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A B S T R A C T   

Biorefinery co-products obtained from biomass of the field isolated diatom Staurosirella pinnata have been 
investigated for their bioactivity on selected human and murine cell lines. Biomass grown in indoor photo
bioreactor, collected at the stationary phase, was subjected to methanolic extraction to produce a crude extract, 
sequentially fractionated (hydrophilic-hydrophobic gradient) to obtain six fractions (A4, A5, A7; B4, B5, B6). 
Fractions' bioactivity was tested on BRAFwt and BRAFV600E human melanoma cell lines, compared to normal 
keratinocytes. All fractions showed cytotoxic activity, but only fraction A4 showed a remarkable cell-type 
selectivity, with cell death induction up to 70 % on melanoma cells. Further characterization allowed to iden
tify and purify four apocarotenoids from fraction A4, representing the first report of such class of compound s in 
mass cultivated diatoms. In addition, fraction A5 resulted to be a mixture of oxylipins and fraction B4 of purine 
nucleosides, with adenosine as main component. Residual biomass was further processed to obtain an enriched 
lipidic extract, characterized by a high content of poly-unsaturated fatty acids. Anti-diabetic and anti-obesity 
activities were assessed by evaluating the expression levels of key proteins involved into thermogenesis 
(UCP1), lipolysis (Perilipin, HSL660), and mitochondrial dynamics (pDRP1, VDAC), on murine white adipocyte 
cell line. Overall, the data here reported confirmed S. pinnata as a platform for the discovery and purification of 
bioactive compounds with biomedical potential, and the biorefinery pipeline allow their combined isolation, thus 
advancing the sustainability of diatom exploitation for the discovery and production of bioactive molecules.   

1. Introduction 

Microalgae, aquatic photosynthetic microorganisms, are considered 
an untapped source of bioproducts to exploit in a range of biotechno
logical fields, meeting the current demand for blue technologies and 
transition to a greener and circular economy. Indeed, thanks to their 
‘microbe’ growth rates and the ease of growth in culture, microalgae are 
currently explored in agriculture, as fertilizers and biopesticides, in feed 
production, wastewater treatment, bioenergy, and human health and 
nutrition. Also, thanks to their ‘tuneable’ cell biochemistry, under 
defined stress conditions applied in closed growth systems or photo
bioreactors, microalgae proved promising for the discovery of novel 
bioactive molecules and their development as drugs (e.g., drug 

discovery). Indeed, reports on microalgal extract bioactivities on human 
cells are rapidly increasing, highlighting immunomodulatory [1], neuro- 
[2] and cardio-protective effects [3] as well as anti-proliferative and pro- 
apoptotic activities against cancer cells [4]. In this context, diatoms play 
a key role. Diatoms are nearly ubiquitous and adaptable microorgan
isms, able to dominate natural communities thanks to their rapid growth 
rates and the ability to ‘sense’ and acquire nutrients (scavenging ca
pacity) from the environment, thus outcompeting other microalgae 
[5,6]. Also, they produce finely perforated silica cell walls that protect 
cells from grazers, by conferring strong mechanical resistance [7], from 
pathogens (viruses and bacteria), through a hydrodynamical defense 
mechanism [8], and from harmful light radiations [9,10]. 

Chemical ecology studies revealed that diatom success also relies on 
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their ability to produce, in response to environmental triggers, a wide 
range of secondary metabolites with different bioactive effects. For 
instance: domoic acid, a well-known unusual amino acid with neuro
toxic effects on humans and sea fauna, also able to regulate bacteria in 
the phycosphere [11–13]; oxylipins, oxygenated fatty acids produced as 
anti-grazing compounds against sea urchins and copepods [14–17]; sex 
pheromones; diketopiperazines [18–21]. In recent years, this evidence 
led to a growing interest towards the biomedical potential of diatoms. 
Indeed, the unique metabolic capabilities of these organisms, coupled 
with their diverse biochemical and ecological characteristics, make 
them a promising source of bioactive compounds. Several studies deal 
with bioactivity of diatom extracts, especially fucoxanthin enriched 
products, highlighting their anti-inflammatory [22] and anti- 
proliferative effects, on a set of human cellular targets [23], as well as 
their anti-hypertensive [24], anti-microbic [25], and pro-apoptotic [26] 
properties. 

Nevertheless, studies aimed at identifying the bioactive components 
of diatom extracts are still scanty. [27]. The field could greatly benefit 
from the application of more rigorous approaches in the screening 
phase, more exhaustive analysis of the bioactive mechanisms of action, 
and the application of biorefinery approaches. In the latter, a single 
biomass is subjected to multiple sequential extraction steps, thus 
allowing to maximize yield and diversity of extractable compounds, and 
to increase chances to discover novel, bioactive molecules. Moreover, 
microalgae biorefinery offers a more profitable process for biomass 
exploitation, through the use and valorisation of co-products and in
termediates, that can be delivered to different biotechnological 
application. 

To date, a limited number of biorefinery protocols have been 
developed and implemented to explore the potential of microalgae 
biomass in discovering natural products with biomedical applications. 
Indeed, this methodology has primarily been focused on biodiesel, 
fucoxanthin, and protein production in diatoms, such as Halamphora sp. 
[28] and Phaeodactylum tricornutum [29], and has been applied to 
extract lipids, carotenoids, glycerol, and phytosterols from the green 
microalgae Dunaliella salina and D. tertiolecta [30,31]. 

In a previous work, a cascade extraction protocol was developed to 
explore the biomedical potential of the mass cultivated diatom Staur
osirella pinnata (Ehrenberg) D.M. Williams & Round [32]. The results 
showed that molecules isolated from a first hydroalcoholic extraction 
exhibited strong and selective cytotoxic effect against human melanoma 
cancer cells, with no adverse effect on non-malignant cells. In addition, 
further extraction of the residual biomass resulted in the isolation of a 
Poly-Unsaturated Fatty Acids (PUFAs) rich lipidic extract, with prom
ising potential as nutraceuticals. 

Based on these initial findings, the same biorefinery protocol was 
applied in this work, in order to: i) better define the anti-cancer activity 
of the crude extract of S. pinnata, by implementing the fractionation 
protocol and testing fractions on melanoma cell lines; ii) characterize 
the compounds present in bioactive fractions, by NMR and HPLC 
methods iii) assess the anti-diabetic and anti-obesity potential of the 
lipidic extract on white adipose tissue cells, by analysing its pro- 
thermogenic and pro-lipolysis activity. 

2. Materials and methods 

2.1. Staurosirella pinnata culture 

Stock culture of the field isolated strain VRUC 290 (Tor Vergata 
Rome University Collection) of the diatom species Staurosirella pinnata 
(Ehrenberg) D.M. Williams & Round was maintained in Diatom Medium 
(DM) and was used as inoculum for the mass cultivation in indoor 8 L 
photobioreactor at 25 ◦C and irradiance of 80 μmol photons m− 2 s− 1, 
with a 12:12 h light/dark cycle, as previously described [32]. To 
improve biomass production, the culture was pneumatically stirred, and 
biomass accumulation was monitored every 48 h by measuring both the 

optical density (OD) at 665 nm and 730 nm, with an Onda UV-30 Scan 
spectrophotometer. To evaluate the possible presence of contaminants, 
culture samples were analyzed by light microscopy (Zeiss Axioskop, 
40×), over the whole growth. The biomass was harvested at the sta
tionary phase, by settling and centrifugation (2.200 xg, 10 min), freeze- 
dried (Labcon Lyophilizator), and stored at − 80 ◦C. 

2.2. Staurosirella pinnata biorefinery 

S. pinnata biomass was sequentially extracted following a cascade 
extraction protocol developed ad hoc [32,33] and summarized in Fig. 1. 
Briefly, the biomass was firstly treated with a solution of CH3OH (20 % 
v/v in H2O) in order to obtain a crude extract, which was subquently 
fractionated; then, the residual biomass was treated with CHCl3 and 
CH3OH to obtain a lipidic extract. The crude extract fractions and the 
lipidic extract were then tested on human and murine cell lines, mela
noma cancer cells and white adipose tissue cells, in order to evaluate 
their bioactivity. 

2.2.1. Crude extract 
Crude extract was obtained from 30 g of lyophilized biomass; the 

biomass was resuspended in 600 mL of ultrapure water and CH3OH (20 
% v/v), sonicated at 500 W (Q700CA Sonicator) for 2 min and incubated 
for 2 h at 45 ◦C, in a thermostatic water bath. Then, the solution was 
centrifuged (3.200 ×g, 20 min), the supernatant collected and vacuum 
concentrated (Buchi Rotavapor WaterBath B-480), till the evaporation 
of the organic solvent. 

2.2.2. Lipidic extract 
The lipidic extract was obtained from the residual biomass, resulting 

from the methanolic extraction, following the protocol of Bligh and Dyer 
[34]. Briefly, the residual biomass was grinded for 10 min, suspended in 
CHCl3:CH3OH (2:1 v/v), and then centrifuged (2.200 ×g, 3 min). The 
supernatant was collected, the pellet repeatedly washed with CHCl3: 
CH3OH (2:1 v/v), and centrifuged (2.200 ×g, 3 min), till it turned 
whitish. The collected supernatants were pooled and treated with 0.1 M 
HCl/0.5 % MgCl2 and then centrifuged (2.200 ×g, 3 min) to separate 
proteins from lipids. The lower phase, containing lipids, was recovered, 
vacuum evaporated, and finally the lipidic extract was lyophilized. 

2.3. Chemical analysis 

2.3.1. General procedures 
Solvents were purchased from VWR International. Solid phase 

extraction (SPE) was performed on Macherey-Nagel C18 Chromabond 
cartridges. Silica-gel chromatography was realized on precoated Merck 
F254 plates (TLC). The spots on TLC were visualized under UV light 
(254 nm) and then sprayed with 10 % H2SO4 in water, followed by 
heating. HPLC purification was carried out on a Jasco system (PU4180 
pump equipped with a Jasco UV/Vis detector PU4075) using a semi
preparative column (C18 Ascentis, Supelco, 250 × 10 mm). ESIMS were 
acquired on a Micromass Q-TOF MicroTM coupled with an HPLC Waters 
Alliance 2695. The instrument was calibrated by using a PEG mixture 
from 200 to 1000 MW (resolution specification 5000 FWHM, deviation 
<5 ppm RMS in the presence of a known lock mass). High-resolution 
mass spectra (HRESIMS) were acquired on a Q-Exactive hybrid 
quadrupole-orbitrap mass spectrometer (Thermo Scientific, San Jose, 
CA, USA). NMR experiments were recorded at the ICB-NMR Service 
Centre. Chemical shifts values are reported in ppm and referenced to 
internal signals of residual protons (CD3OD, δH 3.34, δC 49.0 ppm, and 
CDCl3 δH 7.26, δC 77.0 ppm). 1D and 2D NMR spectra were acquired on a 
Bruker Avance-400 spectrometer using an inverse probe fitted with a 
gradient along the Z-axis, on a Bruker Avance III HD 400 MHz spec
trometer equipped with a CryoProbe Prodigy, and on a DRX 600 spec
trometer (600 MHz for 1H, 150 MHz for 13C) equipped with a three- 
channel inverse (TCI) CryoProbe. 
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2.3.2. Fractionation of the crude extract and identification of the main 
metabolites in selected active fractions 

The hydroalcoholic crude extract was subjected to liquid-liquid 
extraction by partitioning between diethyl ether (EE) and water, and 
by repartitioning the water layer with n-butanol (n-BuOH) as to separate 
the extract in diethyl ether (EE, 293 mg), butanol (BE, 70.8 mg), and 
aqueous (WE, 356.6 mg) fractions. Then, the EE fraction (280 mg) was 
subjected to Solid Phase Extraction (SPE) by loading on two C18 car
tridge (M-N Chromabond C18 45 mL/5000 mg) each eluted with 20 mL 
H2O (fraction A1, 8.7 mg), 50 mL H2O (fraction A2, 12.4 mg), 40 mL 
H2O/MeOH 8:2 (fraction A3, 7.7 mg), 40 mL H2O/MeOH 1:1 (fraction 
A4, 14.5 mg), 40 mL H2O/MeOH 2:8 (fraction A5, 68.6 mg), 40 mL H2O/ 
MeOH 2:8 (fraction A6, 46.9 mg), and 60 mL MeOH (fraction A7, 130.7 
mg). Fractions A1-A7 were preliminary analyzed by 1H NMR. 

Fraction A4 was further purified by HPLC on a semipreparative C18 
column using a non linear gradient of H2O/acetonitrile starting from 30 
% of acetonitrile to 50 % in 20 min, and then from 50 % to 75% in 10 
min. Peaks eluted at Rt 13.6, 19.0, and 23.5 min have been collected and 
analyzed by 1D and 2D NMR spectroscopy. 

Analogously, fraction A5 was subjected to HPLC purification by 

using a semipreparative C18 column eluted with a linear gradient 
starting from 70 % of acetonitrile in water to 100 % of acetonitrile in 20 
min. The peak eluted at 16.2 min was analyzed using ESI MS-MS frag
mentation analysis. 

The butanol soluble portion of crude extract, fraction BE (60 mg), 
was also subjected to SPE carried out on a C18 cartridge (M-N Chro
mabond C18 hydra 6 mL/500 mg) eluted with 8 mL H2O (fraction B1, 
46.1 mg), 8 mL H2O (fraction B2, 2.3 mg), 8 mL H2O (fraction B3, 1.7 
mg), 8 mL H2O/MeOH 8:2 (fraction B4, 7.9 mg), 15 mL H2O/MeOH 1:1 
(fraction B5, 7.8 mg), 15 mL H2O/MeOH 2:8 (fraction B6, 4.2 mg), 15 
mL MeOH (fraction B7, 3.5 mg). Fractions B1-B7 were preliminary 
analyzed by 1H NMR. 

2.3.3. Characterization of the fatty acid content of the lipidic extract 
For the qualitative characterization of fatty acids in the lipidic 

extract, 100 mg of freeze-dried lipids were derivatized and analyzed by 
Gas Chromatography equipped with a Flame Ionization Detector (GC- 
FID). 

Fatty Acid Methyl Esters (FAMEs) were obtained by trans
esterification using a CH3OH:H2SO4 solution (15:1 v/v), at 60 ◦C, for 6 

Fig. 1. Scheme of the biorefinery protocol developed in this work.  
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h. FAMEs were identified by comparing the retention times of the peaks 
recorded in the sample with those of an analytical commercial standard 
of 37 FAMEs, purchased from Supelco (Sigma-Aldrich, Merck group, 
Germany). FAMEs characterization was carried out using an Agilent 
7890 A (Agilent Technologies, California, USA) GC-FID instrument, 
equipped with a DB-Wax column (30 m × 0.25 mm, i.d. 0.25 μm). He
lium (99.999 purity, Abello Linde S.A, Barcellona, Spain) was used as 
carrier gas (1 mL/min) following the temperature program here re
ported: column was held at 50 ◦C for 1 min, ramped to 200 ◦C, at 25 ◦C/ 
min, increased to 230 ◦C, at 3 ◦C/min, and then held for 18 min. FID 
detector temperature was fixed at 280 ◦C. Data were compared to those 
reported in Savio et al. 2020 [32] to evaluate the stability and repro
ducibility of FAME composition in the lipidic extracts through different 
mass cultivation run. 

2.4. Bioactivity test on human and murine cell lines of the crude extract 
fractions and of the lipidic extract 

2.4.1. Bioactivity assay of crude extract fractions on melanoma cancer cells 
CHL-1 (BRAFwt) and A375 (BRAFV600E) human melanoma and 

human immortalized keratinocytes (HaCaT) cell lines (American Type 
Culture Collection, ATCC, USA), were cultured in high-glucose Dulbecco 
Modified Eagle Medium (DMEM), supplemented with 10 % heat- 
inactivated foetal bovine serum (FBS), penicillin (100 U/mL), and 
streptomycin (100 μg/mL), at 37 ◦C in a 5 % CO2 humidified atmo
sphere. For the bioactivity assays cells were seeded in 12-well plates (5 
× 104 cells/well) and the next day treated with S. pinnata crude extract's 
fractions (100 mg/mL in DMEM), at the concentrations of 0.125, 0.250, 
and 0.500 mg/mL, for 24 h. At the end of the treatment, cells were 
detached with trypsin, washed twice in PBS, and suspended in propi
dium iodide solution. Cell death and cell cycle analyses were performed 
by means of flow cytometry, as previously described [35]. 

2.4.2. Bioactivity assay of the lipidic extract on white adipose tissue cells 
3T3-L1 murine preadipocytes (ATCC, USA) were cultured in DMEM 

medium supplemented with 10 % Newborn Serum, 1 % non-essential 
amino acids (NEAA), penicillin (100 U/mL) and streptomycin (100 
μg/mL), and 2 mM glutamine (Lonza Sales, Basel, Switzerland). 3T3-L1 
differentiation into adipocytes was achieved by adding differentiation 
medium (DMEM, 10 % of foetal bovine serum, 0.5 mm 3-isobutyl-1- 
methylxanthine, 1 μM dexamethasone, and 1.7 μM insulin) every 48 
h, as previously reported [36]. After 8 days of differentiation, the dif
ferentiation medium was replaced with maintenance medium (DMEM) 
and cells were used for the experiments. 

For the bioactivity assays, the lipidic extract of S. pinnata was con
jugated with Bovine Serum Albumin (BSA). Briefly, 50 mM of the lipidic 
extract was dissolved in 2 mL of a solution of NaOH 0.1 M, stirred at 
70 ◦C until the dissolution of lipids in the solution was occurred, and 
incubated at 37 ◦C with 0.6 mL of ddH2O and BSA (10 %). Then, con
jugated lipids were administered on 3T3-L1 cells for 24 h, at concen
trations of 30 and 60 μg/mL. After the treatments, cells were collected 
and stored at − 20 ◦C for Western Blotting analyses. 

2.4.3. Gel electrophoresis and Western blotting 
Cells were lysed in RIPA buffer (50 mM Tris-HCL pH 8.0, 150 mM 

NaCl, 0.1 % SDS, 0.5 % sodium deoxycholate, 1 % NP-40) supplemented 
with protease inhibitors cocktail (VWR life sciences). Western blotting 
analysis was performed by using the following antibodies: anti-HSL 
(4107, Cell Signalling Technology), anti-p-HSL660 (4126 T, Cell Sig
nalling Technology), anti-VDAC1 (sc-8828, Santa Cruz Biotechnology), 
anti-UCP1 (CS-14670S, Cell Signalling Technology), anti-DRP1 
(6,111,738, BD Transduction Laboratories™, San Jose, CA, USA), anti- 
p-DRP1 (ser637) (4867, Cell Signalling Technology) Anti-PLIN-1 
(3470 Cell Signalling Technology). 

2.5. Data analysis 

GraphPad Prism version 9.0 program (GraphPad Software, San 
Diego, CA, USA) was used for statistical analysis. Two-Way ANOVA and 
Tukey's HSD test were performed (a p-value of <0.05 was considered 
statistically significant) and standard deviations (SD) were calculated 
and reported. 

3. Results and discussion 

3.1. Bioactivity of crude extract fractions on A375 and CHL-1 melanoma 
cancer cells 

The bioactive potential of the different fractions, obtained from the 
first hydroalcoholic extraction, was evaluated by assessing their ability 
to induce cell death in a 24 h dose-response assay. To this aim, we 
compared two different human melanoma cell lines, CHL-1 (BRAFwt) 
and A375 (BRAFV600E), to normal human keratinocyte (HaCaT) (Fig. 2). 

All tested fractions showed a cytotoxic effect, although some differ
ences were observed depending on both fractions and cell lines. In fact, 
the administration of fraction B4 resulted in a low cell death induction, 
even at the highest dose (0.500 mg/mL), with no significant differences 
between melanoma and keratinocyte cell lines. Similarly, the adminis
tration of fractions B5 and A5 did not induce significant cell death levels 
at the lowest dose used (0.125 mg/mL) in both melanoma and kerati
nocytes, while significant increases of cell death levels were observed at 
the highest dose. However, also for these fractions, a significant differ
ence between the three cell lines was not observed. On the other hand, 
fractions B6 and A6 proved to be more effective, with cell death levels up 
to 60 %, in all the cell lines at the highest dose used. Fraction A4 
exhibited the most promising bioactivity at the highest concentration 
evaluated, showing a significant increase of cell death in the A375 
(BRAFV600E) human melanoma cell line, as compared to both CHL-1 
(BRAFwt) and HaCaT cell lines (Fig. 2). These results suggested the ex
istence of some kind of selectivity for melanoma cell lines, especially for 
the A375, which are normally more resistant to chemotherapeutic 
agents, with quite limited adverse effects on normal keratinocytes. 

To identify unrelated and/or unexpected effects on normal kerati
nocytes, an additional evaluation was performed to assess the effect of 
fraction A4 on cell cycle. To this aim, cells treated as above, were sub
jected to flow cytometry analysis of the cell cycle (Fig. 3). 

Results evidenced that A4 fraction administration to the A375 cell 
line did not result in any clear and dose-dependent cell cycle alteration, 
with no significant variation of the cell percentages in G1, S, and G2/M 
phases. A similar behaviour was observed also for the HaCaT cell line, 
with the only significant variation detected in cells administered with 
the 0.250 mg/mL dose, showing an increase of cell percentages in S 
phase (from 20.3 % to 49.8 %) coupled to a decrease of cells in the G2/M 
phase (from 31.5 % to 9.4 %). 

Conversely, the CHL-1 cell line showed a completely different 
behaviour. In fact, the obtained results highlighted: i) a significant dose- 
dependent decrease in the percentage of cells in the G1 phase (from 68.8 
% to 52.3 %) in cells administered with the 0.500 mg/mL dose; ii) a 
significant increase in the percentage of cells in the S phase (from 3.6 % 
to 16.8 % and 16.2 %) at 0.125 mg/mL and 0.250 mg/mL doses; iii) a 
significant decrease of the percentage of cells in the G2/M phase (from 
27.5 % to 14.4 %) at 0.125 mg/mL dose, while at 0.250 and 0.500 mg/ 
mL, the percentages increased to 22.8 % and 34.9 %, respectively. 

Taken together, these data suggested that fraction A4 could contain 
promising bioactive compounds, able to induce cell death, but possibly 
also to impact on DNA integrity, as suggested by the increase of cells in 
G2/M phase, and/or on the activity of cyclins/CDKs complexes that 
control cell cycle progression. Moreover, the different behaviour 
observed between BRAFwt and BRAFV600E melanoma cell lines, sug
gested that the cytotoxic effect could depend upon the modulation of 
different signalling pathways. Indeed, as the highest levels of cell death 
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induction were observed in the A375 cell line, which is characterized by 
a constitutive activation of the pro-survival MEK/ERK pathway [37], the 
presence of molecules able to specifically affect this pathway can be 
hypothesized. 

Cell-type selectivity of a bioactive molecule is a critical requirement 
since the early stages of a bio-screening test [23]. Surprisingly, there is a 
remarkable scarcity of studies dedicated to investigating the cell-type 
selectivity using microalgal extracts, despite its utmost importance. 
Indeed, the potential of microalgae derived metabolites and/or extracts 

towards cancer cell lines has been already described for mass cultivated 
commercial strains of the diatom Skeletonema marinoi CCMP2092 and 
the haptophyte Isochrysis galbana CCMP1323, showing antiproliferative 
effects on a number of human cancer cells, including leukaemia (K562), 
melanoma (A2058), lung cancer (A549), and hepatocarcinoma (HepG2) 
[38,39], but no chemical characterization of the extracts' composition 
was provided. On the other hand, amphidinol 22, isolated from the 
dinoflagellate Amphidinium carterae, proved to exert anticancer effects 
on melanoma cells (A2058), but no tests using no-malignant cells were 

Fig. 2. Cell death induction after administration of crude extract fractions to human melanoma (A375 and CHL-1) and keratinocyte (HaCaT) cell lines. Cell lines 
were incubated, for 24 h, with the indicated amount of crude extract fractions, and cell death quantified as the percentage of hypodiploid events. *, p < 0.05; **, p <
0.01; ****, p < 0.0001, compared to controls. “Ctrl” refers to cells grown in DMEM. 

S. Savio et al.                                                                                                                                                                                                                                    



Algal Research 78 (2024) 103393

6

performed, preventing any evaluation of amphidinol 22 cell-type 
selectivity [40]. 

The observed cell-type selectivity for fraction A4 prompted further 
investigation into its chemical composition to identify new molecules 
that could be exploited as anti-cancer drugs. 

3.2. Identification of metabolites in selected bioactive crude extract 
fractions 

In order to characterize the bioactive components of fractions A4 and 
A5, both of them were purified by HPLC methods. The HPLC profile of 
fraction A4 (Fig. 4) displayed three main peaks, which were subse
quently collected and subjected to NMR and MS analysis. The 1H NMR 
spectrum of P1 peak, eluted at Rt 13.6 min, displayed signals attribut
able to two compounds with a ratio 60:40. Then, 2D NMR and MS 
allowed to recognize a nor-isoprenoids skeleton for both compounds and 
their attribution to two apocarotenoids, the loliolide (1) [41] and the 
3,5,6-trihydroxy-7-megastigmen-9-one (2) [41] by comparison with the 
literature data. Instead, peaks P2 and P3, eluted at Rt 19.0 min and 23.5 
min, resulted to contain other two apocarotenoids identified as Apo-13- 
fucoxanthinone (3) [41] and Apo-9-fucoxanthinone (4) [41], respec
tively by analysis of NMR experiments and MS data (Fig. 5). 

Loliolide (1): 1H NMR (CD3OD, 400 MHz) δ 5.78 (1H, s, H-7), 4.24 
(1H, m, H-3), 2.45 (1H, m, H-4a), 2.01 (1H, m, H-2a), 1.80 (3H, s, H3- 
11), 1.79 (1H, m, H-4b), 1.58 (1H, m, H-2b), 1.50 (3H, s, H3-9), 1.30 
(3H, s, H3-10). 13C NMR (CD3OD, indirect detection from HSQC and 
HMBC experiments, 400 MHz) δ 185.0 (s, C-6), 175.7 (s, C-8), 112.6 (d, 

Fig. 3. Cell cycle evaluation after administration of fraction A4 to human melanoma (CHL-1, A375) and keratinocyte (HaCaT) cells lines. Cell lines were incubated, 
for 24 h, with the indicated amount of fraction A4, and the percentage of cells in the G1, S, and G2/M phases quantified by flow cytometry. “Ctrl” refers to cells grown 
in DMEM. 

Fig. 4. HPLC profile of fraction A4.  

Fig. 5. Main components of fraction A4.  
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C-7), 89.3 (s, C-5), 66.8 (d, C-3), 47.3 (t, C-2), 46.3 (t, C-4), 36.7 (s, C-1), 
30.5 (q, C-10), 27.0 (q, C-11), 26.3 (q, C-9). ESIMS positive mode: m/z 
219 [M + Na]+. 

3,5,6-trihydroxy-7-megastigmen-9-one (2): 1H NMR (CD3OD, 400 
MHz) δ 7.20 (1H, d, J = 15.9 Hz, H-7), 6.21 (1H, d, J = 15.9 Hz, H-8), 
3.79 (1H, m, H-3), 2.33 (1H, m, H-4a), 2.32 (3H, s, H3-10), 1.68 (1H, m, 
H-4b), 1.62 (1H, m, H-2a), 1.30 (1H, m, H-2b), 1.22 (3H, s, H3-12), 1.21 
(3H, s, H3-13), 0.99 (3H, s, H3-11). 13C NMR (CD3OD, indirect detection 
from HSQC and HMBC experiments, 400 MHz) δ 201.2 (s, C-9), 145.2 (d, 
C-7), 133.2 (d, C-8), 70.7 (s, C-6), 69.1 (s, C-5), 64.0 (d, C-3), 47.9 (s, C- 
1), 39.8 (t, C-4), 35.8 (t, C-2), 30.1 (q, C-12), 26.9 (q, C-10), 24.9 (q, C- 
11), 19.1 (q, C-13). ESIMS positive mode: m/z 265 [M + Na]+. 

Apo-13-fucoxanthinone (3): 1H NMR (CD3OD, 400 MHz) δ 7.63 (1H, 
dd, J = 15.4 and 11.0 Hz, H-11), 7.31 (1H, bd, J = 11.0 Hz, H-10), 6.59 
(1H, d, J = 15.4 Hz, H-12), 3.87 (1H, d, J = 17.0, H-7a), 3.78 (1H, m, H- 
3), 2.68 (1H, d, J = 17.0, H-7b), 2.39 (3H, s, H3-14), 2.29 (1H, m, H-4a), 
2.06 (3H, s, H3-18), 171 (1H, dd, J = 13.5 and 10 Hz, H-4b) 1.50 (1H, m, 
H-2a), 1.28 (1H, m, H-2b), 1.22 (3H, s, H3-17), 1.06 (3H, s, H3-15), 0.96 
(3H, s, H3-16). Selected 13C NMR (CD3OD, indirect detection from HSQC 
and HMBC experiments, 400 MHz) δ 199.7 (s, C-8), 143.6 (s, C-9), 139.4 
(d, C-11), 136.9 (d, C-12), 135.4 (d, C-10), 68.1 (s, C-6), 66.4 (s, C-5), 
64.1 (d, C-3), 48.0 (t, C-2), 43.0 (t, C-4), 42.8 (t, C-7), 36.2 (s, C-1), 28.8 
(q, C-16), 24.2 (q, C-15), 21.0 (q, C-17), 12.4 (q, C-18). ESIMS positive 
mode: m/z 329 [M + Na]+. 

Apo-9-fucoxanthinone (4): 1H NMR (CD3OD, 400 MHz) δ 5.89 (1H, s, 
H-8), 5.41 (1H, m, H-3), 2.27 (1H, m, H-4a), 2.23 (3H, s, H3-10), 2.06 
(3H, s, CH3CO), 2.02 (1H, m, H-2a), 1.59 (1H, m, H-4b), 1.49 (1H, m, H- 
2b), 1.46 (3H, s, H3-12), 1.42 (3H, s, H3-13), 1.20 (3H, s, H3-11). 
Selected 13C NMR (CD3OD, indirect detection from HSQC and HMBC 
experiments, 400 MHz) δ 200.6 (s, C-9), 172.1 (s, CH3CO) 119.0 (s, C-6), 
100.6 (d, C-8), 71.6 (s, C-5), 68.5 (d, C-3), 46.0 (t, C-2 and C-4), 36.3 (s, 
C-1), 31.7 (q, C-12), 30.6 (q, C-13), 28.1 (q, C-13), 26.4 (q, C-10), 20.2 
(q, CH3CO). ESIMS positive mode: m/z 329 [M + Na]+. 

Apocarotenoids are a class of molecules derived from both non- 
enzymatic and enzymatic oxidative cleavage of carotenoids and have 
been identified in numerous plant species yet. These compounds, that 
exhibit a high-degree of chemical diversity, act as precursors of phyto
hormones and are also involed in different crucial processes of plant 
development, fruit ripening, stress response and defense mechanisms 
[42,43]. In addition, apocarotenoids serve as signalling molecules, 
mediating communication and interactions between plants and their 
rhizosphere, as in mutualistic symbiotic associations like mycorrhizae 
[44]. In microalgae, the presence of apocarotenoids have been described 
only in laboratory scale cultures of green microalgae and other few taxa 
deriving from commercial culture collection (Chlamydomonas sp., 
Chlorella sorokiniana, Nannochloropsis gaditana, Tetraselmis chuii, and 
Tisochrysis lutea [45]). Indeed, only one report deals with apocarotenoid 
production by diatoms and refers to the model organism Phaeodactylum 
tricornutum that was found to synthesize apofucoxanthinoids that are 
considered responsible for the toxic effects on the copepod Tigriopus 
californicus, pointing to their feeding deterrence function [46]. 

From a biotechnological perspective, apocarotenoids are valuable 
compounds with significant potential in the biomedical field [47]. 
Within the isolated apocarotenoids from S. pinnata, loliolide (1), has 
recently been reported to possess activity against human hep
atocarcinoma (HepG2) cells [48], whereas Apo-13- and Apo-9- 
fucoxanthinone (3 and 4) have shown anti-proliferative and pro- 
apoptotic activities on human colorectal adenocarcinoma (Caco-2) 
[49]. Additionally, other activities, including anti-inflammatory, anti- 
neurodegenerative and antioxidant effects, were reported for apocar
otenoids extracted from Crocus sativus [50]. 

Despite their biotechnological potential, apocarotenoids are 
currently underexploited at industrial scale due to their low cellular 
content in the natural sources found so far (only a few milligrams per 
kilogram of biomass). Moreover, chemically synthesized apocarotenoids 
have been reported to have hazardous effects on human health [51]. 

Therefore, the recovery of apocarotenoids in the diatom S. pinnata gives 
an additional input to investigate the possibility of exploiting these high- 
productive and environmentally flexible microalgae for a sustainable 
production of apocarotenoids which relevant human benefits have been 
increasingly important in the last years. In addition, since these results 
are related to extracts obtained from biomass collected at the stationary 
phase of growth, it might be expected that differences and possibly more 
bioactives content in the other stages of the growth (e.g. exponential 
phase) are present as is foreseen to be explored in the near future. 

HPLC purification of fraction A5 resulted in the collection of a main 
peak at Rt 16.2 min (Fig. 6) that was analyzed by both NMR and mass 
spectrometry. The NMR data of this fraction were consistent with the 
presence of two main structurally related oxylipins (1:1 ratio) that were 
identified as (7E)-9-ketohexadec-7-enoic acid (5) and (7E)-9-hydrox
yhexadec-7-enoic acid (6) by ESI MS-MS fragmentation analysis (Fig. 7). 
In particular, the position of double bond at C7-C8 in both compounds 
was deduced by the diagnostic fragment ion peak observed in collision- 
induced decomposition spectra at m/z 127 [C7H11O2]− . 

(7E)-9-ketohexadec-7-enoic acid (5): 1H NMR (CDCl3, 400 MHz) δ 
6.82 (1H, m, H-7), 6.09 (1H, d, J = 15.8 Hz, H-8), 2.53, app. t, (J = 7.4 
Hz, H2-10), 2.35 (2H, m, H2-2), 2.22 (2H, m H2-6), 1.65 (2H, m, H2-3), 
1.62 (2H, m, H2-11), 1.47 (2H, m, H2-5), 1.38–1.23 (8H, overlapping 
signals, H2-4, H2-12, H2-13, and H2-14), 1.31 (2H, m, H2-15), 0.88 (3H, 
t, J = 7.2 Hz, H3-16). Selected 13C NMR (CDCl3, indirect detection from 
HSQC and HMBC experiments, 400 MHz) δ 200.7 (s, C-9), 176.4 (s, C-1), 
148.6 (d, C-7), 131.6 (d, C-8), 41.3 (t, C-10), 34.5 (t, C-2), 33.6 (t, C-6), 
25.7 (t, C-3), 22.0 (t, C-15), 15.5 (q, C-16). ESIMS positive mode: m/z 
291 [M + Na]+. ESIMS negative mode: m/z 267 [M-H]− . 

(7E)-9-hydroxyhexadec-7-enoic acid (6): 1H NMR (CDCl3, 400 MHz) 
δ 5.62 (1H, m, H-7), 5.45 (1H, dd, J = 15.3 and 7.2 Hz, H-8), 4.03 (1H, 
m, H-9), 2.35 (2H, m, H2-2), 2.02 (2H, m H2-6), 1.65 (2H, m, H2-3), 
1.50–1.43 (2H, m, H2-10), 1.36 (2H, m, H2-5), 1.38–1.23 (8H, over
lapping signals, H2-4, H2-12, H2-13, and H2-14), 1.31 (2H, m, H2-15), 
0.88 (3H, t, J = 7.2 Hz, H3-16). Selected 13C NMR (CDCl3, indirect 
detection from HSQC and HMBC experiments, 400 MHz) δ 176.4 (s, C- 
1), 134.3 (d, C-8), 133.4 (d, C-7), 74.8 (d, C-9), 38.0 (t, C-10), 34.5 (t, C- 
2), 33.6 (t, C-6), 25.7 (t, C-3), 22.0 (t, C-15), 15.5 (q, C-16). ESIMS 
positive mode: m/z 293 [M + Na]+. ESIMS negative mode: m/z 269 [M- 
H]− . 

These two uncommon C16 oxylipins were first isolated from an 
axenic culture of the planktonic marine diatom Thalassiosira rotula [52] 
and characterized as their methyl ester derivatives. As to definitively 
confirm the structures of 5 and 6, the mixture was treated with diazo
methane, to obtain the corresponding methyl esters whose NMR and MS 
data were in agreement with literature. Oxylipins are a class of mole
cules produced from the oxidation of polyunsaturated fatty acids, by the 
action of lipoxygenase (LOX)/hydroperoxide lyase (HPL) enzymes. In 
diatoms, oxylipins are synthesized as grazing deterrence against co
pepods and sea urchins, after cell membranes breakage or cell senes
cence [17,53], but some investigations also indicated a key role in cell- 
to-cell signalling, regulation of the bacteria–phytoplankton community 
dynamics [54], and bloom events [55]. Currently, oxylipins are poorly 
studied for their biotechnological potential, however some reports 
demonstrated that oxylipins exerted anti-cancer activities, throught the 
activaction of apoptotic pathways, on different human cancer cell lines 
[56,57]. 

Finally, within the bioactive fractions derived from the butanolic 
soluble portion of S. pinnata only the chemical content of fraction B4 was 
investigated resulting in a mixture of purine nuclesosides with adeno
sine identified as main component by 1H NMR analysis (Fig. 8.7). 

3.3. Fatty acids profiling of the lipidic extract 

The residual biomass, resulting from the first extraction step, was 
further subjected to a second extraction step using a solution of CHCl3: 
CH3OH (2:1 v/v) to obtain a lipidic extract, we characterized for its Fatty 
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Acids (FAs) composition. 
GC-FID analysis (Fig. 9), showed that the main constituents of this 

lipidic extract are the hexadecanoic (C16:0, 31.02 %), the palmitoleic 
(C16:1, 25.95 %), and the eicosapentaenoic (EPA, C20:5, 10.58 %) 
acids, accounting for about 68 % of total Fas.Other FAs, such as the 
octadecanoic (C18:0), the myristic (C14:0), and the eicosatrienoic 

(C20:3n3) acids, were detected in a smaller percentage (6.51, 5.50, and 
4.39 %, respectively). 

These findings are in line with the ones previously reported for the 
same strain [32], with only small and neglectable differences in their 
relative abundance. 

In addition, the lipidic extract profiling showed the abundance of FAs 
and ω3-Poly-Unsaturated Fatty Acids (PUFAs), with known biological 
activties on human cells. Indeed, ω3-PUFAs showed preventive and 
protective effects against cardiovascular diseases [58]; EPA adminis
tration counteracted insulin resistance and obesity [59], or suppressed 
oxidative stress, neuro-inflammation, and β-amyloid generation in the 
Alzheimer's disease, thus ameliorating the cognitive deficit associated to 
this pathology [60]; hexadecanoic acid was able to contrast proliferation 
in different cancer cell lines [61]. 

Our findings highlighted that S. pinnata could represent a promising 
source of bioactive lipids, exploitable for the nutraceutical and phar
maceutical fields. 

3.4. Bioactivity of the lipidic extract on 3T3-L1 white adipose tissue cells 

The administration of lipidic extract to the 3T3L-1 cell line resulted 
in a decrease of the lipid-droplet associated protein Perilipin 1 coupled 
to an increase of the phosphorylated form of the Hormone-Sensitive 
Lipase HSL660 (Fig. 10). This suggested that the lipidic extract was 
able to induce lipolysis which, through the generation of fatty acids, 
represents the primary energy source for mitochondria-sustained ther
mogenesis. In addition, no significant modulation of the mitochondrial 
Voltage Dependent Anion Channels 1 (VDAC1) was observed, indicating 
that the treatment did not affect mitochondrial mass. By contrast, the 
dose-dependent upregulation of the phosphorylated form of the 

Fig. 6. HPLC profile of fraction A5.  

Fig. 7. Main components of fraction 5.  

Fig. 8. Main component of the fraction B4.  
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Dynamin-Related Protein 1 (pDRP1) and of the Uncoupling Protein 1 
(UCP1) suggested that the lipidic extract administration increased 
mitochondrial fission, a process crucial for enhancing UCP1 activity and 
the thermogenic potential of adipocyte mitochondria [62]. 

Metabolic activation of white adipose tissue (WAT), characterized by 
increased thermogenesis and lipolysis, is currently considered a prom
ising pharmacological target to counteract obesity and type II diabetes 
mellitus [63]. The process, also called browning, depends upon the 

increased expression of key proteins, such as UCP1, thus making the 
white cell closer to a brown adipocyte, able to transform the stored fat 
into heat, thus improving glucose and lipids metabolism [64]. For this 
reason, in recent years, much effort has been made to identify com
pounds able to activate WAT metabolism. In this context, different re
ports highlighted that microalgal extracts can be considered as novel 
products with promising bioactivity against metabolic disorders. For 
example, the fucoxanthin-enriched extract of the diatom Phaeodactylum 

Fatty Acids %

Butanoic acid (C4:0) 1.1155

Hexanoic acid (C6:0) 0.7672

Octanoic acid (C8:0) 0.8927

Decanoic acid (C10:0) 0.4038

Undecanoic acid (C11:0) 0.6267

Dodecanoic acid (C12:0) 0.7336

Tridecanoic acid (C13:0) 0.8333

Myristic acid (C14:0) 5.5043

Tetradecanoic acid (C14:1) 0.7716

Pentadecanoic acid (C15:0) 3.201

Pentadecenoic acid (C15:1) 1.2645

Hexadecanoic acid (C16:0) 31.0240

Palmitoleic acid (C16:1) 25.9528

Heptadecanoic acid (C17:1) 1.5953

Octadecanoic acid (C18:0) 6.5104

Oleic acid (C18:1 c+t) 0.6756

Linoleic acid (C18:2 c+t) 1.1863
(6Z,9Z,12Z)-Octadecatrienoic acid

(C18:3n6) 1.9651

Eicosatrienoic acid (C20:3n3) 4.3959
Eicosapentaenoic acid (EPA)

(C20:5) 10.5814

Fig. 9. Fatty acids composition of the lipid fraction extracted from Staurosirella pinnata residual biomass. Fatty Acids (FAs) profiles were qualitatively analyzed by 
means of GC-FID. 

Fig. 10. Representative immunoblots and densitometry of UCP1/VDAC, pDRP-1/DRP-1, Perilipin/GAPDH and HSL660/HSL. Immunoblots are normalized using 
GAPDH. *, p < 0.05, **, p < 0.01, with respect to control cells. “Ctrl” refers to cells grown in DMEM supplied with the same solution (NaOH, BSA, and H2O) used to 
resuspend S. pinnata lipids. 
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tricornutum and the acqueous extract of Euglena gracilis, exhibited anti- 
obesity activities by regulating processes and metabolic pathways of 
therapeutic interest. Indeed, administration of P. tricornutum extract to 
the 3T3L-1 cell line, resulted in an increased expression of UCP1 and a 
down-regulation of the Peroxisome Proliferator-Activated Receptor 
gamma (PPARγ), a transcriptional factor that regulates fatty acid and 
glucose metabolisms in adipocytes [65], demonstrating the potential of 
this extract to reduce adipogenesis and blood glucose level; the admin
istration of E. gracilis extract to hASCs cells (human adipose-derived 
stem cells) inhibited adipocyte-differentiation by the suppression of 
different regulators involved in that pathway, such as the fatty acid 
binding protein (AP2) and the lipoprotein lipase (LPL) [66], suggesting 
that this extract can be considered a promising candidate for the 
development of new therapeutic treatment against obesity. 

Moreover, diet supplemented with microalgal biomass or with 
microalgal bioproducts (such as polysaccharides) proved to be able to 
reduce parameters involved in obesity, such as hyperglicemia, hyper
triglyceridemia, dyslipidemia, body weight, and fat mass, in C57BL/6 
mice and Wistar rats, highlighting the beneficial effects of the use of 
microalgae as food supplements for the treatment of metabolic syn
dromes even on in vivo models [67,68]. 

Our results clearly indicated the S. pinnata lipidic extract as a 
promising dietary supplement to counteract diabetes dysmetabolism 
and, thus, further investigations will be focused on the evaluation of its 
effects on in vivo models. 

4. Conclusions 

In this work Staurosirella pinnata biomass was biorefined to obtain 
several different co-products. Bioactivity tests on crude extract fractions 
showed that fraction A4 was particularly promising in terms of 
biomedical potential, being selectively cytotoxic when administered to 
the BRAFV600E human melanoma cell lines (A375), as compared to 
BRAFwt (CHL-1) and normal keratinocyte (HaCaT) cell lines. Different 
compounds, playing interesting roles in vivo, as chemical mediators, 
regulators, and in cell-to-cell signalling, have been identified and puri
fied from this fraction: four apocarotenoids, previously described in the 
model organism Phaeodactylum tricornutum; two uncommon C16 oxy
lipins, first reported from Thalassiosira rotula; and the purine nucleoside 
adenosine. 

Despite the presence of apocarotenoids is reported in plants, this is 
the first evidence on the production of apocarotenoids and oxylipins in 
the araphid, colonial diatom S. pinnata and, more in general, on apoc
arotenoids' production by mass cultivated microalgae. The biomedical 
potential of the second co-product, the lipidic extract, has also been 
demonstrated. This extract showed the modulation of molecular 
markers correlated to lipolysis and thermogenesis on white adipocytes 
(3T3-L1), presenting novel opportunities for the treatment of obesity 
and diabetes. 
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