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Abstract: Microalgae are an untapped source of bioactive compounds with various biotechnological
applications. Several species are industrially produced and commercialized for the feed or cos-
metic industries, however, other applications in the functional food and pharmaceutical markets
can be foreseen. In this study, nine industrial/commercial species were evaluated for in vitro an-
tioxidant, calcium-chelating, anti-tumoral, and anti-inflammatory activities. The most promising
extracts were fractionated yielding several promising fractions namely, of Tetraselmis striata CTP4 with
anti-inflammatory activity (99.0 ± 0.8% reduction in TNF-α production in LPS stimulated human
macrophages at 50 µg/mL), of Phaeodactylum Tricornutum with cytotoxicity towards cancerous cell
lines (IC50 = 22.3 ± 1.8 µg/mL and 27.5 ± 1.6 µg/mL for THP-1 and HepG2, respectively) and of
Porphyridium sp. and Skeletonema sp. with good chelating activity for iron, copper and calcium
(IC50 = 0.047, 0.272, 0.0663 mg/mL and IC50 = 0.055, 0.240, 0.0850 mg/mL, respectively). These frac-
tions were chemically characterized by GC–MS after derivatization and in all, fatty acids at various
degrees of unsaturation were the most abundant compounds. Some of the species under study proved
to be potentially valuable sources of antioxidant, metal chelators, anti-tumoral and anti-inflammatory
compounds with possible application in the functional food and pharmaceutical industries.

Keywords: anti-inflammatory activity; anti-tumoral activity; antioxidant activity; bioactive compounds;
neuroprotective compounds; health benefits

1. Introduction

Non-communicable diseases (NCDs) are a concerning phenomena worldwide as
they have an increasingly high prevalence and are considered to be the leading cause of
death worldwide (71% of all deaths), besides accounting for about 80% of all premature
deaths and increasing the likelihood of developing other diseases. The main NCDs are
cardiovascular diseases (such as heart attacks and strokes), cancers, chronic respiratory
diseases, diabetes, and mental and neurological conditions [1].

Oxidative stress and inflammation are considered key factors for the development of
NCDs, playing either a central or a secondary role but always an important one. Reactive
oxygen species (ROS) and free radicals are the main oxidative stress effectors, which are
linked to cell injury (damaging of membranes, lipids, proteins, lipoproteins, and DNA) and
can cause a variety of diseases and disorders (cancer, arteriosclerosis, myocardial infarction,
diabetes, inflammatory diseases, central nervous system problems, and cell aging) and
acute pathologies if not managed and strictly controlled [2]. Oxidative stress can also cause
chronic inflammation due to various mechanisms, mainly due to modifications of DNA and
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proteins and overall ROS-induced damage, all leading to the signaling and activation of the
inflammatory pathway [3]. Inflammatory response involves complex interactions between
blood cells, immune cells (e.g., macrophages), and molecular mediators like cytokines
(such as IL-6 or TNF-α); acute phase proteins and chemokines promote the migration of
neutrophils and macrophages to the site of inflammation by increasing vasodilatation and
angiogenesis [1]. When inflammation is prolonged over time, chronic inflammation sets
in, and dysregulated inflammation has been identified in the genesis of almost all types of
human diseases or disorders such as cancer, neurodegenerative disorders, multiple sclerosis,
diabetes, atherosclerosis, arthritis, and cardiovascular diseases [4,5]. Deregulation of metal
homeostasis is another component that contributes to illness development, especially
in neurodegenerative diseases, as the accumulation of hazardous redox metals in the
body can result in neuron degeneration, cell damage, loss, and death [6]. Redox-active
metals have been linked to oxidative stress due to the Fenton and Haber–Weiss reactions,
which produce reactive oxygen and nitrogen species, further increasing oxidative stress [7],
which is especially dramatic considering that the brain is the organ with highest oxygen
consumption [8].

Many of the traditionally therapeutic drugs that are currently used in the treatment of
NCDs have severe side-effects as they are used for a broad spectrum of diseases and fre-
quently possess low selectivity, which often leads to damage of healthy cells [9]. Therefore,
the pursuit for new, more natural and targeted therapeutic approaches is constantly increas-
ing, and several novel sources of bioactive compounds have been under investigation, such
as microalgae [10]. Additionally, the use of natural products and/or extracts as sources
of bioactive compounds for functional foods or pharmaceuticals production may help to
reduce the need for synthetic pharmaceutical (e.g., antibiotics and anti-inflammatories),
decreasing antibiotic resistance issues and the environmental contamination of ground and
surface waters due to ineffective removal in wastewater treatment plants [11,12].

Microalgae produce high-value bioactive compounds (e.g., carotenoids, polyunsatu-
rated fatty acids [PUFAs], phenolic compounds, terpenes and sulphated polysaccharides)
with health benefits such as antimicrobial, anti-inflammatory, anti-aging, aggregative, vaso-
constricting, anti-tumoral, hypocholesterolemia, antioxidant, immunosuppressive and
antiviral properties [13,14]. Apart from known bioactive compounds, microalgae biomass,
as an untapped resource, could provide novel bioactive compounds with one-of-a-kind
structural architecture and anti-inflammatory activity, which might be applied in both the
pharmaceutical and food industries [10,15].

Microalgae also have several other characteristics that make them appealing for
biotechnological applications, including high growth rate, ease of cultivation, production
scalability, possibility of genetic manipulation, low maintenance costs, being a relatively
unexploited resource, and the ability to induce the production of target compounds by
changing culture conditions [16,17]. The fact that all the microalgae species used in this
study have been industrially cultivated is a significant advantage as their growth con-
ditions have already been optimized, guaranteeing both the environmental and supply
sustainability of the biomass, which are key features for the development of marine biotech-
nological processes [15]. As these microalgae are already used for other purposes (such
as food, animal feed, and cosmetics) and have the potential for many other uses such as
pharmaceuticals, fertilizers, wastewater treatment, and biofuel production, they can also
be integrated into a circular economy [18].

Microalgae are known to be very resilient and are able to induce a wide range of
defense mechanisms to obtain a competitive edge or boost survival, namely by produc-
ing secondary metabolites with unique structures, which are not found in any terrestrial
species [19,20]. These secondary metabolites act in the human body, with reported an-
tioxidant [21,22], metal chelating [23], anti-cholesterol [24], antimicrobial, immunomod-
ulatory [25], anti-inflammatory [26,27], anti-proliferative [28], and acetylcholinesterase
inhibitory activities [29], among others. This propensity of creating bioactive molecules,
which have potential for the treatment and prevention of various diseases (diabetes, cancer,
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hypertension, neurological diseases, dyslipidemia, cardiovascular diseases, obesity, among
others), has put microalgae in the biotechnological spotlight for applications in a variety of
fields, such as human nutrition, pharmaceutical, and medicinal goods [30].

One of the main fields of investigation concerning microalgae is their huge biolog-
ical potential in disease treatment and prevention, however, there still is a clear need
for more research regarding the already reported compounds and their activity in the
treatment and prevention of various diseases, as well as a continuous search for novel,
unreported metabolites.

The purpose of this study was to assess bioactive properties of different industrially pro-
duced microalgal and to find potential sources of biologically active substances that might assist in
the treatment of different human ailments. The selected species include different genera covering
different classes, namely: Chlorophyceae (Tetraselmis chui, Tetraselmis striata CTP4, Haematococ-
cus pluvialis); Prymnesiophyceae (Tisochrysis lutea); Bacillariophyceae (Phaeodactylum tricornutum,
Skeletonema sp.); Eustigmatophyceae (Nannochloropsis sp.); Porphyridiophyceae (Porphyridium
sp.); and Cyanophyceae (Spirulina), thus ensuring that the extracts produced include a
wide diversity of chemical structures. The results reported here will enhance the current
knowledge on industrially produced microalgae and the identification of small molecules
from microalgal origin with the ability to promote the treatment of inflammation, oxidative
stress, cancer, and neurological diseases and, as such, will help to further improve microal-
gal biotechnology by providing different industrial applications for this biomass using a
circular economy concept.

2. Materials and Methods
2.1. Chemicals and Reagents

Analytical grade chemicals and solvents were employed for extraction, preparation,
fractionation, and derivatization of extracts. A MilliQ® Water Purification System (Ger-
many) was used to obtain ultrapure, Type 1 water. GC analytical grade n-hexane (VWR
International (Leuven, Belgium)) was used for gas chromatography–mass spectrome-
try characterization.

2.2. Algal Biomass

NECTON S.A. (Olhão, Portugal), a firm specializing in the culture and commercial-
ization of microalgae, delivered freeze-dried algal biomass of Porphyridium sp. (POC),
Nannochloropsis sp. (NANNO), Tisochrysis lutea (TIL), Phaeodactylum tricornutum (PHA),
Skeletonema sp. (SKE), Spirulina (SPR), Haematococcus pluvialis (HPL), and Tetraselmis chui
(TCH). Additionally, spray-dried biomass of Tetraselmis striata CTP4 (TCTP4) was provided
by ALLMICROALGAE—Natural Products, S.A. (Pataias, Portugal).

2.3. Preparation of Microalgal Extracts

Microalgae extracts were made using a platform shaker (IKA, VMS-A, Belgium) and
stirred continuously at room temperature (RT) for 16 h with a biomass to solvent (ethanol,
ethyl acetate, or water) ratio of 1:40 (w/v). Extracts were centrifugated (Thermo Scientific™
ST16R TX-400 Centrifuge, Porto Salvo, Portugal) at 700× g for 10 min at RT and the
remaining biomass pellet was extracted twice more using the same solvent and technique.
After combining supernatants filtration (Whatman No. 4) occurred three times and was
followed by filtration with 0.45 µm and 0.2 µm filters. The extracts were firstly dried
under decreased pressure with a rotary evaporator (IKA, RV10 digital, Germany), and total
dryness was attained with a gentle gaseous nitrogen stream flow. The dried extracts were
resuspended in dimethyl sulfoxide (DMSO) at a concentration of 20 mg/mL and stored in
amber glass vials at −20 ◦C.

2.4. Extract Fractionation

Extracts were fractionated using liquid–liquid extraction (LLE) with solvents of in-
creasing polarity (hexane, dichloromethane, ethyl acetate, water), to separate and possibly
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isolate promising compounds responsible for the individual bioactivities. The most promis-
ing crude extracts were diluted in ethanol, placed in a separator funnel, and MilliQ water
was added (1:4, v/v). The mixture was then given 50 mL of hexane, which was gently
mixed and let to settle until the two phases separated, hexane fraction was collected, and
this procedure was repeated twice more for the remaining aqueous layer. The hexane layer
was collected while the aqueous layer was re-extracted twice following the same technique.
Then, and according to the same procedure, dichloromethane and ethyl acetate were in-
troduced. In the end, four fractions were obtained: hexane fraction (H), dichloromethane
fraction (DCM), ethyl acetate fraction (EA) and remaining water-ethanol fraction (W + ET).
The organic fractions were firstly dried under decreased pressure with a rotary evaporator
(IKA, RV10 digital, Germany), and total dryness was attained with a gentle gaseous nitro-
gen stream flow. Freeze-drying was performed on the water-ethanol fraction. All dried
extracts were resuspended in DMSO at a concentration of 20 mg/mL and stored in amber
glass vials at −20 ◦C until analysis.

2.5. Evaluation of Bioactivities
2.5.1. Antioxidant Activity—DPPH Scavenging and Redox Metal Chelation

DPPH assay was carried out according to the method described in Moreno et al.
(2016) [31]. Briefly, extracts (22 µL, at the concentrations of 0.1, 0.5 and 1 mg/mL) and
DPPH solution (200 µL, 120 Mm) were mixed in 96-well microplates and incubated for
30 min in the dark at RT. A microplate reader spectrophotometer was used to determine
absorbance at 515 nm (BioTek 4 Synergy Multi-Detection, Agilent, Santa Clara, CA, USA).
As a positive control, butylated hydroxytoluene (BHT, 0.1 mg/mL) was utilized. IC50 was
determined whenever the DPPH scavenging activity percentage (compared to a blank
containing DMSO) was higher than 50% at a concentration of 1 mg/mL.

The assessment of redox metal (Fe and Cu) chelating activity of the extracts was
conducted by spectrophotometric methods adapted to 96-well plates and expressed as
chelation percentage, relative to DMSO as a blank. To prevent potential interferences
related to the color of the extracts, absorbances were corrected by removing color control
values (assay solvent with extract). Extracts with a percentage of metal chelating activity
greater than 60%, were selected for IC50 (mg/mL) determination.

Copper chelating activity was determined according to the method described by
Ismael et al. (2016) [32] with some modifications. Briefly, 30 µL of extract (1 mg/mL) were
mixed with 164 µL of sodium acetate buffer (50 Mm, Ph 6), 6 µL pyrocatechol violet (4 Mm)
in the above buffer and 100 µL of CuSO4·5H2O (50 µg/mL, w/v in ultrapure water). The
change in color was measured at 632 nm. As a positive control, the synthetic metal chelator
Ethylenediaminetetraacetic acid (EDTA, 0.1 mg/mL) was used.

Iron (II) binding ability was determined by measuring the formation of the Fe2+-
ferrozine complex [32]. Briefly, 200 µL of sodium acetate buffer (Ph 4.9), 30 µL of extract
(1 mg/mL) and 30 µL of FeCl2·4H2O (0.1 mg/mL in ultrapure water) were mixed in 96-well
microplates and incubated for 20 min at RT. Then, 12.5 µL ferrozine (40 Mm) was added
to start the reaction. After 10 min at RT, the absorbance of the solution was measured at
562 nm. EDTA was used as positive control (0.1 mg/mL).

2.5.2. Calcium Chelating Activity

Calcium chelating activity was determined in microtiter plates by the method of
Ismael et al. (2016) [32]. Briefly, 125 µL ultrapure water, 50 µL of extract (0.6 mg/mL), 75 µL
of ammonium chloride buffer (Ph 9.96), 20 µL of o-cresolphthalein complexone (0.47 Mm
in buffer) and 30 µL of Ca2+ standard (0.5 Mm CaCO3) were mixed. The change in color
was measured at 575 nm. As a positive control, Ethylene Glycol Tetraacetic Acid (EGTA,
0.06 mg/mL) was used.
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2.5.3. Anti-Tumoral Activity
Cell Cultivation

Roswell Park Memorial Institute medium culture media was supplemented with
L-glutamine (2 Mm), penicillin (50 U/mL), 10% fetal bovine serum, and streptomycin
(50 µg/mL) to provide best conditions for cultivation of human hepatocellular carcinoma
cell line (HepG2) (ATCC® HB-8065TM) and human monocytic cell line THP-1 (ATCC®

TB-202). S17 cell line (a cell line derived from murine bone marrow non-cancerous cells)
was kindly provided by Dr. Nuno Santos (CBMR, Ualg) and utilized to evaluate selec-
tivity between cancer and non-cancer cells. S17 cells were grown in Dulbecco’s Modified
Eagle, supplemented as described above. All lines were incubated in a dynamic cli-
mate chamber (Binder, Tuttlingen, Germany) set on proving an humidified atmosphere
at 37 ◦C and 5.0% CO2.

In Vitro Cytotoxic Activity

A trypsin/EDTA solution (1 mL) was added to the cell suspension for plating adherent
cells (HepG2 and S-17) and incubated according to previously mentioned conditions. To
assess for cytotoxic activity, seeded cells were incubated with the extracts or fractions at
doses varying from 3.9 to 125 µg/mL for 48 h under the conditions described above.

Cell viability after 48 h of extract incubation was assessed by the MTT (3-(4,5-dimethyl
thiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay. Two hours before the end of the
incubation period, 20 µL of MTT (5 mg/mL in PBS) was added to each well and further
incubated for 2 h. After incubation, the purple formazan crystals (produced from cleavage
of MTT by mitochondrial dehydrogenase) were dissolved in DMSO. Absorbance was
measured at 590 nm (Biotech 4 Multi-Detection, USA). As a positive control, cells were
treated with a chemotherapeutic drug (etoposide), at the same concentrations as the extracts.
The assay was also performed on DMSO (0.6% (v/v)), to assess a possible cell viability
reduction due to the solvent. Results were expressed in terms of cell viability percentage
and half maximal inhibitory concentration values (IC50–in µg/mL). Selectivity index was
determined by dividing the cell viability of non-tumoral cells (S17) by the viability of
tumoral cells (HepG2 or THP-1) after being exposed to the same concentration of extracts
or fractions.

2.5.4. Anti-Inflammatory Activity
Cell Viability Assessment

Complete Roswell Park Memorial Institute medium with phorbol 12-myristate
13-acetate (25 ng/mL, Sigma-Aldrich, Merck KgaA, Darmstadt, Germany) was used for
48 h to differentiate THP-1 cells into macrophages (Mac THP-1). After 48 h of pre-treatment
with extracts/fractions, cell viability was determined using the Cell Titer 96® Aqueous
Non-Radioactive Cell Pro-liferation Assay (Promega Corporation, Madison, WI, USA),
according to the manufacturer’s instructions. Untreated Mac THP-1 cells were considered
as having 100% cell viability and used to compare and calculate cell viability of treated
cells. The vehicle DMSO (0.5%) was also tested.

Inflammatory Assays

For the anti-inflammatory assays, Mac THP-1 cells were pretreated with extracts
and fractions (10, 20 and 50 µg/mL), and with the positive anti-inflammatory compound
dexamethasone (DXM, 2 Mm) for 24 h, followed by stimulation with lipopolysaccharide
(LPS, 100 ng/mL) for additional 24 h, as described in [33,34]. Cell culture media were
collected, centrifuged at 16,000× g for 20 min at 4 ◦C, and the supernatants stored at
−20 ◦C for further analysis. TNF-α quantification was determined by a sandwich ELISA
kit (Peprotech, Cranbury, NJ, USA) following the manufacture’s protocols. The percentage
of TNF- α inhibition was evaluated in relation to the positive control, LPS.
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2.6. Chemical Characterization

Chemical characterization of selected extract fractions was performed by GC-MS using
an Agilent GC (6890 Series)—quadrupole MS system (5973), equipped with a fused silica
capillary column (30 m × 0.25 mm × 0.25 µm, coated with DB-5), with the EI operating
at 70 Ev. Injector and detector temperatures were set at 250 ◦C. The oven temperature
program was 40 ◦C for 1 min, 40–240 ◦C at 3 ◦C/min and helium was employed as
carrier gas (1 mL/min). Prior to GC/MS analysis, the dried fractions were treated with a
methanol/acetyl chloride (20:1, v/v) derivatization solution. Compound identification was
performed by comparing mass spectra with those contained in the National Institute of
Standards and Technology library, applying a match quality of above 700.

2.7. Statistical Analysis

Unless otherwise noted, results are reported as average ± standard deviation, and all
experiments were completed in at least three independent experiments and in triplicate
at least. Analysis of variance (ANOVA) was used to determine significant differences
using GraphPad Prism v. 6.0. (GraphPad Software, Inc., San Diego, CA, USA). To assess
differences of means between groups, Tukey’s multiple comparisons test was used. Differ-
ences were considered as significant when p < 0.05. In anti-inflammatory assays, two-way
ANOVA and multiple comparisons were attained with the Dunnett’s test.

3. Results and Discussion
3.1. Evaluation of Bioactivities of Microalgal Extracts
3.1.1. Antioxidant Activity
DPPH Scavenging

Antioxidant activity was evaluated using the DPPH assay, which measures the ability
of microalgal extracts to scavenge free radicals. From the twenty-two extracts tested, only
the ethanol extracts from all species, as well as the water extract from Porphyridium sp.
(POC) and the ethyl acetate extracts from Nannochloropsis sp. (NANNO), Phaeodacty-
lum tricornutum (PHA) and Skeletonema sp. (SKE) had scavenging activity over 50% at
0.1 mg/mL (Table 1). The IC50 of these extracts varied between 0.408 and 1.66 mg/mL
(Table 1), and the most antioxidant extracts were Phaeodactylum tricornutum ethyl acetate
extract (PHA EA), Skeletonema sp. ethanol extract (SKE ET), Skeletonema sp. ethyl acetate
extract (SKE EA) and Haematococcus pluvialis ethanol extract (HPL ET).

As ethyl acetate is more effective in extracting non-polar compounds (such as carotenoid,
pigments, polyphenols, and fatty acids) this may indicate that these compounds contribute
significantly to the antioxidant activity of the studied microalgae [35]. Ethanol is very
efficient in the extraction of polyphenols, although it is also able to extract some non-polar
compounds as fatty acids, which are present in microalgae species and are believed to
be responsible for at least some of the antioxidant activity [36,37]. Water is particularly
effective in extracting polar compounds such as phenolic compounds and polysaccharides.
Nonpolar molecules (such as PUFAs, which have known antioxidant properties) are not
extracted, which can decrease the antioxidant activity of these extracts in comparison to
other more nonpolar solvents [38]. It is reported that Porphyridium cruentum is rich in a
variety of compounds, which have known antioxidant activity such as exopolysaccharides
(which are thought to make up about 50% of the total biomass of this microalgae), pigments
(especially phycoerythrin), lipids and polyunsaturated fatty acids, which may explain why
Porphyridium sp. presented high antioxidant activity in both water and ethanol extracts
in this study [25]. Results for Haematococcus pluvialis, P. tricornutum and Skeletonema sp.
are similar to those from Neumann et al. [28] and Foo et al. [39], where astaxanthin and
fucoxanthin, are believed to be mainly responsible for the antioxidant activity. Similarly,
Nannochloropsis sp. was reported as being a promising source of antioxidant compounds
due to its high content of polyunsaturated fatty acids and pigments [26]. Our results suggest
that some of the studied extracts could be a dietary source of antioxidants, representing a
promising path for prevention or treatment of oxidative stress-related diseases.
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Table 1. DPPH radical scavenging activity (IC50: mg/mL) of water (W), ethanol (ET) and ethyl
acetate (EA) extracts of different microalgae species at 1 mg/mL.

Microalga/Positive Control Extract DPPH Scavenging Activity (%) IC50 (mg/mL)

Porphyridium sp. (POC)
W 87.5 ± 10.0 0.535 ± 0.001 d

ET 59.1 ± 1.0 0.566 ± 0.001 d

EA 105 ± 3 0.524 ± 0.001 d

Nannochloropsis sp. (NANNO)
W 51.0 ± 5.2 n.d.
ET 80.3 ± 2.3 0.539 ± 0.030 d

EA 81.7 ± 2.2 0.990 ± 0.024 b

Tetraselmis striata CTP4 (TCTP4)
W 23.2 ± 3.7 n.d.
ET 58.1 ± 1.5 1.17 ± 0.01 a

EA 37.8 ± 3.2 n.d.

Tisochrysis lutea (TIL)
W 42.2 ± 3.3 n.d.
ET 41.6 ± 0.2 n.d.
EA 97.8 ± 2.1 0.794 ± 0.001 c

Phaeodactylum tricornutum
(PHA)

W 26.8 ± 2.2 n.d.
ET 61.8 ± 1.3 0.575 ± 0.004 d

EA 94.9 ± 3.3 0.452 ± 0.002 d

Skeletonema sp. (SKE)
W 24.1 ± 3.1 n.d.
ET 71.1 ± 1.2 0.478 ± 0.054 d

EA 73.3 ± 7.25 0.447 ± 0.060 d

Spirulina
(SPR) ET 71.5 ± 0.3 0.923 ± 0.001 b

Tetraselmis chui (TCH) ET 66.8 ± 1.0 1.14 ± 0.01 a

Haematococcus pluvialis (HPL) ET 103 ± 58 0.408 ± 0.007 d

BHT * - 94.1 ± 2.8 n.d.

* Positive control, BHT, 0.1 mg/mL. n.d. = not determined. N = 3. Presented values are mean with standard
deviation. Extracts labelled with different superscript letters are significantly different (p < 0.05).

Redox-Metal Chelation

The redox-metal chelation activity of the crude ethanol, ethyl acetate and water extracts
from the nine microalgal species was firstly assessed at a concentration of 0.1 mg/mL,
and the IC50 was only determined for those extracts able to chelate at least 60% of the
existing copper and iron in solution (Table 2). The extracts with the lowest IC50 values for
copper chelating activity were POC ET (0.144 mg/mL), TIL W (0.184 mg/mL) and SKE ET
(0.195 mg/mL). The extracts where iron chelating activity was highest (>50% chelation)
and whose IC50 was determined were: TCTP4 W (0.385 mg/mL), TIL W (0.403 mg/mL),
NANNO W (0.279 mg/mL), POC W (0.508 mg/mL), TIL ET (0.207 mg/mL) and POC ET
(0.0854 mg/mL).

Fractionation was performed on the extracts with the lowest IC50 values for copper
and iron chelation assays. The ethanol extracts of Porphyridium sp. and Skeletonema sp.
yielded three fractions (hexane, dichloromethane, and ethyl acetate). As a new extract had
to be prepared for the fractionation, this was also analyzed (Table 3).
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Table 2. Redox-metal chelating activity (CA) for copper (Cu2+) and iron (Fe2+) of water (W), ethanol
(ET) and ethyl acetate (EA) extracts of different microalgae species tested at 1 mg/mL (%) and IC50

(mg/mL) of the most active extracts.

Microalga Extract % Cu2+ CA
IC50 (mg/mL) for

Cu2+CA % Fe2+ CA
IC50 (mg/mL) for

Fe2+CA

Porphyridium sp.
(POC)

W 52.5 ± 3.1 n.d. 34.7 ± 0.2 n.d.
ET 62.5 ± 0.3 0.144 ± 0.004 a 71.7 ± 0.1 0.0854 ± 0.0140 a

EA 82.4 ± 2.0 0.337 ± 0.013 c 47.6 ± 0.5 n.d.

Nannochloropsis sp.
(NANNO)

W 72.0 ± 0.3 0.621 ± 0.018 e 83.2 ± 0.1 0.279 ± 0.014 c

ET 43.5 ± 0.6 n.d. 19.7 ± 0.5 n.d.
EA 3.6 ± 0.40 n.d. 4.03 ± 0.1 n.d.

Tetraselmis striata
CTP4 (TCTP4)

W 31.6 ± 0.7 n.d. 96.6 ± 0.7 a 0.385 ± 0.003 d

ET 54.4 ± 6.5 n.d. 3.23 ± 0.15 n.d.
EA 39.0 ± 5.6 n.d. 33.2 ± 0.4 n.d.

Tisochrysis lutea
(TIL)

W 72.6 ± 0.4 0.184 ± 0.003 a 79.0 ± 1.9 0.403 ± 0.013 d

ET 85.5 ± 0.1 0.228 ± 0.008 b 75.0 ± 0.1 0.207 ± 0.006 b

EA 67.8 ± 0.5 0.297 ± 0.009 c 42.7 ± 1.0 n.d.

Phaeodactylum
tricornutum

(PHA)

W 62.8 ± 1.5 n.d. 75.2 ± 0.9 0.508 ± 0.005 e

ET 74.4 ± 0.6 0.358 ± 0.008 c 58.8 ± 1.4 n.d.
EA 65.0 ± 0.9 0.737 ± 0.025 f 11.8 ± 0.1 n.d.

Skeletonema sp.
(SKE)

W 74.0 ± 0.5 0.434 ± 0.012 d 63.8 ± 0.9 n.d.
ET 87.1 ± 0.1 0.195 ± 0.007 a 53.4 ± 0.1 n.d.
EA 76.3 ±0.1 0.487 ± 0.030 d 42.4 ± 0.6 n.d.

Spirulina (SPR)
W 74.0 ± 0.5 n.d. 1.71 ± 0.21 n.d.
ET 60.0 ± 1.7 n.d. 6.04 ± 0.62 n.d.
EA 52.3 ± 0.1 n.d. 4.46 ± 0.27 n.d.

Tetraselmis chui
(TCH)

W 19.8 ± 4.8 n.d. 4.90 ± 0.23 n.d.
ET 54.4 ± 6.5 n.d. 16.6 ± 0.7 n.d.
EA 39.0 ± 5.6 n.d. 15.8 ± 0.3 n.d.

Haematococcus
pluvialis (HPL)

W 20.3 ± 0.3 n.d. 1.90 ± 1.20 n.d.
ET 51.9 ± 0.2 n.d. 6.60 ± 0.73 n.d.
EA 59.5 ± 0.1 n.d. 4.71 ± 0.48 n.d.

EDTA * - 91.0 ± 0.3 n.d. 96.1 ± 0.2 n.d.

* Positive control, EDTA, 0.1 mg/mL. n.d. = not determined. Presented values are mean with standard deviation
and extracts with different superscript letters are significantly different from each other (p < 0.05). n = 3.

The IC50 values of both freshly prepared extracts were slightly higher than the ones
used in the first screening, possibly due to differences in microalgal biomass batches.
Nonetheless, fractionation led to an enrichment of the active compound(s) in the obtained
fractions as these presented lower IC50 than the crude extract, especially the hexane frac-
tions. This suggests that the compounds with metal-chelating capacity are from the same
polarity family since non-polar solvents tend to extract non-polar compounds due to their
mutual solubility. Hexane is known to have higher recovery of cellular non-polar com-
pounds such as terpenes, including neutral lipids, essential oils, and alkanes [40]. Both
Porphyridium sp. [41] and Skeletonema sp. [42] are reported to produce significant amounts
of long-chain polyunsaturated fatty acids (with special focus on eicosapentaenoic acid and
arachidonic acid), fluorescent phycobiliproteins, carotenoids (zeaxanthin, tocopherol, fucox-
anthin, etc) and vitamins during their metabolic processes, which are believed to be at least
partially responsible for the microalgal metal chelating activity. Exopolysaccharides also ap-
pear to play a role in metal chelating of these species, although probably not being present
in the hexane fraction due to their polar nature [43]. Currently both Porphyridium sp. [44]
and Skeletonema sp. [45] are acknowledged as Generally Recognized as Safe by the Food and
Drug Administration and are also being investigated as bioremediation agents of heavy
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metals (copper, cadmium, iron, among others), due to their affinity towards metal ions.
Although metals are vital for the normal functioning of the human body, an imbalance
of metals in the biological matrix is known to generate free radicals through the Fenton
and Haber–Weiss reactions and are often implicated in neurodegenerative diseases [6,46].
Chelation mainly occurs when a ligand (e.g., cyclic peptides, ionophores, siderophores,
phytochelatins, flavonoids) has at least two donor groups, which link to a central metal
atom/ion through an acyclic or ring-like coordination bond and form stable complexes [47].
The chelation ability of compounds is influenced by their structure, functional groups,
conjugated double bonds, electron donor groups and/or acceptor sites [48]. Therefore, our
findings suggest that hexane fractions from both Porphyridium sp. and Skeletonema sp. may
be sources of metal chelating compounds, which could play a significant role in antioxidant
and neuroprotective mechanisms.

Table 3. Redox-metal chelating activity (CA) for copper (Cu2+) and iron (Fe2+) of hexane (H),
dichloromethane (DCM) and ethyl acetate (EA) fractions of ethanol extracts from Porphyridium sp.
and Skeletonema sp. tested at 1 mg/mL (%) and IC50 (mg/mL).

Microalgal Extract Fractionating
Solvent % Cu2+ CA

IC50 (mg/mL) for
Cu2+CA % Fe2+ CA

IC50 (mg/mL) for
Fe2+CA

Porphyridium sp.
(POC ET) Crude ET extract 74.1 ± 0.6 0.272 ± 0.010 b 77.4 ± 0.1 0.047 ± 0.002 a

H 81.2 ± 0.1 0.046 ± 0.004 a 85.2 ± 0.3 0.026 ± 0.001 a

DCM 61.1 ± 1.1 0.648 ± 0.043 c 61.1 ± 1.0 n.d.

EA 46.6 ± 1.2 0.912 ± 0.023 d 46.6 ± 1.2 0.384 ± 0.019 c

Skeletonema sp.
(SKE ET) Crude ET extract 83.4 ± 0.4 0.240 ±0.010 b 83.5 ± 1.6 0.055 ± 0.002 a

H 92.6 ± 0.3 0.036 ± 0.001 a 97.9 ± 0.3 0.024 ± 0.001 a

DCM 61.4 ± 0.1 0.725 ± 0.038 c 61.4 ± 0.1 0.386 ± 0.015 c

EA 51.0 ± 0.1 0.917 ± 0.056 d 51.0 ± 0.1 0.246 ± 0.018 b

n.d. = not determined. Presented values are mean with standard deviation and extracts with different superscript
letters are significantly different from each other (p < 0.05). n = 3.

3.1.2. Calcium Chelating Activity

Similar to the results from redox-metal chelation assays, in the calcium chelating assay
the extracts with highest chelating capacity were POC ET (IC50 = 0.0519 mg/mL) and SKE
ET (IC50 = 0.0638 mg/mL), followed by EA extracts of the same species with 0.150 mg/mL
and 0.0906 mg/mL, respectively (Table 4).

Fractionation was performed on POC ET and SKE ET extracts, based on their low
IC50 values (Table 5). As new extract had to be prepared for the fractionation, this was
also analyzed.

The IC50 values of the freshly prepared extracts were higher than the ones obtained in
the initial screening, and this may be due to differences in the industrially grown microalgal
biomass composition. The hexane fractions of ethanol extracts from Porphyridium sp. and
Skeletonema sp. presented the highest chelating activity of calcium when compared to the
other fractions and crude extract. This means that chelating compounds were concentrated
in the hexane fractions, suggesting that the compounds with calcium-chelating capacity
are from the same polarity family, since non-polar solvents tend to extract non-polar
compounds (such as fatty acids, carotenoids, and sterols, among others). It has been
reported that compounds with amino, carboxyl, and phosphoric groups may be responsible
for the calcium-binding activity of compounds due to simultaneously providing an atom
with a non-bonding free electron pair (nitrogen, oxygen or phosphorus) and a suitable
binding site [49]. Our findings suggest that both hexane fractions may be sources of calcium
chelating compounds, and could play a significant role in neuroprotective mechanisms as
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evidence suggests that an intracellular calcium overload is linked to the neurobiology of
neurodegenerative diseases (NDs) like Alzheimer’s [50,51]. Therefore, extracts/compounds
with calcium-chelating capacity may assist in rebalancing calcium overload and reestablish
calcium homeostasis, therefore providing a neuroprotective effect [50].

Table 4. Calcium chelating activity (Ca2+ CA) of water (W), ethanol (ET) and ethyl acetate (EA) extracts
of different microalgae species tested at 0.6 mg/mL (%) and IC50 (mg/mL) of the most active extracts.

Microalga Extract % Ca2+ CA IC50 (mg/mL) for Ca2+ CA

Porphyridium sp.
(POC)

W 28.6 ± 0.01 n.d.
ET 75.8 ± 0.08 0.0519 ± 0.0019 a

EA 67.3 ± 1.30 0.150 ± 0.004 c

Nannochloropsis sp. (NANNO)
W 13.2 ± 1.48 n.d.
ET 15.5 ± 0.59 n.d.
EA 7.98 ± 0.15 n.d.

Tetraselmis striata CTP4
(TCTP4)

W 58.6 ± 1.50 n.d.
ET 54.7 ± 1.07 n.d.
EA 12.3 ± 0.26 n.d.

Tisochrysis lutea
(TIL)

W 6.67 ± 0.46 n.d.
ET 52.8 ± 0.63 n.d.
EA 38.0 ± 0.12 n.d.

Phaeodactylum tricornutum
(PHA)

W 47.4 ± 0.49 n.d.
ET 35.2 ± 0.97 n.d.
EA 48.1 ± 0.50 n.d.

Skeletonema sp.
(SKE)

W 24.3 ± 0.75 n.d.
ET 87.8 ± 1.66 0.0638 ± 0.0038 a

EA 86.7 ± 1.58 0.0906 ± 0.0001 b

Spirulina
(SPR)

W 7.12 ± 0.30 n.d.
ET 48.8 ± 0.37 n.d.
EA 19.4 ± 0.30 n.d.

Tetraselmis chui
(TCH)

W 23.1 ± 1.98 n.d.
ET 48.9 ± 0.44 n.d.
EA 57.0 ± 1.98 n.d.

Haematococcus pluvialis
(HPL)

W 8.12 ± 0.76 n.d.
ET 0.70 ± 0.12 n.d.
EA 2.40 ± 0.76 n.d.

EGTA * - 85.9 ± 0.42 n.d.

* Positive control, EGTA, 0.06 mg/mL. Presented values are mean with standard deviation and extracts with
different superscript letters (a, b, c, d) are significantly different from each other (p < 0.05). ET = Ethanol;
H = Hexane; DCM = dichloromethane; EA = ethyl acetate. n = 3.

3.1.3. Anti-Tumoral Activity

Cytotoxicity activity against HepG2 and S17 cell lines was performed only for the
EA from Phaeodactylum tricornutum, Porphyridium sp., Skeletonema sp., Nannochloropsis
sp., Tetraselmis striata CTP4 and Tisochrysis lutea as it was previously found that non-
polar extracts are generally richer in cytotoxic compounds [52]. Additionally, the ethanol
extracts of PHA and TIL were tested (Table 6). Best results were obtained at the highest
concentration tested (125 µg/mL) at which extracts from PHA, TIL, SKE and POC were able
to decrease cell viability of HepG2 down to 6.44%, 4.92%, 4.88% and 14.2%, respectively.
Extracts from NANNO and TCTP4 did not significantly affect HepG2 cell viability.
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Table 5. Calcium chelating activity (Ca2+ CA) of hexane (H), dichloromethane (DCM) and ethyl ac-
etate (EA) fractions of ethanol extracts from Porphyridium sp. and Skeletonema sp. tested at 0.6 mg/mL
(%) and IC50 (mg/mL).

Microalgal Extract Fractionating
Solvent % Ca2+ CA

IC50 (mg/mL) for
Ca2+ CA

Porphyridium sp.
(POC ET)

Crude ET extract 80.0 ± 0.3 0.0663 ± 0.0050 b

H 95.4 ± 0.1 0.0281 ± 0.0001 a

DCM 52.5 ± 0.1 0.277 ± 0.016 d

EA 62.5 ± 0.1 0.189 ± 0.069 c

Skeletonema sp.
(SKE ET)

Crude ET extract 88.6 ± 0.7 0.0850 ± 0.0030 b

H 97.1 ± 0.1 0.0113 ± 0.0001 a

DCM 80.0 ± 0.5 0.104 ± 0.003 b

EA 81.5 ± 0.9 0.0844 ± 0.0025 b

Presented values are mean with standard deviation and extracts with different superscript letters are significantly
different from each other (p < 0.05). ET = Ethanol; H = Hexane; DCM = dichloromethane; EA = ethyl acetate. n = 3.

Table 6. In vitro cytotoxicity activity (IC50: µg/mL) and Selectivity Index of ethanol and ethyl
acetate extracts from Phaeodactylum tricornutum, Porphyridium sp., Skeletonema sp., Nannochloropsis
sp., Tetraselmis striata CTP4 and Tisochrysis lutea, and fractions of ethanol extract from Phaeodactylum
tricornutum on HepG2 and S17 cell lines.

Cell Line Selectivity Index

Microalgae Extract HepG2 S17 THP-1 HepG2 vs. S17 THP1 vs. S17

Phaeodactylum
tricornutum

(PHA)
EA 34.6 ± 3.5 a 107 ± 7.0 c n.d. 3.09 ± 0.12 b n.d.

Porphyridium sp.
(POC) EA 42.3 ± 2.7 b >125 c n.d. >2.7 a n.d.

Tisochrysis lutea
(TIL) EA 44.7 ± 3.1 b 79.2 ± 2.7 b n.d. 1.77 ± 0.09 c n.d.

Skeletonema sp.
(SKE) EA 37.2 ± 3.6 a 34.8 ± 5.4 a n.d. n.s n.d.

Nannochloropsis
sp.

(NANNO)
EA >125 a >125 c n.d. n.s n.d.

Tetraselmis
striata CTP4

(TCTP4)
EA >125 a >125 c n.d. n.s n.d.

Phaeodactylum
tricornutum

(PHA)
ET 19.4 ± 2.2 c 85.6 ± 4.4 c 102.0 ± 7.00 4.40 ± 0.15 a 0.844 ± 0.072 a

Tisochrysis lutea
(TIL) ET 67.8 ± 2.6 a 104 ± 4.0 b n.d. 1.53 ± 0.08 c n.d.

Etoposide - 29.0 ± 3.2 c 45.4 ± 0.5 a 0.924 ± 0.241 1.56 ± 0.11 c 49.4 ± 1.2 b

Results are expressed as mean ± SD (n = 3). Different superscript letters within each column represent significant
differences (p < 0.05) between the species and the positive control (etoposide). EA = ethyl acetate; ET = ethanol;
H = hexane; DCM = Dichloromethane; EA = ethyl acetate; W + ET = water + ethanol; n.d. = not determined;
n.s = non-selective (Selectivity Index equal or less than one).

Given the low selectivity observed for the promising cytotoxic ethyl acetate extracts
of PHA and TIL, the ethanol extracts were also tested (Table 6) [30]. The ethanolic extract
of Phaeodactylum tricornutum (PHA ET) displayed higher toxicity and selectivity than the
ethyl acetate extract, however, the result was not the same for TIL.
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As the ethanol extract of Phaeodactylum tricornutum had the highest selectivity towards
HepG2 cells, which are known to be resistant to most anticancer drugs [53], this extract
was used in the cytotoxicity assessment towards the THP-1 cell line. However, this ex-
tract was also neither toxic nor selective between THP-1 and S17 cells. Contrary to our
expectations [54], this extract displayed more cytotoxic effects towards S17 cell line than
the tumorous THP-1 cell line (Selectivity Index = 0.844), having no anticancer activity
for THP-1 cells. As a comparison, etoposide had a SI of 49.4 ± 1.20, which is according
to reported data [55,56]. However, more research with other non-tumoral non-adherent
cell lines is needed, as we only compared THP-1 cells to an adherent cell line (S17), and
adherent and non-adherent cells are likely to have distinct responses. The healthy control
cell line employed in the study was generated from murine bone marrow; as drug reactions
might differ slightly between human and murine cell cultures, additional healthy controls
produced from humans should be added in the subsequent research.

The MTT in vitro cytotoxicity test was used to assess the toxicity of the microalgal
crude extracts and their fractions on HepG2, THP-1 and S17 cell line. A promising novel
anticancer therapy should not only have a high cytotoxicity towards cancerous cells but
also have a high selectively towards killing cancer cells while not harming normal healthy
cells [57]. Low selectivity is a characteristic of most traditionally used broad-spectrum
cytotoxic drugs, which lead to significant toxicity and undesired side effects [58]. Therefore,
only the extract with significantly higher selectivity values and lower IC50 as etoposide
(a widely used chemotherapeutic) for HepG2 cells (1.56 ± 0.11 and 29.0 ± 3.2 µg/mL,
respectively) was considered promising—ethanol extract from Phaeodactylum tricornutum
(SI = 4.40 ± 0.15 and IC50 = 19.4 ± 2.2 µg/mL)—and investigated further after fractionation
(Table 7). These promising findings were confirmed by the microscopic evaluation of the
cells, which were pre-incubated with P. tricornutum ethanol extract and its dichloromethane
fraction (125 µg/mL) and the control cells (HepG2, THP-1 and S17, which did not undergo
any treatment), where a decrease in number and size of the cells was visible. In the case of
HepG2 cells, a detachment from the surface of the wells was also observable.

Table 7. In vitro cytotoxicity activity (IC50: µg/mL) and Selectivity Index of fractions from ethanol
extract from Phaeodactylum tricornutum, on HepG2 and S17 cell lines.

Microalgal
Extract

Fractioning
Solvent HepG2 S17 THP-1 HepG2 vs. S17 THP1 vs. S17

Phaeodactylum
tricornutum
(PHA ET)

Crude ET
extract 39.8 ± 4.3 b >125 b >125 d >3.14 b n.s

H >125 a >125 b >125 d n.s n.s
DCM 27.5 ± 1.6 c >125 b 22.3 ± 1.8 c >4.54 a >5.60 b

EA 84.2 ± 3.7 a >125 b 81.9 ± 2.0 b 1.48 ± 0.13 c 1.53 ± 0.15 a

W + ET >125 a >125 b >125 d n.s n.s

Etoposide 29.0 ± 3.2 c 45.4 ± 0.5 a 0.924 ± 0.241 a 1.56 ± 0.11 c 49.4 ± 1.2 c

Results are expressed as mean ± SD (n = 3). Different superscript letters within each column represent significant
differences (p < 0.05) between the fractions and the positive control (etoposide). EA = ethyl acetate; ET = ethanol;
H = hexane; DCM = Dichloromethane; EA = ethyl acetate; W + ET = water + ethanol; n.d. = not determined;
n.s = non-selective (Selectivity Index equal or less than one).

Prior to fractionation, a new crude ethanol extract of P. tricornutum was freshly pre-
pared from dry biomass and its cytotoxicity against all three cell lines was re-tested. Sur-
prisingly, the IC50 values for all cell lines were higher in the freshly prepared extract than
the values reported in the initial screening. This discrepancy of activity between the extracts
could be explained by the origin of the biomass, which is grown in an industrial setting
for other applications (e.g., aquaculture feed, cosmetic industry) and where it is standard
practice to perform constant optimization of culture conditions (e.g., light, temperature,
nutrient availability, salinity) [59–62] to enhance productivity. This leads to fluctuation in
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the composition of biomass in between batches, including in the amount of the compounds
responsible for the bioactivity (e.g., cytotoxic capacity).

The fresh ethanol crude PHA extract displayed better selectivity for tumorous cells
(THP-1 and HepG2) than for non-tumoral S17 cells when compared to its hexane and
aqueous fractions. The ethyl acetate fraction displayed better results than crude extract for
the cytotoxicity of THP-1 but not for HepG2. The dichloromethane (DCM) fraction prepared
from PHA ET showed promising results in terms of cytotoxicity and selectivity index for all
cell lines, with better values than etoposide in the HepG2 cell line (of Table 7). Microscopic
examination confirmed that both PHA ET and its DCM fraction decreased the number and
size of cancerous cells, while the untreated cells maintained their original morphology.

These findings may suggest that the tested extracts/fractions could have some sort
of apoptogenic effect, which is consistent with outcomes of other studies [63] where it is
believed to be linked to the high content of PUFAs (specifically EPA) [64] and carotenoids
(mainly fucoxanthin) [28], as these compounds have reported anti-inflammatory, antioxi-
dant and anti-proliferative effects on different cell lines (including HepG2) [65,66]. These
compounds may even have synergistic effects, further increasing the microalgae’s ex-
tract anti-tumorous effect [67]. Dichloromethane is a solvent of intermediate polarity and
high volatility, which is helpful in the extraction of both polar and non-polar compounds
like pigments, hydrophilic polar lipids and fatty acids such as PUFAs [68,69]. The DCM
fraction did show significantly better cell toxicity values for both cancerous cell lines
(IC50 = 22.3 ± 1.8 µg/mL and 27.5 ± 1.6 µg/mL for THP-1 and HepG2, respectively) and
higher (>4.54 for HepG2, >5.60 for THP-1 cells) selectivity than the crude extract, however,
it was not as good as etoposide, which displayed better results for THP-1 cell line (selec-
tivity index = 1.56 ± 0.1 and IC50 = 0.924 ± 0.241 µg/mL). These findings suggest that
this fraction has more cytotoxic potential for adherent cells (such as HepG2 and S17) than
suspension cell lines as THP-1. To confirm this hypothesis, in vitro studies with more cell
lines (both adherent and suspension) should be performed.

Despite these results, P. tricornutum ethanol extract and its dichloromethane fraction
can still be considered promising candidates for an anti-cancer therapy due its prophylactic
anti-tumorous activity on HepG2 cells, especially when considering that the tested extracts
are a mixture of compounds, which reduces possible overall bioactivity.

3.1.4. Anti-Inflammatory Activity

Cell viability of the POC W, NANNO W, NANNO ET, TCTP4 ET and TCH ET extracts
at 10, 50 and 100 µg/mL was tested in Mac THP-1 cells. All ethanol extracts revealed not
to have a cytotoxic effect on Mac THP-1 cells, as cell viability remained over 80%. The
NANNO and POC water extracts showed a reduction in cell viability to 60% at concentra-
tions over 50 µg/mL (Figure 1A). Considering these results, the anti-inflammatory assays
were performed with 10, 20 and 50 µg/mL for all extracts. DMSO was shown not to affect
cell viability (data not shown). A clear downregulation of the TNF-α production occurred
in the LPS-stimulated Mac THP-1 cells pretreated with TCTP4 ET and TCH ET extracts at all
concentrations tested (p < 0.001) (Figure 1B). Pretreatments with NANNO ET and POC W ex-
tracts showed significant TNF-α downregulation at concentrations of 50 µg/mL (p < 0.01)
and 10 µg/mL (p < 0.001), and 50 µg/mL (p < 0.01), respectively (Figure 1B), whereas
NANNO W extract showed no significant decrease in TNF-α production (Figure 1B). Since
the TCTP4 ET extract showed a dose-dependent decrease in TNF-α production, presenting
the highest percentage of TNF- α inhibition of 83.0 ± 9.4% at 50 µg/mL, an effect even
higher than the positive anti-inflammation control dexamethasone (DXM) (57.0 ± 8.6%)
(p < 0.001), this extract was selected for further fractionation. The resulting four fractions
(hexane, dichloromethane, ethyl acetate and water/ethanol) of the TCTP4 ET extract were
evaluated for cell viability (Figure 2A) and anti-inflammatory activity (Figure 2B) in Mac
THP-1 cells. Cell viability was shown to be above 90% for all fractions at all concentrations
tested (10, 20, and 50 µg/mL) (Figure 2A). The hexane (H) and dichloromethane (DCM)
fractions displayed high TNF-α inhibition in Mac THP-1 cells, with both fractions pre-
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senting similar TNF-α levels as the control non-stimulated cells and showing even higher
TNF-α inhibition than dexamethasone (DXM), at all concentrations tested (Figure 2B).
These results clearly indicate a strong and promising anti-inflammatory potential of hexane
and dichloromethane fractions of the TCTP4 ET extract in LPS-stimulated Mac THP-1 cells.
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Figure 1. (A) Cell Viability (%) of macrophage-differentiated THP-1 (Mac THP-1) cells after in-
cubation with Porphyridium sp. water (POC W), Nannochloropsis sp. water (NANNO W) and
ethanol (NANNO ET), Tetraselmis striata CTP4 ethanol (TCTP4 ET) and Tetraselmis chui ethanol
(TCH ET) microalgal crude extracts at 10, 50 and 100 µg/mL for 48 h, assessed through the MTS assay.
(B) Anti-inflammatory activity of the microalgal crude extracts defined in panel (A), in LPS-stimulated
Mac THP-1 cells. Evaluation of the inflammatory marker TNF-α was performed by ELISA in the cell
culture media of Mac THP-1 cells treated for 24 h with the microalgae crude extracts at 10, 20 and
50 µg/mL, and then stimulated with LPS (100 ng/mL) for a further 24 h. Dexamethasone (DXM)
(2 µM) was used as a positive anti-inflammatory control and non-stimulated cells (CTR) as controls
to LPS stimulation (LPS). Data are representative of three independent experiments, and presented as
mean ± SD. Two-way Anova and multiple comparisons were achieved with the Dunnett’s test and
presented relatively to the control untreated cells in (A), and LPS-stimulated cells in (B). Statistical
significance was defined as p ≤ 0.05 (*), p ≤ 0.01 (**), and p ≤ 0.001 (***).

Water extracts presented no significant anti-inflammatory activity, possibly due to
the extracted compounds being mainly polar and ionic and therefore presenting low anti-
inflammatory effect (besides polysaccharides) [70].

The high TNF α inhibitory effect obtained for the hexane and dichloromethane frac-
tions of the TCTP4 ET extract may be related to the presence of compounds with anti-
inflammatory activity, such as phenolic compounds, pigments, and non-polar lipids, which
are commonly extracted with hexane and DCM and have reported anti-inflammatory
activity [13].
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The high TNF α inhibitory effect obtained for the hexane and dichloromethane frac-
tions of the TCTP4 ET extract may be related to the presence of compounds with anti-
inflammatory activity, such as phenolic compounds, pigments, and non-polar lipids, 
which are commonly extracted with hexane and DCM and have reported anti-inflamma-
tory activity [13]. 

3.2. Chemical Characterization of Promising Microalgal Extracts’ Fractions 
The most active fractions at each bioactive assay (hexane fractions of POC ET and 

SKE ET due to neuroprotective activity; dichloromethane fraction of PHA ET for anti-
tumoral activity and hexane fraction of TCTP4 ET for anti-inflammatory activity), were 
analyzed by GC-MS to tentatively identify compounds that may be responsible for the 
activities tested. The hexane fractions of ethanol extracts from Porphyridium sp. and Skele-
tonema sp. generated a total of 45 and 29 peaks in the GC-MS chromatogram, with 40 and 
23 peaks having been satisfactorily identified, respectively. The analysis of the hexane 
fraction of ethanol extract of Tetraselmis striata CTP4, revealed 43 compounds with 42 com-
pounds being successfully identified. Finally, the analysis of the dichloromethane fraction 
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Figure 2. (A) Cell Viability (%) of macrophage-differentiated THP-1 (Mac THP-1) cells after incu-
bation with hexane (H) and dichloromethane (DCM) fractions of the ethanol crude extract from
Tetraselmis striata CTP4 at 10, 20 and 50 µg/mL for 48 h, assessed through the MTS assay. (B) Anti-
inflammatory activity of the crude extract and fractions defined in the panel A in LPS-stimulated
Mac THP-1 cells. Evaluation of the inflammatory marker TNF-α was performed by ELISA in the cell
culture media of Mac THP-1 cells treated for 24 h with the crude extract and fractions at 10, 20 and
50 µg/mL, and then stimulated with LPS (100 ng/mL) for a further 24 h. Dexamethasone (DXM)
(2 µM) was used as a positive anti-inflammatory control and non-stimulated cells (CTR) as controls
to LPS stimulation (LPS). Data are representative of three independent experiments, and presented as
mean ±SD. Two-way ANOVA and multiple comparisons were achieved with the Dunnett’s test and
presented relatively to the control untreated cells in (A), and LPS-stimulated cells in (B). Statistical
significance was defined as p ≤ 0.05 (*), and p ≤ 0.001 (***).

3.2. Chemical Characterization of Promising Microalgal Extracts’ Fractions

The most active fractions at each bioactive assay (hexane fractions of POC ET and SKE
ET due to neuroprotective activity; dichloromethane fraction of PHA ET for anti-tumoral
activity and hexane fraction of TCTP4 ET for anti-inflammatory activity), were analyzed
by GC-MS to tentatively identify compounds that may be responsible for the activities
tested. The hexane fractions of ethanol extracts from Porphyridium sp. and Skeletonema sp.
generated a total of 45 and 29 peaks in the GC-MS chromatogram, with 40 and 23 peaks
having been satisfactorily identified, respectively. The analysis of the hexane fraction of
ethanol extract of Tetraselmis striata CTP4, revealed 43 compounds with 42 compounds
being successfully identified. Finally, the analysis of the dichloromethane fraction from the
ethanol extract of Phaeodactylum tricornutum revealed a total of 52 peaks, of which 33 were
successfully identified. The complete list and chemical classes of the identified compounds
are presented in Figure 3 and Table 8.
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Figure 3. Main chemical compound classes identified in the ethanol microalgal extracts by GC/MS.
(A) Hexane fraction of Porphyridium sp.; (B) Hexane fraction of Skeletonema sp.; (C) Dichloromethane
fraction of Phaeodactylum tricornutum and (D) Hexane fraction of Tetraselmis striata CTP4. PUFAs,
polyunsaturated fatty acids; AA, alkanes and alkenes; SFAs, saturated fatty acids; MUFAs, monoun-
saturated fatty acids.

Table 8. Chemical characterization by GC-MS of compounds presents in the most bioactive fractions
of the ethanol extracts of Porphyridium sp. (hexane fraction), Skeletonema sp. (hexane fraction),
Phaeodactylum tricornutum (dichloromethane fraction) and Tetraselmis striata CTP4 (hexane fraction).

Relative Abundance (%)

Compounds
Porphyridium sp.

(POC ET)
-Hexane Fraction

Skeletonema
sp. (SKE ET)

-Hexane Fraction

Phaeodactylum
tricornutum

(PHA ET)
-Dichloromethane

Fraction

Tetraselmis striata
CTP4 (TCTP4)

-Hexane Fraction

Cyclohexanol, 1-butyl 2.61

2H-Pyran,
2-[(5cyclopropyl idene
pentyl)oxy]tetrahydro

2.01

3,7,11,15-Tetramethyl-
2-hexadecen-1-ol 0.88 7.01 5.35 1.51

4-Hexen-3-ol,
2,5-dimethyl 0.80

2,3-Dimethyl-undec-1-
en-3-ol 0.73
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Table 8. Cont.

Relative Abundance (%)

Compounds
Porphyridium sp.

(POC ET)
-Hexane Fraction

Skeletonema
sp. (SKE ET)

-Hexane Fraction

Phaeodactylum
tricornutum

(PHA ET)
-Dichloromethane

Fraction

Tetraselmis striata
CTP4 (TCTP4)

-Hexane Fraction

Phytol 0.59 1.52

2-Octene-2-ol,
2-methoxy 0.31

9,12-Octadecadieol 0.15

1-Tetradecanol,
14-chloro 0.10

3-[2-pentenyl]-4-
methyl-

tetrahydrofuran-2-one
0.11 0.48

Octadecane 1.3

Tetratetracontane 0.92

Nonadecane 0.86

9,12-Octadecadien
chloride, (Z,Z) 0.16

9-Eicosyne 0.79 1.51

2-hydroxy-2-
methylbutane-1,4-dioic

acid
1.00

Tetrahydropyranyl
ether of citronellol 10.60 1.6 2.96

2-Pentadecanone,
6,10,14-trimethyl 3.07

trans-13-Octadecenoic
acid 3.21

Methyl (11R,12R,13S)-
(Z)-12,13-epoxy-11-ol-

9-octadecenoic
acid

2.14

8-Octadecenoic acid 1.90

15-Tetracosenoic acid,
(Z) 0.82

9-Hexadecenoic acid 19.6 1.61

n-Hexadecanoic acid 17.4

10-Octadecenoic acid 0.58

10-Undecenoic acid 1.15
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Table 8. Cont.

Relative Abundance (%)

Compounds
Porphyridium sp.

(POC ET)
-Hexane Fraction

Skeletonema
sp. (SKE ET)

-Hexane Fraction

Phaeodactylum
tricornutum

(PHA ET)
-Dichloromethane

Fraction

Tetraselmis striata
CTP4 (TCTP4)

-Hexane Fraction

hexadecenic acid 0.59

9-Hexadecenoic acid,
(Z) 3.48 2.47

11-Octadecenoic acid 2.04 5.85

9-Octadecenoic acid (Z) 0.88 1.45

13-
Methyltetradecanoic

acid
0.33

9-eicosenoic acid 0.24 1.18

2,4-bis(1,1-
dimethylethyl)
Phenol/2,4-Di-
tertbutylphenol

0.35

Phosphoric acid,
monododecyl ester 0.20

5,8,11,14,17-
Eicosapentaenoic

acid(EPA)
2.89 16.7 0.37

7,10-Hexadecadienoic
acid 2.17

6,9,12,15-
octadecatetraenoate

(Stearidonic acid)
5.19

Octadecatrienoic acid

9,12-Hexadecadienoic
acid 1.95

Heneicosapentaenoic
Acid 0.84

Arachidonic acid 0.35

9,12-Octadecadienoic
acid (Z,Z) 7.22 6.12

11,13-Eicosadienoic
acid 1.98

cis-11,14-Eicosadienoic
acid 0.94

8,11,14-Eicosatrienoic
acid, (Z,Z,Z) 0.87 0.3

4,7,10,13,16,19-
Docosahexaenoic

acid
0.66 0.67

6,9,12-
Hexadecatrienoic

acid
0.36 4.82 1.98 13.24

γ-Linolenic acid 0.29 7.2 3.4
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Table 8. Cont.

Relative Abundance (%)

Compounds
Porphyridium sp.

(POC ET)
-Hexane Fraction

Skeletonema
sp. (SKE ET)

-Hexane Fraction

Phaeodactylum
tricornutum

(PHA ET)
-Dichloromethane

Fraction

Tetraselmis striata
CTP4 (TCTP4)

-Hexane Fraction

5,8,11,14-
Eicosatetraenoic acid,

(all-Z)
0.21 0.52 2.01

cis-13,16-
Docasadienoic

acid
0.20

cis-7,10,13,16-
Docosatetraenoic

acid
0.19

4,7,10,13,16,19-
Docosahexaenoic acid,

(all-Z)
0.15 2.35

cis-7,10,13,16-
Docosatetraenoic

acid
0.13

12,15-Octadecadienoic
acid 0.12

4,7,10,13,16-
Docosapentaenoic

acid
0.10

Tridecanoic acid 16.80

Methyl stearate 1.42

Tetracosanoic acid 0.39

Pentadecanoic acid,
14-methyl 0.81 0.38

Eicosanoic acid 1.38

Heptadecanoic acid 2.79

Valeric acid 1.15

Myristoleic acid 0.82

Stearic acid 0.68

Heptadecenoic acid 0.84

Hexadecanoic acid 15.80 0.52

Tetradecanoic acid 3.59 0.37

Stearoic acid 0.92

Tetradecanoic acid,
12-methyl 0.32

Pentadecanoic acid 0.28 9.01 0.27
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Table 8. Cont.

Relative Abundance (%)

Compounds
Porphyridium sp.

(POC ET)
-Hexane Fraction

Skeletonema
sp. (SKE ET)

-Hexane Fraction

Phaeodactylum
tricornutum

(PHA ET)
-Dichloromethane

Fraction

Tetraselmis striata
CTP4 (TCTP4)

-Hexane Fraction

Chloresterol 6.66

24-methylcholesta-5,22-
dien-3β-ol

(Brassicasterol)
1.21

Ergosta-5,22-dien-3-ol,
acetate (Brassicasterol

acetate)
0.76

Cholesta-5,22-dien-3-
ol,

(3β)
2.56

Tetrapentacontane,
1,54-dibromo- 3.04

dl-α-Tocopherol 1.16 0.34

Pregna-5,9(11)-dien-20-
ol-3-one ethylene

ketal
1.03 0.34

Tetrahydro-2H-pyran 0.98

3-Hexadecyne 0.53

trans-octadecadienoic
acid 6.12

3,6,6-trimethyl-2-
Norpinanol 2.96

2-methyl-5-pentyl-
tetrahydrofuran 2.96

Tetrahydropyran
12-tetradecyn-1-ol ether 0.6

3,28-bis[(tetrahydro)
Lup-20(29)-en-21-ol 0.6

(1-Methoxy-pentyl)-
cyclopropane 0.6

17-chloro7-
Heptadecene 0.59

5.alpha.-Androstan-3-
one,

17.beta.-hydroxy-
4.alpha.-methyl-,

0.48

Cholestan-3-one,
4,4-dimethyl-, cyclic 3 0.48

Total identified area 51.51 78.00 86.96 83.46

Unknown compound 0.19 1.00 1.05 0.74

Unresolved mixture of
compounds 17.20 1.00
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Eight main chemical compound classes were identified, most of them of fatty acids,
namely polyunsaturated fatty acids, saturated fatty acids, monounsaturated fatty acids,
long-chain aliphatic hydrocarbons (alkanes and alkenes), long-chain alcohols, esters, ethers
and sterols (Figure 3).

Fatty acid composition varied greatly in the analyzed fractions and species. Whereas
saturated fatty acids were the main compounds in hexane fractions of both Porphyridium sp.
and Skeletonema sp., PUFAs were always the most abundant compounds in the analyzed
fractions of Phaeodactylum tricornutum and Tetraselmis striata CTP4, which is in accordance
with previous studies [71–74]. Microalgae are reportedly good sources of long-chain fatty
acids, specially of PUFA. These compounds are probably responsible for a significant
portion of the antioxidant, metal-chelating, anti-tumoral and anti-inflammatory activities
exhibited by the fractions, considering that PUFA are reported to possess these bioactive
properties and are well extracted with hexane and DCM [68,69]. Furthermore, PUFAs have
antiapoptotic activity and may be useful in delaying or preventing inflammatory, metabolic,
neurodegenerative (by reducing neuroinflammation and preserving dopaminergic neu-
rons), and neoplastic diseases, by modulating the production of inflammatory cytokines
and pro-resolving or protective lipid mediators [75,76].

Alcohols were the second most abundant compounds across all species, with special
focus on 3, 7, 11, 15-tetramethyl-2-hexadecen-1-ol (Phytol), which have reported antimi-
crobial and anti-inflammatory action [77]. Some of the algal extracts examined contained
significant amounts of long-chain aliphatic hydrocarbons, mostly in the form of n-alkanes
(Table 8). It is reported that these types of compounds are produced naturally as a defense
mechanism to protect the organism (mainly plants, insects, and cyanobacteria) from en-
vironmental threats [78], and despite some reports about their antioxidant, antibacterial
and anti-cancer activity existing, overall evidence regarding their biological properties is
still scarce [79,80]. These compounds ranged from 18 to 20 carbons in Porphyridium sp.,
17 to 20 carbons in Tetraselmis striata CTP4 and 18 to 54 carbons P. tricornutum. The only
cycloalkene compound was found in Tetraselmis striata CTP4, which have reported anti-
inflammatory, antimicrobial, antibiotic, antibacterial, antitumor and antiviral activity and
is also being used in the development of new pharmaceuticals [81].

Minor amounts of phenolic compound such as alpha-tocopherol (vitamin E) and
butylated hydroxytoluene (BHT) were also identified in the microalgal fractions and both
are known to have antioxidant properties [82]. All the microalgal fractions had small
amounts of ethers (mainly tetrahydropyrans), which have reported diverse biological
and pharmaceutical properties including antimicrobial, antitumor and anti-proliferative
properties and have the potential to be used in the treatment of neurodegenerative diseases
such as Alzheimer’s disease [83].

Sterols occur naturally in plants and algae, but sterol composition may vary widely
between species. In most algae, campesterol, stigmasterol, ergosterol and fucosterol are
generally the most abundant sterols. In our case, brassicasterol was the main phytosterol
in Phaeodactylum tricornutum, chloresterol in Skeletonema sp. and dehydrocholesterol in
Porphyridium sp.. Phytosterols have been shown to provide a variety of health benefits in
humans, including immunomodulatory, anticancer, anti-inflammatory, and antioxidant
properties [84]. The hexane fraction of Tetraselmis striata CTP4 had octadecadienoic acid,
which was previously reported to reduce the expression of cytokines and proinflammatory
mediators and therefore having anti-inflammatory potential [85].

Despite the identified compounds having some reported antioxidant, metal-chelating,
anti-tumoral, and anti-inflammatory activity, it is likely that other compounds, which
could not be identified in this preliminary phytochemical analysis, are also responsible
for the bioactivities of these extracts, as many other bioactive compounds (e.g., pigments,
sphingolipids, glycerophospholipids, and glycerolipids) have been reported by other
studies [66,86].
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4. Conclusions

This study showed that several industrialy produced microalgal species contain com-
pounds with antioxidant, calcium chelating, anti-inflammatory, and cytotoxic effects (on
HepG2 cells) with possible pharmaceutical applications without any need for genetic engi-
neering. Four species deserve some future attention, namely: Phaeodactylum tricornutum
with significant antiproliferative effect on HepG2 cells; Skeletonema sp. and Porphyridium sp.
with antioxidant effects coupled with metal chelating effect for iron, copper and calcium;
and Tetraselmis striata CTP4 with anti-inflammatory activity by decreasing the TNF-α pro-
duction in LPS stimulated Mac THP-1 cells. The chemical characterization of the hexane
fractions of the ethanol extracts of Porphyridium sp., Skeletonema sp. and Tetraselmis striata
CTP4 and dichloromethane fraction from the ethanol extract of Phaeodactylum tricornutum
showed compounds from different chemical classes, most of them of fatty acids, followed
by long-chain aliphatic hydrocarbons (alkanes and alkenes), long-chain alcohols, esters,
ethers and sterols. Most of these molecules have reported biological activities and could
potentially be (at least partially) responsible for cytotoxicity effects against HepG2 cells,
antioxidant, anti-inflammatory, and calcium chelating activities. Small variations in bioac-
tivities of crude extracts were identified in between batches, so an optimization of culture
conditions may be beneficial to improve the chemical composition of the algal biomass.

Overall, we were successful in identifying prospective sources of biologically active
compounds that could be used to counterbalance the effects of oxidative stress and inflam-
mation, which are inevitably linked to many diseases that plague our modern-day societies,
and therefore play an important role in health promotion. However, before considering
human consumption, the in vivo effectiveness and the safety of these extracts should be
assessed. Additional research is also required to isolate the active compound(s), and con-
firm their identity and structure. This would allow the study of the bioactive compounds’
metabolism, providing clues for strain improvement via manipulation of microalgal cul-
tivation conditions. This would allow the producers to increase the productivity of the
bioactive compounds and enhance the bioactivity of the extracts.
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