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Abstract
Furan fatty acids (FuFA) are important antioxidants found in low concentrations
in many types of food. In addition to conventional FuFA which normally feature
saturated carboxyalkyl and alkyl chains, a few previous studies indicated the
FuFA co-occurrence of low shares of unsaturated furan fatty acids (uFuFA).
For their detailed analysis, the potential uFuFA were enriched by centrifugal
partition chromatography (CPC) or countercurrent chromatography (CCC) fol-
lowed by silver ion chromatography from a 4,7,10,13,16,19-docosahexaenoic
acid ethyl ester oil, a 5,8,11,14,17-eicosapentaenoic acid ethyl ester oil and a
latex glove extract. Subsequent gas chromatography with mass spectrometry
(GC/MS) analysis enabled the detection of 16 individual uFuFA isomers with a
double bond in conjugation with the central furan moiety. In either case, four
instead of two uFuFA isomers previously reported in food, respectively, were
detected by GC/MS. These isomers showed characteristic elution and abun-
dance patterns in GC/MS chromatograms which indicated the presence of two
pairs of cis/trans-isomers (geometrical isomers).
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INTRODUCTION

Furan fatty acids (FuFA) are valued food constituents
due to their effective radical scavenging and antioxidant
properties (Ishii et al., 1989; Lauvai et al., 2019; Lemke
et al., 2014; Masuchi Buscato et al., 2020; Okada
et al., 1990, 1996; Spiteller, 2005). These minor fatty
acids are biosynthesized by plants (Batna & Spiteller,
1991, 1993; Mawlong et al., 2016; Scheinkönig &
Spiteller, 1991, 1993), algae (Batna et al., 1993;
Spiteller, 2005) and bacteria (Lemke et al., 2014;
Lemke et al., 2020; Shirasaka et al., 1997; Spiteller,
2005). Via feed, FuFA also enter marine and terrestrial
animals, and relatively high amounts were detected in
fish and dairy products (Spiteller, 2005; Vetter
et al., 2016; Wendlinger & Vetter, 2014).

Structurally, FuFA are carrying the eponymous
furan moiety embedded in the fatty acid acyl chain.
Specifically, the typical odd numbered carboxyalkyl
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chain in the α-position of the furan moiety usually con-
sists of 7–13 carbon atoms, while most commonly pro-
pyl and pentyl chains are attached in the α0-position
(Spiteller, 2005; Wendlinger & Vetter, 2014).

Additional methyl groups on the furan moiety allow a
distinction between (i) the family of β-/β0-dimethylated FuFA
(D-FuFA) and (ii) β-monomethylated FuFA (M-FuFA)
(Müller et al., 2020; Spiteller, 2005). Next to these conven-
tional FuFA, a few papers reported on the occurrence of
FuFA with an additional double bond (unsaturated FuFA,
in the following uFuFA), which is most likely located in con-
jugation with the furan moiety (Boselli et al., 2000; Kirres &
Vetter, 2018; Pacetti et al., 2010; Schödel & Spiteller,
1987; Uchida et al., 2018; Wendlinger et al., 2016).
Namely, uFuFA were very scarcely detected (�5% of the
papers on FuFA mentioned in the review article by Xu
et al. (2017)).

Overall, very little is known about uFuFA in terms of
their occurrence and the factors influencing their forma-
tion. Semiquantitative analyses indicated uFuFA
amounts of 9–240 μg/100 g fresh weight in vegetables,
grass or herbs (Kirres & Vetter, 2018), and 45–
175 μg/100 g in extra virgin olive oil (Boselli et al.,
2000). Further, uFuFA were detected in beef liver
homogenisate (Schödel & Spiteller, 1987) and in the
steryl ester fraction of hepatopancreas of crayfish (Pro-
cambarus clarkii, 0.28% of total fatty acids in this lipid
fraction [Ishii et al., 1988]). These trace amounts, the
chemical lability of FuFA (Masuchi Buscato et al., 2020;
Vetter & Wendlinger, 2013; Wakimoto et al., 2011), and
the lack of commercially available reference standards
are severely restricting progress in research on uFuFA.
Yet, a common feature of all reports on uFuFA in food
was that they were co-occurring with structurally related
and more abundant D-FuFA (Boselli et al., 2000;
Kirres & Vetter, 2018; Pacetti et al., 2010; Uchida et al.,
2018; Wendlinger et al., 2016). Accordingly, uFuFA
could be more commonly occurring in food than cur-
rently anticipated.

In this study we aimed to get more insights into
the presence and variety of food-relevant uFuFA in
three potential sources. For this purpose, an initial
enrichment step was performed with countercurrent
chromatography (CCC) and the related centrifugal
partition chromatography (CPC) technique. CCC and
CPC are all-liquid based instrumental, semi-
preparative chromatographic techniques which take
advantage of a biphasic solvent system whereof one
phase is being used as mobile and the other as sta-
tionary phase (Friesen et al., 2015; Ito, 2005). CCC
and CPC are well suited for the isolation of natural
products (Friesen et al., 2015; Skalicka-Woźniak &
Garrard, 2014) and have also been used before for
the enrichment of minor lipid compounds (Berthod
et al., 2009; Hammann et al., 2015; Hammerschick
et al., 2020). In the latter case, samples fractionated
by CCC or CPC can be subsequently analyzed

thoroughly, for example, by gas chromatography with
mass spectrometry (GC/MS) (Hammerschick et al.,
2020; Schröder & Vetter, 2013). Using this approach,
several minor unsaturated tocopherols such as toco-
monoenols and tocodienols were detected in a sapon-
ified pumpkin oil by prior CCC separation (Kröpfl
et al., 2022). Without the CCC separation, these sub-
stances would have been overlooked in the sample.
This concept was implemented in our study on
uFuFA. Namely, three samples rich in FuFA were
fractionated and then subjected to silver ion chroma-
tography for further enrichment of uFuFA.

MATERIALS AND METHODS

Nomenclature

Individual FuFA were abbreviated using the short
number-letter-number code proposed by Vetter et al.
(2012) which is based on (i) the number of carbon atoms
in the carboxyalkyl chain, (ii) a letter for the furan moiety
including its substituents in β/β0-positions (D for D-FuFA
or M for M-FuFA), and (iii) the number of carbon atoms
in the alkyl residue. Hence, 11-(3,4-dimethyl-5-propyl-
furan-2-yl)-undecanoic acid is denoted 11D3. Within this
system, the related uFuFA is denoted as 11:1D3 if the
double bond is located in the carboxyalkyl chain or as
11D3:1 if it is located in the alkyl chain (Wendlinger
et al., 2016).

Chemicals

Acetonitrile (≥99.5%, for analysis p.a.) and diethyl ether
(≥99.5%, for analysis p.a.; low in peroxide; stabilized
with �7 ppm 2,6-di-tert-butyl-4-methylphenol (BHT))
were ordered from Bernd Kraft (Duisburg, Germany).
Methanol, ethanol and n-hexane (all HPLC grade) were
purchased from Th. Geyer (Renningen, Germany).
Concentrated sulfuric acid (96%, for analysis p.a.) and
concentrated hydrochloric acid (32%) were from Carl
Roth (Karlsruhe, Germany). Sodium chloride (≥98.5%),
sodium sulphate (≥99%), silver nitrate (≥99.5%, for
analysis p.a.), and silica gel 60 were ordered from
Sigma-Aldrich (Steinheim, Germany). Ultrapure water
was generated in-house using a PURELAB Classic
system (Elga, Celle, Germany).

Analytical standards

9-(3-methyl-5-pentylfuran-2-yl)-nonanoic acid ethyl
ester (9M5-EE, purity ≥98%) was extracted from latex
gloves, ethylated and purified according to Müller et al.
(2020). 11-(3,4-dimethyl-5-pentylfuran-2-yl)-undecanoic
acid ethyl ester (11D5-EE, purity ≥99%) was isolated
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from a 4,7,10,13,16,19-docosahexaenoic acid ethyl
ester oil (DHA-EE oil) which was generated from fish oil
according to Müller et al. (2018). Myristic acid (14:0,
purity >98%) was obtained from Fluka (Steinheim,
Germany), ethylated and used as internal standard
(IS) (Wendlinger et al., 2014). A Supelco 37 component
fatty acid methyl ester (FAME) mix was purchased from
Sigma-Aldrich (Steinheim, Germany).

Samples

Powder free disposable latex gloves were ordered
from VWR (Darmstadt, Germany). Two enriched ω-3
fish oils gently gained from fish oil, more specifically a
DHA-EE oil and a 5,8,11,14,17-eicosapentaenoic acid
ethyl ester oil (EPA-EE oil) were kindly provided by
KD Pharma (Bexbach, Germany). Both samples were
generated with a comparable technology than those
mentioned by Müller et al. (2018) and Gottstein et al.
(2019) but from different batches of fish. Hence, the
presence of FuFA was expectable but amounts were
unknown.

Fractionation of the DHA-EE
oil using centrifugal partition
chromatography (CPC)

Fractionation of the DHA-EE oil was carried out with
CPC due to its higher sample capacity compared to
CCC. Specifically, 3.7 g DHA-EE oil was fraction-
ated with a CPC 250 PRO instrument (Gilson, Mid-
dleton, WI, USA) equipped with a Gilson FC
204 fraction collector (Gilson, Middleton, WI, USA)
and a Gilson AP-MOD-250 pump (Gilson, Middleton,
USA) described in detail elsewhere (Hammerschick
& Vetter, 2022). The CPC instrument was operated
in ascending mode (upper phase mobile). The sol-
vent system n-hexane/acetonitrile (1:1, v/v) was pre-
pared by mixing the two solvents in a 2.5 l
separation funnel. After shaking vigorously and
equilibrating for 1 h, the phases were separated and
degassed in an ultrasonic bath (Müller et al., 2018).
The lower phase (stationary phase) was pumped
into the 250 ml CPC rotor at 100 ml/min and a rotor
speed of 500 rpm. Subsequently, the rotor speed
was raised to 1600 rpm and the upper (mobile)
phase was filled into the CPC system with 5 ml/min.
After equilibration of the system (Sf = 84%, 39 ml
displacement of stationary phase), the DHA-EE oil
sample, diluted in upper (mobile) phase (total vol-
ume 20 ml), was injected into the CPC system.
Twenty-five 5 ml fractions were taken from 50–
175 ml (fractions CPC1-CPC25). The flash 10 diode
array detector (DAD; Ecom, Praha, Czech Republic)
was set at λ = 230 nm and monitored the effluent

throughout the run. Each fraction was transferred
into a pre-weighted vial, evaporated with a gentle
stream of nitrogen (38�C), re-dissolved in 1 ml n-
hexane and aliquots were analyzed by GC/MS after
suitable dilution (volume 1 ml) and the addition of 4
μg 14:0-EE as IS. Selected fractions were methyl-
ated and fractionated by silver ion chromatography
(see below).

Fractionation of the EPA-EE oil using
countercurrent chromatography (CCC)

The lower purity of EPA-EE oil compared to the DHA-
EE oil prompted us to fractionate it with CCC rather
than CPC. An AECS QuikPrep MK 8 device (AECS,
London, UK) was used with a periphery described by
Hammann et al. (2015). The solvent system n-hexane/
acetonitrile (1:1, v/v) was used in tail-to-head mode with
the temperature being kept at 22�C by an external cool-
ing device (Arrifana, Blaupunkt, Heidenheim, Germany)
(Müller et al., 2018). Coil 2 of bobbin 1 and coil 3 of
bobbin 2 (total volume of 236 ml) were used for the
separation and filled with stationary (lower) phase at 10
ml/min. After the flow rate was decreased to 2 ml/min,
the rotation speed was set to the maximum value of
870 rpm. The upper (mobile) phase was pumped into
the coils at 2 ml/min and the retention of the stationary
phase was determined (Sf = 88%, 29 ml displacement
of stationary phase). EPA-EE oil (1.1 g, dissolved in 9
ml upper phase) was injected into the CCC system and
the effluent was monitored at λ = 230 nm as already
described for the CPC separation. Forty 4 ml fractions
(fractions CCC1-CCC40) were sampled after 46 ml by
means of a Gilson 203 B fraction collector (Middleton,
WI, USA) and processed as outlined in the CPC
section.

Methylation of CPC and CCC fractions

Two or three CPC (CPC10 + CPC11 + CPC12 and
CPC13 + CPC14; each �30 mg) and CCC fractions
(CCC8 + CCC9; CCC10 + CCC11; CCC12 + CCC13;
CCC14 + CCC15) were combined (Figure 1), respec-
tively, in amber glass test tubes and the resulting six
samples were evaporated to dryness under a gentle
stream of nitrogen (38�C). Then, 1% sulfuric acid in
methanol was added for transesterification (80�C; 2 h)
according to Müller et al. (2020). After cooling on ice, 2
ml saturated sodium chloride and 2 ml demineralized
water were added. FAME were extracted with 2 ml
n-hexane (Müller et al., 2020) and the methylated frac-
tions CPC10-12-ME and CPC13-14-ME were combined to
give one sample of CPC10-14-ME. Afterwards the FAME
extracts were subjected to silver ion chromatography
(see below).
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Extraction of FuFA from disposable latex
gloves

Disposable latex gloves were extracted and prepared
according to Müller et al. (2017) with slight modifications.
In brief, about 60 g of disposable latex gloves were cut
to small pieces and extracted with 900 ml n-hexane for
15 min in an ultrasonic bath (Müller et al., 2017). After fil-
tration and solvent removal, the lipid extract was trans-
esterified with 150 ml of 1% sulfuric acid in methanol (2
h, under reflux). Subsequently, 100 ml demineralized
water and 100 ml saturated sodium chloride solution
were added and FAME were extracted three times with
100 ml n-hexane (Müller et al., 2017). The organic phase
was dried over sodium sulphate, filtered, rotary evapo-
rated (38�C, 300 mbar) to �5 ml and applied to silver ion
chromatography.

Enrichment of uFuFA via silver ion
chromatography

The stationary phase, silica gel with 20% AgNO3 (w/w),
was prepared according to Müller et al. (2020), except for
the use of iron free silica gel (Buxbaum, 1967). A glass
column (1 cm inner diameter) was packed with 5 g iron
free silver ion silica gel deactivated with 1% ultrapure
water (Müller et al., 2017). After conditioning the column
with 10 ml of eluent of silver ion chromatography fraction
I (Ag-fraction I; n-hexane/diethyl ether, 95.5:0.5, v/v), the
FAME solution was applied and fractionated according to
Müller et al. (2017) with some modifications as follows:
silver ion chromatography fraction I (Ag-fraction I, n-

hexane/diethyl ether 99.5:0.5, v/v, 70 ml), then 70 ml Ag-
fraction II (n-hexane/diethyl ether, 97:3, v/v), next 25 ml
Ag-fraction IIIA (n-hexane/diethyl ether, 80:20, v/v), and
finally Ag-fraction IIIB (n-hexane/diethyl ether, 80:20, v/v,
25 ml). The volume of each fraction was reduced by
rotary evaporation, the fractions were transferred into a
1.5 ml amber glass vial, and carefully evaporated to dry-
ness with a stream of nitrogen (38�C). The residues were
weighed and taken up in 1 ml n-hexane.

Gas chromatography coupled with
electron ionization mass spectrometry
(GC/MS)

GC/MS measurements of saturated FuFA-ME were
performed with an HP 6890 GC plus/5973N MSD/6890
ALS system (Agilent, Waldbronn, Germany) equipped
with an Rtx-2330 capillary column (90% biscyanopro-
pyl, 10% cyanopropylphenyl polysiloxane; 60 m �
0.25 μm internal diameter � 0.1 μm film thickness;
Restek Bellefonte, PA, USA) as reported by Müller
et al. (2020). For the analysis of uFuFA, the GC oven
temperature was programmed for 1 min at 60�C, then
13�C/min to 150�C, 3�C/min to 240�C and 20�C/min to
250�C (hold time 7 min). GC/MS spectra were recorded
in full scan mode (m/z 50–550) after a solvent delay of
7 min. Further GC/MS analysis of uFuFA-ME were
performed in the selected ion monitoring (SIM) mode:
m/z 88.1 and m/z 101.1 (14:0-EE, IS), m/z 121.1
and m/z 135.1 (McLafferty-like ions), m/z 149.2, m/z
163.2, m/z 177.2, m/z 191.2, and m/z 205.2 (base
peaks), as well as m/z 306.2, m/z 320.2, m/z 334.2, m/z

CPC10-12
~30 mg

CCC8-9-
ME

DHA-EE oil latex gloves

extraction and
transesterification

centrifugal partition chromatography

transmethylation 

silver ion chromatography  

EPA-EE oil

countercurrent chromatography

CPC10-14-ME
~60 mg

CCC10-11

3.7 g 1.1 g

CPC13-14
~30 mg CCC8-9 CCC12-13 CCC14-15

CCC10-11-
ME

CCC12-13-
ME

CCC14-15-
ME

Ag-fraction IIIA
(CPC10-14-ME)

Ag-fraction IIIB
(CPC10-14-ME)

Ag-fraction 
IIIA

Ag-fraction IIIA
(CCC10-11-ME)

Ag-fraction IIIA
(CCC10-11-ME)

Ag-fraction
IIIB

F I GURE 1 Flow chart of the enrichment and modifications of uFuFA from different sources, that is, 4,7,10,13,16,19-docosahexaenoic acid
ethyl ester oil (DHA-EE oil), 5,8,11,14,17-eicosapentaenoic acid ethyl ester oil (EPA-EE oil), and latex gloves: After centrifugal partition
chromatography (CPC) and countercurrent chromatography (CCC) the fractions (CPCx or CCCx) were converted in their methyl esters (ME).
Silver ion chromatography fraction III was divided in two subfractions (Ag-fraction IIIA and Ag-fraction IIIB)
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348.3, and m/z 362.4 (molecular ions, M+) were mea-
sured throughout the run after a solvent delay of 7 min.
GC/MS-SIM analysis of FuFA-EE was performed with a
slightly modified method in which m/z 306.2 was
substituted with m/z 376.4. All ions were measured to the
first decimal place (Supplementary Table S1), but nomi-
nal masses will be reported below for better readability.

The share of uFuFA was estimated from peak area
of the base peak (e.g., m/z 177 or m/z 205 in the case
of unsaturated 11D5-EE (u11D5-EE) isomers) in the
GC/MS-SIM chromatogram based on the peak area
(m/z 88) of the IS 14:0-EE considering the GC/MS-SIM
response factor of 11D5-EE (m/z 179) relative to
14:0-EE.

RESULTS

Detection of uFuFA in CPC fractions of the
DHA-EE oil (�96% DHA)

According to GC/MS analysis, CPC fractions of CPC2-
CPC15 of the DHA-EE oil contained the main FuFA
11D5-EE (maximum amount in CPC8 + CPC9; total
amount �3.3% of DHA-EE oil). 11D5-EE eluted slightly
prior to DHA-EE (22:6n-3-EE) (Supplementary Figure S1).
Further ethyl esters of low abundance were 13D3-EE,
4,7,10,13,16-docosapentaenoic acid ethyl ester (DPAn-6-
EE; 22:5n-6-EE), 7,10,13,16,19-docosapentaenoic acid
ethyl ester (DPAn-3-EE; 22:5n-3-EE), 7,10,13,16-docosa-
tetraenoic acid ethyl ester (22:4n-6-EE) and 10,13,16,19-
docosatetraenoic acid ethyl ester (22:4n-3-EE) (Supple-
mentary Figure S1). Application of GC/MS-SIM for satu-
rated FuFA-ME/EE (Müller et al., 2020) enabled the
detection of five additional FuFA-EE (i.e., 9D5-EE,
11D3-EE, 11M5-EE, 13M3-EE, and 13D3-EE) in CPC
fraction CPC3-CPC16 (Supplementary Figures S1–S2a). A
similar GC/MS-SIM method was developed for uFuFA-
ME/EE with 18–22 carbon atoms (calculated for free
uFuFA) and a double bond position in conjugation to the
furan moiety. The corresponding SIM values were derived
from structural consideration and literature data (Jandke
et al., 1988; Kirres & Vetter, 2018; Wendlinger et al.,
2016). These covered (i) five molecular ions (2 u below
those of the corresponding saturated FuFA), (ii) five base
peaks, and (iii) two McLafferty-like ions which indicated the
methylation degree of the furan moiety (section Materials
and Methods). GC/MS-SIM screening of all CPC fractions
produced strong evidence for the presence of low amounts
of u11D5-EE isomers with a double bond in carboxyalkyl
or alkyl chain in conjugation with the furan moiety mainly in
fractions CPC6-CPC15 (maximum amount CPC11; Supple-
mentary Figure S2b). As expected, u11D5-EE eluted
slightly later from the CPC system than the saturated
11D5-EE (CPC2-CPC14, maximum amount
CPC8 + CPC9) due to their slightly higher polarity resulting
from an additional double bond. The total share of

u11D5-EE was estimated at �0.008% of the DHA-EE oil
or �0.23% of 11D5-EE, respectively. Due to the high
sample capacity of the CPC system, this share still cor-
responded with �0.3 mg uFuFA in fractions CPC6-
CPC15 (much higher amounts of 11D5-EE, 22:5n-3-EE,
22:5n-6-EE, and further minor fatty acids ethyl ester
aggravated the detection of uFuFA-EE in fractions
CPC>15 [Supplementary Figure S1-S2]). The calculated
total sample weight in uFuFA containing CPC fractions
(
P

CPC6-CPC15) was 0.12 g (Supplementary Figure S3).
Accordingly, CPC enabled the enrichment of uFuFA by a
factor of �30 (0.12 g vs. 3.7 g sample injected). Further
enrichment of uFuFA from FuFA and PUFA was per-
formed with silver ion chromatography, where the elution
is mainly directed by the number of double bonds in a
fatty acid (Dobson et al., 1995; Svetlana Momchilova,
2003). For this purpose, fractions CPC10-CPC14 (total
amount 62.4 mg) were selected based on favorable
amounts of u11D5-EE versus PUFA-EE and 11D5-
EE. These five CPC fractions were pooled, converted
into methyl esters and subjected to silver ion chromatog-
raphy (Figure 1). This method targeted saturated FuFA-
ME in Ag-fraction II (n-hexane/diethyl ether, 97:3, v/v)
(Müller et al., 2017). To ensure the complete elution of
the much more abundant saturated FuFA-ME, the vol-
ume of Ag-fraction II was increased from 50 to 70 ml.
Then, the elution of uFuFA-ME was continued with a
considerably more polar eluent (Ag-fraction III: n-hexane/
diethyl ether, 80:20, v/v) according to Kirres and Vetter
(2018). Under these conditions, 18:2n-6-ME and 18:3n-
3-ME were also eluted in this fraction (Müller et al.,
2017), while methyl esters with more double bonds as
those present in the sample (Supplementary Figure S1–
S2) were assumed to remain on the column. Neverthe-
less, Ag-fraction III was split into two 25 ml-subfractions
(named Ag-fraction IIIA and Ag-fraction IIIB) in order to
obtain uFuFA fractions as pure as possible. GC/MS anal-
ysis of Ag-fraction IIIA from CPC10-CPC14-ME not only
verified the successful performance of the silver ion chro-
matography but also enabled the detection of four
u11D5-ME isomers (Figure 2a). Namely, all four peaks
featured the molecular ion at m/z 362 (which is 2 u below
the one of 11D5-EE, Figure 2b). Second, the [M-31]+

fragment ion at m/z 331 (formed by α-cleavage; elimina-
tion of a methoxy radical) verified that (i) all four peaks
originated from uFuFA-ME and (ii) the transmethylation
was performed quantitatively (Figure 2c, d). Third, the
characteristic fragment ion of the furan moiety of unsatu-
rated D-FuFA-ME, which is formed by a McLafferty-like
rearrangement including a hydrogen transfer to the oxy-
gen atom, was shifted to m/z 135 (which is 12 u higher
than in saturated D-FuFA-ME) (Boselli et al., 2000;
Wendlinger et al., 2016). This shift produced first evi-
dence that the additional double bond of the uFuFA-ME
was in conjugation with the furan moiety (Figure 2b–d).
Fourth, the characteristic base peak of FuFA-ME, that is,
at m/z 179 in the case of 11D5-ME, was shifted to two
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different m/z values in the GC/MS spectra of uFuFA-ME
(Figure 2b–d). The base peak emerges from the cleav-
age in the carboxyalkyl chain between the first and the

second carbon atom relative to the furan moiety (Figure
2b). Accordingly, this fragment ion allows one to deter-
mine the number of methyl substituents in the furan ring
along with the length of the alkyl chain (here: two methyl
groups and pentyl chain). In the case of uFuFA, informa-
tion can be derived from the base peak about the posi-
tion of the double bond.

Remarkably, the GC retention times of the four
u11D5-ME isomers spread over a comparably wide
range of 3.0 min (3.1–6.1 min after 11D5-ME). In
addition, the two last eluting isomers were much
higher abundant than the earlier eluting u11D5-ME
isomers (Figure 2a, Supplementary Table S1). Also,
the GC/MS spectra of isomers #1 and #4 (tR
30.50 min and tR 33.46 min, Figure 2a, red ion trace
[dark gray in black and white print]) as well as iso-
mers #2 and #3 (tR 31.12 min and tR 32.80 min,
Figure 2a, gray ion trace [light gray in black and white
print]), respectively, were virtually identical
(Supplementary Table S1). Isomers #2 and #3
showed the base peak at m/z 177 (i.e., 2 u below
11D5-ME, Figure 3). Accordingly, these two isomers
featured the additional double bond in the alkyl chain
(Figure 2c and 3a). In addition, the fragment ion at m/
z 333 ([M-29]+, 26 u higher than in 11D5-ME), which
is formed by allylic cleavage in the pentenyl residue
(Figures 2c and 3b), confirmed the presence of two
11D5:1-ME isomers with the double bond in conjuga-
tion with the furan moiety.

By contrast, the base peak of isomers #1 and #4
was shifted to m/z 205. The mass difference between
m/z 177 (isomers #2 and #3, tR 31.12 min and tR
32.80 min) and m/z 205 of 26 u indicated an addi-
tional “ CH CH ” unit in the carboxyalkyl chain in
conjugation with furan moiety compared to 11D5-ME
(Figures 2b, d and 3a). Conjugation of the double
bond with the furan ring was confirmed by the
presence of m/z 305 ([M-57]+), formed by allylic
cleavage in the saturated pentyl chain (Figure 2d).
The [M-57]+ fragment ion is characteristic for FuFA
with a pentyl residue (and this ion was thus also
found shifted by 2 u to m/z 307 in the case of
11D5-ME, Figures 2b and 3b). Given this similarity,
two pairs of isomers can only differ in the geometry of
the double bond, that is, they must be cis-and trans-
isomers, respectively.

Unexpectedly, silver ion chromatography Ag-
fraction IIIB of sample CPC10-14-ME (Figure 1) addition-
ally featured four (even lower abundant) u11M5-ME
isomers. Their presence agreed with the occurrence of
11M5 in the DHA-EE oil (Supplementary Figure S2).
Similar to u11D5-ME isomers, the GC/MS chromato-
gram comprised two central isomers with a pentenyl
chain (11M5:1-ME isomers, Figure 4a, orange ion trace
[light gray in black and white print]) which were framed
by two isomers with a double bond in the carboxyalkyl
residue (11:1M5-ME isomers, Figure 4a, blue ion trace

F I GURE 2 GC/MS chromatogram (m/z 177 and m/z 205) of
fraction Ag-IIIA of CPC10-14-ME (a), and mass spectra, molecular
structure with marked fragmentations of 11D5-ME (b), 11D5:1-ME
(peak #2 and peak #3 [c]) and 11:1D5-ME (peak #1 and peak #4 [d])
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[dark gray in black and white print]). All four isomers
showed three characteristic fragment ions with the cor-
responding shifts (Figures 3 and 4c, e, Supplementary
Tables S1-S3). Also, the elution range of u11M5-ME

isomers and u11D5-ME isomers was similar (3.2 vs.
3.0 min). However, u13D3 isomers of 13D3, which was
also present in the sample, could not be detected in
CPC fractions.

Detection of uFuFA in CCC fractions of the
EPA-EE oil

CCC fractionation of the EPA-EE oil and subsequent
GC/MS analysis verified the presence of 9D5-EE,
11D3-EE, 11D5-EE, 9M5-EE and traces of 9D3-EE,
11M5-EE und 13D3-EE in fractions CCC4-CCC17

(highest amount of 9D5-EE/11D3-EE in fraction CCC8

and CCC9). Since uFuFA could not be directly
detected by GC/MS-SIM in any CCC fraction, four
pools of two consecutive CCC fractions which poten-
tially contained uFuFA (fractions CCC8 + CCC9;
CCC10 + CCC11; CCC12 + CCC13; CCC14 + CCC15)
were created, respectively. After transmethylation
and silver ion fractionation (Figure 1), Ag-fraction IIIA
of CCC10+11-ME enabled the detection of four
u11D3-ME isomers (Figure 4b, d, f) whose GC/MS
data resembled the features elaborated for u11D5-ME
and u11M5-ME isomers (i.e., tR profile, abundance
ratio of fragment ions; Figures 3 and 4b, d, f). Yet,
two peculiarities were observed in the GC/MS spectra
of the two 11D3:1-ME isomers. First, the McLafferty-
like ion of unsaturated D-FuFA at m/z 135 was only
of very low abundance (<2% relative intensity). Second,
the fragment formed by allyl cleavage within the prope-
nyl chain — expected at m/z 333 (here: [M-H]+) —

was not detected at all (Figures 3b and 4e; Supple-
mentary Table S1). However, these features were in
line with Wendlinger et al. (2016) who detected one
11D3:1 isomer in fish. Despite the presence of
9D5-ME in the EPA-EE oil, u9D5-ME isomers were
not detectable in the EPA-EE oil. This could be due
to the lower abundance of 9D5 (�14% of 11D3) in
the EPA-EE oil.

Enrichment and peak identification of
u9M5 isomers from disposable latex
gloves

Due to high amounts of 9M5 in latex (Hasma &
Subramaniam, 1978; Liengprayoon et al., 2011) and
latex gloves (Müller et al., 2017), an enrichment step
via CCC or CPC was not necessary for this matrix
(Figure 1). Instead, a transmethylated extract from dis-
posable latex gloves was directly subjected to silver ion
chromatography. Subsequent GC/MS analysis enabled
the detection of four u9M5-ME isomers in Ag-fraction
IIIB (and a smaller share in Ag-fraction IIIA). Again, all
GC characteristics (elution pattern, abundance ratio)
and MS characteristics ([M]+ m/z 320, [M-31]+ at m/z

F I GURE 3 Structures of fragment ions of saturated FuFA-ME
(central part) and uFuFA-ME with an additional double bond in the
alkyl chain (top) and the carboxyalkyl chain (bottom) of (a) the base
peak and (b) the fragment ion formed by α-cleavage in the alkyl/
alkylene chain. With: R1 = H for M-FuFA or R1 = CH3 for D-FuFA;
R2 = —(CH2)3 for 11:1D5/11:1M5/9:1D5/11D5/11 M5/9M5-ME and
R2 = H for 11:1D3/11D3-ME; R3 = (CH2)5 for 11:1D5/11:1M5/
9:1M5/11D5/11M5/9M5-ME and R3 = —(CH2)3 for 11:1D3/11D3-ME;
R4 = (CH2)10—COOCH3 for 11D5:1/11M5:1/11D3:1/11D5/11M5/
11D3-ME and R4 = —(CH2)8—COOCH3 for 9M5/9M5:1-ME
R5 = (CH2)8—COOCH3 for 11:1D5/11:1M5/11:1D3-ME and
R5 = —(CH2)6 COOCH3 for 9:1M5-ME
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289, and m/z 121 in all four u9M5-ME isomers; [M-57]+

at m/z 263, m/z 191 for 9:1M5-ME vs. [M-29]+ at m/z
291 and m/z 163 for 9M5:1-ME; Figure 3, Supplemen-
tary Tables S1-S3) agreed well with those described for
other uFuFA-ME isomers.

DISCUSSION

Enrichment of uFuFA from natural sources by semi-
preparative CPC and CCC and/or silver ion chromatog-
raphy provided sufficient amounts that enabled the
GC/MS analysis and verification of 16 uFuFA isomers
in two fish oil fractions and a latex glove extract. Also,
the slightly higher polarity of uFuFA in comparison to
FuFA allowed us to predict their elution range in CCC

and CPC. However, silver ion chromatography proved to
be indispensable for the enrichment of uFuFA. Namely,
this step enabled the separation of the more abundant
saturated FuFA (i.e., 11D5-ME, 11D3-ME, 9D5-ME, and
11M5-ME) from the target compounds (uFuFA-ME iso-
mers). Furthermore, the division of Ag-fraction III into
two subfractions (Ag-fraction IIIA and Ag-fraction IIIB)
enabled a partial separation between uD-FuFA and
uM-FUFA (Supplementary Figure S4). Namely, u11D5-
ME isomers (84% in Ag-fraction IIIA; 16% in Ag-fraction
IIIB) eluted prior to u11M5-ME isomers (14% in Ag-frac-
tion IIIA; 86% in Ag-fraction IIIB). These findings were
comparable to saturated FuFA, since D-FuFA also eluted
slightly earlier than M-FuFA. Noteworthily, the additional
double bond enhanced the difference between the elu-
tion differences of D- and M-FuFA-ME.

F I GURE 4 GC/MS chromatograms of the total ion current of (a) m/z 191 and m/z 163 of fraction CPC10-14-ME-IIIB and (b) m/z 177 and m/z
149 of fraction CCC10-11-ME-IIIA and mass spectra and molecular structure with M+ and characteristic fragment ions of (c) 11M5:1-ME, (e)
11:1M5-ME, (d) 11D3:1-ME, and (f) 11:1D3-ME

76 LIPIDS



Most importantly, the combination of the separation
techniques allowed the investigation of very low abun-
dant uFuFA. For example, four u11D5-ME isomers
could be detected by GC/MS in the enriched DHA-EE
oil with only 0.23% of the amount of 11D5-ME (3.3% of
the DHA-EE oil).

GC/MS full scan spectra of 11:1D5-ME, 11D5:1-ME,
11:1D3-ME, and 11D3:1-ME (Supplementary Table S1)
were in accordance with literature data (Boselli et al.,
2000; Wendlinger et al., 2016). Yet, it is worth noting that
all previous papers dealing with u11D5 or u11D3 isomers
in food only reported one isomer of 11:1D5-ME and
11D5:1-ME, or 11:1D3-ME and 11D3:1-ME, respectively
(Boselli et al., 2000; Ishii et al., 1988; Kirres & Vetter,
2018; Pacetti et al., 2010; Uchida et al., 2018; Wendlinger
et al., 2016). However, re-examination of GC/MS data of
Kirres and Vetter (2018), stored in our laboratory, unequiv-
ocally verified the presence of four unsaturated 11D5-ME
isomers as well (Supplementary Figure S5). Apparently,
and most likely a matter of their low abundance, only the
high abundant isomers could be previously unequivocally
assigned to uFuFA. Similarly, Pacetti et al. (2010)
detected traces of one 11:1D5 and one 11D5:1 isomer in
the same extract as 11D5 and Uchida et al. (2018)
described only one u11D5 isomer (11:1D5) using HPLC/
ESI-Q-TOF-MS which co-eluted with 13-hydroxy,13-
(3,4-dimethyl,5-pentylfuran-2-yl)-tridecanoic acid on the
HPLC column. Hence, the semipreparative approach of
the present study was crucial for the discovery and
assignment of the full array of four isomers. Once detected
and assigned, subsequent GC/MS-SIM analysis of CPC
fractions (without silver ion chromatography, as EE) veri-
fied that the four u11D5-isomers were natural constituents
of the DHA-EE oil, which was intended for human nutrition
and no artifacts produced during the transesterification
procedure or silver ion chromatography.

Still, it is remarkable, that the GC retention times of
the two pairs of cis/trans-isomers of uFuFA differed by
1.68 min (tR 31.12 min and tR 32.80 min, Figure 2, gray
ion trace [light gray in black and white print]) and even
2.96 min (tR 30.50 min and tR 33.46 min, Figure 2a, red
ion trace [dark gray in black and white print]), respec-
tively for u11D5 isomers. Compared to that, GC reten-
tion times of conventional trans-fatty acids such as
elaidic acid-ME (18:1tr-ME) differed from the corre-
sponding cis-isomer oleic acid (18:1-ME) only by
ΔtR � 0.17 min on a polar Rtx-2330 column (deter-
mined under the same chromatographic conditions).
Also, the distance between 18:1tr-ME or 18:1-ME and
18:0-ME (ΔtR � 0.43 min and ΔtR � 0.60 min, respec-
tively) was smaller compared to ΔtR 3.00 min between
11D5-ME and the first eluting 11:1D5-ME isomer. Simi-
lar retention time differences were observed for
u11M5-ME and u9M5-ME isomers (Supplementary Fig-
ure S6). This pointed to distinct geometric reasons and
a particular impact of the furan moiety on the conju-
gated double bond (spatially or electronically) leading

to a unique elution pattern of uFuFA (Figure 2a and
Supplementary Figure S6). Since, the retention time dif-
ferences for u11D3 were smaller (ΔtR 1.4 min), indi-
cated that the length of the alkyl chain had a strong
impact on the interaction with the stationary GC phase
(Supplementary Figure S6).

Up to now, four uFuFA isomers were only
observed in two laboratory experiments with for 9D5
(Ishii et al., 1988; Jandke et al., 1988). Jandke et al.
(1988) incubated isolated 9D5 with linoleic acid,
lipoxidase 1 and ethandiol and studied the transfor-
mation products formed via the intermediate diox-
oene (10,13-dioxo-11,12-dimethyl-octadec-11-enoic
acid methyl ester) compounds. In this context,
Jandke et al. (1988) not only observed four u9D5 iso-
mers, but also reported their elution order to be (Z)-
9:1D5-ME < (Z)-9D5:1-ME < (E)-9D5:1-ME < (E)-
9:1D5-ME on an OV-101 capillary column without
adding supportive spectroscopic data. Due to the
lack of verifiable spectroscopic data, we could not
assign the configuration of the geometric isomers to
the peaks in GC/MS chromatograms.

Altogether, the methods used in the present study
enabled the detection of 16 uFUFA-ME isomers of
which only four had been reported before in literature.
This set also included unsaturated M-FuFA which had
not been previously mentioned in the literature. The
GC/MS characterization of the novel uFuFA isomers
indicated double bonds exclusively in conjugation on
both sides of the furan moiety (positional isomers) and
cis/trans-configuration (geometrical isomers). Yet, the
origins and role of uFuFA in the sample remain a
mystery. Jandke et al. (1988), Ishii et al. (1988),
and Schödel and Spiteller (1987) suggested that
uFuFA are obtained from dioxoenes which in turn are
oxidation products of saturated FuFA, but the condi-
tions of the formation of uFuFA in food products
remained unclear.

However low abundant lipophilic antioxidants with
double bonds in the side chains are not unusual in
food. Also in the case of tocochromanols, such minor
compound (i.e., α-, β- and γ-tocomonoenols and α- and
γ-tocodienols) were detected after CCC fractionation in
pumpkin seed oil (Kröpfl et al., 2022). Despite the rela-
tively low concentrations, bioactivity and biofunctional-
ity of these minor compounds cannot be excluded at
this point. Hence, more research should be conducted
in this field of uFuFA, including the unequivocal deter-
mination of cis/trans configuration in the case of geo-
metrical uFuFA isomers.
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