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Design of flavonoid microparticles with channel forming
properties to improve oxidative stability of sunflower oil
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Quercetin (Q) and epicatechin (E) microparticles were designed using an oil-insoluble polymer (inulin
[In]) as encapsulating agent and with or without an oil-soluble polymer (soy protein isolate [SPI]) by
spray-drying. Encapsulation efficiencies were significantly higher for the E systems than for Q systems,
suggesting that the spatial arrangement may affect the hydroxyl groups availability to form hydrogen
bonds. The microencapsulated flavonoids were added to sunflower oil (SO) in order to evaluate its
oxidative stability. The induction period (IP) of SO, determined in Rancimat at 60°C, significantly
increased when Q-microparticles with or without SPI were added, showing those with SPI the highest IP
value. In the case of E systems, the IP of SO increased only when E–In microparticles with SPI were
added. These results suggest that SPI may favor the diffusion of flavonoids to the lipid medium by the
formation of channels into the microparticles. The channels formation was observed for Q–In–SPI and
E–In–SPI by a confocal laser scanning microscopy study. Additional oxidation studies under conditions
of lower oxygen availability resulted in overall more retarded oxidation and no clear effect of SPI
incorporation was observed.

Practical application: The results show that it is possible to design flavonoid microparticles with
antioxidant activity in bulk oils. The inclusion of a lipid-soluble polymer such as soy protein isolate in the
microparticles favors the flavonoid release from the microparticles to bulk oil by channel formation.
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1 Introduction

Lipid oxidation is one of the the most relevant alterations
occurring in foods, giving rise to the development of
off-flavors, loss of nutrients and bioactives, and even
formation of potentially toxic compounds [1]. Synthetic
antioxidants such as BHT, BHA or n-propyl gallate exhibit
strong antioxidant activity but their use is strictly regulated
because of possible adverse effects on human health [2].
Therefore, there is a growing interest in using antioxidants
from natural sources, such as polyphenols. Flavonoids are
phenolic compounds widely distributed in the vegetable
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kingdom, with a common phenylbenzopyrone structure that
consists of two aromatic rings (A and B) linked through a
pyrane ring [3]. Phenolic compounds have shown a wide
range of biological activities, including antioxidant proper-
ties. The main mechanisms by which flavonoids act against
lipid oxidation consist on transferring a hydrogen atom or
electrons to a peroxyl radical and metal chelation [4].

Although the structure-antioxidant activity relationship of
flavonoids has been well defined in hydrophilic systems [5],
studies dealing with this in hydrophobic systems are scarce.
Free flavonoids, mainly quercetin, myricetin, morin, (þ)
catechin, (�)epigallocatechin, (�)epicatechin, and kaemp-
ferol, have been incorporated in different lipid systems with
varyingdegreesof success in termsofoxidativestability, suchas
methyl linoleate [6, 7], canola oil [8, 9], cottonseed oil [10],
cornoil [11], orfishoil [12–14].Theantioxidantactivity found
inmethyl linoleate and purified sunflower oilwas related to the
numberofphenolichydroxylgroups,2,3doublebond in theC-
ring and a glycoside moiety in the molecule [6, 15].

The incorporation of free flavonoids in lipid systems may
have some drawbacks since these phenolic compounds have
limited solubility and stability [16], together with unpleasant
flavors in some cases [17]. Microencapsulation of flavonoids
is a technology which could enhance the stability of
flavonoids. However, there are few studies focused on the
effect of the incorporation of microencapsulated flavonoids
on oxidative stability of lipid systems [18, 19]. Furthermore,
design of flavonoid microparticles for controlled release in
lipid systems is still a challenge. In this context, flavonoid
microparticles based on a lipid-insoluble polymer (encapsu-
lating agent) and a lipid-soluble polymer (in low percentage),
could allow the release of flavonoids, together with the
improvement of oxidative stability in a lipid system. In a
previous study undertaken by our research group, quercetin,
naringenin, and epicatechin microparticles based on inulin-
Capsul matrix, were incorporated in methyl linoleate [20,
21]. These microparticles were able to release the encapsu-
lated flavonoids inmethyl linoleate and improve the oxidative
stability, suggesting that the incorporation of Capsul led to
the formation of channels inside the microparticles, thus
favoring the diffusion of flavonoids to methyl linoleate.
However, the effect of flavonoid microparticles in real
matrices such as vegetable oils has not been addressed yet.
The objective of this research was to design microencapsu-
lated flavonoids (epicatechin and quercetin) with inulin and
soy protein isolate by spray-drying and evaluate the effect of
their incorporation on the oxidative stability of sunflower oil.

2 Materials and methods

2.1 Materials

Inulin (In) Raftilina
1

HP (DP� 23) was obtained from Alfa-
Chilena (Chile). Soy protein isolate (SPI) was obtained from

Prinal (Chile), Quercetin (Q)� 90%, epicatechin (E)�90%,
methyl linoleate (ML)>99%, alpha-tocopherol� 90%, and
Nile Red were obtained from Sigma-Aldrich (Chile).
Sunflower oil (SO) (Natura, AGDNatural Food, Argentina)
without synthetic antioxidants was acquired from local
market. The major fatty acids were 51.3� 0.1% (C18:2
v6), 37.3� 0.1% (C18:1v9 cis), 5.73� 0.01% (C16:0), and
3.27� 0.04% (C18:0). The alpha-tocopherol (AT) content
was 548�9mg/kg oil. The initial values of polar compounds
(PC) and peroxide value were 4.20� 0.04% and 0.37� 0.10
mEqO2/kg oil, respectively.

2.2 Methods

2.2.1 Preparation of the flavonoids microparticles

Flavonoid microparticle systems with SPI (E–In–SPI and
Q–In–SPI) were prepared using a Box–Behnken design with
15 runs each one (12 experimental points and 3 central
points). The flavonoid/In ratio (1:20–1:50), inlet air
temperature (120–160°C), and SPI content (0–1.7 g) were
evaluated as independent variables, whereas encapsulation
efficiency (EE) and flavonoid release in hexane at day 14 of
storage (t14) were the dependent variables. In this study,
response surface methodology (RSM) and desirability
function were used to determine the optimal conditions of
flavonoid encapsulation for each system.

Inulin (6.8–17g) in water (65–55g) and SPI (0–1.7 g) in
water (10g) were heated at 70 and 40°C, respectively.
Afterwards, theywere cooled at room temperature and stirred.
Q andE (0.34g)were dissolved in ethanol (18–16g), added to
the polymer dispersion and stirred for 30min. The resultant
infeed was sonicated for 20min (230W, 50H, room
temperature, FS-30H Fisher Scientific, USA), and feed into
a spray-dryer (mini Spray-Dryer B-290, B€uchi, Switzerland).
The inlet air temperature ranged from 120 to 160°C. The
airflow, rate of feeding and atomization pressurewere 600L/h,
1mL/min, and 5bars, respectively. The powders obtained
were stored in the dark at �20°C for subsequent analysis.

Furthermore, E–In and Q–In microparticles were
prepared according to optimal conditions reported by Palma
et al. [20]. These microparticle systems were used as control
to evaluate the effect of the incorporation of SPI.

2.2.2 Characterization of flavonoid microparticles

2.2.2.1 Encapsulation efficiency and recovery of
flavonoids

Total flavonoids were determined as follow: microparticles (E–
In,Q–In,E–In–SPI, andQ–In–SPI) (100mg)were treatedwith
4mL of water:ethanol:acetone (50:25:25v/v/v), on a vortex
mixer for 1min, ultra-sonicated for 20min and centrifuged at
452.8g for 3min.The supernatantwas removedand theprocess
was performed twice. The supernatants were transferred to a
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volumetric flask. Flavonoid contents (E and Q) of each system
were quantified by HPLC according to Palma et al. [20].

Surface flavonoids were determined as following: mcro-
particles (E–In and Q–In, Q–In–SPI, and E–In–SPI)
(100mg) were dispersed in methanol (3mL) and softly
stirred. The supernatant was transferred to a volumetric
flask, filled up with water:methanol:acetonitrile (45:40:
15 v/v/v) containing glacial acetic acid (1%), and an aliquot
was injected into the HPLC according to Palma et al. [20].

Encapsulation efficiency (EE) and recovery (R) were
calculated according to Eqs. (1) and (2), respectively:

EE ð%Þ ¼Total flavonoidðQ or EÞ � Surface flavonoidðQ and EÞ
Total flavonoidðQ or EÞ

�100 ð1Þ

R ð%Þ ¼ Total flavonoids ðQ or EÞ in the powderðmgg�1Þ
Total flavonoids ðQ or EÞ in the feed solutionðmgg�1Þ

�100: ð2Þ

2.2.2.2 Flavonoid release in hexane

Flavonoid release fromQ–In–SPI andE–In–SPImicroparticles
was evaluated in hexane. Microparticle powders (0.5 g) in
cellulose filter bags were placed into glass bottles containing
hexane (100mL)with 0.5%of Span, stopperedwith teflon caps
and stored at 30� 2°C in an oven (Memmert model UFE 500,
Germany) in the dark. Aliquots of 2mL were removed after
14 days of storage (t14). The samples were treated with 3mL of
water:methanol:acetonitrile (45:40:15v/v/v) containing 1%
glacial acetic acid, stirredwith a vortex for 1minandcentrifuged
at 453g for 3min. The aqueous-methanolic phase was removed
and transferred to a volumetric flask. The process was repeated
with 2mL of the same extracting solvent. The aqueous-
methanolic phases were pooled and an aliquot was injected into
the HPLC. Flavonoid analysis (Q or E) was performed by
HPLC according to Palma et al. [20].

2.2.2.3 Moisture content, hygroscopicity, and water
activity (aw)

Water activity (aw) (AquaLAB, P. R. China) at 20� 0.3°-
C and moisture content were determined according to
AOAC methods [22]. Hygroscopicity was determined
according to the procedure described by Cai and Corke [23].

2.2.2.4 Morphology and particle size of the
microparticles

The morphology and outer structures of flavonoid micro-
particles (E–In, Q–In, E–In–SPI, and Q–In–SPI) were

examined using scanning electronmicroscopy (SEM).Micro-
particles were coated with gold/palladium, using a Varian
Vacuum Evaporator PS 10E and analyzed using a LEO 142
OVP (LEO Electron Microscopy Ltd., Cambridge, UK)
operated at 20 kV.The scanned imageswere collected digitally
usingEDS 7424 software (Oxford Instruments, Oxford, UK).

The particle size was determined for all systems by laser
light scattering using a Mastersizer X (Malvern Instruments,
Worcestershire, UK) with a lens of 300mm. Microparticles
were dispersed in propylene glycol prior to analysis [24].

2.2.3 Channels formation study

Confocal laser scanning microscopy (LSM 700, Carl Zeiss,
Germany) was used to confirm the formation of channels
within the microparticle systems with SPI. Nile Red (0.1%)
was dissolved in SO (3 g), and flavonoid microparticles (E–
In, Q–In, E–In–SPI, and Q–In–SPI) were dispersed in
amount equivalent to 200mg flavonoid/kg oil. The dis-
persions were stirred for 14 days at 300 rpm in a heating block
at 60°C (the same conditions as the accelerated storage
stability assay). Two excitation wavelengths were used,
488nm for Nile Red and 405 nm for DAPI (40, 6-diamidino-
2-pehynilindole), while fluorescence signals were collected at
580 and 456nm for Nile Red and DAPI, respectively.

The software used for the CLSM imaging was ZEN 2012
(Blue Edition, Carl Zeiss, Germany).

2.2.4 Oxidation assays

2.2.4.1 Rancimat

The induction period (h) was determined in samples of SO and
ML (3g), with and without the addition of flavonoid micro-
particles (E–In, Q–In, E–In–SPI, and Q–In–SPI) (amount
equivalent to 200mg flavonoid/kg. A Rancimat Oxidative
Stability Instrument (MetrohmLtd.,Herisau, Switzerland)was
used, at 60°C and air flow of 20L/h [25]. MLwas used as lipid
model system devoid of antioxidants. Effluent air containing
volatile organic acids from the oxidized sampleswas collected in
a vessel with distilled water and conductivity measured
automatically. The assays were carried out in triplicate.
Protection factor (PF) was calculated according to Eq. (3):

PF ¼ Induction period of ML or SO with flavonoid microparticle added
Induction period of ML or SO

:

ð3Þ

2.2.4.2 Long-term assays

Open glass tubes (10� 1 cm2) with 3 g of samples (SO,
SOþE–In, SOþQ–In, SOþE–In–SPI, and SOþQ–In–
SPI), were placed in tubes and heated at 60� 1°C in a
heating block (Merck, Darmstadt, Germany), with constant
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stirring (350 rpm) for 35 days. Tubes (in triplicate) were
removed at specific time intervals (every 7 days) to determine
the formation of polar compounds and loss of alpha-
tocopherol. Polar compounds were determined by adsorp-
tion column chromatography [26].

Tocopherols were determined by HPLC according to
AOCS [27]. The HPLC equipment consisted of a Merck–
Hitachi L-7110 pump with a 20mL injection loop, a Hitachi
5440 fluorescence detector, and a LiChroCART Superspher
Si-60 column (5mm particle size, 4mm id�250mm;
Merck). Propan-2-ol:n-hexane (1:99 v/v) was used as mobile
phase at a flow rate of 1mL/min. Detection was at 290 and
330nm of excitation and emission wavelengths, respectively.
Alpha-tocopherol was quantified using an external standard.

2.2.5 Statistical analysis

ANOVA one-way was applied to determine the statistical
differences among systems, using Statgraphics, Version 7.0
(Manugistic Inc., Statistical Graphics Corporation, Rock-
ville, MD).

3 Results and discussion

3.1 Optimization of flavonoid microparticles using
response surface methodology

A Box–Behnken design for each system studied (E–In–SPI
and Q–In–SPI) was applied to evaluate the effect of the
formulation (flavonoid/In ratio and SPI content) and process
(inlet air temperature) variables, whereas EE and flavonoid
release in hexane at 14th day of storage in hexane were the
response variables.

The E and Q EEs ranged from 36.7 to 77.0% (E–In–SPI)
and 26.7 to 54.1% (Q–In–SPI), respectively. For E–In–SPI
and Q–In–SPI microparticles, the release of flavonoids in
hexane at day 14 of storage was 12.0–56.0 and 13.4–57.4%,
respectively.

The response surface methodology (RSM) was applied to
optimize the response variables considering the linear,
quadratic, and cross-product forms of the independent
variables studied (air inlet temperature, SPI content and
flavonoid/inulin ratio) at p� 0.05 for each system. The
variance analysis for EE showed that in the E–In–SPI system,
the linear form of the E/In ratio and SPI content, the
quadratic form of SPI content, and the interaction between
E/In and SPI content were significant. In the case of the Q–

In–SPI system all the variables were significant except the
linear form of temperature. The R2 adj values were 88.6 and
95.4% for E–In–SPI and Q–In–SPI, respectively.

The analysis of variance for flavonoid release in hexane
showed that the SPI content both in its linear and quadratic
form, the E/In ratio and inlet temperature in their quadratic
forms, as well as the interaction between E/In and inlet

temperature were significant in the E–In–SPI system. In the
case of Q–In–SPI, the SPI in its linear and quadratic forms,
and the Q/In ratio and inlet temperature in their quadratic
forms were significant on the flavonoid release. The SPI
content showed a significant effect on the flavonoid release in
hexane for both flavonoidmicroparticle systems, suggesting a
positive effect of this independent variable on the flavonoid
release behavior in hexane. The R2 adj values were 96.6 and
79.4% for E–In–SPI and Q–In–SPI, respectively. All these
results showed that the structural features of each flavonoid
determine the operational variables of the spray-drying
process.

For the multiple optimization (Desirability Function) of
the E–In–SPI and Q–In–SPI microparticle systems, the EE
was maximized and the flavonoid release in hexane was
minimized. Surface response graphics of the Box-Behnken
for the E–In–SPI and Q–In–SPI (Supporting Information),
where the optimal conditions were 1:50 and 1:20 for the F/In
ratio, 0.4 and 0% for SPI content, and 160 and 132°C for
inlet temperature, respectively, showed that the optimal
conditions for spray-drying are specific for each flavonoid. As
the SPI contents were different for each system, a 5% of SPI
content was established in both systems for comparative
purposes.

3.2 Characterization of flavonoid microparticles

Table 1 shows the characterization of flavonoid micro-
particles with SPI (E–In–SPI and Q–In–SPI) obtained under
optimal conditions and without SPI (E–In and Q–In).

Despite high air inlet temperature has been associated
with flavonoid degradation reactions induced by heat during
spray-drying [3], the recovery of all the flavonoids from
microparticles was high (above 70%). This high recovery
could be attributed to short drying times or to the rapid
formation of a dry crust [28] that allows the diffusion of water
outside but retains the flavonoids within the microparticle.
The EE is related to the interaction flavonoid-polymer
mainly by hydrogen bonds. The EE values were significantly
higher (p� 0.05) for the E than Q systems. Although both
epicatechin and quercetin have five hydroxyl groups,
different values for EE were found in this study, suggesting
that the spatial arrangement may affect the hydroxyl groups
availability. The same behavior was observed in E and Q
microparticles without SPI (Table 1). The flavonoid EE
values obtained in this study were comparable to the results
reported by Palma et al. [20] for flavonoid–inulin–Capsul
microparticles, with EEs values of 61.8 and 69.9% for Q–In–
Capsul and E–In–Capsul, respectively. Higher EE values
have been reported for Q (62–81%) with cellulose acetate
phthalate (CAP) and a combination of carboxymethylcellu-
lose with sodium dodecylbenzensulfonate [29], cellulose
acetate trimellitate (CAT) or CAP (61.4–76%, respec-
tively) [30]. All the systems had low moisture content and
water activity, due to the high inlet air temperature of the
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spray-drying process, thus assuring low microbial risk and
long shelf life [31].

Figure 1(A and B) shows the SEM microphotographs of
E–In–SPI and Q–In–SPI microparticles obtained under
optimal conditions, respectively. The E–In–SPI and Q–In–
SPI microparticles showed spherical and irregular shape with
some shrinkage. It is usual that, at high inlet temperatures (as
in this study), the rapid evaporation and high pressure inside
of the particles produce shrinkage. Besides microparticles
showed low agglomeration tendency, similar to flavonoid
microparticles of E and Q with inulin–Capsul [20]. The
microparticle size (D32) was 2.0 and 2.5mm for Q–IN and

E–IN, respectively; whereas Q–IN–SPI and E–IN–SPI
microparticles showed 2.5 and 2.8mm, respectively.

3.3 Channels formation study

Confocal photographs are shown in Fig. 2(A and B) for
Q–In–SPI andQ–In at day 14th of storage. Two fluorescence
channels, red (Fig. 2I A and B) and blue (Fig. 2II A and B)
lasers, were used to excite the SO and the SPI, respectively.
Fig. 2III (A and B) is the superposition of the images from the
red and blue lasers, which allows distinguishing between
encapsulated oil and base structure of the microparticles.

Table 1. Physical and chemical characteristics of flavonoid microparticles obtained under optimal conditions

E–In–SPI Q–In–SPI E–In� Q–In�

F/In ratio 1:50 1:20 1:41 1:43
SPI (%) 5 5 0 0
Inlet air temperature (°C) 160 132 145 160
Total flavonoids (mg/g) 14.9�0.47a 18.7�0.29c 18.6�0.1c 15.91�0.11b

Flavonoids EE (%) 71.4�3.2d 50.6�0.68a 68.7�0.6c 59.63�0.57b

F recovery (%) 79.4�2.4a 98.4�1.84b 82.0�0.6a 70.1�0.52a

Moisture content (%) 3.6�0.47b 5.7�0.01 c 3.66�0.07 b 2.63�0.22a

Water activity (aw) 0.13�0.06a 0.24�0.01c 0.21�0.01b 0.14�0.01a

Hygroscopicity (g/100 g) 46.9�0.46ab 48.4�0.50c 46.6�0.0a 47.8�0.70bc

F, flavonoid; Q, quercetin; E, epicatechin; In, inulin; SPI, soy protein isolate.
Values are expressed as mean�SD (n¼3), different letters mean significant differences (p�0.05).
�Prepared according to optimal conditions reported by Palma et al. [20].

Figure 1. Scanning electron microscopic photo-
graphs for E–In–SPI (A) and Q–In–SPI (B) micro-
particles to 2000 and 4500 magnification.
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Q–In–SPI image shows that the SO is located inside the
microparticle (Fig. 2A). This result could be explained by
dissolution of SPI molecules by oil, forming channels inside
the network, favoring the oil-flavonoid encapsulated interac-
tion and so its diffusion toward bulk oil where it exerts its
antioxidant action. Besides, the inulin swelling in lipid
medium could also take place. In contrast, the oil is mainly
located on the surface of the Q–In microparticles (Fig. 2B).
These results suggested that SPI is able to form channels
within the microparticle, allowing the flavonoid release to the
lipid medium.

3.4 Oxidation studies in rancimat

Table 2 shows the induction period (IP) values of ML and
SO with and without flavonoid microparticles (equivalent to
200mg flavonoid/kg ML or SO) determined in Rancimat at
60°C. IP values of SO were higher than ML, both with and
without flavonoid microparticles incorporated at the same
concentration, which can be expected due to the antioxidant
action of tocopherol in SO. It is well-known that vegetable
oils are natural sources of antioxidants such as tocopherols,

Figure 2. Confocal laser microscopic images for Q–In–SPI (A) and Q–In (B). (I) red laser (A and B), (II) blue laser (A and B), (III)
superposition of red and blue laser (A and B).

Table 2. Induction period of methyl linoleate (ML) and sunflower oil
with and without flavonoid microparticles (200mg flavonoid/kg)

Induction period (IP)
X�SD (h)

Protection factor
(PF)

ML 10.9�0.7a –

MLþE–In 13.7�1.1b 1.25
MLþQ–In 90.7�2.9c 8.32
MLþE–In–SPI 15.7�0.8b 1.44
MLþQ–In–SPI 99.3�0.9d 9.10
SO 180�5.1a 1.00
SOþE–In 182�6.2a 1.01
SOþQ–In 205�4.4b 1.10
SOþ E–In–SPI 223�9.2c 1.23
SOþQ–In–SPI 279�8.7d 1.55

Q, quercetin; E, epicatechin; In, inulin; SPI, soy protein isolate; SO,
sunflower oil.
Values are expressed as mean�SD (n¼3), different letters mean
significant differences (p� 0.05).
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which protect PUFA from oxidation and improve the
oxidative stability of oils [32], being alpha-tocopherol the
most abundant isomer in SO [32, 33].

Results showed that the IP of ML significantly increased
when flavonoid microparticles were added, being the highest
values obtained for quercetin-microparticles (Q–In and
Q–In–SPI) The IP of Q–In–SPI was higher than Q–In,
suggesting that ML would be able to dissolve SPI, forming
channels within the microparticles that thus favor the
diffusion of Q to lipid medium. However, there were not
significant differences in IP between E–In and E–In–SPI,
which may be attributed to a high interaction between E and
In and/or higher polarity of E that may impair its diffusion to
lipid medium.

In samples of SO, IP significantly increased when
Q-microparticles with or without SPI were added, and those
with SPI gave the highest IP value. As to E-microparticles, the
incorporation of E–In did not have any significant effect on IP,
while it increased when E-In microparticles with SPI were
added, further supporting that SPI may favor the diffusion of
flavonoids to the lipid medium by the formation of channels
into the microparticles. Such a difference was not observed
between ML samples and this is attributable to the higher
polarity of SO versus ML, which facilitates the E diffusion.

In order to obtain a complete picture of the oxidation
process in Rancimat, samples were withdrawn periodically
from initial to advanced stages of oxidation in the case of SO,
SoþE–In–SPI and SOþQ–In–SPI, and analyzed for PC
and alpha-tocopherol. Measurement of the PC formation is
considered to be amongst the best methods to evaluate total
oil oxidation [34]. The increase of PC during the oil
oxidation progress is due to the rise of oxidized triacylglycer-
ols, triacylglycerol dimers, and polymers, which are all more
polar than the unoxidized triacylglycerols and globally
constitute the total non-volatile oxidation compounds
formed. Figure 3 shows the time course of formation of
PC and loss of tocopherols together with conductivity
values for SO (Fig. 3A), SOþE–In–SPI (Fig. 3B) and
SOþQ–In–SPI (Fig. 3C), and results correspond to
triplicate samples in different Rancimat tubes. As can be
observed in all samples, the end of the IP was detected by the
sudden increase in conductivity and was concurrent with the
initiation of accelerated formation of PC.

3.5 Long-term oxidation studies

Figure 4 shows PC formation and alpha-tocopherol loss for
SO and SO added with flavonoids microparticles with and
without SPI: E-microparticles (SOþE–In, SOþE–In–SPI,
Fig. 4A) and Q-microparticles (SOþQ–In SOþQ–In–SPI,
Fig. 4B), under the oxidation conditions described in section
2.2.4.2.

First of all, it is important to remark that standard
deviations were rather high as compared to results obtained
for IP at Rancimat. In general, at 14–21 days, oxidation

accelerated in all samples, being tocopherol loss earlier in the
case of SO without flavonoid microparticles added. Regard-
ing SO with E–In–SPI and Q–In–SPI microparticles, the PC
values were always the lowest from 14 to 21 days, but only
significantly lower when compared to SO (control). The fact
that the differences among SO microparticles due to the
incorporation of SPI were not significant in these assays, in
contrast with the great differences found in Rancimat assays,
can be attributed to the different conditions applied, i.e., in
the Rancimat method, oxidation is accelerated as a result of
air bubbling. In the same line, the influence of flavonoid
structure features was not noted in long-term assays, since

Figure 3. Formation of polar compounds (!), loss of alpha-
tocopherol (&), and increase of conductivity values (*) for SO
(3A), SOþE–In–SPI (3B), and SOþQ–In–SPI (3C) in Rancimat.
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either SOþE–In–SPI versus SOþQ–In–SPI, or SOþE–In
versus SOþQ–In followed similar evolution.

As described before, IP value in Rancimat denotes the
oxidation rate change by the inflection point of the curve of
conductivitymeasurements, concomitantwith the rate change
of formation of PC. Also, results clearly showed that PC levels
at the end of the induction period were similar in all samples,
between 13 and 17%, as already reported for oils oxidizing at
different rates [35]. In the long-term assays, the rate change of
formation of PCoccurred at about 10–15%but only low or no
significant differences between samples were found in the time
periods required to reach this inflection point. As has been
already discussed [36], the combined effect of the variables

involved in oil oxidation, amongwhich oxygenmay or not be a
limiting factor, may have an important influence on the
different comparative behavior between sampleswhen assayed
during long-term storage.

4 Conclusions

The channel forming properties of SPI in Q–In–SPI and
E–In–SPI, which favors the flavonoid release from the
microparticles to bulk oil, was confirmed by confocal laser
scanningmicroscopy.Theeffectof channel formationresulted
inan improvementofoxidative stabilityasassayed inRancimat
but only slight differences were observed in longer term assays
under conditions of much lower oxygen availability. Overall
results showed that Q microparticles designed with In and
SPI have a potential application as oil antioxidants.

The authors have declared no conflict of interest.
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