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ABSTRACT

This study is carried out to evaluate the interfacial activity of different fractions of
Spirulina soluble proteins. Before the experimental steps, a broad literature review is
highlighted to point out the global microalgae potential, with particular emphasis on
Spirulina sp. The protein content of different microalgae species is presented, together
with the nutritional quality of these proteins. Out of this investigation, it clearly appeared
that micro algae present a higher productivity per unit area when compared to high
plants. They are able to thrive and survive in drastic climatic conditions. Spirulina
platensis particularly presents high protein content with good nutritional characteristics.

The first experimental assessment is the extraction of the colored Spirulina soluble
protein fractions from dry Spirulina powder and evaluation of their physicochemical
properties. Three fractions, including the blue soluble (BSSP), the green soluble (GSSP),
and the total soluble (TSSP) Spirulina protein fractions are obtained. Investigations on
their behavior at air/water interface are carried out, using dynamic methods of drop
volume (TVTL1), automated drop (tracker), and bubble pressure (BP100) tensiometers.
Evaluation of their monolayer films mechanical behavior is done via compression
isotherms using Langmuir film balance. The protein contents of the fractions are
82.76%; 82.29%; 74.53% for the blue, the green and the total fractions, respectively.
Surface tension decay increases with increasing concentration for all the fractions. The
tension decay is less important at pH 3 for all the fractions. The total fraction and the
blue fraction appeared to form more elastic films than the green fraction. The blue
soluble fraction also presented the highest collapse pressure and initial area.

The second experimental evaluation is focused on the performances of colored
Spirulina soluble protein fractions as surfactants at water/n-dodecane interface.
Evaluation of their interfacial activities is carried out using different methods as for the
air/water interface. Different concentrations (0.1%; 0.3% and 0.5% (w/w)) and pH levels
(3, 5, and native pH) are tested. Results show that, the interfacial tension decay increased
with increased protein concentration. At 0.3% (weight/weight) colored protein
concentration in the aqueous phase, the surface tension decay is greater at pH 5 compared
to pH 3 and native pH. The interfacial elastic moduli of the fractions suspensions
decrease with concentration unlike viscosity moduli.

Investigations on the emulsifying and foaming properties make the third experimental
task. Emulsions at pH 3 are very susceptible to destabilization phenomena such as
coalescence, and creaming. The emulsifying properties of the three fractions follow the
same trends. However, the BSSP fraction shows a better emulsifying effect. Fractions
present higher foaming capacities at their native pH, but foams are more stable at pH 3.
The foaming behavior at pH 5 is close to that at the native pH.

Despite the undoubted link between Spirulina protein surface activity and foaming and
emulsifying properties, it should be beard in mind that the best properties are not always
only obtained by the conditions of greater ability of the protein to reduce surface or
interfacial tension but also to its solubility. Nevertheless the surface activity of the
proteins remains the prerequisite to foaming or emulsifying properties.

It should also be emphasized that the fractionation method developped in this work,
unlike the methods so far available in the literature, is industrially feasible and could



allow for large production of the Spirulina protein fractions. One of the obtained
fractions (BSSP) presents better emulsifying ptoperties. All the three fractions present
interfacial activities, and can provide foaming and emulsifying properties that would
allow for their industrial use as emulsifiers in lieu and place of conventional proteins.
Their color may be an asset for their use in some specific applications.



RESUME

Cette étude est réalisée dans le but d’évaluer l'activité interfaciale de différentes
fractions de protéines solubles de spiruline. Avant les étapes expérimentales, une vaste
revue de la littérature a permis de mettre en évidence le potentiel des micro-algues, avec
un accent particulier sur Spirulina sp. La teneur en protéines de différentes especes de
micro-algues est présentée, ainsi que la qualité nutritionnelle de ces protéines. De cette
étude, il est clairement apparu que les micro-algues présentent une productivité par unité
de surface supérieure a celle des hautes plantes. Elles sont capables de prospérer et de
survivre sous des conditions climatiques drastiques. Spirulina platensis présente en
particulier une teneur élevée en protéines avec de bonnes caractéristiques nutritionnelles.

La premiére étape expérimentale est I'extraction des fractions protéiques solubles de
spiruline colorées a partir d’une poudre de spiruline commerciale et 1'évaluation de leurs
propriétés physicochimiques. En plus de la fraction totale (TSSP), deux fractions, la
bleue (BSSP) et la verte (GSSP) sont obtenues. Les teneurs en protéines de ces fractions
sont respectivement de 74,53% (TSSP), 82,76% (BSSP) et 82,29% (GSSP). Des études
sur le comportement de ces différents extraits protéiques a l'interface air/eau sont
effectuées, en caractérisant les cinétiques d’adsorption a I’aide de méthodes dynamiques
(le tracker, les tensiométres a goutte tombante et a pression de bulle) et les propriétés
mécaniques de monocouches grace a une balance a film de Langmuir. D’un point de vue
cinétique, la réduction de la tension superficielle au cours du temps est d’autant plus
marquée que la concentration est importante, et ce, pour toutes les fractions. L*étude de
I’influence du pH a montré que la diminution de tension est moins conséquente a pH 3
pour toutes les fractions. En ce qui concerne les monocouches, la fraction totale et la
fraction bleue semblent former des films plus élastiques que la fraction verte. La fraction
bleue présente également la pression de rupture la plus élevée et une plus grande surface
initiale.

La seconde évaluation expérimentale est axée sur les performances des mémes
fractions protéiques en tant que tensioactifs a l'interface liquide/liquide modéle, eau/n-
dodécane, en étudiant tout comme pour I’interface air/eau I’influence de la concentration
et du pH. L’évolution de la cinétique d’adsorption a cette interface présente les mémes
tendances avec une performance d’adsorption a pH 5 nettement meilleure qu’a pH 3 et
pH natif.

Les investigations des propriétés technofonctionnelles gouvernées par les propriétés
interfaciales (propriétés émulsifiantes et moussantes) ont constitué la troisieme partie
expérimentale. Les propriétés émulsifiantes des trois fractions suivent les mémes
tendances. Cependant, la fraction BSSP montre un meilleur effet émulsifiant. Les
émulsions préparées a pH 3 sont trés sensibles aux phénoménes de déstabilisation tels
que la coalescence et le crémage. Les fractions présentent des capacités de moussage
plus élevées a leur pH natif, mais les mousses sont plus stables a pH 3. Le comportement
moussant a pH 5 est proche de celui du pH natif. Malgré le lien incontestable entre
l'activité interfaciale des protéines de la spiruline et les propriétés moussantes et
émulsifiantes, il faut garder a I'esprit que les meilleures propriétés ne sont pas toujours
obtenues par les conditions de plus grande capacité de la protéine a réduire la tension



superficielle ou interfaciale. Néanmoins, l'activité de surface des protéines reste la
condition préalable aux propriétés moussantes ou émulsifiantes.

Il convient de souligner que la méthode de fractionnement mise en ceuvre dans ce
travail, contrairement a celle jusqu’a lors disponible dans la littérature est industrialisable
et pourrait permettre une grande production de ces fractions. L’une des fractions
obtenues de couleur bleue (BSSP) présente de meilleures propriétés émulsifiantes.
Toutes les trois fractions montrent des activités interfaciales, et peuvent fournir des
propriétés moussantes et émulsifiantes qui permettraient leur utilisation industrielle en
tant qu'émulsifiants en lieu et place des protéines conventionnelles. Leur couleur peut
étre un atout pour leur utilisation dans certaines applications spécifiques.

Vi
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Strategy and objective




Interfacial behavior of colored protein fractions from Spirulina platensis

Strategy and objective

In order to fill the protein gap, the use of Spirulina soluble proteins to supplement
conventional proteins is to be encouraged. To promote their use as emulsifiers or foam
stabilizers in food colloids, these proteins need some investigations on their
physicochemical properties, specifically on their interfacial properties. Indeed, the lack
of knowledge on these properties is among the factors hindering the use of proteins from
new sources for their proper applications in processed foods.

The raw material used in this study is a commercial Spirulina powder, from which the
protein fractions are separated. The choice of this Spirulina powder from an industrial
source as raw material is done to minimize contamination problems, and strain
variabilities that can occur in naturally grown Spirulina.The colored soluble protein
fractions of the microalgae are targeted, leaving the rest of the biomass including
insoluble proteins (under the extraction conditions used) as co-products. Investigation
on these co-products does not fall within the scope of the present study.

This thesis aims at evaluating the interfacial activity of the colored Spirulina soluble
protein fractions together with some other physicochemical and sensory characteristics.
Knowledge of these properties will allow for a proper use of the fractions. The incidence
of the interfacial characteristics on the functional properties such foam and emulsion
properties is also evaluated.

Specifically the present study is focused on:

v the extraction and characterisation of different Spirulina protein
fractions based on an industrially feasible method: total soluble
Spirulina protein (TSSP), green soluble (GSSP) and blue soluble
(BSSP) Spirulina proteins;

v’ surface and interfacial properties of the fractions;

v foaming and emulsifying properties of the protein fractions.

The study is structured into chapters after the General introduction. The first chapter
is an overview of the microalgae as potential sources of proteins, and a glance on surface
and interfacial properties of their proteins. The second chapter presents the materials and
methods used in the study. The protein extraction methods and some physicochemical
characterisation of the fractions obtained are discussed in the third chapter. In the fourth
chapter, the surface (air/water) and the interfacial (water/n-dodecane) behaviours of the
protein fractions are presented. The foaming and emulsifying properties, solubility and
oil absorption of the fractions are discussed in the fifth chapter followed by the overall
discussion in chapter six. An overall conclusion to the whole work is presented at the
end of the thesis to point out the important findings, their applicability and eventual
perspectives for a future study.



Strategy and objective

- Proximate Spiru lina
composition
powder
- Proximate Extraction
compostion
- Absorption
e GSSP TSSP BSSP
potential
- SDS-page
-DsC . .
Interfacial behavior
Surface (water/air) (TVTL, Solubility
Langmuir FW) Emulsion properties
Interfacial properties (Turbiscan)
(water/n-dodecane) (TVTL, Foaming properties
Tracker)

Figure 1: Overall working scheme






General Introduction



Interfacial behavior of colored protein fractions from Spirulina platensis

Introduction

The challenge to feed the increasing global population by implementing food
production systems based on a sustainable development, and to create desirable living
conditions, has brought about new research paths during the present century. A sharp
protein shortage was foreseen since the early 1970s by the United Nations Advisory
Committee on International Action, and recommended non-conventional crops such as
autotrophic microorganisms as a source of feed or food for the expanding world
population (Cohen, 1999). Microalgae could be considered as one of the reliable natural
sources of nutrients and other valuable substances that can fulfil the growing needs in
food and energy (Becker, 2007).

While some microalgae such as Chlorella sp, Botryococcus sp, Chaetoceros sp,
Ellipsoidion sp...(Malcata, 2011) are targeted for their high lipid content that could be
transesterified as biofuel (renewable energy), others such as Spirulina sp are attractive
for their high protein content in addition to vitamins, essential fatty acids and pigments
(Becker, 2007). Microalgae have higher productivity than traditional crops and can be
grown under climatic conditions, such as desert and coastal areas (Christaki et al., 2011).
Their production yield is not only high but also friendly to the preservation of the
environment. Marshall (2007) cited by Christaki et al. (2012) reported that they are the
most productive plants in the world.

Microalgae are autotrophic organisms that grow naturally on land or in aquatic media
where they constitute, together with other higher photosynthetic plants the starting point
of food chain in their ecosystems. They have been intensively used in aquaculture, and
their use in human nutrition also experienced an historical background (De Pauw et al.,
1984).

Spirulina (Arthrospira) sp, a blue green microalga is among the most ancient
microalgae used in human nutrition (Qian Hu, 2004). It is nowadays known as a source
of a number of valuable functional substances such as vitamins, beta carotene, sulphated
polysaccharides, polyunsaturated fatty acids (PUFA) and proteins. Spirulina proteins
content is high and exhibits various functional properties. It can readily compete with
animal protein and contains all the essential amino acids (Becker, 2007). Phycocyanin,
the Spirulina blue coloured protein is one of its attractive substances exhibiting
nutraceutical and technological applications (Berenice et al. , 2014).Thus, its uses start
from a simple nutrient as any other protein, to medicinal, esthetical and technological
substance. A lot of scientific publications on phycocyanins extraction and purification
are available in the literature (Devendra et al., 2014, Patel et al., 2005).

So far, few investigations on the use of Spirulina biomass in food formulations for
malnourished children or HIV patients have been carried out mostly under clinical
evaluations (Yamani et al., 2009; Simpore et al., 2005; Simpore et al., 2006). Also, a
lot of literature on phycocyanin extraction methods and its clinical evaluations on
laboratory animals is available (Yan-Jiao et al., 2016). Less research had been focused
on the evaluation of the physicochemical and technofunctional properties of Spirulina
biomass or its extracts. Especially the protein fraction who’s proper and controlled
industrial utilization in food matrixes needs the knowledge of its physicochemical and
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technological properties such as the interfacial tension, emulsion capacity and stability,
foaming properties among others.

Proteins in food processing industry can be used as food ingredients, food additives,
food supplement, colorant, emulsifier...They are the limited macronutrient compared to
carbohydrates and lipids in food or feed. Their proper integration in a processed food in
order to perform a given role, needs investigations. As a nutrient or supplement in a
processed food, nutritional characteristics such as digestibility, types of amino acids,
allergy, safety, etc.,, should be tested. When designed for its functional
(technofunctional) properties, protein or protein concentrates would be conveniently
used only if their physicochemical properties are well known to the food processor.
These include those properties that can affect the texture and other organoleptic
properties of the processed food.

Presently, there are no enough investigations on surface and interfacial behavior of
colored Spirulina proteins. The few studies so far available on Spirulina protein
functional behavior are focused on the total soluble Spirulina proteins. Chronakis (2001)
evaluated the visible absorption, differential scanning calorimetry, viscosimetry and
dynamic oscillatory rheological properties of the soluble Spirulina proteins. Some
functional properties of soluble Spirulina proteins including oil and water absorption
capacities, foaming and emulsifying properties, surface hydrophobicity and nitrogen
solubility were evaluated by Bashir et al. (2016). Benelhadj et al. (2016) investigated
also on nitrogen solubility, oil and water absorption capacities, and emulsifying
properties of the soluble Spirulina proteins. To the best of our knowledge, the only study
on interfacial behavior of colored fractions is that of Chronakis et al. (2000), who
investigated on the colored fractions obtained by ultracentrifugation. According to their
study, the fractions were tested for behavior at air/water, using static method with a
Wilhelmy plate tensiometer. Useful information such as the knowledge of the fractions
ability to present characteristics quite comparable to conventional proteins were
reported. But the separation method of the colored fractions used under this study is an
analytical method that could not be industrially feasible for large quantity food
processing due to the high cost and energy requirements of ultracentrifugation. Also,
other testing methods (dynamic methods of measuring adsorption kinetics) closer to
processes of foam and emulsions preparation may provide additional informations. This
will allow for a better appreciation of the behavior of Spirulina colored proteins within
colloidal systems.

The present study is focused on some physicochemical and technofunctional
characterisations of different fractions of the soluble Spirulina proteins i.e. the total
soluble (TSSP), the green soluble (GSSP) and the blue soluble (BSSP) Spirulina protein
fractions separated from Spirulina powder. Literature on the technofunctional properties
of the BSSP fractions is seriously lacking, most studies on this fractions were oriented
on the extraction methods and its nutraceutical uses. Nevertheless the use of this
attractive natural blue coloured protein needs more investigations not only in looking for
simple extraction method but also its physicochemical and technofunctional properties
as a protein and a colorant. A simple industrially feasible method comparable to those
currently used to prepare protein ingredients is developed under the present study, and
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allows to obtain the BSSP and the GSSP fractions. These fractions are then evaluated
together with the TSSP fraction.
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1. Introduction

This chapter is aiming at highlighting the state of art of the study in order to know what
is yet to be investigated. Although the study is focused on only one microalga specie
(Spirulina platensis), we found it vital to point out the global microalgae potentials as a
whole, to show the diversity of protein and other nutrients sources that could be exploited
to feel protein shortages due to the growing global populations (NAS-NRC, 1963).The
new protein sources represented by the microalgae species are described with their
relative protein contents presented. Their global production potential is also pointed out
in order to show feasibility of their industrial mass production and the advantages they
possess in terms of production yields and global nutrients supply potential.

The rest of the study was limited to microalgae proteins, and specifically those
obtained from Spirulina platensis as the starting point of a broad research that could be
extended to other nutrients from Spirulina or other microalgal sources. As such,
knowledge on the extraction methods and the physicochemical characterisation of
Spirulina soluble proteins which are the targeted nutrients under this study are the focus
of the study. For a proper contribution to this field of study, an investigation on the
background scientific knowledge concerning these aspects is obvious. The second part
of this literature review includes the presentation of the key physicochemical parameters
investigated in coming chapters. These include surface and interfacial properties,
foaming and emulsifying properties of the protein fractions.

2. Microalgae as potential sources of Single cell
Protein

The search for new protein sources to supplement the existing conventional sources in
order to fill the so called « protein gap » has been the research route inspiration for many
scientists. Single-cell protein (SCP) refers to protein extracted from pure or mixed
cultures of algae, yeast, fungi or bacteria used as substitute to the conventional protein
sources for human and animal consumption. Proteins bear a complex chemical structure,
and this complexity is the basis of their multiple physiological, morphological, and
technological implications. Proteins can be used as sole protein concentrates or
integrated in processed foods. In the latter case, every constituent of the processed food
product plays a specific role, be it nutritional, technological or functional. The
knowledge of the technofunctional and nutritional properties of proteins is therefore a
prerequisite for their proper utilization in food industries.

Microalgae have been identified as one of the reliable sources of protein and have
attracted the attention of most actors in agricultural and food domains during the second
half of the twenty first century. Some microalgal sources present protein content higher
than conventional animal or plant sources e.g. Spirulina paltensis, protein content is
65%, higher than that of dried skimmed milk (36%), soy flour (37%), chicken (24%),
fish (24%), beef (22%) and peanuts (26%) (Kelly and Bob, 2011). Despite the
tremendous virtuous nutraceutical uses of substances from algal biomass reported
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(Simpore et al., 2005; Simpore et al., 2006; Yamani et al., 2009) in addition to its high
protein content, there is still much to be done in term of algacultural implementation in
order to make it available at an affordable cost.

Out of the more than 30.000 microalgae species existing, less than 10 are
commercially produced. Yet, some of these microalgae species have been historically
used as food and their industrial production is not up to the expected level.

In this review emphasis will be given to some of the microalgae species that are
industrially produced and/or those that present relatively high protein content. The global
microalgal potential, the protein content of some microalgae species, the
technofunctional and nutritional properties of these algal proteins will be presented as
reported in the literature.

2-1 Global microalgae production potential

Microalgae (unicellular organisms) and macroalgae (multicellular organisms) belong
to the large algae group made up of photosynthetic microorganisms. They are known to
have appeared on Earth since 3.5 billion years and are considered to be the first form of
life (Margulis, 1981). They are autotrophic organisms as terrestrial plants but lack stems,
leaves, flowers and are rootless. Among the microalgae, while some are eukaryotic and
commonly identified as algae, others are devoid of membrane-bound nucleus
(prokaryotic, cyanobacteria) and bear an intermediate structure between bacteria and
plants. They have higher productivity than traditional crops and can be grown in climatic
conditions, such as desert and coastal areas (Christaki et al., 2011). Their production
yield is not only high but also friendly to the preservation of the environment. Marshall
(2007) reported that they are the most productive plants in the world. More than 30,000
species of microalgae exist but only few are being cultivated and have their chemical
composition analysed (Gouveia et al., 2008). Microalgae are gaining interest due to their
ability to concentrate essential nutrients and functional substances.

Microalgae production has first mistakenly focused its marketing efforts on health
foods which was a small market and cannot instigate a large demand for microalgae
(Richmond, 2004). This orientation is found to be responsible for the limited
development of the industrial mass production of microalgae. Yet, many microalgae
(such as Spirulina, Chlorella, Dunaliella, Scenedesmus) when correctly processed have
an attractive taste and could be thus well incorporated into many types of human foods,
and will greatly increase the demand for microalgae (Richmond, 2004). The daily
production rate of protein-rich microalgae cell mass presents an annual yield of some
250 t ha?, i.e. several times that of any agricultural commodity (Richmond, 2004).

Microalage production can be carried out outdoor or in bioreactors under optimal
conditions. They give an opportunity to exploit the underutilised arable lands and oceans
without reducing the agricultural production surface that should be supplemented to feed
the growing global population. The use of microalgae in waste water treatment, for
biofuel production and for atmospheric carbon dioxide sequestration (owing to their
photosynthetic activities) is also boosting the demand for microalgae mass production.
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Chlorella is among the most ancient microalgae species used in human diet and its
commercial utilisation was introduced since 1961 by Nihon Chlorella Inc. in Japan
(Iwamoto, 2000). It was cultivated for its use as health food (it contains -1, 3-glucan,
an immunoactive substance) and then in mariculture. The total amount produced in
1990s was 2000t/year (Ilwamoto, 2000). Its mass production mode is either heterotrophic
or mixotrophic. Production yield is higher in the latter production mode. In mixotrophic
production, acetic acid can be added to the medium as an organic carbon source in
addition to the carbon dioxide. In the heterotrophic mode, carbon is supplied by the sole
organic carbon source. However, Chlorella biomass obtained by heterotrophic mass
production mode exhibit superior quality for health food, it is rich in valuable
phytochemicals and does not present contaminants (Iwamoto, 2000). A study carried out
by Praveenkumar et al. (2014) on Chlorella sp modes of mass production (autotrophic
and mixotrophic) revealed that the mixotrophic mode fed-batch feedings of glucose and
the supply of air in dark cycles showed the highest biomass (561 mg/L.d) and fatty-acid
methyl-ester (168 mg/L d) productivities.

Arthrospira (Spirulina) sp in human consumption exhibits also an historical
background. It was recorded that Spirulina maxima was used in human consumption
since 1521, made into dried cake in Tenochtitlan (Mexico City today) (Qian Hu, 2004).
Its first commercial mass production began in 1970s in Lake Texcoco. The use of
Spirulina in human diet has also a long history among the Kanembou tribes leaving
around the Lake Chad in Chad Republic but remained unnoticed until 1960s. Spirulina
sp is considered to be an obligatory alkalophile with the maximal growth rate being
obtained at pH 9.5-9.8 (Qian Hu, 2004). Its ability to thrive in high pH environment
limits the development of other microorganisms and favours its large-scale outdoor mass
production. Annual production worldwide was 2000 tonnes in the year 2000 (Qian Hu,
2004). Mixotrophic mass production presents higher yields (Chen and Zhang, 1997).
Today, Arthrospira sp mass production is effective all over the World with most of the
production facilities located in Asia-Pacific region (Lee, 1997).

Dunaliella sp is the most halotelerant Eukariotic photosynthetic organism known to
have a remarkable ability of adaptation to different salt concentrations from as low as
0.1M to salt saturation (4M) (Ben-Amotz, 2004). It is the most suitable organism for
outdoor mass cultivation in open ponds. Autotrophic mass production mode is adapted
for large-scale Dunaliella production in media containing inorganic nutrients with
carbon dioxide as the sole carbon source (Ben-Amotz, 2004). Attempts for heterotrophic
production are yet to be successful. It is one of the best natural sources of f-carotene
and a modern intensive plant of 50 000 m? can produce 3650kg/year. A proper growth
medium for Dunaliella should contain around 1.5M NaCl, more than 0.4 M MgSO., and
0.1M CaCl; under pH control (Ben-Amotz, 2004).

Aphanizomenon sp, a fresh water cyanobacteria was first exploited in 1980s after first
harvest of natural bloom in Klamath Lake (Orgon, USA) (Carmichael, 2000). 2000t was
harvested in 1998 in Klamath Lake. Natural harvesting presents some obstacles such as
chemical composition of the harvested biomass and contamination by other species or
strains that produce neurotoxins or other undesirable substances. The development of
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large-scale production photobioreactors for Aphanimezonon is therefore of utmost
importance.

Nostoc sp can develop under various climatic conditions including Polar Regions, hot
springs and deserts. Its optimum temperature for growth is from15°C to 25°C (Cui,
1983). It shows a great adaptability to a large temperature variation. Chinese have used
Nostoc for consumption to survive during famine 2000 years ago (Han et al., 2004). Its
mass cultivation is still on experimental level.

In addition to its relatively high protein content Scenedesmus sp is mostly cultivated
for biofuel production because of its high lipid content (31.7%) and high biomass
productivity compared to other microalgae sources (Xia et al., 2014). In a recent study
carried out by Xia et al. (2014) in China, it was shown that Scenedesmus obtutsus (a
strain of Scenedesmus species) gave the highest biomass productivity (20.2g/m?.d) as
compared to the other tested species. Microalgae species such Scenedesmus sp and
Chlorella sp are being mostly produced for biofuel synthesis and the by-product obtained
after lipid extraction can be readily valorised for its high protein content.

In another recent study on Scenedesmus mass production by Abomohra et al. (2014),
scenedesmus sp was cultivated in a semi continuous culture for three (3) months using
polyethylene transparent bags. From this experimental mass production, a maximum
productivity of 0.14g/L.d was obtained. Harvesting methods were also investigated
using different flocculants and a maximum flocculation of 82% using 250 mg/L of
NaOH for 2 hours was achieved.

Investigations on the feasibility of growing Porphyridium biomass outdoors were done
as earlier as 1985 by Vonshak et al. in a Laboratory study. It was found that, although
the optimum temperature for growth is 25°C, there was no damage to the photosynthetic
activity detected after exposure of the organism to higher temperatures, up to 35°C. Also,
high O, evolution activity was observed at relatively high cell concentrations. And there
was no inhibition of O, evolution detected at high light intensity. A production rate of
up to 22g dry wt m day* was obtained for several weeks in an outdoor cultivation.

In a recent study on the strain Porphyridium purpureum by Velea et al. (2011), the
optimisation on culture growth using two variables experimental design (light and
sodium bicarbonate feeding through amending ASW nutrient medium with additional
amounts of NaHCOs) was investigated. The study showed that more irradiance intensity
and NaHCOg3; in ASW medium has led to substantial increases in the biomass production,
as well as in the exopolysaccharide yields. Exo-polysaccharides and phycobiliproteins
use to be the targeted substances in Porphyridium sp mass cultivation.

The biotechnology involved in porphyridium outdoors production was developed as
early as the late 1970s by Gundin et al. (1991), cited by Arad et al. (2004).

Indoor bioreactors for mass production of porphyridium showed that the custom-built
flat-sided photobioreactor with higher exposed surface area to volume ratio was the best
production system (Igbal et al., 1993).

Moreno et al. (2003) investigated on outdoor mass cultivation of the Nitrogen fixing
marine cyanobacterium Anabaena sp. ATCC 33047 and found that, in open ponds
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operated under semi-continuous regime biomass productivity values achieved ranged
from 9 g (dry weight) m -2 per day, in winter, to over 20 g m 2 per day, in summer,
provided that key operation parameters, including cell density, were optimized. Under

these conditions, the harvested biomass was rich in high-value phycobiliproteins, namely
allophycocyanin and phycocyanin, for which open cultures of marine Anabaena
represent a most interesting production system.

An assessment of CO; fixation and biomass productivity of Anabaena sp ATCC 33047

was carried out by Clares et al. (2014). In this study, highest values achieved for CO,

fixation rate and biomass productivity were 1 and 0.6gLday?, respectively.

Table 1: Protein content (% dry basis), class, and kingdom of different microalgae

Alga Protein Class Domain and Author
kingdom
Anabaena cylindrica 43-56 Cyanophycea Procaryota Becker et al.(2007)
(Bacteria)
Aphanizomenon flos- 62 Cyanophycea Procaryota Becker et al.(2007)
aqua (Bacteria)
Chorella pyrenoidosa 57 Trebouxiophyce Eukaryota (Plantae) Becker et al.(2007)
Chlorella vulgaris 51-58 ae Becker et al.(2007)
53,3 Sean et al. (2015)
Chlorella ellipsoidea 42.2 Servaites et al.
(2012)
Chlorella ovalis 10,97 Scolombe et
al.(2013)
Chlorella spaerckii 6,87 Scolombe et
al.(2013)
Dunaliella salina 57 Chlorophyceae Eukaryota (Plantae) Becker et al.(2007)
Dunaliella primolecta 12.26 Scolombe et
al.(2013)
Dunaliella tertiolecta 11.4 Barbarino and
Lourengo (2005)
Porphyridium cruentum 35 Porphyridiophy Eukaryota (Plantae) Cynthia et al.(2010)
28-39 cea Becker (2007
porphyridium 31.6 Sean et al. (2015)
aerugeneum
Scenedusmus obliquus 48 Chlorophyceae Eukaryota (Plantae) Cynthia et al.(2010)
50-55 Becker (2007)
Scenedusmus 41.8 Romero Gracia et
almeriensis al. (2012)
Tetraselmis 36 Prasinophyceae Eukaryota (Plantae) Schwenzfeier et al.
(2011)
Tetraselmis chuii 31 Brown (1991)
46.5 Sean et al. (2015)
Spirulina platensis 60-71 Cyanophyceae Procaryota Paoletti et al. (1980)
55.8 (Bacteria) Sean et al. (2015)
Arthrospira maxima 56-77 Paoletti et al. (1980)
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Anabaena has been subjected to an investigation for its ability of carbon dioxide
removal. A maximum CO fixation rate of 1.45 g CO, L day! that can be increased up
to 3.0 g CO, L day™ outdoors was experienced by the species investigated (Gonzalez
Lopez et al., 2009).

Tetraselmis sp is also a species of halotolerant microalgae that can be either used as
food, feed or for biofuel synthesis. A humber of studies were carried out to assess and
ameliorate its mass production conditions. The ability of the species to thrive high salt
concentration is sustained by the variations of the starch productivity of the Tetraselmis
sp biomass as a result of metabolic stress modifications under new growing media
conditions. A study carried out by Yao et al. (2013) on Tetraselmis subcordiformis
showed that decreased salinity combined with Nitrogen generated moderate stress to
facilitate starch accumulation. They concluded that salinity manipulation can be
effectively applied for enhanced starch production in marine microalgae.

In a recent pilot scale mass production study, Fon Sing et al. (2014) concluded that a
peak productivity of 37.5 + 3.1 g ash free dry weight (AFDW) m2d-11 was reached in
the recycled medium upon transition from 14% to 7% NaCl. The combination of high
biomass-yielding mixotrophic growth under high salinity appeared to be a relevant
strategy for sustainable cultivation.

Most microalgae exhibit high protein content (Table 1) with larger values reported for
Spirulina (Arthrospira) species (55.8 to 77%). The variability within reported values for
protein content by different authors is remarkable for some species such as Dunaliella
sp when comparing for example the strains Dunaliella tertiolecta (11,4%) (Barbarino
and Lourenco (2005) to Dunaliella salina (57%) (Becker et al., 2007) (Tablel). Reported
values also depend on the analytical methods used and the origin of the analysed biomass
(growth medium, harvesting period, production method etc.).

Porphyridium sp is a eukariotic red microalgae species belonging to the family
porphyridiaceae and the class of porphyridiophyceae. The microalga is known for its
high carbohydrates content and especially for its sulphated polysaccharides species
(Patel et al., 2013) having beneficial health effects. The protein content of porphyridium
cruentum varied from about 30% to 35% depending on the cell disruption pre-treatment
applied (Cynthia et al., 2010). A recent study on the chemical composition of some
microalgae species carried out by Sean et al. (2015) revealed a crude protein content of
the strain porphyridium aerugeneum to be 31.6% on dry weight basis.

Scenedesmus sp is also a eukaryotic microalga among the most common freshwater
genera. Scenedesmus almeriensis is a novel strain of Scenedesmus sp that presents many
advantages including its growth rate, its high tolerance to temperature and to high copper
concentration. In addition to its high protein content, Scenedesmus sp is also an
important source of carotenoids and especially lutein known for its protective effect to
the eye macula region against photochemical damage (Landrum, 1997). Some studies
revealed its strong antioxidant activities and its potential interest in reducing the
incidence of cancer (Chew et al., 1996; Park et al., 1999). The protein content of
Scenedesmus sp is in the range of 30-50% depending also on the cell disruption pre-
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treatment (Cynthia et al., 2010). A protein content of 41.8% for the strain Scenedesmus
almeriensis was reported by Romero Gracia et al. (2012).

In an algae composition data presented by Becker (2007), the protein content of
scenedesmus obliqus was 50-55% while 48% protein content was reported by Cynthia
et al. (2010) for the strain scenedesmus obliquus. As for most microalgae species, the
protein content of Scenedesmus widely varies (30-55%) according to the cell disruption
pre-treatment method, the strain of the species and probably the nature of the growth
medium among others.

Dunaliella sp , the halotolerant biflagellated alga is known for its orange-red pigment
B-carotene, a precursor of vitamin A. Dunaliella protein are reported to play a role in
fighting against the transient intracellular salt fluctuations during hyperosmotic or
hypoosmotic shocks (Chen et al., 2015). Results from a study by Travallaie et al. (2015)
on the protein production of Dunaliella salina showed that protein production and
pigmentation correlated well with the growth rate of the strain. Dunaliella sp is one of
the few microalgae that are produced commercially on a relatively large-scale (Ben-
Amotz et al., 2004). The protein content for the strain Dunaliella salina is 57% on dry
basis Becker (2007) (table 1). Lower protein contents were reported for the strains
Dunaliella primolecta (12.26%) (Slocombe et al., 2013) and Dunaliella tertiolecta
(11.4%) (Barbarino and Lourenco, 2005).

Chlorella sp is a green microalga of the phylum chlorophyta. It has a spherical shape
with about 2 to 10 um in diameter (Scheffler, 2007). Protein content of Chorella sp has
a wide range of variation among the strains of the species, starting from as low as 6.87%
for the strain Chlorella spaerckii (Slocombe et al., 2013) to as high as 58% for Chlorella
vulgaris (Becker ,2007) (Table 1). Chlorella spaerckii and Chlorella ovalis (10.87%)
(Slocombe et al., 2013) are revealed to be pour protein sources and the mass production
of these strains should rather directed be towards other uses such as lipid extraction for
bio fuel synthesis. Protein may be exploited as by-products after lipid extraction.

Anabaena sp is among the filamentous microalgae species also known as
cyanobacteria. The species has a high ability to fix nitrogen and to remove CO, from
polluted water (Gonzélez Lépez et al., 2010). Despite of their relatively high protein
content (43-56%) (Becker, 2007), they are one of the four genera of cyanobacteria
biomass in which the presence of neurotoxins was revealed in their biomass (Anabaena
sp., Aphanizomenon sp., Planktothrix agardhii and Microcystis sp.) (Pawlik-
Skowronska et al., 2013).

Aphanizomenon sp are filamentous free-floating, solitary, in few species joined into
fascicle-like, microscopic or macroscopic (up to 2 cm long) colonies with trichomes
oriented in parallel (Bornet and Flahault, 1886 '1888"). They are procaryotic
cyanobacteria of the Nostocacea family. Compared to Arthrospira, A. flos-aquae has
rather been recently used as food for human consumption. The exploitation of A. flos-
aquae started on the early 1980s (Carmichael et al., 2000). The protein content of the
strain Aphanozomenon flos-aquae on dry matter basis is 62% (Table 1) (Becker, 2007).
Some studies revealed the presence of hepatotoxic microcystins in foods supplemented
with Aphanizomenon flos — aquae at the level of 0.1-4.72ug/g (Saker et al., 2005). But
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there was little evidence on the origin of the microcystins. These toxic substances may
be present as a result of exogenous contaminations if the tested strain was cultivated
outdoor or harvested from natural ponds or Lakes.

Spirulina sp or Arthrospira sp is a genus of free-floating filamentous cyanobacteria
characterized by a bicylindrical, multicellular trichomes in an open left-hand helix. It is
a ubiquitous microalga capable of adaptation to very different habitats and colonizes
certain environments in which life for other microorganisms is, if not impossible, very
difficult (Orio, 1983).

A French phycologist Dangeard (1940) reported that the material called Dihé in the
local language (Kanembou), was eaten by the native population, and was obtained by
sundrying mats of microscopic algae, floating on the surface of small lakes or ponds
around Lake Chad (Orio, 1983). The alga was identified as Spirulina (Arthrospira)
platensis. At the same time another Spirulina strain S. maxima that was growing
abundantly in the Lake Texcoco, near Mexico City was discovered (Orio, 1983). Facts
in the literature had clearly revealed the historical use of Spirulina maxima and Spirulina
platensis strains as human food.

Spirulina protein contains a large quantity of phycobiliprotein (about 20% of the total
protein content) among which are the phycocyanins known for their attractive blue
colour and tremendous health effect on human organism demonstrated by a large volume
of literature (Romay et al., 1998; Gonzéalez et al., 1999; Reddy et al., 2003; Hirata et
al.,2000 ; Bhat and Madyastha , 2001). Spirulina appears to be among the best sources
of protein with up to 77% for Arthrospira maxima (Paoletti et al., 1980) (tablel) on dry
basis.

Tetraselmis sp is a genus of green unicellular flagellated eukariotic microalgae. It
usually grows 10 um long x 14 um wide. Most strains possess 8 flagella and few possess
16 flagella. The specie is characterised by its high lipid content (22%) but its protein
level is also relatively high (36%) when compared to some conventional high protein
sources such as soya bean (37%) and milk (26%) (Becker, 1994; Schwenzfeier et al.,
2011). Brown (1991) reported a protein content of 31% for the strains Tetraselmis chui,
Tetraselmis suecica.

2-2 Nutritional and Functional properties of microalgae protein

Parameters measured for protein quality include the protein efficiency ratio (PER)
expressed as the weight gain per unit protein consumed, tested on animal in short term
trials. Other protein quality evaluations are the determination of its biological value
(BV), the protein digestibility coefficient (DC) and the net protein utilization (NPU)
equivalent to calculation of (BV) X (DC) (Becker, 2007). The drying method of the
microalgae biomass seems to influence on their quality values. Chlorella sp DD and
Spirulina sp SD and Scenedusmus obliquus DD showed highest values among the tested
microalgae biomass, values that are not much far from those of the referenced sources
casein and egg. To some extent, these microalgae can readily replace the conventional
protein sources in a diet.
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Table 2: Comparative data on biological value (BV), digestibility coefficient (DC) net protein
utilization (NPU) and protein efficiency ratio (PER), of differently processed algae (Becker,
2007 based on Becker, 2004; Richmond, 2004)

Alga Processing BV DC NPU PER
Casein 87.8 95.1 83.4 25
Egg 94.7 94.2 89.1 _
Scenedusmus obliquus DD 75.0 88.0 67.3 1.99
Scenedusmus obliquus DS 72.1 72.5 52.0 1.14
Scenedusmus obliquus Cooked - 71.9 77.1 55.5 1.20
SD

Chorella sp. AD 52.9 59.4 314 0.84
Chorella sp. DD 76.0 88.0 68.0 2.0
Spirulina sp. SD 77.6 83.9 65.0 1.78
Spirulina sp DD 68.0 75.5 52.7 2.10

One of the quality criteria of a protein is its amino acids content and specifically the
essential amino acids. There are evidences in the literature showing that algae protein
can readily compare with proteins from conventional protein sources .Values for amino
acids content reported by Kent et al. (2015) compare well with those presented by
Christaki et al.( 2011) (Table 3). The slight differences may be due to the differences
among the tested microalgae species or the origin of the analysed biomass. All essential
amino acids levels reported for the various microalgae species also compared well to
those of the conventional sources of protein soybean and egg. The essential amino acid
cysteine appeared to be the same limiting amino acid for egg and for most of the analysed
microalgae species. Microalgae as protein sources can readily substitute egg or other
animal protein. Their amino acids profile is far better than that of soybean and probably
that of other plant sources when considering the essential amino acids contents.
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Table 3 : Amino acid profile of different microalgae as compared with conventional protein sources (g/100g protein)

Source lle* | Leu* | Val* Lys* | Phe | Tyr* | Met* | Cys* | Try | Thr* | Ala | Arg Asp Glu Gly His* | Pro | Ser Author
Egg 6.6 8.8 7.2 5.3 5.8 4.2 3.2 2.3 17 5.0 - 6.2 11.0 12.6 4.2 24 4.2 6.9 | Christakietal
2011
Soybean 5.3 7.7 5.3 6.4 5.0 3.7 13 1.9 14 4.0 50 | 74 13 19.0 45 2.6 5.3 5.8 ( )
Dunaliella sp 45 9.3 6.0 6.2 6.0 4.0 25 4.0 - 5.0 7.8 6.6 10.5 13.6 5.7 25 4.9 4.4 | Kentetal.
(2015)
Dunaliella 4.2 11.0 5.8 7.0 5.8 3.7 2.3 1.2 0.7 5.4 73 | 73 104 12.7 55 18 33 4.6 | Christaki etal.
bardawil (2011)
Chlorella 4.4 9.2 6.1 8.9 4.2 2.2 0.4 - 4.7 83 | 71 9.4 12.9 5.4 2.4 48 4.0 | Kentetal.
(2015)
Scenedesmus sp 47 9.4 6.0 6.8 55 4.0 2.4 0.1 - 49 6.8 6.0 9.2 13.8 52 2.6 8.3 4.2
Scenedesmus 3.6 7.3 6.0 5.6 4.8 3.2 15 0.6 0.3 5.1 9.0 7.1 8.4 10.7 7.1 2.1 39 3.8 | Christaki et al.
obliquus (2011)
Spirulina 5.8 9.0 6.4 5.1 4.8 4.8 2.9 0.3 - 5.1 74 | 76 10.2 16.1 4.6 2.0 33 48 | Kentetal.
(2015)
Arthrospira 6.0 8.0 6.5 4.6 49 3.9 1.4 0.4 1.4 4.6 6.8 6.5 8.6 12.6 4.8 1.8 3.9 4.2 | Christaki etal.
maxima (2011)
Spirulina platensis | 6.7 9.8 7.1 48 53 53 25 0.9 0.3 6.2 95 | 7.3 11.8 10.3 5.7 2.2 4.2 5.1
Aphanizomenon sp. | 2.9 52 3.2 35 25 - 0.7 0.2 0.7 33 4.7 3.8 4.7 7.8 29 0.9 2.9 2.9

* Means essential amino acid.
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Some microalgae proteins exhibit functional properties and are readily integrated in
food formulations for health management. Phycobiliproteins found in cyanobacteria
such Spirulina sp and Oscillatoria sp are coloured proteins recognised for their large
number of health applications and are intensively investigated for this purpose. These
proteins include allophycocyanin, phycocyanin, and phycoerythrin.

A molecule of Phycocyanin is made up of two subunits linked together; a protein unit
and a bilin chromophore unit (Figure 2). The chemical structure of the bilin
chromophores in phycocyanin is close to bilirubin, a heme breakdown product. Bilirubin
acts as an antioxidant and cytoprotector for tissues like myocardium and nervous tissue
by scavenging oxygen free radicals (Temme et al., 2001).

Hl 5]
COH COM COH COH
PR

Figure 2: Chemical structure of phycocyanin bilin chromophore (open-chain tetrapyrrol) (a)
and bilirubin (b) (Romay et al., 2003)

2-3 Technofunctional properties of algal proteins

Despite the recent interest gained by the microalgal product, the field still needs
investigation to acquire its full knowledge. Although proteins are one of the most
targeted substances obtained from algae, there remain serious gaps to fill in terms of
algal protein characterisation. Only few scientific publications are available on
technofunctional properties of algal protein.

Mahajan et al. (2010) investigated modified Spirulina proteins for their functional
properties such as protein solubility, foaming properties; emulsification properties and
viscosity. In this study, proteins were subjected to chemical treatment with succinic
anhydride, acetic anhydride and formaldehyde. Results showed that protein solubility in
unmodified water soluble Spirulina protein fraction was 23%. It decreased considerably
when treated with any one of the three modifying reagents. Foam Stability was higher
with methylation and acetylation. Maximum viscosity was obtained with the succinic
anhydride modified protein fraction followed by acetylation.

Chronakis et al. (2000) investigated on the air/water interface of a protein isolated from
Spirulina platensis using the Wilhelmy plate method. In this research the isolated
material was characterised by determining the protein and lipid content, SDS-PAGE
electrophoresis, isoelectric focusing, and visible spectroscopy. It was found that the
protein is able to reduce the surface tension (air/water interface) at lower bulk
concentration compared to common food proteins.

Another more recent investigation by Chronakis et al. (2001) on Spirulina platensis
protein isolate was carried out on visible absorption spectra, dynamic oscillatory
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rheological measurements, viscometry, and differential scanning calorimetry (DSC).
The study revealed that the aggregation, denaturation, and gelation properties of
Spirulina platensis algal protein isolate were rather likely to be controlled from protein-
protein complexes than individual protein molecules.

Schwenzfeier et al (2011, 20132, 2013, 2014) assessed various technofunctional
properties including polysaccharides interactions with protein isolated from Tetraselmis
sp. The algal soluble protein isolated (ASPI) presented 59 + 7% (w/w) protein and 20
+6% (w/w) carbohydrates, the latter contributed for approximately one fourth of uronic
acids (4.8 £ 0.4% [wiw]).

The superior foam stability of ASPI is suggested to be mainly due to the protein
fraction (Schwenzfeier, 2013). Results of this study also showed that the charged
carbohydrates present in ASPI contribute considerably to high emulsion stability in the
pH range 5 — 7, while foam stability was mainly influenced by dissociated proteins and
small glycoproteins.

2-4  Conclusion

Microalgae are quantitatively and qualitatively good sources of protein. Their use in
human nutrition is not yet fully implemented and is most of the time limited to that of
functional food ingredients. Some species such as Chlorella sp, Aphanomezinon sp,
Nostoc sp, Spirulina sp had an historical use in human nutrition but are still more or less
confined to their natural production areas and their industrial production is not up to the
expected level. Mass production of microalgae should be encouraged by public
authorities in other to overcome the food shortage for the growing global population.
However, investigations must be carried out on complete toxicological, microbilogical
and biochemical status of algal products before their full integration as basic ingredients
in processed foods, be it for functional or solely nutritional purpose.

Literature on the technofunctional properties of algal proteins which is an important
tool for industrial applications is also not enough. The need for more studies in this area
is an emergency to speed up microalgae application in food process and their global mass
production.

3. Spirulina protein extraction and purification

Spirulina biomass is worldwide recognised as a good source of protein for food
industries (Vonshak, 1997). Protein extraction from Spirulina was so far focused mainly
on the blue colour fraction known as C-phycocyanin (a phycobiliprotein) due to its
various nutraceutical and biological applications (Deng and Chow, 2010; Ferreira et al.,
2010).

Phycocyanins are light-harvesting pigments and nitrogen-storing proteins found in the
prokaryotic cyanobacteria species, as well as in eukaryotic chlorophyta, rhodophyta, and
bacillariophyta species (Eriksen, 2008). The phycocyanins include C-phycocyanin (C-
PC), R-phycocyanin (RPC), and allophycocyanin. The hepatoprotective (Deng and
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Chow, 2010), antioxidant (Ferreira et al., 2010) and anti-inflammatory effect of C-
phycocyanin (Ferreira et al., 2010), as well as its behaviour as a free radical scavenger
(Gantar et al., 2012) was shown. The chemical structure of this protein is presented
(Figure 1).

Doke (2005) extracted phycocyanins using Spirulina sp dried biomass. This was done
by incubating at 4°C for 24 h in phosphate buffer at pH 7. The use of dilute phosphate
buffer for extraction can cause the breakage of cell wall due to osmotic shock. He found
that biomass dried at low temperature allows most phycocyanins to be extracted. 80 mg
C-phycocyanins per gram dried biomass from a biomass dried at 25°C was obtained
compared to only 16.5 mg/g from biomass dried at 50°C. This finding was also
confirmed by Oliveira et al. (2008) stating that high drying temperatures can decrease
the level of extractable C-PC from Spirulina platensis. Many other researchers used a
combination of EDTA-lysozyme to extract phycobiliproteins (Stewart and Farmer
1984). An alkaline solubilisation followed by acidic precipitation method was used by
Chronakis et al. (2001) to extract the total Spirulina soluble proteins from dry biomass
substrate. He also separated the green and blue fractions by ultracentrifugation of soluble
proteins extract. The method was energy consuming and could not be easily applied at
an industrial scale.

C-phycocyanins, the blue fraction is also being extracted from wet Spirulina biomass.
This was carried out by subjecting the biomass to cycles of freezing at -15° to -25°C or
in liquid nitrogen and thawing at 4°C to 30°C (Abalde et al., 1998; Yi-Ming and Feng,
1999; Minkova et al., 2003). Extraction was also carried out following mechanical cell
disruption (Doke, 2005), high pressure exposure (Patil et al, 2006) or sonication (Abalde
et al., 1998) of the wet biomass.

Sarada et al. (1999) tested various methods of phycocyanin extraction including
extraction by homogenization of the wet biomass in a mortar and pestle in the presence
of acid-washed neutral sand using 50 mM sodium phosphate buffer at pH 6.8; extraction
with distilled water; extraction by homogenization in a Virtimixer in 50 mM phosphate
buffer of pH 6.8, or extraction with various concentrations of hydrochloric acid (2 to 10
N) at room temperature. Of all the extraction methods tested in this study, water
extraction was found to be a slow process.

Out of the above mentioned methods a mixture of Spirulina soluble protein fractions
could be obtained and should be subjected to further purification steps. Purity of C-
phycocyanin is evaluated via the ratio of the absorbance at 620 nm (Asx) to the
absorbance at 280 nm (Aaso) i.€ Agzo/ Azgo. I the ratio Aszo/ Azgo> 0.7 the c-phycocianins
obtained was considered food grade (Rito-Palomares et al.,2001), while Aszo/ Azgo 0f 3.9
was considered reactive grade and Aszo/ Azso>4.0 were analytical grade.

De Jesuset al. (2016) presented an exhaustive 50 years research results on extraction
and purification methods of C-phycocyanins from Spirulina and other sources(Table
14).
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Table 4 : Phycocyanins purification methods Phycocyanins purification methods (Source:

Chamorro-Cevallos

et al. 2016)

Extraction by
cell disruption

Purification method

Observations

Reference

Density gradient by centrifugation

The phycobilisomes of N.
muscorum were separated into
two subunits containing C-
phycocyanin and
allophycocyanin. However, they
had traces of phycoerythrocyanin,

Bekasova et
al. (1984)

Thermal thus presenting low purity and
treatment low yields (data not shown).
. Traces of C-phycocyanin and
e et 519 phycserocyinvere  Fustal
butanol washes identified by mass spectrometry  |(1979)
chromatography.
C-phycocyanin was obtained at a
lonic exchange 6.69 grade of purity from the Patil et al.
ichromatography aqueous extract of Spirulina (2008)
platensis.
C-phycocyaninwas obtained
from Spirulina platensis in a
AAqueous two- Zg(l)}{)eth)élene glycol single extraction step. With Patil et al.
phase system H T]nt pottasmtj_m multiple extractions, the purity of |(2006)
(ATPS) phosphate saturation ke jsolates increases from 3.23 to
4.02.
Salting out  |C-phycocyaninwas obtained Rito-
Ultra I L0 . - Palomares,
ﬁltration(preC|p|_tat|_0n from Spirulina maxima with a ot al.
Pressure crystallization)[purity of 3.8%. (2001)
homogenization - -
Hexane SDS-PAGE C-phycocyanin was obtained Seo et al.
extraction electrophoresis from Spirulina sp at a yield of (2013)
10.2% and a purity of 1.
Expanded bed anion  [25.7 mg g-*dm of C-phycocyanin Moraes et
exchange with 80%  |was obtained from fresh Spirulina
2 - . al. (2013)
lammonium sulfate platensis at a purity of 4.8.
Stirring- Precipitation with
centrifugation fammonium sulfate Fast |C-phycocyanin was isolated
flow chromatography [from Spirulina platensis witha |Ou et al.
DEAE-Sepharose and [yield of 30 mg g™'dm and a purity |(2013)
hydroxyapatite of 3.94.
columns
Freeze-unfreezeAqueous two- Gel filtration C-phycocyanin was obtained Cru'z de
agitation phase system chromatography from Spirulina maxima with a Jestis
(ATPS) (2005)
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yield of 46.5 % and a purity of
3.4.

lon exchange
ichromatography

C-phycocyanin was obtained
from Spirulina maxima with a
vield of 37.5% and a purity of 3.5
(determined by DEAE-Cellulose).

Ultra filtration

In this last stage, C-phycocyanin
was isolated from fresh Spirulina
maxima with a yield of 57% and a
purity of 3.9.

C—phycocyaninwas isolated from

phase system (ATPS)

platensis with a purity of 0.79.

- A~ Benavides
cyanobacteria (Spirulina and Rito-
Ultracentrifugation maxima and Porphyridium balomares
cruentum) with a yield of 98%, (2005)
but with low purity (2.1).
Centrifugation and fC—phycc_)cyz_anm obtained Silveira et
Oranic Filtration rom Spirulina p|§1tenSIS had low al. (2007)
sol?/ents and yield and low purity (0.46).
buffer Polyethylene glycol .
axtraction systems 1500, 4000 |252I7a t?c?/#oora (SI;)ri):Bﬁggyanm WaS lantelo et
land 6000/aqueous two- al. (2010)

Freeze-unfreeze
cycles

IAgitation-centrifugation

C-phycocyanin was extracted and
isolated from some cyanobacteria
(Synechocystisspp,
Glueucopsaspp, Anabaena

sp and Lyngbya sp) with a yield of
100 pg/g dm and a purity of 3.1.

Maurya et
al. (2014)

Ultra filtration

lon exchange
chromatography

/A phycobiliprotein was obtained
fromthe fresh biomass

of Spirulina sp witha yield of 82.9
to 88.6% and a purity of 1.0.

Chaiklahan
et al.(2011)

ITri chloro acetic
precipitation
(TCA)/centrifugation
Electrophoresis SDS-
PAGE

C-phycocyanin was isolated from
cyano- bacteria Phorphyra
columbina with a yield of 19.9
mg/g dm and a purity of 0.08.

Cian et
al.(2012)

Cell disruption
by pressure
agitation and
centrifugation

Purification by
hydroxyapatite column
chromatography and
anion exchange / ultra
filtration /
electrophoresis SDS-
PAGE

C-phycocyanin was extracted
from the cyanobacteria Anabaena

Ducret et

of 3.66.

sp with a yield of 10% and a al.(1996)
purity of 2.7.

C-phycocyaninwas isolated

from Spirulina sp and purified,  [Yoshida et
with a yield of 85 % and a purity [al. (1996)
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Precipitation
with
ammonium
sulfate (25%)

C-phycocyanin was extracted Bermejo-
from lyophilized Spirulina Bescos et
platensis with a purity of 4.0. al. (2008)
C-phycocyanin was isolated Glazer and
from Synechococcus

Cohen-
sp and Aphanocapsa cyano Bazire
bacteria with a yield of 50 % and (1971)
a purity of 6.1.
C-phycocyaninwas extracted and
purified from Porphyrayezoensis |He et al.

L . cyanobacterium with a yield of 20((1997)
Precipitation with 0% and a purity of 0.9.
ammonium sulfate - -

(25%) C-p_hycocyanm was |solqted and _
purified from the fresh biomass  |Li et al.
of Spirulina platensis with a yield |(2005)
0f 13.1 % and a purity of 4.71.
C-phycocyanin was extracted and
isolated from sp
Chroomonas cyano bacterium g/llaz:l%c;lzl’))et
with a yield of 59 % and a purity |
0f 0.92.
C -phycocyanin was isolated from
fresh Spirulina platensis with a  |Pifiero et al.
lyield of 95 pg/g dm and a purity ((2001)
of 3.9.
The extract isolated
from Spirulina platensis was Kumar et
identified asC—phycocyaninby al. (2014)
Step chromatography  [SDS-PAGE, with a yield of 80% |
with DEAE cellulose- fand a purity of 4.5.
11 C-phycocyanin was extracted and
isolated from Anabaena variabilis |Chakdar et
cyano bacteriumwith a yield of 36 [al. (2014)
% and a purity of 2.75.
C-phycocyanin was obtained
from Galdieria sulphuraria Moon et al.
cyanobacteria with a yield of 80  |(2014)
% and a purity of 4.

S . C-phycocyanin was isolated and |Abd El-
:ﬁgg:}ﬁ:ﬁgm:‘?e (50 purified from Spirulina Baky and
06) maxima with yield of 24% and a [El-Baroty

purity of 2.25. (2012)
C-phycocyaninwas extracted and

isolated from cyanobacterium of [Gray et al.
the Nostoc sp genus, with a yield [(1973)

of 59% and a purity of 2.8.
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C-phycocyaninwas isolated and
purified from Spirulina

fusiformis with a yield of 60% and
purity of 3.8.

Madhyasthal
et al.
(2006)

C-phycocyanin was isolated
from Cyanidium

Ultracentrifugation icaldarium cyanobacterium with a (Sltggge; al.
yield of 15 mg g-*dm and a purity
of 7.
High purity C- phycocyanin was
obtained from Limnotrix sp with (Gantar et
low ammonium sulfate al. (2012)
IActivated carbon and  [concentrations.
lonic Exchange chitosan , flow /A phycobili protein was obtained
chromatographyf”tratlon from Spirulina platensis undera | .. .,
(DEAE- Fhree-s_tep proced_ure, increasing (2011)
its purity to 4.3 (identified by
Sephadex) SDS PAGE).
lAnion exchange
chromatographyflon exchange
by hydrophobic [chromatography (Q-  |C-phycocyanin was obtained Abalde et
interactions ( [Sepharose column) /  {from Synechococcus sp with high a1, (1998)
butyl- filtration SDS-PAGE  |purity and good yield. '
Sepharose gel
icolumn )

chromatography

[Tricalcium phosphate gel

A set of phycobiliproteins was
extracted

from Smithoranaiadum microalga.
IAllophycocyanin,
phycoerythrocyanin and C-
phycocyanin were obtained after
centrifugation, the latter at a low

yield.

OhEocha
and Haxo
(1960)

4.
concentrates

Interfacial and functional properties of protein

Proteins in a food system contribute to its sensory characteristics and influence its
acceptability to consumers. These characteristics include texture, flavour, taste,
mouthfeel, colour and appearance of the food. Functional properties of proteins are
broadly classified into two molecular aspects i.e. the protein surface related
properties and the hydrodynamic properties (Damodaran, 1989). The hydrophobic,
hydrophilic and steric properties of protein molecules lead to the change in
behaviour of proteins at fluid interfaces while those related to the hydrodynamic
properties are governed by shape, size, and flexibility of the protein (Table 5)

(Damodaran, 1994).
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Table 5: Functional properties of food proteins (Source: Damodaran, 1994)

Surface related properties Hydrodynamic
properties
Solubility Viscosity
Wettability Thickening
Dispersibility Gelation
Foaming Texturation
Emulsification
Fat and flavour binding

Our investigation in the present study is mostly oriented towards the surface
related properties.

4-1 Surface properties: Concept and theory

4-1-1 Surface tension

The surface tension results from the manifestation of attractive intermolecular forces
that keep cohesion of molecules within the liquid. These intermolecular interactions are
also the framework that govern the different states of the matter. The resultant force to
which a molecule is subjected as a result of interaction with neighbouring molecules
within a liquid is zero except for the molecules located at the interfacial surface area
(Figure 3). It is this asymmetric interactive force at fluid interfaces that makes molecules
at interfaces to bear a higher potential energy than those in the subphase of the liquid.

G=ng+Gs

Where:

G: free energy of the system

n: number of liquid molecules

g: free energy of a molecule within the liquid

Gs: free energy at the interface

Figure 3: Net forces on molecules at surface and within bulk liquid
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When an aqueous solution of surface active molecules is disturbed (bubble formation,
drop formation etc.) its surface tension undergoes a decay within labs of time before
reaching an equilibrium value. This is because after the disturbance of the liquid surface,
the migration of the surfactant molecules towards the surface proceeds until the surface
is saturated and the equilibrium free energy level is reached. Knowing that the
disturbance is nothing but the change in surface or interfacial area of the solution, a
mathematical relation between the interfacial area, the surface tension and the free
energy, can be set.

When the interfacial area increases by dA, surfactant molecules will migrate from the
subphase to the interface. To bring about this surface area change an energy equivalent
to the energy difference between surface and subphase molecules is needed (Dagorn -
Scaviner, 1986).

If 6 is the free energy per unit surface area, we’ll have:

dG = dGs = 6dA with ¢ =( dGs/dA)rp

T: temperature
P: pressure

If we consider a lamina within a metallic wire frame with one side can glide parallel
to the opposite side (Figure 4). The work done in increasing the surface area of the
liquid lamina is: dw = F.dI

| dl

C
£ .

e — = ml

Figure 4: A liquid lamina within a metallic frame with one mobile side

But xdl = dA and let’s consider Y = F/2X
dw =7Y.dA
A is the surface area of the liquid and Y" the surface tension.
Yet, at constant temperature and pressure: dw = dG
dG: change in GIBBS free enthalpy, thus dw =dG=0cdA and Y =¢
dG =Y.dA
The surface free energy which is a thermodynamic variable can be expressed by
using the surface tension which is measurable.
Y in mN/m; erg/cm?; or dyne/cm (Dargon Scavinier,1986).

4-1-2 interfacial tension

The interfacial tension is the tension between two immiscible liquids or between a
liquid and a solid surface.
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il

Figure 5: Two non-mixable liquids (water and oil)

Let’s consider “a” a molecule of the liquid “A” (water here) and “b” a molecule of the
liquid “B” (oil here) (Figure 5). At the interface, the potential energy of a molecule “a”
at the interface is greater than that of a molecule “a” within the liquid “A” and it is equal
to the potential energy of the molecule “a” within the liquid minus the interaction energy
A with “b” at the interface (Aa — Aap). Similarly the potential energy the potential
energy of a molecule “b” of the liquid “B” at the interface is equal to that of a molecule
“b” within the liquid (“Apy””) minus that of the interaction of “b” with “a” (Apb - Aab).

The free energy G at the interface is the potential energy difference between all the
molecules at the interface and that of the molecules in the bulk liquid.

G= (Aaa - Aab) + (Abb - Aab) = Asa + Ao - 2Ax

Hence, the interfacial tension Yi=Ya + Yb -2 Ya
Ya: surface tension of the liquid “A”
Yb: surface tension of the liquid B

Yab: interaction energy a-b per unit area across the
interface

(Dagorn-Scavinier, 1986)

4-1-3 proteins as food surfactants

As theoretically presented above, surfactants or surface active molecules are these
molecules that can lower the surface tension of the liquid in which it is dissolved. They
can be used as detergents, wetting agents, emulsifiers, foaming agents and dispersants.
These properties in food systems are of utmost importance, especially in food
formulations. Proteins are one of the food ingredients that readily contribute in reducing
surface tension. They are able to adsorb to the surface of a liquid in which they are
dissolved, and bring about a surface tension decay. This is made possible because protein
molecules are amphiphilic molecules (possess hydrophilic and hydrophobic patches) and
can properly orient their structures according their environment i.e the hydrophilic tail
towards the water molecules and the hydrophobic patches away from the water
molecules. Nevertheless as proteins are more complex macromolecules than other
simple surfactants, their process of adsorption to interfaces is slower. Thus proteins in
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food system facilitate the mixing of immiscible fluids such as water and oil thereby
forming more stable emulsions and foams.

4-2 Protein solubility

Protein solubility is an important factor as far as its functionalities in food systems are
concerned. It is the thermodynamic manifestation of an equilibrium between protein-
protein and protein-solvent interactions (Blecker, 1998). Protein effectiveness in
influencing surface related behaviour depends on its ease of solubilisation in an aqueous
phase. Protein solubility in aqueous solution starts from a completely insoluble to highly
soluble proteins (Kramer et al., 2012). For example, while serum albumin has a solubility
greater than 500mg/mL (8), crambin is reported to be completely insoluble (Ahn et al.,
2006).

Protein solubility is influenced by many intrinsic (amino acids profile, chemical
structure etc.) and extrinsic (pH, ionic strength, temperature etc.) factors. The extrinsic
factors that affect protein solubility are: ionic strength, pH, temperature, and the solvent
(Ries-kautt and Ducruix, 1997). Protein solubility is also directly affected by the
electrokinetic potential of the protein molecules. The electrokinetic potential and thus
the pH is among the factors that affect protein solubility (Riés-kautt and Ducruix, 1997).
The intrinsic factors influencing protein solubility are mainly based on the amino acids
on the protein surface (Kramer et al., 2012). Many studies on site-directed mutagenesis
of surface residues have succeeded to improve protein solubility (Mosavi and Peng,
2003; Das and Georgiadis, 2001). There are some recent works tempting to elucidate
these factors in an objective of developing mutation strategies to increase protein
solubility (Trevino et al., 2007; Trevino et al. 2008).

The methods used to evaluate solubility of proteins in water include addition of the
lyophilized protein to the agqueous solution and concentration of the protein solution
(Kramer et al., 2012).

4-3 Foaming and emulsifying properties

Foams and emulsions can be defined as highly concentrated dispersions of gas (foams)
or liquid (emulsions) in a liquid continuous phase. The term “concentrated emulsion” is
often used as synonymous to “foam” in the literature because the phenomena responsible
for their behaviour is essentially the same (Hartland, 2004). Foams and emulsions are
colloidal systems characterised by large specific areas (surface area per unit mass) and
are therefore deeply influenced by the interfacial properties (Schramm, 2014).

Protein foams are the basic components in many aerated structures in food products
such ice cream, cakes and breads (Davis and Foegeding, 2004). The organoleptic quality
of the processed foods is closely linked to the ability of the foam to withstand processing
and other handling stresses. It is known that some low molecular weight surfactants and
lipids can destabilize foams by competing with proteins because they are more surface
active compared to proteins (Vaghela, 1996). Also, phospholipids and
monoacylglycerides were reported to destabilize emulsions by reduction of proteins
adsorption at the lipid interface (Yamauchi et al., 1980). It is worth noting that the
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emulsifying abilities of proteins are strongly linked to their physiochemical properties
(Moure et al., 2006; Bueno et al., 2009; Papalamprou et al., 2010).

The Table 6 below shows some typical food emulsions with a brief presentation of
their structures and production methods.

Table 6: Typical food colloids (O = oil; A= air; and W = water (Darling and Birketts, 1987)

Food Type of Method of preparation Mechanism of stabilization
emulsion

milk o/w Natural product Protein membrane

cream A+O/W Centrifugation Protein membrane + particle
stabilization of air

ice-cream A+ O/W Homogenization Protein membrane + particle
stabilization of air + ice
network

butter and margarine wW/O Churning and in votator | Fat crystal network

sauces o/w High-speed mixing and | By protein and

homogenization polysaccharides

fabricated meat o/w Low-speed mixing and | Gelled protein matrix

products chopping

bakery products A+ olw Mixing Starch and protein network

For long, egg white proteins were the only alternative for stabilizing food colloids
(Asghari et al., 2016). However, investigations are carried out on protein from various
non animal sources to partially or totally replace animal proteins in some applications.
These include evaluation of the surface activities of some plant proteins in relation to
their ability to stabilize foams and emulsions (Hu et al., 2003; Uruakpa & Arntfield,
2005; Karaca et al., 2011a). It should be beard in mind that animal proteins are expensive
and less friendly to the environment as compared to protein from plant sources
(Henchion et al., 2017). Presently, proteins from byproducts are being investigated for
their possible valorization as foams and emulsions stabilizers (Karamoko et al., 2013).
Also, new protein sources such as insects, algae, microalgae and so on constitute the new
research route to supplement the increasing protein demand. It is in this perspective that
we intend to carry the present study as a contribution to the field.
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Interfacial behavior of colored protein fractions from Spirulina platensis

Introduction

This chapter presents the different materials and methods used to carry out the
experiments of the present study. The different apparatus and their working principles
are outlined in order to allow for a better understanding of the study.

An industrially feasible method used to obtain the soluble protein fractions from a
spray-dried Spirulina biomass is described in this chapter. For the investigations on the
fractions interfacial properties, protein fractions solution preparation is presented. Foam
and emulsion preparation methods are also described and their evaluation methods
presented.

1. Materials

Food grade spray dried Spirulina powder (2.5kg) is purchased in Belgium
(Laboratoires BIORES Liége Belgium) and kept under freezing temperature (-20°C).
Only part of it is sampled and kept in fridge (4°C) for the daily experiments. T

Solutions of sodium hydroxide and hydrochloric acid 0.1N and 1N are prepared from
analytical grade sodium pellets and 37% fuming hydrochloric acid respectively. These
solutions are used to adjust the pH value where necessary. All other chemicals used are
of analytical grade made available by the laboratory of Food Science and formulation,
Gembloux Agro Bio Tech, Université de Liege.

2. Methods

2.1 Extraction procedure

The extraction method is adapted from that used by Chronakis et al (2001). Protein
solubilisation is carried out twice in order to extract the maximum quantity of protein.
The different steps of the extraction are outlined in Figure 6A & B).

Spirulina powder is suspended in an alkaline solution at pH 10, where maximum
solubility (Chronakis et al., 2000) of the protein preparation occurs without substantial
conformational changes (denaturation), and centrifugation for 30 min at 25°C and
9050g, followed by the supernatant collection (supernatant A). The pellet is collected
and dissolved again in alkali followed by a new centrifugation at 25°C and 90509 and
supernatant collection (supernatant B).

Both supernatants A and B are adjusted to pH 4.5 by titration with 0.1 M HCI and the
proteins are precipitated and separated by centrifugation (9050¢g for 30 min, 25°C). The
protein pellets are then suspended in milli Q water and their pH adjusted to 7. The
suspension is dialyzed for 48 hours at 4°C before being freeze dried. The protein fraction
obtained under these conditions is the green soluble fraction (GSSP) (Figure 6 B).

The pH of the dark blue supernatant from the previous step is readjusted to 3.5 and
centrifuged under the same conditions as before. Pellets are subjected to the same
treatment as pellets of the green fraction. This represents the blue soluble fraction of
Spirulina proteins (Figure 6 B).
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For the separation of the total fraction (Figure 6A), precipitation of the supernatants
(A and B) is carried out once at pH 3.5 and the same steps are followed as for the other
fractions (GSSP, BSSP) (Figure 6B).

The dry extracts obtained are then subjected to fat extraction using n-hexane (100
mL/20 g dry protein fraction) twice for five hours at 4°C. After a vacuum solvent
evaporation, dry fractions awaiting analysis are kept at 4°C.

[ Spirulina powder 100 g

Suspension in NgOH aqueous solution pH

Spirulina powder suspension

Centrifugation at 9050 g, 25°C for 30

' !

Supernatant A Pellets
Resuspension and ¢entrifugation at 9050g, 25°C for 30 minutes
Supernatant B Pellets
Adjust pHto 3.5 and ceqtn'fugation under above
Y Protei X 1l
Supernatant rotein pellets

Resuspension aid adjustment of pH to

Protein suspensions at pH 7

Dialysis at 4{C for 48 hours

A

Desalted protein extracts

Freeze[drying

Dry protein extracts

Defatting with n-hexane five hours twice
Y

Total Soluble Spirulina Proteins
(TSSP) =

35



Interfacial behavior of colored protein fractions from Spirulina platensis

Spirulina powder 100g &

Suspension in NaOH aqueous solution
¥

Spirulina powder

Centrifugation at 9030 g, 25°C for 30

Supernatant Pellets

Resusnension and {'.‘entriﬁ#alinn at 9050 e. 25°C for 30

l }

Supernatant Pellets

Protein pellet Blue supernatant

Adjust pH ]0 3.5and

Resuspension and adjustment of pH to 7

r
. . Protein pellets
Protein suspension at pH Supemnatant P
Dialysis at 4°C for 48 Resusnension and adiugtment of nH
. i

[ Protein suspension at pH

Desalted proteins

Fraeze Dialysis at 4°C for 48
r

Dry protein Desalted protein

I}etiuin;.- with n-hexane five hours Freeze iﬂ'ina

Dry proteins

Green Soluble Spiruling
Proteins (G55P) Defatting \-.-'ithJ}-hc.:camc five hours
log Blue Soluble Spiruling
Proteins (BSSP)
I5¢

Figure 6: Extraction scheme of colored soluble Spirulina protein fractions from Spirulina
powder, A: Blue soluble Spirulina proteins (BSSP), and Green soluble Spirulina proteins
(GSSP); B: Total soluble Spirulina proteins (TSSP) (Adapted from Chronakis (2000))
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2.2 Physicochemical properties of the protein fractions

2.2.1 Determination of total protein

The total protein content of the fractions and that of the Spirulina dry powder are
evaluated using the DUMAS method with a nitrogen conversion factor of 6.25. The
method is based on burning out 200 mg of sample and the nitrogen from the burned
sample is quantified. The value obtained is converted to protein content using the
conversion factor mentioned above.

2.2.2 Ash content determination

The ash content of the samples is evaluated using the NF V 04-384 (AOACI, 2000) by
incinerating 3g of sample in a muffle furnace (Nabertherm, Bremen, Allemagne) at
500°C overnight. Experiments are repeated three times for every sample.

2.2.3 Fat content and dry matter
Fat content is determined by Soxhlet extraction method.

Dry matter content is determined using the AOAC (1990) method by drying the
samples in an oven until a constant mass is obtained.

2.2.4 Zeta potential of the fraction solutions

The zeta potential ({ potential) of the fractions solutions were measured using the
Delsa Nano C Beckman Coulter (Miami, USA) coupled with an automatic titrator Delsa
Nano AT (Miami, USA). Fraction solutions (0.05% (w/w) were prepared in milli Q
water. Tested pH ranged from 2 to 10 and data were plotted in a graph ¢ potential = f
(pH). The isoelctric pH (pHi) of the fractions were identified as the point at which the {
potential equals to zero.

2.2.5 Polyacrylamide gel electrophoresis (SDS-PAGE)

SDS-PAGE protein analysis of colored Spirulina protein fractions was performed
according to the method of Laemmli (1970) using 12 % acrylamide gel, under reducing
conditions in a Mini-Protean Il electrophoresis cell (BioRad, Hercules, CA). Gels were
run at 160 V for 45 minutes, and stained with coomassie brilliant blue. Densitometry
analysis of bands obtained in SDS-PAGE profiles was performed using ImageJ software.

2.2.6 Color of the extracts

The CIELAB coordinates (L*, a*, b*) are red with a spectrophotocolorimeter
(Hunterlab, Hunter Associates laboratory, Reston, Virginia, USA). The colorimeter is
calibrated before measurements using a white and a black standard plate ceramic tile. In
this coordinate system, the L* value is a measure of lightness, ranging from 0 (black) to
100 (white), the a* value ranges fr