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Abstract: Microalgae are able to produce many valuable biomolecules, such as polysaccharides,
that presents a large diversity of biochemical structures and functions as antioxidant, antifungal,
anticancer, among others. Static magnetic fields (SMF) influence the metabolism of microorganisms
and has been shown as an alternative to increase microalgae biomass, yield and compounds produc-
tion. Especially, some studies have highlighted that SMF application could enhance carbohydrate
content. This study aimed to evaluate different conditions of SMF on Spirulina and Chlorella in indoor
and outdoor conditions, in order to confirm the influence of SMF on polysaccharides production,
evaluating which polysaccharidic fraction could be enhanced by SMF and highlighting a possible
modification in EPS composition. Starch from Chlorella and exopolysaccharides (EPS) from Spirulina
were quantified and characterized. SMF increased the starch content in Chorella fusca biomass. EPS
productions from A. platensis and Spirulina sp. were not significantly increased, and global compo-
sition appeared similar to the controls (constituted basically of 80–86% neutral sugars and 13–19%
uronic acids). However, the monosaccharide composition analysis revealed a significant modification
of composition, i.e., the amount of fucose, arabinose, rhamnose, galactose and glucuronic acid was
increased, while the glucose content was decreased. SMF application led to significant modification
of polysaccharides production and this study demonstrate that combining the outdoor conditions
with SMF, the starch content and EPS composition was positively affected.

Keywords: static magnetic fields (SMF); Spirulina; Chlorella; exopolysaccharides; starch

1. Introduction

Microalgae are a selected group of microorganisms with potential for use in wastew-
ater treatment, increased food quality, besides a high capacity to mitigate atmospheric
carbon dioxide (CO2). These photosynthetic microorganisms are divided into eukaryotic
group (among which the Chlorophyta and the Rhodophyta are the most studied phyla), and
prokaryotic group containing Cyanophyceae, often called blue-green microalgae. Microalgae
have been strongly studied in the last decades, as diversity makes them very attractive
to obtain molecules with potential commercial applications, such as pigments, proteins,
lipids and polysaccharides. Polysaccharides are high molecular weight macromolecules
found in all living organisms [1,2]. Among them, polysaccharides from microalgae are
very promising since these compounds display a large diversity of biochemical structures
and functions. They can exhibit many biological activities, as antioxidant [3], antifun-
gal [4], antiparasitic [5] or anticancer [6]. According to the localization and function, the
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polysaccharides from microalgae are divided in three groups: structural from cell walls,
storage that are intracellular and extracellular polysaccharides. Storage polysaccharides
have different structures depending on phyla, e.g., cyanobacteria (including Spirulina and
Arthrospira species) synthesize glycogen in the cytosol and chlorophyceae like the microalga
Chlorella fusca accumulate amylopectin-like polysaccharides (starch) in the plastid [7–10],
under specific conditions [11,12]. Such storage carbohydrates can be used as feedstock for
bioethanol production [13].

Exopolysaccharides (EPS) are produced by a large number of microalgae and cyanobac-
teria strains. They can be found released in the culture medium, or remain tightly bound to
the membrane, depending on species [1]. Specificity of these macromolecules is the fact that
they can contain up to 9–12 different monosaccharides. Moreover, many non-sugar groups
are often encountered on the polymer backbone, such as sulphate or methyl groups [1]. In
these organisms, EPS synthesis may include several steps, such as the production of acti-
vated sugars, their assembly by glycosyltransferases and the export of polymers through
the membrane [14].

Currently, new methods to improve and increase the growth and biomolecules pro-
duction by microalgae have been evaluated, such as the use of static magnetic field (SMF)
during the cultivations. SMF has been described to influence or alter the metabolism of
microorganisms [15–19]. For instance, SMF can promote the release of oxygen from algae,
enhancing photosynthesis and promoting metabolism and growth [20]. Regarding physical
changes, the SMF physically affects paramagnetic and diamagnetic substances in cells that
usually affect the biochemical reactions rate, besides changing the growth rate of cells [21].

In a broader sense of biotechnology, the high induction of magnetic field affects some
properties of liquids, such as surface tension, density, viscosity, light extinction and wetta-
bility of solid substances [22]. Furthermore, the phenomenon of effective penetration of
the atmospheric oxygen in solutions pretreated with SMF was already observed. Zielinski
et al. [23] stated that this phenomenon is very interesting since most of microorganisms
that degrade organic compounds are aerobic. Therefore, if there is an increase in the oxy-
gen concentration in magnetized liquids, the bacteria growth rate and biodegradation of
organic matter are higher. SMF influence has also been shown to be positive in wastewater
treatment and sludge management. In all studies involving SMF, the effects depend on
the intensity and frequency of the field, type of magnetic field (static or oscillating), the
exposure time and the cells conditions [24,25].

Moreover, this method has advantages, such as its high effectiveness for application
to the cultures, its low cost, its non-toxicity to microalgae and is non-interfering with the
downstream processes [26]. Some studies demonstrated that SMF can influence the electron
transportation [21,27], protein and enzyme conformation and activity [28] and membrane
permeability [29] and then the metabolism in its globality. According to Miyakoshi [30],
intensities higher than 1 T result in the inhibition of biochemical processes. On the other
hand, a weak SMF may also increase the efficiency of the biological decomposition of
organic compounds [31] as in the study of Filipič et al. [32] that using 17 mT, stimulated
enzyme activity and increased the rate of organic matter biodegradation by the bacterial
community. Other authors have shown that SMF is able to improve the microalgal growth
and biomolecules production, such as proteins, lipids and pigments [17,33,34]. Further-
more, previous studies with Spirulina under SMF demonstrated an increase in carbohydrate
content [35,36], but the studies about SMF action on EPS production are very scarce. Luo
et al. [37] treated Chlorella vulgaris with 20 to 200 mT and observed a decrease of soluble
EPS content while increasing MF strength.

Based on the above, this study aimed to evaluate different conditions of 25–30 mT
SMF in Spirulina and Chlorella in indoor and outdoor conditions, in order to confirm the
SMF influence on polysaccharide production, evaluate which polysaccharidic fraction is
modulated by SMF and highlight a possible modification of EPS composition.
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2. Materials and Methods
2.1. Microalgae and Culture Conditions

Arthrospira platensis SAG 21.99 (Göttingen University, Germany), Spirulina sp. LEB
18 [38] and Chlorella fusca LEB 111 (Aidar and Kutner Microorganism Bank-BMA&K) were
chosen to be evaluated. A. platensis SAG 21.99 and Spirulina sp. LEB 18 were cultivated
in Zarrouk medium [39] and C. fusca in BG 11 medium [40]. These microalgae were
selected, since there are previous studies that show the influence of SMF on growth, but
the polysaccharides were not evaluated before [16,36,41], besides Spirulina and Chlorella
has been widely studied due to their high polysaccharides content [1,7,42].

The A. platensis SAG 21.99 assays were carried out in 1 L glass bottles, illuminated
with fluorescent tubular lamps (100 µmolphotons m−2 s−1), aerated by air and maintained
at 22 ◦C under a 16/8 h light/dark photoperiod. Cultures were inoculated at 0.1 g L−1

and run in batch mode for 10 days. C. fusca was cultured in the same devices for 15 days,
but maintained at 30 ◦C, a 12/12 h light/dark cycle and 82 µmolphotons m−2 s−1 for the
irradiance [36,41]. Additionally, outdoor conditions were tested in raceway tanks (4.5 L
working volume) for Spirulina sp. LEB 18 and C. fusca LEB 111 in a greenhouse, in open
PVC raceways with daytime sunlight (mean value 300 µmolphotons m−2 s−1) and the mean
temperature in those days were 34 ◦C. Paddle wheels, set at 24 revs min−1, were used for
the mixing. The Figure 1 shows the experiment schemes developed in this study.

Figure 1. Scheme of research design experiments.

Initial biomass concentration was 0.2 g L−1 for Spirulina sp. and 0.3 g L−1 for C. fusca.
Daily sampling allowed to follow the biomass concentration (X, g L−1), by measurement of
the 670 nm optical density (UV-vis spectrophotometer, QUIMIS Q998U, Brazil) and use
of DW/OD correlations established for each microalga. Xmax corresponds to the biomass
concentrations obtained at the end of cultures.

2.2. Static Magnetic Fields Application

In A. platensis SAG 21.99 photobioreactor assays, SMF was applied with ferrite magnets
(150 × 50 × 10 mm) placed outside the glass bottles. SMF were applied for 1 h d−1 in the
light period or for 24 h. For Spirulina sp. LEB 18 and C. fusca LEB 111 raceway cultivations,
6 magnets were placed for each and during the same periods (24 h d−1 and 1 h d−1).
The outdoor assays were performed from March to April, at the end of summer and
beginning of fall (Southern hemisphere). The growth results are demonstrated and detailed
in previous studies [16,36].

For all assays, the magnetic intensity was measured using a Gaussmeter (TLMPHALL-
05 k-T0, Cotia, Brazil). To obtain the mean intensity value applied to microalgae, different
measurements within the photobioreactor were made, as represented in Figure 2. Magnetic
intensity of the magnets was around 30 mT for A. platensis SAG 21.99 cultures and 25 mT
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for the other strains studied. The magnets used have the following characteristics: barium
ferrite, anisotropic and axial bipolar.

Figure 2. Scheme of the photobioreactors used for A. platensis SAG 2199 (A), C. fusca and Spirulina sp.
(B) assays. 1 represents the ferrite magnets place in the photobioreactors; X represents the SMF measure-
ments points.

For all conditions, control cultures were conducted with the same operating conditions
(temperature, irradiance and initial biomass concentration) than the assays with SMF
application except that magnetic field were not applied.

2.3. Polysaccharides Extraction and Characterization
2.3.1. Starch from Chlorella fusca Biomass

The centrifuged and lyophilized biomass obtained on the 15th day was used to
measure total starch. For this, the total starch assay kit (cat. no. K-TSTA) obtained from
Megazyme International Ireland (Bray, Ireland) were used.

The total carbohydrate content was determined by the method described by Dubois, et al. [43]
using a glucose standard curve, on biomass extracts obtained from 5 mg of lyophilized
biomass resuspended in 10 mL of distilled water and sonicated for 10 min (COLE PARMER,
CPX 130, Illinois, CA, USA).

2.3.2. EPS from Spirulina

EPS from Spirulina biomass were extracted according to Filali-Mouhim, et al. [44]. The
biomass was resuspended in pH 9.5, 0.05 M TAPS ([tris (hydroxymethyl) methylamino]
propanesulfonic acid) buffer containing 0.025 M EDTA and 0.025 M NaCl. The use of this
buffer aims to limit cellular lysis during subsequent steps. After heating at 100 ◦C for
1 h, the suspension was centrifugated (17,000× g, 30 min, 20 ◦C) and the pellet was re-
suspended in the same buffer for a second extraction. The supernatants were combined, and
acidic polysaccharides were precipitated with 10 volumes of 3% cetyltrimethylammonium
bromide (CTAB) for 24 h. After centrifugation, the pellet was purified by 4 successive cycles
of solubilization in KCl 1.5, 0.75 and 0.3 M, and a last resolubilization in milli-Q water.
Between each solubilization in KCl, polysaccharides were precipitated with 3 volumes of
96◦ ethanol (left overnight at −20 ◦C) and the mixture was centrifugated to recover the
polysaccharides pellet. These successive steps aimed to increase the purity of samples by
removing most of the proteins and other impurities [45]. The samples were lyophilized for
the next analyzes.

Total carbohydrate content of EPS was analyzed by the resorcinol assay as described
by Monsigny, et al. [46] using glucose as standard. Another standard curve was performed,
using glucuronic acid, in order to access to the neutral sugar content using the corrective
formula described by Montreuil, et al. [47]. Uronic acids were evaluated with meta-
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hydroxyldiphenyl, as described by Blumenkrantz and Asboe-Hansen [48] using glucuronic
acid as standard.

Monosaccharide analysis was conducted as previously described [49–52]. Acid hy-
drolysis were conducted with 2 M HCl for 90 min at 120 ◦C. Samples were neutralized with
NH4OH 35%, centrifugated (15,000× g, 15 min) and analyzed for their monosaccharide
composition by High Pressure Anion Exchange Chromatography (HPAEC) equipped with
pulsed amperometric detection (PAD). An ICS 3000 and AS 50 autosampler (Dionex, Sun-
nyvale, CA, USA) were used to inject 25 µL of samples on a guard CarboPac PA1-column
(4 × 50 mm) and analytical CarboPac PA1-column (4 × 250 mm). Elution was performed
using 18 mM NaOH for 25 min (to recover neutral sugars), followed by a linear gradient
of 1 M sodium acetate in 200 mM NaOH to elute acidic monosaccharides. Data were
collected and analyzed with Dionex Chromeleon 6.80 software (Sunnyvale, CA, USA).
Quantification of monosaccharides was performed by plotting the response area as function
of concentration of injected standards (L-Fuc, L-Ara, L-Rha, D-GlcN, D-Gal, D-Glc, D-Xyl,
D-Man, D-GlcA, D-GalA) in the range 0.001 and 0.05 g L−1.

2.4. Statistical Analysis

Analysis of variance (ANOVA) was conducted, followed by the Tukey test at 95%
confidence level in order to highlight significance of results.

3. Results
3.1. Polysaccharides in Chlorella Microalgae Biomass

The biomass concentration reached 2.30 g L−1 (Table 1) when C. fusca was cultured
outdoor under SMF 24 h, 24% higher than control (1.75 g L−1). When SMF was applied
for 1 h d−1, no positive effect on cell growth was noticed, since microalgal growth was
similar to the control assay and biomass concentrations showed no significant difference
(p ≥ 0.05) at all culture times. However, positive effect was noticed for indoor assays,
with a 70% increase when SMF was applied for 1 h d−1 and 85% when SMF was applied
for 24 h, compared to control (0.80 g L−1). Concerning total carbohydrates, and contrary
to what was previously observed for Spirulina [16,35], only a slight increase was noticed
for the cultures conducted with SMF and the statistical analysis revealed no significant
difference. The more influent factor on the total carbohydrate content was found to be the
indoor vs. outdoor condition, as a significant increase was observed for outdoor cultivation.
According to Hu [53], an increase in carbohydrate content is observed with high light
intensities, due to more efficient carbon fixation through photosynthesis. In the present
study, the outdoor assays were carried out with daytime sunlight (300 µmolphotonsm−2 s−1),
while indoor assays illuminated with daylight-type lamps (100 µmolphotonsm−2 s−1). Thus,
our results are in accordance with this assumption.

Table 1. Final biomass concentration (Xmax), total carbohydrates and starch contents in Chlorella fusca
LEB 111 biomass cultivated under different conditions of static magnetic field (SMF) application.

Assays Starch (g 100 g−1) Carbohydrates
(g 100 g−1) Xmax (g L−1)

Indoor
Control 6.42 ± 0.26 a 24.84 ± 0.11 d 0.80 ± 0.01 d

SMF 1 h d−1 7.28 ± 0.61 a,b 24.98 ± 1.00 d 1.36 ± 011 c

SMF 24 h d−1 7.91 ± 0.29 b 27.53 ± 0.52 c,d 1.48 ± 0.11 c

Outdoor

Control 1 h d−1 9.67 ± 0.82 c 31.38 ± 0.28 a,b 2.18 ± 0.02 a

SMF 1 h d−1 10.94 ± 0.55 d 34.18 ± 0.68 a 2.23 ± 0.07 a

Control 24 h d−1 10.12 ± 1.27 c,d 29.16 ± 1.38 b,c 1.75 ± 0.03 b

SMF 24 h d−1 10.08 ± 0.22 c,d 31.45 ± 0.76 a,b 2.30 ± 0.20 a

Means ± standard deviations. Different letters in the same column correspond to significant differences (p ≤ 0.05).

In Chlorophyceae, like Chlorella fusca, the major polysaccharides that can be encoun-
tered are the storage polysaccharide (starch, [7]), and those constituting the cell wall
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(cellulose-like, [54]). A few studies have also described EPS released in the culture medium
for some Chlorella species, but at really low yield [37,55]. In our study, we quantified the
starch content in each cultivation condition, in order to highlight a potential modulation
of the polysaccharide repartition. For the outdoor assays, in both control and SMF appli-
cation conditions, starch content was found greater than in indoor conditions (p ≤ 0.05).
This result seems consistent with the increase of the photosynthesis rate with higher light
intensity, as the storage polysaccharide may act as a carbon sink. Starch accumulation acts
as a fast stress response [56] and mechanisms of starch accumulation by microalgae as well
as the degree of starch polymerization and cellular location vary with species and algae
division stage [12].

C. fusca was found to accumulate more starch with SMF action, with 23% increase for
continuous application indoor and 13% increase for 1 h d−1 in outdoor condition (Table 1).
The main strategy to accumulate starch in microalga cultures is generally nitrogen starva-
tion [7], but other operating conditions can also lead to this overproduction. Ho, et al. [57]
have shown that C. vulgaris and C. variabilis biomass contained higher starch amount when
the culture was enriched with CO2. However, this appears to be strain dependent as
no modification of starch accumulation was noticed for C. sorokiniana and C. minutissima.
Luo, et al. [37] studied the influence of SMF on EPS content of Chlorella vulgaris. These
authors revealed that the higher the SMF strength, the lower soluble EPS content. In the
present study C. fusca was cultivated under SMF that is supposed to act as a stress for
the cells, modifying metabolism of microorganisms, affecting cell growth and molecules
synthesis, explaining the greater starch content observed when applying SMF. Combining
SMF with other stress (for example nitrogen starvation) could then further enhance starch
accumulation, that could be of interest as feedstock for bioethanol production. This ap-
proach at a larger scale could improve the biomass production and, consequently, increase
the biofuel production being feasible outside the laboratory.

Additionally, as the total carbohydrate content was not found significantly increased,
it can be supposed that the content in polysaccharides other than starch as thus decreased.
As polysaccharides encountered in Chlorella biomass are only starch and cell wall polysac-
charides, we can suppose that the content of the latter has decreased. This could also be of
great interest for further biomass processing, as it can decrease the cell-wall rigidity and
facilitate the downstream processes of cellular lysis and starch extraction.

3.2. Characterization of EPS of Cyanobacteria Strains

The EPS content in the Spirulina and Arthrospira biomass obtained for cultures with
SMF or controls is showed in Table 2. While the two cyanobacteria are really closed geneti-
cally, Spirulina sp. LEB 18 present higher EPS content in the biomass (49.3 g 100 gbiomass

−1)
than Arthospira platensis SAG 21.99 (27.9 g 100 gbiomass

−1). However, the first one was
cultured outdoor, while the latter was cultured indoor. Moreover, the meta-bibliographic
data analysis and experiments conducted by Phelippe, et al. [42] has shown that total carbo-
hydrate content is increased at high temperature with a mean of 41% DW (dry weight) for
cultures conducted at more than 36 ◦C, and only 27% DW for lower temperatures. Same
trend has been observed for high light intensities, with additionally a modulation between
glycogen and EPS repartition and a modification in EPS composition.
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Table 2. Exopolysaccharides (EPS) production yield and global osidic composition.

Assays EPS (g·100
gbiomass

−1) % NS in EPS % UA in EPS Xmax (g L−1)

Arthrospira platensis SAG 21.99

Control 27.9 ± 0.01 a 86.83 ± 0.01 b 13.17 ± 0.01 a 0.59 ± 0.04 a

SMF 24 h d−1 34.8 ± 0.90 a 80.72 ± 2.34 a 19.27 ± 2.34 b 0.78 ± 0.05 b

SMF 1 h d−1 19.4 ± 0.06 a 81.51 ± 0.01 a 18.49 ± 0.01 b 0.88 ± 0.04 c

Spirulina sp. LEB 18

Control 49.3 ± 0.19 a 84.47 ± 2.27 b 15.53 ± 0.01 a 3.40 ± 0.01 d

SMF 24 h d−1 33.8 ± 0.49 b 85.01 ± 3.10 b 15.00 ± 3.10 a 3.37 ± 0.01 d

SMF 1 h d−1 33.1 ± 0.06 b 82.98 ± 0.35 b,a 17.02 ± 0.35 a 3.65 ± 0.06 d

Means ± standard deviations. Different letters in the same column correspond to significant differences for the
same microalgae strain (p ≤ 0.05). EPS: exopolysaccharides, NS: Neutral Sugars, UA: Uronic Acids.

Previous studies with Spirulina under SMF demonstrated an increase in total carbo-
hydrates content [16,36]. In the present study, application of SMF on Arthospira platensis
SAG 21.99 did not significantly increase the EPS content, and this amount even decreased
for Spirulina sp. LEB 18 cultures. In addition to the EPS, these cyanobacteria also produce
glycogen as storage polysaccharide. Our results thus suggest that the increase in carbo-
hydrate content previously described [16,36] could be due to a greater accumulation of
glycogen within the cells, thus modifying the polysaccharides repartition within cells. This
result could also be considered as consistent with what was observed for Chlorella fusca, as
in both cases the intracellular polysaccharide seems to be enhanced.

Analysis of the exopolysaccharides from A. platensis 21.99 and Spirulina sp. LEB 18 have
shown that they are mainly constituted of neutral sugars (80–86%) and uronic acids (13–19%)
(Table 2). The two different cyanobacteria strains studied had no significant different osidic
composition (p ≤ 0.05). However, composition was differently affected, as neutral and acidic
sugars were not modified for Spirulina sp. LEB 18, while the uronic acids content increased
for A. platensis SAG 21.99. The microalgae photochemical reactions are highly affected by
irradiance because there is a biologically unbalanced reaction between the light absorbed by
photochemistry versus the energy used by metabolism [58]. Phelippe, et al. [42] have shown
that an increase in light intensity could enhance this content.

The EPS of cyanobacteria usually includes up to six or more monosaccharides in
their structure [11]. Some studies have shown that polysaccharides composition produced
by Spirulina is altered by cultivation conditions and extraction methods. These polysac-
charides are composed of several monosaccharides, such as rhamnose, ribose, mannose,
fucose, galactose, xylose, glucose, glucuronic acid and galacturonic acid [59,60]. In ad-
dition, cyanobacteria have the particularity of producing polymers containing sulphate
groups and uronic acids. Additionally, pentoses, such as xylose, arabinose and ribose are
monosaccharides frequently found in EPS secreted by cyanobacteria [14]. In our study, the
monosaccharide composition was investigated after acidic hydrolysis of the EPS, using
HPAEC-PAD. The overall composition of the extracted EPS in cyanobacteria strains is
shown in Table 3.
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Table 3. Monosaccharide composition of EPS from cyanobacteria strains cultivated under different conditions of SMF application.

Monosaccharides (%
Molar Ratio) Arthrospira Platensis SAG 21.99 Spirulina sp. LEB 18

Control SMF 24 h d−1 SMF 1 h d−1 Control SMF 24 h d−1 SMF 1 h d−1

Fucose 5.8 ± 0.01 10.2 ± 0.01 7.0 ± 0.01 13.34 ± 0.01 13.5 ± 0.02 15.30 ± 0.01
Arabinose 1.7 ± 0.01 - - 1.77 ± 0.01 2.28 ± 0.01 1.43 ± 0.01
Rhamnose - 4.8 ± 0.02 4.5 ± 0.02 9.77 ± 0.01 6.59 ± 0.01 4.33 ± 0.01
Galactose 7.2 ± 0.01 16.9 ± 0.01 15.5 ± 0.04 18.99 ± 0.01 21.05 ± 0.02 20.42 ± 0.01
Glucose 71.8 ± 0.01 52.4 ± 0.01 57.2 ± 0.04 19.66 ± 0.01 23.35 ± 0.02 24.51 ± 0.03
Xylose 9.9 ± 0.01 7.8 ± 0.02 6.2 ± 0.01 17.37 ± 0.01 17.62 ± 0.04 16.78 ± 0.02

Glucuronic acid 3.6 ± 0.01 8.1 ± 0.01 6.50 ± 0.02 13.45 ± 0.01 14.30 ± 0.01 15.48 ± 0.01
Galacturonic acid - - - 4.18 ± 0.01 - -

Means ± standard deviations.

The strains studied exhibited eight different monosaccharides in their compositions
(fucose, arabinose, rhamnose, galactose, glucose, xylose, glucuronic acid and galacturonic
acid). These compositions are thus in accordance with those previously published. The
main monosaccharide found in A. platensis 21.99 EPS was glucose, that represents around
70% of the overall composition for the control, while in Spirulina sp. LEB 18 biomass,
galactose and glucose are the highest constituents. Phélippé, et al. [42] showed that the
cyanobacteria cultured with irradiance up to 800 µmolphotons m−2 s−1 presented strong
increase in glucose content, reaching 77.7%, showing that a modulation of EPS composition
can be encountered with cultivation conditions. The difference in EPS composition for
the controls of the two cyanobacteria could thus be due to the different culture conditions
(indoor and outdoor). However, regarding A. platensis SAG 21.99, the SMF applied for
24 h and 1 h showed some monosaccharides that are not found in the control assay, or
their amount is higher than control, such as fucose, rhamnose, galactose and glucuronic
acid. At the opposite, the SMF application decreased the glucose, arabinose and xylose
concentrations. For Spirulina sp. LEB 18 cultured with SMF, differences appeared less
significant, but slight increases were observed for fucose, galactose, glucose and glucuronic
acid (Table 3).

These cyanobacterial EPS compositions are then in accordance with literature data,
especially regarding glucose and galactose content. Glucose is the main monosaccha-
ride in compositions and galactose, the secondary in cyanobacteria and other microalgae
strains [61,62]. Xylose is often encountered in EPS compositions, since xylans could be a
protective mechanism for cells to resist mechanical stress. Biomass cultured under SMF
applied for 1 h produced more xylose, as it may be a protection against SMF stress.

As EPS from microalgae and cyanobacteria are known to exhibit biological activities,
the modulation of some monosaccharide that was observed in this study could have
significant importance for the potential applications associated to these EPS. Furthermore,
in the end of microalgal cultivation when the nutrient content is low and there is high
algal density, EPS could be used as carbon and energy source [63,64]. Indeed, even if it is
still difficult to rely on a polysaccharide composition and a biological activity, presence of
uronic acids, as well as sulphate groups, fucose or rhamnose contents have been suggested
to play a role in some activities [42]. On the other hand, the SMF application on microalgae
is often studied in laboratory scale and there are some challenges to apply this technique
at a pilot scale to achieve high EPS production. Therefore, the present study showed that
microalgae cultured in outdoor conditions and open photobioreactors has a good quality
biomass and high growth rate, improving the feasibility to test these conditions at large
scale, that nowadays is a challenge in SMF approaches.

4. Conclusions

SMF increased the biomass productivities besides the starch content in Chlorella
biomass; probably the glycogen content in Spirulina biomass and modifying EPS com-
position. Outdoor cultures of C. fusca showed 30% more starch than indoor assays, besides,
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when SMF was applied for 1 h d−1, starch content was higher than control. Regarding
uronic acids in the EPS of cyanobacteria, the SMF action significantly increased the content
(p ≤ 0.05) in both conditions. For cyanobacteria, SMF application did not significantly
modify the EPS amounts, while the increase in total carbohydrate content was already
observed suggesting that the SMF action is on the intracellular polysaccharide fraction.
However, a modification in the EPS composition was highlighted, that may improve bi-
ological activities of EPS. Indeed, the SMF applied for 24 d−1 and 1 h d−1 induced an
increase in some monosaccharides content such as fucose, rhamnose, and glucuronic acid
that are suggested to be relied to these activities. This study showed thar SMF may alter
the composition and concentration of carbohydrate and microalgae metabolism.
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