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A B S T R A C T

Lipid transmethylation methods described in the literature are not always evaluated with care so to insure that
the methods are effective, especially on food matrix or biological samples containing polyunsaturated fatty acid
(PUFA). The aim of the present study was to select a method suitable for all lipid species rich in long chain n-3
PUFA. Three published methods were adapted and applied on individual lipid classes. Lipid (trans)methylation
efficiency was characterized in terms of reaction yield and gas chromatography (GC) analysis. The acid-catalyzed
method was unable to convert triglycerides and sterol esters, while the method using an incubation at a mod-
erate temperature was ineffective on phospholipids and sterol esters. On the whole only the method using
sodium methoxide and sulfuric acid was effective on lipid classes taken individually or in a complex medium.
This study highlighted the use of an appropriate (trans)methylation method for insuring an accurate fatty acid
composition.

1. Introduction

The technique of gas chromatography (GC) is the most commonly
used to determine the fatty acid (FA) composition of lipids in food
matrices and biological samples. FA are analyzed by GC as fatty acid
methyl esters (FAME) in order to prevent potential hydrogen bonding
between the FA carboxyl group and the fused silica of the GC column.
Moreover, FAME are more volatile compounds than FA and more easily
separated based on their boiling point, allowing the reliable identifi-
cation according to their chemical structure. Esterification of free FA
(FFA) and transesterification of esterified lipids generally occur in a
one-step reaction, in presence of acid catalysts (for FFA and esterified
lipids) or basic catalysts (for esterified lipids, only) and a methanolic
phase in excess (Christie, 1993). The choice of the (trans)methylation
method is highly dependent on the lipid classes present in the sample
and on the FA nature, i.e. the chain length, the double bound config-
uration and the unsaturation degree. Base-catalyzed transesterification
is rapid (1–10min) (Christie, 1993; Marinetti, 1966; Santos Júnior
et al., 2013) and operates at room or moderate temperatures (lower
than 60 °C) (Christie, 1993; ISO 12966-2). However, using basic re-
agents such as potassium hydroxide (KOH) or sodium hydroxide

(NaOH) increases the pH over the pKa of carboxyl group of FFA which
generate sodium (or potassium) soaps rather than FAME (Christie,
1993). Moreover, sphingolipids are resistant to alkaline treatment due
to the presence of an amide bound instead of an ester bound (MacGee &
Williams, 1981). Thereby, basic catalysts also lead to an incomplete
conversion of sphingolipid FA into FAME. In contrast, acid catalysts can
be used to esterify FFA or to transesterify FA linked by ester bonds to
glycerol (Christie, 1993). However, they are not suitable for cholesterol
esters (Christie, 1993). Sphingolipids are transesterified by acid-cata-
lyzed methanolysis but side-products may be formed as artefacts
(Christie, 1993). Moreover, acid-catalyzed (trans)methylation often
proceeds at high temperatures (higher than 80 °C), associated with long
incubation times (30–90min) (Christie, 1993; Klopfenstein, 1971;
Kramer et al., 1997; Lepage & Roy, 1988; Morrison & Smith, 1964).
Concerning the quantification of the FA composition of the lipid
sample, because internal standards are not systematically used, any FA
loss during the experimental steps ((trans)methylation or FAME re-
covery) potentially results in an underestimation and, thereby, to an
overestimation of the other FA species. Therefore, the presence of short-
chain FA requires specific precautions due to their volatility for a
quantitative recovery (Christie, 1993). High temperatures used in acid-
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catalyzed reactions may induce isomerization of thermolabile FA such
as conjugated linoleic acid (CLA) and conjugated dienes (Castro-Gómez,
Fontecha, & Rodríguez-Alcalá, 2014; Kramer et al., 1997; Murrieta,
Hess, & Rule, 2003). Recently, a method combining the use of sodium
methoxide and sulfuric acid was proposed (Castro-Gómez et al., 2014).
It appeared to be an effective method for the derivatization of all lipid
classes, in particular towards sterol esters (SE) and sensitive FA such as
CLA. However, as other acid-catalyzed reactions, it has to be performed
at high temperature (mostly 100 °C) (Christie, 1993; Kramer et al.,
1997; Lepage & Roy, 1988; Morrison & Smith, 1964). Although, a good
quantification of polyunsaturated FA (PUFA) up to 22:6 was observed,
the amounts of eicosapentaenoic acid (EPA, 20:5 ω-3) and docosahex-
aenoic acid (DHA, 22:6 ω-3) present in the reference samples were far
below the values that can be found in marine products or biological
samples analyzed after fish oil diets.

Thus, although several (trans)methylation methods are commonly
used, they either mainly focused on α-linolenic acid (18:3) containing
lipids as polyunsaturated species or do not consider all the lipid classes
that may be present in a true sample. The purpose of this work was to
assess the efficiency of three (trans)methylation methods: (1) the acid-
catalyzed method of Morrison and Smith (1964), and the two sequen-
tially base- and acid-catalyzed methods of (2) Castro-Gómez et al.
(2014) and (3) Christie, Sébédio, and Juanéda (2001). These three
methods were applied on various lipid classes, i.e. phospholipids (PL),
triglycerides (TG), FFA, and SE, all coming from marine organisms and,
thus, rich in ω-3 long-chain PUFA (ω-3 LC-PUFA). Because the analyzed
samples were rich in EPA and DHA, it was necessary to increase the
reaction times that may alter PUFA especially when high temperatures
are applied. We showed that method 2, adapted with the correct re-
action times to (trans)methylate all the lipid species, was the most ef-
ficient one. This method was then applied to total lipids extracted from
Human serum and rat liver and plasma, these two last being obtained
after diets enriched in ω-3 long-chain PUFA, as typical examples of
complex lipid mixtures.

2. Materials and method

2.1. Materials

Lecithin from herring roe (Lecimarin F50) was kindly provided by
Novastell (Etrépagny, France). Fish oil was supplied by BIPEA (Paris,
France). Dihydrate calcium chloride (CaCl2, PubChem CID: 5284359)
was purchased from VWR (Radnor, Pennsylvania, USA). (Tris)-buffered
saline, lipase from porcine pancreas (PubChem CID: 54603431), so-
dium déoxycholate (PubChem CID: 5283834), boron trifluoride-me-
thanol solution (BF3; 14%, w/v, PubChem CID: 6356), sodium meth-
oxide solution (0.5 N, PubChem CID: 10942334), serum from Human
male AB plasma (USA origin; product number H4522), 2,7-dichloro-
fluorescein (2,7-DCF, PubChem CID: 64944), primuline (PubChem CID:
24852417) and FAME mix C4-C24 were obtained from Sigma-Aldrich
(Saint-Louis, Missouri, USA). Anhydrous sodium carbonate (PubChem
CID: 10340) and orthophosphoric acid (PubChem CID: 1004) were
supplied by Merck KGaA (Darmstadt, Germany). Copper sulfate pen-
tahydrate (PubChem CID: 24463) was purchased from Pancreatic
(Barcelona, Spain). Acetic acid (PubChem CID: 176), sulfuric acid
(PubChem CID: 1118), and potassium chloride (KCl, PubChem CID:
4873) were provided by Thermo Fisher Scientific (Strasbourg, France).
They also supplied the organic solvents used (analytical or HPLC
grades). Internal standards for HP-TLC analysis were: 1,2-diheptade-
canoyl-sn-glycero-3-phosphatidylethanolamine (PE 17:0), 1-monooleyl-
rac-glycerol (MG 18:1n-9), Cholesterol (Chol), 1,3-di-11-eicosenoin
(DG 20:1n-11), α-linolenic acid (ALA), 1,2,3-triheptadecanoyl-sn-gly-
cerol (TG 17:0), cis-8,11,14-eicosatrienoic acid methyl ester (FAME
20:3n-6), cholest-5-en-3β-yl-octadec-9-oate (cholesterol ester 18:1n-9;
CE) all purchased from Avanti Polar Lipids INC (Alabaster, Alabama,
USA). Internal standards for GC analysis were: 1,2-dipentadecanoyl-sn-

glycero-3-phosphatidylcholine (PC 15:0, PubChem CID: 134308), 1,2,3-
triheptadecanoyl-sn-glycerol (TG 17:0, PubChem CID: 3625612), hep-
tadecanoic acid (FFA 17:0, PubChem CID: 10465) and cholest-5-eω-3β-
yl-docosanoate (CE 22:0, PubChm CID: 53477887) all purchased from
Avanti Polar Lipids INC (Alabaster, Alabama, USA). Rat liver and
plasma samples were issued from a nutritional study in which rats were
fed with diet enriched in n-3 LC-PUFA for 8 weeks kindly provided by
ITERG (Institut des Corps Gras, Pessac, France).

2.2. Lipid class preparation and purification

Fish oil was used as the source of marine TG without further pur-
ification. In order to get purified PL and SE extracts, purification steps
performed on the herring roe lecithin and the total lipids extracted from
Pecten maximus gonads, respectively. FFA were prepared from fish oil
enzymatic hydrolysis.

PL were isolated from herring roe lecithin by solvent fractionation
using cold acetone. Briefly, 1mL of a mixture composed of chloroform/
methanol (2:1, v/v) was added to 1 g of marine lecithin and maintained
at room temperature until complete dissolution of sample. After addi-
tion of 20mL of cold acetone (−20 °C), the sample was briefly homo-
genized by vortex (30 s) and centrifuged (1050g, 5 min, 4 °C; Sorvall ST-
40R, Thermo Scientific, Waltham, Massachusetts, USA). The super-
natant, containing the neutral lipids, was removed and the pellet,
containing the polar lipids, was extracted twice and stored at −20 °C.

Total lipids from Pecten maximus gonads were extracted with
chloroform/methanol (2:1, v/v) according to the method of Folch, Lees,
and Sloane Stanley (1957). SE were purified from Pecten maximus lipids
by liquid chromatography (Silica gel 63–200 µm (Sigma-Aldrich), glass
column 15×45 cm). Hydrocarbons were first eluted using a large vo-
lume of hexane. Then, SE were separated from the other lipids using a
mixture of hexane/diethyl ether (99:1, v/v) (ISO 12873:2017). Purified
SE were stored in chloroform/methanol (2:1, v/v) at - 20 °C until use.

FFA were obtained by lipase hydrolysis of fish oil according to
Desnuelle (1961) and Entressangles, Sari, and Desnuelle (1966)
method. Succinctly, after homogenization of 15mg of fish oil in 200 µL
of isooctane, the fish oil was added to 2mL of pancreatic lipase solution
(0.5 g/mL in 1M of Tris HCl, pH 8), 0.5mL of sodium deoxycholate (1
g/L in distillated water), and 0.2 mL of a calcium chloride solution
(220 g/L in distilled water), maintained 5min at 40 °C and 30min at
room temperature. Total lipids were extracted by addition of 1mL of
HCl 6 N and 10mL of diethyl ether followed by homogenization and
centrifugation (1050g, 5 min, 4 °C; Sorvall ST-40R, Thermo Scientific).
Lipids were dried under nitrogen and dissolved in an accurate volume
of a mixture composed of chloroform/methanol (2:1, v/v). FFA were
separated from non-hydrolyzed TG and reaction products, i.e. mono-
and di-glycerides, by thin-layer chromatography (TLC) (glass plates
20× 20 cm pre-coated with silica gel 60H (Merck KGaA)) using a
solvent mixture composed of hexane, diethyl ether and acetic acid
(70:30:1, v/v/v). Spots were visualized under UV-light after vaporiza-
tion of 2,7-DCF in ethanol solution (0.2%, m/v). FFA were extracted
from the silica gel by addition of 2.5mL of chloroform/methanol (2:1,
v/v). After homogenization and centrifugation of the scrapped sample
(1050g, 5 min, 20 °C; Sorvall ST-40R, Thermo Scientific), the organic
phase was collected. Distilled water (100 µL) and 2mL of chloroform/
methanol (2:1, v/v) were added to the silica gel phase. The extraction
step was repeated once again and the organic phase was collected. Lipid
extraction from silica gel ended by addition of 2mL of methanol to the
silica gel phase, homogenization and centrifugation. The organic phases
were collected. Finally, 2,7-DCF was removed using 0.4 mL of a po-
tassium chloride solution (0.8% in distilled water, w/v) and 2mL of
chloroform/methanol (2:1, v/v) to the lipid solution. The organic phase
was washed twice by addition of 0.8 mL of a mixture composed of
chloroform/methanol/potassium chloride 0.8% in distilled water
(15:240:235, v/v/v). FFA were pooled, dissolved in chloroform/me-
thanol (2:1, v/v) and stored at −20 °C.
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