
Citation: Moura, P.C.; Fernandes, J.M.;

Diniz, M.S.; Fetter, V.; Vassilenko, V.

Differentiation of the Organoleptic

Volatile Organic Compound Profile of

Three Edible Seaweeds. Metabolites

2023, 13, 713. https://doi.org/

10.3390/metabo13060713

Academic Editors: Ahmed Mediani

and Adlin Afzan

Received: 8 May 2023

Revised: 24 May 2023

Accepted: 29 May 2023

Published: 31 May 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

metabolites

H

OH

OH

Article

Differentiation of the Organoleptic Volatile Organic Compound
Profile of Three Edible Seaweeds
Pedro Catalão Moura 1,* , Jorge Manuel Fernandes 1,2 , Mário Sousa Diniz 3 , Viktor Fetter 4

and Valentina Vassilenko 1,2,*

1 Laboratory for Instrumentation, Biomedical Engineering and Radiation Physics (LIBPhys—UNL), Department
of Physics, NOVA School of Science and Technology, NOVA University of Lisbon, Campus FCT-UNL,
2829-516 Caparica, Portugal

2 NMT, S. A., Edifício Madan Parque, Rua dos Inventores, 2825-182 Caparica, Portugal
3 Applied Molecular Biosciences Unit (UCIBIO), Department of Chemistry, NOVA School of Science and Technology,

NOVA University of Lisbon, 2829-516 Caparica, Portugal
4 Airbus Defense and Space GmbH, Space Systems, Department of TESXS Science Engineering,

88046 Friedrichshafen, Germany
* Correspondence: pr.moura@campus.fct.unl.pt (P.C.M.); vv@fct.unl.pt (V.V.)

Abstract: The inclusion of seaweeds in daily-consumption food is a worthy-of-attention challenge
due to their high nutritional value and potential health benefits. In this way, their composition,
organoleptic profile, and toxicity must be assessed. This work focuses on studying the volatile organic
compounds (VOCs) emitted by three edible seaweeds, Grateloupia turuturu, Codium tomentosum, and
Bifurcaria bifurcata, with the aim of deepening the knowledge regarding their organoleptic profiles.
Nine samples of each seaweed were prepared in glass vials, and the emitted headspace was analyzed,
for the first time, with a gas chromatography—ion mobility spectrometry device, a highly sensitive
technology. By statistically processing the collected data through PCA, it was possible to accurately
differentiate the characteristic patterns of the three seaweeds with a total explained variance of 98%. If
the data were pre-processed through PLS Regression, the total explained variance increased to 99.36%.
The identification of 13 VOCs was accomplished through a developed database of compounds. These
outstanding values in addition to the identification of the main emissions of VOCs and the utilization
of a never-before-used technology prove the capacity of GC-IMS to differentiate edible seaweeds
based solely on their volatile emissions, increase the knowledge regarding their organoleptic profiles,
and provide an important step forward in the inclusion of these highly nutritional ingredients in the
human diet.

Keywords: edible seaweeds; grateloupia turuturu; codium tomentosum; bifurcaria bifurcata; ion
mobility spectrometry; gas chromatography; volatile organic compounds

1. Introduction

The inclusion of seaweeds in the diet and foods of daily consumption is a trending
and worthy-of-attention challenge due to their high nutritional value and potential benefits.
In opposition to Eastern societies, where the consumption of seaweeds is an ordinary and
common practice, Western societies have just recently approved legislation regarding the
human consumption of algae-based products [1,2]. In this way, the full characterization
of seaweeds regarding their composition, nutritional relevance, organoleptic profiles, or
toxicity, among other topics, is a mandatory but demanding topic.

Algae are uni- or multicellular organisms that live in water or locations with elevated
levels of humidity. Unicellular seaweeds are often categorized as microalgae, which are
commonly known as phytoplankton and cannot be seen by the naked eye. On the other
hand, multicellular algae belong to the category of macroalgae, can be seen without a
microscope, and are commonly addressed as seaweeds. They are mostly autotrophic, and
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chlorophyll is their primary photosynthetic pigment. Nonetheless, other pigments existent
in their structure can equally influence the color of the seaweed [3,4].

The color of seaweed is commonly used to group these organisms. Three main groups
are often considered: green seaweeds, red seaweeds, and brown seaweeds. The green
pigmentation of the green algae, which belong to the phylum Chlorophyta, is due to the
abundant presence of chlorophyll in their composition. Red seaweeds belong to the phylum
Rhodophyta, and their color is directly related to some photosynthetic pigments that play an
accessory role to chlorophyll, namely phycobiliproteins, such as phycoerythrin or phycocyanin.
Included in the phylum Ochrophyta, brown algae exhibit their darker coloration due to the
existence of a specific group of pigments in their structure, the carotenoids [4,5].

Independently of the category, both microscopic and macroscopic algae represent an
abundant source of biological assets, such as protein, dietary fiber, vitamins, fatty acids,
carbohydrates, and minerals [6]. In this way, seaweeds have been exploited for several
scientific and civil fields, such as pharmaceutical and biomedical industries, alternative
medicine, cosmetics, agriculture, and, in some societies, as food ingredients [7,8]. As
previously addressed, their application in food is still a demanding task, especially in
Western societies. Even considering the well-known antioxidant, anti-viral, anti-microbial,
anti-aging, and anti-carcinogenic properties of the seaweeds, further scientific studies
regarding the composition, organoleptic profile (flavor, odor, or texture), nutritional value,
emissions, possible hazardousness, and toxicity of these organisms are required before
their full integration into the diet of the society [4,5].

The organoleptic characteristics of seaweeds are directly related to the volatile com-
pounds present in their structure, namely ketones, aldehydes, aliphatic and aromatic hydro-
carbons, halogenated compounds, and sulfur-based compounds, among many others [9,10].
Nonetheless, not all the volatile compounds present in algae are equally important to odor
and flavor, and the degree of contribution to the organoleptic properties hinges on their
recognition threshold and concentration [11,12]. Although aliphatic hydrocarbons con-
stitute the majority of volatile organic compounds (VOCs) released by seaweeds, their
contribution to the aroma profile is almost zero [13]. Odor-related compounds are derived,
in great part, from polyunsaturated fatty acids. However, most of the formation mecha-
nisms of these volatile compounds, such as the presence of halogenated sesquiterpenes,
diterpenes, and acetylenes in red algae, are still not fully understood [14,15]. Despite this,
VOCs are still the main analytes responsible for the organoleptic profiles of seaweeds
and deserve proper attention, not only due to this fact but also due to their potential
hazardousness and toxicity for humans [16,17].

Considering the importance of VOCs regarding the odor and flavor of seaweeds, the
assessment of the spoilage levels, and human health, this study intends to, for the first time
ever, apply a GC-IMS device to fully characterize the organoleptic profile and, specifically,
the VOCs emitted by three edible seaweeds, Grateloupia turuturu (GT, red seaweed of the
phylum Rhodophyta), Codium tomentosum (CT, green seaweed of the phylum Chlorophyta),
and Bifurcaria bifurcata (BB, brown seaweed of the phylum Ochrophyta) and, consequently,
deepen the knowledge regarding these very valuable sources of biological assets and
medically relevant organisms.

As mentioned, a GC-IMS device was, for the first time ever, used for the seaweed
analyses. IMS is a widely-used analytical technology with elevated levels of sensitivity, high
selectivity, instrumental simplicity, and analytical flexibility, and it is capable of separating
and identifying a vast range of ionized molecules of a volatile sample in concentration
ranges as low as low ppbv and pptv [18–20]. Furthermore, IMS requires a short range of
time for sample analysis, providing results in quasi-real time [21,22]. When coupled with
gas chromatography (GC), the resulting device presents increased levels of sensitivity and
selectivity that enable the separation and analysis of complex matrices rich in VOCs, even
at trace concentration levels [23–25]. For these reasons, this device presents a promising
future for the scientific field of organoleptic VOC profiling of edible macroalgae.
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2. Materials and Methods
2.1. Seaweeds Samples

Three edible seaweeds, one of each photosynthetic pigment-based category, were
considered for this study: Grateloupia turuturu (GT), Codium tomentosum (CT), and Bifurcaria
bifurcata (BB). Known as Devil’s tongue weed, Grateloupia turuturu is a red macroalga from
the phylum Rhodophyta, which presents a gelatinous texture and whose leaves can grow
as long as 70 cm and as wide as 15 cm. Common in water bodies of Asian countries, its
presence in Europe and America is considered invasive. Codium tomentosum is a macroalga
of the phylum Chlorophyta. This seaweed is commonly known as Sponge weed due to
its spongy texture and is native to the Atlantic coast of Europe and parts of Africa. Its
branched structure can extend up to 30 cm long. Finally, the brown macroalgae studied
during this study, Bifurcaria bifurcata, belongs to the phylum Ochrophyta and has the name
of Brown forking weed. This seaweed is commonly found on European and American
sea shores, specifically in rock-rich coastal zones. BB presents a branched structure that
can grow up to 30 cm long, like CT. All the samples of seaweeds were collected during
the spring of 2019 at Figueira da Foz on the Portuguese coast. CT and BB were collected
at Cabo Mondego, and GT was collected at Buarcos. Once collected, the samples were
washed and stored at −15 ◦C.

2.2. Sample Preparation

A total of 9 samples per species of seaweed were prepared and analyzed with the
spectrometer. To do so, 0.5 g of alga was placed in the interior of a 20 mL sterile glass
vial. Then, the vial was closed with a spectrum cap, isolating the samples from potential
contamination or exogenous compounds. After the preparation, the samples were left to
create headspace at room temperature. Once the thermodynamic balance between the solid
and the volatile sections of the sample was reached, a 2 mL portion of the headspace was
collected with a sterile syringe and injected into the GC-IMS device. Figure 1 schematizes
the procedure utilized for collecting the sample from the vial.
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It is worth noting that the quality control of the method was assured by the consecutive
measurement of the nine replicates for each seaweed as well as by the measurements of the
blank spectra before each experimental run of algae samples. The measurement of nine
replicates ensured the statistical relevance of the data collected and the overall legitimacy
of the results. For the measurement of the blank samples, headspace samples from virgin
vials without any sample besides room air were analyzed with the spectrometer in a similar
procedure to that described before. In this way, the measurement of the blank samples
ensured the accurate assessment of the pattern of VOCs for each seaweed analyzed during
the study by providing information on the content of the room air.

2.3. Instrumentation

For the first time ever, a GC-IMS device was used to assess the organoleptic profile of
the VOCs emitted by edible seaweeds. A GC-IMS analysis starts with the injection of the
volatile sample into the spectrometer. Here, the sample suffers pre-separation in the interior
of the chromatographic column, i.e., the analytes are separated based on their capacity to
adsorb to the inner coating of the column. Each analyte requires a specific time to elute
from the column. This time is commonly defined as the retention time, rt, and, due to
being compound-specific, it allows the identification of all the VOCs existent in the original
sample [26,27].

Once eluted from the GC, the analytes pass to the IMS section of the device. Here, they
are ionized by an ionization source. After ionization, the newly formed ions are exposed
to a weak and homogeneous electric field that will lead the ions to drift along the entire
drift tube of the spectrometer. Here, they are detected at a specific time known as the
drift time, dt. Further details regarding the GC-IMS operating principle can be consulted
elsewhere [24,27]. Nonetheless, it is important to state that the detected ions are assessed
considering their ion mobility constants.

The ion mobility constant, usually represented by K, is a compound-specific value
that is calculated considering the drift velocity, vd, of the ions drifting throughout the tube
and the intensity of the electric field, E, mentioned previously. The drift velocity of each
ion is also a specific value that depends on the length of the tube, L, and the characteristic
drift time, dt, of the target ion [28–31]. In this way, K can be represented as (Equation (1)):

K =
vd
E

=
L

E.td
(1)

Despite being compound-specific values, ion mobility constants are dependent on
the pressure and temperature conditions during the analysis. To overcome this issue, they
are typically normalized to standard environmental levels of pressure (P0 = 760 Torr) and
temperature (T0 = 273.15 K). The normalized ion mobility constant is represented by K0,
and it can be represented as (Equation (2)) [28–30].

K0 = K.
P
P0

.
T0

T
(2)

Once the measurement is concluded, a three-dimensional spectrum is produced. Here,
three variables are presented. The x- and y-axes usually represent the drift (milliseconds)
and retention (seconds) times, respectively, registered during the analysis. A third coordi-
nate, corresponding to the intensity (volts) of each ion detected by the detector placed at
the end of the drift tube, is equally represented. These intensity levels are directly related
to the original concentrations that each molecule presented in the original sample and can
be used for plotting calibration curves and quantifying the detected analytes [32]. Figure 2
schematizes an arbitrary three-dimensional GC-IMS spectrum in a two-dimensional view.
Here, the drift and retention times are represented in the x- and y-axis, respectively, and
the intensity is represented through a color map. An enlarged section was added for
visualization purposes.
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As mentioned previously, the drift time, the drift velocity, the ion mobility constant,
and the normalized ion mobility constant are analyte-specific values, so all of them allow
one to accurately and safely identify all the VOCs detected during GC-IMS analysis. The
intensity, in turn, can be used for quantification purposes, i.e., to assess the concentration
of the detected analytes in the original sample.

The device used for algae analysis during this study was a GC-IMS apparatus from
G.A.S. Dortmund (Germany), equipped with an MXT-200 chromatographic column with a
length of 30 m and an internal diameter of 0.53 mm, which was coated with stainless steel
with a mid-polar stationary phase of trifluoropropylmethyl polysiloxane with a thickness of
1 µm. As an ionization source, a Tritium source, 3H (β-radiation: 300 MBq), was assembled
in the apparatus. The drift tube, with a length of 98 mm, presented a 5 kV switchable
polarity and an electric field strength of 500 V/cm. The IMS operated at room temperature.
Purified air was used as the drift and carrier gases. Further details regarding the GC-IMS
operation parameters can be found in Table 1.

Table 1. Operation parameters of the gas chromatography—ion mobility spectrometry device.

Parameters Values Units

Sample Loop Volume 1 mL
GC Column Model MXT-200 –
GC Column Length 30 m

GC Column Diameter 0.53 mm
GC Temperature 343.15 K
Ionization Source Tritium—β Radiation –

Ionization Polarity Positive –
Drift Region Length 9.8 cm

Drift Potential Difference 5 kV
IMS Temperature 343.15 K
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Table 1. Cont.

Parameters Values Units

IMS Pressure Range 742–760 Torr
Gas Nature Purified Air –

Carrier Gas Flow 10–50 mL/min
Drift Gas Flow 150 mL/min

Resolving Power 100 –
Analysis Duration 15 min

2.4. Data Processing

Once each analysis with the spectrometer concluded, the registered data, i.e., the drift
and retention times and the intensity, were exported and processed using LAV software
(GAS Dortmund—version 2.2.1).

The intensity levels of all the analytes detected for a single sample of seaweed were
studied to assess the repeatability of the data collected and, as mentioned previously, verify
the suitability of the device. In this way, these values were statistically processed with a
partial least squares (PLS) regression and by principal component analysis (PCA). All the
statistical analyses were conducted with SPSS Statistics software (IBM—version 23).

The drift and retention times, in turn, were used for identification purposes. As addressed
previously, both the retention and drift times are compound-specific values. In this way, they
can be used to accurately identify specific analytes among all the detected ones, even in
extremely complex matrices. To do so, a database of VOCs was internally developed by our
research group. By crosschecking the drift and retention times of the compounds registered in
the library of VOCs with the times collected during the analyses of the algae, it was possible
to accurately identify the analytes emitted by the three edible algae.

To develop the library of VOCs, pure samples (20 µL) of the target analyte were
prepared in 20 mL glass vials. Then, 2 mL of the created headspace was collected with a
syringe and injected into the spectrometer. Once analyzed, the registered drift and retention
times were exported and included in the database. The ion mobility and the normal ion
mobility constants were calculated and equally registered in the database. At the time of
this work, the database included information on 270 volatile organic compounds.

3. Results and Discussion
3.1. Seaweed Emission Patterns

A total of nine analyses were performed for each one of the three edible seaweeds to
ensure the statistical relevancy of the data and the quality of the results, resulting in a total
of 27 three-dimensional spectra. Each seaweed presents a distinct composition. In this way,
a characteristic pattern of the emission of VOCs can be expected. Figure 3 illustrates, in a
two-dimensional view, one GC-IMS spectrum for each seaweed: (a) Grateloupia turuturu,
(b) Codium tomentosum, and (c) Bifurcaria bifurcata. It is worth clarifying that the drift time is
represented on the x-axis, and the retention time is represented on the y-axis. The intensity
levels are represented by a color map. The long red bar visible throughout the entire
spectrum corresponds to the reactant ion peak (RIP) of the GC-IMS device, and each peak
visible in the spectra corresponds to the monomers, dimers, and even trimers of specific
volatile organic compounds.

Each seaweed revealed a characteristic emission pattern that relates to its respective
constitution. So, by visually analyzing the spectra and comparing the presence of the peaks,
a unique fingerprint can be established for each seaweed. Comparable patterns are visible
for the red and green seaweeds. However, in the 100–150 s range of the retention time,
a higher incidence of analytes is visible in the spectrum of the green seaweed. On the
other hand, the red seaweed seems to have at least two characteristic peaks in the range of
350–400 s of retention time that are absent from the spectrum of the green seaweed. The
pattern of the brown seaweed exhibits more differences when compared with the remaining
two. In fact, more intense peaks are visible in this seaweed, and two very characteristic and
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exclusive peaks are observable at around 350 s of retention time. Evidently, peaks common
to all three seaweeds are discernible. However, in order to fully assess their true identity,
an accurate identification has to be achieved.
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Figure 3. Three-dimensional spectra registered considering the volatile organic compounds emitted
by the seaweeds: (a) Grateloupia turuturu, (b) Codium tomentosum, and (c) Bifurcaria bifurcata.

3.2. Seaweed Differentiation

From the pattern of VOCs detected for all three seaweeds, a total of 105 independent
peaks were observed. The third variable of these peaks, i.e., the intensity, was used to assess
the repeatability of the data collected with the GC-IMS throughout the entire project and,
consequently, evaluate the suitability of this technology to study the organoleptic profile
of macroalgae.

As the first approach, the intensity levels of all the analytes detected in each one of the
nine analyses were summed, and variability graphs were plotted to assess the repeatability
of the data. Figure 4 represents the variability of the total intensity registered by the GC-
IMSA during the nine analyses performed for each seaweed. The variability of the samples
for Grateloupia turuturu, Codium tomentosum, and Bifurcaria bifurcata are represented in red,
green, and brown, respectively, to match the pigmentation of the seaweeds.
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By visually inspecting the variability lines, it is possible to conclude that GC-IMS
ensures the repeatability of the collected data throughout all the replicas analyzed for
the same sample of seaweed. In fact, considering the total intensity registered for the
nine replicas of the three seaweeds, mean and standard deviation values of (5.1 ± 0.5) V,
(2.8 ± 0.6) V, and (4.8 ± 0.2) V were achieved for the red, green, and brown seaweeds,
respectively, proving the desired repeatability and, consequently, the appropriateness of
GC-IMS for this type of study.

Despite the variability in the results, it is scientifically important to assess whether the
three considered seaweeds are fully differentiated based solely on the patterns of VOCs
detected with the GC-IMS device. To do so, the total intensity levels of the 105 detected
peaks were statistically processed through principal component analysis. Figure 5 illustrates
the three principal components achieved during the PCA.
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Figure 5. Principal component analysis graph for the three seaweeds. The circles exhibit the color of
the corresponding seaweed, i.e., red circles: Grateloupia turuturu, green circles: Codium tomentosum,
and orange circles: Bifurcaria bifurcate. A total explained variance of 98.00% was achieved.

As represented in the axes, the explained variance calculated for the components PC1,
PC2, and PC3 was 77.57%, 17.15%, and 3.28%, respectively. In this way, the three seaweeds
were differentiated with a total explained variance of 98.00%. Each seaweed’s set of values
is marked in the respective color (red, green, and brown), which makes the distinction
between the three groups of values and, consequently, between the three seaweed species
undoubtedly visible. Furthermore, a higher degree of separation is visible between the
brown seaweed, BB, and both the red and green seaweeds whose differentiation is not as
evident as desired. A second PCA was then developed in order to assess the differentiation
between the algae Grateloupia turuturu and Codium tomentosum. Figure 6 illustrates this new
set of components.
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Figure 6. Principal component analysis graph for the red and green seaweeds. The circles exhibit the
color of the corresponding seaweed, i.e., red circles: Grateloupia turuturu and green circles: Codium
tomentosum. A total explained variance of 98.97% was achieved.

As previously mentioned, for this second PCA the intensity levels of the peaks detected
in the patterns of the red and green seaweeds were just considered. As included in the axes,
the components presented explained a variance of 92.48%, 5.07%, and 1.42%, respectively,
which resulted in a total explained variance of 98.97%.

Considering the results of the PCA, it is safe to state that the BB seaweed possesses
a more distinctive composition and, consequently, a different organoleptic profile when
compared with the GT and CT seaweeds—a fact that is visible not only in the three-
dimensional spectra but also in the graph of the principal components. When comparing
the organoleptic profiles detected by the GC-IMS exclusively for the red and green seaweeds,
the differentiation of both seaweeds is equally evident and scientifically solid.

These results reinforce the suitability of GC-IMS and the scientific validity of the
collected data regarding the VOC profiles. Nonetheless, PCA is a dimension reduction
technique that grants the conversion of correlated variables into a new uncorrelated set of
values, but it does not take into consideration the correlation between independent and de-
pendent variables. As a consequence of this feature, another dimension reduction technique
was applied before the PCA: PLS regression. Partial least squares regression is a statistical
method that finds a linear regression model that represents the best relation between the
variable values and enables the reduction of the predictor number to a smaller group of
components that are not correlated, considering the correlation among the independent
and the dependent variables. The linear regression obtained by applying a PLS regression
to the full data is shown in Figure 7. The values selected to plot the new PCA graph were
selected based on the fact that they were the most distant points from the graph’s origin,
which indicates less correlated values and, consequently, they were adequate to perform
further analysis. Five values found by PLS regressions were used for the subsequent PCA.
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A new PCA graph was then plotted considering solely the values selected during the
PLS regression analysis. Figure 8 illustrates the new separation pattern and the respective
components.
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Figure 8. Principal component analysis graph for the three seaweeds. The circles exhibit the color of
the corresponding seaweed, i.e., red circles: Grateloupia turuturu, green circles: Codium tomentosum,
and orange circles: Bifurcaria bifurcate. A total explained variance of 99.36% was achieved.

As can be seen in the figure, the principal components PC1, PC2, and PC3 increased
their respective values of explained variance to 83.73%, 14.60%, and 1.03%. The differen-
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tiation between the three edible seaweeds considered during this study was, in this way,
achieved with a total explained variance of 99.36%. Considering all the results achieved
during the statistical analyses, it is safe to say that GC-IMS is capable of collecting repeat-
able and scientifically relevant data, and the differentiation of the organoleptic profiles from
the Grateloupia turuturu, Codium tomentosum, and Bifurcaria bifurcata seaweeds, exclusively
considering the volatile organic compounds emitted by the samples, is achievable with
levels of confidence close to 100%.

3.3. VOC Identification

As previously addressed, this paper intends to give a step forward in the characterization of
the organoleptic profile of three edible seaweeds based on their VOCs. To do so, the main VOCs
emitted by the algae were identified considering a previously developed database. Among
the monomers, dimers, and even some trimers, it was possible to identify a total of 13 volatile
organic compounds, namely, 12 VOCs in the emission patterns of Grateloupia turuturu, 7 VOCs
in the emissions of Codium tomentosum, and 8 analytes emitted by Bifurcaria bifurcata. Table 2
summarizes the VOCs identified per analyzed sample of seaweed.

Table 2. Volatile organic compounds emitted by the three studied seaweeds.

Volatile Organic Compounds Grateloupia turuturu Codium tomentosum Bifurcaria bifurcata

Ethanol X X X
Diethyl Ether X X
Isopropanol X X

Acetone X X X
Benzene X

2-Butanone X X X
2-Ethylfuran X X X
2-Pentanone X

Hexanal X X X
2-Hexenal X X X
4-Heptenal X
Heptanal X

2-Heptenal X

To achieve the identification of these analytes, the specific drift and retention times of
the analytes were used. These values can be found in Table 3.

Table 3. Identification parameters of the detected volatile organic compounds.

Volatile Organic Compounds Retention Time (s) Relative Drift Time CAS Number Note

Ethanol 73 1.057 64-17-5 Monomer
1.153 Dimer

Diethyl Ether 75 1.091 60-29-7 Monomer
1.201 Dimer

Isopropanol 80 1.104 67-63-0 Monomer
1.256 Dimer

Acetone 89 1.161 67-64-1 Monomer
Benzene 117 1.113 71-43-2 Monomer

2-Butanone 122 1.082 78-93-3 Monomer
1.302 Dimer

2-Ethylfuran 133 1.081 3208-16-0 Monomer

2-Pentanone 170 1.146 107-87-9 Monomer
1.439 Dimer

Hexanal 250 1.286 66-25-1 Monomer
1.642 Dimer

2-Hexenal 368 1.216 6728-26-3 Monomer
1.598 Dimer

4-Heptenal 394 1.191 6728-31-0 Monomer
Heptanal 405 1.366 111-71-7 Monomer

1.789 Dimer
2-Heptenal 613 1.300 18829-55-5 Monomer

1.783 Dimer
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All the listed VOCs were successfully detected in the emissions of the three edible
seaweeds with the GC-IMS apparatus and accurately identified with the previously de-
veloped database. It is safe to state that, considering the patterns of the VOCs measured
for each seaweed, their differentiation through principal component analysis and their
characterization through the identification of the main analytes represents a step forward
in the full characterization of the analyzed seaweeds, deepens the knowledge regarding
their organoleptic profiles, and, overall, is a contribution to phycology.

4. Conclusions

The present study intended to study the organoleptic profile of three edible sea-
weeds and deepen our knowledge regarding their suitability for being included in food
products and the overall Western diet. In this way, the volatile organic compounds emit-
ted by three edible seaweeds, Grateloupia turuturu, Codium tomentosum, and Bifurcaria
bifurcata, were analyzed for the first time ever with a gas chromatography—ion mobility
spectrometry device.

Considering the three-dimensional spectra achieved during the analyses of nine sam-
ples of each seaweed, it was possible to verify the evident differences between the com-
positions of the algae regarding the volatile organic compounds existent in their structure
and emitted to the atmosphere. The GC-IMS spectra revealed a unique and character-
istic fingerprint for each seaweed. The red and green seaweed spectra unveiled similar
patterns, while the brown seaweed fingerprint was evidently distinct. The repeatability
of the spectra for several samples of the same seaweed with GC-IMS was undoubtedly
proven. Additionally, it was possible to deepen the knowledge regarding those same VOCs
through the identification of 14 specific analytes emitted by the algae. To do so, a database
of analytes was previously developed, ensuring the scientific solidness of the results. The
intensity levels of all the detected VOCs enabled the differentiation of all three algae, with
a total explained variance of 98.00% through PCA. In addition, when previously processed
with PLS, the total explained variance increased to 99.36%, which is an astonishing value
that leaves no room to question the results.

The features of gas chromatography—ion mobility spectrometry, namely high sensi-
tivity and selectivity, analytical flexibility, a low operating cost, easy operationality, and
portability, proved to be more than suitable to completely study the samples of seaweeds
and fully characterize the complex matrices of the VOCs emitted by those species. In this
way, it is possible to predict an auspicious future for this technology in the characteriza-
tion of new ingredients, the development of innovative food products, and in the world
of phycology.
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