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ABSTRACT 

 

Evaluation of dispersive solid-phase microextraction using hydrogel microparticles for 

global metabolomics by liquid chromatography – mass spectrometry 

Hanieh Peyman, M.Sc. 

 

An ideal sample-preparation method for LC-MS metabolomic analysis should be as non-

selective as possible for metabolites but still capable to remove the interferences such as salts 

and proteins. Microextraction methods have not been widely used in this application despite their 

potential to reduce ionization suppression and/or increase metabolite coverage. The main goal of 

this M.Sc. project was to develop a new dispersive solid phase microextraction (D-SPME) 

sample preparation method and investigate whether this approach can improve the coverage of 

the metabolome from human plasma. Different types of poly-N-isopropylacrylamide hydrogel 

extraction phases functionalized with vinyl acetate (VAC), acrylic acid (AAC) or N-3-

aminopropyl methacrylamide hydrochloride (APMAH) were tested. Sample analysis was 

performed using three complementary liquid chromatography–high resolution mass spectrometry 

methods for high, intermediate and low polarity sub-metabolomes respectively. The extraction 

conditions were optimized in terms of desorption solvent, influence of pH, centrifugation time, 

extraction time, sorbent to sample ratio, increasing portion of functional monomer and evaluation 

of reproducibility. Finally, the performance of the optimized D-SPME method was compared 

against protein precipitation using methanol, which is currently the gold standard method for 

global metabolomics of human plasma, and commercial core-shell nanoparticles (CERES 

Nanotrap) functionalized with acrylic acid or Cibacron blue cores. The main criteria used for the 

comparison were ionization suppression, metabolite coverage and precision. Hydrogel 

microparticles performed as well as nanotraps in terms of extraction and performed better than 

nanotraps and methanol precipitation in terms of ion suppression. Hydrogel D-SPME had lower 

total coverage than methanol precipitation, as expected for a microextraction method, but 

successfully revealed more than 568 low abundance metabolites in positive ESI mode and 48 

metabolites in negative mode that could not be observed using the methanol method. Therefore, 

hydrogel D-SPME appears to be a promising new method for global metabolomics.   
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Chapter 1 

Introduction 

1.1 Metabolomics 

Metabolomics is an emerging field that is complementary to the other ‘omics’ sciences of 

genomics and proteomics.
1
 It is defined as the comprehensive analysis of metabolome. 

The metabolome is the full set of all low molecular weight metabolites with mass <1500 

Da in a given biological system. The actual size of the metabolome is still subject to 

conjecture. Yeast cells are estimated to contain more than 2000 low molecular weight 

metabolites according to the Yeast Metabolome Database (YMDB)
2
 while the Human 

Metabolome Database (HMDB)
3
 contains 41,993 possible metabolites including both 

water soluble and lipid soluble metabolites. Among these, approximately 8000 have been 

observed in human samples to date. The remaining metabolites are expected metabolites 

which comprise of compounds for which biochemical pathways are known or compounds 

for which human intake is frequent but which have not yet been confidently detected in 

human biofluids or tissues tested. Metabolites present in HMDB include a wide variety of 

compound classes, such as amino acids, organic acids, amines, lipids, nucleotides and 

hormones. Metabolites are present at a wide range of concentrations (10
-3

 to 10
-12

 M) and 

differ extremely in their physical and chemical properties including polarity, charge, 

functional group and stability. Therefore, global metabolomics investigations are a 

challenging area for analytical chemistry and specifically mass spectrometry (MS). Over 

the past decade, MS instrumentation has evolved significantly, however, the analytical 

approaches that are used in global metabolomic studies need further research.
4
 Biological 

fluids (e.g., blood, plasma, serum, urine) are very complex matrices, containing proteins, 

cells, salts, DNA, RNA and exogenous and endogenous metabolites. The selection of an 

appropriate sample preparation technique is critical to preserve or enrich metabolites 

while simultaneously removing other biomolecules in order to make the biofluid or 

biotissue sample compatible with subsequent MS analysis and achieve good metabolite 

coverage.  

Although the term metabolomics was only recently defined
5
, traditional Chinese 

medicine used metabolomics approaches to evaluate the urine of patients dating back to 

2000-1500 B.C. to determine the presence of high glucose in urine for diagnosis of 

diabetes. In modern analysis, metabolomics was first explored by Horning
6
 and Pauling 

et al.
7
 in the early 1960’s and 1970’s respectively. They used gas chromatography (GC) 

to monitor the metabolites that exist in human urine and tissue extracts. Recent 

metabolomics efforts have taken advantage of improvements in analytical 

1 
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instrumentation including mass spectrometry (MS) and nuclear magnetic resonance 

(NMR).
1
 

The great advantages of NMR are minimal sample preparation, high sample throughput, 

excellent reproducibility, instrument robustness, and non-destructive nature of the 

technique. The major weakness of NMR spectroscopy is its poor detection limit (>µM), 

which is the major strength of MS. The low detection limit of MS makes it an important 

method for measuring metabolites in complex bio-samples. As a result, mass 

spectrometry-based metabolomics offers quantitative analyses with high selectivity and 

low detection limits to drastically improve the coverage of metabolites due to the 

detection of the low abundance species. In comparison to NMR, the combination of MS 

with a separation technique such as liquid chromatography (LC-MS) provides further 

advantages for complex biological samples by reducing the complexity of the mass 

spectra and increasing information space.
8-9

 Therefore, LC-MS provides the most 

comprehensive metabolite coverage in a single analysis to date, whereby metabolite 

coverage is defined as the number of metabolites that can be detected using a given 

analytical method.  

 

1.1.1 Metabolomics applications and approaches 

Metabonomics is another term that was used by Nicholson et al.
10

, which is used 

interchangeably with metabolomics and represents the quantitative measurement of 

changes in metabolite levels or concentrations in response to genetic modifications or 

pathophysiological stimuli.
11

 These two terms rely on similar methodologies and their 

common purpose is to analyze the metabolome.
12

 In this work, term metabolomics will 

be used throughout. 

Metabolomic investigations have been applied in various research areas including plant 

metabolism
13,14

, environmental science
15,16

, functional genomics
17

, biomarker 

discovery
18

, systems biology
1
, toxicology

19
, food and nutrition

20,21
, understanding 

mechanism of drug action, metabolisms or toxicity.
22

 

Metabolic analysis can be categorized as either: targeted or untargeted (global) 

metabolomics. Targeted metabolomics focuses on quantitative analysis of a very limited 

number of metabolites in selected biochemical pathway(s) or a specific class of 

compounds. In this approach, metabolite identity and the chemical properties of 

compounds are known, therefore selective sample preparation and separation can be 

employed to provide better quantitation. The main disadvantage of this method is that it 

will provide limited coverage of the metabolome. Global metabolomics focuses on 

analyzing all classes of metabolites simultaneously and will attempt to measure all 
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molecules that ionize within a wide range of mass values. Therefore, it broadens the 

metabolite coverage but selecting an appropriate sample preparation is challenging.  

1.2 Global metabolomics workflow 

Global metabolomics has been performed in a wide variety of biological matrices, such 

as urine, plasma or serum, saliva, tissues or cells. Figure 1.1 illustrates a typical workflow 

of a metabolomic study using a LC-MS based platform. The first step of global LC–MS 

metabolomic study is the extraction of all small-molecule metabolites from the sample 

matrix. This is followed by the separation of metabolites using chromatography. All 

metabolites eluting from the chromatographic column are then introduced into an 

electrospray ionization source (ESI) for ionization, followed by their separation and 

detection according to their m/z values in mass spectrometer. High-resolution mass 

spectrometers are preferred for metabolite detection based on their ability to separate 

metabolites with the same nominal mass but different monoisotopic masses and different 

chemical formulas. After MS analysis, data is first processed to obtain a list of putative 

metabolites characterized by their accurate mass and retention time. Then, the features of 

interest are selected from the data using appropriate multivariate statistical approaches 

(for example, principal component analysis, PCA). Finally, follow-up studies to identify 

metabolites of interest are performed using database searches and MS/MS. Tentative 

metabolite identity is then confirmed by comparison to authentic standards.  

Figure 1.1 Main steps of LC-MS based untargeted (global) metabolomics workflow. 

  

Validation and follow-up studies in new study using a new set of biological samples 

Confirmation of metabolite identification using authentic standards 

Putative metabolite identification using metabolite databases and MS/MS 

Selection of metabolites of interest for identification 

Data processing and statistical analysis 

Metabolite analysis using LC-MS or LC-MS/MS 

Sample preparation (metabolite extraction)  

Experimental design and sample collection 
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1.2.1 Experimental design and sample collection 

Experimental design of a metabolomics study must consider (1) experimental type (time 

course study or comparative study); (2) experimental factors (e.g., time, dose, time, 

gender, age etc.)
23

, and (3) sample size and type of biospecimen to examine. Sample 

collection and sample handling have critical influence on the composition of the 

metabolome the reproducibility and the quality of metabolomics data collected.
24

 It is 

important that all study samples be collected using the same protocol without any 

changes in parameters so that experimental reproducibility is maximized. This avoids 

irreproducibility and the introduction of artifacts which include (i) m/z signals originating 

from contaminants introduced during sample preparation rather than present in the 

biological sample itself and (ii) changes in metabolite levels due to residual metabolism 

and/or degradation that can occur during sampling, sample storage and/or sample 

handling procedures. Thus, for biofluid samples, all factors of sample collection should 

be considered and strictly controlled including the type of syringe, vacuum system for 

blood collection, storage vessel, anticoagulant, temperature, velocity and duration of 

centrifugation.
25

 Appropriate quality control samples must be run and quality control 

strategies will be discussed in more detail in Section 3.2.6. 

 

1.2.2 Sample preparation methods 

In metabolomics studies, the choice of sample preparation is essential, because it affects 

both the observed metabolite profile and biological interpretation of the data.
8,26

 Sample 

preparation can easily be optimized for the extraction of target metabolites and matrix 

removal. However, in global metabolomics all small molecules are targets. Salts and 

macromolecules such as proteins or larger peptides are considered as matrix. Therefore, 

an ideal sample-preparation method for LC-MS metabolomics analysis should be as non-

selective as possible for metabolites but still capable of removing these interferences. In 

other words, a sample of interest, such as plasma, should be converted to a format 

compatible with LC-MS analysis while preserving the original metabolite composition as 

much as possible. To achieve this goal, simple and short sample preparation procedures 

with a minimal number of steps are preferred in order to avoid losses, and degradation of 

metabolites during preparation.  

In general, the choice of sample preparation depends on the sample type and objectives of 

the study. For instance, extraction of high-abundance metabolites can often be achieved 

with good recoveries using simple solvent extraction procedures, whereas extraction of 

low-abundance metabolites requires enrichment for better detection. The total protein 

concentration of blood serum or plasma is 6-8 g dL
−1

 so protein must be removed during 

sample preparation before LC-MS analysis.
26

 If protein removal is not performed, this 

can reduce the lifetime of LC column, can cause column aging and high column back 
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pressure, can reduce number of metabolites detected and can lead to irreproducible 

analytical results in metabolomics studies. All of these effects are due to the 

accumulation of protein on the surface of the analytical column.
27,28

 

For plasma, the methods employed to date include liquid-liquid extraction (LLE), solid-

phase extraction (SPE), protein precipitation, and membrane methods (dialysis or 

ultrafiltration). The most common sample preparation method in global metabolomics of 

blood by LC-MS is protein precipitation with an organic solvent.
12

 In this method, 

organic solvent is added to plasma sample, which results in precipitation of the proteins 

that can be removed by centrifugation. Among all the organic solvents tested, 

precipitation with methanol was found to be the most effective in terms of the number of 

detected metabolite features, method reproducibility and lowest protein interference.
26,29

 

The addition of organic solvent causes protein denaturation, which largely disrupts 

binding between the metabolites and proteins in the sample. Therefore, metabolite levels 

determined using this approach correspond to total metabolite concentration (sum of 

bound and unbound metabolite concentrations). The main disadvantages of solvent 

precipitation are ionization suppression and the losses of metabolites due to poor 

solubility of metabolite(s) in the chosen organic solvent and/or co-precipitation of 

metabolite(s) with the proteins. Ionization suppression can occur because of metabolite 

co-elution, during LC, which can cause changes in the signal intensity due to the charge 

competitive nature of the ESI technique. Therefore, it should be evaluated when 

developing any MS-based method. 

Solid phase extraction can also be used for global LC–MS metabolomics
30

 and it is an 

exhaustive extraction method which completely removes analytes from a liquid sample 

by retention on a solid sorbent. Based on the properties of analytes and the sorbent, 

analytes can be retained by van der Waals, dipole-dipole interactions, hydrogen bonding, 

or electrostatic forces. Numerous solid phase sorbents are available including silica-

based, carbon-based and polymer-based sorbents functionalized with appropriate 

chemical functionalities such as alkyl chains, ion-exchange materials, and restricted 

access materials which remove macromolecules from sample. Recently, polymer 

materials have gained more attention for SPE especially in case of functionalized 

polymeric materials; they have better pH-stability and can improve retention and 

recovery of various types of analytes.
31

 The main steps of SPE are: (i) loading the sample 

where the sample is passed through the sorbent to retain the compounds of interest and, 

potentially, some interfering compounds on the SPE sorbent; (ii) washing of SPE sorbent 

to remove as many concomitant species as possible; and (iii) elution of the retained 

analytes from the sorbent using an appropriate elution solvent. Wash solutions should be 

strong enough to remove non-analyte species such as salts, which are less strongly bound 

to the sorbent as compared to the compounds of interest. However, the wash solution has 
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to be weak enough to leave the compounds of interest behind. This method provides 

better sample clean-up than protein precipitation by increasing column lifetime, 

improving reproducibility and decreasing matrix effects in LC–MS metabolomics. For 

global metabolomics, the SPE sorbent is chosen to cover broad class of metabolites while 

removing salts from the sample. However, all SPE sorbents offer some degree of 

selectivity, which will in turn reduces metabolite coverage. It is also difficult to optimize 

SPE methods to achieve exhaustive extraction of all different classes of metabolites in a 

given sample. For this reason, SPE has been used extensively in targeted metabolomics, 

but rarely in untargeted metabolomics. For example, Michopoulos et al.
32

 compared C18 

SPE and solvent precipitation methods (with methanol or acetonitrile) for extraction of 

human plasma for global metabolomics. Solid phase extraction performed better in terms 

of repeatability than protein precipitation whereas solvent precipitation provided better 

overall coverage of metabolites. In another study, Rico et al.
89

 used eight human plasma 

preparation protocols (organic solvent protein precipitation (PPT) with either methanol or 

acetonitrile in 2:1 and 3:1 (v/v) ratios with plasma; C18 or Hybrid SPE, combination of 

SPE C18 and PPT and microextraction by packed sorbent) to evaluate their suitability in 

metabolomic studies by ultra-high-performance liquid chromatography coupled with 

electrospray ionization time-of-flight mass spectrometry. Methanol precipitation provided 

the highest number of extracted features in comparison to SPE-based protocols.  

 

1.2.3 LC-MS analysis  

Most metabolomic studies use LC before mass spectrometry to reduce sample complexity 

and improve the chromatographic resolution of overlapping metabolites. Therefore, LC 

helps to increase metabolite coverage, decrease ion suppression caused by co-eluting 

compounds, reduce the background noise and improve the detection limits and MS data 

quality. 

High performance liquid chromatography (HPLC) using different types of stationary 

phases can separate compounds with a wide range of polarity. It can be performed in 

different modes including reversed-phase (RP), which uses a polar (aqueous) mobile 

phase and hydrophobic stationary phase. As a result, hydrophobic metabolites can 

interact with the hydrophobic stationary phase and be retained and separated, while 

hydrophilic metabolites will remain in the mobile phase and elute in, or close to, the void 

volume. Reversed-phase chromatography is ideally suited for metabolites such as 

vitamins, steroid hormones, fatty acids and their derivatives, lipids, bile acids, etc. The 

majority of global metabolomics methods described in literature used a reversed-phase 

LC separation using C18 stationary phase with a simple linear gradient of acetonitrile or 

methanol/water with formic or acetic acid as volatile mobile phase additives to help the 

electrospray ionization process and improve chromatography via ion-pairing effect or via 
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reducing secondary interactions (minimize the ionization of the silanol groups). Few ion-

pairing methods have been reported for global metabolomic studies but the use of ion-

pairing in liquid chromatography is avoided because these additives are not volatile and 

can cause significant ionization suppression and adduct formation.
12

 On the other hand, 

many metabolites are polar species, which are not sufficiently retained in reversed-phase 

methods. A promising method to increase metabolite coverage of such species is the use 

of hydrophilic interaction chromatography (HILIC) which has better retention of polar 

compounds such as sugars, amino sugars, amino acids, nucleotides, etc., than RP.  It also 

has improved analytical sensitivity when using MS detection due to the use of mobile 

phases with high organic content. Hydrophilic interaction chromatography utilizes polar 

stationary phases such as silica or silica derivatized with amino, diol, amide, 

polysulfoethyl aspartamide, and polyhydroxyethyl aspartamide groups in combination 

with water-miscible solvents (e.g. acetonitrile) as a mobile phase. In this approach, polar 

compounds will partition between a largely organic mobile phase and a static water-rich 

layer at the surface of the stationary phase. Elution strength increases with increasing 

water in the mobile phase. The main drawbacks of this method are the need for long re-

equilibration volumes, which decrease sample throughput.
34

 

A mass spectrometer measures the mass-to-charge ratio (m/z) of gas-phase ions. A mass 

spectrometer is typically composed of three major parts: ion source, mass analyzer, and 

detector. The sample is first delivered to the mass spectrometer via a liquid 

chromatographic device where it is ionized and vaporized in the ion source. The ions are 

then sorted according to their m/z in the mass analyzer. The ions that pass through mass 

analyzer impact the detector surface and generate a cascade of electrons in electron 

multiplier, which results in detectable ion current. Finally, a mass spectrum is produced 

which is a plot of ion-abundance against m/z.
35

 The ion source is the way to couple LC to 

MS. Electrospray ionization (ESI) is the most common ionization method used in global 

metabolomics and with LC-MS in general. It is also compatible with various separation 

techniques.
36

 In this technique in general, high temperatures (200-500°C) and/or gas 

flows are used to nebulize LC effluent and an electric field (3000-5000 V) is applied 

between the LC outlet and the mass spectrometer to generate gas-phase ions.  

The LC eluent passes through a syringe, the needle of which terminates at a capillary. 

The capillary and the instrument inlet are kept at some potential difference (typically in 

the range from 2.5 to 5 kV). This forces the spraying of charged droplets from the 

capillary with a surface charge of the same polarity. The solvent is evaporated via a 

heated capillary interface or using heated drying nitrogen gas and pumped away. As the 

solvent evaporation occurs, as it was shown in Figure 1.2 in ESI combination model, the 

droplet shrinks until it reaches the point that the surface tension can no longer keep the 
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charge (the Rayleigh limit) due to the repulsion of ions of the same charge at which point 

a "Columbic explosion" occurs and the droplet is ripped apart and produces smaller 

droplets.
103

 This process continues with smaller and smaller droplets, until single ions are 

obtained. 

Coupling of LC to MS puts restrictions in terms of mobile phase composition. Typically, 

simple mobile phases such as water/methanol or water/acetonitrile with a relatively small 

proportion additive (e.g., acetic acid, formic acid, ammonium acetate and ammonium 

formate) are used. It is critical that the additive should be volatile otherwise it will 

crystallize and block the ion source. Electrospray ionization is also called 'soft ionization' 

technique, since there is very little fragmentation. Therefore, it can be used to determine 

the molecular weight of intact (singly charged) molecules, and can provide multiply 

charged ions.
37

 

 

Figure 1.2 Schematic of an electrospray ionization interface. Figure from Reference 103, 

reprinted with permission from John Wiley and Sons publisher.
 

Electrospray ionization can operate in dual mode and according to the nature of the 

analyte of interest, positive or negative ion mode can be selected. In positive mode, the 

positive voltage is applied on the spray tip and negative voltage on the cone of mass 

spectrometer, thus providing positive ionization of molecules. Protonation is the 

dominant mechanism of ion formation in positive ESI and produces ions with the masses 

equal to sum of monoisotopic masses of analyte and proton which carries single positive 

charge [M+H]
+
. In addition to protonated species, other commonly observed ions can 

form from the addition of single sodium [M+Na]
+
, potassium [M+K]

+
 or ammonium 
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[M+NH4]
+ 

instead of hydrogen. Addition of more than one charged species may result in 

the formation of multiply charged ions. For example, the addition of 2 protons will result 

in formation of [M+2H]
2+ 

ion. Electrochemical reactions in ESI may also result in 

simultaneous loss of a part of molecule (such as neutral loss of carbon monoxide [M+H-

CO]
+
,
 
water [M+H-H2O]

+
 and ammonia [M+H-NH4]

+
. In contrast to positive mode, a 

negative ESI predominantly causes de-protonation of molecules as [M-H]
- 
or [M-2H]

2- 

for the loss of one or two protons, respectively. Negative adducts may also occur in 

negative ESI and common negative ions are formed by adduction of formic acid 

[M+CH2O2-H]
-
, acetic acid [M+CH3COO]

-
 or chloride [M+Cl]

-
. Simultaneous loss of 

water and hydrogen may also occur forming ion [M-H2O-H]
-
. 

Mass resolving power and mass accuracy are both crucial aspects of the spectrometer’s 

performance. High-resolution mass spectrometers are preferred for metabolite detection 

based on their ability to separate metabolites with the same nominal mass but different 

monoisotopic mass and different chemical formulas. Resolution depends on the masses 

that must be resolved. For example, to resolve riboflavin 5-diphosphate (C8H13N4O11P2 

with 402.9944 m/z) from uridine 5-phosphate (C9H13N2O12P2 with 403.0056 m/z) a 

resolution of around 36,000 is required.
95

 This is calculated according to the Equation 

1.1, where R is the resolving power, M is the m/z of the analyte of interest, Δm is the 

difference between the two masses.
104

 The difference between these two compounds is 

0.0112 Da. To resolve the same absolute difference in masses, minimum approximate 

resolving power of 9,000 and 90,000 is required for 100 and 1000 m/z respectively. 

R =
𝑀

Δm
                                                                                                             Equation 1.1 

Mass accuracy is defined as how close the experimentally measured m/z is to the true m/z 

of that ion, and good mass accuracy is important for correct metabolite identification. The 

two most common mass analyzers employed in global metabolomics are quadrupole 

time-of-flight (Q-TOF) and Orbitrap, both were used in this project.
35

 

In metabolomics, Q-TOF mass spectrometers are commonly used because of their low 

full scan detection limits (as low as femtograms for highly-ionizable analytes) and good 

mass accuracy with internal mass calibration, both of which facilitate the detection and 

identification of very low-abundance compounds.
38,39

 This translates to the ability to 

routinely detect metabolites present at nM to μM levels (for example 60 μM for glutamic 

acid and 0.3 μM for cortisol) in complex biological samples such as plasma, for 

metabolites with reasonable ionization efficiency. However, the exact detection limits 

depend strongly on many factors including the exact LC-MS method and instrument 

model used as well as analyte ionization efficiency and propensity to form adducts and/or 

multi-charged species. Quadrupole-time-of-flight mass spectrometers have an in-

spectrum dynamic range of up to 5 orders of magnitude that can reveal trace level targets, 
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even in the presence of much more abundant compounds and have high resolution up to 

40000. Fast data acquisition rates of up to 40 spectra/second ensure maximum 

compatibility with fast LC and high throughput methods. For a typical metabolomics 

analysis, one to three full scan spectra per second over a m/z range of 100-1500 is 

required.  

Quadrupole-time-of-flight mass spectrometer consists of two mass analyzers; a 

quadrupole filter followed by a time-of-flight analyzer. As it is shown in Figure 1.3, LC 

eluent is sprayed (nebulized) into ESI. Ions generated in the ion source are transferred to 

the quadrupole analyzer via radiofrequency (RF) lens. Electrostatic force between 

positive ions generated in ESI and negative voltage, which is applied to RF lens, is used 

for ion transmission (for negative ions, small positive voltage is applied instead).
 

115
Quadrupole analyzer consists of four parallel rods arranged as a square. A pair of 

opposite rods is connected to negative and positive terminals of direct current (DC) 

source. Alternating current (AC) voltage is also applied to each pair and varied with (RF). 

At a given set of voltages (AC, DC) only ions with narrow range of m/z (typically 1 m/z) 

have a stable trajectory and are able to pass through, other ions are neutralized and swept 

away by the vacuum.
114

 The ions that pass through quadrupole, then get into hexapole 

collision cell, which is filled with non-reactive collision gas such as helium or nitrogen 

and then fragmented using collision-induced dissociation to generate product ions and 

neutral fragments. Then, ions reach the pulser (a stack of plates), which bunches them 

into a tighter “pack” and accelerates them by pulse of high voltage (~20,000V) into the 

TOF drift tube. The pulser helps to measure the time of flight as it gives time zero for 

ions. The TOF mass analyzer is typically one meter in length and must have very high 

vacuum (10E
-7

 psi) to minimize undesired fragmentation of flying ions and prevent ions 

from colliding with gaseous molecules. Within TOF drift tube there is no additional 

electric or magnetic field, so ions will undergo no further acceleration.
116, 117 

At the 

opposite end of the flight tube is an ion “mirror”, called “reflectron”, which compensates 

for minor differences in initial kinetic energy, which occur in pulser. Faster ions penetrate 

deeper into the lens array and spend more time there while slower ions (with the same 

mass) will penetrate less, so that total flight times of ions with the same m/z will show 

less distribution in their flight times.
117 

This means that in reflectron TOF these ions will 

reach the detector at same time, to achieve improved resolving power.  

A microchannel plate (MCP), a thin plate punched by many microscopic channels, is the 

first stage of the detector. After an ion with adequate energy hits the MCP, one or more 

electrons are freed. Each microchannel acts as an electron multiplier. 
39

The electrons 

exiting the MCP are accelerated onto a scintillator that will emit photons when it is struck 
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by the electrons. The photons from the scintillator are concentrated through optical lenses 

onto a photomultiplier tube (PMT) to produce an electrical signal proportional to the 

number of photons.
117

 The amplified electronic signal is converted to photons and then 

backs to electrical signal in order to electrically isolate the signal. 
108 

The flight time for each m/z is unique. The flight time is measured from the instant of the 

application of the high voltage pulse, which is applied to the plate of the ion pulser to the 

moment when the ion strikes the detector. There are two formulae that apply to time-of-

flight analysis. One is the formula for kinetic energy. According to Equation 1.2, q is 

equal to ze, and corresponds to the total charge on ion (e is elementary charge), V is the 

accelerating potential applied to ions; m is mass of ion and v is the velocity of ion.
105

 

𝑲𝑬 = 𝑞𝑉 =
1

2
 𝑚 𝑣2                                                                                         Equation 1.2 

The second formula is the flight time of ion (t) or travel distance (d) which is given by:  

 
 
t =  d/v 

𝑡2 =
𝑚

𝑍
[

𝑑2

2𝑉𝑒
]                                                                                                      Equation 1.3 

For a given kinetic energy, low m/z ions will have higher velocity, shorter flight time and 

reach the detector faster.  

The above description explains the operation of Q-TOF in MS/MS mode. For 

metabolomics applications, Q-TOF is most often operated in MS mode in which the 

quadrupole is operated as a focusing lens by applying RF voltage only and allows a wide 

range of ions to enter the TOF (typically m/z 100-1500), and no fragmentation is 

performed in the hexapole collision cell. In full scan MS mode, Q-TOF therefore 

provides a full mass spectrum of all analyte ions introduced into the ion source. For 

metabolite identification, MS/MS mode is required. In this case, the parent ion of interest 

is first isolated by the quadrupole, and then fragmented in the collision cell to produce 

product ions, which are then detected in the TOF analyzer. The full mass spectrum of all 

the product ions produced by dissociation of the selected parent ion provides information 

on the molecular structure of one particular ion at a time and is used to aid in metabolite 

identification.
39

 In this study, metabolite identification was not performed, therefore all 

experiments were run using full scan MS mode.  
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Figure 1.3 Schematic of a Q-TOF mass spectrometer. Figure from Reference 96 

reprinted with permission from John Wiley and Sons publisher. 

Linear Trap Quadrupole (LTQ) Orbitrap Velos is a hybrid mass spectrometer from 

Thermo Scientific which incorporates a linear ion trap and high-resolution Orbitrap 

analyzer.
40,41

 Different compounds separated on the HPLC column are ionized in an 

electrospray ion source using similar principles as described for Q-TOF. The generated 

ions are next accelerated into s-lens and are transferred and guided using quadrupole and 

octapole. The ions then enter a dual-pressure ion trap assembly, which comprises of two 

identical ion traps separated by a center lens. Based on DC and AC voltages applied, only 

certain types of ions have stable trajectory in ion trap. Then, the ions are focused on 

multipole and ejected axially into the C-shaped storage trap to slow down the ions before 

injection into the Orbitrap. An Orbitrap consists of an inner and outer electrode. When 

voltage is applied between the outer and the central electrodes, the resulting electric field 

pushes ions to initiate harmonic axial oscillations. Ions rotate around the axis of central 

electrode of orbitrap and also simultaneously move from left to right along the z 

direction. Frequency of moving from left to right depends on their m/z. Outer electrodes 

are then used as receiver plates for image current detection of these axial oscillations to 

measure their frequency. Finally, these oscillation frequencies are converted into m/z 

values after Fourier transformation
97 

as shown in Equation 1.4. where 𝜔 is frequency and 

k is force constant of the potential.
40

 

 

𝜔 = √𝑧
𝑚⁄ × 𝑘                                                                                                 Equation1.4 

The above description describes MS mode of operation of Orbitrap, which was used in 

current work. For identification, MS/MS mode is used whereby ions are passed from the 

C-Trap into HCD (Higher Energy Collisional Dissociation) cell to be fragmented. A 

softer CID fragmentation for MS/MS can also be performed in dual ion-trap. Linear ion 

trap includes a high and low pressure cells. High-pressure cell is used for trapping 
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injected ions, isolating precursor ions, and fragmenting precursor ions (there is collision 

gas in this cell to do fragmentation) and a low-pressure cell is used for scanning ions 

out.
113

 Low pressure cell is equipped with detectors, therefore ions can be detected either 

in these detectors at low resolving power or analyzed in Orbitrap at higher resolving 

power. 

The distinct benefits of LTQ-Orbitrap hybrid mass spectrometer include high mass 

accuracy ≤ 3 ppm, high mass resolution (100,000 for the model used in this thesis and up 

to 400,000 for more recent models), good dynamic range and low limits of detection. The 

high mass resolution achieved with this instrument is critical for lipid analysis because 

isotopic envelopes of some phospholipid classes have accurate monoisotopic masses that 

are close to each other
42

 and require mass resolution beyond what can be achieved on Q-

TOF. Therefore, in this study the Orbitrap instrument was used to measure lipid sub-

metabolome.  

Figure 1.4 Schematic of a LTQ Orbitrap Velos mass spectrometer.
 
Figure reproduced 

from website (ThermoFisher.com, 2016/08/10) 

1.2.4 Data processing 

After sample collection, preparation, and analysis by LC-MS, the data must be processed. 

The main steps of data processing for global metabolomics include (1) chromatographic 

alignment (2) peak picking or feature detection (3) removal of peaks that are present in 

blanks and extraction blanks (4) comparison of signal abundances among different 

conditions using statistical methods and (5) identification of components of interest using 

an accurate mass database search followed by confirmation using authentic standards. 

In LC-MS-based metabolomics, statistical analysis is needed in order to discover the 

features of interest. Univariate techniques including Student’s t-test assess the statistical 

significance of each peak independently, but they are not commonly used in global 

metabolomics studies because they can lead to high false positive rates due to multiple 

hypothesis testing when analyzing data sets containing thousands of metabolites.
43 A 

variety of multivariate statistics are currently in use for metabolomics studies and can be 

divided into two main categories: unsupervised and supervised methods. In unsupervised 

Linear Trap 
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techniques, no group classification is provided during data input, and the algorithm can 

identify hidden structures in the data without knowing the class labels. One of the most 

popular unsupervised techniques in LC-MS-based metabolomics studies is principal 

component analysis (PCA). It is a standard technique for data processing that can help to 

visualize high dimension data by reducing the dimensionality (the number of variables) 

of the data set. From a mathematical point of view, it converts a set of observations of 

correlated variables into a reduced set of uncorrelated variables that are called principal 

components. By using the first 2-3 principal components, instead of thousands of 

variables for each sample, similarities and differences between samples can be visually 

recognized using a scores plot. This plot is routinely used in metabolomics studies to 

evaluate the quality of data by examining whether quality control samples and/or 

replicates of study samples group closely together and how much of the study variability 

can be described by selected principal components. For this project, PCA can also be 

used to visually represent similarities and differences between different sample 

preparation methods that are under evaluation. The methods that can extract similar 

metabolites will group closely together, while the methods that are highly orthogonal will 

be shown far apart on PCA. Similarly, in a more typical metabolomics study, PCA is 

used to check whether treatment and control samples can be grouped or not, and 

distinguished from each other. In all of the above examples, loadings plot can then be 

used to examine which variables contribute the most to the observed difference(s) 

between samples, and these variables (metabolites) are then prioritized for identification 

and further follow-up. This helps to drastically reduce the number of metabolites for 

which identification is required, and focus the identification efforts on metabolites, which 

are changing the most in a given study. Supervised techniques such as partial least 

square-discriminant analysis (PLS-DA) are applicable to larger data sets and are beyond 

scope of this study.  

 

1.2.5 Metabolite identification 

The vast chemical complexity of metabolome makes the process of metabolite 

identification a very challenging task. Therefore, metabolomics studies typically only 

identify metabolites that are of particular interest to a given study (for example, 

metabolites that are highly up- or down-regulated in a given study). Two types of 

identification strategy are typically used in metabolomics: putative identification and 

definitive identification. In putative identification, the m/z of an analyte can be used to 

define the compound’s molecular formula and to search for possible compound hits in 

databases such as NIST (http://www.nist.gov/srd/nist1.htm), KEGG 

(http://www.genome.jp/kegg/ligand.html), Human Cyc (http:// biocyc.org), LIPIDMAPS 

(http://www.lipidmaps.org/tools/index.html), HMDB (http://www.hmdb.ca), and 

http://www.nist.gov/srd/nist1.htm)
http://www.genome.jp/kegg/ligand.html)
http://www.lipidmaps.org/tools/index.html)
http://www.hmdb.ca)/
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METLIN (http://metlin.scripps.edu). Putative identification using MS or MS/MS data is 

not sufficient confirmation of metabolite identity. This is due to the fact that many 

compounds can have the same, or similar, molecular weights that cannot be distinguished 

within the mass resolving power of a given mass spectrometer, and/or similar 

fragmentation pattern. Also, the same accurate mass and similar fragmentation spectra 

make the correct identification of isomers particularly difficult. Furthermore, metabolite 

databases are still incomplete, so not all metabolites have been included. Definitive 

identification verifies the mass-based search results and compares the observed retention 

time and mass spectrum of metabolites of interest to an authentic chemical standard 

analyzed under identical experimental conditions. By means of this comparison, the 

identities of the metabolites can be confirmed. Unfortunately, not all authentic standards 

are commercially available so in many cases definitive identification may also require 

synthesis and/or metabolite purification. 

 

1.3 Challenges in sample preparation for global metabolomics  

The main focus of this thesis is improving the sample preparation step of global 

metabolomics workflow, so in this section, the main challenges facing metabolomics 

sample preparation will be discussed in more detail. 

 

1.3.1 Ionization suppression and matrix effects 

Electrospray ionization is a competitive process because only a limited amount of charge 

is available at any given moment in the ion source. When there are molecules present at 

the same time as the analyte of interest in an ion source, they can compete for the charge 

available and decrease analyte signal. Therefore, the same analyte concentration can 

produce different signal intensity depending on whether co-eluting species are present, in 

what quantities and how well they can compete for ionization versus the analyte. This 

phenomenon is named ion suppression, and is one form of matrix effect that all LC-MS 

techniques suffer from. Analyte ion suppression (or enhancement which can also be 

observed) can also occur due to the change in the efficiency of droplet formation or 

droplet evaporation during the electrospray process in the presence of other components 

from the matrix.44 This can affect the number of charged analyte ions in the gas phase that 

ultimately reach the detector, and thus change the analyte signal intensity even when 

analyte concentration is the same in two different samples. The main factors affecting ion 

suppression include the sample preparation method, the chromatographic method, the 

nature of the analyte, the amount of sample loaded, the presence of background 

interferences and the type of ionization method. Ion suppression can be evaluated by 

comparing the signal intensity of an analyte in the presence and absence of matrix 
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components. The presence of matrix effects adversely affects the determination of the 

analytes of interest (especially when present of small concentration) in complex samples 

such as biological fluids by reducing both the reproducibility and accuracy.
45,46

  

Recent experiments involving ESI of biological extracts have shown that there are many 

possible reasons for ion suppression. It can arise from endogenous compounds 

(phospholipids in blood based samples) in the sample matrix or exogenous compounds 

from contamination. The latter can be introduced during the different steps of sample 

handling and preparation. For instance, contaminant peaks can arise even from the 

highest-purity solvents, reagents, anticoagulants, purified water, glassware and 

plasticizers from plastic ware. Very strong solvent contamination peaks may cause severe 

ionization suppression of the peaks eluting in the same retention time window. Therefore, 

it is recommended to run solvent blank and not use any batches of solvent that have 

prominent solvent contaminant peaks for sample preparation or mobile phase 

preparation.
47

 The presence of nonvolatile species (e.g., salts, ion pairing agents, 

endogenous compounds) can also cause ion suppression. Consequently, matrix 

components can affect surface tension and viscosity of the drop and decrease efficiency 

of small droplet formation or evaporation, thus reducing the number of analyte ions 

reaching the gas phase.
47,48

 These particular interfering compounds have high surface 

activity, in comparison to the analyte, so that the analyte cannot access the surface of the 

drop and prevents the analyte from reaching the gas phase. 

Considering that there are multiple possible sources of ion suppression, there is no 

universal solution to address such matrix effects. This problem is more pronounced in 

global metabolomics methods due to the intentional use of non-selective sample 

preparation methods, which increase the complexity of the prepared sample. Minimizing 

the risk of ion suppression effects is possible but it involves careful optimization of 

sample preparation and chromatography techniques.  

Various strategies are available to counter/measure ion suppression. The first strategy 

could be to switch the ionization mode. In this strategy, we do not need to change sample 

preparation or chromatography method but the analyte must be capable of ionizing in 

both positive and negative ESI. In negative mode fewer compounds can be ionized. 

Therefore, by changing the ionization mode to negative the extent of ion suppression can 

be reduced. Switching the ionization technique from ESI to atmospheric pressure 

chemical ionization can also reduce ion suppression.
36

 Source geometries can also affect 

ion suppression; the Z-shape geometry is better than the perpendicular geometry.
49

 

Furthermore, the amount of interfering compounds entering the ion source can be 

decreased by dilution or minimizing the injection volume of sample. Clearly, improving 

the chromatographic method and resolution can also eliminate/reduce ion suppression. 
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Therefore, the chromatogram has to be checked to make sure analyte peaks are not 

eluting in regions of significant suppression.
50

 For example, the region at the very 

beginning of chromatogram, in the void volume (where unretained compounds are 

eluted), or at the end of chromatogram (where the strongly retained compounds are 

eluted) are highly susceptible to ion suppression. Improving sample preparation by 

improving sample clean up and using more selective methods can also minimize ion 

suppression effects.
51

 In fact, ion suppression is usually a more pronounced problem with 

protein precipitation methods (a non-selective method) as compared to SPE and LLE.
52

 

Finally, different calibration techniques can be used to compensate for matrix effects. 

Internal and external calibrations are the most popular techniques. External calibration 

involves the preparation of several standard solutions in the sample matrix to obtain the 

relationship between the analyte response and the target standard concentrations in the 

presence of matrix components. In this approach, the calibration standards have the same 

composition as the investigated samples (matrix-matched) so they would undergo the 

same extent of ionization suppression. However, blank matrix solutions free of the target 

analyte may not always be available. Both the calibration and test samples have to be 

analyzed to compensate for the effect of ion suppression so that this technique is time 

consuming. Isotopically-labelled internal standards are the most widely used technique to 

obtain highly quantitative results using MS. In this approach, an internal standard is used 

to compensate for possible variations during sample preparation and LC-MS such as 

losses of analytes, injection volume variability and matrix effects. To compensate for ion 

suppression, the internal standard must have ionization properties very similar to those of 

the analyte. This is why isotopically labelled analogs of the analyte are the best choice of 

internal standard because they have identical chemical and structural properties as the 

analyte, thus providing accurate quantitation. However, for global metabolomics methods 

it is not feasible to have isotopically-labelled internal standards for all analytes, so more 

selective sample preparation techniques can play an important role to adequately address 

ion suppression effects. 

1.3.2 Improving coverage of metabolites 

In global metabolomics, comprehensive metabolite coverage is needed to ensure good 

metabolite pathway coverage. The main approaches currently used for increasing 

metabolite coverage include: 

(1) Performing adequate sample preparation prior to LC separation:
53

 In order to 

increase detection sensitivity, coverage of metabolites and quantitation accuracy 

the use of an appropriate sample preparation before LC is required. One strategy 

to achieve this goal could be fractionation, which can improve signal to noise and 

reduce the effect of interference. It has generally been used in lipidomics
54

 and 



18 

 

proteomics
55

 but, is not commonly used in global metabolomics. In addition, 

multiple extraction methods can be employed on the same sample to boost 

metabolite coverage. 

(2) Improving chromatographic performance: By moving from HPLC to ultra 

performance liquid chromatography (UPLC) performed at elevated pressures 

(15000 psi) using columns packed with small particles (<2 µm), separation 

efficiency can be increased. This can reduce ion suppression as a consequence of 

reducing co-eluting components. Also, by moving from HPLC to UPLC, better 

detection limits will be achieved as ESI is a concentration-dependent process, 

which will further improve metabolite coverage.
56

  

(3) Analyzing the biological sample in both positive and negative ionization ESI 

modes:
57

 One simple method is to record spectra in both positive- and negative-

ion modes; this is easily done by re-analyzing the sample and will effectively 

increase the number of features identified, as not all metabolites can efficiently 

ionize in just one mode. 

(4) Re-analyzing the sample using APCI or analyze using nanoelectrospray as a 

second method of ionization: This will reduce the ionization background 

interference and increase the number of features identified.
35

 However, nanoLC 

and nanoESI can suffer from poor MS signal stability and retention time drifts 

over long analytical batches, so they are not yet routinely employed in 

metabolomics studies. 

(5)  Use of long chromatographic run times and slow LC gradients: This will 

maximize the separation and reduce co-elution which improves signal quality.
58

 

(6)  Use different principles of chromatographic separation: For example the use of 

both reversed-phase and HILIC chromatography, with the same sample set, 

optimizes the metabolite coverage and is currently the gold standard approach for 

metabolomics analysis
59

 as discussed in Section 1.2.3.  

1.4 Dispersive solid phase microextraction (D-SPME) 

A recent and very efficient approach to sample preparation is solid-phase microextraction 

(SPME), invented by Pawliszyn and co-workers
60

 in 1989 in order to address some of the 

limitations of other sample preparation methods like SPE and LLE.  

1.4.1 Introduction 

Solid phase microextraction (SPME) is similar to SPE, whereby solid sorbent is used to 

extract analytes from liquid or gaseous sample. Fiber format of SPME consists of a 

sorbent coating that is immobilized on a solid support such as a metal wire. The fiber is 

exposed to sample directly, or via headspace, and used to isolate and concentrate analytes 

in the coating. After extraction, the fibers are transferred to an analytical instrument for 
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separation and quantification of the target analytes or dissolved in solvent for LC-MS 

analysis. The amount of analyte extracted by the fiber depends on the thickness of the 

coating and on the distribution constant of the analyte. In the dispersive solid phase 

microextraction (D-SPME) format of SPME, the coating is not immobilized on the fiber. 

Instead it is dispersed throughout the sample, and then collected using centrifugation. The 

dispersion significantly increases the contact area between the sample and sorbent, which 

increases the extraction efficiency and reduces the time required to achieve equilibrium. 

Dispersive-solid phase microextraction also provides high flexibility in terms of sorbent 

selection and this low-cost configuration is single use so that there is no carryover issue 

to consider. In SPME, with the fiber configuration, some coatings are reused so that carry 

over is problematic because it is possible that some small amount of analyte remains in 

fiber after the desorption step.  

Solid phase microextraction is an equilibrium-based technique, so exhaustive recovery of 

analyte from the matrix is not expected due to the fact that a small sorbent mass is used in 

comparison to the sample volume. This non-exhaustive microextraction means that high 

instrumental analytical sensitivity is required.  In the context of this thesis, and more 

generally in mass spectrometry, sensitivity is the ability to detect and determine small 

amounts of an analyte in a sample. However, the lower signal intensities obtained in 

SPME methods, due to lower extraction efficiency, can also reduce ionization 

suppression, which can ultimately improve quantitation, data quality and metabolome 

coverage. The main disadvantage of this method is the need for strict control of 

extraction parameters to ensure good method precision.  

SPME is an equilibrium extraction method where the amount of analyte extracted is 

proportional to its free concentration. In complex biological samples such as plasma, a 

number of different binding phases may contribute to the bound concentration of a given 

metabolite.
61, 127

 The main carrier binding proteins include serum albumin and α 1-acid 

glycoprotein, and their average concentrations are ∼ 670 and 16 μM in human plasma, 

respectively.
126

 Typically, acidic compounds bind to albumin and basic compounds tend 

to bind α 1-acid glycoprotein, although they may often bind to albumin as well.
128 

When 

a metabolite or other compound is bound to carrier proteins, it is not considered 

biologically active, and the extent of this binding regulates the free concentration of the 

metabolite. Metabolites can also bind to specific enzymes or receptors to carry out 

different biological functions, and the extent of this binding depends on free 

concentration of that metabolite. Thus, only the free metabolite is capable of diffusing 

through membranes or interacting with receptors/enzymes. For example, more than 80% 

of total cortisol is bound to carrier proteins, mainly corticosteroid-binding globulin, 10-

15% binds to albumin and only ~5% is free and can enter tissues, diffuse through cell 
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membranes and bind to glucocorticoid receptor with high affinity.
130, 131

  

If the amount of analyte extracted by SPME is very small, it will not significantly change 

free concentration of that analyte. This means that the binding equilibrium between that 

analyte and carrier proteins will not be affected. Under such SPME conditions, the 

amount of analyte extracted is proportional to the free analyte concentration, and this can 

provide highly relevant biological information during metabolomics studies.
129

 If organic 

solvent, salt or pH are used to denature the proteins, analyte-protein binding will be 

disrupted, and SPME extraction of such samples can then provide information on total 

analyte concentration. In the latter case, the amount of analyte extracted by SPME would 

increase, especially for highly bound analytes, which could possibly result in the 

detection of more analytes. In current work, protein binding was not disrupted for any of 

SPME experiments. 
 

Other features of SPME include high sample throughput, compatibility with microscale 

amounts of biological sample and reduced use of harmful solvents and sorbents. 

Therefore, SPME is said to be environmental friendly, and it also decreases purchase and 

disposal cost of solvents.  

1.4.2 Theory of solid phase microextraction (SPME) 

Solid phase microextraction is highly selective and its performance depends on the type 

of sorbent that is chosen. The partitioning of compounds between an aqueous sample and 

an extraction phase is the main principle of operation of SPME. The microextraction 

process is considered complete when the analyte concentration reaches equilibrium 

between the sample matrix and the fiber coating.  

According to Equation 1.5, Kfs the distribution coefficient is defined as the ratio of 

analyte concentrations between the fiber coating and sample matrix at equilibrium.
61

 

𝑲𝒇𝒔 =
𝑪𝒇

∞

𝑪𝒔
∞                                                                                                       Equation 1.5 

 

Finally, the number of moles of analyte (n) extracted by the coating can be computed by 

Equation 1.6.
61

  

𝒏 = 𝒄𝒇
∞

 𝑽𝒇 = 𝑪𝟎 
𝑲𝒇𝒔𝑽𝒔𝑽𝒇

𝑲𝒇𝒔𝑽𝒇 +𝑽𝒔
                                                                             Equation 1.6 

 

Equation (1.6) shows that the number of moles of compound absorbed onto the coating 

(n) at equilibrium is directly related to its initial concentration in the sample (C0), which 

is the analytical basis for quantification using SPME. In this equation, Vs is the volume of 
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the aqueous sample and Vf is the volume of the extraction (sorbent film) phase. When the 

sample volume is very large, i.e. Vs>> KfsVf  the amount of compound extracted by 

SPME can be simplified into Equation 1.7.
61,62

  

𝒏 = 𝑲𝒇𝒔𝑽𝒇𝑪𝟎                                                                                                   Equation 1.7 

 

As a result, the amount of analyte extracted becomes independent of the sample volume. 

This feature is important and useful for in-the-field or in vivo sampling when the volume 

of sample is large and unknown.  

1.4.3 SPME versus SPE  

Solid phase microextraction (SPME) and SPE utilize similar three-step processes: In the 

first step, a sample interacts with the sorbent, and analytes are extracted from the sample. 

In the second step, a suitable solution passes through/over the sorbent to wash unwanted 

species from, while retaining desired analytes on, the sorbent. In the final step, an 

appropriate elution solvent is used to desorb the analytes of interest. However, there are 

major differences between SPE and SPME. In SPE, the main objective is to remove 

analytes completely from a sample and transfer them to the extraction phase. The 

capacity of the extraction phase for the extracted analytes must be significantly larger 

than the amount of analyte in the sample. It is difficult to select a wash solvent to remove 

unwanted compounds completely, without affecting on the retention of the compounds of 

interest. Therefore, unwanted compounds may remain in the sorbent. Because of low 

sorbent-to-sample ratio used in SPME in comparison to SPE, exhaustive extraction of the 

analytes will not be achieved in SPME. Solid phase extraction can therefore provide 

better detection limits than SPME due to its exhaustive extraction. Solid phase 

microextraction has less interferences and the amount extracted is proportional to the free 

concentration of analyte. Consequently, SPME can be a useful alternative to SPE for 

global metabolomics.  

1.4.4 Ion exchange: cation and anion exchange 

In 1850, agricultural chemists, Thompson and Way
63

 recognized and described ion 

exchange process. The first practical industrial application of the ion exchange process 

occurred in 1905 by Gans
64

 who synthesized sodium-aluminosilicate cation exchanger 

materials and used them to soften water. In 1935, Adams and Holms
65

 in England, 

developed condensate polymers with various functional groups and produced both anion 

and cation exchange materials. Cation exchangers were prepared by attaching sulfonic 

acid groups (-SO3H
+
) to a phenol formaldehyde polymer matrix. On the other hand, anion 

exchangers were prepared by adding amine groups (-NH2) to a similar matrix. Cation 
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exchange is used to retain and separate positively charged ions on a negative surface 

(exchange positively charged ions). On the other hand, anion exchange is used to retain 

and separate negatively charged ions on a positive surface (exchange negatively charged 

ions). Figure 1.5 shows these formats. 

 

 

 

 

 

 

 

 

 

Figure 1.5 Types of ion exchanger. A: Anion exchange B: Cation exchange 

Both exchangers can be further classified as strong and weak types. Strong ion 

exchangers have functional groups (e.g., quaternary amines, sulfonic acid) and are 

completely ionized regardless of pH, while weak ion exchangers have functional groups 

such as secondary amines or carboxylic acids, where the extent of ionization can be 

modified based on their pKa and the mobile phase pH. Weak cation exchange materials 

lose their ion-exchange properties when the acidic exchanger group is protonated (pH≤ 4) 

and weak anion exchange materials lose their ion-exchange properties at high pH when 

they are deprotonated. As a result, weak base anion exchangers are very effective for the 

removal of acidic compounds and weak cation exchangers are effective for isolating basic 

compounds of interest. The ionization constant (pKa) is the pH value at which 50% of the 

functional group is ionized and 50% is neutral. To ensure that analyte or particle surface 

are fully charged or neutral, the pH must be adjusted to a value at least 2 units below or 

above the pKa.  

1.5 Introduction to hydrogel particles 

Hydrogels are three-dimensional networked structures of polymer chains which are able 

to absorb large amounts of water, including biological fluids.
66

 Hydrogels can be termed 

“nano” or “micro” depending on their size which range from 10 nm to micrometer 

diameters respectively.
67

 Hydrogels contain some hydrophilic groups in their structure 

such as –OH, –CONH–,–CONH2, and –SO3H that allow the hydrogel to absorb large 

amount of water. Specifically, Poly (N-isopropylacrylamide) (pNIPAm) based microgels 

A B 

https://en.wikipedia.org/wiki/Electric_charge
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are hydrophilic and swell significantly in water when the temperature of the water they 

are dissolved in is below pNIPAm’s lower critical solution temperature (LCST) of 32 °C. 

Above this temperature, the hydrogel is “deswollen” and has a much smaller water 

content.
68

 

 

1.5.1 Properties of hydrogel 

Hydrogels are a class of biocompatible materials, which enables their use for medical 

applications, including biological sensing, drug delivery, and tissue regeneration.
69

 They 

have several promising properties: (1) These materials can absorb large amount of water 

(up to 90–99% water by weight) and have an elastic structure. The hydrophilic nature of 

the hydrogel can also reduce the nonspecific adsorption of proteins to the hydrogel.
70

 (2) 

They have high surface area (within the particle size range of 10–1000 nm) so that mass 

transport on the microgels will be increased. (3) They have rapid volume changes in 

response to environmental factors, such as pH, temperature and ionic strength.
71

 (4) They 

have controllable swelling process, which is shown in Figure 1.6. For a hydrogel with 

acidic groups bound to their polymer chains, the H
+
 is removed in basic solutions and 

combines with OH
-
 to form H2O. By changing the pH, the cation concentration is 

increased, which causes the gel to swell/deswell due to the osmotic pressure between the 

inside and outside of the gel. Some ions diffuse into the gel whereas others diffuse out of 

the hydrogel. The osmotic pressure inside the gel is higher than outside and therefore 

applies force in the outward direction throughout swelling. The extent of swelling 

depends on the ionization degree, quality of solvent, cross-link density, and ionic 

strength.
72

 Usually, there are four inter-molecular forces involved in the swelling process: 

van der Waals, hydrogen bonding, hydrophobic, and electrostatic interactions. Van der 

Waals forces between the electric multipoles of the polymer monomers have the strength 

of the order of 10
-2

–10
-1 eV/atom and depend on the solvent composition.

73
 Hydrogen 

bonding is a van der Waals interaction between fixed dipoles when a hydrogen atom is 

close to an atom of high electronegativity such as oxygen, nitrogen or fluorine and its 

strength is about 10
-1 eV/atom. Hydrophobic interactions occur between nonpolar parts of 

polymer chains and their strength is 5.10
-3

–5.10
-2

eV/atom, so they are considered weak 

interactions. The electrostatic interactions occur between functional groups in the 

polymer gel and ions from the outside of the gel. Thus, it will lead to differential ion 

distributions inside and outside the gel and cause swelling or de-swelling of the gel.
74
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Figure 1.6 Hydrogel swelling process. Left-hand side shows hydrogel containing acidic 

groups bound to polymer chains. Changing pH can increase cation concentration and give 

rise to osmotic pressure that will cause the gel to swell/deswell as shown in right-hand 

panel. Figure from Sudipto et al. reprinted with permission from Reference 74. Figure 

copyright 2002 IEEE. 

The most common polymer for hydrogel synthesis is Poly N-isopropylacrylamide 

(pNIPAm).
73

 The main advantage of this polymer is that functional groups can be 

incorporated into pNIPAm microgels by simple copolymerization. As a result, hydrogel 

particles can have different chemistries and are compatible with different sample 

preparation approaches. Figure 1.7 shows the polymeric structure of cation and anion 

exchange hydrogel.  
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Figure 1.7 Schematic of polymeric ion exchanger (a) Cation exchange hydrogel (b) 

Anion exchange hydrogel. 1- polymeric chain 2- cross link 3- negatively charge cation 

exchange functionality attached to the chain 4- positively charge anion exchange 

functionally attached to the chain 5- counter ion 6- water (adopted from Andrei A. 

Zagorodni book)
75 

1.5.2 Microgels and nanogels as new materials in sample preparation  

All global metabolomics studies to date, which have used the SPME format, rely on a 

fiber format where a metal wire is coated on the outside with a thin layer of an extracting 

phase. There have been no similar investigations using the D-SPME format or polymeric 

hydrogels for global metabolomics. However, commercially available core-shell hydrogel 

nanoparticles (CERES Nanotrap) have been used successfully for the exclusion of 

unwanted, abundant, proteins and enrichment of small protein biomarkers.
76,77

 In this 

approach different high-affinity chemical baits are covalently incorporated into hydrogel 

nanoparticle cores or shells for protein and peptide harvesting, concentration, and 

preservation from body fluids. For instance, Tamburro et al.
76

 used Poly (N- 

isopropylacrylamide-co-acrylic acid) and Cibacron Blue F3GA nanoparticles that were 

functionalized with amino-containing dyes via zero-length cross-linking amidation 

reactions. The shell contained vinyl sulfonic acid (VSA) and had an effective pore size 

that acted as a molecular sieve. Proteins and peptides small enough to enter to the core 

were captured by the high-affinity bait, while the shell prevented entry of unwanted 

molecules. Figure 1.8 shows the structure of core-shell hydrogel nanoparticles. 

b a 
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Figure 1.8 Structure of core-shell hydrogel nanoparticles. Figure reproduced from 

Reference 76 under ACS Author’s Choice open access license for non-commercial use.  

1.6 Research objective  

Despite recent advances in instrumentation, the analytical approaches used in global 

metabolomics studies are not yet as well defined as in other “omics” studies and are 

currently an active area of research. Metabolomics aims at identification and quantitative 

analysis of wide range of metabolites in biological samples. However, due to the diverse 

range of chemical and physical properties, and the wide concentration range of 

metabolites within the metabolome, there is no single method can result in complete 

extraction of all metabolite classes. Sample preparation remains a major challenge in 

untargeted LC-MS metabolomics studies and coverage of low abundance metabolites 

generally remains poor. Also, many current standard preparation methods for 

metabolomics suffer from severe ion suppression issues. Due to its high selectivity and 

microextraction format, SPME may be able to address these two challenges. Therefore, 

the main goal of my project is to evaluate the potential of dispersive solid phase 

microextraction (D-SPME) using hydrogel micropaticles for global metabolomics of 

human plasma for the first time. To achieve this goal, three different types of hydrogel 

microparticles functionalized with vinyl acetate (VAC), acrylic acid (AAC) or N-3-

aminopropyl methacrylamide hydrochloride (APMAH) will be evaluated and optimized 

D-SPME extraction protocols using these sorbents. The performance of these new 

extraction phases to commercial core-shell nanoparticles (CERES Nanotrap) with acrylic 

acid or cibachron blue cores will be compared and investigated their potential to reduce 

ion suppression effects thus improving analytical quality of metabolomics datasets. The 

optimized new method will also be compared to the conventional “gold standard” 

extraction method of solvent precipitation with methanol to evaluate its potential to boost 

the detection of low abundance metabolites. All methods will be developed and/or 

compared in combination with metabolomic profiling analysis using RPLC and HILIC 
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chromatography coupled to an LTQ-Orbitrap Velos or Q-TOF high resolution mass 

spectrometer via ESI. 
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Chapter 2 

Development of dispersive solid phase microextraction method 

for global metabolomics using standard metabolite mixture 

2.1 Introduction 

The main goal of a typical metabolomics study is to compare the abundance of the small 

molecule metabolites in highly complex matrices such as body fluids. The greatest 

challenges for such analysis are the detection of low abundance metabolites among a 

massive background of interfering compounds and the ionization suppression. In this 

study we are using dispersive solid phase microextraction (D-SPME) to address these 

challenges. The focus of this chapter is to describe the development of novel D-SPME 

method for LC-MS global metabolomics using a standard metabolite mixture. Polymeric 

hydrogels were selected for this evaluation for their high permeability, low-cost and 

customizable functionalization. In particular, the introduction of ion-exchange functional 

groups such as vinyl acetate (VAC), acrylic acid (AAC) and N- (3-aminopropyl) 

methacrylamide hydrochloride (APMAH) within the polymer network will be tested in 

order to increase the number of interactions (such as ionic interaction) between analyte 

and sorbent.  

Since this is the first time this type of hydrogel was investigated for its utility in global 

metabolomics, extensive optimization of the method using a metabolite test mixture as a 

simplified and controlled stand-in for a biological sample will be performed. This 

metabolite test mixture consisted of a diverse range of compounds including amino acids, 

amines, organic acids, hormones, sugars, nucleosides and lipids (at least one 

representative species per each of eight classes of lipids). The metabolite mixture was 

selected based on (1) commercial availability of authentic standards (2) wide molecular 

weight range (103-886 Da) (3) wide polarity range (log P range of -5.0 to 10.74) and (4) 

few representative low abundance metabolites. These analytes were dissolved in an 

appropriate buffer. The analyses were carried out using HPLC-Orbitrap and HPLC-Q-

TOF with ESI ionization, in both positive and negative modes. In order to cover as much 

of the metabolome as possible, three different LC methods (HILIC, Pentafluorophenyl 

RP and Charged Surface Hybrid C18 RP) were used to provide good coverage of polar, 

intermediate and lipid metabolomes respectively. Finally, the optimum protocols for each 

of the three types of microgels tested are proposed. 
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2.2 Experimental 

2.2.1 Chemicals and materials 

Acetonitrile and methanol were purchased from Fisher Scientific (Ottawa, Canada). 

Isopropanol, dimethyl sulfoxide, ethanol, water (HPLC grade), all metabolite standards 

and buffer reagents were purchased from Sigma-Aldrich (Oakville, Canada). Lipid 

standards were purchased from Avanti Polar Lipids (Alabaster, Alabama, US). All 

microgels (AAC, VAC, APMAH) tested in this work were synthesized by the Michael 

Serpe group at the University of Alberta.  

 

2.2.2 Preparation of standard mixture 

In global metabolomics, the aim is to study the whole metabolome that consists of 

thousands of different compounds. Therefore, it is not possible to have a standard for 

each metabolite of interest. Consequently, for this optimization, one or a few analytes 

from each metabolite class are used, and considered to be representative for all the 

substances within that class. All metabolite standards and their properties are listed in 

Table 2.1 and their structures are shown in Figure 2.1. 

Phosphate-buffered saline solution was prepared by dissolving 8.0 g of sodium chloride 

(137 mM), 0.2 g of potassium chloride (2.7 mM), 0.2 g of potassium phosphate, and 1.44 

g of dibasic sodium phosphate (10 mM PO4
3−) in 1 liter of purified water and adjusting 

the pH to 7.4, if necessary. Stock standard solutions were prepared in different solvents 

(water, methanol, ethanol and dimethyl sulfoxide) as described in Table 2.1 with 

sonication as appropriate to obtain the concentration of 1 mg/mL except for biotin and 

coenzyme Q10 that had concentration of 0.1 mg/mL and adenine with 0.2 mg/mL. Lipid 

standards were prepared in chloroform, methanol or chloroform: methanol: water 

(63/35/8, v/v) as appropriate depending on their solubility in order to obtain the 

concentration of 1 mg/ml. They were kept frozen at -80°C and were prepared fresh 

monthly. For extraction, metabolite standard solutions were prepared at 1 μg/mL 

concentration by dilution of stock standard in an appropriate buffer solution. For 

instrument calibration, working standard solutions with known concentration of 

metabolites were prepared by dilution of stock standard with desorption solvent used for 

each experiment. This calibration set was analyzed before and after each sample set to 

ensure method and instrument stability and used to calculate the recoveries.  

Buffer solutions were prepared at different pH; ammonium formate and formic acid 

(pH=3.0), sodium phosphate dibasic and monobasic (pH=7.5), ammonium bicarbonate 

and ammonium hydroxide (pH=9.0) and pH was verified with pH meter (Accumet 

AB150, Fisher Scientific) to be within ±0.05 pH units experimentally.  
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Table 2.1 Physicochemical properties of 42 metabolites included in standard metabolite 

mixture. 

Name of metabolite Molecular formula 
Molecular 

Weight (MW) 
Log P 

Dissolving solvent 

(v/v) 
Lot number 

Glutathione C10H17N3O6S 307.3235 -4.9 Water 100K72763V 

Lysine C6H14N2O2 146.1055 -3.76 Water BCBK3837V 

Choline C5H13NO 103.0997 -3.59 Water SLBG5926V 

Glutamic acid C5H9NO4 147.0531 -3.54 Methanol/Water (1/1) SLBD1211V 

Histidine C6H9N3O2 155.0694 -2.67 Water SLBF5674V 

D-Glucose C6H12O6 180.1559 -2.6 Water G8270 

Ribose 5 phosphate* C5H11O8P 230.0191 -2.07 Water BCBJ8213V 

Glucose 6 phosphate C6H13O9P 260.0297 -2.06 Water SLBD9319V 

Creatinine C4H7N3O 113.0589 -1.65 Water SLBD4664V 

Phenylalanine C9H11NO2 165.0789 -1.35 Methanol/Water (1/1) SLBB2703V 

Adenosine C10H13N5O4 267.0967 -1.21 Water 061M1410V 

B-NAD C21H29K2N7O14P2 663.1091 -1.18 Water 061M7005V 

Tryptophan C11H12N2O2 204.0898 -1.10 Methanol/Water (1/1) SLBB6573V 

Riboflavin C17H20N4O6 376.1382 -1.05 Water SLBC6522V 

Epinephrine C9H13NO3 183.0895 -0.82 Methanol/Water (1/1) BCBH9629V 

Histamine C5H9N3 111.0796 -0.69 Water BCBK5478V 

Hydroxybutyric acid C4H8O3 104.0473 -0.50 Water MKBL8779V 

Nicotinamide C6H6N2O 122.0480 -0.45 Water BCBK6434V 

Adenine C5H5N5 135.0544 -0.38 Water 1181126V 

Biotin C10H16N2O3S 244.0881 0.17 Methanol/Water (1/1) 119K1533 

Maleic acid C4H4O4 116.0109 0.21 Water SLBC1970V 

Taurocholic acid C26H45NO7S 515.2916 0.79 Water 091M0014V 

Thyroxine C15H11I4NO4 776.6867 1.15 Dimethyl Sulfoxide BCBH4077V 

Tryptamine C10H12N2 160.1000 1.21 Water MKBH7797V 

Cortisol C21H30O5 362.2093 1.79 Methanol SLBD0859V 

Estrone glucuronide C24H29O8 446.1941 1.92 Methanol BGBB9162V 

Cholic acid C24H40O5 408.2875 2.26 Methanol SLBB1065V 

Estradiol C18H24O2 272.1776 3.57 Methanol SLBG0383V 

D-erythro-Sphingosine C18H37NO2 299.2824 5.15 Chloroform/Methanol (9/1) 860490 

17:0 Lyso PC C25H52NO7P 509.3481 5.43 Chloroform 855676 

16:0 MG C19H38O4 330.5030 5.73 Chloroform 110606 

19:0 PC C46H92NO8P 817.6560 6.15 Chloroform 850367 

Cholesterol* C27H46O 386.3548 7.02 Methanol SLBC7554V 

Palmitic acid* C16H32O2 256.4241 7.23 Methanol SLBF5671V 

Liver PI C47H82Na O13P 902.1330 7.79 Chloroform 840042 

Vitamin K1 C31H46O2 450.3498 8.48 Ethanol BCBH2934V 

17:0 PE C39H78NO8P 719.5464 8.59 
Water/ Methanol/ 

Chloroform (65/35/8) 
830756 

18:0 PG C42H83O10P 778.5723 8.60 
Water/ Methanol/ 

Chloroform (65/35/8) 
840465 

18:0 PA C39H76O8P 704.5356 9.14 Chloroform 830865 

Coenzyme Q10 C59H90O4 862.6839 9.94 Ethanol SLBC559V 

18:0-16:0 DG C37H72O5 596.5379 10.16 Chloroform 110883 

18:1-16:0-18:1 TG C55H102O6 858.7676 10.74 Chloroform 111005 

 

*Standards that were not detected by LC-MS methods  
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Figure 2.1 Structures of 42 metabolites included in metabolite standard test mixture. 

2.2.3 D-SPME Procedure  

2.2.3.1 Ion-exchange hydrogel microparticles: microgels 

Different types and portions of ion-exchange functionality of microparticles (5, 10, 15% 

for AAC and VAC and 5, 10% for APMAH) were tested in this work to evaluate the 

effect of these properties to extract various metabolite classes. All microgels were about 1 

μm in size unless otherwise indicated in the text. Their exact chemical composition is 

shown in Table 2.2. 15% APMAH was not available for testing due to the difficulty of 

attaching APMAH at such a high concentration in a stable hydrogel. Chemical structures 

of AAC, VAC and APMAH microgels are shown in Figure 2.2. NIPAm forms a three-

dimensional network of polymer chains that are hydrophilic when crosslinked with 

methylenebisacrylamide (BIS). This network can be synthesized with a variety of 

functional groups, simply by adding functional co-monomers to the reaction solution via 

free radical precipitation polymerization.
78,67

 The selected functionalized microgels can 
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act as ion-exchange sites to help extract basic or acidic compounds. AAC and VAC are 

negatively charged functional monomers containing acrylic acid and vinyl chain 

respectively and APMAH is a positively charged functional monomer prepared using N- 

(3-aminopropyl) methacrylamide hydrochloride co-monomer.  

Table 2.2 Chemical compositions of microgels used in this study and synthesized at the 

University of Alberta. 

Type of Microgel Co-monomer BIS NIPAMm 

AAC 5, 10, 15% 5% 90, 85, 80% 

VAC 5, 10, 15% 5% 90, 85, 80% 

APMAH 5, 10% 5% 90, 85% 
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Methylenebisacrylamide 
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Vinyl acetate (VAC) 

 

 

 

 

N- (3-aminopropyl) 

methacrylamide 

hydrochloride (APMAH)  

 

Figure 2.2 Schematic representation of AAC, VAC and APMAH microgel. 

2.2.3.2 Polar metabolite extraction with D-SPME using microgel  

The initial D-SPME protocol was as follows: 200 μL of standard metabolite mixture was 

added to 25 μL of appropriate microgel and incubated with shaking (Fisher Scientific™ 

Multi-Platform Shaker) for 60 minutes (450 rpm) at room temperature. After 
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centrifugation (25000 g, 4°C) for 10 minutes the supernatant was carefully removed. 

Then, the microparticles were washed (at room temperature) to remove any weakly 

bound compounds followed by another centrifugation step and removal of the wash 

solution. The wash solution was purified water unless otherwise specified. Finally, the 

microgels were then incubated with an elution solvent (at room temperature) for 1 hour 

with shaking (450 rpm) to elute the target analytes and 10-minute centrifugation (25000 

g, 4°C) was applied for each elution step to separate the hydrogels from the supernatant. 

All parameters that affect extraction efficiency in SPME were systematically evaluated 

one-by-one to optimize the protocols for each of the three extraction phases tested. The 

final optimized protocol is summarized in Figure 2.33. 

2.2.3.3 Lipid extraction with D-SPME using microgel 

The initial D-SPME protocol for lipid extraction was as follows: 200 µL of lipid standard 

mixture [10 different standard lipids consisting of glycerolipids (18:0-16:0 DG, 16:0 MG, 

18:1-16:0-18:1 TG); glycerophospholipids (19:0 PC, 17:0 PE, 17:0 Lyso PC, Liver PI, 

18:0 PG, 18:0 PA) and sphingosine] at a concentration of 1 µg/mL each, which was 

dissolved in methanol/water (40/60, v/v), was added to 25 µL of microgel. The extraction 

was performed for 60 minutes with shaking (450 rpm) at room temperature, followed by 

10-minute centrifugation (25000 g) at 4
°
C. After removing the supernatant, the particles 

were washed with 200 µL of methanol/water (20/80, v/v) and centrifuged again. 100 µL 

of an appropriate solvent was added into each microgel as an elution solvent. Desorption 

was performed with 1-hour shaking (450 rpm) followed by 10-minute centrifugation. 100 

µL of supernatant was transferred to HPLC vial for LC-ESI-MS analysis. The final 

optimized protocol is summarized in Figure 2.33. Methanol/water (40/60, v/v) was 

required for this step of optimization to ensure lipid solubility across all classes. For 

plasma extractions described in Chapter 3, no methanol was used during extraction step, 

as lipids are well solubilized in plasma matrix. 

 

2.2.4 Development of LC-MS conditions 

Global LC–MS studies are typically performed using both reversed-phase 

chromatography and HILIC in both positive and negative ESI modes in parallel for the 

same sample sets in order to increase metabolome coverage
24

 and this approach was used 

in this work as well.  

2.2.4.1 Summary of LC methods 

Overall, three different LC methods were used as shown in Table 2.3. HILIC method was 

used for metabolites of high polarity, PFP RP method for metabolites of intermediate 

polarity and CSH C18 RP method for lipids. 
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 Table 2.3 Summary of optimized LC methods used in this study 

LC parameter HILIC method PFP Reversed-Phase method CSH C18 Reversed-Phase method 

Column 
Ascentis Si Express (Sigma-

Aldrich) 

Kinetex Pentafluorophenyl 

(Phenomenex) 
CSH C18 (Waters) 

Column 

dimensions 
100 mm x 2.10 mm 50 mm × 2.10 mm 75 mm x 2.1 mm  

Particle size 2.7 μm 2.6 μm 2.5 µm 

Mobile phase A 

acetonitrile/water (95/5, v/v) 

with  2 mM ammonium acetate 

total 

water/formic acid  

(99.9/0.1, v/v) 

water/methanol (60/40, v/v) with 10 

mM ammonium acetate and 1 mM 

acetic acid total 

Mobile phase B 

acetonitrile/water (60/40, v/v) 

with 2 mM ammonium acetate 

total 

acetonitrile/formic acid  

(99.9/0.1, v/v) 

isopropanol/methanol (90/10, v/v) 

with10 mM ammonium acetate and     

1 mM acetic acid total 

Flow rate 300 μL/min 300 μL/min 150 μL/min 

Run time 30 min 30 min 32 min 

Injection volume 10 μL 10 μL 10 μL 

Gradient 

program 

0-2 min 100% A, 2-14 min 

linear gradient to 35% A, 14-

18 min hold at 35% A, 18.10-

30 min re-equilibration at 

100% A 

0-5 min 100% A, 5-15 min 

linear gradient to 20% A, 15-20 

min hold at 20% A, 20.10-30 

min re-equilibration at 100% A 

0-2 min 60% A, 2-3 min linear 

gradient to 35% A, 3-16 min to 5% A, 

16-24 min hold at 5% A, 24.10-32 

min re-equilibration at 60% A 

Temperature 22 0C 22 0C 55 0C 

 

All 42 standard compounds were separated under these conditions except cholesterol and 

palmitic acid. Cholesterol had a poor detection limit due to poor ESI ionization efficiency 

so that it was removed from the standard mixture. Palmitic acid could only be observed 

on the PFP column in negative ESI mode with different mobile phase conditions and 

mobile phase additive [solvent A: water with 5 mM ammonium acetate, solvent B: 

methanol/water (90/10, v/v with 5 mM ammonium acetate)]. It was inappropriate to 

change the conditions for just one compound so palmitic acid was removed from the 

mixture as well. Ribose 5-phosphate was also omitted because it could not be eluted from 

HILIC column when using the above gradient conditions. 

 

Figure 2.3 Example extracted ion chromatogram (XIC) of palmitic acid using PFP 

reversed-phase with water with 5 mM ammonium acetate as solvent A and 

methanol/water (90/10, v/v) with 5 mM ammonium acetate as solvent B.  

2.2.4.2 HILIC LC conditions for analysis of polar metabolome 

Separations were performed using an Ascentis Si Express HILIC 2.7 μm (100 mm × 2.1 

mm) column at a flow rate of 300 μL/min.
79

 Compounds were eluted using a mobile 

phase gradient that described in Table 2.3. Example extracted ion chromatograms of 
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Palmitic acid (M-H adduct) 

Intensity: 4.3 E5 

m/z: 255.233 

Time (min) 
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some metabolite standards, at 200 ng/mL, using the HILIC method are shown in Figure 

2.4. 

 

 Nicotinamide  

Intensity: 3.1 E6 

RT: 1.223 

m/z: 123.0553 

 Adenosine  

Intensity: 2.5 E6 

RT: 2.43 

m/z: 268.1040 

 

 Adenine  

Intensity: 3 E6 

RT: 3.074 

m/z: 136.0618 

 

 Creatinine  

Intensity: 13.6 E6 

RT: 5.14 

m/z: 114.0662 

 

 Tryptamine  

Intensity: 1.35 E5 

RT: 7.413 

m/z: 161.1073 

 

 Biotin  

Intensity: 2.6 E5 

RT: 7.94 

m/z: 245.0954 

 

 Glutamic acid  

Intensity: 1.35 E5 

RT: 11.37 

m/z: 148.0604 

 

 

Figure 2.4 Example extracted ion chromatograms of [M+H]
+
 ion of selected metabolites 

using HILIC LC-MS method with Ascentis HILIC silica column with solvent A 

(acetonitrile/ water (95/5, v/v) with 2 mM ammonium acetate and solvent B (acetonitrile/ 

water (60/ 40, v/v) with 2 mM ammonium acetate. 
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2.2.4.3 PFP RP method for analysis of intermediate polarity metabolome 

Separations were performed using a Kinetex Pentafluorophenyl 2.6 μm (50 mm × 

2.1 mm) column at a flow rate of 300 μL/min. Compounds were eluted using a mobile 

phase gradient that summarized in Table 2.3. Example extracted ion chromatograms of 

metabolite standards with concentration of 200 ng/mL analyzed using PFP reversed-

phase method are shown in Figure 2.5.  

 

 Lysine  

Intensity: 2.7 E4 

RT: 0.55 

m/z: 147.1128 

 

 Cortisol  

Intensity: 4 E5 

RT: 9.67 

m/z: 363.2166 

 

 Thyroxine  

Intensity: 4.4 E5 

RT: 11.62 

m/z: 777.6940 

 

 

Figure 2.5 Example extracted ion chromatograms of [M+H]
+
 ions of selected metabolites 

using reversed-phase LC-MS with PFP column with solvent A (water/formic acid, 

99.90/0.1, v/v) and solvent B (acetonitrile/formic acid, 99.90/0.1, v/v).  

2.2.4.4 CSH C18 RP method for lipid separation  

Lipids could not be properly separated and have good chromatographic peak shape with 

the developed PFP RP method presented in Section 2.2.4.3. Therefore, this separation 

was performed with a reversed-phase method using CSH (Charged Surface Hybrid) C18 

stationary phase, elevated temperature and isopropanol containing mobile phase, all of 

which reduced tailing and thus improved both resolution and chromatographic peak 

shape for lipid analysis.
80,81

 Charged surface hybrid particles are able to reduce the 

secondary interactions between silica in the column and basic compounds, therefore they 

provide excellent peak shape. Table 2.4 briefly summarizes the comparison of signals 

obtained for 1 μg/mL lipid standard mixture analyzed on PFP and CSH C18 columns, and 

shows better performance of all lipids on CSH C18 method except for the PE class, due 

to reduction in secondary interactions between analytes and the stationary. Separations 
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were performed using CSH C18, 2.5 μm (75 mm × 2.1 mm) column (Waters) at a flow 

rate of 150 μL/min. Compounds were eluted using a mobile phase gradient that 

summarized in Table 2.3. An example chromatogram of lipid standard analyzed using 

reversed phase method with CSH C18 column is shown in Figure 2.6. 

Table 2.4 Comparison of 1 μg/mL lipid standard peak area with PFP and CSH C18 

column. 

  

Name of lipids Peak area of 1 μg/mL 

standard in PFP column 

Peak area of 1 μg/mL standard in 

CSH C18 column 

Improvement 

LYSO PC 4.8 E7 (M+H adduct) 7.3 E7 (M+H adduct) 1.54 fold 

MG 1.6 E6 (M+H adduct) 3.6 E6 (M+Na adduct) 2.22 fold 

Sphingosine 2.8 E8 (M+H adduct) 4.6 E8 (M+H adduct) 1.63 fold 

PI 1.5 E6 (M+H adduct) 9.1 E6 (M+H adduct) 6.16 fold 

PE 1.1 E7 (M+H adduct) 3.2 E6 (M+H adduct) 0.28 fold 

PG 5.0 E5 (M+H adduct) 2.2 E6 (M+Na adduct) 4.45 fold 

PA 1.6 E5 (M+H adduct) 9.8 E7 (M+NH4 adduct) 6.43 fold 

PC 4.3 E7 (M+H adduct) 1.3 E8 (M+H adduct) 3.12 fold 

DG 2.2 E7 (M+H adduct) 1.1 E8 (M+Na adduct) 5.08 fold 

TG 4.4 E7 (M+H adduct) 1.1 E8 (M+H adduct) 2.71 fold 
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Figure 2.6 Example extracted ion chromatograms of lipid metabolite standards using 

reversed-phase method with CSH C18 column with solvent A (water/methanol (60/40, 

v/v) with 10 mM ammonium acetate and 1 mM acetic acid) and solvent B (isopropanol/ 

methanol (90/10, v/v) with 10 mM ammonium acetate and 1 mM acetic acid).  

 

17:0 Lyso PC  

(M+H adduct) 

Intensity: 9.97 E6 

RT: 11.52 

m/z: 510.3553 

 

 Sphingosine  

(M+H adduct) 
Intensity: 1.04 E4 

RT: 11.76 

m/z: 300.289 

 

 16:0 MG  

(M+H adduct) 
Intensity: 5.56 E5 

RT: 11.96 

m/z: 331.2843 

 

 Liver PI (M+NH4 

adduct) 

Intensity: 8.61 E4 
RT: 14.21 

m/z: 904.591 

 

 18:0 PG 
 (M+H adduct) 

Intensity: 1.64 E5 
RT: 15.21 

m/z: 779.5796 

 

 17:0 PE 

 (M+H adduct) 
Intensity: 4.11 E7 

RT: 16.03 

m/z: 720.5538 
 

 19:0 PC  
(M+H adduct) 

Intensity: 9.46 E5 

RT: 17.39 
m/z: 818.6633 

 

 18:0-16:0 DG 

(M+NH4 adduct) 
Intensity: 8.36 E6 

RT: 17.59 

m/z: 614.5718 

 

 18:1-16:0-18:1 TG 
(M+NH4 adduct) 

Intensity: 2.24 E7 

RT: 21.58 
m/z: 876.8015 
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2.2.4.5 Development of MS conditions for all metabolites 

All samples were analyzed on two instruments: an Agilent iFunnel 6550 Quadrupole 

Time-of-Flight mass spectrometer with the PFP RP and HILIC LC methods or on a 

Linear Trap Quadropole (LTQ) Orbitrap Velos (Thermo Fisher Scientific) with the CSH 

C18 RP method. The MS conditions used are listed in Tables 2.5 and 2.6. 

 

2.2.4.5.1 Quadrupole Time-of-Flight (Q-TOF) MS parameters 

An Agilent 1290 Infinity LC System equipped with a G4226A autosampler, a G42200A 

binary pump and a G1330B Thermal Column Compartment was coupled to an Agilent 

6550 iFunnel Accurate-Mass Q-TOF LC-MS equipped with an ESI source with Agilent 

Jet Stream technology. Reference solution was introduced into the ESI source through an 

Agilent G1310B Isocratic Pump for reference ion mass correction. An external 

calibration solution was continuously sprayed in the ESI source of the Q-TOF system, 

employing purine at 112.050873 m/z, and “HP-0921” at 922.009798 m/z for positive 

mode and purine at 119.036320 m/z, HP-0921 (formate adduct) at 966.00072 m/z and 

HP-0921 (acetate adduct) at 980.016375 m/z for negative ESI to ensure mass accuracy 

throughout the chromatographic run. The instrument conditions are listed in Table 2.5. 

The Mass Hunter Workstation (Version B.07.00) LC-MS Data Acquisition software for 

Q-TOF was used to control all the acquisition parameters and also to process the obtained 

data.  

Table 2.5 Q-TOF mass spectrometer conditions 

MS conditions 

N2 drying gas temperature 250 
0
C 

N2 drying gas flow 15 L/min 

Nebulizer pressure 35 psig 

Sheath gas temperature 275 
0
C 

Sheath gas flow 12 L/min 

Capillary voltage 3500 V 

Nozzle voltage 400V 

Oct RF voltage 750 V 

Fragmentor voltage 175 V 

Acquisition rate 2 spectra/s 

Acquisition time 500 ms/spectrum 

Mass range (Metabolites with high to intermediate polarity) 50-1100 m/z 

Mass range (nonpolar metabolites) 250-1200 m/z 
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2.2.4.5.2 LTQ-Orbitrap MS parameters 

LTQ-Orbitrap mass spectrometer was interfaced to an Agilent 1100 series HPLC 

equipped with a G1367A autosampler, a G1312A binary pump and G1322A degasser 

with a HESI source that was operated in both positive and negative ion electrospray 

modes. The MS conditions for LTQ-Orbitrap are listed in Table 2.6.  

Table 2.6 LTQ-Orbitrap mass spectrometer conditions 

MS conditions 

Capillary temperature 275 
0
C 

Source heater temperature 300 
0
C 

Sheath gas flow 10 L/min 

Auxiliary gas flow 5 L/min 

Source voltage positive (4 kV) negative (-3kV) 

S lens RF level (%) 62 

Mass range 100-1000 m/z 

 

Table 2.7 shows the retention time and the limit of quantification (LOQ) of each 

metabolite in PFP RP and HILIC in both positive and negative ESI modes. In reversed-

phase, the compounds in the solvent front are highly suppressed but can typically be well 

retained in HILIC. The values highlighted in gray show the best method for that analyte 

and were used for inter-day and intra-day repeatability evaluations of the optimized 

method discussed in Section 2.3.12. 
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Table 2.7 Summary of retention time (RT), limit of quantitation (LOQ) and intensity 

obtained for various metabolites using different LC-MS methods. 

Metabolites 

Positive ESI-PFP-RP Negative ESI-PFP-RP Positive ESI-HILIC Negative ESI-HILIC 

RT 

(min) 

LOQ 

(ng/mL) 

Peak area 

intensity 

RT 

(min) 

LOQ 

(ng/mL) 

Peak area 

intensity 

RT 

(min) 

LOQ 

(ng/mL) 

Peak area 

intensity 

RT 

(min) 

LOQ 

(ng/mL) 

Peak area 

intensity 

Glutathione 0.50 0.87 2.7E4 0.49 0.87 4.4E3 12.20 3.12 1.4E3 NA 

Lysine 0.42 3.12 6.12E4 0.41 6.25 2.3E3 NA NA 

Choline 0.47 6.25 5.6 E5 NA NA NA 

Glutamic acid 0.46 0.87 5.54E4 0.46 3.12 5.7E3 12.45 0.87 1.4E3 NA 

Histidine 0.42 0.87 4.77E4 0.44 0.87 1.0E3 NA NA 

Glucose 6ph 0.50 3.12 5.60E3 NA NA NA 

Creatinine 0.48 0.87 6.2E4 0.47 25 1.3E3 5.63 0.87 1.8E4 5.68 6.25 2.4E3 

Phenylalanine 0.49 3.12 2.26E5 0.42 0.87 2.2E3 NA NA 

Adenosine 0.50 3.12 1.2E5 0.52 6.25 4.4E3 2.73 3.12 1.4E5 2.78 3.12 2.4E3 

NAD 0.50 25 3.2E3 0.51 6.25 1.4E3 NA NA 

Tryptophan 0.50 3.12 5.0E4 NA NA NA 

Riboflavin 8.01 0.87 5.8E3 7.99 25 5.6E3 2.64 0.87 4.4E3 2.70 0.87 1.2E3 

Epinephrine 0.50 3.12 6.8E4 0.51 3.12 3.7E3 NA NA 

Histamine 0.42 0.87 6.4E4 0.44 25 1.9E3 NA NA 

Nicotinamide 0.49 3.12 1.1E5 NA 1.54 0.87 5.2 E4 NA 

Adenine 0.48 0.87 9.2E4 0.50 3.12 3.5E4 3.43 0.87 3E5 NA 

Biotin 7.96 0.87 9.9E3 7.97 3.12 1.4E4 NA NA 

Maleic acid NA NA NA 0.85 6.25 2.6E4 

Taurocholic 

acid 10.61 25.0 3.8E3 10.70 0.87 3.8E3 3.13 0.87 7.5E2 NA 

Thyroxine 10.99 0.87 5.7E3 11.01 3.12 3.9E3 NA 6.86 6.25 1.7E3 

Tryptamine 7.96 0.87 1.0E4 NA 6.16 6.25 8.3E3 NA 

Cortisol 9.66 0.87 5.8E3 NA 1.01 6.25 2.0E4 NA 

Estrone NA NA NA 4.77 6.25 8.5E3 

Cholic acid 10.83 0.87 3.5E3 10.81 0.87 8.9E3 NA NA 

Estradiol NA NA NA NA 

Q10 NA NA 0.77 0.87 1.2E3 NA 

Vitamin K1 NA NA 0.82 25.0 5.6E3 NA 

*NA: metabolite not observed with the stated method at any of the concentrations tested 

 

2.2.5 Data analysis and calculations 

Extraction efficiency (or absolute recovery) was calculated by dividing the amount of 

analyte extracted by the coating (in ng) with the total amount of analyte spiked into 

sample (in ng). The amount of analyte extracted was determined using an external 

calibration curve of metabolite mixture prepared directly in desorption solvent (minimum 

of 6 concentration levels to cover the entire linear range of the instrument). 

Calibration was performed using 1/x weighted linear regression using Thermo Xcalibur 

software (Version 2.2) and Agilent Mass Hunter workstation (Version B.07.00). Known 

metabolites were processed by extraction of theoretical monoisotopic mass (from 
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METLIN database) of the most intense ion with 10-ppm window tolerance. All integrated 

peaks were checked manually from the extracted ion chromatograms.  

Mass accuracy of the measurement is defined as the ratio of mass error (difference 

between experimentally measured mass and theoretical mass of analyte) and the 

theoretical mass, and multiplied by 10
6
 to convert it to ppm and can be calculated using 

Equation 2.1. 

Mass accuracy (ppm)=
 𝒎𝒆𝒙𝒑𝒆𝒓𝒊𝒎𝒆𝒏𝒕𝒂𝒍−𝒎𝒕𝒉𝒆𝒐𝒓𝒆𝒕𝒊𝒄𝒂𝒍 

𝒎𝒕𝒉𝒆𝒐𝒓𝒆𝒕𝒊𝒄𝒂𝒍
×  𝟏𝟎𝟎𝟎𝟎𝟎𝟎                     Equation 2.1  

 

2.3 Results and discussion 

Sample preparation step is one of the most important and frequently the most time- and 

labor-consuming step in the entire analytical method, and one of critical steps in LC-MS 

global metabolomics workflow. The development of faster, simpler, inexpensive and 

more environmentally friendly sample preparation techniques is an important issue. As 

discussed in more detail in Chapter 1, solvent precipitation methods with methanol are 

currently gold standard methods for this application and there is generally a resistance in 

metabolomics community to employ more selective approaches for this application 

because the goal is to capture as many metabolites as possible in a single method. 

However, the few studies that explore more selective sample preparation methods for 

global metabolomics in plasma have found clear advantages of such methods including 

improving method precision, minimizing matrix effects and complementing metabolome 

coverage.
79,32

 In this work, the potential of D-SPME for global metabolomics is explored. 

SPME has high selectivity because it is based on equilibrium process and even analytes 

with similar log P and pKa values can have different K values based on the chemistry of 

selected sorbent. In addition, in this method small amount of extraction phase is used in 

comparison to sample volume, thus exhaustive recovery is not achieved. To date, SPME 

has only been explored in fiber format for LC-MS metabolomics studies.
32,82,83

 D-SPME 

has not yet been tested for global metabolomics applications despite clear advantages in 

terms of sorbent flexibility, low cost per sample and fast extraction rates. In this study, 

we evaluated D-SPME method for the first time in combination with three different types 

of ion exchange functionalized hydrogel materials in order to evaluate its potential to 

increase the metabolite coverage. Considering this is the first use of these materials for 

global metabolomics, it was mandatory to first perform comprehensive optimization of 

the protocols to ensure the widest possible metabolite coverage and optimal achievable 

method performance. D-SPME is based on equilibrium process therefore all the 

parameters that affect equilibrium such as pH, solvent and time can affect extraction 
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efficiency as well. Figure 2.7 summarizes all the parameters that were optimized during 

method development in current study.  

Figure 2.7 Overview of parameters that were optimized during D-SPME method 

development. 

2.3.1 Selection of extraction phase for D-SPME 

Selecting the appropriate coating is the first step in SPME method development and it 

depends on understanding the mechanism(s) of interaction and properties between the 

sorbent and analyte of interest. The most common mechanisms of interaction include, van 

der Waals forces (non-polar interactions), hydrogen bonding, dipole-dipole forces and 

cation-anion electrostatic interactions (ionic interactions). Polymer hydrogel nanoparticle 

can undergo facile functionalization at room temperature and be prepared at relatively 

low cost, therefore different molecular interactions are achievable. One of the main issues 

with existing SPME coatings is relatively poor extraction efficiency of polar 

compounds
79

, so in this work we wanted to evaluate hydrogels enhanced with ion-

exchange functionality to see how well these materials can perform for the extraction of 

metabolome and whether they can improve extraction of polar charged metabolome in 

particular. To enhance the extraction of anionic (negatively charged) compounds, 

hydrogels with tertiary amine group of N-(3-aminopropyl) methacrylamide hydrochloride 

(APMAH) were evaluated. Similarly, the effect of functionalization for the extraction of 

cationic compounds was evaluated using hydrogels functionalized with acrylic acid 

(AAC) or vinyl acetate (VAC) groups. Therefore, in the materials tested it was expected 

to observe both non-polar interactions and ion-exchange interactions based mainly on the 

electrostatic attraction of the charged functional group in the compound to the charged 

functional group in the microgel.  
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2.3.2 Effect of microgel particle size  

Theoretically, using the smaller particle size of extraction phase will provide higher 

extraction efficiency due to the increase in surface area and volume.
 98

 The microgel 

particles used in this study were porous and may not be perfectly spherical. The results 

obtained for the experiment evaluating 400 nm and 1.1 µm sorbent particle sizes are 

shown in Figure 2.8. The extraction with 400 nm particles increased recovery for some 

compounds such glutamic acid (44%), biotin (20%) and thyroxine (67%). There was no 

difference for riboflavin, lysine and adenine. Assuming spherical shape and the same 

porosity of 1.1 µm and 400 nm particles, theoretical volume of the particles increased by 

20 times for the smaller particle size, while theoretical surface area increased by 7 times. 

However, the differences in the recovery did not match theoretical calculation possibly 

due to the differences in network pore size, particle shape and/or incomplete 

sedimentation of the smaller particles. The volume calculation also excludes porosity and 

overestimates the enhancement. Both area and volume calculations also neglect the 

number of binding sites available and steric hindrance, so it is not surprising the observed 

enhancements are lower than expected. As it will be discussed in Section 2.3.8, smaller 

particle size also needs longer centrifugation times to sediment the particles and separate 

the supernatant. As a result, 1 µm particle size was selected for all further experiments 

because it requires shorter centrifugation times for sedimentation while providing good 

recoveries, which will make the overall workflow faster and more practical.  

 

Figure 2.8 Effect of particle size (1.1 µm versus 400 nm) on extraction efficiency of 5% 

APMAH.  The extraction was performed with adding 200 µL of 1 µg/mL metabolite 

standard in pH 7.5 PBS to 25 µL of 5% APMAH hydrogel according to procedure 

described in Section 2.2.3.2. The analytes were eluted using 100 µL of methanol. The 

samples were analyzed using PFP LC-MS method. 
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2.3.3 Optimization of desorption conditions for metabolites with high to 

intermediate polarity 

Optimization of desorption solvent conditions during SPME method development relied 

on testing of different solvents (acetonitrile and methanol) and investigating the effect of 

pH adjustment in order to achieve efficient desorption of the analytes. 

2.3.3.1 Effect of different solvents on elution for metabolites with high to 

intermediate polarity  

This experiment was performed on 10% AAC hydrogels using the same extraction 

conditions described in Section 2.2.3.2. The efficiency of desorption step is highly 

dependent on the type of desorption solvent. In order to obtain a good recovery, the 

solvents should be capable to dissolve compounds of interest and be compatible with LC-

MS. In current study, polar solvents such as methanol or acetonitrile were tested for their 

ability to desorb the analytes from the microgel. The results obtained are shown in Figure 

2.9. Acetonitrile and methanol are both polar water-miscible solvents but the eluotropic 

strength of acetonitrile is higher than methanol so that it can better disrupt the interactions 

between analyte and microgel. As it is shown in Figure 2.9, the recovery was increased 

by using acetonitrile for all compounds within the experimental error except for thyroxine 

and cortisol. T-tests for cortisol and thyroxine were statistically significant (p-value 

<0.05) therefore; analyte solubility in methanol versus acetonitrile may have contributed 

to better performance of methanol. For phenylalanine, the observed difference between 

the two solvents was not significant (p-value: 0.1) indicating both solvents perform well 

for this analyte. According to these results acetonitrile was chosen as desorption solvent 

for metabolites with high to intermediate polarity. 
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Figure 2.9 Optimization of desorption solvent (methanol versus acetonitrile) for 

metabolites with high to intermediate polarity on 10% AAC. The extraction was achieved 

with 1 µg/mL of metabolite standards in water. The analytes were eluted using 100 µL of 

methanol or acetonitrile. The samples were analyzed using PFP LC-MS method. 

2.3.3.2 Effect of desorption pH on elution of metabolites with high to intermediate 

polarity 

Adjustment of the desorption solvent pH can improve desorption efficiency of the 

method for basic and acidic analytes by disrupting electrostatic interactions. To elute the 

compound of interest that participates in ionic interactions, pH change can be used to 

neutralize either the functional group on the compound or the functional group on the 

sorbent surface. When one of these functional groups is neutralized, the electrostatic 

force that binds the two together is disrupted and the compound will elute. For AAC 

(pKa= 4.25) and VAC (pKa=5) the use of low pH will protonate the ion-exchange groups 

on the sorbent, while for APMAH (pKa= 8.3) the use of high pH will deprotonate amine 

ion-exchange functionality. As it is shown in Figures 2.10 and 2.11 for AAC and VAC, 

the first desorption step was performed in acetonitrile so that it shows the disruption of 

van der Waals forces (e.g., dipole-dipole interaction, hydrogen bonding and London 

dispersion forces such as dipole-induced dipole interaction and induced dipole-induced 

dipole interaction), thus eluting neutral compounds. In the second step, 1% formic acid 

was added to acetonitrile to lower the pH of desorption solvent and disrupt the ionic 

interaction (the second bar shown in Figure 2.10 and 2.11 is the sum of first and second 

desorption step). By changing the pH of second desorption, the ionization of AAC and 

VAC microgel will be changed (surface will be protonated) and ionic interaction between 

compounds with amine functionality and AAC, VAC microgel (which has acidic 

functionality) will be disrupted. The results show that ionic interactions were clearly 
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present and could be efficiently disrupted by the change in pH. In the third desorption, 

acetonitrile with 5 mM ammonium acetate was used for AAC and VAC microgel to 

evaluate the effect of changing ionization of compounds, and investigate whether 

complete disruption of ionic interactions was achieved in the second desorption step (the 

third bar shown in figure 2.10 and 2.11 is the sum of second and third desorption step). It 

should be noted that we only used low ionic strength adjustment to maintain 

compatibility with direct LC-MS injection without causing significant decrease in analyte 

ionization during ESI. The extent of swelling depends on the degree of ionization, quality 

of solvent, cross-link density, and ionic strength.
106 

Microgels exhibit different 

equilibrium degrees of swelling in response to various kinds of salts and concentration. In 

general, an increase in ionic strength decreases the repulsive electrostatic forces between 

the dissociated acrylic acid groups and decrease in the hydrodynamic radius which in turn 

lead to microgel deswelling .
101

 The adjustment of ionic strength in the third desorption 

step did not increase the amount of metabolites desorbed, except for choline in AAC and 

epinephrine in VAC microgel. Therefore, third step desorption with salt did not improve 

extraction efficiency and was not used for following experiments.  

 

Figure 2.10 Effect of desorption pH on elution of metabolites with high to intermediate 

polarity on 10% AAC. The extraction was done as discussed in Section 2.2.3.3 with 1 

µg/mL of metabolite standards in water. The first desorption step was in 100 µL of 

acetonitrile, the second desorption step was in 100 µL of acetonitrile/formic acid (99/1, 

v/v) and third step was in acetonitrile with 5 mM ammonium acetate (bars for subsequent 

desorption steps are cumulative). The samples were analyzed using PFP LC-MS method. 

For metabolites such as epinephrine and histamine in AAC microgel and metabolites 
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such as lysine and histamine in VAC microgel, the use of acetonitrile in the first 

desorption solvent shows the effect of van der Waals forces and/or hydrogen bonding. In 

the second desorption step, the decrease of pH causes the protonation of the functional 

group of AAC and VAC microgels, thus eluting all analyte molecules that were held 

through ionic interactions. Therefore, for efficient elution of ACC and VAC microgels, 

pH adjustment is necessary. 

 

Figure 2.11 Effect of desorption pH on elution of metabolites with high to intermediate 

polarity from 10% VAC. The extraction was performed as discussed in Section 2.2.3.2 

with 1 µg/mL of metabolite standards in water. The first desorption step was in 100 µL of 

acetonitrile, the second desorption step was in 100 µL of acetonitrile/formic acid (99/1, 

v/v) and third step was in acetonitrile with 5 mM ammonium acetate (bars for subsequent 

desorption steps are cumulative). The samples were analyzed using PFP LC-MS method. 

Although acetonitrile generally outperformed methanol as desorption solvent, the 

solubility of some metabolites is going to be limited in acetonitrile. Therefore, in the next 

experiments the effect of using acetonitrile/water (9/1) versus pure acetonitrile was tested 

in combination with two-step desorption protocol. The first desorption was performed 

without pH adjustment as described in Section 2.3.3.2, and second desorption was with 

pH adjustment. The two steps were combined and subjected to LC-MS analysis. Figure 

2.12 shows that a small amount of water (10%) in the desorption solvent helped to 

increase the recovery for almost all metabolites tested due to the better solubility of polar 

compounds in water. The addition of 10% water was selected to achieve optimum 

chromatographic peak shape in HILIC. Final sample extract should be dissolved in 
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solvent of weaker or equal strength to starting conditions. For HILIC chromatography, 

this means using acetonitrile/water (9/1, v/v) as injection solvent. Higher percentage of 

water in desorption solvent was not tested because it would result in poor peak shape and 

require evaporation/reconstitution to exchange solvent. Consequently, for the optimized 

method acetonitrile/water/formic acid (90/9/1, v/v) was selected as the best desorption 

solvent and is directly compatible with HILIC. This eliminates the need for 

evaporation/reconstitution of samples, and decreases the experimental error that arises 

from these manipulation steps. 

Figure 2.12 Comparison of acetonitrile versus acetonitrile/water (9/1, v/v) as desorption 

solvent for metabolites with high to intermediate polarity with 10% AAC. The first 

desorption was performed without pH adjustment as described in Section 2.3.3.2, and 

second desorption was with pH adjustment. Both desorption steps were combined and 

analyzed using PFP LC-MS method. 

Figure 2.13 shows the effect of increasing desorption pH on analyte elution with 10% 

APMAH microgel. For the first desorption step, acetonitrile was used to see the effect of 

van der Waals forces and desorb neutral analytes. In the second step, ammonium 

hydroxide in acetonitrile was used to increase the pH of desorption solvent and disrupt 

the binding via ionic interactions. By changing the pH of second desorption, the 

ionization of amine functionality of APMAH microgel was changed. This disrupts the 

interaction of compounds with acidic functionality such as glutamic acid and taurocholic 

acid with APMAH microgel. The recovery of these compounds clearly increased when 

high pH was used in desorption solvent indicating presence of ionic interactions. It was 

also investigated if adding one more desorption step with acetonitrile and ammonium 

hydroxide would help to increase the extraction efficiency of acidic compounds but no 

further increase in recovery was observed. This means that one step desorption with pH 
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adjustment is sufficient to disrupt all the ionic interactions between compounds and 

microgel as predicted theoretically. Consequently, for the optimized method one step 

desorption with acetonitrile in ammonium hydroxide was selected for APMAH microgel.  

Figure 2.13 Effect of pH on elution of metabolites with high to intermediate polarity on 

10% APMAH. Metabolite standards were prepared in water with the concentration 1 

µg/mL. First desorption step was performed with 100 µL of acetonitrile and second 

desorption step was with 100 µL of acetonitrile with 5 mM ammonium hydroxide and 

third step desorption was the same as second step (bars for subsequent desorption steps 

are cumulative). They were analyzed using PFP LC-MS method. Samples were 

neutralized prior to injection. 

2.3.4 Effect of increasing desorption volume 

Increasing the volume of desorption solvent can help improve desorption process to 

ensure all analyte are effectively removed from the sorbent. In this experiment, the effect 

of increasing the desorption volume from 100 to 200 µL was investigated. The results 

obtained are shown in Figure 2.14. The extraction efficiency improved slightly for 

histidine, lysine, tryptamine, thyroxine, nicotinamide, creatinine, epinephrine and 

phenyalanine. However, precision deteriorated as shown by the higher error bars for 200 

µL desorption volume. For this desorption solvent volume, the signal intensity for MS 

detection decreases due to dilution, which can also decrease method precision. Increasing 

desorption solvent can increase the recovery slightly and reduce the carryover, but the 

microgels are designed for single-use, therefore carryover is not primary issue. 
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Considering good method precision and metabolite coverage is crucial for metabolomics 

studies, 100 µL was chosen as desorption volume for D-SPME method due to better 

method precision and the fact that small improvements in recovery are offset by 2-fold 

dilution when larger desorption volume is used. 

 

Figure 2.14 Effect of increasing desorption volume on 10% AAC. Extraction method is 

the same as Section 2.2.3.2. First and second desorption step was in acetonitrile/formic 

acid (99/1, v/v) and third desorption step was in acetonitrile/water (9/1, v/v). The samples 

were analyzed using PFP LC-MS method. 

2.3.5 Optimization of desorption conditions for lipids 

The effect of desorption solvent and pH was next evaluated for lipid metabolites. 

2.3.5.1 Effect of different solvents on elution of lipids 

The analytes considered here are relatively hydrophobic thus, a suitable organic solvent 

was needed for desorption. This experiment was performed on 10% AAC with different 

desorption solvents: methanol, acetonitrile and isopropanol as many lipid species are not 

very soluble in acetonitrile. Acetonitrile is a polar aprotic solvent with large dielectric 

constant (37 F/m) and large dipole moment (3.92 D), but that does not participate in 

hydrogen bonding. Methanol and isopropanol are polar protic solvents, which tend to 

have high dielectric constants (methanol: 33 F/m and isopropanol: 20 F/m) and high 

dipole moments (methanol: 1.70 D and isopropanol: 1.68 D). Furthermore, since they 

possess hydroxyl functionality, they can participate in hydrogen bonding. As shown in 

Figure 2.15, there was no significant difference observed between isopropanol and 

methanol in terms of desorption efficiency so either solvent can be selected. For this 

work, methanol was selected as desorption solvent for lipids. In addition, the figure 
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shows that neutral lipids such as MG, DG, and TG are soluble in acetonitrile, however 

phospholipids are not soluble in acetonitrile which opens up different possibilities for 

sequential desorption protocols. Such protocol would have the benefit of desorbing polar 

metabolites while most phospholipids would remain in the sorbent, which would decrease 

potential for ion suppression considering phospholipids are notorious for causing severe 

ion suppression problems.
84

Lyso PC and sphingosine are amphiphilic and easy to 

solubilize so that they were efficiently desorbed in acetonitrile as well. 

Figure 2.15 Optimization of desorption solvent (methanol versus acetonitrile versus 

isopropanol) for lipids on 10% AAC. Extraction was performed as described in Section 

2.2.3.3 with 3-steps desorption using each of three different solvents. All desorption steps 

were combined prior to CSH C18 LC-MS analysis. 

2.3.5.2 Effect of elution pH on lipid metabolites  

After selecting methanol as an appropriate solvent for elution of lipids, the effect of pH 

adjustment during desorption step was evaluated in order to improve the recovery. For 

10% AAC, 10% VAC and 5% APMAH, first and second step of desorption was 

performed using methanol. For AAC and VAC third and fourth desorption steps were 

performed using methanol/formic acid (99/1, v/v), whereas for APMAH, methanol with 5 

mM ammonium hydroxide was used. The results obtained are shown in Figures 2.16, 

2.17 and 2.18.  

The two-step desorption with methanol was efficient to remove the majority of lipids 

extracted by the hydrogels. For AAC and VAC, low pH was used in the third and fourth 

step to see the effect of ionic interaction. By changing pH of the desorption solvent, AAC 

and VAC will be protonated so any ionic interactions with positively charged 

glycerophospholipids such as PE, PC and Lyso PC will be disrupted. According to the 

results shown in Figures 2.16 and 2.17, there was no significant contribution of ion-
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exchange mechanism and recovery did not increase proportionally for these lipids. The 

slightly increasing trend, which is seen, can be the result of sequential desorption itself as 

neutral lipids such as TG exhibited the same trend. The lack of electrostatic interactions 

could be due to the repulsion between negatively charged phosphates on lipids and 

negatively charged acid groups on AAC and VAC microgel. In addition, the presence of 

40% methanol during extraction to ensure lipid solubility could also minimize the extent 

of ionic interactions. According to Figure 2.16, increasing the number of desorption steps 

increases recovery of all lipids slightly except for sphingosine with AAC microgel where 

significant increase is observed. For VAC microgel as shown in Figure 2.17, recovery 

increased proportionally for all lipids by increasing the number of desorption steps. 

However, the use of four desorption steps considerably increases desorption time, so two-

step desorption with methanol and methanol/formic acid (99/1, v/v) was selected as an 

acceptable compromise between desorption recovery and desorption time required. 
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Figure 2.16 Effect of pH on elution of lipids with 10% AAC. Lipid standards were 

prepared in methanol/water (40/60, v/v) with the concentration of 1 µg/mL. First and 

second desorption steps were performed with 100 µL of methanol, third and fourth 

desorption steps were performed with 100 µL of methanol/formic acid (99/1, v/v). The 

samples were analyzed using CSH C18 LC-MS method. The bars for subsequent 

desorption steps are cumulative. 

Figure 2.17 Effect of pH on elution of lipids with 10% VAC. Lipid standards were 

prepared in methanol/water (40/60, v/v) at the concentration of 1 µg/mL. First and second 

desorption steps were performed with 100 µL of methanol, third and fourth desorption 

steps were performed with 100 µL of methanol/formic acid (99/1, v/v). The samples were 

analyzed using CSH C18 LC-MS method. The bars for subsequent desorption steps are 

cumulative.  

1DES: Methanol 

2DES: Methanol 
3DES: Methanol/formic acid (99/1, v/v)  

4DES: Methanol/formic acid (99/1, v/v)  
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However, in contrast to AAC and VAC results, APMAH hydrogels showed clear 

contribution of ionic interactions for negatively charged glycerophospholipids such as PI, 

PG and PA. These lipids are negatively charged at high pH. By pH adjustment of 

desorption solvent, APMAH becomes deprotonated and ionic interactions will be 

disrupted. As shown in Figure 2.18, recovery increased proportionally for all lipids 

except for PI and PG, which showed significant jump in cumulative recovery after pH 

adjustment of the desorption solvent. This provides evidence that there are ionic 

interactions between PI and PG lipids in the APMAH microgel. Similar trend is expected 

to be observed for PA lipids. However, this experiment was run using reversed phase 

method in positive ESI mode and PA has good signal intensity only in negative mode. 

Because of this factor PA was not observed in this experiment.  

By considering both sample throughput and reasonable extraction efficiency two-step 

desorption was selected for the optimized protocol. One step desorption with methanol 

and one step with methanol and pH adjustment. The pH adjustment is only critical for the 

recovery of negatively charged lipids such as PI and PG with APMAH hydrogel, while 

for AAC and VAC pH adjustment may be omitted.  

 

Figure 2.18 Effect of pH on elution of lipids with 5% PMAH. Lipid standards were 

prepared in methanol/water (40/60, v/v) at the concentration of 1 µg/mL. First and second 

desorption steps were performed with 100 µL of methanol, third and fourth desorption 

steps were performed with 100 µL of methanol with 5 mM ammonium hydroxide. The 

samples were analyzed using CSH C18 LC-MS method. The bars for subsequent 

desorption steps are cumulative. Samples were neutralized prior to injection. 

1DES: Methanol 

2DES: Methanol 
3DES: Methanol with 5 mM ammonium hydroxide 

4DES: Methanol with 5 mM ammonium hydroxide 
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2.3.6 Optimization of sample pH  

In order to retain an analyte by ionic interaction, analyte must be ionized and therefore 

the sample pH as well as analyte pKa values will affect the degree of analyte ionization. 

The pH of the sample matrix must be one at which both the compound of interest and the 

functional groups on the microgel are oppositely charged. Also, there is possibility that 

other species of the same charge as the compound in the matrix may interfere with the 

adsorption of the compound of interest, as there is only limited number of ion-exchange 

sites available within the sorbent. 

2.3.6.1 Effect of sample pH for extraction of metabolites with high to intermediate 

polarity 

In this experiment, the effect of different sample pH (3.0, 5.5, 7.5 and 9.0) on analyte 

recovery was tested. To increase the contribution of ionic interactions, it was required to 

choose the pH at which both microgel functionality and analyte functionality are charged. 

For instance, Figure 2.19 shows drastic increase in recovery of some metabolites at pH 

5.5 such as histidine, lysine, creatinine, phenylalanine, adenine and tryptamine. AAC 

functionality on the hydrogel has pKa of 4.25 so the extraction phase will be 

predominantly negatively charged at pH 5.5 and above. Reducing pH below this value 

results in the protonation of the extraction phase, which results in reduction of 

electrostatic interactions, increasing its hydrophobicity and expelling water that leads to 

shrinking of the hydrogel, a reduction of particle diameter and pore size and therefore the 

reduction in recovery. At pH 5.5 both microgel and many analytes of interest are charged 

leading to optimum extraction efficiency for this hydrogel. For example, Table 2.8 shows 

the percent of ionization of AAC microgel and lysine (considering pKa of amine 

functionality) at different sample pH. It shows that at pH 5.5 and 7.5 both lysine and 

AAC microgel has the highest % of ionization, thus resulting in the highest extraction 

efficiency. On the other hand, in Figure 2.19, the recovery for lysine at pH 7.5 was 

decreased. Lysine is an amino acid and contains both amine and carboxylic acid groups; 

therefore, there may be repulsion between deprotonated carboxylic acid on AAC 

microgel and deprotonated carboxylic acid on lysine at high pH. This is probable cause of 

the observed difference in recovery at pH 5.5 and pH 7.5 in Figures 2.19 and 2.20. 

Furthermore, at pH 9.0, carboxylic acid with pKa 9.0 is partially charged therefore it 

could be the reason of drop in recovery at pH 9.0 for lysine. As shown in Figure 2.19, the 

same trend was observed for other amino acids such as histidine and phenylalanine.  

In one study, the hydrodynamic diameter of copolymer microgel particles (95% NIPAM-

5% AAC) as a function of pH was investigated.
67

 It was established that the 

hydrodynamic radius of AAC microgels dissolved at high pH is always greater than that 
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at low pH. This is due to deprotonation of the AAC groups at pH > ∼4.25 (pKa for AAC). 

The generated charges lead to intra-microgel coulombic repulsion and increased osmotic 

pressure, which in turn lead to microgel swelling, and an increase in the hydrodynamic 

radius and increase recovery. The largest increase in gel swelling occurs between pH 3.9 

and 6, which is consistent with the acrylic acid pKa of 4.25. Therefore, it would help 

explain the difference of recovery at pH 5.5 and 7.5 for compounds with amine 

functionality such as creatinine, adenine, tryptamine and amino acids due to the swelling 

of microgel but this requires further investigation. The phenomenon of swelling also 

explains the increases in extraction recovery for neutral analytes tested. For example, this 

effect can be clearly seen for cortisol, where increasing pH increases extraction efficiency 

due to gel swelling not the ionic interaction. In summary, pH 5.5 was selected as the 

optimum pH for AAC and VAC hydrogels as it provided good recoveries for both amine-

containing and neutral metabolites. 

Figure 2.19 Effect of sample pH for metabolites with high to intermediate polarity on 

10% AAC. Extraction was performed with 1 µg/mL metabolite standard, which was 

prepared in different buffers at pH 3.0, 5.5, 7.5 and 9.0. The first desorption step was in 

100 µL acetonitrile, the second desorption step was in 100 µL of acetonitrile/formic acid 

(99/1, v/v) and third step was in acetonitrile with 5 mM ammonium acetate. All 

desorption steps were combined together prior to PFP LC-MS analysis. 
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Table 2.8 Percent ionization of AAC microgel and lysine at different pH 

  

 

 

 

Figure 2.20 Effect of sample pH for metabolites with high to intermediate polarity on 

10% VAC. Extraction was done with 1 µg/mL, which is prepared in different buffers at 

pH 3.0, 5.5, 7.5 and 9.0. The first desorption step was in 100 µL acetonitrile, the second 

desorption step was in 100 µL of acetonitrile/formic acid (99/1, v/v) and third step was in 

acetonitrile with 5 mM ammonium acetate. All desorption steps were combined together 

prior to PFP LC-MS analysis. 

APMAH has basic functionality depending on the extraction pH employed; therefore, it 

can participate in electrostatic interactions with molecules that have acidic functionality 

such as taurocholic acid. In order to have the particle surface fully charged, the pH must 

be adjusted to value at least 2 units below the pKa of APMAH microgel (8.3); therefore, 

pH 5.5 and pH 3.0 both are applicable. According to Figure 2.21, drastic increases in 

recovery of almost all metabolites were observed at pH 3.0 expect for glutamic acid for 

which pH 5.5 was optimal. Table 2.9 shows the percent of ionization of APMAH 

pH 
Lysine AAC microgel 

Pka =9.0 Pka =10.5 Pka= 4.25 

pH= 3.0 99.99 99.99 5.32 

pH= 5.5 99.96 99.99 94.67 

pH= 7.5 96.93 99.90 99.94 

pH= 9.0 50 96.93 99.99 
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microgel and glutamic acid with different pKa (2.2 and 4.3)
 102

 at different sample pH. 

Acidic functionality of glutamic acid is mostly protonated at pH 3.0 whereas at pH 5.5 

both acidic functionalities on glutamic acid are predominantly deprotonated while 

APMAH microgel is positively charged. This can facilitate electrostatic interactions and 

explains the observed increase of the recovery at pH 5.5 for glutamic acid as shown in 

Figure 2.21.  

Furthermore, for neutral compounds such as thyroxine and cortisol, the increases in 

extraction recovery observed at pH 3.0 are due to gel swelling not the ionic interaction. 

Overall, the recovery of all compounds except glutamic acid increased at pH 3.0, 

therefore pH 3.0 was selected as the optimum pH for APMAH hydrogels. 

 

Table 2.9 Percent ionization of APMAH microgel and glutamic acid at different pH 

 

 

  

Glutamic acid pKa =2.2 pKa= 4.3 pKa= 8.3 (APMAH) 

pH= 3.0 86.31 4.77 99.99 

pH= 5.5 99.94 94.06 99.84 

pH= 7.5 99.99 99.93 86.31 
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Figure 2.21 Effect of sample pH for metabolites with high to intermediate polarity on 

10% APMAH. Extraction was performed with 1 µg/mL, which was prepared in different 

buffers at pH 3.0, 5.5, 7.5 and 9.0. First desorption step was done with 100 µL of 

acetonitrile and second desorption step was with 100 µL of acetonitrile with 5 mM 

ammonium hydroxide.  All desorption steps were combined and neutralized prior to PFP 

LC-MS analysis.  

2.3.6.2 Effect of sample pH for lipids 

As shown in previous section, the pH of the solution plays a key role in the extraction of 

compound of interest on the microgel surface. In this experiment, the effect of pH on the 

extraction recovery for lipids was studied and the extraction method is the same as 

Section 2.2.3.3. The pH value was adjusted by using appropriate buffer solutions at given 

pH in water and then adding methanol to a final concentration of 40% to ensure lipid 

solubility.  

When an organic modifier is added to an aqueous buffer to prepare sample solution, 

solvent pKa and autoprotolysis constant of the solvent change. Accordingly, pH of the 

organic mixture will be different than the measured aqueous pH of the buffer (for 

example the dissociation constant for methanol and water is 16.84 and 14 at 25
0
C 

respectively, thus the neutral point of methanol at 25
0
C will be pH 8.42).

 112
 The effect of 

organic solvent composition on the pH of mobile phase was tested in one study and they 

found that the true pH shifted to higher values in presence of methanol.
118

 Although they 

did not use the same buffer composition as in current study, the extrapolation of their 

results to our buffer indicates that apparent pH in presence of organic solvent will be 
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higher than measured in aqueous buffer, but the expected difference would be less than 1 

pH unit.  

The results are shown in Figures 2.22, 23 and 24. In aqueous systems, AAC and VAC 

have negative charges above pH 5.5 which should enhance ionic interactions with lipids 

that have positively charged ions in their head group such as PE, PC and Lyso PC. In the 

present mixed solvent system, we are assuming that the pka’s and pH’s are largely the 

same, or at least scale together, as what is observed in an aqueous environment. However, 

these lipids also have phosphate groups in their structure that can cause repulsion. 

Because of that, an increasing trend in recovery was not observed for these lipids. These 

results further confirm our results in Section 2.3.3.2 that suggested there is no major 

contribution of ion-exchange mechanism for the extraction of lipids using ACC and VAC 

hydrogels.  

In general, at pH 5.5 all lipids were detected in AAC and VAC microgel, so this pH was 

chosen as optimum based on its best performance for polar metabolome in Section 

2.3.6.1.  

Figure 2.22 Effect of sample pH for lipids on 10% AAC. Lipid standards were prepared 

at the concentration of 1 µg/mL in different buffer solutions at given pH (3.0, 5.5 and 

9.0) and then adding methanol to a final concentration of methanol/water (40/60, v/v). 

Three step desorption was performed in methanol, combined together and analyzed using 

CSH C18 LC-MS method. 
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Figure 2.23 Effect of sample pH for lipids on 10% VAC. Lipid standards were prepared 

at the concentration of 1 µg/mL in different buffer solutions at given pH (3.0, 5.5 and 

9.0) and then adding methanol to a final concentration of methanol/water (40/60, v/v). 

Three step desorption was performed in methanol, combined together and analyzed using 

CSH C18 LC-MS method. 

APMAH which has positively charged functionality may interact with lipids that have 

negatively charged ions such as PI and PG via ionic interaction. As it is shown in Figure 

2.24 at pH 3.0, the recovery for PG was increased, however for PI the recovery did not 

change within the experimental error. In general, at pH 3.0 all lipid classes were detected 

using APMAH microgel so this pH was chosen based on the results for polar 

metabolome.  
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Figure 2.24 Effect of sample pH for lipids on 5% APMAH. Lipid standards were 

prepared at concentration of 1 µg/mL in different buffer solutions at given pH (3.0, 5.5 

and 9.0) and then adding methanol to a final concentration of methanol/water (40/60, 

v/v). Three step desorption was performed in methanol, combined together and analyzed 

using CSH C18 LC-MS method. 

2.3.7 Optimization of extraction time 

Extraction time can affect extraction recovery in SPME because it takes time to achieve 

equilibrium. The microextraction process is considered complete when the analyte 

concentration reaches equilibrium in the sample and microgel. The time required is 

dependent on the partition coefficient of the analyte as well as its diffusion properties. 

The short diffusion path (which is very important when the matrix is highly viscous, such 

as plasma) will result in the shorter equilibration time. Extraction time also depends on 

geometry of the extracted phase (availability and number of extraction phase sites), 

temperature and agitation conditions. Once equilibrium is achieved, increasing extraction 

time further will result in no additional increases in analyte recovery.  In the dispersive 

format of SPME, contact surface between the analytes and the support is higher and 

diffusion path is shorter, both of which increase the extraction rate and shorten the time 

required to reach equilibrium. This is in contrast to fiber format of SPME where thick 

commercial SPME coatings can take several hours to reach equilibrium. 

2.3.7.1 Effect of extraction time for metabolites with high to intermediate polarity 

In this experiment, extraction times were varied from 5 to 60 minutes using the same 

extraction conditions as Section 2.2.3.2. For almost all species tested equilibrium was 

reached within 5 minutes within the experimental error and no further increases in the 
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amount extracted were observed with subsequent increases in extraction time. Therefore, 

short extraction time of 5 minutes was chosen for D-SPME method. Such short 

equilibration time could be achieved due to the microgel size, structure and high degree 

of porosity. Moreover, in the dispersive format of SPME, contact between the analytes and 

the support is higher which increases the extraction rate and shortens the time required to 

reach equilibrium. 

Figure 2.25 Effect of extraction time on 10% AAC for metabolites with high to 

intermediate polarity. Extraction was performed as described in Section 2.2.3.2. First and 

second desorption steps were in acetonitrile/formic acid (99/1, v/v) and third desorption 

step was in acetonitrile. The samples were combined and then analyzed using PFP LC-

MS method. 
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2.3.7.2 Effect of extraction time for lipids 

In this section the effect of extraction time on lipid compounds is evaluated according to 

the Section 2.2.3.3. Different extraction time from 5 to 60 minutes was used. An 

extraction time profile was determined by measuring the recovery is shown in Figure 

2.26. As discussed in Section 1.4.2, the equilibration time is defined as the time after 

which the amount of analyte extracted remains constant within experimental error. 

According to these results 5 minutes was chosen as the extraction time for D-SPME 

method for lipids.  

Figure 2.26 Effect of extraction time on 10% AAC for lipids. Extraction was performed 

as described in Section 2.2.3.3. Three step desorption with methanol was used.  All 

desorption steps were combined and analyzed using CSH C18 LC-MS method. 

2.3.8 Optimization of centrifugation time 

Centrifugation is a process that involves the use of the centripetal force for the 

sedimentation of heterogeneous mixtures with a centrifuge. The separation efficacy of the 

centrifugation process depends on three variables, the centrifugation time, the relative 

centrifugation force (RCF) and the temperature.
109

 Relative centrifugation speed is 

limited by the centrifuge rotor and in current study, maximum speed (25000g) was used. 

It was not suitable to switch to ultracentrifugation to achieve higher speeds, because this 

would limit the utility of protocol to only labs that have access to ultracentrifuges. The 

effect of temperature was also not explored due to the limited stability of analytes during 

extraction at elevated temperatures when working with biological samples. Therefore, 

only the centrifugation time was varied in this experiment to achieve the required 

separation of supernatant from microgel. 
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For D-SPME, centrifugation is used in all steps of extraction, wash and desorption to 

separate hydrogels from the supernatant. Therefore, the effect of centrifugation time was 

investigated using the same extraction method conditions as described for Section 

2.2.3.2. Figures 2.27 and 2.28 show the comparison of 10- and 30-minute centrifugation 

time. As shown in Figure 2.27, for AAC and VAC microgels increasing centrifugation 

time did not improve the recovery or method precision within experimental error, 

indicating sedimentation process is complete within the 10 minutes.  Therefore, 10-

minute centrifugation time was chosen for all AAC and VAC hydrogels for D-SPME 

method. According to Figure 2.28 high variability was observed for APMAH with 10- 

minute centrifugation. For 10% APMAH longer centrifugation time was required to 

sediment microgel due to smaller size of APMAH microgel compared to other kind of 

microgels as shown by improved recovery and method precision when using 30-minute 

centrifugation time. Therefore, 30-minute centrifugation time was chosen for 10% 

APMAH with D-SPME method while for 5% APMAH 10-minute centrifugation time 

similar to AAC and VAC hydrogels was used for all subsequent experiments.  

Figure 2.27 Optimization of centrifugation time for 5% AAC. Metabolite standards were 

prepared in water at the concentration of 1 µg/mL. Three step desorption was performed 

with acetonitrile/formic acid (99/1, v/v). The samples were analyzed using PFP LC-MS 

method.  
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Figure 2.28 Optimization of centrifugation time for 10% APMAH. Metabolite standards 

were prepared at pH=3.0 with the concentration 1 µg/mL. First step desorption was 

performed using acetonitrile, second and third step desorption was with acetonitrile with 

5 mM ammonium hydroxide. The samples were combined, neutralized and then analyzed 

using PFP LC-MS method. 

2.3.9 Effect of increasing portion of functional monomer  

For this experiment, the effect of having 5, 10 and 15% of functional monomer was 

evaluated. However, to ensure fair comparison, first the amount of sorbent in each 

hydrogel portion was determined. The solvent from 100 µL of each microgel was 

evaporated with Speedvac. The amount of sorbent for each microgel tested is tabulated in 

Table 2.10. As mentioned previously 15% APMAH microgel could not result in stable 

hydrogels, so this percentage was excluded for APMAH hydrogels only.  
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Table 2.10 Amount of sorbent for each portion of microgel after correction factor 

 

The extraction method was the same as Section 2.2.3.2 with the difference of using 

different portion of co-monomer in each microgel. The results obtained are shown in 

Figures 2.29 and 30. For AAC and VAC, the increase in ion-exchange sites is expected to 

primarily affect metabolites with amine functionality. This trend is in fact observed in 

Figures 2.29 and 2.30 where increasing the weight percentage of co-monomer, 

significantly increases the recovery for amine-containing metabolites such as lysine, 

histidine and epinephrine in AAC and metabolites such as lysine and choline in VAC 

microgel. According to the results of t-test (at the 95% confidence level), there was 

pronounced significant trend for most of the compounds with amine group that are 

expected to be charged at pH tested.  Although a general trend is observed, the increase is 

not linear and some exceptions to the trend can be observed. The effect of increasing the 

amount of acrylic acid co-monomer on the porosity of AAC microgel was investigated 

using specific surface area and porosity analyzer and confocal laser scanning microscope. 

111 
The results showed that, total volume [V (m

3
/g) 103] for microgel with 5, 10 and 15 % 

AAC functionality is 154.808, 63.104 and 56.184 respectively and the surface area (m
2
/g) 

for 5, 10 and 15 % AAC functionality is 22.90, 13.10 and 18.46 respectively. Increasing 

from 10 to 15% AAC had very slight effect on volume and surface area of microgel. 

These results are in agreement with the recovery results shown in Figure 2.29. For 

instance, the recovery of creatinine in AAC microgel did not improve when increasing 

co-monomer portion from 10% to 15% within experimental error.   

Type of microgel 
Weight of 

tube (g) 

Weight of tube and 

gel after 3.5 hours 

evaporation (g) 

Final weight of 

microgel (mg) 

Amount of sorbent 

after correction 

factor (µL) 

A
A

C
 

5% 0.9326 0.9386 6.0 25.0 

10% 0.9153 0.9190 3.7 40.5 

15% 0.9288 0.9314 2.6 57.6 

V
A

C
 

5% 0.9332 0.9371 3.9 25.0 

10% 0.9207 0.9243 3.6 27.0 

15% 0.9230 0.9257 2.7 36.1 

A
P

M
A

H
 5% 0.9089 0.9140 5.1 25.0 

10% 0.9267 0.9290 2.3 55.4 
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Figure 2.29 Effect of increasing portion of functional monomer for AAC microgel. 

Metabolite standards were prepared in water with the concentration of 1 µg/mL. First and 

second desorption steps were in acetonitrile/formic acid (99/1, v/v) and third desorption 

step was in acetonitrile. The samples were analyzed using PFP LC-MS method. 

 

Figure 2.30 Effect of increasing portion of functional monomer for VAC microgel. 

Metabolite standards were prepared in water with the concentration of 1 µg/mL. First and 

second desorption step was in acetonitrile/formic acid (99/1, v/v) and third desorption 

step was in acetonitrile. The samples were analyzed using PFP LC-MS method.  
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For APMAH, it was expected to observe an increasing trend for the recovery of 

metabolites with acidic functionality. This is shown in Figure 2.31, where increasing the 

weight percentage of co-monomer increases the recovery for acid-containing metabolites 

such as taurocholic acid and glutamic acid. Increasing the amount of ion exchange 

functionality increases the size and number of pores and results in increasing the recovery 

of charged analytes as expected. However, the increase in ion-exchange contributions 

does not generally provide linear increase in extraction recovery due to presence of other 

interactions as well. In addition, as shown in Figure 2.31, the change in microgel porosity 

can impact extraction properties of all metabolites regardless of their charge and result in 

drastic increases in recovery. For this reason, 10% co-monomer is selected as the best co-

monomer proportion for global metabolomics experiments to provide good extraction 

recovery across various metabolite classes.  

Figure 2.31 Effect of increasing portion of functional monomer for APMAH microgel. 

Metabolite standard was prepared at pH 3.0 with the concentration 1 µg/mL. First 

desorption step was performed with 100 µL of acetonitrile and second desorption step 

was with 100 µL of acetonitrile with 5 mM ammonium hydroxide and analyzed using 

PFP LC-MS method (samples are neutralized prior to injection).  
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2.3.10 Optimization of sorbent-to-sample ratio 

The sensitivity of the SPME method is proportional to the number of moles of the analyte 

extracted from the sample. According to Equation 1.7, when the sample volume 

increases, the amount of analyte extracted also increases until the volume of the sample 

becomes significantly larger than the product of the distribution constant and volume of 

the coating. From that point onward, further increase in sample volume will not increase 

the recovery. In this experiment, sorbent-to-sample ratio was optimized using the 

extraction method conditions as presented in Section 2.2.3.2. For this experiment, the 

volume of microgel (25 µL) was kept constant, while the sample volume was increased.  

The results obtained are shown in Figure 2.32. The recovery was improved for amine-

containing compounds (such as lysine, histidine and tryptamine) up to the ratio 1:25, 

beyond that the amount extracted did not increase anymore. Based on these results, the 

ratio of 1:25 was selected as the best choice for maximum sensitivity of the developed D-

SPME method. 

 

Figure 2.32 Effect of sorbent-to-sample ratio on 10% AAC. The extraction was 

performed with 1 µg/mL of metabolite standards in water. The wash step was performed 

using 200 µL of LC-MS water and analytes were eluted using three step desorption. First 

and second desorption in 100 µL of acetonitrile/formic acid (99/1, v/v) and third 

desorption was in acetonitrile. The samples were analyzed using PFP LC-MS method. 
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2.3.11 Evaluation of mean recovery and intra-day and inter-day repeatability 

After selection and optimization of all relevant SPME parameters, the optimized D-

SPME method was evaluated in order to demonstrate its suitability for global 

metabolomics. The main aspects of evaluation included intra- and inter-day method 

precision and recovery. For polar metabolites, extraction was the same as described in 

Section 2.2.3.2 but with three steps of desorption; first desorption, 100 µL of 

acetonitrile/formic acid (99/1, v/v); second desorption, 100 µL of 

acetonitrile/water/formic acid (90/9/1, v/v); third desorption, 100 µL of acetonitrile/water 

(9/1, v/v) which were all combined together for LC-MS analysis. Experiment for lipids 

was performed with 3-step desorption by methanol. In order to evaluate intra- and inter- 

day reproducibility, experiment was performed using 10% AAC on five different days 

and five replicates each day to establish method performance. Table 2.11 summarizes 

repeatability results obtained from five different days and calibration curves, as well as 

mean recovery of the metabolites tested. The results shown for each metabolite are 

obtained using the best LC-MS method for that analyte as previously described in Table 

2.3 in Section 2.2.4.1 
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Table 2.11 Mean recovery, inter-day and intra-day repeatability of 10% AAC in 5 

replicates and 5 different days 

 

 

Metabolites Method 

Intra-day precision % RSD Mean 

recovery 

(n=5) 

Inter-day 

RSD% 

(n=5) (day 1) (day 2) (day 3) (day 4) (day 5) 

Glutathione 

Positive 

 ESI-HILIC 

12.0 7.3 6.0 5.8 15 1.91 10.0 

Glutamic acid 19.0 32.0 11.0 13.0 22.0 2.32 30.0 

Creatinine 4.5 10.0 1.3 5.6 8.7 35.19 20.0 

Adenosine 15.0 9.2 5.2 8.8 9.9 10.07 4.6 

Riboflavin 7.3 15.0 11.0 34 16.0 4.15 26.0 

Nicotinamide 6.2 4.3 0.6 8.6 3.6 17.72 7.0 

Adenine 9.0 2.2 10.0 9.7 10.0 14.74 7.3 

Qoenzyme Q10 17.0 3.7 18.0 6.5 17.0 10.39 9.0 

Maleic acid 

Negative  

ESI-HILIC 

10.0 5.0 4.8 NA NA 0.88 9.2 

Estrone 

glucoronide 

6.0 6.0 11.0 NA NA 0.79 15.0 

Tryptophan 

Positive 

 ESI-PFP-RP 

7.8 8.7 3.6 10.0 14.0 1.72 10.0 

Epinephrine 15.0 6.0 8.3 4.1 7.0 18.86 14.0 

Biotin 9.0 10.0 9.5 7.1 9.3 4.89 11.0 

Thyroxine 10.0 11.0 10.0 15 15.0 11.96 25.0 

Tryptamine 35.0 6.1 12.0 6.7 7.6 23.55 19.0 

Cortisol 15.0 7.2 9.4 9.5 13.0 6.44 22.0 

Phenylalanine 8.9 2.5 7.2 5.4 8.0 10.62 10.0 

Taurocholic 

acid Negative  

ESI-PFP-RP 

9.3 4.2 5.4 5.7 8.0 2.26 5.4 

Cholic acid 13.0 9.1 10.7 4.7 8.7 6.21 15.0 

Sphingosine 

Positive 

 ESI-CSH 

C18-RP 

3.8 2.4 11.0 12.0 6.0 11.82 10.0 

LYSO PC 2.1 2.1 5.8 7.3 6.0 12.00 7.1 

MG 5.9 6.0 7.4 1.4 17.0 12.45 22.0 

PC 5.3 5.7 12.0 12.0 4.4 38.25 23.0 

PI 5.0 14.0 0.9 1.0 5.0 11.96 3.5 

PG 2.3 5.7 17.0 3.2 6.4 16.21 18.0 

DG 2.8 0.2 5.1 0.2 3.7 36.89 14.0 

TG 5.0 5.1 5.6 3.7 4 31.92 17.0 

PE 3.3 2.0 3.3 6.3 7.6 57.90 12.0 
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Acceptable variability in regulated quantitative LC-MS according to Food and Drug 

Administration (FDA) guidelines is 15% at all levels except for LOQ where 20% RSD is 

allowed.
110 

For metabolomics methods, there are no established acceptance criteria, but 

due to its semi-quantitative nature many authors use RSD cut-off of 30%. For all 

compounds, the precision of the results did not exceed acceptance criteria of 30% RSD 

therefore, inter-day and intra-day repeatability are acceptable for metabolomics. In 

general, mean recovery of lipids was higher than polar metabolites, unless polar 

metabolites could also participate in ionic interactions.  

Mass accuracy is crucial aspect of MS performance and it is defined as the difference 

between the theoretical (calculated) mass of a compound and the mass measured by the 

mass spectrometer (described in Equation 2.1). Table 2.12 shows the mass accuracy of 

representative metabolites over five different days in PFP reversed phase method. All 

compounds exhibited mass accuracy < 10 ppm showing suitability of 10 ppm extraction 

window for data processing. 

Table 2.12 Summary of mass accuracy in positive ESI mode during reversed phase 

chromatography with PFP column using metabolite standard mixture analyzed on five 

different days. 

 

2.3.12 Conclusions and optimized method  

Solid phase microextraction in dispersive format has not yet been used in global LC-MS 

metabolomics. Here, for the first time we developed a new D-SPME method for 

comprehensive coverage of metabolome. The optimized protocol with D-SPME sample 

preparation for AAC, VAC and APMAH microgels is shown in Figure 2.33. The 

optimized D-SPME was found to perform well for acidic and basic metabolites and for 

lipid metabolites across all lipid classes. Acidic metabolites (such as organic acids) are 

Metabolite 

Mass accuracy results (ppm) 

Replicate 1 Replicate 2 Replicate 3 Replicate 4 Replicate 5 

Choline 4.80 1.92 6.72 5.76 5.40 

Creatinine 3.51 2.63 0.88 4.38 3.51 

Nicotinamide 3.45 2.32 3.25 2.44 1.63 

Adenine 0.73 1.47 3.67 2.94 5.14 

Lysine 1.36 2.04 6.80 5.44 2.04 

Glutamic acid 2.70 4.05 3.38 5.40 4.73 

Histidine 1.92 2.56 6.41 5.77 0.64 

Phenylalanine 2.41 1.81 5.42 4.82 3.61 

Biotin 1.22 2.86 0.82 0.41 6.12 

Adenosine 4.10 3.36 4.48 5.22 1.86 

Cortisol 1.38 0.28 0.83 1.10 0.28 

Thyroxine 1.03 1.16 0.31 0.13 0.26 
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extracted well using N-3-aminopropyl methacrylamide hydrochloride (APMAH) 

functionalized microgel, while basic metabolites (such as amines) are extracted better 

using vinyl acetate (VAC) and acrylic acid (AAC) functionalized microgels.  

The optimum sorbent-to-sample ratio was found to be 1:25, while the optimum sample 

pH for extractions using AAC and VAC was pH=5.5 and for APMAH phase was 

pH=3.0. 10-minute centrifugation time was sufficient for complete and reproducible 

sedimentation of all microgels except 10% APMAH where 30-minute centrifugation time 

was required due to slightly smaller particle size compared to other microgels. 5-minute 

extraction time was found sufficient to reach equilibrium for all metabolites illustrating 

good potential of hydrogels as extraction phases in SPME. 20% methanol wash solvent 

was found suitable for this application, although some losses of very polar metabolites 

will be observed using these more stringent wash conditions. Overall, acetonitrile was 

found to be better solvent for desorption of polar metabolites, while methanol performed 

better for lipid compounds. One-step desorption with acetonitrile/water (9/1, v/v) 

containing appropriate additives was sufficient to recover the majority of polar 

metabolites but additional two desorption steps in method are needed to effectively 

recover lipids. The proposed desorption scheme is highly compatible with the 

complementary LC methods used in this study. Polar metabolites that are desorbed 

during the first desorption step in acetonitrile/water (9/1, v/v) with pH adjustment can be 

directly injected in HILIC method thus avoiding need for evaporation/reconstitution step. 

Furthermore, as shown in our work this fraction will not contain many phospholipids, 

which should improve data quality by minimizing ion suppression by co-eluting 

interferences. Metabolites with intermediate polarity could be effectively desorbed both 

using acetonitrile and methanol desorption steps. To avoid signal splitting of such 

metabolites and ensure good method precision one aliquot of first desorption and one 

aliquot of second desorption should be combined and analyzed in reversed phase method 

with PFP column, after appropriate adjustment of injection solvent strength through 

either dilution or preferably evaporation/reconstitution. Finally, the obtained lipid 

fraction from desorptions 2 and 3 is compatible with direct analysis in reversed phase 

method with CSH C18 column after appropriate adjustment of injection solvent strength 

by dilution with water. 

The results for optimized protocol indicate that good metabolite coverage can be 

achieved using D-SPME formats with hydrogel extraction phases. The next chapter will 

be examining the performance of these materials in human plasma and compare their 

performance against traditional “gold standard” method of methanol solvent 

precipitation. 
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Figure 2.33 Optimized D-SPME protocols for AAC, VAC and APMAH microgels 
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Chapter 3 

Metabolomics of human plasma: comparison of optimized D-SPME to 

traditional method of methanol protein precipitation and to nanotrap 

extraction 

3.1 Introduction 

There is an increased interest in recent years in the evaluation of different sample 

preparation methods for global LC-MS metabolomics. No single analytical method can 

provide complete metabolome coverage, so it is important to investigate new sample 

preparation methods and compare their coverage to the traditional method of solvent 

precipitation. In this chapter we present a novel application of hydrogel particles for 

sample preparation of human blood plasma samples for the first time. The objective of 

this chapter is to use optimized D-SPME method presented in Chapter 2 in order to 

extract human plasma and compare the results obtained against commercial nanotrap 

particles used for protein enrichment and the most common “gold standard” method of 

global metabolomics (methanol solvent precipitation). The methods were compared 

according to the following criteria: metabolome coverage, the repeatability of extraction, 

and the susceptibility to ion suppression. 

Blood is composed of two parts: a cellular component consisting of red and white blood 

cells and platelets, and liquid component, called plasma which accounts for 

approximately 50–55% of blood volume. Plasma consists mostly of water (~ 95 % by 

volume); the rest is composed of proteins, peptides and metabolites.
86

 Prior to LC-MS 

analysis of a plasma sample, the proteins must be removed, because the presence of 

proteins can drastically affect properties of chromatographic column employed for 

analysis, reduce column lifetime as well as interfere with metabolite signal detection. 

Plasma also contains many enzymes that can chemically modify metabolites. The optimal 

temperature for the enzymes is 37 °C and the enzymatic activity decreases when the 

temperature is reduced.
87

 Therefore, plasma samples should be stored and handled as cold 

as possible until proteins are removed to prevent enzymatic conversion of metabolites.  

The best traditional method to use for this comparison was selected from literature based 

on high number of observed metabolites and reproducibility. For instance, Polson et al.
88

 

compared different protein precipitation techniques (organic solvent, acid, salt and metal) 

in plasma using LC-MS. Among the tested methods, the precipitation with methanol was 

found to perform the best in terms of metabolite coverage and method reproducibility. 

Want et al.
29

 compared 14 different protein precipitation methods and also showed that 

100% methanol and methanol- containing solvent mixtures is the most effective methods 
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for the detection of the largest number and broadest range of serum metabolite features. 

In summary, protein precipitation with methanol is the most widely used method for 

global metabolomics of plasma
89,90

, so our newly developed method presented in Chapter 

2 is compared against this gold standard method. 

Although protein precipitation with organic solvent provides high number of metabolite 

features and reproducibility, precipitation methods provide incomplete protein removal 

with an estimate of 1-10% protein remaining in the sample, which can cause shortening 

of column lifetimes for metabolomic studies.
26

 Another challenging issue with protein 

precipitation is ion suppression or enhancement, which is change of analyte signal in the 

presence of co-eluting interferences that alter its ionization behavior during electrospray 

process. SPME can provide improved sample cleanup due to the use of small volume of 

extraction phase, which leads to the extraction of smaller amounts of analytes and 

potential interferences. This could help improve both ion suppression and metabolite 

coverage and will be investigated in detail in this chapter.  

Nanotrap particles are comprised of N-isopropylacrylamide hydrogel with a porous outer 

shell and internal core containing chemical affinity baits as discussed in Section 1.5.2. 

These charge-based affinity baits are incorporated into the Nanotrap particles by 

copolymerization and covalent binding. The affinity baits can be positively or negatively 

charged and interact with analytes that can diffuse through the outer shell through 

multiple types of interactions. The patented Nanotrap particles are designed for optimal 

protein size sieving and harvesting of proteins from complex biological samples.
76

 

Nanotrap particles which are used in this work are hydrogel particles of about 800 

nanometers in size that have a shell made of polymers of N- isopropylacrylamide 

(NIPAm) and co-monomers such as acrylic acid (AAC) and Cibacron blue which are 

called white and blue nanotrap respectively with crosslinkers of N, N9- 

methylenebisacrylamide (BIS). These nanoparticles are expensive and have shown 

excellent performance for the enrichment of small protein biomarkers from plasma, but 

have not been explored for metabolite extraction.
76

 White nanotrap has the same 

functionality (acrylic acid) as AAC microgel and in this chapter these two hydrogels will 

be compared together. The comparison of white nanotraps and AAC hydrogels will help 

explore if core-shell geometry is advantageous for the extraction of metabolites. 

3.2 Experimental 

3.2.1 Chemicals and materials 

Human plasma with sodium citrate as anticoagulant was obtained from Bioreclamation 

IVT Laboratories (Lot # BRH957197). Core-shell nanoparticles were purchased from 

Ceres Nanosciences (Manassas, Virginia, US) and other materials and reagents are the 
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same as described in Section 2.2.1. 

 

3.2.2 Extraction of metabolite standard mixture using nanotraps and comparison to 

microgel extraction 

The exact composition of nanotraps is not known but based on published paper
76

, Figure 

3.1 is the likely structure of nanotraps. There is shell that has NIPAm network and high 

affinity bait such as vinyl sulfuric acid (VSA) that acts as a molecular sieve and prevents 

unwanted molecules to enter to the core. This shell with VSA works as a size exclusion 

cut-off and excludes large unwanted abundant molecules such as immunoglobulins and 

albumin. Inside the core there is NIPAm network, and either acrylic acid or cibacron blue 

co-monomer and methylenebisacrylamide (BIS) crosslinker.
76

 

In terms of experiment, 50 µL of 1 µg/mL standard mixture in PBS buffer was mixed 

with 50 µL of blue or white nanotrap (ratio 1:1) as appropriate with 30-minute shaking 

(700 rpm) at room temperature. After 10-minute centrifugation (25000 g at 4
0
C). The 

particles were washed with 200 µL of LC-MS water and centrifuged again to remove the 

supernatant. 100 µL of acetonitrile/acetic acid/water (60/2/38 v/v) was added to white 

nanotrap and 100 µL of acetonitrile/ammonium hydroxide/water (70/10/20 v/v) was 

added as an elution solvent to blue nanotrap. It was incubated for 18 hours, and then 

centrifuged. 100 µL of supernatant was transferred to HPLC vial, and blue nanotrap 

sample pH was adjusted to neutral with formic acid prior to PFP LC-MS analysis. 

Extraction method for 10% AAC microgel is the same as described in Section 2.2.3.2 

with two step desorption using 100 µL of acetonitrile and acetonitrile/ formic acid (99/1, 

v/v) with the sorbent to sample ratio of 1:8. 
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Figure 3.1 Schematic representation of white (AAC) and blue (Cibachron Blue) nanotrap 

 

3.2.3 Protein precipitation with methanol for human plasma 

Plasma to precipitant ratio of 1 to 4 was selected for the comparison, as recommended in 

literature.
91

 For this experiment, 400 μL of cold methanol (kept for 10 minutes in freezer 

at -80
0
 C) was added to 100 μL plasma. After 2-minute vortexing, plasma samples were 

placed on ice for 15 minutes, followed by centrifugation at 25000 g at 4 °C for 10 

minutes. Afterward 400 μL of the supernatant was removed and divided into three 

portions. The first portion was evaporated to dryness using Speedvac (Thermo 

Scientific™ SPD121P) and at the time of LC-MS analysis reconstituted in 100 μL of 

40% methanol (in this chapter called protein precipitation with 

evaporation/reconstitution). Second portion was diluted with 100 μL of water (in this 

chapter called protein precipitation with dilution) to have the composition of 40% 

methanol. First and second portions were injected in reversed phase method with PFP 

column in both positive and negative ESI mode. Third portion was evaporated to dryness 

and finally reconstituted in 100 μL of 90% acetonitrile: water to analyze with HILIC 

method in both positive and negative ESI mode. All samples were stored in freezer at 

temperature -80
0
 C until LC-MS analysis. All samples were prepared in 5 replicates. For 

blank, the same experiment was performed but instead of plasma an equivalent volume of 

LC-MS water was used to perform the extraction procedure. The main steps of protein 

precipitation with methanol are shown in  
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Figure 3.2 Overview of protein precipitation method with methanol for plasma. 

3.2.4 Sample preparation with commercial nanotraps for human plasma 

This protocol was performed according to manufacturer’s instructions that were 

optimized for small protein biomarker enrichment. The overall procedure using nanotraps 

is shown in Figure 3.3. Briefly, 50 μL of plasma was added to 50 μL of either white or 

blue nanotrap (1:1 ratio) in 5 replicates, then incubated with shaking for 30 minutes at 

4500 rpm. Afterwards samples were centrifuged for 10 minutes at 4°C and supernatant 

removed. After the sample had been washed with 200 μL of water, analytes were eluted 

from nanotraps as follows: 100 µL of acetonitrile/acetic acid/water (60/2/38 v/v) was 

added to white nanotrap and 100 µL of acetonitrile/ammonium hydroxide/water 

(70/10/20 v/v) was used for elution of blue nanotrap and followed by pH adjustment with 

10 μL formic acid. Next, samples were incubated for overnight (18 hour) and centrifuged 

for 10 minutes at 4 °C. Finally, the resulting supernatants were diluted to total volume of 

178 μL to keep the amount of plasma consistent across all sample preparation methods. 

The samples were divided into two portions. One portion was used directly for reversed 

phase LC-MS analysis with PFP column in both positive and negative ESI mode. Other 

portion was evaporated to dryness and reconstituted in acetonitrile/water (9/1, v/v) to 

analyze in HILIC method in both positive and negative ESI mode. All samples were 

stored in freezer at temperature -80
0
 C until LC-MS analysis. For blank, the same 

experiment was performed but instead of plasma LC-MS water was used.  



84 

 

Figure 3.3 Overview of extraction procedure using white and blue core-shell nanotraps 

for plasma.  
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3.2.5 D-SPME sample preparation with ion-exchange microgel (10% AAC) for 

human plasma 

Dispersive-solid phase microextraction samples (n=5) were prepared according to the 

developed method described in detail in Chapter 2. This experiment was performed with 

10% AAC microgel according to the procedure shown in Figure 3.4. First, pH of plasma 

was adjusted to 5.5 using formic acid, then 200 μL of plasma was added to 25 μL of 10% 

AAC microgel. Samples were shaken for 30 minutes at 4500 rpm followed by 10-minute 

centrifugation at 4 °C and removing supernatant. The particles were washed with 200 μL 

of methanol/water (20/80, v/v) and centrifuged again for 10 minutes at 4°C. Sequential 

desorption was performed in three steps with 60-minute shaking and 10-minute 

centrifugation per each step. For first, second and third step desorption, 100 μL of 

acetonitrile/water/formic acid (90/9/1, v/v), 100 μL of methanol and 100 μL of 

methanol/formic acid (99/1, v/v) was used respectively. All elutes were mixed and 

divided to two portions. First portion was included of 150 μL of the mix of elutes which 

was diluted to 250 μL of water to keep the amount of plasma consistent across all sample 

preparation methods. This portion was directly analyzed using pentafluorophenyl 

reversed-phase in both positive and negative mode. Second portion was reconstituted in 

150 μL of acetonitrile/water (9/1, v/v) to analyze with HILIC method in both positive and 

negative ESI modes. For blank, the same experiment was performed but instead of 

plasma LC-MS water was used.  

Figure 3.4 Overview of dispersive solid phase microextraction using microgel with 

acrylic acid ion exchange functionality (10% AAC) for plasma 
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3.2.6 LC-MS analysis 

All samples were analyzed separately in positive and negative ionization modes using RP 

PFP LC-MS on Orbitrap. For reversed-phase chromatography, final injection solvent was 

40% organic to help solubilize any lipids present in the samples. Under these conditions, 

very polar compounds would not have any retention, but these compounds will 

subsequently be analyzed by HILIC.  

Appropriate quality controls were used throughout all the metabolomics LC-MS analyses 

described in this chapter. Appropriate blank solutions were used for each sample 

preparation method throughout the run to eliminate peaks originating from blank solution 

and not the plasma samples themselves during data processing. Known metabolite 

standard mixture (200 ng/mL) was also analyzed throughout each sample set to check 

retention time, peak shapes and MS sensitivity prior and throughout all analytical 

batches. QC sample (prepared by combining 10 μL aliquots of all study samples) was 

used throughout all analytical batches mainly for two reasons. First, it was used to 

condition the column (15 injections of QC at the beginning of the run) before the actual 

samples are run according to standard recommended metabolomics practices.
92

 It is 

extremely important in metabolomics that the column is properly conditioned beforehand 

in order to obtain reproducible LC-MS result. Secondly, pooled QC was injected after 

every eight-sample injections to check the stability of the system. The QC samples were 

then examined using principal component analysis (PCA) to give an assessment of the 

quality of the data in that analytical batch. Ideally, the QC samples should be clustered 

closely together if the system was stable over the whole analysis.  

The analytical batches consisted of five preparation replicates of each sample preparation 

method tested. Samples were run in randomized order. In metabolomic studies, factors 

such as changes in instrument signal over time and small changes in sample 

concentration because of storage in auto-sampler while waiting for injection may affect 

sample analysis and cause systematic error in the data. Full randomization of run order is 

performed in order to randomize these factors, so they will not appear as one a principal 

components and lead to possible erroneous identification of putative biomarkers, which 

are not relevant to the study in question but originate from the variables during an 

analysis.  

In this study as mentioned before in Section 2.2.4.1 in Table 2.3, three different LC-MS 

methods (HILIC, PFP Reversed-Phase and CSH C18 Reversed-Phase) are planned to be 

used. For this thesis, only the results of PFP method are reported. However, HILIC and 

CSH C18 LC-MS analyses will be performed as future work on the same samples and are 

beyond scope of current thesis. 
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3.2.7 Data analysis and calculations 

Global metabolomics analysis was performed using SIEVE software version 2.2 (Thermo 

Fisher). The main steps of SIEVE workflow include (1) chromatographic alignment (2) 

feature detection; (3) removal of background noise (4) deisotoping and combining 

adducts (M+H, M+K, M+Na, M+NH4, M-H, M-H2O-H) that belong to the same 

metabolite. The following parameters were used for SIEVE processing: 0.01-minute 

retention time start, 25-minute retention time stop (5-minute column re-equilibration time 

was excluded from processing), minimum signal intensity of 10000, maximum m/z 1000, 

minimum m/z 100 and 15 ppm m/z width were used for feature detection. In this study, 

chromatographic alignment bypass was applied because total ion chromatograms from 

different sample preparation methods are too different so that the automatic 

chromatographic alignment does not work properly. The data set obtained from SIEVE is 

a matrix described by three parameters: retention time, m/z and signal intensity in each 

sample. This dataset was then evaluated manually to eliminate any incorrect entries, 

which represented approximately ~ 20% of peaks as the software in some instances has 

trouble to distinguish between real chromatographic peaks and baseline noise. Final step 

was filtering of the data to include only (i) all the peaks that are present with signal 

intensity of at least 5 times greater than in blank extract and(ii) peaks which are present in 

minimum of 4 out of 5 replicates. This final curated dataset was used to report the 

number of metabolites detected by each sample method, to produce ion maps, to evaluate 

method orthogonality and to calculate the median RSD. Median RSD is defined as the 

ratio of the standard deviation obtained for the five extraction replicates to the mean of 

the signal intensity and multiplied by 100%, to express as percentage. Targeted analysis 

was performed as described in Section 2.2.5. The final manually verified dataset was also 

used to perform PCA using SIMCA software version 14 after Pareto-scaling.  

3.3 Results and discussion 

The performance of optimized D-SPME method with microgel was compared versus 

traditional gold standard method of protein precipitation using methanol and nanoparticle 

extraction with commercially available nanotraps for global metabolomics of human 

plasma. The main criteria used for the comparison were number of detected features, 

precision and ionization suppression.  

3.3.1 Comparison of AAC microgel to nanotrap in metabolite standard mixture 

The comparison of the extraction efficiency between commercially available blue and 

white nanotraps is shown in Figure 3.5. The exact amount of acrylic acid or Cibachron 

blue residing in the core is not known, as the nanotraps are proprietary materials. 

Therefore, the results are shown after the normalization of the extraction phase by 
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weight. In general, white nanotrap (with AAC carboxylic acid functionality) had 

significantly better recovery than blue nanotraps (with amine and aromatic functionality) 

for amines like tryptamine, adenine and histamine and almost all other metabolites tested 

except thyroxine. 

Figure 3.5 Comparison of the extraction efficiency between blue and white nanotrap 

using metabolite standard mixture. Samples prepared as described in Section 3.2.2. 

The comparison of extraction efficiency between 10% AAC microgel and white nanotrap 

is shown in Figure 3.6. These two hydrogels share the same ion-exchange functionality 

(acrylic acid) and the same polyNIPAm hydrogel polymer network. In terms of structure, 

in nanotrap, there is shell that has high affinity bait like vinyl sulfuric acid (VSA) that 

acts as a molecular sieve and it prevents unwanted molecules to enter to the core that has 

acrylic acid co-monomer.
76

 With nanotraps, the access to the core is available only to the 

molecules that can diffuse through the shell. The pore size of nanotrap shell is also 

proprietary although previous studies have clearly shown larger proteins such as human 

serum albumin cannot enter the core.
76 

Thus, for this comparison the recovery was 

calculated after normalization of extraction phase by weight. AAC microgel is 

homogenous, so acrylic acid functionality is more available for extraction and direct 

contact with analytes in plasma. Figure 3.6 shows that AAC microgel has better recovery 

for amines like tryptamine and histamine than white nanotrap, and for the majority of 

other metabolites tested including neutral metabolites such as cortisol that would not 

participate in ion-exchange interactions. The direct comparison of the two materials is 

difficult due to lack of information on nanotraps, however lower extraction efficiency for 

nanotraps may be due to the nanotrap structure, which makes it harder for metabolites to 

extract into and desorb from the core. In addition, presence of VSA bait in nanotrap shell 

network could also change the selectivity of this material versus microgels. Overall, AAC 
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microgel performed better than white nanotrap in terms of both recovery and metabolite 

coverage.  

Figure 3.6 Comparison of the extraction efficiency between 10% AAC microgel and 

white nanotrap using metabolite standard mixture. Sample prepared as described in 

Section 3.2.2 and Section 2.2.3.2 and normalized the extraction phase by weights. 

3.3.2 Comparison of D-SPME with ion-exchange microgel versus commercial 

nanotrap performance for the extraction of human plasma for known metabolites 

Using reversed-phase LC-MS method, the performance of D-SPME with AAC microgel 

was compared to that of commercially available nanotrap in human plasma. The 

extraction was performed as discussed in Section 3.2.4 and 3.2.5. Example results for 

integrated peak areas of known metabolites are depicted in Figure 3.7 and 3.8. Similar 

extraction performance of AAC microgel and white nanotrap was observed for 

metabolites such as choline, tryptophan, biotin, cortisol and thyroxine as shown in Figure 

3.7. Lysine and creatinine on the other hand showed higher peak area than AAC 

microgel. Figure 3.8 shows the results obtained for metabolites that can be detected in 

negative ESI mode. The performance of AAC microgel and white nanotrap was similar 

for almost all metabolites except glutamic acid which showed higher signal intensity with 

AAC microgel and taurocholic acid which had higher peak area in nanotraps. There are 

differences between plasma and standards results, which were discussed in Figure 3.5, 

and 3.6. This difference can be due to possible ion suppression (discussed in Section 

3.3.6) or because of the reduced possibility of ionic interaction of metabolites with the 

extraction phase in complex biological sample such as plasma. Ions with high 

concentration in plasma, such as sodium, may occupy many binding sites, so there will 

not be enough binding sites to observe ion exchange interaction with our metabolites of 

interest such as amines or amino acids. 
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In general, white nanotrap and AAC microgel showed the same behavior in terms of 

extraction efficiency as expected due to the same ion exchange functionality, whereas 

blue nanotrap showed poorer extraction efficiency. These results agree well with the 

results of Table 3.1, when AAC microgel and white nanotrap had roughly the same 

metabolite coverage and blue nanotrap had lower number of metabolite features.  

Figure 3.7 Comparison of the performance of D-SPME method with 10% AAC 

microgel, white and blue nanotrap for extraction of human plasma. Extraction was 

performed as discussed in Section 3.2.4 and 3.2.5 and the analysis was performed using 

positive ESI RP LC-MS method. Error bars show standard deviation from the mean. 
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Figure 3.8 Comparison of the performance of D-SPME method with 10% AAC 

microgel, white and blue nanotrap for extraction of human plasma. Extraction was 

performed as discussed in Section 3.2.4 and 3.2.5 and the analysis was performed using 

negative ESI PFP RP LC-MS method.  

3.3.3 Comparison of sample preparation methods in human plasma:  metabolite 

coverage  

In metabolomics, sample preparation methods are usually first compared according to the 

number of metabolites or metabolite features detected. MS spectra of a given compound 

will have more than one m/z signal as a result of isotopes; adduct formation, multiple 

charging and/or in-source breakdown of the compound. The data processing software 

used in current work is able to perform deisotoping and adduct matching in order to 

match all m/z values that belong to the same metabolite and assign neutral accurate mass 

of the metabolite. Therefore, the numbers shown in Table 3.1 represent putative number 

of metabolites that were detected by each sample preparation method. In older literature, 

the number of features reported typically represent number of distinct m/z signals 

observed without combining signals that belong to the same metabolite, so the number of 

features is generally higher than number of metabolites observed. This makes method 

comparisons between different studies extremely difficult due to the differences in 

instrument performance, acquisition parameters and data processing strategies. However, 

although absolute numbers of features and/or metabolites detected can vary across 

studies, the general conclusions about relative metabolite coverage such as the finding 

that methanol solvent precipitation provides better coverage than C18 SPE hold up very 

well across different studies.  

The main results obtained for each of three methods: methanol solvent precipitation, 
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extraction using nanotraps and extraction using AAC microgel are summarized in Table 

3.1. This table shows the metabolite coverage and median RSD of different sample 

preparation methods using PFP reversed-phase in both positive and negative ESI-MS 

methods. 
 

Reversed-phase method with PFP column provides good separation of metabolites with 

intermediate polarity. In terms of metabolite coverage in positive and negative mode, 

methanol precipitation methods had higher metabolite coverage than D-SPME as 

expected with microextraction methods, which provided on the average about 50% less 

metabolite coverage. The main reasons behind this are: (i) small amounts of some 

metabolites extracted using microextraction methods may not be detectable by the 

instrument depending on the instrumental limit of detection for that analyte and (ii) 

microextraction methods will primarily extract only free metabolite, and no disruption of 

metabolite binding was performed prior to employing microextraction protocols.  On the 

other hand, the coverage of white nanotrap and AAC microgel that have the same acidic 

functionality (acrylic acid) is almost similar in positive ESI mode and higher for white 

nanotrap in negative mode. Comparing AAC microgel and blue nanotrap extractions, the 

number of observed metabolites was higher in AAC microgel for both positive and 

negative ESI. The comparison of white versus blue nanotrap showed higher metabolite 

coverage of white nanotraps.  

Table 3.1 Summary of metabolite coverage and median RSD results observed for the 

analysis of the same pooled human plasma sample prepared using different sample 

preparation methods (n=5 per method) and analyzed using PFP reversed-phase in both 

positive and negative LC-ESI-MS. 

Methods 
Number of metabolites Median RSD 

Positive ESI Negative ESI Positive ESI Negative ESI 

AAC microgel 1712 380 50 34 

White nanotrap 1836 705 23 19 

Blue nanotrap 1151 368 36 34 

Methanol with 

evaporation (PP1) 
2555 841 21 48 

Methanol with 

dilution (PP2) 
2879 916 20 13 

 

According to the literature, the coverage of D-SPME was consistent with what was 

observed for fiber SPME in positive ESI (1592 features), but lower than what was 

observed in negative mode (2005 features).
 79 

Also Michopolous et al.
32

 observed 1500 

features when they used C18 SPE method, which represented 50% reduction versus 

methanol precipitation. A recent study compared different human plasma sample 
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preparation protocols such as protein precipitation with methanol; microextraction by 

packed solvent (MEPS) and C18 solid phase extraction with and without a previous 

protein precipitation step for global metabolomics. 
89 

The number of putative metabolites 

for MEPS and methanol precipitation with dilution method was 656 and 1808 

respectively. In other words, the coverage of MEPS was approximately one third of the 

coverage observed for methanol. In our D-SPME method, the number of putative 

metabolites is 1712 with 2879 for methanol precipitation with dilution method. This 

shows an important improvement of the coverage of metabolites with D-SPME method in 

current study in comparison to what was seen with MEPS method. In the same study, the 

authors also compared the number of metabolites that could be observed using SPE after 

protein precipitation (1250 metabolites). 
89

When this step was omitted, only 890 

metabolites were observed. By using organic solvent in protein precipitation, the binding 

between metabolites and protein is disrupted and the total (sum of bound and unbound) 

metabolite concentration is accessible for extraction, which increased the metabolite 

coverage. This illustrates that in D-SPME, disruption of protein binding could be used in 

subsequent studies to further increase metabolite coverage.  

 

PCA shown in Figure 3.9 and 3.10 shows similarity of AAC and white nanotraps as 

expected for extraction phases that have quite similar chemical composition. The figure 

also illustrates visually the considerably different selectivity of these methods versus 

methanol precipitation. QCs all clustered closely together that shows system was stable 

over the whole analysis.   
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Figure 3.9 Results of PCA comparing protein precipitation method versus blue and white 

nanorap versus AAC microgel in different ratio (1:8 and 1:25). The samples were 

analyzed using PFP LC-MS method in positive ESI mode.  
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Figure 3.10 Results of PCA comparing protein precipitation method versus blue and 

white nanotrap versus AAC microgel. The samples were analyzed using PFP LC-MS 

method in negative ESI mode. 

Figure 3.11 shows the pairwise orthogonality of all the methods tested using the same 

PFP reversed phase LC-MS analysis shown in Table 3.1. Overall metabolite coverage 

achieved in protein precipitation method was higher than D-SPME method however; new 

metabolites were detected with D-SPME (568 metabolites) that was not seen in protein 

precipitation method.  
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Figure 3.11 Comparison of pairwise method orthogonality using Venn diagrams for five 

different sample preparation methods: D-SPME with 10% acrylic acid ion exchange 

functionality microgel (AAC), extraction with white and blue nanotrap, methanol 

precipitation with evaporation and reconstitution (PP1) and methanol precipitation with 

dilution (PP2) after PFP LC-MS analysis in both positive and negative ESI.  
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Figure 3.12 shows the maps of all observed metabolites using five different extraction 

procedures. In all maps, there is no analytes eluting between 4-8 min, which is due to the 

time delay due to LC configuration used for the analysis. The standard delay volume 

from LC pump head to autosampler in Agilent 1100 binary pump is ~1 mL and from the 

injector needle to MS detector, there is ~0.5 mL delay volume (including internal volume 

of the column). The method flow rate in current study was 0.3 mL/min, which is 

optimized for 2.1 mm column diameter and MS ESI detection. Therefore, compounds 

that are not retained well on the column will be detected in the first 2 minutes (from the 

needle to MS) and the compounds that elute once the gradient starts will reach the MS 

with at least 4 minute delay due to the delay volumes as clearly seen in the ion maps.  
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Figure 3.12 Metabolite map (compound molecular weight versus retention time) for 

human plasma sample prepared using D-SPME method using 10% AAC microgel, white 

nanotrap, blue nanotrap and methanol precipitation with evaporation/reconstitution (PP1) 

and dilution (PP2), analyzed using PFP reversed phase LC-MS method in positive and 

negative ESI.  
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Figure 3.13 shows unique metabolites observed only by AAC microgel or white nanotrap 

in both positive and negative ESI mode to illustrate their different selectivity. Overall, 

AAC microgel enriched hydrophobic compounds while white nanotrap covered more 

polar compounds, which eluted early. As shown in Table 2.11, the amount extracted for 

lipids in standard was high in AAC microgel in comparison to the polar compounds; this 

is in agreement with the results in Figure 3.13 for AAC microgel. The observed 

difference between AAC and white nanotrap could also be due to poor diffusion of lipids 

through the aqueous hydrogel network, whereas polar compounds can pass through the 

network. In other words, lipids may have hard time of diffusing throughout the shell to 

reach the core due to the difference of nanotrap geometry. In addition, VSA, which is 

present on the shell of the nanotrap, can change the selectivity towards lipids as well. As 

shown in negative mode just five hydrophobic metabolites with retention time > 10 min 

were observed with white nanotrap, which is less than AAC microgel. However, these 

results need to be interpreted with caution until HILIC and C18 CSH analyses are also 

performed for confirmation purposes as ion suppression can impact detection of 

compounds especially when they are eluting in solvent front. 
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Figure 3.13 Comparison of unique ion maps using D-SPME method with 10% AAC 

microgel and white nanotraps analyzed in PFP LC-MS method in both positive and 

negative ESI mode.  

Figure 3.14 shows unique metabolites observed only by AAC microgel or methanol 

precipitation with evaporation/ reconstitution in both positive and negative ESI mode. In 

general, the coverage of metabolites for methanol precipitation was higher than microgel 

as expected. However, the metabolites uniquely observed with AAC D-SPME in positive 

ESI show long retention times on RP, which means they are likely to have high log P 

values. The improvement in coverage of polar compounds was minor with only few new 

compounds detected by AAC D-SPME. 
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Figure 3.14 Comparison of unique ion maps using D-SPME method with 10% AAC 

microgel and methanol precipitation with evaporation/reconstitution analyzed in PFP LC-

MS method in both positive and negative ESI mode. 

3.3.4 Comparison of sample preparation methods in human plasma:  precision 

Method precision was evaluated both in positive and negative ESI mode. Currently there 

are no set requirements regarding acceptable precision in global LC-MS metabolomics 

analysis. By considering that RSD values of 15% are allowed for targeted quantitative 

analysis by LC-MS/MS, RSD values of up to 30% should be acceptable for global 

metabolomics considering the semi-quantitative hypothesis-generating nature of this 

approach. 
100 

The initial batch analysis in positive ESI failed because QC pooled sample was not 

properly injected throughout the sequence. Therefore, the samples were reanalyzed in 

positive ESI mode with PFP reversed-phased method. Table 3.1 shows the median RSD 

of different sample preparation methods using PFP reversed-phase in both positive and 

negative ESI-MS methods. Median RSD is included in Table 3.1 rather than mean RSD, 

because median is less significantly influenced by presence of outliers.
93

 

According to the results of Table 3.1, precision in positive ESI LC-MS was suitable for 

all methods except for D-SPME with AAC microgel and blue nanotrap. Negative ESI 
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LC-MS precision as reported by median RSD in Table 3.1 was suitable for all methods 

except precipitation with evaporation/reconstitution where high variability was observed. 

This can be clearly seen in PCA in Figure 3.10 where two replicates show huge 

variability. Considering the positive results did not show the same outliers, it appears 

likely that those 2 samples are LC-MS outliers. Median RSD for methanol precipitation 

with dilution in positive mode in current study is 20%. According to the literature, these 

results are consistent with median RSD for methanol precipitation of 16% 
94

 and 22%
89

 

observed in other studies. When comparing precipitation with dilution versus 

precipitation with evaporation/reconstitution, it is expected to have worse method 

repeatability when evaporation/reconstitution step is included because there is more 

manipulation in sample preparation and it may be difficult to fully resolubilize some of 

the metabolites depending on their chemical nature. However, the RSD values observed 

are considered too high, and may indicate an issue with resolubilization procedure that 

requires further investigation.  

Poor method precision observed for some peaks detected in D-SPME method can 

possibly be attributed to low signal intensity. The effect of signal intensity on number of 

peaks is shown for D-SPME and PP2 method in Figure 3.15. The results show that 

approximately 40% of peaks had low signal < 10000-peak area in comparison to the PP2 

method where only 8% of peaks had such low intensity values. Low intensity observed 

for D-SPME is attributed to its microextraction format so only small portion of free 

metabolite concentration is successfully extracted. This low intensity can then be a 

contributing factor to poor method precision, because low intensity signals can be 

inconsistently detected either by detector or by data processing software. One potential 

drawback of PP method is that large intensity peaks could obscure some important low 

intensity peaks. The effect of signal intensity on median RSD was further investigated as 

shown in Table 3.2.  High intensity peaks, observed in methanol precipitation, had better 

median RSD of 30% while low intensity peaks in the same samples showed much 

deteriorated RSD of 60%. However, the results for SPME do not show such pronounced 

effect (67% RSD versus 58% RSD) indicating that method precision in plasma for D-

SPME method requires further optimization and troubleshooting.   
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Figure 3.15 Area comparison of D-SPME to protein precipitation method with dilution 

(PP2) 

 

Table 3.2 Comparison of median RSD for peaks with low and high intensity using AAC 

microgel and methanol precipitation with dilution in human plasma 

Method 
Median RSD for peaks 

that have intensity < E4 

Median RSD for peaks 

that have intensity > E5 

AAC microgel 67% 58% 

Methanol precipitation 

with dilution 
60% 30% 

 

3.3.5 Comparison of 1:8 versus 1:25 ratio of microgel to sample in terms of 

metabolite coverage and precision 

The results which are shown in Table 3.1 for AAC microgel used non-ideal ratio of 

microgel to sample (1:8), therefore fresh preparation of 1:25 ratio (optimum ratio of 

extraction phase to sample according to the Section 2.3.10) and its corresponding blanks 

were made and analyzed in new positive ESI batch. Table 3.3 shows the results of 

metabolite coverage and median RSD of D-SPME method using 1:8 and 1:25 ratio of 

microgel to sample in PFP RP method in positive LC-ESI-MS. 

With these new results, 1712 metabolites were observed with D-SPME method for AAC 

microgel with 1:8 ratio and 1825 metabolites for AAC microgel with 1:25 ratio which is 

higher than the numbers reported in literature as discussed above. AAC microgel with the 

ratio of 1:25 had about 113 more metabolites than the ratio of 1:8 and the precision was 
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significantly improved with median RSD of 29% due to increasing the volume of 

microgel. Median RSD for fiber SPME was below 20% therefore further troubleshooting 

of precision is still required.
 79 

Table 3.2 Summary of metabolite coverage and median RSD results observed for the 

analysis of the same pooled human plasma sample in 5 replicates prepared using D-

SPME with ratio of 1:8 and 1:25 of microgel to sample and reanalyzed using PFP 

reversed-phase in positive LC-ESI-MS. 

Methods 
Number of metabolites Median RSD 

Positive ESI Positive ESI 

AAC microgel 

Ratio 1:8 
1712 50 

AAC microgel 

Ratio 1:25 
1825 29 

 

3.3.6 Comparison of D-SPME sample preparation with ion-exchange microgel 

versus commercial nanotraps: ion suppression 

Ion suppression or enhancement caused by co-eluting matrix components is a common 

problem encountered in LC-MS methods that rely on ESI. As such, it is necessary to 

evaluate matrix effects during validation of an LC-MS method to ensure that the 

analytical data will be accurate and reproducible. In metabolomics, the situation is much 

more complicated, as the analysis of all compounds is desired, therefore great issues with 

matrix effects can be expected. The degree of matrix effects encountered in a method will 

depend on various factors that were discussed in detail Section 1.3.1. Among these 

factors, the choice of sample preparation method will be one of the major contributing 

factors. Between traditional sample preparation techniques, protein precipitation typically 

provides the least amount of sample cleanup, which in turn can result in significant 

matrix effects. From a theoretical point of view, SPME can provide cleaner sample 

extracts due to the smaller amount of extraction phase employed. In this section, the 

performance of D-SPME and nanotrap extraction in terms of ion suppression was 

evaluated. In this experiment, unspiked plasma samples were extracted using 

commercially available hydrogel (white and blue nanotrap) and microgel with 10% AAC 

according to methods described in Section 3.2.4 and 3.2.5, which were prepared in 5 

replicates. The resulting extracts were spiked with known concentration (200 ng/mL) of 

the metabolites after extraction. The % of signal was evaluated by the comparison of the 

signal obtained for this post-extraction spike versus the signal for neat standard prepared 

directly in the desorption solvent at the same concentration after considering any 

endogenous compounds as shown in Equation 3.1. If no significant matrix effect is 

observed, the signal should be between 80-120%. Percent signal >120% represents ion 
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enhancement for a given metabolite and % signal <80% represents ion suppression for a 

given metabolite. Thus, if the analyte signal in the matrix is low compared to the signal in 

desorption solvent or even undetectable, this indicates that the presence of interfering 

agents is causing the ion suppression. 

Equation 3.1 

% Signal= 
(𝑠𝑖𝑔𝑛𝑎𝑙 𝑜𝑓 𝑝𝑜𝑠𝑡𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑠𝑝𝑖𝑘𝑒−𝑠𝑖𝑔𝑛𝑎𝑙 𝑜𝑓 𝑢𝑛𝑠𝑝𝑖𝑘𝑒𝑑  𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛)

𝑠𝑖𝑔𝑛𝑎𝑙 𝑖𝑛 𝑑𝑒𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 𝑠𝑜𝑙𝑣𝑒𝑛𝑡
 × 100% 

The results obtained from this experiment are shown in Figure 3.16. The majority of 

metabolites showed no ion suppression or enhancement using AAC microgel except for 

lysine and histidine as expected. These species are polar metabolites, which eluted early 

in reversed phase chromatography and were not retained well on PFP column. These two 

compounds were not even detected with white nanotrap due to the severe ion 

suppression. For example, in thyroxine, which was retained in PFP column, there was no 

ion suppression for AAC microgel while there is ion suppression for white and blue 

nanotrap. The normal level of thyroxine is 15.53 ng/mL in plasma according HMDB
119

 

and 100 ng/mL standard was spiked for ion suppression evaluation. It means that even 6-

fold increase in thyroxine could not be observed for nanotraps for this compound. 6-fold 

increases in concentration are not very common in plasma, and even 50% change in 

metabolite concentration can have significant clinical effect(s) depending on the 

metabolite in question and its biological role. This example illustrates an important 

shortcoming of current metabolomics studies and that more attention should be paid to 

minimizing ion suppression. In negative mode, for some compounds such as riboflavin, 

adenine and biotin ion enhancement was observed as it is shown in Figure 3.17. This 

could possibly be a solubility effect; whereby extracted plasma is better able to solubilize 

these compounds than desorption solvent. This may also arise due to the difference in 

droplet formation during electrospray process due to the different surface tension. As it 

was shown in Figure 3.16 and 3.17 there is also discrepancy in results between positive 

and negative ESI for adenine because of the ion suppression and co-eluting interferences 

that can be ionized in positive ESI better than negative mode. Overall it indicates that D-

SPME method using 10% AAC performed well in terms of ion suppression and 

outperformed extraction using both white and blue nanotraps. Methanol precipitation was 

not compared in this experiment as other group members have performed this experiment 

and observed even more severe suppression than what is seen for nanotraps here 

[Sitnikov et al., manuscript submitted]. 
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Figure 3.16 Evaluation of ion suppression comparing D-SPME using blue nanotrap 

versus white nanotrap versus AAC microgel. The samples were spiked with known 

concentration (200 ng/mL) of the metabolites after extraction and analyzed using 

reversed phase PFP LC-MS analysis in positive ESI with Orbitrap mass spectrometry.  

 

Figure 3.17 Evaluation of ion suppression with D-SPME of different hydrogels; 

commercial nanotrap and ion-exchange microgel.  The samples were spiked with known 

concentration (200 ng/mL) of the metabolites after extraction and analyzed using 

reversed phase PFP LC-MS analysis in negative ESI with Orbitrap mass spectrometry.  
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3.4 Conclusions 

Overall, the results are promising in comparison to the literature as discussed in this 

Chapter. In terms of metabolite coverage in plasma, AAC microgel performed as well as 

white nanotrap and better than blue nanotrap. Overall metabolite coverage achieved in 

protein precipitation method was higher than D-SPME method; new metabolites were 

detected with D-SPME (568 metabolites) that was not observed in protein precipitation 

method.  

In terms of precision, microextraction with both AAC microgel with the ratio of 1:8 and 

nanotraps had worse precision than methanol however; the precision was significantly 

improved with fresh preparation of AAC microgel with the ratio of 1:25 with median 

RSD of 29%. On the other hand, precision of precipitation with 

evaporation/reconstitution in negative mode had high variability due to the instrumental 

error, as the precision of this method was reasonable in positive mode. In terms of ion 

suppression, AAC microgel performed well and better than nanotraps and methanol 

precipitation in human plasma.  

The results from plasma were different than standards and it could be due to limited 

number of ion-exchange binding sites to interact with analytes, which would cause a drop 

in ion-exchange contribution. For example, Na
+
, Ca

2+
 and Mg

2+ 
are positive ions that are 

present in plasma with high concentration of 142600, 2420 and 833 μM respectively. 

HCO3
−
 and Cl

−
 are major negative ions, which are present in plasma with high 

concentration of 24900 and 103700 μM respectively. The concentration of creatinine in 

plasma is 82.6 μM, which is much smaller in comparison to positive ions in plasma. 

Similarly, the concentration of taurocholic acid in plasma is 0.38 μM which again is 

much lower than the concentration of smaller anions in plasma, therefore these 

compounds will have slight chance to have ion-exchange interaction in presence of high 

concentration of ions in plasma.
119

 There are some strategies that can be used to evaluate 

the contribution of ion-exchange capacity. By using particular ions that bind strongly to 

the extraction phase, total ion exchange capacity can be evaluated.  

In future, the same samples must be analyzed with HILIC and CSH C18 RP methods to 

further evaluate polar and lipid coverage of these new extraction materials and better 

characterize their selectivity in plasma.  
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Chapter 4 

Conclusions and future work 

 

4.1 Conclusions 

In this work, for the first time, systematic optimization across metabolite classes with D-

SPME sample preparation for hydrogel materials was investigated. Solid phase 

microextraction with fiber format was previously investigated in global metabolomics, 

however for the first time dispersive format of solid phase microextraction was used in 

this study. This kind of format is expected to provide higher surface area to increase the 

extraction efficiency and reduce equilibration time due to the increased contact of 

analytes and the support. It is also a single use format therefore there is no carry over 

issue to consider. A general problem with the applications of SPME in metabolomics is 

the unavailability of commercial SPME coatings for polar and ionic analytes so that this 

study attempted to improve the detection of polar and ionic analytes with using 

functionalized hydrogel materials. 

Hydrogel with ion exchange functionality (AAC, VAC, APMAH microgel) has not been 

previously used in global metabolomics. There is one study that used poly (N-

isopropylacrylamide-acrylic acid) hydrogel particles for removal of abundant plasma 

proteins, prior to proteome analysis.
77 

In another study, pNIPAm-based thermo-

responsive hydrogel with different co-monomer was used as the stationary phase for SPE 

for drug analysis. They concluded that the separation of acidic and basic drugs can be 

performed due to the electrostatic interaction.
120

 In another study, pNIPAm-based 

hydrogel with ion-exchange groups could separate organic acids and amino acids via 

hydrophobic interaction and electrostatic interaction by controlling the temperature and 

pH.
121

 NIPAAm, hydrogel cross-linked with 3,4-Ethylenedioxy-N-methylamphetamine 

(EDMA) was investigated for in-tube solid phase microextraction. Extraction efficiency 

increased with wide range of pH and through hydrophobic interaction. 
124

The effect of 

cross-linked poly (N-isopropylacrylamide) hydrogel on steroid extraction was also 

investigated. The results showed that changing temperature affects the separation of 

steroids with different hydrophobicity. For instance, the separation of hydrophobic 

steroids was achieved at lower temperature.
122 

In the other study, the extraction of 

fluvoxamine using thermo sensitive poly [N-isopropylacrylamide] (pIPAAm)-based 

nano-particles was evaluated in terms of temperature, pH, and contact time. It was found 

that at a temperature higher than the lower critical solution temperature of the polymer, 

more fluvoxamine would be released.
123 

The adsorption of amino acids on pNIPA 

microgels was also studied at different temperature (25 °C and 37 °C). The binding for all 
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amino acids was improved by increasing temperature to 37 °C. The binding of 

hydrophobic amino acids was controlled via hydrophobic interactions and hydrogen 

bonding dominated the binding of the hydrophilic amino acids.
125

 Therefore the effect of 

temperature should be investigated in current study in order to improve the binding.  

The optimized D-SPME was found to perform well for acidic and basic metabolites and 

for lipid metabolites across all lipid classes. Acidic metabolites (such as organic acids) 

are extracted well using N-3-aminopropyl methacrylamide hydrochloride (APMAH) 

functionalized microgel, while basic metabolites (such as amines) are extracted better 

using vinyl acetate (VAC) and acrylic acid (AAC) functionalized microgels.  

Sequential extraction of metabolites using solvents with different polarity provides the 

benefit of desorbing polar metabolites while most phospholipids remain in the sorbent. 

This may increase the metabolite coverage and decrease potential for ion suppression. 

The obtained D-SPME extract was compatible for direct injection using both HILIC and 

RP methods. The step of evaporation/reconstitution is completely avoided in the current 

workflow in order to avoid possible issues with metabolite solubility in a given 

reconstitution solvent.  

Commercial core-shell nanoparticles (CERES Nanotrap) functionalized with acrylic acid 

(white nanotrap) or Cibachron blue cores (blue nanotrap) were also compared with 

microgel because AAC microgel and white nanotrap had the same acrylic acid 

functionality. These commercially available nanotraps are expensive and overall time of 

the final D-SPME sample preparation approach using nanotrap was 21 hours (including 

overnight incubation) whereas using ion-exchange microgel the experimental time was 4 

hours. Therefore, developed D-SPME protocol using microgels can be an inexpensive 

alternative to expensive and time consuming nanotrap protocol for global metabolomics 

with plasma.  

Ion suppression is a common phenomenon in LC-MS analysis of complex samples and 

can be effectively eliminated/minimized by an appropriate sample preparation method. 

Because of simplicity of protein precipitation, this method remains a popular technique in 

plasma analysis but is highly susceptible to severe matrix effects. In this thesis, it was 

clearly shown that D-SPME sample preparation could minimize ion suppression issues, 

even from samples in complex matrix and thus improve data quality of resulting 

metabolomics studies. In comparison to the traditional methods, SPME had lower MS 

signal intensities due to the non-exhaustive nature. This helped to reduce ion suppression 

and improved quantitation and data quality. Overall AAC microgel performed better than 

nanotrap and methanol precipitation in terms of ion suppression 
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In terms of metabolite coverage, hydrogel microparticles performed as well as white 

nanotrap and better than blue nanotraps. Metabolite coverage achieved in D-SPME 

method was lower than protein precipitation method as expected, whereas new 

metabolites (568 metabolites) were detected with D-SPME that were not observed in 

methanol precipitation method. One important aspect of SPME is that the amount 

extracted is proportional to free concentration under conditions employed for typical 

plasma extraction, where only small amount of free analyte concentration is extracted 

Consequently, D-SPME method could be potentially useful in biomarker discovery due 

to providing a useful readout of biologically active concentration of metabolites, which 

would be highly complementary information to total metabolite concentration obtained 

by solvent precipitation methods. In addition, as shown in this thesis, D-SPME 

considerably reduces matrix effects so it can provide much better quality of data in 

metabolomics studies. 

 

.  
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4.2 Future work 

For future plan, one aspect is to investigate the identification of new metabolites whose 

detection was improved by D-SPME and not by other methods. A second important 

aspect to address is to further improve method precision for D-SPME. There are some 

parameters that need to be investigated. First, internal standard mixtures that covers all 

different kinds of metabolite such as cholic acid-2, 2,4,4-d4, histamine d4, phenylalanine-

d5, L-thyroxine-
13

C6, cortisol-d4 should be added at the beginning of the extraction to 

correct for slight differences in the amount of extraction phase and human error. Second, 

in the optimized protocol 20% methanol was used for the wash step. It is required to use 

the solvent that is strong enough to remove impurities, but weak enough to leave the 

compounds of interest bound. It was observed that 20% methanol is not weak enough to 

leave polar compounds behind but it is good for lipids therefore, decreasing the amount 

of organic solvent could help for polar compounds.  Furthermore, increasing the amount 

injected for LC-MS analysis even further either by increasing the amount of hydrogel 

during extraction or more simply by increasing injection volume or decreasing further the 

volume of desorption solvent could also help further improve the precision. Testing the 

effect of temperature and tighter control of temperature throughout all steps should also 

be investigated. Additionally, a detailed investigation of evaporation and reconstitution 

conditions can also help to improve precision for all the methods that use this step.  

UPLC is a useful tool for LC-MS-based metabolomics since more features will be 

detected due to significant improvements in detection limits, reduction in total analysis 

time, and increased resolution. Therefore, for future applications using UPLC instead of 

HPLC would be beneficial and could improve precision and metabolite coverage without 

increasing the concentration of SPME extracts.
56 

It is also important to remember that 

electrospray LC-MS is simply one suitable ionization platform for global metabolomics; 

other platforms and ionization methods can be added to achieve comprehensive 

metabolite coverage. 

In this thesis D-SPME was optimized for different kinds of ion-exchange functionalized 

hydrogels (AAC, VAC and APMAH) with metabolite standard mixtures however in 

Chapter 3 D-SPME only AAC microgel was compared to methanol precipitation in a 

complex sample such as plasma to keep batch size to ~100 samples, which is preferred 

length for metabolomics batches. Hence, for the future plan APMAH and VAC microgel 

performance also needs to be evaluated against methanol precipitation in plasma in terms 

of metabolite coverage, ion suppression, precision and recovery. Another interesting 

aspect for future studies is to test other nanoparticles such as carbon nanotubes (single-

wall, multi-wall and functionalized carbon nanotubes), polystyrene-divinyl benzene 
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nanoparticles and titanium dioxide nanocomposite to investigate if they can increase the 

numbers of metabolites.  

The use of complementary HILIC and reverse phase methods, as well as positive and 

negative ionization modes will increase metabolite coverage. In this study, with reversed-

phase with PFP column 568 new metabolites were detected versus methanol precipitation 

for intermediate polarity metabolome, which is promising. On the other hand, reversed-

phase with CSH-C18 column and HILIC method as optimized in Section 2.2.4.2 and 

2.2.4.4 still need to be evaluated to investigate the performance for polar and lipid 

metabolites.  

The results of this thesis clearly showed that dispersive solid phase microextraction using 

hydrogels with ion exchange functionality can be a very useful sample preparation 

method for global metabolomic studies in order to decrease ion suppression and to 

improve quantitative information of the collected metabolomics data but, further studies 

are required to characterize unique metabolites detected by D-SPME.  

 

 

.  
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