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Chapter I

General introduction and scope



Chapter I

Clinical and pharmaceutical studies face a persistent obstacle with biomass-restricted
samples, which impede the comprehensive deciphering of biological progresses and disease
mechanisms. Traditional analytical methods often fall short when confronted with these
challenges, necessitating the development of alternative approaches. Micro-flow LC-MS
methods offer a compelling solution by enabling the analysis of minute sample volumes
with high sensitivity and good precision. Biomass-restricted samples in this thesis refers to
biospecimens with low concentrations or limited amount for analytical measurements.

In clinical studies, we seek a non-invasive sampling method that causes minimal pain or
trauma to the patients. The development of micro-sampling methods including fine needle
aspiration biopsy (tissue), fine microextraction techniques, dried blood spots(blood),
microdialysis (cerebrospinal fluids), and so on, have achieved the goal for minimal sample
amount (e. g. blood sampling volume <50 pL) [1]. However, the biomass requirements for
biochemical and analytical analysis methods are normally larger than this to reach reliable
quantification limits. Not to mention the common circumstance when multiple aliquots need
to be made for comprehensive investigation with various analytical methods [2, 3].
Similarly, analyses with experimental animals are challenging as well, since the model
animals have less blood/CSF/tissue, while pharmaceutical studies require sampling over

multiple time points.

Development of miniaturized analytical methods for Metabolomics studies

Metabolomics studies typically employ analytical techniques to investigate changes in
metabolites resulting from factors such as disease, diet, and exposure to specific
environments. Liquid chromatography-mass spectrometry (LC-MS) and capillary
electrophoresis-mass spectrometry (CE-MS) are commonly utilized due to their ability to
analyze a wide range of compounds based on their physical chemical properties [4].
Although the analytical workflows using these techniques have been well-developed and
contribute a lot to metabolomics, clinical and pharmaceutical studies [5-7], for some
research when biomass-restricted samples are involved, the sensitivity of conventional
methods can be an issue. To address this, miniaturized metabolomics has emerged as a

promising approach. The common matrices for metabolomics studies include blood, urine,
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feces, cerebrospinal fluids, and tissues. Miniaturized metabolomics methods are required
for matrices such as body fluids from infants, small animal models, or other biospecimens
obtained with micro-sampling devices. Advances in miniaturized workflows are crucial for
enhancing our understanding of various diseases and pathological processes in biomass-

restricted samples.

By operating at micro- to nano-liter flow rates, miniaturized LC-MS and CE-MS methods
minimize sample dilution within the ionization source, thereby enhancing ionization
efficiency. These techniques require only minute sample volumes to achieve equivalent or
better limits of detection while maintaining broad coverage of metabolites [8]. Additionally,
the reduced sample volume reduces source contamination and matrix effects [9]. The
adoption of miniaturized techniques offers financial benefits and improves the welfare of
experimental subjects. Reduced consumption of organic solvents for mobile phase and
sample extraction significantly lowers costs. Furthermore, it mitigates the risk of
researchers' exposure to toxic organic solvents like chloroform and acetonitrile (classified
as class 2 solvents for toxicity in FDA guidance). In an era increasingly concerned with the
welfare of patients, clinical study volunteers, and laboratory animals, minimizing sample

volume translates to less harm inflicted on study subjects.

Miniaturized analytical techniques show promise for revolutionizing future clinical
diagnostics and personalized medicine by offering minimally invasive procedures and the
ability to detect important disease biomarkers even at lower concentrations. However,
concerns about their robustness occasionally arise due to issues such as column clogging,
tubing leaks, and spray emitter malfunctions. These challenges can be mitigated by
implementing cleaner sample preparation methods and ensuring correct tubing connections
within the system. The development of a miniaturized analytical method requires
understanding the contributions from sampling, sample preparation, and LC/CE-MS
instrumentation to sensitivity and robustness. By combining microsampling, miniaturized
sample preparation method, and micro flow-LC-MS, CE-MS methods, the miniaturized
workflow will be an optimal choice for studies with biomass-restricted samples, ultimately
advancing our understanding of disease mechanisms and aiding in the discovery of novel

biomarkers.
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Biomass-restricted studies
-Pediatric studies

Pediatric studies involve the examination of medical conditions, treatments, and
interventions specifically tailored to children, from birth through adolescence. These studies
encompass a wide range of disciplines, including pediatric oncology, neonatology,
developmental biology, pharmacology, psychology, and public health [10-12]. The
difference of how children react to disease or treatment can be differ among various age
stages [13]. In order to address the unique physiological, developmental, and psychological
needs of children, as well as help with the diagnosis and treatment in this vulnerable

population, analysis using pediatric samples is necessary.

Blood is one of the most frequently analyzed matrices in pediatric studies. It provides
valuable information about the child's overall health, including levels of various biomarkers,
hormones, nutrients, and medications. The volume of blood that can be safely obtained from
children, especially infants and newborns, is limited since they possess lower total blood
volume (TBV) [14]. In a newborn, the total volume of blood is estimated at 80-90 mL/ kg
body weight. According to the European regulatory guidelines, trial-related blood loss
should not exceed 3% of the total blood volume during a period of 4 weeks and should not
exceed 1% at any single time [15]. A study including 141 children from six months to 12
years old also suggested repeated sampling totaling up to 3% of blood volume is safe [16].
According to the WHO, the average birth weight of a full-term male baby is 3.3 kilograms
(kg). The average birth weight of a full-term female is 3.2 kg. This means there is a total
volume of around 276.3 mL blood per full-term baby, the volume that could be sampled a
single time is not more than 2.8 mL (1% TBYV), and not more than 8.3 mL for repeated
sampling (3% TBV). The volume will be only less if preterm and children with health issues
are taken into account. However, in extreme circumstance, medical intervention is required
in preterm infants, and they could lose almost one-third of their total blood volume in the
first month of life due to multiple blood draws for laboratory investigations, and procedures
[17, 18], which leads to extra trauma to the patients. Blood samples can be obtained via heel

puncture or fingerstick, which is painful for the vulnerable infants and newborns.
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Microsampling techniques, which allow minimally invasive sampling using microneedles,
can ease the pain from blood sampling as well as reduce excessive blood loss. However, the
smaller sample volume obtained may pose challenges for conventional analytical

measurements.

Given the volume limitations inherent in pediatric samples, to ease the pain from the
sampling procedure as well as lower risks from too much blood loss, analytical methods

with higher sensitivity for trace volume samples is urgently required.
-Animal studies

Experimental animals can serve as models for studying complex biological processes and
disease mechanisms that often cannot be adequately replicated in vitro or in silico. By
studying diseases and treatments in animals, researchers gain valuable insights into the
underlying mechanisms of disease pathology, drug metabolism, and pharmacokinetics [19-

22].

During pharmaceutical development, before the candidate drug can be tested in clinical
studies on humans for treatment purpose, it must undergo rigorous preclinical testing in
animal models to assess its safety and efficacy, including potential side effects, toxicities,
allowing researchers to refine dosing regimens and prioritize drug candidates for further
development. For PK/TK purposes, multiple sampling over 24 hours is required. Apart from
pharmaceutical studies, to gain a comprehensive understanding of certain health-related
conditions, samples from animal models are commonly analyzed by multiple platforms
including metabolomics, proteomics and transcriptomics. However, the sample amount

acquired from some small animal models is inadequate for all of those analysis.

Take mouse as an example, a mouse with body weight of 25 g has a total blood volume
around 1.8 mL, a single sampling above 15% TBV (>270 pL) and multiple sampling more
than 20% TBV (>360 pL) are not recommended since hypovolemic shock may occur [23]
and affect the following sampling timepoints. For metabolomics studies, the interference of
such acute stress caused by sampling could also cause changes in the metabolite profile and
deliver unreliable data [24]. Moreover, excessive sampling is against animal welfare and

the 3R (replacement, reduction, refinement) principle [25]. While multiple blood sampling
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from tail vein is normally applied on experimental mice/rats in pharmaceutical study, the

biomass of blood sample could be limited per collection point.

The zebrafish and zebrafish larvae exhibit a correlation between neuroanatomical and
physiological features that is comparable to what has been observed in mammals. This
similarity enables the creation of dependable and pertinent experimental models for
researching neurological disorders [26, 27]. As an ideal alternative experimental model to
mammals, the analysis of zebrafish or zebrafish larvae using LC/CE-MS usually requires
pooling several samples, resulting in a loss of data on the heterogeneity between animals

[28].

While animal research remains essential for advancing medical science, efforts to refine
experimental techniques, minimize suffering for better experimental animal welfare, and
explore alternative models are ongoing. As an example, a pharmacokinetic study of insulin
in rat plasma combined microsampling and micro flow-LC-MS analysis, which proved the
advantage of miniaturized analytical workflow over conventional method. A 47-fold

sensitivity increasement enabled the analysis of volume-limited samples [29].
- Miniaturized method development for concentration-limited compounds

Miniaturized analytical methods offer a significant advantage in sensitivity enhancement,
enabling the detection and quantification of compounds including drugs and metabolites in
trace level concentrations [30-32]. Upon analyzing concentration-limited samples, the
method development strategy is the same as conventional methods. For hydrophobic
compounds like lipids, the micro flow-RPLC-MS method provides benefits such as high-
resolution separation, sensitivity, and robustness. However, RPLC is not the ideal
separation method for polar compounds such as amino acids and their derivatives. In
contrast, hydrophilic interaction liquid chromatography (HILIC) is a valuable tool for
analyzing polar compounds, although miniaturizing it is comparatively challenging
compared to RPLC. The inclusion of salts in HILIC mobile phases decreases retention and
improves peak shape, but also leads to ionization suppression and the risk of clogging in
micro-LC column and spray emitter. Conversely, capillary electrophoresis (CE), which is

sometimes overlooked, allows for the measurement of polar compounds by separating them
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based on size and charge within an electric field. The advancement of sheathless CE-MS
avoids dilution in ionization source and highly improves its sensitivity. The low-nano liter

injection volume makes it ideally suited for miniaturized sample analysis [33].

Proper sample preparation methods are crucial for concentration-limited analytes in
miniaturized metabolomics workflow. To avoid clogging systems and improve the
detection sensitivity, a clean and efficient sample preparation procedure is required. In
theory, a consistent extraction recovery through different concentration levels is good
enough for bioanalysis. However, for concentration-limited compounds, sample loss such
as due to adsorption on wall of sample vials could be fatal to the quantification. Online
sample preparation techniques such as solid-phase microextraction coupled with
miniaturized systems could help overcome the sample loss during sample transfer as well
as increase throughput [34]. On the other hand, up-concentration strategy by evaporation or
electro-extraction is commonly used for sensitivity improvement. While miniaturized LC-
MS or CE-MS systems are easier to be clogged by matrix samples, extra attention should

be paid on sample clean up.

Scope and outline of the thesis

Quantification of trace level compounds is always challenging to conventional analytical
techniques. The demand of using limited volume samples further emphasizes that more
sensitive and robust analytical methods are urgently required. As a concentration-sensitive
detector at the flow rates used in this thesis, MS exhibits the same sensitivity when samples
with identical concentrations are sprayed into the MS via the electrospray interface. In this
thesis, the hypothesis is that by using micro/nano flow rates, we can significantly reduce
sample dilution in the MS ionization source when working with biomass-restricted samples
and a rugged source design is needed for clinical applications. In addition, when further
decreasing the flow rate as with sheathless CE-MS, the MS detector becomes mass sensitive
as the ionization becomes more efficient, and the detection limits become more favorable

for biomass-limited samples.
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In order to verify this hypothesis, we investigate how miniaturized analytical methods can
enhance the sensitivity for biomass-restricted samples in metabolomics studies. This will
be achieved by selecting and optimizing analytical techniques based on the properties of
matrices and targeted compounds. Micro-flow LC-MS and sheathless CE-MS methods are
established respectively for the analysis of lipids and amino acids, and these methods are
applied on various biomass-restricted biospecimens to prove their applicability in biological

and clinical studies.

To address the biomass mismatch challenge during quantitative analysis, and increase the
sensitivity of analytical methods, this thesis discusses the development of miniaturized
analytical methods using micro-flow LC-MS and CE-MS and investigates their potential
for clinical studies with biomass-restricted samples. An overview structure of the thesis and

the aim of each chapter is shown in Figure 1.

A robust system with stable ionization spray and high ionization efficiency is the key for
method development and application on biological studies. At the start of the thesis, the
focus is on performance evaluation of current commercial instrumentation for miniaturized
analysis, including LC, MS, and ionization sources designed for low flow rates. An
overview of the state-of-art analytical techniques for biomass-restricted analysis is
presented in chapter 2, giving a critical overview of current microscale analytical
techniques for the analysis of small-volume biological samples with a metabolomics
approach. Technological developments are highlighted and relevant applications are
discussed. However, the robustness of miniaturized techniques needs to be further improved

for their application in clinical studies.

After comparing the currently available micro-flow LC-MS techniques, investigation of
their practical performance is done in Chapter 3&4. The aim of Chapter 3 is to develop a
new micro-LC-MS approach for the selective and sensitive determination of
endocannabinoids and its analogues in human cerebrospinal fluid (CSF). Such a method is
needed in order to study the role of the endocannabinoid system in various brain disorders,
as current LC-MS approaches are not sensitive enough or lack the analytical performance
for this purpose. In particular, a modified micro-ESI spray needle is used in this study

(Shimadzu Mikros), which enhances the analytical performance and durability of our
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method for the quantitative determination of endocannabinoids in human CSF samples. The
developed workflow is successfully used for the determination of endocannabinoids in 288
human CSF samples, thereby clearly showing the utility of this approach for

endocannabinoids profiling in biomass-restricted clinical samples.

Low flow LC-MS in negative mode is often not robust due to ionization discharge. In
addition to the quantification of concentration limited compounds, the applicability of
micro-LC-MS in volume-limited plasma under negative mode is discussed in chapter 4,
where a sensitive method dedicated to the study of oxylipins in 5 pL human plasma is
developed. The method is validated and compared to a published conventional UHPLC-MS
method, particularly in terms of sensitivity enrichment. The same triple quad MS is used
for both methods to ensure a fair comparison. In order to demonstrate its applicability, the

method is applied to 40 human plasma samples from a healthy aging study.

The coverage of compounds is important for metabolomics study in biomarker discovery.
As reverse-phase LC-MS is utilized in the previous chapters for hydrophobic compounds.
The potential of a miniaturized analytical method for polar compounds in volume-limited
samples is discussed in chapter 5. We focus on developing and assessing the utility of a
sheathless CE-MS-based analytical workflow for the determination of creatinine in residual
plasma samples with the aim to assess whether this approach is suited for the reliable
quantitative determination of endogenous metabolites in small-volume samples. The latter
is a requirement before actually testing the analytical workflow on neonatal samples, which
will be the logical next step/follow-up work. In this study, we demonstrate that with a
starting amount of only 5 microliter of human plasma, we can quantitate creatinine in a
reliable way, and compare this with a gold standard assay for creatinine analysis, which
requires 100 microliter in clinical labs. Apart from creatinine, we can analyze many other
metabolites with sheathless CE-MS in the residual plasma sample, in contrast to the limited
scope of the gold standard assay, opening up the possibility to study the role of metabolites

and metabolite profiles in neonatal healthcare.

Finally, chapter 6 offers a general conclusion of the studies described in this thesis.
Perspectives and recommendations on further improvement and applications of the

proposed miniaturized analytical methods are also discussed.
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Chapter 2 Analytical technigues for biomass-restricted
metabolomics: An overview of the state-of-the-art

m Biomass-restricted Samples

Micro-flow LC-MS
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Chapter 3 Quantification of endocannabinoids in human

(+) Endocannabinoids in CSF cerebrospinal fluid using a novel micro-flow liquid
chromatography-mass spectrometry method
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Chapter 4 Quantification of oxylipins in volume-limited plasma
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(+) Amino acids in plasma
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Chapter 5 Capillary Electrophoresis-Mass Spectrometry for
Creatinine Analysis in Residual Clinical Plasma Samples and

Figure 1. Overview structure of the thesis and the aim of each chapter.
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Chapter II

Abstract

Biomedical and clinical questions increasingly deal with biomass-restricted samples. To
address these questions with a metabolomics approach, the development of new microscale
analytical techniques and workflows is needed. Over the past few years, significant efforts
have been made to improve the overall sensitivity of MS-based metabolomics workflows
to enable the analysis of biological samples that are low in metabolite concentration or
biomass. In this paper, factors that are crucial for the performance of biomass-restricted
metabolomics studies are discussed, including sampling and sample preparation methods,
separation techniques and ionization sources. Overviews of MS-based miniaturized
metabolomics studies reported over the past five years are given in tables, with information
provided on sample type, sample preparation volume, injection volume, separation

techniques and MS analyzers. Finally, some general conclusions and perspectives are given.
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Analytical techniques for biomass-restricted metabolomics

1. Introduction

Metabolomics has become an important tool in biological and clinical research and is
particularly promising for biomarker discovery studies. Currently, reversed-phase liquid
chromatography-mass spectrometry (RPLC-MS), gas chromatography-mass spectrometry
(GC-MS) and nuclear magnetic resonance spectroscopy (NMR) are used as the main
analytical tools in metabolomics, providing the performance needed for the analysis of
hundreds to thousands of samples [1, 2]. However, these well-established analytical tools
require a relatively large amount of sample for work-up and injection or detection
(especially in case of NMR), thereby limiting their applicability to those biological and
clinical problems that inherently deal with (very) low metabolite concentrations or biomass.
For instance, one of the most crucial endocannabinoids, anandamide, possesses a
concentration in the range from 0.5 to 2.7 pM in human cerebrospinal fluid (CSF) [3], and
prohormone thyroxine and 3,3’,5-triiodothyronine are present in concentrations from 1.4 to
2.3 pg/mL in biological samples [4]. The development of miniaturized RPLC-MS methods
was required in order to determine these trace-level compounds [5, 6]. Besides addressing
issues with low metabolite concentrations, another analytical challenge is the study of
biological and clinical questions intrinsically dealing with low amounts of starting material,
such as exosomes, primary cells, single cell analysis [7], zebra fish, and samples from 3D
microfluidic cell culture systems (Figure 1). Improved or new analytical techniques are

therefore needed to enable the study of these questions with metabolomics.

Over the last few years, considerable efforts have been dedicated to improving the overall
sensitivity of MS-based metabolomics workflows to enable the analysis of samples that are
limited in metabolite concentration or biomass. Figure 2 shows a typical analytical
workflow used for metabolomics. In this work, specific attention will be given to the
developments in sampling, sample preparation and separation-based MS approaches for
biomass-restricted metabolomics studies. General factors dictating the sensitivity of MS-
based approaches are shortly considered including the development of miniaturized
ionization sources. An overview of recently developed micro- and nanoscale separation
techniques coupled to MS and their applications to biomass-restricted metabolomics studies
is provided in table format. Selected examples will be highlighted to illustrate the utility of

miniaturized methods for biomass-restricted metabolomics with emphasis given on some
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analytical performance metrics. Finally, some general conclusions and perspectives are

provided.
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Figure 1. An illustration of biomass-restricted applications requiring microscale separation
techniques for performing metabolomics studies. *Blood and sweat samples are only
considered in case of infants.
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Figure 2. Typical analytical workflow used for metabolomics studies.

2 Sampling and sample preparation strategies for biomass-restricted
metabolomics

The volume-mismatch between the volume-limited biological samples and the minimum
volume requirements for sampling and/or sample preparation could be considered as one of
the main analytical challenges for biomass-restricted metabolomics studies. The commonly
used animal models in biological and biomedical studies, such as mouse, guinea pig and
zebra fish, have restrictions in terms of the amount of body fluid or tissue available for
experimental work, resulting in samples which are rather hard to analyze with conventional

analytical methods and workflows employed in metabolomics. Thus, sampling and sample
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preparation methods for these kinds of samples should be scaled-down enough to minimize

sample loss and provide as much sample as possible for the follow-up analysis.
2.1 Developments in sampling strategies

In order to obtain samples from volume-limited experimental subjects, recent advancements
in sampling methods endeavor to acquire microliter to nanoliter volumes with
micromanipulation techniques. One of the promising sampling techniques for limited
sample volume is microdialysis sampling, which was designed to continuously obtain
samples from extracellular regions of living tissues. Since the collected samples can be
analyzed by any appropriate analytical technique [8], microdialysis sampling has been used
in studies on brain diseases including Alzheimer’s disease, Parkinson’s disease,
Huntington’s disease, traumatic brain injury and epilepsy [9, 10]. However, due to the
relatively large size of probe, the first applications of microdialysis sampling suffered from
poor spatial resolution. To overcome this weakness, a low-flow push —pull strategy was
proposed. By using this strategy, there is less tissue damage than normal microdialysis, as
artificial CSF would be pushed into the same sampling position with low flow rate (50
nL/min). This low-flow push-pull perfusion design contributed to a higher spatial resolution
and provided more information from intact tissues than previous methods for neurochemical
monitoring [11]. For application to other tissues, Weisenberger et al. developed an online
microdialysis-capillary electrophoresis method for the in vivo monitoring of amino acids
from adipose tissue. This microdialysis probe was constructed with two fused silica
capillaries inserted into a hollow fiber and gave a sampling region of 3 mm. Laser-induced
fluorescence (LIF) detection was used in this method together with CE, after derivatization
with 20 mM 4-fluoro-7-nitrobenzofurazan /250 uM hydrochloric acid in 50% methanol. As
a result, 12 amines were detected with only 22 seconds per analysis in inguinal adipose
tissue. This method has been successfully assessed by administering an insulin stimulation
via tail vein injection to record dynamic, in vivo changes in amino acid metabolism with
good reproducibility[12]. Schoors et al. developed a sensitive method by coupling the
microdiaysis sampling probe with ultra-high pressure liquid chromatography-
electrochemical detection (UHPLC-ECD). A 1 mm LD. column was used for the
simultaneous determination of monoamines, dopamine, noradrenaline and serotonin with

lower limit of quantification (LLOQ) of 100-150 pM in material-limited samples, such as
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rat hippocampus, prefrontal cortex and striatum [13]. The direct connection with sensitive
analytical techniques such as LC-MS, immunoassay, and capillary electrophoresis with
laser-induced fluorescence (CE-LIF)[10] is conducive to higher temporal and spatial

resolution.

Apart from its application in microdialysis, the pull-push strategy was also used on a dual-
probe microfluidic chip developed by Huang et al.. Instead of artificial matrix, extraction
solvents or ionization buffer were pushed for the sample extraction in dried spot samples
and liquid-phase samples, providing better conditions for ambient MS ionization. The
sampling procedure of dried spots takes about 10 seconds for each spot with 500 nL/min
flow rate, and sample volume was 100 nL for liquid-phase sampling. While they used
reserpine solution to validate these two methods, the detection limit with dried spot
sampling device was 0.4 pg with RSDs ranges from 8.9-31.5% in all tested concentrations.
As for liquid-phase sampling, the sampling volume was 100 nL, limit of detection was 41
nM for reserpine, the peak area RSD of 63 reserpine droplets was 15.6%. By integrating the
micro-sampling probe, electrospray emitter probe and online mixer (for derivatization) on
one glass microchip, this technique was applied on an analysis for in sifu evaluation of
residual pesticide on apples and also an evaluation of nanoliter-scale Ugi-type reactions for
8 compounds [14]. This study demonstrated the versatility of the micro sampling method

and its promising utility in sampling nanoliter samples.

When it comes to single cells, direct infusion mass spectrometry analysis with integrated
micro sampling probes is preferable since the nanoliter (or even lower) level sample amount
would impose a tremendous challenge on sample preparation and/or transfer. Moreover, the
biochemical heterogeneity of each cell could be preserved as much as possible by using this
approach [15]. Pipette-based micromanipulation and chip-based sampling strategies were
normally used prior to MS analysis [16]. In this context, Liu et al. recently designed a “T-
probe” for the sampling of intracellular samples in single mammalian cells followed by
direct infusion nanoESI analysis (see Figure 3). Cytoplasm was sampled through the
sampling capillary and injected directly through the nanoESI emitter into an LTQ Orbitrap
XL MS together with sampling solvents. Four standard compounds including two lipids,
one anticancer drug and a peptide were selected to validate this method, the limit of

detection ranges from 0.1 to 10 nM. Although the limited sampling volume from one HeLa
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cell (1.2 to 4.3 pL) may affect the compound coverage, this method was applied on two cell
groups with or without irinotecan treatment, and the multivariate analysis of metabolic
profiles showed significant differences between these two groups. Some biomarkers that
could be used to evaluate treatment efficacy were identified, indicating the potential utility
of this method in pharmaceutical studies [17]. CE-MS is well matched with single cell
sampling devices because of its nanoscale injection volume. Onjiko et al. developed a
sampling system containing a pulled capillary, called a “micropipette”, with a tapered tip
(about 20 um tip inner diameter) to aspirate cytoplasm from cells, coupled to a motorized
three-axis micro-manipulator to control the movement of micropipettes with 20 nm
resolution. Around 10-15 nL cytoplasm was collected from a single live frog embryo cell
and extracted with 4 pL of solvent. The cell extract was deposited in a microvial, together
with cell debris and precipitates, and analyzed by CE-MS. Results showed approximately
230 different molecular features were observed, and 70 compounds including spermidine,
thiamine, and choline were identified [18]. This method enabled triplicate sampling and
analysis from one cell within 5 seconds without influencing cell division from the 8-cell
stage embryo to the 16-cell stage. The RSD of 4 to 7 biological replicates was around 22%
with only 10 nL injected. In order to look into the in situ information from a single cell, it
is crucial for the sampling method to preserve the physiological environment of the cell
during the metabolomics study, so the results reflect the real metabolic situation in a living
organism. Guillaume-Gentil et al. used fluidic force microscopy to extract cytoplasmic
metabolites from a single HeLa cell under subpicoliter resolution (0.8 to 2.7 pL) without
perturbing the biochemical environment or damaging its viability. The picoliter level
sample was released as a 95 pum spot on a coated chip for matrix-assisted laser
desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS). The advantage
of this fluidic force microscopy was its unique pyramidal geometry probe with small size
aperture (400 nm), which could prevent membrane damage while extracting all the soluble
intracellular molecules. With the assistance of 9-aminoacridine as MALDI matrix, 20
different metabolites including ribonucleotides, activated sugars, amino acids and
glutathione were identified in at least 2 out of 4 cytoplasmic samples [19]. With these single
cell sampling methods, heterogeneity could be addressed during the metabolomics analysis,
which provided valuable information for the understanding of disease mechanisms and

metabolic pathways of other important biological processes.

19



Chapter II

+ Tjunction
+ (For mixing)
[

\

Solvent

| Toms AL 2 )
J

1 !

< Y

Nano-ES|
emitter

Sampling probe
(Insert in a cell)

Figure 3. Utilizing the T-probe for the single
: : cell MS experiments. (A) Photo of a T-probe.
:inglelc e’l':a Inset: a zoomed-in photo of the sampling probe
s \ : . tip. (B) Illustration of the working mechanism
. and fluid flow directions in the T-probe. (C)
Photo illustrating the insertion of the T-probe
tip into a cell [ref. 17].

As for vulnerable research subjects such as newborns and the elderly, several dried blood
spot (DBS) sampling techniques have already been applied for decades in the screening of
inborn errors of metabolism and disease diagnosis [20, 21]. Improvements to this technique
which minimize discomfort and improve quantitation are found in novel micro/nano-scale
minimally invasive sampling methods such as volumetric absorptive microsampling
(VAMS) which are now are available for clinical and metabolomics research. The volumes
sampled by these devices vary from 10 to 30 pL for plasma, urine or oral fluid [20, 22],
depending on the tip size.

Generally, sample loss is often observed during the sample transfer in sampling and sample
preparation procedures regardless of the adopted strategy. The loss of target compounds can
be corrected for through proper use of internal standards in metabolomics analysis.
However, corrections will not be possible if the concentration is already below the detection
limit. Therefore, it is crucial to find strategies to avoid sample loss during extraction and

increase the sensitivity of analytical methods as much as possible.
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Although it is possible to collect samples with limited volume, it is still challenging to
perform efficient sample preparation in especially sub-microliter samples without dilution.
Choices have to be made whether it is more important to provide enough volume for
following analysis or if concentrating targeted compounds to reach the detection limits is
required. Pooling several volume-limited samples together is normally used to provide
enough starting material, but this is not an ideal option in metabolomics studies since it only
provides an average read-out instead of reflecting individual differences due to diseases or
drug response. In order to determine the internal drug exposure in the blood of zebrafish
larvae, Van Wijk et al. developed a sampling method with pulled glass capillary needles
under microscope. In this method, around 1 nL of blood could be obtained from zebrafish
larvae. However, in order to reach measurable levels of paracetamol and its main
metabolites, 15-35 samples were pooled together for sample preparation for analysis using
a UHPLC-MS method where they were quantified with sub-picomole levels [23]. The same
pooled strategy was also commonly used in many other zebrafish studies [24, 25] due to the
minimal material for the required sensitivity. Unfortunately, the metabolic heterogeneity of

different organisms is overlooked in this way.
2.2 Developments in sample preparation strategies

After choosing a suitable sampling method, development of sample preparation strategies
for especially volume limited samples is the next important step for biomass restricted
sample analysis. Sample transfers between tubes or vials should be avoided as much as
possible for an ideal miniaturized sample preparation procedure to prevent unnecessary
sample loss. Microvials or nanovials are recommended during sample preparation for better
sampling of small volumes [18]. Protein precipitation, LLE and SPE methods are still the

most used sample preparation procedures in bioanalysis, including metabolomics [26, 27].

Protein precipitation and LLE strategies can be used for many volume-limited applications.
By using volatile liquids in these two strategies, relatively large amounts of organic solvents
can be evaporated and then the sample can be reconstituted in only a small amount of
solvent compatible with the follow-up separation technique. Obviously, when the starting
amount is lower than the reconstitution volume, there would still be a dilution effect with

these steps. The extent to which compounds can be enriched with an evaporation step is
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sometimes limited by solubility, and for good quantification, methods should avoid
supersaturation of abundant components, while still concentrating the low abundance

compounds.

Ideally, human and animal studies would be able to collect real-time metabolomics data. In
animal studies where samples are collected post mortem or when biopsies are taken in
clinical setting, there is a risk that the metabolome may degrade between collection and
sample preparation and analysis. One potential solution to this issue could be in vivo solid
phase micro extraction (SPME) which is gaining more interest in metabolomics. In SPME,
a thin probe is often coated with a C18 sorbent in union with polyacrylonitrile to increase
biocompatibility. This probe is then inserted directly into tissue of a (sedated) organism to
sample the metabolome in a minimized invasive manner, as no tissue is removed. The total
sample “mass” is just the metabolites adsorbed to the C18 SPME material. Collecting
sample in this manner is non-depleting and thus collects sample in real time during normal
cellular metabolism while causing minimal metabolomics disruption [28]. /n vivo SPME
has proven to be effective for the analysis of a wide range of metabolites including low
abundance steroids and lipids. These studies demonstrate particularly good recoveries for
non-polar analytes as a result of the non-polar nature of the C18 phase being used as a
sorbent [29]. Vasiljevic et al. introduced a solid-phase microextraction (SPME) minitip
featuring a tip apex (1 mm) coated with polyacrylonitrile (PAN) and N-vinylpyrrolidone-
co-divinylbenzene (also known as HLB) particles for the extraction of compounds from
several sample-limited matrix types. In one application, this minitip was used in the
quantification of several drugs of abuse in 1 pL human blood with LODs from 0.1-2.5
ng/mL. After static extraction, the blood sample was desorbed in 3 uL. MeOH: ACN: FA
(80:20:0.1) and transfered to a nanoESI sprayer. The minitip was also used for untargeted
metabolomic profiling of single caviar eggs. The study of 4 different types of caviar eggs
(6 replicates per type) with LC-HRMS showed the SPME minitip method was able to
distinguish samples based on metabolomics profiles. 149 significant metabolites including
eicosapentaenoic acid, L-tryptophan, and retinoic acid were detected. Although the
repeatability of SPME minitip method was still not satisfying (20-30 RSD%) due to the
deviations during the coating procedure, it is indeed promising as an integrated method of

sampling and sample preparation for volume limited samples [30]. By combining SPME
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with a miniaturized probe, another study developed a promising technique for the in vivo
sampling and sample preparation of neurotransmitters from macaque brain. After thorough
optimization of probe shape, desorption solvent and extracting phase, the SPME probe was
coated with in-house synthesized HLB particles with a total diameter less than 200 pm.
Validation of this method was carried out by using brain surrogate matrix, LOQ from 25
ng/mL to 20 pg/mL were reached with a 20% RSD value. When the method was applied on
a macaque brain, 3 brain areas (prefrontal cortex area, premotor cortex area, and caudate
nucleus head) were sampled simultaneously in consecutive triplicates, each extraction
procedure in brain took 20 minutes. Several compounds including dopamine, serotonin,
glutamate and taurine were quantified after extraction. Meanwhile, untargeted analysis
revealed the possibility of detecting a wide polarity range of endogenous metabolites in

brain sample using a SPME-based miniaturized in vivo sampling method (Figure 4) [31].

Other than its use for sampling endogenous metabolites, a SPME method was also reported
for the quantification of doxorubicin in pig lung tissue. The quantification abilities of SPME
in intact lung tissue, ex vivo SPME homogenized samples and solid-liquid extraction
showed no significant difference. The LOD for doxorubicin was 2.5 pg/g in tissue.
Therefore, without extra sample preparation steps or significant invasive injury to the
organism, in vivo SPME could be a future solution as a rapid quantitative method for

monitoring and adjusting drug dosages during chemotherapy [32].

Figure 4. Solid Phase Microextraction-Based Miniaturized Probe and Protocol for

Extraction of Neurotransmitters from Brains in Vivo [ref. 31]
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3 MS-based separation techniques for biomass-restricted metabolomics

For miniaturized metabolomics studies with biomass-restricted samples, after effective
microsampling and sample preparation procedures, proper chromatographic or
electrophoretic separation methods and sensitive electrospray mass spectrometry (ESI-MS)

are crucial aspects that determine the overall sensitivity of MS-based analytical methods.

When a sample is analyzed by LC-MS, the flow rate controls the amount of sample that
reaches the ion source per unit time. In fact, sensitivity loss is likely to happen when there’s
limited current and the charge on each sample droplet is lower than the concentration of
metabolites and causes insufficient ionization, hence the signals of compounds with lower
proton affinity or surface activity could lose the competition for charge to compounds with
a fixed charge or with higher proton affinity. With micro or nano flow rates, smaller droplets
with higher surface-to-volume ratio will reduce ion suppression, thus not only increasing
the detection sensitivity, but also broadening the coverage of metabolites [33, 34]. To
describe the influence of flow rate on sensitivity, n-octyl-glucopyranoside (¢ = 10" mol/L)
and turanose (¢ = 10~ mol/L) in methanol/water (30:70) was injected under ESI condition.
The result showed that at the flow rates of a few nanoliter per minutes, the ion suppression
effects have totally disappeared while at flow rate above 50 nL/min the suppression
increased to about a factor of five [35]. A higher sensitivity for fructose 6-phosphoric acid
was also observed from nano-flow injection analysis (nano-FIA), indicating nano-flow rates
give better analytical sensitivity than higher flow rates. In addition, the wider peak width
from nano-flow allows a large number of analytes to be detected and identified under nano-
flow. In this study, the peak areas of 22 metabolites were 7.6 to 66 times higher with nano-

FIA compared to the conventional flow [36].

In a miniaturized analysis, the typical inner diameters of columns are decreased to below 1
mm for micro-LC, and to 75 um for nano-LC. Tubings and connecters in LC system are
also narrowed down to avoid too much dead volume, reduce analysis time and increase
sensitivity for the analysis of biomass-restricted samples (Table 1) [37-39]. However, the
tradeoff here is that smaller inner diameters generate higher back pressure and therefore
require more complex instrumentation. Recently developed microPillar Array columns

(LPAC) could offer a solution to this problem. Their highly ordered pillars containing an
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outer porous shell grafted with C18 groups could limit backpressure while enhancing

chromatographic performance [40].

Table 1. Analytical characteristics of standard and micro- to nanoscale analytical separation
techniques [37-39]

HPLC-MS micro-LC-MS nano-LC-MS CE-MS
0.5 -1 mL/min 500 —4000 up to 500 nL/min 20 — 100 nL/min
flow rate .
nlL/min
column i.d. 1 -4.6 mm 75 pm— 1 mm up to 75 um -
injection above 5 pL up to 2 pL upto 1 pL up to 20 nL
volume
sensitivity nM to pM level pM level M level Low nM range

Less limited volume

application / high concentration Limited volume / low concentration

Downscaling of the LC method improves sensitivity and increases the coverage of analyzed
compounds. A nanoscale ion-pair reversed-phase HPLC-MS method was developed to
analyze highly polar metabolites in the low femtomolar down to hundreds of attomolar
range in solvent as well as in cell extracts. Compared to previous HPLC-MS study, the
sample amount required per injection was 1000 times lower with nano flow rate, indicating
very low LODs could be reached with small matrix sample volume [41]. By adding the
metal chelating agent ethylenediaminetetraacetic acid (EDTA) to the sample solution,
Myint ef al. managed to improve peak shapes of multiply charged anionic compounds with
nano-LC/MS. The method was applied on cell extracts, mouse brain tissues, human plasma
and CSF with detection limits of 0.19 to 2.81 pM [42]. Furthermore, the trap-and-elute
strategy which was first developed for proteomics studies also became a classic strategy in
metabolomics study, which further improves the sensitivity of miniaturized LC methods

[43].

Apart from LC systems, CE-MS is also highly suited for biomass-restricted metabolomics
because of its low sample injection volume. A sheath liquid interface is most commonly
used for electrical contact in CE-MS. However, the addition of the sheath liquid flow dilutes
the sample, decreasing sensitivity. In contrast, sheathless interfaces couple the CE to the
MS without dilution for higher sensitivity. An example using a standard sheath liquid CE-
MS method, Zhang et al. analyzed limited mouse plasma samples (10 pL) and detected 44
polar components [44]. Through the application of field amplified sample injection (FASI),

Liao et al. obtained enhanced detection sensitivity for cationic metabolites and identified
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some important metabolites in single neurons from A. californica [45]. Examples using a
sheathless CE-MS interface demonstrating better sensitivity are shown in the work of Zhang
et al. which adopted transient-isotachophoresis (tITP) as the preconcentration technique
when analyzing the sample derived from an extract of 500 HepG2 cells with a sheathless
CE-MS method, and uncovered more than 24 cationic metabolites by injecting merely the
content of 0.25 cell [46]. With the use of a thin-walled tapered emitter in CESI-MS, Kawai
et al. obtained satisfying repeatability of migration time (1.5%) and peak areas (6.8%) after
fifty consecutive analyses on 20 amino acids [47]. By further incorporating a dual pre-
concentration strategy, the authors acquired LOD improvement of up to 800 folds compared
with normal sheathless CE-MS. The metabolic profiling of single HeLa cells by this
approach led to the quantitation of 20 and detection of 40 metabolites (Figure 5). The
versatility of CE-MS in interfaces [48, 49], injection modes [50, 51], and preconcentration
strategies [52] renders CE-MS a promising tool for the analysis of biomass-restricted

samples.

1. single cell collection and treatment 3. single HeLa-cell metabolomics

single cell
(<1 nL)

2. ultra-sensitive CE-MS analysis
(LDIS preconc. + nanoCESI emitter)

|
2.2kV oy -
’F -4 20 amino acids quantified
71 40 metabolites identified

: I A
30KV L . L — I:L 51 metabolites annotated
. | L] Ut pesks detected)

Figure 5. Brief procedure of single HeLa-cell metabolomics by capillary electrophoresis—
mass spectrometry with a thin-walled tapered emitter and large-volume dual sample

preconcentration [ref. 44].

Lower flow rates require better ionization environments from electrospray ion sources.
Recent developments on ion sources include providing more stable structures for
continuous spray, incorporating the column oven directly into the ion source to reduce band
broadening, avoiding possible leakage and minimizing dead volume, and by optimizing the

tip inner diameter of spray needles for smaller droplets to improve ionization and transfer
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efficiency [53]. Improved spray emitters were designed and are commercially available for
micro/nano-ESI-MS, such as the PicoTip™ emitter from New Objective and the stainless
steel NanoTip emitter from Thermo Fisher. Instead of using single nozzle emitter, a chip-
based multi-nozzle emitter (M3 emitter) was produced by NewOmics. By combining
multiple emitters on one chip, this emitter splits the sample flow into multiple smaller
streams to generate even and smaller droplets, which enhances the ionization efficiency. All
these spray emitters are provided with various inner diameter for both micro and nano flow
rate, they have proven to be robust and sensitive in several studies [54-56]. Furthermore,
the angle between the spray needle and ionization interface was adjusted to gain more
sensitivity (Table 2). Some of the commercially available ion sources performed well in
both proteomics and metabolomics studies. Taki et al. performed a robust analysis on 17
highly polar metabolites using nano-flow injection analysis (nano-FIA) with a
CaptiveSpray lonization (CSI) source, which was initially designed for protein analyses,
and presented results in good repeatability for small molecular compounds with 1000

nL/min flow rate [36].

Table 2. Current commercially available micro- or nanospray ion sources

Ion source name Flow rate Emitter i.d. remarks
Thermo fisher 50-500 nL/min 1-30 pm Provides stable electrospray
Nanospray Flex
Agilent 100-900 nL/min - Offers three choices of spray orientation
Nanospray
Waters up to 1 pL/min - Enables valid exact mass measurement and
NanoLockSpray improves mass accuracy
Exact Mass
Sciex micro: 1-200 20 um, 25 um, | Switch between nanoflow and microflow in
OptiFlow Turbo V pL/min 50 pm minutes
nano: 100-1000
nlL/min
Waters 1-50 pL/min 150 pm/300 pm | Integrates microflow directly into the source
ionKey/MS iKey Separation | Provides an increased level of sensitivity,
Device ease-of-use
Shimadzu 1-500 puL/min 20 um Connected with UF-link column oven to
Nexera Mikros avoid dead volume.
Sciex 30-1000 nL/min 5-30 um Possessed an X-Y-Z positioning unit that can
Nanospray 111 be used to position the emitter tip relative to
the curtain plate.
Bruker nano-flow - A vortex gas that sweeps around the emitter
CaptiveSpray spray tip for better desolvation.
The direct connection to the inlet capillary
making the source truly Plug-and-Play.
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Decades have been passed since the introduction of miniaturized techniques, various of
improvements regarding to micro/nano flow LC and comparable columns, nanospray
ionization sources and spray emitters have been achieved. Current MS-based separation
techniques for biomass-restricted metabolomics are able to analyze trace level compounds,
as well as nanoliter level liquid sample or even single cell matrix. Although these techniques
have only been used in academic studies so far, by coupling with efficient sampling and
sample preparation methods, they are promising to contribute to future pharmaceutical and

clinical research.

4 Applications

With the advantages of high sensitivity and high throughput, analytical techniques for
biomass-restricted samples have been applied in relevant metabolomics studies, such as
food quality tests, biomedical and clinical studies. A selection of recent studies of recent
micro/nano-LC-based metabolomics studies is given in Table 3, which provides
information about the type of samples and compounds analyzed, volumes for sample
preparation and injection, separation techniques and MS analyzers employed. Table 4
shows some metabolomics studies using CE-MS during 2019 to April 2021, more
applications from previous years can be found in reference [38, 57]. Representative

application examples with both analytical techniques in metabolomics are discussed.

Lipids have been shown to be important in understanding many diseases including
Alzheimer's disease, kidney diseases and cardiovascular diseases [58-60]. Several
lipidomics studies were carried out with miniaturized methods for the identification and
quantification of important lipids. The total ion chromatograms of yeast lipidomics profiles
with good separation and response are shown in Figure 6. The coverage and sensitivity of
lipids measured utilizing a nanoLC-MS method clearly increased over those obtained using
standard flow rates with 447 lipids from the core phospholipid lipid classes (PA, PE, PC,
PS, PG, and PI) identified. The stability of retention time and repeatability of some targeted
compounds were evaluated with 25 replicate measurements from one extract. Results
showed the average retention time standard deviation was 5.2 + 2.3 s, and RSDs of most
compounds peak area were below 15% [33]. Another lipidomics study on rabbits with non-
alcoholic fatty liver disease managed to quantify approximately 300 lipids within 20 min

using nanoflow UPLC-MS/MS, revealing that non-alcoholic disease was highly associated
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with high-cholesterol diet and high-cholesterol diet combined with inflammation [61].
Byeon et al. performed comprehensive lipid profiling in plasma and urine samples from
Fabry disease patients with nanoflow LC-MS/MS and 129 plasma lipids and 111 urinary
lipids were identified. The results showed currently used enzyme replacement therapy

influenced lipids in plasma more than those in urine [62].

As a group of crucial hormones involves in inflammation, immune functions and gender
development, steroid hormones are of low abundance in biological matrices. Marta et al.
established a sensitive and robust microflow UHPLC-MS/MS method for the simultaneous
determination of 13 different steroid molecules in human plasma, the LODs ranged from
0.008 to 0.178 ng/mL with a repeatability less than 8% RSD for all the compounds [63]. A
metabolite profiling of fecal extracts using nanoflow UHPLC-nanospray ESI-MS method
revealed the presence of trace levels of eicosanoid and sex steroid signaling compounds in
the presence of other compounds with high abundance like major bile acid metabolites.
Furthermore, researchers applied this method to feces from colorectal cancer patients, and
the results indicated that signaling metabolites as well as other key metabolic pathways are
potentially related to this disease [64]. Concentration restricted lipids could be detected and
quantified in many studies with miniaturized analytical methods, which shows the
advantage of down-scaling analysis for better sensitivity for diseases diagnose and

treatments in the future.

Among volume-restricted samples, microfluidic cell culture such as organ-on-chip has
become a research focus in recent years. High sensitivity of miniaturized analytical
techniques laid the foundation for the analysis of small number cells and promoted the
development of related studies. By using nano-LC-MS/MS, Luo et al. developed a method
based on high-performance chemical isotope labeling for the analysis of 100, 1000 and
10000 cells, resulting in acquiring over two thousand peak pairs of metabolites in the
amine/phenol submetabolome, and more than half of them could be identified [65]. For
targeted metabolomics, Junaid et al were able to detect several signaling lipids in
conditioned cell medium sample from blood vessels-on-a-chip upon exposure of to TNFa
with less than 1 pL injection [66]. CE-MS has proven to be a key microscale method for
biomass-restricted samples, and nanomole level of LOD could be reached with only a few

nanoliters injection volume [46]. Zhang et al. developed a highly sensitive and efficient
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sheathless CE-MS method for the profiling of nucleotides, which are difficult to analyze
with conventional analytical techniques, including adenosine triphosphate, adenosine
diphosphate and adenosine monophosphate in 50 000 down to 500 HepG2 cells, with the
LODs in matrix ranging from 0.1 to 0.9 nM [67]. A sample limited tissue example is from
Sanchez-Lopez et al. who performed an interesting study by analyzing 20 um-thick kidney
sections from a mouse model of polycystic kidney disease using CE-MS. Injections were
performed from a modified vial containing only 2 microliter sample. The profiling covered
more than 100 metabolic features with acceptable repeatability and could distinguish the
experimental groups, which highlighted the use of biomass-restricted samples for

metabolomics studies [68].

Meanwhile, non-invasive sampling methods yielding only a few microliter samples are
expected to become the preferred strategy for clinical studies and applications. Rainville et
al. successfully employed an integrated capillary scale (300 pm i.d.) ceramic microfluidic
LC-MS/MS method for the quantitative analysis of pharmaceutical compounds in low
volume human plasma and dried blood spot samples. In addition, this method showed 11-
38 folds increase in sensitivity for different drugs compared to conventional LC-MS/MS

methods [69].

Details of several miniaturized metabolomics applications can be found in Table 3 [3, 4, 7,
17, 33, 34, 36, 61-65, 69-74] and Table 4 [44, 46, 67, 68, 75-84]. Low flow rates ranging
from 200 nL/min to 50 pL/min were used to achieve high sensitivity and increase coverage
of metabolome. For samples that are low in metabolite abundance but are not of limited
volume, the trap-and-elute strategy was often used. In general, highly sensitive LC-MS with
micro- or nano-flow and CE-MS methods were developed and applied for the analysis of
biomass-restricted samples such as low number cells, dry blood spots, tissue sections and

many other matrices.
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Figure 6. Total ion chromatograms from a yeast lipidomics study using two columns with

100 um and 2.1 mm inner diameters (red line: LC gradients) [ref. 33].
5 Conclusions and perspectives

To deal with the desired sensitivity and coverage of analytical metabolomics technologies
for biomass-restricted samples in biomedical and clinical studies, some developments have
been realized in MS-based metabolomics workflows. Even more importantly, over the past
5 years, optimizations of separations and ionization techniques, and hardware including
columns, LC pumps and ionization sources have been made in micro and nano flow
methods, yielding higher sensitivity for biomass-restricted samples not only for
metabolomics but also other fields. Delicate parts such as micro- or nano-volume
connectors, unions and tubings in miniaturized LC-MS systems have been designed for
lower dead volume and improved the system robustness. We are convinced that the
advances in analytical technologies and metabolomics will allow to further increase
sensitivity and robustness for ultrasmall samples by further optimization of sampling and
sample preparation procedures. Sampling methods for volume limited samples are required
to avoid sample loss and preserve the biological heterogeneity in each sample as much as
possible, and several strategies have been reported for this. After that, efficient sample
preparation methods suitable for volume and especially concentration limited samples are
also essential to gain higher sensitivity during analysis. While protein precipitation, liquid-
liquid extraction and solid phase extraction are classic strategies for metabolomics sample
preparation, current tools such as vials and sample transfer methods have to be further

optimized for biomass-restricted samples. In summary, where development of sensitive
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LC/CE-MS techniques has been advanced for over recent years, the development of sample
handling for small samples has progressed less for small molecules. Therefore, future
developments should put more emphasis on miniaturized sampling and sample preparation
methods in order to further increase the sensitivity and strengthen the robustness of

miniaturized analytical methods.
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Table 4. Overview of applications of miniaturized analytical techniques from January 2019 to April
2021 (CE-MS)

sample

Compounds ?;‘:tlll-)il: prep BGE prest:ler;[t)ll:en " MS analyser LOD* Ref.
volume
Anionic human urine 20 pL 1 M formic centrifugation ~ Agilent n.s. [75]
and and plasma acid with 15 %  and dilution 6230 TOF-
cationic acetonitrile for urine; MS
metabolites (pH 1.8); Ultrafiltration
50 mM using 3-kDa
ammonium filter for
bicarbonate plasma
(pH 8.5)
Cationic mammalian 5000, 16 mM Ultrafiltration ~ Sciex 0.1 to [67]
metabolites  cells 2500, ammonium using 3-kDa TripleTOF 0.9 nM
1000, acetate (pH filter 6600 MS
and 500 9.7)
cells
Cationic mouse 20 pm- 10% (v/v) extraction in Bruker n.s. [68]
metabolites  kidney thick acetic acid (pH  80:20 MeCN:  UHR-
sections kidney 2.3) water (v/v) QqTOF
sections maXis
Impact HD
MS
Anionic cellmedium 200 pL 0.8 M formic centrifugation ~ Agilent n.s. [76]
metabolites acid in 10% 6224 TOF-
methanol MS
Anionic Neonatal about 1 M formic ultrafiltration ~ Agilent n.s. [77]
and dried blood 15 pL acid, 15% v/v using 3-kDa 6550/6230
cationic spot and blood acetonitrile(pH  filter TOF-MS
metabolites  sweats 1.8);
50 mM
ammonium
bicarbonate
(pH 8.5)
Cationic HepG2 cells 500 and  10% acetic Ultrafiltration ~ Sciex ranging  [46,
metabolites 10,000 acid using 5-kDa TripleTOF from 78]
celles filter 5600+ MS 1.4 to
92 nM
(except
for
aspartic
acid,
417nM)
Anionic human 50 uL n.s. protein TOF-MS n.s. [79]
and serum precipitation
cationic and
metabolites ultrafiltration
using 5-kDa
filter
Cationic Macrophages 5 x 10° 1 M formic quenching, Agilent n.s. [80]
metabolites cells acid disruption 6224 TOF-
in 10% and MS
methanol (v/v)  certifugation
Cationic human urine 10 uL 500 mM dilution Agilent 0.23- [81]
metabolites formic acid 6410 Triple  5.45
(PH 1.55) Quadrupole pM
tandem MS
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Sample sample sample ;
Compounds . prep BGE MS analyser LOD* Ref.
matrix pretreatment
volume
Anionic Freeze-dried 2 mg 1 M formic modified Agilent n.s. [82]
and muscle tissue acid with 15 Bligh-Dyer 6230 TOF-
cationic vol % extraction MS
metabolites acetonitrile
(pH 1.8)
50 mM
ammonium
bicarbonate
(pH 8.5)
Anionic human brain 50 mg 50 mM Ultrafiltration ~ Agilent n.s. [83]
and tissues ammonium using 5-kDa 6210 TOF-
cationic acetate (pH filter MS
metabolites 9.0)
Cationic extracellular 100 uL 1 M formic Protein Agilent n.s. [84]
metabolites  fluid of HK- acid (pH 1.8) precipitation 6530 TOF-
2 cells MS
Cationic seizure 10 uL water with Bligh and Agilent n.s. [44]
metabolites  mouse 10% acetic Dyer 6230 TOF-
plasma acid (V/V) extraction MS
and
ultrafiltration
using 5-kDa
filter

a) LOD = limit of detection (S/N = 3); n.s.: not specified in paper.
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Chapter III

Abstract

The endocannabinoid system (ECS) is implicated in various brain disorders. Changes in the
composition of the cerebrospinal fluid (CSF) may be associated with ECS-related
pathologies. Endocannabinoids (eCBs) and their analogues are present at low
concentrations in human CSF, which hampered the investigation of the ECS in this body
fluid. In this study, we developed a highly sensitive and selective micro-flow liquid
chromatography-tandem mass spectrometry (micro-LC-MS/MS) method for the analysis of
eCBs and eCB analogues in human CSF. The developed method allowed for the
quantitative analysis of 16 eCBs and their analogues in human CSF. Micro-LC-MS/MS
analyses were performed at a flow-rate of 4 uLL min™ with a 0.3-mm inner diameter column.
A minor modification of a novel spray needle was carried out to improve the robustness of
our method. By using an injection volume of 3 pL, our method reached limits of detection
in the range from 0.6 to 1293.4 pM and limits of quantification in range from 2.0 to 4311.3
pM while intra- and interday precisions were below 13.7%. The developed workflow was
successfully used for the determination of eCBs in 288 human CSF samples. It is anticipated
that the proposed approach will contribute to a deeper understanding of the role of ECS in

various brain disorders.
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1. Introduction

The endocannabinoid system (ECS) is a widely distributed signaling system in the brain,
involving cannabinoid receptors 1 and 2 (CB1 and CB2) and their best known endogenous
agonists N-arachidonoyl ethanolamine (anandamide, AEA) and 2-arachidonoyl glycerol (2-
AG), which are defined as endocannabinoids (eCBs) [1]. Besides AEA and 2-AG, other
structural analogues, i.e., other N-acyl ethanolamines (NAEs) and other 2-acylglycerols
play important roles in ECS signaling, by enhancing the effects of AEA and 2-AG via

increasing receptor affinity or inhibiting hydrolysis, known as the ‘entourage effect’ [2, 3].

Alterations in the ECS have been reported in experimental models of various brain disorders,
including Alzheimer’s disease, Parkinson’s disease, and migraine [4-7]. To certain extent,
the reported findings were supported by those obtained in clinical studies [8-10]. However,
most of the clinical studies used plasma or postmortem tissue samples, which limits the
validity of ECS findings. Due to its close connection with brain tissue, cerebrospinal fluid
(CSF) represents a more suitable biospecimen. Indeed, CSF reflects the level of metabolites
in brain and is thus believed to better capture the brain’s neurochemistry compared to blood.
However, eCBs and their analogues in human CSF, especially AEA, are present at
concentrations lower than picomolar or even femtomolar range [11-17], highlighting the
need for adequate methods to reliably detect and quantify these compounds [18-20]. In
studies reporting endogenous concentrations of eCBs and eCB analogues in human CSF
[14-17,20, 21], relatively large volumes of CSF (>1 mL) were needed to reach the required

sensitivity.

Using low-flow rate ranges between 1 and 50 puL min’!, micro-flow LC leads to the
formation of smaller and more uniform spray droplets during the electrospray ionization
process, improving the ionization efficiency significantly. Moreover, with the smaller inner
diameter columns that are typically used (75 um to 1 mm-I.D.), micro-flow LC-MS
provides higher sensitivity using lower amounts of sample. Since human CSF samples are
difficult to obtain, a more sensitive method to make optimal use of such samples is required.
Kantae ef al. [19] developed a quantitative method based on a chip-based nano-LC-MS
system for the analysis of eCBs in CSF. Using only 200 pL of human CSF, the method
provided a limit of detection (LOD) from 0.3 to 61.2 pM. Intra- and inter-assay variability
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(expressed by the coefficient of variation, CV) varied from 2-23% and 3-21%, respectively.
However, due to the small inner diameter of the spray emitter, the LC tubing, and the
column, the overall stability of such chips remains a challenging aspect in nano-flow LC-
MS, contrary to conventional methods with 2.1-mm columns and milliliter range flow rates
[22, 23]. In addition, the chips used in the study of Kantae et a/. are no longer commercially

available, showing the need for an alternative method.

In this study, we developed a sensitive and robust micro-LC-MS/MS method for the
simultaneous absolute quantification of eCBs and their analogues in human CSF. To
improve robustness, the spray needle in the commercial micro spray ion source was
modified to avoid clogging. The overall sensitivity was compared between conventional
and micro-flow rates. Parameters were optimized for several flow rates and a final method
using 4 uL min™! as flow rate and a 0.3-mm inner diameter column was selected. The method
was validated based on the guidance of bioanalytical method validation from EMA (2009)
[24] for the quantification of eCBs. The validated method was applied to 288 human CSF
samples with acceptable performance metrics, thereby demonstrating the value of this

method for future studies focusing on deciphering the involvement of ECS in brain disease.
2.Material and methods
2.1 Chemicals and materials

LC-MS-grade acetonitrile (ACN) and formic acid were purchased from Biosolve B.V.
(Valkenswaard, Netherlands). Anhydrous methyl tert-butyl ether (MTBE, >99.8%),
ammonium acetate (>99.0%) and ammonium formate (>99.9%) were purchased from
Sigma-Aldrich (St. Louis, Missouri, United States). Purified water was obtained from a

Milli-Q PF Plus system (Merck Millipore, Burlington, Massachusetts, United States).

The standard reagents a-linolenoyl ethanolamide (o-LEA), palmitoleoyl ethanolamide
(POEA), pentadecanoyl ethanolamide (PDEA), linoleoyl ethanolamide (LEA), anandamide
(AEA), docosahexaenoyl ethanolamide (DHEA), l-arachidonoylglycerol (1-AG), 2-
arachidonoylglycerol (2-AG), 1-linoleoyl glycerol (1-LG), 2-linoleoyl glycerol (2-LG),
palmitoyl ethanolamide (PEA), dihomo-y-linolenoyl ethanolamide (DGLEA),
docosatetraenoyl ethanolamide (DEA), 1-oleoyl glycerol (1-OG), 2-oleoyl glycerol (2-OG),
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stearoyl ethanolamide (SEA), eicosapentaenoyl ecthanolamide (EPEA), mead acid
ethanolamide (ETAEA), N-oleoylethanolamine (OEA) and deuterated standards N-(2-
hydroxyethyl-1,1,2,2-d4)-9Z,12Z-octadecadienamide =~ (LEA-d4), = N-(2-hydroxyethyl-
1,1',2,2'-d4)-47.,77,1072,13Z,16Z,19Z-docosahexaenamide (DHEA-dy), N-(2-
hydroxyethyl)-57,8Z,11Z,14Z-¢cicosatetraenamide-5,6,8,9,11,12,14,15-ds (AEA-dg),
57.,87,117,147Z-eicosatetraenoic-5,6,8,9,11,12,14,15-ds acid (2-AG-ds), N-(2-
hydroxyethyl)-hexadecanamide-7,7,8,8-ds (PEA-d4), N-(2-hydroxyethyl)-octadecanamide-
18,18,18-ds (SEA-d;) and N-(2-hydroxyethyl-1',1,2,2'-d4)-9Z-octadecenamide (OEA-ds4)

were purchased from Cayman Chemical (Ann Arbor, Michigan, United States).
2.2 Preparation of standards and internal standards solutions

Pure standards (>98% purity) at different stock concentrations were dissolved in ethanol or
ACN. The standard stock solutions were diluted to 1 mM using ACN. Standard solution I,
used for direct infusion experiments, included 5 nM of each compound in group A (AEA,
DEA, DGLEA, DHEA, ETAEA, LEA, EPEA, PDEA, POEA and o-LEA), 50 nM of each
compound in group B (2-AG, 1-AG, SEA, OEA, and PEA) and 500 nM of each compound
in group C (2-LG, 1-LG, 2-OG, 1-OG). Standard solution II was obtained by diluting
standard solution I four times with ACN and used for LC-MS method development.

The deuterated internal standard (ISTD) working solution containing 225.3 nM 2-AG-ds,
4.5 nM AEA-dg, 0.6 nM DHEA-d4, 3.0 nM LEA-ds4, 6.0 nM OEA-ds4, 0.6 nM PEA-d4 and
12 nM SEA-d; was prepared in ACN. All the standard solutions were stored at -20 °C.

2.3 Preparation of calibrant solutions

Table 1. Concentrations of eCBs and eCB analogues standards in calibrant solutions.

Compound Concentration (pM)

group co Cl c2 C3 C4 C5 Co6 c7 C8 Cc9

A 0 7.3 14.65 293 58.6 117.2 468.8 1875 3750 7500

B 0 73.3 146.5  293.0  586.0 11719  4687.5 18750 37500 75000
C 0 7324 14649 2929.7 58594 11718.8 46875 187500 375000 750000

Each standard stock solution (1 mM) was mixed and diluted in ACN, resulting in nine

calibration concentration levels. For each calibration level, 10 pL of each solution was

45



Chapter III

mixed with ISTD working solution to reach the adequate concentration. The concentrations
of ISTDs were chosen to be in the middle of the dynamic range, i.e., equivalent to C4

concentration. Final concentrations of all compounds are shown in Table 1.
2.4 Collection of human CSF samples

CSF samples were collected via a lumbar puncture (LP) in a randomized fashion between
2008 and 2016 and between 9:00 am and 1:00 pm to minimize diurnal and seasonal
variation. The protocol was approved by the ethics committee of Leiden University Medical
Center. The LP was performed between the L3/L4, L4/L5 or L5/S1 interspace, whereby 3
mL CSF was sampled directly in a 15-mL polypropylene Falcon tube (Cat. No. 188271;
Greiner) that already contained 6 mL of cold ethanol and was placed in an ice bath. Ethanol
was used to stabilize the metabolites during long-term storage. After the collection of CSF,
the tube was gently shaken and immediately put back on ice. Subsequently, the CSF was
divided in aliquots of 1.5 mL in 1.8-mL cryotubes (Art. No. 368632; NUNC Brand). The
cryotubes were placed on dry ice within 40 min of sampling and immediately transferred to

-80°C. All CSF samples remained at -80°C until analysis.
2.5 Sample preparation

The sample preparation was carried out using 750 pL of the mixture of CSF and ethanol
(including 500 pL ethanol). Samples were evaporated using a SpeedVac (Thermo Fisher,
USA) for 90 min to remove ethanol. Next, | mL of MTBE, 50 pL 0.1 M ammonium acetate
solution at pH 4 buffer solution and 10 pL ISTD working solution were added to each
sample, followed by 10 min of standard vortex and centrifugation. After 5 min, the organic
layer was transferred to a 1.5-mL Eppendorf tube and evaporated to dryness. Samples were
reconstituted in 20 uL of a mixture of water/ACN (1:1, v/v), vortexed for 20 min and
centrifuged at 16,000g for 10 min. Finally, 15 pL of supernatant was transferred in an

autosampler vial and injected into the LC-MS instrument.
2.6 Optimization of micro-flow rates and comparison with UHPLC-MS

During the performance comparison evaluation of different flow rates, direct infusion to
mass spectrometer and LC-MS methods were used. Direct infusion MS was performed

using a syringe pump connected to SCIEX QTRAP 6500+ mass spectrometer (SCIEX,

46



Micro-flow LC-MS for biomass-restricted samples

Framingham, Massachusetts, United States). A Shimadzu Nexera X2 LC-30AD system
(Shimadzu corporation., Kyoto, Japan) and Waters nanoAcquity LC system (Waters,
Milford, Massachusetts, United States) were used for high- and micro-flow rates,
respectively. Various columns and ionization sources suited for each flow rate were chosen
to allow for an adequate comparison (Table 2). Moreover, UHPLC-MS/MS and micro-LC-
MS/MS parameters in this comparison experiment were also optimized for each flow rate

and can be found in Supplemental Table S1.

Table 2. Experimental conditions used for performance comparison of different flow rates.

Conventional flow Micro-flow
Flow rate 550 pL min™! 250 pL min’! O L - 1-4 puL min™!
2 3 50 uL min™! s
Syringe pump Harvard Apparatus Model 22
Syringe . . Hamilton
Hamilt tight #1001
(for direct infusion) amilton Gastight # Gastight #1750
LC Shimadzu Nexera X2 LC-30AD Waters

nanoAcquity

Waters BEH C18 (1.7 um, 2.1 50 Waters HSS T3 Phenomenex

Column mm) C18 (1.8 um, 1 C18 (2.6 um,
x 100 mm) 0.3 x 50 mm)
s SCIEX
Ionization source SCIEX Turbo V SCIEX Turbo V| SCIEX Turbo V nanospravill
(for both direct infusion with a 100-pm with a 100-pm with a 50-um withoap3 Oy m
and LC-MS analysis) L.D. emitter 1.D. emitter L.D. emitter . "
1.D. emitter

2.7 Micro-LC-MS/MS instrumentation and conditions

The micro-LC-MS/MS analyses were performed using a Waters nanoAcquity LC
instrument coupled to a Shimadzu LCMS-8060 triple quadrupole mass spectrometer
equipped with a micro-ionization source (Shimadzu corporation., Kyoto, Japan) and an
optimized spray needle, i.e., 15-cm Metal TaperTip™ emitter with 30-pm tip inner diameter
(New Objective, Littleton, Massachusetts, United States). The separation was carried out
using a Phenomenex C18 column (2.6 pm, 0.3x150 mm) maintained at 45°C. The injection
volume was 3 pL. Eluent A was composed of 2 mM ammonium formate with 10 mM formic
acid in water, and eluent B was ACN. Using a flow rate of 4 pL min’, the initial gradient
started at 55% eluent B and maintained for 0.5 min, eluent B was increased to 60% from
0.5 to 1.5 min, increased to 70% from 1.5 to 2.0 min, to 85% from 2.0 to 5.5 min, and

increased to 95% at 5.6 min, where the gradient was kept until 8.0 min, then decreased to
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55% eluent B at 8.1 min. The column was equilibrated for 8 min until the next injection,
giving a total analysis time of 16 min. MS data was acquired in positive ionization mode
with nebulizing gas flow rate of 0.2 L min"!, interface voltage at 2 kV, interface temperature
at 58°C, and desolvation line (DL) temperature at 250°C. Selected reaction monitoring
(SRM) was used for data acquisition by monitoring the precursor-product ion transitions as
indicated in Supplemental Table S2. These instruments and conditions were used during

method validation and application on CSF samples.
2.8 Method validation

Linearity and limit of detection Linearity was evaluated by preparing calibration lines (n =
3) on three consecutive days. The calibration ranges are shown in Table 3. All calibration
lines were fitted to a 1/x? weighted linear regression model. The limits of detection (LOD)
and limits of quantification (LOQ) were calculated as LOD =3 x S,/b, LOQ = 10 x S,/b,
where S, is the standard deviation of the y-intercept, b is the slope of the calibration curve

[25].

Table 3. Validation parameters: calibration range, retention time, LODs, and LOQs.

Compound  Calibration ranges (pM)  Retention time (min) R? LOD (pM) LOQ (pM)

a-LEA 29.3-7500 10.0 0.9978 35 11.8
EPEA 58.6-7500 10.0 0.9980 15.1 50.4
POEA 14.6-7500 10.4 0.9970 2.6 8.7
PDEA 7.3-7500 10.8 0.9978 2.1 7.0
DHEA 58.6-7500 10.8 0.9963 344 114.6
AEA 7.3-7500 10.9 0.9982 0.7 2.4
LEA 29.3-7500 11.0 0.9983 14.8 493
DGLEA 29.3-7500 11.5 0.9975 2.0 6.5
1-AG/2-AG 146.5-75000 11.6/11.8 0.9965 0.6 2.0
1-LG/2-LG 1464.8-750000 11.7/11.9 0.9957 32 10.5
PEA 585.9-75000 11.7 0.9933 1293.4 43113
ETAEA 29.3-7500 11.9 0.9966 14.1 46.9
OEA 73.2-75000 12.0 0.9988 53 17.8
DEA 7.3-7500 12.1 0.9965 1.3 4.4
1-0G/2-0G 5859.4-750000 12.5/12.7 0.9976 45.7 152.4
SEA 146.5-75000 13.0 0.9963 29.5 98.3

*R2, coefficient of determination.
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Precision The intra- and interday precisions were evaluated by spiking three different
concentrations of ISTD solutions [low-level(C2), medium-level(C4) and high-level(C6)]
into pooled CSF samples over three different days (n = 3). Precision was expressed as the
RSD of the peak areas of ISTD. An RSD less than 15% was within the tolerance limits of
the EMA guidelines [24].

Recovery and matrix effects Recovery and matrix effect were evaluated by spiking ISTD
solutions to pooled CSF samples (n = 3) or water (n = 3). Recovery was calculated as the
ratio of ISTD peak areas measured before and after extraction. Matrix effect was the ratio
of spiked ISTD peak areas acquired within pooled CSF and water, both spiked after

extraction.
2.9 Data preprocessing

LabSolutions LCMS Version 5.97 SP1 (Shimadzu, Japan) and SCIEX OS version 1.6
(SCIEX, United States) were used for peak picking and integration. Absolute quantitation
was calculated using the equation of the calibration curve and using the peak area ratios
(peak area of targeted analyte divided by peak area of respective ISTD). F-test for linear

regression was performed using Excel 2016.
3. Results and discussion
3.1 Optimization of micro-flow rates and comparison with UHPLC-MS

The main advantage of micro-LC is the ability to obtain similar or lower LODs compared
with UHPLC, but with significantly reduced injection volumes, making this approach well-
suited for analyzing compounds in biomass-restricted samples [26]. Another advantage of
micro-LC is a higher robustness compared to nano-LC columns, which is key for clinical
studies. In addition to the expected advantages of downscaling LC column diameters, such
as higher sensitivity [27], micro-LC results in an improved ESI efficiency. Various flow
rates were evaluated using direct infusion MS and micro-LC-MS analysis of eCBs to
evaluate the improvement in ESI efficiency. With direct infusion, various flow rates at
conventional (i.e., 550 pL min!, 250 pL min™!', 100 uL min') and micro-level (i.e., 4 puL
min”', 3 pL min!, 2 pL min?!, 1 pL min') range were investigated, with optimized

parameters on the same MS instrument. After allowing the flow rates to stabilize, a time
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window of 1 min was picked and data within this window was summed. The sensitivity of
each flow rate was expressed as counts per mole. As shown in Figure 1, significant
improvements of the sensitivity were observed for both AEA and 2-AG as the flow rate
decreased, especially at the low puL min' flow rates. This observation is in line with
previously reported findings, in which the sensitivity improvement at lower flow rates was
attributed to an improved ionization efficiency [28]. It is worth mentioning that, although
the increasing trends were still sharp when the flow rate changed to 1 uL min’!, a noticeable
increase of background noise was also observed, which may affect the signal-to-noise ratio

in the LC-MS analysis.
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Figure 1. Effect of different flow rates on sensitivity of (A) AEA and (B) 2-AG with direct
infusion to SCIEX Qtrap 6500+ with Sciex Turbo V ionization source (100-550 uL min-1)
and NanospraylIl ionization source (1-4 uL min-1). Red line: infusion of standard solution
I with 5 nM AEA and 50 nM 1-AG/2-AG in 70% ACN. Black line: infusion of blank sample
containing 70% ACN. The y-axis shows the signal as counts per mol, x-axis shows flow

rates. MS parameters are listed in Supplemental Table S1.

Subsequently, the effect of flow rates was investigated using three micro-LC columns of
different inner diameters. Based on the column capacity, four different flow rates from 550
puL min! to 4 uL min"! were investigated using three columns with inner diameters of 2.1
mm, 1 mm and 0.3 mm, respectively (Table 2). The injection volumes of standard solution
IT on the three columns were 10 pul, 5 puL, and 0.5 pL, respectively. The dilution fold of
injected sample under micro-flow rate was smaller, therefore, higher concentration of
samples reached the MS interface. Figure 2A shows that peak areas of all compounds
significantly increased as the flow rates decreased. The detector response observed at each

condition is expressed as the ratio of peak area to injection volume. As an example, at a
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flow rate of 4 uL min’!, the detector responses for AEA and 1-AG/2-AG were 9.7 and 9.4
times higher compared with responses observed at a flow rate of 550 uL. min’!, respectively.
The sensitivity for eCB analogues improved 5 to 22 times. The results confirm that the
ionization efficiency of eCBs and eCB analogues can be enhanced by down-scaling flow

rates using suitable columns.

In conclusion, a micro-flow LC-MS/MS method was able to increase the sensitivity of eCBs
compared to a conventional UHPLC-MS/MS method. The MS signal is proportional to the
amount of compounds reaching the detector within each unit of time, which demonstrates
that micro-flow LC-MS analysis is concentration-dependent [29], where the lower the flow
rate, the higher the signal. However, the robustness of the micro-flow method, when it
reaches 1 uL min™! or even the nano-flow level is crucial to consider. After taking the
capacity of column, cycle time of the analysis, sensitivity required for quantification and
most importantly, the method robustness into account, 4 pl. min’! was selected for the

following experiments.
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Figure 2. Effect of different flow rates on sensitivity of standard solution II with different
L.D. columns. SCIEX QTRAP 6500+with SCIEX Turbo V ionization source (50 - 550 pL.
min') and Nanospraylll ionization source (4 pL min'') was used. SCIEX QTRAP 6500+
with SCIEX Turbo V ionization source (50-550 puL min™') and Nanospraylll ionization
source (4 uL min') was used. LC-MS parameters can be found in Table 2 and
Supplemental Table S1. Sensitivity is shown on y-axis, expressed as the ratio of
compounds peak area to injection volume. (A) Sensitivity of all the targeted compounds
with different flow rates; (B) Sensitivity of AEA at different flow rates; (C) Sensitivity of
1-AG/2-AG at different flow rates.
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3.2 Micro-LC-MS/MS method development

Clogging in the tubing or spray needle remains a major obstacle during the development of
low-flow rate LC-MS methods [30]. To avoid clogging and improve the ionization
efficiency of the developed micro-LC-MS/MS method, we modified the micro-spray
needles on the Shimadzu 8060. In the original micro-ion source, Shimadzu used a design
called “UF-link™”. As shown in Figure 3A and 3C, the original micro-spray needle
consisted of a metal needle (opening [.D. = 50 um) and peak tubing, which were glued
together. By connecting the peek tubing directly to the separation column, the dead volume
from the connections and extra tubing was minimized. However, during practical use, the
glued part was constantly clogged even when using standard solution injections under
micro-flow rates. Since the ion source otherwise gave satisfactory performance, we decided
to optimize the spray needle to fix the problem. After modification, the whole tubing part
including peek part and metal part was removed and replaced by a 15-cm Metal TaperTip
emitter (30-um tip opening and 360-pum outer diameter). This metal emitter was able to
sustain robust performance for flow rates up to 5 uL min’!. At micro-flow rates, the
influence of the volume in post-column tubing and unions on peak shape, especially peak
broadening, may be amplified. In this study, the spray emitter was connected to fused silica
tubing (50 um L.D., 60-cm length) with well-fitting sleeves and a zero dead volume union.
Although the total add-on volume was around 1.2 pL, no significant peak broadening or

shifting was observed during the analysis.
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Figure 3. Illustration of (A) the original spray needle and (B) the optimized spray needle;
Pictures of (C) original spray needle and (D) optimized spray needle.
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Figure 4. Overlay of SRM chromatograms of eCBs and eCB analogues obtained with the
injection of standard solution II. The three panels represent the same chromatogram in
different scales. (A) compounds with 1 x 10* scale intensity (B) compounds with 1 x 103

intensity scale (C) compounds with 1 x 10° intensity scale.

The micro-LC gradient was optimized based on previous work [19]. The injection volume
was evaluated based on column capacity, signal intensity and peak shape. Initial mobile
phase was used as injection solvent since it resulted in the best peak shape. Next, MS
parameters including nebulizing gas, heating gas, interface temperature, interface voltage,
collision energy and dwell time were further optimized with standard solution. The
optimized LC-MS parameters are described in Section 2.7. After the optimization of micro-
LC-MS/MS conditions, all the targeted compounds were separated with nice peak shape by
using a Phenomenex C18 (2.6 um, 0.3 x 150 mm) column with 16 minutes analysis time
(Figure 4). Typical SRM chromatograms of targeted eCBs and eCB analogues in human
CSF are shown in Figure 5. It is worth mentioning that due to the volume of mobile phase

mixer, online filter, and tubings in micro-LC system, gradients could not reach the column
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immediately at a flow rate of 4 pL min'!, which results in a delay of the retention time. Such

delay, however, will not affect the peak shape or method repeatability.
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Figure 5. SRM chromatograms of eCBs and eCB analogues in pooled human CSF as
determined by micro-LC-MS/MS using a flow rate of 4 uL min™! and an injection volume

of 3 pL. The x-axis is retention time and the y-axis is the detector response signal.
3.3 Analytical performance evaluation

The optimized method in Section 2.7 was validated according to the EMA guidelines for
the validation of analytical methods [24], with evaluation of linearity, precision, recovery
and matrix effects. The calibration ranges were determined according to the levels observed
in test samples as well as the information retrieved from the Human Metabolome Database
(HMDB) and literature [11-17, 20, 31-34]. The linearity, LOD and LOQ are summarized in
Table 3. Precision (intraday and interday) values, recovery and matrix effects are

summarized in Table 4.

The coefficient of determination (R?) values were all between 0.995 and 0.999 (significance

F <0.05), and at least 75% of the back calculated concentrations of the calibration standards
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were within £15% (20% for LOQ) of the nominal value, indicating that the linearity was
satisfactory for all the analytes. The LOQs were between 2.0 and 152.4 pM for most of the
compounds, with the exception of PEA. A study reported that PEA contained in
polyurethane foam, which is used for the wrapping material for some experimental
glassware, can be absorbed by the glass and later on released to organic solvent during
sample preparation [35]. Another report showed that plastic material could also be
contaminated by NAEs including PEA [36]. It is important to monitor background
contamination of this class to avoid jeopardizing the quantification accuracy of these
compounds in biological samples. We observed noticeable PEA peaks in blank sample (50%
ACN) and in the lowest calibrant of the calibration curve. Hence, the contamination of PEA

from laboratory materials can explain its abnormally high LOD and LOQ values.

Table 4. Intraday and interday precision (RSD%).

Intraday precision (%) Interday precision (%)
compounds

Low Medium High Low Medium High

ds-AEA 10.9% 0.3% 0.1% 13.7% 2.7% 3.8%
dg-2-AG 3.2% 2.2% 4.6% 10.9% 9.6% 6.3%
d,-OEA 9.8% 8.8% 2.3% 13.7% 6.7% 2.2%
ds-LEA 0.3% 1.6% 2.3% 10.1% 5.4% 10.2%
d,-DHEA 9.2% 5.5% 9.3% 10.1% 5.4% 10.2%
ds-PEA 6.5% 6.2% 3.8% 11.0% 13.5% 6.4%
d;-SEA 4.2% 0.9% 0.2% 6.1% 8.6% 5.7%

The intraday and interday precision were assessed using three different concentrations [low-
level (C2), medium-level (C4), and high-level (C6)] of internal standards spiked in pooled
CSF. Triplicate samples were prepared in each batch, and three batches were measured in
three consecutive days. Intra- and interday precisions varied from 0.1% to 10.9% and from
2.2% to 13.7%, respectively, which are all within 15%, indicating that the repeatability was
within the tolerance limits (Table 4). These results are comparable to previously reported
quantification methods for eCBs with nano-flow LC-MS [19], as well as some methods
with conventional LC-MS. In addition, during the analysis of the 288 CSF samples, no
significant signal decrease was observed, which also demonstrated the robustness of this

method.
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Recovery and matrix effect were determined using deuterated internal standards. The
recoveries ranged from 61.5% to 114.8%. Matrix effects ranged from 24.4% to 105.2%
(Figure 6). All compounds showed acceptable recovery. Major matrix effects were
observed for several analytes, which may be caused by co-eluting phospholipids. As

deuterated ISTDs were used, the quantification accuracy was ensured.
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Figure 6. Recovery and matrix effect of deuterated internal standards in human CSF.
Recovery and matrix effect values are expressed in percentages. (A) Recovery: higher
values indicate better recoveries. (B) Matrix effect: values above 100% imply ion

enhancement and below 100% imply ion suppression.
3.4 Application to the analysis of human CSF samples

As part of another study, CSF samples were collected in a population of males and females
with an age ranging from 18 to 69 and measured using the developed micro-LC-MS/MS
method. The study was conducted according to the criteria of the Declaration of Helsinki
and was approved by the Leiden University Medical Center institutional ethics committee.
All participants provided written informed consent prior to participation in the study. Data
obtained from the heathy controls (n = 94) is reported in current study. The concentration
distributions of AEA and 2-AG in the 94 healthy control samples and their correlation with
gender and age are shown in Figure 7. Concentration of AEA in this CSF study for healthy
controls ranged from 1.0-7.1 pM, and for 2-AG from 87.9-658.5 pM. These levels can be
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used as future reference in follow-up studies. Significant correlation was observed between
age and 2-AG concentration in healthy females (p-value = 0.026). However, no clear
correlation was observed between age and the concentration of AEA in human CSF.
Although it should be noted that confounding factors might have affected the relation as we
did not take these into account. Moreover, the quantification results showed that this method

is robust and sensitive enough to be applied to future clinical studies.

b
[+ 1]

4

° malo - ma
_ * female * female

AEA CSF Congentration (in phd)
'y

3C 40 50
Age (in years)

2-AG CSF Concentration (in pM)
b

a0

20 50
Age {in years)

Figure 7. Correlation between compounds and age based on the quantification data using
the validated micro-LC-MS/MS method. The colors represent male (blue) and female (red).

R? = coefficient of determination.
4 Conclusion

In this study, we developed and optimized a novel micro-LC-MS/MS method for the
determination of eCBs and their analogues in human CSF. By using AEA and 1-AG/2-AG
as reference compounds, the comparison of conventional and micro-level flow rates
highlighted the advantage of micro-flow in increasing the sensitivity for targeted
compounds. The flow rate was down scaled to 4 uL min! with a 0.3-mm inner diameter
column, other setting and parameters were also optimized correspondingly to adapt the
micro-flow. A minor modification on Shimadzu Mikros Micro-ESI spray needle was
carried out to improve the robustness of this method. Requiring 250 pL. CSF, the method
reached LODs ranging from 0.6 to 1293.4 pM and LOQs ranging from 2.0 to 4311.3 pM.
The repeatability was within the tolerance limits, with intraday and interday precisions
under 13.7%. The developed micro-LC-MS/MS method was found to be fit-for-purpose for
the analysis of clinical CSF samples, in which 288 human CSF samples were successfully

measured. With the wider coverage of eCBs and high robustness for CSF analysis, our
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method showed its applicability for future clinical research of brain disorders in which a

disturbance in the ECS can be expected.
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Supplementary Material

Table S1(A). MS parameters of SCIEX QTRAP 6500+ mass spectrometer used in flow rate

evaluation experiment.

Conventional flow Micro flow
Flow rates 550 uL 250 pL 100 pL 50 uL 4 uL 3uL 2 uL 1uL
min™! min™! min™! min™! min™! min™! min™! min™!
Curtain gas 30 30 20 20 20 20 20 20
Ionspray voltage 5500 5500 4700 4700 2400 2300 2200 2100
Ion source gas 1 50 50 30 30 10 10 10 10
Ion source gas 2 50 50 30 0 0 0 0 0
Interface heater 600 600 450 450 150 140 120 100
temperature
DP 50 50 50 50 50 50 50 50
EP 12 12 12 12 12 12 12 12
CXp 11 11 11 11 11 11 11 11
Table S1(B). LC gradients in LC-MS flow rates comparison.
Flow rate 550 pL min’! Flow 100 pL min™ and 50 Flow rate 4 pL min™!
rate pL min!
Time  A[%] B[%] | Time A[%] B[%] | Time (min) Al%]  B[%]
(min) (min)
0 45 55 0 45 55 0 45 55
0.5 45 55 0.5 45 55 0.5 45 55
1.5 40 60 2 40 60 2 40 60
2 30 70 2.5 30 70 2.5 30 70
5.5 15 85 7.5 15 85 7.5 15 85
5.6 5 95 8 5 95 8 5 95
8 5 95 10 5 95 10 5 95
8.1 45 55 10.1 45 55 10.1 45 55
10 45 55 12 45 55 16 45 55
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Table S2. MRM (Multiple reaction monitoring) parameters of the target compounds with Shimadzu

8060 mass spectrometer.

Compound name ChEBI Abbreviat Molecular MW Precurs Prod Dwell CE
ID ion formula g/mo or ion uct time
le (m/z) ion (msec)
(m/z)
a-Linolenoyl ethanolamide 89605 a-LEA C20H3sNO: 3255 | 3224 61.9 20 -16
Palmitoleoyl ethanolamide 71465 POEA CisH3sNO» 2975 | 298.4 62.2 5 -16
Pentadecanoyl ethanolamide 165589 PDEA C17H3sNO; 285.5 | 386.4 61.9 5 -15
Linoleoyl ethanolamide 64032 LEA C20H37NO> 3235 | 3243 62 20 -33
Anandamide 2700 AEA C2H37NO2 347.5 | 3482 62.0 20 -23
Docosahexaenoyl 85252 DHEA C24H37NO> 371.6 | 3724 62 20 -17
ethanolamide
1-Arachidonoylglycerol / 75612 1-AG/2- C23H3304 3785 | 379.2 287.0 20 -15
2-Arachidonoylglycerol 52392 AG?
1-Linoleoyl glycerol / 75565 1-LG/2- C21H3304 3545 | 355.1 263.0 10 -17
2-Linoleoyl glycerol 173124 LG®
Palmitoyl ethanolamide 71464 PEA CisH37NO; 299.5 | 300.4 62.0 5 -5
Dihomo-y-linolenoyl 34488 DGLEA C2H30NO, 349.5 | 350.2 62 5 -17
ethanolamide
Docosatetraenoyl 34478 DEA CH4INO, 375.6 | 376.2 62.0 8 -22
ethanolamide
1-Oleoyl glycerol / 75342 1-0G/2- C21H4004 356.5 | 3573 265.3 10 -12
2-Oleoyl glycerol 73990 OG*®
Stearoyl ethanolamide 85299 SEA C20HaiNO; 3275 | 3283 62.0 5 -17
Eicosapentaenoyl 71467 EPEA CxH3sNO; 345.5 | 346.2 61.9 20 -16
ethanolamide
Mead acid ethanolamide 165588 ETAEA C22H39NO2 349.5 | 350.2 62 5 -17
N-Oleoylethanolamine 71466 OEA CaoH30NO, 325.5 | 326.0 62.0 20 -22
N-linoleoylethanolamide - ds-LEA- CyH33D4NO, | 327.5 | 3283 66.2 20 -33
dy ISTD
N-docosahexaenoyl ds-DHEA- C24H33DaNO2 | 375.6 | 376.3 66.2 10 -17
ethanolamide- d4 ISTD
N-arachidonoyl ds-AEA- C2H2DsNO2 | 355.6 | 356.3 62.0 20 -23
ethanolamide - dg ISTD
N-arachidonoylglycerol - dg ds-2-AG- C23H30DsO04 386.6 | 387.3 294.2 20 -15
N-palmitoylethanolamide - LT;’]%A— CisH33DaNO2 | 303.5 | 304.4 62.0 5 -5
ds ISTD
N-oleoylethanolamide - d4 d4-OEA- C20H3sDaNO2 | 329.6 | 330.0 66.0 8 -22
N-stearoylethanolamide - d3 ETS]%A- C20H3sD3sNO2 | 330.6 | 331.3 62.0 5 -17
ISTD
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Table S3. Accuracy and precision at lowest points of calibration curves (n=3).

Compound | Calibration | Retention R? Nominal Calculate Accuracy | Precision
ranges time concentration concentration
(rM) (min) (M) (M)
a-LEA 29.3-7500 10.0 0.9978 29.3 271 94.4% 6.3%
EPEA 58.6-7500 10.0 0.9980 58.6 57.7 98.5% 5.5%
POEA 14.6-7500 10.4 0.9970 14.6 14.5 99.2% 17.8%
PDEA 7.3-7500 10.8 0.9978 7.3 6.9 93.6% 12.4%
DHEA 58.6-7500 10.8 0.9963 58.6 61.4 104.7% 2.8%
AEA 7.3-7500 10.9 0.9982 7.3 6.9 94.6% 6.8%
LEA 29.3-7500 11.0 0.9983 29.3 28.5 97.2% 13.4%
DGLEA 29.3-7500 11.5 0.9975 29.3 25.0 85.3% 5.6%
1-AG/2-AG 146.5- 11.6/11.8 0.9965 146.5 159.9 109.1% 1.2%
75000
1-LG/2-LG 1464.8- 11.7/11.9 0.9957 1464.8 1528.2 104.3% 5.5%
750000
PEA 585.9- 11.7 0.9933 585.9 661.1 112.8% 3.6%
75000
ETAEA 29.3-7500 11.9 0.9966 29.3 26.1 89.2% 2.9%
OEA 73.2-75000 12.0 0.9988 732 83.2 113.6% 3.0%
DEA 7.3-7500 12.1 0.9965 7.3 7.7 105.6% 12.6%
1-0G/2-0G 5859.4- 12.5/12.7 0.9976 5859.4 5747.1 98.1% 4.7%
750000
SEA 146.5- 13.0 0.9963 146.5 174.2 118.9% 3.5%
75000

*Accuracy = calculate concentration / nominal concentration X 100%;

Precision = RSD% of calculate concentration
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Abstract

Oxylipins are well-known lipid mediators in various inflammatory conditions. Their
endogenous concentrations range from low picomolar to nanomolar and there are growing
demands to determine their concentrations in low volume matrices for pathological studies,
including blood, cerebrospinal fluids from animal disease models, infants, and
microsampling devices. Most of the published quantification methods for comprehensive
profiling of oxylipins still require more than 50 pL plasma as a starting volume to detect
these low levels. The aim of our study is to develop a sensitive and reliable method for the
quantification of oxylipins in volume-limited human plasma samples. We established and
validated a micro-LC-MS/MS method that requires only 5 pL. of human plasma for the
determination of 66 oxylipins. The optimized micro-LC-MS/MS method utilized a flow rate
of 4 uL/min with a 0.3-mm inner diameter column. With an injection volume of 3 uL, our
method provides limits of detection in the range from 0.1 pM to 91.9 pM, and limits of
quantification ranging from 0.3 pM to 306.2 pM. The sensitivity enhancement compared to
conventional flow ranged from 1.4 to 180.7 times for 51 compounds depending on their
physical-chemical properties. After validation, the method was applied to analyze 40

plasma samples from a healthy aging study to demonstrate robustness and sensitivity.
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1. Introduction

Oxylipins are a group of signaling lipids derived from polyunsaturated fatty acids (PUFAs)
through enzymatic or non-enzymatic oxidation processes. Non-esterified or free oxylipins
function as important lipid mediators in multiple physiological processes as well as disease
pathologies. Cardiovascular diseases, obesity, type II diabetes, and neurological disorders
have been linked to abnormal oxylipin signaling [1, 2]. Oxylipins include some well-studied
subclasses such as prostaglandins (PGs), arachidonic acid (AA) derived isoprostanes, AA
and eicosapentaenoic acid (EPA) derived prostanoids, AA derived leukotrienes, and
lipoxins, which are involved in inflammation, blood clotting, immune response,

cardiovascular diseases, and tumor progression [3-7].

As the most direct and easy to sample matrix, plasma is commonly utilized for studying the
onset and progression of pathological processes. Despite the increasing demand for oxylipin
profiling and understanding their functions, currently available LC-MS methods for the
quantification of PUFAs and their derivatives often fall short when dealing with volume-
limited plasma samples [8-11]. Although plasma from adults is not normally recognized as
volume-limited, when one sample set has to be aliquoted to multiple analytical platforms
for a comprehensive multi-omics analysis, only a limited volume is available for each
platform. On the other hand, the sampling techniques in healthcare favour sampling low
volumes (below 10 pL) to ease the pain for patients [12, 13] and improve wellness of
experimental animals [14]. The issue of volume mismatch between sampling and sample
analysis can be addressed by employing a miniaturized LC-MS workflow, which allows

high detection sensitivity with a minimal sample volume.

One example of how a miniaturized workflow can increase sensitivity was presented by
Cebo et al. [15] who established a micro-LC-MS/MS method for accurate quantification of
42 oxylipins in plasma using a flow rate of 30 pL/min. Although the method allowed for
the quantitation of some oxylipins down to the picogram level, a relatively large volume of
plasma (500 pL) was used, and the sample was up-concentrated to 100 pL to achieve the
required detection limits. A further down-scaling in flow rate may lead to higher sensitivity

which enables the quantification of oxylipins using less starting material.
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In this study, we established a micro-LC-MS workflow for the quantification of 66
oxylipins in 5 pL human plasma. Selected reaction monitoring (SRM) was applied in a
targeted method in negative ion mode. Multiple electrospray ionization sources were
compared, corona discharge was minimized, and analytical performance was optimized. A
reverse phase C18 column with a 0.3-mm inner diameter was used for this method at a flow
rate of 4 pulL/min. The method underwent validation following the bioanalytical method
validation guidelines from EMA (2009). The sensitivity enhancement was evaluated by
comparing the limits of detection and limits of quantification with a published conventional
flow UHPLC-MS method [16]. The validated method was applied to 40 human plasma
samples from a healthy aging study with 5-uL as starting volume. 28 oxylipins were
quantified from picomolar to nanomolar level. This underscores its potential value for future
studies that demand high sensitivity in determining oxylipin concentrations in volume-

limited samples.
2. Material and methods
2.1 Chemicals and materials

Ultra-performance liquid chromatography grade acetonitrile (ACN) and methanol (MeOH)
were purchased from Biosolve (Valkenswaard, Netherlands). 1-Butanol (BuOH) was
acquired from Boom (Meppel, Netherlands). Methyl tert-butyl ether (MTBE), acetic acid
(100%, LC-MS grade), butylated hydroxytoluene (BHT), ethylenediaminetetraacetic acid
(EDTA) were from SigmaAldrich (Zwijndrecht, Netherlands). Citric acid monohydrate and
disodium hydrogen phosphate were obtained from Merck (Darmstadt, Germany). Purified
water was obtained from a Milli-Q PF Plus system (Merck Millipore, Burlington,
Massachusetts, United States). Standards and deuterated standards for oxylipins were
purchased from Cayman Chemicals (Ann Arbor, Michigan, United States). The purchasing
information and abbreviations of all the targeted oxylipins and labeled standards are listed

in Supplementary Table 1.
2.2 Preparation of standards solutions and calibrant solutions

Stock solutions of oxylipins and labeled standards were dissolved in MeOH containing

BHT (0.4 mg/mL) to 1 mg/mL. The oxylipins standard stock solutions were diluted to 11
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calibrant points (C1 to C11) subsequently. Internal standards (ISTD) were spiked in each
calibrant point and sample to reach a final concentration of 20 nM. All the stock solutions
were stored at -20 °C. The compound list with their calibration concentrations can be found

in Supplementary Table 2.
2.3 Sample collection and preparation

Fasted EDTA plasma samples were collected from 40 participants in the Leiden Longevity
Study cohort which was enrolled between 2002 and 2006 [17]. The samples for the current
study were collected at the third visit between 2009 and 2010 and stored at -80°C. The
Leiden Longevity Study protocol (P09.140) was approved by the Medical Ethical
Committee of the Leiden University Medical Center before the start of the study at 5th of
August 2009. The first participant was enrolled at 24th of August 2009. In accordance with
the Declaration of Helsinki, the Leiden Longevity Study obtained informed consent from
all participants prior to their entering the study. 5 uL was taken from each plasma sample
and pooled together to create a quality control (QC) sample used during method validation

and bioanalysis. All plasma samples remained at -80°C until extraction.

Plasma samples, calibration samples, and QCs were thawed on ice before liquid-liquid
extraction (LLE). To 5 puL plasma (or calibrant solution), 5 uL antioxidant solution, 5 pL
80 nM ISTD, 5 uL buffer solution containing 0.2 M citric acid, and 0.4 M phosphate at pH
4.5 were added in a 0.5 mL Eppendorf tube. After adding 100 L. BuOH: MTBE (1:1, v/v)
and 50 pL water, oxylipins were extracted to the upper layer. Subsequently the samples
were settled on ice for 20 minutes. This will facilitate the LLE because the protein layer
will become more compact. After that, the samples were brought to a bullet blender to be
thoroughly mixed for 4 minutes at the speed level 9. Samples were then centrifuged for 10
min at 15800 rcf under 4°C. 85 pL of the organic upper layer was collected and evaporated
to dryness. Samples were reconstituted in a 20 uLL mixture of MeOH: H,O (2:8, v/v) before

injection.
2.4 Micro-LC-MS/MS instrumentation and conditions

The micro-LC-MS/MS analyses were performed using a Waters nanoAcquity LC system
(Waters, Milford, Massachusetts, United States) coupled to a Sciex triple quad 7500 mass
spectrometer (SCIEX, Framingham, Massachusetts, United States). A Sciex Optiflow

69



Chapter IV

ionization source was equipped on the MS with a SteadySpray Low Micro Electrode (1 -

50 puL/min). The separation was carried out using a Phenomenex Kinetex C18 column (2.6
pm, 150 x 0.3 mm) maintained at 40 °C. The injection volume was 3 pL. Mobile phase A

consisted of 0.1% acetic acid in water, mobile phase B was 0.1% acetic acid in a mixure of
90% ACN and 10% MeOH. Using a flow rate of 4 uL./min, the initial gradient started at 20%
eluent-B and maintained for 5.0 min, eluent-B was ramped to 26% until 5.4 min, and further
to 34% at 15.5 min, remained at 34% for 2 min and increased to 40% at 19.5 min, to 54%
at 23.5 min, to 56% at 27.5 min, to 78% at 29.5 min, to 85% at 31.5 min, at last eluent B
dropped back to 20% for re-equilibration until 40.0 min. MS data was acquired in negative
ionization mode with curtain gas flow rate 32 psi, gas 1 flow rate 10 psi, gas 2 flow rate 20
psi, interface voltage at -3500 V, interface temperature at 200 °C. SRM was used for data
acquisition by monitoring the precursor-product ion transitions as indicated in
Supplemental Table 3. These instrumental conditions were used during method validation

and application to plasma samples.
2.5 Method validation

Linearity and limit of detection To assess linearity, calibration lines (n = 3) were prepared
over three consecutive days, incorporating a minimum of seven calibration points for each
compound. All calibration lines were fitted to a 1/x2 weighted linear regression model. The
limits of detection (LOD) and limits of quantification (LOQ) were calculated using the
formulas LOD = 3 x S,/b and LOQ = 10 x S,/b, respectively. Here, S, represents the

standard deviation of the y-intercept, b represents the slope of the calibration curve.

Precision The intra- and interday precisions were evaluated by spiking three different
concentrations of ISTD solutions [low-level (0.2 nM), medium-level (2.0 nM) and high-
level (20 nM)] into pooled plasma samples over three different days (n = 3). Precision was
expressed as the RSD of the peak areas of ISTD. An RSD less than 15% was within the
tolerance limits of the EMA guidelines [18].

Recovery and matrix effects Recovery was investigated by spiking ISTD solution before
LLE and after LLE. Matrix effect was evaluated by spiking ISTD solutions to pooled

plasma samples (n = 3) or water (n = 3). Recovery was calculated as the ratio of ISTD peak
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areas spiked before and after extraction. The Matrix effect was determined by calculating

the ratio of the peak areas of ISTD spiked in pooled plasma and water samples.
2.6 Comparison to conventional UHPLC-MS/MS method

The performance of the optimized micro-LC-MS/MS method was compared to a
conventional UHPLC-MS/MS described in a previous study [16]. The sample preparation
procedure and starting volume (5 pul plasma) were same in both methods as described in
section 2.3. A Shimadzu Nexera X2 LC-30AD system (Shimadzu corporation., Kyoto,
Japan) was coupled to a SCIEX triple quad 7500 mass spectrometer (SCIEX, Framingham,
Massachusetts, United States). An OptiFlow ionization source with spray emitters for high
flow (>200 pL/min) was employed. The separation was carried out on a Waters Acquity®
BEH C18 column (50 mm X 2.1 mm, 1.7 um) maintained at 40 °C with a 5-pL injection
volume. The detailed UHPLC gradient can be found in Supplementary table 4. MS data
was acquired in negative ionization mode with curtain gas flow rate of 45 psi, gas 1 flow
rate of 65 psi, gas 2 flow rate of 65 psi, interface voltage of -4500 V, interface temperature

of 600 °C.
2.7 Data preprocessing

SCIEX OS version 1.6 (SCIEX, United States) was used for peak integration. Absolute
quantitation was calculated using the equation of the calibration curve and using the peak

area ratios (peak area of targeted analyte divided by peak area of respective ISTDs).
3. Results and discussion
3.1 micro-LC-MS/MS method development

Significant sensitivity enhancement was achieved by employing a nanoAcquity LC coupled
with Shimadzu 8060 MS and a homemade spray emitter under micro-level flow rate as
indicated in previous study [19]. Negative mode was used for the analysis of oxylipins.
However, applying a negative voltage resulted in damage to the tip of the spray emitter due
to severe corona discharge. Although the discharge problem could be mitigated by moving
the emitter tip away from the MS orifice, sensitivity was sacrificed in this process. To
address the discharge issue while maintaining high sensitivity under micro-flow rates, we

compared several MS systems and micro-flow ionization sources, including SCIEX
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nanoSpraylll with a Metal TaperTip spray emitter, Shimadzu MIKRO ionization source
with a homemade spray needle, and SCIEX OptiFlow with a SteadySpray electrode (Figure
1). All MS parameters were optimized for the optimal performance of each system. Based
on its advantages in robustness and sensitivity (Figure 2A), a Sciex triple quad 7500 MS
with the Optiflow ionization source was ultimately selected for further method development.

The SteadySpray needle also provided more flexibility with its tolerance of a wide range of

flow rates.
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Figure 2. (A) Comparison of the performance from different MS systems using 4 pL/min;

(B) optimization of micro flow rate on SCIEX triple quad 7500 MS.
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To enhance the sensitivity of targeted compounds, we initially compared several flow rates.
Figure 2B illustrates that the peak area of selected compounds increased with lower flow
rate. It is also predictable that with 4 pL/min flow rate, the dilution factor of injected
samples is lower. Simultaneously, a lower flow rate facilitates more efficient ionization of

target compounds.

In order to improve the separation of isomers with same SRM transitions, including 8-iso-
PGE2, PGE2, 11B-PGE2, PGD2 (Q1/Q3 351.1/271.2), and 8iso-15R-PGF2a, 8iso-PGF2a,
11B-PGF2a, PGF2a (Q1/Q3 353.1/193.1), a 15-cm length Phenomenex Kinetex C18
column was used. In addition, a 5-min isocratic time at the beginning of the gradient with
80% mobile phase A was applied. This step is also crucial to prevent peak tailing in early
eluting compounds, such as 20-hydroxy-PGE2 and 20-hydroxy-PGF2a (Supplementary
Figure 1).

Prostaglandins, DIiHETrEs, EpDPEs, HETEs,
Isoprostane, Lipoxin HETrEs, HDoHEs, HODEs
I 1
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Figure 3. Overlay of SRM chromatograms of oxylipins obtained with the injection of (A)
standard solution C7 and (B) 5 uL pooled plasma

Following the optimization of micro-LC-MS/MS conditions, all targeted compounds
exhibited excellent resolution using a Phenomenex Kinetex C18 (2.6 um, 0.3 x 150 mm)

column with a 40-minute analysis time. The injection volume was set at 3 uL.. Typical SRM
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chromatograms of targeted oxylipins in standard solution and pooled human plasma are
shown in Figure 3. Prostaglandins, isoprostane, and lipoxins eluted before 30 min, while
dihydroxy- eicosatrienoic acids (DiHETrEs), epoxy- docosapentaenoic acid (EpDPEs),
hydroxy- eicosatrienoic acid (HETrEs), and hydroxyeicosatetraenoic acids (HETEs) with
lower polarity eluted between 30 min to 35 min. The optimized condition ensures robust

analysis of the diverse oxylipin classes.
3.2 Sensitivity enhancement compared to a UHPLC-MS/MS method

The sensitivity enhancement of micro-LC-MS/MS method was evaluated by comparing its
LODs and LOQs with those of conventional UHPLC-MS/MS using calibration solutions. 5
uL extracted sample was injected on a Waters Acquity® BEH C18 column (50 mm x 2.1
mm, 1.7 um) for conventional method, and 3 pL was injected on a Phenomenex Kinetex
C18 column (2.6 pm , 150 x 0.3 mm) for micro-LC-MS/MS method. The same MS and
ionization source were utilized for a fair comparison. In Figure 4, the fold changes in LOD
and LOQ for the micro flow method over the conventional method are depicted for targeted
oxylipins. For 13-HODE, 8,12-iPF20-VI, and 13,14-dihydro-15keto-PGE2, the calibration
points within the same concentration ranges of the micro-LC-MS method were insufficient

for calculating LOD and LOQ compared with the UHPLC-MS/MS method.

Among the other 63 oxylipins, sensitivity increased from 1.4 to 180.7 times in 51
compounds (orange bars in Figure 4). However, due to differences in the compounds
physical-chemical properties, for 10 compounds (depicted as green bars in Figure 4),
including 9-HETE, 11-HDoHE, 10-HDoHE, 9-HODE, 16-HDoHE, 5-HEPE, 12-HETE,
17-HDoHE, 20-HDoHE, and 8-HDoHE, micro-LC-MS performance was found to be
inferior to that of the UHPLC-MS/MS method. Different reconstitution solvents and LC
gradients were used for the micro-LC-MS and UHPLC-MS methods, resulted in change of
chromatographic selectivity, and lead to changes in ion suppression for those compounds
due to the matrix effect. The ion suppression subsequently resulted in higher LOD and lower
signal to noise ratio for micro-LC-MS. For detailed LOD and LOQ values for both methods,
refer to Supplementary table 5.
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Figure 4. Sensitivity fold change (F) calculated by LOD (LOQ) of micro-LC-MS/MS
divided by LOD (LOQ) from UHPLC-MS/MS, compounds arranged in elution order from
bottom to top.

3.3 Method validation

The optimized method outlined in Section 2.4 was validated with the evaluation of linearity,

precision, recovery and matrix effects. To cater to the demands of quantification in 5 pL

75



Chapter IV

human plasma, the calibration solutions were diluted to picomolar level near the detection

limits.

The linearity of all compounds was established using calibrant solutions, yielding
coefficient of determination (R?) values ranging from 0.9930 to 0.9999. Back-calculated
concentrations of the calibration standards fell within +15% (20% for LOQ) of the nominal
values, indicating satisfactory linearity for all analytes. The LOQs were determined to be

between 0.3 pM and 306.2 pM, as summarized in Table 1.

Table 1. Validation parameters: calibration range, LODs, and LOQs.

Compound name Linearity range (nM) R? LOD (pM) LOQ (pM)

20-hydroxy-PGF2a 0.12-29.93 0.9976 1.9 6.2
20-hydroxy-PGE2 0.02 -21.3 0.9986 0.3 1.0
2,3dinor-8iso-PGF2a 0.07 -37.5 0.9996 0.3 1.1
20-carboxy-LTB4 0.08 -20.63 0.9988 1.3 42
2,3dinor-11B-PGF2a 0.07 -37.5 0.9989 1.2 4.1
20-hydroxy-LTB4 0.04 -20.85 0.9987 0.8 2.6
iPF2a-1V 0.07 -37.5 0.9979 0.2 0.8
8iso-15R-PGF2a 0.07 -37.5 0.9994 0.8 2.8
8iso-PGF2a 0.07 -37.5 0.9995 2.1 6.8
11B-PGF2a 0.12 -29.63 0.9989 1.1 3.8
PGF2a 0.04 -37.5 0.9991 0.2 0.8

PGE3 0.04 -37.5 0.9989 0.1 0.3

PGD3 0.04 -37.5 0.9991 0.6 1.8
8iso-PGE2 0.04 -37.5 0.9994 0.1 0.3
PGE2 0.04 -37.5 0.9988 0.9 2.9
11B-PGE2 0.03 -29.78 0.9995 0.3 0.9
PGD2 0.04 -37.5 0.9990 0.4 1.3
5-iPF2a -VI 0.15-37.5 0.9989 25 8.3
8,12-iPF20-VI 1.17-37.5 0.9991 23.0 76.5
9,12,13-TriHOME 0.12-30.11 0.9988 6.6 22.0
9,10,13-TriHOME 0.06 -30.11 0.9990 4.6 154
8iso-13,14dihydro-15keto-PGF2a 0.15-37.5 0.9996 1.1 3.6
13,14dihydro-15keto-PGF2a 0.12-14.81 0.9984 2.5 8.5
13,14dihydro-PGF2a 0.03 -14.74 0.9987 35 11.7
13,14dihydro-15keto-PGE2 0.03 -14.89 0.9996 0.3 0.9
13,14dihydro-15keto-PGD2 0.03 -29.78 0.9993 0.3 1.1
5S,6R-lipoxinA4 0.04 -20.85 0.9993 1.0 3.4
58,6S-lipoxinA4 0.02 -10.43 0.9987 0.1 0.3
la,1b-dihomo-PGF2a 0.03 -27.45 0.9993 0.6 2.1
bicyclo-PGE2 0.03 -31.43 0.9991 0.9 3.0
8,15-DIHETE 0.33 -20.93 0.9985 6.1 20.5
10,17-DiHDoHE 0.16 -21 0.9984 4.7 15.8
17,18-DiHETE 0.12 -30 0.9991 2.4 8.0
14,15-DiHETE 0.03 -30 0.9989 0.7 2.3
12,13-DiIHOME 0.16-41.4 0.9986 2.3 7.6
14,15-DiHETTE 0.02 -21.08 0.9988 0.9 3.0
12-HHTrE 0.02 -21 0.9989 44 14.7
19,20-DiHDPA 0.02 -20.85 0.9987 0.1 0.4
11,12-DiHETTE 0.02 -10.54 0.9991 0.1 0.4
9-HOTE 0.04 -21.41 0.9982 2.6 8.8
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Compound name Linearity range (nM) R? LOD (pM) LOQ (pM)
8,9-DIHETTE 0.02 -21 0.9986 0.5 1.6
18-HEPE 0.09 -11.55 0.9975 3.0 9.9
15-HEPE 0.04 -21.15 0.9983 0.4 1.5
20-HETE 0.08 -21 0.9965 8.8 29.3
5,6-DiHETTE 0.16 -10.54 0.9973 2.2 7.4
12-HEPE 0.17 -21.15 0.9957 0.4 1.5
9-HEPE 0.18 -11.55 0.9948 3.9 12.9
13-HODE 1.33-42.53 0.9981 59.0 196.6
12,13-EpOME 0.16 -20.55 0.9984 43 144
5-HEPE 0.17 -10.58 0.9978 5.7 19.1
9-HODE 0.66 -21.26 0.9981 27.7 92.3
9,10-EpOME 0.08 -20.55 0.9984 22 7.3
17-HDoHE 1.34-21.38 0.9936 473 157.6
20-HDoHE 1.34-21.38 0.9832 91.9 306.2
16-HDoHE 0.33 -21 0.9982 34 11.5
16,17-EpDPE 0.17 -10.69 0.9967 5.1 16.8
9-HETE 0.48 -30.53 0.9970 8.3 27.8
11,12-EpETrE 0.33 -21 0.9968 0.6 1.8
14-HDoHE 0.04 -5.25 0.9946 7.1 23.6
10-HDoHE 0.33-21.38 0.9980 12.8 42.6
12-HETE 0.17 -21.38 0.9942 21.9 72.9
11-HDoHE 0.66 -21 0.9944 8.8 29.2
8-HDoHE 0.33-21.38 0.9964 76.4 254.6
8-HETIE 1.34-21.38 0.9981 44 14.5
5-HETrE 0.18-22.8 0.9961 4.7 15.6
5S,14R-lipoxinB4 0.18 -22.8 0.9972 11.6 38.6

Intra- and interday precisions varied from 0.5% to 11.7% and from 2.5% to 14.1%,
respectively. All values were within the 15% tolerance limit, underscoring the repeatability

of the method, as detailed in Table 2.

Table 2. Intraday and interday precision (RSD%) of oxylipins spiked to plasma

Compounds Intraday precision (%) Interday precision (%)
Low Medium High Low Medium High
ds-8iso-PGF2a 11.4 9.6 5.2 5.8 6.0 35
d4-PGF2a 14.1 3.6 6.3 23 4.9 2.8
d;-5-iPF2a-VI 9.6 8.0 6.2 2.9 2.5 5.5
dy;-8,12-is0-iPF20-VI 25 4.5 35 2.9 42 3.6
ds-8iso-PGE2 5.8 2.9 3.7 2.0 1.2 1.7
ds-PGE2 14.1 3.6 4.6 7.4 4.0 3.4
ds-PGD2 7.1 6.5 6.9 1.5 2.1 2.9
do-PGE2 2.5 2.6 5.9 1.0 1.4 0.7
d-LTB4 7.1 53 9.0 1.6 1.4 0.7
ds-12,13-DiIHOME 8.7 6.0 9.0 11.7 2.8 43
ds-9,10-DIHOME 5.8 6.6 2.6 1.7 1.3 1.8
dy;-14,15-DIHETTE 43 8.7 7.4 0.5 33 2.3
ds-20-HETE 13.5 6.8 12.1 9.8 10.0 12.5
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Matrix effect suggests ion enhancement or suppression during MS ionization due to matrix
components. Matrix effects above 100% indicate ion enhancement, suggesting that
components in the matrix positively influence the ionization of analytes, leading to higher
signal intensities. Conversely, matrix effects below 100% suggest ion suppression, where
the matrix components hinder the ionization of analytes, resulting in reduced signal
intensities. Deuterated internal standards were employed for the determination of recovery
and matrix effect. The recoveries ranged from 64.6% to 99.6%. Matrix effect ranged from
79.2% to 130.3% (Figure 5). Particularly, ion enhancement was observed in LTB4-d4. All
compounds demonstrated acceptable recovery rates and consistent matrix effects across
three concentration levels, affirming the applicability of the sample preparation method for
quantitative analysis. The results collectively emphasize the robustness and reliability of
the validated method for the sensitive and accurate quantification of oxylipins in volume-

limited human plasma.
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Figure 5. Recovery and matrix effect of deuterated internal standards in human plasma.
Recovery and matrix effect values are expressed in percentages. (A) Recovery: higher
values indicate better recoveries. (B) Matrix effect: values above 100% indicate ion

enhancement and below 100% imply ion suppression.
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3.4 Application in a sample-limited clinical study modeling healthy aging

The validated method was applied to a healthy aging study involving 40 human plasma
samples grouped by genders. Three samples were excluded due to technical errors. 4 pooled
plasma samples were analyzed along with the study samples as QC samples. Compounds
with >80% missing values in study samples or >50% missing values in QCs were also
excluded for data reliability. As presented in Table 3, a total of 28 oxylipins were
successfully quantified in study samples, revealing a broad concentration range spanning
from 51.8421.8 pM (8,9-DiHETTE in male samples) to 30.9 + 8.9 nM (13-HODE). These
findings underscore the applicability of the developed micro-LC-MS/MS method in
analyzing oxylipins within volume-limited plasma samples, particularly in the context of
studies focused on healthy aging. It is worth noting that the current results serve as a
promising indication of the method's suitability for oxylipin studies in volume-limited

plasma, given the diverse range of concentrations successfully determined.

Table 3. Average concentrations of oxylipins in two groups of study samples (Mean + SD)

Oxylipins Female (n=18, pM) Male (n=19, pM)
5-iPFa-VI 152473 153480
8,12-is0-iPF20-VI 4115£1930 4258+1920
9,12,13-TriHOME 12414737 2297+1725
9,10,13-TriHOME 230+184 227+102
17,18-DiHETE 2014+896 1922+765
14,15-DiHETE 267+121 243481
12,13-DiHOME 3373+1900 3845+1816
14,15-DiHETTE 148+49 147+30
12-HHTrE 71+20 206+319
19,20-DiHDPA 468+182 4734252
11,12-DiHETrE 124441 120+31
9-HOTrE 1052+638 850+407
8,9-DIHETTE 64426 52422
18-HEPE 135463 127461
15-HEPE 148491 119429
20-HETE 306+154 243490
5,6-DiIHETrE 196+80 198+107
12-HEPE 71441 100+84
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Oxylipins Female (n=18, pM) Male (n=19, pM)
13-HODE 30852+8892 29356+11859
12,13-EpOME 2239+1534 2011+806
5-HEPE 302+346 317+137
9-HODE 203167779 23773+13832
9,10-EpOME 475+314 427+179
20-HDoHE 779+624 543+£278
16-HDoHE 191+218 142461
16,17-EpDPE 341+135 353+169
11,12-EpETrE 170455 181+£73
8-HETTE 181+69 162+65

4. Conclusion

In this study, we developed a micro-LC-MS/MS method tailored for the precise
determination of oxylipins in volume-limited human plasma. Requiring only 5 pL plasma,
the method achieved LODs ranging from 0.1 pM to 91.9 pM, and LOQs ranging from 0.3
pM to 306.2 pM. The method exhibited good repeatability, with intraday and interday
precisions consistently below 14.1%. To assess its sensitivity enhancement, the developed
micro-LC-MS/MS method underwent a thorough comparison with a conventional flow
UHPLC-MS/MS method. The results demonstrated that our method is not only sensitive
but also well-suited for bioanalysis in volume-limited plasma. We subsequently applied the
validated method to analyze 40 human plasma samples for oxylipin determination.
Although the difference between the two gender groups is not significant among current
sample set, the method is robust and could contribute to cohort studies with volume-limited
samples. With the wide coverage of concentration levels in different oxylipins and
robustness for plasma analysis, our method is instrumental in its ability for future research
in oxylipins, especially when confronted with volume-limited samples. To pave the way for
its broader utility in clinical and research settings, further development of the method should
prioritize expanding the targets to other signaling lipids such as fatty acids, bile acids, etc.,

and evaluating its performance in extensive sample cohorts under diverse health conditions.
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Micro-flow LC-MS for biomass-restricted samples
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Micro-flow LC-MS for biomass-restricted samples
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Micro-flow LC-MS for biomass-restricted samples
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Supplementary Table 3. Mass spectrometer parameters in the developed micro-LC-MS/MS method

Compound Name Q1 Q3 Dwell EP CE CXP Q0D Retention
mass mass time time
(min)
20-hydroxy-PGF2a 369.2 3252 200.00 | -12 -28 -15 -25 10.02
20-hydroxy-PGE2 367.2 287.2 200.00 | -11 =22 -14 -25 10.16
2,3dinor-8iso-PGF2a 325.1 237.2 200.00 -9 -16 -15 -25 13.67
2,3dinor-11B-PGF2a 325 145.2 200.00 -9 -23 -13 -25 14.77
20-carboxy-LTB4 365.2 3472 200.00 | -10 -23 -16 -25 16.35
20-hydroxy-LTB4 351.2 195.2 200.00 -7 -23 -10 -25 17.17
iPF20-1V 353.3 127.1 200.00 | -11 -29 -14 -25 18.55
ds-8iso-PGF20-ISTD 357.3 197.15 | 200.00 | -10 -33 -13 -25 19.46
PGE3; PGD3 349.2 269.2 200.00 | -10 21 -12 -25 20.0
di1-5-iPF20-VI-ISTD 364.2 115.05 169.25 -10 -30 -13 -25 20.45
5-iPFa-VI 3532 115.05 162.12 | -10 -28 -10 -25 20.8
8iso-15R-PGF20;8is0-PGF20;11B- 353.1 193.1 200.00 | -10 -33 -10 -25 21.0
PGF2a;PGF2a
9,12,13-TriHOME 329.2 211.1 170.46 -9 -29 -10 -50 22.03
9,10,13-TriHOME 329.2 171.1 127.11 -10 -33 -11 -50 22.43
d4-PGF2a-ISTD 3573 197.15 12520 | -10 -33 -13 -25 22.5
8iso-13,14dihydro-15keto-PGF2a 3533 183.1 135.84 -8 -32 -9 -25 22.88
do-PGE2-ISTD 360.3 280.25 152.01 -10 221 -13 -25 23.13
ds-8iso-PGE2-ISTD;d4-PGE2-ISTD;d4- 355.3 275.25 183.42 | -10 -21 -13 -25 232
PGD2-ISTD
8iso-PGE2; PGE2; 118-PGE2; PGD2 351.1 271.15 165.78 -8 -23 -14 -25 235
5S,14R-lipoxinB4 351.2 221.2 200.00 | -14 -20 -10 -35 24.05
13,14dihydro-PGF2a 355.2 3113 189.05 -13 -31 -17 -25 24.51
di1-8,12-is0-iPF2a-VI-ISTD 364.21 115.05 148.55 -10 -30 -13 -25 25.1
8,12-is0-iPF2a-VI 353.21 115.05 144.80 -7 -25 -13 -25 252
58,6S-LipoxinA4 351.21 1152 153.12 | -13 -20 -13 -35 25.41
13,14dihydro-15keto-PGE2 351.2 175.1 160.38 -13 -30 -8 -25 25.52
13,14dihydro-15keto-PGF2a 35331 183.1 161.00 | -11 -35 -16 -25 25.53
5S,6R-LipoxinA4 351.2 1152 200.00 | -14 -35 -10 -35 2591
la-1b-dihomo-PGF2a 381.1 33745 | 200.00 | -13 -29 -13 -25 26.43
13,14dihydro-15keto-PGD2 351.21 175.1 200.00 | -11 =27 -13 -25 26.59
8,15-DiHETE 3352 235.1 200.00 | -13 -12 -11 -50 28.47
bicyclo-PGE2 3332 113.15 | 200.00 | -13 -33 -13 -25 28.75
17,18-DiHETE 3352 247.1 185.52 -8 -24 -11 -50 28.98
10,17-DiHDoHE 359.2 153.1 176.57 | -13 -24 -14 -50 29.06
ds-LTB4-ISTD 339.5 197.1 171.63 -10 -20 -13 -50 29.18
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14,15-DiHETE 3352 207.1 161.35 -7 -22 -10 -50 29.57
ds-12,13-DiHOME-ISTD 317.2 185.1 142.71 -10 -30 -13 -50 29.95
12,13-DiHOME 313.2 183.1 144.99 -11 -30 -11 -50 30.04
ds-9,10-DIHOME-ISTD 317.2 203.1 151.84 -10 -30 -13 -50 30.38
di1-14,15-DiHETTE-ISTD 348.2 207.1 176.19 -10 -24 -13 -50 312
14,15-DiHETTE 337.2 207.1 178.48 -9 -24 -9 -50 313
12-HHTTE 279.2 179.1 189.13 -11 -18 -10 -50 314
19,20-DiHDPa 361.2 2732 200.00 -10 -21 -13 -50 31.5
11,12-DiHETTE 337.2 167.3 200.00 -7 -24 -14 -50 322
9-HOTrE 293.2 171.2 162.00 -9 -22 -10 -50 32.64
8,9-DiHETIE 337.2 127.2 152.47 -10 =27 -14 -50 32.67
18-HEPE 317.2 299.2 98.84 -11 -18 -14 -50 32.92
5,6-DiHETTE 337.2 145.15 59.84 -8 -24 -13 -50 33.16
d-20-HETE-ISTD 3252 279.2 55.36 -10 221 -13 -50 33.24
15-HEPE 317.2 219.2 54.70 -8 -18 -11 -50 33.26
20-HETE 319.2 289.2 53.90 -8 -24 -13 -50 33.28
12-HEPE 317.2 179.1 48.05 -9 -18 -14 -50 33.45
9-HEPE 317.2 167.25 46.42 -13 -18 -14 -50 3351
5-HEPE 317.2 1152 43.36 -8 -12 -13 -50 33.64
ds-9-HODE-ISTD 299.2 172.1 40.81 -10 -27 -13 -50 33.74
9-HODE 295.21 171.1 40.81 -8 -15 -15 -50 33.74
13-HODE 295.2 195.2 40.81 -10 -15 -14 -50 33.75
20-HDoHE 343.21 299.2 40.25 -15 -18 -16 -50 33.85
16-HDoHE 3432 233.2 39.63 -12 -18 -10 -45 34.02
16,17-EpDPE 343.21 2332 39.63 -10 -15 -11 -50 34.02
11,12-EpETrE 319.22 167.1 40.61 -10 -18 -15 -45 34.12
9-HETE 319.21 167.1 40.91 -9 -10 -15 -50 34.13
10-HDoHE 343.21 153.1 42.16 -14 -21 -15 -40 34.17
14-HDoHE 3432 205.1 42.16 -7 -18 -15 -50 34.18
ds-12-HETE-ISTD 327.2 184.1 43.76 -10 -21 -13 -50 3421
12-HETE 319.2 179.2 47.17 -12 -10 -14 -50 3428
11-HDoHE 343.2 121.1 47.17 -11 -18 -14 -45 34.28
8-HDoHE 3432 189.1 55.57 -14 -15 -15 -45 344
8-HETrE 3212 3032 55.57 -12 -18 -16 -40 344
17-HDoHE 3432 281.2 103.43 -13 -16 -13 -50 345
5-HETrE 32121 3032 79.86 -7 -18 -15 -50 34.55
12,13-EpOME 295.21 195.2 167.46 -7 -21 -13 -45 349
9,10-EpOME 29522 171.1 200.00 -8 =21 -9 -50 3498
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Supplementary Table 4. UHPLC gradients used in the comparison experiment

Mobile phase A: H2O with 0.1 % acetic acid; mobile phase B: 90 % ACN/10 % MeOH with 0.1 %
acetic acid; mobile phase C: IPA with 0.1 % acetic acid with pH ranges between 3.2 and 3.5

Time [min] | Flow [mL/min] | B.Conc [%] | C.Conc [%]
0.75 0.70 20.0 1.0
0.95 0.70 26.0 1.0
6.00 0.70 34.0 1.0
8.00 0.70 40.0 1.0
10.00 0.70 54.0 1.0
11.00 0.70 55.0 1.0
12.00 0.70 56.0 3.0
13.00 0.70 78.0 6.0
14.00 0.70 85.0 15.0
14.50 0.70 85.0 15.0
14.80 0.70 20.0 1.0
16.00 0.70 20.0 1.0

Supplementary Table 5. Comparison of LODs and LOQs of micro flow-LC-MS/MS and UHPLC-
MS/MS methods

LOD (pM) Fold LOQ (pM)
Compounds micro flow-LC- UHPLC- Change micro flow-LC- UHPLC-
MS/MS MS/MS MS/MS MS/MS
13-HODE 59.0 - - 196.6 -
8,12-iPF2a-IV 23.0 - - 76.5 -
13,14dihydro-15keto- 0.3 - - 0.9 -
PGE2
19,20-DiHDPA 0.1 19.9 180.7 0.4 66.3
5S,6S-LipoxinA4 0.1 16.9 170.2 0.3 56.2
iPF20-1V 0.2 28.0 114.4 0.8 93.2
2,3dinor-8iso-PGF2a 0.3 34.6 102.3 1.1 115.4
PGE3 0.1 7.4 71.4 0.3 24.7
8iso-PGE2 0.1 49 56.9 0.3 16.3
11,12-DIiHETTE 0.1 5.6 50.8 0.4 18.6
PGF2a 0.2 11.6 48.4 0.8 38.7
15-HEPE 0.4 13.7 31.2 1.5 45.8
2,3dinor-11B-PGF2a 1.2 29.4 23.8 4.1 98.1
8is0-13,14dihydro- 1.1 24.7 23.0 3.6 82.5
15keto-PGF2a
11B-PGE2 0.3 6.1 21.4 0.9 20.2
13,14dihydro-15keto- 0.3 6.7 21.1 1.1 22.2
PGD2
20-hydroxy-LTB4 0.8 16.1 20.8 2.6 53.8
20-carboxy-LTB4 1.3 23.5 18.6 4.2 78.4
8,9-DiHETTE 0.5 8.5 18.0 1.6 28.2
5S,6R-lipoxinA4 1.0 18.1 18.0 3.4 60.4
17,18-DiHETE 2.4 42.7 17.7 8.0 142.4
8is0-PGF2a 2.1 31.3 15.3 6.8 104.3
12-HEPE 0.4 6.1 13.9 1.5 20.3
9,10-EpOME 2.2 28.5 13.0 7.3 94.9
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9,12,13-TriHOME
14,15-DiHETE
16,17-EpDPE
20-hydroxy-PGE2
18-HEPE
12,13-DiHOME
5,6-DIHETrE
11B-PGF2a
PGE2
8-HETIE
PGD2
PGD3
la,1b-dihomo-PGF2a
10,17-DiHDoHE
8iso-15R-PGF2a
9-HEPE
9-HOTrE
14,15-DiHETrE
8,15-DiHETE
bicyclo-PGE2
13,14dihydro-PGF2a
12-HHTrE
11,12-EpETrE
20-hydroxy-PGF2a
5-iPF2a-VI
12,13-EpOME
5-HETIE
9,10,13-TriHOME
14-HDoHE
20-HETE
13,14dihydro-15keto-
PGF2a
5S,14R-lipoxinB4
9-HETE
11-HDoHE
10-HDoHE
9-HODE
16-HDoHE
5-HEPE
12-HETE
17-HDoHE
20-HDoHE
8-HDoHE

6.6
0.7
5.1
0.3
3.0
23
22
1.1
0.9
44
04
0.6
0.6
47
0.8
3.9
2.6
0.9
6.1
0.9
35
44
0.6
1.9
2.5
43
47
46
7.1
8.8
25

11.6
8.3
8.8

12.8

27.7
34
5.7

21.9

473

91.9

76.4

69.1
6.8
50.1
2.5
18.7
14.2
13.3
6.6
4.9
21.2
1.8
2.5
2.5
17.4
3.0
13.5
9.1
2.9
17.9
2.6
9.7
12.2
1.5
5.0
6.6
10.6
10.4
9.5
10.4
12.5
24

11.0
7.0
6.8
9.4
17.8
1.9
2.3
6.3
6.4
10.3
4.7

10.5
10.0
9.9
8.9
6.3
6.2
6.0
5.8
5.6
49
4.8
4.6
4.0
3.7
3.6
35
3.4
33
2.9
29
2.8
2.8
2.7
2.7
2.6
25
22
2.1
1.5
1.4
1.0

0.9
0.8
0.8
0.7
0.6
0.5
0.4
0.3
0.1
0.1
0.1

22.0
2.3
16.8
1.0
9.9
7.6
7.4
3.8
29
14.5
1.3
1.8
2.1
15.8
2.8
12.9
8.8
3.0
20.5
3.0
11.7
14.7
1.8
6.2
83
144
15.6
15.4
23.6
29.3
8.5

38.6
27.8
29.2
42.6
92.3
11.5
19.1
72.9
157.6
306.2
254.6

230.5
225
167.1
8.5
62.4
47.2
443
22.0
16.2
70.5
6.1
8.4
8.4
579
9.9
45.0
304
9.8
59.8
8.8
324
40.7
5.0
16.6
22.0
353
34.7
31.8
345
41.8
8.1

36.7
233
22.8
313
59.3
6.2
7.7
21.0
21.5
345
15.8
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Supplementary Figure 1. Effect of equilibration time on early eluted compounds. A. Total ion
chromatogram from injections of oxylipins standard solution; B. Extracted SRM chromatograms of
20-hydroxy-PGE2; C. Extracted SRM chromatograms of 20-hydroxy-PGF2o. Blue line represents
the analysis with 1.5-min initial gradient, red line represents analysis with 5.5-min initial gradient.
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Chapter V

Abstract

When hospitalized, infants, particularly preterm, are often subjected to multiple painful
needle procedures to collect sufficient blood for metabolic screening or diagnostic purposes
using standard clinical tests. For example, at least 100 pL of whole blood is required to
perform one creatinine plasma measurement with enzymatic colorimetric assays. Since
capillary electrophoresis-mass spectrometry (CE-MS) utilizing a sheathless porous tip
interface only requires limited amounts of sample for in-depth metabolic profiling studies,
the aim of this work was to assess the utility of this method for the determination of
creatinine in low amounts of plasma using residual blood samples from adults and infants.
By using a starting amount of 5 pL of plasma and an injection volume of only 6.7 nL, a
detection limit (S/N=3) of 30 nM could be obtained for creatinine, and intra- and interday
precisions (for peak area ratios) were below 3.2%. To shorten the electrophoretic separation
time, a multi-segment injection strategy was employed to analyze up to seven samples in
one electrophoretic run. The findings obtained by CE-MS for creatinine in pre-treated
plasma were compared with the values acquired by an enzymatic colorimetric assay
typically used in clinical laboratories for this purpose. The comparison revealed that CE-
MS could be used in a reliable way for the determination of creatinine in residual plasma
samples from infants and adults. Nevertheless, to underscore the clinical efficacy of this
method, a subsequent investigation employing an expanded pool of plasma samples is
imperative. This will not only enhance the method's diagnostic utility but also contribute to
minimizing both the amount and frequency of blood collecting required for diagnostic

purposes.
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1. Introduction

In neonates, such as asphyxiated newborns, creatinine levels are frequently monitored
multiple times per week upon admission to the hospital, requiring repeated blood sampling
procedures involving heel lances or venipunctures [1, 2]. These procedures are not limited
to sick infants; even healthy infants undergo approximately 12 needle procedures within
their first year of life [3, 4]. Although necessary, these painful procedures can have
immediate adverse effects, such as pain and enhanced anemia in preterm neonates,
potentially necessitating blood transfusions [5, 6]. Furthermore, long-term effects were also
observed regarding the changes in immune and cognition function, adaptations in brain
development, such as cortical thickness and negative impacts on stress responsiveness and
emotional health [7-9]. One of the solutions for reducing the required (starting) sample
amount and subsequently easing the painful procedure for children is considering the use
of microscale analytical methods that are well-suited for analyzing small-volume biological

samples.

Our group has developed CE-MS methods employing a sheathless porous tip interface for
the selective and sensitive profiling of polar ionogenic metabolites, including creatinine, in
various volume-restricted biological samples over the past few years [10-12]. More recently,
the Metabo-ring trial revealed that our CE-MS method can be used in a reproducible and
robust way for compound annotation when using effective electrophoretic mobilities [13].
Moreover, a simulated metabolomics study using human plasma revealed that the right
chemical information could be obtained when comparing two artificial sample sets based
on their recorded metabolic profiles by CE-MS [14]. Another interesting feature of CE-MS,
notably in the context of analyzing clinical samples, is the possibility of using a multi-
segment approach, which allows the analysis of up to ten samples within a single
electrophoretic run, thereby improving sample throughput without compromising
separation resolution [15-18]. Recently, CE-MS utilizing a multi-segment injection
approach has been used for the analysis of creatinine [19], polyamines [20], untargeted

profiling of lipids [21], and for the monitoring of drug metabolism [17].

Based on the encouraging CE-MS studies reported until now for the profiling of charged
metabolites in volume-restricted samples, the aim of this study was to assess the utility of

our previously developed sheathless CE-MS method for the determination of creatinine in
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minute amounts of human plasma. Small aliquots of pooled human plasma were used for
the initial part of the study to examine whether creatinine could be determined reliably when
using the complete analytical workflow and isotope-labeled internal standards. A multi-
segment injection strategy was also considered in order to speed up the electrophoretic
analysis. Then, creatinine levels were determined in low amounts of residual plasma from
adults and children, and the obtained findings have been compared with an enzymatic
colorimetric analyzer (Architect c4000, Abbott Laboratories), which is typically used in
clinical chemistry laboratories for creatinine measurements. Though used in a routine way,

this approach requires at least 100 pL of blood for a single creatinine measurement.
2 Materials and methods
2.1 Chemicals and Materials

LC-MS-grade methanol, chloroform, and acetic acid were purchased from Biosolve B.V.
(Valkenswaard, Netherlands). Purified water was obtained from a Milli-Q PF Plus system
(Merck Millipore, Burlington, Massachusetts, United States). Amicon Ultra-0.5 Centrifugal
Filter Unit, standard reagent creatinine (anhydrous, >98%), proline, valine, leucine,
isoleucine, hypoxanthine, methionine, arginine, tryptophan, creatine, tyrosine, threonine,
serine, alanine, asparagine, glycine, glutamic acid, histidine, lysine, glutamine,
phenylalanine, and deuterated standard Creatinine-methyl-'3C was purchased from Sigma-
Aldrich (St. Louis, Missouri, United States). Deuterated standard Creatinine-methyl-d; was

purchased from Cayman Chemical (Ann Arbor, Michigan, United States).
2.2 Preparation of standard solutions

All the amino acid standards mentioned above were dissolved in Milli-Q water to a
concentration of 1 mg / mL as a single standard solution. Subsequently, they were mixed

into a mixture solution with five pM of each compound upon qualitative analysis.

Creatinine, Creatinine-'*C, and Creatinine-d; were weighed and dissolved in Milli-Q water
to 1 mg/mL stock solutions. Creatinine stock solution (1 mg/mL) was then diluted in water,
resulting in seven calibration concentration levels. Creatinine-'>C solution was spiked as
internal standard (ISTD) for each calibration level to reach a final concentration of 5 pM.

The concentration of ISTD was chosen to be in the middle of the dynamic range, i.e.,
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equivalent to C4 concentration. Final calibrant concentrations are shown in Table 1. When
it comes to method validation, Creatinine-d; was spiked in plasma in three different
concentration levels [low-level (1 uM), medium-level (10 uM) and high-level (40 uM)] as

a substitute for endogenous creatinine.

Table 1. Concentrations of creatinine, creatinine-d3, and creatinine-'>C in calibrant solutions

Concentration (uM)
Compound Name

Cco C1 C2 C3 C4 Cs Co6 Cc7 Cc8

Creatinine 0 0.5 1 2.5 5 10 20 40 60
Creatinine-d; 0 0.5 1 2.5 5 10 20 40 60
Creatinine-"*C 5 5 5 5 5 5 5 5 5

2.3 Collection of clinical samples

Children were eligible for inclusion when their physician decided that a plasma creatinine
measurement was necessary. All physicians working at the children’s department of
Spaarne Gasthuis were asked to alert one of the researchers when they requested a creatinine
measurement for a child under five years of age. When alerted, one of the researchers would
inform the parents for written consent. Children could only be included if written consent
was obtained and if there was plasma left over after all measurements requested by the
treating physician were finished. From the leftover material, at least 20 pL. plasma was taken.
A maximum of three samples (each from a different creatinine measurement) per patient
was set to prevent confounding. The samples were stored and transferred at -20 °C. The
Advisory Committee on Local Feasibility of Spaarne Gasthuis tested and approved this
study. Because only leftover material was used and the participants did not undergo any
extra procedures, testing of the protocol by the Medical Ethical Review Committee was not

needed.

For the development of the CE-MS method, adult leftover samples were used from
Atalmedial Medical Diagnostics Centre. Leftover samples in this clinical laboratory can be
used anonymously for quality improvement and method development without the need for
explicit written consent. Atalmedial routinely informs patients about this procedure, with

the possibility to object against the use of their biomaterials for method development.

101




Chapter V

The sheathless CE-MS measurements were blinded to the outcome of the first creatinine

measurement as well as to the participants’ personal and health data.
2.4 Sample preparation

The plasma samples were prepared through protein precipitation, Bligh & Dyer extraction,
and an extra ultra-filtration step to gain clean samples for sheathless CE-MS analysis. For
the purpose of method validation and adult sample quantification, 10 uL. plasma was
subsequently spiked with 10 pL water, 10 uL 50 uM Creatinine-'*C, and 10 uL Creatinine-
ds solutions. Followed by 160 uL methanol for protein precipitation. Samples were vortexed
thoroughly for 5 min and centrifuged at 15,800 g for 10 min. Once the supernatant was
collected, 90 pL water and 120 pL chloroform was added for the extraction of creatinine.
After another round of vortex and centrifugation, 200 puL sample was taken from the
water/methanol layer. Finally, the ultra-filtered centrifugation step was applied with
Amicon Ultra-0.5 Centrifugal Filter Unit at 13,000 g, 4 °C for 60 min. The centrifugal filter
was prerinsed with water prior to use. Considering the compatibility of the filter material,
200 puL methanol and 100 puL. water were added in the filter tube together with the
supernatant from the last step. Samples were evaporated to dry and reconstituted in 100 uL
water for sheathless CE-MS analysis. For the quantification analysis in children samples, 5
pL plasma was used in the sample preparation, and the processed samples were
reconstituted in 25 pL water. The volume of ISTD solution and other solvents were also

adjusted in order to align with other samples.
2.5 CE-MS instruments and conditions

Sheathless CE-MS analyses were performed on CESI 8000 Plus System (AB sciex, Inc.,
Redwood City, CA, U.S.A.) coupled to a Sciex TripleTOF 6600 MS via a Sciex Nanospray
IIT ionization source. The multi-segment injection (MSI) separation was carried out using
an OptiMS fused-silica capillary cartridge (id is 30 um across the whole capillary, 91 cm
length in total; od is 150 pm), which was regulated at 25 °C with recirculating liquid coolant.
10% acetic acid (1.75 M, pH = 2.2) was used as background electrolyte (BGE). Sheathless
CE-MS separation was started with a rinsing procedure including 1 min water rinse at 75
psi (517106.8 Pa), 1 min 0.1 M NaOH rinse at 75 psi (517106.8 Pa), and another 1 min
water rinse at 85 psi (586054.4 Pa); Followed by BGE flushing for 2.5 min on separation
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capillary at 85 psi (586054.4 Pa), and 1 min on conductive capillary at 80 psi (551580.6 Pa).
Seven samples and in total six BGE spacers were injected alternately using hydrodynamic
injection [2 psi (13789.5 Pa) for 20 s] and short rinsing procedure [20 psi (137895.1 Pa) for
0.3 min], respectively. On completion of multi-segment injection, a voltage of 30 kV for
electrophoresis separation was applied on the capillary for 25 min. BGE was refilled into

the capillary at 85 psi (586054.4 Pa) for 2.5 min after each measurement.

TOF-MS was operated in positive ionization mode with an ionspray voltage floating (ISVF)
at 1530 V. Ion source gas 1, gas 2 were set to 0 psi, and Curtain gas at 5 psi (34473.8 Pa).
Data was recorded at a m/z range from 65 to 500. Mass accuracy was calibrated daily using

an ESI-positive calibration solution prior to analysis.
2.6 Method validation
2.6.1 Linearity of detector response and limit of detection

The Linearity of detector response was evaluated by injecting academic calibration
solutions (n = 3) on three consecutive days. The calibration range is shown in Table 1. The
recorded calibration lines of creatinine were fitted to a 1/x* weighted linear regression
model. The limits of detection (LOD) and limits of quantification (LOQ) were calculated
as LOD =3 x S,/b, LOQ = 10 x S,/b, where S, stands for the standard deviation of the y-

intercept, b is the slope of the calibration curve.
2.6.2 Precision and accuracy

The intra- and interday precisions and accuracy were evaluated by spiking three different
concentrations of creatinine-d; [low-level (1 puM), medium-level (10 pM) and high-level
(40 uM)] into pooled plasma samples over three different days (n = 5 per day). Precision
was expressed as the relative standard deviations (RSD) of the peak area ratio of creatinine-
d; and creatinine-'3C. An RSD of less than 15% was within the tolerance limits of the EMA
guidelines. Accuracy was evaluated by back-calculation of creatinine-d; concentrations
based on the linear regression equation. A criterion of 15 % relative error (RE) compared

with their nominal concentrations was employed according to the EMA guideline.
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2.6.3 Recovery and matrix effects

Recovery, and matrix effects were evaluated by spiking creatinine-'*C and creatinine-ds
solutions to pooled plasma samples (n = 5) or water (n = 5). Recovery was calculated using
the peak area ratio of creatinine-d; and Creatinine-'3C measured before and after extraction.
Similarly, the matrix effect was calculated by the peak area ratio of creatinine-d; and

Creatinine-">C spiked within pooled plasma and water, both spiked before extraction.
2.7 Data pre-processing

SCIEX MultiQuant version 3.0.3 (SCIEX, United States) were used for peak integration
and identification. The precursor ions selected for peak picking were m/z 114.0662,
115.0662, 117.0850 for creatinine, creatinine-'>C, and creatinine-ds, respectively. Mass
tolerance was set to 5 ppm. Absolute quantitation was calculated using the equation of the
calibration curve and peak area ratios between creatinine and creatinine-'*C. For method
performance comparison, creatinine concentrations from CE-MS were compared to the
Architect c4000 results using Bland-Altman plots. To compute their disparities, statistical

analysis was performed on GraphPad Prism 10. The following formulas were utilized:
Difference = Conc. Architect — Conc. CE-MS (Figure 2A, D)

Difference%=100% x (Conc. Architect — Conc. CE-MS) / Conc. Architect (Figure 2B, E).
3 Results and discussion

As indicated in the Introduction and considered a logical next step given our previous
studies, the aim of this work was to assess the utility of sheathless CE-MS for diagnostic
purposes in a clinical setting by performing the determination of creatinine in low amounts
of plasma, using residual samples from the clinic, as a test case. To achieve this goal,
method development was focused on describing performance metrics for creatinine analysis,
including sample preparation and adjustment on multi-segment injection. A key aspect was
the comparison of the creatinine concentration values obtained by CE-MS in plasma with
an assay typically employed in clinical chemistry labs for this purpose in order to assess
whether the same findings can be obtained by CE-MS but with significantly less blood

material.
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3.1 CE-MS method for creatinine determination

Zi-Ao Huang et al. proposed a CE-MS method using multi-segment injection for the
quantification of urinary creatinine using a simple dilute-and-shoot sample preparation [19].
However, in this study, the aim was to determine creatinine in residual human plasma
samples. For the latter matrix, rigorous sample preparation is needed prior to CE-MS
analysis, in particular when using porous tip capillaries which have an inner diameter of
only 30 pm. Therefore, sample preparation was comprised of Bligh & Dyer extraction and
ultra-filtration, including 5 to 50 times dilution of the residual plasma samples from children
and adults to avoid detector saturation. In the case of using multi-segment injection, two
pooled plasma segments were injected at the beginning and the end as quality control (QC)
samples. As for the academic calibrant line, CO samples were injected. Creatinine-'3C and
Creatinine-d; were spiked in the QC samples as internal standards to correct potential
migration time shifts of creatinine. In order to obtain good peak shapes for creatinine when
using multi-segment injection, the hydrodynamic injection time was optimized. As a result,
samples were injected under 2.0 psi for 20 s, which corresponds to about 6.7 nL, followed
by a BGE plug of 20 psi for 0.3 min (corresponding to 9.4% of the total capillary volume)
between sample segments. The BGE plug length was also optimized for baseline separation
of peaks when using the injection of seven discrete sample plugs in a single electrophoretic

run.

The modified sheathless CE-MS method was validated according to the EMA guidelines
for the validation of analytical methods, including linearity, precision, accuracy, recovery,
and quantification. Typical electropherograms obtained for creatinine in academic calibrant
solutions with multi-segment CE-MS are shown in Supplementary Figure 1. The 8
calibrant points were able to run within two measurements. Within a linear range from 0.5
to 40 uM, the coefficient of determination (R?) value reached 0.998, and all the back
calculation concentrations of the calibration standards were within £10% of the nominal
value, indicating an acceptable response function satisfactory for creatinine within the
calibration range. The LOD and LOQ of creatinine were 0.03 uM and 0.09 uM, respectively
(Table 2), when using an injection volume of 6.7 nL, which enabled the reliable
determination of endogenous creatinine plasma levels. Although no peak tailing was

observed for 60 uM creatinine, the accuracy of back calculation concentration was above
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15%, presumably attributed to detector saturation and as such, this calibrant solution was

excluded from the calibration range.

The intraday and interday precision were assessed using three different concentrations [low-
level (1 uM), medium-level (10 uM), and high-level (40 uM), n=5 for each concentration]
of internal standards spiked in pooled plasma. Triplicate samples were prepared for each
level, and samples were measured on three consecutive days. Intra- and interday precisions
were below 3.16%, indicating that the repeatability was within the tolerance limits (Table
3). In addition, during method development and sample measurement, no significant signal

decrease was observed, which demonstrated stable performance over time.

Recovery and matrix effects were determined using creatinine-d; and were above 87% for
the three concentration levels. Matrix effects were around 50% (Table 3), and deuterated
creatinine was therefore employed to compensate for matrix effects and ensure

quantification accuracy.

Table 2. Overview of validation parameters determined for creatinine and creatinine-ds by CE-MS

Compound Calibration ranges (uM) m/z slope R? LOD (pM) LOQ (uM)
Creatinine 1-40 114.0662 0.16 0.998 0.03 0.09
Creatinine-ds; 1-40 115.0662 0.15 0.997 0.05 0.15

3 R2, coefficient of determination

Table 3. Intra-day (n=5) and inter-day (n=15) precision (RSD%), accuracy (RE%), matrix effect, and

recovery of creatinine-ds calculated by using creatinine-'3C as internal standard in plasma by CE-MS

Concentration levels 1M 10 pM 40 pM
Intraday precision 3.0% 2.7% 1.8%
Interday precision 3.2% 2.8% 2.5%

Accuracy 0.6% 8.5% 15.1%
Matrix effect 51.1% 33.3% 43.7%
Recovery 94.4% 94.4% 87.6%

3.2 Comparison with enzymatic colorimetric assay

To determine whether our CE-MS method yielded the right creatinine values in the plasma
samples obtained from our clinical collaborators, a comparison with the gold standard assay

for creatinine measurements is required, in this case, an enzymatic colorimetric assay using
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the Architect c4000. For the reliable determination of creatinine, both creatinine-'>C and
creatinine-d; were spiked into human plasma samples and QC samples were injected as the
first and last sample plugs. As shown in Figure 1, the isotope-labeled internal standards
showed a similar variation trend to endogenous creatinine during the electrophoretic run,
indicating that analyte response fluctuations during CE-MS analysis can be corrected by

using peak area ratio for quantification.
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Figure 1. Extracted ion electropherogram of creatinine, creatinine-'3C, and creatinine-d;

obtained with sheathless CE-MS in children's plasma samples

For a comprehensive comparison between sheathless CE-MS and Architect c4000, Bland-
Altman plots and regression lines were constructed to illustrate concentration disparities

relative to the standard concentrations determined with Architect ¢4000.

In adult samples, the mean creatinine concentration difference is 7.12 uM (0.73%), which
is indicated by the red line in Figure 2A and B. The difference values were distributed close
to zero and mean difference line, particularly in cases of lower creatinine concentrations.
For the higher concentration levels, larger differences were observed most presumably
attributed to MS detector saturation. The determination coefficient (R?) for adult sample

concentrations was 0.9789 while the correlation of concentrations for children samples

107




Chapter V

appears to be suboptimal due to the presence of an outlier (Figure 2C, F). However, if we
exclude the outlier, concentration differences of children samples are clustered around the
mean difference line as well (Figure 2D, E). The important notion that only 5 pL of plasma
as starting material is needed for CE-MS, whereas 100 pL is required for the enzymatic
colorimetric assay. Most of the data points are closely aligned with the mean difference line
and remain within the limits of agreement (£2SD), indicating a good agreement between

the two methodologies.
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Figure 2. Correlation between creatinine concentrations measured with sheathless CE-MS
and Architect C4000 for 25 adult (A-C) and 9 children samples (D-F). Bland-Altman plots
where concentration differences are presented as micromolar (A, D) and (B, E) as a

percentage; (C, F) Regression line between the two methods
3.3 CE-MS for metabolic profiling of residual plasma samples

Along with the ability for creatinine quantification, utilization of high-resolution TOF-MS
in full scan mode and low-pH BGE condition in CE enabled a wide range of polar ionogenic
metabolites to be detected in the plasma sample. Some amino acids were identified based
on their accurate mass and migration time paired with authentic standards. Extracted ion
electropherograms of these amino acids and some compounds that still need to be identified
are shown in Figure 3. Data was acquired from QC plasma samples. Despite seven sample
plugs being injected in the same electrophoretic run, the peaks from the same compound
were baseline separated except for a few isomers, such as leucine and isoleucine. However,

as these two compounds were partially overlayed in the electropherogram (Figure 3C),
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better separation could be potentially gained by adjusting the composition of the BGE (i.e.
the viscosity and thus the electrophoretic mobility). Using a longer capillary is not an option
with our sheathless CE-MS, as the capillaries from the vendor have a defined capillary
length. The main purpose of this part of the study was to solely demonstrate that, next to
creatinine, many more metabolites could be detected by CE-MS in plasma, offering the
possibility of further exploring the role of the proposed CE-MS method for biomarker

discovery studies using metabolomics in a neonatology/pediatric context.
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Figure 3. Multiple extracted ion electropherograms for a selected number of analytes
detected in human plasma next to creatinine (using starting amount of 5 pL) by sheathless
CE-MS in positive ion mode. (A) (B) (C) Amino acids identified by accurate mass and
migration time. (D)(E) Identity of compounds is unknown at this stage. Separation

conditions: BGE, 10% acetic acid (1.75 M, pH 2.2); Separation voltage, 30 kV
4 Concluding remarks

In this study, sheathless CE-MS was used for the determination of creatinine in volume-
limited plasma samples with the aim of assessing its utility for clinical studies, in particular
for samples originating from a neonatology/pediatric context. A comparison with a gold

standard assay has been made and revealed that sheathless CE-MS yielded comparable
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creatinine concentration values but with the use of significantly less plasma sample, i.e. 5
pL versus 100 pL required for the clinical assay. Still, a follow-up study with many more
plasma samples is needed for the comparison with the clinical assay in order to determine
whether CE-MS is ready for handling samples from pediatrics, in particular for biomarker
discovery studies, as the current study clearly revealed that, apart from creatinine, many
more polar and charged metabolites could be observed by CE-MS in the volume-limited

plasma sample.
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Supplementary Figure 1. Extracted ion electropherograms obtained for creatinine, 3C-

creatinine, and creatinine-ds in academic calibrant solutions with sheathless CE-M
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Conclusions

Reversed-phase UHPLC-MS has become a routine analytical technique for both academic
and pharmaceutical research in recent decades [1]. While widely employed for highly
sensitive and high-throughput analysis, its detection and quantification ability are still
compromised when analyzing biomass-restricted matrices. When the sensitivity of a
method is not sufficient for a biomass limited sample like zebrafish larvae, single cells or
minimal amount of body fluids, the commonly used strategy to reach the (required)
detection limits is to pool several samples together, which results in sacrificing the
heterogeneity of the sample set. However, collecting data for an individual (or single)
sample is pivotal for metabolomics and for future personalized treatment strategies.
Additionally, the development of non-invasive sampling techniques allows for the
collection of a few picoliters to microliters blood or cytoplasm at a time, yet the lack of
sensitive analytical methods for these trace amount samples leaves a gap between sampling
and analysis. Addressing this volume-mismatch will further our understanding of disease

pathology, drug metabolism and dose assessment.

The underlying idea of this thesis is to reduce sample dilution in the ionization source and
improve MS sensitivity by down-scaling the flow rate to micro/nanoliter level. The
robustness and applicability of micro flow-LC-MS and CE-MS for the analysis of biomass-
restricted samples were demonstrated. While nano flow LC-MS provides superior
sensitivity, it often sacrifices robustness compared to conventional LC-MS methods. Micro
flow LC-MS offers a balanced approach, providing sufficient sensitivity for biomass-
restricted samples while offering greater robustness compared to nano flow methods.
Additionally, CE-MS is an ideal technique for volume-limited samples due to its zero dead
volume, which maximizes system efficiency. The use of sheathless CE-MS further
enhances sensitivity, making it a perfect fit for analyzing small sample sizes without

compromising performance.

In this thesis, miniaturized MS-based analytical methods are established to address the
volume-mismatch issue between sampling and analysis, as well as enabling the analysis of
concentration-limited compounds in matrices including human plasma and cerebrospinal
fluids. The significance of miniaturized MS-based workflows, including sampling and

sample preparation methods, separation techniques and ionization sources, was emphasized
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at the beginning of the thesis (Chapter 2). The applications showcasing recently reported
miniaturized methods were discussed. In Chapters 3 and 4, micro-LC-MS methods were
developed and successfully applied to biomass-restricted samples after evaluating various
MS ionization source designs. To enhance the robustness and sensitivity, a spray needle
was developed for positive mode analysis of endocannabinoids. For analysis of oxylipins
in negative ionization mode, an OptiFlow ionization source was utilized for obtaining
optimal performance. These two methods demonstrated that robustness is no longer an

obstacle when the correct instrumentation is selected.

CE-MS has its advantage in analyzing polar and charged compounds, especially for
volume-limited samples [2-4]. A sheathless CE-MS method was developed in chapter 5
with high sensitivity for the quantification of creatinine in residual children plasma.
Although the fixed length of the sheathless capillary compromises flexibility to some extent,
this method managed to improve analysis throughput by employing a multi-segment
injection strategy, enabling seven samples to be measured in one electrophoretic run. The

measured creatinine values correlated well with the results from clinical measurements.

Sensitivity enhancement

Miniaturized analytical methods operate on a significantly smaller scale compared to
conventional methods, utilizing reduced flow rates and sample volumes. This
miniaturization enhances sensitivity with low flow rates, which reduces the dilution within
ionization source, making micro-flow LC-MS ideal for analyzing biomass-restricted
samples. By optimizing chromatographic conditions and mass spectrometry parameters,
micro-flow LC-MS enables the precise quantification of analytes even at ultra-low
concentrations.

In Chapter 3, our focus was on the detection and quantification of endocannabinoids in
250 pL human CSF. The trace levels of endogenous concentrations make this challenging
for conventional methods. Chapter 4 presents a negative quantification method for
oxylipins in 5 pL. human plasma. Both of these methods were developed with 4 uL/min
flow rate and were compared with conventional flow LC-MS methods (i.e. flow rate above
0.5 mL/min). The sensitivity for endocannabinoids and their analogues improved 5 to 22

times, notably enhancing the ionization efficiency of AEA and 1-AG/2-AG by about nine
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times compared to conventional flow rates (550 pl/min). For oxylipins, sensitivity
increased by 1.4 to 180.7 times with 4 pl/min compared to 700 puL/min. Although
enhancement values varied for each compound, comparing results indicated that micro
flow-LC-MS significantly enhances detection of both concentration-limited and volume-
limited sample compared to conventional LC-MS.

In Chapter 5, a sheathless CE-MS method was developed for the profiling of hydrophilic
compounds in residual plasma samples. The method was validated for quantification of
creatinine in 5 pL plasma. Results from 25 adults and 9 children samples were compared
with the golden standard enzymatic colorimetric assay used in clinics. Good alignment was
observed between these two methods. This method holds promise as an alternative
quantification tool in clinics, particularly in pediatric contexts, due to its significantly
improved sensitivity and minimal sample volume requirement.

By establishing these three methods with micro flow LC-MS and sheathless CE-MS, we
have demonstrated with solid data that miniaturized analytical methods significantly
enhance sensitivity regardless of whether under positive or negative ionization, and whether
for hydrophilic or hydrophobic compounds.

On the other hand, the required volume in the injection vials for LC and CE injections could
be further miniaturized. For the micro-flow LC-MS and CE-MS methods used in Chapter
4&S5, 5 pL of plasma was used as the starting volume, and samples were reconstituted in 20
pL and 25 uL solvents before injection due to lack of proper miniaturized vials, respectively,
which resulted in unnecessary sample dilution. Optimization of injection strategy such as
using online sample preparation and loading samples directly to the column could be benefit

for higher sensitivity.
Robustness

Miniaturized techniques necessitate the downscaling of various components such as LC
columns, CE capillaries, tubing, pumps, spray needles, and ionization sources in MS.
Optimizing these miniaturized components enhances ionization efficiency and sensitivity.
However, system robustness can be compromised, as smaller components are more prone
to clogging by matrices. In addition, miniaturization can lead to other issues like discharge

for nanospray in negative mode if conditions are not properly chosen. To mitigate this issue,
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it is crucial to focus on two aspects: ensuring clean sample preparation and developing
robust analytical systems.

For metabolite analysis, clogging is often caused by the residue proteins or salts from the
matrices. In Chapter 5, an intensive sample preparation method was used for CE-MS
analysis, including protein precipitation (PP) and one-hour centrifugation with an ultra-filter.
This extraction procedure ensured good recovery (>87.6%) for creatinine and robust
analysis using the capillary cartridge with a 30 pm inner diameter (i.d.). Given the CE-MS
flow rate of only a few nanoliters, an ultraclean sample preparation is pivotal. Over 700
samples were injected using the same capillary cartridge during the method development
and application to human plasma, proving the robustness of the sample preparation
procedure. The intra- and interday precision of this method was below 3.2%.

Compared to the CE-MS method with nano-flow rate (around 30 nL/min), micro flow LC-
MS methods in Chapter 3&4 were developed using micro-level flow rate (4 uL/min),
wider inner diameters of tubings (50-60 pm) and column (i.d. 300 um). These properties
decrease the chance of clogging during sample analysis. To further improve method
robustness, the focus was on selecting the optimal instrument and plumbing parts. The spray
emitter was modified for positive mode analysis in Chapter 3. Along with well-fitting
sleeves and zero dead volume connections, the modified needle enabled the quantification
of endocannabinoids in 288 human CSF samples with precision under 13.7%. For the
analysis of oxylipins in Chapter 4, discharge issues in electrospray sources with negative
mode makes it more challenging than positive ionization method. An OptiFlow ionization
source with SteadySpray electrode was selected for optimal performance as well as
avoiding the corona discharge during analysis.

With the development and application of these three miniaturized methods, we can conclude
that the poor robustness of miniaturized techniques is a misconception. By employing
efficient sample preparation to obtain clean sample injection solutions, appropriately
optimized instruments, and plumbing parts, micro flow LC-MS and CE-MS methods are
promising for various metabolomics, clinical, and pharmaceutical studies involving large
cohort and diverse sample types.

Future efforts to improve the robustness of micro-flow LC-MS should be putting on

eliminating too many connections in the system to avoid dead volume and possible leakage.

117




Chapter VI

For sheathless CE-MS, the capillary cartridge should be more robust if extra coating can be

applied on the fused silica tubing to make it less fragile.
The optimal choice for biomass-restricted samples

MS-based metabolomics has been a crucial part of biomarker discovery for the in-depth
deciphering of various disease pathophysiologies. However, conventional methods fall
short in dealing with biomass-restricted samples due to the higher sensitivity required. For
the application in academic and clinical studies, high coverage for biomarker detection,
good precision and accuracy for quantification are key requirements. In this thesis, in order
to show the applicability of miniaturized methods, conventional LC-MS methods and
clinical enzymatic method were used as standards for comparison. The established methods
showed their robustness and accuracy when applied to various matrices. Among all
biomass-restricted samples, those from infants and children are the most valuable due to
their limited total blood volume and vulnerability.

In Chapter 5, the comparison between CE-MS and golden standard enzymatic method
indicated the applicability of CE-MS for quantifying creatinine in plasma. The
quantification accuracy was below 8.5% for concentrations from 1 uM to 10 puM, aligning
well with the enzymatic method. For clinical utilization, this means significantly less
sample volume from children is required with equivalent measurement ability, which also
leads to reduced pain from the sampling procedure.

Beyond higher sensitivity, miniaturized LC-MS and CE-MS enable wider compound
coverage than current biochemical methods in clinics. Chapter 3 & 4 determined 16
endocannabinoids and 66 oxylipins in biomass-restricted samples, respectively. The CE-
MS method also allows for profiling a broad range of hydrophilic compounds. The
metabolomics data provided by these methods could aid in more comprehensive monitoring
of healthy or diseased conditions, enabling pharmacokinetic profiling, biomarker discovery,
and the development of personalized medicine.

In addition, LLE was used for the extraction of endocannabinoids and oxylipins for micro-
flow LC-MS analysis. In this case, only extracts from organic layer were injected and the
aqueous extracts were disposed, while both of them could be utilized by injecting the
aqueous extraction to CE-MS. In this way, more comprehensive information could be

obtained from one aliquot of sample, and enables higher throughput analysis. Miniaturized
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SPE could also be considered as hydrophilic and hydrophobic compounds could be eluted

separately from the SPE column, hence preventing the contamination from proteins.

Future perspectives

Combine miniaturized analytical methods with other miniaturized techniques

For the analysis of biomass-restricted samples, sensitivity enhancement is crucial when
designing the experimental workflow. However, the volume mismatch between sample
handling and the minimal requirement for injection still jeopardizes the measurement.
While sample preparation is imperative for miniaturized MS-based techniques, two aspects
can be improved to avoid unnecessary sample loss, which is especially critically when small
volumes are in contact with large surfaces. One of them is reducing sample transfer steps
during sample preparation. In this thesis, PP and LLE were used for CSF and plasma sample
preparation. Sample loss due to manually transferring is inevitable, pipetting error could
also be significant when the required volume is below 5 uL depends on the viscosity of
matrix sample[5]. By using deuterated internal standards and online sample preparation
techniques, the repeatability and robustness could be improved.

So far, some online sample preconcentration methods have been developed to avoid
unnecessary sample loss and gain more signal abundance for MS analysis. In our lab, a
three-phase electroextraction (EE) method was reported for the fast online analysis of trace-
level pharmaceuticals in plasma [6]. By applying 40-400V extraction voltage, acidic
compounds were concentrated to a 0.3 pL aqueous acceptor droplet and directly injected to
LC-MS. The enrichment factor ranged from 70 to 190 for the targeted compounds. This
electroextraction is currently fully automated and promises to gain even higher sensitivity
by connecting to micro flow LC-MS. Given that the electromigration-based separation
principle is similar to CE, this method is also suitable for coupling with CE-MS [7].
Another potential online preconcentration approach is a hanging droplet evaporator. This
technique concentrates the sample on-the-fly in a hanging droplet exposed to heated
nitrogen gas flow enriching up to tens of microlitres into a hanging droplet of less than one
microlitre, without evaporation to dryness. The solvent evaporation rate and droplet volume
are measured and controlled by a camera and real-time image processing. A 15-fold

preconcentration can be obtained in less than 3 min. Figure 1 shows the SRM
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chromatograms obtained with an evaporator module coupled to a micro flow LC-MS
system. A 10 pL endocannabinoid standard solution was evaporated into a 2.5 pL droplet
and injected. The repeatability for 12 injections were 2.7% for LEA and 3.0% for EPEA.
Although further optimization is still required for better robustness, the combination of
online evaporation and micro-flow LC-MS is anticipated to benefit the analysis of biomass-
restricted samples. For examples, samples can be enriched via evaporation without the need

to redissolve the analytes after evaporation.
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Figure 1. Typical SRM chromatograms from endocannabinoids standard solution obtained

with an online evaporator module coupled with micro flow LC-MS
Further improvement in instrument design

Down-scaling flow rates and plumbing volume enhances sensitivity. This benefit has been
proven and increasingly utilized in proteomics study. However, the application of
miniaturized methods for small molecule is still rare due to concerns about method
robustness and relatively long analysis time. To address this issue, many users have
modified their own micro- or nano-flow systems, including tubing, connections, columns,
flow generators, ionization sources, and CE-MS interfaces (Chapter 2). In chapter 3 of
this thesis, a commercialized spray needle was modified to avoid clogging from matrix
samples. Additionally, the sizes of tubing and connection fittings were carefully selected to
prevent possible leakage and dead volume within the system. These innovations enable
more sensitive and robust analysis with miniaturized techniques. However, the lack of
standardized (or ready-for-use) techniques including miniaturized ionization sources, spray
emitters, miniaturized LC tubings and connections has hindered their widespread
application in academic and clinical studies. In-house designs of these instruments also

require extra training for other researchers to operate.
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Efforts have been made in recent years to standardize miniaturized device design. Examples
include the EVOSEP+ method from EVOSEP (Denmark), which is a standardized method
for detecting stanozolol in equine hair and urine, specially designed for a ReproSil-Pur C18
(8 cm x 100 pm, 3 pm) column. Additionally, chip-based LC-MS devices have been
developed by companies such as Agilent (HPLC-Chip/MS), Waters (TRIZAIC™ nano tile),
Sciex (cHiPLC®-Nanoflex), and New Objectives (PicoChip) [8]. These devices require
appropriate connection among the pumps, columns, and detector to fully release their
advantages in miniaturized analysis. Further development of miniaturized techniques
should focus more on the communication and connection among all the parts, minimizing
the volume within system to improve the throughput. Moreover, the design of more user-
friendly and robust instruments should be promoted for their broader adoption and

reproducibility in research and clinical settings.
Translation to clinical studies

Miniaturized LC-MS and CE-MS methods offer a transformative solution to the analytical
challenges posed by biomass-restricted samples in clinical and pharmaceutical studies. By
leveraging their high sensitivity, these miniaturized methods enable researchers to extract
maximal information from minimal sample amount, thereby advancing our understanding
of disease mechanisms, guiding therapeutic interventions, and accelerating drug discovery

and development.

In this thesis, the potential of CE-MS for clinical analyses was demonstrated for creatinine
analysis by comparison of the findings with the gold-standard enzymatic assay employed
in clinical chemistry labs. The reliable quantification ability of CE-MS using only 5 pL of
plasma as starting volume, instead of the traditional 100 puL (due to the void volume),
showed its potential for translation to clinical, especially pediatric, studies. In addition to
higher sensitivity, the multi-segment injection strategy allowed seven samples to be
analyzed in a single run, contributing to the high-throughput analysis of targeted compounds

for clinical practice.

Similarly, micro-flow LC-MS methods were capable of measuring oxylipins and
endocannabinoids in biomass-restricted samples with higher sensitivity compared to

conventional methods. Their applications on biomass-restricted human CSF and plasma
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proved their capability of adapting to future clinical practice. Additionally, in both academia
and clinical settings, the welfare of patients and experimental animals is a primary concern.
Consequently, microsampling techniques such as microdialysis, volumetric absorptive
microsampling (VAMS), and capillary blood sampling are becoming more prevalent [9].
Miniaturized methods are therefore worth promoting for use in both academic and clinical
contexts. Moreover, the cost of analyzing samples is lower with miniaturized flow rates due

to significantly reduced solvent consumption.

Repeatability and accuracy are crucial for the application of analytical methods. Micro-flow
LC-MS methods and CE-MS methods developed in this thesis highlight the importance of
clean and efficient sample preparation procedure and connection of robust instruments to
ensure robust, accurate, and sensitive measurements. While the high sensitivity of
miniaturized techniques is widely known, future studies should focus on standardization of
methodologies, optimization of online or automated sample preparation procedures, and
development of robust and high-throughput instruments to realize their full potential in
clinical and pharmaceutical research. Furthermore, interdisciplinary collaboration and the
integration of miniaturized methods with complementary analytical techniques hold

promise for addressing complex analytical problems and driving innovation in the field.
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Summary

Mass spectrometry (MS)-based analytical methods are widely utilized in both academic and
clinical research, providing critical insights into biological and disease mechanisms.
Despite their high sensitivity and throughput, conventional MS methods face significant
challenges when analyzing biomass-restricted samples. Pooling such samples to meet
detection limits compromises sample heterogeneity—an essential factor in metabolomics
and personalized medicine. Additionally, non-invasive sampling techniques often yield
only picoliters to microliters of sample volume, creating a mismatch between available

sample quantities and the capabilities of standard analytical methods.

To address these challenges, this thesis explores miniaturized analytical techniques that
enhance sensitivity and performance while maintaining robustness. By optimizing micro-
flow liquid chromatography-mass spectrometry (micro-LC-MS) and sheathless capillary
electrophoresis-mass spectrometry (CE-MS), analytical workflows are tailored for specific
metabolite classes based on their physicochemical properties. Micro-LC-MS is employed
for lipid analysis, while sheathless CE-MS is applied to polar and charged metabolites such
as amino acids. These methods are validated and applied to various biomass-restricted

biospecimens, demonstrating their feasibility for biological and clinical research.

Chapter 1 outlines the limitations of conventional MS methods for biomass-restricted
samples and introduces miniaturized MS workflows as a solution. It also provides an

overview of the thesis structure and objectives.

Chapter 2 critically reviews microscale analytical techniques, emphasizing their relevance
in metabolomics and small-volume biological sample analysis. It discusses recent
advancements in micro-LC-MS, nano-LC-MS, and CE-MS, highlighting their sensitivity,
robustness, and feasibility. While these miniaturized methods show great promise, further
optimization of sampling and sample preparation is necessary to fully harness their potential.
The chapter also underscores the importance of system components—such as low-flow LC

and optimized MS ionization sources—designed for minimal sample amount.

Endocannabinoids play a crucial role in brain function and pathology, but their analysis in

biomass-restricted samples such as human cerebrospinal fluid (CSF) remains challenging.
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Chapter 3 details the development of a micro-LC-MS workflow for the selective and
sensitive determination of endocannabinoids and their analogs in CSF. A modified micro-
electrospray ionization (micro-ESI) spray needle (Shimadzu Mikros) was employed to
enhance sensitivity and durability. The developed method enabled the analysis of 288 CSF
samples, providing valuable insights into endocannabinoid profiling in clinical studies

while maintaining analytical robustness.

Chapter 4 explores the application of micro-LC-MS for analyzing oxylipins, a class of
bioactive lipids, in human plasma samples. Unlike endocannabinoids, oxylipins require
negative ionization mode for optimal analysis, which is often affected by ionization
discharge issues. These challenges were addressed using an OptiFlow ionization source,
achieving superior sensitivity and robustness for oxylipin analysis in 5 pL of plasma. The
developed method was validated and compared with conventional UHPLC-MS,
demonstrating significant sensitivity enhancements. The workflow was applied to 40
plasma samples from a healthy aging study, showcasing its applicability in clinical research

and biomarker discovery.

Miniaturized analytical methods are not limited to hydrophobic compounds analyzed via
LC-MS. Chapter 5 presents the development of a sheathless CE-MS workflow for polar
and charged compounds, specifically targeting creatinine quantification in residual pediatric
plasma samples. CE-MS is particularly advantageous for volume-limited samples due to its
zero dead volume and high ionization efficiency. The sheathless CE-MS method
demonstrated high sensitivity and reliability, enabling creatinine quantification using only
5 pL of plasma. A multi-segment injection strategy was implemented, allowing seven
samples to be analyzed in a single electrophoretic run. The results correlated well with
clinical measurements, validating the method’s applicability in healthcare settings. Beyond
creatinine, the method also identified a range of metabolites, highlighting its potential for

metabolomics applications in neonatal healthcare.

The final chapter synthesizes the key findings of this thesis, emphasizing the promising
future of miniaturized MS-based analytical methods for addressing complex biological and
pharmaceutical questions in biomass-restricted samples. By integrating state-of-the-art

microsampling devices, efficient sample processing techniques, and robust miniaturized
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analytical instruments, significant biological insights can be obtained from minute sample

volumes, paving the way for new advancements in clinical and metabolomics research.
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Samenvatting

Massaspectrometrie (MS)-gebaseerde analytische methoden worden veel gebruikt in zowel
academisch als farmaceutisch onderzoek en bieden cruciale inzichten in biologische en
ziekteprocessen. Ondanks hun hoge gevoeligheid en doorvoersnelheid ondervinden
conventionele MS-methoden aanzienlijke uitdagingen bij de analyse van volume/materiaal-
gelimiteerde biologische monsters. Het samenvoegen van dergelijke monsters om
detecticlimieten te bereiken gaat ten koste van de heterogeniteit van de steekproef, een
essenti€le factor in metabolomics en gepersonaliseerde geneeskunde. Bovendien leveren
niet-invasieve bemonsteringstechnieken slechts picoliters tot microliters monstervolume op,
wat leidt tot een mismatch tussen de beschikbare monstervolumes en de mogelijkheden van

standaard analytische methoden.

Om deze uitdagingen aan te pakken, onderzoekt dit proefschrift geminiaturiseerde
analytische technieken die de gevoeligheid en prestaties verbeteren zonder de robuustheid
in gevaar te brengen. Door micro-flow vloeistofchromatografie-massaspectrometrie
(micro-LC-MS) en sheathless capillaire elektroforese-massaspectrometrie (CE-MS) te
optimaliseren, worden analytische workflows aangepast aan specifieke metabolietklassen
op basis van hun fysisch-chemische eigenschappen. Micro-LC-MS wordt gebruikt voor de
analyse van lipiden, terwijl sheathless CE-MS wordt toegepast op polaire en geladen
metabolieten, zoals aminozuren. Deze methoden worden gevalideerd en toegepast op
verschillende materiaal-gelimiteerde biologische monsters, waarmee hun bruikbaarheid

voor biologisch en klinisch onderzoek wordt aangetoond.

Hoofdstuk 1 beschrijft de beperkingen van conventionele MS-methoden voor de analyse
van materiaal-gelimiteerde monsters en introduceert geminiaturiseerde MS-workflows als

oplossing. Daarnaast wordt ingegaan op de opzet en doelstellingen van het proefschrift.

Hoofdstuk 2 biedt een kritische bespreking van microschaal analytische technieken, met de
nadruk op hun relevantie voor metabolomics en de analyse van kleine biologische
monstervolumes. Recente ontwikkelingen op het gebied van micro-LC-MS, nano-LC-MS
en CE-MS worden besproken, waarbij de nadruk ligt op hun gevoeligheid, robuustheid en
toepasbaarheid. Hoewel deze geminiaturiseerde methoden veelbelovend zijn, is verdere

optimalisatie van bemonstering en monstervoorbereiding noodzakelijk om hun volledige
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potentieel te benutten. Ook wordt het belang van systeemcomponenten—zoals low-flow
LC en geoptimaliseerde MS-ionisatiebronnen—benadrukt, die speciaal zijn ontworpen

voor minimale monstervolumes.

Endocannabinoiden spelen een cruciale rol in hersenfunctic en pathologie, maar hun
analyse in biomassa-beperkte monsters, zoals humaan hersenvocht (cerebrospinal fluid,
CSF), blijft een uitdaging. Hoofdstuk 3 beschrijft de ontwikkeling van een micro-LC-MS
workflow voor de selectieve en gevoelige bepaling van endocannabinoiden en hun analogen
in CSF. Een aangepaste micro-elektrospray ionisatie (micro-ESI) spraynaald (Shimadzu
Mikros) werd gebruikt om de gevoeligheid en duurzaamheid te verbeteren. De ontwikkelde
methode maakte de analyse van 288 CSF-monsters mogelijk en bood waardevolle inzichten
in de klinische studie van endocannabinoide-profieclen, terwijl de analytische robuustheid

behouden bleef.

Hoofdstuk 4 onderzoekt de toepassing van micro-LC-MS voor de analyse van oxylipinen,
een klasse bioactieve lipiden, in humaan plasma. In tegenstelling tot endocannabinoiden
vereisen oxylipinen negatieve ionisatiemodus voor optimale analyse, wat vaak wordt
beinvloed door ontladingsproblemen bij de ionisatie. Deze uitdagingen werden aangepakt
met behulp van een OptiFlow-ionisatiebron, wat resulteerde in een superieure gevoeligheid
en robuustheid voor de analyse van oxylipinen in slechts 5 pL plasma. De ontwikkelde
methode werd gevalideerd en vergeleken met conventionele UHPLC-MS, waarbij
aanzienlijke verbeteringen in gevoeligheid werden aangetoond. De workflow werd
vervolgens toegepast op 40 plasma-monsters uit een studie over gezond ouder worden,

waarmee de toepasbaarheid in biomarker en klinisch onderzoek werd aangetoond.

Geminiaturiseerde analytische methoden zijn niet beperkt tot hydrofobe verbindingen die
via LC-MS worden geanalyseerd. Hoofdstuk 5 richt zich op de ontwikkeling van een
sheathless CE-MS workflow voor polaire en geladen verbindingen, met een specifieke
focus op de kwantificering van creatinine in resterende pediatrische plasma-monsters. CE-
MS is bijzonder geschikt voor volume-gelimiteerde monsters vanwege het ontbreken van
dode volumes en de hoge ionisatie-efficiéntie. De sheathless CE-MS methode toonde een
hoge gevoeligheid en betrouwbaarheid aan, waardoor creatinine kon worden

gekwantificeerd met slechts 5 pL plasma. Een multi-segment injectiestrategie werd
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toegepast, waardoor zeven monsters in één elektroforetische run konden worden
geanalyseerd. De resultaten correleerden goed met klinische metingen, en naast creatinine
werden ook andere endogene metabolieten geidentificeerd, wat daarmee de potentie van
deze methode aantoonde om bruikbare metabole profielen te genereren in volume-

gelimiteerde klinische monsters.

Het laatste hoofdstuk vat de belangrijkste bevindingen van dit proefschrift samen en
benadrukt de veelbelovende toekomst van geminiaturiseerde MS-gebaseerde analytische
methoden voor het oplossen van complexe biologische en farmaceutische vraagstukken in
biomassa-beperkte monsters. Door de integratie van geavanceerde
microsamplingsapparaten, efficiénte monsterverwerkingstechnieken en robuuste
geminiaturiseerde analytische instrumenten kunnen waardevolle biologische inzichten
worden verkregen uit minimale monstervolumes, wat de weg vrijmaakt voor nicuwe

vooruitgangen in klinisch en metabolomics onderzoek.
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