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HIGHLIGHTS GRAPHICAL ABSTRACT

¢ Oil avocado extraction by supercritical
CO, (AO-SPE) was fitted to the logistic
model.

e AO-SPE showed higher total carotenoid
and chlorophyll content.

e AO-SPE’s at 80 °C and 400 bar showed
higher antioxidant capacity.

e Lipid oxidation of AO-SPE was per-
formed using the Oxitest system.

o AO-SPE was more susceptible to lipid
oxidation as showed estimated kinetic
parameters.
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oxidative stability of the oil were influenced by scCO; extraction. Compared to commercial product extracted by
cold pressing, the AO extracted with scCO; showed a lower total phenolic content, except for that extracted from
the Fuerte variety at 80 °C, as well as higher total carotenoid and chlorophyll contents, unsaturated/saturate
fatty acid ratio and antioxidant capacity in that extracted at 80 °C. However, initiation and propagation kinetic

parameters, estimated at the first time using accelerated Oxitest system, showed that AO obtained by scCO; is
more susceptible to lipid oxidation.

1. Introduction

The avocado (Persea americana Mill.) is a tropical fruit native to the
Americas which is cultivated for food and medicinal purposes. It has
high nutritional value [1] and contains many bioactive compounds [2].
The avocado contains a significant amount of oil (15-30 g/100 g edible
portion) and this avocado oil (AO) is used as a gourmet and
health-promoting ingredient in culinary and cosmetic applications [3].
AO consists of 76 % monounsaturated fatty acids (MUFAs), 12 % poly-
unsaturated fatty acids (PUFAs), and 12 % saturated fatty acids [4]. In
addition, AO contains several antioxidant compounds, notably
a-tocopherol (70-190 pg/g) and also f-, y-, and 8-tocopherol (< 10 pg/g
of each) [2], carotenoids (11.1-46.9 pg p-carotene/g), chlorophylls
(22.3-69.8 pg/g) [3,5] and phenolic compounds such as apigenin
7-glucoside (0.25 pg/g), p-hydroxybenzoic acid (0.21 ug/g), caffeic acid
(0.06 ng/g) and luteolin (0.03 ng/g) [6]. Meanwhile, the phytosterol
content of AO (3.3-4.5 mg/g) is higher than that of olive oil, with the
most abundant being p-sitosterol, and including smaller amounts of
sitostanol, cycloartenol, cycloeucalenol and D7-avenasterol [7]. How-
ever, the nutritional composition and bioactive compound content of AO
could be strongly influenced, among other factors, by the extraction
processes used to produce it and by the avocado variety [8-11].

Green technology for edible oil extraction is currently a hot research
topic in the food industry because of the potential to reduce energy
consumption, carbon and water footprints, and to enhance the quality of
the product [12-14]. In this context, extraction with supercritical COy
(scCO2) has been used to extract AO at a low temperature (40-80 °C)
and pressure (200-400 bar) and over a short extraction time [15-17].
This allows thermally labile components to be retained and the energy
cost to be minimized [18]. Characteristics of the scCO5 such as tem-
perature, pressure or co-solvent influence the AO yield and composition
[4]. Thus, OA extracted at 40 °C and at 250 bar over 150 min affords the
maximum yield for single-step scCO5 extraction (40 %) and the resultant
AO showed DPPH scavenging activity of about 65 % [15]. In another
study using scCO at 200 bar and at 60 °C, the resultant AO yield was
significantly improved by the introduction of a second extraction step
using a mixture of scCO3 and ethanol. In this case, the AO yield reached
about 65 % and was accompanied by an increase in the tocopherol
content, which in some cases was similar to that of commercial samples
[17]. However, no studies have yet reported the effect of different scCO4
extraction conditions on the antioxidant capacity of AO, the content of
mainly antioxidants such as carotenoids, chlorophyll and phenolic
compounds, and AO oxidative stability.

Therefore, the aim of the present study was to evaluate the effect of
the temperature and pressure of scCO5 on the physical and functional
properties of AO from the Hass and Fuerte varieties of avocado. These
include the contents of bioactive compounds such as phenolics, carot-
enoids, chlorophyll and fatty acids; as well as antioxidant capacity
measured by single electron transfer and hydrogen atom transfer assays,
and lipid oxidation under accelerated conditions determined using a
free-reagent Oxitest system.

2. Materials and methods
2.1. Material

Hass and Fuerte avocado varieties were purchased from a local

market (Moquegua, Peru) and we selected fruit with good physical
integrity. The avocados were transported to the laboratory where the
pulp was isolated manually and cut into 4-5 pieces; a sample fruit of
each variety was used to measure the moisture content. The rest of the
pulp was frozen at — 80 °C for 24 h in an ultra-low-temperature freezer
BDF-86V58 (BIOBASE, CA, USA) and then lyophilized for 40 h in a
freeze dryer BK-FD10PT (BIOBASE, CA, USA). Finally, the lyophilized
pulp was ground using a universal M20 grinder IKA® WERKER, Stau-
fen, Germany), sieved through No. 50 mesh, packed in plastic bags and
stored to — 20 °C until use. A food grade commercial avocado oil ob-
tained by cold-pressing (Marnys®, Cartagena, Spain) was used as con-
trol sample.

2.2. Moisture content and drying rate of avocado

The moisture content of the Hass and Fuerte avocados was deter-
mined on an AnD MX-50 moisture analyzer (A&D Company Limited, IL,
USA) and it was used as a maturity index [19]. Briefly, 5 g of avocado
pulp was placed in pre-weighed aluminum dishes and dried at 105 °C;
moisture was monitored every 5 s until equilibrium was reached using a
computer with an RS232 connection and WinCT-Moisture software
(A&D Company Limited, IL, USA). The experimental data were then
fitted to the Page model derived from Newton’s law (Eq. (1)) and the
drying rate parameters were estimated [20]:

MR = exp(— k") @

where MR is the moisture ratio, k is the rate drying (s’l) and n is the
constant of the model (dimensionless).

2.3. Avocado oil extraction by supercritical carbon dioxide

AO from the Hass and Fuerte varieties was obtained using scCO; in a
Speed SFE Basic system (Applied Separation, PA, USA) reported by
Corzzini et al. [17] with slight modifications. Briefly, the beds were
packaged with 5.0 g of ground and lyophilized avocado spread hori-
zontally, and then the scCO, flowed through the bed at 2.5 g/min. AO
was extracted at 400 bar at two temperatures (40 and 80 °C), and
collected every 20 min for 4 h. At the different extraction times, the
percentage yield of AO (Eq. (2)) was fitted to the adapted logistic model
by non-linear regression analysis (Eq. (3)) [21,22].

. g oil
Yield
e (lOO g lyophilized avocado)
mass of avocado oil(g)

= 10 2
mass of lyophilized avocado(g)x 0 2

. Yo 1+ exp(Cty,)
Yield(t) = -1 3
teld(1) exp(Ct,) {1 +  exp(C(t, — 1)) 3

where yj is the maximum yield of oil achieved, ty, is the time (min) when
the maximum yield rate of oil occurs, and C (min’l) is an adjustable
parameter without physical meaning.

2.4. Characterization of avocado oil obtained using scCO2

2.4.1. Color determination
The color of the AO was measured using a CR-400 colorimeter
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(Konica Minolta Inc, Japan). One hundred microliters of AO were placed
over the lens of the colorimeter. The L, a* and b* values were measured
in triplicated and the chroma (C) and hue angle (h°) were calculated
(Egs. (4) and (5)) [23]. A CRA43 standard white tile (Konica Minolta
Inc., Japan) was used as a reference to calibrate the colorimeter.

C=+/a? 1 b o))

h° = tan”! <b—*> 5)
a

2.4.2. Total phenolics

Phenolic compounds were extracted from the AO following the
procedure reported by Koseoglu et al. [24] with slight modifications.
Briefly, 0.25 g of AO was solved in 0.5 mL of hexane; phenolic com-
pounds were extracted using 0.5 mL methanol/water (60:40 v/v) by
shaking the mixture at 1400 rpm for 10 min at room temperature. Af-
terwards, the methanol/water phase was separated by centrifugation at
10,000 g for 5 min at 4 °C, collected and stored at — 20 °C until analysis.

Total phenolic content (TP) was assessed by a rapid and microtiter
and Folin Ciocalteau (F-C) assay [25] with slight modifications. Briefly,
50 pL of gallic acid standard solution (0, 6.25, 12.5, 25 and 50 mg/L) or
the methanol/water AO fraction and 50 pL of diluted F-C reagent
(1:20 v/v) was placed in the Eppendorf tubes, mixed and left to rest for
2 min. Following this, 100 pL of NaOH (0.35 mol/L) was added and the
tubes were incubated for 10 min in dark conditions. Afterwards, 100 pL
of supernatant, obtained by centrifugation for 2 min at 10,000g and
4 °C, was transferred to the 96-well Nunc™ MicroWell™ microplate
(Thermo Scientific, Madrid, Spain). The absorbance was read at 760 nm
in a Synergy HTX Multi-Mode microplate reader (Biotek, Rochester, VT,
USA). Finally, TP was expressed as mg gallic acid equivalent (GAE)/kg
of AO.

2.4.3. Total carotenoids and chlorophyll

Total carotenoid and chlorophyll contents of the AO were deter-
mined following the method described by Lichtenthaler & Buschmann
[26]. Briefly, 100 pL of AO was mixed with 1 mL of acetone and ab-
sorption spectra were acquired at 400-700 nm every 0.5nm in a
Lambda 1050 UV/Vis/NIR spectrophotometer (PerkinElmer, CA, USA).
The spectra were deconvoluted by applying a linear baseline and the
Gauss Amp model of the PeakFit v.4.12 software (Systat Software, Inc.,
USA) following Borello & Domenici [27]. The absorbance of the peaks at
470, 644.8 and 661.6 nm were used for the quantification of total ca-
rotenoids, and chlorophyll a and b, respectively, which were calculated
(Egs. 6-8) and expressed as mg/kg of AO [26].

Ca = 11.24A661.6 um — 2-04A644.8 um (6)

Cb = 20.13A644.8 wm — 4-19A661.6 nm ™
1000A47¢ y — 1.91C — 63.14Cb

CT = il = (8)

214

where: C,, Cp and Cr are chlorophyll a and b, and total carotenoids,
respectively, in pg/mL; and A is the absorbance.

2.4.4. Fatty acid composition

The fatty acid content of the AO was previously derivatized to methyl
esters and measured by gas chromatography according to the official
AOAC method 991.39 [28]. Briefly, 0.025 g of AO and 1.5 mL 0.5 M
methanolic NaOH were put into glass tubes, blanketed with Ny, capped,
mixed and heated to 100 °C for 5 min. The tubes were cooled and then
2 mL BF3 in methanol was added, they were blanketed again with Ny,
capped tightly, mixed, and heated to 100 °C for 30 min. The mixtures
were then cooled to 30-40 °C and 1 mL isooctane was added, and again
they were blanketed with Ns, capped, and shaken vigorously for 30 s
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while still warm. Then 5 mL saturated NaCl solution was added, they
were blanketed with Ny, capped, mixed thoroughly, and cooled at room
temperature. When the isooctane layer was separated from the lower
aqueous phase, it was transferred to a clean glass tube, blanketed with
No, and capped. The aqueous phase was extracted with isooctane again,
as above.

The fatty acids were analyzed with gas chromatography using a
Shimadzu GC-2010 equipped with an AOC-20Si auto injector and flame
ionization detector at 250 °C (Shimadzu, Kyoto, Japan) and a capillary
column SP®-2560 (100 m x 0.25 mm i.d., liquid films 0.20 uym; Restek,
Bellefonte, PA, USA). As a carrier gas we used helium at 261.5 kPa and a
flow rate of 30 mL/min, the oven temperature was programed as fol-
lows: 100 °C for 4 min, then increased to 240 °C at a rate of 3 °C/min,
and kept at 240 °C for 10 min. The injection (1 pL) was performed in
split mode with a ratio of 1/100 and the injector temperature set at
225 °C. Identification of the fatty acids was based on the retention times
of the fatty acid methyl esters (FAME), whereas the percentage of rela-
tive peak areas with respect to the total area from the chromatograms
was performed as qualitative analysis.

2.4.5. 2,2'-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium
salt (ABTS) assay

The ABTS assay adapted to the microplate reader was used to mea-
sure the antioxidant capacity of the AO [29]. Firstly, the ABTS cation
radical (ABTS°") was synthesized by reaction of 7 mM ABTS cation with
2.45 mM potassium persulfate in water, and leaving the mixture in the
darkness at room temperature for 16 h [30]. The ABTS°" working so-
lution (AWS) was prepared by dilution of stock solution (1:50 v/v with
ethanol) and diluted AO was prepared by dilution in acetone (1:100 v/v)
and centrifugation at 10,000 g for 5 min at 4 °C. For the ABTS assay,
10 pL of Trolox (0-600 pM) or diluted AO was added to a 96-well
Nunc™ MicroWell™ microplate (Thermo Scientific, Madrid, Spain),
immediately followed by 100 pL of AWS. Afterwards, the mixture was
shaken for 1 min and absorbance was read at 734 nm in triplicate using
a Synergy HTX Multi-Mode microplate reader (Biotek; Rochester, VT,
USA) after 4 min. Finally, the antioxidant capacity was calculated as
Trolox equivalent antioxidant capacity (TEAC) from the Trolox standard
curve and expressed as mmol TEAC/kg of AO.

2.4.6. Oxygen radicals absorbance capacity (ORAC)-pyrogallol red (PGR)
assay

The antioxidant capacity of the AO was also measured by adapted
the ORAC-PGR assay [31]. Briefly, 40 pL of diluted AO (1:100 v/v in
acetone) was mixed with 170 pL of 75 mM phosphate buffer (pH 7.4)
(PB) and centrifuged at 10,000g for 2 min at 4 °C to obtain a superna-
tant. Then, 210 pL of Trolox (0-120 uM) or the supernatant prepared as
detailed above, was added to a 96-well Nunc™ MicroWell™ microplate
(Thermo Scientific, Madrid, Spain), automatically mixed at medium
speed and incubated at 37 °C with 20 pL. PGR (62.5 pM in PB) intro-
duced by the automatic injector of the Synergy HTX Multi-Mode
microplate reader (Biotek, Rochester, VT, USA). After this, 20 pL 2,
2'-Azobis(2-methylpropionamidine) dihydrochloride (AAPH) (125 mM
in PB) was added to each well by another automatic injector on the
microplate reader and the absorbance at 540 nm and 37 °C was moni-
tored every 1 min for 60 min. From the absorbance ratios (A/A() and
incubation times, the area under the curve (AUC) was calculated.
Finally, the net AUC values for the diluted AO and Trolox were calcu-
lated by subtracting the value of the blank with AAPH; the antioxidant
activity of the AO was expressed as pmol Trolox/100 g of AO using the
Trolox standard curve.

2.4.7. Accelerated oxidative stability of avocado oil obtained using scCO2

The oxidative stability of the AO was also assessed using an Oxida-
tion Test Reactor (Velp® Scientifica, Usmate, Italy) [32]. Briefly, 5.0 g
of AO extracted by scCO3 and by cold pressing (control) were distributed
homogenously in two hermetically sealed titanium chambers.
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Afterwards, O, was purged into the chamber up to a pressure of 6 bar
and the reactor temperature was set at 90 °C. The oxygen pressure was
monitored using the OXISoft™ software (Velp® Scientifica, Usmate,
Italy) and the Oy uptake (%) of the AO during the lipid oxidation was
calculated at different times as:

OP,
- 0P0>x 100 9

O, uptake (%)= <1

where: OP; and OP are the oxygen pressure at a given time and initially,
respectively.

The kinetic curves of Oy uptake against time were fitted to the linear
(Eq. (10)) and sigmoidal (Eq. (11)) models over the whole range of the
kinetic data points in the initiation and propagation phases of O, uptake.
The equations were adapted from Farhoosh [33,34]. Different kinetic
parameters of lipid oxidation were calculated (Eqs. (12)-(18)).

Uptake 0, =  kip(t) + Uptake O (10)
Uptake O ke an
ake = ——
r 2T eplk(C 0] + ka
k.
Uptake Oy pax = — (12)
ka
2
Ryax = - 13
4ky a3
Ryax
R, = max 14
Uptake  O,,,,, as
P k(2 — k.C + Inky) — 4(U€mke 0y k) as)
Shpky — K2
1P
0= — 16)
kip

Uptake Oy;p =  kip(IP) + Uptake Oy, a7

;= 4k11Rmax - ch/1(2 - kcc + lnkd)
v Uptake  O,,,,,

—IP (18)

where: kip (% of O uptake min 1) is the pseudo zero-order rate constant
of the initiation phase and O3 o uptake is the % of O, uptake at t = 0; IP
(min) is the duration of the induction period; O; is the initiation oxi-
dizability parameter (% of O2 uptake’1 minz); ke (min’l) and kq (% of
0, uptake ™! /min) are the pseudo first- and second-order composite and
decomposition rate constants of O, uptake in the propagation phase,
respectively; C (% of O, uptake “Disan integration constant; O, uptake
max 1S the maximum O, uptake (%) and R, (min) is a parameter that
measures the propagation oxidizability of lipids and t, (min) is the time
of the propagation phase.

Table 1
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2.5. Statistical analysis

Non-linear regression analysis, to model the drying rate of avocado
and AO extraction by a supercritical fluid, Student’s t-test, one-way
ANOVA, Tukey’s comparison test and AUC calculations were per-
formed using Prism GraphPad 6.1 (GraphPad Prism, San Diego, CA,
USA).

3. Results and discussion
3.1. Moisture content and drying rate of avocado

In the present study, the moisture of the mesocarp of Hass avocados
(69.5 % + 2.7 % wet weight) (Supplementary Material 1) was similar to
values previously published for mature Hass avocados: 67.1-69.4 % wet
weight [35] and for unripe avocados (70.14 % + 0.04 % wet weight)
[36]. In fact, we harvested the avocado to allow for transportation to the
supercritical fluid laboratory before they reached eating ripeness, 4-5
days later. Similarly, the moisture of Fuerte avocados (72.7 % + 2.3 %
wet weight) (Supplementary Material 1) was comparable to values
previously published for unripe (70.3 % =+ 0.1 % wet weight) and ripe
(71.3 % + 0.1 % wet weight) samples [36]. The maturity of an avocado
depends on the moisture content of the pulp. In the Hass variety, the
moisture reduces with maturity [35,36]; whereas in Fuerte avocado,
increased moisture is found in ripe samples [37]. The maturity of an
avocado influences on the flavor, taste, texture, ripeness for eating [38],
phenolic compound and fatty acid content, and antioxidant capacity
[35,37,39]. Finally, moisture content of our Hass and Fuerte avocados
did not show any statistically difference (p > 0.05), as was the case for
the drying rates (k) and n parameters of the Page model (Supplementary
Material 1 and Supplementary Material 2). However, the k and n pa-
rameters may be better predictors of the maturity of avocados because
they are calculated from all the weight data.

3.2. Avocado oil extraction by supercritical carbon dioxide

The yields of AO extraction from Hass and Fuerte varieties by scCO»
at 40 and 80 °C (400 bar) ranged from 36 to 38 g 0il/100 g lyophilized
avocado (Table 1). However, under similar extraction conditions, a
higher oil yield (57-61 g 0il/100 g lyophilized avocado) was obtained
for Hass avocados [16,17]. In other work, an oil yield of 40 g 0il/100 g
oven-dried avocado was obtained for Fortune avocados using scCO; at
40 °C and 250 bar for 150 min [15]. A lower overall extraction yield
(12-39 g 0il/100 g lyophilized avocado) was achieved at 200 bar and
different temperatures (40, 60 and 80 °C) by scCO5 [17] However, in
none of these studies was the degree of maturity of the samples used in
the scCO, extraction characterized. It is well known that avocado
maturity influences the physical structure of samples and their chemical
composition. The degradation of parenchyma cells due to the activity of
cellulase and polygalacturonase increases during ripening; in turn, this

Kinetic parameter of the logistic model fitted to the experimental data for avocado oil extracted by supercritical CO, at 40 and 80 °C, and at 400 bar.

Logistic model parameters

Goodness of fit

Avocado oil samples

Yo (g 0il/100 g lyophilized avocado) tym (min) C (min™1) R? RSME
H-SPE-40 36.82 (34.79-39.09) 89.59 (83.62-96.14) 0.058 (0.040-0.089) 0.988 1.741
H-SPE-80 36.19 (33.63-39.10) 84.59 (76.80-93.38) 0.061 (0.037-0.110) 0.980 2.257
F-SPE-40 37.32 (35.45-39.38) 89.88 (84.45-95.78) 0.058 (0.042-0.085) 0.990 1.612
F-SPE-80 36.42 (34.07-39.09) 84.47 (77.41-92.39) 0.061 (0.038-0.104) 0.983 2.083

y0 is the maximum yield (%) of oil achieved, tm is the time (min) when the maximum yield (%) rate of oil occurs, and C (min-1) is an adjustable parameter without
physical meaning. H and F are Hass and Fuerte avocado varieties, SPE = supercritical extraction and 40 and 80 are the extraction temperature in °C. (95 % confidence
interval), R2 is the coefficient of determination and RSME is the Root Mean Square Error.
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40°C» O
80°C» O

A

Experimental : Fitted to the logistic model

40

Yield
(g 0il/100 g lyophilized avocado)

0 40 80 120 160 200 240
Extraction time (min)
Fig. 1. Experimental and model extraction curves for supercritical CO,

extraction of avocado oil at 40 and 80 °C, and at 400 bar. A: Hass avocado; B:
Fuerte avocado. The values are the means of three replicates.
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enhances the oil extraction yield [40,41]. In addition, the particle size
after grinding and meshing may influence the oil yield from extraction
by scCO5 [17]. Meshes ranging from 8 to 48 have been used to avoid a
reduction in AO yield due to the formation of agglomerates when
extracting with scCOy [17]. In the present study, a logistic curve
behavior was in evidence during AO extraction using scCO- at different
temperatures (Fig. 1) because freeze-dried avocado was sieved in a No.
50 mesh and agglomeration was not observed. Moreover, the tempera-
ture was not statistically significant for the oil yield, as reported for the
extraction AO using scCO, by Abaide et al. [15]. Finally, a positive effect
on extraction yield has been reported with scCO» at 40 and 60 °C, and a
negative one at 80 °C [17]. The Table 2 showed the comparison of the
experimental condition and yield of avocado oil extracted by scCO; of
the present study and literature.

The kinetics of oil extraction from avocado by scCO5 has been
characterized by two stages: a constant extraction rate and a falling
extraction rate [15,17]. The former stage is characterized by a straight
line, where mass transfer by convection is predominant; while in the
latter stage both convection and diffusion are important [15,17].
However, in the present study, the kinetics of oil extraction from Fuerte
and Hass avocado varieties showed a good fit to the logistic model
(RSME < 2.2 and R? > 0.98, Table 1), revealing an initial lag phase
(Fig. 1). This model has been used to fit experimental kinetic data for oil
extraction from shiitake [42] and ginger oleoresin [22]. From this lo-
gistic model, the maximum extraction (yo = 36-37 g 0il/100 g lyophi-
lized avocado) was reached at about 160 min for all scCO5 conditions
(Table 1), which is similar to values previously published for shiitake oil
extraction [42] and lower than that found for ginger oleoresin [22].
Moreover, the maximum rate of oil extraction from avocado by scCO2
was achieved between 84 and 89 min (ty,) (Table 1). This is longer than
found for shiitake oil by scCO, at 200 bar (63 min) [42] and oleoresin
from Capsicum annum at 250 bar (32 min) [21] but lower than that re-
ported for ginger oleoresin extracted at 250 bar (133-151 min) [22].
Finally, the C parameter values ranged between 0.05 and 0.061 min~!
(Table 1) and were similar to those obtained for oleoresin from Capsicum
annum [21] and shiitake oil [42].

Table 2
Experimental condition and yield of avocado oil extracted by supercritical CO5 of the present study and literature.
. . Yield
Experimental condition (g 0il/100 g avocado) Reference
T = 40 — 80 °C, P = 400 bar, scCO, flow _ 2.5 g/min, extraction time = 2 h 38.12-39.07) Present study
T =40 — 60 °C, P = 150-250 bar, scCO, flow _ 4.0 g/min, extraction time = 2.5 h 10.1-39.8@ [15]
T =50 °C, P = 400 bar, scCO, flow _ 2.5 g/min, extraction time = 3.5h 573 [16]
T = 40 — 80 °C, P = 200-400 bar, scCO2 flow = 2.5 g/min, extraction time = 3.0 h 12 +1-62 + 1@ [171

T = Temperature, P = Pressure, (1) lyophilized Hass and Fuerte avocado varieties, (2) Oven-dried Hass avocado variety, (3) lyophilized Hass avocado variety, (4)

lyophilized ripe avocado.

Table 3

Bioactive compounds and fatty acid composition of avocado oil extracted by cold pressing and supercritical CO, at 40 and 80 °C, and at 400 bar.

Avocado oil

Cold pressure extraction

Supercritical fluid CO, extraction

Composition

Control H-SPE-40 H-SPE-80 F-SPE-40 F-SPE-80
Bioactive compounds
Total phenolics (mg GAE/kg oil) 27.7 +£0.4% 15.9 + 1.0¢ 19.1 +1.1° 10.9 + 0.9¢ 27.1 £ 0.7%
Total carotenoids (mg/kg oil) 169.2 + 10.9¢ 243.6 + 6.8° 446.8 + 5.2° 435.7 + 2.5 521.0 + 2.6%
Total chlorophyll a (mg/kg oil) 453+ 4.5 36.1 + 4.7¢ 55.1 + 2.1° 52.0 + 0.2° 85.5 + 2.4%
Fatty acids (normalized peak area, %)
Palmitic acid 18.8 + 0.0° 15.6 + 0.9° 27.4 + 0.0° 25.6 + 0.0° 17.0 £ 0.24
Palmitoleic acid 7.3+ 0.0° 42+0.1° 14.1 + 0.0° 13.3 £ 0.0° 4.7 +£0.19
Oleic acid 60.7 + 0.0° 69.1 +0.3% 40.7 + 0.0° 42.6 +0.0¢ 66.1 + 0.2°
Linoleic acid 13.3 +0.0b 11.1 £1.3¢ 15.4 + 0.0° 14.7 + 0.0° 10.5 + 0.2¢
Linolelaidic acid ND ND 2.5 4 0.0° 3.8 +0.0° 1.7 £0.1°

ND no detected, H and F are Hass and Fuerte avocado varieties, SPE = supercritical extraction and 40 and 80 are the extraction temperature in °C. The values are the
means of three replicates and different superscript letters mean that values are statistically significant (P < 0.05).



R. Vilca et al.
3.3. Characterization of avocado oil obtained by scCO2

3.3.1. Total phenolics, carotenoids and chlorophyll

The total phenolic content (TP) of the control AO extracted by cold
pressing was lower than reported for the Hass variety when extracted by
expeller-pressing (31.5 mg GAE/kg) [43] or by malaxation and pressing
(43-57 mg GAE/kg) [5] (Table 3). It is well established that the TP of AO
can be strongly influenced by the extraction process and avocado variety
[5,9,11,44]. In the present work, the TP of the AO extracted by scCO5
was lower than for control sample, except for F-SPE-80 (Table 3). In fact,
phenolic compounds are efficiently obtained from different sources by
use of scCO, and a co-solvent such as ethanol [45]. Moreover, for both
avocado varieties, an increase in temperature from 40° to 80°C during
scCO, extraction improved the TP of the AO, markedly for the Fuerte
variety (> 2-fold) (Table 3). Previous studies carried out on several food
and vegetable matrixes have shown that the solubility of phenolic
compounds in scCO, increased with increasing temperature [46]. The
addition of ethanol co-solvent in supercritical CO, extraction signifi-
cantly improved the total phenolic content (53-110.7 mg/kg) in
strawberry leave extracts although in absence of ethanol it is also
possible to extract phenolic compounds about 6.7 mg/kg [46]. How-
ever, some compounds such as phospholipids interfere in the total
phenolic determination of oils using Folin-Ciocalteu reagent, resulting in
the overestimation of phenolic contents [10].

The total carotenoid value in the control AO was higher than re-
ported previously (11.1-46.9 mg/kg) [5,41] (Table 3). It is well known
that bioactive compounds present in vegetable oils are influenced by the
processing conditions and by the type and variety of the source [5,9-11,
44]. In this work, the AO extracted by scCO, showed higher total ca-
rotenoids than control sample (Table 3), and this was associated with the
hue angle h° (r =0.8294, p = 0.0824, Supplementary material 3).
Extraction using scCO» has been demonstrated to be an efficient tech-
nology to obtain carotenoids from different food matrixes due to their
non-polar chemical nature [47,48]. Likewise, when extracting phenolic
compounds using scCOy, an increase in temperature promoted the
extraction of carotenoids from avocado by improving their solubility in
scCO, (Table 3). The extraction of carotenoids by CO5 supercritical have
been reported increasing with the temperature for different matriz such
as Scenedesmus obliquus [49] and pelletized microalgae [48].

The control AO and that obtained by scCO; at different temperatures
and 400 bar contain only chlorophyll a (Table 3). The total chlorophyll
of the control AO was 22.3-69.8 mg/100 g [5,41]: higher than Hass AO
extracted using an Abencor® system (17 mg/kg) [50]. Likewise, the use
of scCO, allowed us to obtain AO (H-SPE-80, F-SPE-40 and F-SPE-80)
with more chlorophyll than the control (55.1-85.5 mg/kg) (Table 3),
which is related to the a* color parameter (Supplementary material 3).
Moreover, an increase in chlorophyll a content was obtained at 80 °C for
both avocado varieties (Table 3). Chlorophyll and the carotenoid lutein
have been extracted by scCO», optimized at 500 bar, from spinach with
the inclusion of 10 % ethanol as a co-solvent, due to the more polar
nature of chlorophyll [51]. Moreover, increasing the extraction tem-
perature resulted in major chlorophyll extraction [51]. Conversely,
there was a reduction of chlorophyll extraction from olive husk [52] and
Scenedesmus obliquus microorganism [49] by scCOy at 350 bar and
250 bar, respectively. Therefore, the source matrix could influence the
effect of temperature on the scCO, extraction process.

3.3.2. Fatty acids

The fatty acid composition of the control AO was similar to previ-
ously published data. The percentage of palmitic acid (18.8 %), palmi-
toleic acid (7.3 %), oleic acid (60.7 %) and linoleic acid (13.3 %)
(Table 3) were similar to those reported for Hass and Fuerte AO
extracted by expeller-pressing and cold pressing [4,8,41]. Moreover, the
comparison of F-SPE-80 and control AO showed that monounsaturated
fatty acid (MUFA) content was higher in AO extracted by scCO3 (70.8 %
versus 68 %) (Table 3). This figure was also higher than reported
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Fig. 2. Antioxidant capacity measured by ABTS and ORAC-PGR assays of av-
ocado oil extracted by cold pressing (control) and supercritical CO, at 400 bar.
H and F are the Hass and Fuerte avocado varieties; SPE: supercritical extraction;
40 and 80 are the extraction temperature in °C. The values are the means of
three replicates and different superscript letters indicate that the values are
statistically significant (P < 0.05).

previously for Hass and Fuerte [53] and Fortuna [15] avocado oils
extracted by scCOs. In addition, MUFA/saturated fatty acid (SFA) ratio
was also higher in the F-SPE-80 than in the control sample (4.2 versus
3.6) (Table 3). MUFA consumption has been suggested as treatment or
prevention of atherosclerosis [54]. Furthermore, the comparison of
F-SPE-80 and control AO revealed that polyunsaturated fatty acid
(PUFA) content was higher in the control sample (10.5 % versus 13.3 %)
but this content was comparable to the those found for Fortuna AO
extracted by scCO, (12.1-13 %) at 80 °C and 250 bar [15] (Table 3).
Finally, comparison of F-SPE-80 and control AO showed that the
MUFA+PUFA/SFA ratio was higher in the former (4.8 versus 4.3)
(Table 3). In contrast, the PUFA/SFA ratio was slightly lower in the
F-SPE-80 sample, which has been strongly associated with a greater
hypocholesterolemic effect [54,55].

3.3.3. Antioxidant capacity

The antioxidant capacity measured by the ABTS assay ranged from
1.18 to 1.74 mmol TEAC/kg for control AO and that extracted by scCO»
(Fig. 2). These TEAC antioxidant capacity values are comparable to
previous reports for AO extracted by cold pressing (1.5-2.0 mmol TE/
kg) [43] but lower than for AO obtained using scCO- (4.52 mmol TE/kg)
[10]. Moreover, AO extracted by scCOy at 80 °C (H-SPE-80 and
F-SPE-80) showed a higher antioxidant capacity than control AO
(Fig. 2). Meanwhile, to the best of our knowledge, this is the first time
that the antioxidant capacity of AO has been measured by an ORAC-PGR
assay, which is a HAT methodology that is different from the ABTS
assay. The ORAC-PGR antioxidant capacity of the all the samples ranged
from 0.38 to 0.84 mmol TEAC/kg; and we found H-SPE-80 and F-SPE-80
to have equal antioxidant capacity to that of control AO (Fig. 2). The
antioxidant capacities measured by both ABTS and ORAC-PGR assays
increased significantly with increasing extraction temperature. This is in
agreement with values previously published for scCO; extraction of
Fortune AO: an increased antioxidant capacity, from 17.4 % to 82.5 %,
for inhibition of DPPH was demonstrated when the extraction temper-
ature was increased from 40 to 80 °C [15]. The antioxidant capacity of
avocado oil extracted by CO2 supercritical was increase with the tem-
perature in agreement with the higher carotenoids and phenolic com-
pounds of the samples (Fig. 2 and Table 3). Finally, the ABTS and
ORAC-PGR values showed marginal correlation (r = 0.869; p = 0.055).

3.4. Accelerated oxidative stability of avocado oil

The lipid oxidation of the control AO and that extracted by scCO;
was evaluated under accelerated conditions using the Oxitest system.
The oxygen uptake in all the AO samples followed a sigmoidal curve
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Fig. 3. Kinetic curves of the oxygen uptake (%) obtained in the Oxitest system during the lipid oxidation of the avocado oil extracted by cold pressing and su-
percritical CO, at 400 bar. H and F are the Hass and Fuerte avocado varieties; SPE: supercritical extraction; 40 and 80 are the extraction temperature in °C. The
experimental data (__) were fitted to the linear and sigmoidal model over the initiation phase and the whole range (- - - -), respectively.

with initiation, propagation and termination phases (Fig. 3A). Similar
behavior has been found for canola, sesame, fish, sunflower, soybean,
corn, olive and rice bran at 60 °C [33,34]. In the present work, experi-
mental data from an Oxitest were transformed and relativized to fit the
sigmoidal model and estimate lipid oxidation kinetic parameters.

3.4.1. Initiation phase of lipid oxidation

The initiation phase of lipid oxidation can be characterized by IP, kip,
formation of the oxidation product hydroperoxide or oxygen consump-
tion, and the oxidizability parameter O; [33,34]. The control AO showed
an IP at 90 °C (28.8 h) that was similar to that found for olive oil at 60 °C
(29.5h) [34] and higher than the AO extracted by scCO,. However,
F-SPE-40 and F-SPE-80 samples showed IP values (around 14.5h)
higher than those found for oil from soybean (10.3 h), corn (9.8 h),
canola (10.7 h), sunflower (4 h) and sesame (4.4 h) at 60 °C [33,34].
Moreover, AO from Fuerte showed IP values higher than those found for
the Hass variety when were extracted by scCO» (Table 3). In the present
study, lipid oxidation was measured using the Oxitest system under
accelerated conditions by monitoring oxygen uptake, while Farhoosh
[33,34] measured hydroperoxide content.

The control AO showed O; values higher than those of the oil samples
extracted by scCOo; while F-SPE-40 and F-SPE-80 AO showed higher O;
values than H-SPE-40 and H-SPE-80 (Table 4). It is well known that O;
(the IP/kjp ratio) is the initiation oxidizability parameter related to the
resistance of oil to the formation of hydroperoxides. Thus, oil with a high
SFA content shows an O; value higher than oil rich in MUFAs and PUFAs
[33]. In this way, O; values for soybean, corn, canola and olive oils were
higher (5- to 188-fold) than for sunflower oil [33,34]. Moreover, a

higher O; value was measured for canola oil than sesame oil at 60 °C,
associated with lower calculated oxidizability (Cox) (4.53 vs 5.68) [33].
However, Cox values for the control AO and those for AO extracted by
scCO, were around 2.0 (calculated from Table 3); and therefore, this
does not explain the difference in the O; values (Table 4). Another
plausible explanation is that AO extracted by scCO; contains HAT
antioxidant and prooxidant compounds, which could also influence the
O; values. Indeed, a very interesting positive correlation was found be-
tween total carotenoids and the pseudo first-order composite rate con-
stant k. (Fig. 3B-c). This has been related with a prooxidant effect of
carotenoids on lipid oxidation in AO, which had previously been re-
ported [56,57]. In fact, IP was lower for AO extracted by scCO2, which
contains higher total carotenoids, than for control sample (Table 3). A
tendency towards a negative correlation was observed between the two
parameters (r = —0.358, p = 0.554), although it was not significant.

It is well established that bulk oils are water/oil nano- and/or micro-
emulsions (commercial oil contains 0.02 %—0.05 % water) comprised of
lamellar structures and/or reverse micelles that provide an interface
between the oil and traces of water where lipid peroxidation occurs
[58]. For this reason, many studies have shown that hydrophilic Trolox
is a more effective antioxidant than lipophilic a-tocopherol in bulk oils
[58]. In the present study, AO (H-SPE-40 and H-SPE-80) showed higher
oxygen uptake than the control AO and Fuerte AO extracted by scCOo,
with these latter samples showing similar values (Table 4). The con-
centration of hydroperoxide, equivalent to the oxygen uptake param-
eter, depends on the level of amphiphilicity, size, shape and degree of
saturation of the fatty acids and their triacylglycerol composition [59].
The AO samples showed similar fatty acid composition (Table 3); and
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Table 4

Oxidation parameters resulting from the linear and sigmoidal functions fitted to the kinetic curves for oxygen uptake obtained in the Oxitest system during the lipid oxidation of the avocado oils extracted by cold pressing

and supercritical CO, at 40 and 80 °C, and at 400 bar.

Avocado oil

Supercritical fluid extraction

Cold pressure extraction

Oxidation parameters

F-SPE-80

F-SPE-40

H-SPE-80

H-SPE-40

Control

Initiation phase
IP (min)

862.2:+ 16.6"
3.5x107*+ 1.7x1052

871.3 +16.9°
37x107%+1.1x10"%

570.7 + 6.9

49x104+1.3x107%

245.1 + 0.6¢
42x1072+£88x10°*

1728.7 + 33.4
1.6 x 107* £ 6.7 x 107%2

Kip (% of O, uptake. min 1)

5.8 x 10° + 1.4 x 10 1.2 x 10° + 4.7 x 10° 2.8 x 10° + 2.1 x 10%° 2.5x10%+ 1.6x10%°

1.1 x 107 + 2.4 x 10

0; (% of O, uptake ', min?)

0O, uptake 1p (%)

10.302 + 0.192° 2.767 + 0.043¢ 0.273 £ 0.010% 0.303+ 0.009°

0.278 £ 0.017%

Propagation phase
tp (min)

310.4 + 13.0°
0.184 + 0.008"

351.7 + 9.6" 305.3 + 2.6°

0.183 + 0.007°

3325 + 4.7°
0.173 + 0.005"

574.3 + 18.4°
0.118 + 0.006*

0.185 + 0.002"

Rumax (% of O, uptake. min™1)
O, uptake nax (%)

R, (min™1)

57.5 + 0.1°
32x1073+£1.3 x 107%

68.1 +1.1° 67.3 +0.7° 56.6 + 1.1°
2.7 x 1073 +£ 7.4 x 107 3.3 x 1073+ 2.8 x 1075

2.6 x 1073 £3.5 x 10

68.4 +1.2¢
1.7 x 1073 £ 5.6 x 107

1.0x102+1.4 x10°% 1.1x102+3.0x10°% 13x102+1.1x10°% 13x102+54x10°%

6.9x102+23x10%

ke (min™1)

1.5x 104 +£35x 107" 1.6 x 1074 £ 2.7 x 107 2.3 x107* + 6.4 x 107%¢ 2.2 x107%+9.6 x 107%¢

1.0x 107% £ 1.6 x 107

kq (% of O, uptake '/min)

H and F are Hass and Fuerte avocado varieties, SPE= supercritical extraction and 40 and 80 are the extraction temperature in °C. The values are the means of three replicates and different superscript letters mean that

values are statistically significant (P < 0.05).
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therefore, the presence of hydrophilic and hydrophobic antioxidants and
prooxidants could influence the lipid peroxidation. As previously dis-
cussed, carotenoids in the AO can act as prooxidants. Moreover, the AO
chlorophyll content (in H-SPE-80, F-SPE-40 and F-SPE-80) was higher
than in the control sample (Table 3), which may have a slight influence
on the oxidative stability of lipids through photosensitization mecha-
nisms [60]. In the present work, total AO chlorophyll content showed a
marginal positive correlation with k. (r = 0.602, p = 0.283).

3.4.2. Propagation phase of lipid peroxidation

The duration of the propagation phase (t,) was less than IP for
control AO and AO extracted by scCO,, except for H-SPE-40 (Table 4).
The t,, value was around 5 h for AO obtained by scCO (Table 4), which
allows for differentiation of the types of oil, as previously reported by
Farhoosh [33]. Moreover, t, showed a positive correlation with O;
(Fig. 3B-a). On the other hand, the maximum rate Rpax, @ measurement
of the rate of formation of hydroperoxide or oxygen uptake in the Oxitest
system, was higher than kjp in our AO samples (Table 3). Moreover, Ryax
showed positive correlation with O; (Fig. 3B-b). This reflects domination
of hydroperoxide decomposition during the initiation phase of lipid
peroxidation, producing reactive radicals for the propagation phase
[34]. Finally, the maximum oxygen uptake, equivalent to the hydro-
peroxide maximum, is different for each AO sample (Table 4), and this is
affected by the rate of hydroperoxide formation (k.) and decomposition
(k) [33].

R, has been reported as a measure of propagation oxidizability,
demonstrating the propensity of the triacylglycerol compositions for
lipid peroxidation [33]. The AO extracted by scCOy showed R, values
1.5- 1.9-fold higher than for the control sample (Table 4). In a similar
way, k. as a measure of oxidizability propagation, also showed a higher
value for AO extracted by scCO; than for control AO (1.4 — 1.9-fold)
(Table 4). A significant positive correlation was found between R; and
k. (Fig. 3B-d) similar to a previous report for vegetable oils [33]. R, and
k. were similar for the AO extracted by scCO; (Table 4). Moreover, the
rate of hydroperoxide decomposition, kq, was lower in the control AO
than in to AO extracted by scCO, (Table 4) and showed a positive cor-
relation with R, and k. (Figs. 3B-e and 3B-f). The formation of hydro-
peroxide (or oxygen uptake) exceeds decomposition (k. >> kq) (Table 4)
in agreement with findings for other vegetable oils [33,34].

4. Conclusion

The kinetics of avocado oil extraction from Fuerte and Hass avocado
varieties by scCOs fits the logistic model well. The extraction of AO by
scCO; influences the physicochemical, bioactive compounds, fatty acid
composition, antioxidant capacity and oxidative stability of the oil.
Thus, total phenolic content of AO extracted by scCO, was lower than in
control sample, except for F-SPE-80. A higher total carotenoid and
chlorophyll content was found in AO extracted by scCO2, which is
associated with the hue angle h° and a* color parameters. The MUFA
content, (the MUFA/SFA ratio only of F-SPE-80) and the
(MUFA-+PUFA)/SFA value were higher in AO extracted by scCO3 than in
control AO. TEAC antioxidant capacity was higher in F-SPE-80 and H-
SPE-80 than in control AO. Finally, the oxidative stability under accel-
erated conditions using an Oxitest system, reflected by initiation and
propagation kinetic parameters, showed that AO extracted by scCO; is
more susceptible to lipid oxidation. Therefore, appropriate storage and
packaging conditions must be used to guarantee the shelf life of the
gourmet AO obtained by green technology.
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