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Abstract: Cyanobacterium Spirulina platensis is commercially produced as a nutrient source for food, animal feed and
pharmaceutical industries, and is also explored in other applications in areas such as material sciences, materials engineering and for
the production of biofuels and biochemicals. Due to the increasing interest in the use of this microalga, a complete characterization
was intended, as to provide data to the insufficient literature. In this work, various techniques were used for thermal
(thermogravimetric analysis (TGA)/derivative thermogravimetry (DTG), differential scanning calorimetry (DSC)), structural
(scanning electron microscopy (SEM) and wide-angle X-ray diffraction (XRD)) and chemical (atomic absorption spectroscopy
(AAS), attenuated total reflection Fourier transform infrared spectroscopy (ATR-FTIR), energy dispersive X-ray spectroscopy
(EDX)) characterization of Spirulina cultivated in Brazil. Results have shown that in addition to the high quantity of protein (over
50%), Brazilian Spirulina is a source for carbohydrates (33%) and also has good thermal stability up to 200 °C. The pigment protein
Phycocyanin could be identified by FTIR and ultraviolet-visible (UV-vis) spectroscopy. Results show favorable properties of
Spirulina as a source for new materials and biomass.
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1. Introduction resource and in many times outlines, if it can be safely

. . used as food source. Spirulina is a blue-green algae
The development of strategic materials that meets ) )
. . . belonging to cyanobacter, a group of photosynthetic
society expectations, made of ecologically and . . . . .
. . microorganisms, which, although unicellular, grow in
economically suitable renewable resources has been L )
. grouped filamentous forms. Increasing interest in the
for many researchers a challenging task. Because of . . . . . o
. . - study of this microalga is due to its high application
the distinct natures and different origins of the matter . . .
potential [1-3]. The two most important species of

Spirulina, Spirulina maxima and S. platensis, can be
harvested in water, dried and used as food. Spirulina

used, the decision prior which applications are more
suitable for each feedstock is critical where not only

its general characteristics are relevant, but also its i ) . . )
e ] ) ) is one of the most important industrially cultivated
individual features, determined by its cultivar, . L . . .
. ) ] microalgae [2]. Studies indicate that in addition to its
geographical precedence and manage. From this point i . .
i o . . 50% to 70% protein content in dry matter, it has
of view, complete characterization studies of different . . . . o
) ] ) essential amino acids, essential lipids, unsaturated
resources and biomass, based on reliable techniques ] ] . ] ] )
] o ] ] fatty acids, important vitamins and minerals of high
are crucial. The characterization will direct one to . L
) ] o ) nutritional value [1-4]. Spirulina has also been used to
decide over the appropriate applications for a specific . . o
treat many diseases due to therapeutic characteristics,
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research field: food science and technology. properties [3, 5-7] and has been recommended as a
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nutritional supplement to improve the performance of
athletes [4]. Besides being used for supplementing the
diet of humans and animals, an important application
area of Spirulina is waste water treatments, as
Spirulina shows a good binding capacity to ions and
oils which may be used to purify water contaminated
with metals, oil and lubricants [8].

Research areas for Spirulina include energy and
obtaining bioactive substances to use in drugs and
cosmetics [3, 9] whereas it is an important source of
C-Phycocyanin, which has been widely used in
commercial applications in the food and cosmetic
industry as a natural blue dye [10]. Another possible
application is in the area of materials, the production
of edible films
replacing the use of materials derived from petroleum.

and biodegradable packaging,
This is because protein-based films tend to have
higher  barrier  properties than lipid and
carbohydrate-based biodegradable films [11, 12]. Both
the physical and chemical characterization of
commercial and non-commercial Spirulina has been
carried out by some authors [6, 12, 13].

Due to the growing on consumption and on interest
in commercial exploitation of Spirulina, the objective
of this work was to assemble, in a single work, a
wide characterization of Brazilian Spirulina, which
could provide information on the physical and

chemical properties of this microalga targeting new

applications [1, 3, 4].

In this paper, S. platensis cultivated in Brazil was
characterized in terms of the chemical composition,
including amino acids, ultraviolet-visible (UV-vis)
and Fourier transform infrared (FTIR) spectroscopy,
X-ray diffractometry, elemental analysis by energy
dispersive X-ray spectroscopy (EDX) and atomic
absorption spectroscopy (AAS), thermal analysis and
scanning electron microscopy (SEM), to impart
important information aiming at new applications.
Results of this complete characterization show that the
S. platensis cultivated in Brazil is a strategic
biomaterial, source of proteins, lipids and various
carbohydrates; in addition it has a good thermal
stability, therefore fitting the development of food and
feed supplementation innovations, biodegradable
composite films, pharmaceutical developments and

nutritious packaging material.

2. Materials and Methods
2.1 Materials

Commercial S. platensis (Fazenda Tamandud) in
dried powder form was purchased from a local market
in Jodo Pessoa, PB, Brazil (Fig. 1). Carbohydrate
standards of high performance liquid chromatography
(HPLC) grade were purchased from Sigma (USA).

Other reagents were of analytical degree.
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Fig. 1 Spirulina platensis in form of dried powder commercialized by Fazenda Tamandua.
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2.2 Methods

Extractives were analyzed in two steps aimed at the
separate characterization of lipids and chlorophylls (or
non-lipid extractives). As it is a low polarity solvent,
petroleum ether extracts lipids and certain lipophilic
vitamins from Spirulina. The most used method for
extracting total lipids is the Folch [14] extraction
procedure, using 2:1 chloroform:methanol. Pohndorf et
al. [15] compared the yield and the composition of
Spirulina  extracted lipids by cold (with
chloroform/methanol) and hot (using hexane)
extraction methods. The maximum yield was achieved
by the cold procedure (5.8 = 0.6 g/100 g),
approximately three times more than when performing
hot extraction. However, due to the toxicity of these
solvents and the higher energy costs for the purification
of the extracted lipids due to also higher polarity of the
solvents mentioned [15], a polar solvent was used in the
present work. For a routine total lipid determination,
also known as ethereal extraction analysis, petroleum
diethyl
Consequently, chlorophyll can be selectively extracted

ether or ether is mostly used [16].
by acetone [17]. Sequential solvent extractions using
petroleum ether and acetone were used to determine the
chlorophyll of Spirulina.

Extractions were made using solid-liquid extraction

total lipids and total
with a Soxhlet extractor. For the assay, 2 g of the
sample was wrapped in paper filters and positioned on
the extractor. Afterwards, 250 mL of the solvent was
placed in previously weighed flasks for a continuous
extraction routine of 8 h with 10 cycles per hour. After
complete removal of the solvent in an oven at 50 °C,
the flask was weighed and the extractives were
calculated. The Spirulina samples were dried and used
to determine the carbohydrates.

Determining the carbohydrates in Spirulina was
done by HPLC following the procedure described in
the ASTM E1758-01 norm (2003) [18]. A mass of
0.30 g of Spirulina, free from extractives, was
weighed. Afterwards, 3.00 mL of sulfuric acid (72

wt%) was added under stirring at room temperature
for 60 min. After this, the material was transferred to a
250 mL Erlenmeyer flask with 84 mL of water.
Therefore, the sulfuric acid was diluted from 72 wt%
to 4 wt%. The material was autoclaved at 121 °C for
30 min. The material was filtered and the pH was
adjusted to 5-6 by adding calcium carbonate; filtered
and analyzed by HPLC,
equipment, Varian 356-LC (Agilent, USA) with a
refractive index (RI) detector at 410 nm in ion
exchange (Bio-Rad, USA) HPX-87H
columns (5 mM H,SO, mobile phase, at 50 °C, 0.6

mL/min). The chromatograms were analyzed and

using chromatography

Aminex

quantified by the calibration curve determined for

each carbohydrate standard (cellobiose, glucose,

xylose, arabinose, manose, galacturonic acid,
glucuronic acid and galactose).

The determination of Spirulina ash was carried
out according to the NREL/TP 510-42622 standard
for biomass [19]. Two hundred milligrams (200 mg)
of Spirulina was put in a pre-weighed crucible and
placed in a muffle furnace. The moisture content of
the sample was determined using moisture weighing
scale (Marte), model ID50, operating at 105 °C to
constant weight, with samples of 1.0 g. The
measurements were taken in quintuplicate. Nitrogen
content was determined using elemental analysis
(CHN) equipment from Perkin Elmer, model 2400
with Data Manager software in 2400, operated at
925 °C and 640 °C in combustion furnaces and
reduction, respectively, under argon atmosphere.
Afterwards, 5 mg sample of Spirulina was weighed
and analyzed for the composition of C, N and H. The
percentage of protein present in the material was
calculated by multiplying the nitrogen percentage by
6.25 as described in the NREL/TP-510-42625
standard [20]. The amino acid profile of the
Spirulina powder was investigated by the Institute of
Food Technology (ITAL) in Campinas, Brazil

according to White et al. [21].
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Concerning solubility, 5%

Spirulina was suspended and homogenized for 30 min

(m/v) of powered

in 100 mM of sodium phosphate buffer of pH values
varying from four to nine. The suspension was filtered
through paper filters of porosity 25 pum. Insoluble
fraction was determined after drying the pre-weighted
filters.
In order to evaluate the thermal stability of Spirulina,
(TGA)/derivative
performed using
Q500. Assays
(TG/DTG) were conducted under the following test

conditions: heating rate of 10 °C/min in an inert

thermogravimetric analysis
thermogravimetry (DTG) was

equipment from TA Instruments

atmosphere (nitrogen) and oxidative atmosphere
(synthetic air), with flow rate of 60 mL/min, from
room temperature to 800 °C. Approximately 10 mg of
each sample was wused. Differential scanning
calorimetry (DSC) was performed using a TA
Instrument model Q100 DSC, with a scan rate of
10 °C/min, and a temperature range from -50 °C to
250 °C. All measurements were conducted under
nitrogen atmosphere, using sample mass of about 4
mg.

Infrared spectroscopy was performed in order to
characterize the chemical groups present in Spirulina.
A spectrophotometer Perkin Elmer Spectrum, model
1000, was used, with a wavelength of 400-4,000 cm’.
The samples were pressed into KBr pellets (1 mg
Spirulin:100 mg KBr). A plain KBr pellet was used as
blank. Crystalline phases present in Spirulin were
investigated by X-ray diffraction (XRD) using an
X-ray diffractometer Shimadzu XRD-6000, operating
at 30 kV and 30 mA with CuKa radiation of 0.154 nm.
Assays were performed at room temperature and at
angles 20 between 5° and 40° (0.5°/min). The
morphology and uniformity of the commercial Spirulin
powder were investigated by electron microscopy.
After sample preparation they were coated by the gold
method  “Sputtering”,
equipment MS SCD 050 Sputter Coater (Germany).
The micrographs were obtained in an SEM Jeol, JISM

deposition using Leica

6510 model operating at 20 kV in the form of
secondary electrons image (SEI).

EDX is an analytical technique used for elemental
analysis of a sample. This analysis was carried out
using the same microscope scan of the previous
analysis, but was operated in EDX mode (X-rays) at
10 kV. Spirulina powder with concentrations of 0.5%,
1.0%, 1.5% and 5% (m/v) was suspended in 100 mM
sodium phosphate buffer pH 7 and homogenized in an
ultrasound bath for 15 min. After this, suspension was
filtered using filter paper of porosity 25 pum, and
absorption spectra were read by UV spectrophotometer
Shimadzu UV-Vis 160-IPC in quartz cuvettes and
1 cm optical path. This was done to evaluate the
solubility of the alga. Elements Al, Zn and Cu were
investigated using this technique, due to its
importance in the human diet. For the Flame of the
AAS, a PinAACle 900T  Perkin
spectrophotometer was used. Digestion of samples was

Elmer

carried out using nitric acid and hydrogen peroxide at
180 °C according to the EPA 3052 norm [22].

3. Results and Discussion

3.1 Chemical Characterization

Spirulina powder showed 10.1% + 0.05 of moisture
content (mean of five measurements). Chemical
composition percentages are listed in Table 1. Results
for proteins, the most important compound, showed
more than 50% in dry basis, which is compatible with
the literature references [3, 12].

HPLC chromatographic analysis showed the following
carbohydrates for Spirulina: cellobiose, 3.2%; glucuronic
acid, 8.1%; galacturonic acid, 2.9%; glucose, 8.1%;
xylose, 7.2%; arabinose, 3.0%. This means that Spirulina
contains 11.3% cellulose, 19.3% hemicelluloses and
2.9% pectin in dry basis. These results are in
agreement with the observations made by Domozych
et al. [23] that the Spirulina composition is mostly
hemicellulosic and less cellulosic. However, the

carbohydrate content is higher than that mentioned by
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Table1 Chemical composition of Spirulina.

Compound Amount . Standard deviation
(% dry weight) (%)

Protein 53.12 0.12

Carbohydrate 33.6 1.9

Lipids 2.87 0.16

Chlorophyll 0.74 0.02

Ash 9.86 0.35

Total 100.2

Table 2 Amino acid distribution of the Brazilian Spirulina
in comparison with other authors.

Sctﬁgyem Ref. [26] Ref, [27] **
Amino acid g/100 g protein
Aspartic acid 8.84 3.90 11.27 -
Glutamic acid 16.07 9.48 9.83 -
Serine 5.18 5.01 4.87 -
Glycine 5.78 2.98 5.45 -
Hystidine* 1.65 10.43 2.10 1.5
Arginine 8.38 8.00 6.98 -
Threonine* 5.72 5.31 5.92 2.3
Alanine 8.32 9.29 9.08 -
Proline 4.17 3.76 4.01 -
Valine* 6.14 6.54 6.78 3.9
Methyonine* 1.93 2.16 2.38 1.6
Cystine* 0.20 0.57 0.86 0.6
Isoleucine* 5.36 6.51 6.40 3.0
Leucine* 9.06 10.18 9.36 59
(Tf; 1;22?;2;1“‘“ T 88 1088 1011 38
Lysine 443 4.99 4.59 4.5

* indispensible amino acids; ** amino acid intake

recommendation (g/100 g protein) for an adult.

Table 3 Quantitative analysis of Zn, Cu and Al by atomic
absorption spectrometry (AAS).

Element Quantity (ppm) Standard deviation (%)
Zn 2.700 0.700
Cu 0.220 0.050
Al 0.014 0.004

some authors Alvarenga et al. [6] and Domozych et al.

[23] and according to Zeng and Vonshak [24], this can
indicate stress due to high salinity of cultivation
medium.

Amino acid determination of the Spirulina showed
a high quality balance of the amino acid composition,
therefore it encounters all the indispensible amino acid
and at an amount able to supply up to 100% of an
FAO/WHO

adult needs according to

recommendations for protein intake (g/100 g of
protein ingestion), with the exception of cystine [25].
The results are presented in Table 2 compared to other
authors. The amino acid composition differs greatly
among publications, demonstrating that there is a
large variability of the algae composition, which
depends mostly on its cultivation conditions [26].
Spirulina contains mostly organic elements C, N and
O. Other elements, such as S and P are present in
proteins and cells. Mg, K, Na and CI are among the
minerals and trace elements essential for human
ingestion. Cu, Zn and Al were also detected by
qualitative analysis of EDX, and depending on their
daily intake, these elements are considered toxic [27].
According to FAO, the maximum daily intake of Al is 7
mg/kg of body weight [28], and according to the US
Food and Nutrition Board from the Institute of Medicine
of the National Academies [29], the maximum intake for
a male adult is 10 mg and 40 mg per day of Cu and Zn,
respectively. Flame AAS was also accomplished to
quantify these elements as EDX is a qualitative
technique that identifies chemical elements of the
material, but is not a quantitative characterization
method. The results of AAS are shown in Table 3.
Spirulina can concentrate ions found in its growing
environment (water and soil). It grows preferably in
alkaline water, incorporating minerals and chemical
elements. For this reason, the high biosorption
of Spirulina should be

consideration when choosing the culture medium, as it

capacity taken into
can also absorb heavy metals such as Pb and Hg, if
present in the culture medium [9]. The presence of
elements, such as Zn, Cu and Al in Spirulina does not
hinder its use as a diet supplement, as the daily intakes
are respected.

Results of the solubility tests showed that the
soluble phase for 5% (m/v) of powered Spirulina in
water corresponds to about 75 wt % in pH values from
six to nine and at pH 4. In pH 5, which corresponds to
the isoelectric point of Phycocyanin, only 60 wt% is
soluble [30].
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The thermal gravimetric assay in both inert and
oxidative atmospheres showed a good thermal
stability of Spirulina at up to 200 °C, as demonstrated

in Fig. 2.
3.2 Thermal Characterization

In synthetic air, degradation started at 200 °C and
occurred between 200 °C and 380 °C, with the
degradation of carbohydrates and protein, and a
maximum at 275 °C. Preceding this, there is mass loss
corresponding to moisture and volatiles. From 380 °C
to 500 °C, oxidation of degraded components occurs.
In inert atmosphere, degradation takes place in only
one step, after volatile loss, from 200 °C to 500 °C,
with a maximum at 285 °C. The presence of a high
percentage of protein in the Spirulina composition
could have led to the formation of char or tar
containing nitrogen in the composition, in addition to
NOjy gases. According to Becidan et al. [31] and Basiuk
and Douda [32], linear amides produced from the
protein degradation can induce the formation of
double bounds between carbon and nitrogen sources
in the material. Simkovic and Csomorova [33] also
report the formation of heterocyclic compounds
between hemicellulose and pectin chains, linked to
proteins, this being more resistant to thermal
degradation when studying different sources of
different

N-derivatives after pyrolysis depends on the biomass

biomass. The  distribution  among
composition, as well on the reaction speed and final
temperature [31, 32]. In the absence of oxygen, the
Spirulina final residue corresponds to 30% of initial
mass, higher than by oxidative conditions (10%).
Overall, these results show that Spirulina has thermal
stability characteristics compatible to be applied in the

area of material engineering, food packaging and drug

Table 4 Degradation steps and mass at final point.

delivery systems and could be explored for the
production of biobuels by controlled pyrolysis. Table 4
shows mass content at final degradation steps and
corresponding temperatures.

DSC curve shown in Fig. 3 reveals that there is one
endothermic event with a minimum at 88 °C, starting
at 45 °C and ending at 150 °C that can be associated
to protein degradation. This endothermic event
suggests that algae processing at temperatures up to
45 °C can be used without thermal degradation of

protein.
3.3 Infrared Spectroscopy

Absorption bands related to proteins, fatty acids and
phospholipids are present on the Spirulina infrared
spectrum [9]. The spectrum is shown in Fig. 4. The
main peaks identified were: -OH stretching and -NH
stretching for glucose and protein (3,500-3,000 cm™);
-CH stretching at 2,925 cem’”! and at 2,872 cm'l; at
1,440 cm™' for symmetric bending of -CH; of acetyl
moiety; at 1,237 cem’! for stretching of P=0O in
phospholipids and nucleid acids; at 1,040, 1,076 and
1,150 cm™ for -CN stretching of proteins; 610 cm™ for
stretching and bending of phosphate. Intense peaks at
1,655 cem’ and at 1,543 cm’ indicate the protein
specific amide I band (C=O stretching) and amide 11
related to the Phycocyanin [34].

3.4 Structural Characterization

X-ray diffractometry of Spirulina was carried out to
investigate the presence of any crystalline structure on
the crude powder of the material. The diffractogram
(Fig. 5) shows a major amorphous prominence with a
maximum 260 of 20.5°. This amorphous structure is
related to the higher content of hemicellulose than

cellulose in the carbohydrates composition of this

0, 0,
Temperature (°C) Degradation step 1(\)/I)?isdsa(tifg atmosphere }\r/{:Istsa(tr/;)osphere
30-200 Volatile and moisture loss 88 90
200-380 Carbohydrate and protein degradation 50 30
380-500 Oxidation of degraded components 10 30
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Fig. 2 (a) Thermogravimetric analysis (TGA) and derivative thermogravimetric (DTG) (b) curves of S. platensis.
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Fig. 3 Differential scanning calorimetry (DSC) curve of S.
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Fig. 4 Fourier transform infrared (FTIR) spectrum of S.

platensis.
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Fig. 5 Diffractogram pattern of S. platensis.

blue-green algae [23]. A small ridge is found at 26 of
10.5°, which can be related to crystalline protein
formations present in Spirulina. There are additionally
two defined prominent peaks at 20 of 28.5° and of
40.7°. These two peaks are related to KCI [35], a very
common supplement used as source of K in the
culture medium for algae cultivation [3, 36].

The absorption spectra of solutions with increasing
concentrations of Spirulina are shown in Fig. 6. The
strong absorption at 620 nm is related to the blue color
of soluble proteins which are subunits of the blue
protein Phycocyanin. Silveira et al. [5] demonstrated
that phosphate buffer at pH 7 is an optimal solvent for
Phycocyanin. Besides the characteristic band of
Phycocyanin at 620 nm, strong absorbance bands
below 300 nm confirm the presence of many other
cellular proteins [30, 37]. The band at 330 nm could
indicate the presence of mycosporine-like amino acids
(MAAs). MAAs are water-soluble pigments that
absorb ultraviolet (UV) radiation at 280-340 nm and
have been identified in a number of taxonomically
diverse organisms such as fungi, marine heterotrophic
bacteria, cyanobacteria, cukaryotic algae, marine
invertebrates, fish and a wide variety of other marine
organisms in cyanobacteria, the function of MAAs is
mainly to protect the cells against solar radiation [38].

Typical SEM micrographs of the microalga are
shown in Fig. 7, magnified 5,000 times. From the
SEM study, it was observed that during industrial
processing and drying to obtain the Spirulina powder,
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Fig. 6 Ultraviolet-visible (UV-vis) spectra of Spirulina solutions in water.
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Fig. 7 Scanning electron microscopy (SEM) images of Spirulina powder, magnified 5,000 times.

the Spirulina filaments were broken into particles of
diameter ranging from 10 um to 200 pm. Two
different morphologies were found for these Spirulina
particles. The first one was homogeneous and soft and
the other rougher and more heterogeneous (Figs. 7A
and 7B, respectively).

4. Conclusions

Commercial S. platensis grown in Brazil was
characterized in this work. Brazilian Spirulina has
53% protein, 33% carbohydrates, 3% lipids and 10%
ash: a chemical composition very favorable to be use
in food besides animal feed and in other applications
such as producing biodegradable films. The X-ray
diffractogram for Spirulina confirms the main

amorphous characteristic of the algae, although

identifying a very intense crystalline peak due to the
presence of minerals (KCl) added in the culture
medium. Spirulina also has good thermal properties,
and is stable up to 200 °C, which shows that it is
suitable to be used in biocomposites. Additionally,
due to high mass residue generated after pyrolysis,
Spirulina could be the biofuel
in the

explored for
production. Phycocyanin was confirmed
Spirulina and was identified by the characteristic
peaks in the FTIR spectrum, by UV-vis spectroscopy,
where an intense peak at 620 nm was visible and the
decrease in the solubility of Spirulina at pH 5, the
isoelectric point of Phycocyanin. In sum, the Spirulina
represents a valuable and multifold renewable material
which can provide exceptional properties for various

applications.
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