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This study aimed at optimizing the accumulation of phytoene in Chlorella sorokiniana by using norflurazon and
investigating the capacity of green and traditional solvents to extract carotenoids by ultrasound-assisted
extraction with and without previous milling.

Phytoene-rich first described C. sorokiniana biomass was used, both fresh, freeze-dried, and encapsulated. The
ideal dose of norflurazon (1 ug/mL) was selected to block the carotenoid pathway at the level of phytoene
desaturase and induce the accumulation of phytoene in C. sorokiniana. A mill pre-treatment allowed a higher

recovery of carotenoids compared to non-milled samples, in both the freeze-dried and encapsulated matrices. 2-
Methyloxolane provided a higher total carotenoid content (4.75-5546.96 ug/g) compared to the other solvents
tested in all the matrices, proving a promising bio-based solvent to replace traditional organic ones for the
extraction of microalgal carotenoids.

1. Introduction

Current political worldwide agendas highlight the urgent need to
shift to more sustainable and healthier agro-food systems. Microalgae
are very important in this scenario for different reasons. Microalgae are
sustainable sources due to their high productivity and growth charac-
teristics: their production takes place all year round, they can grow
under stressful conditions, their nutritional and water requirements are
low, and the use of herbicides or pesticides in open lands is not neces-
sary. In addition, they contribute to CO, sequestration and their culture
systems require low utilization of space and do not require the use of
arable land. Moreover, they accumulate valuable health-promoting
compounds, and modulating their biosynthesis by modifying growth
conditions is relatively easy (Caporgno & Mathys, 2018).

Microalgae are a good source of nutrients and bioactive compounds,
and thus they could play an essential role in reducing poverty and
hunger and improving health and well-being. A recent review high-
lighted that the incorporation of bioactive compounds of microalgae
into different varieties of food, including bread, pasta, dairy products,
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emulsions, vegetarian gels, and cookies, could lead to health and techno-
functional benefits (Caporgno & Mathys, 2018). Microalgae are
considered a rich source of proteins, carbohydrates, vitamins, and
health-promoting compounds such as carotenoids. Carotenoids are
lipophilic molecules that can be obtained from different dietary sources,
predominantly plant foods (fruits, vegetables, herbs, oils, cereals) but
also from animal foods (dairy, egg yolk, fish, etc.), supplements, and
even as additives (colorants) present in drinks and other food products
(Mapelli-Brahm et al., 2020). Other dietary sources of carotenoids, such
as macroalgae (seaweeds), microalgae, fungi and bacteria, are eliciting
increased interest (Meléndez-Martinez et al., 2022). In. general the main
carotenoids present in foods and in human fluids and tissues are
a-carotene, p-carotene, lycopene, lutein, zeaxanthin, p-cryptoxanthin
and the colourless carotenoids phytoene and phytofluene. Beyond the
role of some carotenoids as provitamins A, the possible health benefits of
carotenoids are usually attributed to direct antioxidant mechanisms
(quenching, scavenging), although there is evidence that there are
others (prooxidant mechanisms, enhancement of gap junctional
communication between cells, modulation of gene expression,
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modulation of immune function, light absorption). As a result, carot-
enoids can contribute to reduce the risk of cardiovascular diseases,
cancer, eye disorders and other conditions (Meléndez-Martinez &
Mapelli-Brahm, 2021; Meléndez-Martinez et al., 2022). In microalgae,
these compounds contribute to membrane stabilization, light harvest-
ing, and energy dissipation, among others actions. Some species can
accumulate very high amounts of carotenoids. For example, Dunaliella
can accumulate up to 13% of dry weight in p-carotene, while other
species such as Scenedesmus, Chlorella, Coccomyxa, Parachlorella, or
Tetraselmis have also been studied for their potential in lutein synthesis
(Ren et al., 2021). Lutein, a-carotene, and p-carotene are usually present
in a high amount in Chlorella. Phytoene is a colorless carotenoid that can
be considered a rarity in the carotenoid’s kingdom due to its lack of
color. However, there is mounting evidence suggesting that colorless
carotenoids may play a role in promoting health (Meléndez-Martinez
et al., 2019). Phytoene is the precursor of the other carotenoids in the
carotenogenesis pathway. The treatment with norflurazon causes inhi-
bition of phytoene desaturase, resulting in inhibition of the synthesis of
coloured carotenoids and the accumulation of phytoene in diverse or-
ganisms, including microalgae (Leon et al., 2005).

Due to their physicochemical properties, carotenoids are usually
extracted using lipophilic solvents (hexane, acetone, ethyl acetate,
ether, etc.) (Meléndez-Martinez et al., 2022), although edible oils are
being increasingly studied for the development of carotenoid-rich
products oils (Ordonez-Santos et al., 2021). The use of green solvents
for the extraction of bioactive compounds is increasingly drawing the
interest of researchers and industries, due to the threat of climate change
and the need to make a more sustainable use of resources nowadays. A
green solvent must be totally natural, suitable for existing industrial
facilities, have no affections on the safety and health of operators and
consumers, have a high rate of recyclability, high bio-degradability, low
volatile organic compound emissions, low energy consumption, low cost
of the global process, and ensure a maximal solvent recovery (Chemat
et al., 2019). Ethyl lactate has already been investigated as an extraction
solvent for bioactive compounds, such as carotenoids, fatty acids, and
derivates from microalgae and food (Castillo et al., 2020;Villanueva-
Bermejo et al., 2017). Ethyl lactate is an agrochemical solvent with
low toxicity that has GRAS (Generally Recognized as Safe) status and is
approved by FDA (Food and Drug Administration) and EFSA (European
Food Safety Authority) as a pharmaceutical ingredient and food addi-
tive. It has a low toxicity, is a non-corrosive, non-carcinogenic, non-
teratogenic, biodegradable, and non-ozone depleting solvent (Villa-
nueva-Bermejo et al., 2017). 2-Methyloxolane, also known as 2-methyl-
tetrahydrofuran (MeTHF) is a biomass-derived green solvent produced
from furfural or levulinic acid. There are few studies on its use as a
carotenoid extraction solvent. A study performed by Yara-Varon et al.
(2016) showed a higher recovery of total lipids and carotenoids from
dried carrots with MeTHF compared to other green solvents, such as
ethyl acetate, dimethyl carbonate, isopropyl alcohol, or n-hexane.
Among other properties, the low boiling point (79 °C) and low enthalpy
of vaporization (34 kJ/mol) of MeTHF makes it an attractive solvent for
industries (Smets et al., 2021).

Besides the use of sustainable extraction solvents, industries and the
society are also demanding the use of greener extraction methods, such
as the ultrasound-assisted extraction (UAE). UAE has numerous advan-
tages, including greater penetration of the solvent into the matrix,
higher extraction yields, shorter processing and residence time, lower
solvent expenditure, energy saving, etc. (Meléndez-Martinez et al.,
2022).

The aim of this study was double. On one hand, to determine the
right amount of norflurazon to prevent phytoene desaturation and
promote phytoene accumulation without causing cell death. On the
other hand, to investigate the different capacity of novel bio-based and
common organic solvents to extract microalgal carotenoids by UAE and
to assess the effect of milling in the extractions. The results of this study
are therefore valuable for the production of sustainable phytoene-rich
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products.
2. Methodology
2.1. Reagents

Tert-butyl methyl ether (HPLC-grade) was purchased from Honey-
well (Seelze, Germany); ethyl lactate from Supelco (Bellefonte, PA,
USA); 2-methyloxolane (MeTHF) from Sigma-Aldrich (Steinheim, Ger-
many); chloroform, methanol (HPLC-grade), and ethyl acetate (HPLC-
grade) from VWR Chemicals (Leuven, Belgium); and ethanol, dimethyl
sulfoxide (DMSO), and sodium chloride from PanReac AppliChem
(Barcelona, Spain).

2.2. Plant material

Chlorella sorokiniana (211-32) was kindly provided by the algal
collection of the Institute of Plant Biochemistry and Photosynthesis
(IBVF-CSIC, Seville, Spain) and cultured photomixotrophically in liquid
Tris-acetate phosphate (TAP) medium (Chlamydomonas Source book,
1989). Cultures were maintained in a thermostatic chamber at 25 °C
under continuous white light irradiation (100 uE m?/s photosyntheti-
cally active radiation (PAR)). To obtain high density cultures, standard
cultures were subcultured into TAP medium enriched with sodium ac-
etate and ammonium chloride (Leén-Vaz et al., 2019). The light in-
tensity was measured by a Delta OHM quantum photo-radiometer
equipped with a PAR sensor. When cultures acquired the desired cellular
concentration, biomass was harvested by centrifugation at 4400 rpm
and either frozen at —20 °C, lyophilized or entrapped in alginate beads
(Section 2.3).

2.3. Encapsulation of microalgae

Encapsulation in alginate beads was performed as previously
described (Leon & Galvan, 1994). Briefly, cultures of C. sorokiniana were
harvested at the end of the exponential phase, with a biomass content of
1-1.2 g/L DW (corresponding to a OD660 of about 3.5 UA), resuspended
in fresh TAP buffered culture medium and thoroughly mixed with an
equal volume of a sterile alginate solution (6%, w/v) of alginate sodium
salt (medium viscosity) from Macocystis pyrifera (SIGMA, St. Louis, Mo,
USA), prepared by autoclaving for 20 min at 120 °C. Beads of about 3
mm diameter were obtained by dropping the alginate-cell mixture into a
solution of 0.1 M CaCls at 4 °C. The beads were maintained at 4 °C until
their use. The whole process was performed in a laminar flow cabin
under sterile conditions.

2.4. Dry weight determination

Dry weight of C. sorokiniana was determined by filtering an exact
volume of microalgae culture (30 mL) on pre-tared glass-fiber filters
(GF/F Whatman). The filter was washed with a solution of ammonium
formate (0.5 M) to remove salts and then dried at 100 °C for 24 h. The
dried filters were weighed in an analytical balance and the dry weight
calculated by difference.

2.5. Phytoene enrichment

Cultures of C. sorokiniana in the middle of the exponential phase was
harvested by centrifugation, resuspended in fresh TAP culture medium,
divided into 50 mL-cultures, and incubated with increasing concentra-
tions (from O to 20 pg/mL) of the herbicide norflurazon (NF). Growth
and the content of phytoene, colored carotenoids and chlorophylls in the
NF-treated cultures was followed during 72 h and compared with those
of the control cultured without NF.
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2.6. Experimental design

Six different matrices were evaluated: control C. sorokiniana (fresh,
lyophilized, and encapsulated) and phytoene-rich C. sorokiniana (fresh,
lyophilized, and encapsulated). The samples were subjected to two
different treatments: 1. UAE without any prior step (Section 2.7); 2. A
prior ball-mill pre-treatment (Section 2.8) followed by UAE. Five
extraction solvents were tested: ethanol and methanol, which are
authorized for food use in the European Union (The European Parlia-
ment and the council of The European Union, 2009), ethyl lactate and
MeTHF, which are emerging green biosolvents, and DMSO, which is a
common solvent for laboratory carotenoid extraction. All extractions
were performed in triplicate; i.e., for each treatment and solvent, the
extraction was carried out in triplicate.

2.7. Ultrasound-Assisted extraction (UAE)

0.1 g of sample (fresh, lyophilized, and encapsulated) was mixed
with 2 mL of one of the extraction solvents and ultrasonicated (2 min,
30% amplitude, 20 kHz frequency) by means of a Q500 sonicator with a
1.6 mm-probe (Qsonica, EE.UU.). The samples were immersed in an ice
bath during sonication to minimize carotenoid degradation. Samples
were centrifuged, and the resulting supernatant was transferred to a new
tube. The process was repeated until the samples were colorless.

The combined supernatants were evaporated in a rotary evaporator
at a temperature below 30 °C, and the extracts were stored under a ni-
trogen atmosphere at —20 °C until its analysis by HPLC. Ethyl lactate
and DMSO have a higher boiling point, so they were partitioned with 3
mL of trichloromethane and water. After that, they were evaporated and
the extracts stored under the same conditions as the others extracts.

2.8. Milling-UAE

0.1 g of sample (fresh, lyophilized, and encapsulated) was intro-
duced in a 2 mL-Eppendorf, and three stainless steel balls of 3 mm in
diameter were introduced into the Eppendorf. The milling was applied
with a ball mill (MM 400, Retsch, Germany) for 5 min with a frequency
of 30 Hz. The protocol of the ball mill was based on a study carried out
by Serive et al. (2012). The stainless steel balls were stored in the freezer
to prevent heating during the extraction process. After ball mill pre-
treatment, the samples were subjected to ultrasound under the same
conditions as UAE samples (Section 2.7).

2.9. High-Performance liquid chromatography (HPLC) analysis

An HPLC system (1260 Infinity II Prime LC System, Agilent) equip-
ped with a diode array detector and a C3p column (YMC 150 x 4.6 mm,
3 um particle size) was used for the carotenoid quantification. Extracts
were dissolved in approximately 500 pL of ethyl acetate and 10 uL was
injected in the system. The mobile phase was composed of methanol,
tert-butyl methyl ether and water at a rated flow of 1 mL/min, using a
linear gradient and a method already validated (Stinco et al. 2019). The
carotenoid content was determined using calibration curves obtained as
explained elsewhere (Stinco et al. 2019).

2.10. Statistical analysis

The total carotenoid content was determined as the sum of all indi-
vidual carotenoids. All the experiments were carried out in triplicate.
InfoStat was used for the analysis of variances (ANOVA) with Tukeys
post hoc test to evaluate differences between groups. Values of p < 0.05
were considered statistically significant.

3. Results

This study was aimed at determining the optimal dosage of
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norflurazon to prevent phytoene desaturation, promoting phytoene
accumulation and avoiding cell death. Moreover, the study also aimed at
comparing the capacity of biobased and common organic solvents to
extract carotenoids from wild-type and phytoene-rich C. sorokiniana
using UAE, considering a resource-saving sustainable extraction tech-
nique. The effect of a mill pre-treatment in the extraction process was
also evaluated.

3.1. Induction of phytoene accumulation

To induce the accumulation of the colorless carotenoid phytoene
without causing total death of the microalga, it is necessary to adjust the
herbicide dosses. C. sorokiniana growth is severely inhibited in the
presence of NF (Supplementary Fig. 1). Although the effect of NF is
observed at all concentrations tested, at concentrations greater than 2
pg/mL, NF is extremely inhibitory, and C. sorokiniana exhibits a com-
plete absence of growth. On the other hand, NF concentration of 0.5 or 1
pg/mL have moderate inhibitory effect, reducing the growth rate but
without causing total death of the culture (Fig. 1A).

Once the maximum dose of NF that can be applied was determined,
the effect of NF on the carotenoids biosynthetic pathway was evaluated.
For this objective, the concentration of the most abundant carotenoids in
NF-treated (0.5 to 2 pg/mL) and non-treated cultures was compared. It
was observed that over the 72 h-period evaluated, NF caused a strong
decrease in the content of all the colored carotenoids. The carotenoid
decrease was accompanied of a strong inhibition of the biosynthesis of
chlorophylls (Supplementary Fig. 2A and 2B), which is one of the rea-
sons explaining the albinism of NF-treated cells. In addition, the color-
less carotenoid phytoene was undetectable in the control culture and
reached the highest levels in the cultures treated with 0.5 or 1 ug/mL of
NF (Fig. 1B). At these NF concentrations, cell growth remained similar.
In order to ensure the inhibition of the carotenoid biosynthetic pathway
without greatly affecting cell growth, the 1 ug/mL concentration was
selected as the optimal to induce the accumulation of phytoene and
produce the phytoene-enriched C. sorokiniana biomass.

3.2. Carotenoid profile

The main carotenoids detected in control C. sorokiniana (fresh,
freeze-dried, and encapsulated matrices) were, in decreasing order
quantitatively, lutein, o-carotene, p-carotene, and (9Z)-f-carotene
(Chromatograms in Supplementary Fig. 3A-C). In the fresh and freeze-
dried phytoene-rich C. sorokiniana the carotenoids detected were phy-
toene, lutein, p-carotene, a-carotene, and (9Z)-p-carotene, in descending
order (Chromatograms in Supplementary Fig. 4A-D). In the encapsu-
lated matrix only lutein and phytoene were found (Chromatograms in
Supplementary Fig. 4E-F). Violaxanthin was detected, in small amounts,
in all control and phytoene-rich matrices, while traces of zeaxanthin
were only found in the fresh and freeze-dried matrices (control and
phytoene-rich matrices).

3.3. Effect of the mill

In the fresh control and fresh phytoene-rich matrices, there were no
significant differences regarding the content of individual carotenoids
(Fig. 2A and Fig. 3A) and the total carotenoid content (TCC) (Supple-
mentary Fig. 5) between UAE and M—UAE in all solvents.

On the other hand, the mill pre-treatment resulted in a significant
increase (p < 0.05) of each individual carotenoid for all the tested sol-
vents in the freeze-dried control, encapsulated control, freeze-dried
phytoene-rich and encapsulated phytoene-rich samples, from 1.14 to
1.92-fold, from 1.22 to 104.07-fold, from 1.05 to 2.60-fold, and from
1.09 to 24.16-fold, respectively, depending on the carotenoid and on the
solvent (Fig. 2B and Fig. 3B). Also, significant increases in the TCC were
observed when the mill treatment was applied in these samples (Sup-
plementary Fig. 5).
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Fig. 1. A) Growth of C. sorokiniana treated with increasing concentrations of the herbicide norflurazon (0 — 2 ug/mL). Control refers to non-treated samples (0 pg/
mL). B) Carotenoid content in C. sorokiniana cultures treated with increasing concentrations of the herbicide norflurazon (0 — 2 ug/mL). Control refers to non-treated
samples (0 pg/mL). The error bars in the figures represent the standard error of the mean (SEM). DW: Dry Weight.

3.4. Effect of the extraction solvent

3.4.1. Control C. sorokiniana

To evaluate the extraction capacity of the different solvents in the
fresh control matrix, the carotenoid content obtained with each solvent
after applying UAE was compared; in this case, the use of the mill was
not considered as it had no effect on carotenoid content in this matrix
(Section 3.3 and Fig. 2A). The best solvents for the extraction of lutein,
a-carotene, and f-carotene were methanol (1316.26, 326.56, and
208.71 pg/g, respectively) and ethanol (1262.29, 310.05, and 203.78
ug/g, respectively), showing no significant differences between them,
followed by MeTHF (1098.62, 283.42, and 180.20 ug/g, respectively).
Ethanol and MeTHF extracted a significantly higher (p < 0.05) amount
of (9Z)-B-carotene (27.07 and 23.90 ug/g, respectively), compared to the
other solvents (Fig. 4A). The best solvents regarding TCC in the fresh
control matrix were ethanol and methanol (with no significant

differences between them), followed by MeTHF (Fig. 6A).

In the freeze-dried and encapsulated control matrices there was a
significant increase in the carotenoid extraction with the application of
the mill (Section 3.3, Fig. 2B and 2.C). Thus, the carotenoid concen-
tration values obtained after the application of UAE with the mill pre-
treatment were used to evaluate the extraction capacity of the
different solvents. In the freeze-dried matrix the best solvent for the
extraction of all the carotenoids evaluated, was methanol (2456.05,
821.20, 428.70, and 64.26 ng/g, respectively); however, no significant
differences (p < 0.05) between this solvent and ethanol, ethyl lactate,
and MeTHF were found (Fig. 4B). In the encapsulated control matrix, the
best extraction solvents for lutein were methanol, ethyl lactate, and
MeTHF (without significant differences between them); for a-carotene
and p-carotene were ethanol, methanol, and MeTHF; finally, all solvents
had similar extractability regarding the (92)-p-carotene (Fig. 4C).

Regarding TCC, the best extraction solvents for freeze-dried control
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Fig. 2. Differences in individual carotenoid content in C. sorokiniana control between UAE (ultrasound-treated samples) and M—UAE (mill + ultrasound-treated
samples), for each evaluated solvent. Figures A, B, and C depict the carotenoid content in fresh, freeze-dried, and encapsulated control matrices, respectively.
Figure D illustrates the carotenoid content in the three matrices on a standardized scale, showing the very low amount of carotenoids in the encapsulated matrix as
compared with the fresh and freeze-dried samples. The error bars in the figures represent the standard deviation (SD). *, p < 0.05; **, p < 0.01; ***, p < 0.001; ns: Not

significant. MeTHF: methyloxolane; DMSO: dimethylsulfoxide.

matrix were ethanol, methanol, ethyl lactate, and MeTHF (p > 0.05). In
addition, in the encapsulated control matrix there were no significant
differences between methanol, ethyl lactate, and MeTHF, being the last
one, the solvent leading to the highest extractability (Fig. 6A).

3.4.2. Phytoene-rich C. sorokiniana

In the fresh phytoene-rich C. sorokiniana, the mill did not affect the
carotenoid extraction (Section 3.3, Fig. 3A). Thus, the carotenoid con-
centration values after the UAE without previous mill treatment were
used to evaluate the capacity of the solvents for the carotenoid
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extraction. The best solvents for the extraction of phytoene were ethanol
(832.63 pg/g), methanol (819.51 pg/g), and MeTHF (799.57 ng/g),
showing no significant differences between them (p < 0.05) (Fig. 5A).
In freeze-dried and encapsulated phytoene-rich C. sorokiniana, the
mill pre-treatment resulted in a significant increase in the carotenoid

extraction (Section 3.3, Fig. 3B and 3C). Thus, the carotenoid concen-
tration values after the UAE with the previous mill treatment were used
to evaluate the capacity of the solvents for the carotenoid extraction. In
the freeze-dried matrix, both methanol (2967.73 ug/g) and MeTHF
(2841.39 pg/g), were the best extraction solvent, showing no significant
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differences between them (Fig. 5B). It is noteworthy that despite phy-
toene is the major carotenoid in the norflurazon-treated C. sorokiniana
fresh samples, the amount of lutein extracted in the freeze-dried biomass
is comparable and even higher in some cases than that of phytoene.

Finally, in the encapsulated phytoene-rich C. sorokiniana the solvents
that extracted the highest amount of phytoene were ethanol (178.90 ng/
g), ethyl lactate (182.73 pg/g), and MeTHF (168.14 ng/g) (p > 0.05)
(Fig. 5C).

In the fresh phytoene-rich C. sorokiniana, TCC was significantly
higher with ethanol (1098.28 nug/g), followed by methanol and MeTHF,
without significant differences between methanol and MeTHF (Fig. 6B).
The best solvent in the freeze-dried phytoene-rich matrix, was methanol
(TCC = 6357.98 ug/g) (p < 0.05), followed by ethanol and MeTHF (p >
0.05). Finally, the highest TCC in the encapsulated phytoene-rich matrix
were obtained with MeTHF (202.74 pg/g), ethyl lactate, and ethanol,
without differences between them (p < 0.05) (Fig. 6B).

4. Discussion
4.1. Carotenoid profile and induction of phytoene accumulation

In general, microalgae are environmentally friendly, as they are able
to grow under a wide range of nutrients sources and conditions, protect
against pathogens, and can even be used as biofuel feedstocks (Alvarez
et al., 2021). Microalgae are a rich source of health-promoting carot-
enoids, with important qualitative and quantitative differences across
species (Zhou et al., 2022). C. sorokiniana has been proposed as alter-
native to food enrichment in pasta and gluten-free bread, as it is
considered a rich source of proteins, carbohydrates, vitamins, and ca-
rotenoids (lutein, a-carotene, and p-carotene, among others) (Bazarnova
et al., 2021; Diprat et al., 2020).

In this study, the main carotenoids detected in control C. sorokiniana
were lutein, a-carotene, B-carotene, (9Z)-p-carotene, violaxanthin, and
zeaxanthin.

In the fresh, freeze-dried, and encapsulated matrices stressed with
norflurazon (C. sorokiniana phytoene-rich), phytoene was also found.
Although phytoene is the precursor of the rest of the carotenoids, this
carotenoid has been largely ignored by the scientific community,
probably due to its lack of color. However, in recent years, this carot-
enoid has gained more importance, as it is now clear that they are
present in considerable amounts in widely consumed fruits and vege-
tables (including tomatoes, carrots, citrus, apricots, watermelon, etc.),
they are major circulating carotenoids in humans and have been asso-
ciated to diverse health-promoting biological actions (Meléndez-Marti-
nez et al., 2019). Chlorophyte microalgae do not accumulate in normal
conditions phytoene, which is rapidly metabolized into other down-
stream carotenoids (Supplementary Fig. 1). The bleaching herbicide
norflurazon inhibits phytoene desaturase by competition with its redox
cofactors, as has been demonstrated for higher plants and some micro-
algae species (Breitenbach et al., 2001). In C. sorokinina, as expected,
norflurazon stress resulted in blockage of the carotenogenic pathway at
the phytoene desaturase level, allowing a high accumulation of phy-
toene. As explained above, the optimum concentration of norflurazon,
which facilitated partial inhibition of PDS and consequently, both
cellular growth and phytoene accumulation, was determined to be 1 pg/
mL. The results indicate that herbicide stress may serve as a promising
method for generating phytoene-rich matrices. Phytoene is a carotenoid
that has been reported in studies of diverse nature to exhibit immuno-
logical, cosmetic, cardiovascular, metabolic, photoprotective, and anti-
carcinogenic properties, which could be attributed to different actions
(UV radiation absorption, antioxidant activity, modulation of gene
expression, anti-inflammatory action) (Meléndez-Martinez & Mapelli-
Brahm, 2021).

Commonly, carotenoids are presented in their E configuration, which
is usually considered the most stable form, although evidence is accu-
mulating that this might not apply to acyclic carotenoids such as
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phytoene, phytofluene and lycopene (Meléndez-Martinez et al., 2014).
In all C. sorokiniana matrices, most of the identified carotenoids were
presented in their E form, with the exception of phytoene, which is
usually found in the Z configuration in most known matrices (Mapelli-
Brahm et al., 2018). In agreement with our data, that show that (2)-
phytoene was the predominant isomer in the three C. sorokiniana
matrices studied, The E/Z ratio of p-carotene (average between all sol-
vents) in the fresh control and phytoene-rich C. sorokiniana was 6.90 and
10.68, respectively. In the freeze-dried control matrix, the E/Z ratio was
6.86, and in the freeze-dried phytoene-rich C. sorokiniana was 6.94. In a
recent study, this value was 2.1 in freeze-dried C. sorokiniana (Fernandes
et al., 2021), far from our results. Finally, the encapsulated control
matrix resulted in a E/Z ratio of 1.43, and 1.49, which could indicate
that the dehydration and encapsulation in alginate beads could have led
to the isomerization of B-carotene, allowing the formation of a higher
proportion of (Z)isomers (Sampaio et al., 2019).

4.2. Mill treatment

The mill pre-treatment (M—UAE) resulted in a significant increase in
TCC in the freeze-dried and encapsulated samples compared with the
UAE samples without mill pre-treatment: 1.12 — 1.35-fold in freeze-dried
control, 1.38 — 2.88-fold in encapsulated control, 1.08 — 2.44-fold in
freeze-dried phytoene-rich, and 1.14 - 14.85-fold in encapsulated
phytoene-rich. The disruptions in the matrix caused by the milling adds
to the microstructural changes caused by ultrasounds. The mill pre-
treatment reduces of the particle size due to particle fractures, allow-
ing a greater contact surface, as well as the disruption of the robust cell
wall of C. sorokiniana, thus, allowing a higher yield extraction (Stirk
et al., 2020). Furthermore, the ultrasound application after the mill pre-
treatment allows a higher cell disruption, and hence, a higher carotenoid
release from the matrix. Other studies have also shown a significant ~
1.2-fold and 1.5-fold higher extraction yield from freeze-dried C. vulgaris
with the milling application compared to untreated and sonicated
samples, respectively (Stirk et al., 2020). However, in the fresh samples,
both control and phytoene-rich, the mill did not have the same effect,
which could be related to the water content and structure of the matrix.
These findings were expected, as in previous studies in our group, it has
been seen that the application of the mill (5 min, 30 Hz) or the ultra-
sound (2 min, 20 kHz, 30%) resulted in the same carotenoid recovery (p
> 0.05) in the fresh control C. sorokiniana (data not shown), while a
higher 1.3-fold recovery of TCC was found in the mill-treated samples
(30 Hz), in both freeze-dried control and encapsulated control matrices,
compared to the ultrasound-treated samples (30% of amplitude). Thus,
the prior step of the mill does not affect total carotenoid release in the
fresh control matrix, but affects to freeze-dried control and encapsulated
control C. sorokiniana. Further studies on the effect of the mill on the
carotenoid extraction from wet biomass are required, as most studies are
conducted on dry biomass.

4.3. Extraction efficiency of different solvents

The election of an appropriate solvent is crucial for the extraction of
bioactive compounds. The extraction capacity of a solvent depends on
the dielectric constant, polarity, viscosity, solvent penetration, and its
interaction with the matrix (Patil & Akamanchi, 2017). More sustain-
able extraction methodologies and greener solvents are needed in
connection with the growing importance of green analytical chemistry.
In this context, the replacement of unsustainable petroleum-derived
solvents whose toxicity raise concerns is desirable (Pacheco-Fernandez
& Pino, 2019). Thus, safer, sustainable and environmentally-friendly
biobased solvents, such as MeTHF and ethyl lactate, are being sought
(Hashemi et al., 2018).

The greatest differences in the extraction capacity of the solvents
between samples extracted by UAE and samples extracted by UAE and
milled were found when using MeTHF as a solvent in the case of
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Fig. 5. Differences in the content of each carotenoid in C. sorokiniana phytoene-rich extracted with different solvents. For the fresh sample, the values after the
extraction without the previous mill treatment are shown, since this treatment does not improve the extractability of the solvents in this matrix (as shown in Fig. 3.A);
For the freeze-dried and encapsulated samples, the values after the extraction with the previous mill treatment is shown, since this treatment improve the
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sulated phytoene-rich matrices, respectively. Figure D illustrates the carotenoid content in the three matrices on a standardized scale, showing the very low amount of
carotenoids in the encapsulated matrix as compared with the fresh and freeze-dried samples. The error bars in the figures represent the standard deviation (SD). For
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encapsulated control, freeze-dried phytoene-rich and encapsulated
phytoene-rich, with increases of 105-fold, 3-fold, and 25-fold,
respectively.

DMSO is a solvent used for carotenoid extraction in different sources
including microalgae (Wang et al., 2022). In the present study, DMSO
has consistently been found to be one the least efficient extraction sol-
vent. Contrastingly, in Dunaliella parva, carotenoid extraction with
DMSO resulted in ~ 1.1-fold higher than with ethanol (Gan et al., 2022),
suggesting that the structural (for instance presence or not of cell wall)
and compositional characteristics of different microalgae can lead to
important differences in carotenoid and other compounds extractability.

On the other hand, ethyl lactate and MeTHF resulted to be good
extraction solvents for carotenoids in C. sorokiniana in most matrices,
both in terms of individual carotenoids and TCC. The TCC obtained with
MeTHF was from 1.2 to 3.2 times higher than that with DMSO,
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depending on the matrix. Compared to other solvents, MeTHF had a
great extraction capacity for both polar (xanthophylls: lutein) and non-
polar carotenoids (carotenes: o-carotene, f-carotene, and phytoene).
MeTHEF resulted in one of the best solvents for the extraction of phytoene
in all the matrices, both fresh phytoene-rich (799.57 ug/g), freeze-dried
phytoene-rich (2841.39 ng/g), and encapsulated phytoene-rich (202.74
ug/g), compared to the other four solvents. Phytoene recovery from
methanol was similar to that of MeTHF in all of the matrices. Methanol
and ethanol are solvents authorized by EFSA for food-grade applica-
tions, although methanol can produce toxicity in humans if ingested in
large amounts, causing acidosis or retinal damage (Joshi & Adhikari,
2019). MeTHF is produced from lignocellulosic biomass, which is the
most abundant biomass resource on earth and does not compete for land
space. Furthermore, it can also be produced form starch-enriched algal
biomass (Rengel et al., 2022). In addition, this solvent satisfy the seven
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principles for being considered a green solvent (Rapinel et al., 2020).
EFSA has recently evaluated the toxicity of MeTHF (also known as 2-
methyloxolane), concluding that it does not raise important safety
concern and establishing a tolerable daily intake of 1 mg of MeTHF per
kg of body weight (Lambré et al., 2022). Based on the above-mentioned
considerations and the obtained results, MeTHF could be considered as a
promising sustainable solvent for the extraction of carotenoids from
microalgae as an alternative to other organic solvents such as methanol,
ethanol, and DMSO. Another positive feature of this solvent that makes
it interesting for its use as a green solvent for carotenoid extraction is
that it has some similarities with hexane, which has been used for many
years by the industry for the extraction of lipophilic compounds. Thus,
those solvents with properties similar to those of hexane could be easier
introduced into the industry (Rapinel et al., 2020). Similarities between
MeTHF and hexane include molecular weight (86.1 and 86.2 g/mol,
respectively), boiling point (80 and 69 °C, respectively), or vaporization
enthalpy (34 and 31 kJ/mol, respectively). Moreover, their physical
properties could be interesting for industry due to its boiling point and
its low enthalpy of vaporization (Smets et al., 2021). There are limited
studies about the use of MeTHF as a carotenoid extraction solvent, and
to the best of our knowledge, there are no studies on the extraction of
carotenoids from microalgae using MeTHF.

Finally, ethyl lactate has shown similar or significantly higher
(depending on the matrix) carotenoid extraction capacity for the (92)-
B-carotene compared to MeTHF. Ethyl lactate has been proposed as an
extraction solvent of carotenoids from tomato by-products (Szabo et al.,
2022). In our study, ethyl lactate resulted in one of the best solvents for
TCC in the freeze-dried control, encapsulated control, and encapsulated
phytoene-rich matrices. However, ethyl lactate is less desirable for in-
dustry as the cost for solvent elimination is high, due to its high boiling
point (154 °C) and high enthalpy of vaporization (49.2 kJ/mol) (Smets
et al., 2021). Thus, MeTHF may be more desirable for industries than
ethyl lactate, as it is a bio-based solvent and their elimination cost is
lower (Smets et al., 2021), although life cycle assessments (LCA) studies
need to be conducted to have more information about the environmental
impact derived from the use of both solvents.

The observation that the amount of lutein extracted in the phytoene-
rich freeze-dried samples was comparable if not higher than that of the
colorless carotenoid phytoene, depending on the solvent is noteworthy
and intriguing. However, in the phytoene-rich fresh and encapsulated,
the amount of lutein was much lower than the amount of phytoene
extracted. It might be that their release and/or stability in these matrices
is higher than that of phytoene. From a chemical point of view lutein is a
bicyclic xanthophyll containing two hydroxy groups whilst phytoene is a
linear (without rings) carotene. Besides whereas lutein is in the (all-E)
configuration, phytoene is largely present as the 15Z isomer. Further
research in this respect is required as it can have important economic
implications for the microalgal industry.

5. Conclusions

The optimal concentration of norflurazon of 1 ug/mL was chosen to
stimulate phytoene accumulation and produce C. sorokiniana biomass
with elevated phytoene levels. The ball mill pre-treatment did not affect
at carotenoid release in fresh matrices, but it led to a higher carotenoid
extraction from freeze-dried and encapsulated C. sorokiniana. MeTHF
showed high TCC in all the matrices and it was a good solvent for the
extraction of lutein, a-carotene, p-carotene and phytoene, which are
carotenoids with different chemical structures and polarities. MeTHF is
considered a promising green solvent for food applications due to its
safety and physico-chemical characteristics, and it could be a more
sustainable alternative to commonly used solvents such as methanol,
ethanol, or DMSO for the extraction of carotenoids from microalgae.
Further studies about the extraction of carotenoids with MeTHF are
necessary.
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