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Abstract 

Oxysterols in biological samples of limited size are present in low concentrations thus 

sensitive methods are advantageous. Derivatization of oxysterols prior to liquid 

chromatography (LC) mass spectrometry (MS) analysis is a common, however a laborious 

approach. The possibility to reduce the extent of sample preparation by formation of adducts 

between oxysterols and mobile phase additives (e.g. ammonium acetate) were investigated. 

Stable adduct ion signals were not obtained with the use of the MS instruments available. 

However, loss of water ions ([Oxysterol+H-H2O]
+
 and [Oxysterol+H-2H2O]

+
, m/z 385.35 and 

m/z 367.34) were observed when diluting oxysterol standards with ammonium formate (2.5 

mM) and formic acid (0.25%) in methanol (MeOH). Under these conditions no easy 

recognizable fragmentation pattern was observed in tandem MS mode due to clustering of 

ions in the low mass area when fragmentation energy was applied. Another challenge with the 

analysis of native oxysterols with a nanoLC system was adsorption to surfaces, especially to 

fused silica capillaries. Silanization of the fused silica capillaries reduced the issue, but 

nowhere near satisfactory. It was considered unfeasible to determine native oxysterols with 

high sensitivity using nanoLC due to the large carry-over issues. Derivatization is therefore 

recommended when analyzing oxysterols with nanoLC.  

An on-line automatic filtration filter back-flush solid phase extraction liquid chromatography 

tandem mass spectrometry (AFFL-SPE-LC-MS/MS) method for determination of Girard T 

derivatized 24S-hydroxycholesterol, 25-hydroxycholesterol, 27-hydroxycholesterol, and 22S-

hydroxycholesterol was modified for analysis of exosome samples. Best separation of 

oxysterol isomers was obtained with an ACE 3 C18 (0.1 mm ID × 150 mm, 3μm, 100 Å) 

column with a column temperature of 15°C and by using a mobile phase gradient from 

0.1/25/75 (v/v/v %) FA/H2O/MeOH to 0.1/10/90 (v/v/v %) FA/H2O/MeOH in 25 minutes. 

The method was used for analyses of exosome samples obtained with the use of different 

isolation techniques to find a suitable procedure for exosome isolation. 
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Abbreviations and definitions 

25-OHC  25-hydroxycholesterol 

CYP P450  Cytochrome P450 

24S-OHC  24S-hydroxycholesterol 

27-OHC  27-hydroxycholesterol 

CH25H  Cholesterol 25-hydroxylase 

Hh   Hedgehog 

22S-OHC  22S-hydroxycholesterol 

PTC   Patched 

SMO   Smoothened 

HH   Hedgehog 

IHH   Indian Hedgehog 

DHH   Desert Hedgehog 

SHH   Sonic Hedgehog 

mRNA   messenger ribonucleic acid 

MVEs   Multivesicular endosomes 

GC   Gas chromatography 

LC   Liquid chromatography 

MS   Mass spectrometry 

ESI   Electrospray ionization 
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RP   Reversed phase 

PFP   Pentafluorophenyl 

ID   Inner diameter 

APPI   Atmospheric photon ionization 

APCI   Atmospheric chemical ionization 

Adduct A product of a direct addition of two or more distinct molecules, 

resulting in a single reaction product containing all atoms of all 

components.  

MS/MS  Tandem mass spectrometry 

SPE   Solid phase extraction 

AFFL   Automatic filtration filter back-flush 

m/z   Mass to charge ratio 

AFFL   Automatic filtration filter back-flush 

DC   Direct current 

RF   Radio frequent 

AC   Alternating current 

SIM   Single ion monitoring 

SRM   Single reaction monitoring 

CID   Collision induced dissociation 

C-trap   Linear curved trap 

HCD   Higher energy collision dissociation 

MeOH   Methanol 
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EtOH   Ethanol 

IPA   2-propanol 

ACN   Acetonitrile 

MP   Mobile phase 

FA   Formic acid 

AF   Ammonium formate 

D   Completeness of the derivatization reaction 

M   Matrix effects 

DMEM  Dulbecco’s Modified Eagle Medium 

FBS   Fetal bovine serum 

P/S   Penicillin/Streptomycin Solution 

PBS   Phosphate buffered saline 

IS   Internal standard 

24S-HC-GT  Girard T derivatized 24S-hydroxycholesterol 

25-HC-GT  Girard T derivatized 25-hydroxycholesterol 

27-HC-GT  Girard T derivatized 27-hydroxycholesterol 

22S-HC-GT  Girard T derivatized 22S-hydroxycholesterol 

FWHM  Full width half maximum 

EIC   Extracted ion chromatogram 

PEEK   Polyether ether ketone 

Tr   Retention time 
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H   Plate height 

TR   Room temperature 

Rs   Resolution 

CE Exosome samples E72-1mL, E72-3mL and ES (exosomes isolated from 

medium harvested from cells) 

BE Blank samples B72-1mL, B72-3mL and BS (medium subjected to the 

same exosome isolation procedure as the medium harvested from cells) 

WB   Western blotting 

cLOD   Concentration limit of detection 

N   Plate number 

L   Length 

E72h-1mL Sample obtained by isolation of exosomes with the salting-out 

procedure. Exosomes were isolated from 1 mL medium (from Sigma) 

harvested from cells after 72 hours. 

E72h-3mL Sample obtained by isolation of exosomes with the salting-out 

procedure. Exosomes were isolated from 3 mL medium (from Gibco®) 

harvested from cells after 72 hours. 

ES Sample obtained by isolation of exosomes with ultracentrifugation. 

Exosomes were isolated from 50 mL medium (from Gibco®) harvested 

from cells after 72 hours.  

B72h-1mL Blank sample obtained by isolation of exosomes with the salting-out 

procedure. Exosomes were isolated from 1 mL medium (from Sigma) 

harvested after 72 hours. 

B72h-3mL Blank sample obtained by isolation of exosomes with the salting-out 

procedure. Exosomes were isolated from 3 mL medium (from Gibco®) 

harvested after 72. 
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BS Blank sample obtained by isolation of exosomes with 

ultracentrifugation. Exosomes were isolated from 50 mL medium (from 

Gibco®) harvested after 72 hours. 

N   Plate number 

L   Length 
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1 Introduction 

1.1 Oxysterols 

Oxysterols are biological active molecules that derive from enzymatic or non-enzymatic 

oxidation (known as autoxidation) of cholesterol [1]. Oxysterols are involved in several 

biological mechanisms e.g. regulation of cholesterol homeostasis [2], estrogen receptor 

modulators [3], activating liver X receptors [4], and possibly the Hedgehog signaling pathway 

[5]. 

The names of the oxysterols are given by the localization of the hydroxyl group. For instance, 

if the additional hydroxyl group is in position 25 of the cholesterol molecule the name is 25-

hydroxycholesterol (25-OHC). A variety of oxysterols exist, and are mostly formed in the 

body by metabolizing enzymes belonging to the cytochrome P450 (CYP) family [6]. 

CYP46A1 converts cholesterol into 24S-hydroxycholesterol (24S-OHC) [7], CYP27A1 

produces 27-hydroxycholesterol (27-OHC) [1], while 25-hydroxycholesterol is formed as a 

by-product of CYP27A1 and by cholesterol 25-hydroxylase (CH25H) [8]. The oxysterols of 

interest for possible in vivo activation of the Hedgehog (Hh) signaling pathway together with 

their precursor and enzyme are shown in Figure 1. To author’s knowledge no known 

biological enzyme produces 22S-hydroxycholesterol (22S-OHC). 
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Figure 1: Structure of the oxidation products of cholesterol formed enzymatically in the body: CYP46A1 

forms 24S-hydroxycholesterol, CYP27A1 forms 27-hydroxycholesterol and 25-hydroxycholesterol is 

formed as a by-product of CYP27A1 and by CH25H. 22S-OHC is a target analyte without a known 

enzyme (to author’s knowledge). 

 

1.2 The Hedgehog pathway 

It has been reported that oxysterols activates the Hh signaling pathway in vitro [9-12], which 

plays a role in embryonic development [13], stem cells [14], cellular metabolism [15], axon 

pathfinding and synapse formation [16] and nociception [17]. The pathway is also involved in 

human disorders and diseases including developmental abnormalities and various forms of 

cancer [18-24]. 

Vital players of the Hh pathway were first discovered in the fruit fly Drosophila 

Melanogaster in the late 1970 and early 1980 [25-29]. The key players of the vertebrate 

pathway are the proteins Patched (PTC) [30], Smoothened (SMO), GLI transcription factors 

and Hedgehog (HH) [31, 32]. Three different analogs of the HH protein exist, namely Indian 

Hedgehog (IHH), Desert Hedgehog (DHH) and Sonic Hedgehog (SHH) [5], the latter most 
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studied. In brief, the pathway (Figure 2) is activated when a HH protein binds to the 12 

transmembrane protein, PTC, extracellular on the target cell [10, 11]. After HH binding to 

PTC, SMO (a 7 transmembrane protein) enters the primary cilium and the GLI transcription 

factors are activated promoting signaling and initiates gene transcription [10, 11]. In the 

absence of HH, PTC inhibits SMO by an unknown mechanism, communication is possibly 

controlled by metabolites [5, 11]. Although natural binding pockets for oxysterols on the 

extracellular domain of SMO is discovered [9, 11, 12, 33-36] the mechanism for pathway 

activation with oxysterols in vivo is still debated. 

 

 

Figure 2: A simplified presentation of the Hh signaling pathway showing the active state (ON) a HH 

protein binds to PTC, SMO enters the primary cilium and the GLI transcription factors are activated, 

promoting signaling and initiates gene transcription. And the inactive state (OFF) the HH protein is 

absent, allowing PTC to inhibit SMO by an unknown mechanism possibly controlled by metabolites. 
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1.2.1 Exosomes and the Hh pathway 

Exosomes are extracellular vesicles containing lipids, messenger ribonucleic acid (mRNA) 

and proteins [37-39] classified according to size (40-100 nm), density on sucrose gradients 

(1.13-1.19 g/dL), morphology and molecular constituents [39-41]. The exosomes originate 

from an early endosome inside the parent cell [40]. The early endosome is divided into 

multivesicular endosomes (MVEs). These MVEs can either be degraded inside the cell or its 

content can be released into the extracellular space, as exosomes [40]. These vesicles were 

formerly considered to only be shed from cells by waste management [42]. Recently, 

exosomes is reported to be present in a wide range of body fluids [40] and are important in 

biological mechanisms. The exosomes can potentially be used for prognosis, therapy and as 

biomarkers for health and disease [37, 41, 43, 44].  

In the context of Hh signaling, the HH protein is transported to PTC on a target cell via 

extracellular vesicles, possibly exosomes [45]. There is also evidence for SHH transport by 

exosomes specific in size (30-50 nm) [46]. Exosomes are released from normal cells, tumor 

cells and cancer cells [42, 47], where cancer cells and tumor cells have shown to produce an 

increased number of exosomes compared with normal cells [47]. Activation of the Hh 

signaling pathway through exosomes (possibly containing oxysterols) is therefore under 

investigation. 

Because of the recent discovered importance of exosomes, tools to isolate exosomes from 

bodily fluids are commercially developed and marketed. These tools can potentially improve 

the isolation efficiency compared with the traditional ultracentrifugation technique [40]. 

Efficient isolation techniques are important to enable further investigation of the roles of 

exosomes in biology. In addition, analysis to verify that exosomes has been isolated from 

other components in bodily fluids is important to enable investigation of the roles of 

exosomes in the Hh signaling pathway.  
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1.3 Determination of oxysterols 

The concentration of oxysterols is low (ng/g-µg/g) compared to the abundance of the 

precursor cholesterol (mg/g) in biological samples [48, 49]; hence sensitive methods are 

required for their determination. The wide concentration difference between oxysterols and 

cholesterol in samples puts high demands on the dynamic range of the detector and the 

chromatographic system. Sufficient sensitivity is a necessity, without overloading the column 

with cholesterol that might accumulate and make a pseudo stationary phase [50].  

Separation of oxysterol isomers with gas chromatography (GC) or liquid chromatography 

(LC) is needed prior to mass spectrometry (MS) detection, as the isomers have the same 

monoisotopic mass (402.35 g/mol). GC-MS is the most used method for quantification of 

steroids [51-54] and the use of GC requires analytes to be volatile and thermally stable. 

Oxysterols are not sufficiently volatile for GC analysis and to increase the volatility, 

derivatization is possible [54]. However, such derivatization procedures often demands 

laborious procedures with the use of high temperatures. This can promote autoxidation as 

cholesterol in samples, subjected to light, heat or air, can autoxidize to oxysterols during 

sample handling or storage [55], giving false positive results. Hence, LC methods can be used 

for determination of endogenous oxysterols in biological samples [49, 56-58] and have gain 

popularity the last years. However, neutral oxysterols is less compatible with e.g. electrospray 

ionization (ESI) since efficient ionization can be difficult. Thus, due to low ionization 

efficiency in ESI, derivatization is often performed (with e.g. Girard reagents). These 

reactions are often performed under gentle conditions that do not promote autoxidation. 

Possible autoxidation can be monitored with MS by adding heavy cholesterol as an 

autoxidation standard in both standard solutions and samples [55, 59]. It can be expected that 

natural and 
13

C cholesterol oxidizes if autoxidation occur due to shared characteristics. The 

heavy oxysterols mass can then be monitored with the use of a MS instrument.  
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1.4 Reversed phase liquid chromatography 

Oxysterol isomers can be separated with reversed phase (RP) chromatography, which is the 

most used separation principle for LC. The stationary phase is hydrophobic and is often silica 

based with alkyl chains, e.g. C8 or C18, attached. The mobile phase is hydrophilic and 

mixtures of water or aqueous buffers and water soluble organic solvents are normally used. 

Elution of analytes from a RP column can be performed with a mobile phase gradient 

(changing composition of the mobile phase) or isocratically (constant composition of the 

mobile phase). Gradient elution is commonly employed with complex samples containing 

analytes with diverse affinity for the stationary phase, while isocratic elution is used for 

analytes with similar affinity. In gradient elution, the amount of organic solvent (with higher 

elution strength compared with water or an aqueous buffer) is gradually increased. Thereby, 

more hydrophobic compounds elutes from the column due to reduced interaction between 

analyte and stationary phase.  

Other phases with different selectivity, e.g. C18-pentafluorophenyl (PFP) can be attached to 

the silica based surface. The PFP functionality may be suited when e.g. separating 

regioisomers or analytes with differing shape constraints [60], such as oxysterols. The 

separation mechanisms can be based on hydrophobic, π-π interactions, dipole-dipole, 

hydrogen bonding and shape selectivity depending on the physical and chemical properties of 

the analytes, its structure and chromatographic conditions [60]. The C18 and C18-PFP 

stationary phases are presented in Figure 3. 

 

 

Figure 3: Column functionality of (A) a C18 stationary phase and (B) a C18-PFP stationary phase. 
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1.4.1 Miniaturization of the chromatographic system 

One possible way to achieve high sensitivity in LC is to reduce the inner diameter (ID) of the 

column. With narrower columns, a low flow rate is used giving less chromatographic dilution, 

hence more concentrated eluting peaks in combination with concentration sensitive detectors 

(e.g. ESI-MS), thus the sensitivity will increase. 

A chromatographic system with narrow columns hence low flow rate is also more compatible 

with ESI, making flow splitting between column and the MS inlet unnecessary. Also, less 

mobile phase solvent is consumed, which is favorable for the environment and economy. 

However, there are some limitations with miniaturized chromatographic systems: the use of 

narrow capillaries (with low volume) is needed to connect instrumental parts. These systems 

are less robust and clogging may be a frequent issue. Furthermore, proper couplings are 

essential to reduce dead volumes to avoid band broadening of eluting peaks. 

 

1.4.2 LC-MS analysis of native oxysterols 

Since sterols are neutral and regarded as non-ionizable compounds, alternative ionization 

sources such as atmospheric photon ionization (APPI) or atmospheric pressure chemical 

ionization (APCI) can be better suited. By using these ion sources in combination with MS, 

oxysterols have been determined through loss of water ions as [oxysterol+H-H2O]
+
 or 

[oxysterol+H-2H2O]
+
 [58, 61, 62]. Nevertheless, these mass sensitive ionization sources are 

more compatible with higher flow rate, hence less suitable for nanoLC. Concentration 

sensitive detectors as ESI-MS can therefore be more appropriate with low flows in 

combination with narrow columns for sensitive determination of low abundant analytes (as 

oxysterols). 
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The solvents used in the chromatographic system needs to dissolve the hydrophobic native 

oxysterols in addition to promote ionization in ESI. To attain charge, additives as ammonium 

acetate can be added in the mobile phase to create adducts prior to ESI-MS. With this 

approach, adducts between oxysterol and ammonia ([oxysterol+NH4]
+
) have been used to 

determine a wide range of sterols [63, 64]. However, ionization and formation of adducts 

between sterol and mobile phase ions is reported to be dependent on both ionization source 

and mass spectrometer [64].  

 

1.4.3 Derivatization of oxysterols to enhance ionization efficiency 

Oxysterols can be detected efficiently with ESI-MS after charge tagging with a derivatization 

agent e.g. Girard reagents [55, 59, 65-67] , picolinyl ester [68, 69] or N,N dimethylglycine 

esters [70]. Derivatization reactions often include several hands-on steps which increases the 

risk of analyte loss. This can be minimized by performing the procedure in one tube [65]. 

Derivatization with Girard T (or Girard P) reagent gains a high yield of oxysterols with a 

positive charge (Figure 4). Girard reagents are specific for oxo groups and by using the 

enzyme cholesterol oxidase, the hydroxyl group (in position 3 of the oxysterol molecule) is 

oxidized to a keto group. Secondly, the hydroxyl group is replaced with a hydrazine group. A 

potential pitfall with this procedure is that the Girard T reagent can react with analyte 

analogues with naturally occurring keto groups. Keto groups formed during sample 

preparation and analyte analogs with preexisting keto groups will therefore be detectable [65].  

Introduction of the hydrazine group makes the oxysterol species charged and more polar. This 

will enhance the solubility of oxysterols in RP mobile phases in addition to enhance the 

ionization efficiency in ESI [65, 67, 71]. Unfortunately, the derivatization reaction generates 

syn and anti-formations within the molecule (with regard to the hydrazine group), which may 

complicate the chromatography as peak broadening/splitting is observed for some 

chromatographic conditions [59, 65]. 
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Figure 4: Derivatization reaction of oxysterol with Girard T reagent, here shown with 25-OHC. Initially, 

the hydroxyl group (in position 3) is transformed to a keto group by enzymatic oxidation with cholesterol 

oxidase at 37°C for 1 hour. Subsequently, the oxidized oxysterol react with the Girard T reagent in room 

temperature (TR) in the dark overnight resulting in Girard T derivatized oxysterol. 

 

With a mass analyzer operated in tandem MS (MS/MS) mode derivatized oxysterols can be 

fragmented and thereby be identified more selectively [56]. A possible fragmentation pattern 

of Girard T derivatives of oxysterols is shown in Figure 5. 
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Figure 5: Possible fragmentation pattern of Girard T derivatives of oxysterols in MS/MS [72]. 

 

1.4.4 Sample clean-up with automatic filtration filter back-flush solid 

phase extraction combined with LC-MS 

Clogging of the narrow column in miniaturized systems by e.g. particles from the sample and 

overloading of the column with sample matrix can be an issue. Derivatization methods often 

include addition of excess reagents and/or solvents. To obtain a clean sample, free from 

particles and superfluous additives, sample clean-up can be performed on solid phase 

extraction (SPE) columns either manual (off-line) or by the LC-system (on-line). The aim is 

to pre-concentrate the analytes by removing matrix in addition to remove particles to avoid 

clogging. Sample clean-up performed off-line requires several manual steps which can affect 

the precision and reproducibility of the results negatively [59]. An on-line approach reduces 

manual efforts, can be less time-consuming and the risk of sample loss and contamination 

decreases. An on-line method such as SPE-LC is effective, but can also be associated with 

pressure built up and clogging issues. Pressure build-up can be caused by accumulated 

particles on the SPE column, hence additional manual steps as off-line filtration and/or off-

line SPE procedures are often performed [73]. This can be time-consuming and again 

increases the risk of sample loss and contamination of the sample.  

Alternatively, filtration can be performed on-line in combination with SPE with an automated 

filtration filter back-flush (AFFL)-SPE system [73] shown in Figure 6. The sample containing 
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unwanted particles, analytes and other substances passes through a stainless steel filter prior 

to the SPE column. The filter traps particles whereas analytes are trapped on the SPE column. 

Non-retaining substances pass through the SPE and are washed out to waste. Subsequently, 

the valve is switched and analytes elute onto the analytical column for separation, while a 

second pump washes off particles from the stainless steel filter. This ensures that the filter, 

SPE and LC columns will not clog and a reasonable pressure in the system will be 

maintained, hence the robustness of the method improves [59, 73]. 

 

 

Figure 6: Schematic of an AFFL-SPE-LC system performed with a 10-port two-position switching valve. 

(1) Sample containing excess of Girard T reagent is injected by an autosampler. (2) A filter traps 

unwanted particles while analytes are trapped on the SPE and reagent is flushed to waste. (3) After 

switching the valve, the analytes are transferred to the analytical column for separation and 

simultaneously the filter is back-flushed. Adapted from [65]. 
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1.5 Electrospray ionization mass spectrometry 

ESI is mostly used for ionizable (acidic or basic) compounds in LC-MS, where ions are 

generated in the mobile phase solution by adjusting the pH. It is highly compatible with 

nanoLC, as a small volume from the spray tip allows more efficient generation of gas phase 

ions [74]. Greater sensitivity is achieved, which is advantageous when studying low abundant 

analytes in limited biological samples. In addition, ESI is a soft ionization technique giving 

little fragmentation [75], because energy is transferred gradually to the analyte by thermal 

energy at low temperatures. Hence, the biomolecule ion is preserved from solution to gas 

phase. 

In ESI, the ions in solution are transferred to gas-phase ions in the atmospheric region of the 

instrument as illustrated in Figure 7. The ESI capillary tip is subjected to high voltage and 

opposite charges are attracted to the capillary while molecules with the same charge pass 

further due to repulsions and attractions towards an opposite charged electrode [74, 75]. At a 

specific voltage a Taylor cone forms and charged droplets (close to their Rayleigh limit) are 

generated [74]. The droplets start to evaporate generating smaller droplets with accumulated 

charge. Cycles of solvent evaporation and droplet fission transfer liquid ions to gas phase [74, 

75].  
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Figure 7: Electrospray process showing positive ion formation in the atmospheric region of the 

instrument. A Taylor cone is formed from the spray tip with subsequent formation of charged droplets 

attracted towards and opposite charged electrode. Cycles of evaporation and droplet fission transfer 

liquid ions to gas phase [76]. 

 

1.5.1 Triple quadrupole mass analyzer 

The mass analyzer separates the gas phase ions with high resolution and high sensitivity. With 

high resolution, smaller mass to charge ratio (m/z) differences can be separated. The most 

used mass analyzer for quantitative purposes is the triple quadrupole, shown in Figure 8. It is 

built up of two mass filters (Q1 and Q3) each consisting of a pair of rods with opposite 

potential. The rods are connected electrically, one pair attached to a variable positive direct 

current (DC) source and the other to the negative DC source. To each pair of rods a variable 

radio-frequent (RF) alternating current (AC) potential are applied. Q1 and Q3 are controlled 

by varying the AC and DC potential. Depending on the AC/DC potential ions with a certain 

m/z ratio are allowed to go through the triple quadrupole and be detected. Different scan types 

e.g. single ion monitoring (SIM) and single reaction monitoring (SRM) can be performed. 

The latter is used to obtain enhanced selectivity and sensitivity. With SRM, Q1 allows a 

certain m/z (precursor ion) to enter the collision cell (Q2), consisting of a multipole, where the 
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ion is fragmented by collision induced dissociation (CID). Molecular ions are accelerated by 

electrical potential to high kinetic energy and collide with neutral molecules e.g. He, N or Ar. 

The precursor ion is fragmented and a product ion forms. By selecting the product m/z, the 

product ion is allowed to pass through Q3 and be detected. In this way, only specific 

precursor ions with specific product ions are detected. 

 

 

Figure 8: Schematic of a triple quadrupole mass analyzer consisting of two mass filters (Q1 and Q3) in 

addition to a collision cell where ions can be fragmented by collision with neutral molecules. 

 

1.5.2 Orbitrap mass analyzer 

An Orbitrap mass analyzer (Figure 9) is attributed high mass accuracy and high resolution and 

are mostly used in proteomics or discovery analysis (unknown analytes). Ions are trapped in a 

curved linear trap (C-trap) which ejects ion packets into an Orbitrap. Ion packets are ejected 

by reducing RF voltage and applying DC potential across the C-trap. Ions enter the central 

electrode where electrostatic attraction is compensated by centrifugal forces [77]. The 

electrostatic field forces ions to oscillate in discrete orbits according to their m/z before 

detection [77]. To perform MS/MS the Orbitrap is connected with a quadrupole mass filter 

and a collision cell, which is allied with the C-trap. Ions can be fragmented by higher-energy 

collisional dissociation (HCD) which takes place external to the trap. Ions return to the C-trap 

before re-injected to central electrode for m/z separation. Different scan types can be 

performed, in SIM scans; selected m/z values are detected. SIM scan can be performed with 

MS or MS/MS. 
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Figure 9: Schematic of a Q-Exactive™ hybrid quadrupole Orbitrap mass analyzer. Ion packets from the 

C-trap are ejected to the Orbitrap mass analyzer where the voltage is ramped and ions according their 

m/z are separated in discrete oscillating paths. Detection occurs and the signal is amplified. Adapted from 

(Thermo Scientific) [78]. 
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1.6 Aim of study 

The aim of this study was to develop a simple and sensitive method using nanoLC for 

determination of native oxysterols by exploring the possibility to form adducts between 

oxysterol and mobile phase additives. The purpose of employing adducts for determination of 

oxysterols was to reduce the time and complexity of the sample preparation steps employed in 

our established derivatization method [65]. 

The developed method was to be compared with the established method using Girard T 

derivatives of oxysterols for determination. The most sensitive method should be employed 

for determination of possible oxysterols in exosomes from cancer cells, for further exploration 

and understanding of the Hh pathway. 
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2 Experimental 

2.1 Chemicals and standards 

Mixtures of HPLC grade methanol (MeOH, VWR, Radnor, PE, US) or LC-MS Chromasolv® 

grade MeOH (Fluka, Sigma Aldrich, St. Louis, MO, US), ethanol (EtOH, VWR), GC grade 2-

propanol (IPA, Sigma Aldrich, St. Louis, MO, US), HPLC grade acetonitrile (ACN, VWR) 

and type 1 water from a Milli-Q Ultrapure Water System (Millipore, Bedford, MA, US) or 

HPLC water (Chromasolv® plus for HPLC, Sigma Aldrich) were used as mobile phases 

(MP). MS grade formic acid (FA, Fluka), LC-MS grade ammonium acetate (Fluka), MS 

grade ammonium formate (AF, Fluka) and acetic acid (Fluka) were used as additives.  

 

Stock solutions of sterols were made by dissolving standards in IPA. Standard solutions of 

native oxysterols were made by diluting stock solutions with an appropriate solvent while 

standard solutions for derivatized oxysterols were made from a working solution prepared by 

diluting stock solutions with IPA. Final concentration of stock solutions and working 

solutions together with vendors are listed in Table 1. 
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Table 1: Sterols, concentration of stock solutions, concentration of working solutions together with 

vendors. 

Compound 

Stock solution 

µg/mL (µM) 

in IPA 

Working 

solution (nM) in 

IPA 

Vendor 

24S-hydroxycholesterol 10 (248) 1 

Avanti Polar Lipids, 

Inc. Alabaster, AL, 

US 

25-hydroxycholesterol 188 (467) 1 Sigma 

27-hydroxycholesterol 150 (373) 1 
Avanti Polar Lipids, 

Inc. 

22S-hydroxycholesterol 188 (467) 1 Sigma 

25-hydroxycholesterol 

26,26,26,27,27,27 d6 
6.12 (15) 1.5 

CDN Isotopes, 

Quebec, Canada 

Cholesterol 

25,26,27 
13

C  
224 (575) 6000 Sigma 

Cholesterol 5000 (12931) 
 

Sigma 

 

 

2.1.1 Calibration solutions for quantification of derivatized 

oxysterols 

Calibration solutions were prepared from 1 nM working solutions by dilution with IPA to 

cover the concentration range 14-136 pM for each oxysterol. The calibration solutions were 

subsequently subjected to sample preparation with derivatization as described in section 2.2.3. 

 

2.1.2  Validation solutions 

The validation solutions were used to assess the completeness of the derivatization procedure 

(D) in addition to matrix effects (M). Shh-L2 cancer cells were obtained from the Oslo 

University Hospital (Oslo, Norway). Cells were grown in Dulbecco’s Modified Eagle 
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Medium (DMEM, from Sigma) with 10% fetal bovine serum (FBS) and 1% 

Penicillin/Streptomycin Solution (P/S) as described in [65]. Cells were lysed in 100 µL 400 

nM cholesterol 
13

C in EtOH. The validation sample solutions were spiked with standard 

solutions to give a concentration of 27, 54 and 108 pM of each oxysterol and were 

subsequently subjected to sample preparation with derivatization as described in section 2.2.3.  

 

2.2 Samples 

Samples were obtained by isolation of exosomes from cancer cells with either 

ultracentrifugation or a salting-out procedure using a commercial isolation kit as described 

below. The samples were subsequently subjected to sample preparation with derivatization is 

described in section 2.2.3. 

 

2.2.1 Isolation of exosomes from cell culture medium with isolation 

kit 

Preparation of cells and isolation of exosomes described in this section were performed by 

Hanne Røberg-Larsen at Oslo University Hospital by using the procedure described in [79]. 

Shh-L2 cell lines were grown in DMEM (Sigma or Gibco® (Life Technologies, Thermo 

Fisher Scientific Inc., Waltham, MA, US)) with 10% FBS and 1% P/S. At 50% confluency, 

the cells were washed gently with pre-warmed (37ºC) phosphate-buffered saline (PBS), and 

added DMEM media without FBS to harvest exosomes. After 24 or 72 hours cell culture 

medium was harvested and the cell medium was centrifuged at 2 000 × g for 30 minutes to 

remove cells and cell debris. The supernatant containing cell-free culture medium was 

transferred to a new tube. Exosomes were isolated from 1, 3 or 14 mL cell culture medium 

using Total Exosome Isolation reagent (Invitrogen™ by Life Technologies, Thermo Fisher 

Scientific Inc., Waltham, MA, US) as described by producers. To 1, 3 and 14 mL cell culture 

media, 500 µL, 1.5 mL and 7 mL reagent were added respectively, and the mixtures were 

vortexted until homogeneity. The samples were incubated overnight at 2-8ºC. Subsequently 

the samples were centrifuged at 10 000 × g at 4°C for 1 hour and the resulting supernatants 



20 

 

were aspirated and discarded. Finally, the pellets containing exosomes were re-suspended and 

lysed in 100 µL 400 nM cholesterol 
13

C in EtOH. In addition, DMEM was subjected to the 

same isolation procedure without contact with cells (Sigma or Gibco®). Isolated exosomes 

were stored in the fridge (4ºC) before sample preparation with Girard T reagent. The prepared 

samples were stored at 4ºC and analyzed within a week. 

 

2.2.2 Isolation of exosomes from cell culture media with ultra-

centrifugation 

Preparation of cells and isolation of exosomes described in this section were performed by 

Hanne Røberg-Larsen and the author of this thesis at Oslo University hospital and Oslo 

Science Park with the procedure described in [80]. Shh-L2 cell lines were grown in DMEM 

medium (Gibco®) containing 10% FBS and 1% P/S until 70% confluency was reached. The 

medium was replaced with FBS free medium and incubated for 72 hours. Thereafter, as a 

supernatant, the medium was collected and transferred to 50 mL tubes and centrifuged at 300 

× g for 10 minutes at 4ºC to remove remaining free cells. The medium was again collected 

and transferred to a fresh centrifuge tube and centrifuged at 2 000 × g for 20 minutes at 4ºC to 

remove any cell debris. Further the medium supernatant was transferred to a tube suited for 

centrifugation at 10 000 × g for 30 minutes at 4ºC and the tube was marked and placed in the 

rotor with the mark is facing up. As this was a fixed angle rotor the pellet was found near the 

bottom of the tube and on the side of the tube facing up. The medium supernatant was again 

removed and transferred to a marked fresh tube and subjected to centrifugation at 100 000 × g 

for 70 minutes at 4ºC to pellet the exosomes. The medium supernatant was removed carefully 

and the remaining exosome pellet was washed by re-suspension in 1 mL PBS and centrifuged 

at 100 000 × g for 70 minutes at 4ºC. The PBS supernatant was removed and the remaining 

pellet was finally re-suspended and lysed in 300 µL 400 nM cholesterol 
13

C in EtOH and 

stored at -80ºC in the fridge before subjected to sample preparation. In addition, DMEM was 

subjected to the same isolation procedure without contact with cells (Gibco®). The prepared 

samples were stored in fridge at 4ºC and analyzed within a week. 
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2.2.3 Derivatization of oxysterols with Girard T reagent 

Derivatization of oxysterols with Girard T reagent was performed as described in [59, 65]. 

Standard solution and samples were mixed with internal standard (IS) and 
13

C cholesterol 

followed by evaporation to dryness on a SC110 Savant SpeedVac. Dry matter was re-

dissolved in 20 µL IPA and 200 µL 0.03 mg/mL cholesterol oxidase (Sigma) in 50 mM 

phosphate buffer (pH 7). The phosphate buffer was prepared by dissolving 679 mg KH2PO4 

(Fluka) in 100.0 mL type 1 water. The oxidation was carried out at 37
o
C for 1 hour using a 

Grant-Bio PHMT thermoshaker (Grant Instruments, Cambridge, UK) set to 300 rpm. After 

oxidation, 15 mg Girard T reagent (Sigma) dissolved in 500 µL MeOH and 15 µL glacial 

acetic acid (Merck) were added to each sample and standard solution before derivatization in 

room temperature (TR) in the dark overnight. A visual outline of the sample preparation is 

shown in Figure 10. 

 

 

Figure 10: Visual presentation of the sample preparation – derivatization of oxysterols with Girard T 

reagent. Adapted from [65]. 
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2.3 Instrumentation 

2.3.1 Direct infusion 

Solutions of 10 ng/μL native oxysterols were prepared by dilution with different mobile phase 

solvents and additives for direct infusion. Derivatized oxysterol solutions (1 ng/μL) were 

prepared for direct infusion as described in section 2.5.1. With the use of a syringe pump 

operated with a flow rate of 0.5 µL/min, native or derivatized oxysterol solutions were 

directly infused into MS. The syringe was connected to 50 µm ID polyimide coated fused 

silica tubing (Polymicro technologies, Phoenix, AZ) and a 30 µm ID stainless steel emitter 

(Thermo Scientific, Waltham, MS, US) connected to an HESI or Nanospray flex ESI source 

on Q-Exactive™ hybrid quadrupole-Orbitrap or TSQ Quantiva™ triple quadrupole mass 

spectrometer, both from Thermo Scientific. 

 

2.3.2 MicoLC system  

In the microLC system, 1 µL of 800 pg/μL oxysterol was injected with an Agilent G1377A 

micro well autosampler (Agilent Technologies, Santa Clara, CA, US). An Agilent 1100 series 

solvent manager operated with a flow rate of 40 µL/min delivering a mobile phase (MP A: 2.5 

mM AF in H2O with 0.25% FA and MP B: 2.5 mM AF in MeOH with 0.25% FA) gradient 

from 70-100% B in 10 minutes. For separation a 1 mm ID × 150 mm ACE 3 C18-PFP column 

from Advanced chromatography technologies LTD (Aberdeen, Scotland, UK) was employed. 

The mobile phase was held at 100% B for 10 minutes after the gradient. 

 

2.3.3 AFFL-SPE-nanoLC system I with on-line sample cleanup 

On-line sample cleanup was performed with an AFFL-SPE-nanoLC system as described in 

[65] and shown in Figure 6. Oxysterol standard solutions were injected (5 µL) by an Agilent 

1200 autosampler. An Agilent 1100 series pump (P1) was used as loading pump and filter 

back-flush pump delivering 0.1 % FA in H2O with a flow rate of 10 μL/min. First, the sample 

went through a 1 μm Valco (Huston, TX, US) stainless steel filter fitted in a Valco union. 
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Next, a reversed phase Hotsep Tracy Kromasil C8 SPE column (0.3 mm ID × 5 mm, 5 μm, 

300 Å) from G & T Septech (Ytre Enebakk, Norway) trapped the analytes (oxysterols). Other 

compounds not sufficiently hydrophobic to be trapped by the SPE column were flushed to 

waste. After an automatic switch of the 10-port two-position external valve from Waters 

(Milford, MA, US), an Agilent 1200 pump (P2) delivered a mobile phase (MP A: 2.5 mM AF 

in H2O with 0.25% FA and MP B: 2.5 mM AF in MeOH with 0.25% FA) gradient from 70-

100% B in 10 minutes with a flow rate of 500 nL/min. Hence, the analytes were transferred 

from the SPE column to an ACE 3 C18 analytical column (0.1 mm ID  × 150 mm, 3μm, 100 

Å) for separation. The gradient was held at 100% B in 10 minutes to wash out other 

hydrophobic compounds. Simultaneously the loading pump cleaned the filter prior to the next 

injection. Chemstation software was used to control the pumps and switching valve.  

 

2.3.4 AFFL-SPE-nanoLC system II with on-line sample cleanup 

A Proxeon EASY nLC pump system from Bruker (Billercia, MA, US) was slightly modified 

by installing an external valve and a filter pump (Figure 11). To perform on-line sample 

clean-up, the autosampler of the Proxeon EASY nLC pump was set to inject 5 µL sample and 

12 µL of FA/H2O/MeOH (0.1/80/20, v/v/v %) at max flow rate of 15 µL/min (or max 250 

bar) were used to transfer the sample through a 1 µm stainless steel filter and loading of the 

sample onto a HotSep Tracy Kromasil C8 column (0.3 mm ID × 5 mm, 5 μm, 300 Å) (G & T 

Septech). The SPE column was equilibrated with 4 µL 0.1% FA in H2O at a flow rate of 1 

µL/min prior to each injection. After an automatic switch of the 10-port two-position external 

valve (Waters) a mobile phase (MP A 0.1% FA in H2O and MP B: 0.1% FA in MeOH) 

gradient from 75-90% B with a flow rate of 500 nL/min in 25 minutes transferred analytes 

(oxysterol derivatives) from the trap column to an ACE 3 C18 or ACE 3 C18-PFP analytical 

column (0.1 mm ID  × 150 mm, 3μm, 100 Å) with subsequent separation of the analytes. The 

gradient was held at 90% B in 10 minutes to wash out other hydrophobic compounds. To 

dispose of unwanted particulates, a Knauer D-14163 pump (Berlin, Germany) was employed 

to back-flush the filter with 0.1% FA in H2O. 
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Figure 11: AFFL-SPE performed with a 10-port two-position switching valve connected to a Proxeon 

EASY nLC-pump, shown in (A) load position where mobile phase A transfers the sample from sample 

loop through a stainless steel filter to remove particles and subsequent trapping of analytes onto the SPE 

column. Compounds that are not trapped on the SPE column are flushed to waste. After valve switching 

to (B) inject position mobile phase A and B are mixed and elute analytes from the SPE column onto the 

analytical column (placed in an oven) for separation prior to mass separation and detection. 

Simultaneously the filter is back-flushed by an external pump. 
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2.4 Conditions specific for native oxysterol 

determination 

2.4.1 Silanization of fused silica capillaries 

Fused silica capillaries were silanized by flushing with 5% chlorotrimethylsilane (Sigma 

Aldrich) in n-heptane (Merck, Darmstadt, Germany) as described in [81]. The hydroxyl 

groups on the silica wall are replaced with trimethylsilane groups in the reaction shown in 

Figure 12. 

 

 

Figure 12: Silanization reaction of fused silica capillaries replacing hydroxyl groups with trimethylsilane 

groups. 

 

2.4.2 MS detection 

A Q-Exactive™ hybrid quadrupole-Orbitrap equipped with a Nanospray flex ion source from 

Thermo Scientifc was used in this work. The analytes was ionized using ESI in positive mode 

with a spray voltage of 1.5 kV and a capillary temperature of 320ºC. Native oxysterols were 

monitored in SIM mode. Xcalibur Software (Thermo Scientific) was used for controlling the 

MS and for data collection.  
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2.5 Conditions specific for derivatized oxysterol 

determination 

2.5.1 Off-line sample clean-up of standard solutions for direct 

infusion 

Oxysterols were derivatized from a 1 ng/μL solution of oxysterols in IPA made from stock 

solutions. Excess of Girard T reagent was removed with a 100 mg C18 Isolute (Biotage, 

Uppsala, Sweden) SPE column as described in [82]. The SPE column was conditioned with 1 

mL MeOH followed by 1 mL type 1 water and a 2 mL mixture of MeOH and type 1 water 

(1+1). Subsequently 700 µL derivatized oxysterol standard solution were applied and the 

eluate collected, diluted to 30% MeOH and re-applied. The SPE column was washed with 2 

mL type 1 water and elution was performed with 1 mL MeOH followed by 1 mL chloroform 

(AnalaR®, VWR). The solvent was evaporated completely and the analytes were resolved in 

700 µL 0.1% FA in MeOH.  

 

2.5.2 MS/MS detection 

A TSQ Quantiva™ triple quadrupole mass spectrometer equipped with a Nanospray flex ion 

source (both form Thermo Scientific, Waltham, MS, US) was used in this work. The analytes 

was ionized by ESI in positive mode with a spray voltage of 1.25 kV and capillary 

temperature of 350ºC. SRM mode with the transition m/z 514.44 → m/z 455.36 was used to 

monitor the Girard T derivatives of 24-hydroxycholesterol (24S-HC-GT), 25-

hydroxycholesterol (25-HC-GT), 27-hydroxycholesterol (27-HC-GT) and 22S-

hydroxycholesterol (22S-HC-GT). The isotope labelled Girard T derivative of the internal 

standard and standard for cholesterol autoxidation were monitored using the respective 

transitions m/z 520.40 → m/z 461.40 and m/z 517.44 → m/z 458.36. The collision energy and 

RF lens (V) values were optimized separately for the ion transition of 25-HC-GT as a 

representative oxysterol derivative. The CID gas was set to 2 mTorr and the resolution on 

both Q1 and Q3 was operated at 0.2 full width half maximum (FWHM) and the dwell time 

was 600 ms. Data were collected using Xcalibur Software from Thermo Scientific. 
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2.6 Calculations 

2.6.1 Quantification of derivatized oxysterols from calibration curve 

The oxysterol concentration in samples was quantified by constructing a calibration curve 

based on linear regression (y = ax + b) in Microsoft Excel. The calibration curve was based on 

the ratio of analyte area and internal standard area (y = A/Ais) and the corresponding ratio of 

analyte concentration and internal standard concentration (x = C/Cis). In SRM mode the 

extracted ion chromatogram (EIC) was smoothened before integration of peak areas with the 

use of Xcalibur Software. 

 

𝐶 =

𝐴
𝐴𝐼𝑆

− 𝑏

𝑎
∙ 𝐶𝐼𝑆 

 

𝑎 = 𝑠𝑙𝑜𝑝𝑒 

𝑏 = 𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡  

 

2.6.2 Completeness of the derivatization reaction and matrix effects 

The completeness of derivatization reaction (D) and matrix effects (M) were calculated based 

on linearity curves from cell samples compared with standard solutions at three concentration 

levels (27pM, 54pM and 108 pM, n = 3) and by using the formula below. 

 

𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦 =
𝑎1

𝑎2
× 100% 

𝑎1 = 𝑠𝑙𝑜𝑝𝑒 𝑠𝑝𝑖𝑘𝑒𝑑 𝑠𝑎𝑚𝑝𝑙𝑒𝑠 

𝑎2 = 𝑠𝑙𝑜𝑝𝑒𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 
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3 Results and discussion 

As oxysterols investigated in this study (24S-OHC, 25-OHC, 27-OHC and 22S-OHC) are 

neutral species, they are difficult to ionize efficiently with ESI. Insufficient ionization of 

molecules using ESI can lead to reduced sensitivity of the method. A solution can be to 

derivatize oxysterols into charged compounds. However, this requires time-consuming 

sample preparation. As an alternative, formation of charged adducts between oxysterols and 

mobile phase additives may be a simpler approach for detecting oxysterols with ESI-MS. The 

approaches are presented and discussed in the following sections and published [82]. 

 

3.1 Determination of native oxysterols 

3.1.1 Provoking adduct formation to improve ESI-MS detection of 

native oxysterols 

With the objective to quantify oxysterols using nanoLC-ESI-MS, a first step in method 

development is to obtain (repeatable) signal intensities in MS and preferably a main fragment 

in MS/MS for identification purposes. Unrepeatable signal intensities can lead to poor 

accuracy and precision of the analytical method (especially if dedicated labelled internal 

standard are not employed). It has been reported that native oxysterols form adducts with 

ammonium acetate [63]. Therefore, solutions of oxysterols in 10 mM ammonium acetate in 

either MeOH, IPA or ACN were analyzed to see if the ions in the solution would form ESI-

MS detectable adduct species (e.g. between oxysterols and NH4
+
 from an ammonium acetate 

containing solution). The solutions were infused directly to the MS with either positive or 

negative ESI (using either the HESI or the Nanospray flex ion source). Adducts between 

acetate and a representative oxysterol (22S-OHC) were observed in negative ESI-MS mode 

([22S-OHC+COO]
-
, m/z 461.37) using the Nanospray flex ion source, as shown in Figure 13. 

No adduct ions were observed in positive ESI (with neither the Quantiva™ nor the Q-

Exactive™ Orbitrap instruments equipped with the HESI or the Nanospray flex ESI source) 

in contrast to that described by McDonald et al. (who used an AB Sciex 4000 QTrap 

instrument) [63]. 



29 

 

However, the signal intensity of the negative adducts observed varied significantly from day 

to day (n = 2). This did not improve when varying other parameters e.g., ESI voltages and 

capillary temperature (Figure 7), so the acetate-oxysterol adduct approach was not further 

considered. None of the solutions tested produced improved adduct signal or repeatable signal 

intensity. Hence, detection of adducts between oxysterol and mobile phase ions was 

considered unfeasible, with the instrumentation available. More information regarding 

attempts to achieve adduct signal or repeatable signal intensity of adducts on Q-Exactive™ 

Orbitrap can be found in Appendix, section 6.1. 

 

 

Figure 13: MS spectrum of acetate adducts of 10 ng/μL 22S-OHC (m/z 461.37, [22S-OHC+COO]
-
) with 

optimized spray voltage (1.0 kV) and capillary temperature (200°C). The ion signal intensity was not 

repeatable from day to day (n = 2).  

 

3.1.2 Ionization of native oxysterols without adduct formation 

Others have reported ESI-MS visibility of oxysterols that has undergone loss of one or two 

water molecules in the ESI source [58, 61, 83]. When voltage is applied to the ESI capillary 

tip a hydroxyl group in the oxysterol molecule can take up a proton from the mobile phase. 

This generates an oxonium ion and subsequent loss of water leaves the oxysterol with a 

positive charge (Figure 14).  
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Figure 14: Proposed mechanism for oxysterols that undergoes loss of one water molecule. When voltage is 

applied to the ESI capillary tip a hydroxyl group in the oxysterol molecule can take up a proton from the 

mobile phase generating an oxonium ion and subsequently loose water leaving the oxysterol with a 

positive charge. 

 

By diluting e.g. 25-OHC in 0.1% FA in MeOH, loss of water ions ([M+H-H2O]
+
 and [M+H-

2H2O]
+
, m/z 385.35 and m/z 367.34) were observed in MS with both the Quantiva™ and Q-

Exactive™ Orbitrap instruments. The signal intensity of these species was however not 

repeatable from day to day (n = 2). Different solutions (e.g. 0.1-0.25% FA in MeOH or IPA, 

2.5 mM AF in MeOH or IPA, AF/FA in MeOH or IPA and 10 mM AF in 70% ACN) listed in 

Table 2 were investigated to achieve repeatable signal intensities of the loss-of-water-ions. By 

using a combination of FA (0.25%) and AF (2.5 mM) in the solvent the ion signals remained 

relatively stable with repeatable signal intensities with both MS instruments (tested 2 days), 

see Figure 15 A and C. 

 

Table 2: Solutions used to investigate ionization of native oxysterols in ESI-MS with the use of either the 

Nanospray flex ESI or the ESI (HESI) ion source. Table modified from: [82]. 

Solutions Results and comments 

0.1-0.25% FA in MeOH or IPA 
Loss of one or two water molecules. 

Large variation in signal intensity. 

2.5 mM AF in MeOH or IPA 
Loss of one or two water molecules. 

Large variation in signal intensity. 

AF/FA in MeOH or IPA 
Loss of one or two water molecules. 

Stable signal intensities. 

10 mM AF in 70% ACN No signal. 
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In attempt to achieve optimal MS/MS conditions, fragmentation as function of collision 

energies in MS/MS was investigated. However, the resulting MS/MS spectrum was 

dominated by low mass area clusters with both the Quantiva™ (Figure 15 B) and the Q-

Exactive™ Orbitrap instrument (Figure 15 D), probably due to lack of charged centers in the 

molecule [82], which can be associated with undefined MS/MS spectra. As a consequence, 

finding interpretable and repeatable MS/MS transitions was not possible, severely limiting the 

utility of MS/MS. In contrast, derivatization approaches are associated with clear and 

repeatable MS/MS transitions [59, 65], enabling a high degree of method selectivity. 

 

 

Figure 15: (A) MS spectrum of 10 ng/μL 25-OHC in 2.5 mM AF in MeOH with 0.25% FA (m/z 385.35 

([M+H-H2O]
+
) and m/z 367.34 ([M+H-2H2O]

+
)) and (B) MS/MS spectrum of m/z 367.34 ([M+H-2H2O]

+
) 

showing clustering in the low mass area when fragmenting the molecular ion using the Quantiva™ 

instrument. (C) MS spectrum of 10 ng/μL 25-OHC in 2.5 mM AF in MeOH with 0.25% FA (m/z 385.34 

([M+H-H2O]
+
) and m/z 367.33 ([M+H-2H2O]

+
)) and (D) MS/MS spectrum of m/z 367.33 ([M+H-2H2O]

+
) 

obtained with a HCD energy of 30, showing the same tendency of clustering in the low mass area using a 

Q-Exactive™ Orbitrap instrument. Figure modified from [82]. 
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3.1.3 Carry-over and adsorption issues of native oxysterols in 

nanoLC 

Although MS/MS could not be employed in analysis of native oxysterols, it could still be 

possible to achieve acceptable specificity via stable retention times and high resolution mass 

spectrometry. The performance of nanoLC was hence investigated for the oxysterols. The 

chromatography was considered acceptable as the eluting peaks had a peak width of ~1 

minute. Gradually (after 5-20 injections), large and persistent carry-over (> 50%) was 

observed (Figure 16). 

 

 

Figure 16: Chromatogram of (A) 800 pg/µL 25-OHC and (B) MeOH, showing ~90% carry-over of 25-

OHC from the AFFL-SPE-nanoLC system. Analysis was performed on an ACE 3 C18 (0.1 mm ID × 150 

mm) analytical column with gradient mobile phase (MP A: 2.5 mM AF in H2O with 0.25% FA and MP B: 

2.5 mM AF in MeOH with 0.25% FA) 70-100% B in 15 minutes at 40 µL/min. The injection volume was 6 

µL. Signals are normalized with regard to A. 
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To locate sources of carry-over in the AFFL-SPE-nanoLC-MS system, the system was 

stripped down step by step to a simple set-up consisting of only a pump, manual injector and 

the MS instrument, all coupled together with fused silica tubing (Figure 17). Still, a high 

degree of carry-over was observed. Therefore, the origin of carry-over effects was attributed 

(at least in part) to fused silica capillaries. It was speculated that the silanol groups in fused 

silica adsorbed the oxysterols to the walls (possibly through hydrogen bonding), creating a 

hydrophobic layer that oxysterols from subsequent injections would adsorb to. 

 

 

Figure 17: Outline of the simple LC-MS set-up consisting of a pump, manual injector and the MS 

instrument all coupled together with fused silica tubing. The set-up was employed to investigate carry-

over sources. 

 

As an alternative to fused silica capillaries, polyether ether ketone (PEEK) tubing was 

considered, but these are associated with swelling/clogging issues in nanoLC systems [82] 

and were not used. As no other suitable tubing is available for nanoLC (to author’s 

knowledge), all capillaries exposed to oxysterols were silanized, exchanging hydroxyl groups 

on the silica surface with trimethylsilane groups (Figure 12). Using silanized tubing to 

connect instrumental parts in the simple set-up was successful. With silanized capillaries no 

carry-over was observed (Figure 18 A) while with untreated fused silica capillaries the carry-

over effect remained (Figure 18 B). 
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Figure 18: Carry-over investigation by 10 injections of 10 pg/μL 25-OHC (2 µL injected) followed by 10 

injections of 2.5 mM AF in IPA on (A) silanized fused silica tubing (50 µm ID) and (B) fused silica tubing 

(50 µm ID). Analysis was performed using a simple LC-MS set-up. Mobile phase was 2.5 mM AF in IPA 

delivered with a flow rate of 4 µL/min. Figure modified from [82]. 

 

Since no carry-over was observed when silanized tubing was utilized in the simple LC-MS 

set-up, a representative oxysterol standard solution (25-OHC) was injected into the AFFL-

SPE-nanoLC system (Figure 6) coupled together with silanized tubing. Acidic or buffered 

loading and mobile phase solutions employed (Table 3) in the system should have the ability 

to both trap/retain and elute the oxysterol from the pre-column and analytical column. 

However, the combination of solutions investigated for this purpose (e.g. 2.5 mM AF in 

H2O/MeOH (90/10, v/v/ %) with 0.25% FA as loading phase and 2.5 mM AF in MeOH with 

0.25 % FA as mobile phase solution), either caused breakthrough or carry-over in the system, 

hence these solutions were considered inappropriate.  
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Table 3: Acidic and buffered solutions used as loading and eluting mobile phase for LC investigations. 

Table modified from: [82]. 

Loading mobile phase Eluting mobile phase Results/comments 

0.1% FA in H2O 0.1% FA in MeOH or IPA 
Oxysterols trapped, 

large carry-over 

0.1% FA in MeOH (< 10%) 0.1% FA in MeOH or IPA 
Oxysterols trapped,  

large carry-over 

0.1% FA in MeOH (> 10%) 0.1% FA in MeOH or IPA 
No retention,  

carry-over not examined 

0.1% FA in EtOH   (> 5%) 0.1% FA in EtOH 
No retention,  

carry-over not examined 

AF/FA in H2O AF/FA in MeOH or IPA 
Oxysterols trapped,  

large carry-over 

AF/FA in MeOH    (< 10%) AF/FA in MeOH or IPA 
Oxysterols trapped,  

large carry-over 

AF/FA in MeOH    (> 10%) AF/FA in MeOH or IPA 
No retention,  

carry-over not examined 

 
0.1% FA in MeOH (< 65%) 

Solubility issues,  

poor peak shape 

  0.1% FA in MeOH (> 65%) Large carry-over 

 
0.1% FA in IPA Large carry-over 

  AF/FA in MeOH Large carry-over 

  AF/FA in IPA Large carry-over 

 

In order to trace additional origins of the carry-over, instrumental parts (e.g. the silica based 

pre-column, injection needle and loop, spray needle and the 10-port valve used to perform 

column switching) were exchanged or removed from the system prior to a new injection. 

Possible sources of carry-over were not localized and the efforts made are presented as an 

overview in Table 7 in Appendix, section 6.2. Furthermore, possible carry-over was also 

examined in a microLC system as others determining native oxysterols using microLC or 

larger scale systems do not report carry-over issues [58, 61, 63]. With larger column/tubing 

dimensions, carry-over was not observed, suggesting that this may be a characteristic of 

nanoLC. This can possibly be due to a larger surface to volume ratio in the narrow tubing and 

connections employed in nanoLC. For more details on the microLC experiment, see 

Appendix section 6.2.1.  
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Thus, developing a sensitive method for determination of native oxysterols using nanoLC was 

considered unattainable considering of the large carry-over effects observed in RP conditions. 

In order to maintain the oxysterols in a soluble form and to preserve method sensitivity with 

the use of nanoLC (advantageous when working with biological samples with low 

concentration of oxysterols), a derivatization approach can be recommended when RP-LC is 

used as separation principle [65]. However, as these carry-over effects are not observed in a 

microLC system, analysis of underivatized oxysterols is possible in a larger scale system.  

 

3.2 Determination of derivatized oxysterols 

As it was not attainable to develop a sensitive method for determination of native oxysterols, 

using nanoLC, our established method [65] using derivatization was modified to provide 

better separation of the oxysterol isomers. The modified method was intended to be used for 

determination of Girard T derivatized oxysterols in exosomes samples. 

 

3.2.1 Separation of derivatized oxysterol isomers 

The derivatized oxysterol isomers 24S-HC-GT, 25-HC-GT, 27-HC-GT and 22S-HC GT have 

similar LC-MS properties and their monoisotopic and main fragment masses are the same. 

Therefore, high resolution chromatographic separation is needed in order to identify 

individual isomers. Commercially available ACE columns (0.1 mm ID × 150 mm) with 

different functionalities as C18 and C18-PFP was investigated as studies has shown that the 

ACE columns has an appropriate carbon load (15.5 %) suited for separation of oxysterol 

isomers [59, 65, 84]. 
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Initially a C18 column and isocratic mobile phase consisting of FA/H2O/MeOH in ratios from 

0.1/30/70 (v/v/v %) to 0.1/5/95 (v/v/v %) was examined using the AFFL-SPE-nanoLC system 

for separation of (14-136 pM) oxysterol derivatives. With the Proxeon EASY nLC pump 

system, separation of the analytes with isocratic elution was not achievable. In a default set-up 

(i.e. 100% aqueous loading solvent) the analytical column is inevitably exposed to relatively 

large amount of water, causing solubility issues (oxysterols are hydrophobic) before the 

organic separation mobile phase reaches the nanoLC column. This resulted in poor 

chromatographic conditions and hence poor resolution and peak shapes. Using a higher 

organic content in the aqueous mobile phase solvent resulted in poor recovery. It was 

speculated that a gradual transition from highly aqueous to highly organic solvents (i.e. 

solvent gradients) to carefully dissolve the trapped analytes prior to elution onto the LC 

column would provide improved chromatographic conditions for the hydrophobic analytes.  

Several gradients were examined and the most promising results (i.e. best peak resolution) 

were obtained using a gradient mobile phase (MP A: 0.1% FA in H2O and MP B: 0.1% FA in 

MeOH) elution from 75-90% B in 25 minutes using a C18 column. A decrease in the organic 

content to 70% B or 65% B in starting gradient conditions resulted in a higher degree of co-

elution of the species possibly due to solubility issues that cause band broadening (Figure 19).  
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Figure 19: EIC of derivatized oxysterols (m/z 514.44  455.36) in an 81 pM standard solution analyzed 

using the AFFL-SPE-nanoLC system and the Quantiva™ MS instrument. Analysis was performed on an 

ACE C18 column with gradient mobile phase (MP A: 0.1% FA in H2O and MP B: 0.1% FA in MeOH) 

from (A) 75-95% B, (B) 70-95% B, (C) 70-90% B, (D) 75-90% B and (E) 65-90% B in 25 minutes at 500 

nL/min. Injection volume was 5 μL and sample clean-up was performed on-line. The filter back-flush 

solution consisted of 0.1% FA in H2O and the loading mobile phase consisted of FA/H2O/MeOH 

(0.1/70/30, v/v/v %). Loading volume was set to 12 µL with a max flow rate of 15 μL/min/250 bar and the 

filter back-flush with a flow rate of 100 µL/min. Signal intensities are normalized with regard to E.  

 

Different gradient lengths i.e. 20, 25, 30 and 35 minutes were also examined (Figure 20). 

Going from 20 to 25 minutes improved the resolution as well as 22S-HC-GT was allowed to 

elute before the unidentified peaks with higher intensity. The apparent resolution was 

considered to be the same with a gradient length of 25, 30 and 35 minutes. Therefore, the 
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shortest gradient time with sufficient resolution, 25 minutes, was chosen to reduce the time of 

analysis. 

 

 

Figure 20: EIC of derivatized oxysterols (m/z 514.44  455.36) in an 81 pM standard solution Analysis 

was performed on an ACE C18 column with gradient mobile phase (MP A: 0.1% FA in H2O and MP B: 

0.1% FA in MeOH) elution from 75-90% B in (A ) 20 minutes, (B) 25 minutes, (C) 30 minutes and (D) 35 

minutes with a flow rate of 500 nL/min. Other chromatographic conditions were as described in Figure 

19. Signals are normalized with regard to A.  

 

Gradient separations with a C18-PFP column did not enable improved analyte resolution, as 

seen in Figure 36 in Appendix. To enhance the C18 column efficiency by increasing the 
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column length, a combination of two C18 columns was also investigated. However, the 

resolution was poor, probably due to more dead volumes in couplings between the columns. 

More details from this experiment are presented in section 6.4 in Appendix. Therefore, a 

single C18 column with the described gradient was further employed, and temperature as a 

separation parameter was subsequently explored. 

 

3.2.2 Effect of temperature 

To further improve the resolution, temperature as a separation parameter was investigated. 

This was performed by analysis of standard solutions containing 81 pM 24S-HC-GT, 25-HC-

GT, 27-HC-GT and 22S-HC-GT separated with gradient elution from 75-90% B in 25 

minutes and with a column temperature of 40°C, 30°C, 20°C or 15°C. The flow rate was set 

to 500 nL/min for all analyses. A decrease in temperature provided enhanced resolution while 

elevated temperatures resulted in co-elution of the oxysterol derivatives, as seen from Figure 

21. However, the retention time of the analytes seems to be nearly unaffected by changes in 

temperature as the analytes eluted in the same time range regardless of the temperatures 

investigated. With a further decrease to 10°C the pressure limit (300 bars) of the pump was 

exceeded, hence 15°C was chosen as column temperature. With a temperature of 15°C in the 

column, the flow rate could be 400 nL/min, 450 nL/min or 550 nL/min without affecting the 

plate height (H). Still, a 500 nL/min flow rate was chosen as higher flow rate increased the 

backpressure close to 300 bars, which can decrease the ruggedness of the method and the 

column lifetime. 

In Figure 21, peak splitting of 27-HC-GT and 22S-HC-GT is observed. This can be explained 

by syn and anti-formations from the derivatization reaction and two peaks appear as their 

chromatographic selectivity is slightly different [59, 65]. 
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Figure 21: EIC of derivatized oxysterols 24S-HC-GT, 25-HC-GT, 27-HC-GT and 22S-HC-GT (m/z 514.44 

 455.36) in an 81 pM standard solution showing the effect of (A) 40ºC, (B) 30ºC, (C) 20ºC and (D) 15ºC 

in the analytical column. Best apparent resolution and separation were achieved with a column 

temperature of 15ºC. Other chromatographic conditions were as described in Figure 19. Signals are 

normalized with regard to D. 

 

3.2.3 Internal standard 

The completeness of the derivatization reaction and the ionization efficiency in MS may vary. 

Therefore, an internal standard is employed to correct for these factors among others. Ideally, 

the internal standard should behave in the same way as the analyte during sample preparation 

and analysis. Hence, the analyte and the internal standard should have shared characteristics. 

The use of MS gives the opportunity to use an isotope labelled oxysterol as an internal 

standard and 25 hydroxycholesterol 26,26,26,27,27,27 d6 which was employed in the 
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established method [65] was also used in this study. Chromatograms of the analytes together 

with the internal standard are shown in Figure 22 A and B, respectively. As expected, the 

internal standard has the same retention time (Tr) as 25-HC-GT. Preferably, deuterated 

standards for all analytes should be implemented in the method. However, due to economic 

considerations and analytes eluting closely together, one deuterated standard was considered 

sufficient. 

 

 

Figure 22: EIC of (A) 136 pM derivatized 24S-HC-GT (Tr = 24.9), 25-HC-GT (Tr = 24), 27-HC-GT (Tr = 

25.9 and 26.5), and 22S-HC-GT (Tr = 28.9 and 30), (m/z 514.44  455.36) and (B) 50 pM internal standard 

(25d6-HC-GT (Tr = 24.9), m/z 520.40  461.40) in a standard solution. Separation was performed with 

gradient mobile phase elution from 75-90% B in 25 minutes with a column temperature of 15°C. Other 

chromatographic conditions were as described in Figure 19. Signal intensities are normalized with regard 

to A. 
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3.2.4 Examination of carry-over in the AFFL-SPE-nanoLC system 

With the use of column switching techniques, carry-over between samples can occur. This 

affects accuracy and precision of the method. Investigation of carry-over effects was 

performed by injecting 5 μL MeOH after analysis of standard solutions containing 14-136 pM 

24S-HC-GT, 25-HC-GT, 27-HC-GT and 22S-HC-GT. With the use of the AFFL-SPE-

nanoLC system with gradient elution from 75-90% B in 25 minutes and a column temperature 

of 15ºC, minimal carry-over was found, below 1% (Figure 23). Carry-over was also 

investigated after injection of samples with the same results (data not shown). 

 

 

Figure 23: EIC of derivatized oxysterols (m/z 514.44  455.36) in (A) 136 pM standard solution following 

a (B) MeOH (blank) injection showing minimal carry-over effects, below 1%. Separation was performed 

with gradient mobile phase elution from 75-90% B in 25 minutes with a column temperature of 15°C. 

Other chromatographic conditions were as described in Figure 19. Signal intensities are normalized with 

regard to A and C respectively. 
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3.2.5 SPE breakthrough  

Breakthrough of analytes from the SPE can occur both if the loading solvent and the sample 

solvent has high elution strength. The solvents used in the chromatographic system should be 

able to trap and elute the analytes sufficiently in addition to maintain the analytes in a soluble 

form. From earlier experiments, it was found that 30% MeOH in the loading phase was 

sufficient for trapping the Girard T derivatized oxysterols on the SPE in a micoLC system 

(standard solution contains 67% MeOH after derivatization) [84]. However, after ~100 

injections, peak areas declined, indicating the beginning of breakthrough issues. The sudden 

breakthrough can be caused by gradual modifications of the SPE column material by other 

hydrophobic compounds in the samples and standard solutions. For instance cholesterol, 

which is present in standard solutions and samples, and has been reported to change column 

material properties [50]. To solve the breakthrough issue, an SPE wash with ACN was 

implemented in the method. After each injection a large volume of ACN (10 times × SPE 

column volume) was injected. In addition, the organic content of the loading solvent was 

reduced to 20% MeOH. As a result, breakthrough issues were no longer observed. 

 

3.2.6 Final separation conditions 

Sufficient resolution (Rs ~1-1.3) was achieved with the C18 column by using a gradient mobile 

phase elution (MP A: 0.1 % FA in H2O and MP B: 0.1 % FA in MeOH). The gradient was 

75-90% B in 25 minutes with a flow rate of 500 nL/min and a column temperature of 15°C. 

Sample clean-up was performed on-line with the AFFL-SPE-nanoLC system. The sample (5 

μL) was loaded onto the SPE column with 12 µL loading mobile phase (FA/H2O/MeOH 

(0.1/80/20, v/v/v %)) and with max flow rate or max pressure of 15 µL/min and 250 bar 

respectively. The filter was back-flushed with 0.1% FA in H2O with a flow rate of 100 

µL/min. These conditions allow sample clean-up and applicable separation of 24S-HC-GT, 

25-HC-GT, 27-HC-GT and 22S-HC-GT within ~30 minutes as seen in Figure 22. Total 

analysis time including wash of SPE and re-equilibration of column was 60 minutes.  
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3.2.7 Isolation of exosomes 

In order to find a suitable procedure to study the possible connection between oxysterols and 

the Hh signaling pathway through exosomes, two different isolation techniques were 

employed to obtain exosome samples (CE, exosomes isolated from medium harvested from 

cells) and blank samples (BE, medium subjected to the same exosome isolation procedure as 

the medium harvested from cells). The techniques were ultracentrifugation and a salting-out 

procedure using commercial isolation kit. Ultracentrifugation includes a series of 

centrifugation steps to remove cell debris with a subsequent high-speed ultracentrifugation to 

pellet the exosomes. The principle of the salting-out procedure is that water molecules are tied 

up by a reagent and forces less-soluble components (as exosomes) out of solution allowing 

them to be collected by lower speed centrifugation. The use of ultracentrifugation does not 

discriminate between exosomes and other vesicles or proteins [37] while with the salting-out 

procedure, other less soluble components can be isolated. Therefore, other methods should be 

employed in combination with the mentioned techniques to verify that exosomes have been 

isolated. Such methods can be e.g. Nanoparticle Tracking Analysis (where an instrument 

counts nanoparticles (as exosomes, 40-100 nm) in liquid suspensions), western blotting (WB) 

and/or proteomics. With the use of WB and/or proteomics, proteins specific for exosomes can 

be detected. Such conformational analysis has not performed in this study.  

 

3.3 Evaluation of method for determination of 

oxysterols in exosomes 

The modified method intended for determining Girard T derivatized oxysterols in exosomes 

has not been fully validated due to the time-restrictions of this study. However, parameters as 

selectivity, linearity, M and D and cholesterol autoxidation have been discussed and/or 

examined. Ideally, the standard solutions used to evaluate these parameters should have been 

based on the same matrix as present in samples. However, such matrix is not available as cells 

contain oxysterols; therefore, standard solutions without sample matrix and spiked cell lysate 

samples have been employed.  
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3.3.1 Selectivity 

Selectivity is defined as how well the method can distinguish between an analyte and other 

components in a sample including other analytes, matrix component and other potential 

interferences. By employing MS/MS for detection, the method is selective for Girard T 

derivatives of oxysterols as only molecular ions with the same precursor ion mass and 

fragment ion mass as analytes are detected. Nevertheless, when determining oxysterol 

isomers from samples possible co-elution of unidentified isomers can occur. This can be 

examined by including other known oxysterol standards in the method used. 

 

3.3.2 Linearity 

Method linearity have not been examined, however, linearity was investigated in the range 

14-136 pM of 24S-HC-GT, 25-HC-GT. 27-HC-GT and 22S-HC-GT. Good linearity was 

observed for 25-HC-GT (R
2
 > 0.99) while for 25S-HC-GT, 27-HC-GT and 22S-HC-GT R

2
 

was somewhat lower (R
2
 < 0.99), as shown in Figure 24. A possible explanation may be that 

with the chromatographic conditions used, some peak overlapping occurs (Rs ~1-1.3) that can 

make accurate integrations more difficult than with full resolution (i.e. Rs ≥ 1.5). This can also 

explain why the regression lines do not intersect origo.  
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Figure 24: Linearity investigation for the concentrations 14-136 pM for 24S-HC-GT (R
2
 < 0.99), 25-HC-

GT (R
2
 > 0.99), 27-HC-GT (R

2
 < 0.99) and 22S-HC-GT (R

2
 < 0.99). Chromatographic conditions were as 

described in Figure 19 and separation was performed with gradient mobile phase elution from 75-90% B 

in 25 minutes with a column temperature of 15°C. 

 

3.3.3 Matrix effects 

Matrix effects are a measure of the influence of interferences in the response of analytes due 

the presence of unintended analytes or other interfering substances in the sample. This could 

have been examined by comparing standards and blank samples in MS mode. If there is 

positive or negative response from other components in MS at the same retention time as the 

analytes, then matrix effects are present giving either suppression or enhancement of the ion 

signal. If there is no response at the same retention time as the analytes, then no matrix effects 

have been addressed. As an analyte-free biological matrix is not available, an alternate 

analyte-free matrix could have been used to examine matrix effects, but due to time 

restrictions of this study, investigations of matrix effects have not been fully performed. 
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3.3.4 Completeness of the derivatization reaction and matrix effects 

D and M can affect the ionization of analytes (oxysterols) during analysis. To assess this, 

analysis of both spiked cell samples and standard solutions at three concentration levels, (27 

pM, 54 pM and 108 pM) were performed. Ideally, this should have been performed with the 

use of spiked CEs as well, but these samples were not available at the time of study. M and D 

were calculated as described in section 2.6.2 and it was calculated to be above 75% for all the 

oxysterols. The apparent recovery of M and D is presented in Table 4 and linear curves 

obtained from this experiment are shown in Figure 25-28. 

 

Table 4: Apparent recovery (M and D) for the derivatized oxysterols analytes. 

Analyte 24S-OHC-GT 25-OHC-GT 27-OHC-GT 22S-OHC-GT 

Recovery  

(M and D) (%) 
98 81 92 79 

 

 

 

Figure 25: Spiked cell lysate samples (n = 3 injections) and standard solutions (n = 3) used to calculate M 

and D of 24S-HC-GT. Chromatographic conditions were as described in Figure 19 and separation was 

performed with gradient mobile phase elution from 75-90% B in 25 minutes with a column temperature 

of 15°C. 
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Figure 26: Spiked cell lysate samples (n = 3 injections) and standard solutions (n = 3) used to calculate M 

and D of 25-HC-GT. Chromatographic conditions were as described in Figure 19 and separation was 

performed with gradient mobile phase elution from 75-90% B in 25 minutes with a column temperature 

of 15°C. 

 

 

Figure 27: Spiked cell lysate samples (n = 3 injections) and standard solutions (n = 3) used to calculate M 

and D of 27-HC-GT. Chromatographic conditions were as described in Figure 19 and separation was 

performed with gradient mobile phase elution from 75-90% B in 25 minutes with a column temperature 

of 15°C. 
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Figure 28: Spiked cell lysate samples (n = 3 injections) and standard solutions (n = 3) used to calculate M 

and D of 22S-HC-GT. Chromatographic conditions were as described in Figure 19 and separation was 

performed with gradient mobile phase elution from 75-90% B in 25 minutes with a column temperature 

of 15°C. 

 

3.3.5 Cholesterol autoxidation 

In samples autoxidation of cholesterol to oxysterols may occur if the sample is subjected to 

heat or light and this can give false positive results. By adding 25,26,27 
13

C cholesterol (100 

μL 400 nM 25,26,27 
13

C cholesterol, 40 pmol) to the CE, autoxidation from sample 

preparation and storage conditions can be revealed by monitoring heavy oxysterols in 

MS/MS. A representative chromatogram in Figure 29 shows that the presence of autoxidation 

products (with the same retention time as the analytes) in exosome samples was negligible. 
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Figure 29: EIC of (A) derivatized oxysterols (m/z 514.44  455.36) and (B) autoxidation internal standard 

(m/z 517.44  458.36, bottom) from CE. No autoxidation products were found. Chromatographic 

conditions were as described in Figure 19 and separation was performed with gradient mobile phase 

elution from 75-90% B in 25 minutes with a column temperature of 15°C. Signal intensities are 

normalized with regard to A. 

 

3.4 Determination of oxysterols in exosomes 

As mentioned in the introduction, it is of interest to examine the presence of oxysterols in 

exosome samples and some preliminary experiments, performed by the author of this thesis 

and Hanne Røberg-Larsen, are presented in the following. Determination of derivatized 

oxysterols 24S-HC-GT, 25-HC-GT, 27-HC-GT and 22S-HC-GT in CE and BE were 

performed with the same conditions as described in section 3.2.6. Representative 

chromatograms (EIC of m/z 514.44  455.36) in Figure 30 shows that 24S-HC-GT, 25-HC-

GT, 27-HC-GT in addition to an unknown peak (most probably an unidentified oxysterol) are 
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found in CE. Consistent with literature [65], 22S-HC-GT was not detected above the 

concentration limit of detection (cLOD ~14 pM) in these biological samples. The same 

oxysterol derivatives identified in CE were also identified in BE, except for the unknown 

peak. 

 

 

Figure 30: EIC of derivatized oxysterols (m/z 514.44  455.36) in (A) CE (B) BE. Chromatographic 

conditions were as described in Figure 19 and separation was performed with gradient mobile phase 

elution from 75-90% B in 25 minutes with a column temperature of 15°C. Signal intensities are 

normalized with regard to A. 

 

The level of oxysterols in CE and BE with the use of different media types was also 

investigated. Ideally, the concentration of the oxysterol analytes in BE should be lower than 

the cLOD of the oxysterols. If not, false positives can affect the results. As seen from the bar 

graph in Figure 31, oxysterols were detected in both the Sigma and Gibco® medium. The 

level of oxysterols in BE was however lower in the Gibco® medium compared with the 

Sigma medium. Due to the high concentration of oxysterols in the Sigma medium, the 

medium cannot be used further. However, the Gibco® medium may be used in the future, if 
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(possible) exosomes are removed though e.g. ultracentrifugation before the medium is used to 

cultivate cells. Another option can be to examine the concentration of oxysterols in media 

from other vendors. 

 

 

Figure 31: Comparison of oxysterols concentration (pM/mL medium) of 24S-HC-GT, 25-HC-GT and 27-

HC-GT from CE and BE with (A) Gibco® medium (n = 1 for CE and BE) and (B) Sigma medium ( n = 6 

for CE and n = 4 for BE), showing that BE obtained with Gibco® medium contains less exosomes and/or 

oxysterols compared with BE obtained with Sigma medium. Chromatographic conditions were as 

described in Figure 19 and separation was performed with gradient mobile phase elution from 75-90% B 

in 25 minutes with a column temperature of 15°C. 

 

3.4.1 Evaluation of harvest period, isolation technique and volume 

culture medium 

From an earlier experiment, variations (RSD ~20-60%) in concentration (~10-30 pM) of the 

different oxysterols were observed for CE and BE harvested after 24 hours. A harvest period 

of 72 hours gave more repeatable concentrations (RSD 14-28%). This can be explained by a 

higher concentration of exosomes (and oxysterols) in samples harvested after 72 hours due to 
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e.g. cell proliferation, which potentially can result in an increased level of exosomes (and 

oxysterols) in the culture media. Therefore, a harvest period for 72 hours was used further. 

The two different isolation techniques employed were compared. A description of the 

different samples is given in Table 5.  

 

Table 5: Description of CE and BE used to investigate concentration of oxysterols in exosomes. 

CE BE 
Harvest period 

(hours) 

Culture medium 

type (mL) 

Isolation 

technique 

E72-1mL B72-1mL 72 Sigma (1 mL) Salting-out 

E72-3mL B72-3mL 72 Gibco® (3 mL) Salting-out 

ES BS 72 Sigma (50 mL) Ultracentrifugation 

 

 

Quantification of analytes (oxysterols) in exosomes is difficult, as the number of possible 

exosomes were not counted. Instead, concentration in pM/mL culture medium was calculated 

to compare isolation techniques. The graphic presentation in Figure 32 shows that the 

concentrations of oxysterols from CE and BE obtained with ultracentrifugation were lower 

compared with the use of the salting-out procedure. A possible explanation may be that 

ultracentrifugation is a less effective isolation technique as discussed in section 3.2.7. Also, 

the procedure for ultracentrifugation included an extra washing step of the pellet formed, 

which might affect the yield of isolation. 
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Figure 32: A comparison of the concentration of 24S-OHC-GT, 25-HC-GT and 27-HC-GT (pM/mL 

medium) in CE and BE, obtained by using the (A) ultracentrifugation technique (ES and BS, n = 1) and 

(B) the salting-out technique (E72-1mL (n = 6) and B72-1mL (n = 4)). The salting-out technique is possibly 

a more effective technique for isolation of exosomes (containing oxysterols) as a higher concentration of 

oxysterols are observed. Chromatographic conditions were as described in Figure 19 and separation was 

performed with gradient mobile phase elution from 75-90% B in 25 minutes with a column temperature 

of 15°C. 

 

The concentration of the oxysterols in CE is outside the range 14-136 pM in E72-3mL and ES 

while it is within the range in E72-1mL, as seen in Table 6. The concentration (pM) of 24-

HC-GT, 25-HC-GT and 27-HC-GT in the different samples indicate that a sufficient volume 

of medium used to isolate exosomes from varies. As mentioned, the Sigma medium is not 

recommended to be used further due to contamination of exosomes and/or oxysterols. 

However, the use of Gibco® medium is more appropriate and less than 3 mL (conceivably 1 

mL) can be a suitable harvest volume (after cultivation of cells). 
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Table 6: Concentration (pM) of 24S-HC-GT, 25-HC-GT and 27-HC-GT in different CE samples (E72-

1mL (n = 6), E72-3mL (n = 1) and ES (n = 1)). 

CE  

(medium) 

pM 24S-HC-GT 

(RSD %) 

pM 25-HC-HT 

(RSD %) 

pM 27-HC-GT 

(RSD %) 

E72-1mL 

(Sigma) 
127 (20) 22 (14) 71 (23) 

E72-3mL 

(Gibco®) 
311 89 376 

ES 

(Gibco®) 
174 170 408 

 

 

The concentrations of oxysterols found in CE and BE implies that the salting-out procedure is 

a more effective isolation technique and can be recommended for future experiments. In 

addition, the salting-out procedure is easier to use and can be more time effective. Cultivated 

cell medium can be harvested after 72 hours and the volume of culture medium (after 

cultivation of cells) can e.g. be ~1  mL for the Gibco® medium. As the Sigma medium shows 

a higher background of oxysterols, the Gibco® medium seems more applicable to use in 

future experiments. However, it can be recommended to investigate other media types with a 

possible lower concentration of exosomes (and/or oxysterols) or centrifuge the Gibco® 

medium and thereby pelleting and remove possible exosomes prior to use. 
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4 Conclusion 

Sensitive determination of native oxysterols with the use of adduct formation to potentially 

reduce the time and complexity of the sample preparation steps, necessary in the established 

method, was not possible due to unstable ion signals with the MS instruments available. 

Relatively stable loss of water ions of native oxysterols was observed implying successful MS 

detection by this this mode. However introduction of native oxysterols into the nanoLC 

system resulted in persistent carry-over. Several attempts to locate the origin of carry-over in 

addition to the fused silica adsorption effect were made, without success. Hence, sensitive 

determination of native oxysterols was considered unfeasible. 

For the purpose to determine the low concentration of oxysterols in complex biological 

samples, derivatization with Girard T reagent can be more suitable approach. Reliable 

MS/MS detection is easily obtained and the AFFL-SPE-nanoLC system is free from carry-

over issues. The modified method provided applicable chromatographic separation of the 

Girard T derivatized oxysterols and was successfully used to investigate the presence of 

oxysterols in exosomes. Different parameters as harvest period, isolation technique, volume 

of culture medium and medium type were evaluated to find a suitable approach to isolate 

exosomes from cell cultured medium. 

To isolate exosomes, the salting-out technique seems more applicable compared with 

ultracentrifugation due to a higher concentration of oxysterols (and/or exosomes) and can be 

recommended to be used further. The Gibco® medium should be used rather than Sigma 

medium because of its lower oxysterol (and/or exosome) concentration however; medium 

from other vendors should preferably be investigated or the medium can possibly be 

ultracentrifuged prior to use. In addition, conformational analysis should be performed to 

validate isolation of exosomes from the cell culture medium. 
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6  Appendix I 

6.1 Signal intensity of acetate adducts of oxysterols  

To achieve stable adduct ions between oxysterols and acetate, varying the spray voltage and 

the capillary temperature was investigated. An oxysterol standard solution (10 ng/µL 22S-

OHC) was infused directly to the Q-Exactive™ Orbitrap MS instrument equipped with the 

Nanospray flex ESI source. First, the spray voltage was regulated stepwise from 1 kV to 3 kV 

while the capillary temperature was set to 200ºC. The highest signal intensity of the adduct 

ions was obtained with a spray voltage of 1 kV (Figure 33). Subsequently, the capillary 

temperature was varied from 125
o
C to 250

o
C while maintaining a spray voltage of 1 kV. The 

uppermost signal intensity of the adduct ions was achieved with the combination of 1.00 kV 

and 200
º
C, see Figure 34. 

 

 

Figure 33: Signal of adducts between oxysterols and acetate with a capillary temperature of 200
0
C and 

varying spray voltage from 1 kV to 3 kV. The highest signal intensity was obtained with a spray voltage of 

1 kV. 
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Figure 34: Signal of adducts between oxysterols and acetate with a spray voltage from 1 kV and varying 

capillary temperature from 125-250
0
C. The highest signal intensity was obtained with a capillary 

temperature of 200
0
C. 

 

6.2 Carry-over investigations 

Various efforts to address and eliminate carry-over effects in the AFFL-SPE-nanoLC system, 

presented in Table 7, were made by the author of this thesis and Hanne Røberg-Larsen, 

without positive results. 
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Table 7: An overview of the efforts made to locate and eliminate carry-over in the AFFL-SPE-nanoLC 

system. Adapted from: [82]. 

Actions Success? Comments 

Changing all fused silica with 

silanized fused silica 
No 

Large carry -over after each injection, 

however carry-over is removed after 

approximately 60 minutes of washing 

with AF/FA in IPA. 

Changing spray needle from steel to 

fused silica 
No  

Injection with and without injection 

wash 
No  

Flushing the injector system with 

strong solvent between analysis 
No  

Switching injector rotor from bypass 

to main pass several times 
No  

New blank sample for each injection  No  

Blank sample of other solvents No 

Both blank with higher solubility and 

lower solubility than mobile phase 

examined. 

Changing SPE column from 

Kromasil material to ACE material 
No 

In house packed SPE with ACE 

material. 

Changing SPE column to ACE 

material packed in silanized fused 

silica 

No 
In housed silanized and packed SPE 

with ACE material. 

Changing SPE column to less 

hydrophobic material (from C18 to C8 

and C4) 

No  

Lower concentrations of injected 

solutions 
No 10x diluted solutions, no MS signal. 

Exchange rotor in 10 port valve and 

injector valve 
No  

Exchange 10 port valve (completely) No  

Manual injections with SPE No  

Manual injections without SPE No  

Exchange pump system  No 

A Proxeon Easy nLC pump with two 

columns set up was tested. Carry-over 

observed after one injection (50%). 

 

 

6.2.1 Carry-over in microLC 

Investigation of carry-over effects was performed by injection of 800 pg/µL 25-OHC in a 

microLC system using a gradient mobile phase (MP A: 2.5 mM AF in H2O with 0.25% FA 

and MP B: 2.5 mM AF in MeOH with 0.25% FA) elution from 70-100% B in 10 minutes. In 
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this set-up a 1 mm ID C18-PFP column were employed connected to 100 µm ID fused silica 

tubing. As seen in Figure 35, carry-over was not observed. 

 

 

Figure 35: EIC (m/z 367.34) of (A) 800 pg/mL 25-OHC and (B) MeOH, showing no carry-over in the 

microLC system. Analysis were performed on an ACE C18-PFP column (1mm ID × 150 mm) with 

gradient mobile phase (MP A: 2.5 mM AF in H2O with 0.25% FA and MP B: 2.5 mM AF in MeOH with 

0.25% FA) 70-100% B in 10 minutes at 40 µL/min. Injection volume was 5 µL. Signal intensities are 

normalized with regard to A. 

 

6.3 Separation with C18-PFP column functionality 

Separation of derivatized oxysterol isomers with a C18-PFP column was performed with either 

gradient or isocratic mobile phase elution to improve the resolution obtained with the use of a 

C18 column. A high degree of co-elution of the analytes was observed with the use of the C18-

PFP column functionality (Figure 36). Therefore, a C18 column functionality was used in the 

proceeding experiments.  
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Figure 36: Attempts for separating derivatized oxysterols (EIC (m/z 514.44 455.36)) by using a C18-PFP 

column (0.1 mm ID × 150 mm) with (A) gradient mobile phase elution, 75-90% B in 20 minutes and (B) 

isocratic elution 80% B. Other chromatographic conditions were as described in Figure 19. Signals are 

normalized with regard to A. 

 

6.4 Increased column length for improved column 

efficiency 

An option to increase column efficiency is to use a longer column, as plate number (N) 

increases with increased column length (L), formula below. 

 

𝑁 =
𝐿

𝐻
 

 

Nonetheless, longer columns were not available; therefore, the combination of two ACE C18 

columns was investigated with the use of the AFFL-SPE-nanoLC system. This set-up was 

prone to high backpressure and a column temperature of 40°C was necessary to reduce 

backpressure to a pressure suitable for the pump. With the use of two columns, a high degree 

of co-elution of the derivatized oxysterol analytes was observed (Figure 37). The use of two 

columns to increase column efficiency was not successful and therefore not pursued. 



68 

 

 

Figure 37: EIC (m/z 514.44 455.36) of 81 pM, 24S-HC-GT, 25-HC-GT, 27-HC-GT and 22S-HC-GT 

showing poor separation obtained from analysis using two ACE 3 C18 columns coupled together with a 

column temperature of 40°C. Analysis was performed with the use of the AFFL-SPE-nanoLC system with 

either isocratic or gradient mobile phase elution (MP A: 0.1% FA in H2O and MP B: 0.1% FA in MeOH). 

(A) 95% B, (B) 60-90% B in 30 minutes, (C) 70-90% B in 25 minutes and (D) 75-90% B in 25 minutes. 

The injection volume was set to 5 µL. 
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6.5 Raw data from exosome analysis 

Raw data obtained from determination of oxysterols derivatives in CE and BE are shown in 

Table 8-10.  

 

Table 8: pM/mL medium 24S-HC-GT, 25-HC-GT and 27-HC-GT obtained from CE (E72-1mL, n = 6) 

with average, standard derivation (STD) and relative standard deviation (RSD %). 

CE 

(n = 6) 

24S-HC-GT 

pM/mL medium 

25-HC-GT 

pM/mL medium 

27-HC-GT 

pM/mL medium 

E72-1mL#1 83 24 70 

E72-1mL#2 154 23 73 

E72-1mL#3 114 23 78 

E72-1mL#4 129 24 94 

E72-1mL#5 137 18 45 

E72-1mL#6 147 17 65 

Average 127 22 71 

STD 26 3 16 

RSD (%) 20 14 23 

 

 

Table 9:.pM/mL medium 24S-HC-GT, 25-HC-GT and 27-HC-GT obtained from BE (B72-1mL, n = 4) 

with average, STD and RSD (%). 

BE  

(n = 4) 

24S-HC-GT 

pM/mL medium 

25-HC-GT 

pM/mL medium 

27-HC-GT 

pM/mL medium 

B72-1mL#1 103 13 31 

B72-1mL#2 97 19 42 

B72-1mL#3 123 21 20 

B72-1mL#4 105 19 32 

Average 107 18 31 

SD 11 4 9 

RSD (%) 10 19 28 
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Table 10: pM/mL medium 24S-HC-GT, 25-HC-GT and 27-HC-GT obtained from CE (E72-3mL, B72-

3mL, ES and BS, n = 1).  

Sample (n=1) 24S-HC-GT 

pM/mL medium 

25-HC-GT 

pM/mL medium 

27-HC-GT 

pM/mL medium 

E72-3mL 104 30 125 

B72-3mL 12 1 19 

ES 3 3 8 

BS 2 0 0 

 

 

6.6 Investigation of preexisting keto groups 

The Girard T reagent reacts with keto group as shown in Figure 4 in section 1.4.3, without 

differentiating between oxysterols with keto groups formed after reaction with cholesterol 

oxidase and oxysterols with natural preexisting keto groups. To distinguish between natural 

keto groups and those formed during sample preparation, cell lysate samples were treated 

with and and without cholesterol oxidase prior to charge tagging with Girard T reagent as 

described in [65]. This approach has the potential to discover false positive results if analytes 

are detected in the sample not treated with cholesterol oxidase.  

Both samples were analyzed and no compounds eluted at the same time as 24S-OHC, 25-

OHC, 27-OHC and 22S-HC-GT (Figure 38). This implies that determination of Girard T 

tagged oxysterols in the BxPC-3 cell lysate samples is safe as Girard T tagging of preexising 

hydroxyl-4-cholesten-3-one was not detected. This should probably be tested if other 

biological samples obtained from different cell lines is analyzed with the aim to detect 

oxysterols charge tagged with a reagent spesific to keto groups. Due to time restictions of this 

study, this was not performed with regard to exosome samples. 

 



71 

 

 

Figure 38: EIC (m/z 514.44  455.36) of cell lysate sample treated (A) with cholesterol oxidase and (B) 

without cholesterol oxidase. The chromatograms are aligned with the internal standard retention time and 

the signals are normalized. No detectable amount of 24S-HC-GT, 25-HC-GT, 27-HC-GT or 22S-HC-GT 

was found. Chromatographic conditions were as described in [65].  
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7 Appendix II 

7.1 Underivatized oxysterols and nanoLC-ESI-MS: A 

mismatch [82] 
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7.2 Highly automated nano-LC/MS-based approach 

for thousand cell-scale quantification of side chain-

hydroxylated oxysterols [65] 
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