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Abstract: In this work, Arthrospira platensis grown in Tuscany, Italy, was investigated using different
analytical approaches to characterize its volatile and non-volatile chemical composition. The results
showed the presence of a high number of volatile organic compounds (VOCs) such as hydrocarbons,
furans, sulfides, alkanes, aldehydes, alcohols, ketones, esters and compounds belonging to other
chemical classes such as fatty acids, alcohols and sugars. Furthermore, a proximal composition analy-
sis was also performed to determine the protein, fat, carbohydrate and ash content. Total antioxidant
capacity (TAC) determined by FRAP and ABTS•+ methods (5.96 mmol TE/g DW; 5.28 mmol Fe2+E/g
DW, respectively), showed good reducing power and comparable free radical scavenging activity.
The antibacterial power of spirulina-based alcoholic macerate (AM) was also evaluated against
Staphylococcus aureus (ATCC 29213), Escherichia coli (ATCC 25922), Pseudomonas aeruginosa (ATCC
060127853), Enterococcus faecalis (ATCC 29211), Klebsiella pneumoniae (ATCC 700603) and Candida
albicans (ATCC 24433) and the obtained data have shown that it had no effect against pathogenic
bacterial strains. On the contrary, at low concentrations, AM exerted a prebiotic effect on some
probiotic strains such as L. casei if treated with AM concentrations ranging from 1.56% v/v and 3.12%
v/v and L. rhamnosus if treated with AM concentrations lower than 0.78% v/v. In conclusion, this
study highlighted how spirulina, based on the rich composition and its antioxidant and prebiotic
effect, can represent a source of beneficial substances for human health.

Keywords: GC/MS; PTR-ToF-MS; antioxidant activity; antimicrobial activity; prebiotic effect

1. Introduction

It is now known that microalgae are able to improve the nutritional quality of foods
and contribute to the improvement of human health thanks to their high content of macro
and micronutrients. Among other things, they are a rich source of compounds capable of
exerting biological activities. Spirulina is marketed as a “health food” in Japan, Taiwan and
Mexico but has only recently gained ground in the food sector due to its peculiar flavor and
aroma. Arthrospira platensis, belonging to the Oscillatoriaceae family, is a multicellular blue-
green microalga that thrives in warm, alkaline, freshwater bodies. This cyanobacterium
is among the edible spirulina species characterized by a high nutritional value; in fact,
it contains proteins [1], polysaccharides, total lipids and nucleic acids [2]. A series of
micronutrients such as vitamins [3], minerals and essential fatty acids make it suitable
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for a balanced diet [4]. Its use has been authorized by the FDA as a food or dietary
supplement. In general, the addition of spirulina to foods and drinks can be seen as an
option to improve sustenance and mass nutrition. Recently spirulina was incorporated into
pasta with consequent nutritional fortification without altering the sensorial aspect [5–7].
After the addition of spirulina, an improvement in functional properties was also found
in biscuits, smoothies and snacks [8–10]. In our previous work, the effects of adding
spirulina to craft beer were evaluated. The results demonstrated that spirulina, in addition
to modifying the content of compound esters, improved the cytoprotective properties of
beer towards tBOOH-induced oxidative damage in H69 cells and reduced intracellular
oxidative stress [11].

The advantage in using spirulina in the food field is also due to the fact that by
requiring an alkaline pH to grow, this does not favor the growth and development of other
microorganisms with toxic effects [12]. In general, in recent times, the use of supplements
such as spirulina in the form of pills or capsules is preferred to be taken following addition
to commercial foods and/or drinks because the consequent color change leads to greater
attraction and curiosity on the part of the consumer.

Previous studies have also demonstrated a biological action of spirulina. For example,
ethanolic and methanolic extracts have been shown to be effective as antifungals, and
both cytotoxic and antioxidant [13,14]. Synthetic antioxidants are generally dangerous
for humans if used long-term, so a natural antioxidant source that can reduce or prevent
cellular damage caused by oxidative stress may be crucial for the prevention of diseases
such as cancer [15]. Ability to lower cholesterol levels and modulating properties of the
immune system have also been reported [16].

In light of the growing interest in this cyanobacterium and its potential uses, the
aim of the present study was to further explore the chemical composition of Arthrospira
platensis. For this purpose, in our investigation, more analytical techniques such as GC/MS,
SPME-GC/MS and PTR-ToF-MS were used to provide a more detailed description of
the compositional profile of Arthrospira platensis grown in Italy, never investigated until
now. Furthermore, the assessment of its antioxidant power, antimicrobial activity, and
effectiveness as a prebiotic agent was performed to better know its beneficial effects.

2. Materials and Methods
2.1. Materials

Dried biomass of organic Arthrospira platensis in the form of thin flakes was purchased
by Spirulina Becagli Farm, 58100 Grosseto, Italy.

All chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA).

2.2. Solid Phase Microextraction (SPME) Sampling

To characterize the volatile fraction of spirulina, SPME technique for the sampling
phase was used. Small amounts of spirulina (~4 mg) were placed into a 7 mL glass vial
with polytetrafluoroethylene (PTFE)-coated silicone septum. A SPME device from Supelco
(Bellefonte, PA, USA) equipped with 1 cm fiber coated with 50/30 µm DVB/CAR/PDMS
(divinylbenzene/carboxen/polydimethylsiloxane) was used to optimize the extraction of
the components [17]. Before use, the fiber was conditioned at 270 ◦C for 30 min. After the
thermostating phase, the fiber was exposed to the headspace of the sample for 20 min at
50 ◦C to adsorb the volatiles. To desorb the components the SPME fiber was inserted in
injection port at 250◦ in splitless mode.

2.3. GC-MS Analisys

Chromatographic analyses were performed using a gas chromatograph coupled to a
Clarus 500 mass spectrometer model Perkin Elmer (Waltham, MA, USA), equipped with an
FID (flame ionization detector). A Varian Factor Four VF-1 capillary column was housed
in the GC oven [18]. The temperature program started from 55 ◦C then rose to 220 ◦C at
6◦/min and was finally maintained at this temperature for 15 min. Hyper-pure helium
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was the carrier gas used at a constant rate of 1 mL/min. The operating conditions of the
mass spectrometer were as follows: the energy of the electron beam was set to 70 eV (EI) in
full scan mode in the range 40–550 m/z; the temperature of the ion source and connecting
parts were 180 ◦C and 200 ◦C, respectively. The identification of the volatile compounds
was performed first through the comparison of the mass spectra with those present in the
Wiley 2.2 and Nist 11 mass spectral library database and then through the calculation of the
linear retention indices (LRI) thanks to a series of alkane standards (C8–C24). The calculated
LRIs were then compared with those reported in the literature. The areas of individual
peaks of the FID signal were used to calculate the relative concentrations of the components
compared to the total area without the use of an internal standard and any factor correction.
All analyses were performed in triplicate.

2.4. GC-MS Analysis of Spirulina after the Derivatization Reaction

To describe the chemical composition of spirulina, a derivatization reaction was
performed according to Taiti et al. [11]. The analysis was performed using the same
apparatus GC-FID/GC-MS and the same capillary column (Varian Factor Four VF—Agilent,
Santa Clara, CA, USA). The applied program temperature was as follows: 60 ◦C then a
gradient of 7 ◦C/minute up to 170 ◦C held for 1.0 min and a gradient of 8 ◦C/minute
up to 250 ◦C held constant for 25 min. Mass spectra were acquired in electron impact
mode. The identification of the compounds was performed considering the percentage of
similarity with the mass spectra (MS) present in the instrument library database (NIST 11).
Quantification was performed as described above (Section 2.3.)

2.5. GC-MS Determination of Fatty Acids (FAs) Content

Fatty acid content was determined by GC/MS technique after lipid extraction pro-
cess and synthesis of FAs methyl esters performed according to Farinon et al. [19] with
slight modifications. In detail, the samples (0.5 g) were dissolved with 10 mL of chlo-
roform/methanol (2:1 v/v). Then, 1 mL of each extract was dried with nitrogen and
transmethylated with BF3, before being refluxed with methanol at 72 ◦C for 30 min. The
extraction of the fatty acid methyl esters (FAMEs) obtained was carried out with n-hexane.
The samples were then dried using nitrogen. 2 µL of the extract was injected into the
column in splitless mode. The gas chromatographic conditions were as follows: the injector
was set at 280 ◦C and the oven temperature program started from 170 ◦C and increased up
to 260 ◦C with a rate of 3 ◦C/min and held constant for 15 min. Component identification
and quantification were performed as previously described. Analyses were performed
in triplicate.

2.6. Proton Transfer Reaction-Time-of-Flight-Mass Spectrometry (PTR-ToF-MS) Analysis

The headspace analysis of spirulina sample was performed with a commercial PTR-
MS8000 apparatus (Ionicon Analytik GmbH, Innsbruck, Austria). Instrumental conditions
were as follows: 110 ◦C drift tube temperature, 2.2 mbar drift pressure, 550 V drift voltage
with E/N ratio of about 135 Townsend (Td). Fingerprinting of spirulina was highlighted
using H3O+ as reagent ion for the proton transfer reaction. The volatile analysis was carried
out by placing spirulina powder sample in a glass jar (3/4 L) airtight drum with two holes
mounted on the lids. Once the spirulina (2 g) was put inside the jar, it was flushed with clean
air for 2 min and then was closed and incubated for five minutes at 25 ◦C. Fingerprinting of
spirulina was highlighted using H3O+ as reagent ion for the proton transfer reaction. Before
each replicate, the headspace of empty glass jar (3/4 L) was determined for background
subtraction. Thereafter headspace volatiles were measured. The acquisition rate of the
ToF mass spectrometer was 1 spectrum for each second within a mass spectrum ranging
up to m/z = 250. Subsequently, the spectra analysis as well as the internal calibration,
noise reduction and data extraction were carried out following the procedure reported by
Taiti et al. [20]. In particular, the mass peaks detected with PTR-ToF-MS were reduced by
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applying noise thresholds of 1 ppbv and eliminating all peaks ascribed to water chemistry
or other interfering ions (e.g., oxygen, nitrogen monoxide).

2.7. Proximal Composition

Proximate composition was analyzed according to AOAC International [21] official
procedures. Briefly, crude protein content was determined using the Kjeldahl method
(AOAC 2001.11) (SpeedDigester K-425 and Distillation Unit K-350, BÜCHI Labortechnik,
Flawil, Switzerland) considering the conversion factor of 6.25. Crude fat (AOAC 920.39)
was determined using a Soxhlet Extraction System B-811 (BÜCHI Labortechnik, Flawil,
Switzerland) with petroleum ether as solvent. Ash was obtained following incineration
at 550 ◦C for 4 h (AOAC 923.03). Total carbohydrates were determined by difference (i.e.,
100 − (g [protein + fat + ash] in 100 g of DW sample)). Finally, the energy content was
calculated on fresh weight (FW), using the Atwater factor, as follows:

Energy value (Kcal) = (%Protein × 4) + (%Fat × 9) + (%Carbohydrate × 4).

2.8. Extraction Process for Total Antioxidant Capacity (TAC) Determination

For TAC, considering the low ability of the polar solvent EtOH in isolating the antioxi-
dant compounds of spirulina as previously shown in the paper by Stunda-Zujeva et al. [22],
MetOH 80% was chosen as polar solvent and for the first time compared to phosphate-
buffered saline (PBS) to extract the lipophilic and hydrophilic component, respectively.
In particular, samples were extracted according to Molinari et al. [23], for the lipophilic
component. Briefly, the obtained powders were extracted overnight in the dark with a
solvent consisting of methanol:water (80:20, v/v) in a ratio 1:25 (w/v). The PBS hydrophilic
extraction was done maintaining the same ratios. Then, the samples were centrifuged at
5000× g (ALC PK121R centrifuge; Bodanchimica s.r.l., Cagliari, Italy) for 10 min at 4 ◦C.
The supernatants were collected and stored at −80 ◦C until further processing.

2.9. Total Antioxidant Capacity (TAC) Determination

The TAC was evaluated through two different assays, the ferric reducing antioxi-
dant power (FRAP), and 2,2′-azino-bis (3-ethyl-ben-zothiazoline-6-sulfonic acid) (ABTS•+)
radical scavenging activity assay as follows.

FRAP assay resulted from the method of Benzie and Strain [24], and it was adapted
for 96-well plates and an automatic reader (Infinite 2000, Tecan, Salzburg, Austria). The
method is based on the reduction of the Fe3+-2,4,6-tripyr-idyl-s-triazine (TPTZ) complex
to its ferrous form at a low pH. Specifically, 160 µL of FRAP assay solution (made from
20 mM ferric chloride solution, 10 mM TPTZ solution, and 0.3 M acetate buffer at pH 3.6)
was prepared daily, mixed with 10 µL of the sample, standard, or blank, and dispensed
into each well of a 96-well plate. After 30 min of incubation at 37 ◦C, the absorbance was
measured at 595 nm. The results were expressed as mmol Fe2+ equivalents (E)/g.

The ABTS•+ radical scavenging activity was analyzed through the OxiSelectTM Trolox
Equivalent Antioxidant Capacity (TEAC) Assay Kit (ABTS) (Cell Biolabs Inc., San Diego,
CA, USA) following the manufacturer’s instruction. Specifically, samples and standards
were mixed with the primed ABTS•+ probe, and antioxidants neutralized the radical ion in
a concentration-dependent manner, which correlates with a proportional decrease in color
intensity. The absorbance was recorded at 405 nm in an automatic reader (Infinite 2000,
Tecan, Salzburg, Austria). A standard curve for Trolox was used to express the antioxidant
capacity as mmol of Trolox equivalents (TE)/g of DW. Both the extracts (i.e., in MetOH 80%
and PBS) were analyzed with both the above-described methods.

2.10. Alcholic Extract for Microbiological Study

To evaluate the best extract with antimicrobial activity, two alcoholic macerates (AMs)
made with two different solvents (100% of ethanol or water) were obtained to evaluate the
inhibitory and the cytocidal effectiveness of spirulina. Specifically, 6 g of spirulina was
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crushed and then macerated with a quantity of solvent equal to four times the weight of
the spirulina. Samples were incubated at room temperature (RT) in dark for 10 days. After
this time, the ethanol-based solution was filtered with 22 µm filters, while the water-based
solution could not be processed due to the swelling of the spirulina which made the solution
extremely viscous and unworkable. The ethanol extract was stored at +4 ◦C until use.

2.11. Bacterial Strains and Culture Media

The antibacterial effectiveness of spirulina was tested against the following: Staphylo-
coccus aureus (ATCC 29213), Escherichia coli (ATCC 25922), Pseudomonas aeruginosa (ATCC
060127853), Enterococcus faecalis (ATCC 29211), Klebsiella pneumoniae (ATCC 700603) and
Candida albicans (ATCC 24433). To evaluate the antimicrobial activity of the AM, bacteria
strains were cultured in Muller Hinton broth or agar (Oxoid, Basingstoke, Hampshire, UK),
while the fungal strain was in Sabouroud broth or agar (Sigma-Aldrich, Saint Louis, MO,
USA). The prebiotic effectiveness was tested against the following: Saccharomyces boulardii
(CBS5926), Lactobacillus casei (R0215) and Lactobacillus rhamnosus (DSM20021). To evaluate
the prebiotic activity of the AM, the bacterial strains were grown in Brain Heart Infusion
(BHI) broth.

2.12. Broth Micro-Dilutions Testing

The antimicrobial activity of the AM was tested by using the broth micro-dilutions
(BMD) test according to the European Committee on Antimicrobial Susceptibility Testing
(EUCAST) international guidelines. The activity of the AM was evaluated using broth
media mentioned in the previous paragraph. We used 96-well plates to perform, in a
volume of 50 µL, AM serial dilutions between 50% v/v (5 mL/L) and 1.56 v/v (0.156 mL/L).
Subsequently, a suspension equal to 0,5 McFarland was adjusted in order to have a final
concentration of 5 × 105 CFU/mL. Then, 50 µL of this suspension was inoculated into each
well. Plates were incubated overnight at 37 ◦C for 24 h and, after the incubation period, the
minimum inhibitory concentration (MIC) values were evaluated. The MIC value is defined
as the lowest concentration that completely inhibits the organism’s growth compared with
the growth of the positive control (without treatment). To evaluate the minimum cytocidal
concentrations (MCCs), 5 µL of the contents of each well was seeded into growth agar plate
and incubated for 24 h at 37 ◦C for bacteria, or at 30 ◦C for yeast. The MCC was defined as
the lowest concentration determining the death of 99.9% or more of the initial inoculum.
Three different controls were included in each test: one positive, one negative, and one
made with ethanol alone. All experiments were done in triplicate.

2.13. Growth Curve Testing

Serial dilutions of the AM were used to study its prebiotic effectiveness against L.
rhamnosus, L. casei and Saccharomyces boulardii. Concentration between 25% v/v (2.5 mL/L)
and 0.024% v/v (0.0024 mL/L) in Brain Heart Infusion (Sigma-Aldrich, Saint Louis, MO,
USA) or Sabouraud broth were used for Lactobacillus spp. or yeast cultures, respectively.
Tests were made in flat-bottom 96-well plates prepared as cited in paragraph 2.10. Briefly, a
suspension of 0.5 McFarland was diluted in order to reach approximately 5 × 105 CFU/mL
in each well. Plates were incubated in a Cytation 5 Cell Imaging Multi-Mode Reader (Agi-
lent, Santa Clara, CA, USA). The kinetics of the growth curve was obtained by measuring
the OD values (
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= 630 nm) every 30 min. The incubation was performed at 37 ◦C, 5% CO2,
on an orbital continuous shaker at 205 rpm. All assays were performed in triplicate, and
positive and negative control were included.

2.14. Statistica Analysis

The mean and standard deviation (SD) of replicates were calculated. For TAC, statisti-
cal analysis was performed with XLSTAT 2023.1.1 (Addinsoft SARL, New York, NY, USA)
software using Student’s t-test.
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3. Results and Discussion
3.1. SPME-GC/MS: Chemical Volatile Composition of Spirulina

By the SPME-GC/MS technique, in the volatile fraction it was possible to identify
twelve components listed in Table 1. The most abundant fraction was the hydrocarbon
one with heptadecane as the main component (85.0%) followed by pentadecane (6.2%)
and hexadecane (5.0%) but with a markedly lower relative percentage. Cis-geranylacetone
(<0.1%) and trans-β-ionone (1.9%) were the only two terpene compounds found. Among the
compounds detected in trace amounts, 2-propylfuran, a furan derivative, was also identified.

Table 1. Chemical composition (percentage mean values ± standard deviation) of vapor phase
of spirulina.

N◦ COMPONENT 1 LRI 2 LRI 3 Spirulina (%)

1 trans-diisopropylethylene 709 713 tr
2 2-propylfuran 785 793 tr
3 5-heptenal, 2,6-dimethyl- 1038 1044 tr
4 2,5-dimethylcyclohexanol 1086 1090 0.1 ± 0.02
5 β-cyclocitral 1190 1197 tr
6 cis-geranylacetone 1431 1427 tr
7 trans-β-ionone 1465 1460 1.9 ± 0.03
8 pentadecane 1509 1512 6.2 ± 0.06

9 2(4H)-benzofuranone, 5,6,7,7a-
tetrahydro-4,4,7a-trimethyl- 1520 1525 0.3 ± 0.02

10 hexadecane 1609 1612 5.0 ± 0.04
11 8-heptadecene 1675 1680 1.4 ± 0.05
12 heptadecane 1709 1711 85.0 ± 2.15

SUM 100.0
1 The components are reported according to their elution order on apolar column; 2 Linear Retention Indices
measured on apolar column; 3 Linear Retention indices from literature; tr: percentage means values < 0.1.

Hydrocarbons represent about half of the unsaponifiable fraction of spirulina. The
presence of heptadecane (biogenic hydrocarbon) is particularly important as it is assumed
to be an indicator of the cell density of cyanobacteria and green algae in the aquatic
environment; in fact, it has been successfully used to reflect algal biomass in sedimentary
studies [25]. An in vivo study also demonstrated the anti-inflammatory capacity of this
volatile hydrocarbon thanks to its ability to modulate the activation of NF-kB [26]. A
previous study also reported the presence of heptadecane as one of the main components
in four different spirulina extracts from Egypt, obtained with solvents such as methanol,
acetone, chloroform and petroleum ether by soaking treatment [27].

SPME-GC/MS technique has already been used successfully for the characterization of
the volatile profile of dried hop leaves [28], highlighting how this analytical sampling and
analysis technique is absolutely suitable for identifying a large pool of volatile metabolites
emitted by natural products.

3.2. PTR-ToF-MS: Determination of Volatile Compounds from Spirulina

By the PTR analysis applied on the headspace of spirulina powders, a total of 41 tenta-
tively identified compounds in the range of measured masses (27.022 m/z 157.129), were
registered with average values above 1 ppbv. All the aroma compounds detected with
their amounts (average of three replicates ± standard deviation) were reported in Table 2.
Among these we found many typical class aroma compounds of microalgae such as furans,
sulfides, alkanes, aldehydes, alcohols, ketones, esters and pyrazine, in agreement with
many authors [29–31]. Overall, the signal detected at m/z 61.028 and identified as acetic
acid which is a typical sour and pungent odor with low thresholds and high concentrations
in many microalgae species was the most emitted compound [32]. The other higher emit-
ted compounds were represented by methanol (m/z 33.033) which is characterized by a
distinctive alcoholic odor similar to that of ethanol, acetaldehyde (m/z 45.033) which has
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green-like and hay-like odor notes, and propanal (m/z 59.049) with a pungent odor. All
these mentioned compounds represent over 65% of the total emission (Table 2). On the
contrary, all the other detected compounds show a significantly reduced emission level and
often less than 1% of the total.

Table 2. Headspace composition (compounds number, mass charge, chemical formula, tentative
identification, average emission ± standard deviation, percentage emission for each signal detected)
of spirulina powder identified by PTR-ToF-MS. Data were expressed as average of three replicates
(±SD) and as % of the total emission.

Component m/z Chemical
Formula Teantative Identification Average SD %

1 27.022 C2H3
+ Acetylene 34.99 8.47 2.33

2 33.033 CH5O+ Methanol 241.52 37.47 16.08
3 41.038 C3H5

+ Alkylic fragment 63.76 14.62 4.24
4 43.018 C2H3O+ Aldehyde fragment 123.58 12.59 8.23
5 45.033 C2H5O+ Acetaldehyde 178.26 37.18 11.87
6 47.049 C2H7O Ethanol 18.83 1.5 1.25
7 49.011 CH5S+ S Compound (methanethiol) 9.48 0.5 0.63
8 55.054 C4H7

+ Fragment 24.35 2.78 1.62
9 57.069 C4H9

+ Alcohol fragment 40.32 9.73 2.68
10 59.049 C3H7O+ Propanal 142.27 24.85 9.47
11 61.028 C2H5O2

+ Acetic acid 414.32 44.92 27.58
12 67.054 C5H7

+ Fragment 2.55 0.32 0.17
13 69.069 C5H9

+ 1,3-Pentadiene 14.95 0.97 1.00
14 71.049 C4H7O+ Butenal 8.63 0.69 0.57
15 73.064 C4H9O+ Propanal, 2-methyl 24.53 3.9 1.63
16 75.044 C3H7O2

+ Acetol 1.6 0.21 0.11
17 79.049 C6H7

+ Benzene 3.59 0.43 0.24
18 80.05 C5H6N+ Pyrazyne 6.59 2.24 0.44
19 81.073 C6H9

+ C6 fragments 4.31 0.33 0.29
20 83.083 C5H7O+ 2-Methylfuran 7.41 2.69 0.49
21 85.06 C5H9O+ 1-Penten-3-one/2-Pentenal 4.75 1.95 0.32
22 87.044 C4H7O2

+ Diacetyl 4.41 1.06 0.29
23 87.091 C4H11N2

+ Piperazine 11.79 2.85 0.78
24 89.059 C4H9O2

+ Ethyl acetate/Butanoic acid 4.87 0.76 0.32
25 91.057 C4H11S+ Butanethiol 5.41 0.96 0.36
26 95.061 C5H7N2

+ Pyrazine, methyl- 22.14 3.51 1.47
27 97.085 C6H9O+ Furan, 2-ethyl 3.47 0.28 0.23
28 103.075 C5H11O2

+ Cyclopentanedecol 1.65 0.45 0.11
29 107.049 C7H7O+ Benzaldehyde 4.48 0.25 0.30
30 109.076 C6H9N2

+ 2,6-Dimethylpyrazine 29.17 2.3 1.94
31 111.1 C8H15

+ 1-Methylcycloheptene 2.74 0.22 0.18
32 113.1 C6H9O2

+ 3-methylcyclopentanedione 2.35 0.87 0.16
33 115.1 C7H15O+ Heptanal 1.78 0.54 0.12
34 123.105 C8H11O+ Dimethylphenol/Ethylphenol 5.01 1.43 0.33
35 125.106 C8H13O+ (Z)-1,5-octadien-3-one 1.83 0.75 0.12
36 127.111 C8H15O+ 1,5-Octadien 3-ol 2.36 0.95 0.16
37 137.122 C6H17O3

+ Unknown 7.24 1.54 0.48
38 139.121 C9H15O+ Isophorone/Furan, 2-Pentyl- 8.39 1.48 0.56
39 151.111 C10H15O+ Safranal 3.57 0.87 0.24
40 153.134 C10H17O+ B-Cyclocitral 7.42 1.26 0.49
41 157.129 C6H20O4

+ Unknown 1.43 0.38 0.10

Total Emission 1502.10 231.05 100.00

Among these we found signals linked to nitrogen compounds (m/z 80.050, 87.091,
95.061 and 109.076) and sulfur-containing compounds (m/z 49.011 and 91.057) that are
abundant in dried seaweeds and are both related to fish odors [29,33]. In particular,
sulfur compounds are associated with the aroma of marine crustaceans such as cooked
shrimp/cooked seafood, marine and fishy odors, while the pyrazines tend to deliver nutty
notes [34]. Among the chemical compounds with low emission rates are those linked to
nitrogenous (m/z 80.050, 87.091, 95.061 and 109.076) and sulfurous ones (m/z 49.011 and
91.057) that are detected in dried seaweeds and are related to fish odors [34]. In particular,
sulfur compounds have been associated with the aroma of marine crustaceans such as
shrimp and cooked seafood, while pyrazines tend to provide nutty notes [34]. Also, the
furans (m/z 83.083 and 97.085) which were detected in low amounts have been previously
reported as characteristic aromas of microalgae [35].

PTR analysis has already been used in our previous work in order to detect the VOCs
present, even in traces, in dried hop leaves [28]. Even in that case, this investigation
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technique proved to be particularly useful and adequate for identifying a high number of
low-molecular-weight compounds characterizing the matrix under examination.

3.3. Fatty Acids Content

By GC-MS analyses of the dried spirulina extract, five fatty acids were detected and
identified (Table 3). The saturated fraction (66.0%) exceeded the unsaturated one (34.0%).
Palmitic acid (64.1%), linoleic acid (13.7%) and oleic acid (10.0%) were the most abundant
followed by γ-linolenic (6.2%), palmitoleic (4.1%) and stearic acid (1.9%).

Table 3. FAs content (percentage mean value ± standard deviation) of the transesterified extract, as
determined by GC–MS.

N◦ COMPONENT 1 LRI 2 LRI 3 (%)

1 palmitoleic acid, C16:1n7 1925 1930 4.1 ± 0.02
2 palmitic acid, C16:0 1981 1973 64.1 ± 1.15
3 γ-linolenic acid, C18:3n6 2138 2143 6.2 ± 0.03
4 linoleic acid, C18:2n6 2155 2152 13.7 ± 0.12
5 oleic acid, C18:1n9 2165 2171 10.0 ± 0.03
6 stearic acid, C18:0 2183 2178 1.9 ± 0.03

SUM 100.0

Saturated FAs 66.0

Unsaturated FAs 34.0
1 The components are reported according to their elution order on apolar column (VF-1ms); 2 Linear Retention
Indices measured on apolar column; 3 Linear Retention indices from literature.

Our data partially agree with those of Mühling et al. [36], which reports palmitic,
γ-linolenic and linoleic acids as the most abundant ones. It has also been hypothesized
that fatty acid composition may be useful for differentiating different spirulina strains.
Deyab et al. [37] carried out GC/MS analysis of the methanolic extract of A. platensis from
Egypt and they revealed the presence of fatty acids such as hexadecanoic acid, 9,12,15-
octadecadienoic methyl ester, and linolenic acid ester. Secondary phytochemical analysis
carried out on the methanolic and petroleum ether extracts of spirulina from India, revealed
the presence of myristic and palmitic acid and docosane 9-Octadecenal [38]. In another
study, 37 varieties of spirulina available on the market and collected in different countries,
such as the USA, Canada, Australia, the UK, India, New Zealand and Malaysia, were
analyzed for comparative purposes, using gas chromatography and liquid chromatography
to evaluate the presence of fatty acids, amino acids, sugars and polyphenols. The results
demonstrated that the content of polyunsaturated fatty acids, compared to the other
classes of compounds detected, was the one that varied most among the spirulina samples
investigated [39].

The levels of fatty acids can be influenced by environmental factors; in fact, a previous
study reported how, albeit with minimal variations, the content of fatty acids increased
with increasing cultivation temperature, but the relative quantity of polyunsaturated fatty
acids (PUFA) decreased [36]. Fatty acids are essential in the diet and can partially satisfy
nutritional needs. Furthermore, they exert pharmacological effects and can be useful in the
management of some diseases. In particular, polyunsaturated fatty acids (PUFA) play a
key role in improving the immune function and reducing systemic inflammation [40].

3.4. Chemical Composition of Spirulina after the Derivatization Reaction

The GC-MS analyses conducted on the spirulina sample after derivatization allowed
the identification of carbohydrates and alcohols (Table 4). Among these, the most abundant
fraction was the sugar one with methyl galactoside (11.3%) and methyl-α-glucofuranoside
(9.0%) being those with the highest relative percentages. Among the alcohols, sclareol
(2.8%) was the most significant. Particularly interesting was the presence of glyceryl
glucoside which exceeded 50%. This compound is a natural combination of glycerol and
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glucose. In nature it is found in various types of wine, red, rosé and white, as well as in
Japanese foods [41]. It is currently used as a new molecule for hydrating ingredients; in
fact, recent reports have suggested the role of glyceryl glucoside in the induction of the
aquaporin-3 protein which is essential in the transport of water molecules across the skin
cell membrane [42]. The beneficial effects on the skin translate into an increase in elasticity,
a hydrating effect and a soothing effect against itching or burning [43].

Table 4. Chemical composition (percentage values) of spirulina dried flakes after derivatization, as
determined by GC–MS.

N◦ Components (%)

Carbohydrates

1 methyl α-glucofuranoside 9.0 ± 0.05
2 methyl galactoside 11.3 ± 0.09
3 3-α-mannobiose 4.2 ± 0.04
4 2-α-mannobiose 3.2 ± 0.02
5 ribofuranose 2.9 ± 0.03
6 trehalose 1.9 ± 0.10
7 glyceryl glucoside 55.5 ± 0.21

Alcohols

8 sclareol 2.8 ± 0.05
9 gycerol 0.5 ± 0.02
10 adipol 2EH 1.2 ± 0.06

3.5. Proximate Composition

The data found for spirulina’s proximal composition are shown in Table 5. It is well
known that seaweeds, especially spirulina, typically have high protein and low lipid
contents. Indeed, the protein content of the present sample was 54.84 g/100 g dw and the
value is in line with the literature data [44,45]. Data in the same range as in the literature
were also found for ash content, with the value of 6.99 g/100 g/dw [46]. Conversely, for
the lipid content we found a lower value (0.27 g/100 g dw) in comparison to the USDA
FoodData Central results (i.e., 7.72 g/100 g), although it was comparable with the results
of Oliveira et al. [46], which reported a value fat content of 1.10% dry weight. Anyway,
as already reported in the literature, it is known that nutritional content may depend
on geographical area, year, season, and environmental conditions, as well as the food
processing procedures [47].

Table 5. Proximal composition (g/100 g dry weight).

Protein 1 Fat Carbohydrate 2 Ash kcal/100 g dw kJ/100 g dw

54.84 ± 0.13 0.27 ± 0.01 37.90 6.99 ± 0.009 373.39 1562.29

Data are means ± standard deviation of two (n = 2) replicates; 1 Conversion factor: 6.25. 2 As difference (i.e.,
100 − (g [protein +fat + ash] in 100 g of dry weight sample)).

3.6. Total Antioxidant Capacity (TAC) of Spirulina Samples Extracted with Different Solvents
(PBS, MetOH 80%)

The TAC of spirulina samples was evaluated using two different extraction solutions
(i.e., PBS and MetOH 80%) and two different methods based on different chemical reactions
(i.e, FRAP and ABTS•+). In particular, FRAP assessed the reducing power, whereas ABTS•+

assessed the free radical scavenging activity. The data, reported in Table 6, showed that
although comparable results between the two different extractions were found through
FRAP analysis (although statistically higher for the extract in PBS in comparison to the
MetOH 80% extract), ABTS•+ failed to find such values following lipophilic extraction in
MetOH 80%. Therefore, as already reported in the literature [22], hydrophilic PBS extraction
is confirmed as the most suitable for determining the TAC of spirulina samples.
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Table 6. TAC values.

ABTS•+

mmol TE/g DW
FRAP

mmol Fe2+E/g DW

PBS 5.96 ± 0.13 a 5.28 ± 0.29 a

MetOH 80% 0.92 ± 0.05 b 4.34 ± 0.30 b

FRAP: ferric reducing antioxidant power. ABTS•+: radical scavenging activity assays. TE: Trolox equivalent. Data
are means ± standard deviation of three (n = 3) replicates. Means with different letters in the same column are
significantly different (Student t-test, p < 0.05).

Spirulina as a dietary supplement is known for its high antioxidant power [2]. Reactive
oxygen species (ROS) attack and damage molecules in biological systems, causing various
disorders and diseases. Therefore, considering that oxidative stress plays a key role in the
evolution of many pathologies, much attention has recently been paid to natural products
that are sources of molecules with high antioxidant potential such as spirulina. Several
in vitro and in vivo studies have in fact demonstrated that spirulina significantly reduces
oxidative stress. This antioxidant effect is mediated by many of its phytoconstituents [48].

The antioxidant activity values can vary depending on the investigated form of the
spirulina (fresh or dried). In a previous comparative study, it was demonstrated that higher
values were obtained starting from fresh material [49]. Exogenous factors can also induce
changes in antioxidant potential. For example, it has been demonstrated that the increase in
H2O2 levels, added as a supplement during the growth of algal cells, induced a significant
increase in the activities of antioxidant enzymes including CAT, peroxidase (PX), SOD and
ascorbate peroxidase (APx) [50]. In general, the amounts of these two enzymes increased
under light stress conditions, although SOD was more sensitive to external stress than
CAT [51].

3.7. Antimicrobial Activity

The MIC and MCC values obtained with the AM or the solvent alone (EtOH) were
reported in Table 7. The correspondence of the sensitivity obtained by testing the two
compounds indicates that the inhibitory and cytocidal activity is given by the presence
of EtOH and not by the active ingredients extracted from spirulina. The most susceptible
strains were those of K. pneumonia and C. auris (MCC = 3.12% v/v), while the most resistant
was that of E. faecalis (MCC = 25% v/v). To date, neither the mechanisms of action nor the
active ingredients responsible for the antimicrobial activity are known in the literature.

Table 7. MIC and MCC values.

MIC 1 (% v/v) MCC 2 (% v/v)

Bacterial Strain AM EtOH AM EtOH

S. aureus 3.12 3.12 12.5 12.5
E. coli 1.56 1.56 6.25 6.25

P. aeruginosa 3.12 3.12 6.25 6.25
K. pneumoniae 0.78 0.78 3.12 3.12

E. faecalis 1.56 3.12 25 25
C. albicans 1.56 1.56 3.12 3.12

1 Minimal Inhibitory Concentration, 2 Minimal Cytocidal Concentration.

To better illustrate the prebiotic effects induced by scalar dilutions of AM, the growth
curves of the bacteria L. rhamnosus, L. casei and Saccharomyces boulardii are shown in Figures 1–3.
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In detail, Figure 1 illustrates the growth curves of S. boulardii in the presence of
scalar dilutions of the AM. A rigorous statistical analysis reveals that concentrations below
6.25% v/v have no discernible impact on yeast growth. Conversely, treatments with
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concentrations equal to or exceeding 6.25% v/v significantly inhibit growth, demonstrating
statistical significance at p < 0.0001.

Although L. rhamnosus shows a positive growth trend when incubated in the presence
of AM concentrations lower than 0.78% v/v (Figure 2—boxed values), it also does not show
statistically significant variations if compared to the positive control. On the contrary, AM
concentrations greater than 12.5% v/v are toxic.

The L. casei strain has a different trend from previous strains. In fact, it is possible
to identify three different activities of the various AM concentrations tested. Specifically,
data show the following actions: toxic for concentrations equal to 25% v/v and 12.5% v/v,
growth promoter (boxed values—p < 0.0005) for concentrations equal to 3.12% v/v and
1.56% v/v, and irrelevant for all other concentrations.

The data show that the anti-microbial activity detected against pathogenic strains is
due exclusively to the ethanol content and not to the active ingredients extracted from
the algae. On the contrary, some probiotic strains widely distributed on the market and
used to produce functional foods, such as milks or fermented milks, are stimulated in the
presence of low concentrations of this extract. At 24 h of incubation, data show an increase
of 54% and 94% in the OD detected in the L. casei samples treated with concentrations
equal to 1.56% v/v and 3.12% v/v, respectively. Similarly, the OD values shown by L.
rhamnosus treated with AM concentrations equal to 0.78% v/v also show a growth increase
of 61% with respect to the untreated control. Although further studies will be necessary
to understand in detail the mechanism of action of the phytocomplex and the individual
active ingredients of spirulina, the addition of AM to functional foods containing probiotics
could have a prebiotic activity by facilitating the growth and beneficial effects of the
microorganism when ingested through food. Finally, the AM, if integrated into milk
or fermented milk-based foods, can contribute to the control of microbial growth. In
fact, the growth-promoting concentrations for the probiotic strains of L. casei (<3.12% v/v
and 1.56% v/v) are inhibitory against the pathogenic ones especially E. coli [52–54] and
species belonging to the Pseudomonas genus [53,55,56], known to be able to infect milk and
its derivatives.

4. Conclusions

In this study, for the first time, a multi-methodological approach was conducted to
describe the chemical composition of dried spirulina flakes grown in Italy. The results
highlighted the presence of a high number of low-molecular-weight molecules linked to
the smell of spirulina, terpenes and biogenic hydrocarbons, both potentially bioactive,
and also fatty acids, alcohols and sugars. This pool of compounds suggests how spirulina
biomass can be considered a natural source of functional molecules. Furthermore, biological
activity essays have demonstrated its antioxidant power and the growth-stimulating effect
of some probiotic strains of spirulina-based alcoholic macerate. The collected data, which
demonstrate the potential of Arthrospira platensis, can contribute to a more conscious use of
this natural source of essential constituents in both the food and technological sectors.
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