet and a sample during
fasting were not included in the results in the other analysis run. Thus, multivariate analyses
were only performed with samples during free diet and during fasting from the first analysis

run.

The software used was able to perform statistical analyses such as PCA and differential
analysis using volcano plots. This was used to detect trends and specific altered compounds
between groups of the data in the fasting project. Figure 33 shows the PCA plot (from the
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analysis run of samples taken during free diet and overnight fasting) used to easier explore
and visualize the variation between samples. One point represents all the metabolites detected
in that specific sample. The distance between points represents the variation in all metabolites
compared to the other samples. The closer the points are together, the more similar. PC1
(principal component 1) on the x-axis represented the largest variation (18.2 %) over PC2 on
the y-axis (13.4 %). Thus, the distance in the x-direction represented a larger difference than
in the y-direction. PC3 represented an even lower variation (10.1 %) and was shown in
Figure 33 as larger and smaller points, where large points were positive variations and small

points were negative variations. A 3D PCA plot may be seen at https://ggbm.at/ZTN8mGns.

Right click, hold and drag the PCA plot to explore the data. Samples from the six individuals
were spread, but there was minimal overlap after free diet, overnight fasting (12 hours) and
prolonged fasting (36 hours). Samples taken after prolonged fasting clustered together. This
was expected, as different food intake contributes to larger variation in the metabolome.

What separated samples taken during free diet and fasting overnight, were that samples taken
during free diet were taken after breakfast and sample taken during overnight fasting were
taken after no intake of breakfast. Surprisingly, one sample taken after breakfast clustered
together with the samples taken after overnight fasting. The explanation was that individual F
actually did not eat breakfast before collecting the DBS sample, as the other individuals did.
These results showed that the method was able to pick up differences in the metabolome after

a metabolic change in only 3 uL whole blood on a paper.
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Figure 33: Principal component analysis (PCA) plot of samples from six individuals (A-F) after free diet, overnight fasting
(12 hours) and prolonged fasting (36 hours). A point represents all the metabolites detected in that sample. Individual F did
not eat before collecting the free diet sample, resulting in that it clustered together with the overnight fasting samples.

In this project, it was known that individual F did not eat breakfast prior to sampling, and
individual C took paracetamol (500 mg) for headache during the fasting period. The method
was able to determine that individual C had paracetamol in the whole blood. The intake of
medications will affect metabolic concentrations, but the intake by a patient is not necessarily
known prior to sampling. Many analyses in diagnostics of IEMs use targeted metabolomics
approaches that require overnight fasting prior to sample collection. If a patient has been
eating food containing proteins (amino acids) prior to sample collection, and the diagnostic
analyses determine the amino acid levels to be normal, low or high, the potential of obtaining
false positives will be high. That the untargeted metabolomics method was able to
differentiate between samples after food intake and after fasting, and that it was able to detect
the intake of medications, are advantages in metabolomics diagnostics, as there is a potential
that a patient was non-fasting prior to sample collection, resulting in unexplained levels of

measured metabolites.
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Differential analysis using volcano plots, see Figure 34, was done to see the metabolites that
changed the most in all samples taken after prolonged fasting and overnight fasting. The x-
axis represents the log2 of the fold change between two sample groups (generated ratio), and
the y-axis represents the negative logl0 of the p-value (test of significance) of the fold
change. The significantly changed metabolites (P<0.05) with Log2 Fold change >1 were
presented in a higher level in prolonged fasting samples (red in the volcano plot) and <1 were

presented in a lower level in prolonged fasting (green in the volcano plot).

20 compounds were detected in significantly higher levels in samples taken after prolonged
fasting versus overnight fasting, without any successful metabolite identification. Seven
compounds were in significantly lower levels in samples taken after prolonged fasting versus
overnight fasting, with four successfully metabolite identifications: caffeine (from coffee),
paraxanthine (caffeine metabolite), theobromine (from chocolate) and hippuric acid (from
orange juice/tea). The peak areas of the identified metabolites in each sample are shown in

Appendix, section 6.6.4, Figures 48-52.
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Figure 34: Differential analysis using volcano plot of data obtained from the analysis of samples taken during free diet and
during fasting. Log2 Fold Change (prolonged fasting/overnight fasting) >1 (red) and <1 (green) (and P<0.05). Green: higher
level in prolonged fasting samples than overnight fasting samples.
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To summarize; Combining the method with bioinformatics, one could distinguish between
samples taken after free diet, overnight fasting (12 hours) and prolonged fasting (36 hours),
using only 3 pL blood on paper, see Figure 35. Analyses of a DBS sample each day for 11
days showed excellent repeatability of peak areas and retention times, making the method
able to perform long analysis batches. Taken together, the method has the potential to be used
in diagnostics of IEMs and will be used to detect differences in the metabolome of patient

samples and healthy samples.

Extraction

LC-ECI-MS
t=36h
®-0-.-
Dried Center
blood spot punch

Figure 35: The final method was able to differentiate between metabolic profiles before and after fasting.
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5 Conclusion and future work

DBS metabolome coverage: The initial method detected the hydrophobic and low-abundant
compounds poorly. An increased organic solvent amount in the reconstitution solution and
reduced m/z range of the MS increased the number of hydrophobic and low-abundant
compounds detected, respectively. The poor detection of hydrophobic compounds was most
likely due to poor extraction- and ionization efficiency. The final method detected all amino
acids and acylcarnitines. Repeatability: The instrument repeatability and assay
reproducibility were satisfactory with the % RSD of peak areas <10 % and retention times <1
%, using a pooled control sample, injected three times each day during sample analysis for 11
days. Compared to perimeter punches, analyzing center punches improved the assay
reproducibility. Quantitativity: The quantification of most of the acylcarnitines and amino
acids was satisfactory, with linear correlation of R?>0.99 in signal vs. concentration plots,
using 1-4 punches (about 3, 6, 9 and 12 pL whole blood) of the DBS, but some polar
compounds were affected by matrix effects, most likely due to poor separation of polar
compounds. Data workflow: Tandem MS data acquisition made it possible to secure better
identification. The final method was combined with software for data processing. Analysis of
metabolic profiles: The method was able to detect thousands of metabolites in 3 uL whole
blood on a filter paper card and succeeded to detect and identify differences in the DBS

metabolome after a physiological change, see Figure 36.
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Figure 36: The final method with center punches, exclusion of the evaporation to dryness and reconstitution steps, reducing
the mass range (compared to the initial method), MS? data acquisition and the data processing by software, compared to the
initial method made it possible to differentiate between metabolic profiles after fasting and not fasting. RSD: Relative
standard deviation. R?=1 when there is a linear correlation.

The method will increase our knowledge of the biochemical and pathophysiological
consequences of IEMs and will lead to faster laboratory diagnostics and better monitoring,
thereby improving treatment and prognosis for patients with IEMs. The detailed biochemical

phenotype provided will also narrow the gap between genotype and phenotype.

In the short term, the developed method will be implemented as a tool for diagnostics and
monitoring of IEMs in the laboratory at The National Unit of Screening and Diagnosis of
Congenital Pediatric Metabolic Disorders. In a wider perspective, the method can be used in
research, diagnostics and monitoring of any disease where metabolites and biochemical

patterns identified can be used as relevant biomarkers.
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5.1 Future work

This method, as it is, will be implemented in the diagnostic laboratory at The National Unit of
Screening and Diagnosis of Congenital Pediatric Metabolic Disorders. As any other analytical

method, this method can also be further optimized.

The punch location was found to affect the concentration of metabolites in this project. If
random punches are wanted, a method that measures the hematocrit value can be

implemented to obtain more accurate measurements.

Long-term stability of analytes in stored DBS samples can be investigated, as DBS samples

that have been stored for a long period of time will be analyzed by this method.

In this project, the detection of compounds was affected by the poor separation of polar
compounds and poor ionization effect of hydrophobic compounds. The implementation of

additional separation and ionization techniques may improve the detection of compounds.

Data was acquired in negative ionization mode during the optimization of LC-MS settings,
but not during the evaluation due to temporary technical problems. Data in negative ionization

mode will be acquired in the future to cover more of the DBS metabolome.

The metabolite identification was a difficult task. Other MS? data acquisition methods than
ddMS?, or other ddMS? settings may be tested to see if better metabolite identification is

obtained.

Further investigation of statistics and metabolite identification of the data from the fasting
project can be done to gain more knowledge of the fasting versus non-fasting metabolome.
Investigation of the DBS metabolome after other normal physiological changes such as sleep,
workout etc., can be done to determine the effect of these changes on metabolic

concentrations.

The suitability for analyses in real clinical settings can be tested by analyzing samples from

patients with known IEMs.
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6 Appendix

6.1 Average and relative standard deviation of peak
area and retention time of each compound in the

experiments

The average and % RSD of all peak areas and retention times for all compounds observed

were calculated in all experiments. See Tables 13-24.

Table 13: Spotted standard solution: Average, standard deviation (STD) and relative standard deviation in % (% RSD) of
peak areas (PA) and retention times (Rt) of the initial compounds in five spotted standard solution (N=5) analyzed with the

initial method.
Creatinine | Creatine | Uric acid C2 C12 C16
Average PA (a.u.) N=5 1.66E+09 3.10E+09 | 3.29E+08 | 2.30E+07 | 8.69E+06 | 7.59E+04
STD PA (a.u.) N=5 2.91E+07 3.74E+07 | 6.25E+06 | 1.08E+06 | 2.51E+05 | 3.68E+04
% RSD PA (a.u.) N=5 2% 1% 2% 5% 3% 49 % *
Average Rt (min) N=5 2.08 2.38 3.94 3.04 12.85 13.80
STD Rt (min) N=5 0.01 0.00 0.00 0.01 0.00 0.01
% RSD Rt (min) N=5 0.3% 0.2% 0.1% 0.4 % 0.0% 0.1%

* 7 points across the chromatographic peak.

Table 14: Dried blood spot samples: Average, standard deviation (STD) and relative standard deviation in % (% RSD) of
peak areas (PA) and retention times (Rt) of the initial compounds in a dried blood spot sample analyzed 20 times (N=20)

with the initial method.

Creatinine | Creatine | Uric acid C2 C12 C16
Average PA (a.u.) N=20 | 4.26E+07 1.83E+08 | 2.52E+07 | 2.34E+07 ND * ND *
STD PA (a.u.) N=20 8.85E+05 2.87E+06 | 4.32E+05 | 3.32E+05 ND * ND *
% RSD PA (a.u.) N=20 2% 2% 2% 1% ND * ND *
Average Rt (min) N=20 2.03 2.38 3.94 2.96 ND * ND *
STD Rt (min) N=20 0.00 0.00 0.01 0.01 ND * ND *
% RSD Rt (min) N=20 0.2% 0.2% 0.2% 0.2% ND * ND *

* ND = Not detectable.
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Table 15: Assay reproducibility: Average, standard deviation (STD) and relative standard deviation in % (% RSD) of peak
areas (PA) and retention times (Rt) of the initial compounds in 20 dried blood spot samples (N=20) analyzed with the initial
method.

Creatinine | Creatine | Uric acid c2 C12 C16
Average PA (a.u.) N=20 | 3.79E+07 1.72E+08 | 2.36E+07 | 2.12E+07 ND * ND *
STD PA (a.u.) N=20 3.55E+06 1.75E+07 | 1.41E+06 | 2.28E+06 ND * ND *
% RSD PA (a.u.) N=20 10 % 10 % 6 % 11 % ND * ND *
Average Rt (min) N=20 2.02 2.38 3.95 2.95 ND * ND *
STD Rt (min) N=20 0.00 0.00 0.00 0.01 ND * ND *
% RSD Rt (min) N=20 0.2 % 0.2 % 0.1% 0.2% ND * ND *

* ND = Not detectable.
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Table 16: Specific punch locations: Average and relative standard deviation in % (% RSD) of peak areas (PA) and retention
times (Rt) of the initial compounds in 10 dried blood spot samples from each punch location A, B, C and D (A was in the
center, B and C had increased distance to the center, while D was in the perimeter) analyzed with the initial method.

Position Creatinine | Creatine | Uric acid C2 C12 C16
A, center
Average PA (a.u.) N=10 | 3.64E+07 | 1.74E+08 | 2.46E+07 | 2.10E+07 ND * ND *
% RSD PA (a.u.) N=10 3% 3% 2% 3% ND * ND *
B
Average PA (a.u.) N=10 | 3.51E+07 | 1.57E+08 | 2.32E+07 | 1.91E+07 ND * ND *
% RSD PA (a.u.) N=10 9% 9% 9% 10 % ND * ND *
C
Average PA (a.u.) N=10 | 3.82E+07 | 1.69E+08 | 2.24E+07 | 2.13E+07 ND * ND *
% RSD PA (a.u.) N=10 5% 8% 2% 7% ND * ND *
D, perimeter
Average PA (a.u) N=10 | 4.20E+07 | 1.87E+08 | 2.42E+07 | 2.36E+07 ND * ND *
% RSD PA (a.u.) N=10 8 % 11 % 3% 11 % ND * ND *
Retention time
Average Rt (min) N=40 2.03 2.38 3.95 2.95 ND * ND *
STD Rt (min) N=40 0.00 0.01 0.01 0.01 ND * ND *
% RSD Rt (min) N=40 0.2 % 0.3% 0.2 % 0.3% ND * ND *

* ND = Not detectable.



Table 17: Dried blood spots and dried plasma spots samples: Average and relative standard deviation in % (% RSD) of
peak areas (PA) of initial compounds in three dried blood spot samples (N=3) and three dried plasma samples (N=3) with
center and perimeter punches analyzed with the initial method, with the ratio of peak areas from center/perimeter and
blood/plasma.

| Creatinine Creatine Uric acid Cc2 C12 Cl6
Blood center
Average PA | 4 eer 107 | 1.60E+08 | 4.28E+07 | 1.74E+07 ND * ND *
(a.u.) N=10
% RSD PA . . . . . .
() No10 5 % 1% 5 % 2 % ND ND
Blood perimeter
Average PA | g or107 | 1.80E408 | 4.47E+07 | 1.87E+407 ND * ND *
(a.u.) N=10
% RSD PA . S . . . .
() N1 5% 4% 4% 6 % ND ND
Plasma center
Average PA | 4 01E107 | 147E+07 | 5.32E+07 | 3.92E+06 ND * ND *
(a.u.) N=10
% RSD PA . . . . . .
Uy No10 3% 1% 7% 0% ND ND
Plasma perimeter
Average PA | aar 107 | 1.62E407 | 4.70E+07 | 4.67E+06 ND * ND *
(a.u.) N=10
% RSD PA . . . . . .
() No10 4% 5% 9% 6 % ND ND
Retention time
Average Rt > -
i a0 2,03 2.38 3.95 2.95 ND ND
STD Rt (min) 0 0.01 0.01 0.01 ND * ND *
N=40
(o)
70 RSD Rt 0.20 % 0.30 % 0.20 % 0.30 % ND * ND *
(min) N=40

* ND = Not detectable.
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Table 18: Organic solvent amount: Average and relative standard deviation in % (% RSD) of peak areas (PA) and retention
times (Rt) of the initial compounds in three dried blood spot samples (N=3) with 2 %, 40 %, 80 % and extract 80 %
(extraction without evaporation to dryness and reconstitution steps) organic solvent amount in the reconstitution solution
analyzed with the initial method.

Methanol amount Creatinine | Creatine | Uric acid c2 C12 C16
2%
Average PA (a.u)N=3 | 2.82E+07 | 1.22E+08 | 2.48E+07 | 8.97E+06 | ND* ND *
% RSD PA (a.u)) N=3 9% 7% 5 % 3% ND * ND *
Average Rt (min) N=3 2.10 2.40 3.90 3.09 ND * ND *
% RSD Rt (min) N=3 0.3% 0.2% 0.3% 0.0% ND * ND *
40 %

Average PA (a.u.) N=3 | 2.09E+07 | 1.29E+08 | 2.73E+07 | 8.53E+06 ND * 2.64E+05*

% RSD PA (a.u.) N=3 5% 6 % 0.6 % 2% ND * ND *

Average Rt (min) N=3 2.10 2.40 3.87 2.73 ND * 13.77

% RSD Rt (min) N=3 03% 0.2% 0.2% 0.4% ND * 0.1%
80 %

Average PA (a.u) N=3 | 3.12E+07 | 1.29E+08 | 2.58E+07 | 1.03E+07 | ND* | 9.32E+05"

% RSD PA (a.u.) N=3 10 % 6 % 1% 8 % ND * 12%

Average Rt (min) N=3 2.10 2.39 3.86 2.69 ND * 13.77

% RSD Rt (min) N=3 0.3% 0.4 % 0.4 % 0.2% ND * 0.1%
Extract 80 %

Average PA (a.u)N=3 | 3.95E+07 | 1.56E+08 | 3.51E+07 | 1.28E+07 | ND* | 1.03E+06"

% RSD PA (a.u.) N=3 4 % 2% 2% 4% ND * 13 %
Average Rt (min) N=3 2.09 2.39 3.87 2.69 ND * 13.77
% RSD Rt (min) N=3 0.3% 0.0% 0.8 % 0.2 % ND * 0.1%

* 7 points across the chromatographic peak.

* ND = Not detectable.
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Table 19: Acylcarnitine standard: Average and relative standard deviation in % (% RSD) of peak areas (PA) of
acylcarnitines in the acylcarnitine standard solution analyzed three times (N=5) with the initial method.

Acylcarnitine | Peak area (a.u.) %RSD Peak area (a.u) N=3
C3 3.17E+07 0.6 %
C4 1.13E+07 0.2%
C5 1.06E+07 8%
Cé6 4.07E+06 21 %
C8 7.87E+06 20 %
C10 9.23E+06 8%
C12 2.97E+06 27 %
Cl4 1.45E+06 32%
C16 7.99E+06 8%
C18 2.40E+06 7%
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Table 20: Scan range: Average and relative standard deviation in % (% RSD) of peak areas (PA) and retention times (Rt) of
the initial compounds and acylcarnitines in a dried blood spot sample analyzed three times (N=5) with the initial method

(scan ranges of m/z 50-750 and 750-1700) and the final method (scan range m/z 50-750).

Scan ranges m/z 50-750
and 750-1700 Scan range m/z 50-750 Retention time
% RSD Average % RSD Average
Average PA PA (a.u.) PA (a.u.) PA (a.u.) Rt (min) %RSD Rt
(a.u.) N=3 N=3 N=3 N=3 N=6 (min) N=6

Creatinine 5.03E+07 1% 1.05E+08 2% 2.07 0.2%
Creatine 2.24E+08 3% 4.39E+08 1% 2.29 0.1%
Uric acid 3.07E+07 5% 5.90E+07 2% 3.85 0.1%
Co 3.66E+07 2% 7.26E+07 2% 2.08 0.1%
Cc2 2.42E+07 3% 4.80E+07 2% 2.61 0.1%
C3 8.27E+05 9% 1.65E+06 12 % 4.95 0.1%
C4 7.28E+05 8 % 1.42E+06 7% 8.15 0.1%
C5 4.92E+05 3% 9.58E+05 3% 11.19 0.1%
C6 ND * ND * 5.27E+05 0.5% 11.67 0.1%
C8 ND * ND * 3.30E+05 2% 12.10 0.1%
C10 2.21E+05 8 % 4.67E+05 4% 12.40 0.1%
C12 ND * ND * 1.37E+05 4% 12.73 0.1%
C14 ND * ND * 4.03E+05 3% 13.13 0.1%
Cl6 1.92E+06 3% 3.70E+06 2% 13.66 0.1%
C18 7.20E+05 4% 1.38E+06 5% 14.35 0.1%

* ND = Not detectable.

87



Table 21: Final method: Average and relative standard deviation in % (% RSD) of peak areas (PA) and retention times (Rt)
of the final compounds in a dried blood spot sample analyzed 5 times (N=5) with the initial method.

Compound Average PA | % RSD PA Avt.arage Rt | % BSD Rt

(a.u.) N=5 (a.u)N=5 | (min) N=5 | (min) N=5
Ornithine 3.07E+07 2% 1.62 0.2%
Arginine 9.87E+06 7% 1.77 0.08 %
Glycine 6.20E+07 3% 1.99 0.2%
Alanine 1.15E+08 2% 2.05 02%
Citrulline 3.49E+07 1% 2.19 0.1%
Valine 3.40E+08 4% 2.52 0.1%
Methionine 1.85E+07 3% 3.10 02%
Leucine 2.70E+08 3% 3.43 0.5%
Tyrosine 8.47E+07 1% 4.25 01%
Phenylalanine | 1.23E+08 2% 6.97 0.1%
Co 7.23E+07 1% 2.08 0.2%
Cc2 4.68E+07 1% 2.61 0.1%
C3 1.47E+06 7% 4.85 0.3%
C4 9.04E+05 6 % 8.03 0.3%
C5 5.45E+05 3% 11.17 0.03 %
Cc8 3.13E+05 1% 12.09 0.04 %
C12 1.13E+05 3% 12.72 0.1%
Cl14 3.94E+05 3% 13.12 0.1%
C16 3.65E+06 4% 13.66 0.04 %
C18 1.28E+06 4% 14.36 0.1%
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Table 22: Quantitativity: Average and relative standard deviation in % (% RSD) of peak areas (PA) the final compounds
five dried blood spot samples (N=5) prepared with 1, 2, 3 and 4 punches and analyzed with the final method.

Ornithine Co
Average PA (a.u.) % RSD PA Average PA (a.u.) % RSD PA
Punches N=5 (a.u.) N=5 Punches N=5 (a.u.) N=5
1 3.07E+07 2% 1 7.23E+07 1%
2 3.57E+07 3% 2 1.28E+08 6 %
3 3.84E+07 2% 3 1.80E+08 1%
4 3.99E+07 3% 4 2.38E+08 1%
Arginine C2
Average PA (a.u.) % RSD PA Average PA (a.u.) % RSD PA
Punches N=5 (a.u.) N=5 Punches N=5 (a.u.) N=5
1 9.87E+06 7% 1 4.68E+07 0.8%
2 1.28E+07 4% 2 8.21E+07 6 %
3 1.55E+07 4% 3 1.16E+08 0.6 %
4 1.64E+07 9% 4 1.56E+08 2%
Glycine C3
Average PA (a.u.) % RSD PA Average PA (a.u.) % RSD PA
Punches N=5 (a.u.) N=5 Punches N=5 (a.u.) N=5
1 6.20E+07 3% 1 1.47E+06 7%
2 9.60E+07 5% 2 2.94E+06 13 %
3 1.26E+08 2% 3 4.63E+06 6 %
4 1.59E+08 2% 4 7.26E+06 1%
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Alanine C4
Average PA (a.u) % RSD PA Average PA (a.u.) % RSD PA
Punches N=5 (a.u.) N=5 Punches N=5 (a.u.) N=5
1 1.15E+08 2% 1 9.04E+05 6 %
2 1.77E+08 5% 2 2.40E+06 11 %
3 2.37E+08 1% 3 3.57E+06 4%
4 2.93E+08 1% 4 5.20E+06 1%
Citrulline C5
Average PA (a.u.) % RSD PA Average PA (a.u.) % RSD PA
Punches N=5 (a.u.) N=5 Punches N=5 (a.u.) N=5
1 3.49E+07 21% 1 5.45E+05 3%
2 5.13E+07 5% 2 1.04E+06 9%
3 6.98E+07 1% 3 1.52E+06 1%
4 9.13E+07 2% 4 2.06E+06 2%
Valine C8
Average PA (a.u.) % RSD PA Average PA (a.u.) % RSD PA
Punches N=5 (a.u.) N=5 Punches N=5 (a.u.) N=5
1 3.40E+08 4% 1 3.13E+05 0.8%
2 5.81E+08 6 % 2 6.37E+05 8%
3 7.78E+08 0.8% 3 9.50E+05 6 %
4 1.00E+09 1.5% 4 1.35E+06 4%
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Methionine C12
Average PA (a.u.) % RSD PA Average PA (a.u.) % RSD PA
Punches N=5 (a.u.) N=5 Punches N=5 (a.u.) N=5
1 1.85E+07 3% 1 1.13E+05 17 %
2 3.33E+07 8% 2 2.41E+05 12 %
3 4.94E+07 10 % 3 3.87E+05 8 %
4 6.55E+07 6 % 4 5.62E+05 2%
Leucine Cl4
Average PA (a.u) % RSD PA Average PA (a.u.) % RSD PA
Punches N=5 (a.u.) N=5 Punches N=5 (a.u.) N=5
1 2.70E+08 3% 1 3.94E+05 3%
2 5.17E+08 13 % 2 7.81E+05 10 %
3 7.68E+08 2% 3 1.17E+06 7%
4 1.04E+09 3% 4 1.73E+06 5%
Tyrosine C16
Average PA (a.u.) % RSD PA Average PA (a.u.) % RSD PA
Punches N=5 (a.u) N=5 Punches N=5 (a.u.) N=5
1 8.74E+07 0.9% 1 3.65E+06 4%
2 1.27E+08 6 % 2 6.99E+06 8%
3 1.96E+08 2% 3 1.05E+07 2%
4 2.69E+08 2% 4 1.51E+Q07 1%
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Phenylalanine

Punches

Average PA (a.u.)

N=5
1.23E+08
2.24E+08
3.31E+08

4.56E+08

% RSD PA
(a.u.) N=5

2%
7%
0.9%

1%

C18

Average PA (a.u.)

Punches N=5
1 1.28E+06
2 2.44E+06
3 3.89E+06
4 5.59E+06

% RSD PA
(a.u.) N=5

4%
8 %
5%

1%
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Table 23: Matrix: Average and relative standard deviation in % (% RSD) of peak areas (PA) of the internal standard
compounds in the internal standard solution with the absence of DBS matrix analyzed 15 times and in internal standard
solution with the presence of DBS matrix analyzed 60 times with the final method. With the ratio of peak areas of IS in the
presence of DBS matrix (ISmatrix) over IS in the absence of DBS matrix (ISsolution).

Presence of DBS matrix

Absence of DBS matrix

1S Average PA (a.u.) | % RSD PA (a.u.) | Average PA (a.u.) | % RSD PA (a.u.) | IS matrix/IS
Compound N=15 N=15 N=60 N=60 solution
Ornithine 5.94E+08 0.9% 3.57E+08 3% 166 %
Arginine 8.98E+08 1% 3.23E+08 2% 278 %
Glycine 5.59E+08 1% 5.83E+08 2% 96 %
Alanine 2.97E+08 1% 3.04E+08 2% 97 %
Citrulline 6.74E+08 1% 7.36E+08 3% 92 %
Valine 1.29E+09 1% 1.38E+09 2% 94 %
Methionine 9.11E+08 13% 6.51E+08 4% 140 %
Leucine 1.42E+09 1% 1.59E+09 2% 89 %
Tyrosine 6.19E+08 3% 6.29E+08 5% 98 %
Phenylalanine 1.42E+09 3% 1.57E+09 4% 91 %
Co 6.21E+08 1% 6.74E+08 2% 92 %
Cc2 2.33E+07 1% 2.43E+07 4% 96 %
C3 1.39E+06 8 % 1.76E+06 10 % 79 %
C4 1.28E+07 11% 1.54E+07 8% 83 %
C5 7.60E+07 1% 8.24E+07 5% 92 %
C8 2.79E+07 3% 3.02E+07 6 % 93 %
C12 6.39E+07 3% 6.79E+07 8% 94 %
C14 5.98E+07 4% 6.34E+07 7% 94 %
C16 1.18E+08 2% 1.24E+08 9% 95 %
C18 1.06E+08 5% 1.10E+08 10 % 96 %
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Table 24: Extraction efficiency: Average and relative standard deviation in % (% RSD) of peak areas (PA) of the internal
standard compounds in spotted and diluted IS solution analyzed five times each with the final method. With ratio of peak
areas of IS in the diluted solution over IS in the spotted sample.

IS diluted IS spotted
IS Compound | Ayerage Pa | % RSD PA | Average PA | % RSD PA | IS diluted/ IS
(a.u.) N=5 (a.u.) N=5 (@u)N=5 | (a.u)N=5 spotted
Ornithine 1.58E+07 4% 6.36E+06 6 % 40 %
Arginine 2.54E+07 8% 1.08E+07 8% 43 %
Alanine 1.13E+07 6 % 4.71E+06 5% 42 %
Citrulline 2.01E+07 7% 9.50E+06 5% 47 %
Valine 4.86E+07 7% 1.75E+07 3% 36 %
Methionine 3.07E+07 8% 5.59E+06 8% 18 %
Leucine 3.30E+07 8% 1.14E+07 8% 34 %
Tyrosine 1.15E+07 9% 4.66E+06 6 % 40 %
Phenylalanine 8.74E+05 10 % 3.20E+05 9% 37T %
Co 2.33E+07 6 % 8.82E+06 4% 38 %
C2 4.58E+05 8% 1.44E+05 5% 31%
C5 1.41E+06 6 % 4.25E+05 5% 30 %
C8 4.42E+05 7% 1.00E+05 8% 23 %
C12 1.02E+06 6 % 2.01E+05 8% 20 %
Cl4 9.24E+05 8% 1.80E+05 9% 19 %
C16 1.76E+06 7% 4.72E+05 9% 27 %
C18 1.42E+06 5% 4.23E+05 8 % 30 %
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6.2 Dried blood spots and dried plasma spots

Whole blood from a healthy volunteer was collected in an EDTA tube and three droplets were

spotted on to a filter paper card. The rest of the blood was centrifuged so that the red blood

cells gathered in the bottom of the tube and plasma was pipetted out, and three droplets were

spotted. Three DBS and DPS samples were prepared with punches from the center and the

perimeter. Peak areas of the detected compounds in all samples are shown in Figure 37.
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Figure 37: Whole blood spotted to make dried blood spots (DBS) and centrifuged to make dried plasma spots (DPS). Peak
area of detected compounds in DBS with center punches, in DBS with perimeter punches, in DPS with center punches and
DPS with perimeter punches (left to right, respectively).
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Creatinine, creatine and C2 seemed to be present in higher concentrations in DBS samples
than in DPS samples, but seemed to not be affected by the presence or absence of red blood
cells. Uric acid seemed to be more presented in DPS than DBS and more was observed in the
center of the DPS. This indicates that compounds in plasma were more presented in the
center, supported by a study that observed more red blood cells in the perimeter of the punch
compared to the center [42]. Their explanation was that plasma occupies a greater fraction of
volume of the interior of the filter paper card than the blood cells, thus the red blood cells are
spread to the perimeter. The red blood cells being more presented in the perimeter than in the
center of the DBS can be seen by watching a DBS, as there is a darker perimeter than center
of the DBS, see Figure 38.

Figure 38: Close up photo of a dried blood spot illustrating that the perimeter is darker than the center.

When red blood cells are present, more compounds seemed to be present in the perimeter of
the dried blood spot.
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6.3 Detection of hydrophobic and low-abundant
compounds

6.3.1 Mid-long acylcarnitines gave non repeatable measurements

The acylcarnitine standard solution was analyzed three times to observe the instrument
method’s ability to detect other hydrophobic compounds than the initial ones. The % RSD of
the peak areas of the acylcarnitines plotted against its concentration in the acylcarnitine

standard solution is shown in Figure 39.
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Figure 39: The % RSD of the peak areas of the acylcarnitines plotted against their concentrations in the acylcarnitine
standard solution, analyzed three times. The line represents % RSD at 10 %.

Acylcarnitines C3, C4, C5, C10, C16 and C18 had a % RSD of the peak areas <10 % for the
three analyses of the acylcarnitine standard solution, while the C6, C8, C12 and C14 peaks
had >10 %. The latter ones were the mid-long acylcarnitines (C6-C14), except from C10 with
the highest concentration of the mid-long acylcarnitines. The longest acylcarnitines (C16 and
C18) were also present in low concentrations, but they were detected by the initial method

with low % RSD of peak areas.
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The initial method uses ESI, which is an ionization technique more suitable for polar than for
non-polar compounds, thus, the poor detection of non-polar compounds may be due to poor
ionization effect. Commonly, derivatization of the acylcarnitines in to butyl esters is done
prior to analysis by LC-ESI-MS? to improve the electrospray ionization efficiency [23]. This
is an example which illustrates that additional analyses with another ionization technique
(e.g., APCI, which is more suitable for non-polar compounds [59]) may be useful to increase

the coverage of the DBS metabolome.

6.3.2 Extraction efficiency affected the detection of low-abundant
compounds

IS compounds were used to observe the extraction efficiency of compounds by comparing
spotted IS solution and injected diluted IS solution with nearly the same concentrations of
compounds. IS solution was spotted on a filter paper card and five samples were prepared out
of these. 3 pL of IS solution was diluted in 100 pL extraction solution to obtain close to the

same concentration in one punch, see Figure 40.

Spotted IS &
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unc i ini
P P Thermal mix and inject
1.2cm o
50 uL \ /
B 100 pL extraction
0.3 cm solution
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3puL
e e Inject
IS solution 100 pL extraction
solution

Figure 40: The preparation of spotted ISs and diluted IS to obtain about the same concentration used to investigate the
extraction efficiency of the IS compounds.

The peak areas of the compounds detected in the IS solution were compared to peak areas of
the compounds in the spotted ISs. Figure 41 shows that methionine and acylcarnitines C8,

C12 and C14 had the poorest extraction efficiencies. The peak shapes of acylcarnitine C3 and
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C4 made it difficult to integrate the peak and were therefore not included in these results. C6

and C10 were not added to the IS solution.
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Figure 41: Relative extraction efficiency in % of the chosen compounds using internal standards.

The poor extraction efficiency will affect the detection of low abundant compounds in whole
blood (e.g., acylcarnitines C8-C14), but not for the high abundant compounds (e.g.,
methionine) using the final method. The poor extraction of some compounds may be
explained by the extraction solution not being suitable for these compounds, or that they are
more presented in red blood cells (more difficult to get into solution). The most important
factor is that the extraction efficiency is repeatable to obtain confidential quantifications. The

% RSD (N=5) was satisfactory, <10 % for all final compounds.
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6.4 Final sample preparation method

Figure 42 shows the final sample preparation method in pictures.
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Figure 42: Final sample preparation method.
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6.5 Peak area over punches plots

Figure 43 shows the peak area over punches plots with R? value for all final compounds

obtained by analyzing 1, 2, 3 and 4 punches by the final method.
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Peak area (a.u.)
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Figure 43: Peak area over punches for all final compounds with R?value for all final compounds obtained by analyzing 1, 2,
3 and 4 punches by the final method.
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6.5.1 The most polar compounds were affected by matrix effects

Other compounds can affect the quantification of specific compounds in a biological sample.
The ions may compete for space in the ion source resulting in suppression or enhancement of
ion signal, which are examples of matrix effects. The isotopically labeled 1Ss have the same
chemical and physical properties as the endogenous compounds, thus the analysis of the ISs
can represent the impact on compounds by the instrument. The ISs were used to observe the
matrix effects of the chosen compounds by analyzing the IS solution in the absence and
presence of the DBS matrix. The shape and area of the chromatographic peaks after analysis
of the samples were compared. A DBS sample was prepared with ISs in the extraction
solution and analyzed 60 times, and the IS solution was analyzed 15 times.

All the peaks of the 60 injections of the DBS sample with IS and the 15 injections of the IS
solution were investigated. The peak area of the polar compounds, ornithine, arginine and
methionine were enhanced with ratios of 278, 166 and 140 %, respectively, and the peak area
of C3 and C4 were slightly suppressed with ratios of 79 and 83 %, respectively. Ornithine,
arginine and C3 showed poorer quantitativity than the other compounds and may be explained
by the matrix effect. Figure 44 shows the chromatographic peaks with and without the DBS
matrix of the compounds that were most affected by the DBS matrix and two compounds that
were not affected: alanine and C18. The rest of the chromatographic peaks of the final

compounds were not affected and are shown in Figure 45.
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Figure 44: Comparison of the chromatographic peaks of the IS compounds in the presence (red) and in the absence (black)
of the DBS matrix. Alanine and C18 and the rest of the final compounds were not affected by the DBS matrix, except from
ornithine, arginine, methionine, C3 and C4.

Polar compounds are retained poorly using reverse phase chromatography. HILIC and normal
phase chromatography are complementary separation techniques to reverse phase
chromatography. The use of one of these separation techniques may solve the matrix effect to
an extent by separating the polar compounds better than reverse phase chromatography,

reducing the number of polar compounds entering the ion source simultaneously [47].
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Figure 45: Chromatographic peaks of the final compounds in the presence (red) and absence (black) of the DBS matrix.
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6.6 Fasting project

6.6.1 Regional Committee for Medical and Health Research Ethics
informed consent form

An application for a research project to investigate the normal metabolome was approved by

REC. The informed consent form for the healthy volunteers of the project is described below.

C\ Oslo
universitetssykehus

Forespgrsel om & avgi biologisk materiale til

KARTLEGGING AV NORMALMETABOLOMET

Bakgrunn og hensikt

Formalet med biobanken er & undersgke sammensetningen av stoffene som kan pavises i
kroppsveesker i en normalbefolkning. Metabolismen er summen av alle kjemiske reaksjoner i
kroppen og innebarer nedbrytning og oppbygging av ulike stoffer som inngar i prosessene
som skjer i kroppen. Stoffene som deltar i metabolismen kalles metabolitter, og
sammensetningen av metabolitter utgjer det som kalles metabolomet. Metabolismen er et
dynamisk system, det vil si det er i endring hele tiden, og pavirkes av en rekke naturlige
biologiske faktorer slik som alder, kjenn, tid pd degnet, og ytre pavirkninger slik som
matinntak/faste, fysisk aktivitet, sykdom, inntak av legemidler m.m.

For & kunne skille variasjoner i metabolomet som skyldes normale prosesser fra avvik som
skyldes sykdom er det ngdvendig a undersgke metabolomet fra et stort antall friske personer
under ulike betingelser (f.eks. tid pa degnet, fadeinntak, fysisk aktivitet).

Forskningsansvarlig er Oslo Universitetssykehus, Avdeling for medisinsk biokjemi ved
avdelingsleder. Prosjektleder er Katja B. Presta Elgstgen ved samme avdeling.

Det biologiske materialet blir oppbevart pa ubestemt tid og skal brukes i fremtidig forskning
til ulike studier av normalmetabolomet.

Hvilket biologisk materiale skal innsamles?

Vi undersgker i hovedsak blod og/eller urin. I sjeldne tilfeller kan det veere aktuelt med har,
spytt, tarevaeske, svette eller vev fra deg. Det vil bli et stikk (blodprgve fra armen og/eller
stikk i fingeren) i forbindelse med blodprgvetaking. Dersom du gir fibroblaster (hudprgve), vil
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du fa lokalbedgvelse fgr vi tar en knappenalshode stor prgve fra huden din. Dersom du gir
vev, vil dette vaere i forbindelse med en annen operasjon og du vil ikke oppleve ekstra
ubehag pga dette.

Bredt samtykke

Prevene som du avgir lagres i den generelle forskningsbiobanken 2018/787 «Kartlegging av
normalmetabolomet». Nar du avgir biologisk materiale til denne forskningsbiobanken gir du
ogsa et bredt samtykke til at materiale og relevante helseopplysninger kan brukes til fremtidig
forskning som har til hensikt a kartlegge normalmetabolomet, og som normalkontroll i studie
av ulike sykdommer.

Innsamling og bruk av helseopplysninger

Biobanken vil inneholde noen opplysninger om deg. Disse er kun tilgjengelige gjennom en
koblingsngkkel som skal beskytte din identitet, men samtidig gjere det mulig a knytte
opplysningene om deg til ditt materiale gjennom en kodeliste dersom det skulle veere
ngdvendig. Oslo Universitetssykehus er ansvarlig for at koblingsnekkel oppbevares og
forvaltes forsvarlig. Materiale og opplysningene om deg lagres permanent og vil analyseres i
forbindelse med spesifiserte forskningsprosjekter. Det kan ogsa veere gnskelig a registrere
annen relevant informasjon enn bare alder og kjgnn (kosthold, medisinbruk, kjent sykdom
eller liknende). Du star i sa fall helt fritt til & oppgi dette.

Det kan veere aktuelt & gjere relevante undersgkelser pa genniva for & bidra til forstaelsen av
variasjoner i metabolomet.

Genetiske undersgkelser

Det kan veere aktuelt & gjgre genetiske analyser pa det materialet som er samlet inn for & se pa
sammenhengen mellom metabolomet og underliggende gener og genvarianter (sekvensering
av enkeltgen, grupper av gener eller hele genomet). Genomsekvensen til hvert enkelt
menneske er sa unik at ingen prever som inneholder DNA i teorien kan vere anonyme. |
praksis blir imidlertid alle praver avidentifiserte og ingen (verken forskere eller personer som
deltar i biobanken) informeres om resultater og funn hos enkeltpersoner.

Godkjenning av fremtidige forskningsprosjekter
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Alle fremtidige forskningsprosjekter som benytter materialet fra deg skal forhandsgodkjennes
av en regional komité for medisinsk og helsefaglig forskningsetikk, men du vil kun
unntaksvis bli spurt pa nytt om slik bruk. Det vil derfor kun unntaksvis kunne vaere behov for
a sparre deg pa ny om slik bruk av prgvematerialet.

Informasjon om fremtidige prosjekter

Informasjon om forskningsbiobanken 2018/787 kartlegging av normalmetabolomet finnes pa
Biobankportalen til Oslo Universitetssykehus: https://oslo-
universitetssykehus.no/forskningsbiobanker-ved-oslo-universitetssykehus

Pa denne nettsiden er det lenke videre til forskningsprosjektets nettside hvor informasjon om
pagaende og framtidige prosjekter er beskrevet.

Utlevering av prevemateriale

Det kan veere aktuelt & sende prgver ut av landet (innad i EU og til USA, data som overfares
til USA behandles i henhold til EUs Personverndirektiv), som et ledd i internasjonalt
samarbeid. Materialet vil i sd fall kun utleveres uten navn, faedselsnummer eller andre
personidentifiserbare opplysninger.

Det er frivillig a delta

A avgi biologisk materiale til Kartlegging av normalmetabolomet er frivillig og krever
samtykke. Informasjonen som registreres om deg skal kun brukes slik som beskrevet i
hensikten med studien.

o

Dersom du gnsker a avgi biologisk materiale og godkjenner at prgvene dine lagres for
eventuell bruk i fremtidige forskningsprosjekter, undertegner du samtykkeerkleeringen pa siste
side. Der vil det bli spurt spesifikt om a) oppbevaring av din prgve i biobanken til fremtidige
studier av normalmetabolomet, b) bruk av prgvene som normalkontroll i andre
forskningsprosjekter, og c¢) om det kan utfgres relevante analyser pa genniva knyttet til
kartlegging av normalmetabolomet.
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Mulighet for a trekke sitt samtykke, innsynsrett, endring og sletting av opplysninger

Du kan til enhver tid fa innsyn i hvilket materiale som er lagret fra deg. Du kan nar som helst
kreve at materialet blir destruert, uten at du ma oppgi noen grunn. Destruksjon av materialet
vil imidlertid ikke innebare sletting av utledete opplysninger som allerede har inngatt i
sammenstilling eller analyser.

Kontakt

Biobanken er lokalisert ved Avdeling for medisinsk biokjemi, Rikshospitalet, Oslo
Universitetssykehus. Katja B Prestg Elgsteen (kelgstoe@ous-hf.no, tlf. 23073079) er
ansvarshavende for biobanken. Dette er en prospektiv biobank, og prgvene vil bli lagret til de
eventuelt gnskes fjernet av deg.

111



OPPLYSNINGER OM DEG

Kode for avidentifisering:

Alder:

Kjegnn:

Andre opplysninger (frivillig & oppgi):

Faste medisiner:

Andre medisiner tatt siste dggn:

Eventuelle sykdommer:

Kosttilskudd:

Eventuelt spesielt kosthold (f.eks. vegetarianer, laktoseintolerant):

Har du spist i dag? | sa fall: hvor lenge er det siden, og hva spiste du?

Rayker eller snuser du?

Annen relevant informasjon:
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Samtykke til lagring av biologisk materiale

a) Jeg avgir bredt samtykke til at mitt biologiske materiale kan oppbevares varig i biobanken
2018/787 Kartlegging av normalmetabolomet og kan bli benyttet i fremtidig forskning til
ulike studier som omhandler kartlegging av normalmetabolomet

Sted og dato Deltakers signatur

b) Jeg godkjenner at mine pragver kan bli brukt som normalkontroll i andre
forskningsprosjekter som er godkjent av Regional komité for medisinsk og helsefaglig
forskningsetikk

Sted og dato Deltakers signatur

c) Jeg godkjenner at det kan utfares relevante analyser av mine prgver pa genniva knyttet til
kartlegging av normalmetabolomet

Sted og dato Deltakers signatur

Deltakers navn med trykte bokstaver

Jeg bekrefter & ha gitt informasjon om prosjektet.

Sted og dato Signatur

Rolle i prosjektet
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6.6.2 Fasting programme

Figure 46 shows the sampling programme during the fasting project and Table 25 shows the

programme with comments.
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| X X XX X X X
I X X X
Time 6 12 18 | 6 12 18 6 12 18 6 12 18 | 6 12 18
Day 1 2 3 4 5

Figure 46: Sampling collection program during the fasting for 36 hours project.
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Table 25: Sampling collection programme during the fasting for 36 hours, including comments.

Sample | Day | Time Period Comment
01 1 10.30 Free diet After breakfast
02 1 15.00 Free diet After ¥ day of free diet
03 1 22.00 Free diet After one day of free diet
04 2 09.00 Long fasting No food intake, 11 h
05 2 15.00 Long fasting No food intake, 17 h
06 2 18.00 Long fasting No food intake, 20 h
07 2 22.00 Long fasting No food intake, 24 h
08 3 08.00 Long fasting No food intake, 36 h
09 3 09.45 | Controlled diet After meal number 1
10 3 10.30 | Controlled diet | 45 min after meal number 1
11 3 11.30 | Controlled diet Before meal number 2
12 3 13.30 | Controlled diet | 1.5 h after meal number 2
13 3 15.00 | Controlled diet Before meal number 3
14 3 18.30 | Controlled diet | 3.5 h after meal number 3
15 4 09.00 Free diet After breakfast
16 5 09.00 Free diet After breakfast

Individual F did not follow the programme completely. This individual did not eat the
controlled diet like the others, thus, sample 9-12 were not collected. Samples 4, 15 and 16 for
this individual were taken before breakfast (4 hours), unlike the others.

6.6.3 Control of the instrumental drift

Samples taken during free diet and fasting from all individuals were analyzed by the method
in one analysis run with ISs in the extraction solution. Another analysis run analyzed all 16
DBS samples with control samples. The peak area % RSD of IS compounds in samples from
all six individuals are shown in Table 26. All IS compounds in all samples had peak area %
RSD <10 %, except for methionine, tyrosine, C3 and C4. There was not a single sample or
group where the amount of all IS compounds changed significantly, thus, the instrumental

variation was considered to not affect the measurements, see Figure 47.
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Table 26: Relative standard deviation in % (% RSD) in peak area of internal standard compounds in samples 1-8 from all

healthy volunteers in the fasting project (N=6).
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Sample 2> 1 2 3 4 5 6 7 8
IS compound % RSD PA (a.u.) (N=6)
Ornithine 5% |2% 6% |6% | 3% | 3% |3% | 6%
Arginine 9% 3% | 4% | 6% | 9% 8% | 3% |10%
Glycine 1% | 2% | 4% |3% | 2% [4% | 4% | 3%
Alanine 2% | 4% | 2% | 5% | 4% 4% | 3% | 3%
Citrulline 3% |2% 4% | 2% | 4% |[5% | 5% | 4%
Valine 1% | 2% | 2% | 2% | 5% 4% | 3% | 4%
Methionine | 8% | 7% [18% | 9% |32%|28% |[10% | 9%
Leucine 6% 2% 4% | 3% |[2% |[4% | 4% | 3%
Tyrosine 25% (17 % |27 % |24 % |34 % |33 % |41 % |24 %
Phenylalanine [10% | 3% |(14%| 3% | 6% | 7% | 5% | 3%
Co 3% |2% 2% | 2% | 4% |[5% | 3% | 4%
c2 2% | 3% 5% [ 5% [ 3% |[5% | 5% | 5%
C3 27% (17 % |20 % |30 % |16 % |10 % |26 % | 18 %
C4 20%(11%|35%(15%|25%| 8% | 3% |13 %
C5 2% | 2% 2% | 3% |[4% 5% | 4% | 4%
C8 2% | 1% 4% | 4% | 5% [ 6% | 9% | 4%
C12 4% | 4% (6% | 3% | 3% | 8% [11%| 8%
C14 3% |6% | 7% | 4% | 9% 4% | 6% | 9%
C16 2% |5% 4% | 4% [ 6% [ 2% | 4% | 9%
C18 2% | 4% 5% [ 3% [5% | 9% | 8% | 3%
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Figure 47: Internal standard peak area in all samples (1-8), from all individuals (A-F).
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A DBS sample was used to control the instrument drifts during the sample analyses. A sample
was injected every day (about 24 hours in between), from the same vial, to control signal
variation of the MS and HPLC. Table 27 shows the % RSD of the retention time and peak
area of some final compounds. The software was not able to align the retention times of

samples 1, 2 and 5, thus, these samples were not included when the data was processed.

Table 27: Relative standard deviation (% RSD) of retention time and peak area of final compounds in a control sample

(DBS) injected three times every day during an analysis run for 11 days.

Average Pa (a.u.) % RSD PA (a.u.) Average Rt (min) % RSD Rt (min)
Compound N=30 N=30 N=30 N=30
Ornithine 1.81E+07 4 % 1.62 0.3%
Arginine 6.88E+06 3% 1.75 0.4%
Citrulline 1.75E+07 3% 2.19 0.2%
Valine 1.71E+08 9% 2.50 0.1%
Methionine 8.17E+06 7% 3.05 0.2%
Leucine 1.37E+08 6 % 3.33 0.3%
Tyrosine 3.34E+07 5% 4.10 0.3%
Phenylalanine 6.73E+07 3% 6.73 0.2%
Co 5.16E+07 2% 211 0.3%
Cc2 3.10E+07 4% 2.61 0.2%
C3 1.02E+06 8 % 4.97 0.4 %
Cc8 2.09E+05 8 % 12.09 0.1%
Cl4 3.35E+05 10 % 13.14 0.1%
C16 2.90E+06 4 % 13.69 0.1%
C18 1.14E+06 4% 14.42 0.1%
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The % RSD (N=30) of both the retention time and peak area of the final compounds were
satisfactory. Retention times varied less than <1 % and peak area <10 % during 11 days of
analysis. The injections were taken from the same vial, meaning that samples can be placed in
the autosampler for at least 11 days with little effect on variation in peak area for the final
compounds. The MeOH did not vaporize even though the concentration was high (80 %). 30
injections were performed and an article describing system suitability recommends a

maximum of three injections of a QC sample from one vial [78].

ISs can determine the instrumental drift in a specific sample and were chosen to be used in

further experiments.

6.6.4 Metabolites identified in the fasting samples

Figures 48-52 show the measured peak area of identified compounds that changed
significantly in the fasting samples from the analysis with IS (1-8) and control samples (1-16).
The figures are box and whisker plots where the ends of the whiskers represent the highest
and lowest point. The whisker below the box contains about 25 % of the lowest data. The line
in the box represents the median, and below this line are approximately 25% of the lowest
data inside the box and above the line are approximately 25 % of the highest data in the box.
The whisker above the bow contains approximately 25 % of the highest data.
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Figure 48: Caffeine (from coffee): Measured peak area of caffeine in the fasting samples from six healthy volunteers.
Analyses with I1Ss of samples taken during free diet and fasting to the left. Analyses with control samples of DBS samples

taken during free diet, fasting and controlled diet to the right.
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Figure 49: Paraxanthine (coffee metabolite): Measured peak area of paraxanthine in the fasting samples from six healthy
volunteers. Analyses with control samples of DBS samples taken during free diet, fasting and controlled diet to the right.
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Theobromine (in chocolate): Measured peak area of theobromine in the fasting samples from six healthy

Figure 50:
volunteers. Analyses with control samples of DBS samples taken during free diet, fasting and controlled diet to the right.
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Figure 51: Hippuric acid (in orange juice and tea): Measured peak area of hippuric acid in the fasting samples from six
healthy volunteers. Analyses with control samples of DBS samples taken during free diet, fasting and controlled diet to the

right.
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6.7 Poster presented at “Det 18. Norske seminar i
vaskekromatografi”, Sandefjord 2018
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Evaluation of an untargeted metabolomics method of
| dried blood spots

E.M. Sandas'?, H.B. Skogvold !, A. @steby?, H. Rootwelt!, S.R. Wilson?, K.B.P. Elgstgen?
! Department of Medical Biochemistry, Oslo University Hospital Rikshospitalet, P.O. Box 4950 Nydalen, 0424 Oslo
2 Department of Chemistry, University of Oslo, P.O. Box 1033 Blindern, 0315 Oslo

UiO ¢ University of Oslo

Background | Materials and methods

Inborn errors of metabolism (IEMs) are a group of The liquid — mass y used was Dionex Ultimate 3000 UHPLC system coupled to a Q Exactive
genetic disorders causing dysfunction of specific Orbitrap mass spectrometer from Thermo Fisher Scientific. Method parameters used in all experiments are shown in
proteins, most often enzvmes, Ieadlng to abnormal Table 1. Milli-Q water was used in all experiments.
fyele o it Table 1: Setti din all i its Table 2: LC Flow gradient profile. Mobile phase: A: Water
Consequently, an IEM results in deviation from a S0, LSaLIgEUSEC (LAR Sxperinan Held % 4 e
normal metabolic profile. Targeted analyses of known [Parameter ; _ 04 % formicacld. B: Mathancl+ (1% formicadd
diagnostic markers are used in lytical ol PumsHitRE CL8 DiBhen; Time (min) %8B
250 2.0mm, 3 um (Agilent)
Many IEMs are treatable if found at an early stage, Mobile phase A “Water+ 0.1 % formicacid 9 N
putting great demand on the methods used for their Mobile phase B Methanol +0.1% formic acid L 10
diagnosis. To increase the understanding of the wider Flow gradient Table 2 and Figure 1 8.5 75
biochemical consequences of IEMs and to find better Injection volume 2l 25 100
markers for diagnosis and monitoring of treatment, Column temperature 30°C 27.5 100
untargeted metabolomics (the analysis of all Electrospray voltage _| 35, kv
metabolites in a biological sample) is a powerful tool. sfg{::i':y""dhpw"m (7:uooua = 100
Orbitrap mass spectrometry coupled to liquid AGCtargstvalus 146 lon Counts :
chromatography is well suited for metabolomics, due Capillary 250°C ; P
to the high r and itivity of this techni Auxgas heater temperature| 300°C 2
Earlier work by Camilla Elene Arnesen and Hanne Scan ranges (m/z) 50-750, 750-1700 0
Bendiksen Skogvold involved optimization of Inqu.d Scantype Full Ms % 1 5.8 W
¢h to-achieve of Flow rate 300 uL/min Time [Minutes]
as many compounds as possible and mass A ] 27.5 _minut-s Figure 1: LC Fvlow‘gradientproﬂle. Mobilspha;e,{a- Water
spectromeliic paranicters to achisve bitier e 10 minutes +0.1% formicacid. B: Methanol + 0.1% formicacid
and coverage of the metabolome in dried blood spots, Sample preparation of dried blood spots
respectively. To one punch (3.2 mm diameter, containing approximately 3 uL whole blood),100 uL of 80 % aqueous methanol + 0.1 %

formic acid was added and extraction performed by mixing (700 rpm) for 45 minutes at 45 "C. After evaporation to
dryness (N, 40 "C), 100 uL 2 % aqueous methanol with 0.1 % formic acid was added. The sample solution was mixed and 2
HL injected. The samples were analyzed in positive and negative mode. However, only results from positive ionization is
presented due to temporary technical problems with negative ionization. Blood from healthy controls were used in all
experiments.
Endogenous compounds
Endogenous compounds covering a wide polarity range was chosen to represent the blood metabolome; creatinine,
creatine, uric acid, glucose (only detected in negatlve mode) and acylcarnitines C,, C;, and Cyg.

Pu l"pose Instrument bility and assay rep ity
. ility was i by peak area variation in 20 injections of one
The main purpose of this master project is to evaluate prepared dried blood spot sample. Assay reproducibility was assessed by analyzing 20 ABCD
and further optimize the LC-Orbitrap MS method for samples with random punch location.
dried blood spots developed by Arnesen and Skogvold Punch location
by determination of instrument repeatability and To observe the effect of punch location, 10 dried blood spot samples were prepared from Figure 2: Punch locations
assay reproducibility, and investigating the effect of each location (A, B, C and D) shown in Figure 2. Peak area of creatinine, creatine, of dried blood spots
punch location in dried blood spots. acylcarnitine C,and uric acid was used.

Results and discussion

Instrument repeatability and assay reproducibility Punch location
Acylcarnitines C;, and C,; were not detected, probably due to very low endogenous As seen in Figure 4, concentration varies with punch location for all compounds. In
levels in healthy controls and/or solubility issues. As a substitute, two peaks of general, higher concentration was observed in punches taken from the perimeter of
unknown identities with high mass (m/z 802.79852) and long retention time (11.05 the spot. This may be due to the inhomogeneous nature of blood and slower
min), respectively, was included. The extracted ion chromatograms are shown in Figure diffusion of red blood cells from the center where the blood is applied compared to
3 and the coefficient of variation (CV) in % of peak area for each peak are shown in plasma. In addition, larger variation was observed in punches taken from the
Table 3. . ~ perimeter than from the center of the spot.
‘ Unknown m/z: 802.79852 Creatinine . Creatine
l Creatinine m/z: 114.06619 a i 3 3 -
N H : .
l Creatine m/z: 132.07675 2 T T .
! < *
l Acylcamitine C, m/z: 204.12303 = = > 'm"“li;nm A 7S % =
10% ™ o % 10% ™ u%
l Uric acid m/z: 19603562 Acylcarnitine C, i . Uric acid
l Unknown m/z: 205.09612 . " ? -§- +
nma[mmn‘n] % - . - % Pt
Figure 3: Extracted ion chromatograms of endogenous compounds in blood from healthy controls. e
Table 3: Coefficient of variation (CV) in % of peak area for endogenous compounds (N=20). — 2ees =
5 c D Punchlocation A s c [
Creatinine | Creatine Uric acid | m/z: 205.09612 | m/z: 802.79852 o % 10% ™ ux o % 10% ™ u%
Instrument repeatability CV (%) 2% 2% 1% 2% 1% 2% Figure 4: Peak area and CV (%) of selected endogenous compounds in samples from punch locations A, B, Cand D, see
v (%) 9% 10% n% 6% 12% 9% Rgura 2 {Ne10).
Conclusion and future work ‘
The instrument repeatability and assay repr ility are with a icient of variation in peak area of 2% and 12% or lower, respectively, for the chosen compounds. Further work
fori of assay repr ibility is ongoing and involves use of isotopically labelled internal dards in the ion solvent. C ion was found to vary with punch location, and
Iarger variation was observed in punches taken from the perimeter than from the center of the spot. Thus, when comparing metabolomes from dried blood spots, knowledge of punch location is
essential and the center area punch should be used. Some of the hydrophobic compounds were not detected. Ongoing work to improve the coverage of the ic part of the
involves adj of the sample pr ion; skipping the whole evaporation step is currently being tested and the results are promising. The long-term goal is to show the suital of the

method for detection of changes in the metabolome in health and disease. This will be achieved by studying changes in the metabolome of healthy controls with exposure to differen
environmental stimuli (e-g- diet and/or emotional changes), and samples from patients with known diseases.

Contactinfo: moerel@ous-hf.no
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