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This review presents various chromatographic systems, TLC, HPLC, GC, and also SFC, developed for identification and accurate
quantification of long-chain mono- and polyunsaturated fatty acids from different samples with emphasis on selected literature
which was published during last decade. Almost all the aspects such as preseparation step of fatty acids (cis and trans), stationary

phase, solvent system, and detection mode are discussed.

1. Introduction

Long-chain fatty acids (LC-FA) are organic compounds in
which the hydrocarbon chain length may vary from 10 to 30
carbons. The hydrocarbon chain can be saturated or unsat-
urated (contains one or more double bonds). Based on the
number of double bonds, unsaturated fatty acids are classified
into the following groups [1, 2]:

(i) monounsaturated fatty acids (monoenoic acids,
MUFA), containing one double bond, for example,
oleic acid,

(ii) polyunsaturated fatty acids (polyenoic acids, PUFA),
having two or more double bonds, for example, y-
linolenic acid,

(iii) eicosanoids, which are derived from polyenoic fatty
acids, for example, prostaglandins.

Recent literature data indicate that both monounsatu-
rated and polyunsaturated fatty acids are biological important
compounds which play a significant role for the living organ-
isms [3-17]. Human feeding studies during the last ten years
demonstrate that PUFA as well as MUFA are the main com-
ponents of cholesterol-lowering diet [4, 7, 9]. Moreover, there
has been a much interest in the effect of MUFA and PUFA
on immune and inflammatory system [13]. Among various

monounsaturated fatty acids, the most popular is oleic acid
(C18:1n-9). It is found in plants (e.g., olive oil), animals, and
microorganisms. Olive oil consumption has benefit for colon
and breast cancer prevention [8]. The current studies show
that oleic acid plays important role in prevention of coronary
disease (ability to reduce LDL-cholesterol) [7, 9]. Polyun-
saturated fatty acids similar to monounsaturated fatty acids
are widely distributed in nature [18]. There are three classes
of unsaturated fatty acids common in human tissues [5]:
the w-3 (n-3 PUFA), w-6 (n-6 PUFA), and w-9 (n-9 PUFA)
fatty acids. To the group of discussed unsaturated fatty acids
belongs also demospongic acid, a mixture of very long-
chain fatty acids, mainly C,,-C;, with the atypical 5,9-
diunsaturation system. It exists in microorganisms, marine
invertebrates, and terrestrial plants [19]. The main sources of
omega-3 are fishes, some plants, and green algae [20]. Green
oleaginous algae are the potential source of the following w-3
acids: eicosapentaenoic (EPA), docosahexaenoic (DHA), and
also arachidonic acid (AA) from w-6 group [21-23]. Omega-
6 PUFA are present in high concentration in grains as well
as in many seeds and meats. From this reason we can notice
an increase in the human consumption of seafood during
several last years. Oleaginous microorganisms, as alternative
sources of PUFA to others such as animal oil products,
have been widely studied. Marine fungoid protists (Thraus-
tochytrids) like Schizochytrium have been found to be as



a novel, excellent DHA and EPA w-3 fatty acids producers
[24, 25]. An excellent review paper performed by Nichols
demonstrates that many microorganisms including marine
bacteria have been considered the major de novo producer of
n-3 PUFA [26]. Available literature data suggest that over the
past several years extensive research has been made for the
production of PUFA by fungi [27, 28]. As it was reported by
Arjuna among various microorganisms, an optimal source of
omega-6 polyunsaturated fatty acids specifically y-linolenic
acid (GLA) can be certain fungi [27].

It is well known that PUFA can affect many physio-
logical processes including cardiovascular, neurological, and
immune functions, as well as cancer. Consumption of oils
rich in n-3 LC-PUFA during pregnancy reduces the risk for
early premature birth [12]. Studies with nonhuman primates
and human newborns indicate that DHA is essential for the
normal functional development of the retina and brain, par-
ticularly in premature infants [13, 29]. A new paper prepared
by Kaczmarski et al. demonstrated the significant role of
linoleic acid and also a-linolenic acid in some symptoms of
atopic dermatitis [17]. Therefore, it could be noted that PUFA
are important nutraceutical and pharmaceutical targets [22].

Until today there is a lack of knowledge about the
function of LC-PUFA in mammalian tissues and cells in
which they are found. However, it was stated that very long-
chain polyunsaturated fatty acids are known to accumulate in
two types of major genetic peroxisomal diseases, Zellweger
syndrome and X-linked adrenoleukodystrophy (X-ALD),
characterized by neurodegenerative phenotypes [30, 31]. The
study of Hama and coworkers showed existence of many LC-
PUFA types in specimens from Zellweger patients suggesting
the possibility of a new biomarker for peroxisomal diseases
[31]. Review paper performed by Agbaga and coworkers [32]
summarized the current knowledge of VLC-PUFA to their
functional role in the retina which are highly enriched in
PUFA with special emphasis on the elongases responsible
for their synthesis by ELOVL4 protein. Interest in LC-PUFA
was rekindled in 1987 after LC-PUFA were initially detected
in bovine retinas by Aveldano [33]. Effect of retinal LC-
PUFA on rod and cone photoreceptors was also described
by Bennett et al. [34]. Another paper prepared by Butovich
confirmed that, among different mammalian tissues, meibum
is an exceptionally complex mixture of various fatty acids
[35].

Because most of LC-PUFA including omega-3 and
omega-6 fatty acids cannot be synthesized in enough quantity
by the human organism, they must be supplied in the diet. The
problem of supplementation of LC-PUFA and the exploration
of a new (alternative to oil fish) source of LC-PUFA (e.g.,
marine microalgae) is widely described for few years in many
papers. For this reason, there is a need to find an effective
and rapid method for identification and quantification of
newly developed long-chain mono- and polyunsaturated
fatty acids in plants and seafood. A set of various tools such as
chromatographic methods is also needed to complete the full
structural characteristic of PUFA in mammalian samples, for
example, in human plasma, brain, retina, or meibum. This is
important for the purpose of clinical diagnosis.
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Hence, this review presents various chromatographic
systems, TLC, HPLC, GC, and also SFC, suitable for pre-
separation and accurate quantification of long-chain mono-
and polyunsaturated fatty acids from different samples with
emphasis on selected literature which was published during
last decade.

2. Thin-Layer Chromatography (TLC) of
Long-Chain Mono- and Polyunsaturated
Fatty Acids

Saturated and unsaturated long-chain fatty acids (MUFA
and PUFA) are basic structural elements of lipids. Therefore,
chromatographic determination of fatty acids composition
by TLC including LC-MUFA and LC-PUFA content is
mandatory for lipids analysis in food, agricultural, and
also in biological samples [36-39]. Moreover, the mono-
and polyunsaturated fatty acids can be chromatographically
determined by TLC in lipids from aquatic organisms (e.g.,
marine and freshwater fishes, shell fishes, and marine algae)
[40].

It is well known that thin-layer chromatography is a clas-
sical method of separation, identification, and quantification
of fatty acids [41]. The literature survey from the last decade
dedicated to lipids analysis indicates that, among different
analytical methods, thin-layer chromatography (TLC) and its
modern version high performance thin-layer chromatogra-
phy (HPTLC) are still very important tool in lipids and also
in fatty acids analysis. As it was reported by Fuchs et al. [41],
there are many advantages which make TLC very competitive
with HPLC (high performance liquid chromatography) in the
fatty acids field such as simplicity of use, less expensive cost,
small consumption of solvents in comparison with HPLC,
availability of analysis of several samples in parallel, and
possibility of easy visualization of unsaturated fatty acids after
TLC fractionation by use of suitable dyes [41]. Sherma’s report
regarding TLC analysis in food and agriculture samples con-
firmed that quantitative HPTLC equipped with densitometer
can produce results comparable to those obtained by the
use of gas chromatography (GC) or high performance liquid
chromatography (HPLC) [42].

Modern topic in TLC analysis of mono- and polyunsat-
urated fatty acids is the use of high performance thin-layer
chromatography in combination with mass spectrometric
detection, for example, HPTLC-MALDI-TOF/MS [43-48].
Research studies indicate that MS detection is a powerful
tool for the identification of TLC spots in more detail in
comparison with traditional staining methods [41].

Many types of stationary phases classified as normal (NP)
and reversed (RP) are used for TLC analysis of fatty acids
(MUFA and PUFA). The most popular NP layers are silica gel,
alumina, cellulose, starch, polyamides, and kieselguhr [42].
Of all above-mentioned stationary phases, the best is silica
gel, which can be additionally modified by impregnation with
different agents. Reversed-phase TLC is usually performed on
chemically bonded RP-18, RP-2, or RP-8 layers [42].

Numerous research papers by Nikolova-Damyanova and
other authors showed that the main reason which explains
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why TLC plays a significant role in fatty acid analysis is avail-
ability of various commercial and home-made adsorbents
including impregnated TLC plates [36, 41, 49-51]. Impreg-
nation of TLC plates with a proper reagent can improve
the resolution of different classes of organic compounds
including fatty acids. Among different modifications of sta-
tionary phases used in TLC, impregnated silica gel is a very
suitable adsorbent for MUFA and PUFA analysis [41].

2.1. Separation of MUFA and PUFA with the Use of Impreg-
nated TLC Plates. One of the primarily used TLC impreg-
nating procedure to separate fatty acids in complex lipid
samples was silver ion TLC (Ag-TLC). Detailed information
on Ag-TLC of saturated and unsaturated fatty acids was
performed in several papers and books [36, 49-51]. Silver ion
chromatography is based on the ability of Ag" to form weak
reversible charge transfer complexes with 7 electrons of the
double bonds of unsaturated fatty acids [36, 52]. The retention
of long-chain unsaturated fatty acids depends on the strength
of complexation with Ag (I), on the number of double bonds
and their configuration, and also on the distance between
double bonds. Literature data indicate that both home-made
and precoated glass plates are used in Ag-TLC [51]. Gen-
eral procedures of preparation of the stationary phases for
silver ion chromatographic techniques have been surveyed
by Momchilova and Nikolova-Damyanova, in 2003 [53].
Among various available TLC adsorbents, silica gel is the
main supporting material [53]. Impregnation of thin layer is
performed by spraying or immersing the plate in solution
of silver nitrate at concentration of 0.5-20% (in the case
of immersion), while for the spraying procedure 10-40%
solution of silver nitrate is recommended [51, 53]. The mobile
phase used in argentation TLC usually consists of two or three
components, for example, hexane, petroleum ether, benzene,
and toluene. Moreover, small amount of acetone, diethyl
ether, ethanol, methanol, or acetic acid may be added to these
mobile phases [40]. Of various visualizing agents of spots,
those which are most popular for Ag-TLC of fatty acids are
50% ethanol solution of sulfuric acid, phosphomolybdic acid,
and a mixture of copper-acetate-phosphoric acid. Another
visualizing method is spraying the plates with fluorescent
indicator by 2',7'-dichlorofluorescein in ethanol and next
viewing the spots under UV light [36]. General migration
rules in Ag-TLC analysis of fatty acids were described by
Nikolova-Damyanova and coworkers [53, 54]. According to
Nikolova-Damyanova suggestions the retention of fatty acids
with more than one double bond depends on the distance
between the bonds and the elution order is as follows: sep-
arated double bonds fatty acids > interrupted double bonds >
conjugated double bonds; longer chain unsaturated fatty
acids (LC-PUFA) are held less strongly than shorter chain
fatty acids and fatty acids with trans double bonds are held
less strongly than fatty acids with cis double bonds [53, 54].
One of the first Ag-TLC analyses of fatty acids was
performed by Wilson and Sargent in 1992 to separate PUFA
having physiological interest. PUFAs methyl esters were
separated on silica gel 60 TLC plates impregnated with
AgNO;. The plates were developed with toluene-acetonitrile
(97:3, v/v). Visualization of the spots was made by

the use of 3% copper acetate-8% orthophosphoric acid. It was
stated that this technique is particularly useful for metabolic
studies of the chain elongated PUFA [55]. In another work
Wilson and Sargent showed that silver nitrate-impregnated
TLC plates were helpful in separation of monounsaturated
fatty acids (as methyl esters) from polyunsaturated and also
from saturated fatty acids, respectively, in metabolic studies
of fatty acids by human skin fibroblasts [56]. Next work by
Lin et al. indicated that silica gel and hexane-chloroform-
diethyl ether-acetic acid (80:10:10:1, v/v/v/v) were good
in analysis of docosahexaenoic acid (22:6 DHA) in the
spermatozoa of monkeys [57]. Individual phospholipids
from this sample were separated by another system such
as chloroform-methanol-petroleum ether-acetic acid-boric
acid (40:20:30:10:1.8, v/v/v/v/v). Other literature data
confirmed that argentate silica gel chromatography enabled
obtaining the high purity eicosapentaenoic acid extracted
from microalgae and fish oils [58]. The recent literature
reviews which were focused on TLC chromatography show
that, among different chromatographic materials, Ag-TCM-
TLC (silver-thiolate silica gel) is very stable (in comparison
with highly light sensitive Ag-TLC plates) for TLC analysis
of unsaturated organic compounds including MUFA and
PUFA. Dillon et al. [59] confirmed that Ag-TCM-TLC system
operates similar to Ag-TLC by separating fatty acids on
the degree of unsaturation (number of double bonds). The
results of this analysis are comparable to those obtained by
Ag-TLC. Ag-TCM-TLC method was used to analyze some
polyhydrocarbons and also methyl esters of unsaturated fatty
acids containing from 0 to 6 double bonds in form of methyl
esters. A mixture consisting of hexane-ethyl acetate (9:1, v/v)
was used as mobile phase. Under these conditions complete
separation of fatty acids with 0-5 double bonds was observed.
Resolution of fatty acids consisting of 6 double bonds from
others was not achieved in this case [59].

The results presented in this section show that various
commercial silica gel plates were used in separation of
unsaturated fatty acids, but some of them are not suitable for
derivatization process by methylation of fatty acids on TLC
plates and next their quantification by gas chromatography,
because it causes the loss of separated fatty acids [60].
Methylation procedure of fatty acids after their previous
fractionation on argentate silica gel was used in the analyses
of unsaturated fatty acids from lipid-rich seeds. In this case
a mixture of hexane-diethyl ether-acetic acid and 70:30:1
(v/v/v) was used as a mobile phase. The plates were sprayed
with 2,7'-dichlorofluorescein ethanolic solution and next
identified under UV lamp (at 365nm) [60]. The impact
of Ag-silica gel on TLC analysis of methylated fatty acids,
for example, c9,t11-CLA (isomer of linoleic acid) in human
plasma as a prior step before GC quantification was showed
by Shahin et al. [61]. Another paper prepared by Kramer et
al. demonstrated that the best technique to analyze the CLA
and trans 18:1 isomers in synthetic and animal products is
the combination of gas chromatography with Ag-TLC or with
Ag-HPLC [62]. Moreover, usage of Ag-TLC in the separation
of isomeric forms of EPA and DHA obtained after chemical
isomerization of them (during fish oil deodorization) may be
found in a paper by Fournier et al. [63].



A new application of Ag-TLC is bioanalysis. A simple
and rapid TLC method for analysis of PUFA levels in human
blood was developed by Bailey-Hall et al. [64].

It should be pointed out that, besides the modification
of silica gel with Ag" ions, the following metal salts, Cu(I),
Cu(II), Co(III), and Zn(II), can be used for impregnation of
TLC plates [41, 65]. Another type of impregnating agent for
TLC analysis of fatty acids (MUFA and PUFA) is boric acid. It
was stated that the metabolites of arachidonic acid were sat-
isfactorily separated on silica gel impregnated with boric acid
as complexing agent and by mobile phase: hexane-diethyl
ether (60:40, v/v) [4], 65]. Next modification of stationary
phase which has impact on resolution effect of fatty acids and
their derivatives such as metabolites (e.g., phospholipids) is
EDTA and mobile phase containing chloroform-methanol-
acetic acid water in volume composition of 75:45:3:1 [4],
66]. Another work showed that efficient separation of five
different phospholipids could be achieved by impregnation
of TLC plates with 0.4% ammonium sulfate. A mixture of
chloroform-methanol-acetic acid-acetone-water in volume
composition of 40:25:7: 4 : 2 was suitable for this procedure
[67].

Besides the above-presented TLC system in normal phase
(NP-TLC), unsaturated fatty acids and their metabolites
could be separated on RP-TLC plates. One of the first
reports which are focused on RP-TLC analysis of PUFA was
made by Beneytout and coworkers in 1992 [68]. Beneytout
et al. separated arachidonic acid and its metabolites on
reversed-phase layer. The plates were silica gel coated with
phenylmethylvinylchlorosilane. A mixture of heptane-
methyl formate-diethyl ether-acetic acid (65:25:10:2,
v/v/v/v) was applied as mobile phase [68].

2.2. 2D-TLC of MUFA and PUFA. Two dimensional TLC
(2D-TLC) is one of the newly developed powerful tools to
separate various lipids mixture and fatty acids coming from
lipids. It is known that 2D-TLC improved the quality of sepa-
ration, but it is much more time consuming in comparison
with very popular 1D-TLC [41]. Literature review showed
that 2D-TLC is rather a method of choice for separation
of lipids from cell membrane polyphosphoinositides and
also of lipid oxidation products in mixture. This analysis
is usually performed on silica gel impregnated with mag-
nesium acetate (75%) and by solvent system chloroform-
methanol-ammonia (5:25: 5, v/v/v) in the first direction and
chloroform-acetone-methanol-acetic acid water (6:8:2:2.1,
v/v/v/v) in the second dimension [69].

2.3. Detection of Spots and Quantification Methods of MUFA
and PUFA. Detection of fatty acids by TLC method is based
on their visualization by binding to a dye. As is was reported
in excellent review by Fuchs et al. [41] a lot of visualizing
reagents suitable for detection of fatty acids are described
in the literature. Among them, the most popular reagents
are iodine vapors, 2',7'-dichlorofluorescein, rhodamine
6G, which produce coloured spots, and also primuline,
which gives sensitivities in the nanomole range [41]. In
case of PUFA intense darkening is achieved after their
separation on AgNO, impregnated TLC plates (as an effect

Journal of Chemistry

of reduction of Ag" to colloid silver), but this method of
detection required the presence of aromatic hydrocarbon as
mobile phase component [70]. Other visualizing reagents
are as the following: sulfuric acid, potassium dichromate
in 40% sulfuric acid, or 3-6% solution of cupric acetate
in phosphoric acid. Moreover, detection of different fatty
acids is possible by PMA (phosphomolybdic acid) and by
sulfuryl chloride vapors [41]. Visualization of fatty acid
spots is performed by spraying or dipping the plates in
solution of respective visualizing agents. Next, the spots are
observed under UV light or identified by densitometry. For
more detailed characterization of fatty acids which have been
separated by thin-layer chromatography, TLC combined with
mass spectrometer (TLC-MS) may be used. In this method
the spots are eluted from the chromatographic plates with
respective solvents and next obtained fatty acids are analyzed
by MS. Applying of TLC coupled with MS enables high
resolution of identified peaks. Moreover, there is no need to
extract sample from the plates prior to this analysis [41]. A
novelty in thin-layer chromatographic instrumentation is a
TLC in combination with MALDI MS spectrometer (TLC
MALDI) [44, 71, 72]. This technique is rather fast and
provides spectra that can be relatively simply analyzed and
tolerates high sample contamination [41]. The detection
limit of fatty acids determined by TLC MALDI might
be less than 1 nanogram [41]. It was stated that TLC
MALDI could be satisfactorily applied to very complex
lipid mixture (e.g., extracts from stem cells) [47]. For
example, by means of combined thin-layer chromatography
and MALDI-TOF/MS analyses of the total lipid extract
of the hyperthermophilic archaeon Pyrococcus furiosus
were performed [45]. Next modern trend in analysis
of lipid profile is the use of TLC method coupled
with FID (flame ionization detector) [73]. Chromarod/
Tatroscan TLC-FID was successfully used in the analysis of
lipid classes and their constituents of fatty acids extracted
from seafood. As it was described in the paper by Sinanoglou
et al. [73], Iatroscan is an instrument that combines TLC
resolution with capacity of quantification by FID. Efficient
TLC-FID separation can be achieved by addition of polar
solvent system without changing the stationary phase.
However, this apparatus allows analyzing in a short time (2-
3 hr) in comparison with GC or HPLC about 30 samples [73].

2.4. TLC Separation of cis and trans Isomers of MUFA and
PUFA. Since it was reported that the saturated fatty acids
indicate correlation with cardiovascular diseases, unsaturated
fatty acids have been recommended for replacement of
saturated fatty acids in a diet. For this reason, an increase
of interest in unsaturated fatty acids such as n-6 and n-
3 fatty acids is observed. It is known that the discussed
unsaturated fatty acids form specific geometrical isomers.
They can be trans or cis depending on the orientation of
double bond. Of all polyunsaturated fatty acids the trans
PUFA consisting of C18, C20, and C22 chain lengths are
usually part of the human diet. Thus, it is very important
to detect and quantify them in food products. One of
the most popular method obtaining the mono-, di-, and
triunsaturated fatty acids in form of geometrical isomers
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(cis and trans), respectively, is thermal or chemical process
[63]. Synthesis of trans isomers is usually made by food
manufacturing (refining, hydrogenation). For instance, trans
isomers are formed during deodorization (crucial step of
refining) of vegetable or fish oils. As it was reported by
Fournier et al. [63], the methodologies regarding accurate
separation and quantification of trans isomers of mono-,
di-, and triunsaturated fatty acids by chromatographic meth-
ods were developed in the last decade. Ag-TLC is one
of the most powerful chromatographic techniques widely
applied to separate cis and trans isomers of LC-PUFA because
it is characterized by simplicity, low cost, and efficiency.
Geometrical isomers are separated according to their number
of double bonds. The efficacy of Ag-TLC for separation of
EPA and DHA isomers was confirmed by Fournier et al., in
2006 [63]. For this purpose TLC plates precoated with silica
gel and impregnated by AgNO; were used. A mixture of
toluene-methanol in the volume composition 85:15 was
applied as a mobile for resolution of EPA mono-, di-, tri-,
tetra-, penta-trans and DHA hexa-trans isomers [63]. In
another work, in order to determine the profile of cis and
trans isomers of CLA in liver by the TLC method, a mixture
of trichloromethane-n-hexane-glacial ethanoic acid 65:35:1
(v/v/v) and also silica gel plates were applied. Rhodamine
solution was used as a visualizing agent. In further steps, after
methylation of separated fatty acids they were quantified by
GC method [74].

Next paper indicated that preparative silver nitrate thin-
layer chromatography was successfully applied to analyze the
cis,cis-octadecadienoic acid (18:2) in commercial samples
of bovine butter fat. The detected by Ag-TLC cis,cis-5,9-
18:2 isomer was found for the first time in butter fat [54].
In another food study, ninety-three commercial samples of
Bulgarian butter fats manufactured evenly through the year
were subjected to quantitative silver nitrate-TLC of fatty acids
components (as isopropyl esters), with particular attention to
trans monoenoic fatty acid content [75]. All performed results
indicate that argentation TLC should be an effective analytical
technique in fractionation and identification of geometric
isomers of unsaturated fatty acids such as PUFA.

Table 1 shows the most efficient TLC systems used for
separation and fractionation of fatty acids from various
matrices.

3. High Performance Liquid
Chromatography (HPLC)

There are few excellent original papers and reviews until
today which are focused on usage of liquid column chro-
matography for the analysis of fatty acids (saturated and
unsaturated) and also their related substances in biological,
food, and drugs samples [18, 93-96]. In these papers prin-
ciples of HPLC including the sample preparation, mobile
phases, stationary phases, and detection methods were widely
performed. Among the earlier review papers, only three of
them survey knowledge of long-chain fatty acids. One of
them prepared by Rao et al. [94] showed the LC-PUFA anal-
ysis with use of HPLC but since 1974 until 1995. Next paper
supported by Rezanka and Votruba [96] demonstrated

the use of chromatography including HPLC for analysis of
very long-chain fatty acids from 1982 to 2001. The third
review prepared by Kolanowski and coworkers [97] described
the important instrumental methods such as HPLC and
also GC for analysis of omega-3-long-chain polyunsaturated
fatty acids but in food only. Lack of the overview about the
new achievements in HPLC analysis of mono- and polyun-
saturated fatty acids with an emphasis on the analysis of
long-chain polyunsaturated fatty acids such as omega-3 and
omega-6 causes that there is a necessity to perform a com-
plete literature survey from 2002 to 2013 (last decade) with
emphasis on application of HPLC for the analysis of all bio-
logical important LC-MUFA and LC-PUFA at the analytical
levels in various matrices. This paper highlights the modern
achievements of the HPLC including the principles of MUFA
and PUFA analysis in different matrices: separation modes
and the new detection systems which enable quantification
of LC-PUFA at nanogram level. The current knowledge of
HPLC analysis of mono- and polyunsaturated fatty acid was
described on the basis of the works which were published
during the past decade (2002-2013).

The use of HPLC for the separation and quantification
of fatty acids increased since 1950, when it was applied for
first time by Haward and Martin for analysis of some fatty
acids [98]. From this time until today a very quick progress
in HPLC analysis of all fatty acids including LC-MUFA and
LC-PUFA is observed. It is known that, based on nature
of stationary phase (solid or liquid), the high performance
liquid chromatography is divided into [18] liquid-liquid
chromatography (LLC), adsorption chromatography (LSC),
and reversed-phase chromatography (RP), which is a combi-
nation of LSC and LLC.

Among above-mentioned high performance liquid chro-
matographic techniques RP-HPLC plays a key role in LC-
PUFA analysis [94]. This technique allows separating those
fatty acids which cannot be separated by normal phase HPLC.
As it was early reported by Rao et al. [94] the retention of fatty
acids in RP-HPLC depends on the polarity of the stationary
phase, mobile phase, and chemical structure of examined
fatty acids. In general, the retention time is proportional to
the chain length and the number of double bonds present in
examined fatty acids. Additionally, the influence of geometric
isomerization of fatty acids plays a very important role in
reversed-phase HPLC analysis. It was reported that the cis
isomers of the fatty acids are generally eluted before trans
isomers. Similar effect is observed in case of the differences
in number of carbons in studied fatty acids. Those with small
amount of carbons (short chain) are eluted first in compar-
ison with long-chain fatty acids [94]. The current literature
indicates that the reversed-phase HPLC is one of the popular
methods used in the field of fatty acids analysis of MUFA and
PUFA because its simplicity, reproducibility, and credibility.
The results obtained by HPLC are usually comparable with
those determined using GC method. Moreover, the time
of analysis is comparable to GC technique [94]. However,
development of new detector mode such as flame ionization
detector (FID) or electrochemical detector (ED) enhances the
applicability of HPLC for MUFA and PUFA analysis [93].



Journal of Chemistry

(6] sjods oY) azI[ens1A 0) pasn a1om siodea aurpor ‘poyou )], (a/4/2) D11, 198 eo1Is vad yoeaq J0 $oUI0s03[0
A T 7:G1: S8 PIo® d1J20.-1a1)d [AYIATP-aUeXaH] i wouj pajeredss sproe £eg
sj0ds a1} azI[eNSIA 0] PAsh SeM UTIISIIONJOIOTYIIP- /¢ T (A/A/A) Spaas
(8] JO UOTIN|OS JI[OURYID ‘WU G9¢ T UONIIAP A YIIM \UA\H 1:0€: 0/ PIo® d1)ade-19T)d [AY)STP-oUeLXaF] (09 198 eorps) sayerd LI puI-prdiy wroxy pajeost spoe A)3e]
(A/A/A) T2 07509
poe ouoydsoyd pue ayejooe ordno yym payeuSorduur pIo® d1ja0e-19Yy30 [Ay3arp-auedop]
(2] a1om saje[d o) Surdopaasp 19yye Anowosuap-H L (A/A/A) F:T:0S:09 sareid [98 earps VdNd Butureiuod 9enxe pidif [P0
19)EM-PIDE D1)208-[OURY}OUI-ULIOJOIOTYD)

Joueyour ut
(9] U[22S3ION[JOIO[YIIP- £, JO uonn[os 4q pazifensia a1am sjods (A/A) 0T : 06 19119 TAYIATP-oUBXIF] 198 eo1p1s SyeURBIy proe de[ouT] Sututejuod sfdures YA

) ‘WU FET J8 UOTAP AN YIIM uoneuIquod ut O11-3v

(a/a/m)
10]29}9p UOTLZIUOT dUre[j YIIm pajdnod %G I9)eM-JOURY}OW-ULIOJOIO UBISOIR]/POIRIUOT sp1oe £)3eJ pajernjesun
(2] ( p [ s pagdnod O11) [ouey JOIO[YD 1/p 10 proe Ay p
poypow qrI-D1L (A/A/A) S'0:T: 66 Pa1e0d 195 eo1[IS pue pajernjes Jururejuod poojeas
PIO® OTWLIOJ-19}d [AIIp-ouBXo

PIo® JI0UIBXIYLSOI0P
[€9] poyow DTI-3y (A/A) GT: G8 JOURYJPW-2UAN[O], 198 eo1y1s ayeUAdIy pue droudejuadesooro
Sururejuod [10 Ysy pazIIopodJ

Apanoadsax
[19] ‘proe SLINJ[NS £qQ IO [OUBYID UT UISISAIONJOIOTYIIP- /T (a/474) O 198 ¥21[1S (s pareod prv Sr[ou
10 BoRTOs Aq peZIERsIA 239M 810 ds's QH 1:01:06 PIo® d1390€-19Y32 [AY2Ip-oueXoH] sayerd adoosoIoTi Sururejuoo spid ewseyd uvewnyy
uru (09 e A[[ed1I}oUWONSUIP pazA[eue (A/A/A) vdNd Surureyuod swsruedio orenbe
[o7] jxou pue proe ormydms yim pakeids axom saje[d YL,  1:G:G6 PIOE O12IB-ISYIR [AYIRIP-SULKIL] 27e1d 128 eorpss urelq wroxy Surwod spidry Jo 1oenxg
ERlICICIEN SYTRUIY aseyd a[1qoIN aseyd Areuone)s 2)A[euy

‘sojdures snorrea woiy yiNd pue VINIA JO uonesynuapt pue uorjeredas 10§ [NJasn SUONIPUOD )], PAIOJOS SWOS JO £2AING ] ATAV],



Journal of Chemistry

3.1 Derivatization Methods of Fatty Acids for HPLC Analysis.
The most important problem in HPLC study of LC-MUFA
and also LC-PUFA is a need to detect them at lower concen-
tration levels such as nanograms or picograms. Derivatization
of fatty acids can improve the importance for HPLC analysis
parameters such as sensitivity, precision, selectivity, and also a
limit of detection and quantification [18, 95]. Different deriva-
tization methods used for quantitative and qualitative deter-
mination of fatty acids were widely described in review paper
by Rosenfeld in 2002 [99]. Generally, the kind of derivatizing
agent depends on the type of detector applied in PUFA anal-
ysis including UV absorption, fluorescence, light scattering,
and refractive index detectors [94].

UV-VIS detector is the most popular detection system
applied in liquid chromatography because it is sensitive and
specific. In 1983 Aveldano and coworkers [100] have applied
reversed-phase high pressure liquid chromatography with
UV detection on octadecylsilyl column to separate a mixture
of underivatized unsaturated and saturated fatty acids and
their methyl esters coming from mammalian tissues.

Generally in order to facilitate the detection by UV-
VIS absorption the following derivatizing reagents for fatty
acids are used [93]: phenacyl bromide (PB), p-bromo-
phenacyl bromide (BPB), p-chlorophenacyl bromide (CPB),
p-nitrophenacyl bromide which are used in analysis of
fatty acids in oils, standards, and blood in the range from
ng to pmol [97]. Naphthyl esters (obtained by 2-naphthyl
bromide, p-nitrophenacyl, and p-dichlorophenacyl allow for
the detection of picograms fatty acids in standard mixture.
2-Nitrophenylhydrazine (NPH) and 2-bromoacetophenone
(or a,p-dibromoacetophenone, BAP) convert the fatty acids
into specific derivatives which can be detected in biologi-
cal samples (serum) with detection limits in fmoles. PNB
(p-nitrobenzyl) and p-methylthiobenzyl chloride (MTBC)
derivatives of fatty acids with detection limits in pmoles are
important in coconut oil analysis. Ideal derivatizing reagent
for chiral separation of fatty acids is 3,5-dinitrophenyl iso-
cyanate (DNPI) [96].

Next very popular detection system applied in HPLC is
fluorescence detector which has higher sensitivity in compar-
ison with UV-VIS detector. For this reason it could quantify
the fatty acids composition at picomole and femtomole level.
Several fluorescent reagents are used for the derivatization
of fatty acids such as 9-diazomethylanthracene (9-DMA)
and 9-anthryldiazomethane (ADAM). Anthryl methyl esters
of fatty acids can be easily detected in human plasma and
serum in picomoles. Other more sensitive derivatives than
ADAM are the esters of pyrenyldiazomethane (PDAM).
Coumarins and 9-aminophenanthrene (9-AP) are important
in detection of fatty acids in environmental and in biolog-
ical samples in the range from pmoles to fmoles. Other
derivatives like dansyl piperazines and acetamides of fatty
acids can be detected in serum below 100 fmol range [93,
94, 97]. Recent study performed by Wang and coworkers in
2013 indicates that using a new fluorescent labeling reagent
named 1,3,5,7-tetramethyl-8-butyrethylendiamine-difluoro-
boradiaza-s-indacene (TMBB-EDAN) a sensitive and rapid
HPLC technique for the determination of fatty acids
in biosamples (e.g., human serum) was developed. With

the proposed procedure the limit of detection of fatty acid
derivatives was in the 0.2-0.4 nM range [101].

Another type of fatty acids detection is chemilumi-
nescence. This method is based on the prelabeling of the
—-COOH groups with a proper chemiluminogenic reagent. In
practice luminal and its related compound isoluminal have
been widely utilized as chemiluminescence derivatization
reagents for fatty acids because of their chemiluminescent
properties. Described detection system is efficient for the
sensitive detection of fatty acids in human serum and plasma
in picomoles [93].

In order to detect the substances with oxidizing or reduc-
ing properties including fatty acids an electrochemical detec-
tor (ED) may be used. This detection mode enables measure
of fatty acids in complex biological samples containing dif-
ferent components at nanogram levels. To obtain the higher
sensitivity the following derivatizing reagents for ED can be
applied: p-aminophenol; 2,4-dimethoxyaniline; 2-bromo-2'-
nitroacetophenone; ferrocene derivatives; 2,4-dinitrophenyl-
hydrazine and 3,5-dinitrobenzoyl chloride. Clinical applica-
tion of HPLC-ED is showed in the paper by Kotani et al. [80].
In this work determination of plasma fatty acids including
PUFA such as arachidonic acid and also linoleic by high
performance liquid chromatography coupled with electro-
chemical detector (HPLC-ED) was performed [80]. This
procedure may be found suitable for monitoring plasma fatty
acids in diabetic patients.

Among different types of detectors used in HPLC analysis
of fatty acids, very useful is that detector which requires
none of the preliminary derivatization procedures of studied
compounds like, for example, evaporative light-scattering
detector (ELSD) or mass spectrometer (MS) [93]. As it was
described in paper by Lima and Abdalla [93] evaporative
light-scattering detector is sensitive to mass of vaporized ana-
lyte and its operation system is not limited by the absorption
characteristics of the individual components and nature of
the eluent. Thus, ELSD may be used to solve the problem of
separation of fatty acids which have weak absorbance groups
[93].

3.2. Mass Spectrometry Detection of Fatty Acids. Application
of HPLC-MS in analysis of fatty acids is known only from the
last decade. Mass spectrometer is extensively used in analysis
of fatty acids especially in case of biological samples. One
of the main advantages of HPLC-MS method is possibility
to analyze nonvolatile compounds including fatty acids [93].
Numerous ionization and detection modes can be applied
for fatty acids analysis such as electrospray ionization (ESI),
atmospheric pressure chemical ionization (APCI), and also
time of flight (TOF). A new possibility in HPLC-mass spec-
trometry is tandem MS (HPLC-MS-MS) or combination of
electrospray ionization with tandem mass spectrometer such
as HPLC-ESI-MS-MS technique. The major advantage of LC-
ESI is the great separation of fatty acids in complex matrices
like blood plasma. HPLC-MS-MS is a powerful tool in
determination of double bond position or branched points in
the chain of unsaturated fatty acids [93]. Next HPLC method
developed for detection of long-chain fatty acids is HPLC-MS
method combined with APCI, which was applied in detection



of very long-chain fatty acids in form of picolinyl esters
coming from sugar cane wax [102]. HPLC-MS coupled with
three ionization systems, electron impact (EI), atmospheric
pressure chemical ionization, and electrospray ionization,
was suitable for the accurate determination of PUFA and also
their oxidative metabolites such as eicosanoids in biological
samples in the range of pg [103]. According to papers
prepared by Rezanka et al., which were focused on fatty
acids analysis in lower organisms, liquid chromatography
mass spectrometry coupled with ionization mode APCI was
the most efficient method applied for identification and
quantification of very long-chain polyunsaturated fatty acids
from marine organisms (which have ability to produce VLC-
PUFA) such as marine dinoflagellates Amphidinium carterae
and green algae Chliorella kessleri [81, 104-106] and also
in oil obtained from Ximenia fruits (raw material for
cosmetic industry) [107]. As it was performed in these
papers HPLCMS-APCI system consisted of Hichrom column
(HIRPB-250AM) and gradient solvent program with acetoni-
trile (MeCN), dichloromethane (DCM), and propionitrile
(EtCN) which were suitable for separation 13 of picolinyl
esters of VLCPUFA from lower organisms. Excellent separa-
tion of methyl esters of unsaturated fatty acids coming from
freshwater crustacean was achieved by the same mobile phase
and the chromatographic column packed with octadecylsilyl
phase (Supelcosil LC-18) [108]. An extensive review of a
very long polyunsaturated published by Rezanka and Sigler
indicates that the modern analytical methods such as HPLC-
MS make the detection and identification of VLC-PUFA
possible in different classes of lipids including microbial king-
doms and fungi [109]. Reversed-phase HPLC with gradient
elution of solvent system containing acetonitrile and chlo-
roform and equipped with light-scattering detector (ELSD)
was used to purify and identify the methyl esters of C16-
C28 PUFA including octacosaoctaenoic acid in milligram
quantities from marine microalgae [82]. A simple method
based on reversed-phase ion-pair high performance liquid
chromatography (RP-HPLC) was used successfully to sepa-
rate the various monoepoxides of eicosatrienoic, arachidonic,
eicosapentaenoic, and docosahexaenoic acids [110]. These
compounds were easily identified by liquid chromatography
mass spectrometry (HPLC-MS) with atmospheric pressure
chemical ionization (APCI) in nanogram range [110]. This
work demonstrated that the method based on APCI-MS cou-
pled with HPLC is highly reliable for the analysis of various
monoepoxides of PUFA in their metabolism study. Another
HPLC system such as nonaqueous reversed-phase high
performance liquid chromatography (NARP-HPLC) with
atmospheric pressure chemical ionization (APCI-MS) was
suitable for detection of 5 unsaturated polymethylene inter-
rupted fatty acids such as cis-5,9-octadecadienoic (taxoleic),
cis-5,9,12-octadecatrienoic (pinolenic), cis-5,11-eicosadienoic
(keteleeronic), and cis-5,11,14-eicosatrienoic acids (sciadonic)
isolated from conifer seed oils (obtained from European
Larch, Norway Spruce, and European Silver Fir) [111]. Com-
bination of two chromatographic methods such as TLC
and HPLC was used to analyze n-3 fatty acids in fish oil
dietary supplements. The EPA and DHA fraction obtained by
means of Ag-TLC method were further analyzed by HPLC.
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The chromatographic column ODS (3.9 mm x 30 cm, 10 ym),
mobile phase containing tetrahydrofuran-acetonitrile-water-
acetic acid 25:35:75:0.4 (v/v/v/v), and photodiode array
detector in the range of 190-240nm were used in this
analysis [112]. HPLC system equipped with analytical column
Supelcosil CI8 (4.6 mm x 25cm) and photodiode array
detector (DAD) was used for the analysis of hydroperoxy
PUFA as the products of peroxidation coming from human
plasma. A mixture of acetic acid-acetonitrile-tetrahydrofuran
52:30:18 (v/v/v) as mobile phase was used. The analysis
was monitored at 200-300 nm. Quantity control by applied
procedure of obtained derivatives of PUFA may be useful as
clinical markers of oxidative stress on biological systems [113].
In another paper gradient reversed-phase liquid chromatog-
raphy (C18 ODS 25 cm x 0.46 cm, 5 ym) by use of methanol
water and universal ELSD detector allowed for separation
and fractionation of saturated, unsaturated, and oxygenated
free fatty acids as methyl esters extracted from seeds of
Crepis alpina and Vernonia anthelmintica, respectively [114].
This work showed that reversed-phase C18 was suitable
for purification and fractionation of PUFA before their
quantification by GC-MS. Besides HPLC system equipped
with above-mentioned types of detector modes such as ECD,
MS, ELSD, DAD, and UV, a fluorescence detector is also
very useful [115, 116] which enabled precise determination
of long-chain polyunsaturated fatty acids including linolenic,
arachidonic, eicosapentaenoic, and docosahexaenoic acids in
human serum at low concentrations like fmoles. For example,
the method described in 1986 by Yamaguchi et al. performed
the conversion of LC-PUFA into fluorescent derivatives
by reaction with 3-bromomethyl-6,7-dimethoxy-1-methyl-
2(1H)-quinoxalinone. Separation process was performed on
a reversed-phase column (YMC Pack C8) with an isocratic
elution using aqueous 72% (v/v) acetonitrile [115]. Current
literature shows that HPLC with different solvent systems is
suitable in analysis of novel hydroxyl fatty and phosphoric
acid esters of 10-hydroxy-2-decenoic acid (9-HAD) coming
from the royal jelly of honeybees (Apis mellifera). HPLC
analysis was carried out on Diaion HP-20, Sephadex LH-20,
and Cosmosil 75CI8-OP column systems. Different mobile
phases containing acetonitrile were applied. A refractive
index detector was applied to monitor the elution profile of
examined fatty acids [117].

3.3. Silver Ion HPLC in Quantification and Identification
of Geometric Isomers of Fatty Acids. As it was reported
by Nikolova-Damyanova and Momchilova [118], silver ion
HPLC (Ag-HPLC) is widely applied by many scientists as
a preliminary step for the fractionation of complex mixture
of fatty acids into their groups prior to quantitative analysis
by GC method. Resolution of fatty acids by means of Ag-
HPLC is achieved according to the number and geometry
of double bonds [118]. Separation is based on the reversible
formation of a weak charge-transfer complex between a silver
ion and a double bond. The main problem in Ag-HPLC is
introduction of Ag" into this system. Thus, similar to the case
of Ag-TLC the first attempt was performed on column which
was laboratory packed with slurry of the stationary phase
(e.g., silica gel) impregnated with AgNO;. Second method is
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to add silver ion solution (AgNO;) into mobile phase. Third
method is to use commercially available silica based cation
exchange column (Nucleosil 5 SA), or the column which
is produced by Chrompack (ChromSpher 5 lipids). These
commercial column systems give much better results (better
reproducibility) of fatty acids analysis than those laboratory
prepared [118]. Another excellent review of the chromato-
graphic methods used to analyze geometrical and positional
isomers of fatty acids by Aini et al. [119] showed that the
following factors affect resolution of fatty acids in silver ion
HPLC such as the impregnation method of column, mobile
phase composition, and also column temperature [119]. The
choice of mobile phase composition used in Ag-HPLC is
usually toluene based, acetonitrile based, hexane based, or
dichloromethane based [118, 120]. Good results have been
achieved by the use of isopropanol and tetrahydrofurane as
a modifier. The lower column temperature generally results
in shorter elution time in Ag-HPLC. Moreover, the improve-
ment in resolution of monoenoic and polyenoic fatty acids
was obtained by converting them into phenacyl, benzyl,
n-propyl, n-butyl, and ethyl isopropyl esters [52]. Sep-
aration by Ag-HPLC coupled with UV detector of cis-
and trans-octadecanoic acids described by Momchilova and
Nikolova-Damyanova [83] indicated that the efficiency of
the separation increases in the following order: phenethyl <
phenacyl < p-methoxyphenacyl esters. Yet, retention and res-
olution of these fatty acids by Ag-HPLC could be affected by
small changes of dichloromethane in mobile phase. Among
various chromatographic systems the best resolution of cis-
and trans-positional isomers of octadecenoic acid after con-
verting them into p-methoxyphenacyl esters was achieved on
a silver ion column by isocratic elution with a mobile phase
containing hexane-dichloromethane-acetonitrile in volume
composition of 60:40:0.2 (v/v/v) [120]. Similar mobile
phase was used by Momchilova and Nikolova-Damyanova
in 2000 to estimate the chromatographic properties of posi-
tional isomers of octadecenoic fatty acids after conversing
them to 2-naphthyl, 2-naphthylmethyl, and 9-anthrylmethyl
derivatives [83]. According to the results obtained in
this paper, dichloromethane-acetonitrile 100:0.025 (v/v) as
mobile phase provided better resolution of 9-anthrylmethyl
derivatives of 6-, 9-, and 11-18:1. High resolution by Ag-
HPLC was obtained for the positional isomers of PUFA such
as eicosapentaenoic acid, docosahexaenoic acid, and also
docosapentaenoic acid coming from triacylglycerols con-
taining PUFA. The hexane-isopropanol-acetonitrile solvent
system was suitable for the separation of these compounds
[84]. Isolation of some PUFA from edible oils by argentate
silica gel chromatography (Ag-TLC and Ag-HPLC) was per-
formed by Guil-Guerrero et al. [121]. Using this method the
isomers of the following fatty acids, linoleic acid, a-linolenic,
y-linolenic, and stearidonic acid, and eicosapentaenoic and
docosahexaenoic acid, have been isolated in form of methyl
esters from linseed, sunflower, and borage seed oils and from
shortfin mako liver oil. Similarly, like it was described in
the previous part, Ag-HPLC was useful for analysis of eicos-
apentaenoic and docosahexaenoic acid geometrical isomers
formed during fish oil deodorization [63]. Obtained results
showed that this technique cannot be used to determine

the isomers in fish oil which have been formed at the temper-
ature higher than 180°C (e.g., at 220°C), because the interfer-
ence between obtained isomers, especially di-trans DHA and
all-cis EPA, was observed. Efficient analysis of trans isomers
of conjugated linoleic acid in synthetic and animal prod-
ucts (from pigs, chicken meat) was achieved also by chro-
matographic techniques including Ag-HPLC [62]. Recent
literature indicates that quantification of separated by Ag-
HPLC geometric isomers of fatty acids is mainly performed
by GC-MS or by GC coupled with FID (flame-ionization
detector). FID, UV, and refractive detector are usually
used for direct quantification of isomers of fatty acids as
methyl esters. As it was reported by Nikolova-Damyanova
and Momchilova [118] aromatic esters of fatty acids can be
detected by Ag-HPLC combined with UV-VIS detector in the
range of 0-200 pg. The paper prepared in 2013 by Sun and
coworkers demonstrates that a liquid chromatography/in-
line ozonolysis/mass spectrometry (LC/O5-MS) is a practical
and easy to use new approach to direct determination of dou-
ble bond position in lipids presented in complex mixture. In
order to test this method in complex lipid extracts, a sample
of bovine fat with known amount of positional isomers and
cis/trans isomers of unsaturated fatty acids was analyzed. The
main advantage of the in-line ozonolysis is its applicability
in combination with various mass spectrometers without
instrumental modification [122].

Survey of some selected HPLC conditions useful for
separation and identification of MUFA and PUFA from
various samples is listed in Table 2.

4. Gas Chromatography (GC)

Among different chromatographic methods such as TLC
or HPLC, which are described in detail in this paper, gas
chromatography (GC) is the most popular for fatty acids
analysis. As it was reported by Casal and Oliveira, GC analysis
of fatty acids is the first chromatographic method known in
fatty acids analysis for 60 years [123]. From this time to 2002
year numerous original and review papers were performed
with emphasis on a gas chromatographic analysis of the
common and uncommon fatty acids [85, 123-125].

The aim of our work was to describe present-day GC anal-
ysis of fatty acids belonging to mono- and polyunsaturated
group (MUFA and PUFA), whose biological significance has
increased in recent years. This paper was prepared on the
basis of the papers coming from the last decade (2002-2013).

4.1. Derivatization Methods for GC Analysis of Fatty Acids.
The main step in GC analysis of fatty acids is the process
of conversion of these compounds into suitable volatile
derivatives [123]. The most frequently applied derivatives are
alkyl derivatives (methyl-, ethyl-, and isopropyl-) obtained
by means of esterification of fatty acids. This procedure
facilitates volatility of fatty acids and also improves their
separation and sensitivity to GC detectors. For this aim, the
following esterification methods are applied [123]: methyla-
tion catalyzed by HY, esterification catalyzed by OH ", esterifi-
cation with benzyl alcohol (p-bromobenzyl, p-methylbenzyl,
and p-nitrobenzyl iodide), methylation with diazomethane in
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ethereal solution, or with boron trichloride (BCl;-MeOH),
methylation by means of tetramethylammonium (TMAH)
hydroxide or trimethylsulfonium hydroxide (TMSH), deriva-
tization with fert-butyldimethylsilyl (tBDMSi) or dimethy-
loxazolidine (DMOX), and also cyanomethyl derivatization.

Among the above-presented derivatization procedures
the most important for GC-MS analysis of mono- and
polyunsaturated fatty acids are DMOX derivatives and picol-
inyl derivatives which are widely applied for the determina-
tion of double sites in unsaturated fatty acids. A rapid and
inexpensive method for separation of very long-chain fatty
acids is cyanomethyl derivatization.

4.2. Instrumentation of GC. In gas chromatography of fatty
acids, a variety of columns with different properties such as
polar and nonpolar are available. Of all the most frequently
applied in fatty acids analyses are the polar columns. The
fused silica columns allow improvements in the separation of
PUFA, for example, from fish oil samples. Another type of sta-
tionary phases used for fatty acids analysis is polar polyesters
such as Carbowax column, for example, PEG (polyethylene
glycol) which is commercially available as Carbowax-20 M,
CP-Wax 52CB, DB-Wax, and so forth. Next example of polar
stationary phase used in GC is cyanopropyl polysiloxane
such as commercially available HP-88, CP-Sil88, BPX70, SP-
2340, and SP-2560. As it was described in Casal and Oliveira
report [123], the high polarity of the cyanosilicone phases
allows the separation of geometrical isomers (cis and trans)
of mono- and polyunsaturated fatty acids [123]. The literature
review indicates that packed GC columns (glass tubing) with
stationary phase containing usually from 6 to 5 mm diameters
are still in use in fatty acid analysis. Among them the most
popular is Chromosorb series. Others, which belong to polar
stationary phases, are organosilicon polyesters (EGSS-X),
butanediol succinate (BDS), and diethylene glycol succinate
(DECS) [121, 123].

Of different GC detectors which show high sensitivity
(from nanograms to femtograms) such as NPD (nitrogen
phosphorus-sensitive detector), FDP (flame photometric
detector), ELCD (electrolytic conductivity detector), and PID
(photoionization detector), FID (flame ionization detector)
and also mass detector (MS) are commonly used in fatty
acids analysis [124]. FID allows detecting the organic sub-
stances including unsaturated fatty acids mono- and poly- in
picograms. The carrier gases used in this method are nitro-
gen, helium, and hydrogen. GC-MS detection is a powerful
tool in GC analysis of fatty acids (saturated and unsaturated)
coming from different sources such as sea water, wood, and
fish oil. The fact that MS is suitable for the localization of
double bond in polyunsaturated fatty acids is important. An
efficient detection method in study of very long-chain fatty
acid esters in biological sample (blood, urine) and wax is
tandem spectrometry MS/MS [18]. Recently, a novel trend in
GC detection is coupling two different detectors in parallel
to the outlet of column, for example, FID-ELCD. Moreover,
application of GC analysis with FT-IR or NMR technique can
facilitate the determination of functional groups and struc-
tural studies of fatty acids in the case of their geometrical
isomers [18].

1

4.3. GC-Mass Spectrometry (GC-MS) of Fatty Acids. Besides
GC-FID, mass spectrometry coupled to GC (GC-MS) is
the most powerful tool for identification of mono- and
polyunsaturated fatty acids. This technique requires deriva-
tization of them into picolinyl esters, pyrrolidines, or 4,4-
dimethyloxazolidines derivatives, respectively [123]. Casal
and Oliveira confirmed that the picolinyl esters are very
suitable in MS analysis of MUFA and PUFA because they
offer a specific mass fragmentation pattern [123]. In 2005
Destaillats et al. have shown that methyl ester derivatives used
for routine quantification by GC-FID can be also used for
structural investigation by GC-MS of long-chain polyunsat-
urated fatty acids (e.g., metabolites of rumelenic acid) [85].
An improved method of GC-MS for the identification of very
long-chain highly unsaturated fatty acids with more than 22
carbon atoms (C,g) such as octacosaheptaenoic acid (28:7,
n-6) and octacosaoctaenoic acid (28 : 8, n-3) in seven marine
dinoflagellate species was developed by Monsour et al. [86].
In another work, the total lipids of three crustacean species
coming from Lake Baikal were analyzed for long-chain
polyunsaturated fatty acids such as 24:3 (n-6), 24:3 (n-
3), 24:5 (n-3), 26:3 (n-6), 26:5 (n-6), and also 28:7 (n-
6) by use of Ag-TLC and GC-MS [87]. In further study,
automated GC-MS was applied to identify polyunsaturated
fatty acids in algal and microbial cultures (some freshwater
algae and in filamentous cyanobacterium). A novel GC-
MS method developed by Akoto et al. in 2005 enabled
detection the polyunsaturated fatty acids after their previous
derivatization into corresponding methyl esters. By means
of the described method unique PUFA in some green algae
and cyanobacterium, which play a role of biomarkers in
ecological and food studies, can be determined [88]. Another
work demonstrated that GC-MS can be successfully used
for quantitative analysis of total n-3 and n-6 fatty acids in
human plasma. Six PUFA were esterified and next quantified
by the use of GC-MS and also by means of reference spec-
trophotometric method. GC analysis was performed on DB-
23 fused silica column (30 m x 0.32 mm, 0.25 mm). Helium
was applied as carrier gas. This study showed that applying
of GC-MS in quantification of PUFA (n-3 and n-6) gives
the results with the high accuracy. In addition, the statistical
evaluation of both analytical methods indicated that there is
no significant difference between GC-MS and spectropho-
tometric method [126]. In the next paper, the content of
seventy-two unsaturated fatty acids (polyenoic) present in
mantle, muscle, and viscera of the marine bivalve Megangulus
zyonoensis was determined [127]. The GC analysis coupled
to FID was performed on capillary column (Supelco, 30 m x
0.32mm, 0.25mm). Helium was used as carrier gas at a
flow rate of 1.5mL/min. DMOX derivatives of examined
fatty acids were analyzed by means of GC-MS equipped
also with Omegawax-320 capillary column (Supelco, 30 m x
0.32 mm, 0.25 mm). The spectra were recorded at ionization
energy of 70 eV. Another example indicates the usefulness
of GC-MS in analysis of a new octadecatrienoic acid as a
component of Chrysanthemum zawadskii Herb. (seed oil).
To confirm the structure of the new unusual fatty acids
different chemical derivatizations (preparation of methyl
esters, pyrrolidine, picolinyl esters, and dimethyloxazolidine
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derivatives) were applied [128]. Capillary GC analysis was
carried out using GC chromatograph equipped with FID and
a 50m x 0.25mm column CP-Sil 88 by means of hydrogen
as a carrier gas at a flow rate of 2 mL/min. GC-MS analysis of
fatty acid derivatives were performed on silica fused column
Supelcowax 10 (30 m x 0.25 mm, 0.25 ym). Helium was used
as a carrier gas [128]. The reviewed papers showed that a
rapid GC-MS method is the most frequently used technique
for the quantification and identification of geometric isomers
of long-chain PUFA including CLA [129]. A series of CLA
with double bond positions with all possible geometries
(cis/trans, trans/cis, cis/cis, and trans/trans) were converted
into methyl esters and next chromatographically analyzed in
the low femtomole range for diagnostic purpose (in clinical
study) [130]. Performed GC method should be more accurate
to direct quantification of total trans-octadecenoic acid in
food samples (e.g., milk). Results presented by Destaillats
et al. [131] confirmed that the isomeric profile of trans-
octadecenoic acid in milk fat determined by GLC in combi-
nation with Ag-TLC may be found as the reference method.

The recently published paper by Liu and coworkers
indicates that among various analytical techniques GC-MS
method using newer generation of detection system such as
single quadrupole mass detector is high sensitive new tool
for studies of n-3/n-6 PUFA in small samples of human
and mouse retina. These studies suggest that the method
developed by Liu et al. could be satisfactorily applied in the
treatment of the pathological process of macular degenera-
tions and dystrophies [132].

4.4. GC-FID Analysis (Gas Chromatography Coupled with
Flame Ionization Detector) of Fatty Acids. The current
research shows that flame ionization mode of detection is the
most common analytical method used in routine quantitative
analysis of fatty acids in various matrices, because it is robust
and of low cost in comparison with mass spectrometry [123].
The studies conducted by Schreiner confirmed the accuracy
and robustness of GC-FID technique for quantification of
LC-PUFA [133]. In order to check the robustness of gas
chromatographic method in combination with FID for quan-
tification of PUFA, various chromatographic systems were
used by Schreiner. Thus, this work is a guideline which
explains how to achieve the accuracy 17 and robustness of
GC-FID method. During the last decade there is an increase
in the application of GCFID in monitoring of omega-3 and
omega-6 fatty acids in various matrices samples including
human and nutritional. According to Bocking and coworkers
PUFA including the two presented above fatty acids and
linoleic acid could be satisfactorily quantified using GC-FID
in serum for clinical diagnosis (e.g., in case of cardiovascular
diseases) and in quality control of food, for example, cow’s
milk [89]. Another example of application of GC-FID in
analysis of biological samples shows the paper performed by
Bléha et al. [134]. The described GC-FID study of selected
MUFA and PUFA (e.g., CLA, EPA, and DHA) and their
metabolites were analyzed in human blood under the follow-
ing conditions: fused silica capillary column SP2330 (30 m x
0.25mm), helium as a carrier gas, and temperature of column
in the range from 120°C to 230°C. The developed method
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plays a significant role in coronary atherosclerosis study.
Quantitative aspect of GC-FID bioanalysis of PUFA in
plasma lipoproteins was also widely described by Tvrzicka
and coworkers [135]. Novel possibilities in GC-FID analysis
are to use this technique for determining of medium and
long-chain polyunsaturated fatty acids in clinical (parenteral)
formulations [136]. The data presented in this paper indicate
that GC-FID can be easily used for accurate determination
of PUFA composition in lipid emulsion. Most of the papers
regarding the use of gas chromatography for analysis of
polyunsaturated fatty acids such as linoleic acid and their
geometrical isomers present in dairy fat (e.g., milk fat) rec-
ommend the column type Carbowax such as Supelcowax 10
[137]. The main advantage of this column is a better resolution
of the linolenic and eicosadienoic acid isomers [137]. Kramer
and Cruz-Hernandez and their coworkers indicated that
besides polyethylene glycol capillary column, 100-m CP-Sil
88 column (100% cyanopropyl polysiloxane) could be very
suitable in PUFA analysis including CLA isomers in milk
fat [76, 137]. Both helium and hydrogen were used as the
carrier gases, respectively. Gas chromatograph was equipped
with FID. The profile of polyunsaturated fatty acids especially
trans isomers in food samples is usually analyzed by gas
chromatography. The official method recommends the use of
fatty acids in form of methyl esters [138]. In 2000 Timmins
and coworkers developed a method for quantification of
omega-3 from marine oils as ethyl esters. This analysis was
conducted with gas chromatograph coupled with FID on
an Omegawax 320 fused silica capillary column (30 m x
0.32mm, 0.25 ym). The carrier gas was helium at a pressure
63 kPa [139]. Profile of polyunsaturated trans fatty acids in
food products (e.g., peanut oil) including preparation of fatty
acid methyl esters was successfully determined with a highly
polar column CP-Sil 88. Moreover, the methylation proce-
dure allows accurate isolation of geometrical isomeric of
linolenic acid [140]. Tyburczy et al. studied the trans polyun-
saturated fatty acids in selected fast food such as hamburger,
pizza, chicken, cheese, and others [90]. This fact shows
usage of GC-FID method in monitoring of the trans fatty
acid level in some restaurant foods. The current research
indicates the usefulness of GC-FID in quantification of some
mono- and polyunsaturated fatty acids (e.g., oleic, linoleic,
and linolenic) in oils of wheat germ and seeds produced as
by-products [91]. The content of long-chain polyunsaturated
fatty acids like eicosapentaenoic acid and docosahexaenoic
acid in different assortments of smoked Atlantic mackerel and
Baltic sprats was determined by the use of gas chromatograph
equipped with FID [92]. The results demonstrate that the
applied GC-FID system is a powerful analytical tool in
control of the PUFA content in sprats smoked fish which
are the source of n-3 and n-6 fatty acids. A recent paper has
shown GC-FID determination of fatty acid methyl esters in
biodiesel bland using an ionic liquid stationary phase [141].
In this work the two 1,9-di(3-vinyl-imidazolium)nonane
bis(trifluoromethyl)sulfonylimidate stationary phase capil-
lary columns SLB-IL-100 (30 m x 0.25 mm, 0.25 ygm) and on
SLB-IL-100 (12m x 0.10 mm, 0.08 ym) have been evaluated
to determine the profile of fatty acids including eicosanoic,
linoleic, oleic, and linolenic in biodiesel blend.
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4.5. Gas Chromatography in Analysis of Geometrical and Posi-
tional Isomers of Fatty Acids. As it was described in previous
section regarding TLC and HPLC methods, the analysis of
geometrical isomers and position of double bonds may give
a great impact on nutritional study, especially in food quality
control. To obtain good results in analysis of geometrical iso-
mers of mono- and polyunsaturated fatty acids, they should
be converted into suitable derivatives. To determine the
number of double bonds the GC equipped with MS detector
is enough [119]. Among various derivatives, those which
ensure good results in identification of double bond position
by GC-MS technique are 4,4-dimethyloxazolidine (DMOX)
derivatives and picolinyl esters [119]. In the case of monoenoic
acids conversion into dimethyl disulphide is satisfactory. In
addition, identification of fatty acids double bond position
is possible by GC coupled with MS/MS detector which
requires the derivatization of the fatty acids into proper com-
pounds, for example, PTSA derivatives (p-toluenesulfonic
acid derivatives) [142]. To the most popular stationary phases
which enable satisfactory resolution and positional charac-
teristic of double bonds in unsaturated fatty acids belongs
cyanopropyl capillary column such as CP-Sil 88 in case of
MS/MS detection or Supelco 2560 capillary column which
is suitable for GC-FID analysis [141].

4.6. GC x GC (Two-Dimensional Gas Chromatography).
Two-dimensional gas chromatography is a new chromato-
graphic technique which recently plays a very important role
in resolution of fatty acids in complex samples such as lipids
coming from marine biota (e.g., algae). According to Casal
and Oliveira, the separation process by two-dimensional
gas chromatography (2D-GC) is carried out on the two
columns with different polarity [123]. For example, in 2011 Gu
and coworkers performed a comprehensive two-dimensional
analysis of fatty acids including PUFA in marine biota [143].
The results described in this paper show that, in GC x GC
method using an apolar polydimethylsiloxane x polar ionic
liquid column combination, an excellent resolution of unsat-
urated fatty acids complementary to GC-MS identification
was achieved. Another work performed by Manzano and
coauthors [144] confirmed that GC x GC system using an
apparatus equipped with capillary flow technology and a
FID has been satisfactorily used to separate a large number
of fatty acids including the eight isomers of the linolenic
acid and also the linoleic isomers. All examined fatty acids
were obtained from broccoli leaves by use of supercritical
fluid extraction (SFE). The results of this experiment showed
that SFE technique and GC x GC analysis with FID or
MS detector are suitable to study fatty acids [144]. The
current literature in emphasis on mono- and polyunsaturated
fatty acids analysis in different matrix indicates that besides
the widely used chromatographic techniques such as TLC,
HPLC, and GC equipped with various detectors, the relatively
new method is gas chromatography coupled to isotope
ratio mass spectrometer (known as IRMS) [145]. As it was
reported by Meier-Augenstein [145], this technique may be
used in fatty acids analysis in complex biological samples
and it is alternative to the typical detection systems applied
in chromatographic analysis. Another new solution in gas
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chromatographic analysis of unsaturated fatty acids is to use
GC in combination with infrared spectroscopy based on
transmission (GC-IR) or on attenuated reflection (GC-ATR)
[146]. Both techniques are refined in quantification of trans
fatty acids in food products (margarines, vegetable oils).

Survey of some selected GC conditions useful for sep-
aration and identification of some MUFA and PUFA from
different matrices is listed in Table 3.

5. Supercritical Fluid Chromatography (SFC)

A brief review of the chromatographic studies of LC-MUFA
and LC-PUFA indicated that, among traditional GC tech-
nique and HPLC method, an alternative or complementary
method to both of the mentioned techniques is supercritical
fluid chromatography (SFC). Supercritical fluid chromatog-
raphy is known as hybrid of gas and liquid chromatography.
In contrast to GC and HPLC, SFC allows the use of higher
flow rates, low temperature, no derivatization, and also uni-
versal detectors such as FID, ELSD, or MS [147]. This method
leads to greater efficiency in short time analysis times and
reduced consumption of organic solvents. Moreover as was
accurately described by Sefiorans and Ibanez [148] it permits
the separation and determination of thermally labile (e.g.,
polyenic fatty acids), low volatile, and polar fatty acids (e.g.,
hydroxy fatty acids) which cannot be analyzed by HPLC
or GC without derivatization. For this reason, in the last
few years the use of SFC in fatty acid analysis has attracted
increasing interest in the food sector [147, 148].

Supercritical fluid chromatography was usually per-
formed with pure carbon dioxide (CO,) as the mobile phase.
Nowadays SFC is often carried out in subcritical conditions,
and in many cases CO, is modified with an organic solvent in
order to increase the solubility of polar compounds [147-149].

SEC separation of fatty acids has been performed by
means of different chromatographic columns, such as open
tubular, packed, and packed capillary. The open tubular
columns are preferred for separations when high efficiencies
are required and also for complex samples [147-149].

Different detection modes are applied in SFC analysis
such as UV-VIS detectors, ELSD (evaporative light scattering
detector), and MS detector (mass spectrometer), but the most
widely used in SFC is MS detector. It was stated that SFC
analysis combined with MS detector provided very good
levels of sensitivity. Similar to liquid chromatography (HPLC-
MS), atmospheric pressure chemical ionization (APCI) and
electrospray ionization (ESI) are the most popular ionization
methods recommended for SFC-MS analysis. Moreover,
there is no limitation of mass analyzer that could be coupled
to SFC system [147-149].

All important parameters such as mobile phase compo-
sition, columns, and the detection mode systems needed to
SEC analysis of fatty acids were accurately described in review
papers by Senorans and Ibafnez in 2002 and also by Bernal and
coworkers in 2013 [148, 149]. Excellent review study by Bernal
et al. of the analysis of fatty acids in foods demonstrates that
new trend in SFC analysis is SFC x SFC system. The use
of two-dimensional SFC (2D-SFC) or SFC coupled to RP-
HPLC improves the separation of very complex mixtures.
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A preparative supercritical fluid chromatography was applied
for PUFA separation to obtain enriched fractions of EPA from
fish oil mixture. Silica gel as the stationary phase and carbon
dioxide as the supercritical fluid were used. Under these
conditions the best purity in EP-EE (eicosapentaenoic ethyl
ester) reaches 95% with a 24.6% yield [149]. Recent meta-
bolomic investigations show that the SFC-MS enables the
simultaneous rapid analysis of lipids with varied structure.
Applying cyanopropyl bonded silica gel-packed column the
resolution of lipid mixture from the leaf of Catharanthus
roseus resulted in satisfactory separation of lipid mixture with
time less than 15 minutes. The data obtained in this study
confirm that SFC system is a powerful tool for studies on lipid
metabolomic because it is useful as a fingerprinting method
not only for the screening of various lipids but also for the
detailed profiling of their individual components [150, 151].

6. Conclusions

This literature review which is focused on the application
of the chromatographic methods such as TLC, HPLC, GC,
and also SFC in analysis of mono- and polyunsaturated fatty
acids (MUFA, PUFA) in different matrices shows that all
of the presented chromatographic methods are suitable in
preseparation and quantification of these compounds. The
choice of the chromatographic systems depends on the type
of the sample to be analyzed and on the aim of chromato-
graphic analysis (problem which should be solved by means
of this technique). For instance, in order to obtain complete
fractionation of “trans/cis” fatty acids from different samples,
the traditional Ag-TLC or argentation HPLC (Ag-HPLC) is
used. The column chromatography such as GC and HPLC
may be used in further steps of chromatographic analysis
of unsaturated fatty acids (MUFA and PUFA), especially to
determine the quantity of separated fatty acids. In the case
of geometrical isomers (cis and trans) and determining of
the number and position of double bonds present in studied
unsaturated fatty acids, Ag-HPLC and various GC systems
are popular. Current literature indicates that the innova-
tions which are implemented into chromatographic systems
include modified stationary phases, new derivatizing agents
for fatty acids, and also developing of novel detection sys-
tems allowing sensitive and reproducible fatty acid analysis
from complex samples. Moreover, the new chromatographic
systems combined with other instrumental methods such as
MS, MS/MS, IR, or two-dimensional GC enable analysis of
a large number of MUFA and PUFA in lower quantities,
which is required, for example, in food analysis. The results
presented in our paper confirm that the chromatographic
methods are still a powerful tool in analysis of mono-
and polyunsaturated fatty acids.
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