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Abstract 

Obesity and inactivity can lead to a cluster of conditions called metabolic syndrome, which 

again can lead to non-alcoholic fatty liver disease (NAFLD). NAFLD consists of several stages, 

where the liver accumulates fats, potentially leading to liver fibrosis and cirrhosis. Cirrhosis is 

considered a terminal state and requires liver transplantation to save the life of the patient. The 

only diagnostic tool for NAFLD today is liver biopsy. Hence, less invasive diagnostic tools are 

currently lacking, like biomarkers, which can be advantageous for early diagnosis. Liver 

organoids are a promising research model used for disease modeling and recapitulate the human 

NAFLD in vivo environment. Oxysterols are endogenous cholesterol metabolites seen in some 

of the NAFLD pathways and are proposed as potential biomarker candidates. However, 

oxysterols are low abundant in biological samples and need a highly sensitive LC-MS method 

for quantification. Miniaturizing the inner diameter (ID) of the LC column (nLC) is one way to 

enhance the method sensitivity. Additionally, a trap column can further enhance method 

sensitivity by allowing large volume injections, and an automatic filtration and filter 

backflushing system (AFFL) enhances the robustness of the platform. Few studies have 

investigated the use of miniaturized LC columns in oxysterol determination. The aim of this 

study was to develop a highly sensitive nLC-MS method, combined with an on-line sample 

clean-up in the form of a trap column and an AFFL-system, towards quantification of the 

oxysterols 22R-, 24S-, 25-, and 27-OHC in healthy and NAFLD-induced liver organoids. An 

automated nLC-MS method combined with an on-line sample clean-up was successfully 

assembled. 2.5 m core-shell Super Phenyl-Hexyl (SPH) and 5 m phenyl-hexyl (PH) particles 

were chosen and successfully packed in fused silica capillaries (75 m ID) as the analytical- 

and trap column, respectively. Significant band broadening was a problem, and a Butterfly 

Portfolio column heater was included in the platform to enhance column efficiency. It was 

discovered that the 5 m PH particles in the trap column were partly responsible for the band 

broadening observed due to incompatibility with the 2.5 m SPH particles. Hence, the 2.5 m 

SPH particles were found to be suitable in the trap column instead. Relatively efficient nLC 

columns were packed; however, they proved to be challenging to reproduce and lacked 

robustness due to short lifetimes, making the oxysterol isomer separation challenging. Core-

shell particles continue to prove to be challenging to pack in narrow bore capillaries. Therefore, 

customizing the packing procedure for these particles should be performed further by, e.g., 

adding a frit on both ends of the column and optimizing the slurry concentration. 
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Abbreviations 

Abbreviation Term 

22R-OHC 22R-Hydroxycholesterol 

 22R-OHC-d7 22R-Hydroxycholesterol-d7 

24S-OHC 24S-Hydroxycholesterol 

25-OHC 25-Hydroxycholesterol 

25-OHC-d6 25-Hydroxycholesterol-d6 

27-OHC 27-Hydroxycholesterol 

27-OHC-d6 27-Hydroxycholesterol-d6 

2D Two-dimensional 

3D Three-dimensional 

ACN Acetonitrile 

AFFL Automatic filtration and filter backflushing 

C Concentration 

C18 Octadecyl 

CE Capillary electrophoresis 

CYP450 Cytochrome P450 

DC Direct current 

EADSA Enzyme-assisted derivatization for sterol analysis 

EIC Extracted ion chromatogram 

ER Endoplasmic reticulum 

ESI Electrospray ionization 

FA Formic acid 
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FFA Free fatty acid 

FPP Fully porous particles 

FS Fused silica 

FWHM Full width half maximum 

GC Gas chromatography 

HPLC High performance liquid chromatography 

HSC Hepatic stellate cell 

ID Inner diameter 

iPSC Induced pluripotent stem cell 

IS Internal standard 

LC Liquid chromatography 

LOD Limit of detection 

LOQ Limit of quantification 

LXR Liver X receptor 

m/z Mass to charge ratio 

MeOH Methanol 

MP Mobile phase 

MRM Multiple reaction monitoring 

MS Mass spectrometry 

NAFL Non-alcoholic fatty liver 

NAFLD Non-alcoholic fatty liver disease 

NASH Non-alcoholic steatohepatitis 

nESI Nano electrospray ionization 

nLC Nano liquid chromatography 
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OD Outer diameter 

PEEK Polyether ether ketone 

PH Phenyl-hexyl 

RF Radio frequency 

ROS Reactive oxygen species 

RP Reversed phase 

RPLC Reversed phase liquid chromatography 

RSD Relative standard deviation 

SEM Scanning electron microscope 

S/N Signal to noise ratio 

SP Stationary phase 

SPH Super phenyl-hexyl 

SST Stainless steel 

TG Triglycerides 

TIC Total ion current 

TQMS Triple quadrupole mass spectrometry 

UHPLC Ultra-high performance liquid chromatography 

 UV Ultraviolet 

V Volume 

WS Working solution 
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Definitions 

Term Definition 

Agglomeration Particles suspended in a liquid clustering together 

(reversible) [1]. 

Aggregation Particles suspended in a liquid clustering together 

(irreversible) [1]. 

Excretion Metabolic waste products that are eliminated from the 

body [2]. 

 Extra-column volume The volume between the effective injection point and the 

effective detection point, excluding the part of the 

column containing the stationary phase [3]. 

Ex vivo Biological process occurring in or on a biological tissue 

but in an artificial environment, outside the organism, 

with the minimum alteration of natural conditions [4]. 

In vitro Processes taking place outside a living body [5]. 

In vivo Processes taking place in a living body [6]. 

Ion suppression Leads to reduced detector response due to the presence 

of other compounds in the sample competing for 

ionization or inhibiting efficient ionization of the 

analytes [7]. 

Limit of detection The concentration that gives S/N = 3. 

Limit of quantification The concentration that gives S/N = 10. 
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Linear velocity Standardized flow rate adjusted for columns in all 

dimensions expressed in cm/s (flow rate (cm3/s) per unit 

cross-sectional area (cm2)) [8]. 

logP Partition coefficient of a molecule between an aqueous 

and an organic phase. 

Parenchymal cells The functional tissue of an organ as distinguished from 

connecting or supporting tissue [9]. 

Phenotype The observable characteristics of an organism or a 

disease [10]. 

Precision The closeness of agreement between independent test 

results. A measure of precision is the standard deviation 

[11]. 

Repeatability The closeness of agreement between independent results 

obtained with the same method on identical test material 

under the same conditions (same operator, same 

apparatus, same laboratory, and after short intervals of 

time) [11]. 

Resolution A characteristic of separation between two adjacent 

peaks in chromatography [12]. Rs  1.5 corresponds to 

baseline separation. 

 Rotor A dynamic part in an HPLC-valve that turns when 

switched, controlling the direction of the flow. 

Sedimentation A process in which small pieces of a solid material fall to 

the bottom of a liquid and form a layer [13]. 

Surface tension The property of the surface of a liquid that allows it to 

resist an external force, due to the cohesive nature of its 

molecules [14]. 



  XIII 

Stator A fixed outer part in an HPLC-valve where the tubings 

and connections are attached. 

Suspension A liquid in which small pieces of solid are contained, but 

not dissolved [15]. 
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1 Introduction 
 

Obesity and inactivity can lead to metabolic syndrome, which is a cluster of conditions like 

imbalanced cholesterol levels, high blood pressure, high blood sugar, and insulin resistance [16, 

17]. Metabolic syndrome again raises the risk of developing diabetes type 2, heart disease, and 

non-alcoholic fatty liver disease (NAFLD) [18, 19]. An overview of the different conditions is 

illustrated in Figure 1. 

 

Figure 1. The various conditions linked to obesity and inactivity. The orange boxes illustrate the different 

conditions of metabolic syndrome, which singly or collectively can contribute to one or several of the conditions 

in the green boxes. 
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1.1 Non-alcoholic fatty liver disease 

Non-alcoholic fatty liver disease (NAFLD) has become the most common cause of chronic liver 

disease worldwide, estimated to affect around 25% of the global adult population of the western 

world [20, 21]. NAFLD develops when the liver accumulates fats due to obesity and inactivity 

(and not due to alcohol consumption) and is closely related to insulin resistance, metabolic 

syndrome, and diabetes type 2 [22, 23]. 

The pathophysiology of NAFLD is complex and not fully understood, but in general, NAFLD 

consists of several stages, differentiating by the severity of the condition (Figure 2) [24]. In the 

first stage, the hepatocytes, which are the functional metabolizing cells of the liver, accumulate 

lipids such as triglycerides (TGs) and free fatty acids (FFAs). Accumulation of lipids leads to 

an enlargement of the liver, often referred to as hepatocyte ballooning, and a stage called 

steatosis or non-alcoholic fatty liver (NAFL) [24]. NAFL is considered a relatively benign state 

but can develop into more fatal conditions [25]. Over time, NAFL can progress into a second 

stage where hepatocyte necrosis leads to inflammation and potential fibrosis of the liver. This 

second stage is often referred to as non-alcoholic steatohepatitis (NASH) [23]. Fibrosis is when 

the repair of damaged tissue (inflammation) causes tissue scarring.  

 

 

Figure 2. The stages of NAFLD progression from a healthy liver to an enlarged fatty liver, followed by an 

inflammation-induced fibrotic liver, and an irreversible tissue scarring stage called cirrhosis. The illustration is 

adapted from [26] and was made in BioRender [27]. 
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Continued damage and repair of liver tissue cause the spread of fibrosis and progression into 

the third stage; irreversible scarring (cirrhosis) [28].  When the liver has reached cirrhosis, the 

functional mass of the liver is reduced, the normal structure of the liver is altered, and the liver 

cannot function properly anymore [22]. There is no treatment for cirrhosis; hence progression 

to this stage requires a liver transplant to save the life of the patient. NAFLD is predicted among 

the leading causes for liver transplantation, highlighting the importance of early diagnosis to 

reverse the disease [29, 30]. For further discussion on the evolution of NAFLD, see chapter 

7.1.1 in Appendix. 

1.1.1 Current diagnosis of non-alcoholic fatty liver disease 

Liver biopsy remains the only standard method for diagnosis of any stage in NAFLD. Hepatic 

tissue from biopsies is subjected to microscopic examination following standardized scoring of 

the progression of the disease. Biopsies are highly invasive and put the patient at risk for 

additional fibrosis resulting from the intervention [31]. Hence, a less invasive diagnostic tool 

(e.g., using biomarkers in biological samples) with the ability for early-stage diagnosis is 

strongly desired for NAFLD to reverse the disease and prevent reaching cirrhosis and liver 

transplantation [32]. 

1.1.2 Disease modeling in non-alcoholic fatty liver disease 

Studies of NAFLD have primarily been performed with animal models and in vitro two-

dimensional (2D) cell cultures [33-35].  Disease modeling has commonly been approached by 

feeding high-fat diets to murine models, but this approach has major drawbacks. Inducing 

inflammation and fibrosis requires feeding for a long time (> one year); hence, studying 

advanced progression to NASH is highly time-consuming [36]. Additionally, animal models 

do not fully capture the hepatic and extrahepatic environment in human NASH, and 

extrapolation to humans may be insufficient [37]. Larger animal models are also expensive and 

logistically difficult to use [38]. Furthermore, the microscopic assessment of the liver tissue is 

obtained in only one single analysis at the end of the study, without any baseline biopsy for 

comparison [39]. Additionally, current in vitro 2D cell cultures fail to model the complex 

multicellular NAFLD-environment (lack non-parenchymal cells responsible for inflammatory 

and fibrotic responses in the liver [40, 41]). Although advances have been made in recent years, 

the current state of animal research and 2D cell cultures are not able to mimic the complexity 

of human biology [36].  
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1.1.3 Organoids – A new approach for modeling non-alcoholic fatty 

liver disease 

The drawbacks mentioned above with current well-established animal- and in vitro models for 

NAFLD assessment demonstrate the urgent need for model advancement [42]. Organoids may 

deliver the advancement of better recapitulating human in vivo biology [43]. Organoids are 

derived from either primary cells, induced pluripotent stem cells (iPSCs), or embryonic stem 

cells (EMCs) [44]. Primary cells are cells taken directly from the living tissue of a donor and 

further grown in vitro. iPSCs are derived from already functionalized cell types from a donor, 

like easily collected skin cells, and reprogrammed back to stem cells [45]. iPSCs can be 

differentiated into almost all cell types and self-assemble into three-dimensional (3D) organ-

like structures with organ-specific functions similar to their in vivo counterparts [46]. Organoids 

have been employed in disease modeling, personalized medicine, and drug development [46-

48], where tissue-specific organoids mimicking the liver, brain, kidney, and intestine have been 

employed [45]. Organoids were chosen by Nature as the “Method of the Year” in 2017, 

reflecting its potential [49]. However, being an emerging research model, drawbacks like inter-

batch-variability (due to lacking differentiation protocol-standardization) and lacking adult 

tissue properties (immature) must still be overcome [50]. 

Non-alcoholic fatty liver disease induced organoids 

To induce NAFLD in liver organoids (particularly steatosis- and fibrosis-phenotypes), the 

organoids must be exposed to FFAs for a prolonged period to cause FFA accumulation (e.g., 

palmitic or oleic acid, chemical structures are shown in Figure 3) [40, 51, 52]. A previous 

challenge of the NAFLD induction has been the absence of liver resident Kupffer cells (liver 

immune cells) and hepatic stellate cells (HSCs) in liver organoids. HSCs are the cells 

responsible for inflammation and fibrosis in the liver. Takebe and colleagues managed to 

combat the previous challenge and differentiated liver organoids with HSCs- and Kupffer-like 

cells and recapitulated steatosis, inflammation, and fibrosis through FFA treatment with oleic 

acid. As a result, enlarged lipid droplets, hepatocyte ballooning, secretion of NAFLD-

associated cytokines, and the stiffening of the organoids associated with fibrosis were observed 

[53]. 
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Figure 3. The chemical structure of the fatty acids, palmitic acid, and oleic acid, which are commonly used to 

induce NAFLD in liver organoids. 
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1.2 Sterols 

1.2.1 Cholesterol 

As mentioned, imbalanced cholesterol levels (high low-density lipoprotein (LDL)-cholesterol 

combined with low high-density-lipoprotein (HDL)-cholesterol) are closely related to obesity 

and inactivity [54] and are one of several conditions for metabolic syndrome.  

Cholesterol is a lipid highly abundant in the cells, located in the lipid bilayer of the cell 

membrane [55]. Cholesterol consists of four hydrocarbon rings, a non-polar carbon side-chain, 

and a polar hydroxyl group at position three (Figure 4). Cholesterol plays several essential roles 

in various synthetic pathways, e.g., in bile acids, steroid hormones, and vitamin D synthesis 

[56]. Three-quarters of the cholesterol in the body is synthesized in the liver, and the rest comes 

from food [57]. Cholesterol is transported in the body by lipoproteins in the blood, either by 

high-density lipoproteins (HDL) or low-density lipoproteins (LDL). HDL is responsible for the 

transport of cholesterol back to the liver for excretion, and LDL transports the cholesterol to 

the blood arteries. Too much LDL-cholesterol can accumulate cholesterol in the arteries, 

creating plaque, potentially resulting in blood clots, strokes, or heart attacks [58, 59].  

1.2.2 Oxysterols 

Oxysterols are intermediate metabolites of cholesterol on their pathway to becoming bile acids 

before excretion through the gallbladder and the digestive tract [60, 61]. Cholesterol can be 

oxidized to oxysterols either enzymatically by enzymes of the cytochrome P450-superfamily 

(CYP450) or hydroxylases, or nonenzymatically by autoxidation by, e.g., H2O2 or reactive 

oxygen species (ROS) such as singlet oxygen, HOCl, and ozone [62]. Depending on the 

location of the oxidation, the resulting oxysterols have different functions. The hydroxyl group 

can be bound to the side-chain on the cholesterol (typically enzymatically) or supplement the 

cholesterols ring structure (typically by autoxidation) [63]. Oxysterols can also form by the 

addition of a carbonyl or an epoxide group and can exist as both free sterols or esterified- or 

sulfonated species [64]. Further discussions will mainly concern the side-chain oxysterols 22R-

hydroxycholesterol (22R-OHC), 24S-hydroxycholesterol (24S-OHC), 25-hydroxycholesterol 

(25-OHC), and 27-hydroxycholesterol (27-OHC) oxidized by enzymes; their molecular 

structures are shown in Figure 4. The 27-OHC is more correctly called (25R)-26-OHC [65], 

but 27-OHC will be used in this thesis as it is commonly used. 
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Figure 4. The chemical structure of cholesterol and its metabolites; 22R-OHC, 24S-OHC, 25-OHC, and 27-OHC. 

The location of the hydroxyl group differentiates the oxysterols and is marked in red. Their respective enzymes 

for formation are included (CYP11A1, CYP46A1, CH25H, and CYP27A1, respectively). 

1.2.3 The biological role of oxysterols 

Oxysterols are biologically active molecules, acting as signaling ligands for multiple receptors. 

22R-OHC, 24S-OHC, 25-OHC, and 27-OHC act as ligands on the nuclear receptor liver X 

receptor (LXR), which, when stimulated, induces gene transcription leading to the suppression 

of cholesterol synthesis [66, 67]. 7-OHC is a precursor of biologically active molecules 

including 25-hydroxy-7-oxocholesterol and 26-hydroxy-7-oxocholesterol [68] that activate the 

G protein-coupled receptor (GPCR) Smoothened in the Hedgehog pathway [66, 69]. 27-OHC 

is a signaling ligand for the estrogen receptor that studies have shown to be relevant in breast 

cancer progression [70]. In addition, 24S-OHC, 25-OHC, and 27-OHC, and other side-chain 

oxysterols can bind to the sterol regulatory-element binding protein-2 (SREBP-2), which favors 

cholesterol synthesis and uptake when unbound [56, 71].  
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The potential role of oxysterols in non-alcoholic fatty liver disease 

Oxysterols are lipid intermediates often associated with lipotoxicity related to metabolic 

syndrome, insulin resistance, and type 2 diabetes and have a suspected relationship to NAFLD 

disease progression [31].  

Research suggests that oxysterol binding to LXR activates the gene sterol regulatory element 

binding protein-1c (SREBP-1c), which further initiates the synthesis of fatty acids inside the 

liver, as shown in Figure 5 [72, 73]. The same mechanism has been discovered in NAFLD 

patients, suggesting that oxysterols play a role in the disease and may be potential biomarkers. 

Raselli et al. showed that patients and mice with NAFLD had increased levels of 24S-OHC and 

22R-OHC, respectively, supporting the hypothesis of oxysterols as biomarkers for NAFLD 

[32]. Additionally, Ikegami et al. discovered upregulated levels of the LXR activators 25- and 

27-OHC in NAFLD patients compared to controls [72]. Contrary to Raselli et al., who 

determined the levels of free oxysterols (non-conjugated), Ikegami et al. determined the total 

levels of oxysterols (the sum of conjugated and non-conjugated oxysterols) as they performed 

a hydrolysis step before derivatization. 

 

Figure 5. The role of oxysterols binding to the LXR. LXR-binding of oxysterols activates the target gene SREBP-

1c synthesizing fatty acids in the liver. The blue triangles illustrate the oxysterols. Adapted from “Insulin 

Mechanism” by BioRender (2021) [27]. 
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1.3 Determination of oxysterols 

Quantification of oxysterols can be performed with both traditional and less explored 

techniques. Gas chromatography (GC) and liquid chromatography (LC) coupled with mass 

spectrometry (MS) (GC-MS and LC-MS, respectively) are the most established methods, with 

GC-MS superior for sterol separation and detection in the last 50 years [74]. GC-MS methods 

offer satisfactory analysis times (3.5 – 20 min), combined with excellent separation and 

resolution. However, sample preparation is laborious, including several derivatization steps, 

commonly by cleavage of conjugates and the addition of trimethylsilyl (TMS) to enhance 

oxysterol volatility, followed by solid phase extraction (SPE) [75-77]. The cleavage of 

oxysterol conjugates is a disadvantage for the GC-MS approach. Cleavage by, for example, 

hydrolysis (for esterified oxysterols) or solvolysis (for the sulfonated oxysterols) limits the 

method to detection of total levels of oxysterols (both non-conjugated and conjugated 

oxysterols), as the conjugated oxysterols are made indistinguishable from the free oxysterols in 

the derivatization step [67]. For this reason, quantification of oxysterols using LC-MS is an 

emerging field. 

Quantification of oxysterols with LC-MS can be performed both with [78] and without [79] 

derivatization. Derivatization is, however, often favored due to the increased MS-detection 

sensitivity. Different derivatization reagents used will be discussed in chapter 1.3.1. With LC-

MS, the levels of free oxysterols can be quantified if the hydrolysis step is omitted [80, 81], 

allowing determination of both total and free levels of oxysterols and the level of conjugated 

oxysterols can be calculated. More details on LC and MS are discussed in chapters 1.5 and 1.4, 

respectively. 

1.3.1 Derivatization reagents for increased method sensitivity 

LC-MS depends on an ionization interface, like electrospray ionization (ESI), to bring analytes 

from an aqueous state in the LC to a charged gaseous state for MS detection. Due to the neutral 

origin of oxysterols, they are non-ionizable; hence using ESI results in poor analytical 

sensitivity [82]. Derivatization of the oxysterols solves this problem by introducing an ionized 

or ionizable group to enhance method sensitivity. Derivatization reagents commonly used are 

N,N-dimethylglycine (DMG) [83, 84], picolinyl acid [85] and Girard P and Girard T [78, 86-

88]. While DMG is mostly used in the context of Niemann Picks syndrome, Girard P and T are 

used in neurologic studies, metabolic diseases, and cancer [74]. However, it is possible to 
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quantify oxysterols by LC-MS without the derivatization step, as proven by McDonald et al. 

They exploited the formation of ammonium adducts of the oxysterols in the MS (ammonium 

acetate added in the MP) [79]. Omitting the derivatization step has nevertheless shown to be 

challenging as adducts are not always formed. Additionally, in nLC, the system may suffer 

from extreme carry-over of the underivatized oxysterols [89]. 

Derivatization with Girard P or T-reagent is an enzyme-assisted derivatization for steroid 

analysis (EADSA) developed by Griffiths et al. [90]. Derivatization with the Girard T-reagent 

charge-tags the oxysterols by adding a positive quaternary nitrogen group to the carbonyl group 

on the ring structure of the oxysterols after the enzyme-assisted oxidation by, e.g., cholesterol 

oxidase (Figure 6) [68]. The enzymatic oxidation takes about one hour (37 C), while the 

Girard T reaction needs to take place overnight (in the dark at room temperature) [91, 92]. The 

time-consuming aspect of this derivatization technique is a major drawback regarding method 

efficiency [78]. 

 

Figure 6. The oxysterol derivatization process of 24-OHC. First, the enzyme cholesterol oxidase oxidizes the 3-

hydroxy-5-ene structure (hydroxyl group on the ring structure) into derivatives of 3-oxo-4-ene (the carbonyl group 

on the ring structure) before the Girard T reaction, where the Girard T reagent reacts with the 3-oxo group to form 

the Girard T derivatives of the oxysterols. The changes in the structures are shown in red. The chemical structures 

were adapted from [78]. 

1.3.2 Oxysterol isomer separation and selectivity 

The oxysterols of interest for this thesis (22R-OHC, 24S-OHC, 25-OHC, and 27-OHC) are 

isomers, meaning they have identical mass but different molecular structures. The isomers have 

identical fragmentation patterns in MS/MS and are impossible to distinguish with MS/MS only. 
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Therefore, the separation of the isomers is solely based on chromatographic separation, 

highlighting the importance of a well-performing column with a suitable stationary phase (SP) 

for good selectivity and separation. Chromatographic separation of the oxysterol isomers is also 

known to be challenging [81]. The selectivity of oxysterol separation is further discussed in 

chapter 1.5.1. 

1.3.3 Oxysterol abundance in biological systems 

As the abundance of oxysterols in biological systems is very low (e.g., ng/mL range in plasma 

[68, 80]), they can be challenging to detect with the presence of a high cholesterol background 

(e.g., mg/mL range in plasma [80, 93]). Therefore, there is a high demand for sufficient 

sensitivity in oxysterol quantification in biological samples [67]. Additionally, oxysterol-

containing samples are often valuable biological samples, such as plasma, tumor, or tissue 

samples, and sample amount may be limited, arising the need for the LC system to provide high 

sensitivity due to small sample volume consumption [94]. 

In addition to derivatization sensitivity enhancement, sensitivity can be enhanced by sample 

enrichment by large volume injection or employment of miniaturized LC systems (10-100 m 

ID columns). Large volume injection allows higher amounts of analytes to be transferred onto 

the analytical column (further discussed in chapter 1.5.4) [94, 95]. Miniaturized LC systems 

like nLC systems ensure less radial dilution of the samples in the column, introducing more 

concentrated eluting bands to the detector (further discussed in chapter 1.5.5) [96].  

1.3.4 Autoxidation  

When preparing biological samples containing oxysterols, cholesterol (precursor) autoxidizing 

is possible when the sample is subjected to air, light, or elevated temperatures, leading to ex 

vivo oxidized cholesterol to mix with endogenous oxysterol [67]. Ex vivo autoxidation is hence, 

a serious issue leading to misinterpretation of endogenous oxysterol-levels [81]. Monitoring 

autoxidation by adding heavy cholesterol (13C-isotope or deuterated) to the sample can account 

for this problem to keep track of the possible cholesterol autoxidation. To avoid autoxidation 

during sample preparation, it is essential to perform all drying steps in an inert atmosphere, such 

as in a vacuum or by purging with inert gases like nitrogen or argon [67].  
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1.4 Mass spectrometry 

MS is a powerful technique able to provide both quantitative (mass or concentration) and 

qualitative (structure) information about compounds of interest based on their mass to charge 

ratios (m/z) [97]. MS has a wide application range and is widely employed in chemistry, 

bioscience, toxicology, environmental sciences, and pharmacy. Both excellent selectivity and 

sensitivity are important features delivered by MS instruments. As mass is a highly specific 

property of a molecule, MS provides minor interferences in high-resolution MS. When operated 

in multiple reaction monitoring (MRM) mode, where ion masses of interest are isolated, 

additional selectivity is expected. The most sensitive MS instruments have detection limits in 

the attomole range [78, 98, 99]. 

1.4.1 Electrospray ionization 

As previously mentioned, MS analysis is limited to the detection of ions in the gaseous phase. 

The LC-MS interface, therefore, includes an ionization source, where the analytes become 

positive or negative gaseous ions [97]. ESI is amongst the most employed ionization sources. 

It is an old technique first described by Geoffrey Taylor in 1964 [100] and was first successfully 

developed experimentally for MS by John Fenn and colleagues in the mid-1980s [101, 102], 

who was also awarded the Nobel Prize in Chemistry in 2002 for the work with ESI. As ESI 

ionizes molecules directly from the liquid phase, it is highly compatible with LC [103].  

ESI can be run in both positive and negative ion mode, depending on whether the analytes are 

positively or negatively charged, respectively. In positive ion mode, the sample is preferably 

sprayed at lower pH so that proton donors are available in the mobile phase (MP) to enhance 

analyte protonation. A higher pH in the MP with proton acceptors available to enhance 

deprotonation is recommended in negative mode. Volatile MPs and buffers must be used in 

ESI-MS as they must be capable of evaporating. ESI holds no molecular mass limitations, 

which is a great advantage when analyzing larger molecules like protein complexes [103]. 

Additionally, ESI delivers excellent ionization efficiency, making it suitable for trace analysis 

[103]. 
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Electrospray ionization theory 

The mechanism for ESI is illustrated in Figure 7. The electrospray process itself arises from a 

physical phenomenon called the Taylor cone. A Taylor cone occurs in a liquid when the liquid 

is in a nozzle, and an electric field is applied at atmospheric pressure. The liquid will initially 

form an elliptic shape due to an equilibrium between two forces – surface tension and 

electrostatic forces [103]. The surface tension pulls the liquid back into the nozzle to minimize 

the energetically unfavorable surface area, while the electrostatic forces pull the liquid out of 

the nozzle towards the counter electrode. When the voltage exceeds a threshold value where 

the two forces are in balance, the elliptic shape will change into a conic shape (the Taylor cone) 

due to dominating electrostatic forces, and a spray is dispersed [103, 104]. For ESI, the electric 

field is applied across the emitter and the MS inlet, usually at a potential of 1-6 kV, pulling the 

positive ions towards the MS inlet, and the negative ions are held back (in positive ion mode). 

The emitted droplets have a diameter of more than 1 m [104].  

The Rayleigh stability criterion limits the electrostatic forces to an equilibrium with the surface 

tension. The droplets emitted have a surface charge density, and solvent evaporation starts 

instantly. Evaporation is ensured by adding a heated inert gas (often N2) co-axially with the 

emitter as nebulizing gas due to large flow volume. Aided evaporation will leave smaller 

droplets with a higher surface-charge density as the volume is decreased and the charge is kept 

constant. As the surface charge density increases, repulsion of the same charges will create a 

new Taylor cone inside the small droplet. The Rayleigh limit is exceeded (the electrostatic 

forces prevail the surface tension), which leads to the ejection of even smaller, highly charged 

droplets (about 200 nm diameter or less). This process repeats until only dispersed charged 

gaseous analytes are left and drawn into the counter electrode (MS inlet) [103]. 
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Figure 7. ESI in positive ion mode where the Taylor cone forms and emits larger droplets evaporating into smaller 

ones. The analytes end up as single gaseous ions due to the applied electric field across the pathway from the 

emitter to the MS inlet. The exceeding of the Rayleigh limit is also illustrated, in which smaller droplets are formed 

as the electrostatic forces dominate the surface tension of the droplet. The illustration was adapted from [97]. 

Nano-electrospray ionization 

The nano-electrospray ionization (nESI) process is similar to that of ESI, but with a lower flow 

(nL/min scale). Due to the lower flow, there is no need for a nebulizing gas. Wilm et al. derived 

an equation relating the flow rate to the emission diameter of the tip of the Taylor cone [104]. 

The emission region of the tip of the Taylor cone will be smaller with a small flow rate. Hence, 

lower flow rates generate smaller primary droplets. Therefore, with nESI, the primary droplets 

can be as small as the smallest final droplets of ESI (200 nm diameter) [104]. This makes the 

nESI more sensitive than ESI as the ionization is more efficient due to the easier desorption of 

the analytes from the smaller droplets. Hence, more ions reach the MS inlet. Wilm et al. also 

describe the ion jet as shorter with nESI than with ESI, allowing the emitter to be set closer to 

the MS inlet, enhancing the sensitivity further [104]. The low flow in nESI is highly compatible 

with nLC. 



  15 

1.4.2 Triple quadrupole mass analyzer 

After the analytes are ionized and in the gas phase, the ions migrate into the mass analyzer 

inside the MS. The mass analyzer is where the ions are separated based on their m/z. Several 

mass analyzers exist (e.g., quadrupole, ion trap, orbitrap, Fourier-transform ion cyclotron 

resonance (FT-ICR), time-of-flight (TOF), and magnetic sector), but as the triple quadrupole 

was used in this thesis, only this will be discussed here. 

The triple quadrupole MS (TQMS) is a tandem MS consisting of three compartments, often 

denoted Q1, q2, and Q3, each with four circular or hyperbolic rods [105]. Q1 and Q3 are mass 

analyzers, while q2 is a collision cell pressurized with an inert gas like N2 or Ar to fragment the 

ions. A typical TQMS is illustrated in Figure 8. Five scan modes are available; full scan, 

precursor ion scan, product ion scan, neutral loss scan, and selected reaction monitoring (SRM), 

also called multiple reaction monitoring (MRM) [106]. The latter will be discussed in more 

detail below. 

 

Figure 8. TQMS in SRM mode where one single ion is selected from Q1, fragmented in q2, and only one fragment 

ion is filtered through in Q3 and allowed to reach the detector. The illustration is adapted from [97]. 

 

Mass separation in Q1 and Q3 is achieved when applying a direct current (DC) voltage (U) and 

a radio frequency (RF) voltage (V) on the two rods contrary to each other. The U and V can be 

altered to ensure stable trajectories (ions not touching the rods) of the ions with the m/z values 

of interest. The other ions are eliminated when touching the rods and become neutralized [105]. 

The q2 cell is operated in an RF-only mode to allow stable trajectories of all entering ions. 
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Multiple reaction monitoring for increased selectivity 

In MRM mode, Q1 and Q3 work as mass filters, where Q1 only filters through the selected 

precursor m/z of interest, q2 fragments the ions by the inert collision gas, and Q3 filters through 

the selected m/z fragments. The fragment giving rise to the highest signal is commonly used as 

the quantifier ion, and the fragment giving the second-highest signal is often used as a qualifier 

ion to confirm the presence of the analyte. The entire mass analyzer compartment is in a vacuum 

to ensure a free pathway for the migration of the ions, avoiding collision with other atmospheric 

gases. The MRM fragmentation pattern for derivatized 27-OHC is illustrated in Figure 9. 

 

 

Figure 9. The fragmentation pattern of derivatized 27-OHC resulting in the quantifier- and qualifier-ions with m/z 

of 455.36 and 437.35, respectively. 22R-, 24S, and 25-OHC have identical fragment patterns [78, 88]. 
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1.5 Liquid chromatography 

Prior to detection with MS, separation of the oxysterol isomers is necessary. LC is a separation 

method used to separate molecules based on various separation principles [107]. The separation 

principles are based on the hydrophobicity, hydrophilicity, charge, and the size of the analytes. 

The most common separation principle is reversed phase (RP), suitable for analyte molecules 

with some hydrophobic segment. The SP in RP chromatography normally consists of fully 

porous silica particles with C18 alkyl chains attached to them (Figure 10). The MP consists of 

water, an organic modifier, and an acid or buffer for pH control. 

1.5.1 Oxysterol selectivity: Reversed phase liquid chromatography 

As side-chain oxysterols are neutral lipids, their structure is overall very hydrophobic (logP = 

~7). Hence, the sterols are suited for RPLC, and a relatively high concentration of organic 

modifier is needed to elute them from the column. 

In oxysterol quantification, RPLC with a C18 SP is the most common SP employed [63]. 

However, other SPs have been shown to provide better selectivity. Pataj et al. investigated a 

biphenyl SP and achieved baseline separation (RS  1.5) of 6 oxysterols, including 24S-, 25-, 

and 27-OHC, within 8 min [83]. Solheim et al. obtained baseline separation of 22R-, 24S-, 25-

, and 27-OHC within 8 min with a core-shell phenyl-hexyl (PH) SP (Figure 10B) [92]. 

Compared to C18, the phenyl-based SPs offer - interactions in addition to hydrophobic 

interactions, giving increased selectivity for, e.g., aromatic compounds. 

 

Figure 10. The SPs A) C18 (octadecyl) and B) PH (phenyl group attached to the hexyl chain). The illustration is 

adapted from [107]. 
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1.5.2 Column performance 

An important characteristic for evaluating column performance is the efficiency, expressed by 

the plate number N [107]. The number of plates was first described by Martin and Synge [108] 

and indicates the degree of band broadening in the column. The plate number is a theoretical 

value where each plate represents the equilibrium of the analyte between the MP and the SP; 

the more equilibria throughout a column, the sharper the peaks, and the better efficiency of the 

column [108]. The plate number is expressed by equation 1. 

N = 16 (
tR

wb
)

2

                                                          (eq. 1) 

Here tR is the retention time of the analyte, and wb is the peak width at the baseline. The equation 

parameters are illustrated in Figure 11A.  If the peak is fronting, tailing, or partially separated, 

the peak width at half height can be used instead, as expressed in equation 2. 

N = 5.54 (
tR

w0.5
)

2

                                                      (eq. 2) 

Here tR is the retention time of the analyte, and w0.5 is the peak width at half height. The equation 

parameters are illustrated in Figure 11A.  

According to the U.S. Food and Drug Administration’s (FDA) “Validation of chromatographic 

methods”, the number of plates should be > 2000 for conventional HPLC columns [109]. 

However, a well-packed HPLC column could have plate numbers as high as 20 000, also 

depending on the particle size. 

However, very few chromatographic peaks are perfect Gaussian shapes. Most peaks are 

asymmetric due to secondary interactions, external column volume, and poor column packing. 

Peak asymmetry can be expressed by the asymmetry factor, As, expressed by equation 3. 

As =
b

a
                                                                  (eq. 3) 

Here a is the width left of half the vertical peak, and b the width right of half the vertical peak 

at 10% peak height. The equation parameters are illustrated in Figure 11B. Ideally, AS = 1, 

then the peak has a perfectly symmetric Gaussian shape. If AS > 1, the peak is tailing, and if AS 

< 1, the peak is fronting. AS < 2 is considered acceptable in conventional HPLC. 



  19 

 

Figure 11. How the parameters A) tM, tR, wb, and w0.5 are extracted from a chromatogram to calculate the plate 

number and retention factor, and B) a and b is extracted at the peak width at 10% of the peak height to calculate 

the asymmetry of the peak. 

 

The retention factor, k, expresses the time the analyte interacts with the SP compared to the 

time spent in the MP and is used to assess the repeatability of the columns. The retention factor 

is expressed by equation 4. 

k =
(tR − tM)

tM
                                                            (eq. 4) 

Here tR is the retention time of the analyte, and tM is the retention time of an unretained 

compound, like, e.g., uracil or thiourea on an RP SP. 

As the retention of the analytes often is compared to those of standards, the retention factor is 

important to be repeatable between sample replicates within a column and between columns. 

The retention factor is also relevant when selecting a suitable trap column, since the trap column 

must provide a lower k than the analytical column to prevent additional band broadening. The 

retention factor is independent of flow rate and column dimensions [107]. Figure 11A 

illustrates how the parameters are extracted from the chromatogram. 
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1.5.3 Increased efficiency: smaller particles and core-shell silica 

particles 

By reducing the column contributions to band broadening, the column efficiency increases. The 

band broadening is commonly expressed by the van Deemter equation (equation 5). 

H = A +
B

u
+ C ∗ u                                                  (eq. 5) 

Here H is the plate height, A represents the eddy dispersion, B the longitudinal diffusion, and 

C the resistance to mass transfer. The lower the plate height, the better the column efficiency. 

More details about band broadening within the column can be found in chapter 7.1.2 in 

Appendix. 

One way of enhancing the column efficiency is to decrease the particle size [110], reflected in 

a decrease of the eddy dispersion in the van Deemter equation. A reduction in particle size, 

however, result in higher backpressures compared to larger particles. Therefore, pumps and 

equipment suitable for handling the high pressures are needed, which can be a technical 

challenge [111, 112]. The instrumentation used for columns packed with small particles 

(typically sub-2 m) is called ultra-high-performance liquid chromatography (UHPLC). 

Typical UHPLC pressure is up to 1400 bar [113].  

The construction of the SP particle also plays a role in column efficiency. Fully porous particles 

(FPP) are the most common particle type used in HPLC today (Figure 12A). Core-shell 

particles, however, have gained popularity offering highly efficient separations at fast flow rates 

with relatively low backpressures [114]. Core-shell particles have a solid core surrounded by a 

porous shell and are illustrated in Figure 12B. A 2.7 m core-shell particle with a 1.7 m core 

and 0.5 m porous shell could provide the same efficiency as a sub-2 m fully porous particle 

with a backpressure close to that of a 3 m fully porous particle [115]. The benefits with a solid 

core are many regarding decreased contributions to band broadening due to decreased eddy 

dispersion, longitudinal diffusion, and to some extent, resistance to mass transfer [116].  
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Figure 12. The intersection of A) an FPP and B) a core-shell silica particle with a porous shell surrounding the 

solid core, with examples of particle dimensions. 

There will be a smaller number of pores with core-shell particles due to the solid core, which 

will decrease the amount of eddy dispersion due to shorter diffusion paths [117]. Core-shell 

particles may also deliver a more narrow particle size distribution than FPP (RSD of 5% vs. 15-

20%), reducing eddy dispersion further [118]. Gritti et al. showed that the average linear 

velocity could be 10% faster near the wall compared to the denser bulk region of FPPs [119]. 

Predictions indicate that this phenomenon can be less significant for core-shell particles as they 

may provide a more dense wall region and, in general, have a more homogenously packed bed 

[116]. Radial heterogeneity in packing density can lead to significant contributions to eddy 

dispersion; in fact, about 70% of the band broadening contributions in UHPLC columns [116, 

120]. 

Numerous and large pores will contribute to longitudinal diffusion. Again, since core-shell 

particles consist of less pore volumes than FPPs, less longitudinal diffusion may occur [115]. 

Packing density also plays a role here. The lower the packing density of the column, the larger 

the contribution from longitudinal diffusion since larger pore volumes between particles are 

available for the MP and analytes to diffuse into [116]. 

Reduction of resistance to mass transfer is also seen with core-shell particles. However, 

resistance to mass transfer is not the dominant cause of band broadening in HPLC in general. 

Guiochon and Gritti have shown that only modest gains are made in efficiency by reducing 

resistance to mass transfer with core-shell particles [121]. 

For the separation of the oxysterol isomers 22S-, 24R-, 25-, and 27-OHC, a column providing 

limited peak broadening is especially important as few differences in chemical properties 

produce closely eluting peaks. 
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1.5.4 On-line sample clean-up and preparation 

In bioanalysis, attractive parameters to optimize are sensitivity and selectivity to enable the 

detection of low abundant analytes in complex biological samples [94]. The automatic filtration 

and filter backflushing (AFFL) system combined with a trap column is an on-line sample clean-

up and preparation technique that enhances sensitivity, selectivity, and robustness of the 

chromatographic platform. The AFFL-system was first described by Svendsen et al. in 2011 

[95] and included two pumps, a 10-port-2-position switching valve, and a filter (Figure 13). 

The sample is first loaded onto the system by the MP by pump 1 and through a filter that 

removes particulate matter. Next, the sample is introduced onto the trap column where the 

analytes are trapped, while the rest of the sample matrix and reagents are led to waste. When 

the 10-port valve is switched, the filter is backflushed, eluting the debris particles to waste. 

Simultaneously, the analytes from the trap column get eluted onto the analytical column. For 

an RP SP, it is favorable to load the sample onto the trap column with an aqueous MP to 

maximize the trapping of the analytes, hence avoid loss of the analytes during loading. 

 

 

Figure 13. An AFFL-set-up combined with a trap column. The 10-port-2-position switching valve with the trap 

column and filter in both load and inject position. The filter is backflushed in inject-position to remove particle 

debris for easy sample clean-up. The illustration is adapted from [78]. 

 

The AFFL-system combined with a trap column enhances selectivity due to the isolation of the 

analytes on the trap column. Additionally, the robustness is enhanced due to less backpressure 

build-up since unwanted particles are removed by the filter between each injection. It is required 
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that the trap column contains an SP with less retention (smaller k) of the analytes compared to 

that of the analytical column. Less retention is important to ensure refocusing of the analytes 

on the analytical column, minimizing band broadening and peak tailing [94]. 

The AFFL-system combined with a trap column contributes to enhanced sensitivity by allowing 

large volume injection. Large volume injection increases the total number of analytes loaded 

onto the narrow analytical column, as the matrix is flushed to waste during loading [95]. 

Removal of reagents from derivatization is especially important before MS detection to keep 

ion suppression from the reagents at a minimum. Bioanalysis often contains a high number of 

samples, calling for high sample throughput. The automated AFFL-system allows high sample 

throughput by reducing the time consumption compared to off-line sample purification and 

preparation and by increasing the robustness of the platform. 

1.5.5 Nano liquid chromatography enhances sensitivity 

Nano liquid chromatography (nLC) enhances the sensitivity of the chromatographic platform. 

In nLC, the inner diameter of the LC column is downscaled, thereby increasing the sensitivity 

of the chromatographic system when using a concentration-sensitive detector such as ESI-MS 

[96]. A narrower column reduces the radial dilution of the analytes in the column, allowing 

more concentrated bands of the analytes to reach the detector, creating higher intensity signals, 

as illustrated in Figure 14. Radial dilution can be expressed by the dilution factor, D (equation 

6) [122], 

D =  
c0

cmax
=
r2(1 + k)√2LH

Vinj
                                         (eq. 6) 

where c0 is the analyte concentration in the sample, cmax is the analyte concentration at the 

detector,  is the particle porosity, r is the radius of the inner diameter of the column, k is the 

retention factor, L is the column length, H is the plate height, and Vinj is the injection volume 

[107]. Hence, radial dilution is proportional to the square of the radius of the column, and 

miniaturization of the column ID allows more concentrated bands to reach the detector. 
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Figure 14. The effect of downscaling the inner diameter of a larger LC column (upper) to a narrower LC column 

(lower). The color intensity (orange) represents the concentration of the analyte. The illustration was adapted from 

[96]. 

 

The effect of downscaling on method sensitivity may be demonstrated by the downscaling 

factor, f, for columns with equal lengths and is expressed by equation 7. 

f =  
r2

large ID

r2
small ID

 =  
D2

large ID

D2
small ID

                                                  (eq. 7) 

Here r2
large ID is the radius of the column with the larger ID, and r2

small ID is the radius of the 

column with the smaller ID. If a column is downscaled from 2.1 mm ID to 0.075 mm ID, the 

downscaling factor will be 784, hence, in theory, giving rise to a 784-fold increase in signal 

intensity when the same number of analytes are injected [123]. This enables trace-level 

detection of analytes in a sample of limited amount, such as oxysterols, which is a great 

advantage of using nLC compared to conventional LC [96]. The downscaling factor can be 

applied to all system parameters, including the flow rate and injection volume [124]. nLC also 

offers lower solvent consumption by lower MP flow rates (nL/min scale) which is economically 

and environmentally advantageous [96]. Downscaling to nLC columns also limits the injection 

volume. However, large volume injections can account for this by inserting a trap column in 

front of the analytical column [96].  
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Applying nLC in oxysterol determination is not well investigated. However, Røberg-Larsen et 

al. detected 24S-, 25-, and 27-OHC in the attomole range by connecting an AFFL-system and 

a trap column to a 100 m ID column [78]. Vehus et al. detected oxysterols down to a zeptomole 

range using open tubular (OT) columns with 10 m ID [125]. 

Although the sensitivity can be greatly enhanced operating at downscaled formats, some 

complications may occur. As all aspects of the chromatographic system are miniaturized, 

including tubings and connections, advanced technical experience is required to avoid extra-

column volumes due to inadequate connections [96, 122]. Extra-column volumes in nLC could 

be detrimental as even marginal volumes have major effects on band broadening [111, 126]. 

Additionally, nLC columns are typically packed in fused silica capillaries requiring delicate 

handling and knowledge of the correct connections to be used, and coupling of these can be 

laborious. In general, a downscaled platform is more demanding to handle than a conventional 

LC platform.  

Combining UHPLC- and core-shell particles with nLC 

A great effort has been made to miniaturize LC, but not much effort has been made to 

miniaturize UHPLC [127]. UHPLC is found to perform better in miniaturized LC than in 

conventional LC, as issues regarding frictional heating within the column are reduced due to 

faster dissipation of the heat [96, 110, 128]. Frictional heating is induced when friction between 

the MP and the SP particles generates heat (due to the high flow rate and small SP particles). 

The friction results in radial and axial temperature gradients in the column, which can damage 

the separation power of the column [113, 129, 130]. On the other hand, the packing of core-

shell particles in miniaturized LC has proven to be challenging [121, 126] as larger voids in the 

packed bed have been observed (especially at higher slurry concentrations), increasing the 

contributions to band broadening [131].  
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2 Aim of study 

Simple and less invasive diagnostic tools for NAFLD are currently lacking. Hence, it is desired 

to discover biomarkers for the disease, and oxysterols are proposed as potential candidates. 

Liver organoids are a promising research model used for disease modeling and may provide 

enhanced recapitulation of the human in vivo NAFLD development. A highly sensitive 

analytical method for oxysterol quantification, in addition to an on-line sample clean-up and 

preparation, is needed to enable detection of the low abundant oxysterols in the small liver 

organoids (typically 1500-2000 cells per organoid). nLC columns can increase method 

sensitivity combined with a trap column for large volume injection. 

The aim of this study was to investigate if an nUHPLC-MS platform using core-shell particles 

in in-house packed fused silica capillaries, combined with an on-line sample clean up in the 

form of an AFFL-system and a trap column (with a suitable SP), was suitable towards highly 

sensitive, efficient, and robust quantification of 22R-, 24S-, 25-, and 27-OHC in liver organoids. 

The developed method was to be used to investigate suitability for NAFLD biomarker detection. 

Figure 15 gives a visual illustration. 

 

 

Figure 15. An overview of the aim of study. 
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3 Experimental 
 

3.1 Chemicals 

Acetonitrile (ACN, LC-MS grade), methanol (MeOH, LC-MS grade), HPLC-MS grade water, 

sodium hydroxide (NaOH), toluene (RG2025), and thiourea  99.0% (88810-100G) were 

purchased from VWR (Radnor, PA, USA). Isopropanol (LC-MS grade), formic acid (FA, 

HPLC-grade, 98%, and LiChropur LC-MS grade,  98%), Girard T reagent (99%), KH2PO4, 

acetic acid (glacial, 100%), 22R-OHC, 25-OHC, cholesterol-25,26,27-13C (99%), and 

cholesterol oxidase from Streptomyces sp. were purchased from Sigma-Aldrich (Saint-Louis, 

MO, USA). The type 1 water was from a Milli-Q® Integral purification system from Merck 

Millipore (Burlington, MA, USA). The frit kit consisting of formamide and Kasil 1624 

(potassium silicate/water 24/76 %) was from Next Advance (Troy, NY, USA). 24S-OHC, 27-

OHC, 22R-OHC-d7, 25-OHC-d6, and 27-OHC-d6 were purchased from Avanti Polar Lipids 

(Alabaster, AL, USA). 
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3.2 Columns and particles 

The columns and particles used in this study are summarized in Table 1.  

Table 1. The columns and particles used in this study. The particles used for in-house packed columns were 

collected from commercial columns and repacked in capillaries. The commercial columns were used as-is. 

 
Producer Name Particles Size Dimensions Serial no./part no. Pore 

size Particles collected from columns for in-house packing 

ACE (Aberdeen, 

Scotland) 

Ultracore Super phenyl-

hexyl 

2.5 m 150 x 2.1 mm A174508/- 95 Å 

ACE (Aberdeen, 

Scotland) 

 

Ultracore Super phenyl-

hexyl 

2.5 m 150 x 2.1 mm A226044/CORE-

25B-1502U 

95 Å 

Phenomenex 

(Torrance, CA, 

USA) 

 

Luna Phenyl-hexyl 5 m 30 x 4.6 mm 224976G/03A-

4257-E0 

100 Å 

Commercial columns 

Septech (Ski, 

Norway) 

HotSep 

Tracy 

C4 5 m 5 x 0.3 mm - 300 Å 

Septech (Ski, 

Norway) 

HotSep 

Tracy 

C8 5 m 5 x 0.3 mm - 300 Å 

Septech (Ski, 

Norway) 

HotSep 

Tracy 

C18 5 m 5 x 0.3 mm - 300 Å 

ACE (Aberdeen, 

Scotland) 

 C8 3 m 150 x 0.1 mm A133336/ACE-

112-15001 

100 Å 

 

The commercial ACE Ultracore Super Phenyl-Hexyl (SPH) columns (150 x 2.1 mm ID, 2.5 

m) and the Phenomenex Luna Phenyl-Hexyl (PH) column (30 x 4.6 mm ID, 5 m) were 

opened in one end, and the filter was removed. A pump pressure was exerted onto the column 

with a 0.25 mL/min flow rate with 100% MeOH, and the particles were collected in 1.5 mL 

microcentrifuge tubes (Eppendorf, Sigma Aldrich). The particles were dried using a 

Concentrator Plus from Eppendorf (Hamburg, Germany) and stored in the microcentrifuge 

tubes at room temperature. 

The fused silica capillaries were from Molex (Lisle, IL, USA). 
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3.3 Solutions 

3.3.1 Oxysterol and heavy cholesterol stock solutions 

Stock solutions (100 M) of 22R-OHC, 24S-OHC, 25-OHC, 27-OHC, 22R-OHC-d7, 25-OHC-

d6, and 27-OHC-d6 were prepared separately in-house by Associate Professor Hanne Røberg-

Larsen in earlier studies by dissolving the received amount from the supplier in a specified 

volume of isopropanol. The 6 M heavy cholesterol (cholesterol-25,26,27-13C) stock solution 

was prepared in-house in a similar manner. 

3.3.2 Oxysterol working solutions 

Working solutions (WS) of the oxysterols (22R-OHC, 24S-OHC, 25-OHC, and 27-OHC) and 

their respective deuterated internal standards (ISs, 22R-OHC-d7, 25-OHC-d6, and 27-OHC-d6) 

were prepared separately by diluting 100 M stock solutions 100 000 and 66 666 times with 

isopropanol to 1 nM (A WS) and 1.5 nM (IS WS), respectively. The WSs were stored in the 

refrigerator (+ 5C). 

3.3.3 Oxysterol evaluation solutions  

Evaluation solutions for the conventional UHPLC-MS platform 

The evaluation solutions were prepared as summarized in Table 2. Additionally, 5 L of 6 M 

heavy cholesterol was added to each evaluation solution. The oxysterols were then derivatized 

as described in chapter 3.4. 

Table 2. The volumes added of 1 nM A WS and 1.5 nM IS WS to achieve the various concentrations. The volumes 

represent the X- and Y-values in Figure 16. 

C analyte (pM) C IS (pM) V A WS (L) V IS WS (L) 

50 200 37 100 

100 200 74 100 

200 200 148 100 

300 200 222 100 

400 200 296 100 

500 200 370 100 
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Evaluation solutions for miniaturized LC-MS platform 

The evaluation solutions were prepared as summarized in Table 3. Additionally, 5 L of 6 M 

heavy cholesterol was added to each evaluation solution. The oxysterols were then derivatized 

as described in chapter 3.4. 

Table 3. The volumes added of 1 nM A WS and 1.5 nM IS WS to achieve the various concentrations. The volumes 

represent the X- and Y-values in Figure 16. Two different volumes and concentrations were used for the ISs. 

C analyte (pM) C IS (pM) V A WS (L) V IS WS (L) 

13 50/100 10 25/50 

27 50/100 20 25/50 

54 50/100 40 25/50 

81 50/100 60 25/50 

108 50/100 80 25/50 

 

3.3.4 Column evaluation solutions 

Evaluation solution for efficiency testing of the in-house packed nLC columns 

A stock solution of 1% toluene was prepared by diluting 100 L of 100% toluene in 10 mL 

MeOH. A stock solution of 1 mg/mL of thiourea was prepared by diluting 25 mg thiourea to 25 

mL MeOH. An evaluation solution of 0.1% toluene and 20 g/mL thiourea was prepared by 

diluting 1 mL of toluene stock solution and 200 L thiourea stock solution into 10 mL 50/43/7 

H2O/ACN/MeOH (v/v/v). The evaluation solution was stored in a refrigerator, and aliquots 

were taken out each day of column evaluation. 

Evaluation solution for retention factor determination 

To determine the retention factor, k of 25-OHC on 2.5 m SPH and 5 m PH columns, a 1 

ng/mL 25-OHC evaluation solution was used. The 10 g/mL 25-OHC evaluation solution 

prepared for direct injection as described in chapter 3.5, was diluted 10 000 times, by first 

diluting 10 L 10 g/mL 25-OHC to 10 mL 0.1% FA in MeOH, and then diluting 1 mL 10 

ng/mL to 10 mL 0.1% FA in MeOH yielding a 1 ng/mL 25-OHC evaluation solution. 
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3.3.5 Cholesterol oxidase in phosphate buffer 

A 50 mM phosphate buffer containing 0.03 mg/mL of the enzyme cholesterol oxidase was 

prepared by dissolving 952.5 mg KH2PO4 in 140 mL water. Cholesterol oxidase, 4.2 mg, was 

added to the solution and the buffer was pH adjusted to 7.0 with 1 M NaOH. The pH adjustment 

of the buffer was performed with a Titrino Plus 877 titrator with a pH meter from Metrohm 

(Herisau, Switzerland). Aliquots of 1250 L were aliquoted into 1.5 mL microcentrifuge tubes 

from Eppendorf and stored at -80 C. 
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3.4 Derivatization procedure 

The oxysterol derivatization procedure is illustrated in Figure 16. After the addition of the WSs 

and heavy cholesterol into the microcentrifuge tubes, the evaluation solutions were evaporated 

into dryness by a Concentrator Plus and resolved in 20 L isopropanol. Next, 200 L of 50 mM 

phosphate buffer containing 0.03 mg/mL cholesterol oxidase was added, and reaction took 

place for 1h at 37 C with slow stirring in either a PHMT PSC-20 Thermoshaker from Grant 

Instruments (20x2.0 mL) (Cambridge, UK) or stirring with a Hula Dancer vortex mixer from 

IKA (Staufen, Germany) before incubation in a drying cabinet from Skala (Oslo, Norway). A 

derivatization reagent was prepared by dissolving 15 mg Girard T reagent in 500 L MeOH 

and 15 L glacial acetic acid. The masses and volumes needed for the reagent were multiplied 

by the number of evaluation solutions to be made, and a large mixture was prepared. Aliquots 

of 515 L of the mixture were added to each evaluation solution, and the reaction took place 

overnight in the dark at room temperature before transferring the solutions to microvial-

autosampler vials (0.3 mL) with screw caps from VWR International AS. 

 

 

 

Figure 16. The oxysterol derivatization process with Girard T reagent. The X- and Y-volumes are summarized in 

Table 2 and Table 3. The image of the Thermoshaker is retrieved from the supplier’s web page [132]. 
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3.5 Off-line solid phase extraction procedure 

Off-line solid phase extraction prior to direct injection of oxysterols  

25-OHC, 25-OHC-d6, and 22R-OHC-d7 were prepared in 10 g/mL, 10 g/mL and 2 g/mL 

(smaller concentration due to lack of stock solution material) evaluation solutions, respectively. 

Off-line SPE was performed to remove the derivatization reagent before direct injection. Oasis 

HLB Prime SPE cartridges from Waters (Milford, MA, USA) were used and did not need 

washing or conditioning before the addition of the evaluation solution. 730 L of 10 g/mL 25-

OHC, and 25-OHC-d6, and 730 L of 2 g/mL 22R-OHC-d7 evaluation solution were added to 

an SPE cartridge each. The oxysterols were eluted with 1 mL MeOH before evaporation into 

dryness and resolving in 730 L 0.1% FA in MeOH. The off-line SPE procedure is illustrated 

in Figure 17. 

 

Figure 17. The off-line SPE procedure using Oasis HLB Prime SPE cartridges from Waters. The SPE cartridges 

did not need conditioning or washing before the addition of the evaluation solution. The X- and Y-volumes 

depends on the end-concentration of interest. 

Off-line SPE before investigation of extra-column volume band broadening 

Off-line SPE was performed on a 500 pM 22R-OHC, 24S-OHC, 25-OHC, and 27-OHC and 

200 pM 22R-OHC-d7, 25-OHC-d6, and 27-OHC-d6 evaluation solution. The same procedure as 

described in Figure 17 was used, and both X and Y volumes were 300 L to end up at the same 

concentration of 500 pM. 
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3.6 In-house packing procedure for nLC columns 

The packing of the nLC columns was performed using the packing procedure developed by 

Berg et al. [133]. The in-house packing station consisted of a pressure bomb using nitrogen gas 

to exert pressure (approximately 150-200 bar) onto the capillary for packing of the particles, as 

illustrated in Figure 18. 

3.6.1 Frits 

A frit was made at the outlet of the fused silica capillaries before the column packing to contain 

the particles. A “Frit Kit” consisting of formamide and Kasil 1624 (a potassium silicate) was 

used. 2 L formamide and 6 L Kasil 1624 were mixed well in a microcentrifuge tube with a 

pipette tip. Fused silica capillaries of 75, 100, or 180 m ID were cut to a 30 cm length and 

placed in the frit solution for the capillary forces to pull the solution into the capillary. The frits 

were polymerized in a GC oven from Fisons Instruments (Ipswich, UK) at 100 C overnight. 

The frit was examined by a microscope from Motic (Xiamen, China) to confirm its presence 

and was cut to 1 mm. 
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3.6.2 Column packing 

Before packing the particles, the 

capillaries were flushed with 100% 

ACN or acetone for washing. A slurry 

was made by adding 30 mg particles in 

1 mL solvent in a 1.5 mL glass vial (30 

mg/mL slurry). The slurry solvent were 

80/20 ACN/H2O (v/v), 90/10 

ACN/H2O (v/v), or 100% acetone. The 

slurry was placed in an ultrasonic bath 

from ATU Ultrasonidos (Valencia, 

Spain) for approximately 10 min to 

prevent the suspended particles to 

sediment. Packing with magnetic 

stirring was employed, where a small 

magnet (3x3 mm) from VWR was 

added to the vial. The capillaries were 

placed in the bomb chamber top-cap 

and attached through a stainless steel 

(SST) nut and vespel/graphite (85/15) 

ferrule (350 m ID, in-house opened to 

370 m ID) from VICI Valco 

Instruments Co. Inc. (Schenkon, 

Switzerland), see Figure 18. The 

capillaries were placed in the vial with the slurry, and the bomb chamber top-cap was attached 

to the bottom part and placed on a Topolino magnetic stirrer from IKA (Staufen, Germany). 

Nitrogen gas (4.0 quality (99.99%)) from Nippon Gases Norge AS (Oslo, Norway) was exerted 

on the capillaries for approximately 30-120 min to obtain a ~15 cm packed bed depending on 

the slurry solvent used. The columns were visually inspected by a microscope.  

An EASY-nLC 1200 pump from Thermo Fisher Scientific (Waltham, MA, USA) was used to 

deliver a 400-900 nL/min flow rate of 80/20 ACN/water (v/v) for 30 min to flush the column 

after packing to allow the particles to settle. 

Figure 18. The in-house pressure bomb system used to pack the 

nLC columns. The illustration is adapted from [133]. 
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3.7 Instrumentation 

3.7.1 Conventional UHPLC-MS platform 

A conventional UHPLC-MS platform with an on-line sample preparation and clean-up (AFFL-

system and trap column) system was used as described by Solheim et al. [92]. The platform is 

described in more detail in Figure 40 in chapter 7.2 in Appendix. 

3.7.2 nLC-UV one-column system for column testing 

The nLC-UV system used for nLC column performance testing is illustrated in Figure 19. An 

EASY-nLC 1200 pump was used to deliver 70/30 ACN/H2O (v/v) isocratic with a flow rate of 

450 and 600 nL/min. The manual injection was performed using a Cheminert microvolume 4-

port-2-position injection valve with a 50 nL sample loop and an SST fill port (1/16”) from VICI 

Valco Instruments Co. Inc. Sample injection was done using a 25 L syringe from Hamilton 

(Bonaduz, Switzerland). A WellChrom K-2600 UV-detector from Knauer (Berlin, Germany) 

was used operating at a 254 nm . The TotalChrom Navigator software from PerkinElmer 

(Waltham, MS, USA) was used for data acquisition. 

 

Figure 19. The nLC-UV system used to perform column performance testing. The microvolume 4-port-2-position 

injection valve contained three tracks (in white). In inject position, the rotor track (50 nL) between the sample and 

waste was filled with evaluation solution, and excess was directed to waste. In load position, the valve was 

switched, putting the track with sample between the pump and the nLC column. The isocratic flow delivered from 

the pump flushed the evaluation solution from the track and onto the analytical column. The injection volume was 

50 nL, as the volume of the rotor track was 50 nL.  
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3.7.3 nLC-MS one-column platform for column testing (Platform I) 

The nLC-MS set-up used to test the retention factor of 25-OHC on the 2.5 m SPH and 5 m 

PH particles- and the extra-column volume band broadening is illustrated in Figure 20. An 

EASY-nLC 1200 pump was used to deliver the isocratic flow rate. An evaluation solution was 

manually injected with a 25 L syringe from Hamilton through an SST fill port (1/16”) in the 

4-port-2-switch injector valve with a sample loop of 50 nL (injection volume). MS tune settings 

and parameters are described in Table 4 and Table 13, respectively. The detection was done 

with the TSQ Quantiva Triple Quadrupole MS from Thermo Scientific with a nanospray flex 

ion source. 

 

 

Figure 20. The nLC-MS platform (Platform I) used for retention factor- and extra-column volume band 

broadening testing. The nLC-MS set-up resembles the nLC-UV system shown in Figure 19. However, an emitter 

was coupled at the column outlet, and the detector was exchanged with a TSQ Quantiva Triple Quadrupole MS. 

3.7.4 Direct injection for MS parameter optimization 

To optimize MS parameters, direct injection on a TSQ Quantiva Triple Quadrupole MS with a 

HESI-source was performed. About 300 L of the 10 g/mL 25-OHC evaluation solution was 

filled into a 500 L syringe from Hamilton, and the syringe was placed in a Fusion 101 syringe 

pump from Chemyx Inc. (Stafford, TX, USA) connected to the MS. A 5 L/min flow rate was 

applied, while the MS was operated in full scan. The precursor m/z was manually chosen from 

the full scan and added to the TSQ Quantiva Tune Application software (Thermo Scientific). 

Optimization options in the software extracted the optimized quantifier and qualifier m/z 
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transitions and their respective optimized collision energies in a report. The report data was 

added to the instrument method in Xcalibur (Thermo Scientific). The procedure was repeated 

for both the 25-OHC-d6- and 22R-OHC-d7-evaluation solutions. 

3.7.5 nLC-MS two-column platform (Platform II) 

The initial nLC-MS platform with the implemented trap column and AFFL-system built in this 

study is illustrated in Figure 21. The platform is described in more detail below. The injection 

volume was 5 L. 

 

Figure 21. The initial nLC-MS platform (Platform II) with the implemented trap column and AFFL-system in 

both A) inject position and B) load position. 

Mass spectrometer TSQ Quantiva Triple Quadrupole 

The MS was a TSQ Quantiva triple quadrupole and was equipped with a nanospray flex ion 

source (nESI). The position of the SST emitter (40 mm x 30 m ID, from Thermo Scientific) 

outlet was adjusted with the XYZ-manipulator on the ion source to about 3-5 mm away from 

the MS-inlet. The MS tune settings are summarized in Table 4 and were held constant 

throughout the whole study. As no sheath-, auxiliary-, or sweep-gas is used in nESI, these 

values were not relevant. m/z transitions for qualifier and quantifier ions and their respective 

collision energies in MRM mode were optimized as described in chapter 4.3 (and the values 

are summarized in Table 13). The Xcalibur software was used for creating instrument methods, 
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sequence setup, and data acquisition, and handling. The TSQ Quantiva Tune Application 

software was used to control the MS. 

Table 4. The MS tune settings held constant throughout the study. 

MS tune settings 

Mode Positive 

Spray voltage (V) 2200 

Ion transfer tube temperature (C) 310 

CID (mtorr) 1.5 

Q1 resolution (FWHM) 0.7 

Q3 resolution (FWHM) 0.2 

Pumps 

An EASY-nLC 1200 pump was used as the autosampler and loading pump (Pump 1 in Figure 

21), while a Hitachi L-7100 HPLC pump from Merck (Kenilworth, NJ, USA) was used for 

backflushing the filter (Pump 2). The EASY-nLC 1200 pump was an nUHPLC pump that could 

deliver flow rates in the nL-scale and withstand pressures up to 1200 bar. The MP inlets did not 

have built-in degassers calling for degassing of the MPs before pump-introduction. The Hitachi 

L-7100 HPLC pump was a regular HPLC pump equipped with one MP inlet able to deliver a 

flow rate of 1 L/min-10 mL/min. A flow rate of 0.1 mL/min was used to backflush the filter. 

10-port valve, filter, trap column, and attached tubings 

To build the on-line trap column and AFFL-system in the nLC-MS platform, the trap column 

and filter were assembled in a Cheminert 10-port-2-position valve (1030 bar, C82X-6570, 20I-

1569C) from VICI Valco Instruments Co. Inc. The 10-port valve was equipped with a CapLC 

selector valve from Waters for automatic switching. An SST 1 m pore filter (part no.: 1SR1-

10) from VICI Valco Instruments Co. Inc. was inserted into an SST union (1/16”, 150 m ID), 

and the union was connected to polyether ether ketone (PEEK)-tubings (70 mm x 100 m ID) 

from IDEX (Lake Forest, IL, USA) on each side with SST-nuts (1/16”) and -ferrules (1/16”). 

A PEEK-tubing (650 mm x 100 m ID) was used as waste-tubing for the backflushing of the 

filter and was connected to the 10-port-valve with an SST-nut (1/16”) and -ferrule (1/16”). The 

pump used for backflushing of the filter was connected to the 10-port-valve with an SST 

fingertight Viper from Thermo Scientific (550 mm x 180 m ID).  
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For the connection of the trap column, direct-connect 360 m FS tubing UHPLC-Fittings 

(1/16”, 1700 bar) from VICI Valco Instruments Co. Inc., from now on termed UHPLC-

connections, were used on each side of the column. The UHPLC-connections are illustrated in 

Figure 22. All tubings assembled in the 10-port-valve was NanoViper Zero Dead Volume 

Fingertight Fitting (20 m ID) in lengths of either 150, or 70 mm, from now on termed 

nanoViper, from Thermo Fisher Scientific. The narrowest nanoVipers available (20 m ID) 

were purchased to minimize the system extra-column volume. The inlet of the trap column was 

attached to a nanoViper (70 mm x 20 m ID) through an SST Viper-union with a UHPLC-

connection, and the nanoViper was inserted into the 10-port-valve. The outlet of the trap column 

was connected to the 10-port-valve with a UHPLC-connection.  

A nanoViper (150 mm x 20 m ID) was used as a “jumper” to connect the trap column to the 

analytical column during loading. A nanoViper (150 mm x 20 m ID) was coupled from the 

10-port-valve to a 150 m bore SST tee (1/16”), as shown in Figure 21. The analytical column 

was connected to the outlet of the SST tee with a UHPLC-connection. The outlet of the 

analytical column was connected to an SST emitter from Thermo Fisher Scientific (40 mm x 

30 m ID) through a PEEK-union with PEEK-nuts (1/32”) both on the analytical column and 

the emitter. Both the outlet of the analytical column and the emitter wore PEEK-sleeves (1/32”) 

for grip. A nanoViper (550 mm x 55 m ID) was connected in the last inlet of the SST tee to 

the waste valve on the EASY-nLC 1200 pump. A Butterfly Portfolio Heater (15 x 4 cm) 

combined with a Column Heater Controller for heating of the analytical column was purchased 

from MS Will (Aarle Rixtel, Netherland) and is depicted in Figure 33. 
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Figure 22. A) A photo of the UHPLC-connections and B) a sketch of the UHPLC-connections with names on the 

different parts. The UHPLC-connection is compatible with fused silica columns with a 360 m OD and consists 

of two main parts – the primary and the secondary fitting. The two fittings are screwed loosely together, and the 

fused silica column is inserted into the two fittings until it extends beyond the PEEK-insert. Next, the fitting 

assembly is inserted into the fitting detail (1/16” e.g., a 10-port-valve), and the column is pulled slightly out and 

pushed back in to assure that the column is bottomed out in the fitting detail. The primary fitting is finger tightened, 

still making sure that the column is bottomed out. Finally, the secondary fitting is tightened for additional gripping 

force. The PEEK-ferrule and -insert will tighten around the fused silica column and ensure grip. A) is retrieved 

from the vendors web page [134], and B) is retrieved from the vendor’s manual of the UHPLC-connections [135]. 

A)

B)
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3.7.6 nLC-MS two-column platform (Platform III) 

The nLC-MS platform with a redesigned trap column and AFFL-system (Platform III) for extra-

column volume reduction is similar to the platform illustrated in Figure 21. However, the 

platform now included changing the IDs of the PEEK-tubings on both sides of the filter from 

100 m ID to 64 m ID and removing one nanoViper (150 mm x 20 m ID), four stator holes, 

and two rotor tracks during loading. The injection volume was 5 L. The platform is illustrated 

in Figure 23. 

 

Figure 23. The nLC-MS platform (Platform III) with alterations in extra-column volume compared to Figure 21 

in both A) inject position and B) load position. The alterations are shown in red.  

 

As illustrated, the outlet of the trap column was now connected directly to the SST tee (1/16”). 

A nanoViper (150 mm x 20 m ID) was still used as a “jumper”, but now connected the EASY-

nLC 1200 pump (Pump 1) directly to the trap- and analytical column when the filter was 

switched for backflushing (load position). The redesign eliminated two inlets in the 10-port-

valve, and hence, two viper blind plugs were inserted into these inlets. The entire platform is 

illustrated in Figure 24, also with real-life pictures of the couplings of the trap column and 

filter. 
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Figure 24. The final AFFL-trap-column-nLC-nESI-TQMS platform (Platform III) with dimensions and materials 

of the filter, emitter, tubings, and connections. Real-life images of the trap column and filter and respective 

couplings are also shown in the red dotted circles. Images of the EASY-nLC 1200 pump, nanospray flex ion 

source, and TSQ Quantiva Triple Quadrupole MS were retrieved from the supplier’s web page [136-138]. 
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3.7.7 nLC-MS two-column platform with commercial columns 

(Platform IV) 

The nLC-MS platform with the commercial trap- and analytical column is illustrated in Figure 

25. The injection volume was 5 L. 

 

Figure 25. The nLC-MS two-column platform (Platform IV) for the commercial trap- and analytical columns in 

both A) inject position and B) load position.  

3.7.8 Scanning electron microscope 

The scanning electron microscope (SEM) used was a SU-8320 model from Hitachi (Tokyo, 

Japan). Preparation regarding research for appropriate settings was performed in advance and 

brought along when taking the images, but the SEM itself was operated by trained personal. 
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4 Results and discussion 

The aim of this study was to develop an LC-MS method that enables the determination of trace 

levels of oxysterols in liver organoids combined with on-line sample preparation and clean-up. 

The already existing in-house analytical chromatographic method did not provide sufficient 

sensitivity. Therefore, a highly sensitive nLC method with an nESI and a TSQ triple quadrupole 

MS was to be developed. 

The work was divided into four work packages, as illustrated in Figure 26. First, preliminary 

experiments on method evaluation on the current chromatographic method are discussed, 

followed by the packing and evaluation of the nLC columns before MS parameter optimization. 

Lastly, the development of the miniaturized nLC-MS platform with an on-line sample 

preparation and clean-up is presented. 

 

 

Figure 26. A flow chart of the progress of the study. 
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4.1 Preliminary experiments with the current 

analytical method 

The established method for oxysterol quantification with the conventional UHPLC-MS set-up 

(the platform is described in chapter 7.2) was evaluated to investigate if it was fit for purpose 

regarding analytical sensitivity. The method had been developed and optimized by the research 

group of Bioanalytical chemistry at the Department of Chemistry, UiO, led by Associate 

Professor Hanne Røberg-Larsen. Eurachem’s guidelines were used to perform the method 

evaluation [139]. 

Oxysterols are low abundant in biological systems, which requires high analytical sensitivity 

for quantification. Based on the work of Røberg-Larsen et al., where 19 fmol (130 amol injected 

on column) of 25-OHC was quantified per 10 000 pancreatic cancer cells [78], it was estimated 

that oxysterol levels in 50 liver organoids (80 000 cells) were in the low-fmol range, assuming 

the abundance of oxysterols in liver organoids is equal or lower. Cancer cells typically have 

higher oxysterols concentrations than healthy cells, leaving the possibility of even lower 

oxysterol levels in healthy organoids. A goal is to reduce the number of liver organoids 

necessary, increasing the need for enhanced sensitivity further. 

Evaluation solutions of 50, 300, and 500 pM 22R-, 24S-, 25-OHC, and 27-OHC were analyzed 

to obtain data for the S/N on the conventional platform. The evaluation solutions were prepared 

from WSs prepared by me (2020) and Ph.D. Alex Websdale (2019). The S/N were compared 

against data of the same concentration range obtained by another researcher (2018). The S/N 

are presented in Table 5. The S/N ratios were small for all evaluation solutions, and the highest 

concentration of 500 pM was not sufficient for detection, indicating that the sensitivity of the 

TSQ Vantage MS had been lost compared to 2018. The raw data for S/N are found in chapter 

7.5.1 in Appendix. Further preliminary experiments for method evaluation not included here 

are discussed in chapter 7.1.2 in Appendix. 
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Table 5. The average S/N for evaluation solutions of 25-OHC. 25-OHC was used as an example, but none of the 

oxysterols provided sufficient sensitivity. ND = not detected (S/N < 3). 

S/N for 25-OHC 

 2020 20191 20182 

50 pM ND ND 3 

300 pM ND ND 22 

500 pM ND ND 73 

1) Prepared by oxysterol-research collaborator Ph.D. Alex Websdale (University of Leeds), 2) Prepared by Associate Prof. Hanne Røberg 

Thus, the preliminary experiments showed that the conventional UHPLC platform (2.1 mm ID 

LC column) coupled to the TSQ Vantage MS did not fulfill the acceptable criteria for sensitivity 

needed for quantification of oxysterol levels in the liver organoids. Therefore, a miniaturized 

and highly sensitive nLC-MS system (50-100 m ID LC columns) had to be developed. 
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4.2 Packing of the nLC columns 

Downscaling of the LC column ID was approached to enhance the sensitivity. Columns in the 

nano format packed with 2.5 m Super Phenyl-Hexyl (SPH) particles, as previously shown to 

give baseline separation of 22R-, 24S-, 25-, and 27-OH [92], were not commercially available 

and had to be packed in-house. nLC columns with C8 and C18 SP are commercially available 

but do not provide as good selectivity for the oxysterols as the SPH. An SP suitable as a trap 

column compatible with the 2.5 m SPH particles also needed to be identified. 

4.2.1 Evaluation of the in-house column packing process 

The packing of nLC columns is an art of itself and requires research and experience to achieve 

a well-packed bed for great column performance [116]. The packing procedure was based on 

the procedure proposed by Berg et al. [133] with the set-up as described in chapter 3.6. 

Eighteen nLC columns with different IDs and slurry solvents were packed and evaluated. 

To achieve a column with great performance, it is important to create a stable packed bed so 

contributions from eddy dispersion and longitudinal diffusion are minimized [116, 131]. To 

achieve a stable packed bed, a homogenous slurry suspension is essential, according to Capriotti 

et al. [118], and the correct viscosity of the slurry solvent is crucial to obtain a stable slurry. 

Low viscosity is mentioned as both an advantage and a disadvantage in the literature [118]. It 

can ensure a fast packing speed but also a high sedimentation velocity of the particles in the 

slurry, resulting in heterogeneous or loosely packed beds [140]. If a shorter column is packed, 

low viscosity may be favorable to achieve fast packing, hence avoiding particle sedimentation. 

Choosing the correct slurry solvent is also important to ensure that the particles move 

independently to avoid particle aggregation [118]. Particle aggregation is important to avoid as 

the packing can be slowed down, clog the column, and result in a very inhomogeneous packed 

bed. Sonication of the slurry before packing and magnetic stirring during the entire packing 

process are ways to maintain a stable suspension. Heat is also mentioned in the literature as 

applicable to slow down the sedimentation of the particles but was not used here [118]. Since 

the nature of particles is to settle, a fast-packing process is desired (30-45 min). 
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Berg et al. packed core-shell C18 particles suspended in various solvents, and the binary solvent 

80/20 ACN/H2O (v/v) gave the quickest packing (~25 cm in 1 hour) in combination with the 

best peak capacity. Therefore, 80/20 ACN/H2O (v/v) was also chosen as a slurry solvent in this 

study. With the desired length of the packed bed being 15 cm (considered semi-long), a solvent 

with even lower viscosity was also tested, namely 90/10 ACN/H2O (v/v). Lastly, 100% acetone 

was tested, as Fanali et al. showed a homogenous suspension of core-shell PH particles in 

acetone [141, 142]. Fused silica capillaries were packed with the 2.5 m SPH particles with 75 

m and 100 m IDs to explore the column performance.  

The slurry concentration should not be too diluted or too concentrated. The former may result 

in low packing efficiency (e.g., 3 mg particles/mL slurry),  and the latter may cause aggregation 

of the SP particles, clogging the column (e.g., 100 mg particles/mL slurry) [143]. A high slurry 

concentration is two-fold. It can ensure particle agglomeration yielding a densely packed bed 

and a great column efficiency [143, 144], or result in large voids in the packed bed, reducing 

the column efficiency [131]. Thus, a compromise must be found, according to Gritti et al. [145]. 

Therefore, a slurry concentration of 30 mg particles/mL was held constant as proven by Berg 

et al. to give sufficient density of the packed bed for core-shell particles [133]. Three replicates 

of each solvent (80% ACN, 90% ACN, and 100% acetone) for both column dimensions (75 

and 100 m ID) were packed, giving a total of 18 columns. 

The packing time was unpredictable and had large variations and is summarized in Table 6. 

This resulted in some differences in the length of the packed bed, as shown in Table 7. The 

slurry solvent with the highest viscosity (viscosities in Table 8), namely 80% ACN, proved to 

pack the fastest for both IDs, contrary to what literature suggested about the highest viscosity 

slurry expected to pack slowest. 

Table 6. The average packing time (n=3) for ~15 cm packed bed with 80% ACN, 90% ACN, and 100% acetone.  

Time for ~15 cm packed bed (min) 

Slurry solvent 75 m ID 100 m ID 

80/20 ACN/H2O (v/v) ~60 ~60 

90/10 ACN/H2O (v/v) ~115 ~80 

100% acetone ~110 ~110 
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Table 7. The lengths of the packed bed in the in-house packed nLC columns. 

 

Table 8. The viscosities of the slurry solvents used. 

Slurry viscosity (mPA*s at 25 °C) 

80/20 ACN/water (v/v) = 0.52 

90/10 ACN/water (v/v) = 0.46 

100% acetone = 0.30 

 

Occasionally, the particles had not been packed, and the capillary was eliminated or given a 

second attempt. Slow packing can occur due to particle sedimentation during packing or 

evaporation of slurry solvent during packing preparations leading to an altered slurry viscosity 

and concentration. Additionally, the slurry was not always sonicated between each column 

packing, which increased the possibility for particle sedimentation, which could also be why 

the particles had not packed. This showed that sonication should always be performed between 

each column packing. Additionally, the capillaries were depressurized instantaneously when 

the N2-gas was switched off, which led to a great pressure drop pulling the lastly packed 

particles out of the column and possibly created voids in the packed bed. The pressure valve 

should hence have been opened more carefully to slow down the depressurization. The fast 

depressurization may also have caused variations in the packing time needed for a 15 cm packed 

bed. 

The length of the packed bed (cm) 

 Replicate 100 m 75 m 

80% ACN 1 14.2 15.5 

2 15.2 13.1 

3 15.5 15.0 

90% ACN 1 14.3 11.6 

2 15.2 15.4 

3 14.3 15.2 

100% acetone 1 11.8 15.4 

2 15.4 15.4 

3 15.5 15.2 
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During the thesis, it was discovered that it was possible to manually slow down the 

depressurization of the pressure bomb system after packing, which reduced the pullback of the 

particles within the column, making the packing procedure more efficient. A 17-19 cm of 

packed bed was achieved only within 30 min. 

To conclude, there were challenges during the packing, showing variability in both time and 

length, and some replicates did not pack at all. Finally, 18 columns with 75 and 100 m IDs 

were successfully packed and ready for performance testing. 

4.2.2 Evaluation of the column performance 

The plate number, asymmetry, and retention factor of the test compound toluene were tested 

for all 18 columns. During column performance testing, the operating conditions must be 

optimal to avoid additional contribution to performance impairment outside the column.  

External column factors comprise volumes like tubings, connections, pump, valves, and 

detector [146]. Toluene was used as a model compound as it is commonly used to test 

hydrophobic interactions in RP column performance testing, and thiourea was used to establish 

tM. The operating conditions are summarized in Table 9, and the nLC-UV set-up used for 

column performance testing is described in chapter 3.7.2. 

Table 9. The operating conditions held constant during the column performance testing. 

Operating conditions 

Injection volume 50 nL 

Injector Manual 4-port-2-position 

Flow rate 450 nL/min (75 m ID columns) 

600 nL/min (100 m ID columns) 

MP composition 70/30 ACN/H2O (v/v) 

Column temperature Ambient 

Detector UV at  = 254 nm 

Flow cell volume = 15 nL 

Evaluation solution 0.1% toluene and 20 g/ml thiourea in 

50/43/7 H2O/ACN/MeOH (v/v/v) 
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Plate number 

The evaluation of the plate number was performed with isocratic elution at a constant 

temperature. With self-packed nLC columns, lower plate numbers compared to conventional 

HPLC columns are expected. 

Table 10 shows the average plate numbers obtained from the evaluation. The plate number for 

0.1% toluene was ranging from 711-4856 across all 18 columns. In general, the intra-column 

relative standard deviation (RSD) was acceptable (< 9%), while the variation between the 

columns was between 6-21%, except for the extreme deviations in 100 m ID columns packed 

with both 80% and 90% ACN (difference and inter-column RSD of 147% and 47%, 

respectively). 

One column was excluded from the project (100 m ID, 80% ACN) due to issues with the 

injector switching during evaluation. The remaining two replicates had a difference of 147%, 

making it difficult to draw any conclusions on the performance. The raw data used for plate 

number calculations are included in Table 18 in chapter 7.5.3 in Appendix. 

Table 10. The average plate number (n=9) of toluene with both intra- and inter-column variations. 

Column N Intra-column RSD (%) Difference (%) 

80% ACN, 100 m 2.8*103 0.9-5.1 147 

  Intra-column RSD (%) Inter-column RSD (%) 

90% ACN, 100 m 2.7*103 4.9-6.9 47 

100% acetone, 100 m 1.8*103 5.3-6.8 16 

80% ACN, 75 m 1.3*103 3.7-6.0 5.5 

90% ACN, 75 m 0.9*103 3.5-8.8 17 

100% acetone, 75 m 1.8*103 4.8-6.0 21 

 

No significant differences were observed in the plate numbers between the slurry solvents in 

the 100 m ID columns, making it difficult to draw a conclusion of the highest plate number 

exclusively based on the slurry solvent. However, 100% acetone gave much less inter-column 

variation than 80% and 90% ACN. 

Interestingly, in the columns with an ID of 75 m, 100% acetone gave significantly higher plate 

numbers than 80% ACN, and 80% ACN gave significantly higher plate numbers than 90% 

ACN. Hence, 100% acetone appears to deliver the highest plate number (N = 1.8*103) in 
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columns with an ID of 75 m. This agrees with what Fanali et al. state about acetone creating 

a stable slurry suspension and a stable packed bed [141]. Compared to the 100 m ID columns, 

the best 75 m ID column did not provide significantly lower plate numbers. Significance tests 

were calculated using a two-tailed t-test at a 95% confidence interval, and an example of a t-

test calculation is shown in chapter 7.4 in Appendix. 

Fanali et al. packed 15 cm 75 and 100 m ID columns with 2.6 m core-shell PH particles and 

achieved plate numbers of about 12 400 and 14 400 plates, respectively [141]. This is 

significantly higher than the plate numbers obtained in this thesis. Fanali et al. also reported 

lower inter-column plate height variation of 5-10%, indicating that the packing procedure 

requires technical experience. 

The testing conditions were sub-optimal to give representative values for the column 

performances. This could be improved by decreasing extra-column volume and using a detector 

with a smaller flow cell. Extra-column volumes in the actual columns could be reduced by 

straighter column cuts, or filing of the column ends since irregularities leave extra-column 

volume inside the fittings. Lastly, shorter nLC tubings and zero-extra-column-volume fittings 

are also expected to decrease extra-column volume. As some refocusing of the analytes did 

occur in the column due to lower concentration of the organic modifier in the sample compared 

to the MP composition, reduction of the extra-column volume after the column (detector flow 

cell) would be most significant to reduce performance impairment. 

Polymerization of the frit was also an issue. Occasionally, the entire frit did not polymerize and 

looked axially and radially inhomogeneous. Frits are known to contribute to band broadening 

[147, 148], especially in shorter columns ( 15 cm) packed with sub-3 m core-shell particles 

with early eluting compounds (k < 2) [149, 150]. Therefore, an uneven frit distribution would 

expectably increase band broadening further. 

To summarize, 100% acetone in both 75 and 100 m ID columns resulted in the highest number 

of plates or the lowest inter-column variations within its column dimension, respectively. 

Therefore, these were further considered for the final method. 
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Peak shape – Asymmetry 

The average asymmetry factors obtained are presented in Table 11. Asymmetry was apparent 

for all the columns and ranged from 3.1 to 5.9. Acceptable values for AS are considered to be  

2 in conventional HPLC, indicating that the tested columns did not meet the standards. 

However, higher AS is expected for self-packed nLC columns. The 100 m ID columns packed 

with 90% ACN and 100% acetone and 75 m ID columns packed with 100% acetone had the 

lowest asymmetries of 3.1, 3.7, and 4.4, respectively. Again, better-suited zero-extra-column-

volume fittings, better cutting, and filing of the column ends, and smaller flow cell volume in 

the detector could potentially have improved the symmetry. An example chromatogram is 

shown in Figure 27. 

Table 11. The average asymmetry factor (n=9) of toluene with both intra- and inter-column variations. 

Column AS Intra-column RSD (%) Difference (%) 

80% ACN, 100 m 4.6 2.5-3.4 37 

  Intra-column RSD (%) Inter-column RSD (%) 

90% ACN, 100 m 3.1 1.1-1.6 29 

100% acetone, 100 m 3.7 2.3-3.2 11 

80% ACN, 75 m 5.9 1.0-3.4 15 

90% ACN, 75 m 5.3 1.2-3.7 9.1 

100% acetone, 75 m 4.4 1.0-3.1 4.6 

 

 
 
Figure 27. A chromatogram of thiourea and toluene from a 100 m ID column packed with 100% acetone as 

slurry solvent illustrates how the values were extracted to calculate the plate number and asymmetry. 

Column 8, 100 um ID, 100% 
acetone

a = 0.1 b = 0.39
W0.1h

tR = 3.2

W0.5h = 0.2

Retention time (min)

Si
gn

al

h = 22.2

toluenethiourea



  55 

For the 100 m ID columns, it was found that packing with 90% ACN and 100% acetone gave 

significantly lower asymmetry than 80% ACN, but 90% ACN was not significantly more 

symmetric than 100% acetone. For the 75 m ID columns, 100% acetone gave significantly 

lower asymmetry than both 80% and 90% ACN, but 80% ACN did not give significantly lower 

asymmetry than 90% ACN. For comparison, both 90% ACN and 100% acetone in 100 m ID 

gave significantly lower asymmetry than 100% acetone in 75 m ID. The raw data for 

asymmetry calculations can be found in Table 19 in chapter 7.5.3 in Appendix 

To sum up, columns packed with 90% ACN in 100 m ID and 100% acetone in both the 75 m 

and 100 m ID columns had the lowest asymmetry and were further considered for the final 

method.
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Retention factor 

The inter- and intra-column variabilities of the retention factor are valuable parameters to use 

when assessing the repeatability of the column performance. The retention factor is independent 

of column dimensions and should therefore be similar in all 18 columns. Table 12 shows data 

for the average retention factor, including the intra- and inter-column variation. The highest 

intra-column variation was 2.3%, which is considered acceptable. Inter-column variability was 

lowest for 80% ACN in both the 75 m and 100 m ID columns with an RSD of 8.5% and 

3.6%, respectively. However, inter-column variabilities were generally high across the other 

columns, especially compared to the figures reported by Fanali et al. of 5-10% RSD [141]. This 

shows that well packing of the core-shell particles in nLC columns is difficult to reproduce by 

less experienced operators. Large variations can also be due to the pump failing to deliver the 

correct flow consistently. The raw data for retention factor calculations can be found in Table 

20 in chapter 7.5.3 in Appendix. 

Table 12. The average retention factor (n=9) of toluene with both intra- and inter-column variations. 

Column k Intra-column RSD (%) Difference (%) 

80% ACN, 100 m 0.43 0.4-2.3 6.0 

  Intra-column RSD (%) Inter-column RSD (%) 

90% ACN, 100 m 0.34 0.4-1.5 20 

100% acetone, 100 m 0.37 0.3-1.8 29 

80% ACN, 75 m 0.31 0.6-1.3 8.5 

90% ACN, 75 m 0.27 0.9-1.4 26 

100% acetone, 75 m 0.31 0.3-1.2 15 

 

To summarize the retention factor data, generally high inter-column variations confirm that 

packing core-shell particles in nLC columns is challenging. 

To conclude the column performance study, the columns were difficult to reproduce, and there 

was no obvious trend on column performance solely based on slurry solvent or column ID. 

Furthermore, the packing procedure seemed sensitive to external factors; therefore, the 

efficiency was not tested on later packed columns. However, 90% ACN (100 m ID) and 100% 

acetone (both 75 and 100 m ID) performed best regarding plate number, asymmetry, and 

retention factor variability. Based on these results and the fact that a smaller ID gives better 
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sensitivity enhancement due to the downscaling effect, the 75 m ID column packed with 100% 

acetone as slurry solvent was selected for further use. 

4.2.3 Evaluation of the in-house packed 5 m phenyl-hexyl particles 

being suitable as stationary phase in the trap column 

For successful on-line sample clean-up, a suitable trap column SP had to be identified. Fully 

porous 5 m PH particles were proposed as suitable for trap columns, being the same SP as the 

analytical column but with a larger particle size. However, the 5 m particles are fully porous 

(vs. core-shell particles), which may yield a larger surface area for retention. A lower retention 

factor for the trap column is necessary to ensure refocusing of the analyte in the analytical 

column and proper elution of the analytes off the trap column with the MP optimal for 

separation on the analytical column. The retention factors for the trap- and analytical columns 

were compared to determine whether the 5 m particles were suitable as trap column particles. 

A 100 m ID column was packed with the 5 m fully porous PH particles in 100% acetone. An 

average retention factor for toluene of 0.54 (RSD 8.8%) was obtained, which was greater than 

the retention factor of all the columns packed with 2.5 m particles (k < 0.44). A trap column 

packed with 5 m PH particles was hence not suitable for the nLC platform. The set-up for 

testing is described in chapter 3.7.2, and the raw data are summarized in Table 21 in chapter 

7.5.4 in Appendix. 

The retention factor was also tested with oxysterols, as these may have different interactions 

with the SP and hence, were more relevant for comparison. A 1 ng/mL 25-OHC evaluation 

solution was used for testing with MS-detection (as Girard T-tagged oxysterols do not have 

UV-absorbance), resulting in a lower retention factor on the 5 m PH particles than for the 2.5 

m SPH particles (1.1 and 4.1, respectively), suggesting that the 5 m PH particles were 

suitable for the specific purpose of oxysterol quantification. Platform I (described in chapter 

3.7.3) was used for the testing, and the raw data are summarized in Table 22 in chapter 7.5.4. 

in Appendix. 

To conclude, the 5 m PH particles were suspected to be well-suited in trap columns for 

oxysterols as 25-OHC had a lower retention factor on the columns packed with these particles 

compared to columns packed with the 2.5 m SPH particles. 



 

 

58 

4.3 Optimization of mass spectrometer parameters 

The development of a miniaturized LC-MS platform involved using a different MS than in the 

conventional UHPLC-MS method, and MS parameter optimization had to be performed on the 

TSQ Quantiva triple quadrupole MS. Optimized MS-transitions for both quantifier and qualifier 

ions were determined along with the respective collision energies. Only one compound from 

each mass was selected as precursor ions (derivatized 25-OHC (10 g/mL), 25-OHC-d6 (10 

g/mL), and 22R-OHC-d7 (2 g/mL)) for direct injection. The optimized values are 

summarized in Table 13. It was assumed that 22R-, 24S-, and 27-OHC would have the same 

fragmentation pattern and collision energies as 25-OHC and that 27-OHC-d6 would have the 

same fragmentation pattern and collision energies as 25-OHC-d6. The set-up used for the 

optimization is described in chapter 3.7.4. 

Table 13. The optimized quantifier and qualifier MS-transitions for 25-OHC, 25-OHC-d6, and 22R-OHC-d7 and 

the respective collision energies. 

Compound Ion type Transition Collision energy 

25-OHC Quantifier 514.5 → 455.410 35 

Qualifier 514.5 → 437.398 40 

25-OHC-d6 Quantifier 520.5 → 461.445 35 

Qualifier 520.5 → 443.398 39 

22R-OHC-d7 Quantifier 521.5 → 462.418 37 

Qualifier 521.5 → 434.443 35 
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4.4 Miniaturization of the chromatographic platform 

4.4.1 Assembly and automation of the nLC-MS platform 

The in-house packed analytical and trap column (2.5 m SPH particles packed with 100% 

acetone in 17 cm x 75 m ID and 5 m PH particles packed with 100% acetone in 9 cm x 180 

m ID, respectively) were assembled in Platform II as described in chapter 3.7.5. The 10-port-

valve-set-up was inspired by Brandtzaeg et al. [151], but with the jumper positioned, so that 

backflushing of the trap column was avoided. The trap column only had a frit at the outlet of 

the column, and the backflushing would potentially flush the particles out of the column. 

Developing a properly functioning miniaturized chromatographic platform required several 

parameters and technical issues to be settled. First, a pump able to deliver sufficiently low flow 

rates in the nL/min-scale and an autosampler capable of delivering sufficiently low enough 

injection volume in the nL-L scale were desired. Second, the system had to be connected with 

downscaled tubings and connections to fit the downscaled columns. Hence, the narrowest 

nanoVipers available (20 m ID) were purchased to minimize the extra-column volume. Lastly, 

appropriate connections had to be identified for the UHPLC-platform to run smoothly at 

pressures up to 1000 bar. Regular SST-ferrules withstand the high backpressures but will 

break the fragile fused silica capillaries when assembled, while vespel/graphite ferrules are 

compatible with the fused silica capillaries but are not able to withstand the higher backpressure 

(< 450 bar) associated with UHPLC. New direct-connect 360 m FS tubing UHPLC-Fittings 

(UHPLC-connections), compatible with both fused silica capillaries and withstanding UHPLC 

backpressures up to 1700 bar, were therefore tested. The UHPLC-connections are illustrated in 

Figure 22. 

Automation 

The goal of building an automated platform required the 10-port valve, EASY-nLC 1200 pump, 

and the TSQ Quantiva triple quadrupole MS to communicate. The pump was coupled to the 

MS with cables in “Start In” and “Ground inlets” on the MS to initiate the MS-scanning when 

a programmable signal was sent from the pump when the gradient started. Additionally, the 10-

port valve was equipped with an automatic selector valve for automatic switching with cables 

in “Injection Hold” and “RO/IH” outlets on the MS. The valve switched when a programmable 

constant signal was received from the MS (signal programmed through the instrument method 
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in the Xcalibur software), such that the filter could be backflushed (remove particle debris) after 

loading. 

A 10-port-2-position valve able to withstand a high backpressure (1000 bar) was used. 

Incompatibility between the 10-port valve and the automatic selector valve for automatic 

switching was identified when the rotor in the 10-port-valve “centered” between positions 

during injections. It was suspected the 10-port valve had slow rotors to withstand high 

pressures, causing a mismatch with the automatic selector valve. Therefore, the automatic 

selector valve was substituted with one compatible with high-pressure 10-port valves (1000 

bar), which solved the issue. With this alteration, a fully automated nLC-MS-platform was 

successfully built. 

4.4.2 Technical challenges and troubleshooting 

The AFFL-trap-column-nUHPLC platform required several narrow nanoVipers (10-50 m ID) 

coupled to the 10-port valve matching the nL/min-flow. Identifying leakages in these 

connections was especially challenging and laborious, as the amount of leakage was hardly 

visible. Air bubbles, known to disrupt stable backpressures, were also challenging to eliminate 

from the platform, highlighting the importance of proper off-line degassing. The EASY-nLC 

1200 pump does not have a built-in degasser, and therefore, degassing (e.g., He-gas or 

sonication) had to be performed beforehand. 

For the reasons mentioned above, technical challenges are highly associated with the assembly 

and development of an nLC platform. Moreover, combining nLC with UHPLC-particle-

columns only increased the challenges as the higher backpressures required special pumps, 

valves, tubings, and connections. 

Conventional HPLC-connections of SST or vespel/graphite had to be replaced by special 

UHPLC-connections for the fused silica trap- and analytical column to withstand the high 

backpressure. The UHPLC- connections required delicate handling, as they would be worn out 

if tightened too hard. However, it was discovered that the UHPLC-connections could be drilled 

open after being too tight and were hence found to be reusable and a well-suited option for 

coupling fused silica columns. The connections were also compatible with Viper-unions for an 

easy zero-extra-column-volume connection together with a nanoViper, as seen in the real-life 

image of the coupling of the trap column in Figure 24. Additionally, considering how the trap 
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column was connected directly to the 10-port valve with the UHPLC-connection (illustrated in 

chapter 3.7.5), the trap column easily broke when assembled. This resulted in laborious method 

development as new trap columns had to be packed.  

To sum up, nLC combined with UHPLC-backpressures was time-consuming and required 

special technical skills of the operator achieved over time through experience. Additionally, the 

new UHPLC-connections were found to be well-suited for their purpose and eventually 

satisfactory for easy handling and connection, and withstood the high backpressure without 

creating leakages. 

4.4.3 Development and assessment of the oxysterol separation 

The nLC-MS platform (Platform II) was assembled, and evaluation solutions with the analytes 

22R-, 24S-, 25-, and 27-OHC (concentration range of 13-108 pM each), and the ISs 25-OHC-

d6, 27-OHC-d6, and 22R-OHC-d7 (50 or 100 pM each) were used to investigate the separation 

of the oxysterol isomers. The nLC-MS set-up used for the testing of the oxysterol separation is 

described in chapter 3.7.5. Figure 28 presents an overview of how the sterol separation was 

approached, including what steps resulted in improved separation. 

 

 

Figure 28. A flow chart showing the overview of how sterol separation was approached, including what steps 

resulted in an improvement in separation. The testing of the 5 m PH particles in the analytical column is found 

in chapter 7.3.2 in Appendix. 
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Mobile phase composition determination 

As the miniaturized LC-platform used a binary pump (2 MP inlets) while the conventional 

UHPLC-platform used a quaternary pump (4 MP inlets), the organic modifiers (ACN and 

MeOH) of the MP had to be merged into MP B to achieve the desired composition of 57/33/10 

water/ACN/MeOH (v/v/v) from the conventional method. The MP B also had to contain at least 

5% water due to pump requirements. The MP 

A, used by the pump as default for sample 

loading onto the trap column, contained no 

organic modifier to maximize the trapping 

efficiency of the sterols during loading. Hence, 

MP A consisted of 0.1% FA in water, and MP 

B consisted of 0.1% FA in 72/23/5 

ACN/MeOH/water (v/v/v), which would match 

the desired composition when a 55/45 MP A/B 

elution was run. These are the MPs used further 

unless otherwise are stated. 

A 5-95% B gradient over 25 min at a 500 

nL/min flow rate was used as a starting point 

for elution optimization. This gradient resulted 

in coelution of the oxysterols and ISs at 22 

min, as shown in Figure 29. Calculations 

revealed that the coelution occurred at 84% B. 

Isocratic elution of a lower %B, namely 60%, 

was tested to improve separation but without 

success (results not shown). MP B was 

systematically decreased by 5% while 

achieving the best separation at 45% B, as 

shown in Figure 30A and Figure 30C. This 

matches the MP composition used in the 

conventional UHPLC method. The flow rate 

was held constant at 500 nL/min with a 

pressure of 410 bar.  

Figure 29. EIC of 0.54 fmol 22R-, 24-S, 25-, and 27-

OHC, and 0.5 fmol 25- and 27-OHC-d6 and 22R-OHC-

d7 when a 5-95% B gradient was run on Platform II with 

a 2.5 m SPH (170 mm x 75 m ID) analytical column 

and a 5 m PH (90 mm x 180 m ID) trap column at 

ambient temperature. 
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Separation of the compounds was complicated by very broad peaks, which increased the need 

for further separation. Analysis time of 50 min was also considered too high. To enhance 

separation further without increasing the analysis time, 43% B with a 750 nL/min flow rate was 

tested. However, the separation remained the same, and the analysis time increased by 10 min. 

Increasing the flow rate naturally also increased the backpressure to 630 bar, almost reaching 

the upper-pressure limit at 690 bar (pressure limit set by the 10-port-valve), limiting the method 

to a 750 nL/min flow rate. Although the peaks were very broad, the system at least provided 

a high level of sensitivity, as 0.54 fmol of the oxysterols gave high-intensity signals. 

 

Figure 30. EIC of 0.54 fmol 22R-, 24S-, 25-, and 27-OHC and 0.5 fmol of the ISs 25-OHC-d6, 27-OHC-d6 and 

22R-OHC-d7 A) eluted with 55/45 MP A/MP B (MP A: 0.1% FA in water and MP B: 0.1% FA in 72/23/5 

ACN/MeOH/water (v/v/v)) at a 500 nL/min flow rate on Platform II with a 2.5 m SPH (170 mm x 75 m ID) 

analytical column, and a 5 m PH (90 mm x 180 m ID) trap column at ambient temperature. B) Same as the 

chromatogram in A), but with a “stick”-display showing the oversampling as each “stick” (cannot be seen) 

represents one data point. As the entire chromatogram is shaded, it demonstrates that too many data points are 

generated over each peak. C) Smoothened peaks after cycle time and chrom. filter was adjusted in the instrument 

method to more suitable values for broad peaks. The same conditions as described in A) were used. 
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To obtain the same linear velocity in the downscaled method as in the conventional UHPLC-

MS method (column ID: 2.1 mm), the flow rate should be 890 nL/min. However, a flow rate of 

890 nL/min would exceed the upper-pressure limit of 690 bar. The conventional method 

additionally uses a column oven temperature of 55 C, which decreases the viscosity of the MP 

and hence, decreases the backpressure allowing higher flow rates. The nLC column was 

operated at ambient temperature giving limitations regarding the linear flow rate compared to 

that of the conventional UHPLC method. 

To conclude, at this point, the best separation of the oxysterols and the ISs on the 2.5 m SPH 

particle column was obtained with a 55/45 MP A/MP B composition at a flow rate of 500 

nL/min. However, peak broadening was a challenge. 

Oversampling 

The peaks in the chromatograms were very “noisy”, indicating MS oversampling (generating 

too many data points over each peak). Ideally, 15-20 data points should be generated across 

each peak, and the cycle time should be adjusted accordingly. Hence, with several minutes’ 

broad peaks, fewer data points should be generated per min. The oversampling is shown in the 

stick-format chromatogram in Figure 30B. The cycle time and chrom. filter were adjusted in 

the instrument method to 6 and 135, respectively. Figure 30C shows the chromatogram after 

the adjustment, showing improvements in peak noisiness. 
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Changing the organic modifier in the MP 

As the separation of the oxysterols had to be 

enhanced, removing the ACN and 

increasing the amount MeOH in the MP’s 

was tested, as Røberg-Larsen et al. 

successfully separated 22R-, 24S-, 25-, and 

27-OHC with both isocratic 95% MeOH 

and gradient 75-90% MeOH over 25 min 

(on a C18 SP, however) [78, 152]. 

The MP B was changed to 0.1% FA in 95/5 

MeOH/water (v/v), and a 5-95% B gradient 

over 30 min at a 500 nL/min flow rate was 

used as a starting point. Coelution was 

observed at 30 min, and 80% isocratic B 

was further tested without successful 

separation (results not shown). The MP B 

was systematically decreased by 5% until 

the best separation was obtained at 70% B 

(Figure 31). The analysis time was 60 min, 

not providing sufficiently low analysis time, 

combined with still poor separation. 

Different gradients were also tested without 

success.  

Thus, the MP B consisting of only MeOH 

was not further investigated due to 

insufficient oxysterol separation. 

Additional experiments were made but did not improve the separation efficiency. The 

experiments are included in chapter 7.3.2 in Appendix. 

Figure 31. EIC of 0.54 fmol 22R-, 24-S, 25-, and 27-OHC, 

and 0.5 fmol 25- and 27-OHC-d6 and 22R-OHC-d7 when 

isocratic 70% B was run on Platform II with a 2.5 m SPH 

(170 mm x 75 m ID) analytical column and a 5 m PH 

(90 mm x 180 m ID) trap column at ambient temperature. 
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Investigating extra-column volume band broadening 

As the peaks obtained were very broad at this point, and the platform consisted of many tubings 

and connections, it was desired to determine whether it was the column or the extra-column 

platform parts that provided most of the band broadening. Hence, direct injection onto the 

analytical column was explored. To remove Girard T-reagent, SPE was performed off-line on 

a 500 pM derivatized 22R-, 24S-, 25-, and 27-OHC and 200 pM 25-, and 27-OHC-d6, and 22R-

OHC-d7 evaluation solution and injected directly onto the analytical column, surpassing 

possible extra-column volumes. With isocratic elution of 45% B and a 500 nL/min flow rate on 

a newly packed column, the efficiency, separation, and analysis time (25 min) were improved, 

as illustrated in Figure 32A. This confirmed that a lot of the band broadening happened outside 

of the column. The nLC-MS set-up used was Platform I and is described in Figure 20 in 

chapter 3.7.3. 

 

Figure 32. EIC of 0.54 fmol of the oxysterols using a 2.5 m SPH column (165 mm x 75 m ID) A) without the 

extra-column platform parts (Platform I) with 55/45 MP A/MP B (MP A: 0.1% FA in water and MP B: 0.1% FA 

in 72/23/5 ACN/MeOH/water (v/v/v)) at a 500 nL/min flow rate at ambient temperature, B) without the extra-

column platform (Platform I) at the optimized conditions of 61/39 MP A/MP B (MP A: 0.1% FA in water and MP 

B: 0.1% FA in 72/23/5 ACN/MeOH/water (v/v/v)) at an 890 nL/min flow rate and 55 C column temperature, C) 

with the extra-column platform (Platform II) connected including the 5 m PH trap column (90 mm x 180 m ID) 

under the same conditions described in B). 
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Introducing the Butterfly Portfolio Heater for nLC column heating 

Column efficiency can be increased by increased column temperature, with the bonus of 

allowing higher flow rates (as the heat decreases the MP viscosity, decreasing the 

backpressure). Column temperature was already exploited in the conventional UHPLC-MS 

platform (55 C).  

In the nLC platform, the column was directly coupled to the emitter of the ion source, and 

heating was hence technically challenging. Therefore, specialized equipment in the form of the 

Butterfly Portfolio Heater (Figure 33) was purchased, compliant with the nLC column lying 

inside the nESI source (Figure 33C). The heater would possibly allow the same linear velocity 

(890 nL/min) as in the conventional UHPLC-MS platform. 

 

Figure 33. Pictures of the Butterfly Portfolio Heater A) in its open condition, B) in its closed condition with the 

nLC column inside, and C) operative lying inside the nESI source. 

 

The Butterfly Portfolio Heater was introduced on Platform I to investigate its effect on the 

separation efficiency. The temperature of 55 C was tested, resembling the conventional 

UHPLC-MS method. The linear velocity of 890 nL/min was now possible. The separation was 

optimized without the filter, trap column, and tubings, and the MP composition was 

systematically decreased from 45%, with the best separation reached at 39% B (Figure 32B). 

As expected, the % MP B was lower as the elution strength of the MP increases with 

Butterfly Heater

nESI source
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temperature. It should be mentioned that a new analytical column was used, which may have 

contributed to the improved efficiency. 

All oxysterols were well-separated and eluted within 38 min. The filter, trap column, and 

tubings were attached using the optimized conditions producing the chromatogram shown in 

Figure 32C. The oxysterols were now barely separated and not even completely eluted within 

60 min. These experiments made it clear that the majority of the band broadening was caused 

by extra-column volumes. Although contrary to previous results, this massive increase in band 

broadening was suspected to arise from trap column incompatibility. It was suspected that the 

optimized MP composition was insufficient to elute the oxysterols quickly off the trap column, 

thus, adding significant band broadening. 

 

To sum up, the 5 m PH particles showed to be inappropriate in the trap column after all 

(contrary to what earlier results showed), as the MP composition 61/39 A/B sufficient for 

oxysterol separation on a column packed with the 2.5 m SPH particles alone was not sufficient 

to elute the oxysterols off the trap column. This contributed to the majority of the band 

broadening, and the 5 m PH particles were hence not further used. 

4.4.4 Redesign of the trap column and AFFL-set-up for extra-column 

volume reduction 

As the extra-column volume showed major contributions to the band broadening, a redesign of 

the previous trap column and AFFL-set-up was performed, resulting in Platform III. The 

platform is described in chapter 3.7.6. Redesigning included moving the trap column closer to 

the analytical column as this allows the analytes to be eluted directly onto the analytical column 

hence, reducing band broadening. In practice, this meant moving the trap column from between 

ports 3 and 6 directly into the SST tee before the analytical column. The ID of the PEEK-tubings 

on the in- and outlets of the filter was also reduced from 100 m to 64 m. These changes 

reduced the extra-column volume by one nanoViper (150 mm x 20 m ID), two rotor tracks (3 

mm x 150 m ID), and four stator holes (2 mm x 150 m ID) and halved the total extra-column 

volume from 1881 nL to 938 nL. Changes are shown in Figure 23 compared to Figure 21. 
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4.4.5 Investigating other trap column stationary phases 

As the 5 m PH particles were shown as inappropriate as trap column SP, other SPs had to be 

explored. The other SPs for the trap column tested are summarized in Figure 34. 

 

Figure 34. The different SPs tested as the trap column. 

Testing HotSep Tracy C4, C8, and C18 (5 mm x 300 m ID) as the trap column 

Commercial HotSep Tracy (5 mm x 0.3 mm ID, 5 m particles) columns were tested with C4, 

C8, and C18 as the SP. The SP with C4 and C8 were expected to be more suitable as their 

chemical structure suggests less retention of the oxysterols than on a PH SP. The SP with C18, 

however, was expected to have more retention. Experiments with the C18 and C8 SPs gave 

high-intensity noise, indicating that the oxysterols were present, however, lacking refocusing 

in the analytical column. These results were unexpected as these trap columns functioned in the 

conventional UHPLC-MS platform. For the C4 SP, no signal was obtained, suggesting that the 

SP was insufficient for oxysterol retention. It was also suspected that the loading pressure of 

700 bar might have caused the oxysterols to “blow-off” the trap column during loading. 

Loading pressures of 400, 200, and 100 bar were therefore tested but without signal intensity 

improvements. The loading pressure did hence not seem to be the problem. Thus, the HotSep 

Tracy columns were not further investigated as trap columns for the 2.5 m SPH particles. 
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Testing the 2.5 m SPH particles as trap column 

A trap column with identical SP as the 

analytical column is not ideal 

regarding refocusing. Additionally, an 

increased temperature on the 

analytical column could be 

problematic as it would decrease the 

retention factor compared to that on 

the trap column. However, a trap 

column with the 2.5 m SPH particles 

was tested as the last option. In 

addition, 5% MeOH was added to the 

MP A to ensure that SP collapsing 

would not become an issue. 

A 2.5 m SPH trap column (3 cm x 

75 m ID) was packed, and a 108 pM 

evaluation solution was tested with 

38-44% B (MF B increased by 1% for 

each run). All oxysterols and ISs were 

close to baseline separated and eluted 

within 37 min at 39% MP B (Figure 

35). It should also be mentioned that a 

newly packed analytical column was 

used and had a length of 18.5 cm. The 

new column may have added to the 

improvement of the separation due to more plates. The oxysterols were now well-separated, 

although the peaks were still suffering from band broadening. 

However, the chromatogram was not repeatable after the platform was detached and reattached 

to the MS, leaving a suspicion of short column lifetime, possibly due to large pressure drops 

(550-730 bar) between injections. As the columns only had frits at the outlet and not at the inlet, 

the particles could experience pull-back between injections, resulting in a more loosely packed 

bed and a poor lifetime. Newly packed columns were also tested but without improvement. 

Figure 35. EIC of 0.54 fmol of the oxysterols on Platform III 

with a 2.5 m SPH analytical column (185 mm x 75 m ID) and 

a 2.5 m SPH trap column (30 mm x 75 m ID). Isocratic elution 

was at an 890 nL/min flow rate with 61/39 MP A/MP B at 55 

C. 
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Hence, the efficient separation was not easily repeated. The challenges regarding repeatability 

of the efficiency resemble what was seen during column packing of 75 m ID columns packed 

with 100% acetone as the variation in plate number between the columns was almost 21%, as 

described in chapter 4.2.2. 

As the column efficiency had been an issue throughout this study, optimization of the slurry 

concentration should have been performed as proposed by Jorgenson and colleagues to be 

necessary with core-shell particles regarding particle size, particle roughness, column 

dimensions, and slurry solvents [131]. Perhaps the adapted slurry concentration of 30 mg 

particles/mL solvent held constant in this study was too high and created particle aggregation, 

or too low, not creating a dense enough packed bed.  

To sum up, the combination of the 2.5 m SPH particles in both the trap- and analytical column 

provided close to baseline separation of the oxysterols for two injections. However, the 

separation was difficult to repeat, both with the same columns and newly-packed ones. The 

repeatability challenges also resemble the variation in plate numbers between columns seen 

during column performance testing. The robustness of the columns was hence poor due to short 

lifetimes. 

4.4.6 Investigating particle- and platform robustness 

As the in-house packed nLC columns with the 2.5 m SPH particles had issues regarding 

robustness, SEM images were taken of both the packed and unpacked 2.5 m SPH particles to 

investigate if the particles could be damaged. Additionally, the nLC-MS platform robustness 

was tested with a commercial nLC analytical column. 

Scanning electron microscope investigating 2.5 m SPH particle robustness 

The SEM images are presented in Figure 36. The particles looked similar in the unpacked (left) 

and packed (right, used for UHPLC-MS experiments) state. This indicated that no damage had 

happened during packing and that the particles were not the problem. Additionally, according 

to the producer, the commercial 2.5 m SPH (150 x 2.1 mm ID) column can withstand 

backpressures up to 1000 bar, which supports the conclusion. 

An attempt to get images of the 95 Å pores in the particles was also performed to investigate 

damage in the pores, but the resolution at such a small scale (10 nm) was not successful, and 
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images of the pores were hence not retrieved. However, as the particles looked ordinary, it was 

not expected that the pores were damaged. 

 

Figure 36. SEM images of the unpacked (left) and packed (right) 2.5 m SPH-particles in a fused silica capillary 

used for UHPLC-MS experiments. The SEM images were taken by Inge Mikalsen. 

 

To conclude, the 2.5 m SPH particles in the in-house packed fused silica capillaries did not 

look damaged compared to the unpacked particles in the SEM images. This indicated that the 

particles were not the problem related to the poor robustness of the nLC columns. 

Investigating platform robustness with a commercial nLC column 

As the particles did not appear to be the problem, it was desired to explore the robustness of the 

platform. A commercial ACE 3 C8 nLC column (150 x 0.1 mm) was used as the analytical 

column combined with a commercial HotSep Tracy C8 (5 x 0.3 mm) as a trap column. Although 

the column had another SP, expected to provide a different selectivity, robustness regarding 

repeatable injections could still be explored. Platform IV was used, as described in chapter 

3.7.7. 

An 890 nL/min flow rate was used, and the optimized MP composition was found to be 57/43 

MP A/MP B at ambient temperature. The oxysterols were baseline separated and eluted within 

17 min, except the 25- and 24S-OHC. The 25- and 24S-OHC were assumed to totally coelute 

as 24S-OHC could not be seen at all, and the 25-OHC peak had over twice as a big peak area 

as the 22R-OHC and 27-OHC (Figure 37). An isocratic 45% B was tested to separate the 

coeluting peaks, but the C8 SP did not provide good enough selectivity, and the separation was 

unsuccessful. 
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The combination of the commercial 

columns proved to be more robust, 

as three injections of each 

evaluation solution (13, 27, 54, 81, 

and 108 pM) all provided similar 

separation, retention times, and 

peak shapes. The MP composition 

was also more robust as a 2%-

increase in MP B only decreased the 

overall retention time by 3 min (vs. 

7 min on 1%-increase on the 2.5 m 

SPH columns). The enhanced 

repeatability indicated that it was 

not the extra-column volume of the 

platform that lacked robustness but 

rather the in-house packed 

analytical- and trap columns with 

the 2.5 m SPH particles suffering 

from pressure drops during nLC-

MS experiments, possibly creating a 

more loosely packed bed. 

To sum up, the commercial ACE 3 

C8 and HotSep Tracy C8 columns 

proved to be more robust than the 

in-house packed 2.5 m SPH 

columns, indicating that the in-house packed columns with the 2.5 m SPH particles were not 

robust enough to produce repeatable measurements of oxysterols in liver organoids. 

4.5 Liver organoids 

As stated, the plan was to analyze liver organoids. Still, due to unexpectedly many challenges 

regarding the development of the nLC-MS method, the time was not sufficient for further 

method development, and hence, organoid analysis was not conducted. 

Figure 37. EIC of 0.54 fmol oxysterols on an ACE 3 C8 (150 x 0.1 

mm ID) analytical column combined with a HotSep Tracy C8 (5 x 

0.3 mm ID) trap column in Platform IV. A flow rate of 890 nL/min 

with 57/43 MF A/MF B was used at ambient temperature. 
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5 Conclusion and further work 

In this study, an automated on-line sample preparation was successfully built in the nUHPLC-

MS platform that contained an SST filter and a trap column. An SP for the trap column was 

successfully discovered (2.5 m SPH particles), even though further advances can be made 

here. The 5 m fully porous PH particles were found to be inappropriate as the SP in the trap 

column combined with the 2.5 m SPH particles in the analytical column.  

Efficient and highly sensitive 75 m ID nLC columns with 2.5 m SPH particles were 

successfully packed. However, the columns had poor lifetimes, and hence, were not particularly 

robust. The efficient nLC columns were also difficult to reproduce, confirming that core-shell 

particles are challenging to pack in narrow bore columns and possibly need more custom 

packing development. Specialized nLC-equipment in the form of the UHPLC-connections and 

the Butterfly column heater were successfully implemented in the nLC-MS platform, easing 

the handling of connections in nLC, and enhancing column efficiency, respectively. SEM 

images revealed that the 2.5 m SPH particles did not seem to have suffered from column 

packing or high UHPLC-pressures during nLC-MS experiments. nLC-MS appears to be a 

promising tool for oxysterol quantification in liver organoids, although advances regarding nLC 

column robustness should be made. Due to the lack of robustness of the nLC columns, 

determination of 22R-, 24S-, 25-, and 27-OHC could not be done in liver organoids, either 

healthy or NAFLD-induced ones. The conclusions of the study are summarized in Figure 38. 

 

Figure 38. Summary of the conclusion and further work of the study. Further work towards the quantification of 

oxysterols in liver organoids should include customizing the packing procedure of the 2.5 m SPH particles and 

advancements in optimizing the trap column, either by investigating other particles or using a column heater. 
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Further work should include investigating other suitable SP particles for the trap column or 

introducing temperature on the trap column as well to achieve the same or smaller retention 

factor on the trap column for improved refocusing. In addition, customizing the in-house 

packing procedure for the 2.5 m SPH particles should be explored to obtain more robust nLC 

columns, perhaps by making frits on both ends of the column and optimizing the slurry 

concentration. Finally, if successful quantification of the oxysterols can be achieved, the nLC-

MS method should be validated and used for quantification of 22R-, 24S-, 25-, and 27-OHC in 

liver organoids. 
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7 Appendix 

7.1 Supplementary theory 

7.1.1 Evolution of non-alcoholic fatty liver disease 

In NAFLD, obesity induces NAFL and further on NASH through two main pathways, as 

illustrated in Figure 39. Obesity alters the function of the adipose tissue [153]. The adipose 

tissue, normally performing uptake and storing of FFA itself, delivers the FFAs to the liver, 

resulting in FFA-accumulation in the liver [153]. The hepatocytes synthesize triglycerides from 

the FFAs, inducing lipotoxicity in the liver. This generates ER stress, mitochondrial 

dysfunction, reactive oxygen species (ROS), and secretion of cytokines. Secretion of cytokines 

from the triglycerides announces a threat and activates macrophages (white blood cells) called 

Kupffer cells which are liver-resident cells only. This infiltration of macrophages induces 

inflammation in the hepatocyte tissue [36].  

Further on, the inflammatory response activates HSCs through macrophage secretion of the 

inflammatory cytokines tumor necrosis factor  (TNF) or interleukin-6 (IL-6) and growth 

factors like transforming growth factor- (TGF) [38]. TNF induces hepatocyte apoptosis and 

modulates a hepatic immune response. In chronic damage, IL-6 can provoke hepatic insulin 

resistance [153]. HSCs are the cells involved in fibrotic activation. There is a direct relationship 

between FFA flux and the degree of hepatic steatosis [153].  

Additionally, adipose tissue can signal directly to the hepatic tissue through adipokines called 

leptin, and the cytokines TNF, inducing macrophage activity in the liver and inflammation 

and NASH this way. 



  87 

 

Figure 39. The two pathways that can induce NAFLD development on a cellular and molecular level. The 

illustration was adapted from [36] and was made in BioRender [27]. 

When the evolution of fibrosis gets far enough, the connective tissue created starts generating 

hepatocellular nodules like regenerative nodules, dysplastic nodules (DNs), and neoplastic 

nodules. DNs are large and benign lesions, and the latter causes tumor growth, either benign or 

malignant [154]. Eventually, the fibrosis will encapsulate the nodules completely, giving rise 

to cirrhosis, potentially followed by hepatocellular carcinoma (HCC) development. A stepwise 

progression from regenerative nodules to low-grade dysplastic nodules (have minimal 

abnormal cells) to high-grade dysplastic nodules (have small cell changes suggesting cellular 

proliferation) to HCC occurs [154, 155]. High-grade dysplastic nodules have features creating 

a node-in-node look, giving the cirrhotic liver its characteristic appearance [155].  
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7.1.2 Column contributions to band broadening 

Eddy dispersion is considered the major contributor to band broadening in HPLC and occurs 

due to differences in the widths and lengths of the intra- and interparticle pores. Therefore, the 

analyte molecules move through different paths throughout the column, promoting band 

broadening [116]. Both particle size and inhomogeneous particle size distribution are 

proportional to the size of the eddy dispersion in a packed column [107]. Eddy dispersion is 

expressed by equation 8. 

H =  Ce ∗ dp                                                                (eq. 8) 

Here H is the plate height, Ce is a constant, and dp is the diameter of the particles.  

Longitudinal diffusion occurs due to the natural phenomenon of molecules diffusing from 

concentrated zones to less concentrated zones. In HPLC, this type of diffusion is reliant on the 

diffusion coefficient of the analyte in the MP and the linear velocity of the MP – a higher flow 

rate gives a lower plate height, hence less contribution to band broadening, as seen from the 

equation for longitudinal diffusion (equation 9). 

H =  
c1 ∗ Dm

u
                                                               (eq. 9) 

Here H is the plate height, c1 is a constant, Dm is the diffusion coefficient of the analyte in the 

MP, and u is the linear velocity of the MP [107].  

Resistance to mass transfer is inversely proportional to the diffusion constants of the analyte in 

both the SP and MP [107]. Resistance to mass transfer in the MP and the stagnant MP in a 

packed column is expressed by equations 10 and 11, respectively. 

Hm =  
cm ∗ d2

p ∗ u

Dm
                                                        (eq. 10) 

Hstm =  
cstm ∗ d2

p ∗ u

Dm
                                                      (eq. 11) 

Here cm and cstm are constants, and the other parameters are as before. 

Higher diffusion constants result in faster-restored equilibria of the analyte between the two 

phases, reducing the resistance to mass transfer contributions, increasing the column efficiency. 
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7.2 Experimental: The conventional UHPLC-MS 

platform 

The conventional UHPLC-MS platform used for preliminary experiments is shown in Figure 

40. 

 

Figure 40. A Dionex Ultimate 3000 UHPLC from Thermo Scientific was coupled to a TSQ Vantage TQMS from 

Thermo Scientific and operated in MRM mode. The injection volume was 60 L. All connections were Thermo 

Scientific Viper SST finger tight fittings (180 m ID). Isocratic elution was performed with 0.1% FA in 57/33/10 

water/ACN/MeOH at a 700 L/min flow rate. 
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7.3 Supplementary results  

7.3.1 Preliminary experiments 

In the preliminary experiments, the current conventional UHPLC-MS method needed to be 

tested for training purposes and to see if the method was operational. Therefore, evaluation 

solutions containing 22R-, 24S-, 25-, and 27-OHC in the 50-500 pM range also containing 200 

pM IS (22R-OHC-d7, 25-OHC-d6, and 27-OHC-d6) and 6 M heavy cholesterol was prepared 

before quantification by LC-MS.  

Cholesterol oxidase enzyme assessment 

The initial focus was to determine if the enzyme cholesterol oxidase containing phosphate 

buffer functioned properly to oxidize the oxysterols. 

To investigate the cholesterol oxidase enzyme performance, 3x2 calibration solution series (50-

500 pM concentration range) were compared containing cholesterol oxidase phosphate buffer 

made by me (cholesterol oxidase 1) and former M.Sc. student Stian Solheim (cholesterol 

oxidase 2). LC-MS determination of the calibration solutions showed that the TSQ Vantage 

mass spectrometer produced signals, indicating that both enzymes worked. However, the peak 

areas were ~10-fold lower than normally experienced by the research group (e.g., 50 pM of 25-

OHC had peak areas of ~500 vs. ~5 000). See Table 14 for linearity and RSD results. The 

analytical method for the determination of 22R-, 24S-, 25-, and 27-OHC were hence 

operational. However, issues regarding the sensitivity of the MS were discovered and had to be 

further explored. Poor sensitivity of the MS can, in this case, be due to the instrument being old 

and hence having suffered continuous application over the years.  

Method evaluation of the conventional chromatographic platform 

Neither washing and calibrating the MS in-house or periodic maintenance by a service 

technician improved the sensitivity. Therefore, a method evaluation was necessary to test if the 

method performance was fit for the purpose of this study regarding analytical sensitivity, 

working range, and precision. Eurachem’s guidelines were used to perform the method 

evaluation [139]. 

 



  91 

Analytical sensitivity 

The S/N for the 50 pM calibration solutions were varying and not always detected. 50 pM of 

the oxysterols were hence sometimes detectable but below the LOQ (S/N = 10) and did not 

ensure the certainty needed regarding accuracy for quantification. All evaluation solutions gave 

significantly lower S/N compared to earlier signals provided by the MS (Solheim et al. 

determined the LOQ of this instrument to be 15-31 pM for the oxysterols in 2018 [92]).  

Working range and precision 

It was important to confirm that the method could be used over the desired interval. Linearity 

refers to what extent the detector delivers results within the desired concentration range. The 

lowest concentration of the 25-OHC standard (50 pM) was below the LOQ of the method, 

eliminating the possibility of quantifying concentrations of the oxysterols at this level with 

acceptable certainty. 

Intra- and inter-vial oxysterol quantification revealed the working range and the precision of 

the analytical method, none of which fulfilled the acceptable analytical criteria. Intra-vial 

cholesterol oxidase 2 provided the best linearity and precision within this experiment. However, 

it was insufficient to meet analytical demands (RSD < 20% and linearity where r2 > 0.99). 

Linearity and precision are summarized in Table 14. The precision at low oxysterol 

concentrations (50-200 pM) was throughout poor, independent of the enzyme used, but was 

better at higher concentrations.  Due to the overall small peak areas and S/N, it was suspected 

that either the sensitivity of the MS had become poorer or that the working solutions were 

diluted incorrectly. 

Table 14. The linearity and precision obtained from initial testing of the conventional UHPLC-MS method for 

oxysterol quantification. 

  Linearity RSD 

Cholesterol oxidase 1 Intra-vial 0.4-0.8 3-35% 

Inter-vial 0.92-0.99 2-49% 

Cholesterol oxidase 2 Intra-vial 0.96-0.99 2-33% 

Inter-vial 0.81-0.98 11-41% 

 

New working solutions were made, and the experiment was repeated. Peak areas and S/N 

remained low, supporting the conclusion that the sensitivity of the MS had become insufficient. 
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7.3.2 Testing the 5 m phenyl-hexyl particles in the analytical column 

To enhance the oxysterol separation in the nLC-MS platform, 5 m PH particles were tested in 

the analytical column. Until now, a 5 m PH in-house packed trap column (90 mm x 180 m 

ID) had been used. The length was necessary due to the coupling of the UHPLC-connections 

requiring space on the column. However, when the trap column was substituted with a 3 cm 

long trap column (coupled with vespel/graphite ferrule and SST nut and union) to lower the 

backpressure of the platform, a lot of selectivity was lost, resulting in faster analysis time, but 

a worse separation of the oxysterols. The loss of selectivity indicated that some separation of 

the oxysterols may have occurred in the trap column, proposing that the 5 m PH particles 

might separate the oxysterols well. 

The 5 m PH particles were packed in a 75 m ID column (17 cm long), and the 5 m PH 

particles (90 mm x 180 m ID) were still used as the trap column. A 5-95% B gradient was run 

over 25 min with a 1000 nL/min flow rate (larger particles generate less backpressure, allowing 

a faster flow rate), which made the oxysterols coelute at 15-16 min. Calculations revealed that 

coelution happened at 60% B in the gradient. Isocratic elution was systematically decreased 

5% from 50% B to 35% B, reaching the best separation at 38% B (Figure 41A), even though 

the separation was still poor. Different gradients were tested without separation success. 

For easier comparison with the 2.5 m SPH particles (Figure 30C), the same flow rate and MP 

composition as “optimized” on the 2.5 m SPH column was tested. Isocratic 45% B with a flow 

rate of 500 nL/min was tested, achieving better separation between 25- and 24S-OHC than ever 

experienced in the study, but worse separation between the other analytes, as shown in Figure 

41B. All oxysterols eluted within 30 min which again indicated that the oxysterols have less 

retention on the 5 m PH particles than on the 2.5 m SPH particles (50 min analysis time). 
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Figure 41. The separation of 22R-, 24S-, 25-, and 27-OHC and the ISs 25-OHC-d6, 27-OHC-d6, and 22R-OHC-

d7 on the 5 m PH analytical- (170 mm x 75 m ID) and trap (90 mm x 180 m ID) column with A) 38% B at a 

1000 nL/min flow rate at ambient temperature and, B) 45% B at a 500 nL/min flow rate at ambient temperature.  

 

To conclude, the 5 m PH particles in the analytical column did not provide sufficient 

separation and were not investigated further. Band broadening was still a problem. 
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7.4 Calculations 

7.4.1 Comparison of two means: T-test calculation 

Several significance tests were performed in the plate number, asymmetry, and retention factor 

testing comparing slurry concentrations and column IDs. Only one example is shown here (if 

the plate number of 100 m ID columns packed with 80% ACN vs. 90% ACN was significantly 

different). As the difference between the means of the two groups was tested, all significance 

tests performed were a two-tailed t-test at a 95% confidence interval ( = 0.05). The tests were 

performed in Excel. 

Firstly, an F-test was executed to test the equality of variance between the two groups. The data 

analysis tool in excel was used and gave the table in Table 15. 

Table 15. The F-test was performed using the data analysis tool in Excel. If the one-tail P-value is less than the 

associated confidence interval (0.05), the variances are not equal, as in this example (5E-07 < 0.05). Therefore, 

the test should be continued using the t-test assuming non-equal variances. 

 

 
 

 

To determine whether the null hypothesis (the means of the two groups are equal) should be 

rejected or not, a P-value was calculated in Excel using the “T.TEST” function shown in Figure 

42. The calculated P-value was compared to the -value of a t-test at a 95% confidence interval 

( = 0.05). The null hypothesis was rejected if the calculated P-value was smaller than , 

meaning that the two groups were significantly different. 
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Figure 42. «matrise1» are the values from group 1, “matrise2” are the values from group 2, “sider” is whether the 

t-test is one-tailed (1) or two-tailed (2), and “type” is whether the t-test is paired (1), two samples with equal 

variance (2) or two samples with unequal variance (3). In this case, a two-tailed t-test assuming unequal variances 

was used. The calculated P-value is shown to the right. 

 

In this case, the calculated P-value was larger than  (0.39 > 0.05), and the null hypothesis was 

not rejected, meaning that the plate number of 100 m ID columns packed with 80% ACN vs. 

90% ACN was not significantly different. 

7.4.2 Outlier determination: Grubb’s test 

To discover an outlier (a data point that significantly differs from the other data points at a 

certain level of confidence) when testing columns for plate numbers, asymmetry, and retention 

factors, Grubb’s test was used. In all cases, it was desired to test whether the data point was an 

upper or lower outlier. Hence, a one-sided Grubb’s test was used at a 95% confidence interval. 

Grubb’s test is expressed by equation 12. 

G =
|x − x̃|

s
                                                            (eq. 12) 

The calculated G value was compared against a Gcrit-value for a one-sided test found in [156] 

at  = 0.05. If Gcalc > Gcrit, the data point was considered an outlier. 
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7.5 Raw data 

7.5.1 Sensitivity evaluation of the conventional chromatographic 

method 

The raw data of S/N and signal intensities used for method evaluation on sensitivity is 

summarized in Table 16. In addition, the signal intensities and S/N obtained in 2018 are also 

included for comparison. 

Table 16. S/N of evaluation solutions of 50, 300, and 500 pM 25-OHC made by Alex Websdale and me. The S/N 

are also compared against former calibration solution experiments performed in 2018 by Associate Professor 

Hanne Røberg-Larsen. Average signal intensities are highlighted in blue, and average S/N are highlighted in green. 

ND = not detected. 
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7.5.2 Column flushing and testing 

After each of the 18 nLC columns were packed, they were flushed for particle settlement – 75 

and 100 m ID with a 300 and 400 nL/min flow rate, respectively. The backpressures generated 

by each column are summarized in Table 17, together with the backpressures generated in an 

evaluation solution run. 

Table 17. The backpressures generated by each of the 18 columns during both flushing and evaluation solution 

run. Pressure A and B refer to pump A and B. The blank spaces in column 17 are due to forgetting to collect the 

data. The lengths in red only highlight the shorter columns. 
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7.5.3 Column performance testing 

Plate number 

The raw data of the chromatograms of thiourea and toluene used for calculating the plate 

number during column performance factor testing is summarized in Table 18. 

Table 18. The raw data used for plate number calculation during column performance testing. The raw data are in 

white boxes and calculations in green boxes. The box in orange is considered an outlier. The blank spaces in 

column 3 are due to injection fail due to switching issues during loading. Thus, data were not collected. 
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Asymmetry 

The raw data of the chromatograms of toluene used for calculating the asymmetry during 

column performance factor testing is summarized in Table 19. 

Table 19. The raw data used for asymmetry calculation during column performance testing. The raw data are in 

white boxes, and calculations are in green boxes. The blank spaces in column 3 are due to injection fail due to 

switching issues during loading. Thus, data were not collected. 
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Retention factor 

The raw data of the chromatograms of thiourea and toluene used for calculating the retention 

factor during column performance factor testing is summarized in Table 20.  

Table 20. The raw data used for retention factor calculation during column performance testing. The raw data are 

in white boxes, and calculations are in green boxes. The box in orange is considered an outlier. The blank spaces 

in column 3 are due to injection fail due to switching issues during loading. Thus, data were not collected. 
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7.5.4 Retention factor testing of the 5 m PH particles 

The raw data from chromatograms of toluene used during the calculation of the retention factor 

is summarized in Table 21. 

Table 21. The raw data and the calculated average retention factor for toluene on a column packed 5 m PH 

particles (n=1). 

Particles  Length (cm) tM (min) tR 25-OHC (min) Difference (min) k x̃ RSD (%) 

5 m PH 1 15.3 2.59 4.12 1.53 0.59   

2 2.76 4.14 1.38 0.50   

3 2.76 4.20 1.44 0.52 0.54 8.8 

         

The raw data from chromatograms of 25-OHC used during the calculation of the retention factor 

is summarized in Table 22. 

Table 22. The raw data and the calculated average retention factor for 25-OHC on columns packed with both 2.5 

m SPH particles and 5 m PH particles. 

Particles  Length (cm) tM (min) tR 25-OHC (min) Difference (min) k x̃ RSD (%) 

2.5 m 

SPH 

1 12.3 1.23 6.22 4.99 4.06   

2 1.23 6.33 5.10 4.15   

3 1.23 6.25 5.02 4.08   

4 1.21 6.25 5.04 4.17 4.11 1.2 

5 m PH 1 12.3 1.22 2.47 1.25 1.02   

2 1.15 2.63 1.48 1.29   

3 1.25 2.73 1.48 1.18   

4 1.20 2.46 1.26 1.05 1.14 10.8 
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