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The supercritical carbon dioxide extraction of lyophilized berries of Aristotelia
chilensis (Mol.) Stuntz was studied as possible pre-treatment for enhanced anthocyanin
recovery. Effect of pressure, temperature, and process time on the extracted oil yields and
on the anthocyanins recovery in the pre-treated fractions were considered. The operating
parameters were optimized using the central composite design, and extractions were run
in the pressure, temperature, and time ranges of 99.6 to 200.4 bar, 36.6 to 53.4 °C, and
0.7-2.3 h. The successive multiple regression analysis indicated pressure and time as
major influencing parameters on the extraction yield. Those parameters induced no clear
changes in the fatty acid composition of almost all the extracted oils, obtaining an aver-
age linoleic acid amount between 35-44 % weight in the lipophilic fractions. Standard-
ized methanol extractions demonstrated the influence of the different conditions in the
SCO, pre-treatment processes, resulting in extracted anthocyanin increments ranging

from 9 to 26 %.
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Introduction

In the general classification system of the veg-
etable kingdom, the Aristotelia chilensis (Mol.)
Stuntz is a 3—4 meters high evergreen bush, native
to Chile as well as western Argentina (Patagonian
region), commonly called Maqui, which belongs to
the Elaeocarpaceae family. This dioecious plant
produces small edible purple/black berries, with a
diameter of 4-6 mm, that are eaten fresh or used for
juice or jams: they ripen from December to January,
the summer season in the southern hemisphere, and
have a taste similar to blackberries. The Aristotelia
chilensis was classified for the first time in 1844 by
Claude Gay, a French botanist and naturalist, in his
major work “Physical Atlas of History and Politics
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of Chile”. Maqui is the Mapuche indigenous name
of Aristotelia chilensis: the local Mapuche people
have known for centuries the remarkable properties
of the Maqui berry, which was used both for energy
and as a remedy for dysentery, whereas the leaves
were used to treat wounds. The Maqui berries con-
tain more polyphenols, in particular the flavonoid
subgroup called anthocyanins, than any other known
berry. Anthocyanins are responsible for the very dark
purple color of the Maqui berries, as they are for the
color of red wine. Maqui cultivations exist also in
Spain and in the more humid parts of Great Britain.
An interesting study reports how the polyphenol
and anthocyanin concentrations of the Maqui fruit
are associated with different ripening stages'.

In literature, many authors confirm the rich
phenolic content and the high antioxidant capacity
of the Aristotelia chilensis fruits. They indicate that
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Magqui consumption related to health benefits such
as anti-diabetic, anti-inflammatory effects, and car-
dioprotective activities*®.

Generally, the isolation of natural compounds
with functional properties from natural substrates is
a very crucial step. Since these active compounds
are present in low concentrations, in literature, sev-
eral works have aimed toward the development of
more effective and selective extraction methods
from raw materials. Extraction processes are essen-
tial in the preparation of food additives, nutraceuti-
cals, pharmaceuticals, cosmetic products, and so on.
Supercritical fluid extraction (SFE) could be a
“green” alternative to the conventional organic sol-
vent extraction of these compounds, being the SFE
fast, selective, and producing extracts free of resid-
ual solvents®!°,

Supercritical fluids have solvating properties
that are similar to organic solvents, but with lower
viscosity and higher diffusivity rates. That is to say,
supercritical fluids have better transport properties
than conventional organic solvents, and can easily
diffuse through materials, thereby improving the
extraction efficiency and yield.

The main disadvantages of SFE are the high-en-
ergy cost and the complex configuration of the sys-
tem, requiring high costs and the need for properly
trained personnel to prepare and monitor the ex-
traction'.

It is well known that supercritical carbon diox-
ide (SCO,) is the ideal solvent for the extraction of
non-polar materials, such as lipids'®, because its low
critical conditions and GRAS (Generally Recog-
nized As Safe) status. For this reason, pure CO, is
not usually employed for the extraction of hydro-
philic phenolic compounds: several experimental
articles are reported concerning the use of small
amount of a polar co-solvent to increase the ex-

traction power of the carbon dioxide'>'.

The most studied entrainers in the SFE ex-
traction of phenolic compounds are methanol and
ethanol, preferring the latter for applications in food
and pharmaceuticals>"*. Nevertheless, pure SCO,
can be used, in pre-treatment processes, for the re-
moval of lipophilic compounds of natural raw mate-
rials, giving a higher accessibility to the hydrophilic
polyphenol for further extraction steps'>%.

In this work, the enhanced recovery of antho-
cyanins, after SCO, fatty acids extraction from lyo-
philized Maqui berries, is verified by standardized
extraction with methanol solutions.

During supercritical CO, extraction, the effect
of different extraction factors like pressure, tem-
perature, and time on the yield and quality of the oil
and raffinate fractions was also analyzed.

Operating parameters of SCO, were optimized
using a central composite design.

Materials and methods

Materials

Lyophilized Chilean Maqui berries were pro-
vided in packages of 125 g by Nutrisslim (Vrhnika
— Slovenia), CO, (99 % purity) was purchased from
SIAD (Trieste — Italy). Methylpendatecanoate, di-
chloromethane, sulfuric acid, methanol, ethanol,
n-hexane, diethyl ether, potassium chloride, hydro-
chloric acid, sodium acetate, sodium sulfate of ana-
lytical grade were provided by Sigma Aldrich.

Methods
Material preparation

Due to the non-homogeneity of the starting ma-
terial, the eight packages of lyophilized Maqui ber-
ries (about 1000 g) were mixed. The material was
then kept in the dark, in order to avoid any possible
degradation.

Supercritical CO, extraction

The extraction process was operated using a
continuous flow apparatus described previously?
and reported in Fig. 1. The extraction of the sam-
ples with SCO, was conducted on a heated Separex
SFE 20 system, equipped with a Lewa EKM210V1
high-pressure pump, and maintained at predeter-
mined pressure by a Tescom 26—1000 valve (BPR1
of Fig. 1). In each experiment, about 15 g of lyo-
philized Maqui berries were loaded into a 100 cm’
stainless steel extraction vessel. During the ex-
traction process, every sample was soaked in SCO,
for 30 min, and then extracted with a flow of 2
L min!, measured by a wet gas-meter at room con-
ditions. The extract was recovered in a collecting
chamber at 50 bar (by needle valve BPR2), to avoid
the volatilization of the more volatile substances. At
the end, each extract was accurately collected and
weighed using a balance (Sartorius BP3100 S) after
a gradual and slow CO, release. Maqui oil yields
were then calculated using the following equation:

¥ (%) = weight of the extracted oil 100 (1)

starting material weight

Extraction optimization: RSM and DoE

Response surface methodology (RSM) is a
group of mathematical and statistical techniques for
empirical model building: the purpose is to opti-
mize an output variable (response) affected by dif-
ferent input variables (independent variables). An
experiment is a sequence of runs, in which indepen-
dent variables changes are carried out to recognize
the reasons for the variations in the output response.
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Fig. 1| — SFE system: V, = on-off valves; BPRi = back-pressure regulators

The relationship between a response of interest,
Y, and a number of input variables X, X, , , , , X,,
is usually unknown: the first step in RSM is to find
an approximate explicit functional relation between
input variables and output response through regres-
sion analysis for the range of expected variation in
the input parameters?'. A commonly used form is a

second-order polynomial model**?.

k k
Y=a,+ Zalxi + Zah.xf + ZZaUx,xj +¢& (2)
i=1 i=1 i<j
where e represents noise or error (such as measure-
ment error) observed in the response Y. Eq. 2 is the
polynomial equation used in this work to determine
the Maqui oil content yield (¥) as a function of
three independent variables, pressure (X)), tempera-
ture (X)), and time (X,).

A very important aspect of RSM is the design
of DoE experiments?. The DoE objective is the se-
lection of the runs in which the response should be
calculated: different experiment design can have a
significant influence on the accuracy of the approx-
imation of creating the response surface®.

The most popular design for fitting a sec-
ond-order model is the Central Composite Design
(CCD).

In this study, a five-level central composite ro-
tatable design, with k (= 3) factors (P, T and ¢), re-
quiring 19 runs, was used.

The levels of independent variables P, T and ¢,
used in this experiment, were determined based on
pre-experiments: the operating conditions are re-
ported in Table 1. The extractions were run in the
pressure, temperature, and time ranges of 99.6 to
200.4 bar, 36.6 to 53.4 °C and 0.7 — 2.3 h, respec-
tively.

The CCD was structured in 8 (2k) experimental
points and 6 (2k) star points (extreme values), with
an axial distance of 1.6818 (o = 2¥*) to allow the
estimation of the curvature. The central point of the
design, at 150 bar, 45 °C and 1.5 h, was then repli-
cated 5 times for the determination of the experi-
mental error®.

By regression analysis of the experimental
yields it is possible to evaluate the fitted model and
ensure that it provides a good approximation of the
true system, obtaining a probability plot along a
straight line and a computed value of the correlation
coefficient R* close to 1. Once more, it is possible
to evaluate the linear effect of variables as well as
their quadratic and interaction effects using the Stu-
dent’s ‘t’ test and the p-value method. The regres-
sion analysis was performed with Matlab R2020a.

Extracted oil analysis

GC-MS analyses of extracted oils were execut-
ed with a Varian 3800 gas chromatograph, equipped
with auto-sampler (model 9800) and a Saturn 2100
Ion Trap Mass spectrometer. Mobile phase was he-
lium with an ion trap temperature of 210 °C. Injec-
tor was set at 220 °C, and mass spectra were ac-
quired in the range 40—-650 Da. Fatty Acid Methyl

Table 1 — Operating conditions in Maqui berries extractions

Inj;gzgfe esnt Coded levels
-1.6818 -1 0 1 1.6818
X,: P [bar] 99.6 120.0 150.0 180.0 200.4
X,: T[°C] 36.6 400 450 50.0 534
X t[h] 0.7 1.0 1.5 2.0 2.3
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Esters (FAME) were prepared from extracted oils
with the protocol of Indarti et al.* with a few mod-
ifications. Triplicate oil samples of 50 mg, placed in
round bottomed flasks, were accurately weighed
using a balance (Mettler Toledo Classic AB204-S).
Methylpendatecanoate solution in hexane (10
mg mL™') was introduced as internal standard.
Dichloromethane, methanol, and sulfuric acid
(10:30:0.5 v/v) were then added, and the mixture
was refluxed for 30 minutes. The resulting liquid
was transferred to flasks kept in an ice bath contain-
ing water and diethyl ether. Flasks were vigorously
shaken and the upper layer was collected, dried on
anhydrous sodium sulfate, and used for GC-MS
analysis. Agilent HP-88 (0.25 x 60 m) and HP-5
(0.25 x 30 m) columns were used for fatty acid as-
says. For quantitative purposes, calibration curves
were obtained using methylpentadecanoate as inter-
nal standard. Identification of fatty acids was
achieved by standard references compounds and by
comparison of the MS spectra obtained with NIST
2012 library of the instrument.

Anthocyanin accessibility in original and pre-treated
powders

Through a standard extraction method with
methanol?, the extracted amounts of anthocyanins in
the original lyophilized Maqui (OLM) berries and
in pre-treated powders with SCO, were compared.

An amount of 0.5 g of Maqui powder was ex-
tracted with 30 mL of acidified (0.1 % HCI) metha-
nol (80 % aqueous solution) for 60 minutes under
stirring. The mixture was then centrifuged for 10
minutes at 3000 rpm. The liquid fraction was col-
lected and a second extraction was repeated on the
solid residue. Subsequently, the two liquid fractions
were combined and concentrated with the Ro-
tavapor up to a final volume of 25 mL.

The solutions anthocyanin contents were then
determined by the pH differential method***® using
a spectrophotometer UV/Vis (Agilent Technologies
Cary 60 UV/Vis). The absorbance of the methanol
solutions was measured at 520 and 700 nm in pH
1.0 and 4.5 buffers, respectively, using the follow-
ing formula:

A= (Am - Amo)pH 1.0 = (4sy — 4,p0) pH4AS5  (3)
The results were expressed as mg of cyanidin-
3-glucoside equivalent (Cyan-3-gluc) per gram of
powder.
Cyan-3-gluc = (A-MW -DF-10%) /(&) (4)
with:
A = absorbance;
MW (Cyan-3-gluc molecular weight) = 449.2 g mol™;
DF = dilution factor [L];
& (cyan-3-gluc molar absorptivity) = 26900 L mol ™' cm;
[ = optical path [cm].

Results and discussion

Supercritical extraction optimization:
Maqui oil yields

In Table 2, the planned run conditions and the
obtained Aristotelia chilensis (Mol.) Stuntz oil
yields (see eq. 1) are reported. The runs were per-
formed in random order.

Analysis by multiple regression was performed
using the experimental yields of Table 2 to fit eq. 2,
and to identify the variable coefficients and the lin-
ear effect of variables, as well as their quadratic and
interaction effects using the Student’s ‘t’ test and
p-values. A small p value (typically < 0.05) indi-
cates significant model terms.

All the independent operating conditions, pres-
sure (p = 1.48-107), temperature (p = 2.64-1073),
and time (p = 2.31:10*), has a significant linear ef-
fect on the yield, whereas both linear and quadratic
effects were less important with p values greater
than 0.05. In addition, with a calculated value of
Student’s ‘t” of 1.833, the variation of the yield
seemed to be slightly temperature-dependent.

Table 2 — Planned runs and obtained Maqui oil yields

Runs Factor 1 A: | Factor 2 B: | Factor 3 | Y oil yield

P (bar) T (°C) C:t(h) (%)
1 150.0 45.0 1.5 5.29
2 150.0 45.0 1.5 6.26
3 150.0 45.0 2.3 9.37
4 150.0 45.0 0.7 3.93
5 150.0 45.0 1.5 5.07
6 99.6 45.0 1.5 1.99
7 200.4 45.0 1.5 13.16
8 150.0 45.0 1.5 6.34
9 180.0 40.0 1.0 9.05
10 180.0 40.0 2.0 12.57
11 180.0 50.0 2.0 11.71
12 180.0 50.0 1.0 7.74
13 120.0 40.0 2.0 4.71
14 120.0 40.0 1.0 3.14
15 120.0 50.0 2.0 2.89
16 120.0 50.0 1.0 1.99
17 150.0 36.6 1.5 8.75
18 150.0 45.0 1.5 6.77
19 150.0 53.4 1.5 3.88
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By fitting eq. 2, the following equation was obtained:
Y=643 +345-X -098 - X, +1.39 - X, + 0.1 - X X, +0.63 - X X, 5)

~0.027- X, X, +4.07x10° - X? —3.91-10°- X7 +7.96-10° - X7

where significant coefficients are reported in bold.

In Fig. 2, the goodness of fit (GOF) is reported:
the R? value of 0.968 indicates that about the 97 %
of the variability in oil extract yield can be satisfied
by this equation.

In Fig. 3, the response surfaces of Maqui oil
extract yields, generated by equation 5 are reported.
The obtained surfaces indicate a yield extraction en-
hancement for pressure and time increases, while
the yield variation seems to be only slightly tem-
perature-dependent. This phenomenon is in accor-
dance with the literature®.

Composition of the Maqui supercritical oil extracts

In Table 3, the fatty acid compositions in SCO,
extracted oils, obtained by GC-MS analysis, with
Standard Deviations lower than + 3 % are reported.

16

The linoleic acid is the most quantitatively present
component in almost all extracts (35 to 44 weight
%), followed by the oleic acid (32 to 39 %). The
results are in agreement with those reported by the
study of Tahvonen et al.’’, which describes the lin-
oleic acid (46.31 %) as the main component of the
Magqui dried berries, followed by the oleic acid
(33.28 %). The same study highlights also the pres-
ence of the tetradecanoic acid (myristic acid). The
latter was found also in the SCO, extracted oils
with an average concentration of 1.3 %: only in
runs 15 and 16 (120 bar, 50 °C, 2 and 1 h) it reached
a concentration over 2 % (2.1 and 4.5 %, respec-
tively). The myristic acid is a saturated fatty acid
and its occurrence is negative because it is poten-
tially harmful, contributing to inflammation, elevat-
ed lipids, atherogenesis and vascular disease. Also,
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Table 3 — Fatty acid amounts (weight %) in SCO, extracted

Table 4 — Effect of SCO, pre-treating extraction on anthocy-
anin content in methanol solutions

oils

Run Myr%stic Palmitic l:g};?l_ Stegric Ole}c Linqleic Linolpnic

acid acid acid acid |acid| acid acid
1 1.73 1431 140 1.61 36.14 4294  1.88
2 155 13.68 0.65 3.03 37.76 40.72  2.61
3 124 12.60  0.56 296 37.13 4320 2.30
4 136 13.80 0.65 2.85 36.35 4286 2.14
5 122 1278 ND  2.61 37.76 43.83 1.79
6 434 13.77 045 289 32.80 43.43 232
7 118 1248 0.62 2.85 37.16 44.01 1.70
g8 1.14 11.86 049 294 38.02 43.62 1.92
9 1.06 11.85 044 272 37.50 44.62  1.81
10 0.89 11.40  0.67 2.88 38.67 44.13 1.35
11 0.84 10.85 0.69 3.05 38.53 44.45 1.59
12 0.85 1135 0.71 1.88 39.70 43.82  1.68
13 137 1339  0.76 2.74 37.18 4250  2.07
14 1.86 16.87 532 4.18 26.05 3420 11.52
15 230 1693 290 3.00 27.71 3791 9.25
16 8.84 1799 870 0.00 19.73 26.05 18.70
17 1.25 12.63  0.52 277 36.27 4439  2.17
18 1.37 1299 059 2.80 36.81 43.54 1.90
19 1.16 1243 0.81 2.65 36.84 4448  1.62

| Anthocyanin

Runs | P (bar) | 7(°C) [#(h)| mgg increase (%)

OLM 9.70 £ 0.22
150.0 45.0 1.5 11.54+£0.30 18.97

Ju—

2 150.0 45.0 1.5 11.52+0.11 18.76
3 150.0 45.0 23 12.23+0.23 26.08
4 150.0 45.0 0.7 11.18 £0.17 15.26
5 150.0 45.0 1.5 11.35+0.20 17.01
6 99.6 45.0 1.5 10.57 £0.31 8.97
7 200.4 45.0 1.5 12.01 £0.13 23.81
8 150.0 45.0 1.5 11.51+£0.18 18.66
9 180.0 40.0 1.0 11.04 +0.17 14.12
10 180.0 40.0 20 11.40+0.19 17.53
11 180.0 50.0 2.0 11.48+0.21 18.35
12 180.0 50.0 1.0 11.21+0.31 15.57
13 120.0 40.0 20 11.15+0.19 14.95
14 120.0 40.0 1.0 10.71 +£0.35 10.41
15 120.0 50.0 2.0 11.83+0.21 21.96
16 120.0 50.0 1.0 10.82+£0.30 11.55
17 150.0 36.6 1.5 10.73 +£0.27 10.62
18 150.0 45.0 1.5 11.41+0.10 17.63
19 150.0 534 1.5 11.69 £0.19 20.52

given that more experimental data would be needed
to give a final conclusion, to avoid massive ex-
traction of this component, it would seem appropri-
ate to operate at pressures above 120 bar and tem-
peratures below 50 °C.

Enhanced anthocyanin recovery in pre-treated Maqui
powders

Table 4 illustrates the effect of the SCO,
pre-treating conditions on the anthocyanin content
in the methanol solutions. The results represent the
average of five separate measurements and are re-
ported with own standard deviation.

The data, in mg g', were compared with those
obtained from the methanol extraction of the origi-
nal lyophilized Maqui powder, having the value of
9.27 (£0.22) mg g

In all the solutions of pre-treated powders there
was an enhanced anthocyanin content respect OLM:
this amount is also related to the different values of
P, T, and time of the SCO, pre-treatments.

The replicate CCD central point (run 1, 2, 5,
8, 18), at 150 bar, 45 °C, and 1.5 h, shows an aver-

age increase in the anthocyanin content of over
18 %.

At the same, 7T and ¢, at lower pressure of 99.6
bar (run 6), the anthocyanin content decreased to a
positive 8.97 % respect the OLM value, whereas at
200.4 bar (run 7), the content increased up to about
24 %.

Similar increasing functions are reported by 7
and ¢ also if the temperature effect seemed to be less
important, as shown by runs (9-12), (10-11), and
(14-16), in which differences of 10 °C (from 40 to
50 °C), at the same P and ¢ values, give an anthocy-
anin improvement of maximum 1 %.

Comparable behavior also at 53.4 °C, run (19)
at 150 bar, and 1.5 h, with an increase of about 2 %
respect the average value at 45 °C. Only run (17),
again at 150 bar and 1.5 h, with a temperature
of 36.6 °C showed an anthocyanin decrease of over
8 % respect the replicate central point.

Despite the small number of experimental data,
it is thus possible to certify the influence of the
pre-treatment with SCO, in obtaining greater acces-
sibility of the anthocyanins for a subsequent ex-
traction process.
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Conclusions

This paper reports the supercritical carbon di-
oxide extraction of Aristotelia chilensis (Mol.)
Stuntz berries as possible pre-treatment for en-
hanced anthocyanin recovery.

The experimental parameters, pressure, tem-
perature, and process time of the supercritical ex-
traction were optimized using a central composite
design. The 19 runs of the design indicated the best
yield of over 13 %, at 200 bar, 45 °C, and 1.5 h, and
pressure and process time as the parameters with
the greatest effect on the yield variation.

Quantitative analysis of the fatty acids in al-
most all the extracted oils showed the prevalence of
linoleic acid, from 35 to 44 %, and of oleic acid
from 32 to 39 % in the lipophilic fractions.

Anthocyanin extractions with methanol attest
the influence of the different P, 7, and ¢ conditions
of the pre-treatment processes with SCO,. Again,
pressure and process time are the parameters with
the greatest effect on the extracted anthocyanins,
obtaining their maximum increase, respect the
amount extracted from the original lyophilized Ma-
qui powder, of about 24 % at 200.4 bar, 45 °C and
23 h.
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