Food Chemistry 405 (2023) 134885

Contents lists available at ScienceDirect

FOOD

CHEMISTRY

Food Chemistry

journal homepage: www.elsevier.com/locate/foodchem

ELSEVIER

Check for

Effects of pressurized liquid extraction with dimethyl sulfoxide on the ol
recovery of carotenoids and other dietary valuable compounds from the
microalgae Spirulina, Chlorella and Phaeodactylum tricornutum

a,b a,b

Min Wang o1 Angeles Mor6n-Ortiz © 7, Jianjun Zhou ", Ana Benitez-Gonzalez €,
Paula Mapelli-Brahm ©, Antonio J. Meléndez-Martinez  , Francisco J. Barba®

2 Preventive Medicine and Public Health, Food Science, Toxicology and Forensic Medicine Department, Faculty of Pharmacy, Universitat de Valencia, Avda. Vicent
Andrés Estellés, s/n, 46100 Burjassot, Valencia, Spain

Y Institute of Agrochemistry and Food Technology, National Research Council (IATA-CSIC), Valencia, Spain

€ Food Colour and Quality Laboratory, Facultad de Farmacia, Universidad de Sevilla, 41012 Sevilla, Spain

ARTICLE INFO ABSTRACT

Keywords: The impact of pressurized liquid extraction (PLE) and DMSO concentration (0, 30, 50, 100 %) on the yield of
Carotenoids antioxidants and minerals from Chlorella were investigated. The results showed that PLE increased the antiox-
Chlorophylls idant yield. Water extracted more proteins, while with 100 % DMSO more polyphenols, chlorophylls, and ca-
11;/2;1 er;isn ols rotenoids were obtained. The efficiency coefficient (Kpig) results showed that PLE + 100 % DMSO was more
Pro)t,é)ins suitable for the recovery of antioxidants and pigments from Chlorella (polyphenols 10.465 mg/g, chlorophyll a
Sustainability 6.206 mg/g, chlorophyll b 3.003 mg/g, carotenoids 0.971 mg/g). Thus, PLE + 100 % DMSO was used for re-

covery studies on Spirulina, Chlorella, and Phaeodactylum tricornutum. Fucoxanthin, p-carotene, zeaxanthin, and
lutein were the major carotenoids in P. tricornutum, Spirulina, and Chlorella, respectively. Regarding the
extraction of minerals, Relative Nutrient Values results were calculated based on Recommended Dietary Al-

lowances. The results indicated that the extracts could be used as a mineral source for different populations.

1. Introduction

The global shortage of food resources, the increase in demand for
healthy food brought about by Covid-19, and the war between Russia
and Ukraine, make it necessary for the food industry to make full use of
the existing natural food resources as a solution. From the perspective of
environmentally friendly strategies and nutritional value, marine re-
sources show a great potential as edible resources, especially marine
microalgae. On the one hand, marine microalgae can use light and
sequestrate COy to synthesize high-value nutrients, such as proteins,
polysaccharides, pigments, etc. (Markou & Nerantzis, 2013). On the
other hand, the cultivation of marine microalgae does not compete with
traditional agriculture for land space, which allows marine microalgae
to play a huge potential advantage in helping humans cope with food
resource crises (Vaz et al., 2016). Moreover, microalgae are rich in
bioactive compounds such as carotenoids, polyphenols, or poly-
saccharides, that are thought to be involved in health-promoting
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biological actions such as antioxidant, anti-inflammatory, anti-cardiac,
or anti-diabetic actions or even in the regulation of gut microbiota
(Laamanen et al., 2021).

Extraction with solvents is a key process to recover microalgae
valuable compounds. For instance, most of marine microalgae contain
hard cell walls, with a great range of thicknesses depending on the
microalgae species. Overcoming the cell wall barrier of microalgae to
dissolve cytoplasmic nutrients into the extraction solution is currently
an important issue (Zhang et al., 2022). Traditional techniques such as
Soxhlet, Folch, and hot water extractions have been used to extract
valuable compounds from marine microalgae. Although these tech-
niques can yield important quantities of such compounds, they have
been gradually replaced by new efficient extraction techniques due to
their disadvantages such as long extraction time and the use of large
amounts of organic solvents (Zhou, Wang, Saraiva, Martins, Pinto,
Prieto, Simal-Gandara, et al., 2022). Pressurized liquid extraction (PLE)
is a highly efficient extraction technique compared to traditional
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extraction techniques. The PLE process is proceeding in a tightly closed
stainless-steel cell, in order to be submitted to high temperature and
pressure (Hoff & Pizzolato, 2018). During the extraction process, the
solvent is kept below the critical point of the liquid phase. The pressure
and temperature conditions are selected to increase the mass transfer
rate by reducing the surface tension and viscosity of the solvent and
increasing the solubility of the components, thus facilitating the pene-
tration of the solvent into the matrix of the microalgae (Hoff & Pizzolato,
2018). Briefly, the PLE facilitates the process of matrix-solvent inter-
action during the extraction process and greatly shortens the extraction
time. Moreover, PLE has additional advantages such as small sample and
solvent usage or automatic extraction of multiple samples. Currently, it
is widely used in the extraction of bioactive components (Zhou, Wang,
Berrada, Zhu, Grimi, & Barba, 2022).

Although the duration of the high-temperature phase has been
greatly shortened in the PLE process compared to traditional extraction
techniques, this process is still not conducive to the protection of the
properties of heat-sensitive bioactive components which may lead to the
degradation of substances such as carotenoids, chlorophylls, or proteins,
etc. Therefore, PLE combined with a suitable extraction solvent to
reduce the dependence on high-temperature extraction conditions is an
issue worth exploring. Compared with conventional extraction solvents
(i.e., ethanol, methanol, or acetone), DMSO has the following advan-
tages: (A) extraction is easy and fast because multiple grinding and
centrifuging are not required. (B) high stability of microalgae bioactive
components (chlorophyll, carotenoids, etc.) in DMSO solvents (Nikolo-
poulos et al., 2008). (C) low toxicity, high fluidity, and good selectivity
at room temperature and pressure (Liu, Zhao, et al., 2021). The above
advantages indicate that with DMSO as the solvent, PLE may perform
the extraction of microalgae bioactive compounds at mild temperature
conditions, although this is rarely reported. In this study, PLE combined
with different concentrations of DMSO was used to recover dietary
valuable compounds (proteins, polyphenols, chlorophylls, carotenoids,
Mg, Ca, P, Fe, Zn, Se) at room temperature from Chlorella, Spirulina, and
Phaeodactylum tricornutum. Principal component analysis was conducted
to analyze the intrinsic correlation of bioactive components and anti-
oxidant properties in the extracts, and the relative nutrient values of
minerals in the extracts were assessed to provide a reference for the
edible value of marine microalgae.

2. Materials and methods
2.1. Chemicals and reagents

Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid),
ABTS (2,2'-Azino-Bis-3-Ethylbenzothiazoline-6-Sulfonic Acid), AAPH
(2,2'-Azobis(2-methylpropionamidine) dihydrochloride), fluorescein
sodium salt, Folin-Ciocalteu, gallic acid, p-glucose, phenol, potassium
persulfate and dimethyl sulfoxide (DMSO) were purchased from Sigma-
Aldrich (Steinheim, Baden-Wiirttemberg, Germany). Sodium carbonate
was acquired from VWR (Saint-Prix, France). Sodium hydroxide,
bicinchoninic acid (BCA) kit, glacial acetic acid, and sulfuric acid were
supplied by Fisher Scientific (Madrid, Spain). Deionized water (re-
sistivity >18 MQ cm ™) was produced by a Milli-Q SP® Reagent Water
System (Millipore Corporation, Bedford, MA, USA). p-Carotene (>95.0
% purity), lutein (>96.0 % purity), zeaxanthin (>95.0 % purity), and
fucoxanthin (>95.0 % purity) were from Sigma-Aldrich (Merck KGaA,
Darmstadt, Germany).

2.2. Samples

Chlorella from Hainan Island (China) was produced in open raceway
ponds, where the average temperatures varied from 21 °C to 33 °C and
precipitations were 1600 mm per year. At the time of harvesting,
biomass was washed and spray-dried at 160-180 °C. The final product, a
green powder with a characteristic smell and taste, was stored at —20 °C
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until the experimental analysis. Spirulina biomass came from Arthrospira
platensis species, strain paracas 15016, being Paracas the lake where it
was originally isolated (Lima, Peru). Cultivation took place at EcoSpir-
ulina company (Serra, Valencia, Spain) in raceway ponds using a
greenhouse under natural sunlight. The day-time temperature was 32 °C
on average, while the temperature decreased to 24 °C at night. The
biomass was used for further experiments after freeze-drying. Phaeo-
dactylum tricornutum was produced in four 800 L GemTube (LGEM,
Rotterdam, The Netherlands) photobioreactors at the National Algae
pilot plant in Mongstad (NAM), Norway. The photobioreactors were in a
greenhouse exposed to natural light and additionally equipped with
artificial illumination (EAX 170 W LED lights, Evolys AS, Oslo, Norway)
with an average incident artificial light of 200 umol m~2s™!. The culture
temperature of Phaeodactylum tricornutum was maintained between
~15-35 °C by heating the greenhouse or spraying the reactors with
water to cool them down, and the biomass after freezing dried was used
for further experiments.

2.3. PLE extraction process

The PLE extraction was carried out based on a previous study (Moret
et al., 2014) with slight modifications. Microalgae and diatomaceous
earth were thoroughly mixed (0.5 g: 1.5 g) in a mortar and then placed
into the PLE extraction tank. An ASE-200 Accelerated Solvent Extractor
(Sunnyvale, CA, USA) was used to perform the extraction, and the
operating conditions were referred to our previous study: preheating
time of 1 min, heating time of 5 min, flush volume 60 %, nitrogen purge
60 s, extraction pressure of 103.4 bars, extraction temperature of 40 °C,
extraction time of 15 min. Different proportions of DMSO (0, 30, 50, and
100 %) were used for PLE extraction to evaluate the effect of DMSO
concentration on the extraction yield. For 0.5 g microalgae (dw), the
volume of the final extracts was near 20 mL. According to the PLE ex-
tracts volume, the control experiment was carried out as 0.5 g algae
powder/20 mL solvent (0, 30, 50, and 100 %) stirred at 40 °C for 15 min.
The samples were centrifuged (2504xg, 4 °C, 15 min), and the super-
natants were stored at —20 °C for further analyses.

2.4. Analysis of dietary valuable compounds

2.4.1. Protein yield

The bicinchoninic acid (BCA) method was used to analyze the pro-
tein content of the microalgae extracts (Al Khawli et al., 2021). Specif-
ically, 10 uL of samples or BSA and 200 pL of BCA working solution were
added to a 96-well plate, mixed well, and incubated at 37 °C for 30 min.
Finally, the absorbances were measured at 562 nm. The protein content
was determined using a calibration curve (0 ~ 2000 mg/L) with bovine
serum albumin (BSA) as a standard.

2.4.2. Pigments (chlorophylls and carotenoids) and polyphenols yield

The concentration of pigments and polyphenols in the microalgae
extracts were analyzed following the procedures previously reported by
Zhou et al. (2021). The absorbance values and formulas used to analyze
the DMSO and 50 % DMSO extracts were as follows (Zhou et al., 2021):

C, = 12.47 x Abs665.1 nm —3.62 x Abs649.1 nm (€8]
C, = 25.06 x Abs649.1 nm — 6.5 x Abs665.1 nm (2)
Carotenviass = (100 X Abs480 nm — 1.29 x C, — 53.78 x C})/220

CTolal chlorophylls — Ca + Cb

Total phenolic content was determined by the Folin-Ciocalteu assay.
For instance, 0.2 mL of extracts, 1 mL of Folin-Ciocalteu (diluted with
water at a ratio of 1:10, v/v), and 0.8 mL of NayCOs3 (75 g/L) were mixed
and incubated in a water bath at 50 °C for 10 min. Then, the absorbances
were measured at 750 nm using a spectrophotometer. Gallic acid was
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used as a standard to prepare the calibration curve to quantify the
content of total polyphenols in the microalgae extracts.

2.4.3. Extraction of carotenoids and HPLC profile

For the extraction of carotenoids, 3 mL of trichloromethane were
added to 1 mL of Chlorella, Spirulina, and Phaeodactylum tricornutum
(PLE + 100 % DMSO extracts). The samples were vortexed for 2 min and
then centrifuged at 20 °C (to avoid DMSO freezing) for 3 min. The su-
pernatant was removed. After washing the solution with 4 mL of 10 %
NaCl, the samples were evaporated to dryness in a rotary evaporator
(<30 °C). Finally, the carotenoid extracts were dissolved in 200 uL of
ethyl acetate and injected to identify the carotenoid profile by HPLC.

The HPLC analysis was performed on an Agilent 1260 system (Agi-
lent, Palo Alto, CA). The carotenoids were separated on a YMC Cso
column (5 pm, 250 x 4.6 mm) (YMC, Wilmington, NC), which was kept
at 20 °C. The mobile phase, which comprised methanol, methyl tert-
butyl ether, and water, was pumped at 1 mL/min. The linear gradient
elution used is described elsewhere (Stinco et al., 2012).

The chromatograms were monitored for absorbance at 450 nm. The
identification of carotenoids was carried out by comparison of their
chromatographic and UV/vis spectroscopic characteristics with those of
standards. The carotenoid content was measured using the calibration
curves described by Stinco et al. (2019) and a calibration curve per-
formed with a fucoxanthin standard. The quantification of the carot-
enoids for which standards were not available was carried out using the
calibration curves of carotenoids with a similar spectrum. Thus, myx-
oxanthophyll and diatoxanthin were quantified using the calibration
curves of lycopene and zeaxanthin, respectively. The total carotenoid
content was calculated as the sum of the content of the individual
compounds.

2.4.4. Dynamic proportion and PLE efficiency coefficient (Kp.r)

In order to characterize the impact of PLE on the extraction effi-
ciency, the PLE efficiency coefficient (Parniakov, Barba, et al., 2015)
was evaluated, being Kp g defined as the yields of the extracts obtained
for PLE and control extraction procedures according to the Eq. (9):

KPLE = onmpamtd.&‘ (P LE ) / Ymmpound: (CO ntro. [ )

where Ycompounds Was the yield of specific bioactive compounds (protein,
polyphenol, chlorophyll a, chlorophyll b, or carotenoids) in PLE or
control extracts.

2.4.5. Antioxidant properties

The antioxidant capacity of the microalgae extracts was evaluated
through the oxygen radical antioxidant capacity (ORAC) and the Trolox
equivalent antioxidant capacity (TEAC) assays (Zhou et al., 2021). For
the ORAC assay, Trolox, and 2,2'-azobis(2-methylpropionamidine)
dihydrochloride (AAPH) were used as antioxidants and oxygen free
radicals, respectively, and phosphate buffer was used as a blank control.
Specifically, 50 pL of extract and 50 pL of the fluorescein sodium salt
solution were added to a 96-well plate and incubated in a microplate
reader at 37 °C for 10 min, then 25 pL. AAPH solution was added, and the
absorbance was recorded at 520 nm. For the TEAC assay, 25 mL of 7 mM
ABTS were mixed with 440 uL of 140 mM potassium thiosulfate solution
and incubated under darkness at room temperature for 12-16 h to
obtain the 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS)
working solution. During the measurement, the ABTS working solution
was diluted with 96 % ethanol to obtain an absorbance value of 0.700 +
0.020 at 734 nm. Then, 0.1 mL of the extracts or Trolox solution and 2
mL of the working solution were mixed, and after reacting for 3 min in a
dark room, the absorbance at 734 nm was recorded.

2.4.6. ICP-MS mineral determination and Nutrient Relative Value (NRV)
analysis
The contents of Mg, Ca, P, Fe, Zn, and Se in the extracts were eval-
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uated considering methodologies described elsewhere (de la Fuente
et al.,, 2019). Specifically, 1 mL extracts were mixed with 1 mL of
concentrated nitric acid (HNO3, 69 %) and 250 pL H0o, then placed in a
microwave furnace for digestion with a maximum temperature of 180
°C. After that, the volume was adjusted to 5 mL with ultrapure water, a
100 pL-aliquot was taken, and the volume was adjusted to 10 mL with
ultrapure water. Finally, the mineral content was analyzed using a ICP-
MS (7990 ICP-MS, Agilent Technologies, CA, USA). Furthermore, the
contribution of minerals in extracts from 100 g microalgae dry basics
(Nutrient Relative Value, NRV) towards DRI was calculated as Eq. (10)
(Jalali & Fakhri, 2021):

NRV = (X/R) x 100 (10)

where X and R corresponded to the mineral content in PLE extracts
(DMSO as a solvent) from 100 g microalgae dry powder and Recom-
mended Dietary Allowances (RDAs, as shown in Supplementary Table
1), respectively.

3. Statistical analysis

The statistical analysis was performed by analysis of variance
(ANOVA), using SPSS19.0 analysis software. The means were compared
by Duncan’s multiple range test (p < 0.05).

4. Results and discussion

4.1. Evaluation of Chlorella extraction process: yields, antioxidant
properties, and efficiency coefficient

4.1.1. Extraction yields

The extraction effect of DMSO was evaluated with Chlorella as the
raw material and the extraction conditions were determined, which
were subsequently used for the recovery of the bioactive components of
Spirulina and Phaeodactylum tricornutum. The effects of PLE and DMSO
concentrations on the yield of Chlorella valuable compounds are shown
in Fig. 1. PLE extraction increased the protein yield of Chlorella samples
compared to the control group. The highest yield was obtained when
water was used as the extraction solvent and decreased as the DMSO
concentration increased, thus indicating that high concentrations of
DMSO are not suitable for protein recovery from Chlorella samples. In
this line, a previous study showed the negative impact of DMSO on
protein recovery from Nannochloropsis, which was attributed to protein
precipitation promoted when high concentrations of DMSO are used
(Parniakov, Apicella, et al., 2015).

On the other hand, the effect of PLE on the extraction yield of
polyphenols was affected by the concentration of DMSO. The poly-
phenol contents of the PLE extracts were higher than the control group
when the concentration of DMSO was higher than 30 %. The polyphenol
yield augmented with the increase of DMSO concentration until reach-
ing about 10 mg/g dw at 100 % DMSO, thus indicating that DMSO
concentration over 30 % could increase the polyphenol yield.

Up to a DMSO concentration of 50 %, no significant differences were
found between the PLE and the control group in the values of the dy-
namic curves of pigments, including chlorophyll a, chlorophyll b, and
carotenoids. Concentrations of DMSO higher than 50 %, resulted in a
significant increase in the pigment yield of the PLE extracts compared to
the control group. It should be also noted that when DMSO at 100 % was
used as the extraction solvent, the contents of chlorophyll a, chlorophyll
b, total chlorophylls, and carotenoids of the PLE extracts reached values
up to 6.3 + 0.1 mg/g dw, 3.0 + 0.1 mg/g dw, 9.3 + 0.2 mg/g dw, and
1.08 + 0.03 mg/g dw, respectively. Chlorophyll a, chlorophyll b, and
carotenoids are fat-soluble pigments, whereas DMSO has amphiphilic
properties and can be used to dissolve polar and non-polar compounds in
various solvent systems, thus promoting the increase of the extraction
yield of those pigments when DMSO concentrations higher than 50 %



Food Chemistry 405 (2023) 134885

M. Wang et al.
30 15 8
—e— PLE = -= PLE
-~
E = PLE & ~7 Control % | — Courol
oo 20— ~+~ Control | = 10 =
2 = £
= g = 4
" -
2 10 £ s- =
il =] E
B = \_,/ = 29
—1
]
0 T T T 0 T T T ‘r} T T T
0 25 50 75 100 0 25 50 75 100 0 25 50 = 100
DMSO % DMSO %
4 10 15 DMSO %
= -e— PLE =0
= —w— Control & I l():%l];:nvl - PLE
o0 3] E 849 Lo —=— Control
= - S0
£ = £ 1.0+
o = 6 =
Z s E
£ 2 4 g
5 = S 0.5
5 1 = =
= 2 2 <
o =
0 T T T o T T T 0.0 T i T
0 25 50 75 100 o 25 50 75 100 0 25 50 75 100
DMSO % DMSO % DMSO %

Fig. 1. Effects of pressurized liquid extraction (PLE) and dimethyl sulfoxide (DMSO) concentration on Chlorella valuable compounds yield (mg/g dw).

are used (Selvakumar et al., 2021). Similar to this study, Parniakov,
Barba, et al. (2015) used the combination of pulsed electric field-DMSO
to recover about 20 mg/g dw and 10 mg/g dw of total chlorophylls and
carotenoids, respectively, from Nannochloropsis. The results were
attributed to the good solubility of pigments in DMSO (Parniakov,
Barba, et al., 2015).

4.1.2. Efficiency coefficient
To evaluate the effect of PLE on the yields, the PLE efficiency coef-
ficient (Kppg) was evaluated. The Kpy g value was calculated according to

Eq. (9), and the results are shown in Fig. 2. The Kpyg values of proteins
and polyphenols both exceeded 1, corresponding to their maximum Kp g
values of 2.0 (water as the extraction solution) and 1.25 (50 % or 100 %
DMSO as the extraction solution), respectively. When the DMSO con-
centration was 0 %, 30 % and 50 %, the Kpyg values of the pigments were
all close to 1, while when the DMSO concentration was 100 %, the Kpig
values of chlorophyll a, chlorophyll b, and total chlorophylls were close
to 3.0, while the Kp; g values of carotenoids were close to 2.7. From the
overall Kpig results observed in Fig. 2, it can be depicted that PLE
combined with 100 % DMSO appeared to be more suitable for the

ab El protein

I polyphenol

Bl chlorophyll a

0 30 50 100 0 30 50 100 0 30 50 100
DMSO % DMSO % DMSO %
4 4 4
b B total chlorophylls B carotenoids
3] chlorophyll b 3 b
5, 2,
M a 4
1 1---
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0 30% 50% 100% 0 30% 50% 100%

Fig. 2. Effects of dimethyl sulfoxide (DMSO) concentration on efficiency coefficient of pressurized liquid extraction (PLE) (Kpig). CN, control extraction.
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recovery of chlorophylls, carotenoids, and proteins from Chlorella. The
microalgae mechanical disruption treatment process was not involved in
this study, so the extraction of bioactive compounds is mainly attributed
to the behavior of the solvent diffusion into the interior of microalgal
cells (Nikolopoulos et al., 2008). Moreover, the pressurization process of
PLE can reduce the strong interaction of the solute with the matrix
caused by van der Waals forces or hydrogen bonds in the system (Cao
et al., 2021), thus facilitating the extraction process, resulting in Kpg
values of 2 or even 3.

4.1.3. Antioxidant properties and principal component analysis (PCA)
Oxygen radical antioxidant capacity (ORAC) and Trolox equivalent
antioxidant capacity (TEAC) were used to analyze the antioxidant
properties of Chlorella extracts. The results are shown in Fig. 3a-b. The
ORAC results (Fig. 3a) showed that the in vitro antioxidant capacity of
the PLE extracts was higher than that of the control group. At DMSO
concentrations lower than 30 % the main difference between PLE and
control extracts was a higher content of proteins in the former (Fig. 1).
Whether this higher antioxidant capacity was due to the original pro-
teins or derivatives that may have formed requires further investigation.
When the concentration of DMSO was higher than 50 %, the increase in
the antioxidant capacity of the PLE extracts was correlated with the
increased content of polyphenols, chlorophylls, and carotenoids. Con-
trastingly, the TEAC results (Fig. 3b) showed that the antioxidant ca-
pacity of the PLE and control extracts were very similar at
concentrations of DMSO over 50 %, but higher in the PLE extracts below
such concentration. The inconsistency between the ORAC and TEAC
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results could be attributed to the different oxidizing agents and mech-
anisms of both methodologies. Overall, methods for measuring antiox-
idant capacity could be divided into two categories: methods based on
hydrogen atom transfer (HAT) or electron transfer (ET) (Huang et al.,
2005). The assay principle of HAT followed that antioxidants and sub-
strate compete for thermally generated peroxyl radicals through the
decomposition of azo compounds (such as ORAC), while the assay of ET
measures the ability of antioxidants to reduce oxidants, such as TEAC
(scavenging ABTS cationic radicals) (Barba et al., 2013). Therefore, in
complex extracts containing different kinds of antioxidants (poly-
phenols, carotenoids, etc.), the relevance of the ORAC and TEAC
methods could be reduced due to different kinetics and reaction mech-
anisms. To further explain the association of bioactive components with
antioxidant activity, a principal component analysis (PCA) was carried
out (Fig. 3c). The results showed that 100 %-PLE and 100 %-Control
were on the same side of the first principal component (PC1), while the
other extraction conditions were on the other side (PC1). Moreover, 100
%-PLE, 100 %-Control, polyphenols, carotenoids, chlorophyll a, chlo-
rophyll b, ORAC, and TEAC were distributed on the same side of PC1,
thus indicating that DMSO had a more significant effect on the yield and
antioxidant activity of bioactive compounds than the technology used
(PLE). ORAC and TEAC were distributed in the same quadrant (the first
quadrant), thus indicating a positive correlation between these assays.
More specifically, ORAC was closely distributed with carotenoids and
chlorophyll a, while TEAC was more closely distributed with poly-
phenols, which may be the reason for the difference in the results
observed for the ORAC and TEAC assays. Overall, the extracts with
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2 = 3004
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Fig. 3. Effects of pressurized liquid extraction (PLE) and dimethyl sulfoxide (DMSO) concentration on the in vitro antioxidant capacity of Chlorella extracts. Fig. 3a).
Oxygen radical antioxidant capacity (ORAC), Fig. 3b). Trolox equivalent antioxidant capacity (TEAC), Fig. 3c). Principle component analysis (PCA).
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higher content of polyphenols, chlorophyll, and carotenoids as well as
higher antioxidant properties were recovered when 100 % DMSO was
used as the extraction solvent. Therefore, 100 % DMSO can be selected
as the PLE extraction solvent for the recovery of these compounds from
Spirulina and Phaeodactylum tricornutum.

4.2. Comparison of extraction effect on Spirulina, Chlorella, and
Phaeodactylum tricornutum

4.2.1. Yields, antioxidant properties, and efficiency coefficient

The results of the extractions with 100 % DMSO are shown in Fig. 4.
Under these conditions, the highest yields for the recovery of protein
(45 mg/g dw), polyphenols (12.5 mg/g dw), chlorophyll a (8.0 mg/g
dw), chlorophyll b (3.0 mg/g dw), and carotenoids (1.9 mg/g dw) from
Spirulina were found. In the case of Phaeodactylum tricornutum, the
highest yields of protein (33 mg/g dw), polyphenols (11.5 mg/g dw),
chlorophyll a (5.7 mg/g dw), chlorophyll b (1.5 mg/g dw) and carot-
enoids (1.6 mg/g dw) were lower. When the yields of protein and other
valuable compounds of the three microalgae extracts were compared it
was found that protein, polyphenols, carotenoids, and antioxidant ca-
pacity yield of the extracts obtained from Spirulina and P. tricornutum
were significantly higher than those of Chiorella (P < 0.05), while the
chlorophylls of Chlorella extracts were significantly higher than that of
P. tricornutum (P < 0.05), which might be attributed not only to differ-
ences in the biosynthesis of the compounds across species but also to
distinct characteristics, such as cell wall thickness, cell particle size, etc.
(Zhou, Wang, Saraiva, Martins, Pinto, Prieto, Simal-Gandara, et al.,
2022).

Fig. 4 shows that all Kp g values exceeded the value of 1. Specifically,
for Spirulina (S—P) the Kpg values of protein, polyphenols, chlorophyll
a, chlorophyll b, and carotenoids were 8.2, 3.5, 4.0, 8.0, and 5.5,
respectively. In the case of P. tricornutum (P—P), the Kpig values of
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protein, polyphenols, chlorophyll a, chlorophyll b, and carotenoids were
4.8, 2.0, 3.0, 1.5, and 3.7, respectively. The results indicate that PLE
enables the efficient recovery of the compounds studied when 100 %
DMSO was used as the solvent. A recent study compared the extraction
efficiency of pigments from mixed microalgae consortium using DMSO,
methanol, chloroform, and acetone. The maximum chlorophyll a (4.62
pg/ml), chlorophyll b (4.78 pg/ml) and total carotenoid (1.76 pg/ml)
contents were obtained when DMSO was used as the extraction solvent
for 16 h (Jain et al., 2021). Compared with the extraction time used in
the study of Jain et al. (2021), the whole PLE extraction process of our
study took 15 min, so it could be concluded that the combination of PLE
-+ 100 % DMSO greatly improved the extraction efficiency of microalgae
pigments. Overall, the pressurized process of PLE extraction and the
superior diffusivity of DMSO synergistically improved the extraction
yield of microalgae biomass, while similar studies were rarely reported
and deserve further exploration.

4.2.2. Carotenoid content

Carotenoids are isoprenoids biosynthesized by all photosynthetic
organisms (plants, algae, and cyanobacteria) as well as in some fungi,
bacteria, and arthropods. They are important as natural colorants, pre-
cursors of vitamin A, antioxidants, and for health promotion, as evi-
dence has accumulated that they can contribute reducing the risk of
developing cancer, cardiovascular diseases, eye conditions, metabolic
diseases, and other conditions (Meléndez-Martinez, 2019; Rodriguez-
Concepcion et al., 2018). Being present in high amounts in micro-
algae, these matrices are important in the context of healthy diets and
the development of innovative products, including functional foods or
nutricosmetics, among others (Meléndez-Martinez et al., 2021). Previ-
ous studies have shown that Spirulina is an industrial-scale source of
carotenoids (0.5 mg to 2 g p-carotene/kg dry matter), with B-carotene
being the main carotenoid in this matrix (Santos Assuncao et al., 2021).
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Fig. 4. Effects of pressurized liquid extraction (PLE) and dimethyl sulfoxide (DMSO) concentration on the yield, antioxidant properties, and efficient coefficient
(KpLg) of Spirulina, Chlorella, and Phaeodactylum tricornutum extracts. Different lowercase letters indicate significant differences (p < 0.05), same lowercase letters
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Similarly, Chlorella is also considered a good source of carotenoids,
including p-carotene, a-carotene, lutein, and zeaxanthin, being a genus
commonly used for large-scale production of carotenoids (Liu, Hu, et al.,
2021). Other studies have shown that Phaeodactylum tricornutum is a
good source of fucoxanthin (Gille et al., 2019).

The Phaeodactylum samples contained high amounts of a carotenoid
with a UV/vis spectrum like that of zeaxanthin, although it eluted at a
different time. That carotenoid was identified as diatoxanthin on a
chemosystematics basis, as this is a general major carotenoid in diatoms.
Myzxoxanthophyll, which was found in Spirulina, was tentatively iden-
tified likewise as it is a common carotenoid in cyanobacteria (Liaaen-
Jensen, 1998). The total carotenoid content of Spirulina was consider-
ably higher relative to P. tricornutum and C. vulgaris (~1.5- and 15-fold,
respectively) (Fig. 5). Fucoxanthin, all-trans-p-carotene, diatoxanthin,
lutein, and (9Z)-p-carotene, in decreasing order of abundance, were the
predominant in P. tricornutum. -Carotene, zeaxanthin, (92)-p-carotene,
and myxoxanthophyll, in decreasing order of abundance, were the main
carotenoids in S. maxima. Lutein, a-carotene, p-carotene, and (9Z)-
p-carotene, in decreasing order of abundance, were the predominant
carotenoids in C. vulgaris. The lowest total carotenoid levels were found
in the biomass of these species.

Ultrasound, microwave, and supercritical extraction have been the
most studied techniques for extracting carotenoids from plant tissues
and microalgae (Elik et al., 2020). In this study, different types of ca-
rotenoids were obtained from microalgae using PLE extraction with
DMSO as a solvent, which provided a new idea for the recovery of ca-
rotenoids from microalgae. Overall, the present results showed that
microalgae extracts were rich in carotenoids, and studies have shown
that the carotenoid release could be limited by the cell wall when the
complete microalgae were used as a diet, resulting in low carotenoid
bioavailability (Fernandes et al., 2021).

4.2.3. Minerals and nutrient reference value (NRV)

The application of innovative and efficient extraction technologies to
obtain macromolecular substances such as lipids, polysaccharides, and
proteins from microalgae has been widely studied (Zhou, Wang, Saraiva,
Martins, Pinto, Prieto, Simal-gandara, et al., 2022). However, the in-
formation regarding the efficient recovery of mineral elements from
microalgae is more limited. Some previous studies have shown that the
mineral content of Spirulina mainly consists of Mg (383.5 mg/100 g dw),
P (752.5mg/100 g dw), Ca (798 mg/100 g dw), Fe (96.8 mg/100 g dw),
Zn (2.73 mg/100 g dw), and Se (0.11 mg/100 g dw), while the main
minerals found in Chlorella are Mg (344.3 mg/100 g dw), P (1761.5 mg/
100 g dw), Ca (593.7 mg/100 g dw), Fe (259.1 mg/100 g), Zn (1.19 mg/
100 g), and Se (0.07 mg/100 g) (Tokusoglu & Unal, 2003), and the
mineral content of Phaeodactylum tricornutum is mainly Mg (555 mg/
100 g dw), P (269 mg/100 g dw), Ca (1910 mg/100 g dw), and Zn (373
mg/100 g dw) (Rebolloso-Fuentes et al., 2000). At this stage of

Chlorella

= a-Carotene
(92)-B-Carotene

Lutein
= (92)-B-Carotene

Lutein
= (all-E)-B-Carotene

m Fucoxanthin

0.17 mg/L 0.03 mg/L
0.41 mg/L 0.82 mg/L
33.12
mg/L
3.31mg/L

Total: 3.97 mg/L Total: 39.34 mg/L

Phaeodactylum tricornutum
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development, there is a need for efficient tools to recover these minerals,
therefore, in this study, the potential of the PLE process to recover Mg,
Ca, P, Fe, Zn, and Se was evaluated (Table 1). When the total mineral
content of the different microalgae was compared, it was observed that
the Zn content was relatively higher in Spirulina (44 + 1 mg/kg dw),
being the extraction rate close to 100 %. On the other hand, the P
content was relatively higher in Chlorella (10647 + 248 mg/kg dw),
being the extraction rate of ~ 14 %. Moreover, the contents of Mg, Ca,
and Fe were relatively higher in Phaeodactylum tricornutum, with values
of 6206 + 99 mg/kg dw, 27333 £ 2401 mg/kg dw, and 2194 + 6 mg/kg
dw, respectively, which corresponded to extraction rates of 12.4 %, 0.6
%, and 4.8 %, respectively.

The minerals evaluated in this study (Mg, Ca, P, Fe, and Zn) are of
great significance to human health. Specifically, Mg is an indispensable
mineral in the human diet for the processing of ATP (adenosine
triphosphate) and for the bones, P is an important component of bones
and cells, and Ca is the most abundant mineral in the body and is
essential for muscles, bones, teeth, the health of the heart and the
digestive system, and the synthesis and function of blood. Fe plays an
important role in DNA synthesis and repair, ATP production, and oxygen
transport and Zn is a key component of many protein functions and also
an essential micronutrient required for many cellular processes and the
development of the immune system. Moreover, the lack of Fe and Zn in
the human body can trigger related diseases (Eggleston et al., 2022; Ho
et al., 2022). Therefore, it is meaningful to discuss the mineral contents
found in microalgae extracts to meet the needs of human health. Based
on this, we further calculated the Nutrient Relative Values (NRV, %) of
minerals in the extract (from 100 g of microalgae dw) taking into ac-
count the Recommended Dietary Allowances (RDAs) (Table 1). From the
NRV results in Table 1, Spirulina and Chlorella extracts can be considered
as suitable sources of Zn and P, respectively, while Phaeodactylum tri-
cornutum is an interesting source of Mg and Fe. More specifically,
P. tricornutum extract could satisfy 100, 96.5, 59.4, and 18.4-32.2 % of
the Mg requirements for breastfeeding (19-30 years), babies (6-12
months), children (1-3 years), and other populations (>4 years),
respectively. Chlorella extract can cover 54.7, 32.7, 30.1, and 12.0-21.5
% of the P requirements for breastfeeding (19-30 years), babies (6-12
months), children (1-3 years), and other populations (>4 years old),
respectively. Compared with other minerals, microalgae extracts can
only provide a limited amount of calcium for the human body, i.e., <7
%.

Phaeodactylum tricornutum and Spirulina can meet the Fe re-
quirements of the human body to a large extent, among which Phaeo-
dactylum tricornutum extract could meet the total Fe requirements of
babies (6-12 months), children (1-8 years), males (>14 years), and fe-
males (31-70 years), whereas it could cover above 58.9 % of that of
other populations (except for pregnant (19-30 years), meeting 3.4 % of
its Fe requirement). For Zn, Spirulina extract could satisfy 146.7, 146.7,

Spirulina

= (all-E)-B-Carotene = (all-E)-B-Carotene (92)-B-Carotene

= Diatoxanthin

m Myxoxanthophyll Zeaxanthin
2.84 mg/L .y
0.11 mg/L 24.93 . 26.50
mg/L mg/L
2.28 mg/L g/ 8/
]
| |
“ /
|
\
\
‘\
I‘.,.——
2.61 mg/L

1.54 mg/L
Total: 59.06 mg/L

Fig. 5. Carotenoids profile determination in PLE-100% DMSO extracts of Spirulina, Chlorella, and Phaeodactylum tricornutum.
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Table 1
Mg, P, Ca, Fe, Zn, Se (Nd) yield and Nutrient Relative Value (NRV) analysis.
Mineral Mg P Ca Fe Zn
Algae S- C- P- S- C- P- S- C- P- S- C- P- S- C- P-
Total
(mg/kg dw) 3239 3605 6206 9312 10647 6753 790 1574 27333 £+ 290 674 2194 44 + 22 27
+ 89 + 55 + 99 + 868 + 248 + 158 +6 + 20 2401 +13 +5 +6 1 +1 +2
Extracts
(mg/kg dw) 595 + 324 + 772 + 1120 1504 + 309 + 109 36 + 2 169 £ 5 63 + 20 + 106 + 44 + 8+ 18
2 6 8 +72 28 8 +4 1 1 1 1 1 +1
NRV: contribution of minerals in extracts (extract from 100 g microalgae dry matter) towards DRI
Mg P Ca Fe Zn
Life stages S- C- P- S- C- P- S- C- P- S- C- P- S- C- P-
Baby (6 ~ 12 74.4 40.5 96.5 24.3 32.7 6.7 1.6 0.5 2.4 90.0 28.6 151.4 146.7 26.7 60.0
Months)
Children (1 ~3  45.8 24.9 59.4 22.4 30.1 6.2 1.1 0.4 1.7 63.0 20.0 106.0 88.0 16.0 36.0
Years)
Children (4 ~8  24.8 13.5 32.2 9.0 12.0 2.5 0.8 0.3 1.3 78.8 25.0 132.5 55.0 10.0 22.5
Years)
Males (9 ~ 13 14.5 7.9 18.8 9.0 12.0 2.5 0.8 0.3 1.3 57.3 18.2 96.4 40.0 7.3 16.4
Years)
Males (14 ~ 18 14.9 8.1 19.3 16.0 21.5 4.4 1.1 0.4 1.7 78.8 25.0 132.5 40.0 7.3 16.4
Years)
Males (19 ~ 30 14.2 7.7 18.4 16.0 21.5 4.4 1.1 0.4 1.7 78.8 25.0 132.5 40.0 7.3 16.4
Years)
Males (31 ~ 50 14.2 7.7 18.4 16.0 21.5 4.4 1.1 0.4 1.7 78.8 25.0 132.5 40.0 7.3 16.4
Years)
Males (51 ~ 70 14.2 7.7 18.4 16.0 21.5 4.4 0.9 0.3 1.4 78.8 25.0 132.5 40.0 7.3 16.4
Years)
Males (>70 24.8 13.5 32.2 9.0 12.0 2.5 0.8 0.3 1.3 78.8 25.0 132.5 55.0 10.0 22.5
Years)
Females (9 ~ 13 16.5 9.0 21.4 9.0 12.0 2.5 0.8 0.3 1.3 42.0 13.3 70.7 48.9 8.9 20.0
Years)
Females (14 ~ 19.2 10.5 24.9 16.0 21.5 4.4 1.1 0.4 1.7 35.0 11.1 58.9 55.0 10.0 22.5
18 Years)
Females (19 ~ 18.6 10.1 24.1 16.0 21.5 4.4 1.1 0.4 1.7 35.0 11.1 58.9 55.0 10.0 225
30 Years)
Females (31 ~ 18.6 10.1 24.1 16.0 21.5 4.4 0.9 0.3 1.4 78.8 25.0 132.5 55.0 10.0 22.5
50 Years)
Females (51 ~ 18.6 10.1 24.1 16.0 21.5 4.4 0.9 0.3 1.4 78.8 25.0 132.5 55.0 10.0 22.5
70 Years)
Females (>70 17.0 9.3 22.1 16.0 21.5 4.4 1.1 0.4 1.7 23.3 7.4 39.3 40.0 7.3 16.4
Years)
Pregnant (19 ~ 19.2 10.5 24.9 16.0 21.5 4.4 1.1 0.4 1.7 2.0 0.6 3.4 36.7 6.7 15.0
30 Years)
Breastfeed (19 79.3 43.2 102.9 40.7 54.7 11.2 4.2 1.4 6.5 57.3 18.2 96.4 146.7 26.7 60.0
~ 30 Years)

Note. The Nutrient Relative Value (NRV)- contribution of minerals in extracts (extract from 100 g microalgae dry matter) towards DRI was calculated as: NRV = X/R
100 %, Where X and R corresponded to the mineral content in microalgae extracts (form 100 g microalgae dry matter) and Recommended Dietary Allowances (RDAs)
respectively. S-, C-, P- corresponds to Spirulina, Chlorella and Phaeodactylum tricornutum respectively, Nd-not detected.

88.0, and 36.7-55 % of this mineral requirement for breastfeeding
(19-30 years), babies (6-12 months), children (1-3 years), and other
populations (>4 years), respectively.

From the NRV results, in addition to Ca, microalgae extract can meet
the body’s mineral requirements to a large extent. It should be noted
that in this study, we selected DMSO as the extraction solvent based on
the yield, so the extract cannot be directly ingested. Nowadays, DMSO
can be completely removed by methods such as oil pump vacuum
distillation (60 °C) in the laboratory, which provides the possibility for
the further preparation of safe microalgae mineral supplements.

5. Conclusions

The total carotenoid content of Spirulina biomass was considerably
higher relative to P. tricornutum and C. vulgaris (~1.5- and 15-fold,
respectively). Fucoxanthin, all-trans-f-carotene, diatoxanthin, lutein,
and (92)-p-carotene were the major carotenoids in P. tricornutum.

B-Carotene, zeaxanthin, (9Z)-B-carotene, and myxoxanthophyll in
S. maxima and lutein, a-carotene, p-carotene, and (9Z)-p-carotene in
C. vulgaris. PLE + H30 can be considered as a useful strategy to recover
proteins from microalgae, while PLE + DMSO is an interesting tool to
recover lipophilic pigments, observing an increase when the DMSO
concentration was augmented, especially over 30 %. The NRV value
based on the mineral content and DRIs indicated that the PLE micro-
algae extracts could be used after drying as Mg, P, Ca, Fe, and Zn sup-
plements for different populations. Similar studies have rarely been
reported so far.
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