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Abstract: Chia oil is a source of a-linolenic (omega-3) fatty acid, which is known to promote human
health but is highly prone to oxidation. Amylose (a polymer of «-1,4 D-glucose units) can molecularly
encapsulate hydrophobic molecules, forming inclusion complexes that could potentially allow the
incorporation of sensitive bioactive substances into functional foods. The evaluation of their oxidative
stability is relevant to understand their behavior as delivery systems, but monitoring this parameter
under real storage conditions requires long periods. In the present work, the oxidative stability of
amylose-hydrolyzed chia oil inclusion complexes at 25 °C was estimated from the extrapolation of
the exponential dependence of the Rancimat induction times determined at different temperatures
(70-98 °C). The complexes were formed with high amylose corn starch and enzymatically hydrolyzed
chia oil (10% or 20% hydrolysate/starch), with and without crystallization, using the KOH/HCI
method followed by freeze-drying. The spectra of attenuated total reflectance Fourier-transform
infrared spectroscopy revealed typical bands that confirmed the effective retention of chia oil fatty
acids by the starch structure. The scanning electron micrographs showed that these samples were
formed by irregular and porous solid particles. The induction time at 25 °C of crystallized complexes
decreased with an increasing hydrolysate content, while the opposite was observed in non-crystallized
complexes, as those formed with 20% hydrolysate were the ones that showed the highest stability.
Although these findings should be confirmed under real storage conditions, the Rancimat results
could be considered as a preliminary quick prediction of the behavior of inclusion complexes as
carriers of omega-3 fatty acids.
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1. Introduction

Omega-3 fatty acids are known for their multiple benefits, such as decreasing the risk of
cardiovascular and inflammatory diseases and eye health promotion. Chia (Salvia hispanica L.)
seed oil is a vegetable-rich source of «-linolenic acid (omega-3, ~63%). However, it is highly
susceptible to oxidative deterioration, which restricts its incorporation into food products.

During the last few years, there have been carried out several research studies aimed at
developing delivery systems capable of protecting sensitive bioactive compounds against
deteriorating conditions (T, Oy, pH, light). Among them, amylose inclusion complexes (ICs)
have demonstrated suitable functional properties as potential carriers of several molecules.
They are formed by amylose, the linear component of starch, which can self-assemble into
a single left-handed helix, hosting the gust molecule (ligand) within its inner hydrophobic
cavity [1]. In previous work, it was shown that chia oil fatty acids successfully formed
inclusion complexes under different times and temperatures of crystallization [2]. Later re-
search demonstrated that the accelerated oxidative stability of these crystallized structures
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depended on the initial ligand concentration [3], but information about their protective
capacity under real storage conditions is still lacking. However, the evaluation of this
parameter requires long periods of analysis. In this sense, the present work aimed to study
the stability of crystallized and non-crystallized inclusion complexes (10% and 20% w/w
ligand /starch) at 25 °C by using the Rancimat method. Moreover, the non-crystallized ICs
were characterized by attenuated total reflectance Fourier-transform infrared spectroscopy
and scanning electron microscopy. The results of this research would contribute to un-
derstanding the behavior of inclusion complexes as potential vehicles of omega-3 from
chia oil.

2. Materials and Methods
2.1. Materials

Ingredion Inc. (Westchester, IL, USA) provided high amylose corn starch. Commercial
chia oil obtained by cold pressing was purchased from Solazteca SDA S.A. (Buenos Aires,
Argentina). The lipase from Candida rugosa (type VII, >700 units/mg) was purchased from
Sigma-Aldrich (St. Louis, MO, USA). All reagents used were of analytical grade.

2.2. Formation of Inclusion Complexes

Before the complex formation, the chia oil was hydrolyzed by following the procedure
previously described [2]. The Candida rugosa lipase was incorporated into a chia oil-in-water
emulsion (20% w/w), and the reaction was carried out for 5 h under continuous stirring at
37 °C and pH = 7. The hydrolysate obtained was separated by acidification with HCI 2N
to pH < 2 and centrifugation (4000 g, 20 min). The non-crystallized inclusion complexes
formed with a 10% and 20% w/w hydrolysate/starch (H/S) ratio (NC10 and NC20) were
obtained according to the alkaline methodology previously described [3], but without
heating the complexes at 90 °C. Additionally, for the oxidative stability test, inclusion
complexes crystallized for 2 h at 90 °C with 10% and 20% w/w H/S (C10 and C20) were
also formed, according to a previous protocol [3]. The ICs were freeze-dried, ground with a
mortar, and sieved.

2.3. Attenuated Total Reflectance Fourier-Transform Infrared Spectroscopy (ATR-FTIR) of
Non-Crystallized Complexes

The ATR-FTIR spectra of non-crystallized complexes were obtained using an ATR-
FTIR Thermo Nicolet iS10 spectrometer (Thermo Scientific, Waltham, MA, USA). The
operating conditions were a 500-4000 cm~! wavenumber range, with 4 cm~! spectral
resolution. The results were recorded by co-adding 16 scans and analyzed using OMNIC
software (version 8.3, Thermo Scientific, MA, USA).

2.4. Scanning Electron Microscopy (SEM) of Non-Crystallized Complexes

The morphology of the NC10 and NC20 samples was studied using a scanning electron
microscope model MA10 (Carl Zeiss SMT Ltd., Cambridge, UK). The powdered samples
were adhered to a slide covered with a thin Au/Pd film and examined at 5 kV under high
vacuum conditions.

2.5. Oxidative Stability Using the Rancimat Method

The induction times (t;,q) of both crystallized and non-crystallized complexes were
determined at 70, 80, 90, and 98 °C under 20 L air/h using a Rancimat 743 (Metrohm AG,
Herisau, Switzerland) containing 0.5 g of inclusion complexes. Data were analyzed using
the 743 Rancimat v1.1 software (Metrohm AG, Herisau, Switzerland). The obtained results
from tj,q at the different temperatures were fitted to an exponential mathematical model
(Equation (1)) using the OriginPro 9.0 software (OriginLab Corporation, Northampton,
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MA, USA). To determine the tj,q 25 °C, a frequently used room storage temperature, an
extrapolation to 25 °C was performed:

ting = A x e(BXT) )

where t;g is the induction time; A and B are the coefficients of the exponential formula;
and T is the temperature (°C).

3. Results and Discussion
3.1. Attenuated Total Reflectance Fourier-Transform Infrared Spectroscopy (ATR-FTIR)

The ATR-FTIR spectra of the non-crystallized inclusion complexes formed with 10%
and 20% w/w hydrolysate/starch ratios are shown in Figure 1. As can be seen, both
samples showed bands at 2852 and 2924 cm~!, which originated from the symmetric and
asymmetric vibrations of the -C-H bonds of the CH, groups of the alkyl chains of fatty acids,
respectively [4]. In addition, they also displayed a band at ~1707 cm ™!, corresponding to
the stretching vibration of the carbonyl (-C=0) of the acid group of fatty acids [4]. The
presence of these typical bands in the IC spectra confirms the effective retention of chia
fatty acids by both complexes [5], which could be present both in the internal cavity of the
amylose helix and/or physically trapped in the interstitial spaces of adjacent helices [6].
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Figure 1. ATR-FTIR spectra of non-crystallized inclusion complexes formed with 10% and 20% w/w
hydrolysate/starch. H/S: hydrolysate/starch ratio.

Although the hydrolyzed chia oil used as a ligand had a high percentage of polyunsat-
urated fatty acids (PUFAs) [3], the characteristic band at 3010 cm ! originating from the
=C-H vibration of the cis double bonds was not observed in the spectra of the ICs (Figure 1).
This may be due to the retention of unsaturated fatty acids into the starch structure, which
may shield their IR absorption [7].

3.2. Scanning Electron Microscopy (SEM)

The scanning electron micrographs of the ICs under study are shown in Figure 2. SEM
images revealed that they are formed by solid particles of variable sizes (<500 um). In
all cases, an irregular shape and a porous surface (Figure 2) were observed, in agreement
with typical micrographs of amylose-fatty acid inclusion complexes formed by the alkaline
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method and freeze-dried [3,8]. The obtained micrographs are similar to those of the crystal-
lized amylose—chia oil fatty acid ICs [3], and no morphological differences were observed
between the non-crystallized complexes formed with 10% or 20% H/S, indicating that
neither the omission of the heating at 90 °C during the formation process nor the increase
in the H/S ratio modified the morphological properties of the ICs at the microscopic level.
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Figure 2. Scanning electron micrographs of non-crystallized inclusion complexes formed with 10%
and 20% w/w hydrolysate/starch. H/S: hydrolysate/starch ratio.

3.3. Oxidative Stability by Rancimat

The stability of inclusion complexes at 25 °C was estimated modelling the t;,4 obtained
by the accelerated Rancimat method at different temperatures. The results obtained are
shown in Table 1. To assess the impact of formation temperature on the oxidative stability of
complexes, the analysis also incorporated inclusion complexes (ICs) that were crystallized
for 2 h at 90 °C [3]. This inclusion complements the study by enlarging the scope beyond
non-crystallized ICs, which constitute the main focus of the present research. In the
crystallized ICs, an increase in the H/S ratio from 10% to 20% led to a decrease in the
calculated induction time at 25 °C (t;5) (Table 1). This finding could be attributed to the
higher percentage of PUFAs present in the C20 samples compared to C10 [3], which may
be more accessible to oxygen. In contrast, the H/S increase resulted in a higher t)5 in the
non-crystallized ones. This is similar to the previous results of ATR-FTIR, which suggested
that the higher initial hydrolysate concentration did not seem to increase the PUFA content
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of the non-crystallized complexes. The enhanced stability of NC20 in contrast to NC10 may
stem from distinct interactions between amylose and fatty acids. Nevertheless, further
investigation is required to fully elucidate these differences. Among all the ICs studied,
NC20 was the one that showed the highest t;5, indicating the most effective protective
effect on chia oil fatty acids against oxidation. By not subjecting the formation process
to heating at 90 °C, the degradation of polyunsaturated fatty acids (PUFAs) might have
been avoided, potentially leading to prolonged stability of the ICs at 25 °C. However, it
should be taken into account that the induction time at 25 °C obtained by Rancimat is a
theoretical value that serves as a quick estimate of the oxidative stability. Therefore, these
results should be validated under real storage conditions.

Table 1. Parameters obtained from the exponential modeling of induction time vs. temperature and
induction time extrapolated at 25 °C (tp5) of crystallized and non-crystallized inclusion complexes
formed with 10% and 20% w/w hydrolysate/starch.

Hydrolysate/Starch

2
Treatment % wlw) A B r ty5 (h)
Crystallized 10 517.39 —0.0604 0.928 114.3
20 266.89 —0.0587 0.984 61.5
Non-crystallized 10 82.09 —0.0512 0.934 22.8
20 1332.56 —0.0750 0.999 204.4

4. Conclusions

According to the results of the present work, chia oil fatty acids were successfully
retained in non-crystallized inclusion complexes, as verified by ATR-FTIR. These complexes
were formed by irregular and porous solid particles, whose morphological properties
did not vary with the different initial hydrolysate concentrations. The non-crystallized
inclusion complexes formed with a 20% H/S ratio were those that showed the highest
oxidative stability by the Rancimat method. Although further research is still needed,
these preliminary results suggest their potential as effective carriers of chia oil essential
fatty acids.
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