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So far, research on the microalga Haematococcus pluvialis has been focused mainly on the exploitation of
its high astaxanthin content, leaving aside the use of other biocactive compounds present. This study is
focused on obtaining and characterizing extracts enriched in bioactive compounds from this microalga
red aplanospores. This is performed by means of Matrix Solid-Phase Dispersion (MSPD) extraction
process, in an environmentally friendly way with low energy consumption and GRAS solvents. The
effects of extraction parameters, particularly the extraction solvents (ethanol, ethyl lactate and water) are
studied, in order to obtain maximum recovery of the main antioxidant compounds of interest
(carotenoids, fatty acids and derivatives). Characterization of extracts is carried out by HPLC-DAD (High
Performance Liquid Chromatography Diode Array Detector) and UHPLC-QToF (Ultra High-Performance
Liquid Chromatography Quadrupole Time-of-Flight). The results show that MSPD produced extracts
with higher bioactive compound recoveries than conventional cell disruption extractions. At the same

time, a novel untargeted characterization for this species is performed, identifying compounds not
Received 16th May 2020 iously dated in H. pluviali hich include 10-phenvld . id and the - d -hvd
Accepted 16th July 2020 previously dated in H. pluvialis, which include phenyldecanoic acid an e -oxo an ydroxy
derivatives of palmitic acid. This approach, first applied to a freshwater microalgae, characterized by rigid

DOI: 10.1035/d0ra04378h and resistant aplanospores, provided a synergistic and sustainable extract, giving a broader focus on the
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Introduction

The microalga Haematococcus pluvialis is one of the most
abundant and commercially produced freshwater species.* The
market for this microalga is mainly focused on the generation of
biomass for the production of carotenoids, more specifically
astaxanthin.> It is estimated that world production of this
microalga reaches 1000 tons per year just to obtain this carot-
enoid.? Laboratory cultures of H. pluvialis, in contrast to any
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other microalgae species, do not possess distinctive cultivation
characteristics, but their large-scale production focused only on
obtaining astaxanthin is a challenging task, mainly due to
diversity of environmental and operational factors that affect
the accumulation of this compound.* At the same time, astax-
anthin produced by extracting biomass from microalgae only
accounts for 1% of the world carotenoid market, since the
processes of preparing synthetic astaxanthin leads to lower
costs and higher production volumes.® In this context, the
search for other compounds of interest that enable a greater use
of biomass has been increased, in turn enriching the bioactive
power of astaxanthin-rich biomass in a synergic way.®

In contrast to the 5% astaxanthin content that H. pluvialis
can store, the lipid content can reach approximately 35% of dry
weight, with a high amount of fatty acids of the omega-3 and
omega-6 series.”® In contrast, the potential content of H. plu-
vialis as a source of fatty acids has generated great interest in
recent years, having a significant impact on the nutraceutical
sector.” To isolate these bioactive compounds from microalgae,
extraction is the first key step, and the need to select the most
appropriate extraction methodology is evident.'” Recently,
accelerated and compressed fluid-based extraction techniques
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such as Accelerated Solvent Extraction (ASE), Ultrasound-
Microwave Assisted Extraction (UMAE), Pressurized Liquid
Extraction (PLE) and Supercritical Antisolvent Fractionation
(SAF), have gained considerable interest in the extraction of
bioactive substances from algae.™** Many of these techniques
are efficient on a small scale, not being widely applied in the
industrial field due to their high energy requirements.** In
addition, there is currently a limited understanding of the key
variables that affect the performance of these extraction
processes." In turn, the solvents used in these techniques focus
only on the extraction of carotenoids, without taking into
account the solubilisation of other bioactive compounds.

Matrix solid-phase dispersion (MSPD) is a simple, fast, fairly
straightforward and sustainable technique for extracting
compounds from a wide variety of complex samples.’® The
versatility and flexibility of MSPD allows this process to be
applied to an extensive range of analytes isolated from an also
wide range of matrices.” In addition, scale-up processes based
on similar principles as this technique have been patented and
applied to biological matrices in search of bioactive
compounds, showing excellent results in the generation of
extracts on an industrial scale.'® At present, no information has
been found about the application of MSPD in search of bioac-
tive compounds in freshwater microalgae. Only one study has
reported the use of this technique in seawater microalgae
species (Isochrysis zhangjiangensis and Nannochloropsis oculata)
with a simple disruption due to the non-existence of a very hard
aplanospore, showing acceptable reproducibility, recovery,
extraction efficiency and lower solvent consumption in relation
to conventional extraction techniques such as ultrasonic
extraction for three carotenoids.' In line with these processes,
generally recognized as safe (GRAS) solvents such as food-grade
ethanol or water are used, being compatible with nutraceutical
applications.”**?*** In addition, ethyl lactate has recently
gained much attention in the extraction of Dbioactive
compounds.” This organic solvent, while being suitable for
consumption, shows an excellent affinity for carotenoid
compounds as well as for various fatty acids.”

Therefore, the present work aims to obtain bioactive extracts,
with a high content of carotenoid compounds fatty acids, and
derivatives from red stage aplanospores of the microalga H.
plwvialis, using the scalable extraction method MSPD, in
combination with green organic solvents and metabolomic
techniques of characterization, giving a broader and more
sustainable use focus to this microbiological matrix.

Materials and methods
Reagents and materials

The solvents used for the extraction process were absolute food
grade ethanol (above 99.8%) provided by VWR (Leicestershire,
England), ethyl lactate supplied by Fluka Analytical (Steinheim,
Germany) and Ultrapure water MS-grade from Scharlab (Bar-
celona, Spain). For MSPD extraction, sand was used as
a dispersant medium with an average particle size of 2 x 10 to
3 x 10> um Scharlau Chemie S.A. (Barcelona, Spain). For mobile
phase preparation in HPLC-DAD and UHPLC-QToF-MS/MS, MS-
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grade methanol obtained by Sigma-Aldrich Chemie GmbH
(Steinheim, Germany) and formic acid obtained by Merck
(Darmstadt, Germany) were used. The astaxanthin standard was
provided by Biosynth Carbosynth (Berkshire, United Kingdom),
B-carotene was supplied by ThermoFisher (Kandel, Germany)
and zeaxanthin and lutein were supplied by Extrasynthese
(Genay, France).

Standard solutions were prepared in ethanol. The extraction
processes and preparation of standards were carried out in
a red-light room, in a dry environment. Standards and extracts
were stored in amber glass containers, sealed with paraffinic
material and kept in a dark and controlled environment at
—20 °C. Reagents and samples were stored in different places to
avoid cross-contamination.

Red stage Haematococcus pluvialis biomass

Freeze-dried red stage H. pluvialis biomass was kindly donated by
Astaco Technologies B.V. (The Netherlands). General details of the
H. pluvialis production process are described by Pereira.” In
summary, cultures of H. pluvialis were carried out in 150 L
industrial scale flat-plate photobioreactors (optical path of 50 mm)
following a two-stage approach where green and red cells were
produced separately. Once green vegetative-stage cells reached
a certain density, the culture parameters were changed in order to
favour inductive conditions, triggering astaxanthin accumulation
by the microalgae. Inductive conditions included nitrate depletion,
CO, availability and a continuous irradiance of 750 pmol photon
m~? s produced by LED light sources with a mixed light
composition of red and blue wavelengths. Astaxanthin-rich (~5%
dry cell weight) microalgal biomass was harvested by centrifuga-
tion on the seventh day after the onset of inductive conditions and
it was stored frozen at —28 °C prior to lyophilization, which was
carried out in the dark until a powdered biomass with a moisture
content below 5% in weight was achieved.

Matrix solid-phase dispersion extraction MSPD

Initially, the whole extraction process was carried out in a dark
room, only under the incidence of red light, in an environment
with an average temperature of 21 °C. The lyophilized H. plu-
vialis biomass, after being removed from storage at —20 °C, was
tempered and weighed in the different sample sizes presented
in this work. The microalga was disrupted with 0.8 g of sand in
a glazed porcelain mortar to reduce porosity and avoid loss of
material (Fig. 1). The hand of the mortar also contains a glazed
tip to avoid porosity and passage of material. The sample was
added to the dispersing medium and disrupted for 5 min, until
a homogeneous paste was obtained, with an oily appearance as
a result of the breakage of the cell when its content was
released. This mixture was transferred to a MSPD column,
which initially contains a layer of glass wool and 0.2 g of sand as
a filter medium. Finally, to avoid the creation of preferential
paths by the solvent, another layer of glass wool was placed on
top that works as a fluid disperser. The extract was obtained by
adding the solvent to the bed, controlling the discharge flow by
means of a regulating valve. Extracts are stored in amber vials at
—20 °C to avoid degradation.

This journal is © The Royal Society of Chemistry 2020
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Cell disruption method

For the extraction of bioactive compounds by means of the cell
disruption, an established aliquot of the corresponding solvent
(ethanol, water, or ethyl lactate) was transferred into a test tube.
Then, the lyophilized H. pluvialis powder was tempered and
weighed. All this mixture was placed in an external cold bath
without contact with the sample, in order to maintain the
temperature in the disruption process. The cell disruptor used
was a basic mechanical dispersion instrument, which incor-
porates a high performance IKA T25 rotor-stator system at
24 000 rpm. The equipment was inserted into the test tube in
such a way that there was a space of 1 cm between the bottom of
the tube and the rotor-stator system of the disruptor. The
disruption is carried out in 15 min, the maximum effective time
of the equipment. The sample was then centrifuged for 10 min,
and subsequently decanted and stored in amber vials at —20 °C.

High performance liquid chromatography diode array
detector HPLC-DAD

HPLC-DAD chromatographic study was carried out using
a Jasco AS-4100 chromatograph with a PU-4180 quaternary
pump, an AS-4150 autosampler, a Kinetex chromatographic
column 5 um C18-100 A (4.6 mm x 150 mm, 2.6 pm) (Phe-
nomenex, Torrance, USA), and a MD-4010 PDA diode detector.
The mobile phase consisted of a 1% formic acid solution in
water (A) and in methanol (B). Thus, with a constant tempera-
ture of 50 °C and a flow of 1 mL min~", a proportion of 25% of
(A) in 75% of (B) is established during 5 min, then it is taken by
a progressive ramp up to 100% (B) in 10 min, and hold 20 min.
UV-Vis spectra were acquired from 250 nm to 520 nm to
determine the maxima absorption of the identified compounds.
The samples were filtered by 0.22 um polytetrafluoroethylene
(PTFE) filters before being injected.

Fluid disperser
(Glass wool)
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Ultra high performance liquid chromatography quadrupole
time-of-flight mass spectrometry (UHPLC-QToF)

Targeted and untargeted analysis of the compounds were carried
out in an Elute UHPLC 1300 coupled to a quadrupole time-of-flight
mass spectrometry (QToF) Compact Instrument (Bruker Daltonics).
Column ThermoScientific HypersilGold aQ (1.9 pm, 100 mm X 2.1
mm) was kept at a constant temperature of 40 °C. Mobile phase
consisted of 4 mM formic acid in water (A) and methanol (B). The
acquisition run takes 15 min with a flow rate of 0.25 mL min .
Gradient method starts in 95% (A)/5% (B) for 0.4 min, lineally goes
to 35% (B) in 0.1 min, and to 100% (B) in 7 min, hold for 5 min.
Then, return to the initial conditions until reaching 15 min.

Electrospray ionization (ESI) acquisition was performed with
the Auto MS/MS method both in negative and positive modes,
detecting mainly pseudo-molecular ions [M — H]™ and [M + H]'
respectively, with presence of ions with water loss as [M — H,O +
H]" and sodium adducts [M + Na]’, using a voltage ramp from
10 to 105 eV, with spectra rate of 8 Hz and mass filtering from 20
to 1000 m/z, with a total cycle time range equal to 1s. All
acquisitions were obtained using the Compass HyStar software
and processed using the DataAnalysis Version 5.1 (Build
201.2.4019) and MetaboScape Compass Version 4.0.4 (Build 19)
software, applying algorithms based on intensity, isotope
profile and mass error; to process the hundreds of compounds
acquired. In MetaboScape software, the identification tool
SmartFormula was used, which provides possible molecular
structures of the acquired analytes by means of their exact mass
and isotopic profile (checking the analyte in all the samples
tested and all the adducts identified); as well as the tools
compound Crawler and MetFrag, which perform searches in the
main online databases of chemical compounds (PubChem,
ChEBI and ChemSpider), as well as the in silico fragmentation of
the compounds chosen as possible candidates.****

»
Dispersant 4 Solvent
i olvents:
6 e Water
. S e  Ethyl Lactate
Porcelain mortar e FEthanol

H. pluvialis
(lyophilized)

Filter <:

(Glass wool + Sand)

H. pluvialis extract

Fig. 1 Scheme of the extraction process using the MSPD technique applied to red stage biomass of the microalga H. pluvialis.

This journal is © The Royal Society of Chemistry 2020
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Table 1 Extraction parameters for comparison of MSPD and cell
disruption processes in the recovery of bioactive compounds

Disruption time  Extraction

Technique (min) volume (mL)  Sample size (g)
MSPD 5 5, 10% 0.1,0.2, 0.4
Cell disruption 15 5, 10° 0.1, 0.2, 0.4

% Only for a mass of 0.2 g.

Results and discussion

Comparison of two extraction methods (MSPD and cell
disruption)

Extractions of red H. pluvialis aplanospores were carried out
using MSPD in contrast to traditional extraction procedures,
such as the use of a cell disruptor, in order to test the efficiency
of the proposed method. To perform an analysis under the same
guidelines, food grade ethanol as extraction solvent, and the
same lyophilized microalgal biomass were used. With the
purpose of evaluate the response generated with the applied
methods (MSPD and cell disruption) by the modification of the
extraction parameters, the different sample sizes, extraction
volumes and disruption times used are summarized in Table 1.
The disruption time is the only parameter that differs between
the methods. Rotor-stator systems like the cell disruptor can
only offer a maximum disruption time of 15 minutes due to heat
generation. After this time, the system only provides heat to the
medium. In this way, disruption is carried out in the maximum
time offered by the equipment (15 min) by immersion in an ice
bath to avoid heating of the sample.

To reliably demonstrate the disruption of the particles,
a detailed analysis of the results was carried out using a micro-
scope. Fig. 2 illustrates comparative images of the trans-
formation process of the microalga from its base state. The
images Fig. 2a (10x) and Fig. 2b (40x) show the initial state

(e)
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(before disruption) of the biomass of red stage H. pluvialis
aplanospores. Here the microalga presents a mature profile
with a rigid, resistant, and well defined pseudo-spherical cell
wall, characteristic of aplanospores.”® Moreover, the potential
bioactive compounds are inefficiently available, making their
extraction by primary contact with the solvent difficult. In
contrast, Fig. 2c and d detail a set of cells fractured by the cell
disruptor, showing a small group that still keep their cell wall
closed, losing rigidity and presenting a gelatinous morphology,
which generates a more labile matrix, being its cytoplasmic
content very accessible to solvents.

Due to the disruption step in the MSPD process (Fig. 2e), all
cells have a gelatinous structure where their contents have
largely been drained without the addition of solvents. This first
point of comparison reveals that the MSPD method initially
generates a disruption qualitatively comparable to the con-
trasted method. After performing the whole MSPD process, no
cell or cell wall remains visible (Fig. 2f). This is due to the
intrinsic filtration process of the extractive method. The image
indicates the obtaining of a homogeneous solution that, as it
will be seen later, contains the bioactive compounds of interest.

In order to quantitatively determine the extraction efficiency, the
main carotenoid compounds contained in H. pluvialis are used as
markers. “Astaxanthin formed the major proportion of carotenoids
in H. plwialis red aplanospores followed by violaxanthin, free
astaxanthin, lutein, zeaxanthin, a-carotene, and B-carotene”.>” Thus,
astaxanthin, zeaxanthin, lutein and B-carotene were chosen as
markers of this microalga to determine the relative percentages of
recovery by the two extractive methods. The carotenoid profile was
evaluated by means of HPLC-DAD, injecting standards dissolved in
ethanol to obtain comparable retention times (R;) and spectra.

Fig. S11 shows the overlaid chromatograms of the selected
carotenoids extracted by MSPD and their respective standards
using ethanol as solvent. Zeaxanthin and lutein have isomeric
structures presenting very similar retention times and absorp-
tion spectra, thus following data were calculated as the contri-
bution of both.

(f)

Fig.2 Microscope images of H. pluvialis red. (a) Non-disruptive 10 x; (b) non-disruptive 40x; (c) disruption with cell disruptor 10x; (d) disruption
with cell disruptor 40x; (e) first step MSPD (disruption with mortar) 40x; (f) second step MSPD (extract obtained) 40x.
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Table 2 Identification parameters of carotenoids used as markers in HPLC-DAD analysis
Sample retention Standard retention Correlation Amax
Carotenoid time (min) time (min) factor (R) of absorption (nm)
Zeaxanthin 12.337 12.363 0.996 451
Lutein 12.337 12.316 0.993 445
Astaxanthin 11.473 11.433 0.986 470
B-Carotene 19.317 19.213 1.000 453

All marker carotenoids were identified with a correlation
coefficient between the experimental and the spectral library
absorption spectra higher than 0.986, as shown in Table 2. The
difference between the retention time obtained by standards
injection, and the retention time resulting from extracts injec-
tion, did not exceed 1%. The wavelength of maximum absorp-
tion has been established between 445 and 470 for the
carotenoids presented here.

Fig. 3 shows the recovery obtained for the carotenoids
astaxanthin, zeaxanthin-lutein and B-carotene with the stan-
dard cell disruption method and with MSPD method. The ratio
extraction volume/sample size is exemplified, with values of 5/
0.4, 5/0.2, 5/0.1 and 10/0.2 mL mg . The recovery of carotene
compounds is presented as a percentage relative efficiency value
referring to the compound with the highest concentration, ob-
tained with the technique and method of extraction described
there.

Carotenoids recovery by means of MSPD is superior in all the
cases except when working with smaller mass quantities

B MSPD 5/0.4 (mL/mg)

m Cell Disruptor 5/0.4 (mL/mg)

100%
80%
60%
40%
20%

0%

Relative efficiency (%)

Astaxanthin Lutein-Zeaxanthin B-Carotene

(a)

H MSPD 5/0.1 (mL/mg) m Cell Disruptor 5/0.1 (mL/mg)
100%
80%
60%
40%

20%

Relative efficiency (%)

0%
Lutein-Zeaxanthin

Astaxanthin

B-Carotene

(c)

(Fig. 3c) where the cell disruptor shows a greater efficiency;
MSPD bed size decreases with lower mass, shorten the time of
contact of the extractive solvent, obtaining therefore a smaller
recovery.

By gradually increasing the mass (Fig. 3b), the dimension of
the package increases, modifying the geometry of the extractive
bed and improving recoveries; leading up to the best ratio
(when 5 mL is used as solvent volume), 5 mL/0.4 mg (Fig. 3a),
where a clear difference is demonstrated, being the MSPD
extraction much more effective. In Fig. 3d a ratio of extraction
volume/sample size of 50 as in (c) is maintained, obtaining, in
contrast, a better extraction through MSPD. This is due to the
increased sample size, which in turn decreases the efficiency of
the disruptor. In addition, the increment extraction volume
increases the extraction time, where the downstream flow
generated in the MSPD cartridge provides a carotenoid enriched
extract at the bottom and a virgin solvent at the top, thus
creating a constant wash, avoiding solvent saturation while
producing a short maceration. On the contrary, in the cell

= MSPD 5/0.2 (mL/mg) m Cell Disruptor 5/0.2 (mL/mg)
100%
80%
60%
40%

20%

Relative efficiency (%)

0%

Astaxanthin Lutein-Zeaxanthin B-Carotene

(b)

= MSPD 10/0.2 (mL/mg) m Cell Disruptor 10/0.2 (mL/mg)

100%
80%
60%
40%
20%

Relative efficiency (%)

0%

Astaxanthin Lutein-Zeaxanthin

B-Carotene

(d)

Fig. 3 Relative efficiency of major carotenoids extraction (astaxanthin, lutein—zeaxanthin, B-carotene) in ethanol by two methods: MSPD and
cell disruption. The following “extraction volume/sample size" ratios were used: (a) 5 mL/0.4 mg, (b) 5 mL/0.2 mg, (c) 5 mL/0.1 mg, (d) 10 mL/

0.2 mg.

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Untargeted and targeted compound identification algorithm using UHPLC-QToF.

disruptor, the solvent is not renewed with fresh solvent, the
molecules are broken, gradually saturating it, which is less
effective in facilitating the rupture of the cell membranes and
the extraction of the carotenoids. This results in efficient use of
the extraction solvent by the MSPD in relation to the traditional
method, generating greater recovery at equal extraction
volumes.

This comparison of extraction methods shows that MSPD
extraction generates an extract rich in bioactive compounds
superior to the cell disruptor, applying shorter disruption times,
without the generation of heat which eliminates the process of
continuous cooling of the sample. In turn, the MSPD's intrinsic
filtration process provides a homogeneous extract, free from
subsequent filtration processes, which not only require more

m/z

| Fatty acids = 20
= 20

®-® %D Astaxanthin esters

~—" Carotenoids g

T - b
4 RT[min) [INColoEN

®
©
3
]
]

Fig.5 Overlay of chromatography and mass profiles (negative and positive ionization) of the bioactive compounds identified in MSPD extract of

H. pluvialis red aplanospores by UHPLC-QTOF.
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Table 3 Carotenoids identified by targeted characterization via UHPLC-QToF

Am/z

R, (min) Carotenoid Formula Mode Ion mlz Fragments mSigma [ppm] E (eV)

8.31 Neoxanthin-violaxanthin Cy0Hsc0, [M + H]" C40Hs,0," 601.4(64) 167.1(100); 318(64); 119(64); 18.24 2.59  38.0-38.1
221.1(56)

8.53 Neoxanthin-violaxanthin C,0Hs604 [M + H]" C4Hs,0," 601.4(34) 221(100); 318(41); 119(23) 39.31 1.51  38.0

8.63 Astaxanthin CyoHs5,0, [M +H]" CuoHs304" 597.4(33) 147.1 (100); 201.1 (19); 119.1(53); 24.92 1.83  37.8-38.0
173.1(34); 379.3(22) 285.2(12)

8.82 Echinenone CyHs,0 [M+H]" CuHss0"  551.4(37) 119.1(100); 173,1(46); 145.1(96), 5.04 3.10  36.5
133(72); 289(87)

9.39 Canthaxanthin CyoHs5,0, [M + H]" CuoHs30," 565.4(62) 173.1(34); 133.1(31); 145.1(29); 17.46 1.51 21.9
187.1(14); 119.1(18)

9.69 “AME C18:4 CsgH7505 [M + H]" CssH,005" 855.6(16) 147.1 (100); 173.1(67); 201.1(37);  5.23 1.41  46.0
119.1(49); 145.1(33); 109.1(27)

10.18 “AME C18:2 CsgHgyO5 [M + H]" CsgHg3O5"  859.6(20) 147.1 (100); 173.1(73); 201.1(41);  23.65 2.58  45.7-45.8
119.1(43); 145.1(37); 109.1(30)

10.59 “AME C18:1 CsgHgsO5 [M + H]" CsgHgsOs' 861.6(9)  147.1 (100); 173.1(74); 201.1(38);  21.10 2.04  45.7-47.9

“ AME (astaxanthin monoester).

energy, but also generate higher costs and longer production
times for the extracts. In addition, the effectiveness of MSPD
with larger sample sizes relative to the cell disruptor demon-
strates the potential for scaling up the extraction technique.

Identification of targeted-untargeted analytes by UHPLC-
QToF

Current research and commercial interest in relation to the
extracts obtained from H. pluvialis red aplanospores is focused
on obtaining astaxanthin. This study explores the extraction
and characterization of bioactive compounds, whether they are
carotenoids such as astaxanthin, or potential new unidentified
compounds. In this way, it is necessary to perform a high
sensitivity untargeted analysis that allows the identification of
the greatest number of compounds, while ensuring an effective
characterization. For this purpose, a high-resolution Auto MS/
MS acquisition was performed, which is much less time
consuming than other acquisition methods such as manual
selection of precursors using LC-MS. The automatic mode
combines MS scanning cycles with programmed MS/MS scans
for precursor ion detection depending on their relative abun-
dance in the MS scan, thus allowing both MS and MS/MS data to
be acquired in a single analysis.*®

To validate the identification of a compound, two main
criteria are used, the exact mass and the deviation from the
isotopic pattern, as a function of its theoretical value, quantified
as mSigma by the T-Rex 3D algorithm used by MetaboScape.
The calculation algorithm, illustrated in Fig. 4, is created
establishing values of 5 ppm and 50 mSigma as the maximum
acceptable deviation of the mass of the compound and the
isotopic pattern respectively.*

Initially, a database of specific compounds (carotenoids and
fatty acids) obtained from literature search in relation to
microalgae and cyanobacterial matrices was constructed,

This journal is © The Royal Society of Chemistry 2020

119.1(37); 145.1(35); 109.1(33)

combining it with the internal data of the MetaboScape soft-
ware, which generates the exact masses from the molecular
formula of the analytes.* All this process is carried out in
a targeted way, since the compounds are identified by previous
lists introduced in the software, but these represent only a small
part of all the masses quantified by the equipment. In this way,
the untargeted process begins, which becomes much more
complex since the compounds of interest must be separated
from noise signals and interfering analytes. Thus, a compre-
hensive identification is carried out guided by the application of
a Principal Component Analysis (PCA) tool. PCA is a model
which reduces the data matrix summarizing the variance in
a set of variables in fewer dimensions than those of the original
data set.** By studying the PCA model, the results summarized
in Fig. 5 are obtained, in which a “topography view” is observed
where the intensities of the compounds are plotted against the
retention times and m/z values. Each circular marker represents
an analyte, located in its main ions retention time and m/z and
sized according to its intensity. The color-coded intensity scale
(right) represents the highest intensity in the area shown. This
tool allows an easy grouping of compounds that share retention
times and mass profiles, making it easy to classify the analysed
untargeted compounds.

In this way, fatty acid derivatives, which have not been
previously reported for this microalga, were effectively identi-
fied in this work, being proposed by the calculation algorithm
as irrefutable candidates, and being again corroborated since
they are within the group of fatty compounds.

Targeted characterization of carotenoids

The results obtained in the process of carotenoid identification
are summarized in Table 3. The m/z ion 597 was detected and
characterized as the protonated molecule of astaxanthin. The
base peak at m/z 147.1 shown in Fig. S2a,f product of the

RSC Adv, 2020, 10, 27995-28006 | 28001
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fragmentation of the C17-C18 bond of the aliphatic chain at
a collision energy of 37.8-38.0 eV, corresponds to the terminal
ring without the presence of the hydroxyl group. The fragments
m/z 201.1 and 173.1 are formed in a similar way, these are
product of the rupture of the carbons 20-21 and 19-20-31
respectively, in conjunction with the loss of water by the ring.
The m/z ion 119 is the second most intense ion shown by
astaxanthin, this is produced by the rupture of the terminal
carbon of the central chain with the terminal ring. All these ions
were detected by APCI-MS in previous works, for the astaxanthin
molecule.”> The compounds canthaxanthin (m/z 565.4)
(Fig. S2bt), echinenone (m/z 551.4) (Fig. S3at) and diadinox-
anthin ion product [M — H,O + H]' (m/z 565.4) (Fig. S2ct),
generated by fragmentation the m/z ions 173.1, 119.1 and 133.1
which are characteristic for this family of compounds.*

The compounds violaxanthin and neoxanthin are identified
as shown in Table 3 with the m/z ion 601.4, generating the ions
products m/z 221, 318 and 119 illustrated in Fig. S3b and c.T The
bibliographic study shows in several analyses that the neo-
xanthin has a lower retention time than violaxanthin, because it
presents higher polarity.*® At the same time, in an in-depth
study about several carotenoid compounds, Rivera et al
showed the proportions of ions produced by these two
compounds (neoxanthin and violaxanthin), being comparable
with the data obtained here.*® Thus, it is proposed that the
compound with a retention time of 8.31 min is neoxanthin and
the one with a retention time of 8.53 min is violaxanthin.

The compounds with the highest retention times within the
carotenoid group were the astaxanthin monoesters (AME)
C18:1, C18:2, C18:4 with the m/z ions 855.6, 859.6 and 861.6,
respectively. It is simple to identify these compounds by soft-
ware because they have similar mass and retention time, clas-
sified in Fig. 5 at the top as a subgroup, which in turn shares
a distant relationship with the lower subgroups. The ions
identified in all the astaxanthin esters: m/z 147.1, 119.1, 173.1
and 201.1; are characteristic of astaxanthin, being conclusive
proof in the identification as derivatives of this carotenoid.*

Targeted and untargeted characterization of fatty acids

In order, to profile the main fatty acids contained in H. pluvialis, an
analysis was carried out by means of UHPLC-QTOoF, both in a tar-
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untargeted through the exhaustive analysis of the diverse
compounds obtained. In this way, in Table 4, a total of 8 fatty acids
are presented, of which, by means of the targeted identification, it
was possible to characterize diverse compounds of the family of
the polyunsaturated fatty acids. From the omega-6 series were
identified: eicosapentaenoic acid (EPA) (m/z 301.2), arachidonic
acid (m/z 303.2), linoleic acid (m/z 279.2) and eicosadienoic acid
identified with the m/z 307.3 ion, which has been previously
determined in microalgae species and cyanobacteria such as
Nostoc spongiforme, Oscillatoria tenuis and Chlorococcus sp; pre-
senting an important antimicrobial potential.*”

In turn, oleic (m/z 281.2) and linolenic (m/z 279.2) acids of the
omega-9 and omega-3 series respectively were identified. These
compounds have been reported for H. pluvialis in a great diversity
of papers and are of high commercial interest due to their impact
in the prevention of chronic diseases and reduction of heart
diseases. In relation to saturated fatty acids, the compounds pal-
mitic acid and stearic acid were identified with the ions m/z 255.2
and 283.3, respectively. These acids are common in several fami-
lies of microalgae as in H. pluvialis red.****

Through untargeted analysis, as shown in Table 5, three
interesting compounds, which were not found to be reported prior
to this study, were identified in H. pluvialis. N-phenyldecanoic acid
was identified by both positive and negative ionization, presenting
a mass error of less than 1 ppm and a difference in its isotopic
pattern of less than 10 mSigma. According to the biological matrix
studied and the possible structures given by the compound
Crawler algorithm in conjunction with fragmentation via MetFrag,
it is proposed as an “N-” value equal to 10. 10-Phenyldecanoic acid
is a linear alkylbenzene fatty acid not previously identified in H.
pluvialis red aplanospores. These long-chain aromatic fatty acids,
with the phenyl unit in the terminal carbon of the acyl chain, have
been identified in species of the Plantae Kingdom, occurring in the
aroid subfamilies with the species Dracunculus vulgaris, in the
Brazilian plant of the genus Trichilia, as well as in the bacterium
Vibrio alginolyticus associated with the seaweed Cladophora
coelothrix.*

In H. pluvialis aplanospores, the palmitic acid derivatives N-
oxopalmitic acid (m/z 269.2) and N-hydroxypalmitic acid (m/z
271.2) were also identified. These fatty acids derivatives,
although not previously identified in H. pluvialis, have been
characterized in other macroalgae and cyanobacteria such as

geted way, entering diverse possible fatty acid candidates, and Synechococcus and - Synechocystis in the case of N-
Table 4 Fatty acid compounds and derivatives identified by targeted characterization via UHPLC-QToF

Am/z
R, (min) Fatty acid Formula Mode Ion m/z mSigma [ppm]
8.15 EPA CoHz00, M - H] CuoH905~ 301.2 10.00 1.23
8.20 Linolenic acid (o + ) C,5H300, M — H| Ci1sH00,~ 277.2 15.61 2.55
8.34 Arachidonic acid CyoHj3,0, M —-H]” CpoH3:0,~ 303.2 9.85 1.36
8.40 Linoleic acid C,5H3,0, M —H]” C,5H3,0,~ 279.2 13.47 2.79
8.59 Palmitic acid C16H3,0, M - H]| C16H3105~ 255.2 0.40 3.29
8.61 Oleic acid C,5H3,0, M — H|” Cy1sH350,~ 281.2 15.31 3.33
8.68 Eicosadienoic acid CyoH360, M - H]” CpoH350,~ 307.3 30.96 0.80
8.87 Stearic acid C15H360, M —H]” C15H350,~ 283.3 2.94 1.73
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Table 5 Fatty acid derived compounds identified by untargeted characterization via UHPLC-QToF

Am/z

R, (min) Compound Formula Mode Ion m/z mSigma [ppm]
7.25 N-oxopalmitic acid C16H300; M - H] C16Hp005~ 269.2 13.96 1.80
7.34 N-hydroxypalmitic acid C16H3,05 M - H]” C16H3,05~ 271.2 3.03 2.50
7.60 10-Phenyldecanoic acid C16H240, M —H] C16H230, 247.2 1.72 3.51
M +H] C16H,50," 249.2 9.30 0.68

hydroxypalmitic acid as in Ulva pertusa and Porphyra sp in the
case of N-oxopalmitic acid.?”***!

Affinity of bioactive compounds for extraction solvents (ethyl
lactate, ethanol, and water)

To determine the influence of extractive solvents in obtaining
bioactive compounds by MSPD, an analysis of the signal
response (intensity) of the main analytes of interest was per-
formed. Fig. 6 shows the intensities of the carotenoid
compounds identified in H. pluvialis as a function of the various

solvents: water, ethanol, and ethyl lactate. In general, the
recovery of carotenoid compounds using water as an extractive
solvent is negligible in relation to more volatile solvents such as
ethyl lactate and ethanol. This is due to the hydrophobic and
lipophilic nature of these compounds, which are generally
extracted from H. pluvialis with organic solvents of lower
polarity such as DMSO and acetone.”>** Unlike these solvents,
ethanol and ethyl lactate are less volatile and less reactive food-
grade solvents, which have affinity for carotenoid compounds
and are much more promising for developing applications for
the nutraceutical field.***
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Fig. 6 Analysis of UHPLC-QToF response of carotenoids to modifications in extraction solvents. (a) Astaxanthin. (b) Canthaxanthin. (c) Neo-

xanthin—violaxanthin. (d) Violaxanthin—neoxanthin. (e) Diadinoxanthin.
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(f) Echinenone. (g) AME C18:1. (h) AME C18:2. (i) AME C18:4.
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Ethanol generally shows a slightly greater response in the
extraction of carotenoid compounds; although, ethyl lactate
extractions show comparable response values in most cases. In
relation to the magnitude obtained in each compound, astax-
anthin, canthaxanthin, diadinoxanthin and echinenone (Fig. 6a, b,
e and f respectively); present a greater response assuming a greater
abundance in the extracts. Fig. 6¢ and d correspond to the neo-
xanthin and violaxanthin isomers, where (c) by means of the
previously developed analyses, is presumed to correspond to
neoxanthin and (d) to violaxanthin. In terms of intensity, there is
no important difference between these two compounds, they
present a similar profile among the different solvents, being neo-
xanthin (c) the one that generates the highest response.

In relation to the astaxanthin monoesters (Fig. 6g, h and i),
they all show the same pattern in the affinity profile to extrac-
tion solvents. As with other carotenoid compounds, AME show
a greater response to the more volatile organic solvents, the
extraction achieved with water being neglectable. In order to
determine the affinity of the main fatty compounds, identified
through the targeted analysis, towards the different solvents
used (lactate, ethanol and water), an experimental design was
planned considering pure solvents as well as mixtures of them
(100, 80 and 50%). The obtained results are synthesized in Fig. 7
by means of box-plot graphs. The polyunsaturated acids EPA,
arachidonic, linoleic, oleic, linolenic and eicosadienoic present
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a similar response profile in function of the solvents used.
These omega-9, omega-6 and omega-3 series compounds show
a greater response when working with ethanol-water 50% and
lactate-water 50%. This presents a great advantage both oper-
ationally and for application to the nutraceutical field, since an
extract is obtained that presents two main fractions: an organic
part corresponding to ethyl lactate, which complies with the
premises of a solvent according to principles of green chem-
istry, and another aqueous part, related to bioactive compo-
nents of higher polarity and hydrophilic tendency.*

In order to use pure ethyl lactate as an essential fatty acid
extraction solvent, a higher response intensity is observed in
contrast to the other pure solvents analysed in this study. The
feasibility of extraction by ethyl lactate not only provides good
recovery, but also gives added value to the extracts, increasing
their antimicrobial potential.*” At the same time, ethyl lactate
provides a much denser aspect to the extract, similar to an
emulsion, being much more manageable both in its storage and
in its possible nutraceutical use.??

In contrast to essential fatty acids, lipid compounds linked to
the -oxo, -hydroxy and -phenyl groups; show a substantial response
when water is used as an extraction solvent. In Fig. 8, the
compounds N-oxopalmitic acid (Fig. 8a) and N-hydroxypalmitic
acid (Fig. 8b) show a similar pattern compared to the corre-
sponding essential fatty acid, as long as organic solvents are
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Fig.7 Analysis of UHPLC-QToF response of target fatty acids to modifications in extraction solvents composition. (a) EPA. (b) Linolenic acid (o +
7v). (c) Arachidonic acid. (d) Linoleic acid. (e) Palmitic acid. (f) Oleic acid. (g) Eicosadienoic acid.
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Fig. 8 Analysis of UHPLC-QToF response of untargeted fatty acids to modifications in extraction solvents. (a) N-oxopalmitic acid. (b) N-

hydroxypalmitic acid (c) 10-phenyldecanoic acid.

considered, detailing a marked difference in the high response
obtained when using pure water as an extractive solvent.

Unlike palmitic acid, which has a hydrophobic nature, the
-oxo and -hydroxy groups give it a more hydrophilic character.®
Palmitic acid has the shortest carbon chain of the essential fatty
acids identified, which gives it less hydrophobic characteristics,
exposing its terminal carboxyl group of a polar nature.

The decanoic acid derivative (Fig. 8c) presents a comparable
response independently of the extraction solvent but showing
a clear greater affinity for water. 10-Phenyldecanoic acid has the
shortest aliphatic chain of all the fatty acids and derivatives
analysed in this study. This compound has a 10-carbon chain
with a terminal phenyl group, which although it does not
present a significant polarity, is a bulky group that can
moderately inhibit hydrophobic repulsion of the aliphatic
chain. In turn, the phenyl group decreases the affinity contrast
between the head and the tail of the molecule, increasing its
tendency to dissolve in the aqueous phase.*

Conclusions

Through HPLC-DAD analysis, the feasibility of MSPD as
a method to extract bioactive compounds derived from H. plu-
vialis aplanospores red versus the cell disruption method
frequently applied has been demonstrated. In general, MSPD
produced higher recoveries of the carotenoids used as markers
than the standard cell disruption using ethanol as solvent. PCA
divided the identified analytes into three main groups: carot-
enoids, esters, and fatty acids, allowing an efficient and accurate
characterization of individual compounds belonging to each
category. Targeted analysis by UHPLC-QToF permitted the
identification of a total of 9 carotenoid compounds and esters
and 8 essential fatty acids. Untargeted analysis identified 3 new
compounds (N-oxopalmitic acid, N-hydroxypalmitic acid and
10-phenyldecanoic acid) not previously found in H. pluvialis
aplanospores red. Both, carotenoid compounds and essential
fatty acids showed high affinity for the solvents ethanol and
ethyl lactate, while fatty acids derivatives showed higher affinity
for the isovolumetric ratios ethyl lactate/water and ethanol/
water. At the same time, new compounds identified in

This journal is © The Royal Society of Chemistry 2020

microalga showed greater affinity for water as extraction
solvent. The combination of green solvents together with a deep
analytical characterization allowed to obtain extracts rich in
a variety of bioactive compounds, whose synergistic effect opens
the possibilities of new potential industrial uses.
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