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Abstract: Knowledge of the type and level of saturated and unsaturated fatty acids in food and clinical
matrices is of practical importance, but the wide variety of fatty acids makes analyses very complex.
The discrimination of the geometric isomers of fatty acid needs proper and effective separation
conditions. The efficiency of three different stationary phases was evaluated by GC-MS methods
in the separation of fatty acids in their methyl ester forms. Significant differences were observed in
the efficiencies of polysiloxane-based (non-polar HP-5MS and medium /high polarity DB-225MS)
and ionic liquid-based (SLB-IL111) columns. Baseline separation of the geometric isomers of linoleic
acid methyl ester was obtained by the extremely polar SLB-IL111 column, showing a preference over
the other two columns. The optimization of the experimental conditions (response linearity, limit of
detection, limit of quantification, system suitability, intraday and interday repeatability and accuracy)
showed the separation power of the ionic liquid interaction in the analyses by using short (25-30 m
long) columns. By deducting the general principles of the interaction, predictions can be made for
the separation of other isomers. The results facilitate the precise identification of various types of
fatty acids in real samples for nutritional information.

Keywords: fatty acid methyl ester; geometric isomers; ionic liquid phase; interaction; trans fats;
GC-MS; validation

1. Introduction

Fatty acids (FAs) and their associated derivatives are the main constituents of lipids,
having biological, structural and functional roles in living organisms. FAs show remarkable
structural diversity, such as saturated, unsaturated, polyunsaturated fatty acids (PUFAs)
and, moreover, cis or trans configurations may occur. Growing interest in the investigation
of FAs can be observed thanks to their high relevance for human nutrition and health. The
most physiologically significant PUFAs are those having 18, 20 or 22 carbon atoms and
containing 2 to 6 double bonds. Due to various biological aspects, such as influencing
inflammation [1] and presenting neuro- and cardiovascular protection [2,3], the n-3 essential
fatty acid, C18:3n-3 (x-linolenic acid), the n-6 essential fatty acid, C18:2n-6 (linoleic acid)
and two metabolites, C22:6n-3 (docosahexaenoic acid) and C20:4n-6 (arachidonic acid), are
of great importance in analyses. In recent years, the investigation of conjugated linoleic acid
(CLA) isomers has attracted considerable interest, since they appear as minor components
of the lipid fraction and are found in meat and dairy products from cows and sheep [4-6].
Besides CLAs, several positional and geometric isomers of linoleic acid are formed during
the partial hydrogenation of vegetable oils. C18:2 isomers are found in significant amounts
in margarine and other edible fats [7], which are of great practical importance.

Reliable qualitative and quantitative fatty acid analyses are required, but considering
the high structural complexity of the compounds, these investigations can be difficult. GC,
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coupled with FID or MS detection, offers high chromatographic resolution and it is the
most commonly used technique for analyzing FA isomers after methylation, i.e., in fatty
acid methyl ester (FAME) forms. Various stationary phases, ranging from non-polar to
extremely polar, have been tested to find the most effective one for FAME analysis, and
thus, companies provide recommendations for column selection [8]. High-polarity phases
are proposed for cis/trans separations and mid-polarity phases for the determination of
omega-3 fatty acids, while non-polar columns may eliminate the overlapping of components
with different chain lengths. The reason for the differences is due to the interactions of the
components with the stationary phases. The retention behavior on cyanopropyl siloxane
(DB-23 and HP-88) and phenyl siloxane (HP-5) stationary phases was used and evaluated
to identify C4-C24 FAMEs using GC-MS by Hirtig [9]. The mass and retention data were
collected in a database for identification and utilized for the analysis of a real sample
(FAMESs from the cell envelope of Pseudomonas putida). Recently, He et al. [10] reported
GC-MS analysis of straight-chain and branched short-chain FAs and concluded that a
30 m long cyanopropylphenyl siloxane DB-225MS column and a 30 m long phenyl-arylene-
siloxane DB-5 combination MS column provided the best separation. The method was
found to be suitable to quantify the short-chain FAs in mouse feces.

Increased health awareness has led to a considerable number of studies in food
chemistry concerning the FA profiles of a variety of samples, with particular regard to
cis/trans isomers. In recent years, GC columns with ionic liquid (IL) stationary phases
of various polarities and high thermal stabilities have been introduced as alternatives
to traditional columns for FAME investigations. A review has been published by Fanali
et al. [11], summarizing the application of IL-based columns in GC analyses of FAMEs,
and SLB-IL111 was suggested for FAME isomer analyses. This extremely polar column
has been used to determine the FA composition in milk fat of different origins [5,12,13],
in oils (such as linseed oil [14], menhaden fish oil [15] or various edible oils [16]) and
fast food samples [17]. In particular, the SLB-IL111 column was applied to separate
cis/trans monounsaturated FAs C14:1 to C20:1 to compare its performance with other
commercially available columns, such as the SP-2560 and the CP-5il 88 ones [6]. Compared
to the polysiloxane and polyethylene glycol stationary phases, the IL stationary phases
showed improved separation of FAME substances in the C16, C18 and C20 regions and
the conjugated linoleic acid isomer regions. The capability of separating FAMEs on a
series of phosphonium- and imidazolium-based IL capillary columns was demonstrated by
Zeng et al. [18]. The elution temperature, the retention behavior and the equivalent chain
length values of analytes were estimated and the IL stationary phases were characterized
by using a linear solvation energy relationship approach. Due to possible physiological
effects, intensive regulations have been introduced in the European Union to minimize
trans fats in food (<2 g/100 g fat) [19]. Furthermore, Baylin et al. [20] found that the best
indicators of total trans fatty acid intake were 18:2n-6c¢t (cis,trans-9,12-octadecadienoic acid)
and 18:2n-6tc (trans,cis-9,12-octadecadienoic acid).

This study investigates the elution behavior of fatty acid methyl esters with high
structural diversity on three capillary columns of different polarities. For each column,
optimal GC-MS methods were developed and validated to obtain the highest efficiency in
the separation of the geometric isomers of polyunsaturated fatty acids.

2. Materials and Methods
2.1. Chemicals and GC Columns

The GLC-674 Reference Standard Mixture (Nu-Chek-Prep Inc., Elysian, MN, USA),
containing 52 fatty acid methyl ester components with chain lengths from C4 to C24, was
used as a 1 mg mL~! (total concentration of the components) stock solution in n-hexane.
Table 1 contains the list of components, and the concentrations of the components in the
stock solution were between 0.01 and 0.03 mg mL~! (see vendor’s description [21]). The
CRM47791 Linoleic Acid Methyl Ester Mix (Sigma-Aldrich, St. Louis, MO, USA) containing
0.1 mg mL ! cis,cis-9,12-octadecadienoic acid methyl ester, 0.2 mg mL~! cis,trans-9,12-
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octadecadienoic acid methyl ester, 0.2 mg mL~! trans,cis-9,12-octadecadienoic acid methyl
ester and 0.5 mg mL ! trans,trans-9,12-octadecadienoic acid methyl ester distributed in
dichloromethane was diluted with n-hexane to 0.08 mg mL ! (total concentration). The
solutions were stored at —20 °C before analysis. The GC-grade solvent n-hexane was
purchased from Merck Chemical Co (Darmstadt, Germany).

Table 1. Retention time values of fatty acid methyl ester components in the GLC-674 mixture using the optimized separation
methods for the three GC columns. The optimized experimental conditions are detailed in Materials and Methods.

HP-5MS  DB-225MS  SLB-IL111

Peak Label Compound ID Systematic Name (Common Name) (min) (min) (min)
cio Butanoie acid metry] etr ndond ond

1 C6:0 Hex?ﬁ;ﬁ;ﬁiﬁ‘;ﬂgﬁ)“tﬂ 429 5.46 6.87
2 C8:0 OCta(rl\‘/?éiha;lii;;‘:;?aﬁlefSter 7.54 8.35 11.24
3 C10:0 Decar(‘ﬁgticyifcg;e::tg ester 1047 10.94 15.28
4 C11:0 Un‘%izzf}?; Eﬁe’;‘;ﬁﬁfter 11.81 12.12 17.12
5 C12:0 DOdec"(l;‘/[‘:fh?]’fi :;g:}e‘)y lester 13.07 13.24 18.83
6 C13:0 Tridecanoic acid methyl ester 14.28 14.31 20.47
7 Cl4:1n-5t tm”Z\ie{i;f‘gij;;‘;’ﬁ;ﬁjt:;;g‘a{lefSter 1553 15.88 23.00
8 Cl4:n-5 cis 9?&21%;‘;“2?;;?11;6121’)1 ester 15.53 16.04 2342
9 C14:0 Tetrad?ﬁ;ﬁ;ﬁigti}gl ester 15.75 15.58 22.02
10 C15:1n-5t ”“”fﬁg;f;f{%iiﬁiﬂf’;ﬁI?f;ieﬁﬂﬁe‘jster 17.39 17.56 24.46
11 C15:In-5 cis 1(I?Azf;‘yt??SCZZ“;;?:;S;?Z‘;’:(?Q)““ 17.39 17.75 24.85
12 C15:0 Pen;;i‘i;ﬁ?gﬁgge‘gi‘ﬁ;Ster 17.64 17.19 23.49
13 C16:1n-7 cz's—9-Hexadecen}c})ilc1 Iicii(jlg:igyl ester (Methyl 1921 19.51 2599
14 Cl6:1n-7t t”’”S'9’?1\2’;?}?;;2?;;33(;&‘:;‘5’1 ester 19.32 19.39 25.69
15 Cle6:0 Hexadecanoic acid methyl ester (Methyl palmitate) 19.69 19.09 24.93
16 C17:1n-7 C’S1O(ﬁzlf@‘fjcoeﬁggt;;le‘i;‘ggg)l ester 21.32 2171 2731
17 C17:1n-7t tm”Z\}[2;ﬁ;ﬁgﬁfggﬁfgpﬁgﬁfiﬁ;Ster 21.46 21.59 27.05
18 C17:0 He%ﬁ‘iﬁﬁ?}?‘ﬁgpﬁﬁﬁfiﬁfsm 21.86 2124 26.27
19 C18:3n-6 cis,cis,cis-6,9,12-Octadecatrienoic acid methyl ester 23.05 25.34 30.76

(Methyl y-linolenate)
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Table 1. Cont.

Peak Label = Compound ID Systematic Name (Common Name) HP-?MS DB-Z?SMS SLB{LIH
(min) (min) (min)
20 C182n-6cc czs,czs—9,12—Octadecadlgn01c acid methyl ester 23,57 24.87 29.86
(Methyl linoleate)
21 C18:3n-3 czs,czs,czs-9,12,15—Octadecat.r1eno1c acid methyl ester 23,74 26.21 3138
(Methyl a-linolenate)
. cis-9-Octadecenoic acid methyl ester
22 C18:1n-9 (Methy! oleate) 23.87 23.91 28.41
) trans,trans-9,12-Octadecadienoic acid methyl ester
23 C18:2n-6tt (Methy! linoelaidate) 23.87 24.66 29.32
o C181n-7 czs-ll-Octadecenqm acid methyl ester 23.87 2413 28.05
(Methyl cis-vaccenate)
25 C18:1n-9t cis-9-Octadecenoic acid methyl ester (Methyl elaidate) 24.08 23.91 28.33
. trans-6-Octadecenoic acid methyl ester
26 C18:1n-12t (Methyl petroselaidate) 24.08 23.91 28.50
o7 C181n-12 cis-6-Octadecenoic ac1q methyl ester 24.08 23.98 28.64
(Methyl petroselinoate)
78 C18:1n-7t trans-11-Octadecenoic acid methyl ester 2415 23.91 28.25
(Methyl trans-vaccenate)
. Octadecanoic acid methyl ester
29 C18:0 (Methyl stearate) 24.72 23.60 27.68
) trans-7-Nonadecenoic acid methyl ester
30 C19:1n-12t (Methyl 7-trans-nonadecenoate) 27.23 26.54 29.50
) cis-10-Nonadecenoic acid methyl ester
31 C19:1n-5t (Methyl 10-trans-nonadecenoate) 2751 26.64 29.37
) cis,cis,cis,cis-5,8,11,14-Eicosatetraenoic acid methyl
32 C20:4n-6 ester (Methyl arachidonate) 28.81 32.15 33.57
. cis,cis,cis,cis,cis-5,8,11,14,17-Eicosapentaenoic acid
33 20:5n-3 methyl ester (Methyl eicosapentaenoate) 28.95 33.39 35.02
) cis,cis,cis-8,11,14-Eicosatrienoic acid methyl ester
34 C20:3n-6 (Methy! dihomo-y linolenate) 29.39 31.93 33.03
) cis,cis-11,14-Eicosadienoic acid methyl ester
35 C20:2n-6 (Methyl 11-14-eicosadienoate) 30.00 31.47 32.16
36 C20:1n-9 cis-11-Eicosenoic acid methyl ester (Methyl gondoate) 30.17 30.30 30.87
) cis,cis,cis-11,14,17-Eicosapentaenoic acid methyl ester
37 €20:3n-3 (Methyl 11-14-17-eicosatrienoate) 30.17 32.77 33.57
] trans-11-Eicosenoic acid methyl ester
38 C20:1n-9t (Methyl 11-trans-eicosenoate) 30.38 30.22 30.76
. Eicosanoic acid methyl ester
39 C20:0 (Methy! arachidate) 30.92 29.79 30.11
. Heneicosanoic acid methyl ester
40 C21:0 (Methy! heneicosanoate) 33.21 32.77 31.23
) cis,cis,cis,cis,cis-4,7,10,13,16-Docosapentaenoic acid
4 22:5n-6 methyl ester (Osbond acid methyl ester) 33.21 37.31 36.22
cis,cis,cis,cis,cis,cis-4,7,10,13,16,19-Docosahexaenoic
42 22:6n-3 acid methyl ester (Methyl docosahexaenoate, DHA) 33.37 38.36 37.60
43 C22:4n-6 cis,cis,cis,cis-7,10,13,16-Docosatetraenoic acid methyl 3358 3713 3582

ester (Methyl adrenate)




Separations 2021, 8, 38

50f16

Table 1. Cont.

HP-5MS  DB-225MS  SLB-IL111

Peak Label = Compound ID Systematic Name (Common Name) . . .
(min) (min) (min)
. cis,cis,cis,cis,cis-7,10,13,16,19-Docosapentenoic acid
4 22503 methyl ester (Methyl clupanodonat) 33.70 38.19 37.18
) cis,cis-13,16-Docosadienoic acid methyl ester
45 C22:2n-6 (Methy! 13-16-docosadienoate) 34.49 36.34 34.28
46 C22:1n-9 cis-13-Docosenoic acid Methyl ester (Methyl erucate) 34.61 35.44 33.11
) cis-13-Docosenoic acid methyl ester
47 C22:1n-9t (Methyl brassidate) 34.76 35.37 32.96
) Docosanoic acid methyl ester
48 C22:0 (Methyl behenate) 35.15 35.06 32.38
. Tricosanoic acid methyl ester
49 C23:0 (Methyl tricosanoate) 36.94 37.41 33.46
50 C24:1n-9 cis-15-Tetracosenoic acid methyl ester 38.13 39.89 3512
(Methyl nervonate)
51 C24:0 Tetracosanoic acid methyl ester 3857 39.45 3443

(Methyl lignocerate)

The overlapping peaks’ retention time values are given in bold. n.d.: not detected.

A non-polar HP-5MS (Agilent, Waldbronn, Germany), with phase composition of
(5%-phenyl)-methylpolysiloxane (length, 25 m; inner diameter, 0.20 mm; film thickness,
0.33 pm), a mid/high polarity DB-225MS (Agilent, Waldbronn, Germany), with phase
composition of (50%-cyano-propylphenyl)-methylpolysiloxane (length, 30 m; inner di-
ameter, 0.25 mm; film thickness, 0.25 pm), and an extremely polar SLB-IL111 (Sigma,
St. Louis, MO, USA), with phase composition of 1,5-di(2,3-dimethylimidazolium)pentane
bis(trifluoromethylsulfonyl)imide (length, 30 m; inner diameter, 0.25 mm; film thickness,
0.20 um) were used in GC-MS experiments. Before the first use, the conditioning of the
columns was carried out according to the factory recommendations, i.e., raising the temper-
ature from 24 °C to 200 °C at the rate of 15 °C min—!, held at 200 °C for 30 min, then raised
at the rate of 20 °C min~! to a temperature that was 10 °C below the highest recommended
value, and held for 120 min.

2.2. GC-MS Analysis

An Agilent Technologies 6890N gas chromatograph with a 5975 mass selective detector
(Agilent, Waldbronn, Germany) was used for the analysis of FAMEs. The chromatograph
and the detector conditions were as follows: flow rate of the helium carrier gas, 1.5 mL
min~!; injection mode, splitless; the temperature of the injector, ion source, and quadrupole
mass analyzer, 250 °C, 230 °C and 150 °C, respectively. The injection volume was 1 uL,
applied with an autosampler. The mass spectrometer was operated at 70 eV in the electron
impact (EI) mode, and the scanned mass range was 50-450 amu.

To find the appropriate method for the separation of FAMEs, the relevant literature on
the applied columns [9,10,18] was used as a basis and, after modifications, the following
settings were found to be suitable. For the HP-5MS column, the column temperature was
initially held at 50 °C for 2 min, raised to 170 °C at the rate of 10 °C min !, held at 170 °C
for 2 min, then raised to 190 °C at the rate of 4 °C min !, held at 190 °C for 5 min, then
raised to 290 °C at the rate of 5 °C min 1, held at 290 °C for 2 min, then raised to 320 °C at
the rate of 20 °C min~!, held at final temperature for 2 min. The temperature of the transfer
line was set to 280 °C. For the DB-225MS column, the column temperature was initially
held at 50 °C for 2 min, raised to 170 °C at the rate of 10 °C min !, held at 170 °C for 2 min,
then raised to 190 °C at the rate of 2.5 °C min—!, held at 190 °C for 5 min, then raised to
220 °C at the rate of 5 °C min !, held at 220 °C for 2 min, then raised to 230 °C at the rate
of 10 °C min~!, held at final temperature for 8 min. The temperature of the transfer line
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was set to 230 °C. For the SLB-IL111 column, the column temperature was initially held at
40 °C for 4 min, raised to 220 °C at the rate of 4.5 °C min !, then raised to 260 °C at the
rate of 20 °C min~!, held at final temperature for 1 min. The temperature of the transfer
line was set to 260 °C. Data analysis was performed using the GC/MSD CHEMSTATION
(Version D.03.01, Agilent) software. The fatty acids were identified with the help of the MS
library (AMDIS Version 2.64, NIST; Freeware; http:/ /chemdata.nist.gov/mass-spc/amdis,
accessed on 25 November 2019.).

2.3. Validation Procedure

The GC-MS experiments with the three columns were systematically studied to obtain
optimal conditions with high efficiency. The two FAME mixtures were studied in different
experimental setups by performing at least three analyses with each. Solution series of
five (total) concentrations of the GLC-674 mixture (0.1, 0.25, 0.5, 0.75 and 1 mg mL !
concentrations prepared in n-hexane) and the CRM47791 mixture (0.008, 0.02, 0.04, 0.06
and 0.08 mg mL~! concentrations prepared in n-hexane) were analyzed. Calibration curves
were established from three (n = 3) complete analyses under the same conditions. The
limit of detection (LOD) and limit of quantification (LOQ) were determined as described
in [22]. Validation of the chromatographic methods was based on the guidelines in [23].
System suitability was expressed by the relative standard deviation (RSD) values of the
retention time and the concentration obtained from seven (n = 7) complete analyses of
each sample under the same conditions within one day. The general criteria for the system
suitability were that the RSD values should be less than 2% for the retention time and less
than 10% for the concentration. The precision of the methods was checked by intraday
and interday experiments, as well. The intraday repeatability was obtained from three
(n = 3) complete analyses of each sample under the same conditions within one day, and
the interday repeatability was obtained from three (n = 3) complete analyses of each sample
repeated on three consecutive days (n = 9). The general criteria for the intraday and
interday repeatability were that the RSD values should be less than 10%. The mean values
of repeatability were expressed by the RSD values. The general criteria for the average
accuracy were that the RSD values should be between 80 and 120%.

2.4. Molecular Modeling

In order to demonstrate the interactions between the 1,5-di(2,3-dimethylimidazolium)-
pentane bis(trifluoromethylsulfonyl)imide ionic liquid and the geometric isomers of linoleic
acid methyl ester (C18:2n-6tt, C18:2n-6tc, C18:2n-6¢t, and C18:2n-6¢c), possible positions of
the two molecules were constructed using the HyperChem 7.51 software (HyperChem(TM)
Professional 7.51, Hypercube, Inc., 1115 NW 4th Street, Gainesville, FL, USA). Geometry
optimization of the molecules displays the structures with minimum energy, i.e., the most
stable form of the chemical structure. As an initial step, the molecules were created indi-
vidually and then optimized by the method of MM+ molecular mechanics force field [24].
After creating the molecular systems, the relative positions of the two molecules were
optimized with the same MM+ method.

3. Results
3.1. Retention Behavior of Fatty Acid Methyl Esters

Fatty acid methyl esters were analyzed by GC-MS as described in the Materials and
Methods. The total ion chromatograms were registered in the cases of three different
separation columns, i.e., the non-polar HP-5MS (25 m) column, the medium /high polarity
DB-225MS (30 m) column and the extremely polar, ionic liquid (IL)-based SLB-IL111
(30 m) column. Two different mixtures (GLC-674 and CRM47791), containing 52 and
4 components, respectively, were analyzed. The separated components were identified
based on the retention times, on the relative concentration in the mixture and on the mass
spectra. The respective peaks were labeled according to the order of appearance in the
chromatograms obtained with the use of the non-polar HP-5MS column. Tables 1 and 2
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include the lists of the components in the two FAME mixtures. Figure 1 shows the total ion
chromatograms of the FAME components in the GLC-674 mixture analyzed with the three
GC columns. The peak labels correspond to those in Table 1. Figure 2 shows the total ion
chromatograms of the FAME components in the CRM47791 mixture on the three different
columns, and the peak labels correspond to those in Table 2.

Table 2. Retention time values of FAME components in the CRM47791 mixture using the optimized methods for the three

GC columns. The optimized experimental conditions are detailed in Materials and Methods.

Peak Label Compound ID

Systematic Name

HP-5MS(min) DB-225MS (min) SLB-IL111 (min)
(Common Name)

cis,cis-9,12-Octadecadienoic acid

!/
! methyl ester (Methyl linoleate) 23.56 24.81 29.77
trans,trans-9,12-
2/ Octadecadienoic acid methyl 23.89 24.64 29.24
ester (Methyl linoelaidate)
3 tmns,czs—?,l2—Octadecad1en01c 23.89 24.81 2048
acid methyl ester
4 cis,trans-9,12-Octadecadienoic 2402 2498 29.61

acid methyl ester

The overlapping peaks’ retention time values are given in bold. The cis/trans isomerism of the C18:2 esters is indicated in the Compound

1D, as well.

Applying the three columns, significant differences in the retention properties of
FAME components with C4-C24 chain lengths could be observed.

Applying the HP-5MS (i.e., the non-polar, phenyl siloxane) column, 43 peaks appeared,
covering the 52 FAMEs. It could be observed that the butyric acid methyl ester (C4:0) was
eluted together with the solvent (showing no retention) on each column; therefore, it
was not included in the dataset. Generally, the saturated FAMEs were eluted after the
unsaturated FAMEs (Figure 1A); in addition, limited separation of the trans-isomers could
be observed, since the cis-FAME isomers overlapped with the trans-FAME isomers. The
retention time increased in cases of FAMEs having the double-bond position closer to
the CHj3 group end; thus, the n-6-FAMEs were eluted before the n-3-FAMESs on all three
columns. Additionally, the polyunsaturated FAMEs were eluted before the monounsatu-
rated FAMEs. On this non-polar phase, two peaks covered three components, since the
C18:1n-9 (component 22), the C18:2n-6tt (component 23) and the C18:1n-7 (component
24) esters overlapped, and also the C18:1n-9t (component 25), the C18:1n-12t (component
26) and the C18:1n-12 (component 27) esters overlapped. In four cases, co-elutions were
observed, since, e.g., the C20:1n-9 ester (component 36) overlapped with the C20:3n-3 ester
(component 37), while the C21:0 ester (component 40) overlapped with the C22:5n-6 ester
(component 41). The retention times of the overlapping components are given in bold in
Table 1.

Using the DB-225MS (i.e., the mid/high-polarity, cyanopropyl siloxane) column,
47 peaks could be seen. On this column, the separation of cis and trans geometric isomers
could be achieved. Furthermore, the saturated FAMEs were eluted before the unsaturated
FAME:s (Figure 1B). Four esters, the C18:1n-9 (component 22), the C18:1n-9t (component 25),
the C18:1n-12t (component 26) and the C18:1n-7t (component 28), were overlapping,
whereas the C20:3n-3 ester (component 37) overlapped with the C21:0 ester (component 40).

The extremely high-polarity SLB-IL111 (ionic liquid phase) column showed similarly
overlapping retention times of components, but to a smaller extent, since 48 peaks appeared
in the chromatogram (Figure 1C). Three peaks covered double components, since the
C18:1n-7 (component 24) and the C18:1n-7t (component 28) esters appeared together;
also the C18:3n-6 (component 19) and the C20:1n-9t (component 38) ester had the same
retention time; and the C20:4n-6 (component 32) and the C20:3n-3 (component 37) esters
were co-eluted, too. All the cis-FAME isomers were eluted after the trans-isomers.
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Figure 1. Total ion chromatograms of the GLC-674 fatty acid methyl ester mixture using the (A) non-polar HP-5MS column,
(B) the medium/high polar DB-225MS column and (C) the extremely polar, ionic liquid-based SLB-IL111 column. The peak
labels indicate components listed in Table 1 according to the retention order in the separation with the HP-5MS column. The
optimized experimental conditions are detailed in Materials and Methods. Total FAME concentration is 0.5 mg mL~!.
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Figure 2. Total ion chromatograms of the CRM47741 fatty acid methyl ester mixture using the (A) non-
polar HP-5MS column, (B) the medium /high polar DB-225MS column and (C) the extremely polar,
ionic liquid-based SLB-IL111 column. The peak labels indicate components listed in Table 2 according
to the retention order in the separation with the HP-5MS column. The optimized experimental
conditions are detailed in Materials and Methods. Total FAME concentration is 80.6 jtg mL 1.
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Comparing the experiments with the three columns, it can be seen that the elution
orders in the cases of the SLB-IL111 and DB-225MS columns were more similar than that
obtained with the HP-5MS. Furthermore, nearly complete separation of the C18 and C20
regions was also obtained with the SLB-IL111 column (Figure 1C).

The polyunsaturated (methyl linoleate) geometric isomers could be completely sepa-
rated only with the SLB-IL111 column (Figure 2C), and no baseline separation of the four
C18:2 geometric isomers (cis-cis, cis-trans, trans-cis, trans-trans) could be observed with the
other two separation phases (Figure 2A,B).

3.2. Evaluation of the Chromatograms

In order to characterize the separation efficiency of the different columns, some pa-
rameters were calculated. The theoretical plate number values (N) fell between 150,000 and
350,000, which are generally acceptable in GC-MS experiments. However, these data
cannot provide a basis for the selection of a particular column, since the optimized ex-
perimental parameters are different. A decrease in the asymmetry factors (As) in the
chromatograms was observed in the case of the SLB-IL111 column, when comparing the
retention behavior of selected components in the experiments. However, the asymmetry
factors of the peaks were above 0.7 in all cases of components with baseline separation.

Figure 3 shows the linear fitting and the coefficient of determination (R?) of the
calibration plots for the four FAME components in the case of the CRM47794 mixture
obtained by the GC separations with the SLB-IL111 column. (The validation data for
the separations of both the GLC-674 and CRM47794 mixtures are summarized in the
supplementary data (Table S1).) The calibration curve data were used to calculate the linear
responses of the FAMEs. The values of R? were higher than 0.91, 0.98 and 0.96 in the cases
of the separations with the HP-5MS, DB-225MS and SLB-IL111 columns, respectively. With
respect to the retention time, the values for system suitability RSD of the GLC-674 mixture
were between the range of 0.00% and 0.08%, 0.00% and 0.04%, 0.01% and 0.05%, whereas
in the case of the CRM47791 mixture, they were between 0.01% and 0.02%, 0.01% and
0.02%, 0.00% and 0.01% for the HP-5MS, DB-225MS and SLB-IL111 column, respectively.
Regarding the concentration, the values for system suitability RSD of the GLC-674 mixture
were between the range of 2.08% and 3.71%, 2.99% and 7.88%, 2.04% and 6.81%, whereas
in the case of the CRM47791 mixture, they were between 2.26% and 3.06%, 3.30% and
4.53%, 2.45% and 3.22% for the HP-5MS, DB-225MS and SLB-IL111 column, respectively
(see Table S1). The system suitability values correspond to the general criteria (retention
time < 2% RSD, concentration < 10% RSD).

A
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1.3 x 1081 P
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Figure 3. Cont.
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Figure 3. Calibration plots for fatty acid methyl esters in the CRM47741 mixture. Cumulative graph
of the assay in the range of 0.008-0.08 mg mL~! with 5 points of calibration in three (n=3) separate
calibrations, mean values of calibration concentrations represented by dots and +SDs. (A) C18:2n-6tt,
(B) C18:2n-6tc, (C) C18:2n-6¢t and (D) C18:2n-6¢cc analyzed by the SLB-IL111 GC column.
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The mean values of repeatability were expressed by the relative standard deviation
(RSD), and the average accuracy (%) values obtained for FAMEs are shown in Table S1.
As can be seen from the table, the values for intraday RSD of the GLC-674 mixture were
between the range of 4.99% and 9.98%, 2.89% and 8.97%, 2.69% and 8.04%, whereas in
the case of the CRM47794 mixture, they were between 1.61% and 4.63%, 1.27% and 1.67%,
0.64% and 1.14% for the HP-5MS, DB-225MS and SLB-IL111 column, respectively.

The values for interday RSD of the GLC-674 mixture ranged between 4.27% and
9.11%, 1.45% and 8.51%, 1.22% and 4.15%, whereas in the case of the CRM47794 mixture,
they were between 2.54% and 3.96%, 1.01% and 1.73%, 1.32% and 1.89% for the HP-5MS,
DB-225MS and SLB-IL111 column, respectively. The intraday and interday repeatability
values correspond to the general criteria (<10% RSD).

The average accuracies of the GLC-674 mixture were between the range of 101.8%
and 108.8%, 95.1% and 105.3%, 96.1% and 109.5%, whereas in the case of the CRM47794
mixture, they were between 92.9% and 112.7%, 110.6% and 117.1%, 98.1% and 100.8%
for the HP-5MS, DB-225MS and SLB-IL111 column, respectively. The average accu-
racy values correspond to the general criteria, where values between 80% and 120%
are acceptable.

The LOD values were between 0.18 and 0.91 ug mL~!, between 0.45 and 0.60 pg mL~!
and between 0.02 and 0.18 ug mL~!, whereas the LOQ values were between 1.23 and
2.90 ug mL~!, between 1.36 and 1.91 ug mL~! and between 0.26 and 0.77 pug mL~! for
the GLC-674 mixture in the cases of the separations with the HP-5MS, DB-225MS and
SLB-IL111 columns, respectively. The LOD and LOQ values for the CRM47791 FAME
mixture are listed in Table 3.

Table 3. Limit of detection (LOD) and limit of quantification (LOQ) values for components in the CRM47791 mixture
determined by GC-MS using the optimized methods for the three GC columns. The optimized experimental conditions are
detailed in Materials and Methods.

HP-5MS DB-225MS SLB-IL111
FAMEs
LOD?(gmL1) LOQP(gmL-1) LOD?(gmL-1) LOQP(gmL-1) LOD?(gmL1 LOQP(gmL-1)
C18:2n-6¢c 0.33 0.98 0.51 1.20 0.26 0.74
C18:2n-6tt 1.19 391 3.01 6.33 0.35 1.38
C18:2n-6tc 0.46 1.67 0.97 2.96 0.09 0.47
C18:2n-6¢t 0.43 2.15 1.02 241 0.15 0.93

a The LOD values were measured at S/N ratio > 3. ® The LOQ values were measured at S/N ratio > 10.

3.3. Ionic Liquid—-FAME Interactions

In terms of the excellent separation of the four-component CRM47791 FAME mixture
on the SLB-IL111 column, the three-dimensional models of 1,5-di(2,3-dimethylimidazolium)-
pentane bis(trifluoromethylsulfonyl)imide ionic liquid and the C18:2 FAME isomers
(C18:2n-6¢c, C18:2n-6tt, C18:2n-6tc and C18:2n-6¢t), and their possible positions, were
constructed. Figure 4 shows the lowest energy structures obtained by the modeling and
emphasizes only the molecule moieties that presumably participate in the stationary
phase-FAME interactions.
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Figure 4. Models of the possible positioning of the 1,5-di(2,3-dimethylimidazolium)pentane bis(trifluoromethylsulfonyl)imide
ionic liquid and the geometric isomers of linoleic acid methyl ester. The structure-related polarity of the components from low
polarity to higher polarity is as follows: (A) C18:2n-6tt, (B) C18:2n-6tc, (C) C18:2n-6c¢t, (D) C18:2n-6¢c.

4. Discussion

Significant differences in the FAME separation properties were observed between the
two polysiloxane-based columns and between the polysiloxane- and the IL-based columns.
The results indicated that the non-polar and medium /high-polarity, polysiloxane-based
columns were suitable for the separation of saturated and monounsaturated fatty acid
groups, and the extremely polar, IL-based column is appropriate for the separation of
fatty acids of diverse structures in the complex samples, which could not be completely
resolved with the two other columns. In addition, fewer co-elutions could be observed
on the SLB-IL111 column than on the polysiloxane-based columns (Figures 1 and 2).
All these can be explained by the different selectivities and polarities of the columns,
and by the different distribution properties of the components in the stationary phases.
Generally, non-polar analytes are more soluble in a non-polar stationary phase, which
leads to higher retention. Accordingly, highly polar phases are used for the separation of
polar analytes, where the separation mechanism depends on the polarity and volatility
of components [25]. Polarizable analytes (FAMEs with double bonds) are more strongly
retained on high-polarity columns compared to saturated FAMEs, due to the stronger
dipole-dipole interactions. In fact, the high degree of unsaturation resulted in stronger
retention in the cases of the highly polar columns.

For the polysiloxane polymer phases, the functional groups of the backbone chain
can separate the components according to the chain length, the number and position of
double bonds and the cis/trans isomerism. Additionally, there is the possibility of hydrogen
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bonding interaction between the terminal active hydroxyl group of the polymer and the
ester group of the FAME. Similarly, a dispersion interaction can form between the alkyl
side chain of the polymer and the carbon chain of the FAME. When the phase contains
cyano groups (e.g., DB-225MS), it facilitates the better separation of cis/trans isomers.
Regarding the IL-based column, there is the possibility of dipole-dipole attraction between
the partially positive and negative parts of the stationary phase and the FAME, respectively.
This interaction can be enhanced by the presence of an aromatic ring in the stationary
phase (e.g., SLB-IL111). The hydrogen-bond-forming ability of imidazolium cations has
been widely investigated [26-29]. In our case, the electron-deficient hydrogen atoms of the
imidazolium cation may serve as the hydrogen donors of the hydrogen bonding, while
the lone pair of electrons on an oxygen atom of the FAME ester group is the hydrogen
acceptor. These intermolecular interactions collectively enable the higher retention of the
components on the IL column and result in more efficient separation, especially in the case
of the cis/trans isomers of the C18:2 region. This knowledge provides essential information
in the confirmation of trans-fatty acid compositions in food industries [30,31], milk [32-36]
and stool analysis [37-39].

There are predominantly cation—-anion pairs in the ionic liquid phase, presumably in
the arrangements shown in Figure 4. The lowest energy structures show that the most
favorable position of the anions is when they are located above the imidazolium rings.
Based on these, the anions are probably not involved in the interactions that would affect
the separation. The secondary interactions mentioned above can mainly be formed by the
ionic liquid cation, with the imidazolium ring and the pentane carbon chain. A link can
be seen between the retention order of the isomers on the IL column and their polarity.
The structure-related polarity of the components from low polarity to higher polarity is
as follows: C18:2n-6tt, C18:2n-6tc, C18:2n-6¢t, C18:2n-6¢c. This order equals the retention
order on the ionic liquid-based column.

5. Conclusions

The retention properties of two FAME mixtures (the 52-component GLC-674 and the
4-component CRM47791, including C4-C24 chain length compounds with high structural
diversity) on three commercial capillary columns of different polarities were studied.
The three columns show distinct selectivity towards saturated, unsaturated and cis/trans
fatty acids, and the elution orders and co-elutions of FAME components were different.
Although all three methods correspond to the validation criteria, the method developed for
the SLB-IL111 column proves to be the most appropriate for the separation of cis and trans
fatty acids. This is the first direct GC-MS separation of cis,cis-9,12; cis,trans-9,12; trans,cis-
9,12 and trans,trans-9,12 C18:2 geometric isomers using a 30 m long ionic liquid-based
column. With the two other columns (HP-5MS and DB-225MS), only 3 out of 4 C18:2 FAME
isomers could be detected and separated. A wide variety of intermolecular interactions
provided by the ionic liquid stationary phase allowed the successful separation of fatty
acids of high structural heterogeneity and the baseline separation of the four geometric
isomers of linoleic acid methyl ester. The results of the validation procedure indicate that
this method is accurate, credible and suitable for the quantification of FAME analyses.
Utilizing the excellent separation properties of the SLB-IL111 column, further studies will
be conducted to determine fatty acids from various biological/clinical matrices from, e.g.,
bacteria, endotoxins and human fecal samples.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/2297-873
9/8/4/38/s1, Table S1: Calibration curve equations, coefficient of determination, intra- and interday
repeatability, system suitability and average accuracy of the FAMEs, determined in the GLC-674
and CRM47791 mixtures using the optimized methods for the three GC-columns. The optimized
experimental conditions are detailed in Materials and Methods.
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