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Abstract The quantification of 3-chloropropane-1,2-diol

(3-MCPD) esters in fat-based matrices is currently carried

out according to a number of methods that involve either

the conversion of all the esters to the free form that is then

quantified (indirect methods), or the separation and quan-

tification of the individual esters (direct methods). Indirect

methods of analysis show a better sensitivity, however, the

series of chemical reactions that take place during sample

preparation may affect the reliability of the results because

of the potential ex-novo formation of 3-MCPD from pre-

cursors present in the sample. This study is focused on the

evaluation of the selectivity and robustness of an indirect

acid-catalysed method of 3-MCPD esters analysis. The

interference of chloride ions and glycidyl esters was eval-

uated. 3-MCPD esters are overestimated only when high

levels of chloride ions ([1.7 mmol/kg oil) were added to

the samples. The interference by chloride ions can be easily

eliminated by a single extraction step of the samples before

analysis. In contrast, glycidyl esters did not interfere with

the determination of 3-MCPD esters. Further investigation

on the robustness of the method showed that the time

allowed for the transesterification, a major drawback of the

previous version of the method, can be reduced from 16 to

4 h without any significant reduction of the accuracy and

repeatability (RSD = 0.7%).
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Introduction

3-Chloropropane-1,2-diol (3-MCPD) and its esters are food

borne contaminants, mainly formed during high tempera-

ture processes of fat-containing matrices. First detected in

hydrolysed vegetable proteins in 1980 [1], 3-MCPD esters

became a cause for concern in 2004, when their occurrence

in various types of processed food was reported [2].

The quantification of 3-MCPD esters in fat-based

matrices is currently carried out according to a number of

methods. These involve either the conversion of the esters

to a single compound, free 3-MCPD, that is then quantified

(indirect methods) [3, 4], or the direct determination of the

individual esters separately (direct methods) [5]. No stan-

dard method of analysis has been established yet. The main

advantages of the indirect methods of analysis are the

higher sensitivity due to the detection of a single analyte

(free 3-MCPD), the need of just the single standard for the

quantification (deuterated 3-MCPD or 3-MCPD ester) and

the possibility to detect all 3-MCPD fatty acid esters

present in the sample. On the other hand, the series of

chemical reactions that take place during sample prepara-

tion may affect the reliability of the results. The ex-novo

formation of 3-MCPD from precursors such as glycidyl

esters that may be present in the sample and are converted

during sample preparation by reacting with chloride ions is

the major issue that needs to be addressed. Next to that, the

choice of a suitable standard for the quantification is

another factor that may have an impact on the reliability of

the results. Although all indirect methods are based on a

common series of steps that involve the cleavage of

3-MCPD esters to form 3-MCPD, followed by the purifi-

cation, derivatization and analysis of the free form, they

can be classified into two categories, depending on the

conditions applied in the first step of transesterification.
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Previously published findings [6, 7] showed that, when the

cleavage of the esters is achieved via alkaline-catalysed

transesterification, the presence of chloride salts and

glycidyl esters in the reaction mixture may result in the

overestimation of the levels of 3-MCPD in the sample. On

the other hand, few data are available on the interference of

these compounds when an acid-catalysed transesterification

is applied [8].

The aim of this work is to evaluate the robustness and

the selectivity of an indirect acid-catalyzed method of

3-MCPD esters analysis. Particular focus is given to the

study of the influence of chloride salts and glycidyl esters

on the potential ex-novo formation of 3-MCPD during

sample preparation.

Materials and Methods

Reagents and Chemicals

1,2-Dipalmitoyl-3-chloropropane (PP-3-MCPD, purity

97.2%), deuterated 1,2-dipalmitoyl-3-chloropropane (PP-3-

MCPD-d5, purity 97.7%) and deuterated monopalmitoyl-

3-chloropropane (P-3-MCPD-d5, purity 93.0%) were

synthesized according to Kraft et al. [9] and purified on

silica gel column. Sodium sulfate (purity C99.0%), sodium

chloride (purity C99.5%) and silica gel (60 mesh) were

purchased from Merck (Darmstadt, Germany), tetrabutyl-

ammonium chloride (purum) and N,O-bis(trimethyl-

silyl)trifluoroacetamide (BSTFA) from Sigma-Aldrich

(Bellefonte, PA, USA), deuterated 3-chloropropane-1,2-

diol (3-MCPD-d5, purity C98%) from CDN Isotopes

(Pointe-Claire, QC, Canada), glycidyl palmitate (purity

C98%) from Wako Chemicals GmbH (Neuss, Germany),

phenylboronic acid (PBA, purity C97%) and sulfuric acid

(C95%) from Fluka (Buchs, Switzerland) and sodium

hydrogen carbonate (purity 99.5%) from VWR Intl. (West

Chester, PA, USA). All solvents used were of analytical

grade.

Samples

Crude palm oil (3-MCPD esters not detected) and phys-

ically refined palm oil samples (containing significant

levels of 3-MCPD esters) were obtained from local sup-

pliers. Purified samples of crude palm oil were obtained

by loading 5 mL of a 1:1 (w/v) mixture of oil:hexane on

a 5-g silica gel column and eluting the sample with 5 mL

of hexane. A spiked sample (4.81 mg/kg of 3-MCPD

equivalent) was obtained by addition of a standard solu-

tion of 3-MCPD dipalmitate (PP-3-MCPD) to a sample of

crude palm oil purified on silica gel column. Samples of

frying oil were dispatched by the German Federal

Institute for Risk Assessment (BfR) and were part of the

set of samples used for the BfR second collaborative

study [10].

Method

Sample Preparation

Standard procedure 100 mg (±5 mg) of oil was weighed

in a glass tube and dissolved in 1 mL of tetrahydrofuran

containing the internal standard (PP-3-MCPD-d5, 2 lg/

mL). 1.8 mL of sulfuric acid solution in methanol (1.8%,

v/v) was added to the sample and the mixture was incu-

bated at 40 �C for 16 h (standard conditions, always

applied unless otherwise specified). In addition, to inves-

tigate the effect of transesterification, the incubation time

was varied between 2 and 20 h. The reaction was stopped

by addition of 0.5 mL sodium hydrogen carbonate solution

(saturated, aqueous) and the organic solvents were evapo-

rated under a nitrogen stream. Fatty acid methyl esters

were separated from the sample by addition of 2 mL of

aqueous sodium sulfate solution (20%, w/v) followed by

liquid–liquid extraction with n-heptane (2 9 2 mL).

250 lL of PBA saturated solution (25%, w/v, acetone/

water, 19/1, v/v) was added to the reaction mixture, which

was incubated for 5 min in ultrasonic bath at room tem-

perature. The 3-MCPD-PBA derivative was extracted with

n-heptane (2 9 1 mL) and evaporated to dryness under a

nitrogen stream (max 10–20 min at 40–50 �C in order to

avoid losses due to the high volatility of PBA-derivatives).

The residue was dissolved in 400 lL of n-heptane and

analyzed by GC–MS.

Optional pre-cleaning step (to be applied only to sam-

ples containing high levels of Cl-) 1 mL of demineralized

water was added to the sample containing the internal

standard (see above), the mixture was vigorously shaken by

means of a vortex mixer for 20 s and centrifuged for

approximately 1 min in order to achieve a neat separation

of the oil from the solvents. The oil was then transferred to

an empty glass tube, 1 mL of tetrahydrofuran was added

and homogenized (vortex mixer, 10 s). The procedure

continued by the addition of 1.8 mL of sulfuric acid

solution in methanol (1.8%, v/v), as described in the par-

agraph above.

GC–MS Analysis

GC–MS analysis was performed according to a method

optimized previously [6]. The quantification was based on

the 3-MCPD/3-MCPD-d5 ratio, ions at m/z 147 (3-MCPD)

and m/z 150 (3-MCPD-d5) were chosen for single ion

monitoring.
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Method Performance

The linearity of response, checked in the range

0.18–9.05 nmol (0.2–10 mg/kg of free 3-MCPD equivalent

when analyzing real samples of oil/fat), was good

(R2 = 0.999). The limit of detection of the method for real

samples was 0.04 mg/kg, the limit of quantification

0.13 mg/kg. The repeatability of the method, expressed as

relative standard deviation, was 0.7% (n = 6).

Analysis of the Acylglycerol Profile

A 15–20 mg amount of oil was weighed in a glass test tube

and dissolved in 800 lL of pyridine. The mixture was

added with 200 lL of BSTFA and incubated for 30 min at

room temperature. Then 9 mL of hexane was added and the

resulting mixture was injected in GC–FID (column:

CPSil5-CB-low bleed, 10 m 9 0.32 lm i.d., 0.12 lm film

thickness). The GC oven temperature was initially kept at

80 �C for 2 min and then raised to 360 �C at 10 �C/min

gradient and held for 5 min at the final temperature.

Hydrogen (flow rate 3.7 mL/min) was used as the carrier

gas. Results were reported as carbon numbers, from which

the identification of the various partial acylglycerols and

free fatty acids was deduced. The sample composition was

determined by normalizing the peak areas at 100%. The

response factor for each carbon number was set to 1.

Results and Discussion

Indirect methods of 3-MCPD esters analysis are based on a

common series of steps that include the acid- or alkaline-

catalyzed cleavage of the esters to yield the free form,

followed by the purification of the analyte from the fatty

acid methyl esters formed during the methanolysis, deriv-

atization of the free 3-MCPD (using either phenylboronic

acid or heptafluorobutyrylimidazol) and injection of the

derivatized sample in GC–MS. A recently published work

[6] showed that indirect methods based on acid transeste-

rification tend to have better selectivity and robustness than

methods employing alkaline transesterification. Therefore,

in this study, the former approach was chosen and opti-

mized to evaluate the above mentioned parameters further.

Robustness of the Method

Repeatability in Time

One sample of crude palm oil (purified on silica gel column

and spiked by 4.81 mg/kg of PP-3-MCPD) was repeatedly

analyzed (n = 10) over a period of several months in order

to evaluate the reproducibility of the procedure. Next to

that, one sample of refined palm oil (contaminated during

the refining process) was analyzed (n = 10) according to

the same procedure in order to take into account the pos-

sible interference of compounds formed during refining.

The results showed a good repeatability for both samples

(4.83 ± 0.14 mg/kg for the spiked sample and

3.95 ± 0.09 mg/kg for the refined sample).

Transesterification Time

Methods based on acid transesterification are relatively

time consuming (typically 16 h are required only for the

cleavage of 3-MCPD esters) due to the mild conditions

applied. Nevertheless, the effect of varying the transeste-

rification time has never been investigated. In this study,

one sample of refined palm oil was repeatedly analyzed

(n = 6) after the application of different transesterification

times (2–20 h).

The results (Fig. 1) show that a variation of the transe-

sterification time within the range 4–20 h does not cause

any significant difference in the level of 3-MCPD deter-

mined. This suggests that 4 h period is sufficient to achieve

the complete cleavage of the 3-MCPD esters.

The completeness of the transesterification was checked

by the analysis of the acylglycerol profile of the samples,

assuming a similar reaction rate for partial acylglycerols

and 3-MCPD esters. The low level of residual triacylgly-

cerols detected after 4 h of reaction (Table 1) implies that

the partial acylglycerols and the 3-MCPD esters, initially

present in the oil, are completely converted within 4 h into

glycerol and 3-MCPD, respectively. Remaining triacyl-

glycerols do not interfere with the analysis, as they are
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Fig. 1 Effect of transesterification time (2–20 h) on the quantifica-

tion of bound 3-MCPD in a sample of refined palm oil (n = 6)
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removed (together with the fatty acid methyl esters formed

during methanolysis) by the extraction step that follows

transesterification.

In order to check the potential impact of varying

transesterification time, a set of three different samples was

analyzed by applying a procedure with 4 and 16 h as

transesterification period. The samples chosen covered a

wide compositional variability (presence of partial acyl-

glycerols, glycidyl esters and different ratio of 3-MCPD

mono- and diesters).

For all samples there was no significant difference in

results for 4 and 16 h of transesterification and the results

were in good agreement with the expected values

(Table 2). This confirms that 4 h of transesterification is a

valid alternative to the 16 h applied in the standard

procedure.

Stability of the Phenylboronic Derivative of 3-MCPD

The sample throughput is determined by the duration of the

GC–MS run (around 40 min per sample). It is practical and

efficient to prepare a large series of samples in parallel. In

this respect, the stability of the phenylboronic derivative of

3-MCPD becomes a key factor for the acquisition of reli-

able results.

To gain more information on the stability, two samples

of refined oil were processed according to the protocol

described in ‘‘Sample Preparation’’. The final sample

(ready to be injected) was divided in three aliquots, stored

at different temperature for a variable time, and analyzed

(Table 3).

The results show that even prolonged storage does not

affect the level of 3-MCPD determined. Furthermore, no

trend was found in peak areas of 3-MCPD boronate and its

deuterated analogue, confirming the high stability of these

compounds under the conditions tested.

Use of Different Internal Standards

In this study, three different deuterated compounds were

tested as internal standards: free 3-MCPD-d5 (currently

used by two published methods [3, 10]) and two esters,

namely 3-MCPD-d5 monopalmitate (P-3-MCPD-d5) and

3-MCPD-d5 dipalmitate (PP-3-MCPD-d5). One sample of

refined palm oil and one sample of crude palm oil purified

on silica gel column and spiked with PP-3-MCPD were

selected for the analysis. While the former sample con-

tained a mixture of 3-MCPD mono- and diesters, the latter

contained only 3-MCPD dipalmitate.

The results (Table 4) show a very similar trend for both

samples. The use of PP-3-MCPD-d5 as internal standard

Table 1 Lipid composition of samples of refined palm oil that underwent 0–16 h of transesterification

TAG (%) DAG (%) MAG (%) FAME (%)

Before transesterification 90.9 9.0 0.1 \0.05

4 h transesterification 7.8 6.6 5.4 80.2

16 h transesterification \0.05 \0.05 1.7 98.3

TAG triacylglycerols, DAG diacylglycerols, MAG monoacylglycerols, FAME fatty acid methyl esters

Table 2 Comparison of the levels of bound 3-MCPD (expressed as 3-MCPD equivalent) found in 3 samples of oil when the transesterification

time was varied from 4 to 16 h (n = 3)

3-MCPD equiv expected level (mg/kg) 3-MCPD equiv found (mg/kg)

4 h transesterification 16 h transesterification

Refined palm oil 3.99 ± 0.06 4.05 ± 0.02 4.01 ± 0.02

Spiked palm oila 4.81 4.85 ± 0.04 4.88 ± 0.03

Frying oilb 1.69 ± 0.25 1.62 ± 0.02 1.59 ± 0.02

a Sample of crude palm oil purified on silica gel column (see ‘‘Samples’’) and spiked with PP-3-MCPD
b Sample analyzed within the ‘‘BfR second collaborative study’’, expected level of bound 3-MCPD (expressed as 3-MCPD equivalent)

calculated on the basis of the average of the results obtained by all the laboratories participating to the ring test [10]

Table 3 Stability of the phenylboronic derivative of 3-MCPD stored

at room temperature (RT) for 0–7 days and at -20 �C for 0–60 days

3-MCPD equiv

found (mg/kg)

Storage conditions: RT time (days) 0 1 7

Refined oil 1 3.26 3.29 3.26

Storage conditions -20 �C time (days) 0 30 60

Refined oil 2 1.02 1.01 1.00
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gives the most accurate results. To a certain extent, this is

not surprising as diesters constitute the majority of

3-MCPD esters in samples of refined oils [11]. The results

obtained by using P-3-MCPD-d5 and free 3-MCPD-d5 as

internal standards were lower by 4–7 and 5–9%, respec-

tively. Similar, although more pronounced, differences

were reported in an earlier study focused on the evaluation

of an alkaline-catalyzed method [6], in which case those

differences were explained by the higher stability of the

diester compared to the free compound in alkaline media.

The reason for the differences in acid media is not clear,

nevertheless, it is reasonable to conclude that the deuter-

ated diester represents the most appropriate choice of

internal standard because of the structural similarity with

the native 3-MCPD esters.

Selectivity of the Method

Recent studies [6, 11] showed that variations of the con-

ditions of individual steps of the analytical procedure may

significantly affect the reliability of the results. Precursors

of 3-MCPD can react with chloride ions that are present in

the sample and be converted to 3-MCPD during sample

preparation, leading to the overestimation of the results. In

this study, the potential interference of chloride salts and

glycidyl esters was evaluated.

Interference of Chloride Salts

The use of sodium chloride (NaCl) as salting out reagent

for samples that underwent alkaline transesterification is

known to lead to the overestimation of the results, because

of the conversion of the glycidol formed during the alkaline

treatment to 3-MCPD [11]. On the other hand, the same

procedure applied to samples that underwent acid transe-

sterification does not have any impact on the results [6].

Nevertheless, it has been reported [8] that NaCl added to

the sample before acid transesterification results in signif-

icant ex-novo formation of 3-MCPD.

In this study, the aqueous solutions of two salts, NaCl

and tetrabutylammonium chloride (TBACl), were alterna-

tively added to the samples before acid transesterification.

In order to minimize the interference of water, the volume

of aqueous solution added was set to 10 lL. The final

concentration of chloride ions in the samples ranged from 0

to 85.5 mmol/kg. Three types of oils were tested: a fully

refined palm oil (rbdPO), a crude palm oil (cPO) and a

crude palm oil purified on silica gel column (Si-cPO). The

dependency of the 3-MCPD detected on the concentration

of NaCl added to the samples is shown in Fig. 2.

A linear dependency of the level of 3-MCPD formed on

the concentration of chloride ions was found for all the oil

types. cPO and Si-cPO give the same response, suggesting

that the ex-novo formation of 3-MCPD during sample

preparation is not dependent on the level of partial acyl-

glycerols and non-glyceride polar compounds (both of

which are removed by column chromatography on silica

gel) present in the sample. In fact, during acid transeste-

rification (methanolysis) the triacylglycerols are cleaved to

a relatively large amount of partial acylglycerols and

subsequently free glycerol. Most likely, in acid conditions,

these compounds react with the chlorides present in the

reaction mixture to give rise to 3-MCPD. The introduction

of increasing levels of NaCl in such a system promotes the

formation of 3-MCPD by moving the equilibrium of the

reaction towards the products and, thus, causing an over-

estimation of the actual levels of 3-MCPD in the original

sample. The higher response of rbdPO at increasing levels

of NaCl (the regression line shows a higher value for the

angular coefficient) can be possibly explained by the

presence of glycidol/glycidyl esters that form during

refining and may be partly converted to 3-MCPD under

these conditions (see ‘‘Interference of Glycidyl Esters’’).

The calculated relative molar conversion of chloride

ions to 3-MCPD is 0.04% for cPO/Si-cPO and 0.05%

for rbdPO. Considering that the typical concentration

of chloride ions in oil ranges between 0 (\LOD) and

Table 4 Quantification of the levels of bound 3-MCPD in two oil

samples (n = 3) by means of three different deuterated internal

standards (monopalmitate, dipalmitate and free 3-MCPD-d5)

Internal standard used 3-MCPD equiv found (mg/kg)

Refined palm oil Spiked palm oil

PP-3-MCPD-d5 3.95 ± 0.09 4.84 ± 0.16

P-3-MCPD-d5 3.70 ± 0.04 4.66 ± 0.05

3-MCPD-d5 3.61 ± 0.02 4.61 ± 0.05
y =0.4292x+0.1233

R2 =0.9997

y =0.0581x+4.1705

R2 =0.9998
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Fig. 2 Dependency of 3-MCPD formation on the concentration of

NaCl in samples of crude (filled circles) and fully refined (filled
triangles) palm oil. Results for crude palm oil treated on silica gel

column are not shown because of the overlap with the ones of crude

palm oil. All the analyses were carried out in duplicate
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10 mg/kg [12, 13], the overestimation of the results due to

the presence of chlorides in the samples does not seem to

be likely. On the other hand, samples spiked with chloride

salts for study purposes (several works [14, 15] applied

model systems where chloride ions were present at high

concentration in order to investigate the mechanism of

formation of 3-MCPD) cannot be analyzed according to

this protocol as such.

In order to prevent chloride ions from reacting and

forming additional 3-MCPD during sample preparation, the

analytical protocol was modified by the addition of a

liquid–liquid extraction step. A sample of rbdPO was dis-

solved in 1 mL of tetrahydrofuran containing the internal

standard (PP-3-MCPD-d5) and 10 lL of NaCl solution

(0–85.5 mmol Cl-/kg) was added. The resulting mixture

was extracted with 1 mL of demineralized water before

transesterification. The results (Fig. 3) clearly show that

the extraction step allows the complete removal of the

chloride ions which caused the overestimation.

In order to take into account possible solubility effects

of the chloride ions, the same set of samples was also

spiked with TBACl (highly soluble in tetrahydrofuran), at a

concentration equimolar to NaCl. As expected, the two

salts show very similar behaviour (Fig. 3). Also the

application of the water extraction prior to transesterifica-

tion gave the same results obtained for NaCl (data not

shown in the chart because of the overlap).

Interference of Glycidyl Esters

Glycidol and glycidyl esters are known to occur in refined

oils [16] and also known to be intermediates in the reaction

of decomposition of 3-MCPD [17]. As mentioned in

‘‘Interference of Chloride Salts’’, it has been shown that

glycidol can be converted to 3-MCPD in presence of

chloride ions in acid environment [8]. Nevertheless, it is

not known whether glycidol and glycidyl esters can convert

to 3-MCPD upon the conditions of acid transesterification.

Therefore, in this work, a sample of cPO (glycidol and

3-MCPD esters free) was spiked with 0–100 mg/kg

(0–0.32 mmol/kg) of glycidyl palmitate and analyzed

according to the standard protocol (see ‘‘Materials and

Methods’’). None of the samples showed a detectable level

of 3-MCPD (data not shown), which means that no con-

version of glycidol/glycidyl esters to 3-MCPD takes place

during sample preparation, probably also because of the

low (natural) level of chloride ions in the samples.

In order to confirm this hypothesis, a set of samples of

crude palm oil was spiked with both glycidyl palmitate

(Gly-P, 0–0.30 mmol/kg) and NaCl (0–85.5 mmol Cl-/

kg). The results are shown in Fig. 4.

As expected, the results show a linear dependency of the

3-MCPD formed on the concentration of chloride ions for

all levels of glycidyl palmitate. In addition, at each level of

NaCl, the concentration of glycidyl palmitate and 3-MCPD

are positively correlated (R2 ranges between 0.899 and

0.999 for the various NaCl levels). From these data, the

percentage of conversion of glycidyl palmitate into

3-MCPD was calculated for each level of NaCl (Table 5).

The conversion is very limited and can be considered

negligible when real samples are analyzed (the level of

chlorides in real samples is typically below 10 mg/kg).

Conclusions

Indirect methods for the analysis of bound 3-MCPD require

a complex sample preparation, with a number of chemical

transformations that may affect the results. In this study, an
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Fig. 3 Dependency of 3-MCPD formation on the concentration of

NaCl (filled triangles) and TBACl (filled squares) added to a sample

of fully refined palm oil and the same oil sample first spiked with

NaCl and then extracted with demineralized water before transeste-

rification (filled diamonds). All the analyses were carried out in

duplicate
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Fig. 4 Dependency of 3-MCPD formation on the concentration of

chloride ions in samples of crude palm oil (filled circles) and in

samples of the same oil spiked with 0.15 (filled squares) and 0.30

(filled triangles) mmol/kg of glycidyl palmitate. All the analyses were

carried out in duplicate
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improved acid-catalyzed method was critically reviewed.

The method shows good repeatability and accuracy. The

modifications incorporated make the overall procedure

more flexible and less time consuming, in particular, the

reduction of the time needed for the cleavage of the

3-MCPD esters from 16 to only 4 h. The use of deuterated

3-MCPD diester as internal standard is recommended over

deuterated free 3-MCPD because of its similarity to the

majority of the 3-MCPD esters in the real oil samples. The

addition of chloride ions to the oils led to the ex-novo

formation of 3-MCPD during transesterification. However,

the interference was found only for extremely high con-

centrations of chlorides (above one order of magnitude

higher than the typical concentration found in real sam-

ples). Moreover, the interfering effect of chlorides can be

easily eliminated by applying a single extraction of the oil

samples with water as first step of the sample preparation.

In conclusion, the presented method has been shown to be

reliable for the analysis of 3-MCPD esters in both real

samples of oils/fats and model systems containing high

concentrations of chloride ions.
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1. Velı́šek J, Davı́dek J, Kubelka V, Janı́ček G, Svobodová Z,
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Fettsäureester der Halogenpropandiole (Desoxyhalogen-glycer-

ide). J Prakt Chem 321:756–768

10. Federal Institute for Risk Assessment (2010) Second collabora-

tive study for the determination of 3-MCPD-fatty acid esters in

edible fats and oils, method validation and proficiency test, Final

Report

11. Weißhaar R, Perz R (2010) Fatty acid esters of glycidol in refined

fats and oils. Eur J Lipid Sci Technol 112:158–165
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