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ARTICLE INFO ABSTRACT

Keywords: Diatoms have garnered attention as sources of natural bioactive compounds, making them attractive for
Microalgae developing high-value products for different biotechnological ends, particularly for nutritional applications.
Bacillariophytes Despite their potential, the chemical composition of industrially produced biomass remains largely underex-
;1;::::5 plored. In this context, this study was focused on a thorough characterisation of the biochemical profile of three
Sugars marine diatom species produced outdoors in photobioreactors: Chaetoceros calcitrans, Cylindrotheca fusiformis,
Pigments and Nannofrustulum shiloi. The proximal composition of biomasses accounted for 29-35 % ashes, 21-30 %

Amino acids proteins, 7-14 % lipids, 3-7 % carbohydrates, and 0.4-2 % pigments. Each species contained >35 % of essential
amino acids, mainly alanine and leucine. Distinct soluble protein and peptide size distribution patterns were
observed among the three species. Galactose (2645 mol%), uronic acids (20-29 mol%), and glucose (3-21 mol
%) were the main sugar residues found in all species. Galactose was mainly derived from floridoside and related
compounds. The most abundant fatty acid was 20:5 n-3 in C. calcitrans (18 %), whereas in C. fusiformis was 16:1
n-7 (20 %) and 16:0 in N. shiloi (21 %). Lipidomics revealed 325 species of glycolipids, phospholipids, betaine
lipids, sphingolipids, fatty amides, and sterol lipids, also with a distinct distribution along the lipid classes.
C. calcitrans was the richest in chlorophylls (14 mg.g~!) and carotenoids (8 mg.g ™). In mineral analysis, calcium
showed the highest difference, 66 mg.g™* in N. shiloi, 27 mg.g™* in C. fusiformis, and 4 mg.g™" in C. calcitrans.
Overall, this study highlights the nutritional potential of industrially produced diatoms, with distinct chemical
profile that can be explored for target applications.
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1. Introduction

Diatoms (Bacillariophyceae) are photosynthetic eukaryotic algae
widely distributed in aquatic environments (marine and fresh water)
and characterised by their unique silicified cell walls [1]. These organ-
isms constitute a significant portion of the phytoplankton community,
accounting for nearly half of marine primary production and playing a
pivotal role in the biogeochemical cycling of nutrients and global carbon
stabilisation by fixing a large part of ocean’s CO; [2-4]. They represent
the most diverse group of phytoplankton, comprising conservatively
estimated one hundred thousand extant species [5]. Diatoms are widely
known for their remarkable adaptability to environmental fluctuations
and rapid growth rates [6,7], enabling their application in diverse
biotechnology fields, such as bioremediation, aquaculture, and pro-
duction of value-added metabolites [8].

In the last decades, diatoms have garnered attention as prolific
producers of different added-value compounds, particularly pigments
(such as carotenoids) and polyunsaturated fatty acids (PUFA) [9-12].
Diatoms contain different photoprotective carotenoids, including fuco-
xanthin and xanthophylls [13], which have found applications in food
supplements, feed, and cosmetics [10,11]. Regarding lipids, diatoms are
commonly rich in omega-3 PUFA, including eicosapentaenoic (EPA,
20:5n-3) and docosahexaenoic (DHA, 22:6n-3) acids, which have a
recognised positive contribution to human and animal health [14,15].
Moreover, various groups of lipids, including polar lipids, steroids,
oxylipins, and isoprenoids, have been reported in diatom species and
associated with bioactive properties and health benefits [7]. However,
despite their potential, the lipidomic characterisation of diatoms re-
mains relatively underexplored.

Beyond pigments and lipids, diatoms produce a range of other
valuable compounds, including polysaccharides and proteins [16]. The
primary energy storage polysaccharide in diatoms is a f-1,3-glucan,
known as chrysolaminaran, which has garnered interest due to its
crucial role in nutrition and its functions as an antioxidant, immuno-
regulatory, anticoagulant, and anti-inflammatory agent [17]. Like other
photoautotrophs, diatoms synthesise a wide range of amino acids for
building proteins and producing other biologically active compounds,
such as polyamines, glutathione, and heme [18-20]. These organisms
are also recognised for their high protein quality, as their amino acid
composition indicates excellent nutritional value [21,22]. For example,
the essential amino acid index of the diatom Phaeodactylum tricornutum
is comparable to that of an ideally balanced protein, such as egg albumin
[22]. Despite their potential, diatoms remain underexplored as sources
of bioactive peptides for functional foods and ingredients. Studies on
marine diatom stains, like Bellerochae and Nitzschia, have shown that
their protein hydrolysates exhibit promising antioxidant and antihy-
pertensive properties [23,24].

Among hundreds of diatom species, understanding the biochemical
composition of diatoms, particularly of industrially produced biomass, is
essential to unlocking their full potential across various sectors. There-
fore, investigating their biochemical composition and capacity to pro-
duce biologically active compounds is crucial for uncovering their
potential biotechnological applications. This strategic approach aligns
with the goals of the Blue Growth strategy—an initiative by the Euro-
pean Commission that aims to foster sustainable growth in the marine
sector [25].

In this study, the biomass of three marine diatom species — Chaeto-
ceros calcitrans (C. calcitrans), Cylindrotheca fusiformis (C. fusiformis), and
Nannofrustulum shiloi (N. shiloi) — grown in outdoor photobioreactors
were selected for a broad biochemical characterisation. Accordingly, a
thorough analysis of proximal composition and the profile of pigments,
fatty acids, lipids, sugars, amino acids, peptides, and minerals was
conducted. By revealing the detailed chemical profiles of these diatoms,
this research seeks to unravel their potential for nutritional applications
and enhance their value.
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2. Material and methods
2.1. Production of biomass

The microalgae biomass of Chaetoceros calcitrans, Cylindrotheca
fusiformis, and Nannofrustulum shiloi was supplied by Necton S.A.
(Portugal). Cultures from all strains were individually scaled from the
laboratory up to closed 3 m® Flat Panel photobioreactors in the exterior,
during the summer season. Throughout the production period, a water
spray system was used to cool the photobioreactors when their tem-
perature reached 33 °C. Even so, the cultures temperature ranged be-
tween 18 and 35 °C, 12 to 36 °C, and 16 to 34 °C for C. calcitrans,
C. fusiformis and N. shiloi, respectively. Maximum sun irradiance during
production was on average 1844, 1778, and 1747 pmol m~2 s~ around
14 h, for C. calcitrans, C. fusiformis and N. shiloi, respectively. Cultures
were kept monoalgal and NutriBloom Plus® was used as culture me-
dium, with a nitrate concentration of 4 mM, and silica supplementation
of 440 mM. Salinity was 35 ppt and maximum pH was set at 8.5 for the
three cultures, with automatic COy injecton on demand. Following
cultivation, cultures were harvested via centrifugation at a controlled
speed to obtain a wet paste that was packed and frozen at —20 °C. The
frozen paste was freeze-dried, milled and vacuum-packed for subsequent
analysis. Dry weight (DW) biomass refers to the weight of freeze-dried
biomass.

2.2. Determination of moisture and ash content

The freeze-dried biomass of C. calcitrans, C. fusiformis, and N. shiloi
(50 mg, in triplicate) was dried at 105 °C for 15 h in ceramic crucibles.
After cooling to room temperature in a desiccator, the crucibles were
weighed to determine moisture content by gravimetry. For ash deter-
mination, the same biomass (previously dried at 105 °C) was incinerated
in a muffle furnace at 575 °C for 6 h, then cooled to room temperature
and weighed [26].

2.3. Elemental analysis and protein estimation

Elemental analysis (C, H, N, and S) was conducted using spray-dried
biomass (2 mg, in triplicate) on a Leco Truspec-Micro CHNS 630-200-
200 elemental analyser, with a combustion furnace temperature of
1075 °C and an afterburner temperature of 850 °C. Nitrogen was
detected via thermal conductivity. Protein content was estimated from
total nitrogen using a nitrogen-to-protein conversion factor of 4.78 [27].

2.4. Pigment analysis

The extraction of chlorophylls and carotenoids was done using
conventional organic solvents, 99 % (v/v) ethanol, and the dry biomass
of the three diatoms under study. The extraction conditions were the
same for the three diatoms, with a Solid Liquid Ratio (SLR) of 0.05 g
biomass.mL ™! solvent, at constant temperature (25 °C) and stirring for
30 min in an orbital rotor (80 rpm). After the extraction, the samples
were centrifuged for 15 min at 15,000 rpm, from which the supernatant
was recovered and used for analysis. The solvent was added to the
recovered pellet, and the extraction process was repeated until the
recovered supernatant was colourless. The absorbance spectra of the
various extracts were determined between 230 and 700 nm on a UV-Vis
microplate reader (SpectraMax, USA). The chlorophylls and carotenoids
were estimated using chlorophyll a and fucoxanthin’s standard from
Sigma-Aldrich, with purity >85 % and > 95 %, respectively, as they are
the most abundantly present in diatoms [28]. Chlorophyll a was quan-
tified according to the calibration curve previously drawn at 662 nm on
the same equipment. Fucoxanthin was further quantified using a reverse
phase-high performance liquid Chromatography (RP-HPLC) analysis,
where a calibration curve was previously established for 450 nm, and an
optimised detection method was used [29]. The separation of the
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compounds was carried out with a gradient elution program at a flow
rate of 1 mL-min~?, at 30 °C, using a Kinetex® C18 column (250 x 4.6
nm; 5 pm, Phenomenex). The method was adapted from previous
studies, with an injection volume of 30 pL, and a mobile phase consisting
of water (B) and acetonitrile: methanol (70:30) (C), both previously
degassed and filtered. The solvent gradient was 15 % of solvent A (ul-
trapure water with 0.1 % of formic acid) and 85 % of solvent C for 2 min,
followed by an increase of up to 100 % for 5 min, and maintaining that
condition for 5 min, returning to 15 % of B and 85 % of C during 3 min
and equilibrating for 2 min. All the quantification tests were carried out
in triplicate.

2.5. Lipids analysis

2.5.1. Lipids extraction

Lipids were extracted from 25 mg of freeze-dried biomass of
C. calcitrans, C. fusiformis, and N. shiloi using a modified Folch’s method
[30]. Biomass was mixed with 2 mL of dichloromethane (DCM):meth-
anol (MeOH) (2:1, v/v) in a glass tube and vortexed for 2 min, followed
by 30 min of incubation on ice using an orbital shaker. Afterwards, the
mixture underwent centrifugation at 2000 rpm for 10 min, and the
organic phase was collected. This process was repeated three times. The
organic phase was then completely dried under a nitrogen stream. To
eliminate non-lipid compounds, the dried extract was dissolved in 3 mL
of DCM:MeOH (2:1, v/v) and 0.75 mL of Milli-Q water were added. The
mixture was vortexed for 2 min and then centrifuged at 2000 rpm for 10
min to induce phase separation. The organic phase was collected, and
the aqueous phase was re-extracted by adding 2 mL of DCM, followed by
vortexing for 1 min and centrifugation for 5 min at 2000 rpm (this step
was repeated two more times). The combined organic phases were then
filtered into a new glass tube using a paper filter (WhatmanTM) to
remove suspended particles and dried under a nitrogen stream. The
resulting lipid extracts were transferred to pre-weighed amber vials,
dried under nitrogen, weighed, and stored at —20 °C until further
analysis. The total lipid content was then determined gravimetrically
and expressed as a percentage of DW biomass.

2.5.2. Fatty acids profiling by GC-MS

The fatty acid methyl esters (FAME) were prepared by alkaline trans-
esterification of C. calcitrans, C. fusiformis, and N. shiloi lipid extracts.
The dried lipid extracts were combined with 1 mL of an internal stan-
dard solution (1.0 pg.mL ™! of methyl nonadecanoate in n-hexane), fol-
lowed by the addition of 200 pL of KOH solution (2.0 M in MeOH), and
vortexed for 2 min. Subsequently, 2 mL of saturated NaCl solution (10
mg.mL ! in water) was added, and the mixture was centrifuged at 2000
rpm for 5 min. The upper organic phase (600 pL) was transferred to a
new glass tube and dried under a stream of nitrogen. For GC-MS anal-
ysis, the dried FAME were dissolved in 100 pL of 99 % n-hexane, and 2
L of this solution was injected into a GC-MS equipped with a DB-FFAP
column (30 m of length, 0.32 mm of internal diameter and 0.25 pm of
film thickness, J&W Scientific, Folsom, CA, USA). The oven temperature
was programmed to start at 58 °C (held for 2 min), followed by a linear
increase to 160 °C at a rate of 25 °C min ™!, then a linear increase of 2 °C
min~! to 210 °C, and finally a 20 °C min~! increase until reaching
225 °C (held for 15 min). The GC-MS system was coupled with an
Agilent 5973 Network Mass Selective Detector (Agilent Technologies),
operating in electron impact mode at 70 eV and scanning m/z range of
50-550 in a 1-s cycle in full-scan mode acquisition. The injector and
detector temperatures were set at 220 °C and 230 °C, respectively. He-
lium gas was used as the carrier at a flow rate of 1.4 mL min~". The data
acquisition software was GCMS5977B/Enhanced MassHunter. The ac-
quired data were analysed using the software Agilent MassHunter
Qualitative Analysis 10.0. FAME were identified by comparing their
retention times and mass spectra with those of FAME standards
(C6-C24, Supelco 37 Component FAME Mix). Further confirmation was
achieved considering the mass spectra of the “Lipid Web” and the NIST
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2.5.3. Total lipidome profiling by C18 LC-MS/MS

The total lipid extracts were analysed by reverse-phase liquid chro-
matography coupled to high-resolution tandem mass spectrometry
(C18-LCMS/MS) using an Ultimate 3000 Dionex (Thermo Fisher Scien-
tific, Bremen, Germany) equipped with an Ascentis® Express 90 Acis
column (Sigma-Aldrich®, 2.1 x 100 mm, 2.7 pm) coupled to a Q-
Exactive® hybrid quadrupole Orbitrap mass spectrometer (Thermo
Fisher Scientific, Bremen, Germany). For this analysis, the total lipid
extracts were resuspended in dichloromethane to achieve a concentra-
tion of 1 pg pL 1. A volume of 5 pL of a mixture containing 20 pL of lipid
extract, 72 pL of a solvent system of isopropanol:methanol (1:1, v/v),
and 8 pL of a mixture of phospholipid standards (1,2-dimyristoyl-sn-
glycero-3-phosphocholine - 0.04 pg, N-heptadecanoyl-p-erythro-sphin-
gosylphosphorylcholine - 0.04 pg, 1,2-dimyristoyl-sn-glycero-3-phos-
phoethanolamine - 0.04 pg, 1-nonadecanoyl-2-hydroxy-sn-glycero-
3phosphocholine - 0.04 pg, 1,2-dipalmitoyl-sn-glycero-3-phosphoinosi-
tol - 0.08 pg, 1',3"-bis[1,2-dimyristoyl-sn-glycero-3-phospho]-glycerol -
0.16 pg; 1,2-dimyristoyl-sn-glycero-3-phosphoglycerol - 0.024 pg, N-
heptadecanoyl-p-erythro-sphingosine - 0.08 pg, 1,2-dimyristoyl-sn-
glycero-3-phospho-L-serine  —0.08 pg; 1,2-dimyristoyl-sn-glycero-3-
phosphate - 0.16 pg) was injected, for each sample, into the column at
50 °C and at a flow rate of 260 pL min~'. Mobile phase A consisted of
Milli-Q water/acetonitrile (ACN) (40/60 %) with 10 mM ammonium
formate and 0.1 % formic acid, while mobile phase B comprised iso-
propanol/ACN (90/10 %) with 10 mM ammonium formate and 0.1 %
formic acid. The elution started with 32 % of mobile phase B, followed
by the following gradient: 45 % B (1.5 min), 52 % B (4 min), 58 % B (5
min), 66 % B (8 min), 70 % B (11 min), 85 % B (14 min), 97 % B (18
min), 97 % B (25 min), 32 % B (25.01 min, followed by an 8-min re-
equilibration period before the next injection). The mass spectrometer
operated simultaneously in positive mode (electrospray voltage 3.0 kV)
and negative mode (electrospray voltage 2.7 kV). The gas flow was 35 U,
the auxiliary gas was 3 U, the capillary temperature was 320 °C, the S-
lenses RF was 50 U, and the probe temperature was 300 °C. Data
acquisition was performed in full scan mode with a high resolution of
70,000 and automatic gain control (AGC) target of 3 x 106, in an m/z
range of 200-1600, with 2 micro scans, and a maximum injection time
(IT) of 100 ms. Tandem mass spectra (MS/MS) were obtained with a
resolution of 17,500, AGC target of 1 x 10°, 1 micro scan, and a
maximum IT of 100 ms. The cycles consisted of a full-scan mass spec-
trum and 10 data-dependent MS/MS scans, repeated continuously
throughout the experiments with a dynamic exclusion of 30 s and an
intensity threshold of 8 x 10* The normalised collision energy (CE)
ranged between 20, 24, and 28 eV in the negative mode and 25 and 30
eV in the positive mode. Data was acquired using the Xcalibur data
system (V3.3, Thermo Fisher 6 Scientific, Bremen, Germany).

The identification of lipid species was achieved using the raw files
acquired in MS/MS mode and converted by the ABF converter against
the lipid database provided by MS-DIAL 4 software. Tolerances for MS
and MS/MS search were set at 0.01 Da and 0.05 Da, respectively. The
identified and approved lipid species areas were integrated with
MZmine 3.9.0 software. The peak area of each lipid species was nor-
malised against the peak area of the lipid standard with the closest
retention time. Venn diagram representation was performed using an
open-source tool (https://www.interactivenn.net/).

2.6. Sugar analysis

Neutral sugars were determined as alditol acetates as described by
Ferreira et al. [31]. Briefly, a pre-hydrolysis of the sample (2 mg) was
performed with 72 % (w/w) sulfuric acid for 3 h at room temperature
with occasional stirring, followed by a hydrolysis with 1 M sulfuric acid
for 2.5h at 100 °C. A 2-deoxyglucose was added as an internal standard.
Monosaccharides were reduced with sodium borohydride and
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acetylated with acetic anhydride, using methyl-imidazole as a catalyst.
The resulting alditol acetate derivatives were analysed by gas chroma-
tography coupled with a flame ionisation detector (GC-FID, Perkin
Elmer Clarus 400, USA), following the chromatographic conditions
described by Lopes et al. [32]. The alditol acetates were also injected in a
GC-gMS (Shimadzu GC-MS QP2010) equipped with a ZB-5HT INFERNO
capillary column (J&W Scientific, Folsom, CA, USA), with 30 m length,
0.25 mm of internal diameter, and 0.25 pm of film thickness to identify
and quantify the naturally methylated sugar residues and the amino
sugar residues, such as glucosamine. The samples were injected in “split”
mode with the injector temperature at 250 °C. The following oven
temperature programme was used: an initial temperature of 140 °C; an
increase of 5 °C-min~! until 180 °C and held for 1 min; an increase of
10 °C-min~! until 280 °C. The carrier gas has helium with a flow of 32.1
mL-min . Uronic acids (UA) were quantified using the m-phenylphenol
colourimetric method, using a calibration curve with p-galacturonic acid
(10-100 pg-mL~1) [31].

To identify and quantify floridoside, the different diatoms were
analysed after reduction and acetylation using 2-deoxyglucose (1.0
mg-mL’l) as internal standards. The alditol acetates were dissolved in
anhydrous acetone and analysed by GC-qMS (Shimadzu GC-MS
QP2010) equipped with a ZB-5HT INFERNO capillary column (J&W
Scientific, Folsom, CA, USA), with 30 m length, 0.25 mm of internal
diameter, and 0.25 pm of film thickness. The samples were injected in
“split” mode with the injector temperature at 340 °C. The temperature
program used was as follows: an initial temperature of 140 °C; an in-
crease of 5 °C-min ' until 250 °C (held for 5 min); an increase of
5°C-min ! until 300 °C (held for 1 min). The carrier gas has helium with
a flow of 8.1 mL-min~!. Floridoside was quantified using a calibration
curve (r2 = 0.9979). 1- and p-isofloridoside and digalactosylaglycerol
were identified by the retention time and by comparing the standard
mass spectrum and quantified as floridoside equivalents.

2.7. Amino acid analysis

Microalgae samples were subjected to acid hydrolysis to determine
the total amino acid content. Approximately 100 mg of each microalgae
sample was weighed into small SPME vials, to which 2 mL of 6 M HCl
(Sigma-Aldrich, Inc., St. Louis, USA) were added. The mixture was
vortexed to ensure proper mixing. A needle was inserted into the vial
septum for oxygen release, while another needle connected to a nitrogen
stream was introduced. Nitrogen gas was bubbled through the sample
for 1 min, after which the oxygen outlet needle was removed, and ni-
trogen bubbling continued for an additional 3 min. The nitrogen inlet
needle was removed, and the vial was tightly sealed with tape around
the cap and sides. The sealed vials were placed in an oven at 115 °C for
20 h to complete the hydrolysis process. Following hydrolysis, the vials
were allowed to cool to room temperature. The hydrolysed samples were
diluted with 5 mL of ultra-pure water, and the pH was adjusted to 3.5
using 10 M NaOH. The solution was then transferred to a 10 mL volu-
metric flask, diluted to the mark with ultra-pure water, and the final
solution was filtered through a 0.22 pm filter.

A liquid chromatograph equipped with a high-resolution fluores-
cence detector and “autosampler” was used to detect and quantify the
total amino acids. The chromatographic separation was performed on a
Chromolith® Performance RP18e column (100-4.6 mm) by Sigma
Aldrich (REF: 1.02129.0001). Eluents were degassed using an ultrasonic
bath. The elution program included: i) flow rate starting at 0.9 mL min !
and increasing to 1.2 mL min~! at specific intervals and ii) gradient:
starting with 10 % eluent B, ramping up to 100 % eluent B, then
returning to the initial conditions. The complete program lasted 55 min,
including stabilisation phases. Fluorescence detection parameters were
set with an excitation wavelength of 356 nm and an emission wave-
length of 445 nm, with a sensitivity factor of 1. The data collection rate
was 2 Hz, and the lamp mode was set to “Standard.” The chromato-
graphic column temperature was maintained at 25 °C throughout the
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analysis.

For HPLC analysis, two eluents were prepared: a) eluent A: 2.8 g of
NazHPOs, 7.6 g of Na:BsO7-10H-20, and 0.06 g of NaNs (Sigma-Aldrich,
Inc., St. Louis, USA) were dissolved in ultra-pure water, and the pH was
adjusted to 8.2 with HCl, making up a total volume of 2 L; b) eluent B: a
mixture of 450 mL of methanol, 450 mL of acetonitrile (Fisher Chemical,
USA), and 100 mL of ultra-pure water was prepared to a total volume of
1 L. Several solutions and reagents were prepared as follows to ensure
proper derivatisation of amino acids, allowing their detection and
quantification through HPLC with fluorescence detection: c) borate
buffer (pH 9.5): for 1 L, 6.2 g of HsBOs was dissolved in ultra-pure water,
the pH was adjusted to 9.5 with 4 M NaOH, and the solution was diluted
to 1 L; d) internal standard (IS) solution: homoserine (0.01 g) (Sigma-
Aldrich, USA) was dissolved in 50 mL of 0.1 M HCI to prepare a stock
solution of 200 mg L™!. This was then diluted tenfold with 0.1 M HCl to
obtain a 20 mg L™! working solution; e) Reagent A: 3 mL of the IS so-
lution (20 mg L~1) was mixed with 100 pL of mercaptoethanol (Fluka
Analytical, USA) and 0.5 g of sodium tetraphenylborate (Merck, Ger-
many), then diluted to 25 mL with borate buffer. This solution was
stored cold and used within one week; f) reagent B: 0.6 g of iodoacetic
acid (Sigma-Aldrich, USA) was dissolved in 15 mL of borate buffer,
adjusted to pH 9.5 with 4 M NaOH, and diluted to 20 mL with borate
buffer; g) reagent C: 0.175 g of o-Phthalaldehyde (OPA) (Sigma-Aldrich,
USA) was dissolved in 5 mL of methanol, followed by the addition of 0.5
mL of mercaptoethanol. The solution was diluted to 25 mL with borate
buffer, and nitrogen gas was bubbled through it. The solution was stored
in the cold and covered with aluminium foil to protect it from light. A
calibration curve was prepared using a 100 mg L™} amino acid stock
solution in 0.1 M HCL. Standard solutions with concentrations ranging
from 1 to 30 mg L' were prepared by diluting the stock solution in 0.1
M HCL

2.8. Size exclusion chromatography for determination of the peptide and
protein profile

The microalgae samples (freeze-dried biomass) were reconstituted to
a concentration of 50 mg mL ™! in ultrapure water. The reconstituted
samples were centrifuged at 14500 rpm for 5 min. The supernatant was
filtered through a 0.22 pm filter and then analysed by gel filtration
chromatography. The column was operated at a flow rate of 0.5 mL
min~! using a phosphate buffer (0.025 M, pH 7) supplemented with
NacCl (0.15 M) and NaN3 (0.02 % w/v). A calibration curve was prepared
using protein standards with known molecular weights, including
Thyroglobulin (669 kDa), Ferritin (440 kDa), Aldolase (158 kDa),
Conalbumin (75 kDa), Ovalbumin (43 kDa), Carbonic anhydrase (29
kDa), Ribonuclease A (13.7 kDa), and Aprotinin (6.5 kDa). The setup
consisted of an AKTA pure 25 L system from GE Healthcare Life Sciences
(Freiburg, Germany), featuring two pumps with pressure control for
column protection. A gel filtration column prepacked with Superdex®
200 10/300 GL was connected in series with a Superdex Peptide 10/300
GL column (both from GE Healthcare Life Sciences, Freiburg, Germany).
Sample analysis was conducted using a U9-L UV multiwavelength
detection monitor set at 280 nm, and data were processed with UNI-
CORN 7.0 software [33].

2.9. Mineral analysis

The microwave digestion method used for this analysis was based on
the CEM MARS 6 Microwave Acid Digestion Method Note Compendium
for plant tissue [34]. First, 0.5 g of each microalgae sample was accu-
rately weighed and placed into a digestion vessel. To this, 10 mL of
concentrated nitric acid was added, and the mixture was gently swirled
and left to settle for approximately 15 min before closing the vessel. The
digestion process used the MARS ONE system. The heating program
involved ramping the temperature to 200 °C over 15 min, holding it at
200 °C for an additional 15 min, maintaining a pressure of 800 psi, and
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applying power in the 900-1800 W range without stirring.

2.10. Statistical analysis

Univariate statistical analyses on the data of proximal composition
were performed using GraphPad Prism 9 software. Normality was tested
using Shapiro—Wilk test, corroborating a normal distribution. Signifi-
cant differences between the groups were then evaluated using two-way
ANOVA with Tukey’s post hoc test, considering differences significant at
p < 0.05.

3. Results and discussion
3.1. Composition of the biomass

The biomass of C. calcitrans, C. fusiformis, and N. shiloi was analysed
for moisture, ash, lipids, proteins, and sugars content, with data
expressed as a percentage of dry weight (DW, freeze-dried) biomass
(Table 1). C. calcitrans and C. fusiformis displayed similar content of ash
(29.25 £ 0.04 %; 29.09 £ 0.12 %), whereas N. shiloi stood out for the
higher ash (34.64 + 0.64 %) and lower lipid (7.00 + 0.44 %) contents.
These differences may be related to the cellular structures of these
species. Diatoms are characterised by their silica-based cell walls [35],
and the higher ash content in N. shiloi could indicate a thicker silica wall.
This may result in lower lipid extraction yield, as the thicker silica
barrier could hinder the ability of solvents to access the cell membranes.

C. calcitrans exhibited a lower carbohydrate content (3.16 + 0.11 %)
and higher protein content (30.14 + 0.16 %) than the other diatom
species. These differences in the chemical composition highlight the
potential for selecting specific species for targeted applications. For
example, the ash content, representing the total mineral composition,
makes diatom species with higher levels (C. calcitrans and C. fusiformis)
ideal for mineral supplementation in animal feeds and other nutritional
products. Likewise, diatom species with higher protein content
(C. calcitrans) could be favoured for protein-rich applications.

Although the presented values reflect the composition of these di-
atoms, it is well-known that their biochemical profiles are modulated by
the growth conditions, which can be explored to enhance their qualities
and composition in target compounds. For instance, lipid accumulation
in diatoms can be significantly improved by applying physiological
stresses such as nutrient limitation, extreme temperatures, or varying
light intensities [36-38]. Also, ash content and other components are
influenced by the growth conditions. For example, higher ash content
(45.4-50.5 %) and lowest protein content (15.3-16.9 %), were previ-
ously reported for C. calcitrans cultivated with control and optimised
culture media [39], compared to the data obtained in this study. Thus, it
is important to emphasise that the compositional data and the detailed
results presented in the following sections should be considered as
general guidance for these three species and interpreted in the context of
the cultivation conditions described in Section 2.1 of the methodology.

Table 1

Composition of C. calcitrans, C. fusiformis, and N. shiloi biomass, expressed as
percentage (%) of dry weight (DW, freeze-dried) biomass. Values are the mean
+ standard deviation (SD) of three replicates (n = 3).

Significant differences between the groups were revealed using two-way ANOVA
with Tukey’s post hoc test. Values in the same row followed by the same letter
are not significantly different at p < 0.05.

C. calcitrans C. fusiformis N. shiloi
Moisture 7.56 + 0.26% 7.66 + 0.12% 6.99 + 1.222
Ash 29.25 + 0.04° 29.00 + 0.12° 34.64 + 0.64°
Lipids 12.40 + 1.14° 14.27 +0.12° 7.00 + 0.44°
Proteins * 30.14 + 0.16% 24.30 + 0.47° 21.11 + 0.25°
Sugars # 3.16 + 0.11% 6.01 + 0.42° 7.07 + 0.34°

* Calculated as N of elemental analysis x 4.78; # Total sugars determined by
the sum of neutral sugars analysis and uronic acids content.
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Considering that the three diatoms analysed in this study were culti-
vated during the summer season under similar environmental conditions
- specifically with respect to temperature, salinity, and irradiance - the
differences observed in their composition are more possible related to
species-specific characteristics rather than to variations in culture
conditions.

3.2. Pigments

The total content of chlorophylls and carotenoids is shown in
Table 2. As supported by the literature, chlorophyll a and fucoxanthin
are the most abundant chlorophyll and carotenoid present in diatoms,
respectively [28]. Among the three diatoms analysed in this study, the
chlorophyll content ranged from 2.90 to 14.16 mg-g DW biomass ~,
while the carotenoid content ranged from 0.98 to 7.51 mg-g DW biomass
=1 (Table 2). The lowest content of chlorophylls and carotenoids was
identified in N. shiloi, but the values obtained are about 3-fold higher
than those previously reported [28]. Such differences may be related to
differences in the growth conditions of the microalgae, as previously
demonstrated in literature [40]. Considering the highest content of
chlorophylls and carotenoids found in C. calcitrans, this diatom can be
more attractive than C. fusiformis and N. shiloi for applications related to
the valorisation of natural pigments. In particular, fucoxanthin (the
predominant carotenoid in diatoms) has interesting applications as food
additives, in medicine [41], and as pharmaceutic and cosmetic in-
gredients [42].

3.3. Fatty acids profile

The profile of total esterified fatty acids of C. calcitrans, C. fusiformis,
and N. shiloi (Table 3) revealed a prevalence of C16 and C20 fatty acids
across the three diatom species. The five most abundant fatty acids
identified in the three diatoms included saturated fatty acid (SFA) 16:0,
monounsaturated fatty acid (MUFA) 16:1 n-7, and polyunsaturated fatty
acid (PUFA) 16:3 n-4. However, certain PUFA were particularly note-
worthy for their higher content in specific diatoms, such as 20:5 n-3 in
C. calcitrans, 20:4 n-6 in C. fusiformis, and 16:4 n-1 in N. shiloi. Also, SFA
14:0 was among the five most abundant fatty acids of C. calcitrans and
C. fusiformis. Despite some variations, the fatty acids identified as most
abundant are in line with what was previously reported for C. calcitrans
[39,43] and C. fusiformis [44].

The overall fatty acids’ content in N. shiloi (3.32 + 0.24 mg-g DW
biomass™!) was much lower compared to the data obtained for
C. calcitrans (14.25 + 0.81) and C. fusiformis (19.72 + 2.43), although
PUFA were more abundant than SFA and MUFA across all three species.
However, the distribution of PUFA between n-3 and n-6 differed:
C. calcitrans had the highest n-3 content, C. fusiformis had the highest n-6
content, and N. shiloi exhibited equal amounts of n-3 and n-6. This re-
sults in a variation in the n-6/n-3 ratio, with C. calcitrans being the only
species where this ratio was <1 (considered favourable for health
benefits).

Various evidence indicated that n-3 fatty acids significantly benefit
animal and human health by reducing inflammation, decreasing fat
accumulation in various organs, and supporting the proper functioning
of cells and tissues [16]. Research has also shown that a lower n-6/n-3

Table 2

Estimated content of chlorophylls and carotenoids (mg-g DW biomass ~!) in
C. calcitrans. C. fusiformis, and N. shiloi diatoms. The values represent the mean
+ standard deviation (SD) of three replicates (n = 3).

C. calcitrans C. fusiformis N. shiloi
Chlorophylls (mg-g DW biomass 14.16 + 0.41 12.18 +£0.18  3.289 + 0.03
-1
)
Carotenoids (mg-g DW biomass 7.51 £ 0.25 2.90 +£0.08 0.98 +0.02

-1y
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Table 3

Fatty acid composition (mg-g DW biomass 1) of C. calcitrans, C. fusiformis, and
N. shiloi diatoms determined by gas chromatography-mass spectrometry
(GC-MS). Values are the mean + standard deviation (SD) of five replicates (n =
5).

Fatty acids C. calcitrans C. fusiformis N. shiloi
14:0 1.85 + 0.11 2.11 +£0.28 0.15 + 0.02
15:0 0.16 + 0.01 t t

16:0 1.81 +£0.12 3.68 + 0.40 0.70 £ 0.06
16:1 n-7 1.31 £+ 0.07 3.90 + 0.50 0.52 + 0.05
16:1 n-5 0.06 + 0.01 0.21 + 0.03 t

16:1 n-9 0.13 £0.01 t t

16:2 n-6 0.25 £+ 0.02 0.15 £+ 0.02 t

16:2 n-4 0.80 + 0.05 1.09 + 0.15 0.08 + 0.01
16:3 n-4 2.45 + 0.14 3.09 +0.39 0.32 + 0.03
16:4 n-1 0.76 + 0.06 0.30 £+ 0.05 0.44 £ 0.03
18:0 0.66 + 0.28 0.32 + 0.08 0.13 + 0.06
18:1 n-9 0.13 + 0.01 0.63 + 0.09 t

18:1 n-7 0.21 + 0.01 0.20 £+ 0.03 0.06 + 0.01
18:2 n-6 0.12 + 0.01 0.33 £ 0.05 0.10 £ 0.01
18:3 n-6 0.40 + 0.03 0.22 + 0.04 0.13 +0.01
18:4 n-3 0.19 + 0.01 t 0.13 +0.01
20:4 n-6 0.32 £ 0.02 2.07 £ 0.29 0.16 £+ 0.02
20:5 n-3 2.63 +0.17 1.31 +£0.17 0.29 + 0.03
> FA 14.25 + 0.81 19.72 + 2.43 3.32 £ 0.24
> SFA 4.48 + 0.41 6.15 + 0.61 0.99 £ 0.08
> MUFA 1.84 + 0.10 4.97 + 0.65 0.66 + 0.06
> PUFA 7.92 + 0.50 8.60 +1.17 1.67 + 0.15
> n-3 PUFA 2.83 £0.19 1.36 £ 0.18 0.42 £ 0.04
> n-6 PUFA 1.09 + 0.07 2.76 + 0.40 0.41 + 0.04
n-6/n-3 ratio 0.39 £+ 0.01 2.04 + 0.03 0.97 + 0.01

Abbreviations: MUFA, monounsaturated fatty acids; PUFA, polyunsaturated
fatty acids; SFA, saturated fatty acids; t, traces (<0.1 mg g~ DW biomass).

ratio is associated with a reduced risk of coronary heart disease, as n-6
PUFA are considered less beneficial due to their pro-inflammatory
properties compared to n-3 PUFA (REF). Both eicosapentaenoic acid
(EPA, 20:5 n-3) and docosahexaenoic acid (DHA, 22:6 n-3), along with
other PUFA, are key nutritional components in the tissues of many fish,
crustaceans, and molluscs [45]. For this reason, EPA and DHA have been
successfully incorporated into aquaculture feeds for both adult and
larval stages, improving larval growth rates and enhancing the repro-
ductive potential of marine organisms. Given their numerous health
benefits, PUFA — particularly n-3 PUFA such as EPA and DHA— are
essential as supplements for food and feed, creating an urgent demand
for affordable and sustainable biological sources of these important
compounds. Among the three diatom species under study, C. calcitrans
stands out for its higher content in EPA (20:5n-3).

3.4. Lipid profile

The lipidome of C. calcitrans, C. fusiformis, and N. shiloi was charac-
terised by C18-LC-MS, allowing the identification at the lipid species
level and the determination of fatty acid composition for most cases. In
total, 325 lipid species were identified and distributed across different
lipid classes (Supplementary Table S1). These included various classes of
glycolipids, namely monogalactosyldiacylglycerol (MGDG), monoga-
lactosylmonoacylglycerol (MGMG), digalactosyldiacylglycerol (DGDG),
digalactosylmonoacylglycerol (DGMG), and sulfoquinovosyldiacylgly-
cerol (SQDG). Phospholipid classes identified in the diatom lipidome
included phosphatidylcholine (PC), lysophosphatidylcholine (LPC),
phosphatidylethanolamine (PE), lysophosphatidylethanolamine (LPE),
phosphatidylinositol (PI), phosphatidylglycerol (PG), and lysophos-
phatidylglycerol (LPG). Also, other classes of phospholipids that are not
common in algae were identified, including bismonoacylglycer-
olphosphate (BMP) and hemibismonoacylglycerophosphate (HBMP) (as
classified in MS-DIAL) [46]. BMP are also named as mono-
acylglycerophosphomonoradylglycerols (in LIPIDMAPS) [47]. Addi-
tionally, several classes of betaine lipids were detected in the diatom
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lipidome, including diacylglyceryltrimethylhomoserine (DGTS), mono-
acylglyceryltrimethylhomoserine ~ (MGTS),  diacylglycerylcarboxy-
hydroxymethylcholine (DGCC), and monoacylglycerylcarboxy-
hydroxymethylcholine (MGCC). The identified sphingolipid classes
included ceramide (Cer) and hexosylceramide (HexCer), as well as other
classes of sphingolipids less reported in algae, ceramide phosphoetha-
nolamines (PE-Cer) and sulfonolipid (SL). Additionally, less common
classes of fatty amides, such as N-acyl glycine (NAGly), N-acyl glycyl
serine (NAGlySer) and N-acyl ornithine (NAOrn) were detected. Ubi-
quinones, also known as coenzyme Q (CoQ), were also present,
including CoQ8, CoQ9, and CoQ10. The neutral glycerolipids identified
in the diatom lipidome included diacylglycerols (DG), and tri-
acylglycerols (TG).

The identification of the lipids species of the different lipid classes
was supported by the interpretation of the MS/MS fragmentation, which
was previously well described for typical lipid classes found in micro-
algae [26]. Notably, several uncommon classes were identified herein
for diatoms, which are not usually identified in other microalgae, and
thus, the MS/MS spectra are shown in Supplementary material (Figs. S1-
S7). These uncommon lipid classes included BMP, HBMP, PE-Cer, SL,
NAGly, NAGlySer, and CoQ9. Interestingly, sulfonolipids (SL) were
previously reported in a marine diatom, Nitzschia alba [48]. Sulfonoli-
pids are also reported as an unusual class of bacterial lipids [49], and
thus, their relationship with the microbiome cannot be excluded. Head
group-acylated lipids have been found in algae and plants [50].
Although not reported in algae, HBMP species were previously found in
oat seeds but named acylphosphatidylglycerol (acyl-PG) [51]. Ubiqui-
nones were already reported in algae, namely the occurrence of CoQ10
was reported for Isochrysis galbana [52]. CoQ10 is widely used in
cosmetic formulations for skin’s defence against oxidative stress and to
reduce skin ageing [53].

When comparing the lipidome of three diatoms, it was observed that,
out a total of 325 lipid species identified in this study (Supplementary
Table S1), 268 were present in all the diatoms (Fig. 1). In addition, few
lipid species were found exclusively in each diatom: 4 in C. calcitrans, 1
in C. fusiformis, and 1 in N. shiloi. Also, some lipid species were found
only in two of the three studied diatoms: 25 in C. calcitrans and
C. fusiformis; 16 in C. fusiformis and N. shiloi; and 10 in C. calcitrans and
N. shiloi.

The distribution of lipid species along the glycolipid classes of
MGDG, DGDG and SQDG (Fig. 2), the phospholipid classes of PC, PE, PI,

25

268

Fig. 1. Venn diagram representing the number of unique and common lipid
species in the diatoms C. calcitrans, C. fusiformis, and N. shiloi.
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Fig. 2. Distribution of the diacyl lipid species identified in C. calcitrans, C. fusiformis, and N. shiloi across the glycolipid classes: A) monogalactosyldiacylglycerol
(MGDG), B) digalactosyldiacylglycerol (DGDG), C) sulfoquinovosyldiacylglycerol (SQDG).

and PG (Fig. 3) and betaine lipid classes of DGTS and DGCC (Fig. 4) are
also shown. The distribution of lipid species along the lyso lipid classes
(LPC, LPE, LPG, DGMG, MGMG, MGTS, and MGCC) and the neutral
lipids (DG and TG) can be consulted in Supplementary Figs. S8-S12. The
distribution of the abundance of the lipid species by lipid class is
different for each microalga, highlighting the specificity of the lipidome
of each diatom species. Indeed, it is following previous work that

mapped the lipid composition and profile of microalgae, suggesting a
species-specific lipidome [54].

In the MGDG class, the most abundant lipid species were distinct
among three diatoms (MGDG 36:8 in C. calcitrans, MGDG 36:7 in
C. fusiformis and MGDG 32:4 in N. shiloi). The three species contained
one fatty acid in common (16:3). The DGDG class is also dominated by
highly unsaturated species, primarily consisting of 36-carbon chains.
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DGDG 36:7, corresponding to DGDG 16:2_20:5, was the most abundant saturated and monounsaturated. SQDG 28:0 (14:0/14:0) and SQDG 32:1

lipid species in C. calcitrans and N. shiloi, while DGDG 36:6, corre- (14:0_16:1) were the most predominant in C. calcitrans and C. fusiformis,
sponding to DGDG 16:2_20:4, was the most abundant in C. fusiformis. respectively. Both SQDG 30:0 (14:0_16:0) and SQDG 32:1 (14:0_16:1)
The most abundant lipid species in the SQDG class were predominantly were abundant in N. shiloi.



A.S.P. Moreira et al.

Regarding the phospholipids (Fig. 3), the PC profile of N. shiloi
differed from the other two diatoms, with the most abundant PC species
containing 0 to 2 double bonds (e.g., PC 30:0, PC 34:1, PC 36:2). In
contrast, except for PC 32:1, which is the most abundant mono-
unsaturated PC species in both C. calcitrans and C. fusiformis, PC species
with higher degrees of unsaturation were more prevalent in C. calcitrans
(e.g., PC 36:5, PC 36:6) and C. fusiformis (e.g., PC 36:5, PC 38:5).

In the PE class, the most abundant lipid species in C. calcitrans were
PE 36:6 and 34:2, whereas lipid species with lower carbon chains (C30
to C32) were the most abundant in C. fusiformis (PE 31:1 and PE 30:0)
and N. shiloi (PE 32:2 and PE 31:1). In the PI class, PI 32:1 was the only
lipid species identified in N. shiloi. In the PG class, PG 36:5 was the most
abundant species in all three diatoms, corresponding to C16,/C20 forms
(16:1_20:4 and 16:0_20:5). Additionally, PG 34:5 (16:3_18:2) showed
high abundance in both C. calcitrans and C. fusiformis. Also, PG 32:1
(16:0_16:1 and 14:0_18:1) was more abundant in C. fusiformis than in
other diatoms.

Regarding betaine lipids (Fig. 4), DGTS 36:2 (18:1/18:1) was the
predominant lipid species in C. fusiformis, with other species being the
most abundant in C. calcitrans (DGTS 38:6 and DGTS 34:1) and N. shiloi
(DGTS 30:0, DGTS 32:1 and DGTS 34:1). Also, DGCC 30:0 was the
predominant lipid species in C. calcitrans and N. shiloi, but not in
C. fusiformis.

In the TG class (Supplementary Table S1), C. calcitrans was charac-
terised by the most abundant species having 1 and 6 double bonds, while
the most prevalent species in C. fusiformis had 1 and 2 double bonds. In
N. shiloi, the most abundant species had 0, 1 and 3 double bonds.

Few studies have explored the lipid characterisation of these diatom
species, limiting direct comparisons with the current study. However, a
study investigating the lipidome of Cylindrotheca closterium under ni-
trogen starvation identified several species of SQDG, MGDG, DGDG, and
TG [55]. Remarkably, all MGDG, DGDG, and SQDG species reported in
that study were also identified in C. fusiformis in the present research. In
terms of TG species, nearly all identified in the previous study were
found here as well, with only four exceptions: TG 50:5, TG 56:10, TG
56:9, and TG 56:8 [55]. One of the most abundant species in all three
diatoms was TG 48:1, corresponding to TG 16:0_16:0_16:1 (Supple-
mentary Table S1). This TG species has also been reported as one of the
most abundant TG in Cylindrotheca closterium [55]. Betaine lipids con-
taining a carboxyhydroxymethylcholine group (DGCC and MGCC) are
less commonly reported in algae than those containing a trimethylho-
moserine group (DGTS and MGTS). Indeed, DGCC and MGCC have been
reported as characteristic of the phylum Haptophyta [26,56].

Of note, polar lipids have garnered increasing interest for added
value apllications. In fact, some of the polar lipid species from algae
have been associated with bioactive properties, namely anti-
inflammatory glycolipids (e.g. DGDG 34:5 and MGDG 36:5), phospho-
lipids (e.g. PC 40:10) and betaine lipids (e.g. DGTS 36:5) [57], also
identified in this study. Beyond their bioactive properties, polar lipids
hold immense potential in various industrial applications, including
food, pharmaceutical and cosmetics.

In the food sector, polar lipids are commonly used as natural food
emulsifier in processing and stabilisation aids in manufacturing food
products like chocolates and baked goods [58]. Recent evidence sug-
gests that synthetic emulsifiers may contribute to obesity-related
metabolic disorders and inflammatory bowel disease (IBD), raising
concerns about their safety. Lecithins, a mixture of phospholipids and
other polar lipids, particularly those of marine origin, present a natural-
based alternative to synthetic emulsifiers [59]. Rich in omega-3 PUFA,
marine lecithins improve product stability and offer health benefits,
acting as preventive and protective agents against inflammatory disor-
ders. Moreover, polar lipids from marine sources provide essential fatty
acids and choline, making them valuable for functional food formula-
tions and dietary supplements to improve overall nutrition and health.

In the pharmaceutical industry, polar lipids play a critical role in
advanced drug delivery systems. Phospholipids are used to create
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bilayer vesicles known as liposomes, which enhance the delivery of
drugs by improving their solubility, stability, and bioavailability. Lipid-
based drug delivery systems have emerged as a promising technology for
addressing the challenges of poorly water-soluble drugs. Encapsulating
or solubilising drugs in lipid-based excipients improves absorption and
enhances therapeutic efficacy. This technology has found applications in
delivering a wide range of pharmaceuticals, making polar lipids indis-
pensable in modern drug delivery strategies [60].

In cosmetics, polar lipids derived from algae have emerged as active,
natural, safe, and biomimetic ingredients, appealing to consumers
increasingly concerned about the potential toxicity of synthetic in-
gredients. These lipids act as multifunctional components, offering both
functional and therapeutic benefits. They serve as effective moisturisers
by forming protective barriers on the skin to prevent water loss and
enhance hydration. Additionally, they possess physiological properties
such as anti-ageing effects, inhibiting matrix metalloproteinases and
promoting skin hydration [61]. Their stabilising properties ensure
consistent texture and integrity in creams and lotions, while their
bioactive compounds reduce inflammation and support skin repair [57].

3.5. Carbohydrates profile

Despite their different content of total carbohydrates (Table 1), the
three diatoms were mainly composed of galactose (26-45 mol%), uronic
acids (20-29 mol%), and glucose (3-21 mol%), with minor amounts of
mannose, xylose, ribose, fucose, and rhamnose. Moreover, glucosamine
and the naturally methylated sugar 3-methylgalactose were also detec-
ted in the three diatoms, while 3-methylfucose and 3-methylmannose
were only observed for C. fusiformis (Table 4).

Considering that all the quantified glucose residues are originated
from hydrolysis of intracellular $-1,3-glucan, which is a glucose poly-
saccharide present in diatoms [62], the variation of glucose suggest that

Table 4

Carbohydrate’s composition of C. calcitrans, C. fusiformis, and N. shiloi di-
atoms. Values are the mean + standard deviation (SD) of three replicates (n =
3).

Carbohydrates (mol%) C. calcitrans C. fusiformis N. shiloi
Rha 2.06 = 0.15 4.62 + 0.68 1.44 £
0.14
Fuc 3.61 +£0.37 0.83 +£0.21 t
3-MeFuc nd t nd
Rib 11.19 + 4.39 + 0.39 2.89 +
0.45 0.29
Ara 0.65 £ 0.21 nd t
Xyl 9.61 + 0.64 8.12 + 0.62 5.56 +
0.32
11.06 + 5.93 +
Man 5.23 £ 0.54 1.65 0.28
3-MeMan nd t nd
Gal 45.04 + 26.01 + 33.66 +
2.39 0.50 1.06
3-MeGal t t t
16.11 + 20.90 +
Glc 3.13 £1.02 0.42 0.64
GleN t t t
UA 19.47 + 28.87 + 29.13 £
0.57 1.71 1.15
Chrysolaminaran (mg-g-! DW) 1.01 £+ 0.31  9.71 + 0.58 14638 *
Floridoside (mg-g~ DW)) 6.44 £ 0.58 4.4 + 1.32 (1)89‘25 *
Isofloridoside (v and 1) / 8.64 +
.51 .12 .92 . -
floridoside eq g~! DW) 0510 092035 -,
Digalactosylaglycerol (floridoside 3.13 +
cas~' DW) 1952033 1.03£013 0

Abbreviations: Rha, ramnose; Fuc, fucose; 3-MeFuc,3-O-methylfucose; Rib,
ribose; Ara, arabinose; Xyl, xylose; Man, mannose; 3-MeMan,3-O-methyl-
mannose; Gal, galactose; 3-MeGal = 3-O-methylgalactose; Glc, glucose; GIcN,
glucosamine; UA, uronic acids; t, trace ( < 0.5 mol%); nd, not detected.
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the p-1,3-glucan content varied between the analysed diatom species.
The highest content in $-1,3-glucan was observed in N. shiloi (14.7 mg.
g~! DW biomass), followed by C. fusiformis (9.7 mg.g~' DW biomass),
with the lowest in C. calcitrans (1.0 mg.g’1 DW biomass). The content of
total carbohydrates, and more specifically of §-glucan, may vary within
microalgae species, and on the growth conditions, namely growth rates
[63] and nutrients availability [64]. Specifically, Reitan et al. [63]
observed a variation in the total carbohydrate content in response to
changes in relative growth rate, with the extent of this variation
differing among the microalgae species. The carbohydrate content of
C. calcitrans did not vary significantly with the growth rate, whereas
other diatom species (Chaetoceros muelleri) yielded significantly
increased content with reduced growth rate [63]. Granum and
Myklestad [64] investigated the effects of NH{ assimilation on p-1,3-
glucan metabolism in the N-limited marine diatom Skeletonema cos-
tatum. At the onset of dark NHj assimilation, biosynthesis of amino acids
coincided with a significant decrease in cellular glucan (28 % within 3
h), suggesting that glucan is the ultimate substrate for f-carboxylation
and amino acid biosynthesis in the dark [64]. Also, different growth
conditions can explain the fact that glucose (and not galactose as in this
work) was the main monosaccharide identified in N. shiloi isolated from
the Adriatic Sea [28].Galactose residues were also one of the most
representative sugar residues identified in the three analysed diatoms
(26-45 mol%). A part of the galactose is a component of glycolipids
identified by LC-MS (section 3.3). To evaluate if the galactose residues
also derived from floridoside (2-a-O-p-galactopyranosyl glycerol) and
isofloridoside (1-a-O-g alactopyranosylglycerol), these glycerol galac-
tosides were determined for the three species of marine diatoms,
although these compounds are usually associated with red algae [65].

N. shiloi presented the highest content in floridoside (18.4 mg.g™?
DW), followed by C. calcitrans and C. fusiformis (6.4 and 4.4 mg.g~! DW,
respectively). N. shiloi also revealed the highest amount of p- and t-iso-
floridoside (8.6 mg floridoside eq.g ! DW), in comparison with the two
other diatoms (0.5-0.9 mg floridoside eq g~} DW). In addition, diga-
lactosylaglycerol was also identified as being more abundant in N. shiloi
(3.1 mg floridoside eq.g~! DW) when compared with C. calcitrans and
C. fusiformis (1.0 and 1.9 mg floridoside eq.g ! DW, respectively). These
results showed that 41 %, 27 %, and 88 % of the galactose residues of
C. calcitrans, C. fusiformis, and N. shiloi are from floridoside and
floridoside-related compounds. Relative high amounts of galactose res-
idues (21-41 % of constituent monosaccharides) were already reported
in the low molecular weight fraction of a hot water extract obtained
from natural phytoplankton population dominated by Skeletonema cos-
tatum and species of Heterosigma (Raphidophyceae) [66]. Also, galactose
residues were observed in variable amounts in a warm water extract of
different diatoms, including in C. fusiformis (11 mol%) [62]. Although in
both studies, the occurrence of floridoside and/or isofloridoside in the
diatoms has been hypothesised, these compounds have not been iden-
tified or quantified. In addition, when subjected to high salinity condi-
tions, diatom species Phaeodactylum tricornutum, Thalassiosira
pseudonana, and Skeletonema marinoi produced a putatively identified
glyceryl-glycoside, along with other metabolites possibly related with a
diatom osmoadaptation [67]. Floridoside is a photosynthetic product
that acts as an osmoregulator, important for cell protection under hy-
persaline conditions [65]. Different biological activities have been
attributed to floridoside, such as immunoregulatory [68], antioxidant
[69], anti-inflammatory [70], anti-bacterial and antifouling properties
[711.

The source of ribose in the three diatom species is still unclear.
Previous studies have attributed the ribose detected in diatoms to
intracellular RNA or nucleotides and co-factors [62,72,73]. The
remaining monosaccharides residues quantified, namely uronic acids,
mannose, xylose, fucose, rhamnose, glucosamine, and the naturally
methylated sugars could correspond to cell wall polysaccharides, also
called frustule, or to extracellular polysaccharides (EPS) that are still
bounded to the cell wall. The cell wall monosaccharide residues of
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multiple diatoms are composed of high amounts of mannose and glu-
curonic acid and low amounts of fucose and xylose [74]. The EPS
excreted by diatoms are heterogenous polysaccharides that greatly differ
in monosaccharide residues, sulfate content, and glycosidic linkages
among different growth conditions and diatom species [74]. The GlcN
identified could be due to the presence of chitin. Chitin has been
described as being part of the Thalassiosira pseudonana cell wall [75],
and it was hypothesised that chitin could be commonly underestimated
as a component of diatom cells [74].

In terms of potential health-promoting benefits and applications, it is
important to highlight that diatom N. shiloi revealed the highest content
of chrysolaminaran, with potential immunostimulatory activity, as re-
ported for these insoluble glucans [76], and floridoside, also associated
to bioactive properties.

3.6. Amino acids composition and peptide profile

The amino acid profile of the three microalgae species (Fig. 5)
revealed variations in the quantity of the amino acids produced. The
total content of amino acids ranged from 27 g 100 g DW biomass ™' in
C. fusiformis, 35 g 100 g~' DW in N. shiloi, and 44 g 100 g~ DW in
C. calcitrans.

C. calcitrans consistently showed the highest levels of several amino
acids, particularly aspartic acid, glutamic acid, alanine, and leucine. The
high concentration of these amino acids suggested that C. calcitrans
might have a more active protein synthesis or greater capacity for pro-
ducing amino acids and overall nutritional value than the other species
under study. The most abundant amino acids also align with the amino
acid profile previously reported for C. calcitrans [77].

The essential amino acids content in the diatoms — C. calcitrans (36
%), C. fusiformis (35 %), and N. shiloi (36 %) — indicate a considerable
proportion of essential amino acids relative to their total amino acid
content, which has important implications for their nutritional value.
Each species contains >35 % essential amino acids, which are vital
because the human body cannot synthesise them and must be obtained
through diet [78]. Therefore, with their high essential amino acid con-
tent, these microalgae species have strong potential as sustainable, high-
quality sources of essential amino acids. This rich profile makes them
ideal candidates for use in functional ingredients, protein supplements,
and as additives to enhance the amino acid profile of various food and
feed products. Such applications hold promise for both health-focused
foods and industrial developments aimed at creating nutritionally
enhanced products, making these microalgae valuable for supporting
balanced diets and addressing essential amino acid needs [79].

Although the protein content of the diatoms studied varies signifi-
cantly, the nutritional profiles regarding amino acid composition remain
notably similar. While C. calcitrans exhibited the highest protein content
(30.14 %), its amino acid profile, particularly the balance of essential
and non-essential amino acids, aligns closely with the other species. This
finding underscores the importance of evaluating the total protein
content and the specific amino acid compositions to fully assess the
nutritional value of these microalgae. For instance, all three species
demonstrated comparable proportions of essential amino acids
(approximately 35-36 %), a critical factor for their use in dietary
applications.

The highest content of amino acids found for C. calcitrans is in line
with its highest protein content determined by elemental analysis
(Table 1), as well as the chromatographic profiles obtained by size
exclusion chromatography (SEC) with detection at 280 nm (Supple-
mentary Fig. S13). The chromatograms revealed distinct patterns in
soluble protein/peptide size distribution among the diatom species, re-
flected by variations in absorbance peaks across different molecular
weight ranges (>50 kDa, 10-50 kDa, 5-10 kDa, 3-5 kDa, 1-3 kDa, and
< 1 kDa). C. calcitrans consistently exhibited the highest absorbance
across all molecular weight ranges, mainly at the highest molecular
weight region (>50 kDa), which is indicative of the presence of large
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Fig. 5. Amino acids content (g 100 g~! DW) of C. calcitrans, C. fusiformis, and N. shiloi diatoms. The graph shows the content of various amino acids, including both
essential (threonine, valine, methionine, phenylalanine, isoleucine, leucine, and lysine) and non-essential (aspartic acid, glutamic acid, cysteine, asparagine,
glutamine, glycine, arginine, alanine, and tyrosine) types. Data are presented as mean =+ standard deviation (SD) (n = 3).

protein complexes and at the lower molecular weight regions (1-3 kDa
and < 1 kDa), indicative of the presence of peptides. Considering that
bioactive peptides are often within these lower molecular weight frac-
tions [79], these data suggest that C. calcitrans may be a valuable source
of peptides. Microalgae-derived bioactive peptides have garnered sig-
nificant interest as functional ingredients, namely antioxidant and
antihypertensive compounds, known to promote cardiovascular health
[80].

In summary, the superior amino acid content and protein and pep-
tide diversity of C. calcitrans reinforce this diatom as a leading candidate
for applications where both high protein content and a wide variety of
peptides are desired.

3.7. Mineral profile

The mineral profile was also evaluated, with the results presented in
Fig. 6. The minerals analysed included molybdenum (Mo), zinc (Zn),
cadmium (Cd), lead (Pb), nickel (Ni), cobalt (Co), boron (B), manganese
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(Mn), iron (Fe), copper (Cu), aluminium (Al), phosphorus (P), magne-
sium (Mg), sodium (Na), potassium (K), calcium (Ca), selenium (Se) and
chromium (Cr). Elements like Mo, Zn, Cd, Pb, Ni, Co, B, Mn, Cu, Se, and
Cr were identified in trace amounts (< 0.18 mg.g DW biomass 1) across
all three species. Fe showed slightly higher levels compared to the other
trace minerals, with C. calcitrans exhibiting the highest concentration
(2.04 mg.g DW biomass™!). The most predominant minerals in terms of
concentration across the three diatom species were P, Mg, Na, K, and Ca.
All three species showed similar levels of P, indicating a uniform uptake
of this essential nutrient. K also exhibited relatively uniform levels
across the algae. C. calcitrans contained the highest concentration of Na
(32.01 mg.g~' DW biomass), while the other two species exhibited
lower and comparable values. However, the highest difference was
observed in the Ca content, with 67.50 mg.g ™! found in N. shiloi, 26.61
mg.g ! in C. fusiformis and 4.02 mg.g~! in C. calcitrans.

The mineral profiles of these diatoms revealed considerable nutri-
tional potential, primarily due to their high levels of essential macro
minerals, such as P, Mg, Na, K, and Ca. For instance, P is vital for cellular

C. fusiformis B N. shiloi

I

Ca

Minerals

Fig. 6. Mineral content (mg g DW 1) profiles of N. shiloi, C. fusiformis, and C. calcitrans diatoms. Abbreviations: Iron: Fe, Phosphorus: P, Magnesium: Mg, Sodium: Na,
Potassium: K, Calcium: Ca. Elements detected in low concentrations (< 0.18 mg g DW biomass™!), including Mo, Zn, Cd, Pb, Ni, Co, B, Mn, Cu, Se, and Cr, are not

represented.

11



A.S.P. Moreira et al.

energy transfer [81], Mg supports muscle and nerve function [82,83],
and K aids in heart health and blood pressure regulation [84]. The high
concentration of Ca in N. shiloi makes it beneficial for bone health [85].
Overall, the data suggests that each specie’s balanced mineral
composition and specific strengths (e.g., high Ca concentration in
N. shiloi) make these diatoms promising candidates for targeted nutri-
tional applications. They could be used in functional foods, dietary
supplements, or as mineral-rich additives in animal feed, meeting a
range of nutritional requirements and promoting health benefits.

4. Conclusions

The results of this study demonstrated that the selected diatoms —
N. shiloi, C. fusiformis, and C. calcitrans — possess distinct and valuable
biochemical compositions for food and feed applications. Among these,
C. calcitrans emerges as a promising candidate for added-value appli-
cations due to its highest protein content, diverse peptide profile, and
elevated levels of n-3 polyunsaturated fatty acids (PUFA), particularly
eicosapentaenoic acid (EPA), and also interesting polar lipids with
bioactive potential or to be used as ingredients in different sectors. These
make C. calcitrans especially suited for protein-rich applications and
nutraceutical formulations. Additionally, its higher content of pigments
(chlorophylls and carotenoids) reinforces its potential as a source of
bioactive compounds beneficial for health. Among the species analysed,
N. shiloi also showed the highest content of bioactive carbohydrates and
derivatives, chrysolaminaran and floridoside. N. shiloi could also be
considered a mineral supplement, particularly for populations suffering
from Ca deficiencies.

The overall high-quality protein, bioactive lipids, and specific min-
eral compositions found in these diatoms present exciting opportunities
for application beyond aquaculture, including in the nutraceutical,
cosmeceutical or pharmaceutical sectors, as well as for human nutrition.
The species-specific profiles of these diatoms highlight their versatile
potential across various sectors related to health and nutrition of both
humans and animals.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.algal.2025.104080.
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