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a b s t r a c t

Fatty acids play critical roles in biological systems. Imbalances in fatty acids are related to a

variety of diseases, which makes the measurement of fatty acids in biological samples

important. Many analytical strategies have been developed to investigate fatty acids in

various biological samples. Due to the structural diversity of fatty acids, many factors need

to be considered when developing analytical methods including extraction methods,

derivatization methods, column selections, and internal standard selections. This review

focused on gas chromatography-mass spectrometry (GCeMS)-based methods. We

reviewed several commonly used fatty acid extraction approaches, including liquideliquid

extraction and solid-phase microextraction. Moreover, both acid and base derivatization

methods and other specially designed methods were comprehensively reviewed, and their

strengths and limitations were discussed. Having good separation efficiency is essential to

building an accurate and reliable GCeMS platform for fatty acid analysis. We reviewed the

separation performance of different columns and discussed the application of multidi-

mensional GC for improving separations. The selection of internal standards was also

discussed. In the final section, we introduced several biomedical studies that measured

fatty acid levels in different sample matrices and provided hints on the relationships be-

tween fatty acid imbalances and diseases.
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1. Introduction

Fatty acids are essential molecules in biological systems and

have several important biological functions, including being

constituents of cell membranes and regulating the activity of

enzymes and inflammatory processes. Studies have indicated

that imbalances in fatty acids are associated with a wide va-

riety of diseases, such as inflammation [1e3], cardiovascular

disease [4e6], tumorigenesis [7e10] and Alzheimer’s disease

[11,12]. As fatty acids play critical roles in biological systems,

many studies have analyzed fatty acids in various biological

samples, such as plasma, skin, urine, and tissue samples,

using a variety of analytical strategies [13e16].

Fatty acids are carboxylic acids with either saturated or

unsaturated aliphatic chains. They can be divided into four

groups, namely, short-chain fatty acids (<C6), medium-chain

fatty acids (C6eC12), long-chain fatty acids (C13eC21) and

very-long-chain fatty acids (�C22), according to the chain

length. In addition, fatty acids may contain different numbers

of double bonds in their aliphatic chain at different positions,

which results in large families of isomeric fatty acids, e.g.,

geometric isomers and structural isomers. In biological sys-

tems, although fatty acids can be present in their free fatty

acid (FFA) forms, they most often exist in bound forms, such

as cholesterol and phospholipids. The total fatty acids

included FFAs and bound fatty acids. Analytical tools,

including gas-chromatography mass spectrometry (GCeMS),

gas-chromatography with flame ionization detection (GC-

FID), and liquid-chromatography mass spectrometry (LC-MS),

have been used to perform fatty acid analyses [10,17,18]. LC-

MS methods for fatty acid analysis showed some disadvan-

tages such as larger solvent consumption and lower selec-

tivity [19,20]. Compared to GC-FID, GCeMS could providemore

structural information [21,22]. Moreover, GCeMS has well-

established databases for FA identification with higher effi-

ciency and better selectivity compared to GC-FID. As a result,

GCeMS is the most frequently used method for fatty acid

analysis. This article reviewed the GC-MS-based methods

used for fatty acid analysis in terms of their sample prepara-

tion methods, column selection, and recent applications in

biomedical studies.

2. Sample preparation

2.1. Extraction methods

Generally, GC-MS-based analytical methods for fatty acid

analysis included three steps: (1) extraction of the fatty acids

from the sample matrix, (2) derivatization of the fatty acids,

and (3) GCeMS analysis. There are various well-established

extraction protocols, and generally, these extraction methods

could be applied to different types of samples; however, to

achieve the best performance for specific target analytes, some

method optimization is required. Sincemany parameters such

as instrumental settings would affect the method perfor-

mance, we did not provide quantitative comparison for

different extraction methods. In the following section, we

briefly introduce the frequently used extraction methods.

2.1.1. Liquideliquid extraction
Liquideliquid extraction methods are frequently used in fatty

acid analysis using different combinations of organic sol-

vents. Themostwell-known liquid-based fatty acid extraction

methods adopted in biomedical fields are those proposed by

Folch et al. [23] and Bligh andDyer [24]. Folch used amixture of

chloroform and methanol at a ratio of 2:1 (v/v) as the extrac-

tion solvent and a final volume of 20 times the volume of the

tissue sample (1 g in 20 mL of solvent mixture). Then, water or

a salt solution (e.g., 0.9% NaCl solution) was added to cause

phase separation. The lower phasewas then collected for fatty

acid analysis. Folch extraction is considered the gold standard

method for lipid extraction. The method described by Bligh

and Dyer is also widely used in fatty acid analysis, and it was

first developed as an extraction approach for determining the

total lipid content in fish muscle. This method is usually

applied to biological samples (e.g., tissue and blood) that

contains ~80% water in the sample, and used chloroform/

methanol/water for extraction to achieve a final ratio with

chloroform/methanol/water 2:2:1.8. This method offers the

advantage of low solvent consumption while still providing

high recovery. However, using chloroform as part of the

extraction solvent is a concern due to its high toxicity, making

this method poorly suited for large-scale applications [25].

Therefore, other extraction solvents have been used to replace

chloroform [24,26]. For example, one study proposed the use

of methyl-tert-butyl ether (MTBE), and they claimed that this

method provided faster and cleaner lipid extraction [27]. The

overall recoveries achieved by MTBE method were 90e98%,

which is similar to Folch method. The only one exception was

phosphatidylinositol (PI) standard which showed higher re-

covery by MTBE. In addition, Hara and Radin have proposed a

lipid extraction approach using the low toxicity solvents

hexane and isopropanol [28]. This approach was applied to

both plasma and erythrocytes samples, and was shown to

provide higher extraction recovery for total FA compared to

the Bligh and Dyermethod,moreover, the sample preparation

time of this method is comparatively shorter whichmade this

method be more efficient [29,30]. Another chloroform free

lipid extraction method, butanol:methanol (BUME) method,

was also used for extracting FA. This method included an

initial one-phase extraction with 300 mL butanol:methanol

(3:1) mixture followed by a two-phase extraction with 300 mL

heptane:ethyl acetate (3:1) and 300 mL 1% acetic acid [31]. Since

BUME did not use chloroform for extraction, this method is

more environment-friendly and also less toxic. If there is a

specific requirement to analyze FFAs from biological samples,

further isolation procedures (e.g., lipid fractionation) or a

specific extraction approach may be necessary [32]. For

example, Han et al. used both potassium hydroxide/methanol

and hexane to separately extract esterified fatty acids and

FFAs from plasma samples [33]. This approach could be used

to determine both FFAs and esterified fatty acids with a small

volume of samples. Alternatively, FFAs could be specifically

isolated using a solid-phase extraction (SPE) approach (with

aminopropyl-silica cartridges) or solid-phase microextraction

(SPME), which are introduced in the following section [34].

Some studies have applied an additional saponification step

after lipid extraction to separate FA from other lipids by
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cleaving the ester bond between the fatty acid moiety and the

glycerol part [35,36].

To improve extraction speed or reduce solvent consump-

tion, somemodified approaches have been proposed. Liu et al.

used ultrasonic-assisted extraction (UAE) to extract fatty acids

from tissue samples [37]. They evaluated their extraction

procedure in the extraction of 16 FFAs from liver samples.

They optimized the parameters of extraction time, extractant

volume and ultrasound power level. The recoveries of this

method ranged from 87 to 120%, and their results indicated

that this method was comparable to conventional

liquideliquid extraction method but with the advantage of

being more environmentally friendly due to the lower solvent

consumption. The microwave-assisted extraction (MAE)

approach has the advantages of being fast and robust and

consuming a small amount of solvent. Several studies have

used MAE to extract fatty acids from biological samples

[38e40]. Costa et al. developed and validated an MAE method

for lipid extraction from fish samples [40]. Their result showed

that the contents of each fatty acid and the total lipid contents

were similar between Folch and MAE method. They indicated

that compared to the Folch method, MAE is a relatively fast

and robust technique with lower solvent consumption.

Although there were some concerns about the stability of the

fatty acids during microwave treatment, their results indi-

cated that there were no significant differences in the con-

tents of any of the fatty acids between the Folch extraction

method and MAE method.

2.1.2. Solid-phase microextraction
Solid-phase microextraction (SPME) has been used to extract

FFAs since 1995 [41]. SPME is a fast, simple and solvent-free

sample preparation approach. Fiorini et al. improved the ef-

ficacy of headspace SPME by using a salting out system, and

this method could measure both short-chain and medium-

chain fatty acids in the free form [42]. Sodium chloride

(NaCl) and sodium sulfate (Na2SO4) are commonly used

salting-out reagents in SPME systems. Fiorini et al. used a

combination of (NH4)2SO4/NaH2PO4 as the salting-out reagent

to improve the recovery for SPME. They used both biological

samples (rat feces) and food samples (cheese and wine) to

prove the applicability of the method and demonstrated the

improvement in sensitivity.

2.2. Derivatization methods

Derivatization is usually necessary for fatty acid analysis by

GCeMS, especially for fatty acids with carbon numbers larger

than 10. Fatty acids are commonly derivatized to form fatty

acid methyl esters (FAMEs), which are then detected by

GCeMS. In this section,we introduced themethods frequently

used for fatty acid derivatization. Generally, acid derivatiza-

tion methods can be applied to total fatty acids (including FFA

and esterified fatty acids); however, basic derivatization

methods are limited to esterified fatty acids [43].

2.2.1. Acid derivatization methods
The commonly used acid derivatization reagents are hydro-

chloric acid (HCl), acetyl chloride (CH3COCl), sulfuric acid

(H2SO4), and boron trifluoride (BF3). HCl derivatization is one of

themost commonly used fatty acid analysis methods because

of its operational simplicity [44,45]. In HCl derivatization,

methanolic HCl is added to the dried lipid extract, and the

solution is heated for a certain period. However, due to the

solubility of certain lipids in methanolic HCl, the addition of a

second solvent before the derivatization step may be neces-

sary [44]. The acetyl chloride derivatization method was

introduced in 1986 [46e48]. When using this method, acetyl

chloride is added to the sample containing methanol, and the

sample is generally heated at 95e100 �C for 60 min. After

derivatization, the samples are neutralized, and the FAMEs

are extracted with an organic solvent for further GC analysis.

Some potential problems and safety issues may need to be

considered when using the acetyl chloride derivatization

method. For example, acetyl chloride derivatization is an

exothermic reaction, causing the sample spill out of the vial,

which could be dangerous. In addition, some polyunsaturated

fatty acids (PUFAs) are relatively unstable at the high tem-

peratures required for derivatization, which could lead to

inaccurate quantification results [49]. The H2SO4 derivatiza-

tionmethod has also beenwidely used for the analysis of fatty

acids in biological samples [50,51]. The reaction procedure is

similar to that of other derivatizationmethods. Because H2SO4

is a strong oxidizing agent, this method is not recommended

for PUFA analysis [52]. The BF3 derivatizationmethodhas been

used for fatty acid analysis for the last several decades, and it

is now widely used for derivatizing various biological samples

[53e55]. This protocol has the advantage of a short reaction

time, and previous studies have shown that after adding the

BF3-methanol reagent, the reaction could be completedwithin

10 min. When using the BF3 derivatization method, the lipid

extract is first dissolved in an organic solvent. Generally, the

derivatization is performed by adding BF3-methanol reagent

(14%, w/v) and heating at 80e100 �C for 45e60min. Finally, the

FAMEs are extracted with an organic solvent and analyzed by

GC. Although the BF3method provides efficient derivatization,

its instability and the formation of artifacts have been sub-

jects of concern in several studies [56e58]. To summarize,

acidic derivatization approaches are commonly used for bio-

logical samples and have many advantages; however, the

potential for altering the isomer distribution of the conjugated

system remains a concern [57,59]. Stability evaluations for

each fatty acid are suggested prior to the application of these

techniques in biomedical analysis. Moreover, some of the

artifact formation during acid derivatization could be reduced

by avoiding using high reaction temperatures or amounts of

derivatization reagent, or adding some dimethyl sulfoxide

(DMSO) or dimethylformamide (DMF) during the reaction

[60e62].

In addition to being derivatized after lipid extraction, the

HCl, acetyl chloride, H2SO4 and BF3 derivatization methods

could also be used for one-step extraction-derivatization

approach [46,63e65]. Previous study has investigated the ef-

ficiencies of direct derivatization and conventional derivati-

zation procedures, including the extraction of the lipids by the

Folch method followed by derivatization. The results showed

that similar FAME profiles were obtained from the two ap-

proaches. Moreover, a higher recovery of the total FAMEs was
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achieved in the one-step approach [63]. This direct derivati-

zation, which bypassed the extraction steps, is especially

beneficial for large sample analyses in many clinical studies.

2.2.2. Basic derivatization methods
Basic derivatization methods offer the advantages of short

derivatization times, no double bond isomerization issue,

easy operation and uses less aggressive reagents, however,

they are not suitable for derivatizing FFAs [57,59,66e68]. The

sodium methoxide (NaOCH3) derivatization method has been

used in several studies [69,70]. Typically, 0.5 M NaOCH3 in

anhydrous methanol is added to the lipid extract, and the

solution is reacted at 45 �C for 5 min. NaHSO4 (15%) is then

added to neutralize the mixture. Finally, the FAMEs are

extracted with an organic solvent and analyzed by GC. Po-

tassium hydroxide (KOH) can also be used in basic derivati-

zationmethods. The protocol is quite simple, and the reaction

time is quite short [71]. When using KOH, methanolic KOH

(2 mol/L) is added to the lipid extract, and the mixture is

incubated at room temperature or heated to 50 �C for a few

minutes for fatty acid derivatization. Then, sodiumbisulfate is

added, and the supernatant is collected and analyzed by GC

[72].

2.2.3. Other derivatization methods
In addition to acid and basic derivatization methods, other

derivatization strategies have also been proposed. Trime-

thylsulfonium hydroxide (TMSH) allows rapid derivatization

in only one step without any further extraction and shows the

ability to reduce the artifact compared to the acidic derivati-

zation method [73,74]. This method has been used to investi-

gate the fatty acid profiles of neutral lipids, FFAs and

phospholipids in human plasma [75]. Due to the simplified

protocol, this method was useful for large batch analysis, but

the limit of the TMSHmethod is the insufficient derivatization

efficiency for PUFA [74,76]. For studies specifically interested

in free fatty acids, pentafluorobenzyl bromide (PFBeBr) is

recommended. This method converts fatty acids into halo-

genated derivatives, which can be easily detected by negative

chemical ionization (NCI) GCeMS [77]. The PFB-Br derivatiza-

tion method was first introduced by Kawahara in 1968 and

was specifically used for FFA analysis [78]. Briefly, a mixture

containing PFB-Br andN,N-diisopropylethylamine (DIPEA) at a

ratio of 1:1 is added to dried lipid extract. The derivatization is

performed at room temperature for 15e30 min and produces

the pentafluorobenzyl esters of fatty acids (PFBeFAs) [79].

Since numerous derivatization methods can be used for

fatty acid analysis, it is better to understand the pros and cons

of each method and to consider the limitations of the

methods. In addition, the derivatization conditions can be

optimized to meet the needs of a specific application. Oster-

mann et al. compared different fatty acid derivatization

methods, including TMSH derivatization, BF3 derivatization,

HCl derivatization, KOH derivatization, combined NaOH þ BF3
derivatization, and direct TMSH derivatization, with plasma

and tissue samples as well as fatty acid standards. The stan-

dards they used included saturated/unsaturated FFAs, phos-

phatidylcholine (PC), cholesterol ester (CE) and

triacylglycerols (TG) [72]. Their results indicated that each

method has its own limitations; for example, derivatization

with KOH has good efficiency for the fatty acids in PC and TG

but failed to derivatize the FFAs and fatty acids in CE. The

results of their comparison using plasma samples suggested

that MTBE/methanol extraction followed by HCl derivatiza-

tion was good for all the tested lipid classes. Our group also

compared different derivatization methods, including HCl

derivatization, H2SO4 derivatization, BF3 derivatization, acetyl

chloride derivatization, and sodiummethoxide derivatization,

for the analysis of fatty acids in human plasm samples [80].

Our results showed that acetyl chloride derivatization has

high derivatization efficiency and the lowest cost. We vali-

dated this method and then applied it to the investigation of

potential breast cancer biomarkers in plasma samples. The

results indicated that acetyl chloride derivatization provided

the advantages of good accuracy and precision, which is

important for clinical sample analysis [80]. In addition, we

used a modified acetyl chloride derivatization method to

achieve differential labeling by derivatization with unlabeled

(D0) or deuterated (D3) methanol of pooled control and pooled

test samples. Thismethod allows the efficient and economical

comparative analysis of fatty acids [81]. Selected fatty acid

derivatization methods and their reaction conditions are lis-

ted in Table 1 [10,13,22,33,36,44,46,47,50,69,70,75,79,82e99].

3. GC column selection

A suitable column with good separation is essential for

analyzing isomeric mixtures of fatty acids. Many columns

have been demonstrated to be effective for separating fatty

acids with different chain lengths, degrees of saturation,

double bond locations, and cis or trans isomers. High-polarity

columns such as HP-88 column (88% - cyanopropyl aryl-pol-

ysiloxane), DB-FFAP column (nitroterephthalic acid-modified

polyethylene glycol) and SLB-IL series columns (ionic liquids)

are commonly used for fatty acid analysis in biological sam-

ples [46,100,101]. Previous studies have indicated that ionic

liquid (IL) columns provide better selectivity than wax or

cyanopropylsiloxane columns for FAME mixtures. Moreover,

IL columns can separate geometric and positional fatty acid

isomers [102,103]. Zeng et al. characterized the FAME reten-

tion behaviors of various IL columns. They compared IL col-

umns including SLB-IL59, SLB-IL60, SLB-IL61, SLB-76, SLB-82,

SLB-100 and SLB-IL111 as well as a SLB-5ms. The total ion

chromatograms of C18 to C24 obtained from the different

columns are shown in Fig. 1, and the peak details are listed in

Table 2 [104] (Fig. 1 and Table 2 were adapted from Ref. [104]).

Several FAME geometric isomers, such as C18:2n6t and

C18:2n6c, could not be separated by a nonpolar column (SLB-

5ms), while better resolutions could be obtained on ionic se-

ries columns. In addition, imidazolium-based SLB-IL82, SLB-

IL100, and SLB-IL111 columns provided better resolution of

cis and trans isomers than phosphonium-based SLB-IL59, SLB-

IL60, SLB-IL61 and SLB-IL76 columns, which is consistent with

a previous report that IL columnswith an imidazolium instead

of a tripropylphosphonium moiety formed stronger in-

teractions with polar compounds, resulting in better selec-

tivity [104,105]. Weatherly et al. also compared several IL

columns. For the cis and trans separation, they used C18:2 as a

test standard, their result was similar to previous studies
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Table 1 e Selected fatty acid derivatization methods and their reaction conditions.

Derivatization
method

Sample
type

Analyte Reaction condition Reference

Hydrochloride blood C14:0, C16:0,C16:1, C18:0, C18:1, C18:2 n-6, C18:3 n-3, C18:4 n-3, C20:1, C20:4 n-6, C20:4

n-3, C20:5 n-3, C22:1, C21:5 n-3, C22:5 n-3, C22:6 n-3

45 �C for 16 h [44]

Hydrochloride plasma C14:0, C16:0, C16:1, C17:0, C18:0, C18:1, C18:2, C18:3, C20:4, C20:5, C22:5, C22:6 80 �C overnight [82]

Hydrochloride plasma C14:0, C16:0, C16:1, C18:0, C18:1, C18:2, C18:3, C20:0, C20:4, C20:5, C22:0, C22:6, C24:0,

C24:1

85 �C for 45 min [83]

Acetylchloride plasma C14:0, C14:1, C16:0, C16:1 n-7, C18:0, C18:1 n-7, C18:1 n-9, C18:2 n-6, C18:3 n-6, C18:3 n-

3, C20:0, C20:1 n-9, C20:2 n-6, C20:3 n-6, C20:4 n-6, C20:5 n-3, C22:0, C22:4 n-6, C22:5 n-

6, C22:5 n-3, C22:6 n-3, C24:0, C24: 1n9

100 �C for 1 h [46]

Acetylchloride plasma/fecal/bile C12:0, C14:0, C14:1 (n-5), C15:0, C16:0,C16:1 (n-7), C17:0, C18:0, C18:1 (n-9), C18:2 (n-6),

C18:3 (n-3), C20:0, C20:1 (n-9), C20:2 (n-6), C20:3 (n-6), C20:4 (n-6), C22:0, C22:1 (n-9),

C22:4 (n-6), C22:5 (n-6), C22:6 (n-3), C24:0, C24:1 (n-9), C26:0

100 �C for 1 h [47]

Acetylchloride plasma/cell

homogenate

C8:0, C10:0, C11:0, C12:0, C13:0, C14:0, C14:1, C15:0, C15:1, C16:0, C16:1 (n�7), C17:0,

C17:1, C18:0, C18:1 (n�7), C18:1 (n�9), C18:1 (n�9), C18:2 (n�6), C18:2 (n�6), C18:3

(n�6), C18:3 (n�3), C20:0, C20:1 (n�9), C20:2 (n�6), C20:3 (n�6), C20:3 (n�3), C20:4

(n�6), C20:4 (n�3), C20:5 (n�3), C21:0, C22:0, C22:1 (n�9), C22:2 (n�6), C22:4 (n�6),

C22:5 (n�3), C22:6 (n�3), C23:0, C24:0, C24:1 (n�9), C25:0, C26:0, C28:0

95 �C for 1 h [22]

Acetylchloride plasma FFA C12:0, C16:0, C16:1-c9, C17:0, C18:0, C18:1 (n-9), C18:2 (n-6), C18:3 (n-3), C20:0,

C20:4 (n-6), C22:0, C24:0

overnight at 20 �C [13]

Acetylchloride plasma C14:0, C15:0, C16:0, C16:1, C18:0, C18:1, C18:2, C18:3, C20:3, C20:4, C22:6, C24:0, C24:1 100 �C for 1 h [84]

Acetylchloride dried blood spots C8:0, C10:0, C10:1, C14:1, 45 min at room temperature. [85]

Acetylchloride plasma C14:0, C16:0, C18:0, C20:0, C22:0, C24:0, C26:0, C14:1n-5, C16:1n-7, C18:1n-7, C18:1n-9,

C20:1n-9, C22:1n-9, C24:1n-9, C18:2n-6, C18:3n-6, C20:2n-6, C20:3n-6, C20:4n-6,

C22:2n-6, C22:4n-6, C22:5n-6, C18:3n-3, C20:3n-3, C20:5n-3, C22:5n-3, C22:6n-3,

C20:3n-9, C18:1n-9t, C18:2n-6t, C16:1n-7t, C16:1n-9, 9c11t-CLA

100 �C for 1 h [86]

Sulfuric acid plasma C10:0, C12:0, C14:0, C14:1, C16:0, C16:1n-9, C18:0, C18:1 n-9, C18: 1n-11, C18:2 n-6,

C18:3 n-3, C20:0, C20:1, C20:4 n-6, C20:5 n-3, C22:0, C22: 5 n-3, C22:6 n �3, C24:0

50 �C for 15 min [50]

Sulfuric acid serum C14:0, C16:0, C16:1, C18:0, C18:1, C18:2, g-C18:3, C20:2, C20:4, C20:5, C22:5, C22:6,

C24:0, C24:1

62 �C for 2 h [87]

Sulfuric acid plasma FFA: C12:0, C14:0, C15:0, C16:0, C16:1n-9, C16:1n-7, C18:0, C18:1n-7, C18:1n-9, C18:2,

C18:3n-3, C18:3n-6, C20:0, C20:3, C20:4, C20:5, C22:4, C22:5, C22:6, C24:0

70 �C for 30 min [88]

Sulfuric acid serum C14:0, C16:0, C16:1, C18:0, C18:1, C18:2, g-C18:3, C18:3, C20:2, C20:4, C20:5, C22:5,

C22:6, C24:0, C24:1

62 �C for 2 h [89]

Sulfuric acid serum C12:0, C14:0, C16:0, C16:1n9 þ C16:1n7, C17:0, C17:1n10, C18:0, C18:1n9t, C18:1n9c,

C18:1n7, t9, t12 C18:2, c9, t12 C18:2, t9, c12 C18:2, c9, c12 C18:2, t9,t12, t15 C18:3, t9,t12,

c15 C18:3 þ t9,c12, t15 C18:3, c9,t12, t15 C18:3 þ c9,c12, t15 C18:3, c9,t12, c15 C18:3,

t9,c12, c15 C18:3, c9,c12, c15 C18:3, C20:0, C20:1n9, C20:2n6, C20:3n6, C22:0, C20:4n6,

C22:2n6, C20:5n3, C22:4n6, C22:5n3, C26:0, C22:6n3

70 �C for 30 min [90]

Sulfuric acid plasma C10:0, C12:0, C14:0, C16:1n-9, C16:0, C18:2, C18:1n-9, C18:1n-11, C18:0, C20:4, C20:5,

C20:3, C20:2, C20:0, C22:6

70 �C for 30 min [33]

Sulfuric acid serum C12:0, C14:0, C16:0, C16:1, C18:0, C18:1, C18:2,g-C �18:3, C18:3, C20:2, C20:4, C20:5,

C22:4, C22:5, C22:6, C24:0, C24:1

62 �C for 2 h [10]

Sulfuric acid plasma C14:0, C16:0, C16:1, C17:0, C18:0, C18:1, C18:2, C18:3, C20:3, C20:4, C21:0, C22:6, C23:0 50 �C for 18 h [91]

Boron trifluoride tissue C16:0, C18:0, C18:1, C18:2, C20:4, C22:5, C22:6 90e110 �C for 1 h [92]
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Boron trifluoride plasma C10:0, C12:0, C13:0, C14:0, C15:0, C16:0, C16:1, C17:0, C17:1, C18:0, C18:1n9t, C18:1n9c,

C18:2n6t, C18:2n6c, C18:3n6, C18:3n3, C20:0, C20:1, C20:2, C20:3n6, C20:4n6, C20:5n3,

C22:0, C22:1n9, C22:4, C22:5n6, C22:5n3, C22:6n3, C23:0, C24:0, C24:1

75 �C for 45 min [93]

Boron trifluoride plasma C14:0, C15:0, C16:0, C16:1n-7, C17:0, C18:0, C18:1n-9, C18:2n-6, C18:3n-3, C20:0,

C20:1n-9, C20:2n-6, C20:3n-6, C20:4n-6, C20:5n-3, C22:0, C22:1n-9, C22:4n-6, C22:5n-3,

C22:6n-3, C24:0, C24:1n-9

100 �C for 1 h [94]

Boron trifluoride plasma C20:5n-3, C22:5n-3, C22:6n-3, C20:4n-6 100 �C for 10 min [36]

Sodium methoxide plasma C14:0, C16:0, C16:1n-7, C17:0, C18:0, C18:1n-7, C18:1n-9, C18:2n-6, C18:3n-6, C18:3n-3,

C20:0, C20:1n-9, C20:2n-6, C20:3n-6, C20:3n-9, C20:4n-6, C20:5n-3, C22:0, C22:4n-6,

C22:5n-6, C22:5n-3, C22:6n-3, C24:0, C24:1n-9

room temperature for 3 min [69]

Sodium methoxide plasma C14:0, C16:0, C16:1n-7, C18:0, C18:1n-7, C18:1n-9, C18:2n-6, C18:3n-6, C18:3n-3,

C20:3n-6, C20:4n-6, C20:5n-3, C22:5n-3, C22:6n-3

45 �C for 5 min [70]

Potassium hydroxide blood C14:0, C15:0, C16:0, C16:1, C17:0, C17:1, C18:0, C18:1n9c, C18:1n9t, C18:2n6, C18:3n6,

C20:0, C20:1, C20:2, C20:3n3, C20:4n6, C22:6n3

50 �C for 20 min [96]

Potassium hydroxide plasma C12:0, C14:0, C15:0, C16:0, C16:1n-9, C16:1n-7, C18:0, C18:1n-7, C18:1n-9, C18:2,

C18:3n-3, C18:3n-6, C20:0, C20:3, C20:4, C20:5, C22:4, C22:5, C22:6, C24:0

room temperature for 10 min [88]

Potassium hydroxide serum C12:0, C14:0, C16:0, C16:1n9 þ C16:1n7, C17:0, C17:1n10, C18:0, C18:1n9t, C18:1n9c,

C18:1n7, t9, t12 C18:2, c9, t12 C18:2, t9, c12 C18:2, c9, c12 C18:2, t9,t12, t15 C18:3, t9,t12,

c15 C18:3 þ t9,c12, t15 C18:3, c9,t12, t15 C18:3 þ c9,c12, t15 C18:3, c9,t12, c15 C18:3,

t9,c12, c15 C18:3, c9,c12, c15 C18:3, C20:0, C20:1n9, C20:2n6, C20:3n6, C22:0, C20:4n6,

C22:2n6, C20:5n3, C22:4n6, C22:5n3, C26:0, C22:6n3

room temperature for 10 min [90]

Trimethylsulfonium hydroxide plasma C8:0, C10:0, C12:0, C13:0, C14:0, C14:1, C15:0, C16:0, C16:1, C17:0, C18:0, C18:1, C18:2,

C18:3, C20:1, C20:2, C20:3, C20:4, C20:5, C22:5, C22:6

room temperature for 2 min [75]

Pentafluorobenzyl bromide salivary C12:0, C14:0, C14:1, C15:0, C15:1, C16:0, C16:1, C17:0, C17:1, C18:0, C18:1, C18:2, C19:0,

C20:0, C20:3, C20:4, C22:0

room temperature for 30 min [79]

Pentafluorobenzyl bromide plasma/serum/red blood cells C14:0, C14:1n-5, C16:0, C16:1n-7, C16:1n-7t, C18:0, C18:1n-7, C18:1n-7t, C18:1n-9,

C18:1n-9t, C18:2n-6,9, C18:2n-6t,9t, C18:3n-3,6,9, C18:3n-6,9,12, C20:0, C20:1n-9,

C20:2n-6,9, C20:3n-6,9,12, C20:4n-6,9,12,15, C20:5n-3,6,9,12,15, C22:0, C22:4n-

6,9,12,15, C22:5n-6,9,12,15,18, C22:5n-3,6,9,12,15, C22:6n-3,6,9,12,15,18, C24:0, C24:1n9

room temperature for 15 min [97]

Pentafluorobenzyl bromide. plasma C12:0, C14:0, C16:0, C16:1u7, C16:1u9, C18:0, C18:1u7, C18:1u9, C18:2u6, C18:3u3,

C18:3u6, C20:0, C20:3u6, C20:3u9, C20:4u6, C20:5u3, C22:1u9, C22:4u6, C22:5u3,

C22:5u6, C22:6u3, C24: 1u9

room temperature for 30 min [98]

Pentafluorobenzyl bromide. plasma C18:3n-3, C20:5n-3, C22:5n-3, C22:6n-3 60 �C for 12 min [99]
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Fig. 1 e A comparison of the separation performances of different columns. Total ion chromatograms of the C18 to C24

region by using (A) 5 m s (B) IL59 (C) IL60 (D) IL61 (E) IL76 (F) IL82 (G) IL100, and (H) IL111 columns (This figure is reprinted

from Ref. [104] with permission.)
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show that the cis and trans isomer of C18:2 could be baseline

separated on SLB-IL 59 and SLB-IL60. Moreover, this study

included SLB-IL 65 and SLB-IL 111 aswell; in the four evaluated

SLB-IL columns (SLB-IL 59, SLB-IL 60, SLB-IL 65, and SLB-IL 111)

only SLB-IL 65 failed to separate the C18:2 isomer [106]. To

summarize, high-polarity columns such as HP-88 column and

DB-FFAP column are capable to separate fatty acids with

different carbon chain length. Ionic liquid series columns

(especially SLB-IL82, SLB-IL 110, SLB-IL111) are especially

useful for separating fatty acid isomers.

3.1. Multidimensional GC

Multidimensional GC (MDGC) approaches, such as two-

dimensional GC (GC✕GC) and heart-cut MDGC, have recently

attracted substantial interest. MDGC could provide greater

resolving power and enhance peak capacity and sensitivity.

The GC✕GC technique has been used for determining fatty

acid components in several types of samples, including

cultured mammalian cells, animal tissue samples and lanolin

[35,107,108]. Zeng et al. demonstrated an integrated GC system

incorporating GC✕GC and MDGC for analyzing fatty acids in

fish oil and dairymilk fat samples [109]. They applied different

IL columns using MDGC to increase the number of isomeric

compounds identified. Compared to conventional 1D GC sys-

tems, this approach could provide more reliable data with a

relatively shorter analysis time. Payeur et al. used GC✕GC

system to identify fatty acid composition in insulin secreting

cells, and their results show that this system could largely

increase the number of identified fatty acids [35]. To sum-

marize, MDGC strategies have many advantages such as

shorter analytical time and improved separation which could

additional facilitate FA identification It is anticipated that

these techniques would be beneficial for fatty acid profiling in

complex biological samples.

4. Fatty acid internal standards

To acquire accurate and precise quantification results, inter-

nal standards are commonly used in biomedical analysis.

Since fatty acids are diverse compounds, using stable isotope

internal standards for each analyte is not cost effective and

the relevant compounds may not even be commercial avail-

able. In previous studies, fatty acids with an odd number of

carbons (such as C13:0, C17:0, C19:0 and C23:0) were

frequently applied as the internal standards [37,48,76,110].

These fatty acids are not endogenous compounds and thus

could be added during the sample preparation steps and used

to correct potential variations in the experiments.

5. Fatty acid analysis in biological samples

Fatty acids play important roles in many biological systems.

Many studies have analyzed the fatty acid levels in various

biological samples, such as plasma, red blood cells, sweat, and

saliva. In the following section, we discuss several previous

studies that measured fatty acid levels in different types of

sample matrices, and list several dysregulated fatty acids in

different biological samples and the corresponding diseases in

Table 3.

5.1. Plasma samples

Plasma is themost frequently used sample type in biomedical

studies on fatty acids. Abdelmagid et al. analyzed 61 different

kinds of fatty acids in a large cohort (n¼ 826), and their results

provide foundational knowledge regarding a broad panel of

circulating fatty acids, which may be helpful for further fatty

acid-related biomedical studies [111]. Previous studies have

Table 2 e List of the peaks illustrated in Fig. 1 (This table is reprinted from ref. [104] with permission.)

Peak no. FAME compounds Abbreviations

1 Stearic acid C18:0

2 Elaidic acid t9-C18:1

3 Oleic acid c9-C18:1

4 Linolelaidic acid t9,t12-C18:2

5 Linoleic acid c9, c12-C18:2

6 g-Linolenic acid c6,c9,c12-C18:3

7 a-Linolenic acid c9,c12,c15-C18:3

8 Arachidic acid C20:0

9 cis-11-Eicosenoic acid c11-C20:1

10 cis-11,14-Eicosadienoic acid c11,c14-C20:2

11 cis-8,11,14-Eicosatrienoic acid c8,c11,c14-C20:3

12 cis-11,14,17-Eicosatrienoic acid c11,c14,c17-C20:3

13 Arachidonic acid (AA) c5,c8,c11, c14-C20:4

14 cis-5,8,11,14,17-Eicosapentaenoic acid (EPA) EPA

15 Heneicosanoic acid C21:0

16 Behenic acid C22:0

17 Erucic acid c13-C22:1

18 cis-13,16-Docosadienoic acid c13,c16-C22:2

19 cis-4,7,10,13,16,19-Docosahexaenoic (DHA) DHA

20 Tricosanoic acid C23:0

21 Lignoceric acid C24:0

22 Nervonic acid c15-C24:1
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discovered that fatty acid levels in plasma are closely related

to many diseases, such as metabolic syndromes, several

chronic diseases, Alzheimer’s disease, and cancer. In Table 3,

although various biological samples have been used to study

the relationship between dysregulated fatty acids and the

disease, plasma is still the most commonly used biological

sample. Table 3 summarizes the dysregulated fatty acids in

plasma/serum/blood samples and the corresponding diseases

[8,10,11,33,80,87e89,96,112e130]. Jordi et al. showed that

relative to healthy controls, higher levels of C14:0, C16:0, and

C16:1n-7 and lower levels of C18:2n-6 were observed in people

with metabolic syndromes [112]. Lv et al. indicated that the

concentrations of C14:0, C16:0, C18:0, C18:2, C18:3 and C20:5

were significantly different between breast cancer patients

and healthy controls [10].

5.2. Red blood cell (RBC) samples

Recently, many studies have investigated the fatty acid pro-

files of red blood cells [131e134]. Compared to plasma sam-

ples, the fatty acid compositions of red blood cell membranes

could reflect longer-term (up to 2e3 month) dietary intake

[135e137]. It has been found that the fatty acid profiles of red

blood cells are related to inflammation and several mental

diseases, such as schizophrenia and autism spectrum disor-

ders. Fontes et al. observed modest inverse associations be-

tween the levels of omega-3 fatty acid in the RBCs and several

inflammatory biomarkers [132]. Many studies have observed

the depletion of polyunsaturated fatty acids (PUFA) in eryth-

rocytes of schizophrenia patients [138,139]. Hoen et al. per-

formed a meta-analysis on the relationship between the

Table 3 e Selected examples of dysregulated fatty acids in biological samples and the associated diseases.

Disease Dysregulated fatty acid Sample Reference

Breast cancer C14:0, C16:0, C18:0, C18:2, C18:3 C20:5 serum [10]

Breast cancer C16:0, C18:0, C18:1n9c, C18:2n6, C20:0, C20:4n6, C22:0, C22:6n3, C24:0,

C24:1n9

plasma [80]

Breast cancer C14:0, C17:0, C18:1, C20:0 serum [113]

Breast cancer C18:2w6, C18:1n-7 serum [114]

Prostate cancer long-chain u-3 polyunsaturated fatty acids (20:5u3; 22:5u3; 22:6u3) plasma [115]

Prostate cancer C16:1n-7 blood [116]

Colorectal cancer PUFAs plasma [117]

Colorectal cancer PUFAs, C18:3n3, C18:2n6 plasma [118]

Lung cancer FFA: C20:4n6, C18:2n6 serum [8]

Lung cancer FFA: C16:1, C18:3, C18:2, C18:1, C20:4, C22:6 serum [119]

Pancreatic cancer n-3 fatty acid plasma [120]

Multiple myeloma saturated and n-6 polyunsaturated fatty acids plasma [121]

Normal aging and

neurodegenerative

diseases

C22:6n-3 blood [122]

Alzheimer’s disease/

Dementia/Cognitive

impairment

C20:5n-3, C22:6n-3, total n-3 fatty acids plasma [11]

Alzheimer’s disease C14:0, C16:0, C18:1, C18:3, C22:6 serum [87]

Alzheimer’s disease/Mild

cognitive impairment

FFA: oleic acid isomers and omega-6 fatty acids omega-3 fatty acids plasma [123]

Metabolic syndrome C14:0, C16:0, C16:1n-7, C18:2n-6 plasma [112]

Metabolic syndrome C16:1n-7, C20:4n-6, C22:5n-6 plasma [124]

Diabetes mega-6 polyunsaturated fatty acids (n-6PUFA), omega-3 polyunsaturated

fatty acid (n-3PUFA), C24:0

blood [125]

Diabetes C16:0, C18:0, C18:1n-9 plasma [88]

Diabetes C10:0, C14:0, C16:1n-9, C16:0, C18:2, C18:1, C18:0, C20:4, C20:5, C20:3, C20:2,

C22:6

plasma [33]

FFA: C10:0, C16:0, C18:2, C18:1, C18:3, C18:0, C20:4, C20:3, C20:2, C20:0,

C22:6

Diabetes FFA: C18:1, C18:2, C18:3 serum [89]

Heart failure FFA plasma [126]

Cirrhotic monounsaturated FA, n-6 polyunsaturated FA, n-3 polyunsaturated FA, plasma [127]

Liver disease the sums of nonessential/essential fatty acids,(n-7þn-9)/(n-3þn-6) plasma [128]

Nonalcoholic

steatohepatitis

C20:4, C22:6 plasma [129]

Ischemic stroke palmitoleic acid, linoleic acid plasma [130]

Dengue fever C14:0, C15:0, C16:1, C16:0, C18:3n6, C18:2n6, C18:1n9, C18:0, C20:4n6,

C20:3n3, C20:2, C22:6n3

blood [96]

Inflammatory omega-3 fatty acid red blood cell [132]

Schizophrenia PUFA red blood cell [138,139]

Schizophrenia C22:5n3, C22:6n3 and C20:4n6 red blood cell [134]

Sjogren’s syndrome FFA saliva [141]
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PUFAs measured in erythrocyte cell membranes and schizo-

phrenia and found that decreased levels of C22:5n3, C22:6n3

and C20:4n6 are associatedwith schizophrenia [134]. Bystrick�a

et al. reviewed the GC-based analytical approaches for fatty

acid analysis in human erythrocyte membranes [140]. This

review summarized the analytical strategies for erythrocyte

membranes, including erythrocyte membrane isolation, lipid

extraction, fatty acid derivatization and GC analysis.

5.3. Saliva samples

The concentrations of FFAs in saliva are thought to be associ-

ated with several diseases, such as cystic fibrosis and Sjogren’s

syndrome [141]. Kulkarni et al. used the PFB-Br derivatization

method to analyze salivary FFAs. They identified 16 FFAs in

human saliva samples and mentioned that the fatty acids in

the saliva included four major FFAs, C16:0, C18:2, C18:1, and

C18:0 [79]. Moon et al. used N-tert-butyldimethylsilyl-N-meth-

yltrifluoroacetamide (MTBSTFA) to derivatize fatty acids in

relatively small volumes (100 mL) of saliva samples [142]. In their

study, C12:0 and C14:0 were quantified in all samples, and

C16:1, C18:0, C18:1, and C18:2n6 could be quantified in >40% of

saliva samples. This optimized and validated method could be

used to investigate the FFA levels in small volumes of saliva.

6. Conclusion

Fatty acids play important roles in many biological systems,

and the dysregulation of fatty acids is associated with many

diseases. Accurate and efficient analytical methods are

essential for elucidating the mechanism of fatty acid

dysregulation-associated diseases and advancing the use of

these fatty acids as clinical therapeutic markers. This review

has summarized the commonly used GC-MS-based analytical

strategies for fatty acid analysis and their applications in

analyzing biological samples. There is no perfect approach for

all kinds of fatty acids and sample types. Not only the sample

type but also the properties of the target analyte must be

considered when developing analytical methods. More so-

phisticated analytical strategies for fatty acid analysis are

anticipated to provide a more comprehensive understanding

of the biological functions of these compounds and increase

their clinical usage.

Acknowledgements

This study was supported by the Ministry of Science and

Technology of Taiwan (MOST 107-2113-M-002 -016 -MY3).

r e f e r e n c e s

[1] Calder PC, Grimble RF. Polyunsaturated fatty acids,
inflammation and immunity. Eur J Clin Nutr 2002;56:S14e9.

[2] Calder PC. n-3 polyunsaturated fatty acids, inflammation,
and inflammatory diseases. Am J Clin Nutr
2006;83:1505se19s.

[3] Milanski M, Degasperi G, Coope A, Morari J, Denis R,
Cintra DE, et al. Saturated fatty acids produce an
inflammatory response predominantly through the
activation of TLR4 signaling in hypothalamus: implications
for the pathogenesis of obesity. J Neurosci 2009;29:359e70.

[4] Kris-Etherton PM, Comm N. Monounsaturated fatty acids
and risk of cardiovascular disease. Circulation
1999;100:1253e8.

[5] Briggs MA, Petersen KS, Kris-Etherton PM. Saturated fatty
acids and cardiovascular disease: replacements for
saturated fat to reduce cardiovascular risk. Healthcare
2017;5.

[6] Richard D, Bausero P, Schneider C, Visioli F.
Polyunsaturated fatty acids and cardiovascular disease. Cell
Mol Life Sci 2009;66:3277e88.

[7] Ren JL, Zhang D, Liu YJ, Zhang RQ, Fang HL, Guo S, et al.
Simultaneous quantification of serum nonesterified and
esterified fatty acids as potential biomarkers to differentiate
benign lung diseases from lung cancer. Sci Rep-Uk 2016;6.

[8] Liu JB, Mazzone PJ, Cata JP, Kurz A, Bauer M, Mascha EJ, et al.
Serum free fatty acid biomarkers of lung cancer. Chest
2014;146:670e9.

[9] Zhang YP, He CY, Qiu L, Wang YM, Qin XZ, Liu YJ, et al.
Serum unsaturated free fatty acids: a potential biomarker
panel for early-stage detection of colorectal cancer. J Cancer
2016;7:477e83.

[10] Lv WW, Yang TS. Identification of possible biomarkers for
breast cancer from free fatty acid profiles determined by
GC-MS and multivariate statistical analysis. Clin Biochem
2012;45:127e33.

[11] Conquer JA, Tierney MC, Zecevic J, Bettger WJ, Fisher RH.
Fatty acid analysis of blood plasma of patients with
Alzheimer’s disease, other types of dementia, and cognitive
impairment. Lipids 2000;35:1305e12.

[12] Snowden SG, Ebshiana AA, Hye A, An Y, Pletnikova O,
O’Brien R, et al. Association between fatty acid metabolism
in the brain and Alzheimer disease neuropathology and
cognitive performance: a nontargeted metabolomic study.
PLoS Med 2017;14.

[13] Kopf T, Schmitz G. Analysis of non-esterified fatty acids in
human samples by solid-phase-extraction and gas
chromatography/mass spectrometry. J Chromatogr B
2013;938:22e6.

[14] Takigawa H, Nakagawa H, Kuzukawa M, Mori H,
Imokawa G. Deficient production of hexadecenoic acid in
the skin is associated in part with the vulnerability of atopic
dermatitis patients to colonization by Staphylococcus
aureus. Dermatology 2005;211:240e8.

[15] Sasaki H, Kamijo-Ikemori A, Sugaya T, Yamashita K,
Yokoyama T, Koike J, et al. Urinary fatty acids and liver-type
fatty acid binding protein in diabetic nephropathy. Nephron
Clin Pract 2009;112:C148e56.

[16] Yamada K, Mizukoshi E, Sunagozaka H, Arai K,
Yamashita T, Takeshita Y, et al. Characteristics of hepatic
fatty acid compositions in patients with nonalcoholic
steatohepatitis. Liver Int 2015;35:582e90.

[17] Christinat N, Morin-Rivron D, Masoodi M. High-Throughput
quantitative lipidomics analysis of nonesterified fatty
acids in plasma by LC-MS. Methods Mol Biol
2017;1619:183e91.

[18] Zhang H, Wang Z, Liu O. Development and validation of a
GC-FID method for quantitative analysis of oleic acid and
related fatty acids. J Pharm Anal 2015;5:223e30.

[19] Tiuca I, Nagy K, Oprean R. Recent developments in fatty
acids profile determination in biological samples - a review.
Rev Romana Med Lab 2015;23:371e84.

[20] Jiang RQ, Jiao Y, Zhang P, Liu Y, Wang X, Huang Y, et al.
Twin derivatization strategy for high-coverage

j o u r n a l o f f o o d and d ru g an a l y s i s 2 8 ( 2 0 2 0 ) 6 0e7 3 69

http://refhub.elsevier.com/S1021-9498(19)30098-5/sref1
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref1
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref1
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref2
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref2
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref2
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref2
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref3
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref3
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref3
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref3
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref3
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref3
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref4
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref4
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref4
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref4
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref5
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref5
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref5
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref5
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref6
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref6
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref6
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref6
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref7
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref7
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref7
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref7
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref8
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref8
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref8
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref8
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref9
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref9
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref9
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref9
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref9
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref10
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref10
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref10
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref10
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref10
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref11
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref11
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref11
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref11
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref11
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref12
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref12
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref12
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref12
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref12
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref13
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref13
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref13
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref13
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref13
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref14
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref14
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref14
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref14
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref14
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref14
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref15
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref15
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref15
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref15
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref15
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref16
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref16
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref16
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref16
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref16
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref17
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref17
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref17
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref17
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref17
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref18
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref18
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref18
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref18
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref19
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref19
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref19
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref19
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref20
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref20
https://doi.org/10.1016/j.jfda.2019.10.003
https://doi.org/10.1016/j.jfda.2019.10.003


quantification of free fatty acids by liquid chromatography-
tandem mass spectrometry. Anal Chem 2017;89:12223e30.

[21] Roberts LD, McCombie G, Titman CM, Griffin JL. A matter of
fat: an introduction to lipidomic profiling methods. J
Chromatogr B 2008;871:174e81.

[22] Ecker J, Scherer M, Schmitz G, Liebisch G. A rapid GC-MS
method for quantification of positional and geometric
isomers of fatty acid methyl esters. J Chromatogr B
2012;897:98e104.

[23] Folch ML J, Sloane Stanley GH. A simple method for the
isolation and purification of total lipids from animal tissues.
J Biol Chem 1957;226:497e509.

[24] Bligh EG, Dyer WJ. A rapid method of total lipid
extraction and purification. Can J Biochem Physiol
1959;37:911e7.

[25] Breil C, Vian MA, Zemb T, Kunz W, Chemat F. “Bligh and
dyer” and Folch methods for solid-liquid-liquid extraction
of lipids from microorganisms. Comprehension of
solvatation mechanisms and towards substitution with
alternative solvents. Int J Mol Sci 2017;18.

[26] Lofgren L, Forsberg GB, Stahlman M. The BUME method: a
new rapid and simple chloroform-free method for total lipid
extraction of animal tissue. Sci Rep-Uk 2016;6.

[27] Matyash V, Liebisch G, Kurzchalia TV, Shevchenko A,
Schwudke D. Lipid extraction by methyl-tert-butyl ether for
high-throughput lipidomics. J Lipid Res 2008;49:1137e46.

[28] Hara A, Radin NS. Lipid extraction of tissues with a low-
toxicity solvent. Anal Biochem 1978;90:420e6.

[29] Sun Q, Ma J, Campos H, Hankinson SE, Hu FB. Comparison
between plasma and erythrocyte fatty acid content as
biomarkers of fatty acid intake in US women. Am J Clin Nutr
2007;86:74e81.

[30] Serafim V, Tiugan DA, Andreescu N, Mihailescu A, Paul C,
Velea I, et al. Development and validation of a LC-MS/MS-
Based assay for quantification of free and total omega 3 and
6 fatty acids from human plasma. Molecules 2019;24.

[31] Lofgren L, Stahlman M, Forsberg GB, Saarinen S, Nilsson R,
Hansson GI. The BUME method: a novel automated
chloroform-free 96-well total lipid extraction method for
blood plasma. J Lipid Res 2012;53:1690e700.

[32] Quehenberger O, Armando AM, Brown AH, Milne SB,
Myers DS, Merrill AH, et al. Lipidomics reveals a remarkable
diversity of lipids in human plasma. J Lipid Res
2010;51:3299e305.

[33] Han LD, Xia JF, Liang QL, Wang Y, Wang YM, Hu P, et al.
Plasma esterified and non-esterified fatty acids metabolic
profiling using gas chromatography-mass spectrometry and
its application in the study of diabetic mellitus and diabetic
nephropathy. Anal Chim Acta 2011;689:85e91.

[34] Lacaze JPCL, Stobo LA, Turrell EA, Quilliam MA. Solid-phase
extraction and liquid chromatography-mass spectrometry
for the determination of free fatty acids in shellfish. J
Chromatogr A 2007;1145:51e7.

[35] Payeur AL, Lorenz MA, Kennedy RT. Analysis of fatty acid
composition in insulin secreting cells by comprehensive
two-dimensional gas chromatography time-of-flight mass
spectrometry. J Chromatogr B 2012;893:187e92.

[36] Wang SH, Hung HC, Tsai CC, Huang MC, Ho KY, Wu YM,
et al. Plasma polyunsaturated fatty acids and periodontal
recovery in Taiwanese with periodontitis: a significant
relationship. Arch Oral Biol 2014;59:800e7.

[37] Liu L, Na L, Niu Y, Guo F, Li Y, Sun C. An ultrasonic assisted
extraction procedure to free fatty acids from the liver
samples of mice. J Chromatogr Sci 2013;51:376e82.

[38] Batista A, Vetter W, Luckas B. Use of focused open vessel
microwave-assisted extraction as prelude for the
determination of the fatty acid profile of fish - a comparison
with results obtained after liquid-liquid extraction

according to Bligh and Dyer. Eur Food Res Technol
2001;212:377e84.

[39] Khoomrung S, Chumnanpuen P, Jansa-ard S, Nookaew I,
Nielsen J. Fast and accurate preparation fatty acid methyl
esters by microwave-assisted derivatization in the yeast
Saccharomyces cerevisiae. Appl Microbiol Biotechnol
2012;94:1637e46.

[40] Costa DDV, Bragagnolo N. Development and validation of a
novel microwave assisted extraction method for fish lipids.
Eur J Lipid Sci Technol 2017;119.

[41] Pan L, Adams M, Pawliszyn J. Determination of fatty-acids
using solid-phase microextraction. Anal Chem
1995;67:4396e403.

[42] Fiorini D, Pacetti D, Gabbianelli R, Gabrielli S, Ballini R. A
salting out system for improving the efficiency of the
headspace solid-phase microextraction of short and
medium chain free fatty acids. J Chromatogr A
2015;1409:282e7.

[43] Cruz-Hernandez C, Deng ZY, Zhou JQ, Hill AR,
Yurawecz MP, Delmonte P, et al. Methods for analysis of
conjugated linoleic acids and trans-18 : 1 isomers in dairy
fats by using a combination of gas chromatography, silver-
ion thin-layer chromatography/gas chromatography, and
silver-ion liquid chromatography. J AOAC Int
2004;87:545e62.

[44] Ichihara K, Fukubayashi Y. Preparation of fatty acid methyl
esters for gas-liquid chromatography. J Lipid Res
2010;51:635e40.

[45] Sheng J, Vannela R, Rittrnann BE. Evaluation of methods to
extract and quantify lipids from Synechocystis PCC 6803.
Bioresour Technol 2011;102:1697e703.

[46] Masood A, Stark KD, Salem N. A simplified and efficient
method for the analysis of fatty acid methyl esters suitable
for large clinical studies. J Lipid Res 2005;46:2299e305.

[47] Lepage G, Roy CC. Direct transesterification of all classes of
lipids in a one-step reaction. J Lipid Res 1986;27:114e20.

[48] Amusquivar E, Schiffner S, Herrera E. Evaluation of two
methods for plasma fatty acid analysis by GC. Eur J Lipid Sci
Technol 2011;113:711e6.

[49] Xu ZD, Harvey K, Pavlina T, Dutot G, Zaloga G, Siddiqui R.
An improved method for determining medium- and long-
chain FAMEs using gas chromatography. Lipids
2010;45:199e208.

[50] Or-Rashid MM, Fisher R, Karrow N, AlZahal O, McBride BW.
Fatty acid profile of colostrum and milk of ewes
supplemented with fish meal and the subsequent plasma
fatty acid status of their lambs. J Anim Sci
2010;88:2092e102.

[51] Schlechtriem C, Henderson RJ, Tocher DR. A critical
assessment of different transmethylation procedures
commonly employed in the fatty acid analysis of aquatic
organisms. Limnol Oceanogr Methods 2008;6:523e31.

[52] Christie WW. Preparation of ester derivatives of fatty acids
from chromatographic analysis. 1993.

[53] Metcalfe LD, Schmitz AA, Pelka JR. Rapid preparation of
fatty acid esters from lipids for gas chromatographic
analysis. Anal Chem 1966;38:514.

[54] Morrison WR, Smith LM. Preparation of fatty acid methyl
esters þ dimethylacetals from lipids with boron fluoride-
methanol. J Lipid Res 1964;5:600.

[55] Bondia-Pons I, Molto-Puigmarti C, Castellote AI, Lopez-
Sabater MC. Determination of conjugated linoleic acid in
human plasma by fast gas chromatography. J Chromatogr A
2007;1157:422e9.

[56] Mossoba MM. Analytical techniques for conjugated linoleic
acid (CLA) analysis. Eur J Lipid Sci Technol 2001;103:594.

[57] Kramer JKC, Fellner V, Dugan MER, Sauer FD, Mossoba MM,
Yurawecz MP. Evaluating acid and base catalysts in the

j o u rn a l o f f o o d a nd d r u g an a l y s i s 2 8 ( 2 0 2 0 ) 6 0e7 370

http://refhub.elsevier.com/S1021-9498(19)30098-5/sref20
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref20
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref20
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref21
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref21
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref21
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref21
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref22
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref22
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref22
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref22
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref22
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref23
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref23
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref23
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref23
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref24
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref24
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref24
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref24
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref25
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref25
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref25
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref25
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref25
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref26
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref26
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref26
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref27
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref27
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref27
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref27
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref28
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref28
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref28
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref29
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref29
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref29
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref29
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref29
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref30
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref30
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref30
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref30
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref31
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref31
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref31
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref31
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref31
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref32
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref32
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref32
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref32
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref32
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref33
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref33
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref33
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref33
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref33
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref33
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref34
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref34
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref34
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref34
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref34
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref35
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref35
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref35
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref35
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref35
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref36
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref36
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref36
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref36
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref36
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref37
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref37
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref37
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref37
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref38
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref38
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref38
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref38
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref38
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref38
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref38
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref39
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref39
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref39
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref39
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref39
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref39
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref40
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref40
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref40
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref41
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref41
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref41
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref41
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref42
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref42
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref42
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref42
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref42
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref42
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref43
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref43
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref43
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref43
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref43
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref43
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref43
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref43
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref44
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref44
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref44
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref44
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref45
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref45
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref45
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref45
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref46
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref46
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref46
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref46
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref47
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref47
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref47
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref48
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref48
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref48
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref48
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref49
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref49
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref49
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref49
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref49
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref50
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref50
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref50
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref50
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref50
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref50
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref51
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref51
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref51
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref51
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref51
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref52
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref52
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref53
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref53
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref53
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref54
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref54
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref54
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref54
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref55
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref55
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref55
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref55
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref55
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref56
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref56
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref57
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref57
https://doi.org/10.1016/j.jfda.2019.10.003
https://doi.org/10.1016/j.jfda.2019.10.003


methylation of milk and rumen fatty acids with special
emphasis on conjugated dienes and total trans fatty acids.
Lipids 1997;32:1219e28.

[58] Kramer JKG, Zhou JQ. Conjugated linoleic acid and
octadecenoic acids: extraction and isolation of lipids. Eur J
Lipid Sci Technol 2001;103:594e600.

[59] Murrieta CM, Hess BW, Rule DC. Comparison of acidic and
alkaline catalysts for preparation of fatty acid methyl esters
from ovine muscle with emphasis on conjugated linoleic
acid. Meat Sci 2003;65:523e9.

[60] Hansen RP, Smith JF. The occurrence of methyl
methoxystearate isomers in the methyl esters prepared
from sheep perinephric fat. Lipids 1966;1:316e21.

[61] Klopfens We. Methylation of unsaturated acids using boron
trihalide-methanol reagents. J Lipid Res 1971;12:773.

[62] Yamasaki M, Kishihara K, Ikeda I, Sugano M, Yamada K. A
recommended esterification method for gas
chromatographic measurement of conjugated linoleic acid.
J Am Oil Chem Soc 1999;76:933e8.

[63] Meier S, Mjos SA, Joensen H, Grahl-Nielsen O. Validation of
a one-step extraction/methylation method for
determination of fatty acids and cholesterol in marine
tissues. J Chromatogr A 2006;1104:291e8.

[64] Rule DC. Direct transesterification of total fatty acids of
adipose tissue, and of freeze-dried muscle and liver with
boron-trifluoride in methanol. Meat Sci 1997;46:23e32.

[65] Indarti E, Majid MIA, Hashim R, Chong A. Direct FAME
synthesis for rapid total lipid analysis from fish oil and cod
liver oil. J Food Compos Anal 2005;18:161e70.

[66] KoohiKamali S, Tan CP, Ling TC. Optimization of sunflower
oil transesterification process using sodium methoxide. Sci
World J 2012;2012.

[67] Petrovic M, Kezic N, Bolanca V. Optimization of the GC
method for routine analysis of the fatty acid profile in
several food samples. Food Chem 2010;122:285e91.

[68] Salimon J, Omar TA, Salih N. Comparison of two
derivatization methods for the analysis of fatty acids and
trans fatty acids in bakery products using gas
chromatography. Sci World J 2014;2014.

[69] Glaser C, Demmelmair H, Koletzko B. High-throughput
analysis of fatty acid composition of plasma
glycerophospholipids. J Lipid Res 2010;51:216e21.

[70] Lankinen M, Schwab U, Erkkila A, Seppanen-Laakso T,
Hannila ML, Mussalo H, et al. Fatty fish intake decreases
lipids related to inflammation and insulin signaling-A
lipidomics approach. PLoS One 2009;4.

[71] Ichihara K, Waku K, Yamaguchi C, Saito K, Shibahara A,
Miyatani S, et al. A convenient method for determination of
the C(20-22)PUFA composition of glycerolipids in blood and
breast milk. Lipids 2002;37:523e6.

[72] Ostermann AI, Muller M, Willenberg I, Schebb NH.
Determining the fatty acid composition in plasma and
tissues as fatty acid methyl esters using gas
chromatography - a comparison of different derivatization
and extraction procedures. Prostag Leukotr Ess
2014;91:235e41.

[73] Muller KD, Husmann H, Nalik HP, Schomburg G.
Transesterification of fatty-acids from microorganisms and
human blood-serum by trimethylsulfonium hydroxide
(tmsh) for Gc analysis. Chromatographia 1990;30:245e8.

[74] Pflaster EL, Schwabe MJ, Becker J, Wilkinson MS, Parmer A,
Clemente TE, et al. A high-throughput fatty acid profiling
screen reveals novel variations in fatty acid biosynthesis in
chlamydomonas reinhardtii and related algae. Eukaryot
Cell 2014;13:1431e8.

[75] Firl N, Kienberger H, Hauser T, Rychlik M. Determination of
the fatty acid profile of neutral lipids, free fatty acids and

phospholipids in human plasma. Clin Chem Lab Med
2013;51:799e810.

[76] Ostermann AI, Muller M, Willenberg I, Schebb NH.
Determining the fatty acid composition in plasma and
tissues as fatty acid methyl esters using gas
chromatography - a comparison of different derivatization
and extraction procedures. Prostaglandins Leukot Essent
Fatty Acids 2014;91:235e41.

[77] Pawlosky RJ, Sprecher HW, Salem N. High-sensitivity
negative-ion Gc-ms method for detection of desaturated
and chain-elongated products of deuterated linoleic and
linolenic acids. J Lipid Res 1992;33:1711e7.

[78] Kawahara FK. Microdetermination of pentafluorobenzyl
ester derivatives of organic acids by means of electron
capture gas chromatography. Anal Chem 1968;40:2073.

[79] Kulkarni BV, Wood KV, Mattes RD. Quantitative and
qualitative analyses of human salivary NEFA with gas-
chromatography and mass spectrometry. Front Physiol
2012;3.

[80] Chiu HH, Tsai SJ, Tseng YJ, WuMS, LiaoWC, Huang CS, et al.
An efficient and robust fatty acid profiling method for
plasma metabolomic studies by gas chromatography-mass
spectrometry. Clin Chim Acta 2015;451:183e90.

[81] Chen GY, Chiu HH, Lin SW, Tseng YJ, Tsai SJ, Kuo CH.
Development and application of a comparative fatty acid
analysis method to investigate voriconazole-induced
hepatotoxicity. Clin Chim Acta 2015;438:126e34.

[82] Clore JN, Allred J, White D, Li J, Stillman J. The role of plasma
fatty acid composition in endogenous glucose production in
patients with type 2 diabetes mellitus. Metabolism
2002;51:1471e7.

[83] Grzegorczyk EA, Harasim-Symbor E, Lukaszuk B,
Harasiuk D, Choromanska B, Mysliwiec P, et al. Lack of
pronounced changes in the expression of fatty acid
handling proteins in adipose tissue and plasma of morbidly
obese humans. Nutr Diabetes 2018;8.

[84] Patterson AD, Maurhofer O, Beyoglu D, Lanz C, Krausz KW,
Pabst T, et al. Aberrant lipid metabolism in hepatocellular
carcinoma revealed by plasma metabolomics and lipid
profiling. Cancer Res 2011;71:6590e600.

[85] Kimura M, Yoon HR, Wasant P, Takahashi Y, Yamaguchi S.
A sensitive and simplified method to analyze free fatty
acids in children with mitochondrial beta oxidation
disorders using gas chromatography mass spectrometry
and dried blood spots. Clin Chim Acta 2002;316:117e21.

[86] Tremblay-Franco M, Zerbinati C, Pacelli A, Palmaccio G,
Lubrano C, Ducheix S, et al. Effect of obesity and metabolic
syndrome on plasma oxysterols and fatty acids in human.
Steroids 2015;99:287e92.

[87] Wang DC, Sun CH, Liu LY, Sun XH, Jin XW, Song WL, et al.
Serum fatty acid profiles using GC-MS and multivariate
statistical analysis: potential biomarkers of Alzheimer’s
disease. Neurobiol Aging 2012;33:1057e66.

[88] Yi LZ, He J, Liang YZ, Yuan DL, Chau FT. Plasma fatty acid
metabolic profiling and biomarkers of type 2 diabetes
mellitus based on GC/MS and PLS-LDA. FEBS Lett
2006;580:6837e45.

[89] Liu L, Li Y, Guan C, Li K, Wang C, Feng R, et al. Free fatty acid
metabolic profile and biomarkers of isolated post-challenge
diabetes and type 2 diabetes mellitus based on GC-MS and
multivariate statistical analysis. J Chromatogr B Analyt
Technol Biomed Life Sci 2010;878:2817e25.

[90] Sanchez-Avila N, Mata-Granados JM, Ruiz-Jimenez J, de
Castro MDL. Fast, sensitive and highly discriminant gas
chromatography-mass spectrometry method for profiling
analysis of fatty acids in serum. J Chromatogr A
2009;1216:6864e72.

j o u r n a l o f f o o d and d ru g an a l y s i s 2 8 ( 2 0 2 0 ) 6 0e7 3 71

http://refhub.elsevier.com/S1021-9498(19)30098-5/sref57
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref57
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref57
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref57
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref58
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref58
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref58
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref58
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref59
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref59
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref59
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref59
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref59
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref60
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref60
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref60
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref60
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref61
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref61
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref62
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref62
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref62
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref62
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref62
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref63
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref63
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref63
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref63
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref63
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref64
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref64
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref64
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref64
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref65
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref65
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref65
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref65
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref66
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref66
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref66
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref67
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref67
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref67
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref67
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref68
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref68
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref68
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref68
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref69
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref69
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref69
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref69
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref70
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref70
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref70
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref70
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref71
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref71
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref71
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref71
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref71
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref72
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref72
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref72
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref72
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref72
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref72
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref72
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref73
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref73
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref73
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref73
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref73
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref74
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref74
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref74
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref74
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref74
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref74
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref75
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref75
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref75
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref75
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref75
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref76
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref76
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref76
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref76
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref76
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref76
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref76
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref77
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref77
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref77
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref77
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref77
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref78
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref78
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref78
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref79
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref79
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref79
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref79
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref80
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref80
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref80
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref80
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref80
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref81
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref81
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref81
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref81
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref81
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref82
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref82
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref82
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref82
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref82
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref83
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref83
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref83
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref83
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref83
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref84
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref84
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref84
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref84
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref84
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref85
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref85
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref85
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref85
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref85
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref85
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref86
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref86
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref86
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref86
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref86
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref87
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref87
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref87
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref87
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref87
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref88
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref88
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref88
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref88
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref88
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref89
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref89
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref89
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref89
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref89
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref89
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref90
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref90
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref90
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref90
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref90
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref90
https://doi.org/10.1016/j.jfda.2019.10.003
https://doi.org/10.1016/j.jfda.2019.10.003


[91] Burdge GC, Wright P, Jones AE, Wootton SA. A method for
separation of phosphatidylcholine, triacylglycerol, non-
esterified fatty acids and cholesterol esters from plasma by
solid-phase extraction. Br J Nutr 2000;84:781e7.

[92] Kang JX, Wang J. A simplified method for analysis of
polyunsaturated fatty acids. BMC Biochem 2005;6:5.

[93] Wang LY, Summerhill K, Rodriguez-Canas C, Mather I,
Patel P, Eiden M, et al. Development and validation of a
robust automated analysis of plasma phospholipid fatty
acids for metabolic phenotyping of large epidemiological
studies. Genome Med 2013;5.

[94] Zhang XJ, Huang LL, Su HX, Chen YX, Huang J, He CW, et al.
Characterizing plasma phospholipid fatty acid profiles of
polycystic ovary syndrome patients with and without
insulin resistance using GC-MS and chemometrics
approach. J Pharmaceut Biomed 2014;95:85e92.

[95] Lankinen M, Schwab U, Erkkila A, Seppanen-Laakso T,
Hannila ML, Mussalo H, et al. Fatty fish intake decreases
lipids related to inflammation and insulin signaling e a
lipidomics approach. PLoS One 2009;4:e5258.

[96] Khedr A, Hegazy M, Kamal A, Shehata MA. Profiling of
esterified fatty acids as biomarkers in the blood of dengue
fever patients using a microliter-scale extraction followed
by gas chromatography and mass spectrometry. J Sep Sci
2015;38:316e24.

[97] Kuiper HC, Wei N, McGunigale SL, Vesper HW. Quantitation
of trans-fatty acids in human blood via isotope dilution-gas
chromatography-negative chemical ionization-mass
spectrometry. J Chromatogr B 2018;1076:35e43.

[98] Kish-Trier E, Schwarz EL, Pasquali M, Yuzyuk T.
Quantitation of total fatty acids in plasma and serum by GC-
NCI-MS. Clinical Mass Spectrometry 2016;2:11e7.

[99] Pawlosky RJ, Hibbeln JR, Salem N. Compartmental analyses
of plasma n-3 essential fatty acids among male and female
smokers and nonsmokers. J Lipid Res 2007;48:935e43.

[100] Bicalho B, David F, Rumplel K, Kindt E, Sandra P. Creating a
fatty acid methyl ester database for lipid profiling in a single
drop of human blood using high resolution capillary gas
chromatography and mass spectrometry. J Chromatogr A
2008;1211:120e8.

[101] Turner TD, Karlsson L, Mapiye C, Rolland DC, Martinsson K,
Dugan MER. Dietary influence on the m. longissimus dorsi
fatty acid composition of lambs in relation to protein
source. Meat Sci 2012;91:472e7.

[102] Ando Y, Sasaki T. GC separation of cis-eicosenoic acid
positional isomers on an ionic liquid SLB-il100 stationary
phase. J Am Oil Chem Soc 2011;88:743e8.

[103] Delmonte P, Kia ARF, Kramer JKG, Mossoba MM, Sidisky L,
Rader JI. Separation characteristics of fatty acid methyl
esters using SLB-IL111, a new ionic liquid coated capillary
gas chromatographic column. J Chromatogr A
2011;1218:545e54.

[104] Zeng AX, Chin ST, Nolvachai Y, Kulsing C, Sidisky LM,
Marriott PJ. Characterisation of capillary ionic liquid
columns for gas chromatography-mass spectrometry
analysis of fatty acid methyl esters. Anal Chim Acta
2013;803:166e73.

[105] Ragonese C, Sciarrone D, Tranchida PQ, Dugo P, Mondello L.
Use of ionic liquids as stationary phases in hyphenated gas
chromatography techniques. J Chromatogr A
2012;1255:130e44.

[106] Weatherly CA, Zhang Y, Smuts JP, Fan H, Xu CD, Schug KA,
et al. Analysis of long-chain unsaturated fatty acids by ionic
liquid gas chromatography. J Agric Food Chem
2016;64:1422e32.

[107] Chin ST, Man YBC, Tan CP, Hashim DM. Rapid profiling of
animal-derived fatty acids using fast GC x GC coupled to

time-of-flight mass spectrometry. J Am Oil Chem Soc
2009;86:949e58.

[108] Jover E, Adahchour M, Bayona JM, Vreuls RJJ,
Brinkman UAT. Characterization of lipids in complex
samples using comprehensive two-dimensional gas
chromatography with time-of-flight mass spectrometry. J
Chromatogr A 2005;1086:2e11.

[109] Zeng AX, Chin ST, Marriott PJ. Integrated multidimensional
and comprehensive 2D GC analysis of fatty acid methyl
esters. J Sep Sci 2013;36:878e85.

[110] O’Fallon JV, Busboom JR, Nelson ML, Gaskins CT. A direct
method for fatty acid methyl ester synthesis: application to
wet meat tissues, oils, and feedstuffs. J Anim Sci
2007;85:1511e21.

[111] Abdelmagid SA, Clarke SE, Nielsen DE, Badawi A, El-
Sohemy A, Mutch DM, et al. Comprehensive profiling of
plasma fatty acid concentrations in young healthy
Canadian adults. PLoS One 2015;10.

[112] Mayneris-Perxachs J, Guerendiain M, Castellote AI,
Estruch R, Covas MI, Fito M, et al. Plasma fatty acid
composition, estimated desaturase activities, and their
relation with the metabolic syndrome in a population at
high risk of cardiovascular disease. Clin Nutr 2014;33:90e7.

[113] Hadi NI, Jamal Q, Iqbal A, Shaikh F, Somroo S,
Musharraf SG. Serum metabolomic profiles for breast
cancer diagnosis, Grading and staging by gas
chromatography-mass spectrometry. Sci Rep-Uk 2017;7.

[114] Rissanen H, Knekt P, Jarvinen R, Salminen I, Hakulinen T.
Serum fatty acids and breast cancer incidence. Nutr Cancer
2003;45:168e75.

[115] Brasky TM, Darke AK, Song XL, Tangen CM, Goodman PJ,
Thompson IM, et al. Plasma phospholipid fatty acids and
prostate cancer risk in the SELECT trial. Jnci-J Natl Cancer I
2013;105:1132e41.

[116] Chavarro JE, Kenfield SA, Stampfer MJ, Loda M, Campos H,
Sesso HD, et al. Blood levels of saturated and
monounsaturated fatty acids as markers of de novo
lipogenesis and risk of prostate cancer. Am J Epidemiol
2013;178:1246e55.

[117] Okunoi M, Hamazaki K, Ogura T, Kitade H, Matsuura T,
Yoshida R, et al. Abnormalities in fatty acids in plasma,
erythrocytes and adipose tissue in Japanese patients with
colorectal cancer. In Vivo 2013;27:203e10.

[118] Butler LM, Yuan JM, Huang JY, Su J, Wang RW, KohWP, et al.
Plasma fatty acids and risk of colon and rectal cancers in
the Singapore Chinese health study. Npj Precis Oncol
2017;1.

[119] Zhang YP, He CY, Qiu L, Wang YM, Zhang L, Qin XZ, et al.
Serum unsaturated free fatty acids: potential biomarkers
for early detection and disease progression monitoring of
non-small cell lung cancer. J Cancer 2014;5:706e14.

[120] Zuijdgeest-van Leeuwen SD, Van der Heijden MS,
Rietveld T, Van den Berg JWO, Tilanus HW, Burgers JA, et al.
Fatty acid composition of plasma lipids in patients with
pancreatic, lung and oesophageal cancer in comparison
with healthy subjects. Clin Nutr 2002;21:225e30.

[121] Jurczyszyn A, Czepiel J, Gdula-Argasinska J, Pasko P,
Czapkiewicz A, Librowski T, et al. Plasma fatty acid profile
in multiple myeloma patients. Leuk Res 2015;39:400e5.

[122] Belkouch M, Hachem M, Elgot A, Lo Van A, Picq M,
Guichardant M, et al. The pleiotropic effects of omega-3
docosahexaenoic acid on the hallmarks of Alzheimer’s
disease. J Nutr Biochem 2016;38:1e11.

[123] Cunnane SC, Schneider JA, Tangney C, Tremblay-Mercier J,
Fortier M, Bennett DA, et al. Plasma and brain fatty acid
profiles in mild cognitive impairment and alzheimer’s
disease. J Alzheimer’s Dis 2012;29:691e7.

j o u rn a l o f f o o d a nd d r u g an a l y s i s 2 8 ( 2 0 2 0 ) 6 0e7 372

http://refhub.elsevier.com/S1021-9498(19)30098-5/sref91
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref91
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref91
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref91
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref91
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref92
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref92
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref93
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref93
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref93
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref93
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref93
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref94
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref94
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref94
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref94
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref94
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref94
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref95
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref95
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref95
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref95
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref95
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref96
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref96
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref96
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref96
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref96
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref96
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref97
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref97
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref97
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref97
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref97
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref98
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref98
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref98
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref98
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref99
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref99
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref99
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref99
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref100
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref100
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref100
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref100
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref100
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref100
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref101
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref101
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref101
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref101
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref101
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref102
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref102
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref102
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref102
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref103
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref103
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref103
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref103
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref103
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref103
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref104
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref104
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref104
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref104
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref104
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref104
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref105
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref105
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref105
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref105
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref105
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref106
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref106
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref106
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref106
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref106
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref107
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref107
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref107
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref107
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref107
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref108
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref108
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref108
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref108
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref108
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref108
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref109
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref109
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref109
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref109
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref110
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref110
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref110
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref110
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref110
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref111
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref111
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref111
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref111
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref112
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref112
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref112
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref112
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref112
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref112
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref113
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref113
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref113
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref113
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref114
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref114
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref114
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref114
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref115
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref115
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref115
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref115
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref115
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref116
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref116
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref116
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref116
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref116
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref116
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref117
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref117
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref117
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref117
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref117
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref118
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref118
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref118
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref118
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref119
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref119
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref119
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref119
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref119
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref120
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref120
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref120
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref120
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref120
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref120
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref121
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref121
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref121
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref121
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref122
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref122
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref122
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref122
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref122
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref123
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref123
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref123
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref123
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref123
https://doi.org/10.1016/j.jfda.2019.10.003
https://doi.org/10.1016/j.jfda.2019.10.003


[124] Gil-Campos M, Ramirez-Tortosa MD, Larque E, Linde J,
Aguilera CM, Canete R, et al. Metabolic syndrome affects
fatty acid composition of plasma lipids in obese prepubertal
children. Lipids 2008;43:723e32.

[125] Alhazmi A, Stojanovski E, Garg ML, McEvoy M. Fasting
whole blood fatty acid profile and risk of type 2 diabetes in
adults: a nested case control study. PLoS One 2014;9.

[126] Djousse L, Benkeser D, Arnold A, Kizer JR, Zieman SJ,
Lemaitre RN, et al. Plasma free fatty acids and risk of heart
failure the cardiovascular health study. Circ-Heart Fail
2013;6:964e9.

[127] Corradini SG, Zerbinati C, Maldarelli F, Palmaccio G,
Parlati L, Bottaccioli AG, et al. Plasma fatty acid lipidome is
associated with cirrhosis prognosis and graft damage in
liver transplantation. Am J Clin Nutr 2014;100:600e8.

[128] Clemmesen JO, Hoy CE, Jeppesen PB, Ott P. Plasma
phospholipid fatty acid pattern in severe liver disease. J
Hepatol 2000;32:481e7.

[129] Ma DWL, Arendt BM, Hillyer LM, Fung SK, McGilvray I,
Guindi M, et al. Plasma phospholipids and fatty acid
composition differ between liver biopsy-proven
nonalcoholic fatty liver disease and healthy subjects. Nutr
Diabetes 2016;6.

[130] Yamagishi K, Folsom AR, Steffen LM, Investigators AS.
Plasma fatty acid composition and incident ischemic stroke
in middle-aged adults: the atherosclerosis risk in
communities (ARIC) study. Cerebrovasc Dis 2013;36:38e46.

[131] Schober Y, Wahl HG, Renz H, Nockher WA. Determination
of red blood cell fatty acid profiles: rapid and high-confident
analysis by chemical ionization-gas chromatography-
tandem mass spectrometry. J Chromatogr B 2017;1040:1e7.

[132] Fontes JD, Rahman F, Lacey S, Larson MG, Vasan RS,
Benjamin EJ, et al. Red blood cell fatty acids and biomarkers
of inflammation: a cross-sectional study in a community-
based cohort. Atherosclerosis 2015;240:431e6.

[133] Brigandi SA, Shao H, Qian SY, Shen YP, Wu BL, Kang JX.
Autistic children exhibit decreased levels of essential fatty
acids in red blood cells. Int J Mol Sci 2015;16:10061e76.

[134] Hoen WP, Lijmer JG, Duran M, Wanders RJA, van
Beveren NJM, de Haan L. Red blood cell polyunsaturated

fatty acids measured in red blood cells and schizophrenia: a
meta-analysis. Psychiatry Res 2013;207:1e12.

[135] Romon M, Nuttens MC, Theret N, Delbart C, Lecerf JM,
Fruchart JC, et al. Comparison between fat intake assessed
by a 3-day food record and phospholipid fatty-acid
composition of red-blood-cells - results from the
monitoring of cardiovascular disease lille study.
Metabolism 1995;44:1139e45.

[136] Fuhrman BJ, Barba M, Krogh V, Micheli A, Pala V, Lauria R,
et al. Erythrocyte membrane phospholipid composition as a
biomarker of dietary fat. Ann Nutr Metab 2006;50:95e102.

[137] Diboune M, Ferard G, Ingenbleek Y, Tulasne PA, Calon B,
Hasselmann M, et al. Composition of phospholipid fatty-
acids in red-blood-cell membranes of patients in intensive-
care units - effects of different intakes of soybean oil,
medium-chain triglycerides, and black-currant seed oil.
Jpen-Parenter Enter 1992;16:136e41.

[138] Reddy RD, Keshavan MS, Yao JK. Reduced red blood cell
membrane essential polyunsaturated fatty acids in first
episode schizophrenia at neuroleptic-naive baseline.
Schizophr Bull 2004;30:901e11.

[139] Khan MM, Evans DR, Gunna V, Scheffer RE, Parikh VV,
Mahadik SP. Reduced erythrocyte membrane essential fatty
acids and increased lipid peroxides in schizophrenia at the
never-medicated first-episode of psychosis and after years
of treatment with antipsychotics. Schizophr Res
2002;58:1e10.

[140] Bystricka Z, Durackova Z. Gas chromatography
determination of fatty acids in the human erythrocyte
membranes - a review. Prostag Leukotr Ess 2016;115:35e40.

[141] Slomiany BL, Murty VLN, Slomiany A. Salivary lipids in
health and disease. Prog Lipid Res 1985;24:311e24.

[142] Moon JY, Kong TY, Jang HJ, Kang HC, Cho YY, Lee JY, et al.
Simultaneous quantification of 18 saturated and
unsaturated fatty acids and 7 sterols as their tert-
butyldimethylsilyl derivatives in human saliva using gas
chromatography-tandem mass spectrometry. J Chromatogr
B 2018;1092:114e21.

j o u r n a l o f f o o d and d ru g an a l y s i s 2 8 ( 2 0 2 0 ) 6 0e7 3 73

http://refhub.elsevier.com/S1021-9498(19)30098-5/sref124
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref124
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref124
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref124
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref124
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref125
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref125
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref125
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref126
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref126
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref126
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref126
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref126
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref127
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref127
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref127
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref127
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref127
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref128
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref128
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref128
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref128
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref129
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref129
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref129
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref129
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref129
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref130
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref130
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref130
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref130
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref130
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref131
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref131
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref131
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref131
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref131
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref132
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref132
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref132
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref132
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref132
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref133
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref133
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref133
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref133
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref134
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref134
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref134
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref134
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref134
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref135
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref135
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref135
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref135
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref135
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref135
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref135
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref136
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref136
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref136
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref136
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref137
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref137
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref137
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref137
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref137
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref137
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref137
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref138
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref138
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref138
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref138
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref138
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref139
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref139
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref139
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref139
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref139
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref139
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref139
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref140
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref140
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref140
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref140
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref141
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref141
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref141
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref142
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref142
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref142
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref142
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref142
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref142
http://refhub.elsevier.com/S1021-9498(19)30098-5/sref142
https://doi.org/10.1016/j.jfda.2019.10.003
https://doi.org/10.1016/j.jfda.2019.10.003

	Gas chromatography-mass spectrometry-based analytical strategies for fatty acid analysis in biological samples
	Recommended Citation

	Gas chromatography-mass spectrometry-based analytical strategies for fatty acid analysis in biological samples
	1. Introduction
	2. Sample preparation
	2.1. Extraction methods
	2.1.1. Liquid–liquid extraction
	2.1.2. Solid-phase microextraction

	2.2. Derivatization methods
	2.2.1. Acid derivatization methods
	2.2.2. Basic derivatization methods
	2.2.3. Other derivatization methods


	3. GC column selection
	3.1. Multidimensional GC

	4. Fatty acid internal standards
	5. Fatty acid analysis in biological samples
	5.1. Plasma samples
	5.2. Red blood cell (RBC) samples
	5.3. Saliva samples

	6. Conclusion
	Acknowledgements
	References


