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Featured Application: Arthrospira (Spirulina) platensis enriched in β-glucans could be a
potential ingredient for the preparation of novel functional foods.

Abstract: (1) Background: Arthrospira (commonly known as Spirulina) is an edible cyanobacterium
that is produced worldwide as a food supplement owing to its high nutritional value. Arthrospira
displays strong potential as an important ingredient in the development of novel functional foods.
Polysaccharides from Arthrospira are biologically active compounds and hence there is interest in
producing biomass rich in carbohydrates. (2) Methods: A. platensis was cultivated under different
degrees of phosphorus limitation in order to trigger the accumulation of carbohydrates. The biomass
was then characterized in terms of its content of α- and β-glucans, total dietary fiber and monosac-
charide profile. Fourier-transform infrared spectroscopy (FTIR) was used for the rapid analysis
of the main biomass components. (3) Results: Phosphorus limitation resulted in an increase in
carbohydrates (from 23% up to 65% dry biomass) of which 4–12% (in relation to the dry biomass) was
α-glucans and 20–34% was 1.3:1.6 β-glucans, while 1.4:1.6 β-glucans were not detected. Total dietary
fibers ranged from 20–32% (of dry biomass), whereas among the carbohydrates, the predominant
monosaccharide was glucose (>95%). FTIR performed well when applied as a prediction tool for the
main biomass components. (4) Conclusions: Since β-glucans are of particular interest as biologically
active compounds, this study demonstrates that phosphorus-limited A. platensis could be a potential
ingredient for the development of novel functional foods.

Keywords: Spirulina; glucans; nutrient limitation; functional food; polysaccharides; FTIR

1. Introduction

Microalgae and cyanobacteria are a very interesting group of photosynthetic microor-
ganisms that have strong potential for use in the food industry as a source of valuable
biomolecules (proteins, lipids, pigments, etc.). They have attracted increased interest as cell
factories, and as an alternative pathway to traditional practices that employ heterotrophs.
As they are photosynthetic microorganisms, they might provide simpler cultivation facili-
ties and easier processes (no sterilization required, low contamination potential, etc.) for
the production of biomass and the subsequent biomolecules [1–3]. More recently, microal-
gae have attracted attention for the production of carbohydrates (polysaccharides) and as
a potentially renewable source for various applications in the food and chemical indus-
try [4–8]. Microalgae and cyanobacteria synthesize carbohydrates through photosynthesis
and carbon fixation processes. Carbohydrates have diverse structural (cell walls, etc.) and
metabolic (energy storage, etc.) roles. The most common carbohydrate types found in
microalgae and cyanobacteria are cellulose as structural carbohydrates (in microalgae), and
starch (in microalgae) or glycogen (in cyanobacteria) as energy storage molecules [8].

Among the different carbohydrate types, β-glucans are of particular interest due
to their bioactive functions, including immunomodulation, antitumor, antioxidant and
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antibacterial activities, serum cholesterol and glucose reduction, obesity prevention, etc. [9].
Consequently, β-glucans are considered as a very interesting source for the preparation of
functional foods [10,11]. So far, the main sources of β-glucans that have been investigated
are cereals, fungi (yeasts, mushrooms, etc.) and bacteria [12]. Similar studies on β-glucans
from microalgae and cyanobacteria are scarce [13–15].

Arthrospira (commonly known as Spirulina) is an edible cyanobacterium that is pro-
duced worldwide as a food supplement owing to its high nutritional value. It is one of the
most commercially produced species and is regarded as a very good source of proteins,
with a content of more than 60% DW, pigments (phycocyanin and chlorophyll), vitamins,
antioxidants, etc. Generally, Arthrospira displays strong potential as an important ingredient
in the development of novel functional foods that fulfil consumer demand for nutritional
and health-beneficial food [16,17]. Regarding the polysaccharides from Arthrospira, several
studies have demonstrated their biological activity [18–20] and their potential for use in the
food industry [4,21]. However, there are no studies known so far that deal with β-glucans
produced by A. platensis.

An important aspect in regard to the biotechnological application of A. platensis is that
its carbohydrate content can be significantly increased (from 10–20% up to 50–70%) by trig-
gering the accumulation of carbohydrates through the manipulation of given cultivation
parameters, such as temperature, salinity, nutrient availability and light intensity [5,6,22].
Nutrient starvation/limitation (such as nitrogen or phosphorus) of A. platensis has been
widely studied and proven to be a very effective technique for carbohydrate accumula-
tion [6,23–25] that could also be easily applied in large-scale cultivation systems [22,26].
Nevertheless, there are only a few studies that have focused on the characterization of the
carbohydrates produced by nutrient-starved/limited A. platensis with regard to nitrogen
starvation/limitation [22,27,28], while there is lack of work characterizing the carbohy-
drates accumulated by the phosphorus starvation/limitation process. The aim of the
present study was to optimize the carbohydrate production of A. platensis through phos-
phorus limitation and to characterize the produced biomass in terms of the content of
glucan types, dietary fiber, and the monosaccharide profile. Moreover, since the process
of phosphorus limitation resulted in the varied biochemical composition of the biomass
produced, Fourier-transform infrared spectroscopy was used as a rapid, non-destructive
tool for the prediction of the content of the main biomass compounds.

2. Materials and Methods
2.1. Microorganisms and Cultivation Conditions

The strain used in this study was Arthrospira platensis SAG 21.99 obtained from SAG
(Sammlung von Algenkulturen der Universität Göttingen). A. platensis was grown in
modified Zarrouk medium as described in a previous study [25], while phosphorus was
supplied in the form of K2HPO4 in four different concentrations, namely, 1.5, 2, 3 and
4 mg-P/L (and 89 mg-P/L for the control). Cultivation was carried out in closed cylin-
drical glass photobioreactors with an inner diameter of 76 mm and a working volume of
0.5 L. The cultures were aerated with filtered air provided by a membrane air pump to
agitate the cultures. Cultivation was performed in a room with a controlled temperature of
28 ◦C (±2 ◦C). Light intensity was 150 µmol m−2 s−1 (measured by SpectraPen, PSI,
Czech Republic), which was provided through a LED panel on one side of the photo-
bioreactors with a photoperiod of 16 h light and 8 h dark (based on preliminary studies).
Cultures were carried out in triplicates. The cultures were performed in a semi-continuous
mode with a daily feeding rate 20%. The cultures lasted for at least 30 days and the daily
harvested biomass was filtered with nylon mesh (50 µm pore size), rinsed with deionized
(DI) water and cumulatively stored (combined daily harvested batches) in the freezer
(−20 °C), and finally, lyophilized for further analyses. The cultures were monitored fre-
quently (every 3–4 days) through the optical density (OD@750nm) to ensure that the
process was steady in terms of biomass concentration. The values of OD did not vary by
more than 10%. throughout the cultivation period.



Appl. Sci. 2021, 11, 8121 3 of 14

2.2. Analytical Methods
2.2.1. Biomass Biochemical Composition

Biomass dry weight was measured after filtration with filter paper (pore size 40 µm),
being rinsed with DI water to remove the salts from the growth medium and then dried in
an oven (65 °C) until constant weight was achieved. Carbohydrates were measured by a
modified phenol-sulfuric acid method [29]: briefly, 10 µL of 90% phenol solution were added
and mixed with 0.5 mL of cell sample containing 10–50 mg/L carbohydrates, followed by the
addition of 1.25 mL of concentrated sulfuric acid (96%). After 30 min, the OD was measured
at 485 nm using D-glucose as the standard sugar. Reducing sugars, were determined by the
3.5-dinitrosalicylic acid (DNS) method [30]: 0.25 mL of DNS was added to 0.25 mL of sample
and boiled for 5 min in a water bath. Then, 0.44 mL of Rochellet salt and 1 mL of DI water was
added and the OD was measured at 540 nm. Lipids were measured by a modification of the
sulfo-vanillin method [31] after the extraction of lipids with 2:1:0.2 chloroform:methanol and
water. Briefly, 20 µL of extracted sample containing 200–500 mg/L of lipids were incubated in
80 ◦C to evaporate chloroform and then 0.4 mL of 96% sulfuric acid was added and samples
were placed in boiling water for 10 min. Samples were then left at room temperature for
15 min to cool down and 1.0 mL of phosphoric-acid/vanillin solution was added (solution
stock was prepared by dissolving 0.12 g of vanillin in 20 mL DI water, and finally, in 80 mL of
85% phosphoric acid). The samples were incubated at 37 ◦C for 15 min and OD was measured
at 530 nm. For the standard curve, corn oil was used. Proteins were assayed according
to Lowry et al. [32] after the extraction with 0.5N NaOH: in brief, 1.5 mL of samples were
centrifuged, the pelleted biomass was resuspended in 1.5 mL 0.5 N NaOH and then incubated
on an agitation heating plate at 100 ◦C for 20 min. An aliquot of 100 µL of extracted proteins
was then added to 100 µL 5% SDS, and supplemented with 1 mL of a solution consisting of
2% Na2CO3 in 0.1 N NaOH. After 15 min, 100 µL of freshly prepared 1N Folin–Ciocalteu
reagent was added and samples were left for 30 min in the dark. The OD was measured at
750 nm using bovine serum albumin as the standard. The final data given are the average of
three analytical replicates (n = 3) with the standard deviation.

2.2.2. Glucans Determination

Glucans where assayed using enzymatic methods, and more specifically, the commer-
cial products from Megazyme Ltd. (Wicklow, Ireland): (1) β-Glucan Assay Kit (mixed
linkages) with the product code: K-BGLU for determining 1.3:1.4-β-D-glucan, and (2) the
β-Glucan Assay Kit (Yeast & Mushroom) with product code: K-YBGL for determining
1.3:1.6-β-glucan and α-glucan.

2.2.3. High Pressure Liquid Chromatography for Monosaccharides Profile Determination

Monosaccharides were determined by high-pressure liquid chromatography (HPLC)
after acid hydrolysis. Briefly, 0.05 g of dried biomass was weighed, placed in a test tube
and 10 mL HCl 2M was added. The sample was boiled for 30 min. After boiling, 10 mL of
NaOH 2M was added in order to neutralize the mixture. Finally, the sample was filtered
and subjected to HPLC analysis. An Agilent Technologies 1100 Series HPLC System with a
refractive index detector and a UV/Visible detector was used for determination of sugars.
The chromatographic separation of sugars was performed on an Aminex HPX-87H Ion
Exclusion, Biorad (300× 7.8 mm) column with the thermostat set at 50 ◦C, using a refractive
index detector (RID). The determination of organic acids was performed simultaneously in
the same conditions by monitoring the UV spectra at 210 nm. The analysis was performed
isocratically at a flow rate of 0.7 mL per min and the mobile phase was 0.009 N H2SO4.
The injection volume was 20 µL. The data were processed with the Chemstation Agilent
Technologies Software. Duplicate analysis was performed for all samples.

2.2.4. Total Dietary Fibers

Total dietary fibers were determined as follows: 200 ± 0.1 mg of dried biomass was
weighed and placed into 250 mL beakers in duplicates and 25 mL H2O was added. Stirring
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was used until the test portions were thoroughly hydrated. The beakers were covered with
aluminum foil and placed without stirring in an incubator at 37 ◦C for 90 min. Subsequently,
100 mL 95% ethanol was added to each beaker and left for 1 h at room temperature
(25 ± 2 ◦C). The residue was collected under vacuum in a pre-weighed filter (ashless,
No 41, cat No 1441-070). Sample residues were washed 2× with 20 mL of 78% ethanol,
2×with 10 mL of 95% ethanol, and 1x with 10 mL of acetone. Filters containing the residues
were dried at 105 ◦C until constant weight was achieved. Ash was measured after sample
combustion at 525 ◦C for 5 h.

2.2.5. Fourier-Transform Infrared Spectroscopy (FTIR) Spectra

FTIR spectra were collected using ZnSe 45◦ attenuated total reflectance (ATR) through
plate crystal, with a HATR sampling accessory on a PerkinElmer Frontier FTIR Spectrometer
equipped with a DLaTGS detector with a KBr beam splitter (PerkinElmer Inc., Seer Green,
UK). The spectrometer collected spectra over the wavenumber range 4000–650 cm−1 and
was programmed with PerkinElmer Spectrum v10.4.2 software (Seer Green, UK). Ten scans
per measurement were used with a resolution of 4 cm−1. The dried samples were placed
on the ZnSe 45◦ ATR crystal and pressed with a gripper to have the best possible contact
with the crystal surface. Reference spectra were obtained by collecting an air background
(spectrum from the cleaned blank crystal) prior to each sample measurement. At the end of
each sampling, the crystal surface was first cleaned with detergent, washed with distilled
water, cleaned with ethanol and dried with lint-free tissue. Three (3) replicate FTIR spectra
were collected from each of the 3 different batches (biological replicates) of each treatment.

The statistical analysis of the main effects of phosphorus limitation on biomass compo-
sition was based on analysis of variance (ANOVA, one-way comparisons), conducted using
SigmaPlot 12.0 software (Systat Software, Inc.). Regarding the FTIR model, data analysis
was performed using Unscrambler software (version 9.7, CAMO, Norway). The collected
FTIR spectral data were background corrected using the standard normal variate (SNV)
transformation. Subsequently, spectral data in the range of 1800–650 cm−1 were used to
build the partial least squares regression (PLS-R) models. The database was partitioned into
a training and an external validation dataset. The measurements from the two first batches
(biological replicates) of samples were included in the training dataset and measurements
from the third batch were included in the external validation set (test set). The normal-
ized FTIR data were subjected to partial least squares (PLS) analysis for the estimation of
the main quality parameters of Spirulina content (% DW), i.e., proteins, carbohydrates,
lipids, β-glucans, α-glucans, dietary fiber, and glucose. The PLS-R model was evaluated
by using a leave-one-out cross validation procedure on the training set only. The number
of latent components needed to yield the lowest root mean square error (RMSE) of the
cross-validation was evaluated for the modelling and the plot of cross-validation residual
variance against the number of latent components was examined in parallel, with up to
20 components included. In the case that the residual variance no longer decreased with
additional components, the number of latent components of the first minimum value of
residual variance was selected to avoid overfitting. Then, the developed models were
validated by applying the test data set. The performance indices for evaluating and com-
paring the models were the coefficient of determination (R2), the RMSE and the residual
prediction deviation (RPD) for the known (observed) values versus validation estimations
(predictions) for each parameter.

3. Results and Discussion
3.1. Biomass Production and Proximate Biochemical Composition

The biomass production of A. platensis grown with different phosphorus concentra-
tions is illustrated in Figure 1a. As shown, the increase in the phosphorus provided in the
cultures resulted in increased biomass production. This indicates that phosphorus was the
growth limiting factor for the cultures containing 1.5, 2 and 3 mg-P/L. When A. platensis
was cultivated with 4 mg-P/L it produced as much biomass (around 1700 mg/L) as the



Appl. Sci. 2021, 11, 8121 5 of 14

control (no statistically significant differences), showing that phosphorus did not affect
growth of A. platensis at this concentration.
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Figure 1. (a) Biomass production (dry weight) and (b) carbohydrate productivity by Arthrospira 
platensis cultivated with different phosphorus concentrations (mg-P/L) in semi-continuous mode 
(daily feeding rate 20%). Each bar represents the average ± SD of n = 3 replicates. The asterisks indi-
cate that there were statistically significant differences between the averages of the sequential cul-
tures. 
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The assays revealed that there was an absolute absence of 1.3:1.4-β-D-glucans (not detect-
able by the assay kit used), while the content of α-, and 1.3:1.6-β-glucans varied signifi-
cantly (Table 2). The total glucan content displayed an inverse relationship with the phos-
phorus concentration, i.e., at higher degrees of phosphorus limitation the content of glu-
cans was higher. The same trend was observed for each individual type of glucans meas-
ured, namely, α-glucans and 1.3:1.6-β-glucans, with the only exception being that at 4 mg-
P/L the content of α-glucans was the same as the control. Since the content of β-(1.3:1.6) 
and α-glucans showed the same trend, their ratio was calculated and illustrated in Figure 
2 as a function with phosphorus availability. As shown, the β/α-glucans ratio was posi-
tively related to phosphorus availability, which means that the proportion of α-glucans 
was higher in the cultures with a higher degree of phosphorus limitation. However, the 
ratio β/α-glucans in the control culture did not follow this trend, indicating that there was 
an unbalanced accumulation of α- and β-glucans. Given that the α-glucans content of the 
cultures with 4 mg-P/L was almost the same as the control cultures, this might suggest 
that under moderate degrees of P limitation, first β-glucans start to accumulate and then 

Figure 1. (a) Biomass production (dry weight) and (b) carbohydrate productivity by Arthrospira platensis
cultivated with different phosphorus concentrations (mg-P/L) in semi-continuous mode (daily feeding
rate 20%). Each bar represents the average ± SD of n = 3 replicates. The asterisks indicate that there
were statistically significant differences between the averages of the sequential cultures.

As shown in Table 1, the proximate biomass composition was significantly affected,
in terms of proteins and carbohydrate content, by the amount of phosphorus provided.
At the lower P concentrations, there was a strong decrease in protein content (22–25% vs.
60% of the control) and a strong accumulation in total carbohydrates (50–65% vs. 23% of
the control) as a consequence of the phosphorus limitation effect [25]. At a phosphorus
concentration of 4 mg-P/L, even though the biomass concentration was not affected
(Figure 1a), there was a significant difference in the protein and carbohydrate content,
indicating that there was still a phosphorus limitation effect compared to the control culture.
In terms of carbohydrate productivity (Figure 1b), the best results were obtained with 2
and 3 mg-P/L phosphorus concentration, which gave approximately 145–148 mg/L/d.
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Table 1. Biochemical composition of A. platensis cultivated in semi-continuous mode with different
phosphorus concentrations.

P-Concentration
(mg-P/L) Total Proteins (%DW) Total Carbohydrates

(%DW) Total Lipids (%DW)

1.5 22.45 ± 3.55 65.25 ± 3.88 5.56 ± 1.03
2 23.09 ± 1.57 65.01 ± 3.24 6.68 ± 1.16
3 25.88 ± 1.99 51.06 ± 3.24 7.98 ± 1.66
4 33.02 ± 2.91 33.42 ± 2.67 7.38 ± 1.98

89 (Control) 59.03 ± 3.61 23.04 ± 1.95 8.58 ± 1.43

One of the main challenges in cultivating microalgae and cyanobacteria under nutri-
ent limited conditions is the trade-off between the accumulation of the target biomolecules
triggered by the low availability of the nutrients and the subsequent reduction in biomass
production [33]. The results of the present study demonstrate that the process of phosphorus
limitation could be optimized in order to cultivate A. platensis in long-term cultivation pro-
cesses by providing phosphorus at amounts that can support cell multiplication while at the
same time triggering the down-synthesis of proteins and accumulation of carbohydrates.

3.2. Content of Glucans

In order to further characterize the carbohydrates contained in A. platensis after phos-
phorus limitation, two different assay kits were used (see Material and Methods section).
The assays revealed that there was an absolute absence of 1.3:1.4-β-D-glucans (not de-
tectable by the assay kit used), while the content of α-, and 1.3:1.6-β-glucans varied
significantly (Table 2). The total glucan content displayed an inverse relationship with the
phosphorus concentration, i.e., at higher degrees of phosphorus limitation the content of
glucans was higher. The same trend was observed for each individual type of glucans
measured, namely, α-glucans and 1.3:1.6-β-glucans, with the only exception being that
at 4 mg-P/L the content of α-glucans was the same as the control. Since the content of
β-(1.3:1.6) and α-glucans showed the same trend, their ratio was calculated and illustrated
in Figure 2 as a function with phosphorus availability. As shown, the β/α-glucans ratio was
positively related to phosphorus availability, which means that the proportion of α-glucans
was higher in the cultures with a higher degree of phosphorus limitation. However, the
ratio β/α-glucans in the control culture did not follow this trend, indicating that there was
an unbalanced accumulation of α- and β-glucans. Given that the α-glucans content of the
cultures with 4 mg-P/L was almost the same as the control cultures, this might suggest that
under moderate degrees of P limitation, first β-glucans start to accumulate and then as the
degree of P limitation increases the α-glucans also start to increase in an unbalanced pattern
of α- and β- glucans. Figure 3 illustrates the proportion of total glucans compared to the
total carbohydrates of A. platensis. As shown, at higher degrees of phosphorus limitation,
the proportion of glucans was lower (around 65–68%) in comparison to the less stressed
cultures where the proportion was higher (around 75%) or compared to the control (80%).

Table 2. Content of glucans in A. platensis cultivated in semi-continuous mode with different phosphorus concentrations.
Results represent the average ± SD of n = 3 replicates.

P-Concentration
(mg-P/L)

Total Glucans (α + β)
(%DW)

1.3:1.6-β-Glucans
(%DW)

1.3:1.4-β-Glucans
(%DW)

α-Glucans
(%DW)

1.5 42.96 30.98 ± 1.56 Not detectable 11.98 ± 1.55
2 44.56 33.62 ± 0.63 Not detectable 10.94 ± 0.84
3 35.17 27.88 ± 0.16 Not detectable 7.29 ± 0.18
4 24.97 20.30 ± 1.43 Not detectable 4.66 ± 0.07

89 (Control) 18.54 13.72 ± 0.40 Not detectable 4.82 ± 0.57
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So far, the storage polysaccharides of A. platensis are considered to be glycogen,
which is comprised mainly of glucose units linked through 1,4-α glycosidic linkages and
branched through 1,6-α glycosidic bonds [28,34–36]. However, more recently the study of
Liu et al. [22] showed that after nitrogen starvation/limitation, A. platensis also produces
a water-soluble polysaccharide that is composed mainly of 1.3:1.4- or 1.3:1.2-α glucans,
which differs from glycogen. In the present study, it was demonstrated for the first time
that besides α-glucans (glycogen), A. platensis also synthesize β-glucans to a high degree
when phosphorus starvation/limitation is applied to the cultures.

β-glucans are polysaccharides consisting of D-glucose monomers linked by β-
D-glycosidic bonds, which commonly exist in the cell walls of plants (especially cere-
als, such as oat barley and wheat), mushrooms, yeasts and bacteria but are absent in human
cells. β-glucans from different sources have different structures, different degrees of branch-
ing and branching patterns as well as different molecular weights [37]. Cereal β-D-glucan,
which consists of 1,3 and 1,4 linkages is reported to reduce blood glucose and cholesterol
for obesity and cardiovascular disease (CVD),whereas yeasts, mushroom and bacteria
β-D-glucan, which is characterized by 1,3 and 1,6 linkages [12], are proposed to have anti-
tumor, anti-inflammation, and antiviral activities against immune system disease [10,11,38].
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According to the U.S. Food and Drug Administration [39], regular consumption of 3 g/day
of β-D-glucans reduces the risk of heart disease. A. platensis is a photosynthetic cyanobac-
terium belonging to the domain of bacteria; hence, it is not surprising that it synthesizes
1.3:1.6-β glucans. This is of particular interest because 1.3:1.6-β glucans display antitumor
and immune stimulating properties; therefore, A. platensis enriched in β-glucans could
potentially be used to develop functional foods [12].

3.3. Total Dietary Fiber

Figure 4 illustrates the content of total dietary fibers (TDF) in A. platensis in relation to
the phosphorus available in the growth medium. The content of TDF was significantly en-
hanced (accounting for 20–32% of the dry biomass) under phosphorus limitation compared
to the control (3.5%). TDF accounted for around 28–32% at 1.5–3 mg-P/L and decreased
further to around 20% at the milder degree of phosphorus limitation (4 g-P/L). The levels
of TDF were almost the same as the β-glucans and their ratios (TDF to β-glucans) ranged
between 85% and 115%, suggesting that the main fraction of the TDF was most probably
the accumulated β-glucans, as an insoluble fraction. However, this point deserves more
in-depth studies in order to confirm this hypothesis. It is worth noting that the insoluble
forms of β-glucans are less bioactive than the soluble ones [10]; therefore, it is probable
that a chemical modification step would be required in order to increase their solubility
and hence their bioactivity. Although A. platensis has attracted increasing interest as a
protein source, there are no studies regarding the TDF content of the carbohydrate-enriched
biomass of A. platensis. Typically, the TDF of A. platensis ranges between 3.6–8% [40–42];
however, the present study shows that as the carbohydrates content increases there is also
a subsequent increase in TDF, which is also an interesting result given that dietary fibers
are considered to have beneficial physiological effects on human health (such as laxation,
lowering of blood cholesterol, diabetes control and digestive system improvements) [43,44].
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3.4. Monosaccharide Profile of A. platensis

Table 3 shows the main monosaccharides detected by HPLC after acid hydrolysis of
A. platensis biomass. In all cases, the predominant monosaccharide was glucose, while galac-
tose and mannose were also detected in minor amounts (Table 3). Note that mannose was
not fully separated from citric acid, which could have contributed to these figures to some
degree. The phosphorus limitation mainly affected the absolute amounts of glucose con-
tent, where as expected, glucose content was significantly enhanced at the lower end of
phosphorus concentrations. The absolute amounts of galactose and mannose content were
not affected in a clear way by phosphorus limitation. However, in terms of their ratio to
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total sugars, phosphorus limitation did show a negative influence on galactose and man-
nose sugars. In general, these results are in line with other studies that also demonstrated
that the predominant monosaccharide is glucose (more than 90%), with the presence of
other monosaccharides in lesser amounts, such as galactose, rhamnose, arabinose, man-
nose, etc. [22,27,28]. It is worth noting that in all cases, the free monosaccharides (without
acid hydrolysis) after cell lysis, and after treatment with ultrasonic waves (Transonic T460,
35 kHz for 1 h) represented less than 0.25% of the carbohydrates contained in the biomass.
This indicates that the sugars contained in A. platensis were mainly polymers (polysaccharides).

Table 3. Monosaccharide profile of carbohydrates of A. platensis grown with different phosphorus concentrations. Results
represent the average ± SD of n = 3 replicates.

P-Concentration
(mg-P/L)

Glucose
(%DW)

Glucose
(Ratio to Total

Sugars, %)

Galactose
(%DW)

Galactose
(Ratio to Total

Sugars, %)

Mannose
(%DW)

Mannose
(Ratio to Total

Sugars, %)

1.5 53.2 ± 0.50 97.3 0.6 ± 0.09 1.1 0.9 ± 0.01 1.6
2 55.3 ± 0.23 97.5 0.5 ±0.01 0.9 0.9 ± 0.01 1.6
3 43.9 ± 7.67 96.6 0.7 ± 0.08 1.6 0.8 ± 0.13 1.8
4 28.9 ± 0.38 94.9 0.9 ± 0.1 3.1 0.6 ± 0.07 2.0

89 (Control) 24.6 ± 0.01 95.3 0.7 ± 0.02 2.8 0.5 ± 0.04 2.8

3.5. FTIR Spectra

Typical FTIR spectra from 4000 to 650 cm−1 collected from A. platensis samples grown
with different phosphorus concentrations are presented in Figure 5, and possible assign-
ments of the main absorption bands are shown in Table 4. In brief, the main peaks with
the highest absorbance observed for all the analyzed samples were found at 1080, 1015,
1005 (shoulder) cm−1 (possibly from polysaccharides, carbohydrates, lipids and/or nu-
cleic acids/phospholipids), at 1150 cm−1 (from carbohydrates and/ or lipids), 1540 cm−1

(mainly from proteins) and 1650 cm−1 (mainly from proteins and/or olefinic and aromatic
compounds) [45–49].
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Table 4. FT-IR frequencies observed in spectra collected from A. platensis samples and possible assignments of the
vibration modes.

Frequency (cm−1) Assignments Reference

3630–3040 (3280) a N-H Stretch/protein (overtone of amide II band) [45,48]

3040–2800 (2860,2930, num b)
C–H symmetric stretch/CH2, CH3 lipid acyl chains, CH
stretch/aminoacids or carbohydrates [45–48]

1775–1720 (1745) C=O symmetric stretch/lipids, fatty acids [45,48]

1590–1715 (1650) CO stretch, CN stretch, NH bend/amide I band (proteins), C=C
stretch/olefinic and aromatic compounds [45,47]

1490–1590 (1540) NH bend, CN stretch, CH stretch/amide II band (proteins) [45,47,48]
1490–1430 (1450) CH3 and CH2 assymetric bend/proteins or lipids [47–49]

1430–1350 (1400) CH3 and CH2 Symmetric bend/proteins or lipids, COO- symmetric
stretch/acids [47,49]

1280–1185 (1240) P = O asymmetric stretch/nucleic acids (DNA and RNA) or
phosphorylated proteins, C-O-S/sulpholipids [45,47,49]

1185–1135 (1150)
1135–1095 (1105) C-O-C stretch and O-H bend/carbohydrates or lipids [45–47,49]

1095–1070 (1080)
1070–950 (1015, 1005sh c)

C-O-H deformation, C-O-C stretch/polysaccharides, carbohydrates
or lipids, P=O symmetric stretch/nucleic acids or phospholipids [45,49]

950–880 (940) CH deformation/carbohydrates, P-O-P/polyphosphates [45,48]

880–825 (836-control samples only) P-O assymetric stretch/lipids, CH deformation/carbohydrates,
C-O-S/sulpholipids [45]

825–740 (760) CH deformation/carbohydrates [45]

740–690 (690sh)
N-H bend/amide V band, CH2 rocking/lipids, CH2 rocking—NH
deformation/polyglycines, O-CO/CO2/CO/C=O
deformation/carboxylic acids or esters

[45]

a main peak/peaks observed in the region, b numerous peaks, c shoulder.

Table 5 presents the performance indices for each PLS-R model built using the spectral
data between the range of 1800–650 cm−1, while Figure 6 presents the observed values vs.
the model estimates for each studied parameter. It was observed that the indices were found
to be satisfactory for all the estimated parameters except for the lipid content. In detail,
after the external validation of the models (test set), the highest R2 values were observed
for the models built for glucose, dietary fibers, β-glucans, followed by carbohydrates and
proteins, and finally by α-glucans, while for lipids a negative R2 was observed. The same
decreasing order was observed in the values of RPD. According to Nicolai et al. [50], the
models for glucose, dietary fibers, β-glucans and carbohydrates showed high RPD values
(above 3) that correspond to excellent prediction accuracy, the protein model’s RPD value
indicated good prediction accuracy (above 2.5), the values for the α-glucans indicated poor
quantitative prediction (value between 2 and 2.5), while the RPD values for lipids model
were very low (0.4). Regarding the RMSE values, the lowest values were observed for α-
and β-glucans, followed by glucose, lipids and dietary fiber, and finally, by proteins and
carbohydrates.

Table 5. Performance indices for the internal validation (LOO-CV) and the external validation (test
set) estimates for each PLS-R model.

Parameter LV a

Performance Indices

Internal Validation (LOOCV) External Validation

R2 b RMSE c RPD d R2 RMSE RPD

Proteins 4 0.968 2.581 5.662 0.847 4.981 2.645
Carbohydrates 3 0.978 2.576 6.825 0.895 5.287 3.194

Lipids 2 0.440 1.054 1.360 −5.449 2.255 0.408
1.3:1.6-β-glucans 3 0.979 1.066 7.031 0.930 1.920 3.913

α-glucans 3 0.970 0.562 5.920 0.777 1.226 2.194
Dietary fibers 4 0.951 2.352 4.617 0.937 2.721 4.121

Glucose 4 0.921 3.630 3.623 0.973 2.053 6.286
a Number of latent variables used to calculate the PLS model, b Coefficient of determination, c Root mean square
error, d Residual prediction deviation.
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Previous studies have also included PLS-R modelling for the prediction of protein,
carbohydrate and lipid in microalgae and cyanobacteria [51,52]. The study of Mayers et al. [51]
showed good correlations for all the parameters studied in Nannochloropsis sp. between the
predicted values using the FTIR spectra and the observed ones [51], while the study of Bataller
and Capareda [52] also reported sufficient prediction models for the protein and carbohydrate
content of Spirulina but insufficient models for lipids, a finding that was observed in this
study as well. However, the aforementioned works applied one data set (one biological
replicate/batch) to model the data and the models were not validated with an external
independent data set (test set from a different batch), so the results cannot be fully compared
with the current study, which included two batches for training and one for external validation.
Finally, other studies have also evaluated the accuracy of the FTIR analytical method for the
estimation of proteins, carbohydrates, lipids of microalgae and cyanobacteria (single batch
cultures) and reported good correlations by plotting the actual values versus the predicted
one or by fitting the data in a first order equation [46,47,49,53,54].

4. Conclusions

In the present study it is shown for the first time that the carbohydrates (polysaccha-
rides) of A. platensis cultivated under phosphorus limitation consisted of a high degree
of 1.3:1.6-β glucans, which accounted for around 20–34% of the dry biomass. It was also
found that phosphorus limitation increased the TDF content of A. platensis from around
3.5% up to 32% (dry biomass). The PLS-R models developed using FTIR spectra of the dif-
ferent biomasses gave satisfactory predictions for the content of most biomass components
(glucose, dietary fibers, β-glucans, followed by carbohydrates and proteins, and finally by
α-glucans). Since β-glucans are of particular interest as biologically active compounds, this
study suggests that A. platensis grown under phosphorus limitation could be a potential
ingredient for the development of novel functional foods.

Author Contributions: Conceptualization, G.M. and D.A.; methodology, G.M., C.E., A.A.; formal
analysis, G.M., A.A.; investigation, G.M., C.E., A.A., D.A.; resources, G.M., D.A.; data curation, G.M.,
C.E., A.A., D.A.; writing—original draft preparation, G.M., A.A.; writing—review and editing, G.M.,
C.E., A.A., D.A.; funding acquisition, G.M., D.A. All authors have read and agreed to the published
version of the manuscript.

Funding: This study was funded by the Eranet BlueBio project AquaTech4Feed (General Secretariat
for Research and Innovation GSRI, Greece, MIS 5070470/T11EPA4-00038).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Acknowledgments: Authors would like to thank Eleni Labrinea for conducting the HPLC analysis
to determine the sugars.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Khan, M.I.; Shin, J.H.; Kim, J.D. The promising future of microalgae: Current status, challenges, and optimization of a sustainable

and renewable industry for biofuels, feed, and other products. Microb. Cell Fact. 2018, 17, 36. [CrossRef] [PubMed]
2. Abu-Ghosh, S.; Dubinsky, Z.; Verdelho, V.; Iluz, D. Unconventional high-value products from microalgae: A review. Bioresour.

Technol. 2021, 329, 124895. [CrossRef]
3. Bhattacharya, M.; Goswami, S. Microalgae–A green multi-product biorefinery for future industrial prospects. Biocatal. Agric.

Biotechnol. 2020, 25, 101580. [CrossRef]
4. Barkallah, M.; Ben Atitallah, A.; Hentati, F.; Dammak, M.; Hadrich, B.; Fendri, I.; Ayadi, M.A.; Michaud, P.; Abdelkafi, S. Effect

of Spirulina platensis biomass with high polysaccharides content on quality attributes of common Carp (Cyprinus carpio) and
Common Barbel (Barbus barbus) fish burgers. Appl. Sci. 2019, 9, 2197. [CrossRef]

5. Bezerra, P.Q.M.; Moraes, L.; Cardoso, L.G.; Druzian, J.I.; Morais, M.G.; Nunes, I.L.; Costa, J.A.V. Spirulina sp. LEB 18 cultivation
in seawater and reduced nutrients: Bioprocess strategy for increasing carbohydrates in biomass. Bioresour. Technol. 2020, 316,
123883. [CrossRef]

http://doi.org/10.1186/s12934-018-0879-x
http://www.ncbi.nlm.nih.gov/pubmed/29506528
http://doi.org/10.1016/j.biortech.2021.124895
http://doi.org/10.1016/j.bcab.2020.101580
http://doi.org/10.3390/app9112197
http://doi.org/10.1016/j.biortech.2020.123883


Appl. Sci. 2021, 11, 8121 13 of 14

6. Tourang, M.; Baghdadi, M.; Torang, A.; Sarkhosh, S. Optimization of carbohydrate productivity of Spirulina microalgae as a
potential feedstock for bioethanol production. Int. J. Environ. Sci. Technol. 2019, 16, 1303–1318. [CrossRef]

7. Chentir, I.; Hamdi, M.; Doumandji, A.; HadjSadok, A.; Ouada, H.B.; Nasri, M.; Jridi, M. Enhancement of extracellular polymeric
substances (EPS) production in Spirulina (Arthrospira sp.) by two-step cultivation process and partial characterization of their
polysaccharidic moiety. Int. J. Biol. Macromol. 2017, 105, 1412–1420. [CrossRef]

8. Ravindran, R.; Rajauria, G. Chapter 5-Carbohydrates derived from microalgae in the food industry. In Cultured Microalgae for the
Food Industry; Lafarga, T., Acién, G., Eds.; Academic Press: Cambridge, MA, USA, 2021; pp. 127–146. [CrossRef]

9. Murphy, E.J.; Rezoagli, E.; Major, I.; Rowan, N.J.; Laffey, J.G. β-glucan metabolic and immunomodulatory properties and potential
for clinical application. J. Fungi 2020, 6, 356. [CrossRef]

10. Bai, J.; Ren, Y.; Li, Y.; Fan, M.; Qian, H.; Wang, L.; Wu, G.; Zhang, H.; Qi, X.; Xu, M.; et al. Physiological functionalities and
mechanisms of β-glucans. Trends Food Sci. Technol. 2019, 88, 57–66. [CrossRef]

11. Rahar, S.; Swami, G.; Nagpal, N.; Nagpal, M.A.; Singh, G.S. Preparation, characterization, and biological properties of β-glucans.
J. Adv. Pharm. Technol. Res. 2011, 2, 94. [CrossRef] [PubMed]

12. Zhu, F.; Du, B.; Xu, B. A critical review on production and industrial applications of beta-glucans. Food Hydrocoll. 2016, 52,
275–288. [CrossRef]

13. Vogler, B.W.; Brannum, J.; Chung, J.W.; Seger, M.; Posewitz, M.C. Characterization of the Nannochloropsis gaditana storage
carbohydrate: A 1,3-beta glucan with limited 1,6-branching. Algal Res. 2018, 36, 152–158. [CrossRef]

14. Sadovskaya, I.; Souissi, A.; Souissi, S.; Grard, T.; Lencel, P.; Greene, C.M.; Duin, S.; Dmitrenok, P.S.; Chizhov, A.O.;
Shashkov, A.S.; et al. Chemical structure and biological activity of a highly branched (1→3,1→6)-β-d-glucan from Isochrysis
galbana. Carbohydr. Polym. 2014, 111, 139–148. [CrossRef]

15. Schulze, C.; Wetzel, M.; Reinhardt, J.; Schmidt, M.; Felten, L.; Mundt, S. Screening of microalgae for primary metabolites including
β-glucans and the influence of nitrate starvation and irradiance on β-glucan production. J. Appl. Phycol. 2016, 28, 2719–2725.
[CrossRef]

16. Lafarga, T.; Fernández-Sevilla, J.M.; González-López, C.; Acién-Fernández, F.G. Spirulina for the food and functional food
industries. Food Res. Int. 2020, 137, 109356. [CrossRef] [PubMed]

17. Soni, R.A.; Sudhakar, K.; Rana, R.S. Spirulina-From growth to nutritional product: A review. Trends Food Sci. Technol. 2017, 69,
157–171. [CrossRef]

18. Kurd, F.; Samavati, V. Water soluble polysaccharides from Spirulina platensis: Extraction and in vitro anti-cancer activity. Int. J.
Biol. Macromol. 2015, 74, 498–506. [CrossRef]

19. Wu, X.; Li, R.; Zhao, Y.; Liu, Y. Separation of polysaccharides from Spirulina platensis by HSCCC with ethanol-ammonium sulfate
ATPS and their antioxidant activities. Carbohydr. Polym. 2017, 173, 465–472. [CrossRef]

20. Lee, J.-B.; Srisomporn, P.; Hayashi, K.; Tanaka, T.; Sankawa, U.; Hayashi, T. Effects of structural modification of calcium spirulan,
a sulfated polysaccharide from Spirulina platensis, on antiviral activity. Chem. Pharm. Bull. 2001, 49, 108–110. [CrossRef]

21. Luo, A.; Feng, J.; Hu, B.; Lv, J.; Chen, C.Y.O.; Xie, S. Polysaccharides in Spirulina platensis improve antioxidant capacity of
Chinese-style sausage. J. Food Sci. 2017, 82, 2591–2597. [CrossRef]

22. Liu, Q.; Yao, C.; Sun, Y.; Chen, W.; Tan, H.; Cao, X.; Xue, S.; Yin, H. Production and structural characterization of a new type of
polysaccharide from nitrogen-limited Arthrospira platensis cultivated in outdoor industrial-scale open raceway ponds. Biotechnol.
Biofuels 2019, 12, 131. [CrossRef]

23. Lai, Y.H.; Puspanadan, S.; Lee, C.K. Nutritional optimization of Arthrospira platensis for starch and total carbohydrates
production. Biotechnol. Prog. 2019, 35, e2798. [CrossRef]

24. Chentir, I.; Doumandji, A.; Ammar, J.; Zili, F.; Jridi, M.; Markou, G.; Ouada, H.B. Induced change in Arthrospira sp. (Spirulina)
intracellular and extracellular metabolites using multifactor stress combination approach. J. Appl. Phycol. 2018, 30, 1563–1574.
[CrossRef]

25. Markou, G. Alteration of the biomass composition of Arthrospira (Spirulina) platensis under various amounts of limited
phosphorus. Bioresour. Technol. 2012, 116, 533–535. [CrossRef]

26. Markou, G.; Angelidaki, I.; Georgakakis, D. Microalgal carbohydrates: An overview of the factors influencing carbohydrates
production, and of main bioconversion technologies for production of biofuels. Appl. Microbiol. Biotechnol. 2012, 96, 631–645.
[CrossRef] [PubMed]

27. Nie, Z.; Xia, J.; Levert, J.M. Fractionation and characterization of polysaccharides from cyanobacterium Spirulina (Arthrospira)
maxima in nitrogen-limited batch culture. J. Cent. South Univ. of Technol. 2002, 9, 81–86. [CrossRef]

28. Sekharam, K.M.; Venkataraman, L.; Salimath, P. Structural studies of a glucan isolated from blue-green alga Spirulina platensis.
Food Chem. 1989, 31, 85–91. [CrossRef]

29. Kochert, G. Carbohydrate determination by phenol-sulfuric acid method. In Handbook of Phycological Methods. Physiological and
Biochemical Methods; Hellebust, J.A., Craige, J.S., Eds.; Cambridge University Press: London, UK, 1978; pp. 95–97.

30. Miller, G.L. Use of dinitrosalicylic acid reagent for determination of reducing sugar. Anal. Chem. 1959, 31, 426–428. [CrossRef]
31. Izard, J.; Limberger, R.J. Rapid screening method for quantitation of bacterial cell lipids from whole cells. J. Microbiol. Methods

2003, 55, 411–418. [CrossRef]
32. Lowry, O.H.; Rosebrough, N.J.; Farr, A.L.; Randall, R.J. Protein measurement with the Folin phenol reagent. J. Biol. Chem. 1951,

193, 265–275. [CrossRef]

http://doi.org/10.1007/s13762-017-1592-8
http://doi.org/10.1016/j.ijbiomac.2017.07.009
http://doi.org/10.1016/B978-0-12-821080-2.00007-1
http://doi.org/10.3390/jof6040356
http://doi.org/10.1016/j.tifs.2019.03.023
http://doi.org/10.4103/2231-4040.82953
http://www.ncbi.nlm.nih.gov/pubmed/22171300
http://doi.org/10.1016/j.foodhyd.2015.07.003
http://doi.org/10.1016/j.algal.2018.10.011
http://doi.org/10.1016/j.carbpol.2014.04.077
http://doi.org/10.1007/s10811-016-0812-9
http://doi.org/10.1016/j.foodres.2020.109356
http://www.ncbi.nlm.nih.gov/pubmed/33233059
http://doi.org/10.1016/j.tifs.2017.09.010
http://doi.org/10.1016/j.ijbiomac.2015.01.005
http://doi.org/10.1016/j.carbpol.2017.06.023
http://doi.org/10.1248/cpb.49.108
http://doi.org/10.1111/1750-3841.13946
http://doi.org/10.1186/s13068-019-1470-3
http://doi.org/10.1002/btpr.2798
http://doi.org/10.1007/s10811-017-1348-3
http://doi.org/10.1016/j.biortech.2012.04.022
http://doi.org/10.1007/s00253-012-4398-0
http://www.ncbi.nlm.nih.gov/pubmed/22996277
http://doi.org/10.1007/s11771-002-0047-6
http://doi.org/10.1016/0308-8146(89)90019-8
http://doi.org/10.1021/ac60147a030
http://doi.org/10.1016/S0167-7012(03)00193-3
http://doi.org/10.1016/S0021-9258(19)52451-6


Appl. Sci. 2021, 11, 8121 14 of 14

33. Yaakob, M.A.; Mohamed, R.M.S.R.; Al-Gheethi, A.; Ravishankar, G.A.; Ambati, R.R. Influence of nitrogen and phosphorus on
microalgal growth, biomass, lipid, and fatty acid production: An overview. Cells 2021, 10, 393. [CrossRef]

34. Bertocchi, C.; Navarini, L.; Cesàro, A.; Anastasio, M. Polysaccharides from cyanobacteria. Carbohydr. Polym. 1990, 12, 127–153.
[CrossRef]

35. De Philippis, R.; Sili, C.; Vincenzini, M. Glycogen and poly-β-hydroxybutyrate synthesis in Spirulina maxima. Microbiology 1992,
138, 1623–1628. [CrossRef]

36. Aikawa, S.; Izumi, Y.; Matsuda, F.; Hasunuma, T.; Chang, J.S.; Kondo, A. Synergistic enhancement of glycogen production in
Arthrospira platensis by optimization of light intensity and nitrate supply. Bioresour. Technol. 2012, 108, 211–215. [CrossRef]
[PubMed]

37. Kremmyda, A.; MacNaughtan, W.; Arapoglou, D.; Eliopoulos, C.; Metafa, M.; Harding, S.E.; Israilides, C. The detection, purity
and structural properties of partially soluble mushroom and cereal β-D-glucans: A solid-state NMR study. Carbohydr. Polym.
2021, 266, 118103. [CrossRef]

38. Vetvicka, V.; Vetvickova, J. Anti-infectious and Anti-tumor Activities of β-glucans. Anticancer Res. 2020, 40, 3139–3145. [CrossRef]
39. Food and Drug Administration; HHS. Food Labeling: Health Claims; Soluble Dietary Fiber from Certain Foods and Coronary

Heart Disease. Federal Register 2003, 70, 44207–44209.
40. Sharoba, A.M. Nutritional value of spirulina and its use in the preparation of some complementary baby food formulas. J. Food

Dairy Sci. 2014, 5, 517–538. [CrossRef]
41. Seghiri, R.; Kharbach, M.; Essamri, A. Functional composition, nutritional properties, and biological activities of Moroccan

Spirulina microalga. J. Food Qual. 2019, 2019. [CrossRef]
42. FoodData Central Search Results. Available online: https://fdc.nal.usda.gov/fdc-app.html#/food-details/170495/nutrients

(accessed on 30 August 2021).
43. Mudgil, D.; Barak, S. Composition, properties and health benefits of indigestible carbohydrate polymers as dietary fiber: A

review. Int. J. Biol. Macromol. 2013, 61, 1–6. [CrossRef]
44. Fuller, S.; Beck, E.; Salman, H.; Tapsell, L. New horizons for the study of dietary fiber and health: A review. Plant Foods Hum.

Nutr. 2016, 71, 1–12. [CrossRef]
45. Socrates, G. Infrared and Raman Characteristic Group Frequencies: Tables and Charts; John Wiley & Sons: Hoboken, NJ, USA, 2004.
46. Pistorius, A.M.; DeGrip, W.J.; Egorova-Zachernyuk, T.A. Monitoring of biomass composition from microbiological sources by

means of FT-IR spectroscopy. Biotechnol. Bioeng. 2009, 103, 123–129. [CrossRef]
47. Giordano, M.; Kansiz, M.; Heraud, P.; Beardall, J.; Wood, B.; McNaughton, D. Fourier transform infrared spectroscopy as

a novel tool to investigate changes in intracellular macromolecular pools in the marine microalga Chaetoceros muellerii
(Bacillariophyceae). J. Phycol. 2001, 37, 271–279. [CrossRef]

48. Murdock, J.N.; Wetzel, D.L. FT-IR microspectroscopy enhances biological and ecological analysis of algae. Appl. Spectrosc. Rev.
2009, 44, 335–361. [CrossRef]

49. Grace, C.E.E.; Lakshmi, P.K.; Meenakshi, S.; Vaidyanathan, S.; Srisudha, S.; Mary, M.B. Biomolecular transitions and lipid
accumulation in green microalgae monitored by FTIR and Raman analysis. Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 2020,
224, 117382. [CrossRef]

50. Nicolai, B.M.; Beullens, K.; Bobelyn, E.; Peirs, A.; Saeys, W.; Theron, K.I.; Lammertyn, J. Nondestructive measurement of fruit and
vegetable quality by means of NIR spectroscopy: A review. Postharvest Biol. Technol. 2007, 46, 99–118. [CrossRef]

51. Mayers, J.J.; Flynn, K.J.; Shields, R.J. Rapid determination of bulk microalgal biochemical composition by Fourier-Transform
Infrared spectroscopy. Bioresour. Technol. 2013, 148, 215–220. [CrossRef] [PubMed]

52. Bataller, B.G.; Capareda, S.C. A rapid and non-destructive method for quantifying biomolecules in Spirulina platensis via Fourier
transform infrared–Attenuated total reflectance spectroscopy. Algal Res. 2018, 32, 341–352. [CrossRef]

53. Stehfest, K.; Toepel, J.; Wilhelm, C. The application of micro-FTIR spectroscopy to analyze nutrient stress-related changes in
biomass composition of phytoplankton algae. Plant Physiol. Biochem. 2005, 43, 717–726. [CrossRef] [PubMed]

54. Meng, Y.; Yao, C.; Xue, S.; Yang, H. Application of Fourier transform infrared (FT-IR) spectroscopy in determination of microalgal
compositions. Bioresour. Technol. 2014, 151, 347–354. [CrossRef]

http://doi.org/10.3390/cells10020393
http://doi.org/10.1016/0144-8617(90)90015-K
http://doi.org/10.1099/00221287-138-8-1623
http://doi.org/10.1016/j.biortech.2012.01.004
http://www.ncbi.nlm.nih.gov/pubmed/22277210
http://doi.org/10.1016/j.carbpol.2021.118103
http://doi.org/10.21873/anticanres.14295
http://doi.org/10.21608/jfds.2014.53033
http://doi.org/10.1155/2019/3707219
https://fdc.nal.usda.gov/fdc-app.html#/food-details/170495/nutrients
http://doi.org/10.1016/j.ijbiomac.2013.06.044
http://doi.org/10.1007/s11130-016-0529-6
http://doi.org/10.1002/bit.22220
http://doi.org/10.1046/j.1529-8817.2001.037002271.x
http://doi.org/10.1080/05704920902907440
http://doi.org/10.1016/j.saa.2019.117382
http://doi.org/10.1016/j.postharvbio.2007.06.024
http://doi.org/10.1016/j.biortech.2013.08.133
http://www.ncbi.nlm.nih.gov/pubmed/24050924
http://doi.org/10.1016/j.algal.2018.04.023
http://doi.org/10.1016/j.plaphy.2005.07.001
http://www.ncbi.nlm.nih.gov/pubmed/16122937
http://doi.org/10.1016/j.biortech.2013.10.064

	Introduction 
	Materials and Methods 
	Microorganisms and Cultivation Conditions 
	Analytical Methods 
	Biomass Biochemical Composition 
	Glucans Determination 
	High Pressure Liquid Chromatography for Monosaccharides Profile Determination 
	Total Dietary Fibers 
	Fourier-Transform Infrared Spectroscopy (FTIR) Spectra 


	Results and Discussion 
	Biomass Production and Proximate Biochemical Composition 
	Content of Glucans 
	Total Dietary Fiber 
	Monosaccharide Profile of A. platensis 
	FTIR Spectra 

	Conclusions 
	References

