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Marine microalgae are promising sources of novel valuable biomolecules such as polysaccharides. In this study,
the dinoflagellate Heterocapsa sp. AC210 was described as a new exopolysaccharide (EPS) producer. The culti-
vation and EPS production in bioreactor was evaluated for the first time in detail. The EPS was composed of
seven different sugar monomers, including fucose and glucosamine, which are quite rare and have never been
reported in dinoflagellates' EPS. Moreover, the EPS had a high content of sulphate, which is often associated with
biological properties. Cytotoxicity was accessed and the results showed that the EPS did not reduce cell viability
for concentrations up to 1 g L™1. Additionally, antioxidant and anti-inflammatory assays demonstrated that the

EPS reduced by 18 % the intracellular reactive oxygen species and decreased up to 79.3 % and 46.2 % of IL-8 and
IL-6 secretion in keratinocytes, which supports its potential application in the cosmeceutical and biomedical

fields.

1. Introduction

Microalgae (including cyanobacteria) are photoautotrophic micro-
organisms, with a key role in carbon sequestration since they convert
carbon dioxide (CO») into organic carbon at a rate higher than organic
breakdown [20,28]. In fact, microalgae account for nearly half of both
CO4 captured and Oy produced by photosynthetic organisms annually
[19].

Currently, there are several thousands of known microalgae species
[20] that are present in different evolutionary lines, have contrasting
ecological requirements and an enormous metabolic diversity that
makes them good candidates for biodiscovery [19]. High-value bio-
molecules produced by microalgae include natural pigments, poly-
unsaturated fatty acids (PUFAs), lipids, proteins, antioxidants, vitamins,
and exopolysaccharides (EPS), that are interesting to many industries,

such as pharmaceutical, nutraceutical, food/feed production and skin-
care [3,12,20,56]. Among these different compounds, microalgae EPS
are very promising, since they have been reported to have many bio-
logical properties, including anti-inflammatory, immunomodulatory,
antiviral, antibacterial, antitumor and antihyperlipidaemic activities, as
well as anti-coagulant and/or anti-thrombotic  properties
[18,30,35,52,57]. However, only recently the relevance of microalgae
as producers of valuable polysaccharides has started to be considered
[12]. Nevertheless, EPS producers have been identified in several
microalgae, including prokaryotic cyanobacteria, within families
Oscillatoriaceae, Nostocaceae and Microcoleaceae, and eukaryotic lin-
eages, belonging to phyla Rhodophyta (Glaucosphaeraceae, Porphyr-
idiaceae), Chlorophyta (Chlamydomonadaceae, Chlorellaceae),
Charophyta (Desmidiaceae), and Bacillariophyta [20].

Within kingdom Chromista, dinoflagellates (Dinophyceae) are a
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particularly interesting group due to their distinctive ecological and
metabolic properties. These unicellular planktonic microalgae are found
in all types of aquatic ecosystems (freshwater, marine, sea ice) and have
a high trophic diversity (autotrophs, mixotrophs, heterotrophs, para-
sites, and symbionts) [4]. Some dinoflagellates have been reported to
produce EPS with valuable properties, namely Margalefidinium poly-
krikoides (cited as Cochlodinium polykrikoides), that synthesized a
sulphated EPS composed of mannose, galactose and glucose with anti-
viral activity [27]; and two Gymnodinium spp., both produced sulph-
ated homopolysaccharides of galactose with immunomodulatory and
antitumor activities [5,26,55,59,61]. Surprisingly, the description of
dinoflagellates' EPS with biological activity is, to our knowledge, limited
to the examples provided above. Given this, the exploitation of di-
noflagellates as sources of EPS holds great potential to develop a strategy
to capture CO5 while producing high-value products from currently
underexploited microalgae sources.

In this context, the dinoflagellate Heterocapsa AC210 was evaluated
for the first time as an EPS producer. Microalgae growth and EPS pro-
duction were investigated, and the produced EPS was characterized in
terms of its chemical composition, molecular mass distribution, and
thermal properties. Moreover, in vitro studies were conducted to assess
the EPS cytotoxicity and biological properties, namely antioxidant and
anti-inflammatory activities.

2. Materials and methods
2.1. Microorganism, pre-cultivation, and cultivation media

The microalgae used in this work, Heterocapsa strain AC210, origi-
nally isolated from the Balearic Sea (Spain), was obtained from the
Roscoff Culture Collection (accession number RCC1514). The strain was
cultured in sterile f/2 media (no added Si) (pH 8.2), with the composi-
tion described in Table 1 [24], which was prepared using natural
seawater (Naturitas, Spain), after salinity adjustment (30 g LY and
sterilization (121 °C, 20 min, 2 bar). The culture was maintained at
20 °C, 16:8 h light/dark cycles, with frequent dilutions (1:2, 30 days) of
the cultures in fresh f/2 medium. The inoculum was prepared by adding
fresh f/2 medium (100 mL) to the microalgae cultures (100 mL) and
incubation at 20 °C, with 16:8 h light/dark cycles and a light intensity of
32 pmol s~ m~2, provided by external fluorescent lamps (4000 K), for 7
days. The incident light intensity was measured with a LI-COR light
meter (LI-250 A), equipped with a pyranometer sensor LI-200 SA (LI-
COR, USA).

The photobioreactor experiments were conducted in NBP medium
(NutriBloom Plus). NBP medium was prepared by supplementing nat-
ural seawater with 1 mL L™} of commercial culture medium NutriBloom
Plus (Necton S.A., Portugal) [21]. The final composition (after dilution)
of medium NBP is presented in Table 1. This medium was chosen since it

Table 1

Composition of medium f/2 and medium NBP.
Nutrients f/2 (mM) NBP (mM)
Cyanocobalamin (vitamin B12) 3.69 x 1077 2.21 x 10°°
Thiamine.HCI (vitamin B1) 2.96 x 107* 1.32 x 1074
Biotin (vitamin H) 2.05 x 107° 2.05 x 107°
NaNO3 8.82 x 107! 2.00
NaH,PO, 3.62 x 1072 -
KH,PO, - 1.00 x 107t
Na,EDTA 1.17 x 1072 2.64 x 1072
FeCl; 1.17 x 1072 2.00 x 1072
CuSO4 3.93 x 107° 1.00 x 107*
CoCly 4.20 x 107° 1.00 x 107*
MnCl, 9.10 x 10°* 1.00 x 1073
NayMoO, 2.60 x 107° 1.00 x 107*
ZnSO, 7.65 x 107° 1.00 x 1073
ZnCl, - 1.00 x 1073
MgSO, - 2.00 x 1073
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had a higher nutrient content compared to f/2 medium and could
enhance microalga growth. HEPES (4-(2-hydroxyethyl)piperazin-1-
ethanesulphonic acid) (20 mM) was added as pH buffer and the pH was
adjusted to 8.0 by addition of NaOH (1 M).

2.2. Photobioreactor experiments

Heterocapsa AC210 was cultivated in a cylindrical heat-sterilized 2 L
bioreactor (BioStat B-plus, Sartorius, Germany) equipped with 4 sets of
30 LED lamps (4000 K) providing an incident light intensity of 98 pmol
s m~2in a 16:8 h light/dark cycle. The bioreactor vessel was covered
with a black acrylic structure to prevent the interference of natural light
(Supplementary material, Fig. S1). Filtered air (0.2 pm) was provided at
a constant flow rate of 0.4 SLPM (standard liters per minute, of com-
pressed air) and the off gas was cooled in a condenser. The temperature
was controlled at 25 °C and the stirring (70 rpm) was provided by two
six blade impellers. In all experiments, the photobioreactor was inocu-
lated with a 10 % (v/v) inoculum prepared as described above, with a
starting ODyso of 0.015 + 0.003. Culture broth samples (15 mL) were
recovered daily from the photobioreactor for quantification of cell
growth, nutrients' concentration, and EPS production. Each experiment
was performed in at least duplicate photobioreactor runs.

2.3. Analytical techniques

Microalgae cell growth was monitored during the photobioreactor
runs, by measuring the culture broth's optical density (OD) at 750 nm,
using a UV-Vis spectrophotometer (CamSpec M509T), in duplicate
analysis. This wavelength was previously reported for determination of
cell growth for different microalgae strains without pigment interfer-
ence [20,39]. For high cell concentrations (optical density higher than
1.0), samples were diluted in 0.5 M ammonium formate.

At the end of the runs, the cultivation broth was recovered from the
photobioreactor and used for the gravimetric determination of the cell
dry weight (CDW). Culture broth samples (240 mL) were centrifuged
(11,000 xg, 45 min) and the recovered cells were washed twice with
ammonium formate (0.5 M) by re-suspension of the cell pellet and
centrifugation (11,000 xg, 45 min). The obtained pellets were freeze
dried and weighted for determination of the final CDW. Triplicates were
used for this analysis. The correlation between the OD75¢ and the CDW
[R? = 0.997), used to estimate the CDW (g L)) of the samples with-
drawn during the cultivation experiments, was determined to be as
follows (Eq. (1)):

_ ODss5 — 0.0054

cbw 1.7002

@
The samples' cell-free supernatant was used for the quantification of
nitrate and phosphate and EPS production. Nitrate and phosphate con-
centration was determined by colorimetry using a flow segmented
analyzer (Skalar 5100, Skalar Analytical, The Netherlands) [11]. EPS
concentration was measured as glucose equivalent by a modified
Anthrone method [15]. Anthrone (Sigma-Aldrich) solution (0.125 % in
95 % sulphuric acid, Honeywell Fluka™) was freshly prepared 2 h
before use. The supernatant sample (0.5 mL) was added to a test tube
containing 2.5 mL cold anthrone reagent, while the tube was kept
immersed in cold water. The tubes were gently stirred to avoid heat
generation and incubated for 14 min at 100 °C. After cooling on ice, the
optical density was measured at 625 nm in a UV-Vis spectrophotometer.
Glucose (Scharlau) solutions (5-100 mg L~1) were used as standards. All
analyses were performed in duplicate. Elemental analysis was per-
formed for the EPS and the biomass, using an elemental analyzer
(Thermo Finnigan-CE Instruments, Flash EA 1112 CHNS series, Italy).

2.4. Kinetic parameters calculation

The maximum specific cell growth rate pimayx (d’l) was calculated
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using the following Eq. (2):

X
In <x—> g xt @

0

where X is the initial biomass concentration (g L’l). The overall EPS
volumetric productivity (rp, mg L1 d!) and the biomass volumetric
productivity (ry, g L' d™1) were determined according to Egs. (3) and
(4), respectively:

_4p

p 3

= 3
Ax

X = 4

=g (C)]

where Ap and Ax corresponds to the EPS (mg L) and biomass (g L
produced during the cultivation run, respectively, and At interval (days)
corresponds to the duration of the cultivation run. The specific EPS
productivity (qp, geps gcdw d™1) was calculated using the following Eq.
(5):

r?
qp = A—’x 5)

2.5. EPS extraction and purification

At the end of the cultivation runs, the culture broth was centrifuged
(11,000 xg, 45 min) and the supernatant was dialyzed using a 3.5 kDa
MWCO (nominal molecular weight cut-off) membrane (ZelluTrans/
Roth) against deionized water, at room temperature, under constant
stirring. The efficiency of the process (i.e., removal of low molecular
weight compounds) was monitored by measuring the conductivity of the
dialysis water until it reached a value bellow 10 pS cm ™. Sodium azide
(10 mg L™!) was added to prevent any biological contamination and
possible EPS degradation. The purified EPS solution was concentrated in
arotary evaporator (Biichi Rotavapor R-210, Switzerland) operating at a
pressure of 19 mbar and a temperature of 50 °C. Finally, the solution was
freeze-dried and the EPS was weighted and kept in a closed vessel.

2.6. EPS physical and chemical characterization

2.6.1. EPS carbohydrate composition

The neutral sugar content of the EPS was analyzed after acid hy-
drolysis with 200 pL of 72 % (w/w) H,SO4 for 3 h at 25 °C, followed by
2.5h at 100 °C in 1 M H5SO4 [6,49], derivatization to alditol acetates,
and analysis of the individual sugars by gas chromatography with flame
ionization detector (GC-FID, Perkin Elmer—Clarus 400). The GC was
equipped with a 30 m column DB-225 (J&W Scientific, Fol-som, CA,
USA) with internal diameter and film thickness of 0.25 mm and 0.15 pm,
respectively [42]. The total sugars were obtained by the sum of the
amount of the individual sugars, considering that a water molecule is
added into the sugar structure when a glycosidic linkage is hydrolyzed.

Uronic acids (UA) were quantified by the colorimetric method with
m-phenylphenol [7], using galacturonic acid (20 to 160 pg mL™!) as
standard in a microplate reader (Eon, BioTeK).

To identify uronic acids and amino sugars, the EPS was hydrolyzed
with 2 M trifluoroacetic acid (TFA), during 1 h at 120 °C. After acid
evaporation, the sample was resuspended in MilliQ water to be analyzed
by high-performance anion exchange chromatography with pulsed
amperometric detection (HPAEC-PAD). To identify amino sugars and
uronic acids, the EPS was hydrolyzed with 2 M trifluoroacetic acid
(TFA), at 120 °C, during 1 h, acid evaporated and resuspended in MilliQ
water to be analyzed by high-performance anion exchange chromatog-
raphy with pulsed amperometric detection (HPAEC-PAD). HPAEC-PAD
analysis was performed on a Dionex ICS-6000 system consisting of DC
chromatography oven and SP pump. Carbohydrates were detected by an
electrochemical detector in integrated amperometry mode with AgCl
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reference electrode and conventional permanent gold electrode, using
Chromeleon 7.3 software (Thermoscientific Dionex) and the standard
carbohydrate quadruple waveform recommended for use with CarboPac
columns. Separation of compounds was carried out using a Dionex
CarboPac PA100 guard column (50 mm x 4 mm) and a Dionex CarboPac
PA100 analytical column (250 mm x 4 mm) using gradient elution at a
1 mL min~' flow rate. Eluents used were as follows: eluent A — MilliQ
water, eluent B— 500 mM NaOH, eluent C — 500 mM sodium acetate. The
solvents were prepared using MilliQ water (18 MQ.cm resistance or
greater); 26.4 mL of 50 % sodium hydroxide solution, MERCK, for 1 L of
eluent B; 41.015 g of sodium acetate, Thermo Scientific™ Dionex™
AAA-Direct Reagents, for 1 L of eluent C, filtered through a 0.2 pm nylon
filter afterwards. The eluents were used within one week. The working
temperature of the column and the detector was 30 °C and initial
equilibration was carried out with 0.1 % solvent B. Following manual
injection of 25 pL sample onto the column, the compounds were eluted
with a 55 min programme based on optimization of Dionex CarboPac
PA100 Column Product Manual methods as follows: a gradient of A:B:C
99.9:0.1:0 (v/v/v) to 99:1:0 from O to 30 min; then a gradient to
50:30:20 (v/v/v) within 5 min, maintained for 20 min. The eluents
returned to the initial ratio after the ratio of 30:30:40 for 10 min to clean
impurities. Equilibration time was 30 min. To quantify the mono-
saccharides, calibration curves were prepared for galactose (Gal),
mannose (Man), xylose (Xyl), fucose (Fuc), galactosamine (GalN),
glucose (Glc), glucuronic acid (GlcA), and galacturonic acid (GalA).

2.6.2. Glycosidic linkage composition

Glycosidic linkage composition of the EPS was analyzed by methyl-
ation [44] and carboxyl reduction of methylated polysaccharides [14] to
detect uronic acids linkages and improve hydrolysis of methylated
polysaccharides [46]. The partially methylated alditol acetates were
separated and analyzed by gas chromatography quadrupole mass spec-
trometry (GCqMS) (GC-2010 Plus, Shimadzu, Japan) using a non-polar
column HT5 (30 m length, 0.25 mm internal diameter and 0.10 pm
stationary phase, Trajan, Australia) as described by Hamed et al. [25].

2.6.3. Sulphate esters composition

Sulphate esters in the EPS were determined by turbidimetry using
the barium chloride method [13,42]. The samples were submitted to a
hydrolysis with 2 M TFA at 120 °C for 1 h. Then, 3.8 mL of 3 % (w/v)
trichloroacetic acid and 1 mL of barium chloride-gelatin reagent (0.5 g
of barium chloride in 100 mL of 0.5 % (w/v) gelatine solution) were
added to 0.2 mL of the hydrolysate, which was kept at room temperature
for 15-20 min. The solution was transferred to microplates and analyzed
at 360 nm (Eon, BioTeK) against reagent blank containing gelatin so-
lution instead of barium chloride-gelatin reagent. The concentration of
sulphate esters was determined using K;SO4 as standard as SO%
(0.05-5 mM).

To evaluate the sulphate position, the EPS were desulphated and
submitted to methylation analysis, as described previously [17].

2.6.4. Pyruvate and lactate composition

Pyruvate and lactate were determined by proton nuclear magnetic
resonance (‘H NMR) after hydrolysis of 10 mg with 1 mL of 2 M tri-
fluoroacetic acid (TFA), at 120 °C, during 1 h, in specific speedvac tubes.
After acid evaporation, the hydrolysed EPS was freeze-dried twice from
99.9 % D0 and finally dissolved in 500 pL of 99.9 % D,0, containing 1
% (w/w) of 3-(trimethylsilyl)-1-propanesulphonic acid sodium salt
(DSS, Sigma-Aldrich, USA) and transferred to NMR tubes (NE-UL5-7,
NEWERA, USA). 'H NMR spectrum was acquired at 60 °C on Bruker 300
MHz spectrometer using zg30 sequence with 4.75 s of acquisition time
and 56 number of scans. DSS was used as internal reference (22.3 pmol,
0.95 ppm) to quantify pyruvate (singlet, 2.55 ppm) and lactate (dou-
blets, 1.55 and 1.58 ppm), according to Uhliarikova et al. [54] (Fig. S2).
The relative areas of !H NMR resonances were quantified using Mes-
tReNova software (Mestrelab Research S.L., Version 14.0.0-23239).
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Results were expressed as dry weight percentage of EPS.

2.6.5. Fourier transform infrared spectroscopy

Fourier Transform Infra-Red (FTIR) Spectroscopy was recorded on a
Perkin-Elmer Spectrum II spectrometer. The spectra were obtained be-
tween 500 and 4500 cm ™! after 10 scans, at room temperature.

2.6.6. Molecular mass distribution

Number and average molecular weights (Mn and Mw, respectively)
of EPS, as well as the polydispersity index (Mn/Mw), were determined
by Size Exclusion-High Performance Liquid Chromatography (SE-
HPLC). The analysis was performed at 25 °C on a KNAUER Smartline
HPLC equipped with a Phenomenex Phenogel Linear LC Column 300 x
7.8 mm (USA), using 0.1 M LiNOs as eluent, at a flow rate of 0.6 mL
min L. 50 pL of EPS solution (0.5 w/v% in 0.1 M LiNO3) were injected
and a Water 2414 Refractive Index Detector (RID) was used for detec-
tion. The values of Mw and Mn were calculated using a calibration curve
generated with pullulan standards (P50 to P80)[45].

2.6.7. Thermogravimetry (TG) analysis

EPS samples (~10 mg) were characterized by Thermogravimetry
(TG) using a Thermogravimetric Analyzer Labsys EVO (Setaram,
France), with a heating rate of 10 °C min’l, from 25 to 500 °C. The
thermal degradation temperature (Tgeg, °C) corresponds to the temper-
ature value obtained for the maximum decreasing peak of the sample
mass.

2.6.8. Elemental analysis

The elemental analysis of the EPS was performed using an elemental
analyzer (Thermo Finnigan-CE Instruments, Flash EA 1112 CHNS series,
Italy). The samples are subjected to a flash combustion in an oxygen
environment and the resulting gases (No, CO2, HoO and SO») are sepa-
rated by gas chromatography. Finally, the content of nitrogen, carbon,
hydrogen, and sulphur was calculated using a thermal conductivity
detector.

2.7. Biological assays

2.7.1. Cell culture

Biological assays were performed using the human immortalized
keratinocyte cell line HaCaT, obtained from Deutsches Krebsfor-
schungszentrum (DFKZ, Germany), and the human fibroblast cell line
CCD-1079Sk obtained from American Type Culture Collection (ATCC,
USA). HaCaT cells were cultured in Dulbecco's Modified Eagle medium
(DMEM) supplemented with 10 % (v/v) of heat-inactivated fetal bovine
serum (FBS) and 1 % (v/v) penincilin-strepmycin (PS). CCD-1079Sk cells
were cultured in DMEM medium supplemented with 10 % (v/v) FBS and
1 % (v/v) non-essential amino acids (NEAA). Cells were maintained at
37 °C with 5 % COs, as described by Concdrdio-Reis et al. [10].

2.7.2. Cytotoxicity assays

The HaCaT and CCD-1079Sk cells were seeded into 96-well plates at
a density of 4.5 x 10° cells mL ™! and 1.5 x 10° cells mL ™! and allowed
to grow for 72 and 24 h, respectively. At the day of the assay, cells were
incubated with the EPS diluted in culture medium supplemented with
0.5 % FBS and 1 % PS at concentrations of 62.5 pg mL™%; 125 pg mL™%;
250 pg mL™1; 500 pg.mL~'and 1000 pg mL~". Cells incubated only with
culture medium were considered as control. After 24 h, cells were
washed once with PBS (Sigma-Aldrich, USA) and cell viability was
assessed using CellTiter 96® AQueous One Solution Cell Proliferation
Assay (Promega, USA) containing MTS reagent, according to manufac-
turer's instructions. The optical density was measured at 490 nm using a
BioTek EPOCH2 Microplate Reader (BioTek, USA) and cell viability was
expressed in terms of percentage of living cells relative to the control. A
minimum of three independent experiments were performed in
triplicate.
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2.7.3. Cellular antioxidant activity

Cellular antioxidant activity was evaluated following previously
described methods [38,50], with some modifications. Briefly, HaCaT
cells were seeded at a density of 1.4 x 10° cells cm ™2 in 96 well plates
and the formation of intracellular reactive oxygen species (ROS) was
monitored using 2’,7'-dichlorofluorescein diacetate (DCFH-DA) as a
fluorescent probe. 72 h after seeding, cells were washed with PBS and
treated with selected non-toxic concentrations (62.5 pg mL™}; 125 pg
mL™}; 250 pg mL~%; 500 pg mL~%; 1000 pg mL™Y) of the samples and 25
puM DCFH-DA in PBS for 1 h. Subsequently, cells were washed again with
PBS and incubated with the stress inducer (600 pM AAPH in PBS) for 1 h.
After that, fluorescence was measured in a FL800 microplate fluores-
cence reader (Bio-Tek Instruments, Winooski, VT, USA) (Ex/Em 485 +
20/528 + 20 nm). The results were expressed as ROS percentage rela-
tive to the untreated control (cells treated with DCFH-DA and AAPH).
Three independent experiments were performed in triplicate.

2.7.4. Anti-inflammatory activity

HaCaT cells were seeded at a density of 1 x 10° cell cm™2 in 12 well
plates. After 3 days, cells were stimulated with 15 pg mL™! of lipo-
polysaccharides (LPS) from Escherichia coli and co-incubated with
different concentrations of each sample (62.5; 125; 250; 500; 1000 pg
mL™ 1) diluted in culture medium (DMEM medium containing 0.5 %
FBS). Cells incubated only with LPS in culture media and with only
culture media were used as positive and negative control, respectively.
After 24 h, supernatants were collected, centrifuged for 10 min at 2000
xg and stored at —80 °C until further analysis. Interleukin-8 (IL-8) level
was assessed by enzyme-linked immunosorbent assay (ELISA), using
commercially available kits (PeproTech; London, UK), according to the
manufacturer's instructions, with absorbance measured at 450 nm with
wavelength correction set at 620 nm in a microplate spectrophotometer
(EPOCH 2, BioTek Instruments).

3. Results and discussion
3.1. Microalgae growth and EPS production

Heterocapsa AC210 cell growth and EPS production on NBP medium
was evaluated (Fig. 1), and the kinetic parameters obtained in the
bioreactor cultivation were determined (Table 2). After a short adap-
tation period (first day), Heterocapsa AC210 grew exponentially for 5
days before entering a stationary growth phase (Fig. 1), reaching a
maximum cell dry weight of 0.38 + 0.01 g L™! at the end of the culti-
vation run (8 days). A maximum specific growth rate (ymax) of 0.464 +
0.133 d~! was attained between days 2 and 5 (Table 2). This value is

0,45 35
30 ~

0,36 - ¥ s
25 2

0,27 ""

0,18 4

CDW (g L"), NO; (gL™)

i P e &

®
P * \!\i\i
\ \i\!
0,00 T — + - + - T 0
0 2 4 6 8
Time (d)

Fig. 1. Cultivation profile (CDW (»), EPS (4), nitrate concentration (@) and
phosphate concentration (%)) of Heterocapsa AC210 grown on NBP medium.
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Table 2

Kinetic parameters (jmax, maximum specific growth rate; r,, EPS volumetric
productivity; ry, biomass volumetric productivity; gp, EPS specific productivity)
obtained in the bioreactor cultivation experiment.

Parameters

CDW (gL™h) 0.38 + 0.01
EPS (mg L™ 1) 25.7 + 3.0
Hmax (A7) 0.464 £ 0.133
r, (mg, L' d™") 3.22 + 0.38
e (geL7hd™h) 0.047 + 0.002
gp (mgp gz d™H 8.50 &= 1.04

within those reported for the dinoflagellate Gymnodinium impudicum
strain KG03 (0.435-0.688 d~1) [60].

Concomitant with cell growth, nutrient consumption was observed
with phosphate and nitrate being completely consumed within 2 and 8
days of cultivation, respectively (Fig. 1). Phosphate depletion strongly
affects microalgae cell generation, thus, affecting cell growth [39]. Ni-
trogen has an essential role for cell proliferation and protein synthesis in
microalgae [39]. In some species, low nitrate concentrations favor the
shift to the stationary phase and induce EPS production as a response to
starvation [12,39]. This seemed to be the case for Heterocapsa AC210,
since EPS production was initiated during exponential cell growth and
increased concomitant with microalgae growth and nitrogen consump-
tion (Fig. 1). When the culture reached the stationary cell growth phase,
significant EPS production was observed, suggesting that the production
of EPS is partially growth associated. At the end of the cultivation run, a
maximum EPS concentration of 25.7 + 3.0 mg L~! was reached,
resulting in an overall EPS volumetric productivity (r,) of 3.22 + 0.38
mg, L~ d7! (Table 2). Similar results were reported for dinoflagellate
G. impudicum strain KG03, where EPS production was growth associ-
ated. The EPS concentration was found to be between 17.5 mg L7}
(standard cultivation conditions) and 134.7 mg L1 (optimized culti-
vation conditions), and the r;, values were in the range of 0.92-7.09 mg,
L1 d™! [60].

3.2. EPS characterization

3.2.1. Physicochemical composition

The EPS from microalgae Heterocapsa AC210 had a heterogeneous
composition, comprising neutral sugars, namely galactose (Gal, 20 mol
%), mannose (Man, 16 mol%), xylose (Xyl, 14 mol%), fucose (Fuc, 9 mol
%), galactosamine (GalN, 7 mol%), and glucose (Glc, 6 mol%); and

Table 3
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uronic acids, namely, glucuronic acid (GlcA, 22 mol%) and galacturonic
acid (GalA, 6 mol%). Lactate (0.34 mg g_l) and pyruvate (0.14 mg g_l)
were found as substituents (Table 3, Fig. S2). Although few examples are
known, dinoflagellates were reported to synthesize galactose-rich EPS
[47,61]. A similar composition was found for the EPS produced by
Gymnodinium Az OKU-1 strain, an EPS composed of galactose and sul-
phate in similar proportions [26]. Lactate was also detected in its
composition [26]. On the other hand, the toxic dinoflagellate Amphidi-
nium carterae secreted an EPS composed of Gal (73 mol%) and Glc (27
mol%) residues [37]; whereas the EPS from M. polykrikoides was mainly
composed of Man, Gal, Glc and uronic acids [27]. Thus, to the best of our
knowledge, our results report, for the first time, the presence of Fuc, Xyl
and GlcN in dinoflagellates' EPS.

Moreover, the EPS had a high content of sulphate (29.7 + 2.8 wt%).
The high content of sulphate may indicate that the salts were not
completely removed from the polysaccharides. As the mol% ratio of
sulphate to the carbohydrate residues is 3.6, it shows that not all the
sulphate is linked to the polysaccharide. Nevertheless, the presence of
sulphate substituents is a common feature of dinoflagellate exopoly-
saccharides. In fact, the EPS produced by marine dinoflagellates such as
Gyrodinium impudicum KGO3 and M. polykrikoides, were found to
comprise sulphate groups with contents of 10.3 and 7-8 wt%, respec-
tively [27,61]. Moreover, sulphate was also detected in the EPS pro-
duced by two Lepidodinium chlorophorum strains [47]. Additionally,
elemental analysis showed a low content in nitrogen (0.62 wt%), which
indicated that the EPS did not have a high protein content.

3.2.2. Glycosidic linkages

The EPS produced by Heterocapsa AC210 had a wide range of
glycosidic linkages of Fuc, Xyl, Man, Gal, and Glc, as well as (1 — 3,4)-
GlcpA and t-GalpA, determined by a non-quantitative carboxyl reduction
(Table 3). Fuc was found as t-Fucp (0.8 mol%) or (1 — 4)-Fucp (1.3 mol
%) with substituents or ramifications at position 2 and 3 (4.1 and 2.8
mol%, respectively). Xyl was found as t-Xylp (5.6 mol%), (1 — 2)-Xylp
(1.0 mol%), (1 — 4)-Xylp (5.8 mol%), and (1 — 2,4)-Xylp (1.6 mol%).
Gal was mainly found as t-Galp (5.6 mol%), followed by (1 — 6)-Galp
(3.5 mol%), (1 — 2)-Galp (2.5 mol%), and (1 — 4)-Galp (2.5 mol%),
which were also substituted at positions 2 or 3 (2.4 mol% of (1 — 2,3)-
Galp; 1.9 % of (1 — 3,6)-Galp; 0.9 % of (1 — 2,6)-Galp; and 0.7 % of (1 —
3,4)-Galp). Glc was mainly observed as (1 — 4)-Glcp (3.0 %). t-Glcp (0.6
mol%), (1 — 2,4)-Glcp (0.6 mol%), (1 — 3,6)-Glcp (0.4 mol%), (1 —
2,3,6)-Glcp (0.7 mol%), and (1 — 3,4,6)-Glcp (0.7 mol%) were also
found. Although highly substituted, the content of linkages is not
enough to explain the high content of sulphate determined in the

Sugar composition (mol%) of Heterocapsa AC210 EPS and glycosidic linkage before and after desulphation.

Sugar composition (mol%)

Substituents composition (mg g’l)

Fuc Xyl Man Gal Gle GalA GlcA GalN Sulph Pyr Lac
EPS composition 9 14 16 20 6 6 22 7 297 0.14 0.34
Glycosidic linkages
t-Linked 0.8 5.6 11.2 5.6 0.6 nd v nd

(0.6) (4.5) (14.9) (4.9) 0.7)
(1 = 2)-linked nd 1.0 (1.3) nd 2.5 (3.0) nd nd nd nd
(1 - 4)-linked 1.3(3.2) 5.8 (7.5) 21011 2.5(3.4) 3.0 (4.2) nd nd nd
(1 - 6)-linked nd nd nd 3.5 (4.3) nd nd nd nd
(1 - 2,3)-linked nd nd nd 2.4 (2.6) nd nd nd nd
(1 - 2,4)-linked 4.1 (4.3) 1.6 (0.7) nd nd 0.6 (0.1) nd nd nd
(1 - 2,6)-linked nd nd nd 0.9 (1.2) nd nd nd nd
(1 - 3,4)-linked 2.8 (0.9) nd 2.7 0.7 (0.6) nd v nd nd

(tr)
(1 - 3,6)-linked nd nd nd 1.9 0.4 (0.3) nd nd nd
(tr)

(1 - 2,3,6)-linked nd nd nd nd 0.7 (0.3) nd nd nd
(1 - 3,4,6)-linked nd nd nd nd 0.7 (0.4) nd nd nd

Values in brackets are from glycosidic linkage composition after desulphation nd — not detected; tr — traces; Sulphate — Sulph; Pyr — pyruvate; Lac — lactate.
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sample, showing the presence of salts.

To evaluate the sulphate esters positions and composition, the EPS
was desulphated before glycosidic linkage analysis. The desulphation
distinguishes if the substitution of a sugar residue is a branching point or
a sulphate ester. When a substitution remains after desulphation, it in-
dicates that this position contains a branching point. On the other hand,
the decrease of substituted linkages indicates the presence of sulphate
esters at those positions. After desulphation, an increase of (1 — 4)-Fucp
occurred with a decrease of (1 — 3,4)-Fucp, indicating that 21 % of Fuc
residues were substituted at position 3 (Table 3). Desulphated EPS had
an increase of (1 — 4)-Xylp occurred with a decrease of (1 — 2,4)-Xylp,
indicating that 6 % of Xyl residues were substituted at position 2. An
increase of 23 % of t-Manp residues occurred with a concomitant
decrease of (1 — 4)-Manp and (1 — 3,4)-Manp, indicating the presence
of Man mainly as t-Manp (93 % of total Man) with sulphate esters at
position 4 or at positions 3 and 4. Increase of (1 — 4)-Galp and (1 — 6)-
Galp with decrease of (1 — 3,4)-Galp and (1 — 3,6)-Galp, indicates the
presence of 10 % of Gal with sulphate esters at position 3. Decrease of (1
- 2,4)-Glep, (1 - 3,6)-Glep, (1 — 2,3,6)-Glep, (1 — 3,4,6)-Glcp residues
occurred with increase of (1 — 4)-Glcp, indicating the presence of 22 %
Glc substituted sulphate esters at position 2 and/or positions 3 and 6.

3.2.3. FTIR analysis

The FTIR spectrum of the EPS produced by Heterocapsa AC210
(Fig. 2) showed an intense broad band at around 3000-3500 cm ™! with
a peak at 3334 em ! that corresponds to the stretching vibration of
hydroxyl groups [9,16,61]. This band partially overlaps the C—H
stretching peak of CHy groups (2924 em™?), and the band at around
3250 cm~! characteristic of the N—H stretching vibration [9,16,51].
The peaks at 1646 cm ™! and 1414 cm ™! are characteristic of the C=0
asymmetric and symmetric stretching vibrations, respectively [9,61].
The absorption region at around 1230 cm ™' can be attributed to the
stretching vibration of S=O from sulphate groups and/or of C-O-C from
acyl substituents [9,43,61]. The peak at 1078 em ! can be assigned to
C—O0 and C—C vibrations of the glycosidic bonds and pyranose ring [9],
and/or the vibration of S=0 and C-O-S groups [37]. Finally, the peak at
around 600 cm™! could also result from the glycosidic linkage bond
[37].

3.2.4. Molecular mass distribution
The molecular mass distribution analysis of Heterocapsa AC210 EPS
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revealed two distinct chromatographic peaks, suggesting that the sam-
ple comprised two high molecular weight saccharide fractions, with
7.55 + 0.97 x 10° and 4.50 + 0.73 x 10* Da, and polydispersity index
(PDI) of 1.51 £ 0.01 and 1.22 + 0.06, respectively. Similarly, the EPS
synthesized by the dinoflagellates A. carterae and M. polykrikoides were
composed of two polysaccharide fractions with Mw values of 2.2 x 10°
and 1.3 x 10° Da, and of 1.3 x 10° and 6.3 x 10° Da, respectively
[27,37]. In contrast, the EPS produced by G. impudicum KGO3 and
Gymnodinium A3 OKU-1 presented only one polysaccharide fraction,
with Mw values of 1.87 x 10° and 1.3 x 108, respectively [26,61].

3.2.5. Thermal properties

The TGA curve of Heterocapsa AC210 EPS displayed two main
degradation steps (TGA data in Supplementary Material, Fig. S3). An
initial weight loss of 21 % is observed between 37 and 194 °C due to
moisture loss [9,37,61]. High moisture content has previously been
described for dinoflagellates' EPS and might be due to the high affinity of
water molecules to carboxyl groups present in the polysaccharide
[37,61]. Above this temperature, a second weight loss of 21 % occurred,
corresponding to the decomposition of the polysaccharide chains, in
accordance with sugar analysis. The EPS thermal degradation (Tgeg) was
found to be 239 °C, a value similar to that reported for the EPS produced
by the dinoflagellate G. impudicum KGO3 (250 °C) [61] and within the
range of values reported for other microbial EPS (111-300 °C)
[1,9,31,43]. The EPS showed a high char yield (54.6 %) that could be
due to the high sulphate content, a complex molecular configuration and
the presence cations that might bind to the different charged sugar
moieties [9,43].

3.3. Biological assays

3.3.1. Cytotoxicity assessment

The potential cytotoxicity of the Heterocapsa sp. AC210 EPS was
evaluated in both human keratinocytes (HaCaT) and human fibroblasts
(CCD-1079Sk), which are the predominant cell types found in skin,
representing the epidermal and dermal layers, respectively [38]. These
cell lines play a major role in the biological response for maintaining
skin integrity [10,38] and are among the cell lines recommended by ISO
10993-5 international standard for cytotoxicity assessment. As shown in
Fig. 3, the EPS did not induce any cytotoxic effect to the cell lines tested
since cell viability was not affected in the presence of EPS concentrations
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Fig. 2. FTIR spectrum of the EPS produced by Heterocapsa AC210.
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Fig. 3. Effect of Heterocapsa AC210 EPS on the viability of HaCaT (A) and CCD-1079Sk cell lines after 24 h incubation. Results were expressed in terms of mean + SD

of three independent experiments performed in triplicates.

up to 1000 pg mL ™. These results are consistent with literature, as the
biocompatibility of several polysaccharides such as alginate, hyaluronic
acid and xanthan gum were demonstrated for the same polymer con-
centration range [22,41].

3.3.2. Cellular antioxidant activity

The capacity of Heterocapsa sp. AC210 EPS to inhibit ROS production
in HaCaT cells was evaluated for polymer concentrations between 62.5
and 1000 pg mL~! (Fig. 4). Compared to the control, a decrease of the
ROS production was observed concomitant with an increasing EPS
concentration, indicating that the EPS has antioxidant properties. In the
presence of only 250 pg mL ™! of EPS, ROS production decreased by 14.3
%. At the maximum concentration tested (1000 pg mL™Y), a 18.3 %
reduction in the ROS level was observed. Similarly, several natural
polysaccharides from different sources have been reported to reduce
ROS production in a variety of cell lines after exposure to different

100 l

50

% ROS (relative to control)

T T T T
Control 62.5 125 250 1000

EPS concentration (ug mL™")

Fig. 4. Effect of Heterocapsa AC210 EPS on the inhibition of AAPH-induced
ROS production in HaCaT cells. The results were expressed as ROS percent-
age relative to the untreated control (cells treated with AAPH), in terms of
mean + SD of three independent experiments. Statistically significant differ-
ences between the samples and the control were calculated according to t-test
(*** p < 0.001, **** p < 0.0001).

oxidative agents. Examples include the plant polysaccharide (Sophora
subprosrate) that, at concentrations between 100 and 400 pg mL %,
significantly decreased the ROS level in mouse macrophage cell line
(RAW264.7 cells) infected with porcine circovirus type 2 (PCV2) [53].
The polysaccharide extracted from Cyclocarya paliurus plant reduced
ROS production in HyOz-induced RAW264.7 cells in a dose-dependent
manner from 25 to 100 pg mL~! [58]. Additionally, the sulphated-
polysaccharide extracted from the seaweed Sargassum thunbergia, at
concentrations between 25 and 100 pg mL~}, reduced HyO5-induced
ROS production (~30 to ~40 %) in African green monkey kidney (Vero)
cells [32]. Also, treatment with different concentrations of arabinan-rich
pectic polysaccharide from acerola (25-200 pg mL 1), ROS concentra-
tion in Hy0y-induced NIH 3 T3 murine fibroblast cells decreased
significantly [33]. In the presence of the microalgae Porphyridium sp.
Polysaccharide, ROS level in human coronary artery endothelial cells
(HCAECs) decreased by ~30 % [34]. After only 1 h of treatment with the
fucose-rich exopolysaccharide produced by Bacillus megaterium RB-05
(200 and 250 pg mL™Y), a significant reduction of ROS levels was
observed in HyO-induced human lung fibroblasts cells (WI38) [48].

Free radicals such as reactive oxygen species (ROS) can cause
oxidative stress in essential cellular structures (e.g., lipids, DNA, pro-
teins) of living organisms, leading to altered functionality [19,38]. Even
though ROS overproduction might occur due to environmental factors,
cellular exposure to ROS is inevitable as these species are formed as a
consequence of aerobic metabolism [23,38]. These oxidant species
contribute to the skin ageing process, either directly by causing damages
in the biomolecules, or indirectly by interfering with the signaling
pathways of keratinocytes and fibroblasts [38]. Moreover, ROS can
severely affect the skin wound healing capacity, as they cause cell death,
less flexibility of skin lipids, and proteases inhibitors oxidative damage
[36].

3.3.3. Anti-inflammatory activity

The anti-inflammatory activity of the EPS produced by Heterocapsa
sp. AC210 was evaluated as the capacity to reduce the release of in-
flammatory cytokine IL-8 (Fig. 5 A) and IL-6 (Fig. 5 B) by HaCaT cells
after an inflammatory stimulus induced by LPS. As Fig. 5 A shows,
Heterocapsa sp. AC210 EPS presented an anti-inflammatory effect for all
concentrations tested, with the IL-8 secretion reducing up to 79.3 %.
Interestingly, for concentrations higher than 500 pg mL ™, Heterocapsa
sp. AC210 EPS efficiency in reducing IL-8 secretion was comparable to
that of IKK-2 and IKK-1 inhibitor BMS (5 pM), a commercial anti-
inflammatory substance (no statistical difference for a 95 %
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Fig. 5. Effect of Heterocapsa AC210 EPS on the IL-8 (A) and IL-6 (B) cytokine secretion in HaCaT cells challenged by LPS. BMS (5 pM) was used as a comparative
commercially available anti-inflammatory agent. Results were expressed in terms of mean + SD of three independent experiments. Statistically significant differences
between the samples and the control were calculated according to t-test (** p < 0.01, *** p < 0.001, **** p < 0.0001).

confidence level). Additionally, IL-6 levels decreased 46.2 % for EPS
concentrations above 500 pg mL ™! (p < 0.01) (Fig. 5 B).

The biological properties of the polysaccharides, including their anti-
inflammatory activity, seem to be related to the complex interaction of
several factors such as their structure, composition, sulphation level,
distribution of sulphate groups along the backbone of the poly-
saccharide, molecular weight, and stereochemistry [8]. Therefore,
contradictory results have been reported in literature. For instance, the
heteroglycan isolated from cyanobacteria Nostoc commune significantly
reduced secretion of IL-6 in LPS-stimulated human monocytes at con-
centrations above 10 pg mL™!. On the contrary, it increased the pro-
duction of pro-inflammatory cytokine IL-8, being more than three-fold
at the highest concentration tested (100 pg mL~1Y) [40]. The sulphated
polysaccharide from Sargassum swartzii (34 % sulphate) exhibited anti-
inflammatory activity by reducing IL-6 production in LPS-induced
macrophages (RAW 264.7) for concentrations above 50 pg mL™! (p <
0.05) [29]. Also, in monocytes challenged with LPS, heparin resulted in
an increase of IL-6 production, whereas dextran and fucan (sulphate
content of 29 %) did not affect the production of this cytokine [2]. In this
study, only the semisynthetic dextran derivatives (DD) randomly
substituted with carboxymethyl, benzylamide, sulphonate, and sulphate
groups (21 %), resulted in a decrease of 20-30 % in IL-6 production [2].
As for IL-8 production, an inhibition of 61 and 65 % was observed in the
presence of heparin and DD, respectively [2]. These results suggest that
Heterocapsa AC210 EPS had significant anti-inflammatory activity by
reducing pro-inflammatory cytokines production. Such bioactive com-
pound might be useful in the treatment of chronic wounds [30] or skin
inflammatory diseases such as atopic dermatitis or psoriasis [8].

4. Conclusions

The dinoflagellate microalgae Heterocapsa sp. AC210 was investi-
gated as an EPS producer. Monosaccharide analysis revealed the pres-
ence of seven different sugar monomers, including fucose, xylose and
glucosamine, which have never been reported in dinoflagellates' EPS
before. Additionally, the EPS had a high content of sulphate, which is
associated with the biological properties often found for microalgae'
EPS. Up to 1000 pg mL~! the EPS was not cytotoxic and in vitro
bioactivity tests revealed its antioxidant and anti-inflammatory activ-
ities. These findings establish a valuable starting point for both the
production of this high value EPS, and the development of new EPS-
based bioactive materials with potential application in the

cosmeceuticals and biomedicine fields. Nonetheless, EPS production
should be optimized in the future for commercial development.
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