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Quercetin was encapsulated in polyoxyethylene laurylether (Brij 35®) micelles, 1,2-dimyristoyl-sn-glycero-3-
phosphocholine (DMPC) liposomes and Brij 35®/DMPC mixed micelles. These obtained formulations were
then physically characterized for their particle size, morphology, physical stability and polydispersity index. All
quercetin formulations were evaluated for their antioxidant efficiency in two oil-in-water emulsion systems and
compared to the one of free quercetin. In short-term assays, results showed that among the tested formulations,

quercetin liposomal form offered superior antioxidant protection, in comparison with polymer micelles or mixed
micelles form or free quercetin. These results were attributed to a better synergistic effect of liposomal quercetin
formulation with tocopherols present in the oil phase of the emulsion. However, in long-term assay, the loaded
quercetin showed chemical degradation over the long term in the liposomal form, thus limiting its long-term
antioxidant effectiveness in food emulsions.

1. Introduction

Lipid oxidation in food products leads to the loss of liposoluble vi-
tamins and unsaturated fatty acids, development of off flavors, and the
formation of novel oxidized chemical species that may be harmful for
human health (Skibsted, 2010). In details, three main mechanisms can
be found in lipid oxidation namely photooxidation, which happens
when light activates a sensitizer, enzymatic oxidation though the action
of lipoxygenases, and autooxidation. While the first two are typically
managed in food products by adequate UV barrier packaging and heat
treatment, autooxidation is still a problem, due to its complex pathway,
which typically involves radical species, and the fact that a multitude of
oxidation products are generated (Schroder et al., 2020). In food, most
of the lipids are produced in the form of emulsions, mainly oil-in-water

emulsions, that can be found, for instance, in a variety of drinks, dairy
products, mayonnaises, dressing or infant formula. These emulsions are
made up of oil droplets that are dispersed in a continuous aqueous phase
and stabilized by molecules that are surface-active and adsorb at the oil-
water interface. In emulsions, it is now well known that the oil-water
interface is important since it is where pro-oxidants, oxygen, and
oxidizable lipids come into contact (Hennebelle et al., 2024). Moreover,
various others factors influence oxidation kinetics in emulsions such as
the lipid droplet size, the type of used emulsifier, the interface physical-
chemical properties and the presence of antioxidant molecules
(McClements & Decker, 2000; Villeneuve et al., 2023). Regarding the
latter, most antioxidants used in the food industry are phenolic com-
pounds that are known for their radical scavenging action (through H
donation or electron transfer mechanism) or their ability to chelate pro-
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oxidant metals (Decker et al., 2010). However, in emulsions, the effi-
ciency of a given antioxidant is not only governed by its chemical
reactivity but also by its partitioning in the system and more specifically,
its ability to locate at the oil-water interface (Laguerre et al., 2015;
Villeneuve et al., 2023; Bravo-Diaz, 2023). In addition, recent studies
indicate that a key factor to evaluate when addressing the oxidative
stability of oil-in-water emulsions is how oxidation spreads between
lipid droplets (Decker et al., 2017; Hennebelle et al., 2024; Laguerre
etal., 2017; Villeneuve et al., 2023). In fact, current theories suggest that
the diffusion of some primary oxidation compounds, such as hydroper-
oxides, and secondary ones, such as aldehydes, may be responsible for
the transmission of “oxidation information” from one droplet to another
(Klooster et al., 2023). Although the exact mechanism of such transport
is still unknown, hypotheses propose that polymer micelles could act as
carriers of oxidative species. In that context, some studies suggest that
the formulation of some antioxidants could favor their activity in
emulsion through an antioxidant reservoir effect that would induce their
location at the interface or by enhancing their capacity to limit oxidation
diffusion in between droplets (Hennebelle et al., 2024; Villeneuve et al.,
2023). For example, Kiralan et al. (2014) observed that the formulation
of tocopherol into Tween 20 micelles could be used as reservoir of an-
tioxidants that may either replace oxidized tocopherols in the emulsion
droplets or that could directly scavenge reactive oxygen species (ROS)
located in the continuous phase of the emulsion. Similarly, Inchingolo
et al. (2021) observed that sodium dodecyl sulfate at concentrations
above its CMC, lead to a marked increase of the partitioning of
a-tocopherol in the aqueous phase, suggesting that polymer micelles
were solubilizing a-tocopherol out of the emulsion droplet, resulting in a
better oxidative stability of the emulsion.

More complex organized structures, such as niosomes or liposomes,
are also recognized for their ability to impact the antioxidant activity of
molecules. For instance, Feng et al. (2017) formulated catechin and
epigallocatechin laurates into gemini dodecyl O-glucoside-based nio-
somes and found that such assemblies had higher antioxidant efficiency
than the non-formulated molecules to protect liposomes from oxidation.
On the contrary, using a-tocopherol as antioxidant, others observed that
its formulation into Tween 60 based niosomes limits its antioxidant ef-
fect in emulsion (Olbinska et al., 2023). These studies suggest that the
formulation of an antioxidant into micellar or liposomal vesicles may
have an effect on its resulting efficiency in emulsions oxidative stability.

In that context, the present study aimed at evaluating the capacity of
quercetin formulated into micelles, mixed micelles or liposomes to
protect unsaturated lipids from oxidation in oil-in-water emulsions.
Quercetin is one of the most prominent flavonoid antioxidants (Bonina
et al., 1996; Hatahet et al., 2016) which is known for its radical scav-
enging activity (Dangles, 2012; Dufour et al., 2007) and its numerous
biological activities as anti-inflammatory (Lin et al., 2012) or anti-tumor
compound (Zhang et al., 2012). Its effects as antioxidant for food
emulsions are well documented either when used as single antioxidant
(Belhaj et al., 2010; Di Mattia et al., 2009; Noon et al., 2020), within
natural plant extracts (Martinovic et al., 2020; Valerga et al., 2012) or in
synergy with tocopherols (Bayram & Decker, 2023; Zhang et al., 2023;
Miquel Becker et al., 2007. Due to its poor aqueous solubility limiting its
bioavailability, a lot of research work have been carried out to develop
delivery systems for quercetin (Kandemir et al., 2022; Wadhwa et al.,
2022; Wang et al., 2016). For example, for topical delivery (Hatahet
et al., 2016) to improve skin penetration, quercetin has been formulated
in nanoemulsions (Fasolo et al., 2009; Scalia et al., 2013), liposomes
(Caddeo et al., 2014; Liu et al., 2013; Manca et al., 2014), niosomes
(Elmi et al., 2021; Javani et al., 2021), nanoparticles (Wu et al., 2008) or
chitosan formulations (Tan et al., 2011). Our group recently demon-
strated that the encapsulation of quercetin into lipid nanocapsules
increased its apparent water solubility by more than 5000-fold. This
encapsulation did not alter its antiradical activity as measured by the
DPPH (2,2-diphenyl-1-picrylhydrazyl) assay and proved to be efficient
in the protection of THP-1 cells from oxidative stress (Hatahet et al.,
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2017). This study was further pursued with the comparison of lipid
nanocapsules, liposomes and Smartcrystals® containing Tween 80 as
material for encapsulation of quercetin (Hatahet et al., 2018). All
quercetin formulations showed similar activity results compared to
crude quercetin indicating the preservation of quercetin antioxidant
ability upon formulation. As an alternative to poly(ethylene glycol), we
also investigated the potential of polyoxazolines (C;6POx) based mixed
micelles and lipid nanocapsules for encapsulation of quercetin and its
resulting antioxidant activity in topical delivery (Simon et al., 2019;
Simon et al., 2020). Mixed micelles, also called polymer/lipid hybrid,
are made of polyoxazolines as polymer and phosphatidylcholine as lipid
entangled to create an hydrophobic core. Quercetin was efficiently
encapsulated in this core and resulted in a decrease of quercetin impact
on cell viability while its antioxidant activity remained unchanged.

In this study, we incorporated quercetin into polymer micelles,
mixed micelles or liposomes, and then compared its antioxidant activity
in free form with these formulations. The aim was to determine whether
encapsulating quercetin in these vesicles could enhance its ability to
protect unsaturated lipids from oxidation in emulsions. We first
analyzed the physical properties of the quercetin-loaded vesicles,
focusing on hydrodynamic diameter, polydispersity index (PDI),
morphology, physical stability, quercetin loading, and encapsulation
efficiency. Then, the quercetin-loaded formulations were tested in a fast-
track oil-in-water emulsion assay, with and without the presence of
endogenous tocopherols. This initial approach allowed us to identify the
most effective formulated system. The selected formulation was then
assessed in a long-term oil-in-water emulsion stability test by quanti-
fying primary and secondary markers of lipid oxidation as well as to-
copherols consumption.

2. Materials

Quercetin (purity >95 % HPLC), phosphate buffer solution (PBS at
150 mM, pH 7.2), Brij 35® (polyoxyethylene(23)laurylether, MW =
1198 g.mol™!, CMC value from supplier 92 pM), a-tocopherol,
B-tocopherol, y-tocopherol, 3-tocopherol, ammonium thiocyanate, iron
(II) chloride, cumene hydroperoxide, 3-heptanol, phenolphthalein,
phosphoric acid were all purchased from Sigma-Aldrich (Saint Quentin
Fallavier, France). Acetone, acetonitrile, butanol, chloroform, 1,4-
dioxane, ethanol, hexane, isooctane, isopropanol, methanol, were all
HPLC or analytical grade solvents and purchased from Sigma-Aldrich
(Saint Quentin Fallavier, France).

1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) was kindly
given by Lipoid (GmbH). Trolox (97 %) was obtained from Accros
Organic (Geel, Belgium). 2,2-azobis(2-amidino-propane) dihydro-
chloride (AAPH) was purchased from Wako Chemical (Neuss,
Germany).

Refined Rapeseed (Brassica napus L.) oil was obtained from local
supermarkets in Montpellier (France) and used without further purifi-
cation. The oil quality was as follows: Peroxide value 1.3 meq 02/kg oil,
a-tocopherol: 510 mg/kg oil and y-tocopherol: 630 mg/kg oil. Fatty acid
composition was as follows: C16:0, 4.4 %; C16:1 n-7, 0.2 %; C18:0, 1.8
%; C18:1 n-9, 62.3 %; C18:2n-6, 19.7 %; C18:3 n-3, 9.9 %; C20:0, 0.5 %;
C20:1 n-9, 1.2 %. Tung oil (Aleurites fordii) was purchased from Sigma-
Aldrich (Saint Quentin Fallavier, France) with the following character-
istics: Peroxide value 1.52 meq 05/kg oil, a-tocopherol: 12 mg/kg oil and
B-tocopherol: 113 mg/kg oil. Fatty acid composition was as follows:
C16:0, 1.9 %; C18:0, 2.1 %; C18:1 n-9, 4.9 %; C18:2 n-6, 6.7 %;
a-eleostearic acid (A9c, A11t, A13t), 79.8 %.

3. Methods
3.1. Formulation of Brij 35® micelles loaded with quercetin

The Brij 35® polymer micelles were obtained by simple polymer
dissolution in phosphate buffer saline at 150 mM at a concentration of
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11.5 g.L.7! and quercetin was added at a concentration of 20 pg.mL ",
The solution was left under magnetic stirring for one hour in the dark
and then filtered through acetate cellulose filters of 0.65 pm.

3.2. Formulation of mixed micelles (Brij 35 and DMPC) loaded with
quercetin

The mixed micelles were formulated based on our previous publi-
cation (Simon et al., 2019) using the thin film method. Briefly, quer-
cetin, DMPC and Brij 35® were solubilized in a mixture of chloroform:
acetone (molar ratio 1:1) with the molar ratio 4:80:1 respectively. The
solution was placed in rotavapor under vacuum at 40 °C for 30 min to
remove the solvent and obtain a thin film. Then, 10 mL of filtered PBS
were added and left in rotavapor under rotation in the dark at a speed of
150 rpm for 1 h at 40 °C for film hydration. The mixed micelles solution
was diluted by 3-fold in PBS.

Lastly, using the high-pressure homogenizer process of 5 cycles at
10000 PSI (Microfluidics LV1, USA), the mixed micelles loaded with
quercetin (Q-Mixed micelles) were obtained. The formulation was
centrifuged (Sigma 2 K15, Bioblock Sc.) at 10,000 rpm for 10 min and
then filtered through acetate cellulose filters of 0.65 pm.

3.3. Formulation of DMPC liposomes loaded with quercetin

Liposomes were formulated using the ethanol injection process as
previously published (Simon et al., 2023). The same protocol was car-
ried out but a different quercetin loading was targeted for the antioxi-
dant measurement with Conjugated Autoxidizable Triene (CAT) assay or
in rapeseed oil-in-water emulsions as described below.

3.3.1. For conjugated autoxidizable triene (CAT) assay experiment

A solution of 2 mL of absolute ethanol at 40 °C was prepared with
DMPC at 25 g. ! and quercetin at 0.1 g.. !, This mixture was then
injected with a glass syringe and needle of 0.4 mm diameter into 10 mL
PBS solution at 40 °C under stirring with a propeller with a diameter of 3
cm at 650 rpm. The quercetin loaded liposomes (Q-Liposomes) was left
under stirring for 1 h at 40 °C. The samples were centrifuged (Sigma 2
K15 Bioblock Sc. at 10,000 rpm for 10 min and then filtered through
acetate cellulose filters of 0.65 pm.

3.3.2. For rapeseed oil-in-water emulsion experiments

The same protocol was performed but with an absolute ethanol so-
lution with DMPC at 50 g.L ™! and quercetin at 4 g.L 1. Then, the lipo-
somes were concentrated using Amicon® filters (MWCO 50 kDa,
regenerate cellulose, Merck Millipore). 500 pL of the liposomes were
placed onto the upper compartment and centrifuged at 2000 g for 30 min
(Sigma 2 K15 Bioblock Sc.). The liposomes were withdrawn with a
reverse spin at 1000 g for 2 min. The procedure was repeated twice to
reach the targeted quercetin concentration of 0.9 g.L_1 (equivalent to
3000 pM).

3.4. Dynamic light scattering (DLS)

All formulations or emulsions (CAT emulsions and rapeseed oil-in-
water emulsions) were characterized in terms of size (by intensity)
and dispersity using Zetasizer NanoZS apparatus (Malvern Instruments,
UK) equipped with a He—Ne laser (632.8 nm) to provide hydrodynamic
diameter and polydispersity index (PDI). Measurements were conducted
without dilution and at 25 °C at scattering angle 173°. All the results
were an average of three independent measurements.

3.5. Transmission electron microscopy
Transmission electron microscopy was performed on TEM Jeol 1200

EXII (Jeol. Ltbd, Tokyo, Japan) associated with a camera Jeol 2 K/2 K.
The formulations were diluted by 1.5 in PBS and deposited on grids type
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Cu formvar carbon and negatively stained with an aqueous uranyl ac-
etate solution. TEM images were taken at a 60 k magnification.

3.6. X-ray diffraction

The solid state of the materials presented in this work was charac-
terized using a Bruker D2 Phaser diffractometer (Bruker, MA, USA) and
the monochromatic Cu Kal radiation (Ao = 1.54184 10\, 30 kV and 10
mA). The angular range of data recording was 5-70° 20, with a stepwise
size of 0.02° and a speed of 0.2 s counting time per step, using LYNXEYE
XE-T detector (Bruker, MA, USA).

3.7. HPLC analysis

3.7.1. HPLC analysis for quercetin quantification

Solution were centrifuged at 10,000 rpm for 10 min (Sigma 2 K15
Bioblock Scientific) to remove the potential free quercetin. High Pres-
sure Liquid Chromatography (HPLC) analysis of quercetin was per-
formed on LC 2010AHT apparatus (Shimadzu, Kyoto, Japan) using a
Prontosil C18 column (120-5-C18H 5.0 pm, 250 x 4.0 mm). The
detection was achieved using a UV-vis detector (Shimadzu, Kyoto,
Japan) at 368 nm (Simon et al., 2019). Acetonitrile/phosphoric acid at
0.2 % v/v and pH = 1.9 (40/60 % v/v) was used as mobile phase. The
calibration curves were performed with solutions of quercetin in
methanol from 0.1 to 40 pg.mL ™! and from 10 to 200 pg.mL ™! both with
a good linearity (r? = 0.999). The flow rate was 1 mL.min"! with an
oven temperature of 40 °C and injected volume of 10 pL and analysis of
10 min.

3.7.2. HPLC analysis for tocopherol isoforms

The lipid extract (around 10 mg) was weighted in 2 mL vials, solu-
bilized in hexane (1 mL) and analyzed by HPLC (Ultimate 3000 Thermo
Fisher Scientific, Waltham, USA) and fluorescence detection set at
290-330 nm for excitation and emission respectively (FL3000 Fluores-
cence detector, Thermo Separation products, USA). Separation was
carried out on a Silica column (Kinetex 5 pm, 250 mm length [L] x 4.6
mm internal diameter, Phenomenex, Le Pecq, France). Elution was
performed in isocratic conditions with hexane/1,4-dioxane (97:3 v/v) as
mobile phase. Injection was set at 100 pL, column temperature was
maintained at 25 °C and flow rate at 1.3 mL.min"'. Quantifications were
carried out for a-tocopherol, f-tocopherol, y-tocopherol, and &-tocoph-
erol. Calibration curves were realized with standard solutions of each
tocopherol isoform. Analysis were made in triplicate and results were
calculated and expressed in mg/kg of oil.

3.8. Encapsulation efficiency

Encapsulation efficiency (EE) was calculated with the following
equation:
amount of encapsulated quercetin

EE = 100
amount of quercetin initially loaded x

3.9. Evaluation of antioxidant activity with the conjugated autoxidizable
triene (CAT) assay

For the CAT assay, all formulations freshly prepared were diluted to
the final quercetin concentration of 64 ng.mL’1 (0.212 pM.mL’l).
Similarly, quercetin was either evaluated alone (unloaded into vesicles)
at the same concentration or, at the same concentration, in the presence
of unloaded Brij 35® micelles, mixed micelles or DMPC liposomes.
Blank control was made with PBS only.

The method, originally developed by (Laguerre et al., 2008), was
slightly modified according to the following procedure:
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3.9.1. Preparation of stripped tung oil

Prior to its use in the CAT assay, tung oil was stripped from its native
tocopherols by passing 25 mL hexane solution of Tung oil (200 mg.
mL™!) through an alumina column. Complete removal of tocopherols
was checked by HPLC (see section 3.7.2).

3.9.2. Preparation and physical characterization of tung oil emulsions

40 mg of tung oil (crude or stripped) were added to 200 mL of PBS
solution (pH 7.2) containing 70 pM Brij 35®. Afterward, the mixture was
homogenized using a high-speed blender (Janke & Kunkel, Staufen,
Germany) at 15,000 rpm for 90 s. Then, the coarse emulsion was pro-
cessed through a high-pressure homogenizer APV-1000 (SPX FLOW,
Charlotte, North Carolina, USA) at 400 bars (350 bars +50 bars, 5
passes) to produce nano-emulsions. The particle size distribution of the
emulsion was measured by DLS. All prepared emulsions had similar
droplet sizes (mean diameter = 200 + 75 nm) and were physically stable
over the course of the experiment.

3.9.3. CAT assay procedure

Stock solutions of encapsulated quercetin (Brij35 micelles, Brij35/
DMPC mixed micelles, or DMPC liposomes) were prepared at an iso-
concentration of quercetin (0.2 pg/mL, 0.661 pM) in PBS buffer (pH
7.2). Subsequently, 50 pL of Tung oil-in-PBS emulsions, with varying
tested formulations (135 pL for crude oil or 67.5 pL for stripped oil),
were transferred into a UV-star-96 well microplate (Greiner, Frick-
enhausen, Germany). For free quercetin (unloaded quercetin) and free
quercetin in the presence of blank carriers, a stock solution of quercetin
was prepared in ethanol, and 10 pL were added to the microplate. For
proper comparison, control wells with 10 pL ethanol were also prepared.
Then, 15 pL of freshly prepared AAPH solution in PBS (1.3 mM) were
added to each well using a multichannel micropipette, resulting in a
final solution volume of 210 pL per well. The final concentrations were
0.05 mg.mL ™! in Tung oil, 17.5 uM in Brij35, 1 mM in AAPH, and an
isoconcentration of quercetin (128 ng.mL‘1 or 64 ng.mL_l). Reaction
kinetics were monitored immediately after AAPH addition by recording
the absorbance decrease at 273 nm using an Infinite 200 PRO microplate
reader (Tecan, Groedig, Austria) with Magellan software. Measurements
were taken every minute for 9 h at 37 °C, with 5 s of agitation before
each reading.

3.10. Evaluation of antioxidant efficiency in rapeseed oil-in-water
emulsion

3.10.1. Evaluation of physical and chemical stability of quercetin-loaded
liposomes (Q-Liposomes)

The Q-Liposomes prepared for the experiments on rapeseed oil-in-
water emulsions were evaluated in regards to their physical and chem-
ical stability. Q-Liposomes with the same dilution factors corresponding
to the one of the emulsions were placed at 4, 25 and 37 °C for a month
with measurement of physical stability with size and PDI (section 3.4.)
and chemical stability with quercetin quantification (section 3.7.1).
Three independent formulations were investigated for stability.

3.10.2. Preparation of emulsion

A rapeseed oil-in-water emulsion was prepared by homogenization
of 5 % wt rapeseed oil with 95 % aqueous phase (w/w). The aqueous
phase consisted of phosphate buffer solution (10 mM, pH 7.0) and Brij35
at a 10 mM concentration in the final emulsion. A coarse emulsion was
prepared using an Ultra-Turrax IKA (Janke & Kunkel IKA-Labortechnik,
Staufen, Germany) for 2 min at 7000 rpm. The resulting coarse emulsion
was then homogenized with an APV-1000 (SPX FLOW, Charlotte, North
Carolina, USA) at an operating pressure of 400 bars (350 + 50 bars) for
5 cycles. Between each pass, the emulsion was collected in a beaker
submerged in an ice-water bath to keep the temperature at ~25 °C.
Quercetin samples (Q-Liposomes, free quercetin or free quercetin in the
presence of Blank DMPC Liposomes -B-Liposomes)} were introduced in
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the aqueous phase of the emulsions after the homogenization step (i.e.
post-homogenization) to give a 50 pM final isoconcentration of quer-
cetin. Control emulsions with ethanol were also evaluated in the absence
of quercetin and DMPC. To induce lipid oxidation, FeCly (5 ppm) was
added to each sample and the emulsions (15 x 60 mL) were stored in 70
mL closed amber glass bottles at 25 °C for 28 days, under gentle orbital
stirring (200 rpm) using an IKA KS 4000 i-control incubator (IKA,
Staufen, Germany). Samples were collected at 0, 2, 4, 7, 10, 14, 21, 24
and 28 days for analysis. Three replicates for each antioxidant formu-
lation were carried out.

The evaluation of lipid oxidation in the emulsions was carried out by
monitoring the formation of both primary (lipid hydroperoxides), sec-
ondary (volatiles) oxidation products and loss of tocopherols content by
HPLC (section 3.7.1).

3.10.3. Measurement of peroxide value (PV)

PV was determined according to the following procedure. Briefly, 1
mL of emulsion samples were mixed with 4 mL of isooctane/isopropanol
solution (3:1 v/v) and vortexed three times for 10 s. Then, an aliquot of
supernatant (200 pL) was added to (1800 pL) methanol/butanol mixture
(3:7 v/v) and 260 pL are introduced in the microplate well. Then, 2.5 pL
of aqueous ammonium thiocyanate (3.94 mol.. 1) and 2.5 L of ferrous
solution (0.144 mol.L. ™) were added to give a final volume of 265 pL in
the microplate UV star 96 well COC F-bottom (Greiner Bio-One, Cour-
taboeuf, France). Each microplate was first incubated at 25 °C for 10 min
with a stirring of 1000 rpm in PHMP-4 microplate Thermoshaker (Grant
instruments 1td Shepreth, Cambridge, England) and then placed in an
Infinite M200 microplate reader (Tecan, Groedig, Austria). Absorbances
were measured at 500 nm. Data acquisition was made using Magellan
software (Tecan). PV were determined using a standard calibration
curve of cumene hydroperoxide and were expressed as meq Oy/kg oil.

3.10.4. Measurement of volatile compounds

Volatile oxidation products were analyzed according to the following
procedure. Samples (2 mL) were withdrawn from the emulsion and
placed into 10 mL headspace vials and then quantified by Dynamic
Headspace (DHS) (Gerstel GmbH & Co. KG, Miilheim an der Ruhr,
Germany) combined with GC-MS (7890B/MSD 5977, Agilent Technol-
ogies, Palo Alto, CA, USA). DHS was used in the following conditions:
incubation at 60 °C for 5 min; trapping for 12 min (using Tenax TA type
trap at 40 °C with 300 mL of nitrogen at a flow rate of 25 mL.min"?,
under stirring at 500 rpm); drying phase of 200 mL of nitrogen at 50 °C
at a flow rate of 100 mL.min"'. For the Thermal Desorption Unit (TDU),
a non-fractionated injection at 30 °C followed by a ramp to 300 °C at
120 °C.min ! was performed for 7 min. In the Cold Injection System
(CIS) at 2 °C, aramp to 300 °C at 12 °C/s followed by a plateau for 5 min
was conducted. GC-MS was equipped with a Gerstel robot and a DB-Wax
Ul column (J&W Scientific, Folsom, CA, USA) having the following
characteristics: 60 m length, 0.25 mm inner diameter, 0.25 pm film
thickness. Hydrogen was used as carrier gas at a flow rate of 2.2 mL.
min~! Elution was performed with the following temperature program:
isothermal at 40 °C for 5 min, then 3 °C.min"! from 40 °C to 150 °C,
followed by 15 °C.min"! to 280 °C. The mass spectrum was recorded in
EI4+ mode (70 eV) between 40 and 350 Da. Temperatures of the analyzer
and the source were set at 150 °C and 250 °C, respectively. Volatile
quantification was carried out for the following volatile compounds:
pentanal, hexanal, 2,4-heptadienal, 2-pentanal, 2-ethylfuran, using 3-
heptanol as internal standard. The calibration curves were prepared
from a stock standard solution containing these volatile compounds.
Quantification results obtained were processed with Mass Hunter soft-
ware version 11.1 (Agilent Technologies, Palo Alto, 262 CA, USA) using
a quantitative method based on quantifier and qualifier ions specific to
each standard. Peak identification was carried out by comparing the
mass spectra with those in the NIST 2020 database (National Institute of
Standard Technology). Analysis was performed in duplicate, and results
were expressed in ng/g.
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Table 1
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Physicochemical features of blank (B) and quercetin loaded (Q) formulations in terms of hydrodynamic diameter, PDI (mean =+ SE), quercetin loading (mean + SE) and

encapsulation efficiency (n = 3).

Hydrodynamic diameter (nm) PDI Quercetin concentration (ug.mL™") Encapsulation efficiency (%)
B-Brij 35® micelles 9.3+0.1 0.12 + 0.06
Q-Brij 35® micelles 9.5+ 0.1 0.13 £+ 0.06 2.6 + 0.3 13
B-Mixed micelles 92,5+ 5.5 0.25 + 0.03
Q- Mixed micelles 111.2 + 2.6 0.26 + 0.02 38.5+1.8 77
B-Liposomes 85.2 + 3.8 0.17 + 0.04
Q-Liposomes 879+ 4.4 0.15 £ 0.02 13.1 £ 0.9 65

For tocopherols loss measurements by HPLC, 1 mL of sample were
withdrawn from the emulsions and added to a 4 mL isooctane/2-
propanol solution (1:1 v/v) and then vortexed (3 x 10 s) and then
centrifugated for 2 min a 2000 g. The lipid phase was then recovered and
analyzed by HPLC according to the procedure described in section 3.7.1

3.11. Fatty acid profiles of rapeseed and tung oils

Fatty acid profiles of rapeseed and tung oil were determined by GC
(Agilent 8860 GC, Agilent Technologies, Santa Clara, USA) with the
following procedure. Briefly, 500 pL sodium methylate solution with
phenolphthalein were added to 6 mg of lipid sample. After heating at
65 °C for 10 min, chlorhydric methanol (500 pL) were added. The
mixture was again heated at 65 °C for 10 min and hexane (1 mL) and
water (1 mL) were added. After a centrifugation at 1500 rpm for 5 min
with a Rotina 380R (Hettich, Westphalie, Germany), the upper phase
was collected and analyzed by GC. GC analysis conditions were as fol-
lows: Split injector (1/20 ratio), capillary column (CP-Sil 88 Varian) (50
m x 0.25 mm with 0.2 pm film thickness; Helium (1 mL.min"!) was used
as carrier gas. Fatty acid methyl esters (FAME) were analyzed by flame
ionization detector and Agilent software (Agilent Technologies, Santa
Clara, USA). The column temperature started from 150 °C, with a rise of
5 °C.min"! to 225 °C and was maintained at 225 °C for 10 min. The
injector and detector temperatures were 250 and 270 °C, respectively.
FAME were identified using an external standards of methyl esters
mixture.

3.12. Statistical analysis

Results are presented as mean + SD. Statistical analysis were per-
formed using the statistics software R (version 3.5-1). Statistical dif-
ferences were evaluated using a one-way ANOVA test and considered
significant for P < 0.05.

B: Q- Mixed micelles

4. Results and discussion

In oil-in-water emulsions, the efficiency of a given antioxidant to
protect lipids from oxidation is not only governed by its chemical
reactivity (radical scavenging properties) but also by its physico-
chemistry and more specifically, its capacity to locate at the oil/water
interface where oxidation reactions occur (Laguerre et al., 2015). In that
context, various studies aimed at chemically modify antioxidants in
order to adjust their polarity and allow them to locate at the interface for
an optimized antioxidant effect (Hennebelle et al., 2024). Others
investigated the potential of formulating antioxidants in various careers
that would favor their partitioning at the Oil/Water interface. For
instance, Schroder et al. (2020) used Pickering particles as interfacial
reservoirs of antioxidants (a-Tocopherol or carnosic acid) and showed
that both tested antioxidants were more effective when loaded within
such particles than when solubilized in the oil droplet interior. Feng
et al. (2017) loaded catechin and epigallocatechin laurates into nio-
somes made with dodecyl O-glucoside and found that, once formulated
into such carriers antioxidant had higher antioxidant efficiency than the
non-formulated molecules to protect liposomes from oxidation. On the
contrary, others observed that the niosomal (Tween 60) formulation of
a-tocopherol limits its antioxidant effect in emulsion (Olbinska et al.,
2023). These studies suggest that the formulation of an antioxidant into
different vesicles has effect on its antioxidant efficiency in emulsions.
Therefore, in the present study we evaluated how the formulation of
quercetin into micelles, mixed micelles or liposomes could impact its
efficacy as an antioxidant in oil-in-water emulsions.

4.1. Screening of formulations

Three formulations with different morphologies and sizes were
explored for incorporating quercetin: micelles, mixed micelles, and li-
posomes. Brij 35® (C12(PEO)23) emulsifier and DMPC phospholipid
(1,2-dimyristoyl-sn-glycero-3-phosphocholine) were chosen. Brij 35®
was selected for its minimal surface charge impact, and suitability for
aligning the experimental design (CAT assay and rapeseed emulsified

C: Q-Liposomes

g

Fig. 1. TEM images of Q-Brij 35® micelles (A), Q-mixed micelles (B) and Q-liposomes (C).



L. Simon et al.

Food Chemistry 478 (2025) 143650

*
* *
b A Q-Brij35® micelles
3]
g Q-Liposomes
2
[72]
=
S
£ Quercetin
DMPC
— R — Brij35®
5 15 25 35 45 55 65

20 (%)

Fig. 2. XRD patterns of Brij35®, phospholipids DMPC, quercetin, Q-Liposomes, Q-Mixed micelles and Q-Brij35® micelles (peaks marked with * were found to

correspond to halite (NaCl).

systems). Additionally, Brij 35® and DMPC share similar alkyl chain
lengths (12 and 14 carbons, respectively), leading to comparable
interfacial fluidity behavior. The formulation characteristics in terms of
size, dispersity and quercetin loading were specified in Table 1. For-
mulations without quercetin were referred as blank (B), while those
containing quercetin were labeled (Q). The formulation morphology
was also evaluated by TEM imaging in Fig. 1. Brij35® micelles were
formed at concentration 100 times above the CMC (11.5 g.L’l) with a
typical spherical micelle morphology (Fig. 1A). They were able to load
quercetin at a concentration of 2.6 + 0.3 pg.mL’1 (Q-Micelles) without
modification of hydrodynamic diameter (9.5 + 0.1 nm) or PDI (0.13 +
0.06) compared to unloaded ones (B-Micelles) (Table 1). Adding DMPC

to elaborate mixed micelles with the molar ratio 4:80:1 of quercetin,
DMPC, Brij35® induced a size increase and dispersion but higher drug
loading than Brij35® micelles. Thus, Q-Mixed micelles presented a hy-
drodynamic diameter of 111.2 + 2.6 nm with a PDI of 0.26 & 0.02 and a
quercetin concentration of 38.5 + 1.8 pg.mL’1 (Table 1). The TEM
image of the Q-Mixed micelles in Fig. 1B revealed different morphol-
ogies with mainly disks and some vesicles obtained. Compared to the
mixed micelles previously published in Simon et al., 2019 the molar
ratio of quercetin, DMPC and polymer was modified from 5:40:1 to
4:80:1. The important raise of phospholipids molar ratio led to a change
of morphology from spherical micelles to disk. Also looking at the size,
the mixed micelles size distribution obtained in Simon et al., 2019 was

Control + Quercetin + Blank-carrier + Blank-carrier + Quercetin + Quercetin-loaded carrier
11 - A: Micelles 11 B: Mixed micelles 11 - C:Liposomes
£ E £
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Fig. 3. Results of CAT assay experiments with micelles (Brij 35), mixed micelles (Brij 35/DMPC) and liposomes (DMPC) on stripped (ABC) and crude (unstripped)

Tung oil (DEF) (n = 3).
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expressed by number with a hydrodynamic diameter of 18 + 2 nm (B-
Mixed micelles) and 19 + 2 nm (Q-Mixed micelles). Thus, to compare
with the publication of reference, our B-Mixed micelles size distribution
was measured in number with 27.9 + 1.1 nm and Q-Mixed micelles at
27.0 £+ 0.7 nm which is a slight increase due to the molar ratio modi-
fication. Lastly, liposomes of DMPC were obtained by ethanol injection
process and allowed a quercetin loading of 13.1 + 0.9 pg.mL™! for a size
of 87.9 + 4.4 nm with a PDI of 0.15 + 0.02 (Table 1) and spherical
vesicles morphology (Fig. 1C).

Overall, all three formulations were considered monodisperse with a
PDI value below 0.3. The size of the three formulations agreed with the
literature. The highest quercetin loading was achieved with mixed mi-
celles as previously observed with the work from Hatahet et al. (2018),
on DPPC liposomes reaching a loading of 2.6 + 0.1 % compared to
mixed micelles of phosphatidylcholine and polyoxazolines of 3.6 + 0.2
% (Simon et al., 2019).

The solid-state form of the quercetin in the different formulations
was also investigated by powder X-ray diffraction (Fig. 2). The diffrac-
tion patterns of the formulations revealed that the quercetin is in
amorphous state, since no crystalline peak was distinguished compared
to the pure quercetin showing a crystalline peak at 26°. This amorph-
ization of quercetin confirmed its effective encapsulation in the three
formulations.

4.2. Evaluation and selection of the most interesting antioxidant
formulation using a fast-track oil-in-water emulsion assay (CAT assay)

All quercetin formulations were first assessed for their antioxidant
capacity in emulsions with the CAT assay (Laguerre et al., 2008) using
an emulsion of stripped Tung oil stabilized by Brij 35® polymer below
its CMC. Lipid oxidation was induced by the AAPH hydrophilic azo-
initiator. Quercetin alone or either formulated in Brij 35® micelles,
Brij:DMPC mixed micelles or DMPC liposomes were added post emul-
sification and compared for their antioxidant efficiency at iso-
concentration of quercetin (64 ng.mL_l). Unloaded formulations (blank
carriers) were also evaluated. In the case of Brij 35® micelles (Fig. 3A),
for both B-Micelles or Q-Micelles, a pro-oxidant effect was observed in
comparison with the control experiment that corresponds to the Tung oil
emulsion alone (absence of quercetin and carriers). When quercetin was
used alone, a slight antioxidant effect was observed, however, the
concomitant addition of B-Micelles with unloaded quercetin resulted in
the same pro-oxidant effect as the one observed for B-Micelles alone.
Overall, these results suggest that the presence of Brij 35® micelles in
the emulsion accelerates lipid oxidation kinetics. Different studies
evaluated the influence of micelles on oxidative stability of oil-in-water
emulsions and contradictory results were obtained (Villeneuve et al.,
2023). Indeed, micelles may modulate lipid oxidation kinetics by
different ways including the transport and relocation of antioxidants,
prooxidants or lipid oxidation products. Consequently, depending of the
type of emulsion, the nature of the antioxidants and the nature of the
present pro-oxidants, micelles may either boost or delay lipid oxidation
in emulsions. In our present experiments, one can conclude that Brij 35®
micelles favor lipid oxidation kinetics and that their loading with
quercetin does not counteract this effect. A different behavior was
observed in the case of Brij/DMPC mixed micelles (Fig. 3B). Here, B-
mixed micelles did not show any prooxidant effect as oxidation kinetic
was very comparable to the one obtained with the control emulsion.
Here again a slight antioxidant effect was observed for quercetin added
alone but this effect was not enhanced with Q-Mixed micelles. Finally,
for the experiment with DMPC liposomes (Fig. 3C), results showed that
the addition of B-Liposomes could slightly delay lipid oxidation in
comparison with the control emulsion. The potential antioxidant effect
of phospholipids is known and may be attributed to various mechanisms
including prooxidant metal chelation, synergism with tocopherols, or
ability to react with aldehydes secondary oxidation compounds and
form Maillard type reaction products with potential antioxidant activity
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(Cui & Decker, 2016). In our specific case, as tocopherols were removed
during stripping of the oil and as metal prooxidant effect in PBS buffer is
very limited, such synergistic effect or chelating activity are unlikely.
Therefore, the apparent antioxidant effect of liposomes may be attrib-
uted to their capacity to react or entrap lipid oxidation products and
consequently limit the diffusion of lipid oxidation through mass transfer
phenomena (Laguerre et al., 2017). However, if we consider the fact that
the equilibrium of the system is reached more quickly than the reaction
timescale in the presence of micelles, this might not be the case with
liposomes. Indeed, a clear difference was observed when quercetin was
formulated into liposomes, suggesting that the dynamics within the
liposomal system differ significantly from those with micelles. However,
one must not exclude the fact that liposomes may have interacted with
the hydrophilic AAPH azo initiator that was used in the CAT assay and
therefore indirectly hampered oxidation induced by this initiator (Evans
et al., 2019). For instance, an interaction between liposomes and AAPH,
could alter its half-life or, more importantly, the release of radicals near
the liposomes, explaining the greater efficiency when quercetin is
encapsulated in such vesicles. Nevertheless, in our experiments, we
could still observe that quercetin formulated in liposomes resulted in a
better antioxidant efficiency then quercetin alone or quercetin in the
presence of blank liposomes.

The same CAT assay experiments were then reproduced this time
using unstripped Tung oil in order to keep present the native tocopherols
found in this oil (= 250 ppm). Moreover, the concentration of quercetin
in the emulsion was doubled in comparison with the stripped oil
emulsion in order to better distinguish the different oxidation kinetics
through an improved antioxidant effect. Interestingly, the prooxidant
effect of Brij micelles in the case of stripped Tung oil emulsion (Fig. 3A)
was not found when the oil was not depleted in its native tocopherols
(Fig. 3D). Indeed, in the presence of tocopherols in the oil, the addition
of B-Micelles slightly improved its oxidative resistance. This result can
be correlated with the ones from Kiralan et al. (2014) who observed the
polymer micelles could bring tocopherols to the continuous phase of an
emulsion resulting in a better antioxidant efficiency.

When comparing the efficiency of quercetin alone with quercetin
formulated in the presence of micelles (either encapsulated or external),
our results show that in the presence of tocopherols, these formulations
do not significantly influence the early-stage kinetics of lipid oxidation.
However, both appear to slow down the kinetics during the propagation
phase. This suggests that quercetin may distribute rapidly in the pres-
ence of micelles, faster than its reactivity, and encapsulating quercetin in
micelles could enhance its interaction with tocopherols. This might
occur by positioning quercetin at the oil/water interface of the emulsion
or through co-micellization of tocopherols and quercetin within the
micelles. This hypothesis is yet to be confirmed. When considering the
experiments with mixed micelles with unstripped Tung oil (Fig. 3E), the
addition of B-Mixed micelles in the emulsion improved its oxidative
resistance in comparison with the control emulsion. Here again, this
could be attributed to a potential interaction of such mixed micelles with
the native tocopherols present in the oil. However, similarly to the ex-
periments ran on stripped oil, the formulation of quercetin into these
mixed micelles did not improve its antioxidant efficacy in comparison
with quercetin alone. Finally, concerning liposomes, the experiments
with unstripped Tung oil (Fig. 3F) confirmed their important contribu-
tion to the oxidative stability of the emulsion, as even B-Liposomes were
more efficient than quercetin added alone. In this case, one can envisage
some potential synergistic effects of phospholipids and tocopherols that
would favor the antioxidant protection of the oil. Surprisingly when the
emulsion was supplemented in both quercetin alone and B-Liposomes,
no additive effect was observed. On the contrary, when quercetin was
formulated into liposomes, a strong enhancement of its antioxidant ef-
ficiency was found in comparison with quercetin added alone in the
system. Here again, the formulation of the antioxidant into liposomes
may have contribute to favor its location at the interfacial area, favoring
its synergistic effect with native tocopherols.
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Fig. 4. Physical stability of A) B-Liposomes and B) Q-Liposomes with size (bars) and PDI (dots) for a month at 4, 25 and 37 °C (size mean + SD, n = 3).

Table 2
Chemical stability of quercetin loaded in liposomes over 28 days at 4, 25 and
37 °C.

Time (days) 0 14 28

4°C 329.0 pg.mL 366.3 pg.mL !
25°C 899.3 pg.mL ™’ 71.7 pg.mL ™! 12.3 pg.mL ™!
37°C 0.0 0.0

4.3. Evaluation of quercetin liposomal formulation on the oxidative
stability of rapeseed oil-in-water emulsions

According to the results obtained with the CAT assay, the formula-
tion of quercetin into liposomes was further evaluated for its antioxidant
efficiency to protect a rapeseed oil-in-water emulsion consisting of 5 %
wt unstripped rapeseed oil in 95 % aqueous phase (w/w) in phosphate
buffer solution (10 mM, pH 7.0) and stabilized by Brij35® polymer at a
10 mM concentration in the final emulsion. For this experiment, the
required quercetin concentration was set at 3000 pM in liposomes to be
then diluted to a final concentration in emulsion at 50 pM. Therefore,
the formulation was modified to reach this goal with a DMPC concen-
tration of 50 g.L ™! and quercetin of 0.4 g.L !, Using ultrafiltration, the
solution was concentrated twice to reach the desired concentration. The
resulting B-Liposomes presented a hydrodynamic diameter of 81.2 +
7.1 nm with PDI of 0.18 + 0.06 and Q-Liposomes of 97.3 + 2.9 nm with
PDI of 0.14 + 0.01. A stability study was also conducted to ensure the
physical and chemical stability of liposomes. The physical stability re-
flected by the size and PDI at 4, 25 and 37 °C over a month is illustrated
in Fig. 4 with B-Liposomes (Fig. 4A) and Q-Liposomes (Fig. 4B) once
diluted to their final concentration. Overall for both B-Liposomes and Q-
Liposomes, the hydrodynamic diameter and the PDI remained constant
over the 28 days for each temperature tested showing that DMPC lipo-
some either unloaded or loaded in quercetin remained physically stable
through the duration of the storage.

Regarding the chemical stability of the Q-Liposomes, as indicated in
Table 2 at 4 °C the quercetin concentration in liposomes dispersed in
PBS dropped to 40 % after 14 days and remained after 28 days. At 25 °C,
the quercetin was almost all degraded with 8 % remaining after 14 days
and 2 % after 28 days. The quercetin was fully degraded at 37 °C after
14 days due to the quercetin thermal degradation as previously
described (Kellil et al., 2021; Zhou & Sadik, 2008). This was considered
for the study. Therefore, the oxidative test was conducted at 25 °C for a
month.
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Fig. 5. Kinetics of peroxide formation (LOOH meq/O,/kg) in rapeseed oil-in-
water emulsions (5 % rapeseed oil in PBS (10 mM, pH 7.0) and Brij 35 (10
mM)) in the presence of blank liposomes (B-Liposomes), quercetin loaded li-
posomes (Q-Liposomes), quercetin alone (quercetin) and quercetin +
B-Liposome.

The lipid oxidation kinetics were assessed by measuring the forma-
tion of primary oxidation compounds (hydroperoxides), secondary
oxidation compounds (volatile aldehydes: hexanal, pentanal, 1,2-hepta-
dienal, 2 pentenal and 2-ethyfuran) and the loss of tocopherol isoforms
(¢ and vy isoforms). Concerning the kinetics of peroxide formation
(Fig. 5), the addition of B-Liposomes in the emulsion did not show any
impact on oxidative resistance in comparison with the control. This
result did not confirm the one obtained in the CAT assay where B-Li-
posomes were shown to have an antioxidant effect (Fig. 3F). The main
difference in the two emulsion systems relies in the different ways lipid
oxidation was induced. In the CAT assay, oxidation was induced by free
radicals produced in the continuous phase by the degradation of AAPH
azo initiator, whereas in the 5 % rapeseed oil-in-water emulsion, no
radical initiator was used. The absence of any antioxidant effect of the B-
Liposomes in this latter system, could confirm our hypothesis that in the
CAT assay, liposomes may have interfered with AAPH (or its degrada-
tion radical products). This would modulate the flow of produced rad-
icals and contributes to a delay in oxidation kinetic that would lead to an
erroneous interpretation of the potential antioxidant effect of the B-Li-
posomes. The emulsions supplemented with either quercetin alone,
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Fig. 6. Kinetics of tocopherol loss (« and y) in rapeseed oil-in-water emulsions (5 % rapeseed oil in PBS (10 mM, pH 7.0) and Brij 35 (10 mM)) in the presence of
blank DMPC liposomes (B-Liposomes), quercetin loaded liposomes (Q-Liposomes), quercetin alone and quercetin + B-Liposome.
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Fig. 7. Kinetics of volatile compounds formation (hexanal, pentanal, 2,4-heptadienal, 2-pentenal, 2-ethylfuran) in rapeseed oil-in-water emulsions (5 % rapeseed oil
in PBS (10 mM, pH 7.0) and Brij 35 (10 mM)) in the presence of blank DMPC liposomes (B-liposomes), quercetin loaded liposomes (Q-liposomes), quercetin alone and

quercetin + B-liposome.

quercetin + B-Liposomes or Q-Liposomes showed lower peroxide con-
tents than the one of the controls, all along the storage period. However,
the loading of quercetin into liposomes is not more efficient in terms of
antioxidant effect than quercetin alone. In contrast with the CAT assay
that was carried out over a few hours period, the present experiments
were made for days (1 month). Therefore, one must consider the
chemical degradation kinetics of quercetin that were previously esti-
mated (Table 2), which demonstrated that only 8 % of quercetin was not
degraded after 14 days. As both curves corresponding to quercetin alone
or Q-Liposomes were almost stacking, one can conclude that the
formulation of quercetin into liposome did not preserve it from degra-
dation over time and did not significantly enhance its antioxidant effect
in such type of emulsions.

It is also worth noting that between days 0 and 7, quercetin delays
oxidation (with lower PV values and a more pronounced lag phase
during the initiation), which also results in a lower consumption of to-
copherols (Fig. 6) (higher tocopherol levels and almost no consumption

when quercetin is present). However, there is no significant influence
from quercetin being formulated in vesicles, likely because the release
and/or equilibrium between phases is faster than the oxidation reaction
suggesting no major effect on the localization of quercetin. After 7 days,
the oxidation kinetics (propagation phase) become identical among all
formulation samples. However, there appears to be a different effect on
LOOH oxidation as volatile levels are slightly higher when quercetin is
present (Fig. 7), with a smaller difference in PV values at the plateau
phase. This could be attributed to the presence of various reducing
agents, potentially arising from oxidized quercetin, or a preferential
rerouting of secondary oxidation pathways in the presence of quercetin.
For instance, this may involve the reduction of LOO°/LO° to LOOH/LOH
with a/p scissions instead of the LOO°/LO° addition or cyclization,
which may preferentially form epoxides rather than aldehydes.
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5. Conclusion

The antioxidant efficacy of quercetin encapsulated in different de-
livery systems, namely Brij 35® micelles, DMPC Liposomes and Brij 35®
/DMPC mixed micelles was evaluated in oil-in-water emulsions and
compared to the one of free quercetin. In short-term assays, our results
tend to show that liposomal formulation of quercetin provides the most
effective protection against lipid oxidation, in comparison with the
antioxidant effect observed for free quercetin or quercetin encapsulated
in Brij 35® micelles or Brij/DMPC mixed micelles. We attributed this
optimized activity of liposomal formulation of quercetin to its better
location at the oil-water interface. Such interfacial location could favor
the synergistic interactions of quercetin with naturally present tocoph-
erols. In contrast, the results obtained with blank Brij 35 micelles sug-
gest a potential prooxidant effect in emulsions, as the micelles may act as
carriers of lipid oxidation products, a phenomenon that would accel-
erate the spread of oxidation within the emulsion in between lipid
droplets. The formulation of quercetin within mixed micelles showed no
significant antioxidant improvement suggesting that the structural
arrangement of the mixed micelles might hinder the positioning of
quercetin at the emulsion interface, limiting its effectiveness. However,
in long-term assay, the observed results were different. Indeed, while
liposomal formulation of quercetin did result in enhanced antioxidant
efficacy in short-term assays, the chemical stability of quercetin
remained a limiting factor over extended period. Degradation studies
indicated significant losses of quercetin within liposomes, especially at
elevated temperatures, which could compromise their long-term utility
in applications requiring extended antioxidant stability. As a base for
perspectives, while liposomal formulation may have enhanced the par-
titioning of quercetin at the interface and accordingly, its synergism
with tocopherols, the present study highlights the importance of
formulation considerations to protect quercetin’s integrity, perhaps
through adjustments to the liposome composition or the addition of
stabilizing agents. Overall, these results show the influence of formu-
lation on antioxidant effectiveness in emulsified food systems. However,
a study regarding the appropriate choice of antioxidant to be encapsu-
lated and the influence of the type of formulation on the resulting
antioxidant efficacy remains to be further investigated.
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