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Abstract: Spirulina, a cyanobacterium widely used as a food supplement due to its high nutrient
value, contains volatile organic compounds (VOCs). It is crucial to assess the presence of VOCs in
commercial spirulina products, as they could influence sensory quality, various processes, and tech-
nological aspects. In this study, the volatile profiles of seventeen commercial spirulina food supple-
ments were determined using headspace solid-phase microextraction (HS-SPME), coupled with gas
chromatography-mass spectrometry (GC-MS). The identification of volatile compounds was achieved
using a workflow that combined data processing with software tools and reference databases, as well
as retention indices (RI) and elution order data. A total of 128 VOCs were identified as belonging to
chemical groups of alkanes (47.2%), ketones (25.7%), aldehydes (10.9%), alcohols (8.4%), furans (3.7%),
alkenes (1.8%), esters (1.1%), pyrazines (0.8%), and other compounds (0.4%). Major volatiles among
all samples were hydrocarbons, especially heptadecane and heptadec-8-ene, followed by ketones
(i.e., 4-(2,6,6-trimethyl-1-cyclohexen-1-yl)-3-buten-2-one, β-ionone, 2,2,6-trimethylcyclohexan-1-one),
aldehydes (i.e., hexanal), and the alcohol oct-1-en-3-ol. Several volatiles were found in spirulina di-
etary supplements for the first time, including 6,10-dimethylundeca-5,9-dien-2-one (geranylacetone),
6,10,14-trimethylpentadecan-2-one, hept-2-enal, octanal, nonanal, oct-2-en-1-ol, heptan-1-ol, nonan-1-
ol, tetradec-9-en-1-ol, 4,4-dimethylcyclohex-2-en-1-ol, 2,6-diethylpyrazine, and 1-(2,5-dimethylfuran-
3-yl) ethanone. The methodology used for VOC analysis ensured high accuracy, reliability, and
confidence in compound identification. Results reveal a wide variety of volatiles in commercial
spirulina products, with numerous newly discovered compounds, prompting further research on
sensory quality and production methods.

Keywords: volatile organic compounds (VOCs); spirulina biomass; spirulina food supplements;
headspace solid-phase microextraction (HS-SPME); gas chromatography-mass spectrometry (GC-MS);
untargeted analysis

1. Introduction

In recent decades, the global market has witnessed a shift in consumer preferences
towards healthier lifestyles. This shift has led to a growing interest in producing natural
food products devoid of chemical preservatives and other additives. One highly sought-
after natural ingredient in the food industry is spirulina, a cyanobacterium belonging to
the genus Arthrospira [1]. Spirulina is prized for its rich nutrient profile, encompassing
proteins, vitamins, pigments, and favorable fatty acids [2–4]. Beyond its primary use as a
dietary supplement, spirulina also finds application as a natural additive in various food
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products, enhancing their nutritional value [5–7]. Moreover, the versatility of spirulina
extends into the pharmaceutical and cosmetic industries [8,9], where it is valued for its
antimicrobial [10], anticancer [11], antibacterial, and antioxidant properties [4,12]. Despite
its impressive nutritional profile, consumer acceptance of spirulina may still face challenges
due to its undesirable fishy odor [13]. This characteristic smell has been associated mainly
with a mixture of volatile organic compounds (VOCs) such as 6-, 8- and 9-carbon aldehydes,
ketones, and alcohols [13–16].

VOCs are secondary metabolites produced by cyanobacteria, including spirulina. Due
to their low molecular weight and high vapor pressure, they are easily released into the
atmosphere [15,17,18]. Their synthesis involves several biosynthesis pathways, including
the action of enzymes or degradation reactions [19]. Spirulina can grow in photoautotrophic
(in the light), heterotrophic (on an organic carbon source), and mixotrophic (simultaneously
in the light and on an organic carbon source) cultures [20,21]. Depending on the cultivation
mode, the VOC content of a produced biomass is affected by the availability of carbon
sources (inorganic/organic), nitrogen, and phosphorus, as well as the light photon flux,
temperature, and pH conditions [15]. Limited studies on the volatile compounds associated
with raw spirulina biomass are currently available. Based on these studies, VOCs are
most frequently detected in chemical groups including saturated hydrocarbons, particu-
larly medium-chain alkanes (C14–C17), along with alcohols, ketones, and esters [22–26].
However, when it comes to understanding the volatile composition of spirulina food
supplements, the available data are quite restricted, primarily originating from specific
regions [17,27,28]. The identified VOCs in these studies align with the aforementioned
chemical groups, producing evidence of the presence of aldehydes, pyrazines, furans,
and furanones, which are also part of the volatile profile of commercial spirulina. Pre-
vious studies have tried to link the wide range of volatiles with the unpleasant odor of
spirulina [17,22,26]. The presence of compounds like hexadecanamide and palmitic acid
derivatives [13] or oct-1-en-3-ol [22] in spirulina biomass was associated with its fishy smell
or off-odor [13,29], although there is insufficient data to firmly support these claims. In
general, the majority of volatiles present in a food product do not contribute to its smell. In
most cases, the overall odor derives not from a single compound, but from a mixture of
different odorants [30].

Studies on volatile organic compounds in spirulina have employed different extrac-
tion methods, such as hydrodistillation [24,25,27], Soxhlet apparatus extraction [28], su-
percritical carbon dioxide extraction [31] and headspace solid-phase microextraction (HS-
SPME) [13,17,22,23,26]. Notably, HS-SPME stands out among these techniques as it allows
a one-step process, enabling the automation and streamlining of the extraction procedure
in terms of time and cost-effectiveness [13,17,22,23]. The analysis of VOCs in spirulina
by gas chromatography coupled with mass spectrometry (GC-MS) poses considerable
difficulties due to the broad spectrum of structurally diverse compounds, frequently found
at deficient concentrations. In many cases, the identification of VOCs lacks the integration
of mass spectra with data from spectral deconvolution, retention indices (RI), and retention
time data from different columns [13,22]. This absence of combined methodologies leads
to a low confidence level in volatile identification and increases the risk of misidentifica-
tions. Furthermore, recent data have indicated that numerous VOCs may possess various
biological activities, including antimicrobial, anticancer, and antioxidant properties, offer-
ing potential health benefits, and opening up new opportunities for applications beyond
their conventional role as food additives [11,24,25,32]. Therefore, there is a pressing need
for a comprehensive analysis and the development of a suitable approach to accurately
characterize the VOC profile in spirulina food supplements.

This study aimed to comprehensively elucidate the volatile composition of various
commercial spirulina food supplements obtained from different sources. To achieve this,
we utilized HS-SPME-GC-MS analysis, coupled with data processing, through the NIST
database, retention indices and software tools, ensuring enhanced accuracy, reliability, and
confidence in identifying VOCs. Our objective was to extend the current knowledge of
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the presence of VOCs in spirulina products, thereby enabling further improvements in
production processes, particularly concerning sensory quality and additional beneficial
properties, to enhance their market positioning.

2. Materials and Methods
2.1. Spirulina Samples, Reference Substances, and Solvents

The analyzed samples (17 in total) included sixteen commercial spirulina products
from various producers and geographical origins, collected from stores in Athens, Greece
and one raw biomass sample (Table 1, sample S2), obtained from a local Greek producer.
Analytical standards of 4-(2,6,6-trimethyl-1-cyclohexen-1-yl)-3-buten-2-one (β-ionone),
pentan-1-ol, hexanal, hexan-1-ol, heptan-2-one, benzaldehyde, butan-1-ol, 1,3,3-trimethyl-
2-oxabicyclo[2.2.2]octane (eucalyptol), 2,4-di-tert-butylphenol, butan-2-one, naphthalene,
1-isopropyl-4-methyl-1,4-cyclohexadiene (γ-terpinene), heptan-1-ol, oct-1-en-3-ol, 2,6,6-
trimethyl-1-cyclohexene-1-carboxaldehyde (β-cyclocitral), octan-1-ol, tetradecane, 4-(2,6,6-
trimethylcyclohex-2-en-1-yl)but-3-en-2-one (α-ionone), pentadecane, pent-1-en-3-one, hex-
adecane, and heptadecane, were obtained from Sigma-Aldrich; Merck KGaA (Darmstadt,
Germany). A standard mixture of these twenty-two compounds was prepared at a con-
centration of 10 µg/L in ultrapure water. A standard mixture of alkanes (C7–C30) from
Supelco; Merck KGaA (Darmstadt, Germany) was used for retention index calibration.
Ultrapure water (18.2 MΩ) was obtained from a Purelab Ultra system (Elga - LabWater,
High Wycombe, UK).

Table 1. Label information on spirulina food supplements used in this study.

Sample Product Name/Content According to
the Label Origin Type Country of

Distributor/Producer

S1 Bio-Spirulina Greece tablets Greece
S2 Arthrospira monospira & Arthrospira compere Greece flakes Greece
S3 Spirulina n/a 1 tablets USA
S4 Spirulina n/a tablets USA
S5 Spirulina n/a tablets USA
S6 Arthrospira platensis n/a tablets USA
S7 Spirulina platensis n/a tablets Hungary
S8 Spirulina platensis n/a tablets England
S9 Spirulina platensis n/a tablets Canada

S10 Spirulina platensis Greece tablets Greece
S11 Spirulina platensis—Arthrospira platensis Netherlands tablets Netherlands
S12 Spirulina n/a capsules Greece
S13 Bio-Spirulina Greece tablets Greece
S14 Spirulina platensis n/a tablets Cyprus
S15 Spirulina platensis n/a capsules France
S16 Spirulina platensis n/a powder n/a
S17 Bio-Spirulina China powder China

1 n/a: Not available.

2.2. Sample Preparation

Powder and flake samples were mixed thoroughly in their containers before sampling.
From each container, 5 tablets/capsules or 1 g of flakes/powder were sampled and pul-
verized to a fine powder using a Yellowline A10 analytical grinder universal mill (IKA,
Wilmington, NC, USA).

2.3. HS-SPME-GC/MS Analysis

The extraction of volatile compounds was carried out by headspace solid-phase
microextraction (HS-SPME), using a PAL-RSI autosampler (PALsystem, CTC Analytics,
Zwingen, Switzerland). VOCs were analyzed using a 456 Scion GC, coupled with a TQ
mass spectrometer (Bruker Daltonics, Bremen, Germany). In total, 50 mg of the sample
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was transferred into a 20 mL SPME glass vial (Wheaton MicroLiter) containing 3 g NaCl,
followed by the addition of 10 mL of ultrapure water. Blanks were prepared in the same
way without adding a sample. The vials were tightly sealed with screw top caps with
PTFE/silicon septa. HS-SPME was performed automatically, according to the following
conditions: (a) pre-incubation for 10 min at 60 ◦C; (b) headspace extraction by a 2 cm Di-
vinylbenzene/Carboxen/Polydimethylsiloxane SPME fiber (DVB/CAR/PDMS-50/30 µm)
(Supelco; Merck KGaA, Darmstadt, Germany), for 10 min at 60 ◦C; (c) desorption by ex-
posing the fiber into the GC injector for 2 min at 250 ◦C. All samples were injected in
splitless mode. Helium was used as the carrier gas, with a constant flow of 1.0 mL/min.
GC analysis was carried out using two types of columns, a non-polar column RXI®—5 Sil
MS—(30 m, 0.25 mm ID, 0.25 µm film thickness; Restek, Bellefonte, PA, USA) (column A)
and a semi-polar column RXI®—624 Sil MS—(60 m, 0.32 mm ID, 1.8 µm film thickness,
Restek) (column B). Two different temperature gradients were used. The temperature
for column A was initially 50 ◦C for 1 min, then was raised to 250 ◦C (15 ◦C/min), and
maintained at 250 ◦C for 5 min. The total run time was 19.33 min. For column B, the initial
temperature was 50 ◦C for 5 min, then raised to 250 ◦C (8 ◦C/min), and maintained for
10 min (total run time 40 min). The mass spectrometry conditions were electron ionization
(EI) at 70 eV, positive polarity, full-scan mode, and m/z scan range 30–300 for column A
and 30–400 for column B.

2.4. Data Analysis

Mass spectrometry data processing was performed using MSWS 8 software (Bruker).
The identification of VOCs was carried out with AMDIS ver. 2.73 (NIST) and the NIST
mass spectral library and Search Software, ver. 2017. AMDIS was used for mass spectral
deconvolution and the correction of the match factor NET with retention index data from
a target NIST library (RI(lib)). AMDIS calculated the difference (RI–RI(lib)), where RI
represents the experimental retention index for each unknown compound. This index was
calculated based on the calibration of the chromatographic system by analyzing a mixture
of C7–C30 saturated alkanes under the same chromatographic conditions as samples. This
is a standard procedure in untargeted GC-MS analysis, aiming to express the retention
data in a standardized system, independent of the instrument parameters. The retention
times of alkanes eluted before and after an unknown compound were used to calculate
its experimental RI value based on the equation proposed by H. van den Dool and D.J.
Kratz [33]. When the difference (RI–RI(lib)) was higher than a default value (set at 20) [34],
then a penalty was applied to the NET value. The criterion for achieving a certain level of
identification (Table 2) was set to NET > 80 [34,35]. A lower confidence of identification
(annotation) was achieved when using column B, since no RI data were available for this
column. In this case, annotation was considered when NET was >80. Using all available
data, six levels of identification were defined, as shown in Table 2.

Table 2. Identification levels of volatile organic compounds using AMDIS software and related parameters.

Level of Identification Identification Parameters

A
Retention index 1

NET value > 80 using columns A and B
Retention time 2

B
Retention index 1

NET value > 80 using column A
Retention time 2

C NET value > 80 using column B
Retention time 2

D Retention index 1

NET value > 80 using columns A and B
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Table 2. Cont.

Level of Identification Identification Parameters

E Retention index 1

NET value > 80 using column A

F NET value > 80 using column B (peak annotation)
1: RI(lib) data available from the NIST MS library; The difference (RI-RI(lib)) was calculated and taken into account
in the NET value. 2: Verification of the retention time (tR) with an authentic standard.

Samples were analyzed in duplicate, and the peak areas were averaged. Normalization
was employed to express the relative abundance (%) (arbitrary area units) of individual
compounds or chemical groups within each sample, relative to the total peak area of the
identified VOCs in that sample (column A). The average relative abundance (%) of each
chemical group among all samples using the same column was calculated relative to the
average peak area of all identified VOCs in each sample [15,27].

3. Results and Discussion
3.1. Identification of VOCs

We developed a comprehensive workflow to analyze and identify volatile compounds
in spirulina food supplements (Scheme 1). The process commenced with sample prepa-
ration, involving homogenizing and grinding the biomass. Subsequently, automated
HS-SPME was used for the volatile compound extraction and GC-MS analysis was carried
out, with the resulting data being processed using AMDIS software ver. 2.73. AMDIS
served the purpose of deconvoluting the MS spectra, determining the experimental Reten-
tion Index (RI) of each deconvoluted component (when RI(lib) was available) and matching
the deconvoluted mass spectra against the NIST library.
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Scheme 1. Workflow for the analysis of VOCs in spirulina food supplements.

The combination of mass spectral and retention data allowed us to calculate a match
factor, called NET. Achieving a NET value close to 100 resulted in a higher match quality
and more reliable identifications. Conversely, NET values significantly decreased when
the experimental RI differed significantly from the RI(lib), effectively minimizing false-
positive results by filtering out candidate compounds when NET values were below 80.
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Furthermore, integrating RI data with spectral matching facilitated the identification of
isobaric compounds, a challenging task when relying solely on mass spectral data [35].

In cases where RI data were unavailable, we relied solely on mass spectral matching for
component annotation. We further employed a second column with different polarities to
confirm results and annotate substances that the first column may have missed. However,
for the complete identification of a suspected compound (Levels A, B in Table 2), we
compared its retention time (tR) with that of an authentic standard analyzed under the
same conditions (±0.10 min), in addition to mass spectral matching.

Figure 1 shows representative total ion GC-MS chromatograms (Total Ion Current, TIC)
obtained from spirulina sample S10 extract (Table 1), after processing with AMDIS using
different columns. It is the first time that two analytical columns of different polarities
were used to determine spirulina volatiles. After analysis of the sample extract using
the non-polar GC column A, 51 compounds were identified as shown in Figure 1a. Six
compounds were found only with the semi-polar GC column B, while twenty compounds
were identified with both columns (Figure 1b). The use of a second column with dissimilar
polarity for the confirmation of the identified compounds provided further confidence in
identification. This technique produces a lower rate of false positive results but does not
eliminate them [36].
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Figure 1. GC-MS total ion chromatograms of spirulina sample S10 extract after deconvolution with
AMDIS using (a) column A and (b) column B. The numbered peaks correspond to the compound
numbers listed in the first column of Table 3.
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Table 3. Volatile compounds detected most frequently (n ≥ 4) in spirulina supplements.

A/A Chemical
Compound

Molecular
Formula

Level of
Identification 1

tR (min)
Column

A/Column B

Number of
Samples (n)

Relative
Abundance

(%)

Odor
Descriptor

Alkanes
1 Tridecane C13H28 D 8.58/31.62 4 0.05–0.5 alkane 2

2 Tetradecane C14H30 B 9.49/n.d. 10 0.1–4.2 alkane 2

3 Pentadecane C15H32 A 10.31/33.42 17 1.3–17.0 alkane 2

4 Hexadecane C16H34 B 11.12/n.d. 17 0.4–18.6 alkane 2

5 Heptadecane C17H36 A 11.90/37.80 17 10.5–48.7 alkane 2

Alkenes
6 Hexadec-7-ene C16H32 E 11.01/n.d. 4 0.03–0.4 n/a
7 Heptadec-8-ene C17H34 E 11.73/n.d. 14 0.1–4.4 n/a

Ketones

8 Diphenyl-methanone
(benzophenone) C3H10O E 11.49/n.d. 5 0.03–1.6 n/a

9 Heptan-2-one C7H14O A 4.26/21.92 13 0.1–0.8 fruity, soapy 3

10 6-Methylhept-5-en-2-one
(sulcatone) C8H14O D 5.28/24.26 17 0.2–1.1 n/a

11 Octan-2-one C8H16O E 5.33/n.d. 12 0.02–0.4 fruity, soapy 3

12 6-Methylheptan-2-one C8H16O D 4.94/23.54 16 0.06–0.5 fruity, sour 3

13 3,5,5-Trimethylcyclohex-
2-en-1-one (isophorone) C9H14O D 6.16/26.33 11 0.4–1.7 n/a

14 3,4,4-Trimethylcyclohex-
2-en-1-one C9H14O D 6.41/26.91 11 0.02–0.3 n/a

15
2,2,6-

Trimethylcyclohexan-1-
one

C9H16O D 5.89/25.77 17 0.3–2.5 n/a

16 5-methyl-3-propan-2-
ylidenehex-4-en-2-one C10H16O F n.d./28.36 13 n/a

17
4-(2,6,6-

Trimethylcyclohex-1-yl)-
butan-2-one

E 9.86/n.d. 11 0.04–0.2 n/a

18
6,10-Dimethylundeca-

5,9-dien-2-one
(geranylacetone) *

C13H22O D 9.87/33.65 17 1.0–2.4 n/a

19
6,10,14-

Trimethylpentadecan-2-
one *

C18H36O E 12.92/n.d. 12 0.1–1.2 n/a

20

4-(2,6,6-
Trimethylcyclohexa-1,3-

dien-1-yl)-but-3-en-2-one
(dehydro-β-ionone)

C13H28O E 10.18/n.d. 12 0.3–1.5 violet-like 3

21
4-(2,6,6-Trimethyl-1-

cyclohexen-1-yl)-3-buten-
2-one, (β-ionone)

C13H20O A 10.21/35.02 17 7.0–21.1 floral 3

22

4-(2,2,6-Trimethyl-7-
oxabicyclo

[4.1.0]heptan-1-yl)-but-3-
en-2-one,

(β-ionone epoxide)

C13H20O D 10.24/35.41 17 3.3–12.1 fruity 3

23

4-(2,6,6-
trimethylcyclohex-2-en-1-

yl)but-3-en-2-one
(α-ionone)

C13H20O B 9.72/n.d. 17 0.6–1.7 woody, violet 2

Aldehydes
24 Pentanal C5H10O D 2.46/16.36 13 0.02–0.2 green, fatty 3

25 Hexanal C6H12O A 3.28/19.41 17 1.2–8.7 green, grassy 3

26 Benzaldehyde C7H6O A 5.08/24.36 16 0.02–1.1 bitter 3

almond-like 3

27 2-Methylene-hexanal C7H12O E 3.99/n.d. 6 0.02–0.06 n/a

28 Hept-2-enal * C7H12O D 4.98/23.93 16 0.07–1.6 green
apple-like 3

29 Cyclohexanecarbaldehyde C7H12O F n.d./23.92 12 n/a
30 Heptanal C7H14O D 4.36/22.16 17 0.1–1.6 citrus-like 3



Foods 2024, 13, 1257 8 of 21

Table 3. Cont.

A/A Chemical
Compound

Molecular
Formula

Level of
Identification 1

tR (min)
Column

A/Column B

Number of
Samples (n)

Relative
Abundance

(%)

Odor
Descriptor

31 Oct-2-enal C8H14O D 6.10/26.25 16 0.2–1.2 fatty, nutty 3

32 Octanal * C8H16O D 5.54/24.63 9 0.08–0.3 citrus-like,
green 3

33 3,4-
Dimethylbenzaldehyde C9H10O D 7.40/29.10 16 0.05–0.7 n/a

34 3-Ethylbenzaldehyde C9H10O E 7.50/n.d. 10 0.06–0.1 n/a

35 Nonanal * C9H18O E 6.63/n.d. 7 0.1–1.4 citrus-like,
soapy 3

36
2,6,6-Trimethylcyclohexa-
1,3-diene-1-carbaldehyde

(safranal)
C10H14O D 7.65/29.50 17 0.6–2.4 herb, sweet 2

37
2,6,6-Trimethylcyclohex-

2-ene-1-carbaldehyde
(α-cyclocitral)

C10H16O D 6.86/27.68 12 0.02–0.5 n/a

38

2,6,6-Trimethyl-1-
cyclohexene-1-

carboxaldehyde,
(β-cyclocitral)

C10H16O A 7.85/29.93 17 1.2–4.2 minty 2

39
2-(2,6,6-Trimethyl-1-

cyclohexen-1-yl)-
acetaldehyde

C11H18O E 8.22/n.d. 12 0.06–0.6 n/a

40 2-Butyl-oct-2-enal C12H22O E 9.26/n.d. 9 0.05–0.3 n/a

Alcohols

41 Pentan-1-ol C5H12O A 2.70/18.65 9 0.01–0.2 fruity,
ethereal 3

42 Hexan-1-ol C6H14O A 3.99/21.37 16 0.1–4.3
grassy,

marzipan-
like 3

43 Heptan-1-ol * C7H16O A 5.11/23.85 13 0.04–1.5 fruity, soapy 3

44 4,4-Dimethylcyclohex-2-
en-1-ol * C8H14O E 5.58/n.d. 10 0.1–0.8 n/a

45 Oct-1-en-3-ol C8H16O A 5.22/23.03 17 2.2–8.6 mushroom-
like 3

46 Oct-2-en-1-ol * C8H16O D 6.18/26.18 17 0.2–2.0 soapy 3

47 2,3-Dimethylcyclohexan-
1-ol C8H16O F n.d./27.8 11 n/a

48 Octan-1-ol C8H18O A 6.21/26.09 4 0.2–0.6 soapy,
citrus-like 3

49 2-Ethylhexan-1-ol C8H18O D 5.98/25.22 10 0.03–1.2 ethereal,
fruity 3

50 Nonan-1-ol * C9H20O E 7.27/n.d. 9 0.05–0.5 soapy, fruity 3

51 3,7-Dimethylocta-1,6-
dien-3-ol (linalool) C10H18O D 6.54/26.72 9 0.03–0.6 citrus-like,

flowery 3

52 2,4-Di-tert-butylphenol C14H22O B 10.38/n.d. 7 0.01–0.09 phenolic-like 3

53 Tetradeca-11,13-dien-1-ol C14H26O E 11.89/n.d. 4 0.03–1.3 n/a
54 Tetradec-9-en-1-ol * C14H28O E 11.68/n.d. 9 0.08–1.3 n/a

Pyrazines
55 2,6-Diethylpyrazine * C8H12N2 E 6.31/n.d. 10 0.03–1.5 sweet 3

56 2,5-Dimethyl-3-(3-
methylbutyl) pyrazine C11H18N2 E 8.6/n.d. 4 0.3–1.9 n/a

Furans—Furanones

57 1-(2,5-Dimethylfuran-3-
yl)ethanone * C8H10O2 E 5.99/n.d. 17 0.04–1.3 n/a

58 2-Pentylfuran C9H14O D 5.36/23.79 14 0.05–1.3 n/a

59
4,4,7a-Trimethyl-6,7-

dihydro-5H-1-
benzofuran-2-one

C11H16O2 E 10.71/n.d. 17 1.4–4.3 n/a

Esters

60
Ethenyl hexanoate

(n-caproic acid
vinyl ester)

C6H12O2 E 5.26/n.d. 7 0.05–0.6 sweaty 3
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Table 3. Cont.

A/A Chemical
Compound

Molecular
Formula

Level of
Identification 1

tR (min)
Column

A/Column B

Number of
Samples (n)

Relative
Abundance

(%)

Odor
Descriptor

61 Methyl hexanoate C7H14O2 E 4.60/n.d. 6 0.01–0.05 n/a

62 Methyl
(11Z)-hexadec-11-enoate C17H32O2 E 13.38/n.d. 4 0.08–0.3 n/a

63 Methyl hexadecanoate
(methyl palmitate) C17H34O2 E 13.48/n.d. 15 0.3–2.5 n/a

Other

64 2-Pentylpyridine C10H15N E 7.54/n.d. 4 0.2–1.1 fatty,
tallow-like 3

65 2-Methyl-6-
pentylpyridine C11H17N E 8.02/n.d. 6 0.02–0.2 n/a

66 1-Octoxyoctane
(di-n-octyl ether) C16H34O E 11.6/n.d. 17 0.02–0.9 n/a

67 Propylcyclopropane C6H12 F n.d./21.37 5 n/a

68 5,5-dimethyl-4-propan-2-
ylidene-1H-pyrazole C8H14N2 F n.d./26.32 4 n/a

1 For different levels of identification, see Table 2. 2 According to the work presented in [37]. 3 According to
the work presented in [38]. * Compounds identified for the first time in spirulina food supplements. n.d.: not
determined; n/a: not available; tR: retention time; relative abundance (%): percentage of each compound in
relation to the total area of the identified VOCs of each sample.

The identification of heptadecane in sample S1 is illustrated in Figure 2 as an example.
Heptadecane was identified (Level A, Table 2) in all spirulina supplements. In all cases,
a component peak was obtained (Figure 2a1,b1) based on the major characteristic ions
(m/z: 43, 57, 71, 85) of the deconvoluted spectra (Figure 2a2,b2). In the case of column
A, spectral matching using the NIST library (Figure 2a3), in combination with retention
index scoring (RI-RI(lib)), resulted in the highest match factor (NET 100). The NET value
was lower (87) when using column B (Figure 2b3), reflecting the lower matching of mass
spectra, due to higher baseline signals (column bleed). Although higher match factors were
generally obtained with column A, further confirmation with column B reduced the risk of
false positives.
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3.2. VOCs in Commercial Spirulina Samples

The screening of spirulina supplements revealed a wide variety of compounds (128 in
total). In particular, 68 volatiles were found in four or more samples, while the remaining
compounds were found in one to three spirulina supplements. The detailed list of these
frequently detected 68 VOCs is presented in Table 3. The volatile profiles of each sample,
including the total number of detected compounds, are shown in detail in Table S1 (col-
umn A) and Table S2 (column B). The chemical classes of these VOCs included alkanes,
alkenes, ketones, aldehydes, alcohols, pyrazines, furans/furanones, esters, and others,
demonstrating the high diversity of VOCs present in commercial spirulina products.

To the best of our knowledge, this study uncovered several compounds from various
chemical classes that have not been previously reported in commercial spirulina products.
Our workflow facilitated the identification of isobaric compounds using RI filtering through
the combination of retention data and mass spectra. For example, this approach identified
3,4-dimethylbenzaldehyde and 3-ethylbenzaldehyde (Table 3), which had not been reported
before. Octan-2-ol (Table S1) was also identified, for the first time, in commercial spirulina
products and successfully differentiated from octan-1-ol (Table 3) using RI data, elution
order information, and mass spectra. Similarly, α- and β-cyclocitral were distinguished by
their different RI values. The presence of isobaric compounds with nearly identical mass
spectra, as seen in the case of α-ionone and γ-ionone, added complexity to the identification
process. In these cases, using retention data substantially increased the identification
confidence [39].

Alkanes were the main chemical group, with an average relative abundance of 47.2%.
The relative composition of VOCs was calculated considering both the abundance of each
compound of a chemical class and the frequency of occurrence in the samples analyzed
(Figure 3). Among all samples, the average relative abundance of ketones, aldehydes,
alcohols, furans/furanones, and alkenes was 25.7, 10.9, 8.4, 3.7, and 1.8%, respectively.
Significantly lower percentages were calculated for esters, pyrazines, and other compounds
(≤1.1%) (Figure 3).

These results align with data from earlier studies, which also identified the presence of
similar chemical classes of VOCs in spirulina samples. In most instances, the predominant
class observed was that of alkanes [17,22,25,26]. The highest number of VOCs (76) in
commercial spirulina products was reported in the study of Aguero et al. [27], followed
by Ramasamy et al. [28] who detected seventy-four different compounds in polar and
non-polar solvent extracts of a dried spirulina supplement. Martelli [17] identified sixty-
one different VOCs in a commercial Arthrospira platensis sample. The highest number of
volatiles in raw spirulina biomass was ninety-five [26], while in other cases, the number of
identified VOCs was lower than seventy [25].
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spirulina supplements (column A).

The abundance of the various VOC chemical groups in spirulina supplements is
shown in Figure 4. Alkanes varied from 30.1 to 55.3%, with a median of 47.4%. Results
are in good agreement with a previous study where hydrocarbons were the main group
in Arthrospira platensis, with an abundance of 60.7% [26]. Hydrocarbons also constituted
the primary chemical group in numerous other studies on spirulina, with percentages
ranging from 37.6% [27] to 72.8% [15]. Differences within the same chemical class across
various studies can be attributed to variations in growth conditions, different Arthrospira
species, and variations in the analytical workflows employed [13,15]. Ketones emerged
as the second most abundant chemical class, with relative abundances ranging from 19.0
to 38.6% (median 25.6%) as depicted in Figure 4. Consistent with these findings, other
studies also confirmed the presence of ketones (including ionones), in spirulina samples,
ranking as the second most abundant group following hydrocarbons, with abundances
ranging from 14.1 to 22.1% [15,27]. Additionally, our study identified aldehydes (6.9 to
19.0%; median 10.7%) and alcohols (4.9 to 12.6%; median 7.7%) as distinct groups (Figure 4).
These results align with a prior study, which reported abundances of 5.5% for aldehydes
and 8.6% for alcohols [26].
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Chemical groups found at low relative abundances exhibited more significant varia-
tion across samples, as shown in Figure 4. For instance, pyrazines were detected in only
eleven samples, with a median abundance of 0.7%, consistent with findings from previ-
ous studies [27]. However, this study identified a higher number of individual pyrazine
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derivatives. Furans/furanones, on the other hand, were identified in all spirulina supple-
ments, with abundances ranging from 1.9 to 5.6% (median 3.9%) (Figure 4), comparable
to previous reports [26]. Esters were identified with a mean relative area, ranging from
0.02 to 2.5% (median 1%), comparable to previous reports [15,26]). Notably, our study
identified a greater number of esters (10 in total, detailed in Tables 3 and S1) and it appears
that the presence of each compound was sample-specific. A limited number of alkenes
were identified in fifteen samples (abundances of 0.4 to 4.8%) with heptadec-8-ene making
the most significant contribution, as reported previously [15]. Other compounds mainly
included pyridine derivatives, exhibiting very low abundances in most samples (Figure 4).

Only a limited subset of VOCs was found in all samples, specifically, 16 out of the
total 128 (indicated with a number sign in Tables S1 and S2). This finding suggests that
the VOC profiles of spirulina may vary, depending on the species and environmental
conditions under which it was cultivated, given the diverse geographical origins of the
samples [13,40]. The processing of food supplements, especially through thermal processes
used for drying biomass, can trigger various chemical reactions such as Maillard reactions,
Strecker degradation, and oxidation, whether mediated by enzymes or not. Additionally,
processing dry biomass in an oxygen-rich environment may induce alterations in the final
product [41]. In summary, the primary VOC chemical groups observed in spirulina samples
were alkanes, ketones, aldehydes, and alcohols, consistent with previous studies [13,15,26].
These chemical classes include numerous compounds which are considered significant
contributors to the sensory properties of spirulina biomass and are tentatively associated
with its flavor (Table 3) [13]. In the subsequent sections, a comprehensive discussion will be
provided regarding specific VOCs in spirulina food supplements, along with an exploration
of their potential sources.

Alkanes–Alkenes: This study detected twenty-two hydrocarbons, with pentade-
cane, hexadecane, and heptadecane occurring in all samples. Heptadecane was the most
abundant hydrocarbon, with relative abundances ranging from 10.5 to 48.7%. Pentade-
cane and hexadecane exhibited lower abundancies (1.3–17.0% and 0.4–18.6%, respec-
tively). Tetradecane and tridecane were present in ten and four samples, respectively
(Table 3). Another important hydrocarbon, previously identified in cyanobacterial strains
Nostoc and Anabaena [23], and found in very low levels in spirulina essential oil [25], was
heptadec-8-ene, detected in fourteen samples in our study. Other alkenes, including the
monoterpenes limonene, α-pinene and α-thujene, were found in fewer than four samples
(Tables S1 and S2). Our findings are consistent with earlier reports where medium-chain
alkanes (C13–C17) were found in high percentages in spirulina, albeit with varying relative
abundances [23–25,27]. The origin of hydrocarbons in cyanobacteria has been attributed to
the metabolism of fatty acids through two distinct biosynthetic pathways. One pathway
involves a two-step conversion of fatty acids, first to fatty aldehydes, and then to alkanes
(or alkenes if the fatty acid contains double bonds). The second pathway proceeds through
a mechanism of fatty acid elongation/decarboxylation [42–45].

Ketones: Twenty ketones were identified in this study, with all samples exhibiting a
similar number of compounds (Tables S1 and S2). The major contributors to this chemi-
cal group were ionone derivatives, including α-ionone, β-ionone, β-ionone epoxide, and
dehydro-β-ionone. These derivatives were present in all samples, except for dehydro-
β-ionone, which was detected in 12 samples (Table 3). Notably, β-Ionone and β-ionone
epoxide were the most abundant, with relative abundances ranging from 7.0% to 21.1%
and 3.3% to 12.1%, respectively. The presence of α and β-ionones in spirulina biomass has
been reported in previous studies [17,18,23], while β-ionone epoxide has been reported in
trace amounts in raw spirulina samples [25]. Ionones are produced through the oxidative
cleavage of carotenoids by carotene oxygenases [46] and are naturally found in foods
containing β-carotene [47,48]. Cyanobacteria were previously characterized as a rich source
of carotenoids, and the results of this study are consistent with the presence of ionone
derivatives in high abundances [49]. Ionones are responsible for the characteristic flowery
violet and woody odor. In particular, β-ionone contributes to the floral and seaweed odor,
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α-ionone to the violet woody odor, while β-ionone epoxide provides a fruity odor [50,51].
Branched ketones such as 6-methylhept-5-en-2-one (sulcatone), 6-methylheptan-2-one, and
2,2,6-trimethylcyclohexan-1-one, previously identified in spirulina biomass [22,23,26], were
found in almost all samples at lower relative abundances. 2,2,6-Trimethylcyclohexan-1-one
ranging from 0.3% to 2.5% has been reported as the most characteristic ketone in cyanobac-
teria [49]. This ketone was identified in a previous study [52] as a major volatile component
in an eutrophic shallow lake, and its presence was linked with the occurrence of cyanobac-
teria and algae. Hockelmann [53] also confirmed the formation of this volatile, together
with 6-methylhept-5-en-2-one by cultured Calothrix sp. and Plectonema sp. Furthermore, the
nor-carotenoid ketone 6,10-dimethylundeca-5,9-dien-2-one (geranylacetone) was identified
for the first time in spirulina food supplements (1.0% to 2.4%). This compound, known for
its floral–fruity odor, has been reported as a major volatile product in cyanobacteria [54,55]
and algae [56]. Additionally, 3,5,5-Trimethylcyclohex-2-en-1-one (isophorone) was de-
tected in eleven samples (0.4–1.7%) (Table 3) and its presence in spirulina samples has also
been confirmed in previous studies [22,26]. In our study, heptan-2-one and octan-2-one
were detected in a low relative abundance (0.1–0.8% and 0.02–0.4%, respectively) in thir-
teen and twelve food supplements, respectively, and they have been previously reported
in raw spirulina biomass samples [26] and treated commercial spirulina products [17].
6,10,14-Trimethylpentadecan-2-one was detected for the first time in spirulina supplements
(0.1–1.2%) in twelve samples. This ketone has already been identified in cyanobacteria [57]
and green algae [58] and seems to be formed from phytol, a derivative of chlorophyll [59].
Considering that spirulina species are rich in polyunsaturated fatty acids [60], many of the
identified ketones can be related to fatty acid oxidation, as enzymes of the lipoxygenase
pathway cleave fatty acids to produce these compounds through a sequence of additional
reactions [29].

Aldehydes: In our analysis of spirulina food supplements, we identified thirty aldehy-
des, with an average relative abundance of 10.9% across all samples. Seventeen of these
volatiles exhibited a cyclic structure and four of them (β-cyclocitral, safranal, benzaldehyde
and 3,4-dimethylbenzaldehyde) were consistently present in nearly all the samples (Table 3).
β-Cyclocitral and safranal were the most abundant cyclic aldehydes ranging from 1.2% to
4.2% and 0.6% to 2.4%, respectively. These results align with existing literature data, as
these compounds, along with benzaldehyde, have also been found in spirulina samples
in high abundances [13,17,22,23,25–27]. In contrast, acyclic aldehydes were less prevalent
(13 compounds), with hexanal as the primary compound in all samples (1.2% to 8.7%).
Previous studies have confirmed the presence of hexanal in spirulina [17,26] and other
microalgae [29,61]. Several short-chain aldehydes, including heptanal, oct-2-enal, hept-2-
enal, octanal, and nonanal, were detected in more than seven samples (Tables 3, S1 and S2).
Notably, the last three compounds have not been reported in spirulina biomass. Aldehydes
are derived from the chemical and enzymatic oxidation of lipids [29]. β-Cyclocitral is
formed through the enzymatic degradation of carotenoids [51]. Due to their relatively
low odor thresholds, aldehydes can contribute to the distinctive odor of spirulina [26,38].
Hexanal, characterized by a grassy odor and a low odor threshold concentration (OTC)
(in water 2.4 µg/L) [62], is easily noticeable in complex matrices [63]. However, in many
cases, hexanal is accompanied by unsaturated C6 aldehydes, contributing much more to
the overall odor due to their even lower OTCs [62]. β-Cyclocitral, with a low OTC value of
3 µg/L [64], imparts a fresh aroma [51]. Lastly, benzaldehyde, known for its characteristic
bitter almond-like odor, was confirmed in sixteen spirulina samples (Table 3). This com-
pound is commonly found in various microalgae species and is formed by the enzymatic
and chemical degradation of phenylalanine [29].

Alcohols: Spirulina food supplements exhibited a substantial presence of alcohols,
with an average relative abundance of 8.4% (Figure 3). A notable diversity of alcohols, pri-
marily acyclic, was observed in many samples, with individual compounds ranging from
two to sixteen per sample (Tables S1 and S2). Hexan-1-ol, oct-1-en-3-ol and oct-2-en-1-ol
were found in almost all samples. Particularly, oct-1-en-3-ol was the most abundant alcohol
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(2.2 to 8.6%) followed by hexan-1-ol (0.1 to 4.3%) and oct-2-en-1-ol (0.2 to 2.0%). These
results are in line with previous investigations of commercial spirulina products and raw
spirulina biomass [17,22,26,27], except oct-2-en-1-ol, which had not been previously de-
tected in spirulina samples. Linalool, an alcohol known for its citrus-floral aroma [65],
was found in nine samples, consistent with its reported presence in spirulina biomass [25].
Additionally, this study identified other alcohols, such as heptan-1-ol, nonan-1-ol, tetradec-
9-en-1-ol and 4,4-dimethylcyclohex-2-en-1-ol, in low abundance (>1%) in more than eight
samples (Table 3), and these were not previously reported in spirulina food supplements.
The origin of acyclic alcohols in microalgae is attributed to the cleavage of fatty acid hy-
droperoxides. At the same time, branched compounds can be derived from carbohydrates
via glycolysis, or from amino acids via the Ehrlich route [65,66]. Hexan-1-ol is characterized
by a herbal odor [17], while C8 alcohols, like oct-1-en-3-ol, contribute a mushroom-like odor,
and oct-2-en-1-ol a soapy odor [38]. Since the odor threshold concentrations of alcohols are
significantly higher than those of the corresponding aldehydes, they seem to impact the
flavor profile of spirulina products less.

Pyrazines: Ten alkylpyrazines were detected, each present in abundances below 1%
in most cases. Among them, 2,5-Dimethylpyrazine, 2,3,5-trimethylpyrazine and 2,3,5,6-
tetramethylpyrazine were found in three samples (Table S1), corroborating previous reports
on their presence in spirulina biomass [17,22,26,27], while new compounds in this study
were 2,6-diethylpyrazine and 2,5-dimethyl-3-(3-methylbutyl)pyrazine (Table 3). Olfac-
tory studies by Masuda [67] emphasized that monosubstituted pyrazines and substituted
methylpyrazines contribute nutty and/or roasted notes, while other alkylpyrazines, ex-
cluding decylpyrazine, exhibit a green odor, and higher alkyl-substituted pyrazines possess
fatty or waxy odors. The lower alkyl-substituted pyrazines have low odor threshold con-
centrations and more nutty odors [68]. For example, 2,5-dimethylpyrazine has a nutty
odor [38] and might intensify the off-flavor of spirulina [17,22]. Pyrazines are formed
during the heat treatment of foods through the Maillard reaction and also via fermentation
processes from reactions of amino acids and sugars [69]. However, the spirulina samples
in this study were obtained in dry form without specific drying treatment information,
and volatile extraction through HS-SPME occurred at a relatively low temperature (60 ◦C).
Further data are required to conclude the pathways for forming these compounds.

Furans–furanones: Two furans and two furanones were found in this study
(Tables 3 and S2). Among them, 2-pentylfuran was found in low abundance (≤1.3%) in
fourteen samples, consistent with its previous detection in spirulina biomass in several stud-
ies [15,17,22,25,26]. This compound originates from the autoxidation of linoleic acid [70]
and its flavor threshold in oil at room temperature is 1 mg/L [71]. At elevated concen-
trations (1–10 mg/L), it exhibits a licorice-like odor with a characteristic beany scent [71].
Conversely, 1-(2,5-dimethylfuran-3-yl)ethanone was present in all samples and has been
reported to have a slightly roasted nut-like odor [72]. Its presence in spirulina samples
has not been previously reported in the literature. 4,4,7a-Trimethyl-6 and 7-dihydro-5H-
1-benzofuran-2-one (dihydroactinidiolide) were detected in all spirulina supplements
in abundances ranging from 1.4 to 4.3%. Dihydroactinidiolide has also been found in
previous studies in spirulina samples [13,15,28,73] and in other cyanobacteria such as
Synechococcus sp. [74]. It has a hay-like [75], pungent violet-like [74] odor with an allelo-
pathic activity that serves as a growth inhibitor for other macrophytes [73,74,76]. Its origin
is attributed to the photosensitized oxidation of β-ionone [75,77], suggesting that its high
abundance is associated with the high β-ionone content of spirulina samples (7.0% to
21.1%). 2-Pentylfuran and 1-(2,5-dimethylfuran-3-yl)ethanone are used as flavoring agents
by the food industry and their use would not pose a safety concern in the current estimated
dietary exposures [78]. However, a very recent toxicity study on 1-(2,5-dimethylfuran-3-
yl)ethanone using gpt delta rats indicated that this compound might affect the nasal cavity,
liver and lipid metabolism while showing genotoxicity and possible carcinogenicity in the
liver [79]. Therefore, a safety re-evaluation for this flavoring agent is necessary.
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Esters and other compounds: Esters were found in all tested samples showing a low
relative abundance compared to other chemical classes of VOCs. In particular, ten individ-
ual compounds were identified across various samples constituting on average 1.1% of
identified VOCs. Methyl hexadecanoate (methyl palmitate) was detected in fifteen samples
and exhibited the highest abundance of all esters ranging from 0.3 to 2.5%. This finding
aligns with prior studies, which reported the presence of methyl palmitate in dry spirulina
biomass or post-biomass processing [13,24,25,80], along with other ester derivatives in the
same chemical class [17,22,26]. Methyl hexanoate, ethenyl hexanoate, and methyl (11Z)-
hexadec-11-enoate were found in very low abundances in six, seven, and four samples,
respectively (Table S1). The presence of diverse ester derivatives has been noted in several
cyanobacteria (Leptolyngbya sp., Oscillatoria sp., Nostoc sp.) [81,82], attributed to the reaction
of fatty acids and alcohols [80]. Methyl esters of hexadecanoic acid are characterized by a
strong oily, fatty, waxy odor [13,81]. Additionally, nitrogenous organic compounds, such
as alkyl pyridines and di-n-octyl ether were prevalent in all samples (Table 3). Overall,
ethers are sparsely identified in spirulina biomass. Specific examples include the detection
of benzyl isopentyl ether in previous spirulina studies [22], as well as studies with other
microalgae, such as butyl ether in Chlorella sp. and Synechococcus sp. [26] and octadecyl
vinyl ether in Chlorella sp. [15].

3.3. Variation in Major Volatiles among Spirulina Supplements

Among all VOCs detected in this study, thirteen compounds exhibited the highest
abundance, as depicted in Figure 5.
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Heptadecane, identified in all samples, emerged as the most abundant VOC in this
study. Hexadecane, pentadecane, and tetradecane, although showing lower abundance
than heptadecane, were still among the most abundant alkanes identified. Hexadecane
displayed the highest variation between samples (about 45 times higher value in sample
S10 compared to the lowest value detected in sample S7). In comparison, heptadecane
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demonstrated the lowest variation (4.6 times higher value in sample S1 compared to sample
S10). Previous studies have reported heptadecane as a major component in spirulina from
Serbia (73.1–82%) [23], Morocco (41.7%) [25], Turkey (39.7%) [24], and Cuba (19%) [27]. The
variation of their relative abundance among different samples is visualized in Figure 6.
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Ketones, particularly β-ionone and β-ionone epoxide, consistently stood out as ma-
jor compounds, aligning with previous findings [17,18,23,25]. These ketones exhibited
minimal variation in relative abundance, with a maximum threefold difference among
the tested samples (Figures 5 and 6). Additionally, 2,2,6-trimethylcyclohexan-1-one ex-
hibited lower abundances than ionones, followed by 6,10-dimethylundeca-5,9-dien-2-one
(geranylacetone), which was identified for the first time in spirulina dietary supplements.
Both compounds exhibited slight variation between samples, with samples S13 and S8
showing the highest abundances, respectively (Figure 6). Within aldehydes and alcohols,
hexan-1-ol demonstrated significant variability, reaching a 60-fold difference between sam-
ples S17 and S5. At the same time, β-cyclocitral remains relatively stable, with only S14
displaying a notably higher abundance. These variations of each VOC abundance are likely
linked to the substrate and may reflect the biochemical composition of spirulina biomass
influenced by external environmental stressors such as temperature, light, pH, or nutrient
availability [83]. Considering that the most abundant compounds possess distinct olfactory
notes and relatively low sensory thresholds (Table 3), differences in their abundance likely
contribute to variations in the sensory quality of spirulina samples.

In a broader sense, the olfactory characteristics of biomass are probably influenced
by ketones, aldehydes, alcohols, pyrazines, and furans. Nevertheless, the combination of
various odorants ultimately determines the overall olfactory perception of biomass. Further
studies are necessary to identify the key odorants in spirulina biomass and elucidate
the relationship between the occurring compounds, their abundances, and the perceived
sensory quality.

4. Conclusions

This study reveals the extensive diversity of VOCs in commercial spirulina food sup-
plements from various geographic regions and manufacturers. This study highlights the
potential of spirulina as a reservoir of complex volatile and odorous compounds, poten-
tially contributing to its overall aroma and flavor profiles. A comprehensive workflow was
employed for VOC analysis, incorporating HS-SPME extraction, GC-MS analysis, and data
processing through AMDIS and the NIST spectral library. In total, 128 VOCs were identified
in spirulina food supplement samples, representing various chemical classes such as alka-
nes, alkenes, ketones, aldehydes, alcohols, esters, pyrazines, and furans. Notably, twelve
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previously unreported volatile compounds were detected, expanding our knowledge of
the chemical composition of spirulina and its potential applications. Key VOCs include
dominant hydrocarbons like heptadecane and heptadec-8-ene; carbonylic compounds
such as β-ionone, 2,2,6-trimethylcyclohexan-1-one; hexanal and alcohols like oct-1-en-3-ol.
Many of these compounds are likely contributors to the characteristic sensory qualities of
spirulina supplements. Variability in the abundance of VOCs among samples appears to be
primarily influenced by the spirulina species, suggesting that the biochemical composition
of the spirulina biomass is related to the environmental conditions during growth and pro-
cessing. The results underscore the potential of spirulina, not only as a dietary supplement,
but also as a valuable source of VOCs for extracting beneficial compounds with potential
applications in the food, pharmaceutical, and cosmetics industries. Further investigations
are needed to explore the associations between volatile and sensory profiles of spirulina
and to determine whether VOCs can impact the sensory properties of innovative products,
incorporating spirulina biomass as an ingredient. Additional research to identify key odor-
ants in spirulina biomass will facilitate the optimization of spirulina-based food products
in terms of their sensory quality.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/foods13081257/s1, Table S1: Peak areas of the volatile compounds identified
in seventeen commercial spirulina food supplements using HS-SPME-GC-MS and column A; Table S2:
Peak areas of the volatile compounds identified in seventeen commercial spirulina food supplements
using HS-SPME-GC-MS and column B.

Author Contributions: Conceptualization, T.M.T. and T.K.; Methodology, A.P., T.M.T. and T.K.;
Software, A.P. and T.K.; Validation, A.P. and T.M.T.; Formal analysis, A.P. and T.M.T.; Investigation,
A.P. and T.M.T.; Resources, T.M.T., T.K. and A.H.; Data curation, A.P. and T.M.T.; Writing—original
draft preparation, A.P. and T.M.T.; Writing—review and editing, A.P., T.M.T., M.S., T.K., A.H. and
D.D.; Visualization, A.P. and T.M.T.; Supervision, T.M.T.; Project administration, T.M.T.; Funding
acquisition, T.M.T. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the European Union and Greek national funds through
the Operational Program Competitiveness, Entrepreneurship, and Innovation, under the call
RESEARCH—CREATE—INNOVATE (Project acronym: CO2 Bioproducts; project code: T1EDK-
02681). The internal project E-12533 at NCSR “DEMOKRITOS” funded the open access publica-
tion fees.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in the study are included in the
article/Supplementary Materials, further inquiries can be directed to the corresponding author.

Acknowledgments: The authors acknowledge COST Action CA18225 “WATERTOP—Taste and
Odor in early diagnosis of source and drinking Water Problems”, supported by COST (European
Cooperation in Science and Technology) for adding value to this study through networking and
knowledge sharing with European experts in the field. A.P. gratefully acknowledges the financial
support (scholarship for postgraduate studies) provided by the Research Committee of the National
Technical University of Athens.

Conflicts of Interest: Author Triantafyllos Kaloudis declares no conflict of interest associated with this
research paper, notwithstanding his affiliation with Athens Water Supply and Sewerage Company
(EYDAP SA). The remaining authors declare that the research was conducted in the absence of any
commercial or financial relationships that could be construed as a potential conflict of interest. The
funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in
the writing of the manuscript, or in the decision to publish the results.

https://www.mdpi.com/article/10.3390/foods13081257/s1
https://www.mdpi.com/article/10.3390/foods13081257/s1


Foods 2024, 13, 1257 18 of 21

References
1. Vardaka, E.; Kormas, K.A.; Katsiapi, M.; Genitsaris, S.; Moustaka-Gouni, M. Molecular diversity of bacteria in commercially

available “Spirulina” food supplements. PeerJ 2016, 4, e1610. [CrossRef] [PubMed]
2. Andrade, L.; Andrade, C.; Dias, M.; Nascimento, C.; Mendes, M. Chlorella and spirulina microalgae as sources of functional

foods. MOJ Food Process. Technol. 2018, 6, 45–58. [CrossRef]
3. de Jesus Raposo, M.F.; de Morais, R.M.S.C.; de Morais, A.M.M.B. Health applications of bioactive compounds from marine

microalgae. Life Sci. 2013, 93, 479–486. [CrossRef] [PubMed]
4. Grosshagauer, S.; Kraemer, K.; Somoza, V. The True Value of Spirulina. J. Agric. Food Chem. 2020, 68, 4109–4115. [CrossRef]
5. Hosseini, S.M.; Shahbazizadeh, S.; Khosravi-Darani, K.; Mozafari, M.R. Spirulina paltensis: Food and function. Curr. Nutr. Food

Sci. 2013, 9, 189–193. [CrossRef]
6. Hussein, A.; Ibrahim, G.; Kamil, M.; El-Shamarka, M.; Mostafa, S.; Mohamed, D. Spirulina-enriched pasta as functional food rich

in protein and antioxidant. Biointerface Res. Appl. Chem. 2021, 11, 14736–14750. [CrossRef]
7. Winarni Agustini, T.; Farid Ma’ruf, W.; Widayat, W.; Suzery, M.; Hadiyanto, H.; Benjakul, S. Application of Spirulina platensis on

ice cream and soft cheese with respect to their nutritional and sensory perspectives. J. Teknol. 2016, 78, 245–251. [CrossRef]
8. Byeon, S.Y.; Cho, M.K.; Shim, K.H.; Kim, H.J.; Song, H.G.; Shin, H.S. Development of a Spirulina Extract/Alginate-Imbedded PCL

Nanofibrous Cosmetic Patch. J. Microbiol. Biotechnol. 2017, 27, 1657–1663. [CrossRef] [PubMed]
9. Dianursanti; Sari, P.R.; Alifia, K.C.H. Utilization of microalgae Spirulina platensis as a raw material for making capsule

shell. In Proceedings of the The 4th International Tropical Renewable Energy Conference (i-TREC 2019), Bali, Indonesia,
14–16 August 2019.

10. Tolpeznikaite, E.; Bartkevics, V.; Ruzauskas, M.; Pilkaityte, R.; Viskelis, P.; Urbonaviciene, D.; Zavistanaviciute, P.; Zokaityte, E.;
Ruibys, R.; Bartkiene, E. Characterization of macro-and microalgae extracts bioactive compounds and micro-and macroelements
transition from algae to extract. Foods 2021, 10, 2226. [CrossRef]

11. Mahmoud, Y.I.; Shehata, A.M.M.; Fares, N.H.; Mahmoud, A.A. Spirulina inhibits hepatocellular carcinoma through activating
p53 and apoptosis and suppressing oxidative stress and angiogenesis. Life Sci. 2021, 265, 118827. [CrossRef]

12. Agustina, S.; Aidha, N.N.; Oktarina, E.; Kurniati, N.F. Evaluation of Antioxidant and Wound Healing Activities of Spirulina sp.
Extract. Egypt. J. Chem. 2021, 64, 4601–4610. [CrossRef]

13. Cuellar-Bermúdez, S.P.; Barba-Davila, B.; Serna-Saldivar, S.O.; Parra-Saldivar, R.; Rodriguez-Rodriguez, J.; Morales-Davila, S.;
Goiris, K.; Muylaert, K.; Chuck-Hernández, C. Deodorization of Arthrospira platensis biomass for further scale-up food
applications. J. Sci. Food Agric. 2017, 97, 5123–5130. [CrossRef] [PubMed]

14. Nunes, M.C.; Ferreira, J.; Raymundo, A. Volatile fingerprint impact on the sensory properties of microalgae and development of
mitigation strategies. Curr. Opin. Food Sci. 2023, 51, 101040. [CrossRef]

15. Nader, C.; Cella, H.; Lopes, R.G.; Oliveira, C.Y.B.; D’Alessandro, E.B.; Filho, N.R.A.; Derner, R.B. Effect of different cultivation
conditions on the production of volatile organic compounds by the microalgae Arthrospira platensis and Chlorella sp. J. Appl.
Phycol. 2022, 34, 203–217. [CrossRef]

16. Lee, J.; Rai, P.K.; Jeon, Y.J.; Kim, K.-H.; Kwon, E.E. The role of algae and cyanobacteria in the production and release of odorants
in water. Environ. Pollut. 2017, 227, 252–262. [CrossRef] [PubMed]

17. Martelli, F.; Cirlini, M.; Lazzi, C.; Neviani, E.; Bernini, V. Solid-state fermentation of Arthrospira platensis to implement new
food products: Evaluation of stabilization treatments and bacterial growth on the volatile fraction. Foods 2021, 10, 67. [CrossRef]
[PubMed]

18. Yuliani, A.T.W.; Dewi, E.N. Evaluation of the volatile compound basil leaf (Ocimum basilicum) intervention on Spirulina platensis.
Food Res. 2021, 5, 48–53. [CrossRef]

19. Pinheiro, P.N.; Vieira, K.R.; Santos, A.B.; Jacob-Lopes, E.; Zepka, L.Q. Biogeneration of volatile organic compounds in microalgae-
based systems. In Handbook of Algal Technologies and Phytochemicals; Ravishankar, G.A., Ambati, R.R., Eds.; CRC Press: Boca Raton,
FL, USA, 2019; pp. 89–96.

20. Perez-Garcia, O.; Bashan, Y. Microalgal Heterotrophic and Mixotrophic Culturing for Bio-refining: From Metabolic Routes to
Techno-economics. In Algal Biorefineries: Volume 2: Products and Refinery Design; Prokop, A., Bajpai, R.K., Zappi, M.E., Eds.;
Springer International Publishing: Cham, Switzerland, 2015; Volume 2, pp. 61–131.

21. Chojnacka, K.; Noworyta, A. Evaluation of Spirulina sp. growth in photoautotrophic, heterotrophic and mixotrophic cultures.
Enzym. Microb. Technol. 2004, 34, 461–465. [CrossRef]

22. Bao, J.; Zhang, X.; Zheng, J.-H.; Ren, D.-F.; Lu, J. Mixed fermentation of Spirulina platensis with Lactobacillus plantarum and Bacillus
subtilis by random-centroid optimization. Food Chem. 2018, 264, 64–72. [CrossRef]
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