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Lipid oxidation compromises the shelf-life of lipid-containing foods, leading to the generation of unpleasant offflavours. Monitoring lipid oxidation under normal shelf-life conditions can be time-consuming (i.e. weeks or
months) and therefore accelerated shelf-life conditions are often applied. However, little is known on their
impact on the lipid oxidation mechanisms. In this study, different oxygen partial pressures (PO2; 10 and 21%),
temperatures (20, 30 and 40 ◦ C), and the removal of antioxidants through stripping of the oil were tested to
accelerate lipid oxidation. Increasing the incubation temperature of stripped oil blends from 30 to 40 ◦ C reduced
the onset of lipid oxidation from 4 to 2 weeks, whereas the PO2 had no impact. Surprisingly, at room temperature,
an increase in PO2 resulted in a longer onset time (10 weeks under 10% oxygen, 15 weeks under 21% oxygen).
We hypothesize that this is due to a shift in (initiation) mechanism. In non-stripped oil, an increase in PO2 from
10 to 21% decreased the onset time from 16 to 10 weeks (40 ◦ C). Temperature elevations and stripping led to a
shift towards more trans–trans diene hydroperoxides, as compared to the cis–trans conformation. Additionally, oil
stripping led to an increase in oxidized PUFAs with three or more double bonds in which the hydroperoxide
group is located between the double bond pattern, instead of on the edge of it. Lastly, it was shown that small
additions of LC-PUFAs (0, 0.3, 0.6, 1.2 and 2.3%, w/w) accelerate lipid oxidation, even in relatively stable
stripped oils. In conclusion, increased PO2 and slightly elevated temperatures hold fair potential for accelerated
shelf-life testing of non-stripped oils with a limited impact on the lipid oxidation mechanisms, whereas stripping
significantly changes propagation mechanisms.

1. Introduction
Dietary intakes of long chain polyunsaturated fatty acids (LC-PUFAs)
such as arachidonic acid (ARA, C20:4 n-6), eicosapentaenoic acid (EPA,
C20:5 n-3) and docosahexaenoic acid (DHA, C22:6 n-3) are known to
have a beneficial effect on cardiovascular diseases, cognitive dysfunc
tion and inflammation (Kotani et al., 2006; Mickleborough, 2009;
Wijendran & Hayes, 2004). They are also important for the development
of the retinal and nervous systems in foeti and infants (Carlson &
Colombo, 2016; Kolanowski, Jaworska, & Weißbrodt, 2007). The Eu
ropean Food Safety Authority (EFSA) therefore recommends a daily
consumption of 250 mg EPA plus DHA per day for adults and 100 mg

DHA per day for infants and young children between 6 and 24 months
(EFSA Panel on Dietetic Products, Nutrition, and Allergies, 2010). In the
diet, DHA and EPA are mainly provided through marine sources, while
ARA is also present in meat, fish, dairy products, poultry and eggs
(Kawashima, 2019). The health benefits of LC-PUFAs encourage in
dustries to develop regularly consumed products enriched in such LCPUFAs, e.g. spreads, margarines, salad dressings and infant formula
(Henry, 2009). This raises an important problem as LC-PUFAs are known
to be prone to lipid oxidation, which leads to loss of nutritional value
and the formation of off-flavours (Arab-Tehrany et al., 2012), and de
termines the shelf-life to a large extent (Fenaille, Visani, Fumeaux, Milo,
& Guy, 2003).

Abbreviations: ALA, α-linolenic acid; ARA, arachidonic acid; DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid; FAMEs, Fatty acid methyl esters; LA, linoleic
acid; LC-PUFA, long chain polyunsaturated fatty acid; MUFA, monounsaturated fatty acids; OA, oleic acid; OOH, hydroperoxide; PCA, principle component analysis;
PLS-DA, partial least-square discriminant analysis; PO2, oxygen partial pressure; SFA, saturated fatty acids.
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Lipid oxidation is a radical chain reaction commonly divided in two
phases. Primary lipid oxidation leads to the formation of hydroperox
ides, also known as primary oxidation products. During secondary lipid
oxidation, these hydroperoxides are further decomposed to form volatile
off-flavour compounds, such as aldehydes, ketones and alcohols
(Frankel, 2014). Using pure fatty acid standards, Xu, Davis, and Porter
(2009) showed that the oxidation rate is linearly proportional to the
amount of double bonds. Therefore, it logically stems from this that the
enrichment of food products with LC-PUFAs accelerates lipid oxidation
(Jacobsen, Horn, & Nielsen, 2013). Antioxidants, that are either natu
rally present in edible oils (e.g. tocopherols) or added during processing
(e.g. EDTA), are commonly used to extend the shelf-life of the food
products enriched with LC-PUFAs (Schneider, 2009). Nonetheless, it is
critical for food industry to reliably access the oxidative stability of their
products before marketing.
Monitoring lipid oxidation under normal shelf-life conditions is timeconsuming, i.e. up to months. Hence, accelerated shelf-life protocols
have been developed by altering the physicochemical environment (e.g.
temperature, light, prooxidant concentration). Temperature elevations
are most commonly used for this purpose, but the oxidation mechanisms
change and the effectiveness of antioxidants is decreased at elevated
temperatures (>40 ◦ C) (Frankel, 2005; Hu & Jacobsen; Merkx, Hong,
Ermacora, & Van Duynhoven, 2018; Schaich, Xie, & Bogusz, 2017),
which can hinder the translation of the results to consumer-relevant
conditions (i.e. ambient or refrigerated). Therefore, other factors
should be explored for the establishment of reliable shelf-life tests.
Since oxygen is the fuel for lipid oxidation, lipid-containing products
are often stored under oxygen-limiting conditions. Under low oxygen
concentrations (<0.5%, v/v), oxygen is indeed the limiting factor for
lipid oxidation (Andersson & Lingnert, 1999). Conversely, at higher
oxygen concentrations, primary oxidation becomes more dependent on
lipid substrate and/or prooxidant concentrations (Labuza & Dugan,
1971). Yet, increasing oxygen partial pressure (PO2) from 0.5–2% to
10–15.4% (v/v) was shown to accelerate the lipid oxidation reactions
(Andersson & Lingnert, 1999; Kacyn, Saguy, & Karel, 1983; Koelsch,
Downes, & Labuza, 1991; Marcuse & Fredriksson, 1968; Xie, 2015) and
therefore could potentially be used for accelerated shelf-life testing.
However, no information is currently available on the extent to which
PO2 could be increased without affecting lipid oxidation mechanisms
and its potential for accelerated shelf-life testing. Moreover, studies
testing the joint effects of temperature and PO2 are limited, even though
oxygen solubility, and therefore oxidative reactions could be greatly
influenced by temperature.
In this study, the effect of a combination of elevated PO2 (10 and
21%) and temperature (20, 30 and 40 ◦ C) on lipid oxidation were tested
in stripped and non-stripped oil blends. Stripping oils is used to accel
erate the oxidation process and access the role of natural antioxidants on
the mechanism. We hypothesized that increasing PO2 at low temperature
(up to 40 ◦ C) would increase the lipid oxidation rate without affecting
much the reaction mechanisms. As the oil blends used are relatively
stable against oxidation, we also evaluated the impact of food-relevant
LC-PUFA concentrations (0–2.4%, w/w) on the oxidation rate and
extent in stripped oil blends. These concentrations of LC-PUFAs were
chosen based on practical applications for infant nutrition.

purchased from Sigma Aldrich (St. Louis, U.S.). Deuterated chloroform
(CDCL3) and deuterated dimethyl sulfoxide (DMSO‑d6) were purchased
from Euriso-top (Saint-Aubin, France). Methyl docosahexaenoate,
methyl eicosapentaenoate and methyl arachidonate were purchased
from Nu-Chek prep, inc. (Elysian, U.S.).
2.2. Experimental set-up
2.2.1. Accelerated shelf-life testing
To investigate the effects of PO2, temperature and the presence of
antioxidants on the lipid oxidation mechanisms, non-stripped and
stripped oil blends were prepared by blending the vegetable oil mixture,
fish oil and fungal oil (97:2:1, w/w). The oils were stripped from im
purities, primary (radical scavenger) and secondary antioxidants (metal
scavengers and regenerators of primary antioxidants), and other surfaceactive molecules prior to blending. Stripping was performed by incu
bating the oil blends with alumina powder (4:1, v/v) in 50-mL poly
propylene centrifuge tubes (Berton, Genot, & Ropers, 2011). Fungal oil
and fish oil were incubated overnight on a head-over-tail rotator at room
temperature and centrifuged at 5,000g for 20 min to remove alumina
powder. The vegetable oil mixture was incubated on a head-over-tail
rotator for 1 h at 45 ◦ C to ensure the liquid state of the oil. Excess
alumina powder was removed by centrifuging at 4,000g for 3 min and
subsequently minor alumina particles were removed by centrifuging at
21,000g for 20 min. The complete removal of tocopherols was verified
by UPLC (method in Supplementary data E).
About 2.5 g of (stripped and non-stripped) oil blends were incubated
in 10-mL amber crimp vials under 10 or 21% oxygen and at 20, 30 or
40 ◦ C. The temperature of incubation ranged from room temperature
(20 ◦ C) as a practical and consumer-relevant temperature to 40 ◦ C, as it
has previously been reported that above this temperature, the mecha
nisms of lipid oxidation were significantly altered (Merkx et al., 2018).
The tested PO2 included 21%, as atmospheric partial pressure for its
practicality and 10% as an intermediate between atmospheric partial
pressure and vacuum packaging. Oil blends incubated under 21% oxy
gen were closed immediately with a butyl rubber stopper and crimp cap.
For the 10% oxygen incubations, the vials were placed on multiple
shelves of a freeze dryer (Epsilon 2-6D, Martin Christ, Germany) with
loose rubber stoppers on top of them. A vacuum was first applied. When
the vacuum was released, the chamber was filled with the 10% oxygen
gas from the gas bottle (Praxair, Vlaardingen, the Netherlands) con
nected to the inlet of the gas chamber. The rubber stoppers were then
pushed into the vials by reducing the shelf spacing and a crimp cap was
placed to keep the vial sealed throughout the incubation. Vials were at
first taken out weekly in triplicates. In order to increase the number of
data points for the milder conditions of incubation that were relatively
stable against oxidation, samples were then taken in singlet every two
weeks until an increase in hydroperoxide concentrations was observed,
after which weekly duplicates were taken. All samples were stored at
− 80 ◦ C until analysis.
2.2.2. Impact of LC-PUFA concentrations
We assessed the impact of low variation in LC-PUFA concentrations
on lipid oxidation. Five oil blends (nrs. 1–5) were prepared by
combining the vegetable oil mixture, fungal oil and fish oil, according to
Table 1. Prior to blending, the oils were stripped as described above.

2. Materials and methods
2.1. Materials

Table 1
Composition of stripped oil blends nrs. 1–5 (weight percentages).

A vegetable oil mixture, fungal oil (ARASCO™; DSM, Heerlen,
Netherlands) and fish oil (MEG-3™; DSM, Heerlen, Netherlands) were
provided by Danone Nutricia (Utrecht, the Netherlands). Alumina
powder was purchased from MP Biomedicals (MP EcoChrome™
Alumina N, Activity: Super I; U.S.). Gas containing 10% oxygen and 90%
nitrogen was bought from Praxair (Vlaardingen, the Netherlands). Fatty
acid methyl ester (FAME) standard mixes (RM-3 and PUFA-3) were
2

Blend number

Vegetable oil mixture (%)

Fish oil (%)

Fungal oil (%)

1
2
3
4
5

100
98.5
97
94
88

0
1
2
4
8

0
0.5
1
2
4
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Table 2
Annotation of the 1H NMR peaks according to Merkx et al. (2018) and to the analysis of oxidized methyl ester standards of LC-PUFAs.
Chemical shift

Fatty acid oxidized

11.25–11.00

> 2 double bonds: ALA, EPA, DHA, ARA (‘PUFA

Annotation
-OOH’)

10.99–10.96

Internal OOH

10.95–10.91

External OOH

10.91–10.87

Double bond: Linoleic acid (‘LA-OOH’)

9-trans,cis-OOH, 13-cis,trans-OOH

10.87–10.82

10.80–10.77

9-trans,trans-OOH, 13-trans,trans-OOH

Single bond: Oleic acid (‘OA-OOH’)

9-trans-OOH, 13-trans-OOH

10.74–10.71

9.98– 9.13

Partial chemical structure

cyclized OOH

>2DB

9-cis-OOH, 13-cis-OOH

All fatty acids

Aldehydes

About 2.5 g of the oil blend were incubated in closed 10-mL amber
crimp vials at 30 ◦ C. Vials were taken out weekly in triplicates and stored
at − 80 ◦ C until analysis.

with a Bruker Avance HD 700 MHz NMR spectrometer (Bruker BioSpin,
Switzerland) equipped with a 5-mm BBI-probe at 295 K. A single pulse
experiment with 4 scans was performed to record the proton signals of
the glycerol backbone (δ 4.4–4.0 ppm), which were used for quantifi
cation of aldehydes and hydroperoxides. The proton signals originating
from aldehydes and hydroperoxides were obtained using two bandselective experiments with 64 scans. An internal validation confirmed
that the total hydroperoxide and aldehyde concentrations obtained by
1
H NMR did not differ from the hydroperoxide concentration and paraanisidine value, respectively, measured with spectrophotometric
methods (data not shown).
Methyl docosahexaenoate, methyl eicosapentaenoate and methyl
arachidonate were oxidized for 1 day at 40 ◦ C. The oxidized methyl
esters were measured by 1H NMR in pure form, and mixed with the oil
blend to annotate peaks corresponding to their respective hydroperox
ides (Supplementary data A). Due to their similarities in the structure,
hydroperoxides derived from ARA, EPA and DHA could not be dissoci
ated from the ones derived from α-linolenic acid (ALA) and their com
bined signal will be referred to hydroperoxides derived from PUFAs with
more than two double bonds (PUFA>2DB-OOH). The assignment of the
peaks for the specific hydroperoxides can be found in Table 2.

2.3. Fatty acid composition by gas chromatography
Fifteen milligrams oil blend, 400 µL toluene, 3 mL methanol and 600
µL hydrochloric acid (8% in methanol) were added. The tube was sealed
with a screw cap, vortexed and placed on a heating block at 90 ◦ C for 1 h.
After cooling to room temperature, 1 mL ultrapure water and 2 mL
hexane were added. The mixture was vortexed and left to equilibrate for
10 min. The upper hexane layer containing fatty acid methyl esters
(FAMEs) was collected and analysed with gas chromatography (GC).
FAMEs were analysed on a TRACETM GC Ultra gas chromatograph
system equipped with a flame ionization detector (Interscience, Breda,
The Netherlands) and a rxi-5 ms capillary column (30 m length, 0.25
mm inner diameter, 0.25 μm film thickness; Restek Corp., Bellefonte,
PA, USA). The injector and detector temperature were set at 240 ◦ C and
250 ◦ C, respectively. The oven temperature profile was as follows: held
at 40 ◦ C for 2 min, increased to 250 ◦ C at 10 ◦ C/min and held at this
temperature for 5 min. Helium was used as a carrier gas and maintained
at a constant pressure of 100 kPa. The standard mixes RM-3 and PUFA-3
were used as external standards (Analytical grade, Sigma-Aldrich, St.
Louis, MO, USA) to identify most of the individual fatty acids. The
remaining unidentified FAMEs were annotated by measuring fresh oil
blend nr. 3 with the same GC method on an instrument coupled with a
mass spectrometer and by comparing the exact mass and fragmentation
pattern with the data library. Quantification was performed using the
Thermo Scientific Xcalibur™ software. Results were expressed as per
centage of total fatty acids.

2.5. Statistical analysis
All data are expressed as mean ± standard deviation. The onset of
hydroperoxide formation was defined as the time required to reach a
hydroperoxide concentration of 1 mmol/kg oil. The maximum rate of
hydroperoxide formation was defined as the steepest slope between two
consecutive time points.
Multivariate analyses were performed using Metaboanalyst 4.0
(Chong et al., 2018) to test the effect of PO2 and temperature on stripped
oil blends and the impact of stripping on oil blend stored at 30 ◦ C and
21% oxygen. Data were mean-centred and scaled using Pareto scaling.
Unsupervised principal component analysis (PCA) was then applied to
identify trends. When a clear trend between treatments was observed,
partial least-square discriminant analysis (PLS-DA) was applied to
identify differences between treatments. The contribution of each type
of hydroperoxide and of total aldehydes was determined by looking at

2.4. Quantification of hydroperoxides and aldehydes by proton nuclear
magnetic resonance (1H NMR)
Independent duplicates were analysed for their hydroperoxide and
aldehyde content by 1H NMR, as previously described by Merkx et al.
(2018). About 150 μL of oil was added to 450 μL CDCL3/DMSO‑d6 (5:1,
Euriso-Top, France), transferred to a 5-mm NMR tube and measured
3
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Fig. 1. Concentrations of total hydroperoxides (A) and aldehydes (B) as a function of storage time in stripped oil blend nr. 3 stored at 20 ◦ C (squares), 30 ◦ C
(triangles) or 40 ◦ C (circles) and under 10% (open symbols) or 21% (closed symbols) oxygen in hermetically closed vials. Values are shown as mean ± SD (n = 2).
Lines are drawn for the purpose of guiding the eye.

10% oxygen (10.97 ± 0.05 mmol.kg− 1 at 30 ◦ C and 7.46 ± 0.08 mmol.
kg− 1 at 40 ◦ C). Similarly, Linke, Linke, and Kohlus (2020) observed a
five times higher maximum hydroperoxide concentration for bulk fish
oil oxidized at 32 ◦ C and saturated with 100% oxygen instead of air
(21% oxygen). Based on Henry’s law, the constant established for sun
flower oil at the specific temperatures (Cuvelier, Soto, Courtois, Broyart,
& Bonazzi, 2017), and the ideal gas law, we estimated the total amount
of oxygen available in each vial at the start of the incubation and
deducted the theoretical maximal concentration of hydroperoxides that
could be formed (Supplementary data B). This maximal concentration
was estimated to be 13.57 mmol.kg− 1 and 26.89 mmol.kg− 1 for incu
bation under 10% and 21% oxygen, respectively. None of the conditions
tested in this experiment led to the theoretical maximal hydroperoxide
concentration, due to the simultaneous degradation of hydroperoxides
into aldehydes and others secondary products. Moreover, the lower
maximal hydroperoxide concentration observed at 40 ◦ C could be
explained by the fastest degradation of these molecules at high tem
perature as illustrated by the increased aldehyde concentrations
(Fig. 1B).
Surprisingly, the results obtained at room temperature did not follow
the same trend. At 20 ◦ C, the onset of hydroperoxide formation was
clearly later for the vials incubated under 21% oxygen (week 15 of in
cubation) compared to the vials under 10% oxygen (week 10 of incu
bation). After verification of the oxygen concentration in the headspace,
an additional experiment was performed to rule out the potential effect
of the different protocols used to fill the 10% and 21% oxygen vials
(Supplementary data C). Interestingly, these results seem to be related to
the oil blend composition, as they were not observed on stripped rape
seed oil (Supplementary data C). Although no clear explanation can be
deducted from our results, a few hypotheses can be raised. Park, Kim,
Kim, and Lee (2014) showed an increase in conjugated diene concen
trations and p-anisidine value under limited amount of oxygen in the
early stage of oxidation and related these results to a higher moisture
content. As all the oil blends were prepared on the same day, variation in
the moisture content is unlikely and this hypothesis does not apply. A
second hypothesis would be that polymerization reactions increased at
low temperature under limited oxygen conditions and compete with the
hydroperoxide formation, especially in the presence of LC-PUFAs. Cho,
Miyashita, Miyazawa, Fujimoto, and Kaneda (1987) showed the
importance of polymerization in pure DHA and EPA esters at low tem
perature (5 ◦ C), which is in line with the different observations obtained
for pure rapeseed oil compared to the oil blends containing LC-PUFAs.
Finally, different initiation mechanisms might take place under
different oxygen concentrations and temperature. Laguerre, Tenon, Bily,
and Birtić (2020) discussed the important role of hydroperoxide
decomposition in the initiation of lipid oxidation. Elevated temperatures

the variable importance in the projection (VIP), with a VIP value > 1
considered as a significant discriminant. Validation of the model was
performed using R2 and Q2 values from a 10-fold cross validation al
gorithm and a 2000 permutation test.
A Mann Whitney-U test was performed to test whether the fatty acid
composition changed due to stripping or after incubation. The analysis
was performed in SPSS Statistics (Version 25.0.0.2, IBM, New York,
USA). Significance was set at p < 0.05.
3. Results and discussion
3.1. Effect of accelerated shelf-life conditions on lipid oxidation in
stripped oil blends
The impact of PO2 and temperature on lipid oxidation process was
first investigated in the stripped oil blend containing 97% vegetable oil
mixture, 2% fish oil and 1% fungal oil (w/w). Primary (i.e. hydroper
oxides) and secondary (i.e. aldehydes) lipid oxidation products were
recorded over time during storage at two different PO2 (10% and 21%)
and three different temperatures (20, 30 and 40 ◦ C) (Fig. 1).
At 30 ◦ C and above, PO2 did not affect the onset of hydroperoxide
formation in stripped oil blends, which was detected at week 4 and week
2 of incubation, respectively at 30 ◦ C and 40 ◦ C for both oxygen con
centrations (Fig. 1A). It is possible that the weekly sampling did not
allow us to see small daily variations in the onset time. The rate of hy
droperoxide formation defined as the steepest slope was higher for the
samples incubated with 21% oxygen (0.92 mmol.kg− 1.d− 1 at 30 ◦ C and
1.44 mmol.kg− 1.d− 1 at 40 ◦ C) compared to samples incubated with 10%
(0.57 mmol.kg− 1.d− 1 at 30 ◦ C and 0.46 mmol.kg− 1.d− 1 at 40 ◦ C). Our
results highlight that the impact of oxygen concentration on the reaction
onset was minimum compared to the effect of temperature in stripped
oil. Elevated temperatures accelerate the formation of radicals through
hydrogen abstraction, which is reflected in their impact on onset time,
while oxygen is not involved in this reaction. The slight increase in re
action rate observed under 21% oxygen compared to 10% could be due
to a higher probability of the first lipid radicals to react with oxygen at
an elevated PO2. This effect was greater at 40 ◦ C compared to 30 ◦ C
(Fig. 1A), probably due to the increased diffusion rates observed at
higher temperature. This is in line with previous work showing a limited
impact of oxygen concentration above 1% on the oxidation rate of nonstripped rapeseed oil at 50 ◦ C (Andersson & Lingnert, 1999), and above
10% on the oxidation rate of methyl linoleate mixed with non-fat dry
milk at 37 ◦ C (Kacyn et al., 1983).
In our system, PO2 mainly influenced the maximum hydroperoxide
concentration, which was doubled under 21% oxygen (19.46 ± 0.4
mmol.kg− 1 at 30 ◦ C and 14.38 ± 0.29 mmol.kg− 1 at 40 ◦ C), compared to
4
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(>30 ◦ C) could favour the spontaneous degradation of hydroperoxides
(Eq. (1)), while metal-catalysed reactions would be more likely to
degrade hydroperoxides at room temperature (Eqs. (2a) and (2b)). At
higher oxygen concentration, triplet oxygen oxidizes iron from the
ferrous (Fe2+) into the more stable ferric (Fe3+) state. Simultaneously
O−2 is formed, which does not contribute to the propagation phase (Arudi
& Sutherland, 1982). Moreover, hydroperoxide decomposition with
Fe3+ is 100-times slower as compared with Fe2+ (Choe & Min, 2006),
resulting in a slower initiation as observed under 21% oxygen compared
to 10% oxygen. The presence of small lipid crystals in our oil blends
(melting temperature of ~40 ◦ C, data not shown) compared to rapeseed
oil (fully liquid at room temperature) could favour the accumulation of
metal cations and hydroperoxides at the surface of such anisotropic
colloidal lipid structures, increasing their interaction (Laguerre et al.,
2020).
heat

LOOH → LO∙ +∙ OH

(2.A)

fast

(2.B)

LOOH + Fe2+ → LO∙ + OH− + Fe3+

We next tested the impact of oxygen and temperature on lipid
oxidation in non-stripped oil blends (Fig. 3). No oxidation was recorded
on the samples incubated at 20 ◦ C over the 38 weeks of incubation,
which is why we will not discuss this condition further. In the presence
of antioxidants, PO2 showed a clear impact on the onset of lipid oxidation
(Fig. 3A). At 40 ◦ C, the onset of hydroperoxide formation was observed
at week 10 and week 16 under 21% and 10% oxygen, respectively. At
30 ◦ C, it was detected only under 21% oxygen after 23 weeks incubation,
while the hydroperoxide concentration remained below 1 mmol.kg− 1
during the full incubation period under 10% oxygen. As oxidation was
just starting for the samples under 10% oxygen, the rate of reaction,
maximal hydroperoxide concentrations and their degradation into al
dehydes (Fig. 3B) will not be further discussed. No significant differ
ences were observed in the LC-PUFA content before and after incubation
(Supplementary data D). The impact of the oxygen concentration on the
onset of lipid oxidation in the non-stripped oil blend was more pro
nounced compared to its effect in the stripped oil blend. Two factors
could explain these differences, as discussed below: the presence of
antioxidants, and physical structures present in the oil blends.
Primary antioxidants, such as tocopherols, are naturally present in
oils and can delay hydroperoxide formation by scavenging lipid radicals
(Gliszczynska-Swiglo, Sikorska, Khmelinskii, & Sikorski, 2007), as
observed when comparing the onset of hydroperoxide formation in
stripped (Fig. 1A) versus non-stripped oil blends (Fig. 3A). In the latter,
the onset of hydroperoxides corresponds to the time at which tocopherol
concentrations started to decreased (Supplementary data E). When
primary antioxidants start to be depleted, the competition with oxygen
to react with lipid radicals is shifted and hydroperoxides start to form.
Due to the lower availability of oxygen, this shift occurred slower under
10% oxygen compared to 21% oxygen, as shown as a later onset of
hydroperoxide formation at 10% compared to 21% oxygen in nonstripped oil blends.
The difference in hydroperoxide onsets might also be related to
removal of physical structures present in the bulk oil upon stripping.
Chaiyasit, Elias, McClements, and Decker (2007) reported a higher
interfacial tension for stripped corn oil, compared to the non-stripped
oil. In fact, the stripping procedure removes surface-active compounds
that can form self-assembled structures (i.e. reversed micelles), which
can entrap traces of water and hydrophilic compounds such as metal

(1)

slow

LOOH + Fe3+ → LOO∙ + H+ + Fe2+

3.2. Effect of accelerated shelf-life conditions on lipid oxidation in nonstripped oil blends

Even though the different oxygen concentrations affected the rate of
hydroperoxide formation, the PCA analysis did not reveal any changes in
the type of hydroperoxides that were formed under 10% and 21% ox
ygen in stripped oil (data not shown). This indicates that the lipid
oxidation propagation mechanisms were independent of the oxygen
concentration. As a previous study reported an impact of storage tem
perature on isomeric preferences of LA-derived hydroperoxides (Merkx
et al., 2018), the concentration of trans–trans LA-OOH was plotted
against the concentration of cis–trans LA-OOH (Fig. 2). Our results
confirmed that increasing storage temperature favoured the trans–trans
isomerisation of LA-OOH, while the concentration of oxygen had no
impact on the isomerisation. The trans–trans isomerisation is induced by
scission of oxygen from a peroxyl radical (Schaich, 2020), and is
therefore unrelated to the oxygen concentration.
Finally, a minor decrease in LC-PUFA content (<10%; p = 0.03) was
observed for the oil blend incubated at 20 ◦ C under 10% oxygen and at
40 ◦ C under 21% oxygen, while no significant changes in LC-PUFA
content were found after incubation under the other conditions, due
to relatively low concentrations of oxidized lipids (Supplementary data
D).

Fig. 2. Isomerisation of LA-OOH in stripped oil blend nr. 3 at 20 ◦ C (squares), 30 ◦ C (triangles) or 40 ◦ C (circles) and under 10% (open symbols) or 21% (closed
symbols) oxygen in hermetically closed vials. Lines are drawn for the purpose of guiding the eye.
5
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Fig. 3. Concentrations of total hydroperoxides (A) and aldehydes (B) as a function of storage time in non-stripped oil blend nr. 3 stored at 30 ◦ C (triangles) or 40 ◦ C
(circles) and under 10% (open symbols) or 21% (closed symbols) oxygen in hermetically closed vials. Values are shown as mean ± SD (n = 2). Lines are drawn for the
purpose of guiding the eye.

ions in their hydrophilic core. Such reverse micelles greatly influence
chemical reactions by allowing increased interactions between lipidand water-soluble components (Chen, Mcclements, & Decker, 2011;
Laguerre et al., 2015). In addition, primary oxidation products are
surface-active and accumulate at the oil–water interface (Berton-Cara
bin, Schröder, Rovalino-Cordova, Schroën, & Sagis, 2016; Homma,
Suzuki, Cui, McClements, & Decker, 2015), whereas they may be more
homogeneously distributed in stripped oil. This might result in more
local oxidation in non-stripped oils compared to stripped oils, causing
local oxygen depletion and increasing the impact of oxygen concentra
tion and diffusion in these samples.

do so, stripped and non-stripped oil blends incubated under 21% at
30 ◦ C were compared.
As expected, stripping the oil from surface-active compounds did not
noticeably affect the fatty acid composition (Supplementary data D) and
resulted in an earlier onset of hydroperoxide formation (week 4 of in
cubation) compared to non-stripped oil blends (week 23 of incubation)
(Fig. 1A and 3A). Similarly, Maisuthisakul and Charuchongkolwongse
(2007) reported an immediate increase of the peroxide value for strip
ped soybean oil incubated at 60 ◦ C, while the non-stripped oil was stable
for about three days. The oil blend used in this research was much more
stable, as compared to the soybean oil used in their study, due to the
relatively low amount of unsaturated fatty acids (Table 3) and lower
incubation temperature. The shortened initiation phase upon oil strip
ping is the result of the removal of primary antioxidants that scavenge
free radicals, and possibly secondary antioxidants that chelate metals
and/or regenerate primary antioxidants (Laguerre et al., 2015). Simi
larly, an earlier aldehyde formation is observed in stripped oil (Fig. 1B)
compared to non-stripped oil (Fig. 3B), due to the absence of secondary
antioxidants. Secondary antioxidants present in non-stripped oil blends
can chelate trace amounts of metals that are known to increase the
hydroperoxide degradation rate (Frankel, 2014), resulting in a lower
hydroperoxide degradation compared to stripped oil blends.
Unsupervised PCA analysis on the concentrations of the different
types of hydroperoxide and total aldehydes revealed a clear separation
between the stripped and non-stripped oil blends without outliers (data
not shown). To further explore these differences, the data were sub
jected to a PLS-DA analysis, resulting in a 3-component model with a
goodness of prediction Q2 of 0.88 and a goodness of fit R2 of 0.89
(Fig. 4A). The three components explained 83.1%, 14.3% and 1.8% of
the total variance, respectively.
The first component was positively correlated with all oxidation
products, in particular trans–trans LA-OOH (Loading: 0.63; VIP: 2.1),
cyclized PUFA>2DB-OOH (Loading: 0.42; VIP: 0.95), and cis–trans LAOOH (Loading: 0.48; VIP 0.93) (Fig. 4B). This component mainly re
flected the increase in lipid oxidation over time. The second component
was characterized by opposite loadings for the cis–trans (loading: − 0.82;
VIP: 1.35) and trans–trans (loading: 0.39; VIP: 1.79) configuration of
diene hydroperoxides, reflecting changes in isomerization upon strip
ping. Indeed, the trans–trans configuration of diene hydroperoxides
increased relative to the cis–trans configuration upon stripping (Fig. 5A).
Cis-trans isomerism can occur during β-fragmentation of peroxyl radi
cals, resulting in loss of oxygen and the formation of a trans–trans alkyl
radical (Pratt, Mills, & Porter, 2003). Antioxidants present in the nonstripped oil blends compete with the fragmentation reaction by stabi
lizing the peroxyl radicals with hydrogen, resulting in more cis–trans
hydroperoxides (Schaich, 2020). The second component also revealed

3.3. Effect of stripping on lipid oxidation mechanisms
The different behaviour of stripped and non-stripped oil blends ac
cording to the incubation conditions encouraged us to deepen our un
derstanding on the impact of stripping on lipid oxidation reactions. To
Table 3
Fatty acid composition (% total fatty acids) before and after incubation of oil
blends nr. 1–5 for 119 days at 30 ◦ C under 21% oxygen. The detailed fatty acid
composition can be found in Supplementary data D.

Blend 1

Before
After

Blend 2

Before
After

Blend 3

Before
After

Blend 4

Before
After

Blend 5

Before
After

Total SFA

Total MUFA

Total PUFA

Total LCPUFA

46.20
2.70
44.90
2.00
46.03
1.24
45.40
0.96
43.87
1.27
48.17
2.22
43.08
1.12
46.95
1.18
43.39
1.87
48.55
0.93

37.67 ±
2.22
39.71 ±
1.28
38.21 ±
0.58
39.02 ±
0.60
39.27 ±
0.72
37.27 ±
1.33
39.62 ±
0.91
37.31 ±
0.76
38.13 ±
1.09
35.55 ±
0.70

16.13 ±
0.49
15.39 ±
0.73
15.76 ±
0.66
15.58 ±
0.47
16.86 ±
0.54
14.56 ±
0.89
17.30 ±
0.22
15.75 ±
0.46
18.48 ±
0.78
15.90 ±
0.29

0.02 ± 0.00

±
±
±
±
±
±
±
±
±
±

0.02 ± 0.01
0.29 ± 0.02
0.24 ± 0.03
0.59 ± 0.01
0.46 ± 0.02
1.20 ± 0.40
0.99 ± 0.02
2.67 ± 0.11
2.21 ± 0.06

Values are mean ± SD (n = 2–4). No significant differences were observed before
and after incubation (Mann-Whitney U test; p > 0.05). Abbreviations: SFA,
saturated fatty acids; MUFA, monounsaturated fatty acids; PUFA, poly
unsaturated fatty acids; LC-PUFA; long-chain polyunsaturated fatty acids (i.e.
ARA (20:4n-6); EPA (20:5n-3) and DHA (22:6n-3)).
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Fig. 4. PLS-DA analysis of the aldehyde and (specific) hydroperoxide formation in stripped (green) and non-stripped (red) oil blend nr. 3 incubated under 21%
oxygen at 30 ◦ C (A) in hermetically closed vials, with the loadings for the different components (B). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

Fig. 5. Isomerization of LA-OOH (A) and ratio between internal and external PUFA>2DB-OOH (B) in oxidized stripped (black circles) and non-stripped (grey tri
angles) oil blend nr. 3 incubated at 30 ◦ C under 10% (open symbols) and 21% (closed symbols) oxygen in hermetically closed vials. Values are shown as mean ± SD
(n = 2). Lines are drawn for the purpose of guiding the eye.

another minor effect of stripping on the conformation of PUFA>2DBOOH, in particular the cyclized (Loading: − 0.33; VIP: 0.89) and external
hydroperoxides (Loading: − 0.38; VIP: 0.7) (Fig. 5B). Internal hydro
peroxides are characterized by a hydroperoxide group located next to a
conjugated diene and a homoallylic methylene group, that is also
attached to a double bond, while external hydroperoxide groups are
located outside the double bond system (Frankel, 2014). The lower
concentration of internal hydroperoxides compared to external hydro
peroxides in all oil blends is due to further cyclization of these hydro
peroxides into e.g. epidioxides and endoperoxides (Neff, Frankel, &
Weisleder, 1981). In the presence of antioxidants, an increase in external
hydroperoxides compared to internal hydroperoxides was observed
(Fig. 5B). This was not associated with an increase in cyclization of in
ternal hydroperoxides, as reflected by the ratio between cyclized hy
droperoxides and the sum of internal and cyclized hydroperoxides (0.90
± 0.02 in non-stripped oil blends; 0.85 ± 0.02 in stripped oil blends).
Frankel (2014) showed that addition of 5% α-tocopherol resulted in the
complete inhibition of cyclization of α-linolenic acid. The absence of an
effect of stripping on cyclization in our design could be related to the
concentration of tocopherols in the oil blends, which was about 500 to
1000 times lower than the one used in Frankel (Supplemental data E).
Beside cyclization, the ratio between internal and external hydroper
oxides could be affected by the rate of degradation of the hydroperox
ides. The presence of trace amounts of metal ions in the stripped oils
could have stimulated the degradation of external hydroperoxides,

which are usually more stable than internal hydroperoxides (Pratt et al.,
2003). Secondary antioxidants in non-stripped oils could help prevent
ing this effect and contribute to a shift in the ratio between internal and
external hydroperoxides in favour of the external ones.
As shown in Fig. 5, the impact of stripping on hydroperoxide isom
erization was independent of PO2, confirming the lack of an effect of PO2
on these mechanisms. Altogether, our results suggest that increasing PO2
could be used as factor for accelerated shelf-life testing with a limited
impact on the oxidation mechanism. However, within the tested range,
the impact of PO2 on the onset of reaction is only significant in the
presence of antioxidants, which limits its use in settings using stripped
oils.
3.4. Impact of low LC-PUFA concentrations on lipid oxidation
The oil blend used in this study was stable for more than two weeks
at 40 ◦ C and even longer at lower temperatures (Fig. 3A). This is rela
tively long as compared to the stability of other oils reported in litera
ture. Bhatnagar, Prasanth Kumar, Hemavathy, and Gopala Krishna
(2009) reported an increased peroxide value in sunflower oil within the
first week of incubation at 37 ◦ C. In their study, an improved oxidative
stability was reported upon addition of coconut oil, which is rich in
saturated fatty acids. Similarly, the stability of our oil blend can prob
ably be attributed to the relatively high amount of saturated and
monounsaturated fatty acids (83.1 ± 2.0% versus 52.5 ± 2.8% in
7
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Fig. 6. Hydroperoxide (A) and aldehyde (B) concentrations in oil blend nr. 1 (squares), 2 (circles), 3 (diamonds), 4 (triangles) and 5 (dashes) throughout incubation
at 30 ◦ C and under 21% oxygen in hermetically closed vials. Values are shown as mean ± SD (n = 2). Lines are drawn for the purpose of guiding the eye.

sunflower oil). This makes the oil less susceptible to hydrogen abstrac
tion and thus to lipid oxidation. In contrast, adding LC-PUFAs is ex
pected to decrease the stability of the oil blend (Xu et al., 2009). The
relatively high stability of the oil blends despite the presence of LCPUFAs made us wonder to which extent low concentrations of added
LC-PUFAs contribute to the lipid oxidation process in a system enriched
in saturated and monounsaturated fatty acids. Five stripped oil blends
(nr. 1–5) containing respectively 0, 0.3, 0.6, 1.2 and 2.7% LC-PUFAs
were studied. The percent composition of saturated fatty acids, mono
unsaturated fatty acids and polyunsaturated fatty acids before and after
incubation for 119 days at 30 ◦ C can be found in Table 3 (detailed fatty
acid composition can be found in Supplementary data D). No significant
change in the fatty acid composition was detected after incubation for
119 days (p > 0.05).
The oil composition significantly affects the oxidation behaviour of
the oil blends. The onset for hydroperoxide formation occurred within
the third week of incubation for oil blend nr. 1, within the second week
for oil blends nr. 2 and 3, and within the first week for oil blends nr. 4
and 5. Similarly, Kolanowski, Swiderski, and Berger (1999) reported a
reduction time before onset of hydroperoxides by 7% for soybean oil

fortified with 0.5% EPA + DHA compared to normal soybean oil. The
rate of hydroperoxide formation was proportional to the amount of LCPUFAs (Fig. 6). These results showed that even at low concentration,
increasing LC-PUFA content resulted in an earlier initiation and faster
propagation of lipid oxidation. LC-PUFAs are known to be more sus
ceptible to hydrogen abstraction, due to a higher amount of oxidizable
bis-allylic hydrogens. This promotes the formation of the first radicals
and subsequent radical chain reactions. In fact, the propagation rate is
linearly dependent on the amount of bis-allylic hydrogens (Xu et al.,
2009). As LC-PUFAs are increasingly involved in the formation of hy
droperoxides when present in higher amounts, the fraction of the
PUFA>2DB-OOH was also higher (Fig. 7).
As oxidation proceeds, a plateau value is reached due to a similar rate
of formation and degradation of hydroperoxides (Fig. 6A). Blends con
taining more LC-PUFAs had a lower plateau value due to a higher hy
droperoxide degradation rate, which was confirmed by the increased
aldehyde formation in these samples (Fig. 6B). Hydroperoxides of fatty
acids with more than two double bonds are less stable and therefore
have a higher rate of degradation to secondary oxidation products,
among which aldehydes (Cho et al., 1987; Frankel, 2014).

Fig. 7. The formation of hydroperoxides from PUFAs with>2 double bonds (PUFA>2DB-OOH) in oil blend nr. 1 (squares), 2 (circles), 3 (diamonds), 4 (triangles) and
5 (dashes) throughout incubation at 30 ◦ C and under 21% oxygen in hermetically closed vials. Values are shown as mean ± SD (n = 2). Lines are drawn for the
purpose of guiding the eye.
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Lipid oxidation can be accelerated through an increase in tempera
ture (20 to 40 ◦ C), oxygen partial pressure (10 to 21%) and by stripping
the oil from surface-active impurities and antioxidants. Although they
remain the most efficient approaches to shorten the onset of lipid
oxidation, both increasing temperature and stripping of antioxidants
significantly affect the rate of reaction and the mechanism of lipid
oxidation. When they are used for accelerated shelf-life testing, these
considerations should be taken into account in the interpretation of the
results. A shift towards more trans–trans diene hydroperoxides
compared to cis–trans diene hydroperoxides was observed in both con
ditions. Additionally, stripping was shown to increase the ratio between
internal and external PUFA>2DB-OOH. In contrast to elevating temper
ature and stripping, increasing PO2 significantly increased the rate of
lipid oxidation without an apparent shift in the mechanisms. This
highlights the potential of elevated oxygen conditions for accelerated
shelf-life testing, especially for products usually stored under limited
oxygen. However, this effect was significant only in the presence of
antioxidants. Lastly, fortification with low amounts of LC-PUFAs
(<0.3%, w/w) through the addition of fish and ARA-rich oils is suffi
cient to accelerate lipid oxidation.
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