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ABSTRACT: Hydrophobic molecules, in particular, carotenoids,
have been directly extracted from Synechococcus bigranulatus
ACUF680 by means of secondary amine switchable solvent Nethylbutylamine (EBA) without any other pretreatment. EBA was
able to extract hydrophobic molecules from both fresh and frozen
biomass at the same extent of the conventional procedure (about
20% of dry biomass). In particular, selective extraction of a
zeaxanthin-enriched fraction (green fraction, GF) and a β-caroteneenriched fraction (orange fraction, OF) was obtained. The ratio
between zeaxanthin and β-carotene was 4.4 ± 1.5 for GF, 0.07 ±
0.06 for OF, and about 1 for conventional extraction. These
fractions showed in vitro antioxidant activity (IC50 values of 0.056
± 0.013 and 0.024 ± 0.008 mg mL−1 for GF and OF, respectively)
and biocompatibility on immortalized cells. Moreover, OF and GF
were able to protect cells from oxidative stress, both before and after thermal treatment. Results clearly indicate that EBA is a good
candidate to speciﬁcally extract β-carotene and zeaxanthin from the wet biomass of S. bigranulatus without aﬀecting their biological
activity. Skipping energy-intensive operations to break the cells and using either fresh or frozen biomass may be the driving factors to
use EBA switchable solvent on an industrial scale.
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INTRODUCTION
In the last decades, the search for energy from renewable sources
and the increasing demand of consumers for healthy foods have
driven the attention toward microalgae and cyanobacteria.1−4
These phototrophic microorganisms can be rich in high-value
biological compounds, such as proteins, polysaccharides,
polyunsaturated fatty acids, vitamins, and pigments with special
biological activities, and thus they can potentially be exploited in
several industrial sectors and meet many new consumer
wishes.4−6
Today, algae and cyanobacteria are used only in the food
industry as additives for functional food and as food supplements. In this context, the increasing demand for natural
antioxidants, as a healthy alternative to synthetic additives in the
food industry, has strengthened the interest for microalgae and
cyanobacteria as a valid source of natural antioxidants, such as
polyphenols and pigments.7−14 Among pigments, carotenoids
show the highest antioxidant activity. They are divided into two
groups: carotenes and xanthophylls. So far, in the global market,
the most commercialized carotenoids are astaxanthin, βcarotene, lutein, canthaxanthin, lycopene, and zeaxanthin.15
Till date, antioxidant extraction is usually performed by using
organic solvents.10,16,17 However, these benchmark technologies
© 2021 The Authors. Published by
American Chemical Society

suﬀer from several drawbacks, making the whole process
unsustainable: (i) the use of high amounts of solvent; (ii) the
need for a large amount of energy to recover the solvent by
evaporation; (iii) the need for more than one extraction step;
(iv) the recovery of a mixture of molecules with similar
polarity.18−20
These drawbacks are even more consistent in the case of
antioxidants from microalgae as they already suﬀer from
upstream process costs.21 Thus, the optimization of a green
extraction technique able to replace conventional procedures
seems to be a good starting point for lowering the costs. So far, it
has been reported that the new green extraction techniques
performed at high pressure, such as supercritical ﬂuid extraction
and pressurized liquid extraction, are more sustainable and can
be competitive in the eﬀectiveness of the extraction of
hydrophobic molecules.22−24 However, these innovative techReceived: June 28, 2021
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Published: October 6, 2021
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was resuspended in 50 mM sodium acetate buﬀer pH 5.5.35 Cells were
disrupted by ultrasonication (30 s on, 30 s oﬀ, 40% instrument
amplitude) for 45 min on ice. After centrifugation at 5000g at 4 °C for
30 min, the proteins were recovered in the supernatant and their
concentration was measured by the BCA Assay Kit (Thermo Fisher
Scientiﬁc, Waltham, MA USA).
Conventional Extraction of Total Hydrophobic Molecules.
Conventional extraction of hydrophobic molecules from the dry
biomass (∼0.3 g) was performed according to the original Bligh & Dyer
(B&D) method.36
Hydrophobic Molecule Extraction by EBA. To extract hydrophobic molecules from S. bigranulatus by EBA, the wet biomass (∼1.5
g) was mixed with EBA in a ratio of 1:2 (wt/wt). The mixture was
magnetically stirred at room temperature for 18 h to ensure extraction
of hydrophobic molecules. Then, the mixture was centrifuged at 9000g
at room temperature, and the supernatant (which contains EBA and
hydrophobic molecules) was mixed with water in a ratio of 1:2 (wt/wt),
forming a biphasic system. Then, three experimental approaches were
followed and are schematically represented in Figures S1−S3.
Strategy 1: CO2−N2 Switching Method. CO2 was insuﬄated
into the biphasic system for 30 min at 2 vvm (volume volume per
minute) to allow EBA to switch in its polar form (switching forward).
The sample was centrifuged at 9000g at room temperature. At the end
of centrifugation, EBA and water formed a homogeneous phase (water
phase) with a small lipid layer on the top. The hydrophobic molecules
were recovered by chloroform. The total amount of the extracted
product was measured gravimetrically (after evaporating the solvent)
and reported as a percentage of the algae dry weight.
To extract hydrophilic molecules, the water phase was incubated in
the presence of the residual biomass for 2 h at room temperature. The
sample was centrifuged at 9000g at 0 °C for 10 min. Then, to recover
the extracted hydrophilic molecules, N2 was bubbled through the
supernatant to remove CO2 (switch back) and to allow EBA returning
in the hydrophobic form. The sample was centrifuged at 9000g at room
temperature. However, no formation of the two phase system was
observed.
Strategy 2: Temperature switching method (LCST). The
supernatant was cooled to 0 °C for 2 h to allow the switch of EBA in its
polar form. The sample was centrifuged at 9000g at 0 °C. The result was
a water phase with a hydrophobic layer on the top of the tube. This layer
consisted of two parts, a green layer on the top and an orange layer on
the wall of the tube. To recover the hydrophobic phase, chloroform was
added, mixed, and centrifuged at 9000g at 0 °C for 10 min. A two-phase
system was observed with the hydrophobic molecules on the bottom.
The total amount of the extracted products was measured gravimetrically (after evaporating the solvent) and reported as a percentage of the
algae dry weight. To extract hydrophilic molecules, the water phase was
incubated in the presence of the residual biomass for 2 h at 0 °C. The
sample was centrifuged at 9000g at 0 °C for 10 min. Then, to collect
hydrophilic molecules, the supernatant was heated to 22 °C to allow
EBA switching back to the nonpolar form. The sample was centrifuged
at 9000g at 0 °C for 10 min to allow the formation of two phases. The
aqueous fraction containing hydrophilic molecules was collected, the
total proteins were determined by the BCA assay, and then an sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
analysis was performed.
Strategy 3: Switch Forward-Switch Back-Switch Forward. To
avoid the use of chloroform during the recovery of the hydrophobic
molecules, heptane was used. By this procedure, the orange layer was
recovered after centrifugation at 9000g at 0 °C. The green layer was
found to be mixed again with EBA. To recover them, a double switch
was needed. Thus, the system was heated to 22 °C to allow EBA
switching back to the nonpolar form. The sample was centrifuged at
9000g at room temperature to allow the formation of two phases. The
upper phase contained EBA and the hydrophobic molecules. The upper
phase was transferred to a new tube and mixed with water in a ratio of
1:2 (wt/wt) forming a biphasic system. Then, CO2 was insuﬄated into
the system for 30 min at 2 vvm, and the sample was centrifuged at 9000g
at room temperature to recover the green fraction (GF) on the top by
chloroform.

nologies show some disadvantages: (i) need of biomass
pretreatment often, (ii) diﬃculty to extract hydrophilic
molecules ; (iii) high investment costs, and (iv) diﬃculty to
scale up the process at an industrial scale.20,25
In this context, a new class of solvents is emerging: switchable
solvents. Switchable solvents (SSs), ﬁrst reported by Jessop and
Liotta,26,27 are liquids that can be converted from a nonpolar
form to a polar form and vice versa. The switching of the solvent
in the hydrophilic form (switch forward) is done by bubbling
CO2 through the solvent. The reverse reaction is induced by
completely removing CO2 from the system with an inert gas,
such as N2, and is enhanced by the heating temperature.28 This
unique feature allows the solvent, when in the nonpolar form, to
extract hydrophobic components, and, when in the polar form,
to extract hydrophilic components. Furthermore, when in the
polar form or in the nonpolar form, the solvent should be easily
separated by the hydrophobic or hydrophilic extracts,
respectively. Noteworthy, the circularity of the extraction
process on the wet biomass involves a signiﬁcant reduction in
energy consumption because the separation of the solvent from
the extract is not performed by evaporation.29,30
Recently, a study carried out by Du et al. reported that the
secondary amine N-ethylbutylamine (EBA) shows a lower
critical solution temperature (LCST) behavior, which means
that a change in EBA polarity is possible only by changing the
temperature.31 This alternative operation is expected to be a cost
and energy eﬃcient alternative to the CO2 switching system.31
However, the feasibility of the process to eﬀectively and
sequentially extract lipids and proteins from microalgae by using
a SS characterized by LCST behavior has not been clearly
deﬁned yet.32
Here, an innovative procedure to selectively extract hydrophobic antioxidants from the cyanobacterium Synechococcus
bigranulatus was set up. S. bigranulatus is a good candidate for the
production of thermo-resistant antioxidants as it is able to grow
at diﬀerent temperatures.33 Experiments were performed by
using EBA as the extracting solvent, and three diﬀerent strategies
were tested (Figures S1−S3). Hydrophobic fractions were
characterized from a chemical and biological point of view, and
the antioxidant activity was tested before and after hightemperature short-time (HTST) pasteurization.
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MATERIALS AND METHODS

Reagents. All solvents, reagents, chemicals, and culture media,
unless diﬀerently speciﬁed, were from Sigma-Aldrich (St Louis, MO,
USA).
Microalgal Strain and Culture Conditions. S. bigranulatus was
provided by the Algal Collection of the University Federico II (ACUF
number 680).34 Cells were grown in autotrophic conditions in 800 mL
working volume bubble column photobioreactors in BG11 medium.
The photobioreactors were housed in a climate chamber at 37 ± 1 °C
equipped with ﬂuorescent lamps with a constant light intensity of 300
PAR μmolphotons m−2 s−1. The aeration of cultures was provided by
supplying air at the bottom of the photobioreactors. Cell density was
inferred from the absorbance measured at a wavelength of 730 nm. The
culture was harvested at the end of the exponential phase, and the
biomass concentration was about 0.8 g L−1.
Water Content of S. bigranulatus. The water content of the
harvested wet microalgae paste after centrifugation was determined by
weighing the sample before and after drying at 60 °C for 24 h. The water
content did not change signiﬁcantly among samples and was 73.1 ±
3.3%.
Protein Extraction and Quantiﬁcation. The biomass was
harvested by centrifugation at 1200g for 30 min at room temperature.
Then, 1.5 g of wet biomass, which corresponds to about 400 mg d.w.,
13799
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The total amount of the extracted products was measured
gravimetrically (after evaporating the solvent) and reported as a
percentage of the algae dry weight.
In a parallel experiment, heptane was replaced by methanol.
ABTS Assay. The in vitro antioxidant activity of the orange fraction
(OF) and GF was evaluated by the 2,2′-azinobis-(3-ethylbenzothiazoiline-6-sulfonic acid) ABTS assay according to Rigano et al. with some
modiﬁcations.37 Brieﬂy, 7.4 mM ABTS•+ was mixed with 140 mM
K2S2O8, and the solution was stabilized for 16 h at room temperature in
the dark. The mixture was then diluted with deionized water to obtain
an absorbance of 0.70 ± 0.02 unit at 734 nm using a spectrophotometer.
Each extract (50 μL) was allowed to react with 250 μL of diluted
ABTS•+ solution for 7 min, and then the absorbance was read at 734
nm. The standard curve was linear between 0 and 20 μM Trolox.
Results are expressed as IC50 (mg mL−1), that is, the concentration
required to scavenge 50% of free radical ABTS.
Cell Culture and Biocompatibility Assay. Human immortalized
keratinocytes (HaCaT, Innoprot, Spain) and immortalized murine
ﬁbroblasts (BALB/c 3T3, ATCC, Manassas, VI, USA) were cultured in
10% fetal bovine serum in Dulbecco’s modiﬁed Eagle’s medium in the
presence of 1% antibiotics and 2 mM L-glutamine in a 5% CO2
humidiﬁed atmosphere at 37 °C. HaCaT cells were seeded in 96-well
plates at a density of 2 × 103 cells well−1, and BALB/c 3T3 were seeded
at a density of 3 × 103 cells well−1. 24 h after seeding, increasing
concentrations of OF and GF (from 10 to 200 μg mL−1) were added to
the cells for 48 h. At the end of the incubation, cell viability was
measured by the tetrazolium salt colorimetric assay (MTT assay), as
previously described.38 Cell survival was expressed as the percentage of
viable cells in the presence of the extracts compared to control cells
(represented by the average obtained between untreated cells and cells
supplemented with the highest concentration of the buﬀer). Each
sample was tested in three independent analysis, each carried out in
triplicate.
HTST Pasteurization. Thermal pasteurization was performed
accordingly to the protocol reported by Ferraro et al.39 Brieﬂy, OF and
GF were heated at 75 °C in a water bath. After 10 min incubation, the
samples were transferred to a second water bath at 20 °C and then
stored at 4 °C until analysis.
Cellular Reactive Oxygen Species Assay. To evaluate the
protective eﬀect of OF and GF against oxidative stress, DCFDA assay
was carried out according to the protocol reported by Petruk et al.40
with some modiﬁcations. Brieﬂy, 24 h after seeding, the cells were
incubated in the presence of 25 μg mL−1 of either raw or pasteurized OF
and GF for 2 h and irradiated by UVA light for 10 min (100 J cm−2).
Fluorescence intensity of the probe (2′, 7′-dichloroﬂuorescein, DCF)
was measured at an emission wavelength of 525 nm and an excitation
wavelength of 488 nm using a PerkinElmer LS50 spectroﬂuorometer.
Emission spectra were acquired at a scanning speed of 300 nm min−1
with a 5-slit width for both excitation and emission. Reactive oxygen
species (ROS) production was expressed as the percentage of DCF
ﬂuorescence intensity of the samples under test compared to untreated
samples. Three independent experiments were carried out, each one
with three determinations.
Pigment Identiﬁcation by High-Performance Liquid Chromatography. For the determination of the pigment content, the
extracts were resuspended in 100% methanol and analyzed by isocratic
high-performance liquid chromatography (HPLC) (Hewlett Packard,
1100 Series) in a reverse phase (C8 column 3 μm Hyperloop MOS, 10
cm, 4.6 mm internal diameter, Shandon) as described by Vidussi et al.41
The mobile phase consisted of MeOH: 0.5 N aqueous ammonium
acetate, 70:30% v/v (solvent A) and MeOH (solvent B), with a gradient
(time expressed in minutes; percent of solvent A-percent of solvent B):
0:75−25; 1:50−50; 15:0−100; and 19:75−25. For the determination
of chlorophylls and carotenoids, a spectrophotometer with a diode
array detector was set at 440 nm, making it possible to determine the
absorption spectrum of the 350−750 nm interval for each peak in order
to check the purity of single pigments. The calibration of the instrument
was carried out using external standard pigments provided by the
International Agency for 14C determination-VKI Water Quality
Institute. The identiﬁcation of pigments was based considering the
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retention time, spectral characteristics, and chromatography with
certiﬁed commercial standards (International Agency for 14C
determinations, Denmark). Quantiﬁcation was based on the
absorbance at 440 nm and the factor response (peak area/pigment
concentration) value for each pigment, as described in the study by
Mantoura and Repeta.42
Statistical Analysis. Samples were analyzed in triplicate. Results
are presented as mean of results (means ± SD) and compared by oneway ANOVA according to the Bonferroni’s method (post hoc) or t-test
using Graphpad Prism for Windows, version 6.01.

■

RESULTS AND DISCUSSION
Extraction and Recovery of Hydrophobic Molecules
from Synechococcus bigranulatus through SSs. To verify
the ability of EBA SS to extract hydrophobic molecules from the
frozen wet biomass of S. bigranulatus, a direct comparison with a
reference extraction method (B&D) on dry biomass was
performed. Thus, frozen wet biomass was mixed with the
solvent. Then, to separate hydrophobic molecules from EBA,
the solvent was switched to the hydrophilic form (switch
forward) by two procedures: (i) by bubbling CO2 through the
system (SS−CO2 switch-forward, reported in Figure S1) and
(ii) by decreasing the temperature (SS-LCST switch-forward,
LCST, reported in Figure S2).
The extracted hydrophobic molecules were measured gravimetrically and reported as percentage with respect to the dry
weight biomass (Figure 1). Results clearly show that EBA was

Figure 1. Hydrophobic molecules from S. bigranulatus biomass. Yields
are reported as % with respect to the dry weight biomass. SS (CO2)
refers to extraction by SS and CO2; SS (LCST) refers to extraction by
SS and LCST. Results are reported as means ± SD of at least three
independent experiments.

able to extract hydrophobic molecules from the algae at the same
extent of the B&D procedure. This result indicates that it is
possible to obtain hydrophobic molecules starting from a wet
biomass, thus potentially reducing the costs of the whole
process, which are aﬀected by drying, milling, and temperature.
Protein Extraction. After the extraction of hydrophobic
molecules, EBA solvent, in its polar form, was used to extract
proteins on the residual biomass, as described in the Materials
and Method section. In this case, ultrasounds were used as the
reference procedure. When the SS-CO2 switch-forward strategy
was performed, no formation of the two-phase system was
observed after N2 insuﬄation and temperature increase,
probably due to stripping of switched (hydrophobic) EBA
from the solution by the warm N2 ﬂow. In the case of SS-LCST
switch-forward strategy, in which only the temperature was
changed, a hydrophilic phase was recovered and characterized.
According to the BCA assay, the SS (LCST-CO2) method
allowed to recover about 10% proteins, a value 3-fold lower than
13800
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in the case of ultrasonication. However, when the samples were
analyzed by SDS-PAGE, no proteins were observed in the
sample SS (LCST-CO2) (Figure 2), thus suggesting that, during

Figure 3. Yields of hydrophobic molecules in OF and GF. Yields are
referred to extracts from fresh or frozen biomass and reported as % with
respect to the dry weight biomass. Black bar refers to B&D; gray bars
refer to the GF; white bars refer to the OF. Results are reported as
means ± SD of at least three independent experiments.

HPLC Analysis. HPLC analysis was performed to identify
the molecules present in OF and GF. Results are reported in
Figure 4 and they clearly show that OF is enriched in β-carotene,
whereas GF is enriched in zeaxanthin. Indeed, when the ratio
zeaxanthin/β-carotene was measured in both fractions, a ratio of
0.07 ± 0.06 was found in the OF and 4.4 ± 1.5 in the GF,
whereas the ratio in the raw extract obtained by conventional
extraction was about 1. In particular, zeaxanthin values ranged
between 1.3 and 20.7 mg gdw−1 in the GF, whereas β-carotene
ranged between 0.3 and 0.6 mg gdw−1 in the OF. A mean value of
0.37 mg gdw−1 was observed instead for both molecules in the
extract obtained by a conventional method, suggesting a better
extraction yield of at least zeaxanthin with EBA with respect to
conventional methods.
ABTS Assay. To verify if the extraction technique aﬀected
the biological activity of OF and GF, the in vitro antioxidant
activity was tested by the ABTS assay. Results are shown in
Figure 5 and clearly indicate that both fractions had antioxidant
activity. The IC50 values, which correspond to the concentration
of the extract that can inhibit 50% of the radical, were 0.024 ±
0.008 and 0.056 ± 0.013 mg mL−1 for the OF and GF,
respectively.
Evaluation of the Biocompatibility of OF and GF on
Eukaryotic Cells. The biocompatibility of OF and GF was
evaluated by the MTT assay on two immortalized eukaryotic cell
lines: HaCaT (human keratinocytes) and BALB/c 3T3 (murine
ﬁbroblasts). Cells were incubated in the presence of each extract
for 48 h, and cell survival was determined as described in the
Materials and Methods section. As shown in Figure 6, the GF
did not show cell mortality on both cell lines tested up to 200 μg
mL−1 (A,B), whereas the OF (C,D) showed a low level of
toxicity only on HaCaT cells (IC50 value of 152 ± 7 μg mL−1).
Noteworthy, the solvent used to recover the OF is important as
when methanol was used, cell mortality was achieved at a very
low concentration of the extract, with an IC50 value of 31 ± 8 μg
mL−1 and 43 ± 4 μg mL−1 on HaCaT cells and BALB/c 3T3
cells, respectively (E,F).
Evaluation of Antioxidant Activity of OF and GF on
Eukaryotic Cells. To verify if the two extracts could be used in
the food industry and if they are resistant to high-temperature
treatments, a comparison between the antioxidant activity of raw
and pasteurized extracts (i.e., HTST pasteurization) was
performed on a cell-based system. HaCaT cells were stressed
by UVA, chosen as a source of oxidative stress. Cells were
incubated for 2 h with 25 μg mL−1 of each extract prior to UVA
exposure. Then, the DCFDA probe was used to measure the

Figure 2. Proteins extracted from S. bigranulatus. SDS-PAGE analysis of
proteins extracted by ultrasounds and SS (LCST-CO2) extraction. Lane
1: molecular weight markers; lane 2: soluble proteins extracted by
ultrasounds (30 μg); lane 3: soluble proteins extracted by EBA (30 μg).
SDS-PAGE was stained by Blue Coomassie.

the extraction with nonpolar EBA, proteins may be degraded
and/or unfolded and precipitate in the centrifugation step. The
results indicate that the yield calculated by the BCA procedure is
aﬀected by the presence of EBA itself. In a parallel experiment,
the polar form of EBA was used on the raw biomass to verify its
ability to extract hydrophilic molecules. However, no hydrophilic molecules were obtained, maybe because polar EBA was
not able to destroy the biomass in the absence of any physical
and/or mechanical treatment (data not shown). On the other
hand, nonpolar EBA better penetrates the biomass of microalgae
with a fragile cell wall, such as the one of S. bigranulatus. The
cyanobacterium has a cell wall similar to that of Gram-negative
bacteria but equipped with a thick peptidoglycan layer.43,44
Moreover, the absence of cellulose renders the process feasible
under mild conditions.
Switch Forward-Switch Back-Switch Forward Strategy. In order to replace chloroform with a green solvent, a third
strategy was set up (Figure S3), and the detailed procedure is
described in the Materials and Method section. The replacement
of chloroform with heptane allowed to recover an OF, whereas
the green layer was mixed again with EBA. Thus, the GF was
recovered after a second cycle of switch-forward by using
chloroform. Fresh and frozen (stored at −20 °C) biomass were
analyzed in parallel experiments. As reported in Figure 3, the
yields of OF and GF do not show any signiﬁcant diﬀerence
between the two starting materials. This result suggests that the
extraction can be performed according to the experimental
purpose, that is, on either just harvested or stored biomass. Thus,
from an industrial point of view, even if storing the biomass can
be a cost, it could allow a more ﬂexible scheduling of the
downstream process.
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Figure 4. Representative HPLC chromatograms of antioxidants extracted from S. bigranulatus. (A) Raw extract obtained by conventional extraction,
(B) GF, and (C) OF.
13802
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Figure 5. ABTS assay on OF and GF. The ABTS scavenging activity of OF (A) and GF (B) (mg mL−1) from S. bigranulatus. Data shown are means ±
SD of three independent experiments.

Figure 6. Cell viability of OF and GF on eukaryotic cells. HaCaT and BALB/c 3T3 were incubated for 48 h with increasing concentrations (10−200 μg
mL−1) of GF (A,B), OF collected with heptane (C,D), and OF collected with methanol (E,F). Cell viability was assessed by the MTT assay, and cell
survival expressed as a percentage of viable cells in the presence of the extracts under test with respect to control cells grown in the absence of the
extracts. Data shown are means ± SD of three independent experiments.

ROS levels. As shown in Figure 7, no eﬀect on ROS levels was
observed when the cells were incubated with either the raw OF
or GF extracts, whereas when the cells were incubated with

pasteurized orange and green extracts, an increase in intracellular ROS levels is observed in the absence of any treatment.
UVA induced a signiﬁcant increase in intracellular ROS levels
13803
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Figure 7. Antioxidant eﬀect of the orange and green extracts from S. bigranulatus on UVA-stressed HaCaT cells. Cells were preincubated in the
presence of 25 μg mL−1 of raw and pasteurized extracts for 2 h prior to be irradiated by UVA (100 J cm−2). For each experimental condition, ROS
production was measured, and the results are reported as percentage with respect to untreated cells. Black bars: untreated cells; gray bars: cells
incubated with OF; white bars: cells incubated with GF; gray striped bars: cells incubated with pasteurized OF; white squared bars: cells incubated with
pasteurized GF. Data shown are means ± SD of three independent experiments. *** indicates p < 0.005; **** indicates p < 0.0005.

ability was fully maintained also after thermal treatment, that is,
pasteurization.
In conclusion, EBA does not aﬀect the biological activity of
the extracted molecules, has a higher yield of extraction with
respect to conventional methods, and does not require any
pretreatment step or energy-intensive equipment to break the
cells. Further investigation is instead needed to verify if the
extraction of hydrophilic components can be improved by
means of any chemical or mechanical pretreatment to make
proteins more accessible for the extraction.

(180%) with respect to untreated cells (black bars). When cells
were preincubated with any of the extract, no alteration in ROS
levels was observed, thus suggesting that the extracts were able
to protect cells from stress injury. These results indicate that
thermal procedures do not aﬀect the antioxidant activity of both
fractions.

■

CONCLUSIONS
SSs are widely used to extract hydrophobic molecules from algae
raw biomass.19,28,45 In this work, the secondary amine EBA was
used on the cyanobacterium S. bigranulatus to test the ability to
sequentially extract hydrophobic and hydrophilic components.
Yields of hydrophobic molecules clearly show that EBA has the
same extraction power as conventional methods. However, EBA
was not able to extract proteins. This result seems to be in
contrast with the data reported in the literature as about 40% of
proteins have been reported to be extracted from diﬀerent
microalgae by using the tertiary amine N,N-dimethyl-cyclohexylamine.30 Noteworthy, in the present paper, by using the
same colorimetric assay, about 10% of proteins seemed to be
present in the hydrophilic fraction, but no proteins were
observed by SDS-PAGE analysis, thus suggesting an interference
of EBA with the colorimetric assay.
Surprisingly, EBA allowed the selective extraction of βcarotene and zeaxanthin. The selectivity found was in agreement
with data recently reported on astaxanthin extraction from
Haematococcus pluvialis.22 This selectivity allowed obtaining a βcarotene-enriched fraction and a zeaxanthin-enriched fraction,
as clearly demonstrated by the HPLC analysis. Furthermore, the
yields of both hydrophobic molecules were found to be much
higher than those obtained by conventional methods.19,46 In
addition, EBA had the same extraction power on both frozen and
fresh biomass. This result is very important from an industrial
point of view as it is possible to process the biomass anytime with
the same yields and, in case of fresh biomass, to lower the
downstream costs.
From a biological point of view, the isolated molecules were
fully biocompatible, active as antioxidants, and thermo-stable. In
particular, the in vitro results showed lower IC50 values than
those reported in the literature with diﬀerent microalgae.47,48
Both fractions were able to protect immortalized human
keratinocytes from oxidative stress induced by UVA. This
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