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6.1 Abstract 

Rationale Fatty acids and sterol lipids play crucial roles in several biological 

processes and several biological facts underline the interconnection between these 

lipid classes. Therefore, it is of interest to develop a comprehensive method 

analysing both classes in form of their most favourable derivatives suitable for 

quantification and isotopologue analysis.  

Methods Lipids were derivatised by a sequential one-pot procedure using 

MtBSTFA and BSTFA. No clean-up or concentration steps were necessary. The 

prepared samples were directly available for GC–EI-MS analysis on a standard 

column. For quantification, the SIM mode was used and for isotopologue analysis 

scheduled scan mode was applied. 

Results Development of a sequential one-pot derivatisation for GC-EI-MS 

allowing comprehensive analysis of fatty acids and sterols as their most favourable 

derivatives. Validation carried out using human plasma, comparison with certified 

NIST plasma. LLOQ of usually 3.3 ng/mL achieved. Isotopologue analysis of 2-13C-

acetate incorporation in HL-60 cells proving feasibility of method. 

Conclusions The presented method successfully combines two consecutive 

silylation reactions in one pot, enabling the analysis of both fatty acids and sterols in 

a comprehensive analytical method. The method has great potential for the 

quantification of lipids as well as the comprehensive study of both biochemical 

pathways, using 13C-flux analysis. 
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6.2 Introduction 

Fatty acids (FA) and sterol lipids play crucial roles in several biological processes. 

Besides FAs being a major building block of several lipid classes such as 

phosphatidylcholines and triglycerides, FAs possess immune modulatory effects1, 2. 

Poly-unsaturated fatty acids (PUFA) are important precursors of several crucial 

signalling molecules, particularly in the context of inflammation3. Sterol lipids such as 

cholesterol and its precursors play important roles during embryonic development 

linking sterols to several malformation syndromes, i.e., the Smith-Lemli-Opitz 

syndrome or lathosterolosis4. Moreover, sterols are crucial for the functionality of 

membranes and the formation of lipid rafts5. Particularly in cancer cell lines, 

cholesterol has also been shown to be crucial for cell proliferation and 

differentiation. Cholesterol biosynthesis has been proposed as a possible 

intervention site in malignant cells, particularly in tissues with restricted access to 

plasma lipoproteins6. Chemically speaking, on first instance, both lipid classes seem 

to be rather unrelated (cyclic alcohols versus aliphatic carboxylic acids), but several 

biological facts underline the interconnection of both. Just recently, a crucial role of 

sterol lipids has been reported by Spann et al., integrating desmosterol accumulation 

with (anti-) inflammatory responses in foam cells7, 8. The effect of desmosterol was 

coined to be dependent on liver X receptor (LXR) α/β regulation, thereby directly 

linking both lipid classes as the LXRs fulfil regulatory functions for sterols as well as 

for FAs. The connection of both lipid classes can further be underlined by the sterol 

regulatory element-binding proteins (SREBP)9, being important transcription factors 

controlling both FA and sterol biosynthesis. Taken together, both lipid classes should 

in fact not be seen isolated from each other, making it desirable to have a 

comprehensive analysis method for both classes. However, not only a quantitative 

method would be necessary. Ideally, the same method should also provide the 
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possibility for the analysis of isotope incorporation. Hence, we pursued the 

development of a method which is not only capable of quantifying FAs and sterol 

lipids within a single method but also allows isotopologue analysis of both analyte 

classes. In order to develop such a method, several issues had to be taken into 

account. The pentafluorobenzylbromide (PFBBr) labelling is not applicable to sterols 

and usually requires base catalysis and a drying step before injection10. FAs are 

frequently analysed as their methyl ester derivatives (FAME)11. However, due to their 

extensive fragmentation during electron ionization (EI), none of the characteristic 

ions contain the full molecular information, which is necessary for successful 

isotopologue analysis. In addition, the lack of characteristic ions requires baseline 

separation for accurate quantification of FAMEs, as the separation capacity of the 

mass spectrometer is not adequate or cannot be used efficiently. On the other hand, 

the analysis of FAs as their tert.-butyl-dimethyl-silyl (tBDMS) esters presents several 

advantages: a) formation of strong M–57+ fragment ions, facilitating isotopologue 

analysis and allowing the assignment of characteristic ions, even for PUFAs12, 13, b) 

formation of highly stable tBDMS esters, and c) facile and fast derivatisation, using N-

tert.-butyldimethylsilyl-N-methyltrifluoroacetamide (MtBSTFA) which readily reacts 

with carboxylate ions at room temperature. Unlike FAs, sterol lipids are usually 

analysed as their trimethylsilyl-ether (TMS) derivatives14-16 as their transformation 

into tBDMS derivatives tends to be incomplete even when ammonium iodide is used 

as catalyst of the derivatisation reaction17. Hence, in order to allow the analysis of 

both lipid classes in form of their most favourable derivatives within a 

comprehensive method, we developed a sequential one-pot silylation of both analyte 

classes, covering 46 analytes in a GC–MS run of less than 20 min. With respect to 

isobaric species, the GC separation of E/Z (cis/trans) and ω-3/6 isomers is shown. The 

derivatised sample can be prepared directly in one pot and injected without any 
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further treatment. Unlike earlier published methods, no drying steps or reagent 

removal steps are required18. In order to prove the feasibility of the method, we 

performed a validation procedure, using human plasma, investigating the analysis of 

both free and total lipids and we analysed certified NIST-plasma, ensuring the 

applicability of our newly developed method. In addition, we applied the method to 

study differences of 2-13C-acetate incorporation into FAs and sterol lipids using HL-60 

cells differentially grown with or without the presence of lipids. 

6.3 Experimental 

The applied FA nomenclature applies to the proposal of Liebisch et al., which is 

based on the rules of the LIPID MAPS consortium19. For example, (9Z,12Z,15Z)-

9,12,15-octadecatrienoic acid is annotated as FA 18:3(9Z,12Z,15Z) referring to its 18 

carbon atoms and three double bonds, all in the cis-configuration. If not specified 

otherwise, double bond configurations are assumed to be Z (cis). PUFA double bond 

assignment is described as either ω-3 or ω-6. 

6.3.1 Materials 

The GLC-85 fatty acid standard mix was from Nu-Chek Prep, Inc. (Elysian, MN, 

USA). FA 20:5(ω-3) and FA 22:5(ω-3) were purchased from Cayman Chemicals (Ann 

Arbor, MI, USA). N,O-bis(trimethylsilyl)trifluoroacetamide (BSTFA) containing 1% 

trimethylchlorosilane (TMCS) was from Thermo Fisher Scientific (Runcorn, UK). 

Cholesta-8,14-dien-3β-ol, dihydrolanosterol (DHL), zymostenol and lathosterol were 

prepared as described elsewhere 14. Cholesta-5,8-dien-3β-ol, 4,4-dimethylcholesta-

5,7-dien-3β-ol, 4,4-dimethylcholesta-8,14-dien-3β-ol and 4,4-dimethylcholesta-8-

dien-3β-ol were prepared in house (see below). The D31-palmitic acid used as internal 

standard, was obtained from Cambridge Isotopes (Cambridge, MA, USA). The internal 
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standard solution (IS) contained 1 mg/mL D31-palmitic acid and 500 µg/mL ergosterol 

in n-hexane. Roswell Park Memorial Institute (RPMI) Medium 1640 and phosphate 

buffered saline (PBS) was from Life Technologies (Bleiswijk, The Netherlands). Fetal 

calf serum (FCS) was from Greiner (Alphen a/d Rijn, The Netherlands) and lipoprotein 

deficient serum (LPDS) was from PAN (Aidenbach, Germany). All other chemicals 

were from Sigma Aldrich (Schnelldorf, Germany). Plasma was prepared from whole 

blood, obtained from healthy volunteers giving written consent, by spinning for 10 

min at 4 ºC at 4000 ×g. Standard reference plasma SRM 1950 was obtained from the 

National Institute of Standards and Technology (NIST, Gaithersburg, MD, USA). 

6.3.2 Synthesis of standards 

Cholesta-5,8-dien-3β-ol was prepared as described by Anastasia et al. 20 with 

some modifications. Briefly: to a solution of 500 mg 7-dehydrocholesterol in 1.6 mL 

of sodium dried toluene, 4 beads of molecular sieve 4 Å and 1.4 mL of diethyl 

azodicarboxylate (40% w/w in toluene) were added. The solution was stirred for 10 

min at room temperature and then refluxed at 116 °C for 45 min in a laboratory 

microwave at 150 W. After solvent evaporation under reduced pressure, the residue 

was cleaned by silica column chromatography (SCC) using n-pentane/diethyl ether 

1:1, yielding 400 mg (58 %) of the intermediate. The NMR and IR data were in good 

agreement with the previously described values20. To a stirred solution of 200 mg 

intermediate in 6 mL of n-propylamine/ethylenediamine (1:1), 80 mg of lithium was 

added at 0 °C and the solution was stirred 15 min longer than required for the initial 

appearance of a blue colour. After the usual workup, the residue was pre-cleaned 

using SCC, n-pentane/diethyl ether 1:1 and then recrystallized from methanol 

(MeOH) to give 79 mg (62 %) of cholesta-5,8-dien-3β-ol. Mp. (MeOH): 111-113 °C (20: 

106-107 °C). NMR (1H, 13C) data were in good agreement with the previously 
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described values20. 4,4-Dimethylcholesta-5,7-dien-3β-ol, 4,4-dimethylcholesta-8,14-

dien-3β-ol and 4,4-dimethylcholesta-8-dien-3β-ol were prepared as described 

elsewhere by Oppenauer oxidation21, 4,4-dimethylation using methyl iodide22, acidic 

double bond migration23 and selective hydrogenation using Raney nickel 24. All 

substances were characterized by 1H and 13C-NMR spectroscopy and spectra matched 

published results. 

6.3.3 GC–MS analysis 

A Scion TQ GC–MS system from Bruker (Bremen, Germany), equipped with a 

Bruker BR5–MS 15 m × 0.25 mm × 0.25 µm column was used. The injector was held 

at 280 °C. The injection volume was 1 µL for selected ion monitoring (SIM) and 2 µL 

for isotopologue analysis (splitless). The temperature program was kept at 90 °C for 

0.5 min, then ramped with 30 °C/min to 180 °C, then to 250 °C with 10 ºC/min, then 

to 266 °C with 2 ºC/min, and finally to 300 °C with 120 °C/min, kept for 2 min. Helium 

(99.999%) was used as carrier gas at a flow rate of 1.2 mL/min. All analyses were 

carried out using EI at 70 eV. For validation and quantification purposes, SIM analysis 

was applied. For isotopologue analysis, a scan window from the monoisotopic SIM 

value (given in Table 1) up to +15 m/z units was measured in a window of ± 0.3 min 

around the retention time of the target component. Characteristic ions for each 

compound were chosen and can be found together with the analytical figures of 

merit and retention times in Table 1. 

6.3.4 Reagent optimization for fatty acid isotopologue analysis 

In order to determine the ideal derivatisation reagent for isotopologue analysis, 

FA 18:1(E) was used as model analyte. Fragmentation characteristics of its tBDMS, 

TMS and FAME derivative were compared. Methylation to FAME was accomplished 
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by dissolving 10 mg FA 18:1(E) in 4 mL MeOH containing 1% sulfuric acid followed by 

heating for 2 h at 60 °C. Hereafter, 4 mL brine was added and the methylated FA 

18:1(E) was extracted using 2 × 5 mL n-hexane. After drying the organic extract, the 

residue was dissolved in 1 mL of n-hexane and diluted 1:1,000 before injection. 

Silylation of FA 18:1(E) was carried out as follows: 10 µg was reacted with either 25 

µL MtBSTFA or 25 µL BSTFA for 15 min at room temperature and diluted with 975 µL 

of n-hexane before injection. 

6.3.5 Sample preparation for the analysis of free and total fatty 

acid and sterol content in human plasma 

For the analysis of total lipids, 2.5 µL of plasma (5.0 µL in case of NIST plasma) 

was mixed with 180 µL of MeOH and 20 µL of 10 M NaOH. The sample was flushed 

with argon and then placed in an oven, kept at 90 °C for 1 h. After cooling, 70 µL of 6 

N HCl was added, where after 10 µL IS was added. Lipid (total FA and sterol) 

extraction was carried out by adding 1 mL of n-hexane. After vigorously shaking the 

sample for 30 s, the n-hexane layer was transferred to a 1.5 mL glass vial and 

concentrated to dryness under a gentle stream of nitrogen. The procedure was 

repeated and the organic extracts were combined. For the analysis of free FA, the 

procedure is basically identical with two modifications: 20 µL of water was added 

instead of 20 μl of 10 M NaOH and the heating step prior to extraction was omitted. 

6.3.6 Derivatisation procedure 

Dried samples were derivatised using 25 µL of MtBSTFA for 10 min at room 

temperature. Subsequently, 25 µL of BSTFA (1% TMCS) and 2.5 µL of pyridine were 

added and the sample was heated for 15 min to 50 °C. Next, 947.5 µL of n-hexane, 

containing 10 µg/mL octadecane (C18) as system monitoring component, was added. 
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In case of isotopologue analysis, the derivatised samples were diluted with 47.5 µL of 

n-hexane. 

6.3.7 Method Validation 

6.3.7.1 Selectivity 

In order to determine the selectivity of the described derivatisation procedure, 

we derivatised 10 µg cholesterol with 25 µL MtBSTFA, diluted with n-hexane to 1.0 

mL and analysed the samples using GC–MS in scan mode from m/z 50-500. Next, we 

carried out the derivatisation procedure described above and compared the obtained 

chromatograms. 

6.3.7.2 Reaction kinetics 

The reaction kinetics for both steps of the derivatisation procedure were 

determined using 10 µg of the GLC-85 standard or 10 µg of cholesterol applying the 

conditions described above. Samples were taken in 20 min intervals and analysed in 

triplicate. 

6.3.7.3 Recovery 

Recovery of docosahexaenoic acid (DHA), docosapentaenoic acid (DPA), 

squalene, DHL and zymosterol was determined by analysing the compounds in two 

manners. First, by drying 10 µL of a 1 mg/mL mixture in EtOH and directly derivatising 

and analysing this sample. Next, 10 µL of the same mixture was taken and subjected 

to the full sample work-up as described for analysis of both free and total lipids. After 

correcting for the IS, relative peak areas were divided according to the following 

equation: 

Recovery = AE / AD * 100% 
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where AE is the relative peak area of the extracted analyte and AD is the relative 

peak area of the directly measured analyte. This procedure was carried out in 

triplicate. 

6.3.7.4 Linear range, lower limit of quantification and repeatability 

For all analytes, calibration curves including eight concentration levels were 

constructed. The following concentrations were analysed for all FAs, except FA16:0, 

FA18:0 and the sterols: 3.3, 8.3, 16.7, 33.3, 83.3, 333.3, 833.3 and 3,333 ng/mL. For 

FA16:0 and FA18:0 the following concentrations were analysed: 2.5, 5.0, 10.0, 25.0, 

50.0, 75.0, 100.0 and 250.0 µg/mL. All sterols including squalene and oxy-squalene 

were calibrated at the following levels: 100, 250, 500, 1000, 2500, 10,000, 25,000 and 

100,000 ng/mL. The LLOQ was determined as the lowest detectable value of the 

calibration line. All samples were analysed in triplicate on two consecutive days. 

6.3.7.5 Isotopologue analysis of actively growing HL-60 cells 

2×106 HL-60 cells were grown in a 24-well plate in 2 mL RPMI 1640 containing 1% 

penicillin/streptomycin and either 8% FCS, or 3% LPDS enriched with 100 µg sodium 

2-13C acetate. After 0 and 44 h, the content of one well of the 24-well plate was 

transferred into a 2 mL Eppendorf plastic vial and centrifuged for 3 min at 500 ×g. 

After washing twice with 1 mL of PBS, the cell pellet was resuspended in 100 µL PBS. 

To this, 300 µL MeOH and 100 µL 10M NaOH was added, before flushing the 

headspace with argon. The sample was heated for 1 h at 90 °C. After cooling, 200 µL 

6N HCl was added and extraction was performed with 3 × 0.5 mL n-hexane. The 

combined organic extracts were concentrated to dryness under a gentle stream of 

nitrogen and derivatised as described above. Molecular fractions were obtained by 

summating the intensities of all isotopes and calculating the fractions given in 

percentage of each individual isotope.  
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6.4 Results and discussion 

The here presented method enables the simultaneous quantitative analysis of in 

total 46 analytes from two different lipid classes (FAs and sterol lipids) in a 20 min 

GC–MS run. The method was developed in order to allow quantification of free and 

total FAs as well as sterol lipids and to allow determination of 13C-fluxes into both 

lipid classes using a single comprehensive method. To this aim, both lipid classes 

undergo derivatisation resulting in the most favourable derivatives for these 

purposes. We accomplished a one-pot derivatisation resulting in an analyte solution 

which can be directly injected, without the need for further treatment. 

6.4.1 Method development 

By combining tBDMS silylation using MtBSTFA and TMS silylation using BSTFA, we 

could generate a method fulfilling all of the above mentioned requirements. While 

FAs form tBDMS derivatives, sterol lipids form TMS derivatives. Particularly, the 

tBDMS derivatives of FAs give rise to the formation of advantageous fragment ions 

allowing isotopologue analysis, even for PUFA. Although most analytes could be 

sufficiently separated allowing isotopologue analysis (Figure 1), unfortunately an 

overlap remained for some critical pairs, thereby restricting isotopologue analysis for 

these analytes. However, this is only the case for 9 out of 46 analytes (Table 1). For 

the quantitative analysis of both lipid classes, we operated the MS in SIM mode for 

highest sensitivity. In this case, due to unfavourable fragmentation of the major 

fragment ion from EI in MS–MS, the improved selectivity of selected reaction 

monitoring did not outweigh the signal loss due to an additional fragmentation step. 

For flux analysis, the MS was operated in a scheduled scan manner. The analytical 

figures of merit are summarized in Table 1. For all analytes, linearity and repeatability 

showed acceptable values for a multicomponent analysis of both total and free lipids. 
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The recovery proved to be higher than 80% for all investigated analytes (either free 

or total lipids). The LLOQ values for all analytes can be found in Table 1. The LLOQs 

are 3.3 ng/mL for most FAs, although ranging up to 33 ng/mL for some FAs, and 100 

ng/mL for all sterols analysed. 

 

Figure 1 
Representative GC–MS chromatogram of all measured analytes (10 µg/mL). The 
insert in the upper left corner shows the separation of FA18:1(E) and (Z). The right-
hand insert is a magnification of the chromatogram between 16 and 19 min and 
shows the separation achieved for the sterol components. 
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Table 1 
Analytical figures of merit for total lipid analysis for all investigated analytes, n.d. not 
determined. tR retention time. Intra-day experiments were performed in triplicate 
and the inter-day experiments on two days. a isotopologue analysis not possible due 
to overlapping signals or unsuitable spectral characteristics. 
 

Analyte tR (min) SIM (m/z) R2 LLOQ 
(ng/mL) 

Inter-day 
precision  
(%RSD) 

Intra-day 
precision 
(%RSD) 

FA 10:0 3.99 229.3 0.998 3.3 7 3 

FA 11:0 4.51 243.3 0.984 3.3 5 2 

FA 12:0 5.11 257.4 0.999 3.3 5 2 

FA 13:0 5.70 271.4 0.996 3.3 5 7 

FA 14:1 6.35 283.4 0.990 3.3 3 6 

FA 14:0 6.44 285.4 0.995 3.3 4 4 

FA 15:1 7.05 297.4 0.993 3.3 2 7 

FA 15:0 7.19 299.4 0.989 3.3 3 1 

FA 16:1 7.74 311.4 0.998 3.3 7 4 

FA 16:0 7.92 313.4 0.995 2.5 5 4 

FA 17:1 8.53 325.4 0.989 3.3 3 4 

FA 17:0 8.68 327.5 0.978 3.3 6 1 

FA 18:3α 9.02 335.4 0.984 8.3 4 4 

FA 18:2 9.10 337.4 0.994 3.3 6 5 

FA 18:1(10Z) 9.17 339.5 0.987 3.3 6 5 

FA 18:3γ 9.23 335.4 0.994 8.3 4 11 

FA 18:1(10E) 9.30 339.5 0.992 3.3 6 8 

FA 18:0 9.43 341.5 0.995 2.5 10 1 

FA 20:4ω-6a 10.32 361.4 0.989 33.3 8 3 

FA 20:5ω-3a 10.35 359.3 0.997 16.7 19 18 

FA 20:3ω-3 10.46 363.4 0.988 8.3 7 2 

FA 20:2a 10.65 365.5 0.990 3.3 7 7 

FA 20:1a 10.67 367.5 0.987 3.3 7 4 

FA 20:3ω-6a 10.68 363.4 0.988 3.3 9 9 

FA 20:0 10.88 369.5 0.997 3.3 14 17 

FA 22:6ω-3 11.37 385.5 0.987 3.3 11 6 

FA 22:4ω-6 12.03 389.5 0.992 33.3 12 8 

Squalenea 12.07 121.0 0.991 3.3 10 7 

FA 22:5ω-3 12.11 387.6 0.999 3.3 7 4 
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FA 22:2a 12.54 393.5 0.993 3.3 n.d. n.d. 

FA 22:1a 12.57 395.5 0.993 3.3 9 5 

FA 22:0 12.86 397.2 0.998 3.3 14 1 

Oxidosqualenea 13.35 107.0 0.970 3.3 n.d. n.d. 

FA 24:1 15.11 423.6 0.993 3.3 12 11 

Cholesterol 15.83 368.5 0.999 100 6 6 

Cholesta-5,8-dien-3β-ol 16.01 325.5 0.992 100 8 8 

Zymostenol 16.19 353.5 0.999 100 14 10 

Desmosterol 16.39 343.5 0.995 100 18 8 

7-dehydrocholesterol 16.58 351.5 0.999 100 n.d. n.d. 

Lathosterol 16.75 255.5 0.998 100 3 3 

Zymosterol 16.79 456.4 0.993 100 9 2 

Dihydrolanosterol 18.15 395.6 0.999 100 n.d. n.d. 

4,4-Dimethylcholesta-
8,14-dien-3β-ol 

18.40 
379.5 

0.996 100 n.d. n.d. 

4,4-Dimethylcholesta-
8(9)-en-3β-ol 

18.47 
486.4 

0.998 100 n.d. n.d. 

Lanosterol 18.66 393.6 0.999 100 21 13 

 

With respect to the applied one-pot silylation scheme, it was of importance to 

particularly assess the selectivity of the initial silylation step using MtBSTFA. If 

cholesterol is derivatised with MtBSTFA alone, some tBDMS derivative of cholesterol 

can be detected, together with underivatised cholesterol and several artefacts, such 

as the cholesterol dehydration product cholesta-3,5-diene (Figure 2A). These findings 

indicate that cholesterol derivatisation yielding the tBDMS derivatives mainly takes 

place within the injection port. However, if the sequential derivatisation procedure 

described above was applied, no tBDMS derivative could be detected (Figure 2B). No 

underivatised cholesterol or cholesta-3,5-diene were detected under these 

conditions either (Figure 2B). 
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Figure 2 
Selectivity of the sequential one-pot silylation. (A) 20 µg/mL cholesterol reacted with 
MtBSTFA at RT for 15 min. Next to the tBDMS derivative, cholesterol and cholesterol 
break-down products were detected. (B) 20 µg/mL cholesterol derivatised using 
sequential one-pot silylation. No free cholesterol, artefacts or tBDMS derivatives 
were detected. 
 

Next, we compared the different known derivatisation reagents for FA analysis in 

order to prove that our assumption that MtBSTFA derivatisation would be the most 

advantageous one for isotopologue analysis was actually correct. In order to 

(quantitatively) assess the incorporation of 13C-atoms into FAs and sterol lipids, e.g., 
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for flux analysis, a characteristic ion is necessary containing (as much of) the 

molecular information and carbon skeleton of the analyte (as possible). Ideally, in EI, 

this would be the molecular ion M+● or a very closely related fragment ion. Three 

derivatisation strategies for FA 18:1(E) were compared: FAME derivatisation using 

methanol/sulfuric acid, TMS derivatisation using BSTFA, and tBDMS derivatisation 

using MtBSTFA. A comparison of the extracted ion chromatograms of the 

characteristic ions m/z 264.2 (FAME; M–CH3OH+●), and m/z 339.2 (tBDMS; M–C4H9
●+, 

and TMS; M–CH3
●+) is shown in Figure 3. The highest intensity was achieved for the 

tBDMS derivative, which can (partly) be explained by the fact that extensive 

fragmentation is observed for the FAME and FA-TMS derivative, whereas the 

fragmentation of tBDMS esters is largely driven by the loss of the tert.-butyl radical. 
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Figure 3 
Overlaid extracted ion chromatograms of the characteristic fragments m/z 264.2 for 
(A) methylated FA18:1(Z) and m/z 339.2 for both the (B) TMS-derivative and the (C) 
tBDMS-derivative of FA 18:1(Z). The respective EI spectra (70 eV) obtained are shown 
on the right hand side A-C. 
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6.4.2 Quantitative analysis 

Standard reference plasma (NIST) was analysed using the described methodology 

and the obtained results were compared to the certified values. Accuracy was 

calculated as: obtained value/NIST value × 100%. Accuracy proved acceptable being 

between 80-120% for almost all analytes when compared to the certified values 

given by NIST (Table 2). Also, it has to be stressed that all of the given values are  well 

within the range of a NIST inter-laboratory analytical comparison study 25. Overall, 

these results prove the feasibility of the here presented method for plasma analysis. 
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Table 2 
Overview of analysed compounds and comparison with certified NIST values and a 
NIST inter-laboratory study. SD standard deviation, a 25. 
 

Analyte 

Certified NIST-values Our laboratory 

NIST inter-
laboratory 

studya 

Concentration 
(ppm) SD (ppm) 

SD 
n=5 

Accuracy Accuracy 

FA 12:0 1.86 0.11 1.4 0.3 77% n.d. 

FA 14:0 17.9 3.8 17.4 0.2 97% 78%-207% 

FA 14:1 1.6 0.03 1.8 0.5 114% 61%-231% 

FA 15:0 1.1 0.01 1.7 0.2 156% n.d. 

FA 16:0 594.0 19.0 526.1 99.6 89% 55%-132% 

FA 16:1 (Z) 53.5 6.4 42.8 3.2 80% 29%-161% 

FA 17:0 4.7 0.2 4.4 0.8 93% n.d. 

FA 18:0 179.0 12.0 158 9.7 88% 84%-148% 

FA 18:1 (10Z) 37.7 0.9 35.0 2.1 93% 70%-159% 

FA 18:2 780.0 39.0 767.3 99.2 98% 75%-136% 

FA 18:3 γ 10.9 2.3 9.4 0.3 86% 94%-186% 

FA 20:0 5.5 0.2 5.2 1.8 95% 65%-295% 

FA 20:1 3.5 0.1 3.7 1.3 105% 91%-243% 

FA 20:2 5.7 0.2 5.3 0.6 93% 42%-121% 

FA 20:3 41.8 1.1 37.4 6.5 89% 50%-150% 

FA 20:4 293 54 244.83 51.2 84% 56%-111% 

FA 20:5 11.4 0.1 10.6 2.7 85% 95%-164% 

FA 22:0 15.9 1.5 11.4 2.8 72% 6%-112% 

FA 22:1 1.1 0.4 1.23 0.5 112% 62%-616% 

FA 22:6 37.90 6.8 31.95 4.1 84% 71%-147% 

FA 24:1 25.6 1.2 24.61 1.5 96% 23%-103% 
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6.4.3 Isotopologue analysis of HL-60 cells grown under lipid rich 

and poor conditions 

Due to lower sensitivity in scheduled scan mode, the dilution of the samples 

processed for isotopologue analysis was ten times less compared to the analysis of 

plasma samples. In order to prove the feasibility of the presented approach for 2-13C-

acetate flux analysis (isotopologue analysis) into FAs and sterol lipids, we initially 

assessed the accuracy and precision for the isotope determination of different 

analytes. The results are shown in Table 3. As can be seen,  acceptable values are 

obtained for precision as well as accuracy. 

Table 3  
Accuracy and precision of isotopic distribution analysis comparing measured and 
calculated isotope ratios. a calculated using the Scientific Instruments Mass calculator 
(http://www.sisweb.com/mstools/isotope.htm). 
 

Analyte 
Isotope peak 

Calculated 
Natural 
Abundancea Accuracy (%) 

Precision  
(RSD %) 

FA(14:0) 
M+1 
M+2 
M+3 

23.0 
6.1 
0.8 

103 
102 
113 

1 
4 
17 

FA(16:0) 
M+1 
M+2 
M+3 

25.2 
6.7 
0.9 

100 
100 
89 

1 
2 
6 

FA(16:1) 
M+1 
M+2 
M+3 

25.2 
6.6 
0.9 

104 
107 
111 

1 
3 
6 

FA(18:0) 
M+1 
M+2 
M+3 

27.4 
7.2 
1.1 

102 
101 
100 

1 
2 
17 

Cholesterol 
M+1 
M+2 
M+3 

29.9 
4.3 
n.d. 

103 
114 
n.d. 

1 
3 
n.d. 
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Next, we carried out a 2-13C-acetate flux experiment using HL-60 cells. The cells 

were cultured in the presence of 2-13C-acetate using either 8% FCS or 3% LPDS. This 

experiment aimed at demonstrating that our method can analyse the incorporation 

of 2-13C-acetate into FA and sterol lipids and allows comparison of two biochemical 

pathways. A comparison (t = 44 h) was carried out using the respective molecular 

fractions of the observed isotope patterns of both nutrient situations for FA16:0, 

FA16:1 and cholesterol. Differences between the two nutrient situations were 

observed as depicted in Figure 4. Our experiment using HL-60 cells and comparing 

lipid rich with lipid poor conditions resulted in the finding that 2-13C-acetate is 

possibly incorporated differentially in the two investigated lipid classes. As it would 

go beyond the here presented method paper, we did not carry out an in-depth 

bioinformatics analysis of possibly affected fluxes or similar. However, Figure 4 does 

show the feasibility of the presented method as well as the possibility of picking up 

metabolic differences represented by a differential incorporation of 2-13C-acetate. On 

basis of Figure 4, it might be speculated that possibly a larger portion of cholesterol 

formed under incubation with LPDS is biosynthesized from the 2-13C-acetate pool 

present in the medium. HL-60 cancer cells seem to largely rely on cholesterol up-take 

from the medium when lipid rich conditions are applied. This might suggest that the 

synthesis of cholesterol is influenced/regulated by the presence/absence of lipids in 

the medium. This hypothesis is in-line with the earlier results of Ho et al. showing 

that receptor mediated low-density lipoprotein uptake and degradation is 

significantly higher in primary blood mononuclear cells from patients with acute 

myelogenous leukemia26. On the other hand, the FAs presented a less obvious 

behaviour. Rather similar isotope patterns were obtained for both nutrient 

situations, possibly indicating that quite similar quantities of 2-13C acetate are 

incorporated into FAs. This in turn suggests that the HL-60 cells employed show an FA 
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synthesis which might be less regulated by the nutritional supply. This hypothesis is 

in line with the fact that high levels of FA synthase mRNA have been described in HL-

60 cells and that these cells highly rely on endogenous FA synthesis rather than an 

uptake28. Overall, Figure 4 underlines the feasibility of our method for isotopologue 

analysis. However, bioinformatics studies, integrating isotopologue analysis data into 

biochemical pathway models, which are on-going in our laboratory, will be needed to 

use the approach to its full extent. 
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6.5 Conclusions 

The here presented method successfully combines two consecutive silylation 

reactions in one-pot, enabling the analysis of both FAs and sterol lipids in a 

comprehensive analytical method. The method was validated using human plasma 

and therefore offers great potential for the analysis of biological samples. Next to a 

quantitative method, involving SIM, isotopologue analysis for flux analysis has been 

achieved by operating the mass spectrometer in scheduled scan mode. The 

presented isotopologue analysis method shows great potential for the screening of 

fatty acid synthase and cholesterol biosynthesis inhibitors as well as the 

comprehensive study of both biochemical pathways, using 13C-flux analysis. 
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