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Abstract

This study provides an efficient alternative by extracting bioactive compounds from Haematococcus pluvialis via matrix
solid-phase dispersion (MSPD) from its wet form, reducing one of the process steps with the greatest economic impact, the
drying of the microalga. To obtain a suitable extract for nutraceutical purposes, solvents with the generally recognised as safe
(GRAS) designation (ethanol, ethyl lactate, and ethyl acetate) with limitations of use (acetone) and extractants with higher
toxicity such as methanol and methyl-tert-butyl ether (MTBE) are contrasted. Through the optimisation of the extractive
process, ethanol, a GRAS solvent, presents the best overall recovery for carotenoid compounds and fatty acids, showing an
antioxidant activity of 1.58 mmolTE g~! DW, comparable to its synthetic alternative of petrochemical origin without the
drawback of having limitations in its food use. In addition, the identification of the phenolic compounds, phloroglucinol,
p-coumaric acid, gallic acid, and catechin, not previously characterised in red stage H. pluvialis, provides a response to the
phenolic activity present in the extract (24.65 mmolGAE g~! DW). Comparison of the extractive efficiency obtained with
the main methods for the extraction of carotenoids and fatty acids in H. pluvialis, in contrast to the proposed method, shows
a positive feasibility of this approach.
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Introduction

About 95% of the astaxanthin produced worldwide is the
result of synthetic production (Jannel et al. 2020), which,
although it has proven not to be as beneficial as its natu-
ral counterpart, its low manufacturing costs in relation to
extraction from Haematococcus pluvialis have made it
the preferred route to produce this carotenoid (Panis and
Carreon 2016). Accordingly, the optimisation of extrac-
tion methods for maximum astaxanthin recovery from H.
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pluvialis has become one of the main objectives dealing with
this microalga (Mularczyk et al. 2020). The current indus-
trial process generally follows a two-stage approach, where
green vegetative cells and astaxanthin-rich aplanospores are
separately produced. The separation of both stages allows
precise optimisation towards enhancing cell growth in the
former and boosting astaxanthin synthesis in the latter. The
use of optimised growth media that promote cell division in
a harmonious environment is nowadays a common practice,
whilst subjecting the culture to conditions that completely
hinder or diminish cellular growth is used to trigger astaxan-
thin accumulation (Fabregas et al. 2000). Amongst the latter,
nitrogen starvation and a high irradiance may be used in
combination yielding high astaxanthin contents (Pereira and
Otero. 2020). Once cultivation ends, H. pluvialis biomass
may be recovered in the form of a de-watered concentrated
paste by centrifugation. The microalgal paste may be then
disrupted and dried, which improves final extraction effi-
ciency (Lorenz and Cysewski. 2000).

The optimisation of the industrial production of astax-
anthin has been mainly focused on improving carotenogen-
esis during the red stage, modifying the culture conditions
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to obtain a microalga loaded with as much astaxanthin as
possible. In fact, over the last 30 years, studies based on
this microalga have optimised the culture conditions to
obtain a biomass with 2—-6% (w/w) of astaxanthin, which
seems to be the upper limit for this species (Do et al. 2016).
Once the biological capacity of H. pluvialis to synthesise
this carotenoid has been depleted, other approaches aim
to increase astaxanthin production by modifying the last
extractive step.

A limited extractive availability of this carotenoid astax-
anthin contained in H. pluvialis, due to a strong, thick, and
rigid cell wall present in its aplanospore stage, is a char-
acteristic hindrance in this alga (Ye et al. 2020). Conven-
tional techniques, such as Soxhlet extraction (Irshad et al.
2019a), have been used to penetrate the cell, but drawbacks
that include long extraction times, high temperatures, and
toxic solvents turn it into a costly alternative and difficult
to apply in the nutraceutical field (Chen et al. 2020). Green
solutions such as microwave-assisted extraction (MAE) has
been used for the extraction of astaxanthin from H. pluvialis
(Ruen-ngam et al. 2011). Although it has the advantage of
working with wet samples, paradoxically it requires large
volumes of solvent in relation to the sample (100:1 acetic
ether) as well as temperatures above 40 °C, obtaining 0.8%
DW as the highest average recovery, a low yield consider-
ing that astaxanthin is 6% of the cells (Kapoore et al. 2018).
Similar problems are found with ultrasound-assisted extrac-
tion (UAE) or supercritical fluid extraction (SFE), in which
the temperatures required for cell disruption generate signifi-
cant effects on the stability of carotenoid compounds (Zhao
et al. 2006). Thus, these approaches face a complex trade-
off between disruption efficiency and energy consumption,
resulting in complex scaling, such as the balance between
optimal operating conditions and extract integrity (Kapoore
et al. 2018).

To improve the extraction efficiency of traditional meth-
ods, it is indispensable to apply a preliminary drying of the
biomass, which is one of the costliest steps in the extrac-
tion process (Shah et al. 2016). In highly sophisticated pro-
ductions, spray drying or lyophilisation is used with barely
any impact on the quality of the product (Stramarkou et al.
2017). Less sophisticated drying methods, such as solar dry-
ing, may reduce cost of this process step. However, such
techniques may compromise the integrity of the carotenoid
compound (Molina et al. 2003). There are currently no
industrial methods that bypass these procedures due to the
single focus on obtaining astaxanthin, which, for refining,
requires the removal of moisture in the paste (Ahmed et al.
2015).

A pioneering proposal has focused on the extraction of
wet H. pluvialis from the microalgae in its red stage using
dimethylaminocyclohexane (DMCHA) as the extractive
solvent, obtaining significant yields (Huang et al. 2018).
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In contrast, due to the toxicity of DMCHA, the extract
generated, although promising, is incompatible with a
nutraceutical purpose. On the other hand, different per-
spectives have been given to H. pluvialis understanding
the microalga as a whole, thus assessing its quality not
only for its content of this high-value carotenoid, but
also as a source of fatty acids, carbohydrates, and pro-
teins (Cerdn et al. 2007). Therefore, a direct, scalable, and
energy-efficient method to extract bioactive compounds
from wet microalgal paste avoiding biomass pre-treatment
or subsequent volatilisation of the extractant would be an
attractive approach.

A simple technique directly applicable to semi-solid,
solid, and viscous samples is matrix solid-phase disper-
sion. MSPD was first introduced by Barker et al. (1989) as
a process for sample preparation, having the advantage of
combining maceration, extraction, and filtration in a single
process, eliminating centrifugation, drying, and separation
steps. This extractive technique incorporates micro-milling
through selected disruptive media capable of conferring
disruption at the cellular level. In turn, it has a desiccant
effect that provides homogeneous chromatographic pack-
ing, improving the interactions between the extractive mix-
ture and the extracting solvent, creating a clean and efficient
extract, outperforming conventional milling and extraction
techniques. Based on these guidelines, Lores et al. (2016)
developed and patented a scalable extractive approach,
referred to as MSAT (Medium Scale Ambient Temperature
systems) for obtaining bioactive extracts at pilot scale. Its
applicability on an industrial scale was subsequently dem-
onstrated (Gato et al. 2021; Rama et al. 2021) processing
biomasses with a moisture content up to 90% without prior
pre-treatment and obtaining high yields. The development of
the technique and its applications faithfully comply with the
principles of green chemistry (Anastas and Warner 1998).

The application of MSPD in the field of microalgae has
been limited, being reported for the first time to obtain
bioactive compounds in the marine species Isochrysis
zhangjiangensis and Nannochloropsis oculata; using small
amounts of solvent, recoveries, reproducibility, and extrac-
tions comparable to techniques such as ultrasound-assisted
extraction were achieved (Jin et al. 2019). Meanwhile, the
first application to freshwater microalgae was using H. plu-
vialis in its lyophilised state, efficiently obtaining a variety
of bioactive compounds (Castillo et al. 2020). The response
of this approach was evaluated by comparison with indus-
trial disruptive systems, showing a 20% improvement in the
recovery of the main carotenoid compounds astaxanthin,
lutein, zeaxanthin, and f-carotene. At the same time, the
addition of water to various extractants was proved to give
better results in the recovery of amphipathic fatty chains of
the omega-3 and omega-6 groups than pure solvents. In this
way, the idea of using the original own moisture contained in
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the microalgae is attractive, eliminating the drying processes
and its contradictory subsequent hydration.

Thus, the aim of this research is to obtain an extract rich
in bioactive compounds from H. pluvialis red aplanospores,
without the use of a previous drying step, starting directly
from its raw wet form. The extractive efficiency is analysed
by contrasting it with specific methodologies for obtaining
fatty acids and carotenoids from lyophilised microalgae.
Moreover, the antioxidant activity and polyphenolic content
are evaluated, as well as the characterisation of the com-
pounds responsible for these activities, to obtain the whole
bioactive profile of the generated extract.

Materials and methods
Chemicals and reagents

The standards used for the identification and quantification
of the main bioactive compounds contained in Haematococ-
cus pluvialis (carotenoids, fatty acids, carbohydrates, and
polyphenols) with their CAS numbers, purity, and suppli-
ers are summarised in Supplementary Table S1. MS grade
ultrapure water, ethanol, ethyl lactate, ethyl acetate, acetone,
methanol, methyl-tert-butyl ether (MTBE), and dimethylfor-
mamide (DMF) were purchased from Scharlab (Barcelona,
Spain).

Individual stock solutions of each carotenoid were pre-
pared in DMF according to the supplier’s recommendations.
Additional dilutions were prepared in ethanol for method
calibration, characterisation, and quantification, as this sol-
vent was used for the recovery assays. Apocarotenal, sup-
plied by Dr. Ehrenstorfer (Augsburg, Germany), was used
as internal standard. For the quantification of fatty acids and
polyphenols, standards were prepared in ethanol, using nona-
decanoic acid supplied by Tokyo Chemical Industry (Tokyo,

Fig. 1 MSPD extractive pro-
cedure for wet Haematococcus
pluvialis red aplanospore

H. pluvialis
wet paste

Disruptive
agent

Japan) and quercetin supplied by Sigma-Aldrich Chemie
GmbH (SIGMA), respectively, as internal standard. For
carbohydrate identification, standards were diluted in water
and further diluted in ethanol. All solutions were stored in
amber glass vials and protected from light at—20 °C. All
solvents and reagents were of analytical grade.

Red stage Haematococcus pluvialis biomass

Haematococcus pluvialis red aplanospore in paste form were
recovered from an industrial scale production after 7 days
of cultivation under inductive conditions of high irradiance
and nitrate starvation. The optimised procurement procedure
is described by Pereira and Otero (2020). In summary, H.
pluvialis cultures were developed in photobioreactors fol-
lowing a two-stage approach. When the green vegetative cul-
ture reached the target density, the culture parameters were
modified to favour the accumulation of astaxanthin. The
astaxanthin-rich microalgal biomass (~5% dry cell weight)
was de-watered by centrifugation to a paste with about 25%
solid content. Then, the paste was stored frozen at—20 °C
to avoid product degradation.

Matrix solid-phase dispersion

The wet H. pluvialis was directly weighed at the different
study sizes, on a mortar. Then, SiO, (50-70 mesh particle
size) (Sigma-Aldrich, Germany) was added as a disrupting
agent at the tested ratio, and it was disrupted for 10 min
under red light. Disruption was carried out using a glazed
porcelain mortar and pistil, to reduce the contact with the
porous material and thus avoiding sample loss. A 20 pm
PTFE frit was put at the bottom of a MSPD polypropylene
cartridge (Fig. 1), as well as 1 g of dispersant. The disrupted
microalgae mixture was then transferred to the cartridge
and compacted with another PTFE frit on the top. Finally,

Solvents

Filter
medium

Fine Filter
(PTFE)
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elution was performed with 5 and 15 mL of the correspond-
ing solvent, depending on the assay. The extraction time was
maintained constant (20 min) by regulating the flow rate
using discharge valve.

Fatty acid recovery

The efficiency of MSPD for the extraction of saturated
(SFA), monosaturated (MUFA), and polyunsaturated
(PUFA) fatty acids was evaluated employing the Bligh and
Dyer method (1959) modified for wall disruption of H. plu-
vialis. Briefly, 30 mg of lyophilised biomass was macerated
in 2 mL of chloroform/methanol (1:2, v/v) and kept 24 h at
4 °C in the absence of light. The biomass was then disrupted
using a homogeniser for 15 min, which incorporates a high-
performance IKA T25 rotor—stator system at 24,000 rpm
in an ice bath, preventing heat generation in the disruptive
process. The supernatant was then decanted and stored. To
ensure complete extraction, 5 mL of extraction mixture was
added to the remaining solid and disrupted again for decant-
ing and storage. Subsequently, 4 mL of Milli-Q water was
added to each extract, and the contents were gently shaken
to remove water-soluble impurities. The tubes were then
centrifuged at 1800 X g for 10 min for bilayer separation.
The lower lipid phase was carefully decanted from the upper
residue and its moisture content removed by addition of 1 g
sodium sulphate. For separation of the sulphate crystals, the
extractive setup performed for MSPD was used, exchang-
ing the filter medium for the sulphate crystals, passing the
extract through it, performing a triple function: drying of
the sample, separation of the desiccant and the extract, and
filtering through a 20-pm PFTE membrane. The lipid extract
solvent was volatilised under an extraction hood. These dried
lipids were then measured gravimetrically.

Carotenoid recovery

To analyse the extractive efficiency of MSPD for the recov-
ery of the main carotenoids in H. pluvialis, it was compared
with the method developed by Kim et al. (2013) for the
extraction of carotenoids from Dunaliella tertiolecta. Due
to the difference in cell wall hardness between H. pluvialis
and D. fertiolecta, the disruptive step was modified by add-
ing mechanical disruption. Initially, 10 mg of lyophilised
H. pluvialis sample was extracted with 1 mL of acetone and
vortexed for 20 s. Cell wall disruption was carried out in the
same way as in the lipid recovery process. The extract was
then centrifuged at 1800 X g for 10 min. The extraction was
repeated four times until the extract became colourless. The
supernatant was then collected and filtered through a 0.22-
pm PTFE membrane. A 0.7 mL aliquot was removed from
the final extract and mixed with 0.2 mL of MiliQ water and
0.7 mL of hexane containing 0.1% w/w BHT. After gentle
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mixing, the top layer of hexane (0.5 mL) was separated and
reconstituted in 0.5 mL ethanol. The procedure was devel-
oped in triplicate in a dry environment under red light to
avoid possible degradation of the extracts.

UHPLC-QToF analysis (untargeted characterisation
and fatty acids, carbohydrates, and polyphenols
quantification)

For the initial analysis of carotenoid compounds, fatty
acids, and carbohydrates, the obtained extracts were stored
at—20 °C in their respective solvents, adding 0.1% w /w
BHT to avoid degradation. In turn, for the targeted quantifi-
cation of the dried lipids obtained from the recovery study,
the extracts were volatilised under a N, stream and recon-
stituted in 500 pL of ethanol. For the characterisation and
subsequent quantification of the polyphenols contained in
the ethanolic extract of H. pluvialis via MSPD, and for all
extracts analysed via UHPLC-QTOF, a previous filtration
through 0.22-um PTFE filters was performed.

Calibration standards for fatty acids and carbohydrates
were prepared in ethanol covering a concentration range
with six levels (0.1; 0.3; 0.5; 1; 3; 5 mg LY. For the poly-
phenolic study, lower concentration ranges were injected,
with 8 levels (0.01; 0.03; 0.05; 0.1; 0.3; 0.5; 1; 3 mg L_l).
Each level was injected at least three times. The method
showed a directly proportional relationship between the
concentration of each compound and the chromatographic
response, obtaining coefficients of determination (R?) higher
than 0.992 in all cases, (Supplementary Figure S1). The
quantification of the real samples was carried out by external
calibration using stock solutions of the compounds studied
in ethanol. The corresponding internal standards were added
to the calibration standards and samples to correct for pos-
sible analytical variability. In all cases, the chromatographic
response was equivalent in the spiked samples as well as in
the real samples and in the calibration curve. Therefore, it
was used as an additional measure to control the procedure,
but no correction of the internal standard (IS) was necessary.

Based on the chromatographic protocol described by
Otero et al. (2017) focused on lipid quantification of H.
pluvialis, modifications were made for the combined
untargeted characterisation and subsequent targeted analy-
sis (fatty acids, carbohydrates, and polyphenols). An Elute
UHPLC 1300 coupled to a quadrupole time-of-flight mass
spectrometry (QToF) Compact Instrument (Bruker Dalton-
ics, Germany) was used. An Intensity Solo HPLC column
C18 (2.0 pm, 100 mm X 2.1 mm) obtained from Bruker
Daltonics was employed. The column temperature was set
at 40 °C, and the injection volume was 2 pL. The mobile
phases were constituted by A (water) and B (ethanol), both
containing 0.1% of formic acid. The gradient starts at 95%
(A) for 0.4 min, then increased up to 65% (A) in 0.1 min,
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and to 100% (B) in 7 min (held 5 min). The flow rate was
0.25 mL min~!, and the total run time was 15 min. The
nebuliser pressure and temperature were set at 2 bar and
325 °C, respectively. The dry gas flow rate was set at 5 L
min~!. Acquisition was done in the range m/z 10—-1000 in
negative and positive ionisation, showing the standards
analysed in Supplementary Table S2.

For the identification of compounds by untargeted
analysis, the computational package SmartFormula
contained in the MetaboScape Version 4.0.4 (Build 19)
analysis software was used. This tool provides the char-
acterisation of analytes generated by fragmentation via
UHPLC-QToF through comparison with the exact mass
and isotopic profile of each compound. For the predic-
tion of the molecular formula of the compounds, the
compound crawler tool is used and corroborated by their
structural stability with the MetFrag software, which
combines the analysis of the in silico fragmentation of
the possible candidates with the search in the main data-
bases (ChemSpider, ChEBI, PubChem) of online chemi-
cal structures.

HPLC-DAD analysis (carotenoids)

For the quantification of the carotenoids present in the
extracts, as the recovery study, a filtration process was
carried out using a 0.22-pm PTFE membrane. Carotenoid
standards were prepared in ethanol covering a concentra-
tion range with five levels (0.5, 1, 5, 10, 20 mg L‘l). The
same analytical rigour of the HPLC-DAD study was fol-
lowed for the characterisation and quantification of the
carotenoid compounds via UHPLC-QTOF. Coefficients of
determination (R?) higher than 0.991 were obtained in all
cases and are reported in Supplementary Figure S2. Quan-
tification of the real samples was performed by external
calibration using standard solutions of the studied com-
pounds in ethanol, starting from a stock solution in DMF.
Internal standard correction (apocarotenal) was used as an
additional measure to control the procedure, but correction
was not necessary.

A Jasco AS-4100 chromatographic equipment consisted
of an AS-4150 autosampler coupled to a PU-4180 quater-
nary pump and an MD-4010 PDA detector was employed.
The separation was conducted on a Kinetex C18 column
(4.6 mm X 150 mm, 5 pm) (Phenomenex, USA). The col-
umn temperature was set at 30 °C, and the injection vol-
ume was 5 pL. The mobile phases were water (A) and
methanol (B), both containing 1% of formic acid The flow
rate was 1 mL min~!, starting with 80% of B, increasing
progressively until 100% B in 10 min. The total run time
was 25 min.

Determination of total polyphenolicindex

The Folin-Ciocalteu assay was used to determine the total
polyphenolic index of the extracts (Singleton and Rossi
1965). Briefly, a total of 5 mL of diluted extract (with a
dilution factor of 40 in MiliQ water) was mixed with 100
pL of Folin-Ciocalteu reagent and shaken. Then, 1 mL of
a concentrated solution of sodium carbonate 20% (w/v)
prepared in ultrapure water was added. The solution was
vortexed and isolated from light for 30 min. Then, the
absorbance was measured at 760 nm. To express the total
polyphenolic index values, gallic acid was used as cali-
bration standard and reported as millimoles of gallic acid
equivalent (mmolGAE) per gram of dry microalga (gDW).

Antioxidant activity assay

To evaluate the antioxidant activity of the samples, 2,2-diphe-
nylyl-1-picrylhydrazyl radical (DPPH) and 2,2'-azino-bis(3-
ethylbenzothiazoline-6-sulphonic acid (ABTS) assays were
employed. For the DPPH assay, the guidelines described by
Alvarez-Casas et al. (2016) were followed. Accordingly, 100
pL of diluted extract was introduced in a falcon tube, and
3.9 mL of 0.1 mM DPPH solution in methanol was added.
The mixture was vortexed and isolated from light for 30 min.
Then, the decrease in absorbance of the resulting mixture
was measured at 515 nm. Quantification of the antioxidant
activity was performed by comparison with the Trolox
standard and expressed as Trolox Equivalent Antioxidant
Activity (TEAC) per microalga dry weight as mmolTE g~
DW. The uptake of ABTS radical cations (ABTS™) by the
extracts was determined as described by Xiao et al. (2020)
with minor modifications. Briefly, a 7 mM stock solution of
ABTS was prepared in ethanol by reacting it with 2.45 mM
potassium persulphate dissolved in ethanol. The mixture was
stored in the dark at 25 °C for 16 h. The solution was dis-
solved in ethanol to obtain an absorbance of 0.700 (+0.004)
at 752 nm. The extracts were diluted to obtain a range of
10-80% inhibition when 50 pL of this was added to 4.5 mL
of the stock solution. Extracts were allowed to react for 7 min
with the ABTS" radical in the dark. The result was expressed
as mmolTE g~! DW.

Results

Preliminary MSPD experiments

Solvent selection

Before MSPD optimisation, preliminary analysis to eval-

uate the influence of the elution solvent on the extraction
efficiency of fatty acids, carotenoids, and carbohydrates

@ Springer
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was performed. Ethyl acetate (EtAc), ethyl lactate (lac-
tate), and ethanol (EtOH) recognised by the Food and
Drugs Administration (FDA) as GRAS solvents were
tested and compared with acetone (AcOH), methanol
(MeOH), and MTBE. Figure 2 illustrates the relative
overall MSPD extractive profile for the three solvent
groups considered from red stage H. pluvialis wet paste.

All tested solvents showed fairly similar results in terms
of their carotenoid and fatty acid extraction efficiency.
Amongst GRAS solvents, ethanol showed the highest
extraction efficiency, only 4% lower than that of MTBE for
carotenoids and 2% lower than that of methanol for fatty
acids. To understand the behaviour of the different solvents
tested, an analysis was then performed for each family of
compounds: carotenoids, fatty acids, and carbohydrates. The
solvent behaviour analysis for each family of compounds is
detailed below.

Carotenoids

Once the overall carotenoid profile has been reported, an
approach towards the individual response of these bioac-
tive compounds is necessary. H. pluvialis in its red phase is
characterised by a rich carotenoid content (up to 6%), with
astaxanthin having the highest concentration (Cohen 1999).
However, only 5% of the total astaxanthin is found in its
free state, being generally present in esterified form, mainly
coupled to palmitic, oleic, and linoleic acids (Shah et al.
2016). Figure 3a shows the individual response of the asta-
xanthin characterised in the preliminary study, as well as its
respective monoesters (AME) coupled to C18:1 (oleic acid),
C18:2 (linoleic acid), and C18:4 (stearidonic acid) acids for
the selected solvents.

In a second approach other carotenoids were identified
in H. pluvialis paste: canthaxanthin, diadinoxanthin, and

phoenicoxanthin, which extraction efficiency in the tested sol-
vents is depicted in Fig. 3b. The response of the neoxanthin/
violaxanthin and zeaxanthin/lutein isomers is plotted together.

Fatty acids

The relative response for the most relevant fatty acids in H.
pluvialis wet paste was compared. Figure 4a shows the results
obtained for the saturated fatty acids (SFA) and Fig. 4b those
for the monounsaturated (MUFA) and polyunsaturated
(PUFA) groups. The extraction efficiency presents a general
trend: MeOH > EtOH > AcOH > MTBE > EtAc > lactate.
To highlight the extractive behaviour of each solvent with
respect to the overall mean of the respective compound, an
average line is drawn.

Carbohydrates

Haematococcus pluvialis under stress conditions (e.g.,
temperature variations, nutrient starvation, light stress,
and acidity) stored around 40% w/w of the total cellular
carbohydrate content (Shah et al. 2016). To assess in
detail the affinity profile of the solvents studied in the
carbohydrate extraction, two main sugars, which repre-
sent the main carbohydrate content in the microalgae,
are shown in Fig. 5. Hence, the high affinity for metha-
nol, ethanol, and acetone is highlighted, in contrast to
solvents such as ethyl lactate which generates an extract
highly refined in these carbohydrate compounds.

MSPD extraction optimisation design
The diverse extraction efficiency shown by the tested sol-

vents for the fatty acids and carotenoids creates a compro-
mise situation. It was necessary to select a solvent with the

Carotenoids Fatty Acids Carbohydrates
mEtOH 17% B MTBE 1%
EMTBE 15% = EtOH 21% EMeOH 44%
®MTBE 21% ’ ’ ® EtOH 34%

@ EtAc 13%

%

E MeOH 17% O Lactate 15%
B AcOH 17%

8 MeOH 23%
BAcOH 17%

Fig.2 Overall MSPD extraction efficiency of three main families of
compounds in aplanospore stage H. pluvialis wet paste (25% solid
content) depending on the type of elution solvent used: GRAS (green
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0O Lactate 9%

B EtAc 1%

B EtAc 15%

B AcOH 20% O Lactate <1%

scale), severely use-limited (AcOH, brown), and non-GRAS (MeOH
and MTBE, black scale)
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S
=

120% T M EtOH [ EtAc O Lactate

B AcOH

H MeOH H MTBE

100%
80%
60%
40%
20%

0%

Relative Response (%)

AME C18:1 AME C18:2

AME C18:4 Astaxanthin

(b)

120%

H EtOH I EtAc

O Lactate

HAcOH H MeOH B MTBE

100%
80%
60%
40%
20%

0%

Relative Response (%)

Diadinoxanthin

Canthaxanthin

Neoxanthin/Violaxanthin

Phoenicoxanthin Zeaxanthin/Lutein

Fig. 3 Relative response of the H. pluvialis paste main carotenoids and their esters in GRAS solvents (green scale), severely use-limited (AcOH,
brown), and non-GRAS (MeOH and MTBE, black scale). AME astaxanthin monoester

highest efficiency to extract the bioactive compounds being
suitable for nutraceutical purposes. Compared to the non-
GRAS solvents, ethanol showed an overall response 2%
lower than the best solvent (methanol), presenting a uniform
performance for the considered compounds, plus a stable
profile within the analytes in each family. Thus, an optimi-
sation procedure for extraction of wet red stage H. pluvialis
via MSPD was carried out using ethanol as the extraction
solvent.

To analyse the response of red stage concentrated paste
(25% wiv) of H. pluvialis to the modification of the main
extraction parameters by MSPD, an optimisation design
was performed starting from the microalga in its wet state.
In this fine design, the critical variables affecting extrac-
tion, sample mass, dispersant/sample ratio, and extraction
solvent volume, were optimised. They were established
based on previous experience in MSPD extractions using
wet organic samples (Rubio et al. (2018) and Castillo et al.
(2020)). Extraction (solvent elution) time and disruption
time were set at 20 min and 10 min, respectively (Hoff and
Pizzolato 2018). Table 1 summarises the factors and their
selected levels.

In the case of the ratio dispersant/sample mass, a mini-
mum value of 4 was established, due to the wet nature of the
sample. Figure 6 shows that ratios lower than 4:1 resulted on

a heterogeneous and agglutinated mixture, unsuitable for its
treatment in the MSPD extraction column.

The main effect plots are depicted in the Pareto charts of
Fig. 7, revealing statistical significance of the parameters A:
sample size and C: extraction solvent volume, for both fatty
acids and carotenoids.

Although the dispersant:sample mass ratio does not show
a statistically significant effect on the extraction of the com-
pounds, a ratio 8:1 operationally improved both compaction
and extractive bed size. However, a larger bed size generates
a larger solvent path (higher tortuosity). This phenomenon
is depicted in Fig. 8, which shows the effect of each param-
eter studied with the response obtained for carotenoids and
fatty acids. In this last case, increasing the dispersant:sample
mass ratio generated only a discrete improvement compared
to its adverse effect on carotenoid extraction.

MSPD extraction efficiency

The optimised MSPD-based extraction process was able
to generate a multicomponent extract from wet paste of
H. pluvialis in its red stage without requiring any pre-
treatment of the microalgae. The extraction efficiency of
the proposed method was compared with reference meth-
ods for the isolation and recovery of carotenoids and fatty
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Fig.4 Relative response of the H. pluvialis paste main fatty acids in GRAS solvents (green scale), severely use-limited (AcOH, brown), and
non-GRAS (MeOH and MTBE, black scale)
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Fig.5 Relative response of the H. pluvialis paste main carbohydrates in GRAS solvents (green scale), severely use-limited (AcOH, brown), and
non-GRAS (MeOH and MTBE, black scale)

acids from microalgae. The results of the comparison, as  evaluation of the antioxidant activity of the extract, are
well as the characterisation of the polyphenols and the  detailed below.
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Table 1 Extraction parameters and levels used in the optimisation
design for the extraction of H. pluvialis paste via MSPD

Factors Low High Units
Sample mass 1 2 (2)
Dispersant/sample (ggh
Extraction solvent volume 5 15 (mL)

Carotenoids

The reference method (RM) selected to evaluate the effi-
ciency of MSPD to extract carotenoids from wet H. pluvialis
paste was that proposed by Kim et al. (2013) for the recovery
of carotenoids from D. tertiolecta, adapted for the strong
cell wall disruption of H. pluvialis. From Fig. 9, which pro-
vides a comparative graph of the extraction results achieved
by both methods for free astaxanthin, canthaxanthin,

beta-carotene, and the total of zeaxanthin/lutein isomers, it
is clearly shown the improvement in the extraction of carot-
enoids when MSPD is applied. An average difference of 55%
in the recovery between both methods has been obtained,
showing a similar behaviour for all compounds. This better
efficiency of MSPD for carotenoid extraction was also found
in our previous study using lyophilised H. pluvialis (Castillo
et al. 2020).

Fatty acids

The extraction efficiency of fatty acids by MSPD was com-
pared to the Bligh and Dyer (1959) RM. This method has
been tested in H. pluvialis for different lipid chains (from
C12 to C20) extraction, generating the highest global results
compared to methodologies such as Folch, hypochlorous
acid treatment, and acid-catalysed hot-water extraction
(Otero et al. 2017). Besides, the option of a prior saponifi-
cation of H. pluvialis was discarded, as its effect has been

Fig.6 The MSPD column setup
at dispersant:sample mass ratios
2:1 and 4:1

-y

Dispersant/sample 2:1

Fig. 7 Pareto charts showing
the influence of A: sample size;
B: dispersant/sample ratio; C:

Carotenoids

Dispersant/sample 4:1

Fatty Acids

extraction solvent volume, on A
MSPD extraction of carotenoids
and fatty acids from H. pluvialis C
wet paste
AC
B
AB
0 1 2 4 0 2 4 6 8
Standard effect Standard effect
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proved to be indifferent or disadvantageous on the overall
lipid recovery (Otero et al. 2017). The result of the compara-
tive analysis is shown in Fig. 10.

The fatty acids were divided into 2 groups according to
the concentration in the microalgae. In addition, a blue-col-
oured surface is plotted to highlight the absolute difference
of the recoveries obtained by both methods. This surface
reveals a higher relative extraction by the MSPD as a func-
tion of the RM when the unsaturation in the lipid compounds
increases. In the case of palmitic acid (C16:0), the recovery
by RM is 15% lower, decreasing slightly for linoleic acid
(C18:2) with 22%. However, for linolenic acid (C18:3), the
difference is even more marked, with MSPD showing a 68%
improvement in extraction.
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Fig. 10 Comparison of the extraction efficiency of the MSPD vs reference method (RM) for the main fatty acids contained in red stage H. plu-

vialis wet paste (25% w/v)
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Polyphenolic comprehensive analysis

In a first approach, the total polyphenol content (TPC) of
the extract was evaluated by the Folin-Ciocalteu method,
obtaining a total of 24.65 mgGAE g~! DW for the MSPD
ethanol extract of the wet paste red stage H. pluvialis. A
remarkable aspect of the phenolic content of H. pluvialis
is that, although a proportionality with the concentration of
carotenoids is known, there is limited information regard-
ing the phenolic compounds responsible for the bioactivi-
ties of the microalga (Deniz 2020). Thus, to uncover the
polyphenolic profile of H. pluvialis, an untargeted analysis
of the extract was performed, aimed to the characterisation
of polyphenols.

The criteria used for the untargeted identification and
confirmation of the compounds follows a precise valida-
tion algorithm previously used for the analysis of H. plu-
vialis (Castillo et al. 2020), as well as extracts of natural
origin via ESI-QToF (Rios et al. 2015). The process starts
with the analysis of the analyte intensity, which must be
above the confidence limit of the instrument. If approved,
the candidate must meet two main parameters: its iso-
topic standard and mass deviation. The isotopic pattern,
reflected as mSigma, shows the effective ratio of the exper-
imental mass fragmentation to the theoretical basis. Like-
wise, the mass deviation expresses the deviation between
the detected experimental mass and the theoretical mass.
As upper limit values, 50mSigma and SmDa are set, which
generates an efficient screening that is then supported by
the targeted analysis. In this way, applying the algorithm

described above, the phenolic compounds phloroglucinol,
p-coumaric acid, gallic acid, and catechin, were identified
(Table 2).

Due to their low concentration in the extract, catechin
and gallic acid presented a profile that did not allow mSigma
values below the established limit, and their identification
was initially considered as tentative. In a subsequent targeted
analysis, the phenolics compounds (phloroglucinol, p-cou-
maric acid, gallic acid, and catechin) were identified and
quantified by comparison with their respective standards.

Phloroglucinol and p-coumaric acid stand out amongst
the reduced number of studies dealing with the polyphenolic
profile of H. pluvialis. These compounds have not been previ-
ously reported in red stage of H. pluvialis, although a study by
Goiris et al. (2014) focused on the search for different com-
pounds of the family of flavonoids, cinnamic acids and sim-
ple phenols, revealed that phloroglucinol represented around
99% (81 pg g™ of the total phenolic compounds in the green
phase of the microalga, with more than 70% (0.6 pg g~') of the
remaining amount accounted by p-coumaric acid. The results
found for the red stage paste show a similar profile (Fig. 11),
although the phloroglucinol concentration was higher
(2.3 mg g™ ), with 32.0 pg g~! of p-coumaric acid, and much
lower of catechin (10.0 pg g~!) and gallic acid (7.8 pg g7").

Antioxidant activity
For the antioxidant activity evaluation of MSPD wet paste

H. pluvialis extracts, the DPPH analysis was initially per-
formed. It is common to quantify the antioxidant activity of

Table 2 Phenolic compounds identified in H. pluvialis paste using retention time, mSigma, Am/z parameters. classification by name, molecular

ion, and ionic fragments

RT (min) Compound name Molecular formula mSigma ART (min) Am/z (mDa) Mass (m/z)*

Precursor ion Produced ionic
fragments *

1.16 Phloroglucinol CeHgO, 8.98 0.10
1.71 p-Coumaric acid  CyHgO5 6.85 0.02
2.34 Gallic Acid C,H4O5 >50 0.01
2.57 Catechin CsH,,O¢ >50 0.02

1.01 127.0439 (50%) C(H,0,'* 116.0687 (100%),
90.0548 (34%),
104.0687 (19%),

85.0300 (23%)

137.0448 (100%),
150.0579 (25%),
132.1006 (29%),
124.0378 (17%)

145.0503 (100%),
130.0870 (27%),
133.0504 (21%),
147.0658 (21%)

130.1578 (100%),
282.2796 (49%),
231.1716 (26%),
277.1058 (21%)

3.08 165.0546 (11%) CoHoO,'*

0.83 169.0142 (4%)

C;H;04'~

1.54 291.0863 2%)  C,sH,s04'*

mSigma: ratio between the measured isotopic pattern with respect to the theoretical one, establishing as limit value mSigma<50. ART and
Am/z: variation between theoretical vs experimental values of retention time and mass of the compound respectively

“Ion value with corresponding percentage abundance in brackets
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Fig. 11 Polyphenols relative
concentrations found in the
paste of red stage H. pluvialis
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carotenoids using the DPPH radical at a maximum wavelength
of 515 nm. Howeyver, only one study reports the possible inter-
ference between the absorbance of carotenoids contained in H.
pluvialis (400-500 nm) with the DPPH reagent (Santoyo et al.
2010). Several dilutions of the H. pluvialis extract in metha-
nol were carried out to check such interference. As shown in
supplementary Fig. S3, and considering that absorbance is an
additive property, from a dilution factor range from 140 up
to 500 (v/v), a marked interference is observed at 515 nm in
the absorption of the extracts related to that of DPPH radical.
From a dilution factor of 1000, a measurement without sig-
nificant interference is obtained, but at this dilution the extract
is unable to give an appreciable response in the free radical
inhibition. Hence, despite the common practice of performing
the DPPH procedure to measure the antioxidant activity of
carotenoids, and due to the proven impossibility of measur-
ing the antioxidant activity with this methodology, the ABTS
radical method was alternatively used. ABTS cation has its
maximum absorption at 645, 734, and 8§15 nm when ethanol is
used as the working solvent, which does not interfere with the
absorption of the sample analysed (Re et al. 1999). Accord-
ingly, the antioxidant value obtained for red stage H. pluvialis
wet paste by the proposed MSPD extraction method was 1.58
mmolTE g~! DW.

Discussion

There are several proposals seeking an answer to the choice
of the appropriate solvent for the extraction of bioactive
compounds from microalgae. MTBE has been a widely
used solvent for the extraction of carotenoid compounds

@ Springer
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from microalgae (Mojaat et al. 2008). Due to its high affin-
ity for carotenoids and high volatility, which allows for rapid
removal and recovery, it is a common solvent for astaxanthin
recovery studies (Bauer and Minceva 2019). Solvents such
as methanol and acetone are also commonly used for the
extraction of astaxanthin from H. pluvialis (Molino et al.
2018; Park et al. 2020).

Regarding the application of GRAS as extraction sol-
vents in H. pluvialis, only one previous work showed the
application of ethyl lactate (Castillo et al. 2020), whilst
there are few studies in which this solvent is applied for
the extraction of microalgal compounds for nutritional
purposes. In the case of Scenedesmus obliquus, compara-
ble results have been obtained for fatty acid recovery and
antioxidant activity value using ethyl lactate and solvents
such as acetone, isopropanol, and hexane, (Amaro et al.
2015). Lactate was also used with Chlorella vulgaris and
Nannochloropsis sp. showing considerable affinity for
saturated and monounsaturated fatty acids, as opposed
to polyunsaturated fatty acids. (Wan et al. 2017). Ethyl
acetate and ethanol have been widely used in the micro-
algae field, with ethanol being the GRAS solvent that has
shown the highest extractive efficiency for most of the
bioactive compounds of interest in H. pluvialis (Irshad,
et al. 2019b). In this way, although all the solvents cho-
sen in this study present several advantages in the extrac-
tion of bioactive compounds from microalgae, making a
direct comparison is somewhat complex, but undoubtedly
interesting. As summarised in the optimization of the pro-
posed MSPD extraction procedure in this work, a similar
affinity to the selected solvents is observed for SFA C18:1
(oleic acid), C18:2 (linoleic acid), and C18:4 (stearidonic
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acid). The increased response when MeOH is used as an
extractant for SFA in contrast to free astaxanthin is nota-
ble. The astaxanthin extraction efficiency is dependent on
the nature of the solvent, resulting in the following trend
for this assay: methanol > ethanol > acetone. This behav-
iour was previously reported by Haque et al. (2016) and
Molino et al. (2018), who detailed the effects of solvents
on astaxanthin recovery by ultrasonication and accelerated
solvent extraction (ASE), respectively. Canthaxanthin and
phoenicoxanthin show a similar profile. Diadinoxanthin
is better extracted by acetone, and the zeaxanthin/lutein
isomers by ethanol. For the neoxanthin/violaxanthin iso-
mers, all the solvents tested presented similar extraction
efficiency.

Methanol and ethanol showed a stable extraction profile
towards the fatty acids, as opposed to ethyl acetate, acetone,
and MTBE which showed lower extraction efficiency with
the length of the aliphatic chain. For ethyl lactate, a more
defined selectivity is observed which is altered by other fac-
tors than lipid length. For the SFA and MUFA groups, the
response obtained using ethyl lactate as solvent was 75% of
the overall mean, in contrast to PUFA, for which this value
drops to only 5%. PUFAS are of special interest from a nutri-
tional point of view, as they include omega-3 and omega-6
compounds, useful in the prevention of cardiovascular dis-
eases (Artemis 2008). In this way, a two-step extractive pro-
cess, where SFA and MUFA were extracted in a first step,
would be promising to obtain a final extract mainly loaded
with these PUFA.

Haematococcus pluvialis in the red stage can store up to
40% carbohydrates (Shah et al. 2016). Most of these carbo-
hydrates are sugars such as glucose and sucrose, which are
hydrophilic in nature, displaying a better response of these
compounds towards solvents with upper polarity (metha-
nol > ethanol > acetone). In contrast, it is remarkable that
ethyl lactate does not extract sugars, showing that not only
polarity affects the extraction selectivity, as it is compara-
ble to that of ethanol, but allows the obtention of a sugar-
free extract when desired. Current polysaccharide refining
methods involve hydrolysis techniques using conditions that
are not compatible with a nutraceutical purpose, such as
acidic, alkaline media, or physical methods using high tem-
peratures, MAE, and UAE (Suarez et al. 2020). These pro-
cesses involve demanding energy requirements coupled with
a complex scale-up. Thus, the selective extraction by the
solvents ethyl lactate and ethyl acetate creates an attractive
GRAS alternative for the removal of carbohydrate content,
whilst keeping the lipid and carotenoid profile comparable
to the other solvents.

Due to the compromise generated by the heterogeneous
extractive profile described, a decisive choice of working
solvent was essential. In line with a nutraceutical approach
in combination with an overall positive overall response of

the solvents tested, the choice of a GRAS extractant was
clear, where ethanol was outstanding. On the one hand, it
gave the best overall response within its category, and on
the other hand it has no restrictions, beyond those govern-
ing good manufacturing practices, for its application in food
formulations, unlike acetone, which is considered within this
category when its use is less than 5 to 8 mg L™! (Molino
et al. 2018).

The efficiency and selectivity of the MSPD extraction
depend on numerous factors, including the physical state
and origin of the sample, the relative concentrations and
properties of the compounds, and an appropriate combina-
tion of dispersant and elution solvent (Basheer et al. 2012).
It is also remarkable for its ability to sometimes integrate
extraction and clean-up in the same process (Garcia-Lopez
et al. 2008). The RM applied in this work in the recovery of
carotenoids implied multiple and extensive solvent washes,
liquid-liquid separation with subsequent volatilisation, and
reconstitution. These subsequent steps aimed at a carote-
noid-refined extract could increase experimental error and
possible loss of material. In contrast, the proposed MSPD
procedure combines extraction, maceration, and filtration in
a single step, without the need for reconstitution since the
working solvent is appropriate for the straightforward liquid
chromatographic analysis.

It could be assumed that lipids of the same group,
differentiated only by an unsaturation level, such as lin-
oleic acid and linolenic acid, would present a constant
relative response between the two methodologies ana-
lysed. Hence, the considerable extractive improvement of
MSPD compared with the RM for linolenic acid and lin-
oleic acid is striking. However, depending on the polarity
and affinity of the fatty acid in question, the extraction
efficiency could differ. An example of this is evidenced
by Otero et al. (2017) when comparing the method of
Bligh and Dyer (1959) and Folch. When extracting lino-
lenic acid contained in H. pluvialis, a similar profile
is observed between both methods, but not for linoleic
acid, which is much better extracted by the proposed
MSPD method. As for the minority saturated fatty acids
(Fig. 10B), MSPD also shows an improved efficiency
compared to the RM.

Given the antioxidant properties of phenolic compounds
(Cory et al. 2018) and the potential of microalgae as sources
of these compounds (Del Mondo et al. 2021), few stud-
ies have addressed their identification and quantification
in microalgae matrices (Jerez-Martel et al. 2017). Conse-
quently, the value of 24.65 mgGAE g~' DW obtained by
Folin-Ciocalteu assay in this study for the MSPD extract of
red stage H. pluvialis paste is not a simple measure to com-
pare. The range of total phenolic content (TPC) reported
for H. pluvialis, although limited, is heterogeneous, as it
is highly dependent on the different extractive procedures,
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solvents, and stage of the microalga. A study conducted
for the red and green stages of H. pluvialis shows values of
0.54 and 1.23 mgGAE g~ DW, respectively (Goiris et al.
2012). These values, much lower than those reported in this
work, were obtained by mortar disruption with no appar-
ent disruptive medium. Since the cell wall of H. pluvialis
is characterised by its rigidity (Ye et al. 2020), a precari-
ous disruption in the absence of disruptive material can be
assumed. Additionality, proportions of ethanol diluted in
a volume of water were used, which made cell wall deg-
radation even more difficult. Other extractive procedure,
through the generation of oleoresin, gave phenolic index
values of about 75mgGAE g(oleoresin)~! (Serwotka-Suszc-
zak et al. 2019). This value of TPC represents the highest
index ever reported for H. pluvialis. However, it should be
considered that the result is a semi-solid extract of con-
siderable concentration, expressing its activity in mass of
oleoresin produced, thus avoiding direct comparison with
the ethanolic MSPD extract. In other microalgae species
such as Spirulina platensis and Chlorella pyrenoidosa, val-
ues between 24.4 and 25.8 mgGAE g~! DW were obtained,
using 100% methanol as the extractive solvent (Machu et al.
2015). These values are comparable to those obtained in the
present study.

Regarding the analysis of phenolic compounds, there is a
somewhat widespread belief in the inability of microalgae to
synthesise flavonoids. The identification of these compounds
in microalgae matrices is relatively recent, and the range of
data available to be compared with the obtained in this study
is not very wide. Jerez-Martel et al. (2017) report in micro-
algae species such as Euglena cantabrica and Spirogyra sp.
as in the cyanobacterium Nostoc commune; different values
of gallic acid correspond to 5.8 pg g7!, 91.4 pg g7!, and
71 pg g~!; respectively. Only E. cantabrica shows catechin
concentrations about 71.4 pg g=! (Jerez-Martel et al. 2017).

Through the in-depth characterisation of H. pluvialis in
the red aplanospore stage extracts obtained by an optimised
procedure of extraction based on MSPD, it can be concluded
that the bioactive power of the microalgae, although strongly
linked to its high concentration of compounds such as carot-
enoids and fatty acids, has a relevant impact on the syner-
gistic action of phenolic compounds. In this way, it has been
reported that the unique effect of phloroglucinol, the most
abundant microalgae polyphenol, in several algal species
is able to provide between 1 and 10% of the total response
when bioactivities such as antioxidant capacity are measured
(Goiris et al. 2012; Quéguineur et al. 2012). However, con-
trasting this value with those obtained by current methodolo-
gies is a challenge. In general, the measurement of antioxi-
dant activity is performed on purified astaxanthin from H.
pluvialis, but not on the microalgal extract. Extracts from
lyophilised red stage H. pluvialis obtained by CO,-expanded
ethanol extraction (Reyes et al. 2014) and pressurised liquid
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extraction (PLE) (Jaime et al. 2010) show antioxidant activ-
ity values ranging from 0.084 to 0.267 mmolTE g(extract) ™!
respectively. These procedures, being referred to the extract
mass, make comparison with the values obtained in the pre-
sent work even more difficult. If the density of the etha-
nolic extract obtained by MPSD is assumed to be that of the
pure solvent, the antioxidant activity value derived would
be 0.040 mmolTE g(extract)~!. This value, although lower
than those referenced above, is comparable to those obtained
by very strong extractive processes, such as those combin-
ing freezing with liquid N,, and solvents such as hexane
at temperatures in the range of 50-200 °C with pressures
above 10 MPa (Reyes et al. 2014) (Jaime et al. 2010). These
conditions make it possible to obtain a more concentrated
extract by modifying the capacity of the solvents used to
solubilise the carotenoid compounds. On the contrary, if
the extractive capacity is evaluated considering the starting
mass of the microalgae, MSPD generates antioxidant activ-
ity values equal to or higher than those obtained by these
methodologies.

Another common way to evaluate the antioxidant power
generated mainly by the natural astaxanthin contained in
H. pluvialis is by contrast with its synthetic alternative.
Thus, the mean TEAC values of synthetic astaxanthin
range between 2.21 and 2.43 mmolTE g~! DW (Jaime
et al. 2010; Régnier et al. 2015) which, despite being
higher than the values obtained for the ethanol extract
of H. pluvialis MSPD in red phase, is synthesised by
petrochemical processes that often raise alarming food
safety issues with potential toxicity in the final product
(Jeevanandam et al. 2020). In addition, synthetic produc-
tion also presents challenges in terms of sustainability
and potential environmental impact in the manufacturing
process (Li et al. 2011). These drawbacks have confined
the use of this synthetic palliative to the fish feed additive
sector for organoleptic (pigmentation) purposes, and it is
not approved for human consumption or as a food additive
(Capelli et al. 2013).

Conclusions

The unidirectional approach to the refining of astaxan-
thin from H. pluvialis should be transformed into a whole
in order to make it feasible. An optimal extract could be
obtained from the wet microalga via MSPD, not needing
previous lyophilisation of the substrate, showing the best
recoveries, as well as bioactive power when ethanol is used
as the extraction solvent. In turn, ethyl lactate as a GRAS
alternative, gave extracts with an interesting lipid extraction
profile of the form SFA >MUFA > PUFA and no carbohy-
drate content. The ethanolic extract, which has no limitations
in food use, showed an antioxidant power of 1.58 mmolTE
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g~! DW, comparable to its synthetic pure astaxanthin coun-
terpart. In-depth characterisation of the MSPD extract com-
position revealed that the synergistic activity of minor poly-
phenols, in combination with significant concentrations of
phloroglucinol (2.3 mg g!), has a direct effect on the total
phenolic content of H. pluvialis (24.65 mgGAE g~! DW).
Therefore, the combination of GRAS solvents with a scal-
able MSPD method, consistent with a nutraceutical purpose,
is a very suitable, green, and low-cost alternative not only
to obtain astaxanthin, but also to extract a high number of
bioactive compounds from H. pluvialis.
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