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Abstract: Dunaliella salina is a green microalga extensively explored for 3-carotene production, while
knowledge of its lipid composition is still limited and poorly investigated. Among lipids, polar lipids
have been highlighted as bioactive phytochemicals with health-promoting properties. This research
aimed to provide an in-depth lipidome profiling of D. salina using liquid and gas chromatography
coupled with mass spectrometry. The lipid content was 6.8%, including phospholipids, glycolipids,
betaine lipids, sphingolipids, triglycerides, diglycerides, and pigments. Among the total esterified
fatty acids, 13.6% were 18:3 omega-3 and 14.7% were 18:1 omega-9. The lipid extract of D. salina
showed anti-inflammatory activity by inhibiting cyclooxygenase-2 activity at 100 ug/mL, dose-
dependent antioxidant scavenging activity, and antidiabetic activity by inhibiting «-glucosidase
activity at 25 and 125 pug/mL. In conclusion, the lipid extract of D. salina has the potential to be used
as a functional food ingredient or in the nutraceutical and cosmeceutical industries.

Keywords: microalgae; food; lipidomics; lipids; fatty acids

1. Introduction

Unhealthy diets and poor eating habits, either due to an excess of food or a shortage
of essential nutrients, are major causes of non-communicable diseases (NCD), a burden in
Western society. A high intake of saturated fats and trans fatty acids (FA), as well as a deficit
in omega-3 polyunsaturated fatty acids (PUFA), is among the nutrient imbalances that
enhance age-related disorders and NCDs, namely cardiovascular diseases and diabetes [1].

Microalgae emerged as alternative sources of lipids, especially omega-3 lipids that are
typically supplied from fish or fish oil, but overfishing is a major drawback for these re-
sources. Additionally, it addresses the growing trend of people following vegan/vegetarian
diets, requiring plant-based sources of essential lipids, and demand for alternative and sus-
tainable solutions to provide these healthy lipids. Algae are rich in essential nutrients and
bioactive compounds, including lipids, and are recommended for sustainable and healthy
diets, in line with some initiatives launched by the European Union [2]. Although lipids
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from algae have been reported with bioactive properties, these remain mostly associated
with FAs, which are mainly esterified to complex lipids, such as triglycerides (TG), as well
as to membrane phospholipids (PLs) and chloroplast glycolipids (GLs). Algae PLs and
GLs are being increasingly highlighted as the most active biomolecules with functional
properties such as anti-inflammatory [3], anti-obesity [4], and antidiabetic activities [5],
contributing to algal added-value and novel biotechnological applications.

Green microalgae, including the genus Dunaliella, offer fascinating features that can be
used for biotechnology and industry-oriented applications, and thus there is an increasing
interest in these microalgae. Dunaliella species are very resilient, with high adaptability to
both high salinity and high light intensities, are produced industrially, and can produce
several metabolites of interest [6]. Particularly, Dunaliella salina is a well-known reservoir of
high-value biomolecules such as carotenoids, lipids, and FA 18:1 n-9 (oleic acid, OA), FA
18:3 n-3 («-linolenic acid, ALA), and FA 18:2 n-6 (linoleic acid, LA) [7,8]. Among the various
applications, and although it is already approved as a food supplement, this microalga is
mostly explored for 3-carotene production [9]. Interestingly, in D. salina, the lipid content
can range from 7-60%, depending on the cultivation method and harvesting phase [10],
thus evidencing that it can be explored as a source of lipids. However, its lipidome has not
yet been characterized, so its valorization as a source of functional lipids has been neglected.

The interest in profiling algae lipidomes to unravel their added value and to promote
their use as food and food ingredients for nutraceuticals is increasing. The lipidomes
of some algae have been successfully identified by advanced lipidomics approaches to
unravel the relationship between composition and biological value. In addition, omega-3
PUFAs bound to polar lipids, namely PL and GL, have intrinsic bioactive properties as
well as increased bioavailability, making them more bio-effective [11]. Thus, microalgae
polar lipids are of utmost importance, although current knowledge is still limited due to
their chemical diversity and the lack of knowledge on microalgae lipidomes. Hence, the
aim of this study was to characterize the lipidome of D. salina and bioprospect its lipids for
potential value addition to its biomass.

Herein, detailed lipid and FA profiling of D. salina was determined using advanced
lipidomics approaches (GC-MS and LC-MS), and its added value as a source of functional
and valuable lipids with bioactive properties such as anti-inflammatory, antioxidant, and
antidiabetic activities was evaluated using in chemico assays.

2. Materials and Methods
2.1. Reagents

High-performance liquid chromatography (HPLC)-grade dichloromethane, methanol,
and ethanol were purchased from Fisher Scientific Ltd. (Loughborough, UK). Milli-Q
purified water was used (Synergy®, Millipore Corporation, Billerica, MA, USA). The x,«-
diphenyl-f-picryl-hydrazyl radicals (DPPH®) were purchased from Aldrich (Milwaukee,
WI, USA) and the 2,2-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) radical cations
(ABTS**) from Fluka (Buchs, Switzerland). The remaining reagents were obtained from
primary commercial sources. All lipid internal standards were purchased from Avanti
Polar Lipids, Inc. (Alabaster, AL, USA).

2.2. Microalgae Material

The microalgae biomass was provided by Necton S.A. (Olhao, Portugal). Microalgae
were grown in closed flat panel photobioreactors and kept monoalgal by mechanical and
chemical pre-treatments of the water used for algal production, namely through ultrafiltra-
tion at 0.02 pm, sodium hypochlorite treatment at 200 ppm, and UV treatment. The culture
was harvested by centrifugation, packed, and frozen at —20 °C. Before the experiments,
samples were freeze-dried, reduced to powder, and stored in the dark at —20 °C.
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2.3. Total Lipid Extraction

Lipids were extracted using a modified Folch’s method, as previously described [12].
Briefly, 25 mg of biomass was extracted with 2 mL of dichloromethane and methanol (2:1,
v/v), vortexed for 2 min, centrifuged (PRO-Analytical, Centurion Scientific, Chichester, UK)
at 2000 rpm for 10 min, and the supernatant was collected in a new tube. This process was
repeated four times. The combined supernatants were dried under a nitrogen stream. A
volume of 2 mL dichloromethane, 1 mL methanol, and 0.75 mL of Milli-Q was added, and
samples were vortexed for 2 min and centrifuged at 2000 rpm for 10 min. The organic phase
was collected in a new tube while the aqueous phase was re-extracted twice using 2 mL
dichloromethane. The combined organic phases were dried under nitrogen steam. The
lipid extracts were transferred to pre-weighed amber vials using 1.2 mL of dichloromethane.
The amber vials were previously oven-dried (Binder, Tuttlingen, Germany) at 100 °C for
two hours and cooled for thirty minutes on a desiccator, prior to being weighed. The
total lipid content was estimated as a percentage of dry weight (DW) and the results were
expressed as mean =+ standard deviation of 5 replicates.

Lipid yield (% DW, ** ) = weight of lipid extract (mg) ;o (1)
w weight of biomass (mg)

2.4. Quantification of Phospholipids

Phospholipids present in the lipid extract were quantified according to a modified
version of the Bartlett and Lewis method, as described before [13]. Briefly, the phosphorus
present in 25 pg of lipid extract, obtained after the hydrolysis of PL with perchloric acid
(70%) at 180 °C for 1h, formed a complex with molybdate (2.5%), which further reacted
with ascorbic acid (10%) at 100 °C for 5 min, and the absorbance of the new colored complex
formed was measured at 797 nm using a UV /vis spectrophotometer (Multiskan GO 1.00.38,
Thermo Scientific, Hudson, NH, USA). Standards of 0.1-2 ug phosphorus (NaH;PO4-2H,0,
100 pg of phosphorus/mL) underwent the same treatment as the lipid extract, excluding the
hydrolysis step. The conversion factor of 25 (775/31) was used to estimate the PL amount.

2.5. Quantification of Glycolipids

Glycolipids present in the lipid extract were quantified using the orcinol colorimetric
method, as previously described [13]. Briefly, the sugar amount present in 25 uL of lipid
extract reacted with 1 mL of orcinol solution (0.2% in 70% H,SO,) at 80 °C for 20 min and
the absorbance was measured at 505 nm using a UV /vis spectrophotometer (Multiskan GO
1.00.38, Thermo Scientific, Hudson, NH, USA). D-Glucose standards of 2-50 pg (D-glucose,
2.0mg/mL) were prepared and underwent the same treatment as the lipid extract samples.
The conversion factor of 2.8 (100/35) was used to estimate the GL amount.

2.6. Quantification of Triglycerides

Triglycerides were quantified with a commercial kit (Liquick Cor-TG 30 (PZ COR-
MANY S.A., Lomianki, Poland)) according to the manufacturer’s instructions. Liposomes
of dried lipid extract (4 mg/mL) were prepared in 5 mM ammonium bicarbonate buffer
(pH 7.4), as previously described [3].

2.7. Quantification of Pigments

Total chlorophyll and carotenoids in lipid extracts (100 ug in 500 pL of methanol)
were estimated by measuring the absorbance at 678 nm for chlorophyll and 440 nm for
carotenoids using standard calibration curves of each pigment (chlorophyll 2 and (3-carotene,
respectively). Results were expressed as the sum of total chlorophyll and carotenoids.

2.8. C18 Liquid Chromatography-Mass Spectrometry (C18 LC-MS)

The lipid extracts were analyzed using C18 reverse-phase liquid chromatography
mass spectrometry (C18 RP-LC-MS) on an Ultimate 3000 Dionex ultra high-performance
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liquid chromatography (UHPLC) system (Thermo Fisher Scientific, Bremen, Germany)
with an autosampler coupled to the Q-Exactive® hybrid quadrupole Orbitrap mass spec-
trometer (Thermo Fisher, Scientific, Bremer, Germany) [14]. The solvent system included
two mobile phases: mobile phase A (water/acetonitrile (40/60%), 10 mM ammonium
formate, and 0.1% formic acid) and mobile phase B (isopropanol/acetonitrile (90/10%),
10 mM ammonium formate, and 0.1% formic acid). The following gradient was applied:
32% B at 0 min, 45% B at 1.5 min, 52% B at 4 mi, 58% B at 5 min, 66% B at 8 min, 70% B at
11 min, 85% at 14 min, 97% at 18 min, 97% B at 25 min, 32% B at 25.01 min, and 32% B at
33 min. A volume of 5 uL, containing 40 pg of lipid extract diluted in dichloromethane
(2 pg/uL), 72 uL of a solvent system (50% isopropanol and 50% of methanol), and 8 pL
of a phospholipid standard mixture, was loaded onto an Ascentis® Express C18 column
(Sigma—Aldrich®, 2.1 x 150 mm, 2.7 um) at 50 °C and at a flow rate of 260 uL min—!. The
mass spectrometer was operated using positive/negative switching toggles between posi-
tive (electrospray voltage 3.0 kV) and negative (electrospray voltage —2.7 kV) ion modes,
using a sheath gas flow of 35 U and a capillary temperature of 320 °C. Data were acquired
in full scan mode with a high resolution of 70,000, an automatic gain control (AGC) target
of 3 x 10°, in an m/z range of 300-1600, 2 microscans, and a maximum inject time (IT) of
100 ms. The tandem mass spectra (MS/MS) were obtained with a resolution of 17,500, an
AGC target of 1 x 10%, 1 microscan, and a maximum IT of 100 ms. The cycles consisted of
one full-scan mass spectrum and ten data-dependent MS/MS scans, which were repeated
continuously throughout the experiments with a dynamic exclusion of 30 s and an intensity
threshold of 8 x 10%. Normalized collision energy TM (CE) ranged between 20, 24, and
28 eV in the negative mode and 25 and 30 eV in the positive mode. Data acquisition
was carried out using the Xcalibur data system (V3.3, Thermo Fisher Scientific, Bremen,
Germany). The lipid species were manually confirmed based on the fragmentation pattern
of each lipid class, as previously reported [15]. Phosphatidylcholine (PC), lyso PC (LPC),
diacylglyceryl-N,N,N-trimethyl homoserine (DGTS) and its lyso form monoacylglyceryl-
N,N,N-trimethyl homoserine (MGTS), ceramides (Cer), and ceramide phosphoinositol
(PI-Cer) were analyzed in the positive ion mode and identified in MS spectra as [M+H]*
ions. In the MS/MS spectra of the [M+H]* ions, LPC and PC were identified by the presence
of the fragment ion at m/z 184.1, corresponding to the phosphocholine polar head. The
DGTS and MGTS were confirmed by the presence of the fragment ion at m/z 236.1, formed
due to the loss of the fatty acyl chain as ketene (-R1=C=0/-R2=C=0), and observed on
the LC-MS/MS spectra of the [M+H]" ions. The fatty acyl composition for these betaine
classes was assigned by the neutral loss of one or two fatty acyl chains as ketene (-R=C=0)
and as acid (-RCOOH). In the case of both Cer and PI-Cer, the sphingoid backbone (SB)
was assigned due to the presence of fragment ions corresponding to [SB-H,O]* and [SB-
2H,0]" ions, while the fatty acyl chain composition was obtained, whenever possible, by
the mass difference calculation between SB and the ceramide precursor ion. Although
digalactosyl diacylglycerol (DGDG), digalactosyl monoacylglycerol (DGMG), monogalac-
tosyl diacylglycerol (MGDG), monogalactosyl monoacylglycerol (MGMG), triglycerides
(TGs), and diglycerides (DGs) were also analyzed in positive ion mode, these lipid classes
were identified in MS as [M+NH4]* ions. MGDG and MGMG species were identified
by the typical neutral loss of 197 Da, corresponding to the neutral loss of NH3 (—17 Da)
plus the galactosyl moiety (—180 Da), while DGDG and DGMG were identified due to
the neutral loss of 359 Da, which corresponds to the neutral loss of NH3 (—17 Da) plus
the digalactosyl moiety (—342 Da). The fatty acyl chain composition was attributed to the
presence of acylium ions of FA plus 74 Da ([RCO + 74]*). TG and DG were identified by the
neutral loss of NHj3 (—17 Da) combined with the neutral loss of the FA as acid derivatives
(-RCOOH + NH3).
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Phosphatidylglycerol (PG), phosphatidylinositol (PI), sulfoquinovosyl diacylglycerol
(SQDG), and its lyso form sulfoquinovosyl monoacylglycerol (SOMG) were analyzed
in negative ion mode and identified as [M-H]~ ions in MS spectra. In MS/MS spectra,
SQDG and SQMG were assigned due to the presence of the fragment ion at m/z 225.0,
corresponding to the anion of the sulfoquinovosyl polar head group. The fatty acyl chain
composition was determined by the neutral loss of each fatty acid as acid ((-RCOOH) and,
whenever possible, by the presence of the carboxylate anions of fatty acyl chains (RCOO™).
The lipid molecular species belonging to the PG class were assigned due to the presence of
the fragment ions at m/z 153.0 (glycerol phosphate anion—H;0), 171.0 (glycerol phosphate
anion), and 227.0 (glycerolphosphate glycerol—H;0), while the lipid molecular species
belonging to the PI class were identified by the observation of the fragment ions at m1/z
241.0 (inosiyol-1,2-cyclic phosphate anion), 223.0 (241—H,0), 297.0 (combined loss of
fatty acyl chains as acid (RCOOH)), and 315.0 (combined loss of fatty acyl chains as ketene
(R=C=0) and acid (RCOOH)). In PG and P], the fatty acyl chain composition was confirmed
due to the presence of the carboxylate anions of fatty acyl chains (RCOO™).

Validated species were integrated using MZmine v2.53 software and normalized by
calculating the ratio against a selected internal standard (Table S1) with the closest retention
time. Peak area integration was adjusted and manually edited if necessary (Table S2). The
relative abundance (%) of each lipid species within each class was calculated as described
before [16].

2.9. Fatty Acid Analysis by GC-MS

The fatty acid methyl esters (FAMEs) were prepared from dried lipid extract by alkaline
trans-esterification, as previously described [12], and analyzed by gas chromatography
coupled with mass spectrometry (GC-MS). Briefly, 2 uL of a hexane solution containing
FAMESs and 1.0 ug/mL of methyl nonadecanoate, as an internal standard, were injected
onto the GC-MS instrument. Data acquired were analyzed using Agilent MassHunter
Qualitative Analysis 10.0 software, which together with the NIST library and by comparing
the retention times with those of commercial standards (Supelco 37 Component Fame Mix,
Sigma-Aldrich, St. Louis, MO, USA), allowed the identification of FAs.

[C12:0+ (4 x C14: 0) + C16: 0]

A= S MUFA 15 (n—6) + T (n—3)]’

[C14:0+C16: 0+ C18: 0]

"= (0.5 X MUFA) + (05 x £(n —6)) + (3 x T(n - 3)) + (E2=3)]’ ©

[cis — C18 : 1+ Y_PUFA]

hH = €2 0+ Cla:0+ Cl6: 0]

2.10. Anti-Inflammatory Activity

The anti-inflammatory activity was determined using the commercial cyclooxygenase-
2 (COX-2) inhibitory screening assay kit (Cayman test kit-701080 (Cayman Chemical Com-
pany, Ann Arbor, MI, USA)), according to the manufacturer’s instructions. The dried lipid
extract was dissolved in DMSO (10 puL) to obtain a concentration of 100 pg/mL and the
amount of prostaglandin F2« produced was measured by spectrophotometry (415 nm)
using a UV /vis spectrophotometer (Multiskan GO 1.00.38, Thermo Scientific, Hudson, NH,
USA). The results were expressed as a percentage of inhibited COX-2 activity.

2.11. Antioxidant Activity

The antioxidant capacity was evaluated against DPPH® and ABTS** radicals, as
described before [13]. The dried lipid extract was dissolved in ethanol (25, 125, and
250 pg/mL) and mixed with a working solution of DPPH® or ABTS** in ethanol (abs
~0.9). The absorbance of the samples was measured at 517 nm or 734 nm for DPPH*® or
ABTS**, respectively, every 5 min for a total of 120 min of incubation, using a UV /vis
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spectrophotometer (Multiskan GO 1.00.38, Thermo Scientific, Hudson, NH, USA). Control
samples were also prepared by replacing the DPPHe or ABTSe+ with ethanol. DPPH*
and ABTS®* stability in ethanol was monitored. All measurements were performed in
triplicate. Trolox standard solutions (between 10 and 75 uM in ethanol) were also prepared
and underwent the same treatment as the lipid extract samples. Results were expressed as
a percentage of inhibition of DPPH® (IC;5) or ABTS** (ICs50) and in Trolox equivalents (TE,
umol Trolox/g LE).

Absradical — (Absradical — Abscontrol)

Inhibition % = x 100, 5
Absradical ( )
1
1 IC;5 or ICsg Trolox | AT
TE(“mO ) - ( b Hg % 1000, ©6)
g IC35 or ICs of samples (%)

2.12. Antidiabetic Activity—a-Glucosidase Inhibition Assay

The capacity to inhibit a-glucosidase activity was determined using a colorimetric-
based quantitative method, as described before [17]. Liposomes of dried lipid extract
(25 and 125 pg/mL) were prepared in 0.1 M phosphate buffer (pH 6.9), as previously
described [3]. In a 96-well plate, 50 pL of liposomes and 100 pL of 0.1 M phosphate buffer
(pH 6.9) containing «-glucosidase solution (1.0 U/mL) were incubated at 25 °C for 10 min.
Then, 50 puL of a 5 mM p-nitrophenyl-a-D-glucopyranoside solution prepared in 0.1 M
phosphate buffer (pH 6.9) was added to each well. The plate was incubated at 25 °C
for another 5 min, and absorbance readings were recorded at 405 nm using a UV /vis
spectrophotometer (Multiskan GO 1.00.38, Thermo Scientific, Hudson, NH, USA). Negative
and positive controls were prepared by replacing 50 pL of the sample with potassium
phosphate buffer and acarbose (10 mg/mL), respectively.

2.13. Statistical Analysis

The results are expressed as averages + standard deviation (SD), and comparisons
between groups were made using one-way ANOVA followed by Tukey’s multiple compar-
ison test. GraphPad (version 8.0.2) was used for all comparisons and, when p < 0.05, the
differences were considered significant.

3. Results and Discussion
3.1. Lipid Content

The total lipid content of D. salina was 6.8 £ 2.1 (% DW), as reported in previous
studies [18-20]. It also followed the same trend as the lipid content reported for Spirulina
sp., Chlorella vulgaris, and Tetraselmis chui, which ranged between 6.5 and 10.7% using the
same extraction method. Therefore, the lipid content in D. salina is within the range of other
microalgae approved as food [12].

The PL and GL content accounted, respectively, for 47.48 & 6.21 and 138.58 4 46.39 ug/mg
of the total lipid content and both represented 22% of the total lipids (Figure 1), similar to
what is reported in the literature [18,21]. Additionally, TG represented 27% of the total lipids,
while pigments represented 38%, predominantly consisting of carotenoids, particularly
[-carotene, while chlorophylls were present in very low amounts. The remaining 13%
included betaine lipids, sphingolipids, and other neutral lipids.

3.2. Lipidome Profiling

In total, 306 lipid molecular species were identified (Figure 2, Tables 1 and S2-57),
belonging to the following classes: PL (60 lipid species), GL (67 lipid species), betaine lipids
(51 lipid species), sphingolipids (21 lipid species), and neutral lipids (107 lipid species).
The PL classes identified were phosphatidylcholine (PC), lyso PC (LPC), phosphatidylglyc-
erol (PG), and phosphatidylinositol (PI). The most abundant PL species were PC 36:2 (PC
18:1/18:1) and PG 34:2 (PG 16:0_18:2), which corresponded to 20% of the total content of PL



Foods 2024, 13, 3321

7 of 18

classes PC and PG, respectively, and PI 34:1 (PI 16:0_18:1), which corresponded to 76% of
the total content of identified PI lipid species (Table 1, Figures S1 and S6). A considerable
number of PL species, including the most abundant ones, had omega-3 PUFA and FA
18:1. The GL classes identified included monogalactosyldiacylglycerol (MGDG), mono-
galactosyl monoacylglycerol (MGMGQG), digalactosyl diacylglycerol (DGDG), digalactosyl
monoacylglycerol (DGMG), sulfoquinovosyl diacylglycerol (SQDG), and sulfoquinovosyl
monoacylglycerol (SQOMG). Several GL species with omega-3 PUFA and FA 18:1, such as
MGDG 34:7 and DGDG 34:1, were the lipid species with higher relative abundance in
each respective class (Figures S2 and 56). Betaine lipids identified were diacylglyceril-
N,N,N-trimethylhomoserine (DGTS) and monoacylglyceryl-N,N,N-trimethylhomoserine
(MGTS), which had the highest number of lipid species with FA 18:1 and FA 18:3 (Figures
53 and S6). Some sphingolipid species were identified, with Cer 18:2,0/17:0 being the most
abundant in the respective class and PI-Cer 34:1;02 being the only one identified in its class
(Figures 54 and S6). Neutral lipids, including triglycerides (TG) and diglycerides (DG),
had the largest number of lipid molecular species. The lipid species TG 16:0/16:0/18:1
and DG 16:0/18:3 were in higher abundance in their respective classes (Figures S5 and 5S6).
Interestingly, almost half of the TG species identified had esterified FA 18:1, similar to TG
from olive oil [22].

@ Phospholipids B Glycolipids
@ Pigments B Triglycerides
@ Betaine Lipids, sphingolipids and others

Figure 1. Composition of Dunaliella salina lipid extract (LE), expressed as a percentage (%).

Despite the evident lack of knowledge on the lipid signature of D. salina, especially at
the molecular level, Vanitha and co-authors were able to identify other lipid classes not
reported here by only using thin layer chromatography, namely monoglycerides (MGs),
sterols, phosphatidylethanolamine (PE), and phosphatidic acid (PA) [23]. In addition, five
DGs, three MGDGs, and five DGDGs, identified using HPLC to separate lipid species and a
UV detector to identify the FA composition, were also identified in previous studies [24,25].
In a previous study, using a low-resolution linear ion-trap mass spectrometer, several
lipid species were identified, not from D. salina but from Dunaliella tertiolecta, including
those belonging to the PI, DGDG, MGDG, SQDG, DGTS, and MGTS classes, which were
also identified in the present study [26]. The common lipid species included PI 34:1
(16:0_18:1), DGDG 34:7 (16:4_18:3), DGDG 34:6 (16:3_18:3), DGDG 34:5 (16:2_18:3), DGDG
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34:4 (16:1_18:3), DGDG 34:2 (16:0_18:2), DGDG 34:1 (16:0_18:1), MGDG 34:7 (16:4_18:3),
MGDG 34:6 (16:4_18:2 and 16:3_18:3), SQDG 32:0, SQDG 34:3, SQDG 34:2, SQDG 34:1,
DGTS 34:4 (16:0_18:4), DGTS 34:3 (16:0_18:3), DGTS 34:2 (16:0_18:2), DGTS 34:1 (16:0_18:1),
DGTS 35:3 (17:0_18:3), DGTS 36:6 (18:3/18:3), DGTS 36:5 (18:2_18:3), DGTS 36:4 (18:2/18:2
and 18:1_18:3), DGTS 36:3 (18:1_18:2), DGTS 36:2 (18:1/18:1), DGTS 37:3 (18:2_19:1), MGTS
16:0, MGTS 18:3, and MGTS 18:2. Nevertheless, with the modern LC-MS/MS lipidomics
approach employed here, we were able to deepen our knowledge of the D. salina lipidome.
Polar lipids from olive fruits (Olea europaea L.) also included lipid molecular species from
phospholipids, glycolipids, sphingolipids, and betaine lipids. Several lipid molecular
species of PC, LPC, PG, MGDG, DGDG, DGMG, and DGTS were esterified with FA 18:1
n-9, as well as PUFAs 18:2 n-6 and 18:3 n-3. In fact, the most abundant lipid species of PC
and PG classes found in olives fruits were PC 36:2 and PG 36:2, as in the lipid profile of D.
salina. This composition highlights the similarity between the polar lipid profiles of D. salina
and olive fruits. Interestingly, PI, SQDG, SQOMG, and MGMG classes were not reported
in the lipid signature of olives fruits, while phosphatidylethanolamine (PE) and lyso PE
were not identified in this microalga. The sphingolipid profile also showed significant
differences. The sphingolipid classes identified in D. salina were Cer and PI-Cer, while
sphingomyelins and hexosylceramides (HexCer) were found in olive fruits [27]. A similar
lipid composition was also observed between D. salina and olive (Olea europaea cv. Galega
vulgar) fruit seeds, except for certain lipid classes. Specifically, betaine lipids, PI, SQDG,
SOMG, MGMG, DGMG, and PI-Cer classes were not detected in olive seeds, while PE,
LPE, HexCer, and acyl sterol glycosides were not identified in D. salina [28]. In the lipid
signature of olives fruits, FA 18:1 n-9, FA 18:2 n-6, and FA 18:3 n-3 were once more the most
representative FAs in polar lipid molecular species, as is the case in D. salina. Hydroxylated
polar lipid species, namely PC, were also identified in olive fruits [27] and seeds [28]. Many
TG species identified in the lipid profile of D. salina were esterified with FA 18:1 n-9 and
essential PUFAs (18:2 n-6 and 18:3 n-3), as well as with odd-chain FAs ranging from FA13:0
to FA 27:0 and odd-chain MUFAs (FA 15:1, FA 17:1, and FA 19:1) and PUFAs (FA 19:2),
and these FAs were also found esterified in TGs from olive fruits (Olea europaea L.) [27]
and pistachio nuts [29]. In addition, the lipid signature of D. salina is similar to that of
avocado, a globally important fruit crop with rising consumption due to the recognition of
its nutritional and health benefits. Common lipid classes include PC, PI, DGDG, MGDG,
TG, and DG, comprising several lipid molecular species esterified with FA 18:1 and essential
PUFAs. However, avocado also contains the polar lipid classes PE, phosphatidylserine (PS),
and phosphatidic acid (PA) [30]. This highlights the similar lipid signature of D. salina with
common plant-based foods. However, when comparing the lipid profile of D. salina with
that of animal-based foods, such as fish and other edible aquatic animals, more pronounced
differences emerge. Notably, the lipid composition of animal-based seafood is characterized
by the presence of PL classes, including PS and cardiolipin, as well as sphingolipid classes
such as ceramide phosphoethanolamine, ceramides aminoethylphosphonate, and N-methyl
ceramide aminoethylphosphonate, along with several ether phospholipid species, which
are all less reported in plant- and algae-based foods. However, animal-based foods lack
chloroplast-specific lipid classes (DGDG, MGDG, SQDG, and their lyso forms) [15,31].

Interestingly, some polar lipid species herein identified, such as LPC 16:0, LPC 16:1,
LPC 18:2, LPC 18:3 [32], PG 34:2 (16:0/18:2) [33], and MGDG 34:7 (16:4/18:3) [34], as well as
other algae glycolipids, were previously reported with anti-inflammatory potential, among
other biological properties [35]. PL species bearing omega-3 PUFA and FA 18:1, as in
D. salina, were also reported to have positive effects on reducing the risk of cardiovascular
diseases [36].

PL species can also be used in nano-liposomes and as carriers of drugs, as well as in
cosmetics, as natural ingredients. They can also be used as emollients, emulsifiers, and
antioxidants, thus being an alternative to synthetic counterparts.
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Table 1. Classes of lipids identified in Dunaliella salina lipid extract (LE). The number of lipid
molecular species identified in each class, as well as the number of lipid molecular species with FA
18:3 and FA 18:1 and the top 3 most abundant lipid molecular species, are also shown.

.. Total Number of Lipid Number of Llp.ld Number of L1p.1d Most Abundant Molecular
Phospholipid Molecular Species Molecular Species Molecular Species Species
P with FA 18:3 with FA 18:1 P
PC 18:1/18:1; PC 16:0_18:1;
PC 33 ! 3 PC 16:0_18:2
LPC 4 1 0 LPC 16:0; LPC 18:2; LPC 18:3
PG 16:0_18:2; PG 18:1/18:1;
PG 20 2 6 PG 16:0_18:1
PI16:0_18:1; P116:0_18:2; PI
PI 3 ! ! 16:0_18:3
.. Total Number of Lipid Number of Llp.ld Number of L1p.1d Most Abundant Molecular
Glycolipid Molecular Species Molecular Species Molecular Species Species
P with FA 18:3 with FA 18:1 P
MGDG 16:4_18:3; MGDG
MGDG 13 4 4 16:4_18:2; MGDG 16:0_18:1
MGMG 2 1 0 MGMG 18:3; MGMG 16:0
DGDG 16:0_18:1; DGDG
DGDG 33 8 7 16:1_18:2; DGDG 16:1_18:1
DGMG 2 1 0 DGMG 16:0; DGMG 18:3
SQDG 32:0; SQDG 34:3;
SQDG 16 0 0 SQDG 34:1
SOMG 1 0 0 SOMG 16:0
. .. Total Number of Lipid Number of Llp}d Number of Llp}d Most Abundant Molecular
Betaine Lipids Molecular Speci Molecular Species Molecular Species Speci
olecwiar Spectes with FA 18:3 with FA 18:1 pecies
DGTS 16:1_18:2;
DGTS 42 14 12 DGTS16:0_18:2; DGTS
16:0_18:1
MGTS 9 1 1 MGTS 18:2
. .. Total Number of Lipid Number of Llp.ld Number of L1p.1d Most Abundant Molecular
Sphingolipids Molecular Species Molecular Species Molecular Species Species
P with FA 18:3 with FA 18:1 P
Cer 18:2,0/17:0; Cer
Cer 20 0 ! 22:0;,03/26:0; Cer 35:0,02_3
PI-Cer 1 0 0 PI-Cer 20:1;02/14:0
.. Total Number of Lipid Number of Llp}d Number of Llp}d Most Abundant Molecular
Neutral Lipids Molecular Speci Molecular Species Molecular Species Speci
lectiiar Specles with FA 18:3 with FA 18:1 pecles
TG 16:0_16:0_18:1; TG
TG 97 21 43 16:0_18:1_18:1; TG
16:0_16:0_18:2
DG 10 5 3 DG 16:0_18:3;02; DG

16:0_18:3; DG 18:1/18:1

Abbreviations: PC: phosphatidylcholine; LPC: lyso phosphatidylcholine; PG: phosphatidylglycerol; PI:
phosphatidylinositol; MGDG: monogalactosyl diacylglycerol; MGMG: monogalatosyl monoacylglycerol;
DGDG: digalactosyl diacylglycerol; DGMG: digalactosyl monoacylglycerol; SQDG: sulfoquinovosyl diacyl-
glycerol; SOMG: sulfoquinovosyl monoacylglycerol; DGTS: diacylglyceryl-N,N,N-trimethyl homoserine; MGTS:
monoacylglyceryl-N,N,N-trimethyl homoserine; Cer: ceramide; PI-Cer: inositolphosphoceramide; TG: triglyc-
erides; DG: diglycerides.
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Figure 2. Number of lipid molecular species identified in Dunaliella salina lipid extract (LE) by C18
reverse-phase liquid chromatography-mass spectrometry (C18 RP-LC-MS), distributed by the classes
of glycolipids: monogalactosyl diacylglycerol (MGDG), monogalactosyl monoacylglycerol (MGMG),
digalactosyl diacylglycerol (DGDG), digalactosyl monoacylglycerol (DGMG), sulfoquinovosyl dia-
cylglycerol (SQODG), and sulfoquinovosyl monoacylglycerol (SOMG); betaine lipids: diacylglyceryl-
N,N,N-trimethyl homoserine (DGTS) and monoacylglyceryl-N,N,N-trimethyl homoserine (MGTS);
phospholipids: phosphatidylglycerol (PG), phosphatidylinositol (PI), phosphatidylcholine (PC), and
lysophosphatidylcholine (LPC); sphingolipids: ceramide (Cer) and inositolphosphoceramide (PI-Cer);
neutral lipids: triglycerides (TGs) and diglycerides (DGs); and fatty acids (FAs).

3.3. Fatty Acid Profiling

The FA profile of D. salina studied by GC-MS allowed the identification of 19 FAs
(Table 2). The saturated FA 16:0 was the most abundant (43.35 & 1.67%), followed by FA
18:1 n-9 and FA 18:3 n-3 (14.66 & 1.09 and 13.55 &+ 1.58%, respectively), in accordance with
previous studies [7,8,19]. Dunaliella salina has a high amount of FA 18:1 n-9, which has
been associated with the cardioprotective effects of the Mediterranean diet, as in the case
of extra virgin olive oil [22]. PUFAs represented almost one-fourth of the total FAs (~27%)
of D. salina and omega-3 PUFA accounted for 17.60 + 2.02%. Among omega-3 PUFAs,
FA 18:3 n-3 showed the highest abundance (13.55 &= 1.58%). This is an essential FA in the
human diet as it is metabolized to FA 20:5 n-3 (eicosapentaenoic acid, EPA) and FA 22:6 n-3
(docosahexaenoic acid, DHA), which play a central role in proper tissue functioning [37].

As mentioned, omega-3 PUFAs are well-recognized for their beneficial effects on health
status and help to prevent NCDs such as atherosclerosis and cardiovascular diseases [1]. Thus,
lipid quality indexes were calculated from the FA profile, namely the n-6/n-3 ratio, atherogenic
index (AI), thrombogenic index (T1I), and hypocholesterolemic/hypercholesterolemic (h/H)
ratio, to estimate the nutritional value and health benefits of D. salina lipids. The n-6/n-
3 ratio was lower than 1 (0.49 £ 0.04), which can be associated with the prevention of
cardiovascular complications. The lower TI (0.64 & 0.07) and AI (0.93 £ 0.06) indicate a
protective effect in reducing blood clots and atherogenic plaque formation, respectively [38].
The h/H obtained was 0.88 % 0.05, and the higher the h/H values, the more beneficial
effect they have by lowering cholesterol levels. The Al, TI, and h/H values obtained
for D. salina were all within the range of those obtained for other microalgae approved
as foods and food supplements, such as Spirulina sp. (Al of 0.7, TI of 1.6, and h/H of
0.6) [12] and Chlorella vulgaris (Al of 0.2-0.42, TI of 0.21, and h/H of 2.04-2.8) [12,39], and
Nannochloropsis oculata (Al of 0.63, TI of 0.22, and h/H of 1.44) and Microchloropsis gaditana
(Al of 1.70, TI of 3.82, and h/H of 0.12) [39], respectively. Dunaliella salina showed lipid
quality indices comparable to those of fish, shrimp, and shellfish hake (Al: 0.26-1.41; TI:



Foods 2024, 13, 3321

11 0f 18

0.09-0.87; h/H: 0.21-4.75) [40], as well as of a variety of fish oils (Al: 0.13-1.48; TI: 0.11-1.16;
h/H: 0.67-8.03) [41]. Despite the fact that Al and TI indices for D. salina were higher than
those reported for olive oil (Al: 0.16 and TI: 0.19), both were lower than those reported for
palm oil (Al and TI of 1.88) [42]. Therefore, D. salina can be a promising alternative to fish,
fish oil, and palm oil, reinforcing its potential as a sustainable source of healthy lipids and
minimizing the environmental and economic impacts of overfishing and overexploitation
of arable land and deforestation required for palm oil plantations.

Table 2. Fatty acid (FA) profile of Dunaliella salina determined by gas chromatography-mass spec-
trometry (GC-MS) after base-catalyzed transmethylation of the lipid extracts. Data are expressed as
ug of FA by mg of biomass and as relative abundance (%) + SD (1 = 5).

Fatty Acid ug FA/mg Biomass Relative Abundance (%)
FA 16:0 8.13 £0.77 43.35 £ 1.67
FA 16:1 0.13 £ 0.01 0.69 £ 0.06

FA 16:1 n-7 0.27 £ 0.02 1.43 £0.12

FA 16:1 n-9 0.17 £ 0.03 0.89 £ 0.07

FA 16:2 n-6 0.21 £ 0.02 1.09 £ 0.02

FA 16:3 n-6 0.09 £0.01 0.49 £ 0.01

FA 16:3 n-3 0.28 £ 0.04 1.47 = 0.09

FA 16:4 n-3 0.49 £0.10 2.59 £0.35
FA 17:0 0.04 £0.01 0.23 £0.04
FA 18:0 1.13 £ 0.32 593 £1.16

FA 18:1 n-9 274 £0.22 14.66 £+ 1.09

FA 18:1 n-7 0.42 £ 0.04 227 £0.23

FA 18:2 n-8 0.14 £ 0.02 0.76 £ 0.01

FA 18:2 n-6 1.16 = 0.12 6.21 = 0.26

FA 18:3 n-6 0.15 £ 0.02 0.79 £ 0.07

FA 18:3 n-3 2.55 +£047 13.55 £ 1.58
FA 20:0 0.21 £0.03 1.16 £ 0.26
FA 22:0 0.22 £0.03 1.20 £ 0.26
FA 24:0 0.23 £0.02 1.25+0.20
> SFA 9.97 +0.98 53.11 +1.26

> MUFA 3.73 £0.30 19.95 +1.43
> PUFA 5.07 £0.79 26.94 +2.35

Y. PUFA n-3 3.31 £ 0.61 17.60 £ 2.02

2 PUFA n-6 1.61 +0.17 8.57 £0.34
n-6/n-3 0.49 £ 0.04

Al 0.93 & 0.06
TI 0.64 = 0.07
h/H 0.88 £ 0.05

Abbreviations: X SFA: the sum of saturated fatty acids; ¥ MUFA: the sum of monosaturated fatty acids; X PUFA:
the sum of polyunsaturated fatty acids; Al: atherogenic index; TI: thrombogenic index.

Overall, the D. salina lipidome is rich in FA 18:1 n-9 and FA 18:3 n-3, being a promising
alternative as a natural source of novel functional ingredients with healthy effects and for
the prevention of oxidative stress and inflammatory-related diseases, as well as dyslipi-



Foods 2024, 13, 3321

12 of 18

demia. To add value to D. salina biomass, we also explored the bioactive potential of its
lipid extract.

3.4. Bioactive Properties of D. salina Lipids

The lipid extract of D. salina showed anti-inflammatory activity at 100 pg/mL, inhibit-
ing COX-2 activity by 35.68 £ 5.16% (Table 3), which is similar to that reported for Chlorella
vulgaris [14], a microalga that has been used as a food ingredient, food supplement, and
food additive [43,44]. To the best of our knowledge, only one study showed the inhibitory
effect of D. salina n-3 PUFA concentrate (20 ug/mL) on COX-2 expression rather than enzy-
matic activity [45]. GL from D. salina may contribute to this effect since GL from microalgae
has been correlated with anti-inflammatory potential [46]. Interestingly, it was reported
that MGDG 34:7, also identified in D. salina, inhibited *NO levels in LPS-stimulated RAW
264.7 macrophages co-treated with the methanolic extract of Tetraselmis chui through down-
regulation of iNOS [34]. Moreover, four lyso forms of PC, namely 16:0, LPC 16:1, LPC
18:2, and LPC 18:3, also identified in D. salina were shown to inhibit TNF-« release in LPS-
stimulated THP-1 cells co-treated with fractionated lipid extracts of the diatom Cylindrotheca
clostridium [32]. These lipid species may contribute to the anti-inflammatory potential of
the lipid extract of D. salina.

Table 3. Percentage of inhibition of cyclooxygenase-2 (COX-2) activity by Dunaliella salina lipid extract
(LE) at 100 ug/mL. Concentration of LE (ug/mL) that inhibited 15% and 50% of DPPH® and ABTS**
radicals, respectively, as well as the Trolox equivalents (TE; umol/g). Values are presented as the
average of three assays (1 = 3) & standard deviation.

Anti-Inflammatory Activity COX-2 Assay

% inhibition 35.68 +5.16
Antioxidant Activity DPPH® Assay

TE 54.59 4 4.32

ICy5 153.65 +£12.17
Antioxidant Activity ABTS®** Assay

TE 22397 £3.12

ICsp 81.99 +1.14

The DPPH*® and ABTS®* radical scavenging assays were used to evaluate the antioxi-
dant potential of the lipid extract of D. salina, which showed higher scavenging activity
against ABTS®*, with an ICsp of 81.99 + 1.14 ug/mL and a TE of 223.97 + 3.12 pmol
Trolox/g LE (Table 3). Similar results were observed for lipid extracts of other microalgae
used as food and food supplements [12,14]. However, it was reported that the methanol
extract of D. salina was able to inhibit DPPH® and ABTS** by 79 and 50%, respectively,
but using a much higher concentration of 80 mg/mL [47], while its chloroform extract
inhibited DPPH® by 50% at 1.92 mg/mL [48]. This suggests that the lipid extract of D. salina
is a potential source of natural antioxidants, with applications in the food industry as
ingredients and stabilizers.

The inhibitory effect of the lipid extract of D. salina on a-glucosidase activity was
assayed to evaluate its antidiabetic potential. At 25 and 125 pug/mL, the lipid extract of
D. salina inhibited enzyme activity by 14 and 23%, respectively (Figure 3). The inhibitory
effect of lipids extracted from D. salina on «-glucosidase activity has not been reported
yet; however, a few compounds present in algae, namely ALA, EPA, DHA, pigments, and
polyphenols, have been suggested as displaying antidiabetic activity [49]. With a slightly
higher concentration than the one used in this study (200 pg/mL), the lipid extract of
Chlorella pyrenoidosa exhibited a similar percentage of inhibition of x-glucosidase activity
(22.15%) [5]. Additionally, hydrolysates from Chlorella vulgaris (30 mg/mL) showed the
capability to inhibit enzyme activity by 31% [50]. Overall, the antidiabetic activity displayed
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by D. salina is very similar to that observed for other bioactive compounds extracted from
microalgae, such as FA, pigments, and polyphenols.
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Figure 3. Inhibitory effect of Dunaliella salina lipid extract (LE) at 25 and 125 pug/mL on a-glucosidase
activity. Values are presented as the average of three assays (n = 3) & standard deviation. Differences
with a g-value < 0.05 were considered statistically significant. ##: q < 0.01; ###: 4 < 0.001.

However, it is important to note that pigments, particularly (3-carotene, can also con-
tribute synergistically to the overall observed activity. In fact, 3-carotene from Dunaliella
salina has been reported in the literature to exhibit various biological properties, as re-
viewed in [51], namely neuroprotective, hepatoprotective, and antiproliferative capacities,
as well as anti-inflammatory properties and high antioxidant potential. Indeed, a previous
study used a carotenoid-enriched extract from D. salina to evaluate its anti-cholinergic,
anti-inflammatory, and antioxidant effects using in chemico assays, as well as its poten-
tial neuroprotective effect against key hallmarks of Alzheimer’s disease (AD) in the hu-
man neuron-like SH-SY5Y cell model [52]. Lipidomic changes, including increases in PC,
TG, and FA levels and a decrease in PG in cells, along with the possible role exerted by
carotenoids and other minor compounds on the cell membrane, were linked to the observed
neuroprotective effect of the D. salina extract. Another study showed that D. salina extracts
rich in TGs, FAs, and (3-carotene have neuroprotective effects in an Alzheimer’s disease
model of Caenorhabditis elegans (strain CL4176) [53]. Additionally, D. salina powder and
extracts rich in 3-carotene showed pronounced protective activity against thioacetamide-
induced liver fibrosis [54].

Thus, Dunaliella salina can be a valuable source of lipids and other bioactive com-
pounds, such as [3-carotene, that can be explored as new functional ingredients to be used
in the non-pharmacological management of diabetes, metabolic syndrome, obesity, and
other health conditions, as well as for different biotechnological applications and in the
food and nutraceutical industries.

4. Conclusions

This is the first report on the full characterization of the D. salina lipidome, as well as
the anti-inflammatory, antioxidant, and antidiabetic potential of its lipids. A considerable
number of identified polar lipid species contained esterified OA and ALA, with omega-
3 PUFAs accounting for 17% of total FAs. The lipid extract of D. salina showed anti-
inflammatory activity through inhibiting COX-2 activity, antioxidant potential through
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scavenging DPPH*® and ABTS**, and antidiabetic activity by inhibiting «-glucosidase
activity. Overall, these results highlight the potential of this microalga to be used as a food
ingredient or in the nutraceutical and cosmeceutical industries.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/foods13203321/s1, Figure S1: Representative total ion chromatogram
(TIC) from C18 reversed-phase liquid chromatography-mass spectrometry (C18 RP-LC-MS) anal-
ysis of Dunaliella salina lipid extract, shown in positive (a) and negative (b) ion modes. Retention
time for the elution of the different lipid classes identified in D. salina is also highlighted. Ab-
breviations: ceramide (Cer), ceramide phosphoinositol (PI-Cer), diacylglyceryl-N,N,N-trimethyl
homoserine (DGTS), digalactosyl diacylglycerol (DGDG), digalactosyl monoacylglycerol (DGMG),
diglyceride (DG), monoacylglyceryl-N,N,N-trimethyl homoserine (MGTS), monogalactosyl diacyl-
glycerol (MGDG), monogalactosyl monoacylglycerol (MGMG), lyso phosphatidylcholine (LPC),
phosphatidylcholine (PC), phosphatidylglycerol (PG), phosphatidylinositol (PI), sulfoquinovosyl
diacylglycerol (SQDG), sulfoquinovosyl monoacylglycerol (SQMG), and triglyceride (TG); Figure S2:
The relative percentage (%) of normalized peak area abundances of identified species per phospho-
lipid class of Dunaliella salina. PC (a), LPC (b), PG (c), and PI (d); Figure S3: The relative percentage
(%) of normalized peak area abundances of identified species per glycolipid class of Dunaliella salina.
MGDG (a), MGMG (b), DGDG (c), DGMG (d), SQDG (e), and SOMG (f); Figure S4: The relative
percentage (%) of normalized peak area abundances of identified species per betaine lipid class of
Dunaliella salina. DGTS (a) and MGTS (b); Figure S5: The relative percentage (%) of normalized
peak area abundances of identified species per sphingolipid class of Dunaliella salina. Cer (a) and
PI-Cer (b); Figure S6: The relative percentage (%) of normalized peak area abundances of identi-
fied species per neutral lipid class of Dunaliella salina. TG (a) and DG (b); Figure S7: The relative
percentage (%) of normalized peak area abundances of the top five most abundant lipid molecular
species of each lipid class identified in Dunaliella salina lipid extract (LE) using C18 RP-LC-MS;
Table S1: Composition of the mix of phospholipid standards used in the analysis performed us-
ing C18 RP-LC-MS and MS/MS; Table S2: Lipid molecular species identified in the lipid extracts
(LE) of Dunaliella salina by C18 RP-LC-MS and MS/MS, in positive and negative ion modes. In-
formation on lipid species, chemical formulas, fatty acyl compositions, theoretical and observed
masses, and mass errors (ppm) is shown. C:N/C:N means the attribution of fatty acyl chains to
the position sn-1/sn-2, while C:N_C:N means that the attribution of the sn-position of fatty acyl
chains is not known; Table S3: Lipid molecular species identified in lipid extracts of Dunaliella salina
by C18-HPLC-ESI-MS and MS/MS. PC: phosphatidylcholine; LPC: lyso phosphatidylcholine; PG:
phosphatidylglycerol; PI: phosphatidylinositol; MGDG: monogalactosyl diacylglycerol; MGMG:
monogalatosyl monoacylglycerol; DGDG: digalactosyl diacylglycerol; DGMG: digalactosyl monoa-
cylglycerol; SQDG: sulfoquinovosyl diacylglycerol; SQMG: sulfoquinovosyl monoacylglycerol; DGTS:
diacylglyceryl-N,N,N-trimethyl homoserine; MGTS: monoacylglyceryl-N,N,N-trimethyl homoserine;
Cer: ceramide; PI-Cer: inositolphosphoceramide; TG: triacylglycerols; DG: diacylglycerols. Manual
curation was used to adjust the integration boundaries of chromatographic peaks as necessary;
Table S4: Non-normalized datasets that represent the peak areas of all lipid molecular species identi-
fied in Dunaliella salina lipid extracts by the C18-HPLC-ESI-MS and MS/MS method reported in this
study. PC: phosphatidylcholine; LPC: lyso phosphatidylcholine; PG: phosphatidylglycerol; PI: phos-
phatidylinositol; MGDG: monogalactosyl diacylglycerol; MGMG: monogalatosyl monoacylglycerol;
DGDG: digalactosyl diacylglycerol; DGMG: digalactosyl monoacylglycerol; SQDG: sulfoquinovosyl
diacylglycerol; SQMG: sulfoquinovosyl monoacylglycerol; DGTS: diacylglyceryl-N,N,N-trimethyl
homoserine; MGTS: monoacylglyceryl-N,N,N-trimethyl homoserine; Cer: ceramide; PI-Cer: inosi-
tolphosphoceramide; TG: triacylglycerols; DG: diacylglycerols; Table S5: Normalized datasets (by
internal standards) of all lipid molecular species identified in Dunaliella salina lipid extracts by the
C18-HPLC-ESI-MS and MS/MS method reported in this study. PC: phosphatidylcholine; LPC: lyso
phosphatidylcholine; PG: phosphatidylglycerol; PI: phosphatidylinositol; MGDG: monogalactosyl di-
acylglycerol; MGMG: monogalatosyl monoacylglycerol; DGDG: digalactosyl diacylglycerol; DGMG:
digalactosyl monoacylglycerol; SQDG: sulfoquinovosyl diacylglycerol; SOMG: sulfoquinovosyl
monoacylglycerol; DGTS: diacylglyceryl-N,N,N-trimethyl homoserine; MGTS: monoacylglyceryl-
N,N,N-trimethyl homoserine; Cer: ceramide; PI-Cer: inositolphosphoceramide; TG: triacylglycerols;
DG: diacylglycerols; Table S6: Normalized datasets (by the sum) of all lipid molecular species identi-
fied in Dunaliella salina lipid extracts by the C18-HPLC-ESI-MS and MS/MS method reported in this
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study. PC: phosphatidylcholine; LPC: lyso phosphatidylcholine; PG: phosphatidylglycerol; PI: phos-
phatidylinositol; MGDG: monogalactosyl diacylglycerol; MGMG: monogalatosyl monoacylglycerol;
DGDG: digalactosyl diacylglycerol; DGMG: digalactosyl monoacylglycerol; SQDG: sulfoquinovosyl
diacylglycerol; SQMG: sulfoquinovosyl monoacylglycerol; DGTS: diacylglyceryl-N,N,N-trimethyl
homoserine; MGTS: monoacylglyceryl-N,N,N-trimethyl homoserine; Cer: ceramide; PI-Cer: in-
ositolphosphoceramide; TG: triacylglycerols; DG: diacylglycerols; Table S7: Relative percentage
(%) of the normalized peak areas of the lipid molecular species within each lipid class identified
in Dunaliella salina lipid extracts by the C18-HPLC-ESI-MS and MS/MS method reported in this
study. PC: phosphatidylcholine; LPC: lyso phosphatidylcholine; PG: phosphatidylglycerol; PI: phos-
phatidylinositol; MGDG: monogalactosyl diacylglycerol; MGMG: monogalatosyl monoacylglycerol;
DGDG: digalactosyl diacylglycerol; DGMG: digalactosyl monoacylglycerol; SQDG: sulfoquinovosyl
diacylglycerol; SQMG: sulfoquinovosyl monoacylglycerol; DGTS: diacylglyceryl-N,N,N-trimethyl
homoserine; MGTS: monoacylglyceryl-N,N,N-trimethyl homoserine; Cer: ceramide; PI-Cer: inosi-
tolphosphoceramide; TG: triacylglycerols; DG: diacylglycerols.

Author Contributions: Conceptualization, R.D. and T.M.; methodology, M.C., P.D. and T.M.; valida-
tion, R.D. and T.M.; formal analysis, R.P; investigation, R.P,, T.C., B.B.N. and M.P; resources, H.P,,
AM.CR.,, AM.G. and R.U,; writing—original draft preparation, R.P, R.D. and T.M.; writing—review
and editing, R.P, T.C., B.B.N.,, M.P, M.C,, HP, AM.CR,, PD.,, AM.G, RU, RD. and TM,; visu-
alization, R.P., R.D. and T.M.; supervision, R.D. and T.M. All authors have read and agreed to the
published version of the manuscript.

Funding: This work was financially supported by “Pacto da Bioeconomia azul” (Project No. C644915664-
00000026) within the WP5 Algae Vertical, funded by Next Generation EU European Fund and the
Portuguese Recovery and Resilience Plan (PRR), under the scope of the incentive line “Agendas for
Business Innovation” through the funding scheme C5—Capitalization and Business Innovation.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in the study are included in the
article/Supplementary Materials, further inquiries can be directed to the corresponding author.

Acknowledgments: The authors acknowledge to FCT/MCTES the financial support to LAQV-
REQUIMTE (FCT UIDB/50006/2020) and CESAM (UIDP/50017/2020 + UIDB/50017/2020 + LA/P/
0094/2020) through Portuguese funds and, where applicable, co-financed by the FEDER, within
the PT2020 Partnership, and to RNEM (LISBOA-01-0145-FEDER-402-022125). The authors are
thankful to the COST Action EpiLipidNET, CA19105—Pan-European Network in Lipidomics and
EpiLipidomics. Tania Melo thanks to FCT/MCTES for individual funding in the scope of the In-
dividual Call to Scientific Employment Stimulus [CEECIND /01578 /2020, https:/ /doi.org/10.544
99/2020.01578.CEECIND/CP1589/CT0010]. Rita Pais also thanks for her PhD grant within the
project “Pacto da Bioeconomia azul” (Project No. C644915664-00000026). Marisa Pinho was funded
by national funds through the FCT-Foundation for Science and Technology, L.P., under the PhD
granted via CESAM (UI/BD/153346/2022). Bruna B. Neves is grateful to FCT for her PhD Grant
(https:/ /doi.org/10.54499 /2021.04602.BD).

Conflicts of Interest: Author Alexandre M. C. Rodrigues was employed by the Necton, S.A., Bela-
mandil. The authors declare no conflicts of interest.

1.  Clemente-Suarez, V.J.; Beltran-Velasco, A.I; Redondo-Flérez, L.; Martin-Rodriguez, A.; Tornero-Aguilera, ].F. Global Impacts of
Western Diet and Its Effects on Metabolism and Health: A Narrative Review. Nutrients 2023, 15, 2749. [CrossRef] [PubMed]

2. Urban Food System Transformation in the Context of Food 2030—Current Practice and Outlook Towards 2030—European Commis-
sion. Available online: https:/ /research-and-innovation.ec.europa.eu/news/all-research-and-innovation-news /urban-food-system-
transformation-context-food-2030-current-practice-and-outlook-towards-2030-2023-05-31_en (accessed on 4 September 2024).

3. Conde, T; Neves, B.; Couto, D.; Melo, T.; Lopes, D.; Pais, R.; Batista, J.; Cardoso, H.; Silva, J.L.; Domingues, P; et al. Polar Lipids of
Marine Microalgae Nannochloropsis oceanica and Chlorococcum amblystomatis Mitigate the LPS-Induced Pro-Inflammatory Response
in Macrophages. Mar. Drugs 2023, 21, 629. [CrossRef] [PubMed]


https://doi.org/10.54499/2020.01578.CEECIND/CP1589/CT0010
https://doi.org/10.54499/2020.01578.CEECIND/CP1589/CT0010
https://doi.org/10.54499/2021.04602.BD
https://doi.org/10.3390/nu15122749
https://www.ncbi.nlm.nih.gov/pubmed/37375654
https://research-and-innovation.ec.europa.eu/news/all-research-and-innovation-news/urban-food-system-transformation-context-food-2030-current-practice-and-outlook-towards-2030-2023-05-31_en
https://research-and-innovation.ec.europa.eu/news/all-research-and-innovation-news/urban-food-system-transformation-context-food-2030-current-practice-and-outlook-towards-2030-2023-05-31_en
https://doi.org/10.3390/md21120629
https://www.ncbi.nlm.nih.gov/pubmed/38132950

Foods 2024, 13, 3321 16 of 18

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Regueiras, A.; Huguet, A.; Conde, T.; Couto, D.; Domingues, P.; Domingues, M.R.; Costa, A.M.; da Silva, J.L.; Vasconcelos, V.;
Urbatzka, R. Potential Anti-Obesity, Anti-Steatosis, and Anti-Inflammatory Properties of Extracts from the Microalgae Chlorella
vulgaris and Chlorococcum amblystomatis under Different Growth Conditions. Mar. Drugs 2021, 20, 9. [CrossRef]

Sun, Z.; Chen, F. Evaluation of the Green Alga Chlorella pyrenoidosa for Management of Diabetes. J. Food Drug Anal. 2020, 20, 28.
[CrossRef]

Barbosa, M.; Inacio, L.G.; Afonso, C.; Maranhao, P. The Microalga Dunaliella and Its Applications: A Review. Appl. Phycol. 2023, 4,
99-120. [CrossRef]

Andriopoulos, V.; Gkioni, M.D.; Koutra, E.; Mastropetros, S.G.; Lamari, EN.; Hatziantoniou, S.; Kornaros, M. Total Phenolic
Content, Biomass Composition, and Antioxidant Activity of Selected Marine Microalgal Species with Potential as Aquaculture
Feed. Antioxidants 2022, 11, 1320. [CrossRef]

Gonabadi, E.; Samadlouie, H.R.; Shafafi Zenoozian, M. Optimization of Culture Conditions for Enhanced Dunaliella salina
Productions in Mixotrophic Culture. Prep. Biochem. Biotechnol. 2022, 52, 154-162. [CrossRef]

Lv, H.; Qiao, C.; Zhong, C.; Jia, S. Metabolic Fingerprinting of Dunaliella salina Cultured under Sulfur Deprivation Conditions.
J. Appl. Phycol. 2018, 30, 355-365. [CrossRef]

de Celente, G.S.; Rizzetti, T.M.; Sui, Y.; de Souza Schneider, R.D.C. Potential Use of Microalga Dunaliella salina for Bioproducts
with Industrial Relevance. Biomass Bioenergy 2022, 167, 106647. [CrossRef]

Lordan, R.; Redfern, S.; Tsoupras, A.; Zabetakis, I. Inflammation and Cardiovascular Disease: Are Marine Phospholipids the
Answer? Food Funct. 2020, 11, 2861-2885. [CrossRef]

Conde, T.A; Neves, B.F; Couto, D.; Melo, T.; Neves, B.; Costa, M.; Silva, J.; Domingues, P.; Domingues, M.R. Microalgae as
Sustainable Bio-Factories of Healthy Lipids: Evaluating Fatty Acid Content and Antioxidant Activity. Mar. Drugs 2021, 19, 357.
[CrossRef] [PubMed]

Moreira, A.S.P.; Gongalves, J.; Conde, T.A.; Couto, D.; Melo, T.; Maia, I.B.; Pereira, H.; Silva, J.; Domingues, M.R.; Nunes, C.
Chrysotila pseudoroscoffensis as a Source of High-Value Polar Lipids with Antioxidant Activity: A Lipidomic Approach. Algal Res.
2022, 66, 102756. [CrossRef]

Mauricio, T.; Couto, D.; Lopes, D.; Conde, T.; Pais, R.; Batista, ].; Melo, T.; Pinho, M.; Moreira, A.S.P,; Trovao, M.; et al. Differences
and Similarities in Lipid Composition, Nutritional Value, and Bioactive Potential of Four Edible Chlorella vulgaris Strains. Foods
2023, 12, 1625. [CrossRef]

Rey, F.; Melo, T.; Lopes, D.; Couto, D.; Marques, F.; Domingues, M.R. Applications of Lipidomics in Marine Organisms: Progress,
Challenges and Future Perspectives. Mol. Omics 2022, 18, 357-386. [CrossRef]

Lopes, D.; Rey, E; Melo, T.; Pinho, M.; Moreira, A.S.P; Pes, K.; Mata, L.; Domingues, M.R. Lipidomic Fingerprinting of the Red
Seaweed Asparagopsis spp. Evidencing Specific Profiling in Gametophyte and Tetrasporophyte Life Stages. Algal Res. 2024, 77,
103353. [CrossRef]

Oliveira, A.L.S.; Carvalho, M.J.; Oliveira, D.L.; Costa, E.; Pintado, M.; Madureira, A.R. Sugarcane Straw Polyphenols as Potential
Food and Nutraceutical Ingredient. Foods 2022, 11, 4025. [CrossRef]

Babich, O.; Dolganyuk, V.; Andreeva, A.; Katserov, D.; Matskova, L.; Ulrikh, E.; Ivanova, S.; Michaud, P.; Sukhikh, S. Isolation of
Valuable Biological Substances from Microalgae Culture. Foods 2022, 11, 1654. [CrossRef]

Hadizadeh, Z.; Mehrgan, M.S.; Shekarabi, S.P.H. The Potential Use of Stickwater from a Kilka Fishmeal Plant in Dunaliella salina
Cultivation. Environ. Sci. Pollut. Res. 2020, 27, 2144-2154. [CrossRef] [PubMed]

Sandgruber, E; Gielsdorf, A.; Baur, A.C.; Schenz, B.; Miiller, S.M.; Schwerdtle, T.; Stangl, G.I.; Griehl, C.; Lorkowski, S.;
Daweczynski, C. Variability in Macro- and Micronutrients of 15 Commercially Available Microalgae Powders. Mar. Drugs 2021, 19,
310. [CrossRef]

Monte, J.; Ribeiro, C.; Parreira, C.; Costa, L.; Brive, L.; Casal, S.; Brazinha, C.; Crespo, J.G. Biorefinery of Dunaliella salina:
Sustainable Recovery of Carotenoids, Polar Lipids and Glycerol. Bioresour. Technol. 2020, 297, 122509. [CrossRef]

Lu, Y;; Zhao, J.; Xin, Q.; Yuan, R.; Miao, Y.; Yang, M.; Mo, H.; Chen, K.; Cong, W. Protective Effects of Oleic Acid and Polyphenols
in Extra Virgin Olive Oil on Cardiovascular Diseases. Food Sci. Hum. Wellness 2024, 13, 529-540. [CrossRef]

Vanitha, A.; Narayan, M.S.; Murthy, K.N.C.; Ravishankar, G.A. Comparative Study of Lipid Composition of Two Halotolerant
Alga, Dunaliella bardawil and Dunaliella salina. Int. J. Food Sci. Nutr. 2007, 58, 373-382. [CrossRef] [PubMed]

Cho, S.H.; Thompson, G.A. Galactolipids of Thylakoid Pigment Protein Complexes Separated Electrophoretically from Thylakoids
of Dunaliella salina Labeled with Radioactive Fatty Acids 1. Plant Physiol. 1989, 90, 610-616. [CrossRef]

Ha, K.S.; Thompson, G.A. Diacylglycerol Metabolism in the Green Alga Dunaliella salina under Osmotic Stress: Possible Role of
Diacylglycerols in Phospholipase C-Mediated Signal Transduction. Plant Physiol. 1991, 97, 921-927. [CrossRef] [PubMed]

Kim, S.-H.; Ahn, HM,; Lim, S.R.; Hong, S.-J.; Cho, B.-K; Lee, H.; Lee, C.-G.; Choi, H.-K. Comparative Lipidomic Profiling of Two
Dunaliella tertiolecta Strains with Different Growth Temperatures under Nitrate-Deficient Conditions. J. Agric. Food Chem. 2015, 63,
880-887. [CrossRef]

Alves, E.; Melo, T.; Barros, M.P.; Domingues, M.R.M.; Domingues, P. Lipidomic Profiling of the Olive (Olea europaea L.) Fruit
towards Its Valorisation as a Functional Food: In-Depth Identification of Triacylglycerols and Polar Lipids in Portuguese Olives.
Molecules 2019, 24, 2555. [CrossRef]


https://doi.org/10.3390/md20010009
https://doi.org/10.38212/2224-6614.2094
https://doi.org/10.1080/26388081.2023.2222318
https://doi.org/10.3390/antiox11071320
https://doi.org/10.1080/10826068.2021.1922917
https://doi.org/10.1007/s10811-017-1230-3
https://doi.org/10.1016/j.biombioe.2022.106647
https://doi.org/10.1039/C9FO01742A
https://doi.org/10.3390/md19070357
https://www.ncbi.nlm.nih.gov/pubmed/34201621
https://doi.org/10.1016/j.algal.2022.102756
https://doi.org/10.3390/foods12081625
https://doi.org/10.1039/D2MO00012A
https://doi.org/10.1016/j.algal.2023.103353
https://doi.org/10.3390/foods11244025
https://doi.org/10.3390/foods11111654
https://doi.org/10.1007/s11356-019-06926-w
https://www.ncbi.nlm.nih.gov/pubmed/31773526
https://doi.org/10.3390/md19060310
https://doi.org/10.1016/j.biortech.2019.122509
https://doi.org/10.26599/FSHW.2022.9250047
https://doi.org/10.1080/09637480701252252
https://www.ncbi.nlm.nih.gov/pubmed/17558729
https://doi.org/10.1104/pp.90.2.610
https://doi.org/10.1104/pp.97.3.921
https://www.ncbi.nlm.nih.gov/pubmed/16668532
https://doi.org/10.1021/jf502967k
https://doi.org/10.3390/molecules24142555

Foods 2024, 13, 3321 17 of 18

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Alves, E.; Rey, F.; Melo, T.; Barros, M.P.; Domingues, P.; Domingues, R. Bioprospecting Bioactive Polar Lipids from Olive (Olea
europaea Cv. Galega vulgar) Fruit Seeds: LC-HR-MS/MS Fingerprinting and Sub-Geographic Comparison. Foods 2022, 11, 951.
[CrossRef]

Sabzi, E; Sirbu, D.; Kuhnert, N. Profiling of Regioisomeric Triacylglycerols in Pistachio Nuts by High-Performance Liquid
Chromatography-Electrospray Ionization Mass Spectrometry. J. Food Compos. Anal. 2023, 122, 105395. [CrossRef]

Ge, Y;; Zang, X,; Liu, Y,; Wang, L.; Wang, ].; Li, Y.; Ma, W. Multi-Omics Analysis to Visualize Ecotype-Specific Heterogeneity of the
Metabolites in the Mesocarp Tissue of Three Avocado (Persea americana Mill.) Ecotypes. Horticulturae 2021, 7, 94. [CrossRef]
Gaspar, L.; Ricardo, F.; Melo, T.; Domingues, P.; Domingues, M.R.; Calado, R.; Rey, F. Lipidomics of Common Octopus’ (Octopus
vulgaris) Arm Muscle Using Untargeted High-Resolution Liquid Chromatography-Mass Spectrometry. J. Food Compos. Anal. 2023,
115, 104871. [CrossRef]

Lauritano, C.; Helland, K.; Riccio, G.; Andersen, ]J.H.; Ianora, A.; Hansen, E.H. Lysophosphatidylcholines and Chlorophyll-
Derived Molecules from the Diatom Cylindrotheca closterium with Anti-Inflammatory Activity. Mar. Drugs 2020, 18, 166. [CrossRef]
[PubMed]

Bruno, A.; Rossi, C.; Marcolongo, G.; Di Lena, A.; Venzo, A.; Berrie, C.P,; Corda, D. Selective in Vivo Anti-Inflammatory Action of
the Galactolipid Monogalactosyldiacylglycerol. Eur. J. Pharmacol. 2005, 524, 159-168. [CrossRef] [PubMed]

Banskota, A.H.; Gallant, P.; Stefanova, R.; Melanson, R.; O’Leary, S.J.B. Monogalactosyldiacylglycerols, Potent Nitric Oxide
Inhibitors from the Marine Microalga Tetraselmis chui. Nat. Prod. Res. 2013, 27, 1084-1090. [CrossRef] [PubMed]

Saide, A.; Martinez, K.A.; Ianora, A.; Lauritano, C. Unlocking the Health Potential of Microalgae as Sustainable Sources of
Bioactive Compounds. Int. J. Mol. Sci. 2021, 22, 4383. [CrossRef]

Nogoy, KM.C.; Kim, H.J.; Lee, Y.; Zhang, Y.; Yu, J.; Lee, D.H.; Li, X.Z.; Smith, S.B.; Seong, H.A.; Choi, S.H. High Dietary Oleic
Acid in Olive Oil-supplemented Diet Enhanced Omega-3 Fatty Acid in Blood Plasma of Rats. Food Sci. Nutr. 2020, 8, 3617-3625.
[CrossRef]

Saini, RK.; Prasad, P; Sreedhar, R.V.; Akhilender Naidu, K.; Shang, X.; Keum, Y.-S. Omega-3 Polyunsaturated Fatty Acids
(PUFAs): Emerging Plant and Microbial Sources, Oxidative Stability, Bioavailability, and Health Benefits-A Review. Antioxidants
2021, 10, 1627. [CrossRef]

Simat, V; Bogdanovi¢, T.; Poljak, V.; Petri¢evi¢, S. Changes in Fatty Acid Composition, Atherogenic and Thrombogenic Health
Lipid Indices and Lipid Stability of Bogue (Boops boops Linnaeus, 1758) during Storage on Ice: Effect of Fish Farming Activities.
J. Food Compos. Anal. 2015, 40, 120-125. [CrossRef]

Matos, A.P; Feller, R.; Moecke, E.H.S.; de Oliveira, ].V,; Junior, A.F; Derner, R.B.; Sant’Anna, E.S. Chemical Characterization of
Six Microalgae with Potential Utility for Food Application. J. Am. Oil Chem. Soc. 2016, 93, 963-972. [CrossRef]

Chen, J.; Liu, H. Nutritional Indices for Assessing Fatty Acids: A Mini-Review. Int. J. Mol. Sci. 2020, 21, 5695. [CrossRef]
Dongho Dongmo, EF,; Fogang Mba, A.R.; Njike Ngamga, F.H.; Djeukeu Asongni, W.; Zokou, R.; Simo Noutsa, B.; Ngo Hagbe, D.;
Tchuenbou-Magaia, F.L.; Ebelle Etame, R.M. An Overview of Fatty Acids-Based Nutritional Quality Indices of Fish Oils from
Cameroon: Impact of Fish Pre-Treatment and Preservation Methods. J. Food Compos. Anal. 2024, 131, 106250. [CrossRef]

Khalili Tilami, S.; Koutimskd, L. Assessment of the Nutritional Quality of Plant Lipids Using Atherogenicity and Thrombogenicity
Indices. Nutrients 2022, 14, 3795. [CrossRef] [PubMed]

Bito, T.; Okumura, E.; Fujishima, M.; Watanabe, F. Potential of Chlorella as a Dietary Supplement to Promote Human Health.
Nutrients 2020, 12, 2524. [CrossRef] [PubMed]

Gouveia, L.; Batista, A.P.; Miranda, A.; Empis, J.; Raymundo, A. Chlorella vulgaris Biomass Used as Colouring Source in Traditional
Butter Cookies. Innov. Food Sci. Emerg. Technol. 2007, 8, 433-436. [CrossRef]

Chitranjali, T.; Anoop Chandran, P.; Muraleedhara Kurup, G. Omega-3 Fatty Acid Concentrate from Dunaliella salina Possesses
Anti-Inflammatory Properties Including Blockade of NF-«B Nuclear Translocation. Immunopharmacol. Immunotoxicol. 2015, 37,
81-89. [CrossRef] [PubMed]

Conde, T.A.; Zabetakis, I.; Tsoupras, A.; Medina, I.; Costa, M.; Silva, ].; Neves, B.; Domingues, P.; Domingues, M.R. Microalgal
Lipid Extracts Have Potential to Modulate the Inflammatory Response: A Critical Review. Int. J. Mol. Sci. 2021, 22, 9825.
[CrossRef]

Peraman, M.; Nachimuthu, S. Identification and Quantification of Fucoxanthin in Selected Carotenoid-Producing Marine
Microalgae and Evaluation for Their Chemotherapeutic Potential. Pharmacogn. Mag. 2019, 15, 243-249. [CrossRef]

Cakmak, Y.S.; Kaya, M.; Asan-Ozusaglam, M. Biochemical Composition and Bioactivity Screening of Various Extracts from
Dunaliella salina, a Green Microalga. EXCLI |. 2014, 13, 679-690.

Tamel Selvan, K.; Goon, J.A.; Makpol, S.; Tan, ].K. Therapeutic Potentials of Microalgae and Their Bioactive Compounds on
Diabetes Mellitus. Mar. Drugs 2023, 21, 462. [CrossRef]

Cunha, S.A; Coscueta, E.R.; Nova, P; Silva, J.L.; Pintado, M.M. Bioactive Hydrolysates from Chlorella vulgaris: Optimal Process
and Bioactive Properties. Molecules 2022, 27, 2505. [CrossRef]

Wang, J.; Hu, X.; Chen, J.; Wang, T.; Huang, X.; Chen, G. The Extraction of 3-Carotene from Microalgae for Testing Their Health
Benefits. Foods 2022, 11, 502. [CrossRef]

Gallego, R.; Valdés, A.; Sanchez-Martinez, J.D.; Suarez-Montenegro, Z.].; Ibafiez, E.; Cifuentes, A.; Herrero, M. Study of the
Potential Neuroprotective Effect of Dunaliella salina Extract in SH-SY5Y Cell Model. Anal. Bioanal. Chem. 2022, 414, 5357-5371.
[CrossRef] [PubMed]


https://doi.org/10.3390/foods11070951
https://doi.org/10.1016/j.jfca.2023.105395
https://doi.org/10.3390/horticulturae7050094
https://doi.org/10.1016/j.jfca.2022.104871
https://doi.org/10.3390/md18030166
https://www.ncbi.nlm.nih.gov/pubmed/32192075
https://doi.org/10.1016/j.ejphar.2005.09.023
https://www.ncbi.nlm.nih.gov/pubmed/16253232
https://doi.org/10.1080/14786419.2012.717285
https://www.ncbi.nlm.nih.gov/pubmed/22973805
https://doi.org/10.3390/ijms22094383
https://doi.org/10.1002/fsn3.1644
https://doi.org/10.3390/antiox10101627
https://doi.org/10.1016/j.jfca.2014.12.026
https://doi.org/10.1007/s11746-016-2849-y
https://doi.org/10.3390/ijms21165695
https://doi.org/10.1016/j.jfca.2024.106250
https://doi.org/10.3390/nu14183795
https://www.ncbi.nlm.nih.gov/pubmed/36145171
https://doi.org/10.3390/nu12092524
https://www.ncbi.nlm.nih.gov/pubmed/32825362
https://doi.org/10.1016/j.ifset.2007.03.026
https://doi.org/10.3109/08923973.2014.981639
https://www.ncbi.nlm.nih.gov/pubmed/25391558
https://doi.org/10.3390/ijms22189825
https://doi.org/10.4103/pm.pm_64_19
https://doi.org/10.3390/md21090462
https://doi.org/10.3390/molecules27082505
https://doi.org/10.3390/foods11040502
https://doi.org/10.1007/s00216-021-03819-1
https://www.ncbi.nlm.nih.gov/pubmed/34923590

Foods 2024, 13, 3321 18 of 18

53. Valdés, A.; Sanchez-Martinez, J.D.; Gallego, R.; Ibafez, E.; Herrero, M.; Cifuentes, A. In Vivo Neuroprotective Capacity of a
Dunaliella salina Extract—Comprehensive Transcriptomics and Metabolomics Study. npj Sci. Food 2024, 8, 4. [CrossRef] [PubMed]

54. El-Baz, FK,; Salama, A.A.A.; Hussein, R.A. Dunaliella salina Microalgae Oppose Thioacetamide-Induced Hepatic Fibrosis in Rats.
Toxicol. Rep. 2020, 7, 36-45. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1038/s41538-023-00246-7
https://www.ncbi.nlm.nih.gov/pubmed/38200022
https://doi.org/10.1016/j.toxrep.2019.10.017
https://www.ncbi.nlm.nih.gov/pubmed/31879596

	Introduction 
	Materials and Methods 
	Reagents 
	Microalgae Material 
	Total Lipid Extraction 
	Quantification of Phospholipids 
	Quantification of Glycolipids 
	Quantification of Triglycerides 
	Quantification of Pigments 
	C18 Liquid Chromatography-Mass Spectrometry (C18 LC-MS) 
	Fatty Acid Analysis by GC-MS 
	Anti-Inflammatory Activity 
	Antioxidant Activity 
	Antidiabetic Activity—-Glucosidase Inhibition Assay 
	Statistical Analysis 

	Results and Discussion 
	Lipid Content 
	Lipidome Profiling 
	Fatty Acid Profiling 
	Bioactive Properties of D. salina Lipids 

	Conclusions 
	References

