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ARTICLE INFO ABSTRACT

Keywords: There is an increasing demand for healthier foodstuff containing specific compounds such as Polyunsaturated
Mayonnaise Fatty Acids (PUFASs). In the case of PUFAs, protection against oxidative degradation is challengeable and mi-
Rheology croencapsulation emerges as an alternative. Mayonnaises containing microencapsulated oils could be a source of
Mechanical texture PUFAs. The objective was to formulate mayonnaises containing microencapsulated chia seeds oil, pumpkin seeds
PUFAs . o - . o . -

X . oil or baru oil. Micrometric particles with high encapsulation efficiency were produced and thermal analyses
Microencapsulation

indicated an increased thermal stability of all oils after encapsulation. Rheology studies highlighted an increase
in the mayonnaise viscosity when microparticles containing chia and pumpkin seeds oil were added. Mechanical
texture was not affected by the presence of microparticles in the mayonnaise in all formulations tested.
Nevertheless, samples containing microcapsules up to 5%wt were not distinguished from the base-mayonnaise in
the sensorial test. Overall, enriched mayonnaises were successfully produced and encapsulation was efficient in
protecting oils from oxidation.

1. Introduction

Mayonnaise is an oil-in-water emulsion stabilized by emulsifying
agents present in the egg yolk and egg white (Rahmati, Tehrani, &
Daneshvar, 2014). It has a low-pH and a high lipid content (Di Mattia
et al., 2015) and the base components are oil, water, egg yolk and vi-
negar. Mayonnaise is one of the most common emulsion-based foods
and effort have been made to improve it nutritional value and to reduce
its caloric content (Alvarez-Sabatel, Martinez de Marandn, & Arboleya,
2018; Chivero, Gohtani, Yoshii, & Nakamura, 2016). Partial substitu-
tion of fat is also reported in the literature using microparticulated
whey protein (Sun et al., 2018). In all cases, texture and rheological
behavior are important factors that could affect sensory perception,
physical stability and consumer satisfaction (Di Mattia et al., 2015).

The growing number of health-oriented consumers is pressuring the
food industry to develop healthier foodstuff or foods that containing
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functional components (Miele, Di Monaco, Cavella, & Masi, 2010). The
addition of oils containing polyunsaturated fatty acids (PUFAs) to
staple, well-accepted foods like mayonnaise may be an alternative to
improve the dietary intake of omega 3 (n-3) and omega 6 (n-6). The
contents of these fatty acids are associated with nutritional aspects and
consumption of monounsaturated fatty acids is recommended to reduce
cardiovascular risk (Wood et al., 2004). Recent findings showed that n-
6:n-3 ratio may affect the selectivity of the lipid cytotoxic activity to-
wards normal or tumor cells (Mansara, Deshpande, Vaidya, & Kaul-
Ghanekar, 2015). Also, it is reported that the imbalance of n-6 and n-3
in diet is closely related to metabolic disorders and chronic diseases
(Simopoulos, 2008).

PUFAs are found in a variety of vegetable oils such as chia seeds oil,
pumpkin seeds oil and baru oil. Chia (Salvia hispanica L.) seeds have
high content of oil, proteins, antioxidants, and minerals. Its health re-
putation is mainly associated with a high content of unsaturated fatty
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acids (Timilsena, Vongsvivut, Adhikari, & Adhikari, 2017). Pumpkin
(Cucurbita maxima) seeds oil is an excellent source of antioxidants like
polyphenols, tocopherols, carotenoids, and PUFAs, contributing to
disease prevention and health promotion (Siano et al., 2016). Pumpkin
seeds have an average lipids concentration of 35-45%, and their fatty
acids composition comprise oleic (23.9%) and linoleic (53.3%) acids
(Jiao et al., 2014). Baru (Dipteryx alata) oil, obtained from barueiro
chestnut, has excellent food parameters and high nutritional value and
can be used in food, pharmaceuticals and cosmetics (Silva et al., 2015).

It is well known that oils rich in polyunsaturated fatty acids are
susceptible to oxidation and degradation, which may decrease sensory
quality. In addition, some oxidation products may be harmful to human
health. The presence of oxygen, free fatty acids, mono and diacylgly-
cerols, transition metals, pigments and thermally oxidized compounds
directly influence the oxidative stability of oils (Ixtaina et al., 2011).
Differential Scanning Calorimetry (DSC) is a remarkable tool to eval-
uate the oxidation of lipid materials due to the exothermic character of
the lipid oxidation reaction. Also, DSC is a very fast analysis and re-
quires only small amounts of sample when compared to conventional
techniques like Rancimat tests. In addition, it has been demonstrated
that results of Rancimat and DSC present high correlation degree
(Ostrowska-Ligeza et al., 2010). DSC was used to evaluate the oxidative
stability of toogga oil (Gardette & Baba, 2013), mustard (Litwinienko &
Kasprzycka-Guttman, 1998), canola, corn and soy (Adhvaryu, Erhan,
Liu, & Perez, 2000), chia seeds and linseed (Grampone, Irigaray,
Rodriguez, & Samman, 2013) and also blackberry and raspberry (Mici¢
et al., 2015).

Integral isoconversional methods such as the classical method pro-
posed by Ozawa, Flynn and Wall (OFW) (Ozawa, 1970), are able to
provide the activation energy and pre exponential Arrhenius factor
involved in lipid oxidation reaction. The oxidation temperature (T) is
determined from the inflection point of the “heat flow versus tem-
perature” curve obtained at a constant heating rate. The activation
energy in initial instants of reaction is considered sufficient to allow the
comparison between samples submitted to same experimental condi-
tions (Litwinienko & Kasprzycka-Guttman, 1998). Also, it is assumed
that the oxidation reaction follows a pseudo first-order kinetics when
oxygen in excess is used. A constant conversion is assumed for every
onset oxidation temperature at different heating rates (Ostrowska-
Ligeza et al., 2010).

Microencapsulation is defined as a process where a compound is
surrounded by a wall material forming micrometric particles. This
method has shown promising results in the encapsulation and protection
of lipids, vitamins, peptides, fatty acids, antioxidants, minerals, and
probiotics. It is efficient to prevent evaporation, chemical degradation,
migration of substances to food, preservation and stabilization (Dordevic
et al., 2015). Encapsulation is a viable approach to obtain oils in a
powder form, facilitating manipulation and incorporation of oils in
foodstuff. It may also protect lipids from atmospheric exposure, pro-
tecting them from oxidation and degradation and avoiding the formation
of undesirable flavors and odors. In the case of mayonnaise, encapsula-
tion could be a feasible way to prevent oil oxidation (Campo et al., 2017;
Raudsepp, Briiggemann, Lenferink, Otto, & Andersen, 2014).

To the best of our knowledge, no studies have been found in literature
dealing with the incorporation of microencapsulated oils into mayonnaise.
Microencapsulation may be an alternative to prevent the oil to be per-
ceived sensorially and also to avoid oil oxidation which can impact ne-
gatively on physico-chemical properties, food processing and storage.
Therefore, the aim of this work was to obtain mayonnaises containing
microencapsulated chia seeds oil, baru oil and pumpkin seeds oil.

2. Materials and methods
2.1. Materials

Chia seeds, baru seeds and pumpkin seeds oils (Veris do Brasil Ltda)
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were stored at —10 °C and protected from light until use (oils did not
contain any kind of added antioxidants). Distilled water was used as the
continuous phase to produce the microparticles. Stearic acid (Sigma-
Aldrich, analytical grade) and sodium caseinate (Sigma-Aldrich, ana-
lytical grade) were used as wall material and stabilizer, respectively.
Neutral ether-alcohol solution (2:1, v:v); phenolphthalein (Dinamica,
analytical grade) solution (1%, w:v); sodium hydroxide (Dinadmica,
analytical grade) solution 0.01 mol.L™1; methyl tricosanoate (23:0 Me,
Sigma-Aldrich, chromatographic standard); isooctane (Dinadmica,
chromatographic grade); esterifying reagent, methanolic sodium hy-
droxide solution 0.5mol.L~ ! and saturated sodium chlorate solution
were used in the characterization analyzes. Fatty acids methyl esters
(FAME) Mix C14-C24 (Sigma-Aldrich) was used as standards in gas
chromatography. Synthetic air (79% N», 21% O,) and nitrogen were
used in the calorimetric experiments. KBr (Sigma-Aldrich, spectroscopic
standard) was used in the FTIR analyses. Commercial mayonnaise was
acquired from local market.

2.2. Microparticles production

Microparticles were obtained using the procedure described by
Guimaraes-Inacio et al. (2018). Briefly, the aqueous phase was prepared
dissolving sodium caseinate (0.275 g) in distilled water (250.0 g) that
was thereafter heated up to 75 °C under gentle stirring (0.10 dispersed
to continuous phase ratio, 10% solids content and 33%wt oil in the lipid
phase). Separately, a jacketed borosilicate flask was connected to a
thermostatic bath at 75 °C and used to firstly melt stearic acid (16.75 g).
Oils (chia seeds, pumpkin seeds or baru) (8.25 g) were then added to
the flask under gentle stirring. After 1 min, the aqueous phase was
added to this mixture using a high efficiency disperser (Ultraturrax IKA,
T25 equipped with a S25N10G probe) at 8600 rpm during 5 min. At the
end of this step, the obtained dispersion was poured into an ice bath for
quick quenching and solidification of the microparticles. Microparticles
were freeze-dried (Liotop 101, —50°C and 100 pmHg) and stored at
—10 °C protected from light. The same procedure also was carried out
to obtain microparticles without oil (blank microparticles) in order to
evaluate the influence of oils on the particles properties.

2.3. Oils and microparticles characterization

Physico-chemical parameters (acidity and humidity index) of oils
were determined in triplicate according to the methodologies described
by the Adolfo Lutz Institute (2008). Fatty acids were determined and
quantified by Gas Chromatography with Flame Ionization Detection
(GC-FID, DANI model GC 1000, Milan, Italy), after trans-esterification
procedure previously described (Barros et al., 2013), this procedure was
performed in triplicate. Separation was performed in a Macherey—Nagel
column (50% cyanopropyl-methyl-50% phenylmethylpolysiloxane,
30m X 0.32mm i.d. X 0.25umdy, Diiren, Germany), with the fol-
lowing temperature ramp: initial temperature 50 °C, held for 2 min,
30°C.min~"! ramp to 125°C, 5°C.min "' ramp to 160 °C, 20 °C.min '
ramp to 180 °C, 3 °C.min "~ * ramp to 200 °C, 20 °C.min "~ ! ramp to 220 °C
and held for 15 min. Hydrogen was used as the carrier gas, using a flow
rate of 4.0mL.min~' (0.61 bar), measured at 50 °C. Split injection
(1:40) was carried out at 250 °C. Fatty acid identification was per-
formed by comparing the relative retention times of FAME standards
(Supelco 37 Component FAME Mix, Sigma-Aldrich, St. Louis, MO, USA)
with the samples. The results were expressed in relative percentage of
each fatty acid.

Differential Scanning Calorimetry (DSC) was used to evaluate the
thermal properties of the microparticles at a Perkin Elmer 4000
equipment at nitrogen flowrate of 50 mL.min~ ! and 20 °C.min "' from
0 °C to 440 °C. Samples (approximately 10 mg) were put in closed alu-
minum sample holders. FTIR spectra were acquired using a Fourier
Transform Infrared Spectroscopy (FTIR Shimadzu IR Affinity-1)
working in transmittance mode at 2cm™' resolution from 4000 to
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400 cm ™! by co-adding 32 scans. KBr pellets were prepared using a
sample concentration of 1%wt and spectra were normalized using the
peak at 2918 cm ™! to allow comparison. Changes in lipid crystallinity
were monitored by X-Ray diffraction analyses (XRD, Bruker D8
Advance) using Cu-Ka radiation at 40 KV and 35mA from 3° 10 60°
(20) at 5.9°.min " '. Morphology of the microparticles was evaluated by
Scanning Electron Microscopy (SEM, Carl Zeiss - EVO MA 15) using
backscattering detection. Samples were gold coated before analysis to
avoid particles deterioration that may be caused by the electrons beam.
Particles size distributions were determined by Laser Diffraction
(Malvern Mastersizer 3000) using water (with 1%wt Tween 80) as
dispersant. Parameters D;g, Dso and Doy were calculated from the cu-
mulative size distributions at which the total volume includes 10%,
50% and 90% of smaller microparticles, respectively.

Encapsulation efficiency was determined by Gas Chromatography.
Oils or lyophilized microparticles (20-30mg) were transesterified
(Barros et al., 2013) and the total amount of each fatty acid was de-
termined by GC-FID ([FAlota1). Separately, free oil was removed from
the particles surface by washing an aliquot of the microparticles (1 g)
with 5 mL ethanol for 15 s (to avoid oil extraction) and filtered through
a filter of 3 pm porosity. Then, the washed microparticles were also
esterified and analyzed by Gas Chromatography to determine the
amount of fatty acid entrapped inside the microparticles ([FAlentrapped)-
Encapsulation efficiency (EE) was calculated according to Eq. (1) and
this procedure was carried out in duplicate.

_ [FA]entrapped

EECE) = [FAlioal

. 100
(€]
Oxidative stability was determined by Differential Scanning
Calorimetry (DSC, Perkin Elmer 4000). Oil or lyophilized micro-
particles (approximately 5mg) were put in open aluminum holders
under synthetic air flux (79% N, 21% O,) at flow rate of 100 mL.min~ 1
from 0°C to 440°C. The evaluated heating rates were 1, 5, 10 and
20°C.min~" in duplicate. DSC calibration was performed for each
analysis condition with zinc and indium standards (429.75K and
692.68 K, respectively). The calculation of the activation energy (Ea in
kJ.mol ~ 1) involved in the lipid oxidation reaction followed the method
proposed by Ozawa, Flynn and Wall (OFW) (Ozawa, 1970) according to
Egs. (2) and (3), where T is temperature (K), R is universal gas constant
(8.3143J.mol 'K~ 1), B is heating rate (K.min ') and Ea is activation
energy (kJ.mol™1) (Guimardes-Indcio et al., 2018; Litwinienko &
Kasprzycka-Guttman, 1998; Ostrowska-Ligeza et al., 2010).

logB=aT' +b ()]
dlogf
Ea = -2, 19R
¢ T 3)

The onset oxidation temperature (T in K) was found by extra-
polating the baseline and the tangent line (leading edge) of each ther-
mogram. B is the heating rate (K.min "), “a” and “b” are the slope and
intercept, respectively and R is the universal gas constant
(8.3143 J.mol 'K~ ).

2.4. Preparation and characterization of the mayonnaise containing the oil-
loaded microparticles

Oil-loaded and blank microparticles were added to commercial
mayonnaise at a concentration of 2.5%wt, 5.0 %wt and 7.5%wt. The
lyophilized microparticles were manually mixed with the mayonnaise
for 3 min (the same mixing behavior was carried out with the control
sample (no addition of microparticles) to avoid the influence of sample
manipulation on the rheological and texture analyses). Nutritional
composition (protein, total lipids, ash and moisture) and energy content
was determined according to the Instituto Adolfo Lutz (2008) meth-
odologies in triplicate. Colorimetric analyses (Konica Minolta CR-400,
D65 illuminant) were carried out to determine the parameters L'
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(luminosity), a’ (from green to red) and b” (from blue to yellow). These
parameters were used to calculate the tonality angle (Hue angle, h*) and
saturation (Chroma, C"), according to Egs. (4) and (5), respectively.
This analysis was performed in duplicate with three measurements per
each replica.

h° = tan™! (b—*)
a

Cc* = Va + b* 5)

Evaluation of the rheological behavior was performed at 25 and
37 °C (representing room temperature and the average human body
temperature, respectively). A rheometer (Brookfield DV-III Ultra) with
spindle speed from zero to 100 rpm was used with measurements made
in duplicate using a new sample to avoid interferences due to the shear
history on the sample. The parameters of the Bingham, Casson and
Herschel-Bulkley models (Egs. (6)—(8), respectively) were calculated to
determine the flow type, thixotropy and the presence of hysteresis using
the graphical representations. In these equations o is the shear stress
(Pa), oy is yield stress (Pa), 7, is limiting viscosity (Pa.s), 7 is shear rate
™Y, k. is viscosity at infinite shear rate (Pa.s), k is consistency index
(Pa.s™ and n is the flow behavior index (dimensionless) (Chivero et al.,
2016).

(©))

g =0+ na' y (6)
0% = gy + k.. y*° @
oc=0ay+ k. " ®

Texture parameters were determined in triplicate using a TA.XT
Express Stable Micro Systems texturometer equipped with a compres-
sion probe (35 mm diameter) and a 10 kg cell. Samples were placed into
cylindrical containers with 50 mm diameter and 75 mm height, inserted
up to 40 mm and submitted to compression of 50% of depth at a speed
of 1 mm.s~ ! (Di Mattia et al., 2015). Firmness property was calculated
from the maximum force recorded; area under the curve up to the
maximum peak was used to calculate the consistency; cohesiveness and
work of adhesion were measured by the maximum negative force and
the area of the negative region of the curve, respectively (Liu, Xu, &
Guo, 2007).

Sensory evaluation was carried out using the ranking preference test
with 60 untrained panelists. The project was approved by the Ethics
Committee in Research of Federal University of Technology — Parani
UTFPR under the protocol number 2.341.697 on October 10, 2017, as
being in accordance with Brazilian regulations. Control sample
(without microparticles) and samples with 2.5%wt and 5.0%wt parti-
cles concentration were evaluated and, for each sample, approximately
0.7 g of mayonnaise were placed on a toast. Panelist received, si-
multaneously, three coded samples at a random order, a glass of mi-
neral water and an evaluation form. The panelist was asked to drink the
water, taste the samples from left to right and order them according to
their preference (ISO 8587, 2006). Results were statistically analyzed
by the Friedman test at 5% significance level (Fuchs et al., 2013).

3. Results and discussion
3.1. Oils characterization

Gas Chromatography results for fatty acids composition present in
the chia seeds oil, pumpkin seeds oil and baru oils are presented in
Table 1 (expressed as fatty acid relative percentage). Retention times
and identification are shown in Fig. S1 (Supplementary Material).
Acidity index and humidity content of the oils, are also presented in
Table 1.

Acidity index is an indicative of the oil preservation. Rancidity is
accompanied by the formation of free fatty acids, with a maximum



V.M. Rojas et al.

Table 1
Percentage composition of the fatty acids present in oils and physico-chemical
characteristics.

Fatty acids Chia Pumpkin seed Baru
% fatty acid for each oil
C16:0 4.46 = 0.02 10.74 = 0.01 6.27 * 0.10
C18:0 2.38 £ 0.01 5.12 + 0.04 3.72 £ 0.09
C18:1n-9 4.02 = 0.01 19.72 = 0.01 42.42 + 0.53
C18:2n-6 14.74 = 0.01 56.21 + 0.02 36.17 * 0.20
C18:3n-3 73.63 £ 0.02 6.97 + 0.03 0.30 + 0.02
C20:0 0.17 * 0.01 0.37 = 0.01 1.04 + 0.03
C20:1 0.10 = 0.01 0.10 = 0.01 2.39 = 0.04
SFA (%) 7.20 = 0.03 16.77 + 0.03 18.32 + 0.26
MUFA (%) 4.17 = 0.01 19.96 + 0.01 45.10 + 0.48
PUFA (%) 88.64 = 0.02 63.27 = 0.04 36.58 + 0.23
PUFA:SFA 12.31 + 0.05 3.77 + 0.01 1.99 + 0.03
n-6:n-3 0.20 = 0.01 8.06 = 0.03 120.57 + 8.07
Acidity index 0.04 = 0.01 0.07 = 0.02 0.02 = 0.01
(8oteic acia-100 gon 1)
Humidity (%) 0.96 * 0.45 0.44 + 0.08 0.33 £ 0.10

SFA: Saturated Fatty Acids; MUFA: Monounsaturated Fatty Acids; PUFA:
Polyunsaturated Fatty Acids. Palmitic acid (C16:0); Stearic acid (C18:0); Oleic
acid (C18:1n9c¢); Linoleic acid (C18:2n6c); a-Linolenic acid (C18:3n3c);
Arachidic acid (C20:0); Eicosenoic acid (C20:1c). Less abundant fatty acids
present: Myristic acid (C14:0); Pentadecanoic acid (C15:0); Palmitoleic acid
(C16:1); Heptadecanoic acid (C17:0); cis-11,14-Eicosadienoic acid (C20:2c);
Arachidonic acid (C20:4n6); cis-11, 14, 17-Eicosatrienoic acid (C20:3n3),
Heneicosanoic acid (C21:0); cis-5,8,11,14,17-Eicosapentaenoic acid (C20:5n3);
Behenic acid (C22:0); Erucic acid (C22:1n9) Tricosanoic acid (C23:0);
Lignoceric acid (C24:0).

acidity permitted in oils of 0.4 ggjeic acia-100 goii ' (Codex Alimentarius
Commission, 1999). Variations among available literature data may be
explained by the quality of the raw material, degree of purity, and
processing and preservation conditions. Values on Table 1 are in ac-
cordance with values reported in some works. Moisture content re-
presents an important control parameter for oils, fats and oily seeds
because stability decreases with increasing moisture content (Kaijser,
Dutta, & Savage, 2000). From the obtained results, it can be concluded
that the studied oils were preserved and presented low level of ran-
cidity.

Up to twenty fatty acids methyl ester were identified (data not
shown) and Table 1 presents only the main FAME present in the sam-
ples. The most abundant fatty acids in chia seeds oil were a-linolenic
and linoleic acid, whereas for pumpkin seeds and baru the major acids
were linoleic and oleic acids, respectively. Among the saturated fatty
acids, the highest concentration was palmitic acid in pumpkin seeds oil
and the highest total saturated fatty acid values were found in baru and
pumpkin. Values for chia seeds oil and baru oil are in accordance with
literature data (Silva et al., 2015; Ullah, Nadeem, Ayaz, Imran, &
Tayyab, 2016). Procida, Stancher, Cateni, and Zacchigna (2013) found
values around 0.29% a-linolenic acid, 48.29% linoleic acid and 38.33%
oleic acid when carrying out similar studies to identify fatty acids in
commercial pumpkin seed oils for diet and therapeutic purposes.

3.2. Microparticles characterization

Encapsulation efficiency (%) for omega-3 and omega-6, PUFAS and
MUFAs concentration, particle sizes (D19, Dsp and Dgp) and melting
temperatures and fusion enthalpies are presented in Table 2 (DSC
thermograms for the oil-loaded microparticles, together with the blank
microparticles are showed in Fig. S2, Supplementary Material). Fig. 1
presents the images obtained by Scanning Electron Microscopy of the
oil-loaded microparticles and blank microparticles (no oil added).

Agglomerated, irregular particles were formed and no remarkable
differences could be visually found in all cases. Micrometric particles
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Table 2

Encapsulation efficiency, PUFAS and MUFAs concentration, particle sizes (D10,
Dso and Dgp) and enthalpy (AH,,) and melting temperatures (T,,) for the pro-
duced microparticles.

Chia seeds Pumpkin seeds Baru Blank
Encapsulation 18:2n6 99.0 = 1.4 88.2 = 4.3 98.9 = 6.9 -
efficiency  (omega-
(%) 6)
18:3n3 100.5 = 1.4 88.8 = 6.1 105.7 = 40 -
(omega-
3)
PUFA concentration 0.29 0.18 0.12 -
(8pura/8particles)
MUFA concentration 0.04 0.06 0.15 -
(8muFA/particles)
Dy (um) 3.6 4.6 4.5 3.1
Dso (um) 24.1 27.4 31.1 31.1
Dy (nm) 58.6 66.9 98.1 86.4
AHp, (J.g’l) 185.0 179.9 179.8 248.9
T (°C) 72.9 72.0 72.0 76.4

were produced with 90% of the particles presenting diameters roughly
inferior to 100 um. This is an interesting feature because small particles
usually present lower sensory perception when added to foodstuff.
Quite high values for the encapsulation efficiency were found, which
might be justified by to the affinity between the stearic acid and the
fatty acids due to their hydrophobic nature. Oil encapsulation is also
favored by low oil to encapsulant ratio because oil migration to the
particles surface is minimized in such condition. High encapsulation
efficiency is desired because it means that most of the oil is inside the
solid lipid matrix and thus not in direct contact with atmospheric air.

It is worth mentioning that, under gaseous nitrogen atmosphere,
DSC allows monitoring the material physical state because the melting
temperature and the energy involved in the process provides informa-
tion about physical properties of compounds. Melting temperature and
enthalpy of the oil-loaded particles were smaller than the blank mi-
croparticles evidencing the efficient oil encapsulation (Fig. S2). This is
supported by the fact that the decrease in enthalpy values was not
linear with the decrease in stearic acid concentration in the particles.
Enthalpy decrease is also associated with a disorder crystalline struc-
ture caused by the presence of the oil (Souza et al., 2015). Similar
behavior was also verified by Guimaraes-Inacio et al. (2018) with
carnauba wax microparticles containing chia oil.

Microparticles were characterized by Fourier Transform Infrared
and X-Ray Diffraction in order to confirm if oils were entrapped in the
stearic acid matrix (Figs. S3 and S4Supplementary Material). Infrared
spectra of oils before encapsulation and oil-loaded microparticles
showed absorption bands at 3010 cm ™' and 1740 cm™*, assigned to
C=C—H and C=0 bonds, respectively (Freiberger et al., 2015). Blank
microparticles did not present the band at 3010 cm ™ since there is no
unsaturation in the carbon chain of stearic acid. Carbonyl absorption is
attributed to ester groups present in triacylglycerols. Characteristic
bands of oils were attenuated in the microparticles sample suggesting
that oils are located inside the particles, thus indicating their efficient
encapsulation (Freiberger et al., 2015; Guimaraes-Inécio et al., 2018).

X-ray diffractograms showed an intense peak at 21.5° and a less
intense one at 24° characteristic of stearic acid, indicating the crystal-
line nature of this compound (Wong, Heng, & Chan, 2015). In fact,
lipids can be found in three polymorphic forms, namely a (unstable
form), B (most stable form with an intermediate packed density) and 3
(metastable form with a denser packing) (Ciftci & Temelli, 2016). Al-
though no appreciable difference between blank and oil-loaded mi-
croparticles was detected, there was a decrease in the intensity of the
crystalline peaks suggesting that crystallinity degree decreased due to
the presence of oils. It is also possible to observe the appearance of an
amorphous peak around 19° in the oil-loaded samples, also indicating a
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Fig. 1. Scanning Electron Microscopy of the oil-loaded and blank microparticles (500 x). (a) Chia seeds oil-loaded microparticles. (b) Pumpkin seeds oil-loaded
microparticles. (c) baru oil-loaded microparticles. (d) Blank microparticles (no added oil).

decrease in crystallinity (Sagiri, Singh, Pal, Banerjee, & Basak, 2015).

The physico chemical characterization of the oil-loaded micro-
particles strongly indicated that, in all cases, oil was efficiently en-
capsulated in the stearic acid matrix, decreasing their crystallinity and
melting temperature.

3.3. Thermal stability

Table 3 shows the respective Activation Energy (Ea) and re-
presentative values of correlation coefficient (R2) for oils and oil-loaded
microparticles. They were calculated using data in Table S1 and the
DSC curves at different heating rates (B) presented in Fig. S5,
Supplementary Material.

Good fittings were found for all cases, with linear models statisti-
cally significant (p < 0.05), indicating that they describe adequately
the experimental data. An increase in the activation energy was ob-
served after encapsulation (50%, 15% and 33%, respectively for chia
seeds, pumpkin seeds and baru oils), indicating higher stability and
effective protection against oxidation. Oils in the microparticles were
less prone to react with atmospheric oxygen due to the solid en-
capsulant matrix. This means that the solid barrier could reduce heat
and oxygen flow to the oil preventing the formation of hydroperoxides
and other degradation products (Gonzélez, Martinez, Paredes, Leén, &
Ribotta, 2016). The lower increase in stability observed with pumpkin
oil could related with the lower encapsulation efficiency (Table 2) when
compared to other oils. It is worth noting that the onset oxidation
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Table 3
Activation energy and correlation coefficient for in natura oils and oil-loaded
microparticles.

oil Activation Energy(Ea, kJ.mol ') RZ ()
Chia seeds oil 76.4 = 9.1 0.999
microcapsules 1145 = 5.2 0.993
Pumpkin seeds oil 96.7 = 0.7 0.989
microcapsules 111.6 = 4.5 0.990
Baru oil 74.2 = 4.0 0.965
microcapsules 98.6 = 11.5 0.951

temperature is often used to compare the stability of edible oils (Mici¢
et al., 2015). Lipid oxidation is a reaction initiated by the formation of
free radicals and, in the case of edible oils, the decomposition of un-
saturated fatty acid occurs at the beginning of the process.

From the above results of oil composition, particles characterization
and oxidative stability study it is possible to conclude that the micro-
metric microparticles were able to protect, against degradation, the oil
entrapped inside the solid lipid matrix. This indicates that such results
may be used to formulated PUFAs-rich foodstuff.

3.4. Mayonnaise characterization

Nutritional composition of the mayonnaise (without microparticles),
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Table 4
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Properties of the mayonnaises containing oil-loaded microparticles or respective oils.

Sample Microparticles PUFAs concentration Color parameters Texture parameters
added (%) (gpura/ 100gmayonnaise) N )
L Cc h° Firmness  Cohesiveness adhesion work Consistency
(@] ) (N.s) (N.s)
Control sample (mayonnaise 0 - 89.1 + 03 237 02 80307 1301 -10=x01 -16.1 * 14 198 = 3.3
without microparticles)
Chia oil 2.5 0.73 887 £ 05 233 03 794 +07 15+01 -11=01 -180 %15 238 =20
5.0 1.45 885 + 0.2 234 +03 796 04 14 +01 -11=*00 -173 * 0.2 21.1 =04
7.5 2.18 887 + 04 237 01 801 =*02 15+x00 -11=*00 -173 x*01 221 *= 1.0
Pumpkin seeds oil 2.5 0.45 88.4 + 04 239 + 0.2 808 £ 06 1.4+ 00 -11=00 -166=00 218 + 1.3
5.0 0.90 882 + 03 235+03 798 +05 13 +01 -09=*01 -147 =08 183 *= 28
7.5 1.35 879 £ 03 236 01 798 04 14 01 -11=*x01 -181 16 239 =11
Baru oil 2.5 0.30 88.4 + 0.8 239 + 0.3 803 07 13+01 -09 =01 -153+03 194 16
5.0 0.60 88.3 £ 0.7 236 £ 03 799 £ 07 14 +00 -11=%00 -173 02 208 + 1.0
7.5 0.90 885 + 03 238 =02 803 *+05 14 +02 -10=*02 -164+ 17 202 * 3.1
was 22.98 = 0.44g.100g~! for humidity, 1.49 + 0.03g.100g™! for Control mayonnaise and the mayonnaise containing microparticles
ash, 70.00 + 0.53g.100 g~ for lipids, 5.56 + 0.03g.100g~* for car- presented non-Newtonian (pseudoplastic) flow evidenced by the ap-
bohydrates and 652.24 + 0.05kcal.100g ! for energy content, which parent viscosity for increasing shear rates. Thixotropic behavior and the

are in agreement with those reported in the product label (no protein
amount was detected). Liu et al. (2007) reported similar values when
evaluated centesimal composition of mayonnaise based on soybean oil,
where small discrepancies may be related to different proportions of
ingredients used in the formulation.

Color parameters (L", C" and h°) and texture parameters (Firmness,
cohesiveness, adhesion work and consistency) are presented in Table 4.
Images of the formulated mayonnaise containing 7.5%wt micro-
particles are presented in Fig. 2.

All samples presented high luminosity, tendency to green (—a") and
yellow (+b") and relatively low color intensity (C" and a hue angle
(h°) of approximately 80°, which means that all formulated mayonnaise
samples presented an opaque yellowish color. When compared to
control sample (mayonnaise without microparticles) the addition of
chia oil-loaded and baru oil-loaded microparticles did not change the
mayonnaise color significantly (p > 0.05). For the pumpkin seeds oil,
luminosity (L") of the samples with 5.0%wt and 7.5%wt microparticles
differed significantly if compared to the control sample (p < 0.05).
This was probably due to the fact that pumpkin seeds oil itself is darker
than the other oils leading to darker particles as well. However, as
observed in Fig. 2, all formulated mayonnaises are visually similar.
Other authors have reported minor color variations caused by the ad-
dition of plant extracts (Altunkaya et al., 2013), and also variations in
the mayonnaise formulation (Rahmati et al., 2014).

Firmness represents the maximum force measured by the equip-
ment, indicating how firm is the sample and the recorded peak force
area indicates sample consistency (Liu et al., 2007). Cohesiveness is a
direct function of the work needed to overcome the internal bonds of
material, hence it indicates how much the structure deforms before
breaking when extended. Adhesion work is a representation of cohe-
siveness, consistency and viscosity of the sample, which indicates how
much the sample adhered and resist in return of equipment probe to its
initial state. As the value increases, higher the probe resistance (Liu
et al., 2007). Samples presented low firmness and cohesiveness, but
considerable consistency and adhesion work values, similarly to those
found in the literature (Di Mattia et al., 2015). Texture parameters were
statistically equal for all evaluated samples, indicating that the micro-
particles did not interfere in the mechanical texture when added up to
7.5%wt.

Flow and viscosity curves for the control and mayonnaise con-
taining the oil-loaded microparticles were obtained at 25 and 37 °C
(Figs. S6-S8, Supplementary Material). Rheological behavior was
mathematically modeled using Casson, Binghan and Hurschel-Bulkley
equations, and the parameters found are presented in Tables S2 and S3
(Supplementary Material).

presence of hysteresis were found for both tested temperatures.
However, hysteresis was slightly reduced due the addition of the mi-
croparticles when compared to the control sample, indicating a re-
duction in thixotropy. Also, a viscosity increase was detected in the case
of chia seeds and pumpkin seeds oil-loaded microparticles, but not with
the baru oil. Changes in viscosity due to the addition of protein mi-
croparticles and pectin in mayonnaise are reported in the literature
(Chang et al., 2017).

Reduction in shear rate was observed at 25 °C caused by the increase
in particles concentration. At this temperature, the system presented
higher viscosity when compared with 37 °C, which limited the mea-
surements at higher rates. The exception occurred only in the sample
containing 7.5%wt baru oil, due to its lower viscosity. The effect of
temperature can be seen in the tests performed at 37 °C where the re-
duction in shear rate did not occur due to its lower viscosity.

The second part of each curve (decreasing shear rates) was used to
obtain the mathematical models (Tables S2 and S3). Hurschel-Bulkley
(HB) model was the most reliable as observed by the lower errors and
better correlation coefficients obtained. For this model, an increase in
consistency index (K) was observed in the microparticles-loaded sam-
ples when compared to control mayonnaise. Consistency indexes (K)
were smaller at 37 °C than at 25 °C confirming the decrease in viscosity
due to the increase in temperature. Consistency index also increased as
the microparticles concentration increased. However, for baru oil mi-
croparticles this behavior occurred until 5.0%wt addition and then a
decrease in shear stress was observed for both studied temperatures.
This phenomenon may be related to the disruption of the three-di-
mensional network of mayonnaise microstructure, causing a decrease in
tension (Liu et al., 2007).

3.5. Sensory analysis

The ranking preference test was applied to panelists in order to
determine if consumers would be able to differentiate between the
mayonnaise containing microparticles (2.5% and 5.0% added) and the
control sample (mayonnaise with no added microparticles). Friedman
test at 5% significance level showed that mayonnaise samples did not
differ from control. This is an important finding because it indicates
that PUFAs-rich mayonnaises could be available to consumers without
outperforming conventional mayonnaise or affecting its sensorial per-
ception. This also corroborates the texture and color analyses in which
no, or minor, differences were detected among samples. The addition of
oils in mayonnaise was investigated by Di Mattia et al. (2015) and
panelists were able to find sensory differences depending on the used
oil.
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Fig. 2. Images of the mayonnaise containing 7.5%wt oil-loaded microparticles and control mayonnaise (no added microparticles). (a) Control mayonnaise (no added
microparticles). (b) chia oil-loaded microparticles. (c) pumpkin seeds oil-loaded microparticles. (d) baru oil-loaded microparticles.

4. Conclusions

Mayonnaise containing microencapsulated oils (chia seeds,
pumpkin seeds and baru) were obtained as a source of poly-unsaturated
fatty acids (PUFAs). High values of encapsulation efficiency for omega 3
and omega 6 were achieved mainly due to the affinity between the oils
and stearic acid (encapsulant). Oxidative stability of the oils was im-
proved by encapsulation as demonstrated by the non-isothermal
Differential Scanning Calorimetry analysis coupled with the OFW
method.

Microparticles were added to mayonnaise at 2.5%wt and 5.0%wt.
Viscosity increased due to the presence of the microparticles but
rheological behavior and mechanical texture were not affected. Color
was only affected in the case of pumpkin seeds oil-loaded micro-
particles. Sensory tests performed with mayonnaise added with 2.5%wt
and 5.0%wt microparticles demonstrated that consumers were not able
to differentiate the samples from the control sample (mayonnaise with
no added microparticles) for all tested oils. Gathered results showed
that encapsulation effectively protected the oils against oxidative de-
gradation and that enriched mayonnaise can be obtained with en-
capsulated edible oils with high nutritional value.
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