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ARTICLE INFO ABSTRACT

Handling Editor: Professor A.G. Marangoni This study investigates the effect of various minor components (MCs) on the oxidation kinetics and molecular

self-assembly in stripped canola oil during thermal and photo oxidation processes using experimental and

Keywords: simulation tools. The peroxide value (PV) and fatty acid content were measured to evaluate the formation of

Minor components oxidation products and the consumption rate of unsaturated fatty acids. In the thermal oxidation experiment,

lci)dl't()ilet'ml adding MCs slightly increased the oxidation rate, while in the photo oxidation experiment, stearic acid (SA) and
X1dation

glycerol monostearate (GMS) significantly decreased it. GMS demonstrated a pronounced ability to self-assemble
and form molecular organizations during photo oxidation, resulting in lower critical micelle concentration
(CMC) values of lipid hydroperoxides (LOOHs) and reduced oxidation rates. These GMS self-assemblies seem to
scatter light, thus decreasing absorbed energy during photo oxidation, leading to lower oxidation rates. SA
exhibited the highest surface activity, effectively lowering the LOOH CMC and facilitating the formation of stable
reverse micelles at lower concentrations. Interestingly, the addition of MCs did not influence the tendency of
LOOHS to form hydrogen bonds with water, suggesting that the lower CMC resulted from the formation of mutual
reverse micelles of MCs and LOOHs. Meso-phase formation was observed at very high PVs, indicating a high
concentration of secondary oxidation products, which also possess surface activity. These findings underscore the
importance of molecular interactions in oxidation stability, providing insights for improving edible oil
preservation.

Reverse micelles
MD simulations
Self-assembly

1. Introduction

Vegetable oils contain high amounts of unsaturated fatty acids
(USFAs), making these oils beneficial to human diet but susceptible to
oil oxidation. In addition to the triacylglycerols that are formed by these
USFAs, crude vegetable oils also contain a variety of minor components
(MCs), such as traces of water, free fatty acids (FFAs), mono-
acylglycerols (MAGs), diacylglycerols, phospholipids, pigments, and
sterols. To improve oil flavor, appearance, and stability, crude vegetable
oils undergo a refining process in which such MCs are mostly removed
(Chen et al., 2011a). The refining process improves oil oxidation sta-
bility but does not eliminate it due to the high USFAs content. Therefore,

the retardation of lipid oxidation in edible oils draws major interest
within the scientific and industrial sectors.

The cascade of reactions involved in edible oil oxidation, including
the initiation, propagation, and termination phases, has been widely
studied (Chaiyasit et al., 2007a; Budilarto and Kamal-Eldin, 2015;
Brodnitz, 1968). In recent years, the research focus has shifted to the
molecular organizations in bulk oil, which have been established as
playing a major role in oxidation kinetics (Chen et al., 2011a; Wang
et al., 2024). Such structures are mainly formed due to the presence of
traces of water, originating from the plant seed, the refining process,
water absorption from the atmosphere, and formation during the
oxidation process (Budilarto and Kamal-Eldin, 2015). Therefore, the
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bulk oil can be treated as a micro- or nano emulsion, in which the water
molecules are arranged in small droplets forming associated colloids.
These associated colloids act like nanoscale reactors that increase the
interactions between surface-active molecules, oxidation products, and
prooxidant molecules, thus dramatically affecting the oil oxidation
stability (Wang et al., 2024; Jalali-Jivan et al., 2020). Such an effect was
demonstrated by Kittipongpittaya et al. (2016), who showed that
addition of water can either improve or deteriorate the oxidation sta-
bility of stripped corn oil, depending on the presence of different
surface-active molecules.

Lipid hydroperoxides (LOOHs), which are the primary oxidation
products, are amphiphilic molecules that possess surface activity,
enabling them to self-assemble at the water-oil interface and form
reverse micelles (Ghnimi et al., 2017). Below their critical micelle
concentration (CMC), LOOHs are expected to be homogeneously
dispersed in the bulk oil. Due to their low concentration and specifically
in the vicinity of the water molecules, the probability of LOOHs reacting
with prooxidant molecules, which are mainly water-soluble, is low.
Therefore, during the period when the LOOHs concentration is below
their CMC, termed the induction or the lag period, the oil is considered
safe for consumption (Farhoosh, 2018; Golodnizky et al., 2025). Above
their CMC, the LOOHs are mostly located at the water-oil interface and
are thus expected to be much closer to the water-soluble prooxidant
molecules, thereby increasing their reaction rate and consequently
accelerating the oxidation rate. Therefore, it has been suggested that the
formation of such associated colloids is responsible for the transition
from a zero-order oxidation reaction to a first-order reaction, acceler-
ating oil oxidation (Farhoosh, 2018). Moreover, during the oxidation
process, the concentrations of water, LOOHs, and secondary products,
all of which possess surface activity, increase. This leads to the growth of
existing colloids and the formation of new ones. Consequently, the
increased number of these associated colloids further accelerates the
oxidation rate (Budilarto and Kamal-Eldin, 2015; Jo and Lee, 2021).

The molecular composition in the oil-water interface plays a crucial
role in oil oxidation kinetics and oil stability. Oil MCs possess surface ac-
tivity and are expected to accumulate at the oil-water interface. Their
accumulation on this interface has been shown to impact the reactivity of
oxidation products with prooxidant and antioxidant molecules, conse-
quently affecting the oxidation rate (Chen et al., 2011a). Phospholipids,
one of the extensively studied surface active oil MCs, are distinguished by
their large polar groups, typically resulting in a medium
hydrophilic-lipophilic balance (HLB) value of approximately 8. This
characteristic enables them to form micelles in both polar and nonpolar
solvents (Cui et al., 2014). The impact of reverse micelle formation of some
phospholipids, such as 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC)
and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE), was previ-
ously demonstrated (Cui et al., 2014). It was shown that both phospho-
lipids, below their CMC, did not affect the oxidation stability of stripped
soybean oil, while above it, they had a prooxidant activity. Such proox-
idant activity was related to their ability to form reverse micelles, in which
the oxidation reactions are accelerated. Moreover, it was shown that a
combination of DOPC above its CMC with antioxidants had different ef-
fects on antioxidant activity. At the lower concentration, DOPC enhanced
the antioxidant activity and improved the oil oxidation stability. On the
other hand, at the higher concentration, it reduced the antioxidant activ-
ity, thus deteriorating oil oxidation stability. Such effects were also
dependent on the antioxidant polarity, where the more polar Trolox was
more affected compared with the less polar a-tocopherol due to their
involvement in the interfacial stabilization (Chen et al., 2011b). These
observations were explained by the ability of phospholipids to affect the
molecular composition at the water-oil interface, which is directly related
to the oxidation kinetics.

Other surface-active MCs, such as FFAs, diacylglycerols, and MAGs,
have much smaller polar groups, resulting in HLB values of about 1, 1.8,
and 3.4-3.8, respectively (Wang et al., 2024). These HLB values allow
them to accumulate at the water-oil interface of the reverse micelles
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formed during the oxidation process, thus their presence is expected to
affect oxidation stability. The typical FFA composition in a commer-
cially refined oil is about 0.1 %wt. and gradually increases during
storage (Chen et al., 2011a). At this typical concentration range, which
is below the FFA CMC, the formation of reverse micelles formed solely
by FFAs is unlikely (Paradiso et al., 2018; Kittipongpittaya et al., 2014).
However, in the presence of other surface-active molecules, such as
DOPC, the FFAs can join the existing colloids and affect their properties.
In the study by Kittipongpittaya et al. (2014), it was shown that addition
of oleic acid (OA) to stripped oil containing DOPC shortened the lag
period, resulting in a decrease in oil oxidation stability. This phenom-
enon was explained by the lower pH of the water droplets measured in
the presence of OA at the water-oil interface. Such a lower pH was
suggested to accelerate the LOOHs acid-catalyzed decomposition,
leading to higher propagation reaction rates. Moreover, it was suggested
that the presence of OA in the oil-water interface can attract transition
metals, thus bringing them closer to the LOOHs and accelerating the
oxidation process (Kittipongpittaya et al., 2016). It was also shown that
OA can interact with LOOHs and alter their reverse micelle shape and
size (Chaiyasit et al., 2007b). Other oil MCs, such as stearyl alcohol (SO)
and a mixture of MAGs, were also shown to play a role in the interface
molecular composition, thus affecting oil stability and a-tocopherol
antioxidant activity (Kortenska et al., 2002; Delfanian et al., 2023). All
these examples demonstrate the importance of understanding the mo-
lecular composition of the water-oil interface while considering oil
oxidation stability.

To achieve a deep understanding of the interactions between surface-
active molecules, water molecules, and oxidation products, molecular
resolution is required. A common tool that provides such resolution is
molecular dynamics (MD) simulation, in which atomic and molecular
interactions are computed to monitor the movement of model systems of
interest (Golodnizky et al., 2022, 2023; Smith, 2022; Chen et al., 2021).
In the field of lipid oxidation, the most explored systems are phospho-
lipidic membranes, which are studied to evaluate the effect of oxidation
on cell membrane properties such as shape, permeability, and fluidity
(Siani et al., 2016; Agmon et al., 2018; Yadav et al., 2019). While the
effect of phospholipids on oil oxidation is extensively studied, there is
not much research addressing other oil MCs surface activity and their
effect on oil stability. In our recent work, we examined the interaction
tendency of typical photo and thermal LOOHs to self-assemble under
photo and thermal conditions, and the effect of these molecular orga-
nizations on oxidation kinetics using experimental and simulation tools.
We showed that the tendency to form hydrogen bonds between the
water molecules and the thermal LOOHs was higher than that of the
photo LOOHs, leading to lower thermal LOOH CMC. Such a lower CMC
led to a higher oxidation rate in the thermal oxidation experiment,
which was also positively correlated with temperature (Golodnizky
et al., 2025).

In the current research, MD simulations were applied to study the
molecular interactions of oil MCs, water molecules, and LOOHs, to achieve
a deep understanding of their tendency to self-assemble at the water-oil
interface. Moreover, this computational method was combined with
experimental methods to explore how these self-assemblies affect the
oxidation kinetics. More specifically, canola oil was introduced, using its
two most abundant triacylglycerols (TAGs), triolein (OOO) and 1,3-dio-
leoyl-2-linoleoyl (OLiO) (Neff et al., 1994), and water. The oxidation pri-
mary products, 1,3-dioleoyl-2-(9-hydroperoxy-10E,12E-octadecadieno
yl)-sn-glycerol(1,3-O0-2-(9-EE-HpODE)-TAG) (abbreviated as 9EEH-
PODE in the current study) and 1,3-dioleoyl-2-(12-hydroperoxy-9z,
13E-octadecadienoyl)-sn-glycerol(1,3-00-2-(12-HpODE)-TAG) (abbrevi-
ated as 12HpDOE in the current study), which are oxidized forms of OLiO,
were included in the model as typical thermal and photo oxidation LOOHs,
respectively (Kato et al., 2018). Additionally, the oil MCs, SO, stearic acid
(SA), and glycerol monostearate (GMS), were introduced, all containing
18-carbons alkyl chains and different polar head groups. SO has only a
hydroxyl group, giving it the lowest polarity, while GMS contains a bulky
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glycerol group with an ester bond and two hydroxyl groups, resulting in
the highest polarity (Fig. 1). While monoglycerides and FFAs are naturally
present in edible oils at concentrations of around 0.1 % w/w, which may
vary during storage (Chen et al., 2011a; Flickinger and Matsuo, 2003),
fatty alcohols are found only in trace amounts. Their inclusion in this study
was therefore driven more by systematic considerations than by practical
relevance. These molecules were selected to examine the effect of their
polar head groups on the formation of association colloids and their in-
fluence on oil oxidation kinetics. It is worth noting that other type of
molecules, such as phospholipids and tocopherols, also affect oil oxidation
but were beyond the scope of the current study. Such model allowed us to
study the molecular interactions between the different MCs, the oxidation
products, and the water molecules, and in combination with experimental
techniques, to evaluate the effect of such interactions on oil oxidation
stability.

2. Materials and methods
2.1. Materials

Canola oil was purchased from the local supermarket (private label
Shufersal). Glycerol monostearate (GMS) purified (>95 %), 1-Octadeca-
nol (SO) (99 %), and ammonium thiocyanate (>99 %), were purchased
from Thermo Scientific Chemicals (Holland Moran, Israel). Chloroform
Reagent ACS Spectro Grade (99.8 %), Methanol RS SPECTROSOL for
optical spectroscopy were purchased from Thermo Scientific Chemicals
and CARLO ERBA Reagents, respectively. Iron (II) chloride tetrahydrate
and Iron (III) chloride 6 hydrate were purchased from EMSURE and
Honeywell respectively (Holland Moran, Israel). Methyl FA esters
(FAMEs) standard mixture (25 FAME mixture) was purchased from
United states pharmaceuticals (USP) (Holland Moran, Israel). Hydro-
chloric acid (32 %), potassium hydroxide (KOH), and n-Hexane were
purchased from Bio-Lab 1td. Stearic acid (SA) (97 %) was purchased
from MERCK (Sigma Aldrich, Israel). Alumina N - Super I was purchased
from MP Biomedicals (Enco, Israel).

000 | SR
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2.2. Methods

2.2.1. Accelerated oxidation stability experiment

To assess the effect of oil MCs on oil oxidation kinetics, the oil was
initially stripped of any polar molecules based on a modified stripping
procedure applied elsewhere (Hoppenreijs et al., 2021). The canola oil
was stirred overnight with alumina powder (1:1, v/v) in a 50 ml poly-
propylene centrifuge tube on a head-over-tail rotator. Consequently, the
alumina powder with the absorbed polar molecules was removed by
applying two centrifugation cycles at 500 g for 10 min. The resulting oil
was completely transparent and stored capped at 253 K until further use.

Four systems were prepared, containing SO, SA, GMS, and pure
stripped canola oil as a control system. For the systems containing the
MCs, the stripped oil was mixed with the compounds on a hot plate to
achieve a final concentration of 5.56 mmol of MC per kilogram of oil. All
systems were covered with aluminum foil and heated on a magnetic
stirrer hotplate until reaching 348 K to ensure complete dissolution of
the MCs while minimizing light exposure. The concentration of 5.56
mmol per kilogram of oil was chosen based on the highest concentration
at which GMS was remained completely dissolved after cooling, and is
within the typical range of the FFA content (Chen et al., 2011a). The
control stripped canola oil system was treated with the same heating
procedure without adding MCs.

The thermal oxidation experiment was carried out in 10 ml glass
vials containing 2 ml of a specific system. The systems were incubated at
313 K for 673 h in a dark incubator and were sampled by withdrawing
the whole vials. The photo oxidation experiment was carried out in 100
ml glass beakers containing 40 g of the sample. The systems were placed
under 7 LED white light lamps for 1606 h, resulting in approximately
15,000 lux illuminances. For both experiments, the vessels were covered
to avoid contamination but not hermetically sealed to allow gas transfer.
For the viscosity measurements, 2 ml samples were taken, while for the
peroxide value (PV) and GC analysis, 100 pl samples were used. All
collected samples were stored at 253 K until further analysis. The
accelerated oxidation experiments were conducted in at least duplicates.

2.2.2. Peroxide value
The primary oxidation products’ concentration was monitored by
measuring the systems’ peroxide value (PV) using the modified

SO

PINSTNSINIONITONONSONANATS

SA

Water

Fig. 1. The chemical structure of the studied molecules.



D. Golodnizky et al.

International Dairy Federation (IDF) 74:2006 ISO 3976:2006 method
(Mehta et al., 2015; Hwang et al., 2018). First, 30 pl of the oil sample
was weighed and diluted in 4.97 mL of a 7:3 (v/v) chloroform/methanol
solution. This solution was further diluted by transferring 50 pl to a new
test tube and adding 9.85 mL of the chloroform/methanol solution.
Then, 50 pl of an ammonium thiocyanate solution and 50 pl of an iron
(ID) solution were added, and the samples were vortexed and allowed to
stand for 5 min. Finally, the absorption at a wavelength of 500 nm was
measured using a Thermo Scientific Genesys 50 spectrophotometer, and
the readings were compared with a calibration curve (Fig. S1). For every
reading, a blank was subtracted, which was prepared using the same
procedure but in the absence of oil.

2.2.3. Viscosity

The sample viscosity was measured using an MCR 302 rheometer
(Anton Paar, Prime Lab Scientific, Israel) with sandblasted parallel
plates (25 mm diameter) and a 1 mm gap. The thermally oxidized sys-
tems were measured at 313 K, and the photo oxidized systems at 298 K
(room temperature), corresponding to the temperature at which their
accelerated oxidation experiments were conducted. For every mea-
surement, 500 pl of the sample was used, and a shear rate ranging from
0.1 to 100 s~ in a logarithmic ramp was utilized. Acknowledging the
well-established Newtonian fluid behavior of oil (Diamante and Lan,
2014) and neglecting the noise at low shear rates, the average viscosity
was used to build the viscosity plot as a function of oxidation time. A
typical viscosity versus shear rate plot is presented in Fig. S2, where the
horizontal line represents the fitted average.

2.2.4. Fatty acid content

The fatty acids (FAs) composition throughout the oxidation process
was determined by gas chromatography with flame ionization detection
(GC-FID). First, the oil triacylglycerols were converted to fatty acid
methyl esters (FAMEs). Approximately 50 mg of the oil sample was
dissolved in 10 ml of n-hexane, and 100 pl of 2N KOH in a methanol
solution was added. The solution was vortex-mixed for 30 s to ensure
thorough mixing of the reagents and centrifuged at 6000 rpm for 1 min
(Hwang et al., 2018). After centrifugation, 2 ml of the supernatant was
transferred to the GC autosampler vial. The GC separation and detection
program followed the procedure introduced by Pehlivanoglu et al.
(2018). The GC-FID instrument used was the 6890N, equipped with a
capillary DB-23 column (60 m by 50 pm by 0.25 pm, Agilent Technol-
ogies, CA, USA) and a flame ionization detector.

Peak identification was done by comparing the GC peaks with a
commercial FAME standard (data not shown). Peak quantification was
performed by analyzing the chromatograms using the GaussMod model
developed by OriginPro 8.5 (OriginLab Corporation, USA) for chro-
matographic peaks deconvolution. A typical chromatogram and peaks
deconvolution are presented in Fig. S3. Palmitic acid (PA) was used as an
internal standard due to its saturation and complete separation from
other peaks. Consequently, the unsaturated fatty acids (USFAs) content
was expressed as the ratio between the USFAs peak area and the PA peak
area. All GC-FID measurements were conducted in duplicate.

2.2.5. Molecular dynamics simulation

The molecular self-assembly and interactions between the MCs,
LOOHs and water molecules, were studied using MD simulations. A
canola oil model, constructed of 1260, 700, and 100 molecules of 00O,
OLiO, and water, respectively, was used. This model was based on the
typical canola oil molar ratio (Kittipongpittaya et al., 2016; Neff et al.,
1994). Additionally, 140 molecules of either 9EEHpODE or 12HpDOE
were introduced to model LOOHs formed during photo or thermal
oxidation, respectively. The LOOHs were added at the expense of OLiO,
assuming that LiA is oxidized much faster than OA due to its higher
number of double bonds (Kato et al., 2018). Finally, in the systems
containing the MCs, 20 of these molecules were added at the expense of
both OLiO and OOO. A total of eight simulation boxes were prepared,
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with the total number of molecules in each simulation box presented in
Table S1, and the molecules used chemical structure shown in Fig. 1.

The initial molecular configuration was prepared with a random
distribution of molecules in a cubic box using PACKMOL software
(Allouche, 2012), and the simulations were conducted using GROMACS
2018.2 (Abraham et al., 2015). Prior to the production runs, the simu-
lation box was equilibrated following the procedure outlined in our
previous studies (Golodnizky et al., 2022, 2023). In brief, a series of
simulations at 408 K were performed, where the pressure (p) was
changed as follows: (i) p = 1 bar for 0.6 ns; (ii) p = 100 bar for 0.5 ns; and
(iii) five consecutive simulation runs at p = 1 bar for 1 ns. Following this
procedure, a constant liquid density was achieved during the last run.
Temperature and pressure were controlled using a Nosé-Hoover ther-
mostat (r = 5 ps) and a Parrinello-Rahman barostat (z = 20 ps;
compressibility of 4.5 x 107> bar™1), respectively. A timestep of 2 fs was
used in all simulations.

The photo oxidation system was simulated at 298 K and the thermal
oxidation system at 313 K, corresponding to the temperatures used for
the accelerated oxidation stability experiments. To ensure the system’s
equilibrium at the target temperatures, an additional equilibration
simulation of 40 ns was conducted before the production runs. To
accurately assess the interaction tendencies of the molecules and miti-
gate any random molecular proximity effects, following the production
simulation, at least four additional simulations were carried out as fol-
lows: (i) 10 ns at 408 K, (ii) equilibration for 10 ns at the target tem-
perature, and (iii) another production for 10 ns at the target
temperature. This procedure allowed the molecules to disassociate from
any formed bonds during the 408 K simulation and rearrange during
additional equilibration and production simulations.

In the current research, the force field parameters used were similar
to those we previously tested and validated, but with several additions
(Golodnizky et al., 2022): (i) the “Long-Optimized Potentials for Liquid
Simulations” (L-OPLS) force field (Moultos et al., 2016) was used to
model the alkyl chains; (ii) the “Optimized Potentials for Liquid Simu-
lations — All Atoms” (OPLS-AA) (Jorgensen et al., 1996) to parametrize
the central glycerol group, the polar head groups of GMS, SA, and SO,
and the double bonds of the alkyl chain of OA; (iii) the extended simple
point charge (SPC/E) model was used to model the water molecules
(Berendsen et al., 1987); and (iv) the peroxide groups attached to the
alkyl chains were parametrized based on an ab initio calculation done in
our previous publication (Golodnizky et al., 2025).

The final full force field used in the current research can be seen in
Tables S1-S5. All simulation input files were prepared using the
DLPGEN program (Bernardes, 2022). All 3D images were prepared using
the visualization software visual molecular dynamics 1.9.3 (VMD)
(Humphrey et al., 1996). The simulation output xtc files, which contain
the coordinates of the atoms in the simulation box were used for the
calculation of the radial distribution function (RDF) using the STRFACT
program (Bernardes et al., 2018; Bernardes, 2021).

3. Results and discussion
3.1. Oxidation kinetics

The stripped oil, with and without added MCs, was oxidized under a
powerful light source at room temperature or in a dark incubator at 313
K. This experimental design allowed to explore the effect of surface-
active molecules on the formation and organization of LOOHs under
different storage conditions. The complete oxidation kinetics for both
systems clearly demonstrate the well-established three oxidation re-
gions: lag, exponential, and termination (Fig. 2 A and B for thermal and
photo oxidation, respectively).

In the current research, the duration of the lag region was deter-
mined by calculating the intersection between a horizontal line fitted to
the initial, almost constant PV region, and the line with positive slope
fitted to the exponential period (Fig. 2 C and D for thermal and photo
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Fig. 2. The PV as a function of oxidation time as measured for the thermal (A) and photo (B) oxidation systems. The connective lines represent the spline fitting of the
points to emphasize the PV changes over time. The initial PV values and the fitted linear regression lines for the thermal (C) and photo (D) oxidation systems. The lag
period times as calculated for the thermal (E) and photo (F) oxidation systems using the intersections of the fitted linear lines in (C) and (D). The initial slopes fitted
for the exponential period, indicating the initial oxidation rate for the thermal (G) and photo (H) oxidation systems.

oxidation, respectively), based on a common method used by others
(Farhoosh, 2018; Zlatkevich, 2002). Using this method, the lag period
calculated for all systems showed a value of about 60 h in the thermal
oxidation experiments (Fig. 2 E). This observation suggests that the
added MCs did not affect the thermal oxidation stability of the stripped
canola oil at the MCs concentration and temperature used in the current
experiment, in agreement with previous studies (Delfanian et al., 2023).
However, in the photo oxidation experiment, the addition of GMS
significantly prolonged the lag period from about 10 h, which is the
value found for the other samples, to about 40 h (Fig. 2 F), suggesting

that even at such a low concentration, GMS protects the stripped oil from
photo oxidation and delays the period at which the formation of LOOHs
accelerates. The antioxidant activity of monoglycerides such as GMS was
also suggested before (Gomes et al., 2010).

Most MCs are polar molecules that, in addition to their ability to self-
assemble at the water-oil interface, are also capable of forming molec-
ular structures in bulk oil (Chen et al., 2011a; Kittipongpittaya et al.,
2016). The ability of GMS to protect stripped canola oil from photo
oxidation can be attributed to the ability of MAGs to self-assemble and
form lamellar structures in bulk oil at room temperature (Earnden et al.,
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2022; Sagalowicz et al., 2006). In our previous study, we showed that
among the different MCs used in the current work, GMS possesses the
highest ability to self-assemble in bulk oil. It was demonstrated that at
low MC concentrations, such as those used in the current research, the
dominant forces driving molecular self-assembly in bulk oil are
hydrogen bonds, which GMS is more capable of forming due to its larger
polar head group (Golodnizky et al., 2021). These structures in the bulk
oil can scatter light from the light source, leading to mild turbidity in the
GMS-containing samples. This scattering reduces the amount of light
absorbed by the sample, thus reducing the energy absorption respon-
sible for initiating the oxidation reactions (Biswas et al., 1999). We
hypothesize that this higher self-assembly ability enabled the added
GMS molecules to form molecular structures in the bulk stripped oil at
room temperature which can scatter the light and reduce the energy
absorbed by the oil, thus prolonging the lag period. Based on this theory,
the results shown in Fig. 2, and the smaller polar groups of SO and SA,
we suggest that the self-assembly tendency of these surface-active
molecules is lower, thus their presence less affects the lag period. In
the thermal oxidation experiment, due to the higher temperature and
the dependency of the self-assembly process on temperature (Mata et al.,
2005; Chauhan et al., 2014), it is reasonable to assume that such
structures were less formed at the beginning of the thermal oxidation
experiment. Therefore, the absence of these structures hinders their
antioxidant activity, thus not affecting the lag period. It is worth noting
that an attempt to characterize these molecular structures was con-
ducted using X-ray diffraction and differential scanning calorimetry, but
probably due to the low concentration of the added MCs, no signal was
recorded (data not shown), however, a mild sample turbidity could be
clearly seen. In further research, other methods, such as Cryogenic
electron microscopy or light scattering techniques might provide more
conclusive evidence for such structures, however, these methods were
out of the scope of the current study.

After the lag period, the PV increases and the LOOHs accumulate in
the oil, indicating the beginning of the second period, the exponential
period. At this point, the LOOHs accumulation rate can be ascribed to
the oxidation rate (Hoppenreijs et al., 2021; Choe and Min, 2006). To
obtain a proper statistical analysis, the accelerated shelf-life experiments
replicates were all plotted in the same plot, and the regression fitting
parameters and their standard deviations were calculated. The initial
increase in the PV curves was fitted by a linear regression line (Fig. 2 C
and D, for the thermal and photo experiments, respectively) and the
slopes can represent the oxidation rates (Fig. 2 G and H, for the thermal
and photo experiments, respectively). In the thermal oxidation experi-
ment, the addition of the MCs slightly increased the initial oxidation
rate, suggesting a mild pro-oxidant activity. Such an acceleration of the
thermal oxidation rate in the presence of different MCs, such as SO,
glycerol-monopalmitate, tetradecanol, and different antioxidants was
previously shown by others (Chaiyasit et al., 2007b; Kortenska et al.,
2002). Interestingly, in the photo oxidation experiment, the opposite
effect was observed, where the addition of MCs decreased the initial
oxidation rate, suggesting an antioxidant activity. These opposed trends
can be ascribed to the ability of the MCs and LOOHs molecular orga-
nizations to scatter light, as was suggested earlier and will be further
discussed in the next chapters.

The third region, termed the termination period, is characterized by
a relatively constant or even reducing PV, resulting from an equal or
higher LOOH decomposition compared to their formation rate
(Brodnitz, 1968; Hoppenreijs et al., 2021; Merkx et al., 2018). Such a
change in the rates ratio is ascribed to the dramatic decrease in the
polyunsaturated FAs (PUFAs) content which is the substrate for the
oxidation reaction. The termination stage was achieved after approxi-
mately 500 h in the thermal oxidation experiment for all the systems
(Fig. 2 A). This observation suggests that the addition of the MCs did not
affect the balance between the LOOH formation and decomposition
rates in the thermal oxidation experiment. In the photo oxidation
experiment, this stage was not clearly achieved for most of the systems
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in the time frame of the current study, even after more than 1600 h
(Fig. 2 B). In general, at such a high oxidation degree, there are various
secondary oxidation products that also affect the oxidation kinetics;
thus, in this region, the effect of the added MCs alone is hard to deter-
mine and is expected to be reduced (Jo and Lee, 2021).

The total oxidation process was also monitored by measuring the FA
content over the oxidation experiments. In contrast to the PV curves,
measuring the FA content allows the assessment of the total consump-
tion rate of the USFAs by the oxidation reaction. This measurement
enables us to monitor not only the formation of the primary oxidation
products but also the secondary products. The total USFA content was
monitored over the oxidation process and normalized using the PA
content as an internal standard. For the thermal oxidation processes, all
systems exhibited similar behavior (Fig. 3 A). Moreover, even in the
termination region, as emphasized in the PV curves, at oxidation times
above 500 h, the USFA consumption continued. This observation agrees
with our suggestion that, during this period, the oxidation process did
not terminate, but the LOOH decomposition rate equalized or surpassed
their formation rate.

For the photo oxidation processes, the system containing GMS
clearly exhibited higher USFA content throughout the oxidation process
(Fig. 3 B). This observation can be attributed to the lower oxidation rate
calculated from the PV curve for the GMS-containing striped oil (Fig. 2
H). At the beginning of the oxidation exponential period, when a low
amount of the USFAs was consumed by oxidation reactions, such rate
differences were not emphasized. However, at more advanced oxidation
stages, higher amounts of USFAs were consumed by the oxidation re-
action, thus these oxidation rate differences became detectable in the FA
content measurement. Therefore, noticeable differences in USFA were
observed in the GMS compared with the other MCs.

The total GC chromatograms were deconvoluted to monitor the
changes in specific FA content (Fig. S4). In both experiments, the
decrease in the OA content was the lowest (Fig. S4 A and B), while the
decrease in the LnA content was the highest (Fig. S4 E and F). Such a
trend can be related to the lower energy required for hydrogen disso-
ciation between two double bonds, as found in LiA and LnA, compared
to only one, as found in OA (Schaich, 2020; Kerrihard et al., 2015).

3.2. Molecular self-assemblies

The LOOHs concentration gradually increases after the lag period
and during the exponential period. Due to their amphiphilic nature,
LOOHs can self-assemble and form different molecular self-assemblies
(Ghnimi et al., 2017). These self-assemblies have been shown to in-
crease the oxidation rate and change the kinetic order of the oxidation
reactions (Farhoosh, 2018; Nguyen et al., 2024; Brimberg, 1993;
Chaiyasit et al., 2008). Moreover, these molecular self-assemblies are
marked by sharp changes in the physical properties of the oil, such as
surface tension, conductivity, turbidity, nuclear magnetic resonance
spectra, and viscosity (Priyanto et al., 2001).

Flow behavior measurement is a popular tool used for structural
analysis in various fields, such as emulsifiers, organic molecules, and
computational chemistry (Priyanto et al., 2001; Alasiri, 2019; Wu et al.,
2014; Kamranfar and Jamialahmadi, 2014). In the current research, the
molecular self-assembly in striped canola oil with and without the oil
MCs was characterized over the oxidation process by monitoring the oil
viscosity. At the beginning of the oxidation experiment, when the LOOH
concentration is relatively low, they are expected to be homogeneously
dispersed in the bulk oil, thus not significantly resisting the applied
shear forces. Therefore, a Newtonian behavior with no significant
change in viscosity compared to unoxidized oil is expected. Above the
LOOH CMC, LOOHs are expected to self-assemble and form reverse
micelles. These reverse micelles increase the resistance to the applied
shear force during flow in viscosity measurement, leading to an
increased measured viscosity. Such a transition from an approximately
constant viscosity at the beginning of the oxidation process to an
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Fig. 3. The ratio of the total USFA:PA as a function of oxidation time, as was measured for the thermal (A) and photo oxidation systems (B).

increasing viscosity over time can be seen in Fig. 4 A and D for the
thermal and photo oxidation experiments, respectively. As the LOOH
concentration increases with the progress of oxidation, these micelles
size increases and new micelles are formed, further increasing the oil
viscosity. This growth and formation of reverse micelles will continue
until interactions between the micelles occur and a continuous meso-
phase is formed. Such mesophase formation will lead to a significant
increase in the measured viscosity (Ghnimi et al., 2017; Brimberg and
Kamal-Eldin, 2003). It is worth noting that viscosity measurements
provide an indirect indication of the formation of such molecular
structures. However, within the scope of the current study, we propose
that this indirect indication is sufficient to enable a reliable comparison
of the effects of the different minor components’ polar groups. Addi-
tionally, it is important to mention that polymerization reactions may
occur during storage. However, these reactions become dominant pri-
marily at high temperatures, such as during frying, and in low-oxygen
environments, and are therefore not expected to be significant under
the current experimental conditions. (Dobarganes and Marquez-Ruiz,
2007; Velasco and Dobarganes, 2002).

The change in the rate at which the viscosity increases can be seen in
Fig. 4 A and D for thermal and photo oxidation, respectively. The in-
tersections between the different regions in the viscosity curves were
used to calculate the time at which the reverse micelles and meso-phase
were formed for each system (Fig. S5). These times were then translated
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to LOOH concentrations, expressed by the PV, using a linear regression
of the PV plots (Fig. S6). In the thermal oxidation experiment, the
addition of SA to the striped canola oil resulted in a significantly lower
LOOH concentration at the reverse micelles formation, while the addi-
tion of SO and GMS showed no significant effect (Fig. 4 B). In the photo
oxidation experiment, all added MCs decreased the LOOH CMC, with
GMS having the highest effect (Fig. 4 E). The effect of different surface-
active molecules on the LOOH CMC has been previously discussed by
others. It was shown that LOOHs can be incorporated into the reverse
micelles formed by other surface-active molecules, leading to a decrease
in the LOOH concentration required to reach the CMC (Chen et al.,
2011a). For example, in the presence of polyglycerol polyricinoleate
(PGPR) and/or curcumin, the LOOH CMC was decreased, suggesting
that PGPR, curcumin, and LOOHSs can stabilize the water/oil interface
together and form mutual reverse micelles (Jokar et al., 2022). Based on
the results shown in Fig. 4 B and E, it seems that SA was able to form
mutual reverse micelles with LOOHs, thus decreasing the critical con-
centration of LOOHs required to stabilize the water/oil interface and
form these micelles. This hypothesis is also supported by the findings of
Chaiyasit et al. (2007b), who showed that the addition of OA to oil
decreased the reverse micelles’ size formed by the LOOHs. Such a
decrease in micelle size leads to a larger water/oil interface, implying
that the addition of OA to oxidized oil, combined with the LOOHSs, had a
synergistic effect on interface stabilization. It is worth noting that
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Fig. 4. Viscosity values as a function of oxidation time for the thermal oxidation (A) and photo oxidation (D) systems. Linear regression lines are included in the
plots, representing the calculations used for determining the micelle formation times. These times were used to calculate the PV at the CMC and the meso-phase
formation time for the thermal (B and C) and photo (E and F) oxidation systems, respectively.
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deviation in the region definition may slightly affect the calculated
cross-section values, thereby increasing the uncertainty in the absolute
values obtained in this study. However, since the primary focus is the
comparison between the effects of the different minor components’
polar groups on molecular organization, such variations did not impact
the overall trends or conclusions. Interestingly, the addition of GMS did
not affect the thermal LOOH CMC while significantly decreasing it in the
photo oxidation experiment. This observation strengthens our assump-
tion that GMS form a unique organization in bulk oil, at the beginning of
the photo oxidation experiment at room temperature, probably into
lamellar structures (Earnden et al., 2022; Sagalowicz et al., 2006). Such
structures seem to be less presented at the high temperature in the
thermal oxidation experiment. It appears that in the photo oxidation
experiment, GMS was able to form these structures from the beginning
of the experiment (Fig. S5), leading to a very low LOOH concentration at
the reverse micelles’ formation time (Fig. 4 E). Such a decrease in the
time required to reach CMC (Fig. S5 C) and the concentration at this
point (Fig. 4 E) seemed to produce an antioxidant effect on the oil
oxidation rate rather than a pro-oxidant effect (Fig. 2 F and H), as could
be expected based on previously proposed oxidation kinetic theories
(Brimberg, 1993).

The effect of MAGs on the thermal oxidation process was also
examined by Delfanian et al. (2023), who showed that in combination
with other surface-active molecules, MAGs can decrease the thermal
oxidation LOOH CMC. The results presented here suggest that in the
photo oxidation process, GMS can promote reverse micelle formation
and retard the photo oxidation process without the addition of other
amphiphilic molecules. Interestingly, Delfanian et al. (2023) showed
that such an effect on the LOOH CMC did not affect the lag period, which
is directly related to oil oxidation stability. The absence of an effect on
the lag period suggests that changes in the CMC do not necessarily affect
oil stability. Such effect of LOOH CMC on oil stability agrees with our
findings in the thermal oxidation experiment, while in the photo
oxidation experiment, we showed that the CMC change results in an
antioxidant effect, hence longer lag period and better oxidation stability.

Considering the effect of SO and SA, lower LOOH CMC were
observed in the presence of these molecules during the photo oxidation
experiment (Fig. 4 E) and in the presence of SA in the thermal oxidation
experiment (Fig. 4 B), compared with the oil samples. Such lower LOOH
CMCs did not affect oil oxidation stability, as expressed by the similar
lag period as the oil system (Fig. 2 E and F). Interestingly, even though
the addition of SA decreased the LOOH CMC in both experiments, it
increased the initial oxidation rate in the thermal oxidation experiment,
while it decreased it in the photo oxidation experiment. This observation
can be explained by the different energy sources used in these experi-
mental designs. It has been previously shown that the addition of free
FAs decreases the pH of the water droplets inside the formed reverse
micelles during the oxidation process (Kittipongpittaya et al., 2014).
Such a pH reduction promotes oil oxidation by accelerating reactions
catalyzed by acids, thus increasing the oxidation rate (Kittipongpittaya
et al., 2014, 2016). On the other hand, in the photo oxidation experi-
ment, molecular structures in bulk oil scatter the light, thus reducing the
energy absorbed by the PUFAs in the oil and decreasing the oxidation
rate (Biswas et al., 1999). In the photo oxidation experiments, it seems
like the lower energy absorption had a higher impact compared to the
reaction acceleration by acidic catalysis mentioned above, while in the
thermal oxidation experiment, such structures, even if existed in a very
low amounts, did not affect heat energy absorption.

A continuous meso-phase is formed when the reverse micelles
occupy a large volume of the bulk oil and start to interact with each
other. The interaction tendency of these micelles is strongly dependent
on their interface molecular composition, where the MCs and oxidation
products are accumulating (Wang et al., 2024; Chaiyasit et al., 2007b;
Delfanian et al., 2023). In the current research, such continuous
meso-phases were formed in an advanced oxidation stage, at PVs above
200 mmol/kg oil for both experimental conditions (Fig. 4 C and F), when
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a significant amount of USFAs was already consumed by the oxidation
reaction (Fig. 3). At such an advanced oxidation stage, the secondary
oxidation products’ concentration is expected to be very high, adding
various additional surface-active molecules to the bulk oil. In the study
of Jo and Lee (2021), it was shown that secondary oxidation products
such as hexanal, propanal, and nonanal can affect the reverse micelles
formation, thus probably affecting micelle-micelle interactions and
meso-phase formation. Based on the results in the current research, the
LOOHs concentration required for such meso-phase formation was
increased by the addition of MCs in the thermal oxidation experiment,
while it was decreased in the photo oxidation experiment. Such differ-
ences may be attributed to the total polar molecular concentration, and
further sophisticated analysis of the chemical composition at this stage,
is required. Considering the high PVs, at this stage, the oil contains a
very high amount of toxic and unpleasant compounds, making it
dangerous for human consumption; therefore, this issue was out of the
scope of this research and no further analysis was conducted.

3.3. Molecular dynamics simulation perspective on interaction tendencies

The molecular composition of the water/oil interface plays a crucial
role in the molecular organization of LOOHs and the oxidation kinetics
(Wang et al., 2024). Molecular dynamics simulation is a widely used tool
for evaluating the molecular composition of the water/oil interface
(Smith, 2022; Chen et al., 2021; Siani et al., 2016; Agmon et al., 2018).
Due to the short time and length scales of all-atom MD simulations, the
formation of water droplets and water/oil interfaces cannot be achieved
in these simulations (Packwood et al., 2017). Therefore, in the current
research, the tendencies of the oil MCs to interact with water and other
LOOHs were examined. These tendencies were then interpreted and
projected onto the self-assembly potency of the different molecules
during the oxidation process. In the MD simulations, the thermal and
photo oxidation systems were distinguished by the type of LOOHs in the
simulation boxes, with 9EEHpODE and 12HpODE (Fig. 1) used for the
thermal and photo oxidation simulations, respectively.

Radial distribution function (RDF) is a widely used tool to study the
interactions of different molecules (Moradi et al., 2019). This tool cal-
culates the probability of finding different moieties at specific distances.
Such distances can then be related to different interactions and molec-
ular bonds, providing valuable information about the organization and
aggregation tendencies of the molecules. Here, RDFs were calculated
considering the water and the different surface-active molecules to
assess their tendency to interact with each other. Unsurprisingly, the
RDFs calculated for the distances between the water molecules show the
sharpest and most intense peak centered at about 2.8 A (Fig. 5), which is
the characteristic distance between water oxygens involved in hydrogen
bonds (Moradi et al., 2019). This peak showed exceptionally high in-
tensity values above 600 in both simulations, suggesting that the ten-
dency of the water molecules to form hydrogen bonds between
themselves is extremely high (Fig. 6). Such tendency is expected due to
the high hydrophobic environment the water molecules experience in
the oil phase, thus driving their bonding and aggregate formation.

The tendency of surface-active molecules to organize in reverse mi-
celles can be discussed in terms of their ability to form hydrogen bonds
with water. In lipid solutions such as edible oils, van der Waals in-
teractions can be formed between the oil TAGs and the hydrophobic
regions of the amphiphilic molecules. Therefore, the role of these in-
teractions in reverse micelle formation is reduced, positioning polar
interactions, specifically hydrogen bonds, as the main driving force
(Qiao et al., 2014). In the current systems, hydrogen bonds can be
formed between the water, MCs, and LOOHs molecules. To evaluate the
tendency of these hydrogen bonds to form, RDFs were calculated
considering the distances between water and LOOH molecules, water
and MCs molecules, and MCs and LOOH molecules (Fig. 5). The
maximum intensities of the peaks corresponding to hydrogen bonds
were extracted from the RDF curves (Fig. 6), which can be ascribed to
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Fig. 5. Typical RDFs computed between the different molecules for thermal and photo oxidation simulations. In the typical simulation box, the molecules were
colored by their type: water molecules - blue, LOOH:s - red, and MCs -green. For a clear presentation, only the simulation box of the system containing SA is presented.

the tendency of a specific hydrogen bond to be formed.

The results shown in Figs. 5 and 6 suggest that the tendency of MCs
and water molecules to form hydrogen bonds is higher than their ten-
dency to form these bonds with LOOHs or the tendency of LOOHs to
form hydrogen bonds with water. This observation can be expected due
to the more exposed polar group of the MCs compared to the peroxide
group of the LOOHs, which is located on the fatty acid chain and is under
high steric interference. Moreover, the tendency of SA to form hydrogen
bonds with water was the highest in both photo and thermal oxidation,
as indicated by the higher RDF peak maximum intensity (Fig. 6). This
high tendency suggests that SA tends to bind water more than GMS and
SO, thus possessing higher surface activity. This higher surface activity
might lead to the lower CMC observed in the experimental results,
where, in addition to the SA molecules, fewer LOOH molecules were
required to form stable reverse micelles (Fig. 4 B and E). Interestingly, in
the photo oxidation experiment, the addition of GMS to the stripped oil
resulted in the lowest CMC (Fig. 4 E), even though the tendency of GMS
to form hydrogen bonds with water was lower than that of SA. This
observation can be explained by the higher tendency of GMS to form its

own structures, as discussed in section 3.2 and in our previous work
(Golodnizky et al., 2021). Such a molecular self-assembly of GMS might
be the reason for the early intersection between the first two regions in
the viscosity curves (Fig. 4 D) and resulting in a very low LOOH CMC
(Fig. 4 E). In the thermal oxidation experiment, such molecular
self-assemblies of GMS were not formed due to the higher temperature,
thus the recorded CMC was higher and not significantly different from
the one recorded for the control stripped oil, in agreement with the
hydrogen bonding tendency shown in Fig. 6 for the thermal oxidation
model containing GMS. Considering the effect of SO addition, it showed
a lower tendency to form hydrogen bonds with water than SA, leading to
a higher CMC under both experimental conditions (Fig. 4 B and E).
Compared with GMS, SO exhibited an equal tendency to form hydrogen
bonds with water, suggesting similar surface activity in the examined
systems. Such similar surface activity and the lower ability to
self-assemble in bulk oil during the photo oxidation experiment resulted
in higher (Fig. 4 E) and similar (Fig. 4 B) CMC compared with the GMS
containing system in the photo and thermal oxidation experiments,
respectively.
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Fig. 6. The maximum intensities of the RDF peak correspond to the hydrogen bonds formation between the water, different MCs, and different LOOHs, as was

calculated for the thermal and photo oxidation simulations.

The addition of MCs to the model does not seem to affect the ten-
dency of LOOHs to form hydrogen bonds with water or with the MCs in
most systems, even though experimentally we showed that it affected
the CMC. Based on this observation, we hypothesized that the lower
CMCs observed in Fig. 4 result from the ability of the LOOHs to form
mutual reverse micelles with the added MCs, rather than improving
their ability to form these micelles by themselves at lower concentra-
tions. This hypothesis is in agreement with previous studies that related
the effect of surface-active molecules on the LOOH CMC to their ability
to form mutual reverse micelles (Wang et al., 2024; Jo and Lee, 2021;
Delfanian et al., 2023; Jokar et al., 2022). In these studies, it was sug-
gested that amphiphilic molecules such as antioxidants, PGPR,

phospholipids, aldehydes, and other surface-active molecules can
occupy the water/oil interface alongside the LOOHSs, rather than push-
ing the LOOHs to the bulk oil phase. It was suggested that such mutual
coexistence at the interface is responsible for the decrease in the LOOH
CMC observed in the presence of MCs. Moreover, while comparing the
control stripped oil system, the thermal LOOHs seem to have a higher
tendency to form hydrogen bonds with water compared with the photo
oxidation LOOHs, leading to a lower PV at the CMC time (Black columns
in Fig. 4 B and E). This phenomenon is discussed in our previous work, in
which we showed that the tendency of photo oxidation LOOHs to form
hydrogen bonds with water was lower, and these bonds were less stable,
compared with the thermal oxidation LOOHs.
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4. Conclusions

In the current research, the molecular organization of MCs and
LOOH:s in oil was examined with respect to oil stability under thermal
and photo oxidation conditions. Four systems were studied: stripped
canola oil as a control, and stripped canola oil with different added MCs
such as SO, SA, and GMS. The molecular structures were assessed by
viscosity measurements, the oxidation process was monitored by PV and
FAs content assays, and the molecular interaction tendencies were
evaluated by MD simulations. The results indicated that SO, with the
smallest polar head group, showed the least influence on oil oxidation
kinetics in the different experimental conditions. It did not affect the lag
period and slightly increased the oxidation rate during thermal oxida-
tion. The addition of SA significantly decreased the critical concentra-
tion required for reverse micelle formation, attributed to its high surface
activity as demonstrated by the high interaction ability with water
molecules in the MD simulations. SA did not affect the duration of the
lag period in either experimental conditions but decreased the oxidation
rate notably in the photo oxidation experiment. On the contrary, the
presence of GMS in stripped canola oil significantly reduced the CMC in
the photo oxidation experiment, resulting in a markedly lower oxidation
rate. Moreover, it significantly improved oil oxidation stability by
extending the lag period from about 10 h to about 40 h, demonstrating
GMS’s physical antioxidant activity in the photo oxidation experiment.
However, the addition of GMS did not affect the CMC in the thermal
oxidation experiment but slightly increased the oxidation rate. This
difference was explained by GMS’s ability to form molecular self-
assemblies such as lamellae at the lower temperature found in the
photo oxidation experiments, leading to early molecular organization.
These assemblies seem to scatter light, thereby reducing energy ab-
sorption during photo oxidation, resulting in lower oxidation rates.

Overall, SO with the smallest polar group had the least impact on the
oxidation process, while SA with its larger group exhibited the highest
water-binding ability thus significantly affecting the LOOH CMC. GMS,
with the largest polar group, demonstrated potent self-organization
abilities that retarded photo oxidation but exhibited lower surface ac-
tivity compared to SA. These findings offer a novel perspective on the
role of amphiphilic molecules in oil oxidation, potentially contributing
valuable insights to predict and enhance edible oil stability.
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