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Abstract
Certain polyunsaturated fatty acids with n-3 double bonds are essential nutrients for the human body and are part of the 
bilayer of cell membranes or precursors of tissue hormones. The most abundant dietary n-3 fatty acids in human nutrition 
are α-linolenic, eicosapentaenoic, and docosahexaenoic acid and can be taken up through dietary sources such as vegetable 
oils or fish or, alternatively, dietary supplements with high levels of n-3 fatty acids. In previous studies, considerable varia-
tion of lipid patterns and quantities of n-3 fatty acids were observed. In this study, 33 dietary supplements from the German 
market, based on fish-, krill-, microalgae, and plant oil, have been analyzed. Lipid profiling (LC–MS) revealed triacylglyc-
erols as the dominant lipid species in most samples. However, krill oil was rich in phospholipids and samples containing 
fatty acid concentrates featured abundant fatty acid ethyl esters and diacylglycerols. Furthermore, total lipid profiles showed 
considerable variance depending on the lipid sources (e.g., fish or plant oil), which was also apparent in fatty acid analysis. 
The contents of n-3 fatty acids ranged between 150 and 570 mg/g capsule content (GC–MS) and vitamin E (α-tocopherol 
and tocopheryl acetate) were found in quantities ranging from 1.2 to 86.1 mg/g capsule content (HPLC–UV/Vis). While our 
analyses indicated a good agreement between labeled and present quantities of total n-3 fatty acids and vitamin E for the 
majority of samples, significant differences in agreement between individual fatty acids were observed, as well as frequent 
mismatches between declared and present vitamin E derivatives.

Keywords Dietary supplements · PUFA · Tocopherol · Lipid · LC–MS · GC–MS

Abbreviations
ALA  α-Linolenic acid
DG  Diacylglycerol
DHA  Docosahexaenoic acid
ECN  Equivalent chain number
EE  Ethyl ester
EPA  Eicosapentaenoic acid
FAEE  Fatty acid ethyl ester
FAME  Fatty acid methyl ester
GC–MS  Gas chromatography–mass spectrometry
ISTD 1  Internal standard PC 17:0/17:0
ISTD 2  Internal standard TG 

18:1/18:1/18:1-glycerol-D5
ISTD 3  Internal standard 14:0 fatty acid ethyl ester
ISTD 4  Internal standard TG 18:0/18:0/18:0-D12

LC–MS  Liquid chromatography–mass spectrometry
LC-PUFA  Long-chain polyunsaturated fatty acid
LC-UV/Vis  Liquid chromatography–UV/Vis detection
LOD  Limit of detection
LOQ  Limit of quantification
n-3 FA  n-3 Fatty acid
PC  Phosphatidyl choline
PUFA  Polyunsaturated fatty acid
S/N  Signal-to-noise ratio
TG  Triacylglycerol

Introduction

Fatty acids (FA), as part of the lipid fraction, are a principal 
component of most food items. Besides their caloric values, 
some FAs exhibit additional biological effects. Certain poly-
unsaturated FAs (PUFA), specifically the n-3 FAs, are essen-
tial as they cannot be synthesized by the human body. They 
are part of the lipid bilayer of cellular membranes and pre-
cursors of different messenger substances like eicosanoids 
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which, as tissue hormones, influence inflammatory processes 
in the body [1]. They are especially important for a proper 
development of the vision and the brain of fetuses and new-
borns [2]. Furthermore, an increased intake of n-3 FAs can 
reduce the risk of cardiovascular diseases [3].

In food, n-3 FAs are found mainly in the form of 
α-linolenic acid in vegetable oils such as linseed oil (45–60% 
of the total FAs) or as long-chain polyunsaturated FAs (LC-
PUFA) in the form of eicosapentaenoic (EPA) and doco-
sahexaenoic acid (DHA) in sea fish [for example, with 18% 
EPA and 11% DHA in the lipids of anchovies (also see 
Fig. 1)] [4, 5]. The European Food Safety Authority recom-
mends an intake of 250 mg of EPA and DHA to maintain 
regular cardiac function and 2–4 g to benefit of other effects 
like regulation of the blood pressure. Adults on average con-
sume 400–500 mg EPA and DHA a day from food [6]. To 
ensure a sufficient intake of n-3 FAs and to reach the addi-
tional benefits of the n-3 FAs, many people consume nutri-
tional supplements with high concentrations of the FAs of 
interest. Sales of dietary supplements have been constantly 
increasing in Germany over the last few years [7]. In recent 
surveys, only 30 and 17% of participants in Germany and 
USA, respectively, stated that they did not take any nutri-
tional supplements at all [8].

Usually, the dietary supplements with high amounts of 
n-3 FAs consist of encapsulated oil, but they can also be sold 
in bottles with oils (mostly aromatized) or even gums for 
kids. Besides fish oil, lipids from alternative sources, such as 
krill, microalgae, or linseed, are offered [9]. Furthermore, it 
is known that products can contain concentrates enriched in 
the contents of LC-PUFA compared to the aforementioned 
“natural” sources [10, 11]. A common process to obtain n-3 
FA fish oil concentrates is based on the transesterification 
of the FAs to the respective ethyl esters (EE) followed by 
purification of the PUFA-EE fraction, e.g., by chromato-
graphic or distillation methods [10] achieving purities of 
up to 90% EPA and DHA [12]. These ethyl ester can subse-
quently either be used for pharmaceutical applications or be 
re-esterified to triacylglycerols (TG) for food applications 
[12]. In Germany, supplements can only be sold if, with 
recommended daily intake of the supplement in question, the 
contents of ethyl esters of EPA and DHA are not exceeding 
600 and 300 mg, respectively [13].

The occurence of the n-3 FAs as different lipid classes 
also affects their bioavailability. Various studies give rea-
son to assume that n-3-fatty acids are better utilized by the 
human body when they are present as TGs in comparison 
to EEs, even though there are also studies that show no sig-
nificant difference between these two lipid species [14, 15]. 
This difference may be caused by varying efficiencies of the 
respective lipases which hydrolyze the bound FAs before 
they get absorbed in the small intestine. After absorption 
into the intestine, the free FAs are re-esterified back to TGs. 
Free FAs resulting from TGs are simply re-esterified to the 
likewise absorbed MG residue. This could be more difficult 
and therefore inefficient for FAs resulting from EE, since an 
additional glycerol derivative must be provided for the FAs 
for esterification to the TG [16, 17].

Similarly, higher bioavailability of n-3 FAs in krill oil 
compared to fish oil was noted in a publication by Ulven 
et al. [18]. Since most FAs in krill oil are bound as phospho-
lipids instead of as TGs, it is assumed that the bioavailability 
may be increased due to the emulsifying properties of the 
phospholipids and therefore increased lipase activity [16].

The different lipid classes are not only affecting the bio-
availability but also the oxidative stability of oils. There are 
various studies showing both prooxidant and antioxidant 
properties of phospholipids in different experiments. Anti-
oxidant effects may be, e.g., caused by complexing of metals 
or changing the location of other antioxidants. Prooxidant 
effects as observed in bulk oils might be evoked through 
forming colloids, which provoke the interaction with metals 
[19]. Bandarra et al. observed antioxidant effects of phos-
pholipids in fish oil and synergistic effects with α-tocopherol 
[20]. LC-PUFAs bound as TGs were found to be less likely 
to oxidize compared to ethyl esters showing lower peroxide 
values and p-anisidine values in oxidized fish oil [12].

The EPA and DHA contents of nutritional supplements 
of different regions have already been compared, showing 
various outcomes [21–26]. Studies with products from the 
US analyzed by Shim et al. showed that more than 90% of 
the investigated samples contained less EPA and DHA than 
stated by the manufacturer [22]. On the other hand, products 
from Finland analyzed by Damerau et al. met their label 
claim quite well, suggesting potential regional differences 
between retail samples [24]. Only little data are available 
for the German market: Kutzner et al. as well as Koch et al. 

Fig. 1  Structure of the n-3 fatty 
acids α-linolenic acid, eicosap-
entaenoic acid, and docosahex-
aenoic acid

Docosahexaenoic acid (22:6n-3)Eicosapentaenoic acid (20:5n-3)α-Linolenic acid (18:3n-3)



1037European Food Research and Technology (2023) 249:1035–1048 

1 3

previously analyzed the lipid classes and the n-3 FA contents 
of three and ten products, respectively, from the German 
market. They found that lipid class and FA distributions 
strongly differed depending on the source of the oil and the 
use of n-3 FA concentrates [9, 23].

To stabilize the oils rich in n-3 PUFAs, often antioxi-
dants are added [10], especially vitamin E derivatives like 
α-tocopherol. It is known that tocochromanols delay lipid 
oxidation by stopping radical chain reactions in different 
vegetable oils but also animal-derived fats and oils [27]. 
Depending on the type and amount of vitamin E derivatives 
used, the oxidative stability of the products can differ. Ham-
ilton et al. showed that lipid oxidation in fish oil is delayed 
by adding tocopherols and shows decreasing antioxidative 
effects for δ, γ, and α-tocopherol [28]. Also, interactions 
with different tocochromanol derivatives, other antioxidants, 
or the presence of phospholipids can influence and amplify 
the antioxidative effect [20, 29]. So far, no data are avail-
able on the presence and contents of vitamin E derivatives 
in PUFA-rich food supplements from the German market.

To evaluate the composition and quality of nutritional 
supplements containing high amounts of n-3 FAs from the 
German market, 33 products were bought retail and analyzed 
in detail regarding their lipid compositions and quantities of 
LC-PUFAs and tocochromanols by LC–MS, GC–MS, and 
LC–UV/Vis. Doing so, we were able to identify considerable 
differences in compositions between individual samples and 
highlight disagreements between the information provided to 
the consumer and actual compositions and contents.

Materials and methods

Samples

The 33 n-3 FA dietary supplements were purchased in drug-
stores and pharmacies in Erlangen (Germany) or in Ger-
man online pharmacies between November and December 
2020. Of the 33 samples 27 contained fish oil, two linseed 
oil, one krill oil, one microalgae (from Schizochytrium sp.), 
and two samples contained fish and plant oils (linseed, sun-
flower, pumpkin seed, wheat germ, evening primrose, rose-
mary, and rice bran) as source of n-3 FAs and other essential 
FAs, according to the label.

Chemicals

Methyl myristate (≥ 99%), ( ±)-α-tocopherol (≥ 96%), DL-α-
tocopheryl acetate (≥ 96%), dioxane (anhydrous, 99.8%), tri-
linoleate (> 98%), rhodium-tris-(triphenylphosphine)-chlo-
ride (Wilkinsons catalyst), Supelco 37 Component FAME 
Mix, sodium methanolate (25%) in methanol, acetic acid 

(≥ 99.7%), isopropanol, acetonitrile, formic acid, ammo-
nium formate (all LC–MS grade), BHT (99%), and tert-butyl 
methyl ether (≥ 99.8%) were from Sigma-Aldrich (Stein-
heim, Germany). Trioleate (99%) was supplied by ACROS 
Organics and n-hexane (HPLC grade) was supplied by VWR 
(Ismaning, Germany). Dichloromethane and methanol (both 
HPLC grade) were from Acros Organics (Geel, Belgium). 
PC 17:0/17:0 (99%) was from Avanti Polar Lipids (Alabas-
ter, AL/USA) and TG 18:1/18:1/18:1-glycerol-D5 (98%) was 
from Larodan (Solna, Sweden). Ethyl acetate was from Carl 
Roth (Karlsruhe, Germany). Silica gel 60 (0.04–0.063 mm) 
was from Macherey–Nagel (Düren, Germany).

Analysis of lipid extracts by LC–MS

Sample aliquots of ca. 10 mg were weighed into amber 
screw cap vials and dissolved in dichloromethane/metha-
nol (50 µg/mL BHT) 2:1 (v/v). Of this stock solution, 10 
µL were aliquoted (corresponding to 0.1 mg) into another 
amber glass vial, and 2 µg each of PC 17:0/17:0 (ISTD 1) 
and TG 18:1/18:1/18:1-glycerol-D5 (ISTD 2) were added 
as internal standards before the solvent was removed using 
a gentle stream of nitrogen. The residue was re-dissolved in 
1 mL of mobile phases A and B 1:2 (v/v), filtered through 
a 0.2 µm PTFE syringe filter and used for LC–MS analysis.

Lipids were analyzed using an NCP-3200RS microflow 
LC system (Dionex/Thermo Fisher) coupled to a timsToF 
Pro ion mobility-mass spectrometer (Bruker, Bremen/Ger-
many). Water/acetonitrile (40:60, v/v) and acetonitrile/iso-
propanol (10:90, v/v), both containing 0.1% formic acid and 
10 mM ammonium formate, were used as mobile phases A 
and B, respectively. A Triart  C18 column (150 mm x 0.5 mm, 
1.9 µm particle size; YMC, Dinslaken/Germany) held at 
50 °C was used for separation using the following gradient: 
Starting at 30%, the ratio of B was increased to 80% within 
7 min and further to 95% within 16 min. After 2 min of hold 
time at 95% B starting conditions were re-established within 
2 min and the system was re-equilibrated for 6 min. The flow 
rate was 30 µL/min.

The timsToF Pro was used with positive electrospray ioni-
zation with end-plate offset, capillary voltage, nebulizer pres-
sure, dry gas flow, and dry temperature set to 500 V, 4500 V, 
2 bar, 6 L/min, and 200 °C, respectively. The mass range for 
 MS1 and  MS2 data acquisition was set to m/z 100–1550 and 
the ion mobility range from 1/K0 0.8 to 1.9 using a ramp time 
of 100 ms and the internal charge control set to 5E06. The 
Parallel Accumulation and Serial Fragmentation (PASEF) 
mode was used for MS/MS using a collision energy of 30 eV 
over the whole mass range. Sodium formate cluster and ESI 
LC/MS tuning mix (Agilent) were used for mass and mobil-
ity calibration, respectively. Mass calibration for every run 
was achieved by introducing sodium formate calibrant at 



1038 European Food Research and Technology (2023) 249:1035–1048

1 3

the beginning of every sample run using a six-port valve. 
The LC–MS data were processed using Data Analysis 6.0 
for manual peak inspection and MetaboScape 2022b (both 
Bruker, Bremen/Germany) for (semi-) automated data pro-
cessing, respectively. Lipid annotations in MetaboScape were 
manually checked for plausibility, taking into account MS/
MS spectra and (relative) retention times within homologue 
series. The data table was gap filled (1/5th of each feature’s 
lowest detected intensity) and imported into MetaboAnalyst 
5.0 for further analysis [30]. The data were normalized by 
ISTD 2, log transformed, and mean-centered prior to analysis 
by Principal Component Analysis.

Transesterification of lipids for GC–MS analysis 
of fatty acid methyl esters

Each sample was prepared and measured as a duplicate 
from two capsules. The samples were converted to fatty acid 
methyl ester (FAME) as described previously by Christie 
[31] and Berdeaux et al. [32]. To 10 mg aliquots of the lipid 
samples, 200 µg of the internal standard TG 18:0/18:0/18:0-
D12 (ISTD 4), 1 mL tert-butyl methyl ether and 2 mL of 
0.5 M sodium methanolate in methanol were added. After 
mixing the sample, it was heated at 50 °C for 15 min. After-
ward, 150 µL acetic acid and 2 mL ultrapure water were 
added and the FAMEs were extracted twice with 2 mL 
n-hexane. The solvent was evaporated and the residue was 
re-dissolved in 1 mL of hexane. An aliquot (8 µL) of the 
solution was transferred to another vial, the solvent was 
evaporated and 1 mL of n-hexane added. Because of their 
varying content of n-3 FAs, some samples had to be diluted 
differently to be quantified. To the final dilutions, 50 µL of 
the solution of the internal standard 14:0 ethyl ester (ISTD 3) 
of 0.1 mg/mL were added before the samples were analyzed 
by GC–MS. The synthesis and purification of the ISTD 3 
and ISTD 4 is described in the supporting information.

Determination of declared n‑3 fatty acid 
and vitamin E concentration

The weight of the capsule content was determined in order 
to be able to calculate the concentrations of the n-3 FAs or 
vitamin E from the declared amount per capsule. The capsules 
were weighed, cut open, and the lipid fraction was extracted 
first with hexane and then ethyl acetate. After the capsule 
shells were dried, their weight was determined and the cap-
sule content calculated as follows. The determination was per-
formed in triplicate for each sample

concentration (n-3 FA) =
m(n-3 FA per capsule)

m(capsule weight) − m (capsule shell)
.

GC–MS analysis of fatty acid methyl esters

For GC–MS analysis, a Trace GC Ultra with an AS 3000 
auto-sampler and DSQ II mass spectrometer (Thermo Sci-
entific) were used. Samples (1µL) were injected using a 
split/splitless injector in splitless mode onto a VF-23 ms 
column (60 m × 0.25 mm; 0.25 μm; Agilent Technologies 
(Santa Clara, California). Helium (purity 5.0) was used as 
a carrier gas at a constant flow rate of 1.0 mL/min. The 
temperature program of the oven started at 50 °C and was 
heated up at a rate of 12 K/min to 170 °C (held for 7 min), 
then at 10 K/min to 210 °C (held for 5 min), and finally at 
15 K/min to 250 °C (held for 10 min). The temperatures 
of the ion source and transfer line were set at 250 °C and 
300 °C, respectively, and electron ionization at 70 eV was 
used. Quantification of selected n-3 FAs (ALA, EPA, and 
DHA) was performed in SIM-Mode monitoring with  m/z 
74, 81, 87, 101, 292, 298 as qualifiers and m/z 79 (n-3 
FAMEs), 88 (14:0-FAEE), and 302 (18:0-FAME d4 as 
quantifiers for the respecting fatty acid (all dwell time 
100 ms). To support the identification of the FAs, every 
sample was measured additionally in full scan using a 
mass range of m/z 50–650. The FAs were identified by 
comparing to reference spectra and elution order of the 
Supelco 37 Component FAME Mix.

The n-3 FAs were quantified using a six-point exter-
nal calibration using Supelco 37 Component FAME Mix 
(0.5; 1; 5; 10; 15 and 20 μg/mL) using the SIM-Mode, 
where 18:3n-3 was used for quantification for 18:3n-3 and 
22:6n-3 was used for the external calibration for the quan-
tification of 20:5n-3 and 22:6n-3 in the sample. Due to the 
different response factors of EPA and DHA, the measured 
EPA was divided by a factor of 1.08 (determined using 
single compound standards). The instrumental limits of 
detection (Signal-to-Noise ratio (S/N) = 3) and limits of 
quantification (S/N = 10) for 18:3n-3 the LOD and LOQ 
were at 2.6 and 8.7 ng/mL which corresponds to a concen-
tration of 34 or 110 ng/mg of the FA in the matrix (at the 
regular dilution of the sample). For 20:5n-3 and 22:6n-3, 
the LOD and LOQ were at 3.2 and 11 ng/mL which cor-
responds to a concentration of 42 or 140 ng/mg of the FA 
in the matrix (for the regular 8:1050 dilution of the sam-
ple). Coefficient of determination (R2) of the calibration 
curve was always 0.995 or better. Recovery of the ISTD 4 
on average was 85% (Median 82%). Accuracy with single 
standards (created by methylation of the free fatty acid) 
was 87% for ALA-ME, 114% for EPA-ME, and 111% for 
DHA-ME (n = 3). The precision of the method showed 
a coefficient of variation around 7% for the n-3 FAs for 
the repeatability (n = 6) and a coefficient of variation of 
maximum 5% for the interday reproducibility (n = 3). The 
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authors do not know the method used by the manufacturers 
to quantify their content of n-3 FAs. The official method 
by the European Pharmacopoeia 9.7: 2.4.29. Composition 
of fatty acids in oils rich in omega-3-acids uses a very 
similar alkaline transesterification method and a quantifi-
cation by GC-FID[33].

Quantification of vitamin E in samples

Sample aliquots of ca. 10 mg were weighed into screw cap 
vials and dissolved in 1 mL of dichloromethane as stock 
solutions. An aliquot of every stock solution was transferred 
into another vial, the solvent was evaporated using a gen-
tle stream of nitrogen, and the residue was re-dissolved in 
1 mL of HPLC solvent with a target analysis concentration 
of 0.1 mg/mL. For dissolving the sample a mixture of the 
Eluent A [methanol/water 40:60 (v/v)] and Eluent B [isopro-
panol/methanol 90:10 (v/v)] in a ratio of 1:2 (v/v) was used. 
Prior to HPLC analysis, the samples were filtered through 
0.2 µm PTFE syringe filters.

The samples were analyzed using a Smartline HPLC sys-
tem with pump 2050, auto-sampler 3950, and 2850 diode 
array detector (all Knauer, Berlin/Germany). Sample injec-
tion (100 µL, full loop fill) was done by the auto-sampler. An 
EC Nucleosil  C18 column (125 mm × 4 mm, 5 µm particle 
size; Macherey–Nagel, Düren/Germany) was used for the 
separation. The analysis was performed using the following 
method: after 2 min at 20% B, the proportion of eluent B was 
increased to 90% over the course of 8 min. This ratio was 
held for 10 min. Within 2 min, the starting conditions were 
re-established and the system was re-equilibrated for 3 min. 
The flow rate was 1 mL/min. Two detector channels were 
set to 292 nm and 286 nm for detection of α-tocopherol and 
α-tocopheryl acetate, respectively.

Quantification was achieved using an external calibration 
of ( ±)-α-tocopherol and DL-α-tocopheryl acetate in HPLC 
solvent at concentrations of 0.5, 1, 2, 5, 7, and 10 µg/mL. 
Some of the samples with lower vitamin E contents had to 
be reanalyzed at higher analysis concentrations for the ana-
lytes to fit within this calibration range. The instrumental 
limits of detection (LOD) (S/N = 3) and limits of quantifi-
cation (LOQ) (S/N = 10) for α-tocopherol and α-tocopheryl 
acetate were 0.04 and 0.12  µg/mL as well as 0.05 and 
0.16 µg/mL. This corresponds to LOQs of 1.2 mg/g and 
1.6 mg/g capsule content for α-tocopherol and α-tocopheryl 
acetate, respectively. The coefficient of determination (R2) 
of the calibration curve was always 0.9995 or better.

Results and discussion

Lipid profiling of supplements by reversed‑phase 
liquid chromatography coupled to mass 
spectrometry (LC‑timsToF MS)

Analysis of the lipid samples by reversed-phase microflow 
LC coupled to high-resolution ion mobility and mass spec-
trometry (LC-timsToF MS) allowed the detailed investiga-
tion of the molecular composition of lipids present in the 
samples. Furthermore, it directly allows to identify the 
dominant lipid class(es) in the samples, an important infor-
mation given the different stabilities and bioavailabilities 
reported for polyunsaturated FAs in their different forms of 
supplementation [12, 15, 34]. In total, close to 300 lipids 
were annotated on a species level in the samples (see Sup-
plementary Table 2). However, particularly, the triacylglyc-
erol species consisted of numerous combinations of different 
FAs (as indicated by MS/MS spectra), making the number 
of potentially present molecular species significantly larger. 
Triacylglycerols were detected in almost all samples, while 
FA ethyl esters and abundant diacylglycerols were particu-
larly detected in FA concentrates. Furthermore, in the single 
krill oil sample (sample 2), different families of phospholip-
ids (PC, PC-O, PE, and LPC) were detected.

In general, four different sample groups could be 
distinguished:

a) Products based on fish oils

These samples were characterized by triacylglycerols as 
the dominant lipid class. Among these products, fish oils 
sourced from salmon and cod (according to labels) were 
dominating, although most samples did not specify the 
source (see Supporting Table 1). These samples generally 
showed a highly complex TG distribution with frequently 
150 or more TG species. In contrast to the samples men-
tioned below, no addition of (re-esterified) PUFA concen-
trates was apparent in this group.

b) Products based on plant oils

Four samples contained lipids based on plant oils, particu-
larly linseed and flaxseed oils rich in α-linolenic acid. The 
two products indicating the use of exclusively plant oils 
featured a TG composition with relatively few prominent 
peaks (< 50 species), while the remaining two were mixed 
with fish oils and had a more complex lipid pattern (Fig. 2).
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c) Products based solely or partly on fatty acid concentrates

Eight samples were found to be based on n-3 FA concen-
trates, to varying degrees. As mentioned above, these con-
centrates are usually prepared by enriching ethyl esters of 
DHA and EPA. The ethyl esters, usually used for pharma-
ceutical applications, are sometimes directly incorporated 
into the supplements, or re-esterified to triacylglycerols, 

which is more common in food applications and also con-
sidered the higher quality form based on stability and bio-
availability [14, 35, 36]. In LC–MS, the addition of fatty 
acid concentrates was either apparent by the presence of 
abundant FA ethyl ester peaks (sample 17) or, in the case 
of re-esterified products, high abundance of early eluting 
triacylglycerols with two or even three DHA/EPA chains 
(Fig. 2). In addition, re-esterified samples contained abun-
dant peaks of highly unsaturated diacylglycerols, which are 
a by-product of re-esterification (Fig. 2).

d) Other products

One product was based on krill oil, which contained the 
PUFAs almost exclusively bound to phospholipids, par-
ticularly phosphatidyl choline, while the TG fraction was 
highly saturated. There are studies suggesting that PL-bound 
PUFAs might have higher bioactivity and efficacy compared 
to triacylglycerols or ethyl esters, but there are currently only 
limited human studies to confirm this [18, 37]. One further 
product was based on microalgae lipids characterized by 
early eluting, highly unsaturated triacylglycerols. Finally, 
two more products were based on cod liver oil, and featured 
additional abundant and late eluting long-chain TG species 
with ≥ 58 carbons and ≤ three double bonds (ECN ≥ 52, e.g., 
TG 18:1_20:1_20:1) which were not observed in the other 
animal-based products.

LC–MS proved very useful to distinguish these patterns: 
With the elution largely based on the length and degree of 
unsaturation of the acyl chains, FA ethyl esters eluted first in 
the chromatogram followed by PC species, and both groups 
overlapped with DGs. Given the complex composition 
 (C44–C68, 0–18 double bonds) and large range of equiva-
lent chain numbers (ECN, 26–56), the TGs eluted over a 
wide range of the chromatogram, with homologues with 
higher ECN, i.e., longer acyl chains with a lower number 
of double bonds eluting later than shorter, more unsaturated 
homologues. Accordingly, the incorporation of re-esteri-
fied triacylglycerols from PUFA concentrates was apparent 
by abundant peaks in the early parts of the TG retention 
time range. In fact, TG 20:5/20:5/20:5 and particularly TG 
22:6/22:6/22:6 were only observed in significant abundance 
in such samples.

The distinct differences in lipid composition were also 
clearly visible from the clustering of samples in the Prin-
cipal Component Analysis scores plot (Fig. 3). Here, the 
samples based on fish oil (green circles) formed one clus-
ter, while samples with different compositions were found 
on different parts of the plot. Samples 29 and 32, which 
were based on linseed oil (blue triangles), had the most 
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positive scores in PC1 and PC 2, which was also reflected 
in highly positive loadings for triacylglycerols abundant 
in linseed oil, particularly TG 54:8 and TG 52:6 species, 
where MS/MS spectra suggested the presence of 18:3 FA 
chains. Noteworthy, samples 8 and 9, which consisted of 
mixtures of linseed/flaxseed oil with other plant and fish 
oils, were clearly separated, clustering more closely with 
the fish oil samples (Fig. 3). Samples containing FA con-
centrates (red squares) were not found as one cluster but 
separated widely over PC1 and PC2. Sample 17, which 
was the single sample based on pure FA ethyl esters plot-
ted away from the other samples, and samples 5 and 33 
were found at most negative PC 2 scores. As could be 
expected, negative loadings on PC 2 were found particu-
larly for highly unsaturated TG (e.g., TG 64:16, TG 66:18) 
or DG (e.g., DG 42:11, DG 44:12) species. Noteworthy, 
sample 11 plotted away from the other fish oils but did 
not exhibit a clear signature of highly unsaturated DG or 
FA ethyl esters but only of some highly unsaturated TG 
species (such as TG 60:12), and therefore could not be 
unequivocally assigned to be fortified with concentrates. 
Finally, within the remaining samples (black diamonds), 

samples 3 and 4 (based on cod liver oil) plotted relatively 
closely to the fish oil samples, while sample 2 (krill oil) 
and sample 30 (microalgae oil) were clearly separated.

Generally, our findings of strongly varying lipid compo-
sitions in our samples corresponded well with the previous 
findings reported for dietary supplements from the German 
and other markets [9, 24].

Noteworthy, comparing our interpretations from 
LC–MS profiling of the lipid distributions with the labeled 
compositions, we noticed that the declaration on the 
products only partly reflected the actual contents. In fact, 
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samples 1, 5, 11, 15, 17, 28, 31, and 33, where the lipid 
compositions and/or clustering in PCA suggested the addi-
tion of concentrates, were all bar sample 28 simply labeled 
as fish oil (Supporting Table 1). This means for consumers 
it is currently near impossible to know what exactly they 
are consuming when buying “fish oil” food supplements. 
Considering the aforementioned differences in stability 
and bioavailability of PUFAS as ethyl esters and/or from 
triacylglycerols structured differently to the natural distri-
bution in fish oil, this raises questions if current nutritional 
label requirements are sufficient [14, 35, 36].

Fatty acid patterns of nutritional supplements

Of the 33 investigated products, 27 contained only fish oil 
and only a few were based on linseed (2), krill (1), or micro-
algae oil (1) or fish oil mixed with plant oil (2). Even though 
all of the dietary supplements exhibited high amounts of n-3 
FAs, they showed very different FA patterns depending on 
the type of oil and the manufacturing process. The analyzed 
marine oils differed from vegetable oils in their long-chain 
FAs and EPA and DHA instead of ALA as the main source 
of n-3 FAs. Products based on fish oil showed a larger vari-
ety of FA methyl esters in the GC–MS chromatogram com-
pared to the samples based on plant oils. The major FAs of 
the fish oil generally ranged from  C14 to  C22 with zero to six 
double bonds, with 16:0, 18:0, 18:1n-9, 18:2n-6, and the n-3 
FAs 20:5n-3 and 22:6n-3 as most abundant FAs. In addition, 
a large number of minor FAs such as 15:0 and other odd 
chain FAs, isoprenoid FAs (phytanic acid), or lower abun-
dant PUFAs such as 18:4n-3 could be detected. In products 
based on linseed oil, a drastically different FA pattern was 
observed: As expected, these products mainly contained 
 C16 and  C18 FAs and no LC-PUFAs such as 20:5n-3 and 
22:6n-3 could be detected. The principal source of n-3 FAs 
in these samples was 18:3n-3 (Fig. 4). However, there were 
also differences in the FA pattern within the marine oils. 
Krill and microalgae oil showed similarities in the pattern 
of FAs, but differences in the relative distribution. Similar to 
Kutzner et al. we observed that krill and microalgae oil con-
tained relatively more saturated FAs such as 14:0 and 16:0 
and less EPA and DHA than fish oil [9]. Krill oil for exam-
ple showed higher amounts of 14:0, 16:0, 16:1n-7, as well 
as 18:4n-3. Still, the main sources of n-3 FAs in all of the 
marine oils were 20:5n-3 and 22:6n-3. However, it should 

be considered that within the samples investigated, only one 
product was based on microalgae and krill oil, respectively.

Also, within the fish oil samples, differences in the FA 
pattern occurred in relation to the fish species or the process-
ing of the fish oil. Compared to other samples containing sea 
fish oil, cod liver oil (samples 3 and 4) contained remarkably 
high amounts of 20:1n-9 and 22:1n-11 (approximately 18 
and 10% in sample 3), which had also been apparent in lipid 
class analysis (see above). Fish oil concentrates exhibited 
distinctly higher relative proportions of 20:5n-3 and 22:6n-3 
(sample 33, Fig. 4) and thus less of saturated or monoun-
saturated FAs than “natural” fish oil, as also described by 
Kutzner et al. [9].

LC–MS and GC–MS chromatograms both exhibited more 
signals for samples based on fish oil than on plant oil or 
the product with fish oil concentrates. Through the larger 
variety of FAs in the matrix, also a broader spectrum of 
TGs was obtained. However, in general, the lipid class pat-
tern cannot be predicted by the FA pattern. Krill and fish 
oil for example showed similar FA patterns, but completely 
different lipid class distributions. As fish oil shows a large 
variety of different TGs, krill oil exhibits only few TGs and 
abundant PCs which contain the LC-PUFAs (Fig. 2). Also, 
samples containing concentrates cannot be identified with 
certainty by the relative distribution of FAs. Some samples 
like sample 33 (Fig. 4) with a high relative proportion of 
n-3 FAs suggest the use of concentrates, but other samples 
containing concentrates exhibit a regular distribution of FAs.

Contents of polyunsaturated fatty acids 
and comparison with declaration

For the determination of the n-3 FA content and the com-
parison to the declaration, the samples were analyzed by 
GC–MS and FAs of interest quantified by an external 
calibration. Only the n-3 FAs, that were labeled on the 
respecting package, were considered for quantification, 
i.e., 18:3n-3, 20:5n-3 and 22:6n-3 (Table 1). The con-
tents of these FAs in the nutritional supplements ranged 
from approximately 150 to 570 mg/g capsule content. On 
average, n-3 FAs made up close to a third of the capsule 
contents (311 mg/g), with a mean value of 296 mg/g of 
18:3n-3, 165 mg/g of 20:5n-3, and 139 mg/g of 22:6n-3 
detected in the samples where the respective FA was 
labeled. Approximately one-third of the products con-
tained at least the declared content of the sum of labeled 
n-3 FAs, but every sample contained at least 80% of the 
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declared content. The largest deviation was found in sam-
ple 22 with quantities exceeding the declared amount 
almost twofold (186% of declared value).

Remarkably, the ratio between measured and declared 
amount of n-3 FAs differed significantly, when looking at 
the FAs individually. While the products on average con-
tained 116% of their declared EPA content, they “only” 
reached 99% of their DHA label claim. The largest devi-
ation could be observed in sample 31 containing high 
amounts of 20:5n-3 (224% of declared amount) and only 
81% of the declared contents of 22:6n-3.

Previous literature reports on compliance of dietary 
supplements with labeled contents are highly ambiguous. 
On one hand, less than one-third of the samples analyzed 
by Shim et al. (bought in Australia) contained more than 
80% of their label claim for DHA. On the other hand, 
Damerau et al. reported similar results compared to us. 
The majority of samples contained the labeled contents, 
or close to the labeled contents, with a median of 95% of 
declared n-3 FAs for products of the Finnish market (vs. 
a median of 99% for our products)[24]. From the German 
market, a small sample size of three dietary supplements 
had been analyzed by Kutzner et al. and ten by Koch et al. 
and did generally also meet the expectation of n-3 FA 
contents [9, 23].

Interestingly, the observation in our samples of 
higher quantities of EPA than DHA in relation to their 
declaration (median of 103% EPA and 95% DHA) is in 

contradiction to the reports of Damerau et  al., where 
median values of 95% for EPA and 109% DHA were 
found. The reason for this mismatch is unclear, but it 
makes a general higher oxidative susceptibility of DHA 
(compared to EPA) unlikely as the reason for the lower 
values found in our samples.

The eight samples containing fish oil concentrates (as 
identified by LC–MS analysis) showed approximately 8% 
higher n-3 FA content than the average (Table 1) with 
DHA contents being more than 50% higher. However, con-
centrates did not show differences in meeting the label 
claim.

Quantitative determination of vitamin E derivatives

To the majority of n-3 FA supplements, vitamin E was 
added by the manufacturers. In addition to their vitamin-
izing effect some derivatives show antioxidant proper-
ties potentially delaying the onset of lipid oxidation and 
improving the stability of the products [27].

Noteworthy, almost all products contained the declared 
amount of tocochromanols (Fig. 5) but a number of sam-
ples were labeled incorrectly regarding the type or pres-
ence of tocopherols (Table 2).

Close to all samples contained quantifiable contents of 
one of the vitamin E derivatives (31/33), most frequently 
α-tocopherol (23/33) (Table 2). Two samples did not con-
tain detectable contents, while two products contained 
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the declared contents of n-3 fatty acids or vitamin E. Vitamin E con-
tent of sample 5 (86.1 mg/g) is not displayed (Table 2)



1045European Food Research and Technology (2023) 249:1035–1048 

1 3

both derivatives, but only one derivative with quantifiable 
contents. However, more than a quarter of the products 
were not labeled correctly. Four products contained a dif-
ferent derivative as indicated and five products did not 

indicate the content or presence of detected vitamin E 
derivatives at all (Table 2).

The average measured concentration of α-tocopherol 
and tocopherol acetate in the capsule contents was 
13.8  mg/g and ranged between 1.2 and 86.1  mg/g 

Table 2  Contents of 
α-tocopherol (α-T) and 
tocopherol acetate (TA) in 
n-3 fatty acid nutritional 
supplements and comparison to 
declaration

a The declared content was calculated by dividing the amount of fatty acid by the weight of the capsule con-
tent. A triplicate determination was performed for each sample
b Ratio of measured to declared content of vitamin E
c Declaration as α-tocopherol equivalent
d Declared derivate was not found
e Likely issue in declaration
f Excluding sample 12
g sample was reanalyzed in higher concentration to allow quantification

Sample Declared derivatives Measured derivatives

α-T TA Declared content 
[mg/g]a

α-T [mg/g] TA [mg/g] Ratiob

1 X – 6.2 6.4 ± 0.3  < LOD 103%
2 – – –  < LOD  < LOD –
3 – – – 3.0 ± 0.1  < LOQ –
4 – – –  < LOD 1.2 ± 0.0g –
5 – X 46.5  < LOD 86.1 ± 0.4 185%
6 X – 10.7 13.9 ± 0.4  < LOD 130%
7 – X 9.4 11.4 ± 0.3  < LOD 121%d

8 – – 6.1  < LOD 11.3 ± 0.5 185%c

9 X – 6.7 8.3 ± 0.2  < LOD 124%
10 – – – 2.1 ± 0.0  < LOD –
11 – X 4.1 11.8 ± 0.1  < LOD 288%d

12 X – 0.1 11.7 ± 0.1  < LOD 11700%e

13 – X 10.3  < LOD 14 ± 0.1 136%
14 – X 14.8  < LOD 20.3 ± 0.2 137%
15 X – 6.2 9.7 ± 0.1  < LOD 157%
16 – X 9.4  < LOD 15 ± 0.2 160%
17 – X 18.0  < LOD 15.7 ± 0.1 87%
18 – X 14.2  < LOQ 22.9 ± 0.4 161%
19 – – – 7.1 ± 0.3  < LOD –
20 X – 18.2 19.3 ± 1.1  < LOD 106%
21 – X 18.9 23.2 ± 0.2  < LOD 123%d

22 – – – 6.1 ± 0.1  < LOD –
23 X – 9.3 11.3 ± 0.1  < LOD 122%
24 – X 9.3 7.9 ± 0.1  < LOD 85%d

25 X – 9.6 9.8 ± 0.1  < LOD 102%
26 – – 6.5 7.2 ± 0.2  < LOD 111%
27 X – 1.3 4.6 ± 0.0  < LOD 354%
28 – X 12.6  < LOD 14.0 ± 0.1 111%
29 X – 9.8 14.4 ± 0.3  < LOD 147%
30 X – 17.8 25.3 ± 0.0  < LOD 142%
31 X – 5.3 5.6 ± 0.2  < LOD 106%
32 X – 6.2 6.3 ± 0.1  < LOD 102%
33 – – –  < LOD  < LOD –
Ø 11.3 143%f
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(Table 2). When only considering the vitamin E content 
and neglecting whether the right derivative was indicated, 
31 of 33 products agreed with the information provided 
on the label. Most of the samples contained a large excess 
of vitamin E leading to an average ratio of measured to 
declared content of 143% (excluding sample 12), with a 
maximum of 354% in sample 27. Sample 12 had a con-
tent of 11.7  mg/g α-tocopherol, but only 0.1  mg/g of 
α-tocopherol were indicated (ratio of 11,700%) due to a 
mistake in labeling (as confirmed by the supplier). The 
two samples not meeting the aimed content of vitamin E 
contained 85 and 87% of the labeled amounts, respectively.

To the best of our knowledge, there are currently no 
data available on the composition and quantity of vita-
min E added to PUFA supplements. Sunarić et al. already 
determined the added vitamin E content in different dairy 
products, infant formulas, and plant milks by HPLC with 
fluorescence detection [38]. Because the products dif-
fer strongly in their matrix and especially in the amount 
and type of lipids the vitamin E content is not directly 
comparable to the products of our interest. Most dairy 
products with a maximum of 20% of fat contained less 
than 1 µg/g α-tocopherol—which were probably naturally 
occurring in the fat fraction—and no quantifiable contents 
of α-tocopherol acetate. Products with declared contents 
of vitamin E observed by Sunarić et al. contained up to 
57 µg/g vitamin E, which is approximately 250 times less 
concentrated than in our samples. In contrast to most of 
our samples, their samples contained both tocopherol 
and tocopheryl acetate, but they also reported inadequate 
labeling.

Tocochromanols can act as radical scavenger and delay 
lipid oxidation by reacting preferentially but are usually struc-
turally altered in the process. It was therefore assumed that 
samples with lower contents of LC-PUFAs could also show 
lower contents of tocochromanols (and vice versa), if the lack 
of n-3 FAs is caused by lipid oxidation not just due to a lower 
addition to the formulation. Since the contents of n-3 fatty 
acids meet their label claim quite well, it is not possible to 
make valid statements regarding possible correlations of the 
vitamin E content and lack of n-3 fatty acids. In further stud-
ies, it might be interesting to analyze supplements at the end of 
their shelf life or during storing experiments promoting lipid 
oxidation and investigate vitamin E, n-3 fatty acid contents, 
as well as lipid oxidation products. Furthermore, it would be 
interesting to check the antioxidant effect of tocopheryl acetate 
compared to other tocochromanols, since it is often used but 
not expected to exhibit any antioxidative effect, and hydrolysis 
to α-tocopherol is unlikely in the lipid-rich medium [39, 40].

Conclusions

In our study we investigated 33 dietary supplements with 
high contents of n-3 FAs from the German market regard-
ing their lipid classes, FA contents, and vitamin E deriva-
tives and contents. The products were based on different 
types of oils, e.g., fish oil from different species, krill oil, 
microalgae oil, or linseed oil and manufacturing processes 
like creating concentrates with higher concentrations of 
the desired FAs.

Depending on their ingredients and manufacturing, 
the dietary supplements showed different principal lipid 
classes and FA pattern. Products based on different ingre-
dients can exhibit similar FA pattern but completely dif-
ferent lipid classes, e.g., fish oil with mainly TGs, krill oil 
containing high amounts of PCs, or fish oil concentrates 
with high concentrations of EEs and DGs. Even though the 
use of concentrates can influence the bioavailability and 
oxidative stability, only one of eight products suspected 
to contain concentrates were labeled accordingly, which 
prevents consumers from identifying what kind of prod-
ucts they are buying.

The observed products on the German market generally 
do not show a major deficiency of the indicated n-3 FAs and 
should therefore be suitable to support a sufficient intake of 
n-3 FAs. Regarding the content of vitamin E, almost every 
product contained either α-tocopherol or tocopheryl acetate 
and contents agreed well with their claimed contents of vita-
min E. However, numerous samples were declared to contain 
the wrong derivative and one contained exceedingly high 
concentrations vitamin E. There was no significant correla-
tion between the kind of derivative or amount of vitamin 
E and the content of n-3 FAs or accordance to their label 
claim. The influence of the different derivatives and contents 
of vitamin E could be potentially better observed in prod-
ucts that are at the end of their shelf lives or during storing 
experiments forcing lipid oxidation.
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