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Highlights

¢ Drying spirulina generates off-flavours, limiting real enrichment in food products.

e The physical form of spirulina incorporated in pasta significantly impacts its sensory
profile.

e Spirulina quantity affects the sensory profile of meat analogues more than its physical
form.

e Texture of pasta and meat analogues enriched in fresh spirulina is not impacted.

e Spirulina’s impact varies by food model, influencing cooking properties.
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Abstract

The global rising demand for proteins requires sustainable alternatives. With bacterial
proteins attracting increasing interest, this study compares the incorporation of fresh frozen
and dried spirulina biomass into pasta and meat analogues. In addition to characterising the
biomass, the experimental protocol examines different levels of spirulina in fresh or
rehydrated dried form and explores the evaluation of cooking quality parameters, textural
properties and the sensory profile of the corresponding products. Seven volatile molecules
were detected in the fresh form, compared to twenty-four in the dried form. When fresh
spirulina is-incorporated into pasta at levels of 6% and 10% dry equivalent, the swelling
index and weight increase are greater than those of equivalent pasta made with rehydrated
dried biomass. In addition, the texture and sensory profile remain closer to spirulina-free
pasta. For meat analogues, texture and cooking properties are not affected by the type of
biomass. The sensory profile is influenced by the level of incorporation, although at high
incorporation percentage, products made with fresh spirulina are perceived as less fishy. The
results highlight the potential of fresh frozen spirulina as an ingredient that can significantly
enrich food products with protein without compromising organoleptic aspect and textural
properties, as is the case with dried spirulina.

1. Introduction

Population growth is driving an increase in protein requirements. As a result, the
development of protein-rich products and nutritious alternatives to animal and plant-based
protein has become a rapidly expanding area of research (Smith et al., 2024). Given concerns
about the environmental, resource efficiency and biodiversity, it is essential to explore



sustainable, nutritious, affordable and consumer-acceptable alternatives to conventional
proteins (FAO, 2021).

Spirulina, more specifically Arthrospira platensis, is a filamentous photosynthetic
cyanobacteria that represents a promising solution to meet these expectations (Becker, 2007).
Spirulina cultivation offers a more sustainable approach than animal production, as it relies
on photosynthesis, uses minimal arable land and reduces environmental impact (Ramirez-
Rodrigues et al., 2021). With a protein content of 50-70% (on a dry basis), spirulina also
provides a complete amino acid profile, is highly digestible and is rich in vitamins, minerals
and antioxidants (Batista et al., 2017; Becker, 2007). These nutritional and environmental
benefits make spirulina an attractive option for addressing protein supply challenges in
modern food systems.

Currently, spirulina is mainly consumed in dried form as a dietary supplement or to enrich
food products (Wang et al., 2023) and has already been widely studied. For instance, dried
spirulina has been incorporated into pasta (De Marco Castro et al., 2019; Fradique et al.,
2010; Raczyk et al., 2022 ; Zouari et al., 2011), meat substitutes (Palanisamy et al., 2019;
Zhao et al., 2024) and other food products such as in cookies (Batista et al., 2017) and ice
cream (Boyanova et al., 2022). However, these formulations often contain limited
percentages of biomass (from 0.3% to rarely more than 10%) and exhibit low
acceptance from consumer as dried spirulina presents unpleasant off-flavours and odours. For
instance, Fradinho et al. (2020) report that pasta containing 4% and 5% dried spirulina
presents a strong fishy flavour. Raczyk et al. (2022) concluded that enriching pasta with dried
spirulina has a positive impact on its nutritional quality (particularly in terms of protein and
essential amino acid content) but emphasised that the main challenge remains in consumer
sensory acceptance.

Fresh spirulina, i.e. undried spirulina, sometimes referred to as “wet spirulina” is a form that
is rarely explored for product enrichment despite its advantages, namely the preservation of
its nutritional qualities without unpleasant odours or flavours (Ma et al., 2019; Stunda-Zujeva
and Berele, 2024). Indeed, while drying ensures microbiological safety, extended shelf life
and transportability, it has a significant impact on its nutritional and sensory properties,
degrading compounds such as antioxidants (e.g. phycocyanin), other proteins and sugars to
varying degrees depending on the drying method (Stunda-Zujeva & Berele, 2024). Fresh
spirulina, even if-it still needs to be frozen for storage and transport, could be more suitable
for significantly enriching food products with protein.

Among the limited number of studies that have examined the incorporation of fresh spirulina
into food products, the work of Bchir et al. (2019) can be cited. Fresh spirulina, at low
concentrations (0.1, 0.3 and 0.5%), was added to yoghurt and compared to equivalent
products enriched with dried spirulina. The incorporation of fresh spirulina slightly decreased
the viability of the ferments, induced a colour modification and reduced viscosity compared
to products enriched with dried spirulina. In addition, the product enriched with 0.3% of fresh
spirulina was more appreciated than others. Ozyurt et al. (2015) incorporated fresh spirulina
into pasta (5% and 10%) but the water content of the biomass used is not specified. Lemes et
al. (2012) who tested concentrations of 5 to 10% in fresh pasta, showed that the sensory and
technological aspects were satisfactory compared to products without spirulina. The work of
Koli et al. (2021) is also worth highlighting, as it demonstrated that incorporating 10 to 20%
of fresh spirulina (moisture content not specified) into dehydrated pasta improved its
nutritional profile by increasing their protein, lipids, flavonoids, and essential minerals such
as iron, zinc, and calcium contents. Furthermore, the sensory and textural aspects were not
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negatively affected by fresh spirulina incorporation compared to the product without
spirulina.

Based on current knowledge, no studies have been conducted to directly compare fresh and
dried spirulina at significant level of enrichment in food products that can be easily prepared
by consumers without technological or industrial equipment. This article explores the use of
frozen fresh spirulina to overcome the disadvantages of the drying process namely preserving
nutritional quality and neutral taste, to achieve higher enrichment levels. First, both forms of
biomass will be characterized in terms of proteins content, antioxidant capacity, viscosity,
colour and aroma. Secondly, given that incorporating specific ingredients into everyday
products is an interesting strategy for designing and studying the acceptability of fortified
foods, two widely available and popular food models were selected: (1) Fresh pasta,
considered a frequently consumed, popular staple food with a high water content, which
allows it to be used as a carrier for specific compounds (Ozyurt et al., 2015). (2) Meat
analogue such as alternative “burger” are products commonly developed by western
European industries as direct substitutes for animal proteins (Oliviero and Fogliano, 2016)
and have never been highly fortified with fresh spirulina. Products will be enriched with fresh
frozen or dehydrated spirulina rehydrated to an equivalent water content. Different
incorporation percentages will be tested. For the comparative study, the focus will be set on
sensory profile, textural properties and cooking quality parameters considering the specific
cooking method for the food model considered. With the exception of the protein content of
the biomass, nutritional analysis will not be examined in this article, as the impact of the
drying process has already been extensively discussed in the literature (Becker, 2007; Ma et
al., 2019), although the impact of the cooking methods on the nutritional value of the product
could be of interest.

2. Materials and Methods

2.1. Spirulina biomass characterisation

Both forms of spirulina are supplied by Etika Spirulina (France). According to Etika’s
process, after harvest, the biomass is filtered, rinsed, re-filtered and pressed. The fresh form is
then frozen at -18°C, with a water content of 77%. To obtain the dried form, the fresh form is
dehydrated under hot air at temperatures below 42°C by the supplier. To be comparable and
prior to any use (direct analysis or for formulation), dried spirulina was rehydrated with
mineral water (Ordal) at room temperature for at least 30 minutes to reach the moisture
content of the fresh form.

2.1.1. Instrumental colour, viscosity and water activity

The two forms of biomass were subsequently characterised for their colour with the CIELAB
colour space L* (lightness/brightness) a* (redness/greenness) b* (yellowness/blueness)
system method (ColorFlex EZ spectrophotometer from HunterLab), their viscosity with a
rotational viscosimeter (ViscoQC300-L from Anton Paar) and water activity (Aqualab®
Decagon CX3) by using the chilled-mirror dew point technique.

2.1.2. Volatile organic compounds

The volatile organic compounds (VOCs) were characterised as follow: 2 grams of spirulina
(defrosted fresh biomass or rehydrated dried biomass), were placed in a 20 ml vial, which
was incubated in water at 50°C for 30 minutes. To capture the VOCs, the headspace solid-
phase microextraction (HS-SPME) technique was used. After incubation, the SPME fibre
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assembly (Divinylbenzene/Carboxen/Polydimethylsiloxane, DVB/CAR/PDMS) from Sigma
Aldrich was exposed to the biomass at 50°C in the vial headspace for 30 minutes. The
extracted compounds were then analysed using gas chromatography coupled with mass
spectrometry (Agilent Technologies 5975C). The column used was a HP-5MS with
dimensions 30 m x 250 um x 0.25 um. The analysis for each sample lasted 48 minutes and 20
seconds, starting at an initial temperature of 40°C, increasing to 300°C at a rate of 6°C per
minute, and holding at 300°C for 5 minutes. The injection was performed in the split-less
mode at a flowrate of 1.5ml/min and helium was used as gas carrier.

The collected data were analysed with the software Agilent Masshunter (Unknown analysis
B.08.00). The method used for the peak detection was the analysis of the total ion
chromatogram (TIC) with a minimum match factor of 0.85. NIST17.L and WILEY275.L
were used as spectra database libraries for identification. The linear retention indexes (RI)
were assessed based on retention time data obtained by analyzing a series of normal alkanes
C6-C30 (Sigma Aldrich, Darmstadt, Germany). Both methods, mass spectra and the
comparison of RI in the literature, were used to correctly identify molecules. Results are
expressed in relative proportions (%).

2.1.3. Protein content

The concentration of proteins in each biomass has been determined with the modified Lowry
method (Markwell et al.,, 1978; Spanoghe et al., 2021), using a spectrophotometer
(SpectraMax ABS Plus molecular devices).

2.1.4 Total antioxidant capacity

Total antioxidant capacity (TAC) of each biomass was determined by the 1,1-diphenyl-2-
picrylhydrazyl (DPPH) method with slight modifications (Ismaiel et al., 2016). Extraction
was assisted with an ultrasonic probe (Sonicprep Ultrasonic Homogenizer, PolyScience) on
biomass diluted in distilled water (1:2 w/w). 200 mg of sonicated suspension was mixed with
9.8 ml of methanol for 2 hours, gently mixed and centrifuged 10 min at 5433g. Supernatants
were collected for TAC analysis. 4 mg of DPPH (Sigma-Aldrich, St Louis, USA) was
dissolved in 100mL of methanol. 100 pl of each biomass methanolic extract were added to
100 pl of DPPH solution. Due to the coloration of the extracts, a background blank was
prepared, which consisted of 100uL of each extract added to 100ul of methanol. The
absorbance was measured after 30 min at 517nm using a spectrophotometer (SpectraMax
ABS Plus molecular devices). The radical scavenging activity of methanolic extracts is
expressed as the inhibition percentage of the DPPH in solution using the following equation:

Radical scavenging activity (%) = (1 — ((As — Ab)/Ad))

Where As: Absorbance of the sample in contact with DPPH, Ab: Absorbance of sample
background and Ad: Absorbance of DPPH in solution.

A calibration curve varying from 0.001 mM to 0.04 mM of Trolox (Sigma Aldrich,
Switzerland) was made to link the obtained scavenging activity of spirulina biomass to a
Trolox concentration. Results are expressed in pmol of Trolox equivalent (TE) per gram of
biomass dry matter (DM).

2.2. Formulations and production process
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The dried spirulina was rehydrated at room temperature for 30 minutes with mineral water
(Ordal) and fresh spirulina was thawed at room temperature.

For pasta, in addition to spirulina, the formulations included mineral water (Ordal), type TOO
soft wheat flour and salt (Table 1). The dry matter content in the pasta dough was set at 67%.
The experimental design included 2 main variables: the form of spirulina biomass (fresh or
dried) and the spirulina incorporation level (2%, 6% and 10% of dried spirulina equivalent).
A control formulation without biomass was also produced.

The production process is as follows: all ingredients were mixed in a Thermomix® TM5 and
kneaded for 5 minutes (kneading mode). The dough was covered with a plastic film and
refrigerated at 4°C for 30 minutes before being laminated out using a Pasta Maker Imperia.
The type of pasta chosen was tagliatelle. Ten grams of pasta were cooked for 3 minutes in
100 ml of boiling water. The pasta was weighed raw (before cooking) and cooked (after
cooking) after being drained using a sieve. The cooking water was also collected and
weighed post-cooking.

Table 1. Ingredients and proportions (expressed in weight percentage) of the pasta’s
formulations enriched in spirulina.

SP 2% SP6% SP 10% Control 0%
Ingredients (% w/w) Dried Fresh Dried = Fresh  Dried Fresh
Water 33.3 26.6 333 132 33.3 0.0 33.3
Wheat flour 63.7 63.7 59.7 59.7 55.7 55 65.7
Salt 1 LY )1 1 1 1 1
Fresh biomass o 87 0 26.1 0 44 0
Dried biomass 2 0 6 0 10 0 0

SP: spirulina. Fresh corresponds to the use of fresh spirulina; Dried corresponds to the use of
dried spirulina.

For burgers, seven formulations were studied (Table 2): one without spirulina (Control 0%),
two with 7.5% spirulina (fresh and dried, SP 7.5%), two with 12.5% spirulina (fresh and
dried, SP 12.5%), and two with 17.5% spirulina (fresh and dried, SP 17.5%). The dry mix
(oat flakes, wheat flour and textured wheat protein) was adjusted to maintain a similar water
content across all the formulations. Water and spirulina were added to the dry ingredients and
mixed for orie minute using a stand mixer (KitchenAid) to obtain a homogeneous patty which
was left for one hour in the refrigerator for complete hydration.

The burgers were shaped manually using a burger press and a 90 mm cookie cutter to obtain
a cylindrical “burger-like” shapes. Meat analogues were baked at 180°C for 12 minutes
(Rational dry heat oven), flipping them after 6 minutes for even cooking.

Table 2. Ingredients used and proportions (expressed in weight percentage) of the burger’s
formulations enriched in spirulina.

SP 7.5% SP 12.5% SP 17.5% Control
Ingredients (% w/w) Dried Fresh Dried Fresh Dried Fresh 0%
Wheat flour 10 10 8.75 8.75 7.25 7.25 11.75
Salt 1 1 1 1 1 1 1
Water 51.5 29 51.5 14 52.5 0 52
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Ground oat flakes 10 10 8.75 8.75 7.25 7.25 11.75
Textured wheat protein 20 20 175 175 14.5 145 23,5
Fresh biomass 0 30 0 50 0 70 0
Dried biomass 7.5 0 12.5 0 175 0 0

SP: spirulina. Fresh corresponds to the use of fresh spirulina; Dried corresponds to the use of
dried spirulina.

2.3. Products characterisation

2.3.1. Cooking quality parameters

Dry matter content was determined by gravimetric method using an air oven at 130°C for 3
hours (Afyounizadeh Esfahani & Goli, 2022). The moisture content and the water loss were
calculated using the following formula:

Moisture (%) = 100 — Dry Matter (%)

Water loss (%) = Moisture raw product (%) — Moisture cooked product (%)
The quality of pasta and burgers was assessed using specific criteria (Rodriguez De Marco et
al., 2014). For pasta, 4 key parameters were evaluated: cooking losses, swelling index, weight

increase and colour. For burgers: water loss and baking yield were determined.

Cooking losses (CL) were quantified by determining the solid residues in cooking water. The
results are expressed as a percentage of the weight of the uncooked fresh pasta:

CL (%) = (weight of cooking water residues/ weight of uncooked pasta) x 100
The swelling index (SI) of cooked pasta was evaluated by drying pasta samples to a constant
weight at 130°C for 3 hours. The difference in weight between cooked and dried pasta was

converted into volume (p = 1000 kg.m ) using the following expression:

SI = (cooked pasta weight
— cooked pasta weight after drying )
/(cooked pasta weight after drying)

The weight increase (WI) and baking yield were calculated using the following equations
(Cho et al., 2023; Rodriguez De Marco et al., 2014):

WI (%) = 100 * (weight of cooked pasta
— weight of uncooked pasta )/(weight of uncooked pasta)

Baking yield (%) = 100 * (weight after baking )/(weight before baking)
Percentages are always expressed on weight basis.

CIELAB colour space was used to express the instrumental colour of the residual cooking
water for pasta (ColorFlex EZ spectrophotometer from HunterLab).
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2.3.2. Texture profile analysis (TPA)

Texture profile analysis (TPA), a widely used instrumental method for characterising the
textural properties of food products, is a technique that relies on bi-cyclic compression of a
sample to extract mechanical parameters correlated with human sensory perceptions (Mirani
& Goli., 2021; Twarogowska et al., 2022.). The TPA of cooked products was performed
using a TA.XTPlus texture analyzer (Ametek TAL Lloyd). For pasta, the test was conducted
with a P/35 probe speed of 0.8 mm/s, reaching a depth corresponding to 65% of the pasta's
height. A waiting time of 2 seconds was observed between the two successive compressions.
Four pasta strands were placed in parallel. Two parameters were evaluated: firmness, defined
as the maximum force recorded during the first compression cycle, and chewiness, calculated
as the product of firmness, springiness, and cohesiveness. For burgers, a sample of 24 mm
diameter was prepared. A cylindrical probe (50.8 mm diameter and 50 mm height) was used
at a speed of 2.5 mm/s. The burger height compression was 40%. The more significant
textural parameters for meat analogues products are the hardness, chewiness, the
cohesiveness, the resilience and the springiness (Vu et al., 2022). In both cases, a precharge
of 1N was applied.

2.3.3. Sensory analysis: flash profile

The sensory profile of the products was evaluated using thie modified flash profile analysis
method, a rapid sensory method described by Dairou & Sieffermann. (2002) and Delarue &
Sieffermann. (2004), with two panels of 12 judges. The panel members were aged between
twenty and forty-five years old, had knowledge of sensory sciences and were accustomed to
describing food products. The first panel evaluated and ranked five pasta formulations (Fresh
2%, Fresh 10%, Dried 2%, Dried 10%, and Control) according to the perceived intensity of
sensory descriptors (pre-established or defined during the analysis). The second panel
evaluated five burger formulations (SP 7.5% fresh, SP 7.5% dried, SP 17.5% fresh, SP 17.5%
dried, and control) using the same method.

2.4. Statistical analysis

3 food products have been made independently for each formulation of both food models. All
the measurements have been performed 3 times. Data are expressed as mean value + standard
deviation. A linear mixed model was applied and estimated marginal means were calculated
and used for statistical tests when measures couldn’t be considered as independent. If
measures could be considered as independent, the one-way analysis of variance (ANOVA)
followed by post-hoc test Tukey or a t-test have been applied to assess significant differences
(p-values < 0.05) across formulations when conditions of applications were met. The
software RStudio and Microsoft Excel were used for statistical calculations. For the flash
profile, a principal component analysis (PCA) has been applied on the ranking results given
by panellists and data were treated with XLSTAT.

3. Results and Discussion
3.1.Spirulina biomass characterisation

Fresh biomass and rehydrated biomass are physically different, even at same moisture
content (Table 3). Rehydrated dried biomass exhibits a darker colour (L*) and is less green
(a*) than fresh biomass. This difference could be attributed to variations in pigment
composition, such as carotenoids and phycocyanin (Ben Atitallah et al., 2019). These
pigments could be degraded or oxidized during the drying process due to exposure to hot air
(Palanisamy et al., 2019; Rezvani et al., 2022) which could explain the nearly twofold lower
TAC (Total antioxidant capacity) for dried spirulina compared to fresh spirulina, as these
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pigments have antioxidant properties. The difference in color could be a barrier to
consumption as brighter green colour has been shown to improve the acceptability of
spirulina-enriched product (Koli et al., 2021). In addition, water activity of rehydrated dried
and fresh biomass gives the same results. Viscosity is higher for rehydrated spirulina, which
shows that interactions between biomass and water are different due to drying process.
Protein content is close but remains different.

Table 3. Water activity, dry matter content, colour (L*a*b*), protein content, TAC and
viscosity of spirulina biomass.

Protein Viscosity at
. Dry matter Colour TAC o
ot | | O | g | 7m0
Y1 (g/1000) L | a* | b* | DMS’ of DM) ()
a b
fesn | 000 229172017 1 43 36 g |570°E| 73477+ | 2205%s 12??2‘292’ *
: £013 | ;0% | 02 1.78 2.71 :
a a a
Rehydrated | o, 2300°£0.15 1 o601 | 324 11 924 | 70775 | 1250° 175939335’5’6 *
dried : 003 | oo7 | 00 1.75 0.36 :

TAC: Total antioxidant capacity; TE: Trolox equivalent; DM: Dry matter; RPM: Revolutions
per minute. Values are expressed as mean + standard deviation (n = 3). For each column,
different letters indicate significant differences according to Tukey’s HSD post hoc test on the
one-way Anova (p < 0.05).

A larger number of VOCs were detected in rehydrated dried spirulina compared to fresh
spirulina (Table 4). Among the 26 VVOCs identified, only 7 were found in the fresh biomass,
while 24 were detected in the dried spirulina. Only 4 molecules are present in both forms of
biomass, but they do not contribute to the final aroma, as they are mainly alkanes or alkene.
B-ionone, oct-1-en-3-ol, hexanal, benzaldehyde, hexan-1-ol, B-cyclocitral and 2-pentylfuran,
which are only present in dried biomass, have an olfactory perception threshold in water of
less than 0.01 mg/kg and couid therefore have a significant impact on the overall aroma
(Moran et al., 2022; Ughetti et al., 2024).

VOCs emitted by Athrospira platensis are influenced by various factors inherent to the
production process, such as light exposure, salinity, stress, carbon and nitrogen sources, and
growth stage (Prasetiyo Himawan et al., 2024). On top, downstream processes, such as drying
and storage conditions, can also have a great influence on this profile (Jia et al., 2024; Ughetti
et al., 2024). Given these sources of variation, various studies have already been conducted,
mainly on dried spirulina. For example, Paraskevopoulou et al. (2024) analysed the VOCs of
17 commercial dietary supplements containing dried spirulina from different countries. 128
molecules were identified, 68 of which were present in at least 4 samples. Jia et al. (2024)
compared the VOCs profile of spirulina at different stages of processing and found that the
mud, i.e. the product before drying, was more neutral in terms of odour than the
corresponding powder form, which is entirely consistent with the results presented in this
study.
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Table 4. Volatile organic compounds detected in dried (rehydrated) and fresh spirulina
biomass heated at 50°C.

. . Aroma
Cg?(r)nL:;al Compound Name spl?rrl:f%a spFi:EISit:]a (Acree & Arn, 2004)
heptan-1-ol 1 ND Chemical, green
hexan-1-ol 5 ND Resin, flower, green
oct-1-en-3-ol 8 ND Earthy, green, fungal, fatty
Alcohol 1-methyl-4-propan-2- 1 ND Must
ylcyclohex-3-en-1-ol
(2)-oct-2-en-1-ol 1 ND Soap, plastic
2,6-dimethylcyclohexan-1-ol _ ND peppermint-like
(E)-2-ethylhex-2-enal 1 ND
Aldehyde benzaldehyde 2 ND Almond, burnt sugar
hexanal 3 ND Grassy, green, fatty
heptadecane Alkane
Alkane hexadecane 3 Alkane
pentadecane 4 Alkane
Alkene (E)-heptadec-3-ene 1 3
Caigg;;yl Ic S-methyl ethanethioate ND 1
Furan 2-pentylfuran 4 ND Green bean, butter
heptan-2-one 1 ND Fruity, soapy
butane-2,3-dione ND _ Butter
(7aR)-4,4,7a-trimethyl-6,7-
dihydro-5H-1-benzofuran-2- 3 ND Sweet, fruity, woody
Ketone one
3-hydroxybutan-2-one ND 1 Butter, cream
6-methylhept-5-en-2-one 2 ND Sweet, green
2,2,6-trimethylcyciohexan-1- Characteristic of
one 2 ND cyanobacteria
2,3-dimethylpyrazine 1 ND Nutty, peanut
Pyrazine 2,3,5,6-tetramethylpyrazine 1 ND Cocoa, roasted nutty
2,3,5-trimethylpyrazine 2 ND Cocoa, roasted nutty
B-cyclocitral 3 ND Fruits, vegetables, plants
Terpene B-ionone ND Woody, floral, alkali
Safranal 1 ND Fresh herbal, spicy

Results are expressed in relative proportions (area %). ND: not detected.

Alkanes, particularly heptadecane, are abundant in both forms of biomass, with relative
abundances of 83% in fresh spirulina and 37% in dried spirulina. These molecules do not
influence the sensory profile of the biomass. Their abundance is linked to the intrinsic
metabolism of fatty acid through two pathways: the conversion of fatty acids into aldehydes
and subsequently into alkanes, and the elongation of fatty acid followed by decarboxylation
(Paraskevopoulou et al., 2024).

No alcohols were found in the fresh biomass and 7 were detected in the dried biomass. The
alcohols originate from lipid peroxidation due to oxidative stress associated with significant
exposure to air during the drying process (Ughetti et al., 2024). However, the perception
threshold for alcohols is generally higher than that for the corresponding aldehydes.

10
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No aldehydes were detected in the fresh biomass, but benzaldehyde, hexanal and safranal
were present in the dried biomass. These three molecules were found in almost all of the 17
commercial spirulina samples analysed by Paraskevopoulou et al. (2024). Benzaldehyde
contributes to bitter almond-like notes, safranal evokes aromas of herbs and tobacco, and
hexanal contributes to grassy and tallow-like notes (Czerny et al.. 2008). Linear aldehydes
such as hexanal may originate from lipid peroxidation due to exposure to light and oxygen.
Strecker degradation of amino acids into aldehydes with a side chain such as 3-
methyldbutanal or 2-methylbutanal does not appear to occur here, as Maillard reaction and
subsequent Strecker degradation need higher temperature than that was used by the biomass
supplier (below 42°C). These Strecker aldehydes have often been observed in various studies
already cited, mainly when oven drying or spray-drying was used, which involves a higher
drying temperature.

No pyrazines were detected in the fresh biomass, while three were identified in the dried
biomass  namely  2.5-dimethylpyrazine,  2.3.5-trimethylpyrazine  and  2.3.5.6-
tetramethylpyrazine, as previously reported in the literature (Martelli et al., 2021). These
molecules generally originate from the Maillard reactions or a subsequent fermentation
process during storage (Ughetti et al., 2024). Since the temperature used for the drying
process and for the experiment were 42°C and 50°C, respectively, which is not sufficient to
trigger the Maillard reactions, the origin could be a fermentation process during storage at
room temperature as explained by Ughetti et al. (2024). Nevertheless, the Maillard reactions
can occur slowly at room temperature, which is probably not the case here, as the a,, of the
powder is low (Feiner, 2006).

In addition to lipids that can be oxidised due to the significant exposure to hot air, certain
molecules such as B-cyclocitral, B-ionone and sulcatone (6-methylhept-5-en-2-one) could
originate from the degradation of carotenoids such as p-carotene (Ughetti et al., 2024). This
hypothesis is consistent with the measured colour differences and TAC (Table 3).

The drying method therefore has significant impact on the aromatic profile of the microalgae.
Air drying, the method used by the Etika spirulina, produces fewer or no compounds linked
to Maillard and subsequent Strecker reactions compared to oven drying and spray drying
(Ughetti et al., 2024). Nevertheless, this method can cause oxidative stress for carotenoids
and lipids due to significant exposure to air and produce undesirable molecules such as
ketones, alcohol and linear aldehydes, which correspond to most of the molecules found in
this study. Based on these semi-quantitative results (relative proportions), fresh spirulina can
be considered more neutral in terms of odour and could therefore be more suitable for
significant protein enrichment of food products.

3.2.Cooking quality parameters

For pasta, the incorporation of fresh biomass instead of dried biomass results in a greater
increase in weight after cooking, although this increase is not proportional to the amount of
biomass added (Table 5). Similar findings were reported by Ozyurt et al. (2015). Fresh
biomass results in a greater increase in weight than the control. These results contrast with
that of Fradique et al. (2010) who observed an increase in weight with the use of dried
spirulina in fresh pasta compared to the control formulation. As shown in Table 3, about
viscosity, it appears that the interactions between dried and fresh spirulina with water are
different.
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Cooking losses in pasta are significantly higher when fresh biomass is incorporated compared
to dried biomass, with losses increasing proportionally to the biomass incorporated. However,
regardless of the form of biomass, cooking losses range between 2.77% and 5.02%, which
remains below the acceptable threshold established by J.w and V.l (1988). Ozyurt et al.
(2015) similarly reported values below this technological limit but concluded that the
addition of spirulina had no impact on cooking losses. In contrast, Zouari et al. (2011)
observed a decrease in cooking losses with dried spirulina. Koli et al. (2021) observed no
negative effects on cooking losses when fresh biomass was incorporated into dried pasta.
These variations highlight the variability of results depending on the study, the type of pasta
and the type of biomass. However, all reported cooking losses are within the acceptable
range, which is promising for spirulina enrichment.

As noted by Ozyurt et al. (2015), the incorporation of fresh biomass at 6% and 10% led to an
increase in the swelling index, meaning that a greater amount of water is absorbed, which is
obviously correlated to the increase in weight. Fradique et al. (2010) , Rodriguez De Marco et
al. (2014) and Zouari et al. (2011) observed an increase in this parameter when incorporating
dried biomass, which is not the case here, as products containing 6% and 10% of dried
biomass have a lower Sl than the control. Some proteins can retain water, and the drying
process may have altered this ability and led to lower absorption.

Another hypothesis for higher cooking losses and higher weight gain for pasta made with
fresh spirulina could be a weaker gluten network, which can ease the diffusion of water
during cooking and decrease time required for starch gelatinization (Rodriguez De Marco et
al., 2014). The presence of non-lysed cells, due to their size and different interactions with
water than dried spirulina biomass could potentially interfere with the gluten network
formation during mixing stage. Perform some texture measurement on the dough could help
to determine if gluten network is the same across the different formulations.

Table 5. Cooking quality characteristics of pasta formulations enriched with spirulina.

Cooking 0 SP 2% SP 6% SP 10%
haracteristics Control 834 i i i

Charac Dried Fresh Dried Fresh Dried Fresh
Weight increase | 53.29+ | 5142+ | 6576+ 48.64 + | 5041+ 65.93 +

(%) 2.15" 1.3 5.32° 1140 [0399ELITY Ty 5.56°
Swelling Index ) 4o 4 02011 4.+ 0.05°| 1.46 + 0.04°| 1.33 + 0.04° | 1.53 + 0.04° | 1.35 + 0.03° | 1.59 + 0.07°
(g9/g dry matter)
COOK'E,E))'OSSES ND 20'7179;5 2.02+0.63°|2.78 + 0.09° | 4.08 + 0.37°| 2.89 + 0.22° | 5.02 +0.7°

SP: spirulina. Data are expressed as mean + standard deviation. For each row, a different
letter indicates a significant difference according to Tukey’s HSD post hoc test on the one-
way Anova (p-value < 0.05).

For boiled foods such as pasta, consumers generally expect high-quality products to retain
their colour after the cooking process (Nip, 2007). To evaluate this parameter, colour
analyses were performed on the cooking water (Table 6). Indeed, significant colouration of
the water may be perceived negatively by consumers (Pagani et al., 2007). Additionally, the
bright green colour of pasta enriched with fresh spirulina may be attractive to consumer (Koli
et al., 2021). High colour retention could therefore be a positive characteristic of spirulina-
enriched products, such as pasta.
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For the b* axis (yellowness/blueness), the most variable parameter in the formulations, pasta
made from fresh biomass induce a significantly more yellow and less blue coloration of the
cooking water than equivalent products made with dried biomass. This result is consistent
with the cooking losses results, which show greater losses for products enriched with fresh
biomass, and could be explained by the higher initial content of phycocyanin, a soluble blue
pigment present in fresh biomass. Indeed, phycocyanin is sensitive to desiccation, even at low
temperature (Ma et al., 2019).

Table 6. Cooking water colour measurements of pasta formulations enriched with spirulina.

L* a*
b*
Blczcr)zag? I(::)ol\r;lt)ent Dried Fresh Dried Fresh Dried Fresh
Control 0% 12.13 +0.89° -1.02 + 0.07¢ -2.48 +0.22°
SP 2% 11.99 + 0.66% | 13.68 + 0.46™ | -2.04 + 0.23% | -3.12 + 0.5% |-1.79 + 0.81" | 3.58 + 1.87™
SP 6% 11.62 +0.48%|14.14 + 1.19%| -3.24 + 0.27™ | -4.23 + 0.26™ | -1.28 + 1.05" | 9.08 + 2.29*
SP 10% 16.24 + 0.71%|14.25 + 1.49¥ | -4.53 + 0.3% |-4.05 +0.08" |-0.03 + 0.71¥ | 8.1 + 3.23*

SP: spirulina; DM: dry matter. Values are expressed as mean + standard deviation (n =9).
Different letters (a-c) within the same column indicate significant differences, while different
letters (x-y) within the same row highlight significant differences according to Tukey’s HSD
post hoc test on the one-way Anova (p-value < 0.05) between the L*, a* or b*.

For meat analogues, the type of biomass used and the degree of enrichment have no effect on
the moisture loss and the baking yield when products are cooked 12 minutes at 180°C in the
oven (Table 7). These two cooking quality parameters are clearly strongly correlated and
must be considered for sensory and economic reasons. Cooking losses mainly concern water,
but can also concern fats and minerals (Vu et al., 2022). The baking yield is slightly lower for
the control than for the five formulations containing spirulina, which means that spirulina
could potentially contribute to a slight reduction in cooking losses. The incorporation of fresh
spirulina, even at a high percentage, does not affect the baking properties.

Table 7. Baking properties and quality parameters of raw, baked burgers with fresh and dried

spirulina.
SP 7.5% SP 12.5% SP 17.5% Control
Fresh Dried Fresh Dried Fresh Dried 0%
Raw burgers
. 79.12 + 82.61 + 2 79184524  76.66 76.69 + 78.71
Weight (g) 2.28° 6.5° 78.7£349° 277 3488 243
. 1.57 + 1.73 £ 0.06 a 1.67+006 157+ 157 + a
Height (cm) 0.06° a 1.7+0.1 a 0.06° 0.06% 16+0
Diameter (cm) a8b.93 +0.06 3}.97 +0.06 gggaf a9.13 +0.15 9+0® 9+0.17% gggbi
Moisture (% wiw) 54.07 + 54.37 + 53.88 + 53.89 + 54.93 + 55.48 + 55.31+
0 0.35% 0.54% 0.54° 0.74° 0.48° 0.40° 0.28°
Baked burgers
Weight 7411 + 7714 + 72.66 + 74.05 + 71.63 + 71.54 + 72.68 +
eight (g) 2.24% 6.32° 3.36° 4.92° 2.7° 3.36° 2.35°
. 1.63 + 1.73 + a 4 157 157 + b
Height (cm) 0.06" 0.06% 1.87+0.12*° 1.7+0.1 0.06" 0.06" 16+0
. 8.77+ o 877+ 8.87 + &  8.67% 8.57 +
Diameter (cm) 0.15% 8.8+0.1 0.12% 012° 8.6+0.1 0.06% 0.06°
Moisture (%) 49 £0.70°  49.09 % 47.67 = 49.53 + 50 £1.49" 5011+ 49.19 +
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1.26% 1.17° 1.79% 1.21% 1.64°
Baking properties
Moisture loss (%  5.07 + 5.28 + 621408 436% 493+ 5.37 % 5.82 +
wiw) 0.13 0.33? o= 1.18° 0.62° 1.13° 0.48°
Baking yield (% 93.66 + 93.363 + 92317 + 93.527 + 93.443 + 93.28 + 92.34 +
wiw) 0.23 0.32% 0.29° 0.06 0.20° 0.42° 0.27°

SP: spirulina; ND: not determined. Values are expressed as mean + standard deviation (n =
9). For each row, different letters indicate significant differences according to Tukey’s HSD
post hoc test on the one-way Anova (p <0.05).

When fresh spirulina is incorporated instead of rehydrated dried biomass into pasta and meat
analogues, the results vary depending on the food model considered. In pasta enriched with
6% and 10%, more water is absorbed during the cooking process (leading to an increase in
weight), while more solids, probably pigments, are lost to the cooking water. This results in
greater colouring of the cooking medium, which is undesirable for consumers. For meat
analogues, the cooking properties remain unchanged, whether fresh or rehydrated dried
spirulina is used, regardless of the level of enrichment. Although the two food models differ
in nature, particularly due to the presence of textured wheat protein in meat analogues, the
applied cooking method, i.e. boiling in water for pasta versus baking in the oven for meat
analogues, could influence these results, as the respective heat and mass transfer mechanisms
are completely different. A potential counter-experiment could involve boiling burgers in
water to examine the differences in cooking properties between products enriched with fresh
or dried spirulina. However, this approach would deviate from the initial burger model
selected.

3.3.Texture profile analysis

For meat analogues, the incorporation of spirulina, whether fresh or dried and across a range
of incorporation levels, does not significantly affect the texture under the conditions applied
for meat analogue preparation and TPA analysis (Fig. 1). Products containing spirulina
exhibit no detectable textural differences compared to the control, indicating that the
microalgae does not impair the ability of textured wheat protein to hydrate and provide
minced-meat texture. Indeed, spirulina proteins may confer additional textural advantages
owing to their emulsifying capacity, water-holding ability, and foaming properties, which are
comparable to those of whey or soy proteins (Fu et al., 2021). Moreover, spirulina proteins
supplementation may enhance the chewiness of meat analogues (Bakhsh et al., 2023). At
12.5% inclusion, some differences become apparent: fresh spirulina slightly increases
chewiness, springiness, resilience and cohesiveness relative to the control, whereas dried
spirulina yields a firmer texture, a trend not observed at other enrichment levels. Even at high
inclusion rate, replacing dried spirulina with fresh spirulina does not adversely affect texture.
Reproducing the texture of meat remains a persistent challenge. Although high-moisture
extrusion of soy or wheat gluten is a common industrial approach for producing meat
analogues applying this process to spirulina protein has so far achieved only limited success,
highlighting the need for further investigation (Zhu et al., 2024).
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Fig. 1. Hardness bite 1, hardness bite 2 and chewiness (a) and cohesiveness, resilience and
springiness (b) according to burger formulations enriched with fresh or dried spirulina (%
w/w). SP: spirulina. Data are expressed as mean * standard deviation. For each parameter,
different letters indicate a significant difference according to Tukey’s HSD post hoc test on

the one-way Anova on the estimated marginal means from the linear mixed model (p-value <
0.05).

The incorporation of fresh spirulina biomass into pasta had no measurable effect on firmness
or chewiness, in contrast to dried biomass (Fig. 2) when compared with the control. Pasta
enriched with 6% and 10% dried biomass exhibited significantly greater chewiness (Fig. 2b)
and only the 6% formulation showed a firmness different from that of the equivalent fresh
biomass product (Fig. 2a). Thus, the incorporation of fresh spirulina does not alter the texture
of fresh pasta, whereas dried spirulina does. Because pasta enriched with fresh spirulina (6%
and 10%) loses more solids to the cocking water and absorbs more water (as reflected by
higher swelling index and weight), its texture is likely softer, i.e. less firm.

These observations are consistent with previous findings: Zouari et al. (2011), reported that
pasta containing 1% to 3% dried spirulina exhibited greater firmness than the control and
Rodriguez De Marco et al. (2014) likewise found that substituting flour with dried spirulina
increased firmness and chewiness. In contrast, Fradique et al. (2010) observed no significant
difference in firmness between control pasta and pasta enriched with dried biomass. Koli et
al. (2021) reported that dried pasta enriched with fresh spirulina at 10%, 15% and 20%
showed lower firmness than the control.

As with cooking quality parameters, the effect of incorporating fresh spirulina versus
rehydrated dried spirulina depends on the food matrix. In meat analogues, no texture
differences are observed, likely due to the strong functional contribution of textured wheat
protein, which may mask potential effects from other ingredients. In pasta, however, dried
spirulina at 6% and 10% alters texture, primarily by increasing chewiness, making it distinct
from the control formulation. In contrast, fresh spirulina, regardless of inclusion levels, does
not produce any measurable texture change in either food model.
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Fig. 2. Pasta's firmness (a) and chewiness (b) according to formulations. SP: spirulina. Data
are expressed as mean * standard deviation. For each enrichment percentage (% w/w), a
significant difference, according to Tukey’s HSD post hoc test on the one-way Anova, is
expressed as: * p <0.05; ** p <0.01; *** p <0.001; **** p <0.0001.

3.4.Flash profile sensory analysis

For both food models, the panel perceived the formulation differently. The combination of
the pre-established and the panel-generated ~descriptors (attributes) allowed clear
discrimination among formulations (). Only a few descriptors were non-discriminatory
namely, “sticky” and “chocolate” for pasta, and “elasticity” and “boiled egg” for burgers,
indicating that the remaining descriptors were well-suited to the study.

Table 8). Only a few descriptors were non-discriminatory namely, “sticky” and “chocolate”
for pasta, and “elasticity” and “boiled egg” for burgers, indicating that the remaining
descriptors were well-suited to the study.

Table 8. Attributes discriminatory potential on products.

Attributes Discrimination effect on pasta Discrimination effect on burger
Cereals <0.001 0.001
Hard-boiled egg 0.004 0.143
Saline 0.002 <0.001
Pasta <0.001 NA
Earthy <0.001 <0.001
Firm texture <0.001 NA
Sticky 0.145 NA
Fungal <0.001 0.002
Fishy <0.001 <0.001
Chocolate 0.079 0.04
Bitter 0.001 <0.001
Astringent 0.007 0.038
Roast chicken NA 0.01
Minced meat texture NA 0.018
Elasticity NA 0.224
Juicy NA 0.016

p-value < 0.05 means the attribute can be used to discriminate between products. NA:
Not available.
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For each food product, two principal components (F1 and F2) were retained following
principal component analysis (PCA) of the ranking results for each descriptor. In burgers, the
first two components explained over 67% of the variability (Fig. 3a). F1 primarily
discriminated samples according to enrichment level, while F2 tended to separate them based
on biomass form, particularly at 17.5% enrichment level. These results suggest that sensory
properties are more strongly influenced by the enrichment level than by biomass type.
Notably, the enrichment levels achieved in this study were substantially higher than those
typically studied. Grahl et al. (2018) similarly found that incorporating spirulina powder into
extruded meat analogues significantly affected sensory properties, a trend consistent with the
present findings. In pasta (Fig. 3b), F1 accounted for 71.63% of the total variability,
substantially exceeding that observed for meat analogues. As shown in Error! Reference
source not found.b, formulations containing dried biomass were closely grouped and clearly
separated from those containing fresh biomass, which were more closely associated with the
control. This pattern is consistent with the findings of Koli et al. (2021) who reported that
dehydrated pasta enriched with 20% fresh spirulina was nearly as acceptable to consumers as
pasta without spirulina. Pasta enriched with fresh biomass is then more “neutral”, sharing
sensory characteristics with plain pasta. This interpretation aligns with the VOCs analysis,
which likewise indicated a more neutral profile for fresh biomass.
@ ),

: 0,
’ SP 17.5% dried 2 $P2% fresh

Control SP 2% dried

F2 (24.33 %)

SP 7.5% dried 1 1 SP 10% fresh

SP 17.5% fresh ) SP 10 dried

SP 7.5% fresh

3 3 d
5 -4 3 -2 -1 0 1 2 3 4 -5 4 -3 =2 1 0 1 2 3 4 5

1(43.01 %) 7 F1(71.63 %)
Fig. 3. Retained principal component F1 and F2 from the principal component analysis

(PCA) on the flash profile results for the 5 formulations of meat analogues (a) and pasta (b)
formulations enriched at different levels (% w/w) of spirulina biomass. SP: spirulina.

bh 13

PCA identified six key sensory attributes. For pasta these were “firm texture”, “cereal”,
“earthy”, “fishy”, “saline” and “plain pasta”, and for meat analogues they were “cereal”,
“saline”, “roast chicken”, “minced meat texture”, “fungal” and “fishy”. Fig. 4 illustrates their
relative distribution across tested formulations. Pasta made with dried biomass, particularly at
higher enrichment levels, was strongly associated with “fishy”, “ecarthy” and “saline”
descriptors. In contrast, formulations containing fresh biomass were more closely aligned
with the control pasta, sharing attributes such as “plain pasta”, “firm texture” and “cereal”.
Consistent with this, instrumental texture measurements (Fig. 2b) showed that pasta enriched
with 10% dried spirulina differed significantly in chewiness from both pasta enriched with
10% of fresh spirulina and the control, reflecting the sensory attribute “firm texture”

highlighted in Fig. 4.

For meat analogues, products containing 17.5% spirulina, regardless of the biomass form,
were characterized by fishy, fungal and saline notes, which are generally undesirable in this
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product category. The fungal note is a distinctive feature of spirulina-enriched products
compared with those enriched with other algae (Rabitti et al., 2024). Moreover, products
enriched with 7.5% displayed stronger meaty notes than those with 17.5%, indicating that,
unlike in pasta, enrichment level plays a greater role than biomass form in shaping sensory
properties. Nevertheless, at high inclusion levels, fresh biomass appears preferable to dried
biomass as the intensity of the undesirable “fishy” note was lower. As expected, the control
product was predominantly associated with cereal notes.

(a) (b)

——SP 7.5% fresh ~+—SP 7.5% dried —=SP 17.5% fresh ——SP 17.5% dried —e—Control ==Control ~e=SP 10%dricd ==SP 2% dricd ~e=SP 10% fresh ==SP 2% fresh

Cereal Cereals
ereals

Saline Fishy Firm texture

Roast chicken \ 7 Fungal

Minced meat texture

Plain pasta

Fig. 4. Radar chart (relative proportions) of the 6 main key discriminative sensory attributes
of burgers (a) and pasta (b) from the flash profile. SP: spirulina.

When spirulina is used for food enrichment, both its physical form and the chosen food
matrix, along with the cooking process applied, can influence the overall sensory perception.
For meat analogues, sensory notes are primarily driven by enrichment levels, whereas for
pasta, they are more strongly affected by the physical form of biomass. This indicates that
even when the raw material has a more neutral flavour profile, the food matrix and the
cooking method must be considered to optimise sensory acceptance. In the present study,
meat analogues are oven cooked, a process that can promote the formation of Strecker
aldehydes and other undesirable volatile compounds (Ughetti et al., 2024). This may account
for the smaller sensory differences observed between products enriched with fresh versus
dried biomass, compared with boiled products such as pasta. In addition, during boiling, pasta
absorbs substantial amounts of water which dilutes the initial biomass concentration and may
attenuate off-flavours. A gentler cooking method, such as a lower cooking temperature, could
be explored for meat analogues to reduce Maillard reactions and subsequent Strecker
degradation, thereby limiting the formation of off-flavours even when using otherwise neutral
fresh spirulina.

4. Conclusion

Spirulina is renowned for its exceptionally high protein content, which can reach up to 80%
of its dry matter. For practical and industrial purposes, the dried form is most commonly used
and studied. However, the incorporation of dried spirulina into food products is often
quantitatively limited due to the presence of undesirable off-flavours.

The use of the fresh form could allow for higher incorporation levels in food products,
primarily for sensory reasons, as its aroma is more neutral and lacks the off-flavours
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characteristic of the dried form. In widely consumed products such as pasta, inclusion rates as
high as 10% (dry equivalent) can be achieved without compromising taste or affecting
texture, unlike with dried spirulina. Nevertheless, the higher cooking losses and more intense
coloration of the cooking water remain drawbacks that warrant further investigation. In
contrast, for meat analogue products such as burger, the percentage of incorporation must be
considered carefully, as flavour can be affected when products are baked at 180°C. However,
no adverse effects on texture or cooking quality have been reported with respect to the form
of biomass used.

The present work examined only one drying method (air-drying) and frozen fresh spirulina.
Future studies should investigate alternative drying techniques such as spray-dried, freeze-
dried as well as non-frozen fresh spirulina, to determine whether similar results are obtained.

From a food product development perspective, other uncooked products with semi-liquid
textures, such as spreads, may be suitable candidates for fresh spirulina incorporation. Given
that fresh spirulina contains approximatively 23% dry matter, the high-water content could
limit its application in solid products.

Furthermore, the development of palatable, nutritious and safe food products using fresh
biomass without a prior freezing step will require the establishment of new industrial value
chains, including efficient post-harvest handling, stabilisation and preservation methods.
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Graphical abstract

Does the physical form of the spirulina biomass matter for food enrichment? — Study of the texture, the cooking
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