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resumo 
 

 

As microalgas eucarióticas Chlorella vulgaris e Porphyridium purpureum 
têm-se destacado do ponto de vista biotecnológico devido à capacidade de 
produzirem vários metabolitos com interesse comercial, como pigmentos e 
polissacarídeos, para além da proteína e dos lípidos. 

A Chlorella vulgaris é verde devido ao seu alto teor em clorofila, sendo 
uma fonte valiosa deste aditivo alimentar. No entanto, uma vez que as 
clorofilas são compostos bastante sensíveis, podem degradar-se facilmente 
por vários mecanismos quando armazenadas. Assim, com o objetivo de 
determinar as condições mais apropriadas para a preservação de clorofilas 
isoladas, as clorofilas da C. vulgaris foram extraídas com 96% de etanol para 
estudar a influência da temperatura, luz, alcalinidade e atmosfera modificada 
na estabilidade da cor nas soluções etanólicas. Nas condições avaliadas, a 
perda da cor verde deveu-se principalmente à ação da luz (com um 
fotoperíodo de 24 h), seguida da temperatura elevada (60 °C). A perda da cor 
verde das soluções etanólicas com o aumento da temperatura seguiu uma 
cinética de 1.ª ordem, sendo mais significativa entre os 28 e os 60 °C, 
apresentando uma energia de ativação de 74 kJ/mol. Para temperaturas mais 
baixas observou-se uma resistência das clorofilas à degradação quando 
preservadas em etanol. A adição de NaOH e a atmosfera inerte rica em árgon 
não apresentaram um efeito estatisticamente positivo na preservação da cor 
verde. Desta forma, o extrato etanólico de C. vulgaris foi mais estável quando 
preservado no escuro à temperatura ambiente ou a temperaturas mais baixas. 
Os extratos etanólicos da C. vulgaris mostraram ser um aditivo alimentar 
natural adequado para corar produtos alimentares de verde. Como caso de 
estudo, foi corado arroz cozido frio para ser usado em sushi. Esta cor 
manteve-se estável durante pelo menos 3 dias de armazenamento, tanto na 
presença como na ausência de luz.  

Para além do alto teor em clorofilas, a microalga C. vulgaris é rica em 
amido e polissacarídeos estruturais, que podem também ter elevado potencial 
de valorização enquanto ingredientes alimentares. Assim, de forma a testar 
esta hipótese, a digestibilidade do amido foi avaliada na biomassa crua e 
cozida de C. vulgaris, apresentando uma libertação de 43 e 71% de glucose, 
respetivamente. A baixa extratabilidade do amido obtido com água quente 
mostrou um impedimento devido à presença de proteína. Este impedimento de 
extração foi ultrapassado usando soluções aquosas de 1 M e de 4 M de KOH, 
permitindo obter mais 51% do total de amido da microalga. O resíduo final 
obtido após as extrações mostrou que apenas 16% do amido ficou por extrair.  
 
 
  

 

 

 



 

 

 

 

 

Para além disso, as soluções de KOH também permitiram obter galactanas 
contendo resíduos de galactose com ligações nos carbonos 1,3, 1,6 e 1,3,6. 
Estas ligações também foram observadas nos polissacarídeos recuperados 
do meio de cultura, mostrando uma similaridade entre os polissacarídeos 
extracelulares e os polissacarídeos presentes na parede celular. O material 
polimérico extracelular revelou um efeito imunoestimulador in vitro em 
linfócitos B. 

A microalga vermelha salina Porphyridium purpureum, também 
conhecida por Porphyridium cruentum, tem despertado interesse comercial 
para ser usada para alimentação de peixes em aquacultura. Esta microalga é 
rica em proteínas, amido florídeo e tem a capacidade de excretar elevados 
níveis de polissacarídeos sulfatados (sEPS) para o meio de cultura. A 
microalga P. purpureum é cultivada facilmente e pode alterar a sua taxa de 
crescimento e a sua composição em resposta a alterações ambientais. Neste 
contexto, foi avaliado o impacto da salinidade do meio de cultura (18, 32 e 50 
g/L de NaCl) no crescimento celular da P. purpureum, assim como na 
composição da sua biomassa e no rendimento de produção e estrutura 
química dos seus polissacarídeos extracelulares. Um crescimento máximo 
estimado de 5.7×106 células/mL foi obtido no meio de cultura com uma 
salinidade de 32 g/L de NaCl, após 19 dias de crescimento. Apesar da 
composição da biomassa da microalga P. purpureum não mudar 
significativamente com o nível de salinidade do meio de cultura, o rendimento 
de excreção dos sEPS foi maior para a cultura com 32 g/L de NaCl (90 mg/L). 
Para além disso, a salinidade do meio de cultura também alterou ligeiramente 
o padrão de sulfatação das glucuronoglucogalactoxilanas, uma vez que os 
sEPS produzidos pela P. purpureum que cresceu com o menor nível de 
salinidade, tendem a ser mais sulfatados na posição O-3 da xilose e na 
posição O-6 da glucose, enquanto a salinidades superiores os sEPS tendem 
a ser mais sulfatados na posição O-4 da xilose e da glucose. Os sEPS 
produzidos com salinidades maiores também revelaram uma maior 
percentagem de resíduos lineares de 2-Gal, 3-Gal e 4-Gal. No entanto, em 
todas as amostras, os resíduos de açúcares mais representativos foram os t-
Xyl, t-Xyl4S, 3-Xyl, 4-Xyl, t-Glc, 3-Glc6S, t-Gal e 2,3,4-Gal. Os sEPS 
mostraram um efeito imunoestimulador in vitro nos linfócitos B, à semelhança 
do efeito também demonstrado pelos polissacarídeos extracelulares da C. 
vulgaris. A produção destes sEPS pela microalga P. purpureum pode ser 
realizada a larga escala num fotobiorreator de placas planas verticais de 800 
L com um bom rendimento de excreção (144 mg/L), comprovando a 
viabilidade destes sEPS para produção industrial e comercialização.  

Em conclusão, esta tese de doutoramento aumentou o conhecimento do 
potencial biotecnológico dos pigmentos e polissacarídeos da C. vulgaris como 
ingredientes alimentares, com a vantagem comercial adicional de poderem 
ser co-extraídos. Além disso, os polissacarídeos extracelulares sulfatados da 
microalga P. purpureum revelaram um grande potencial para serem usados 
na aquacultura, de forma a aumentar a atividade imunoestimuladora dos 
peixes.  
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abstract 

 
Chlorella vulgaris and Porphyridium purpureum are two eukaryotic 

microalgae that have been highlighted from the biotechnological point of view 
due to their capability of producing multiple interesting metabolites, such as 
pigments and polysaccharides, beyond protein and lipids. 

Chlorella vulgaris is green due to the high cholorophyll content, 
representing a valuable source of this food aditive. However, since chlorophylls 
are sensitive compounds, they degrade easily by various mechanisms during 
storage. Aiming to find food grade suitable conditions for isolated chlorophylls 
preservation, C. vulgaris chlorophylls were extracted with 96% ethanol to study 
the influence of temperature, light, alkaline conditions, and modified 
atmosphere on the stability of the color in ethanolic solutions. Under the 
conditions used, the color loss was mainly due to the intense light (photoperiod 
24 h), followed by the hight temperature (60 °C). The loss of green color in the 
ethanolic solution with temperature followed the first-order kinetic, being more 
significant between 28 and 60 °C, with an activation energy of 74 kJ/mol. To 
lower temperatures C. vulgaris chlorophylls showed  resistance to the 
degradation when preserved in ethanol solutions. The addition of NaOH and 
the inert argon-rich atmosphere did not exhibit a statistically positive effect on 
the color preservation. Thus, C. vulgaris ethanolic extract showed to be more 
stable when protected from light at room temperature or bellow. C. vulgaris 
ethanolic extract showed to be a suitable natural food additive to coloring food 
stuffs. As case of study, the cooked cold rice was colored to be used in sushi. 
The color remained stable up to 3 days of storage at 4 ºC, either in the 
presence or absence of light.  

Beyond the high content in chlorophylls, C. vulgaris is rich in starch and 
structural polysaccharides that could have also great potential to be valued as 
food ingredients. Therefore, to fulfill this hypothesis, starch digestibility was 
evaluated in raw and boiled biomass, showing 43% and 71% of glucose 
released, respectively. The low extraction yield of starch obtained with water 
(13%) allowed to infer protein hindrance. This was overcome by 1 M and 4 M 
KOH aqueous solutions that allowed to obtain an additional 51% of starch. The 
final residue left showed that only 16% of total starch remained unextracted. 
KOH solutions allowed also to obtain galactans composed by 1,3-, 1,6- and 
1,3,6-linked galactose residues. These linkages were also observed in the 
polysaccharides recovered from the growth medium, showing similarity 
between the exopolysaccharides and those present in the cell wall. The 
extracellular polymeric material revealed in vitro immunostimulatory effect on B 
lymphocytes.  
 
 



  
 
 
 
 

Porphyridium purpureum, also recognized as Porphyridium cruentum, is a 
red saline microalga that have been aroused commercial interest to be used for 
feeding fish in aquaculture. This microalga is rich in proteins and floridean 
starch, having the ability to excrete high levels of sulfated polysaccharides 
(sEPS) into the growth medium. P. purpureum is easily cultivated and could 
change their growth rate and composition in response to environmental 
variations. Thus, the impact of growth medium salinity (18, 32, and 50 g/L 
NaCl) on P. purpureum cells growth, biomass composition and on the 
extracellular polysaccharides production yield and chemical structure were 
evaluated. A maximum growth estimated as 5.7×106 cells/mL was obtained for 
32 g/L of NaCl, after 19 days of growth. Besides biomass composition was not 
greatly changed, the sEPS excretion yield reflected the effect of salinity, higher 
for 32 g/L of NaCl (90 mg/L). The growth medium salinity slightly changed the 
sulfation pattern of the glucuronoglucogalactoxylan, since sEPS produced from 
P. purpureum grown at lower salinity tend to be more sulfated in O-3 position of 
xylose and O-6 position of glucose, while at higher salinity the sEPS tend to be 
more sulfated in O-4 position of xylose and glucose. The sEPS produced at 
higher salinity also revealed higher content of linear 2-Gal, 3-Gal, and 4-Gal 
residues. In all samples, the most representative sugar residues were 
constituted by t-Xyl, t-Xyl4S, 3-Xyl, 4-Xyl, t-Glc, 3-Glc6S, t-Gal, and 2,3,4-Gal. 
The sEPS showed immunostimulatory effect on B lymphocytes in vitro, similarly 
to the effect also demonstrated by the C. vulgaris extracellular polysaccharides. 
P. purpureum sEPS could be produced at large scale at an outdoor 800 L-flat 
panel photobioreactor with higher excretion yield (144 mg/L), revealing the 
potential of industrial production and commercialization of sEPS.  

In conclusion, this PhD thesis significantly upgraded the knowledge about 
the biotechnological potential of C. vulgaris pigments and both starch and 
exopolysaccharides, as food ingredients, with the additional commercial 
advantage of the possibility of these metabolites’ co-extraction. Moreover, P. 
purpureum sEPS revealed biotechnological potential to be used in aquaculture 
to enhance humoral immunoactivity of fish. 
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CHAPTER 1.  Introduction 
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1.1  An introduction to microalgae 

Algae are recognized as one of the oldest life forms and include a large group of 

organisms from different phylogenetic groups. Algae includes macro and microalgae. 

Macroalgae, frequently referred to as seaweed, are macroscopic and multicellular organisms, 

whereas microalgae are unicellular or simple multicellular photosynthetic microscopic 

organisms, with cells size ranging from a few µm to about 200 µm [1,2]. Microalgae covers 

several life forms that are not closely related, encompassing four out of seven kingdoms: 

Plantae, Chromista, Protozoa, and Bacteria, including both prokaryotic and eukaryotic 

microorganisms [3,4]. The systemic classification of algae is traditionally based on their 

pigment composition and is divided into 5 main groups: green algae (Chlorophyceae), blue-

green algae (Cyanophyceae), golden algae (Chrysophyceae), diatoms (Bacillariophyceae), 

and the named classis nova (Porphyridiophyceae) [1,5,6]. However, current systems of 

classification take account other criteria, such as the cytological and morphological 

characters, cell wall and storage products chemical nature, and phylogenetic traits [4,5,7]. 

Guiry and Guiry [8] considers 10 phyla: Cyanobacteria (=Cyanophyta), Euglenophyta, 

Heterokontophyta (=Ochrophyta), Haptophyta, Cryptophyta, Miozoa (=Dinophyceae), 

Cercozoa (Chlorarachniophycea), Glaucophyta, Rhodophyta, and Chlorophyta (Figure 1.1). 

The classifications system is constantly and rapidly under revision following the new genetic 

and ultrastructural evidence, and, consequently, these taxonomic organization may change 

as information is revealed [4,9].  

The green microalga Chlorella vulgaris belongs to the domain Eukaryota, kingdom 

Plantae, phylum Chlorophyta, genus Chlorella, and species Chlorella vulgaris. The name 

Chlorella comes from the Greek word chloros (Χλωρός), which means green, and the Latin 

suffix ella referring to its microscopic size [10]. The red microalga Porphyridium purpureum 

belongs to domain Eukaryota, kingdom Plantae, phylum Rhodophyta, genus Pophyridium, 

and species Porphyridium purpureum [11]. 
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Figure 1.1 – Microalgae phyla distribution as per seven Kingdom classification according to Guiry and Guiry [8]. 

 

Microalgae can grow in freshwater, such as C. vulgaris, and marine environments, such 

as P. purpureum, as well as from almost every environmental condition on Earth where 

sunlight and water coincide, such as in soils, desert sands, rivers, lakes, snowfields, hot 

springs, or oceans. These microorganisms can be found either in frozen lands of Scandinavia 

or in hot desert soils of the Sahara. Microalgae have an ancient history that left a footprint 

of 3.4 billion years, thus represent an exceptionally diverse and highly specialized group of 

microorganisms [3,10,12,13]. The biodiversity of microalgae represents an almost untapped 
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resource. The estimated number of described species ranges between 40 000 to 60 000, but 

the number of undescribed species has been estimated as close to ten million of species 

spread over the globe. In comparison, only 250 000 land plant species have been recorded 

[6,14]. However, only a few species have been identified to be useful for commercial 

application, such as Chlorella and Porphyridium species [5]. 

Microalgae has been used by humans for a long time. It dates back thousand years to 

the Chinese, who used Nostoc flagelliforme (cyanobacteria) to survive to famine. Other 

microalgae species, such as the blue cyanobacteria Arthospira (Spirulina) have been also 

exploited as a food source by ancient civilizations such as the Aztecs in Mexico [15]. The 

first scientific studies on microalgae started with Chlorella vulgaris at the end of the 19th 

century [16]. However, the production of microalgal biomass really began in the early 1950’s, 

starting first with Germany when societies after war were apprehensive at the increase of the 

world’s population and its implication of a possibly insufficient protein supply [9,17]. The 

commercial large-scale culture started in the early 1960’s in Japan [17]. Attention was 

focused on freshwater Chlorella species due to their high growth rate, high content of 

valuable compounds and resistance to variable growth conditions [18]. However, with the 

need of a sustainable development and to explore the vast biotechnological potential that 

these new sources of biomass can provide, a new wave of research and investment has been 

surged worldwide recently [14]. As is demonstrated in Figure 1.2, the scholarly output about 

microalgae from 2010 to 2020 shows the tendency of the increasing publications worldwide 

and in Europe, over the last decade, supporting the increasing research interest in these 

microorganisms. 

 

 

 

Figure 1.2 – Scholarly output (number of publications) of microalgae from 2010 to 2020 worldwide and Europe. 

Data source: Scopus. 
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There are several reasons that justifies the attention given to microalgae organisms, 

which are summarized in Figure 1.3. Microalgae, as a photosynthetic organism, can derive 

their energy from sunlight and carbon from inorganic sources, such as CO2. Moreover, when 

compared to higher plants, these microorganisms show higher photosynthetic yields, with 

an annual photon-to-biomass conversion efficiencies of about 3% vs. < 1% for higher plants, 

no intrinsic susceptibility to seasonality, and the fact that they live in aquatic medium gives 

them direct access to their nutrients, which results in higher growth productivities [9,14,19]. 

The higher growth rates combined with the great biological diversity of microalgae and their 

exceptional range of adaptability allowed the production of high value compounds, such as 

pigments, carbohydrates, proteins, or fatty acids with high yields [14]. 

Microalgae can be grown on brackish water, thus they do not compete with crops for 

arable land and freshwater. Consequently, they do not compromise the production of food 

or other products from crops [20]. Since microalgae have the capacity to assimilate nutrients 

from most wastewaters, it also makes them a suitable alternative method for wastewater 

treatment [5,21,22]. Furthermore, they are able to recycle the industrial flue gases and 

atmospheric carbon dioxide, reducing greenhouse gases emission and improving air quality 

[23]. Indeed, microalgae CO2 mitigation has been pointed as an important response to the 

current environmental issues due to their greater capacity to fix CO2 compared to higher 

plants [24,25], being able to absorb up to 200 times more CO2 than trees, depending on the 

species [3]. Microalgae produce close to 50% of all the photosynthetically worldwide 

produced oxygen [26].  

Microalga can grow easily in reactors with high level of growth control and sterile 

conditions, which enables the production of valuable compounds always with similar 

properties. Moreover, the cultivation in reactors offers the additional possibility of adjusting 

and adapting culture conditions in real time, allowing growers to react instantaneously to the 

culture situation, increasing biomass productivity [14]. 
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Figure 1.3 – Beneficial outputs of culturing microalgae. 

 

1.2  Cultivation of microalgae 

Sustainable and effective cultivation systems appropriate for each microalgae species 

are a requisite to achieve the full potential of microalgae biomass, especially for large scale 

industrial applications. There are three distinct microalgae production systems: 

photoautotrophic, heterotrophic, and mixotrophic. Photoautotrophic cultivation means that 

inorganic forms of carbon (CO2 or bicarbonates) are supplied to the cultures as a carbon 

source to generate organic compounds by using energy from light through photosynthesis 

[23,26,27]. On heterotrophic cultivation, microalgae depend on organic carbon substrates to 

provide both carbon source and energy [26,28]. Mixotrophic cultivation employs a 

combination of autotrophic and heterotrophic production, thus microalgae use light, CO2 to 

photosynthesis and organic carbon in the aerobic respiration [26,29]. Taking into 

consideration the costs for organic supply and artificial light, the photoautotrophic system 

using sunlight is the most viable option for the production of microalgae biomass on a large 

scale [26,30]. 
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1.2.1  Microalgae cultivation techniques 

Microalgae can grow easily in natural environments, thus the artificial production 

should replicate and improve the optimum natural conditions in order to improve biomass 

concentrations and biomolecules production [3]. In this line, the design and optimization of 

artificial production to allow light penetration and an efficient supply of carbon for the rapid 

microalgae cultivation are important requirements to make viable the commercialization of 

these microorganisms. Microalgae are cultivated in two different aqueous systems, namely 

open ponds and photobioreactors (PBRs) [1,31]. 

Open ponds are the most basic cultivation systems and comprise lake and natural ponds, 

as well as circular ponds and raceways. The open-air systems are easier to build, are less 

expensive, and have larger production capacity than most PBR, being the most widespread 

microalgae growth system. They can utilize sunlight and the nutrients provided through 

waters from nearby land areas or by using the water from sewage/water treatment plants thus 

making it the cheapest method of large-scale algal biomass production [32]. However, this 

cultivation method is only promising for large scale commercial production of robust 

microalgae species. Some delicate species, such as Porphyridium purpureum, are damaged 

by the circulation system of circular ponds [33], limiting their application. Moreover, these 

systems present other technical challenges, since they are vulnerable to weather conditions, 

making unfeasible the control of temperature or light. They are also vulnerable to other 

microalgal or other microorganisms contamination, and are vulnerable to contaminations 

from waters, as heavy metals, limiting the commercial output of microalgae [1,31].  

Photobioreactors (PBRs) are close systems for cultivating microalgae biomass on a 

laboratory and industrial scale. Close PBRs normally consist of vessels made from 

glass/fibre/plastic and the light passes through the transparent reactor walls to reach the 

microalgae cells culture [34]. PBRs allow to control and standardize of almost all 

biotechnology important growth paraments, with the additional advantage of allowing to 

reduce risk of contaminations and CO2 losses [1,6,31]. The controlled growth conditions led 

to a reproducible cultivation, as well as to higher biomass concentrations, which are 

requisites for the production of high-value products [1]. Strains such as Chlorella, 

Porphyridium, Scenedesmus, Dunaliella, Spirulina, and Haematococcus have been widely 

cultured using PBRs [35]. There are several designs of PBRs, namely tubulars, flat panels 

or wall PBRs, columns, and stirred tank reactors. Tubular and flat panel PBRs have the 
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advantage of providing a good balance of irradiation area per unit of reactor volume and an 

efficient stirring effect. In addition, since flat panel PBRs are built of thin layers, this might 

contribute to an even higher light intensity [6,36]. Due to design limitations, tubular reactors, 

such as the ones presented in Figure 1.4 for the production of Chlorella vulgaris and 

Porphyridium purpureum, are the bioreactors that have been widely used in industrial scale, 

yielding reasonable energy and cost efficiency [1]. 

 

 

Figure 1.4 – Tubular PBR cultivation for microalgal cultures: a) Chlorella vulgaris culture produced by 

Allmicroalgae, S.A. (Pataias, Portugal); b) Porphyridium purpureum culture produced by Necton, S.A. (Olhão, 

Portugal). 

 

1.2.2  Growth factors affecting microalgal cultures 

The culture media used to produce microalgal biomass must supply all the necessary 

environmental conditions required for cells during the different growth phases (e.g. lag, and 

exponential phases), and for the microalgae maintenance (stationary phase). Thus, the most 

important parameters that regulates microalgal growth include the nutrients, CO2, light, 

temperature (optimal temperature generally between 20-24 ºC), pH (most of the microalgae 

grow in the pH range of 6-9), turbulence (to promote appropriate distribution of nutrients, 

light and CO2), and salinity, that strongly depends on the ecological origin of the microalgae 

[1–3,37]. Culture media should contain carbon, nitrogen, and phosphorous sources and some 

other macronutrients, such as Na, Mg, Ca, and K. Micronutrients, such as Mo, Mn, B, Co, 

Fe, S, and Zn, chelating agents, and vitamins [1,2,38–40] are also required. Light intensity, 

spectral quality, and photoperiod (light/dark period) are also important variables for proper 

growth.  

a b
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The salinity levels of the growth medium is another important aspect to culture 

microalgae [41,42]. However, it has been less exploited. Furthermore, salinity tolerance is 

an important parameter since avoiding the use of freshwater, can make the system more 

environmental friendly [26]. High salinity levels in culture media could imply an osmotic 

stress, and consequently, microalga can alter their cell metabolism, which influences the 

biomass productivity [43–45]. Indeed, the sodium chloride (NaCl) concentration of culture 

medium influences the growth behaviour of the marine microalgae, namely Porphyridium 

species. Different optimal NaCl water culture concentrations, namely 20, 24.5, and 41.8 g/L 

[46–48], were achieved by different studies to promote an optimal biomass production of 

Porphyridium species, which are nearly included in the optimal range of 26 to 47 g/L 

proposed by Cohen et al. [49]. The differences in optimal NaCl concentrations could be 

related with the additional environmental conditions that possibly affects the growth/salinity 

relationship [50]. The salinity levels, as well as the other abiotic factors necessary for cells 

growth, also can have influence on the pattern, pathway, and activity of cellular metabolism 

to protect cells from salt injury by changing the cellular composition. Consequently, the 

salinity levels affect the production of high-value biomolecules [26,40,51]. Different 

osmotic levels revealed influence on biomass composition of Porphyridium species, such as 

proteins [47] and free amino acids [52], fatty acids, namely on eicosapentaenoic acid (EPA) 

and arachidonic acid (AA) [48,53,54], phycoerythrin [55], and carbohydrates [56], namely 

starch and sulfated extracellular polysaccharides (sEPS) [47]. Regarding to the latter 

biomolecules, the only information available concerns to the fact that at 20 g/L of NaCl P. 

marinum produces lower content of sulfated polysaccharides but higher content of starch.  

Different marine and freshwater species of microalgae have different growth media 

requisites, consequently, optimal growth parameters should be determined individually to 

achieve optimal biomass and high-added value molecules production.  

 

1.3 High-added value molecules  

Recently, the principal field of microalgae research and applications has changed, being 

more focused on the production and valorization of high-added value molecules, instead of 

biofuels production or environmental applications [9]. This trend may be due to the high cost 
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of microalgae production even at large scale, mainly due to the expensive downstream 

processing to recover the biomass [9]. 

Actually, microalgae are recognized as a tremendous source of a large plethora of 

biomolecules with high-added value due to their extremely phylogenetic diverse collection 

that results in a great diversity of the chemical composition of these organisms [21,57,58]. 

Among the many high-added value biomolecules known to be produced by microalgae are 

the lipids, proteins, pigments (like chlorophylls, carotenoids, and phycobiliproteins), and 

polysaccharides, which can be applied using whole biomass or as isolated bioactive 

molecules [6,59–61]. Moreover, biomolecules of microalgae can be sequentially co-

extracted and valorised in different applications, increasing their bio-economic viability for 

industrial exploitation.  

Microalgae possess two main groups of lipids: the storage lipids (mainly triglycerides), 

which are produced by photosynthesis and stored in the cells, and the structural lipids 

(phospholipids and sterols), which are an integral part of the cell structure [62]. These 

photosynthetic microorganisms are able to produce varied classes of fatty acids, such as 

C14–C22, saturated and unsaturated fatty acids [5], which profile is relatively preserved 

within a phylum [63], but their contents varies within species according to environmental 

factors [64]. For instance, C. vulgaris when cultivated under nitrogen limitation growth 

conditions is able to accumulate up to 63% of total lipid in dry weight, consisting primarily 

of neutral lipids, mostly triglycerides [65]. On the other hand, P. purpureum produces 1-

11% of total lipids, possibly due to the differences on culture media composition or/and 

difference in strains [56,66].  

Eukaryotic microalgae contain generally more unsaturated fatty acids [5]. Within them, 

polyunsaturated fatty acids (PUFAs) are of special interest for both food and 

pharmaceuticals applications, as nutritional supplements for the prevention of cardiovascular 

diseases [67,68]. Prominent microalgae PUFAs include docosahexaenoic acid (DHA 22:6 

n-3), eicosapentaenoic acid (EPA 20:5 n-3), arachidonic acid (AA 20:4 n-6), α-linolenic acid 

(ALA 18:3 n-3), and γ-linolenic acid (GLA 18:3 n-6) [26]. Chlorella species showed high 

proportion of medium chain FAs (<C20), producing mainly palmitic acid (16:0) and oleic 

acid (18:1) and only minor portions of polyunsaturated fatty acids, namely linoleic and 

linolenic acids (18:2 and 18:3, respectively) [65,69]. Other species such as Porphyridium 

purpureum are a promising long chain PUFAs producer (> C20) [5,40], such as arachidonic 
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acid and eicosapentanoic acid, which can comprises up to 37%  [70,71] and 36% of total 

fatty acids, respectively [49].  

Proteins are other biomolecules that microalgae can produce in higher amounts. Indeed, 

these microorganisms are able to accumulate protein up to 70% of their dry weight, 

depending on culture conditions, although most microalgae have protein contents around 

50% [72]. Proteins in C. vulgaris could represent 35–58% of biomass dry weight [72–74], 

while P. purpureum has the capacity to accumulate proteins up to 56% of their dry weight 

[75]. Microalgae proteins have also a rich and varied composition of essential amino acids 

that contributes to a high biological value [6,76,77]. Hence, microalgae biomass, such as 

Chlorella and Porphyridium compare favourably with the standard protein/amino acids 

requirement profile for human nutrition proposed by World Health Organisation (WHO) and 

Food and Agricultural Organisation (FAO) (Table 1.1). It is estimated that proteins derived 

from as algae or insects, will be an important source in a near future food supply market [78]. 

 

Table 1.1 – Amino acid profile (content per 100g) of Chlorella vulgaris [79] and Porphyridium purpureum [75], 

compared with the FAO/WHO/ONU [80], as a reference pattern. 

Source His Ile Leu Lys 
Met+ 

Cys 

Phe 

+ 

Tyr 

Thr Val Trp Ala Arg Asp Glu Gly Pro Ser 

FAO 

/WHO 
1.9 2.8 6.6 5.8 2.5 6.3 3.4 3.5 1.1        

C. vulgaris 2.2 4.5 9.8 7.1 1.9 7.8 4.6 7.9 1.2 11.5 6.0 10.1 14.4 5.3 5.2 3.3 

P. purpureum 1.1 5.2 5.8 5.5 3.1 9.4 6.2 2.5 1.4 6.7 7.8 11.2 8.2 6.9 2.5 8.1 

 

 

1.3.1 Pigments 

Pigments are chromatic chemical substances that are part of the photosynthetic system 

of autotrophic organisms, including microalgae [81], due to the ability to capture solar 

energy to be transformed into chemical energy [82]. They are also responsible to repair the 

photosynthetic apparatus [26,64]. Pigments can be distinguished into three different 

categories: chlorophylls, carotenoids, and phycobiliproteins, which are responsible for green, 

yellow/orange, and red/blue color, respectively [9,62]. These pigments, including those from 

microalgae, are being exploited for different applications in a variety of industries, from food 

natural colorants to health products [83]. Although their great potential for biotechnological 
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purposes, the use of these products still faces some challenges, like the high cost of 

production and the instability of the isolated pigments. Nevertheless, it has been made efforts 

to provide promising prospects for the use of microalgae as a source of pigments [84].  

 

1.3.1.1 Chlorophylls 

In eukaryotic microalgae, chlorophylls are located in the chloroplast (similar to higher 

plants), while in Cyanobacteria they are located in the photosynthetic lamellae. Structurally, 

chlorophylls are constituted by a large aromatic tetrapyrrole macrocycle, with a centrally 

bound Mg ion (that maximizes excited state lifetime of chlorophyll) and a hydrocarbon tail 

(that anchors and orients the pigment in thylakoids), the phytol (Figure 1.5) [85,86]. There 

are five kinds of chlorophyll in microalga: a, b, c, d and f, which have some small differences 

in their absorption spectra, and, consequently, in their tonality. Chlorophyll a (Chl a) has a 

blue-green color and occurs universally in algae of all classes. Chlorophyll b (Chl b) is a 

brilliant green and it is largely or entirely restricted to green algae (Chlorophyta), such as C. 

vulgaris; chlorophylls c is yellow-green and occur in many classes, chlorophyll d is a 

brilliant/forest green and it is present in Rhodophyta, and chlorophyll f is emerald green and 

it is present in Cyanobacteria [81,87]. The Chl a:Chl b ratio ranges from 2:1 to 3:1 in green 

algae [88]. The difference between Chl b and Chl a is attributed to a methyl functional group 

on porphyrin ring in Chl a and an aldehyde (formyl) group in Chl b [89], as shown in Figure 

1.5. This makes chlorophyll b slightly more polar than chlorophyll a. 
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Figure 1.5 – Schematic representation of Chlorophyll a and Chlorophyll b. In Chl a the side group in the C7 is a 

methyl group (-CH3) while in Chl b it is an aldehyde group (-CHO) [86].  

 

All chlorophylls have two main absorption bands, 450-475 (blue light) and 630-675 nm 

(red light) [84]. The solvents may also influence the maximum absorption wavelength of 

chlorophylls’ spectra. Different ethanol concentrations (1-60% of ethanol)  have a maximum 

absorbance of Chl a between 420 and 432 nm [90]. 

Chlorophylls has been used by food industry as a natural pigment ingredient in 

processed foods. Indeed, due to their strong green pigmentation and consumers demand for 

natural foods, chlorophylls are gaining a major importance as food additives [91]. However, 

it is difficult to keep green color of chlorophyll extracts or processed food products. These 

pigments are chemically unstable to pH variations and are vulnerable to heat, oxygen or 

intense light, which can lead to the formation of a large number of degradation products. 

Acidification and/or thermal processing result in a perceivable discoloration of chlorophylls 

from bright green to an olive-green or olive-yellow color, known as pheophytinization 

(Figure 1.6). During this reaction, hydrogen ions can transform the natural chlorophylls to 

their corresponding pheophytins by substitution of the Mg2+ in the porphyrin ring [81,92–

94]. The formation of chlorophyllides from chlorophylls can also occur, involving the 

saponification of the phytol side chain with sodium hydroxide [95] (Figure 1.6). Other 

chemical degradation routes are oxidation or photo-oxidation, if light is implicated [94].  

R

Chl a, R = CH3

Chl b, R = CHO

Phytol

7
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Figure 1.6 – Major Chl a and Chl b degradation and derivatization routes. Saponification results in water-soluble 

chlorophyllides that can be further degrade through heating and acidification to pheophorbides. The exposure to 

heat/ acid results in loss of central Mg2+ metal through pheophytinization reaction, forming pheophytins. The 

inclusion of divalent metals such as Zn2+ and Cu2+ results in a “regreening” by generation of Zn-pheophytins and 

Cu-pheophytins. 

 

Color plays a dominant role on the appearance and acceptance of food matrices and their 

change could be perceived by consumers as a loss of quality [96]. Thus, efforts in preserving 

the green chlorophylls in foods [97–102] or solvents extracts, such in acetone [103] or 

ethanol [90], have been carried out though pH control [97,98,102], enzymatic treatments 

[100], temperature control [90,97–99,102,103], and addition of metal ions Cu2+ and Zn2+ 

[97,101].  

Regarding to the legal aspects, European legislation (Commission Directive 95/45/EC) 

allows the use of two natural green colorants in foods, E140 and E141 [104]. E140 consist 

of Mg-containing chlorophylls and their direct chlorophyll derivatives, obtained from edible 

natural source materials with organic solvents. E140i colorant represents liposoluble Mg-

Chls a and b as well as their pheophytins directly extracted from the natural sources, whereas 

E140ii colorant represents water soluble chlorophyllins (Na or K-chlorophyllins without 

phytol and with or without the central Mg2+), which is obtained by alkali treatment 

(saponification) followed by the neutralization with K and/or Na salts [105]. The E141 

Chlorophyll a, R=CH3

Chlorophyll b, R=CHO

Chlorophyllide a, R=CH3

Chlorophyllide b, R=CHO

Heat/Acid

Pheophorbide a, R=CH3

Pheophorbide b, R=CHO

-Mg2+

Pheophytin a, R=CH3

Pheophytin b, R=CHO

Heat/Acid

+Zn2+/Cu2+

Zn-Pheophytin a, R=CH3

Zn-Pheophytin b, R=CHO

Cu-Pheophytin a, R=CH3

Cu-Pheophytin b, R=CHO
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colorant is classified in the lipid-soluble E141i, consisting of copper chlorophylls (Cu-

pheophytin, Figure 1.6), and in the water-soluble E141ii, consisting of copper chlorophyllins 

[106]. 

Besides the use of chlorophylls in food industry due to their high green pigmentation 

[82], these pigments can be also employed in pharmaceutical and cosmetic industries, due 

to their health benefits, such as antioxidant, stimulation of the immune system, and anti-

inflammatory properties [93,107].  

It has been demonstrated that microalgae can produce chlorophylls in an economically 

feasible way [108]. Thereafter, species such as C. vulgaris are able to grow rapidly and 

achieve  4% of  chlorophylls on a dry weight basis (Table 1.2) [62,81]. In fact, due to its 

chlorophyll content, which is one of the highest found in nature, C. vulgaris is known as the 

“emerald food” [92,109,110]. Moreover, chlorophylls can be isolated as a co-product, which 

can potentiate their valorization, representing an increase of the revenue stream of 

microalgae [111].  

 

Table 1.2 – Pigment content in C. vulgaris grown under different conditions. 

Pigments µg/g (DW) References 

Chlorophyll a 250 - 32 444 [112,113] 

β-Carotene 7 - 12 000 [10,112] 

Lutein 52 - 9 820 [10,114,115] 

Chlorophyll b 72 - 5 770 [10,116] 

Pheophytin a 2 310 – 5 640 [10,116] 

Violoxanthin 10 - 3 700 [10,117] 

Astaxanthin 2 200 [10,118] 

Canthaxanthin 145 - 1 448 [10,118] 

Zeaxanthin 440 [117] 

 

 

1.3.1.2  Carotenoids 

Carotenoids are other class of pigments that, beyond chlorophylls, are found abundantly 

in microalgae. Their maximum wavelength absorption is in the visible region, ranging 
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between 400 and 550 nm [82,84]. Carotenoids are colored lipid-soluble compounds that 

consist of yellow to orange-red tetraterpenoid piments. Oxygen-free hydrocarbon 

carotenoids are named carotenes whereas oxygenated derivatives are recognized as 

xanthophylls. In the latter, oxygen can be present forming hydroxyl, keto and/or epoxy 

groups [93,119,120]. Some carotenoids are found only in certain algal divisions or classes, 

and, consequently, these carotenoids, as well as some chlorophylls, can be used as 

chemotaxonomic markers [121]. The main source of carotenoids is from microalgae 

belonging to the Chlorophyceae class. Among these green microalgae, Dunaliella salina and 

Haematococcus pluvialis are largely studied for β-carotene and astaxanthin production, 

respectively, which biomass accumulation yields depends on culture conditions, namely 

high light intensities [62,81,82,122]. In Table 1.2 is represented the carotenoids content 

specifically for C. vulgaris, depending on growth conditions. These carotenoids have been 

extensively used in food industry and in animal and aquaculture feed, as natural color 

enhancers in alternative to synthetic pigments [123–125].  

 

1.3.1.3  Phycobiliproteins  

Phycobiliproteins are brilliantly colored, autofluorescent, and water-soluble pigments, 

mainly present in Cyanobacteria and Rhodophyta. Due to their role in light harvesting, 

phycobiliproteins are able to maximize their absorption when exposed to external factors 

such as changes in pH and ionic composition. Phycobiliproteins are composed of proteins 

and covalent bound, via cysteine amino acid, to chromophores called phycobillins, which 

belong to a linear tetrapyrroles, conferring them a very stable structure [126]. According to 

their amino acid sequences and spectroscopic properties, they can generally be divided into 

three classes, consisting of red-colored phycoerythrin (PE; λmax = 560–570 nm), blue-

colored phycocyanin (PC; λmax = 610-620 nm), and bluish green-colored allophycocyanin 

(APC; λmax = 650-660 nm) [93,127]. These classes are structurally distinguished by only 

small differences in the groups attached to the pyrrole rings [108]. The phycobiliproteins are 

usually organized to form complexes called phycobilisomes, which contain hundreds of 

protein-bound phycobilins, and are attached to the surface of the thylakoids membranes for 

photosynthesis [93,108]. Unlike chlorophylls and carotenoids, the phycobilin pigments are 

only found in algae [58]. 
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Phycobiliproteins can represent up to 13% of the dry microalgal biomass, under certain 

conditions [128]. Phycocyanin from Spirulina spp. and phycoerythrin from Porphyridium 

spp. are two of the most well-known phycobiliproteins that have been produced on an 

industrial scale [58]. Phycobiliproteins are used as natural food colorant and as markers for 

immunological methods, such as in flow cytometry, microscopy, and DNA test, due to their 

highly sensitive fluorescent properties and high photostability [9,64,82,128,129].  

 

1.3.2  Polysaccharides 

Microalgae polysaccharides are synthesized intracellularly and represent a major part of 

the biomass compounds. In eukaryotes, polysaccharides are formed inside chloroplasts, and 

in prokaryotes are formed in cytosol [20]. Once synthesized, these polysaccharides can 

operate in several biological functions. They can be distinguished in three different classes: 

energy reserve, structural (i.e. cell wall related polysaccharides), and extracellular 

polysaccharides [9,130]. This different type of polysaccharides that exhibit different 

functions in microalgae cells, also reveals different uses in food, nutraceuticals, and 

pharmaceuticals industries. Even although they have been mainly determined as a total 

carbohydrate content, it is important to analyse them separately.  

 

1.3.2.1  Structural characteristics of polysaccharides 

Reserve polysaccharides can provide stored energy needed for the microalgal cells 

metabolic processes and allow, if necessary, temporary survival in the dark conditions. 

Overall, storage compounds, such the carbohydrates, proteins, and lipids, permit the 

microalgal growth adjustment to the changing of environmental conditions [20]. There are 

five types of glucan storage polysaccharides in microalgae, which are species-dependent: 

starch, floridean starch, glycogen, chrysolaminarin, and paramylon and organized by the 

degree of branching and type of glycosidic linkages (Figure 1.7). Starch, floridean starch, 

and glycogen consist of α-1,4 and α-1,6 glucose linkages in different ratios, meaning that 

they have different degrees of branching. Starch is a complex polysaccharide composed of 

two distinct α-glucans: amylose, a low branched polysaccharide, and amylopectin, a highly 

branched one. Amylopectin possesses 5–6% of α-1,6-linkages, which is about one branch 
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point for every 20 glucose residues. The ratio amylose/amylopectin of starch varies 

according to the species origin. Floridean starch is at times referred as amylopectin-rich 

starch, typically contains little or no amylose (0–5%), and consequently its granules are 

composed of more branched polymers compared to starch. In other hand, glycogen has the 

higher degree of branching, with one branching point for 10 glucose residues. 

Chrysolaminarin and paramylon are composed of β-1,3-linked glucose residues. The linear 

paramylon polymers are only composed of β-1,3-linked glucose residues, whereas 

chrysolaminarin has a high degree of branching points, with one β-1,6-linked glucose for 11 

glucose residues [130–135].  

 

 

 

Figure 1.7 – Schematic representation of the five types of storage polysaccharides in microalgae and cyanobacteria, 

adapted from Bernaerts et al. [130]. 

 

Chlorophyta (green microalgae), as C. vulgaris, synthesizes starch; Rhodophyta, such 

as P. purpureum, and Glaucophyta synthetizes floridean starch [136]; cyanobacteria, such 

as Spirulina platensis, produces glycogen; the linear β-1,3-glucan paramylon is 

characteristic of Euglenophyta species [137]; and species belonging to the Ochrophyta 
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phylum, such diatoms and chrysophytes, and to Haptophyta phylum produce 

chrysolaminarin [138]. The location of these types of storage polysaccharides in the 

microalgal cell also differs. While starch granules are typically stored in the chloroplasts, 

chrysolaminarin is accumulated in the vacuoles of the cells. The other three types (floridean 

starch, paramylon, and glycogen) are located as granules in the cytoplasm outside the 

chloroplast [139]. 

The accumulation amount of reserve polysaccharides is dependent of the microalgae 

species and growth conditions. For instance, C. vulgaris is able to produce starch between 9 

to 41% in its dry matter content and P. purpureum is able to produce up to 4 pg/cell of 

floridean starch [140].  

Structural polysaccharides include the polysaccharides that composes the cell wall that 

surrounds most of microalgae. The microalgae cell wall is responsible for preserving the 

integrity of the cell and protecting against unfavourable conditions or invaders [141,142]. 

Literature related with the quantification and characterization of cell wall polysaccharides is 

scarce when compared with the other microalgae macromolecules, which could be due to 

the difficulty in the extraction of these polysaccharides and structural complexity [130]. 

While glucose is the predominant sugar in reserve polysaccharides, the cell wall related 

polysaccharides are usually polymers with a heterogeneous monosaccharide composition 

and different glycosidic linkages. Additionally, these polysaccharides are usually highly 

branched and can have different substituents in the backbone or in the side chains, such as 

sulfate or methyl groups [143]. Cell wall composition differs within a phylum, class, species, 

or even genus [130,144]. Indeed, according to the composition of their rigid cell wall, the 

genus Chlorella can be divided into two distinct groups: one composed by glucosamine 

residues and the other composed by glucose-mannose polysaccharides. C. vulgaris, along 

with C. kessleri and C. sorokiniana, belongs to the group that contains glucosamine, as chitin 

[145–147]. The flexible sugar matrix of chitin-type species is dominated by the neutral sugar 

residues rhamnose and galactose, being other sugar residues as uronic acids, xylose, 

mannose, glucose, present in minor amounts. Some polysaccharides such as a 

glucuronorhamnan [148], β1,3-galactan with 1,6-linkages in the side chains [149], and an 

arabinomannan [150] were also already reported in C. vulgaris cell walls.  

In diverse microalgae species, such as the eukaryotic red microalgae P. purpureum, the 

cell wall is surrounded by an external part of polymers, that can either remain associated to 
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the cell surface or be released into the growth culture, depending on several factors such as 

the growth stage of the microalgae. These polysaccharides are called exopolysaccharides or 

extracellular polysaccharides (EPS). The EPS have a commercial advantage over structural 

polysaccharides, since they can be easily separated and extracted from the culture medium 

[151–153]. Several potential functions have been attributed to those EPS hydrophilic matrix. 

Extracellular polysaccharides promote the formation of cell adhesion, forming aggregates 

that plays a role in the development of biofilms. Moreover, their production is an adaptative 

response of microalgae to several stresses, such as osmotic stress, having the capacity to 

retain water and trap cations, which allows the microalgae to resist to desiccation [9,14]. 

There are still limited information about the structural characterization of the EPS due to 

their very complex structure, similarly to observed for the structural polysaccharides [9,130]. 

Microalgae are recognized as an attractive source of EPS, since they can excrete high 

amounts these polysaccharides [154,155]. For instance, the red microalga Porphyridium is 

able to release soluble exopolysaccharides in a concentration of 0.1–3.4 g/L [156,157] that 

are in the range of relatively high producing photosynthetic microorganisms such as 

Arthrospira platensis (0.03-0.29 g/L [155]), Botryococcus braunii (0.25–1 g/L) and 

Dunaliella salina (0.06-0.94 g/L [158]).  

The extracellular polysaccharides of P. purpureum are not fully characterized, however, 

some studies have been made in order to disclose their composition and structure. These 

extracellular polysaccharides are heteropolymers mainly composed of D-xylose, D- and L-

galactose, and D-glucose that have reach a very high molecular mass (2 to 7×106 Da) [159–

161]. The polysaccharides are anionic due to the presence of glucuronic acid (about 9%) and 

sulfate groups (about 8%), which are located mainly at the O-6 position of glucose 

[159,161,162]. The Porphyridium sp. biopolymer has been found to contain a disaccharide 

of 3-(α-D-glucuronic acid)-L-galactose, an aldobiouronic acid common in polysaccharides 

from another red microalgae species [163]. This disaccharide is part of a tetrasaccharide 

fragment of β-D-Xylp-(1-3)-α-D-Glcp-(1-3)-α-D-GlcpA-(1-3)-L-Galp. The authors were 

unable to distinguish between 2- and 4-Xyl sugar residues, and, therefore, two structural 

possibilities were suggested (Figure 1.8a and b). Moreover, the sulfate groups, as well as the 

non-reducing Xyl and Gal residues, are attached to O-6 Glc of the main chain [159]. 
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Figure 1.8 – Proposed structures of a linear building block of the Porphyridium sp. polysaccharide, R=H, SO3, 

terminal Gal or terminal Xyl, with m=2 or 3, where a) corresponds to (1-2)-β-D- Xylp-(1-3)-α-D-Glcp-(1-3)-α-D-

GlcpA-(1-3)-L-Galp, and b) corresponds to (1-4)-β-D- Xylp-(1-3)-α-D-Glcp-(1-3)-α-D-GlcpA-(1-3)-L-Galp [159].  

 

Gloaguen et al. [160] also attempted to elucidate the structure of Porphyridium sp. by 

uronic degradation with lithium in ethylenediamine, resulting in two neutral 

oligosaccharides fragments (Figure 1.9). Both tetra and hexasaccharide revealed Xyl 

residues in branches linked to Gal by O-2, and the 3 and 4- Xyl residues in the linear 

polysaccharide chain. It is important to note that both proposed structures (Figure 1.8 and 

Figure 1.9) are different, maybe due to the use of different methods in the two studies, or 

due to a difference of origin of alga strains [159].  

 

 

Figure 1.9 – Neutral a) tetra and b) hexasaccharide structures belonging to anionic polysaccharides produced by 

Porphyridium sp. [160]. 
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The green microalgae C. vulgaris is also able to excrete polysaccharides to the growth 

medium, although they have been widely less studied than EPS produced by Porphyridium 

species. Bernaerts et al. [164] found that C. vulgaris excrete polysaccharides containing 

mainly glucose, mannose, and galactose, while Noda et al. [165] described a glycoprotein 

with a polysaccharide fraction of β1,6-D-galactopyranose backbone. More recently, a highly 

branched α-L-arabino-α-L-rhamno-α,β-D-galactan structure was described for C. vulgaris 

EPS [166].  

The great diversity of microalgae structural features of their polysaccharides is related 

with the diverse biological properties attributed to these polysaccharides [6,11,167,168]. 

 

1.3.2.2  Immunostimulatory activity of polysaccharides  

Biological activities of microalgae polysaccharides have been recently explored. C 

vulgaris structural polysaccharides and EPS have been reported to present anti-inflammatory 

[166,169], antitussive [169], antitumor [170], antioxidant [170,171], and 

immunostimulatory properties [172,173]. The sulfated extracellular polysaccharides 

produced from P. purpureum have a wide range of biological activities due to their 

antiglycaemic [174], antiviral [175–179], antioxidant [180], antitumor [181,182], and 

immunostimulatory properties [183–185]. Indeed, immunostimulatory activities have been 

widely attributed to the polysaccharides [186], which can influence both innate and adaptive 

or acquired immunity. The innate immunity, the first line of defence that does not require a 

previous encounter with pathogens, includes the activation of phagocytic cells, such as 

monocytes, macrophages, neutrophils, and dendritic cells, as well as natural killer (NK) cells, 

while the adaptive immunity can be directly activated by the stimulation of B and T 

lymphocytes, or indirectly activated by the response of the innate immune cells (Figure 1.10). 

Thus, polysaccharides are able to activate the innate and adaptive immunity that operates in 

cooperative and interdependent ways [186,187]. 
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Figure 1.10 – Illustration of innate and adaptive immune system activation by immunostimulatory polysaccharides 

 

The polysaccharides biological properties and applications are dependent on their 

detailed structure, namely, their composition in monosaccharides, type of linkages, 

branching, molecular weight, and the presence of functional groups, such as sulfate esters 

[186,187]. Consequently, the study of detailed structure of the bioactive compounds 

becomes increasingly important to understand their function. The study of 

immunostimulatory active polysaccharides involve complementary fields in chemistry and 

life sciences, which results on just few studies concerning of polysaccharides’ structure-

function relationship. Some studies only state the immunostimulatory effect, lacking on 

polysaccharides purification, as for example occurs in the studies where the enhancement of 

the resistance against infection of Escherichia coli [188,189], Listeria monocytogenes [190], 

and murine cytomegalovirus [191], via augmentation of cell-mediated immunity, as 

polymorphonuclear lymphocytes, NK of spleen cells, and T cells were achieved with C. 

vulgaris hot water extracts. C. vulgaris microalga also regulated the immune function of 

shrimp, where polysaccharides biomolecules were speculated to be the main active 

ingredient [192]. However, the immunostimulatory effect of both studies could be also due 
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to the other compounds present in this microalga, such as proteins or polyphenols or due to 

some contaminants like lipopolysaccharides (LPS). 

Although very few have been rigorously studied, some recent reports have revealed the 

structure of polysaccharides that are possibly related with their immunostimulatory activities. 

C. vulgaris contains 1,6-linked glucan with branches at O-3 positions able to stimulate 

macrophage cells, in a dose-dependent manner [172]. C. vulgaris polysaccharides of 

relatively low molecular weight (23.9 kDa) containing terminally linked, 1,3, 1,6, and 1,3,6- 

galactose and 1,3, 1,6, and 1,3,6-glucose residues [173] also showed immunostimulatory 

activity on chicken immune cells.  

P. cruentum sEPS are able to stimulate macrophage in a dose-dependent and molecular 

weight-dependent way, since the lower molecular weight (MW) sEPS fragment (6.53 kDa) 

had the strongest immunoenhancing activity on peritoneal macrophage. while fragments 

with MW > 903.3 kDa failed to promote the nitric oxide (NO) release from macrophages 

[183]. P. cruentum polysaccharides with galactose, xylose, arabinose and glucose residues 

are reported to have in vitro stimulation of human peripheral blood lymphocytes and hamster 

splenocytes [185]. Although the sulfate esters are a structural feature that also influences 

immunostimulatory effect of polysaccharides [186,193], there is no information concerning 

the influence of the sulfation of C. vulgaris and P. purpureum polysaccharides on this 

biological activity. 

The ability of microalgae polysaccharides to improve the immune function, and the 

concomitantly non toxicity effects on normal cells, make them attractive, for instance, to 

develop nutraceutical or functional feed and food [194]. 

 

1.4  Applications of microalgae 

Owing to their chemical composition in compounds that exhibit attractive bioactivities, 

microalgae are regarded as potential feedstock to be used in diverse applications, namely as 

live feed in aquaculture and for human consumption.  
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1.4.1  Microalgae in aquaculture 

The aquaculture plays an important role in the sustainable growth of fish for human 

consumption [195]. Microalgae are the foundation of the aquatic food chain and can be 

supplemented directly to aquaculture or indirectly as live feed to Zooplankton [196]. Hence, 

microalgae can be used as an alternative feed to bivalve molluscs, juvenile fish, and 

crustaceans in aquaculture due to their rich nutritional value, which promotes growth and 

improves the reproductive performance [197,198] (Figure 1.11). Furthermore, the use of 

microalgae in aquaculture as nutraceutical is having great industrial acceptation, since 

marine invertebrates have an immature immune system [199]. Therefore, microalgae have 

been used to enhance the defense mechanism systems of these organisms and reduce 

infectious diseases, due to the immunostimulatory activity of their polysaccharides [186]. 

Consequently,  the use of these natural immunostimulants can avoid the use of antibiotics 

that could be threat to human health [195]. Some microalgae such as Chlorella, Spirulina, 

Haematococcus, Nannochloropsis, and Isochrysis have been grown routinely for 

aquaculture [200]. Other microalgae that are easy to cultivate, with good nutritional value, 

with high content of immunostimulatory polysaccharides, and digestible cell wall, need to 

be considered [14,199,201–203]. 

 

 

Figure 1.11 – The direct use of microalgae as a feed to bivalve mollusks, and juvenile fish and crustaceans, and 

indirectly as feed to Zooplankton used in the aquaculture food chains.  
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1.4.2  Microalgae for human consumption 

Achieving an efficient, sustainable, and nutritious food is a growing global concern with 

the increase of world population. Microalgae represents an opportunity to develop new, more 

efficient, and healthier food resources that could complement the traditional agriculture to 

meet the world food supply. Firstly, microalgae to be consumed by humans need to be 

considered safe. There are only a few microalgae that have the Generally Recognized As 

Safe (GRAS) status given by the Food and Drug Administration, a status that considers 

substances or whole organisms safe for human consumption in United States. These 

microalgae include: Arthrospira platensis (Spirulina platensis), Chlamydomonas reinhardtii, 

Chlorella protothecoides, Chlorella vulgaris, Dunaliella bardawil, and Euglena gracilis 

[204,205]. In European Union, the European Food Safety Authority (EFSA) oversees the 

food safety regulations and consider as “novel foods” and “novel food ingredients”, the 

foods which have not been used for human consumption to a significant degree before the 

Regulation of May 1997. Thus, the microalgae C. vulgaris, C. luteoviridis, C. pyrenoidosa, 

and the cyanobacteria A. platensis and Aphanizomenon flos-aquae are not considered a 

“novel food” but yet approved for human consumption due to the history of their 

commercialization and consumption by a prolonged period [206]. In other hand, DHA rich 

oil extracted from Schizochytrium sp. [207], oil extracted from Ulkenia sp., astaxanthin 

extracted from Haematococcus pluvialis [208], or the phycocyanin extracted from Spirulina 

[209] are considered a novel food product pursuant to Regulation (EU) 2015/2283. Moreover, 

the microalgae Odontella aurita, Tetraselmis chuii, and Euglena gracilis have been 

authorized to be exploited as whole cells [206]. 

Currently, the health food market has been using Chlorella and Spirulina in the 

formulations of functional foods and nutraceuticals. Nevertheless, the unpleasant fish flavor, 

which is a bottleneck to their application in food products, limits the incorporation of the 

biomass to small quantities  and, consequently, reducing their health benefits [72,210]. 

Moreover, the incorporation of whole cells could hinder the bioaccessibility of nutrient and 

bioactive compounds during consumption [211,212]. Thus, using microalgae extracts as 

food additives, such as in forms of polysaccharides or pigments is one of the strategies that 

possibly overcomes the consumers acceptance and nutrients bioaccessibility barriers.  
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1.5 Hypothesis, aims and outline of this thesis 

It is hypothesized that microalgae can growth under controlled conditions to produce 

valuable compounds, such as pigments and polysaccharides, that could have potential to be 

valorized as food or feed ingredients with health benefits. This study was focused on C. 

vulgaris, commercially produced by Allmicroalgae for food and feed markets and P. 

purpureum, commercially produced by Necton S. A. for feed aquaculture. 

Chlorophylls were extracted from C. vulgaris and since they are instable and their color 

vanish rapidly, compromising their application, the stability of C. vulgaris ethanolic solution 

was evaluated to disclose the most appropriated storage conditions, to ultimately understand 

their potential to be applied as food colorant. Moreover, the polysaccharides of C. vulgaris 

and P. purpureum were extracted, purified, and characterized. The stimulation effect of 

extracellular polysaccharides on splenocyte T cells (for cell-mediated, cytotoxic adaptive 

immunity), and B cells (for humoral, antibody-driven adaptive immunity) were also 

evaluated to understand their application as health promoters.  

The present PhD thesis is organized in four chapters, according to the organizational 

sequence illustrated in Figure 1.12. 

 

 

Figure 1.12 – PhD thesis workflow.  

 

Chapter 1 reviewed the most important literature data on production of biomolecules 

by microalgae, namely Chlorella vulgaris and Porphyridium purpureum, for food and 
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immunostimulatory activity, of the polysaccharides produced by the two microalgae 

analyzed under this thesis were also reviewed. 

Chapter 2 concerns to the experimental section of this thesis. 

Chapter 3 is divided in 3 subsections: Chapter 3.1 is devoted to the study of the 

stabilization of C. vulgaris pigments in ethanol solution at different storage conditions: 

temperature, light, alkaline conditions, and modified atmosphere (argon and oxygen), in 

order to evaluate which conditions have higher effect on the color preservation. Chapter 3.2 

is related to the extraction, purification and characterization of the reserve, structural and 

extracellular polysaccharides of C. vulgaris microalga. Moreover, the immunostimulatory 

effect of the extracellular polysaccharides were also evaluated. Chapter 3.3 discusses the 

effect of three different salinity levels (18, 32, and 50 g/L NaCl) on P. purpureum growth 

rate, and sEPS productivity, structural features, and immunostimulatory activity. Moreover, 

the viability to produce those sEPS in large scale wall photobioreactor (800 L) for their 

commercial exploitation was also assessed. 

Chapter 4 highlights the main conclusions of the data obtained in all subsections of 

chapter 3. 
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CHAPTER 2.  Experimental section 
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2.1 Chlorella vulgaris production and biomass fractionation 

2.1.1  Culture conditions 

Chlorella vulgaris was kindly provided by Allmicroalgae, S.A. (Pataias, Portugal). C. 

vulgaris was cultivated in autotrophic media using the Guillard’s F2 culture medium that 

was adapted to the local water. The culture was supplemented with the concentrated culture 

medium to reach 4 mM of nitrate. Microalgae cells were transferred to 250 mL Erlenmeyer 

flasks that were placed in an orbital shaker to further inoculate a 2 L round flask, that was 

subsequently transferred to 5 L round flasks. The experiments were carried out at room 

temperature (25 ± 1 ºC), under low light intensity (50 µmol photons s−1 m−2), using a 

photoperiod of 24:0 h (light: dark). The pH was maintained between 7 and 8 by periodic 

injection of CO2. The microalgal culture was then subsequential inoculated to an outdoor 

125 L flat panel, which was then used to seed a 1 m3 outdoor photobioreactor. Each scale-

up step lasted 7 days [213].  

 

2.1.2 C. vulgaris pigments extraction, characterization, and application 

Extraction 

Different solvents and extraction methodologies were tested to obtain the pigments 

(green color) from C. vulgaris microalgae dry biomass. Thus, 10 mL of ethanol 96%, acetone, 

or chloroform:methanol (2:1, v/v) were added to 100 mg of biomass, and the respective 

suspensions were homogenized for 10 min. Moreover, one other extraction with 

chloroform:methanol (2:1, v/v) was also performed by ultrasound assisted for the first 5 min. 

The suspensions of all extractions were centrifuged for 3 min (4000 rpm) and the supernatant 

collected. Two other extractions with 5 mL were performed and all supernatants combined. 

 

Total chlorophylls content determination 

Absorption measurements of chlorophyll were made on an Eon Microplate 

Spectrophotometer (BioTek Instruments, Inc). The equations proposed by Wellburn [214] 

and  Lichtenthaler [215,216] were used for the determination of chlorophyll concentration 

in the extracts of C. vulgaris. The absorbance was measured at 649 and 664 nm to determine 

chlorophyll a (Chl a) and b (Chl b) contents when ethanol was used as extraction solvent 
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[215]. For acetone extract, the absorbance was measured at 647 and 663 nm [216]. For 

chloroform:methanol extract, the absorbance was measured at 648 and 666 nm [214]. The 

total chlorophyll content was determined as the sum of Chl a and Chl b and expressed as 

mg/g dry weight [91]. 

 

Pigments identification by thin layer chromatography (TLC) 

To identify the pigments of C. vulgaris extracted with ethanol 96%, a thin layer 

chromatography (TLC) was performed. Thus, C. vulgaris ethanolic extract was applied into 

a 4 cm × 10 cm silica plates. Two different eluents were used, namely petroleum ether:1-

propanol:water (100:10:0.25, v/v/v) and n-hexane:acetone (7:3, v/v).  

 

Evaluation of pigments stabilization and color loss 

C. vulgaris pigments were extracted with ethanol to evaluate their storage stability under 

different conditions, namely temperature, light, atmosphere, and alkaline environment. In 

data set 1, 4 g of C. vulgaris biomass were mixed with 300 mL ethanol 96% and stirred for 

15 min to extract pigments. Thereafter, the ethanolic solution was centrifuged and filtered 

with glass fiber filters under vacuum. More ethanol 96% was added until the absorbance at 

418 nm reach 0.6 (addition of about 800 mL ethanol). NaOH 1 M (100 μL) was added to 

300 mL of the solution. The ethanolic extracts were distributed to glass bottles (25 mL). 

Eight bottles (4 with and 4 without NaOH addition) were placed at 4 ºC and other 8 bottles 

at 60 ºC in a bath with paraffin (to avoid long term evaporation). In each temperature, 4 

bottles were protected from the light (2 with and 2 without NaOH addition) and 4 bottles 

were subjected to light with a photoperiod of 24 h (about 3500 lx). In each temperature, half 

of the bottles were under air atmosphere and the other half were under an argon atmosphere, 

according to the scheme represented in Figure 2.1. The absorbance (300-700 nm, Jenway 

6405 UV/Vis) and color through CIELAB system (PerkinElmer, Lambda35-UVWinLab 

program to obtain the transmittance spectra at 380-780 nm, and COLOR-UVWinLab 

program for CIE L*a*b*determination, illuminant D65, 10 °) of each solution were 

measured along 9 days (at 0, 48, 96, 168, and 216 h). CIELAB system expresses color in a 

three-dimensional space, with three axes: L* for the lightness from black to white, a* from 

green (-) to red (+), and b* from blue (-) to yellow (+). 
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To statistically analyze the data, an unreplicated 24 full factorial design with two levels 

was used to evaluate, after 48 h of storage, the effect of temperature (X1, 4 ºC and 60 ºC), 

light (X2, presence or absence of light), modified atmosphere (X3, presence or absence of 

oxygen), and alkaline environment (X4, with or without NaOH). The two levels are coded 

(+1) and (-1) for the higher and lower limits of each one, respectively. In a two-level full 

factorial design, 2k  runs are required, where k represents the number of factors to be analyzed, 

which results in 16 runs performed. The experimental data were statistically analyzed using 

Minitab v17 software. The Pareto charts were developed for the linear terms and for their 

interactions that showed statistically relevance to simplify the model. The Pareto chart with 

the linear and all the 2-way interactions terms are presented in the Annex.  

 

 

Figure 2.1 – Schematic representation of the study of the stability of C. vulgaris pigments at different storage 

conditions for data set 1. 
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A second set of experiments (data set 2) was performed with an unreplicated 23 full 

factorial design with two levels to evaluate the effect of temperature (X1, 4 ºC and 28 ºC), 

light (X2, presence or absence of light), and alkaline environment (X3, with or without NaOH) 

for 9.5 and 65.5 h, using a more concentrated C. vulgaris ethanolic solution (8 g of C. 

vulgaris biomass extracted with 600 mL of 96% of ethanol), resulting in 8 runs performed. 

The preparation of the bottles with the ethanolic extract was performed as described for data 

set 1, except for the use of a water bath to monitor the temperature at 28 ºC, instead of a bath 

with paraffin. The absorbance and color stability were evaluated along 14 days (at 0, 9.5, 19, 

36, 65.5, 138, 156, 184, 229, and 324 h, Figure 2.2a). 

  

 

Figure 2.2 – a) Evaluation of C. vulgaris pigments storage stability carried out at 28 ºC; b) Evaluation of kinetic 

degradation of green color at 45 ºC and 60 ºC in a paraffin bath; c) Evaluation of color degradation of green cooked 

rice (with the incorporation of C. vulgaris ethanolic extract). 

 

 

Degradation kinetic of green color 

The bottles with ethanolic extract (data set 2) were placed at five different temperatures: 

4, 15, 28, 45, and 60 °C (Figure 2.2b), protected from the light. The color of each solution 

was measured along 4 days (0, 6, 24, 29, 47, and 102 h). Since green is the major color of 

C. vulgaris ethanolic extract, the increase of parameter “a*” values from a more negative 

value towards zero (-a*) were considered a visual parameter to describe the green color 

degradation at different temperatures [98]. The first-order reaction rate constant (k) was 

calculated using the following equation: 

 

ln (
−𝑎 ∗

−𝑎 ∗0
) = − 𝑘𝑡 

 

a b c
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where −𝑎 ∗ is the “-a*” value measured at different times (t) and −𝑎 ∗0 is the “-a*” 

value measured at time zero.  

Temperature dependence of green color degradation was determined by the Arrhenius 

equation: 

 

𝑘 = 𝑘0𝑒−𝐸𝑎/𝑅𝑇          

 

where Ea is the activation energy (kJ mol-1), k is the first-order reaction rate constant (s-1), k0 

is the pre-exponential factor, R is the universal gas constant (8.3145 J mol-1 K-1), and T is 

the absolute temperature (K). 

 

Food application of C. vulgaris pigments 

An ethanolic extract of C. vulgaris was obtained using 1 g of biomass and 10 mL of 

ethanol 96%. This extract (1 mL) was added to 2 containers with 18 g of cold cooked rice. 

Moreover, 2 mL were also added to 2 containers with the same amount of rice. A fifth 

container was used as control, only containing the cooked rice. All containers were placed 

at 4 ºC, 2 in the presence of light in a 24 h photoperiod and 2 in the absence of light. The 

control was maintained at 4 ºC in the presence of light. The color visually evaluated through 

photographs along 13 days. 

 

2.1.3 Biomass fractionation 

C. vulgaris biomass was fractionated to obtain different extracts with different 

compositions. A schematic representation of the extraction and purification procedures of 

polysaccharides from C. vulgaris is shown in Figure 2.3. Firstly, C. vulgaris biomass was 

separated by centrifugation (4,696×g, 4 °C, 15 min) from the growth medium (that was kept 

for further analysis). Then, the biomass was defatted exhaustively (13 times, until a faded 

green color was obtained) with a mixture of chloroform:methanol (2:1 v/v). The lipid 

fraction was used for further analysis of fatty acid composition. The defatted biomass was 

subsequently submitted to different polysaccharide extractions. 
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Figure 2.3 – Schematic representation of C. vulgaris polysaccharides extraction and fractionation (extraction yields are represented in relation to the C. vulgaris powder or 

extracellular polymeric material). Samples analyzed are represented in bold inside the square boxes. HWE50 – Hot Water Extract precipitated at 50% ethanol; HWE75 – Hot 

Water Extract precipitated at 75% ethanol; HWESn – Hot Water Extract supernatant; 1MSn – Supernatant of 1 M KOH extraction; 1MPp – Precipitate of 1 M KOH extraction; 

4MSn – Supernatant of 4 M KOH extraction; 4MPp – Precipitate of 4 M KOH extraction; FinalSn – Final Supernatant of 4 M KOH extraction; FinalResidue  – Final Residue of 4 

M KOH extraction; EPM50 – Extracellular Polymeric Material precipitated at 50% ethanol; EPM75 – Extracellular Polymeric Material precipitated at 75% ethanol; EPMSn – 

Extracellular Polymeric Material supernatant. 
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Hot-water soluble polysaccharides  

The defatted microalgae were extracted twice with distilled water at 90 °C for 2 h. The 

mixture was centrifuged (24,652×g, 4 °C, 15 min) and the supernatants were combined and 

concentrated in a vacuum evaporator to obtain the hot water extract (HWE). The hot water 

insoluble material (HWIM) was also recovered and freeze-dried for further analysis. The 

HWE was dialyzed (12-14 kDa dialysis bag) at 4 ºC, allowing to recover a precipitate by 

centrifugation (24,652×g, 4 °C, 15 min), the starch rich fraction (named as StarchRF). The 

polymeric material of HWE was also precipitated with 50% (HWE50) and 75% ethanol 

(HWE75), allowing to obtain the compounds that remain soluble in 75% ethanol solution 

(HWESn) [217]. 

 

KOH-soluble polysaccharides  

The hot water insoluble material (HWIM) was subsequently extracted with O2-free 

alkaline solutions under N2 atmosphere at room temperature, according to Nunes et al. [218]. 

The HWIM was extracted for 2 h, firstly with 500 mL of 1 M KOH and then with 500 mL 

of 4 M KOH, both containing 20 mM NaBH4. The solubilized material was separated from 

the insoluble residue by centrifugation (24,652×g, 4 °C, 15 min), followed by filtration of 

the supernatant through a glass fiber filter (Whatman GF/C). The extracts were neutralized 

with glacial acetic acid at pH 5, dialyzed (12-14 kDa) at 4 °C, and centrifuged (24,652×g, 4 

°C, 15 min). The precipitates (1MPp, and 4MPp) and supernatants (1MSn, and 4MSn) were 

collected separately and freeze-dried. The final residue was suspended in water, neutralized 

(pH 5) and dialyzed at the same conditions. The soluble material retained in the dialysis 

membrane, named final supernatant (FinalSn), was recovered separately from the final 

residue (FinalResidue) by centrifugation (24,652×g, 4 °C, 15 min) and both samples were 

freeze dried. 

 

Extracellular polymeric material (EPM)  

The growth medium of C. vulgaris biomass was centrifuged and the recovered 

supernatant was concentrated using a rotary evaporator, filtered through a glass fiber filter 

(Whatman GF/C), and dialyzed (12-14 kDa), obtaining the extracellular polymeric material 

(EPM). A graded ethanol precipitation was performed following the procedure described 
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earlier section 2.1.2.1 allowing to obtain fractions that precipitate at 50% ethanol (EPM50), 

at 75% ethanol (EPM75), and that remain soluble in the supernatant (EPMSn).  

 

2.2 Porphyridium purpureum growth and sulfated extracellular polysaccharides 

recovery 

2.2.1 Culture conditions 

Porphyridium purpureum microalga was obtained from the collection of microalgae 

cultures from Necton, S.A., (Olhão, Portugal). The culture medium (Nutribloom ®), 

contained: 1.0 mM ZnCl2, 1.0 mM ZnSH4∙H2O, 1.0 mM MnCl2∙4H2O, 0.1 mM 

Na2MoO4∙2H2O, 0.1 mM CoCl2∙6H2O, 0.1 mM CuSO4∙5H2O, 6.4 mM EDTA-Na, 2.0 mM 

MgSO4∙7H2O, 20.0 mM FeCl3, 20.0 mM EDTA-Na, 2.0 mM NaNO3, and 100.0 mM 

KH2PO4. The nitrate concentration was maintained at 4 mM along all culture time. This 

culture medium was sterilized by autoclaving at 121 ℃, 1 bar, for 40 min. Three different 

sodium chloride (NaCl) concentrations were tested: 18, 32, and 50 g/L. The salinity of 32 

g/L (0.46 M NaCl) was chosen as a control, corresponding to the salinity of Ria Formosa, 

Portugal, used in the production plant of Necton S.A.. The salinity of 18 g/L (0.31 M NaCl) 

approaches the lower salinity value of Ria Formosa, whereas the salinity of 50 g/L (0.92 M 

NaCl) corresponds to the higher salinity that allows the growth of Porphyridium [219]. The 

salt water with 32 g/L concentration came from Ria Formosa, Portugal, and it was subjected 

to several sterilization processes: ultrafiltration with a pore size of 0.2 μm, sodium 

hypochlorite treatment with further sodium thiosulfate neutralization, and by autoclaving at 

121 ℃ and 1 bar for 40 min. The water medium with 18 g/L was performed by diluting the 

treated water of Ria Formosa (salinity 32 g/L NaCl) with tap water and the water medium 

with 50 g/L was performed by adding NaCl from Necton S.A. salt pans. 

P. purpureum cells inoculated at 106 cells/mL were maintained in 5 L plastic flasks, 

containing 0.5 L inoculum and 2 L culture medium (salt water + Nutribloom ®) for 24 days, 

in 20-21 ºC climate room, with an average pH of 9.2, and subjected to air bubbling and 

natural sunlight to maintain a photoperiod of 12:12 h light:dark (Figure 2.4a). Each salinity 

level culture was performed in triplicate. 
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Figure 2.4 – P. purpureum cultures and resulting biomass and extracellular polysaccharides. a) Lab scale plastic 

flask reactor; b) scale-up to 800 L flat panel photobioreactor operated outdoors; c) dialysis bag with P. purpureum 

biomass; d) supernatant of P. purpureum biomass dialysis; e) P. purpureum biomass after dialysis; f) extracellular 

polysaccharides of P. purpureum purified with graded ethanol. 

 

For scale-up in the outdoor cultivation, Ria Formosa treated water (32 g/L NaCl) and 

culture medium were used as described for laboratorial scale. A scale up from 2.5 L to 800 

L was performed using an outdoor flat panel photobioreactor (Figure 2.4b). The outdoor 

photobioreactor has a light path of 55 mm with controlled pH and temperature by a 

pH/Temperature probe. The temperature was controlled (cooled down) with water sprinkles. 

The growth rate and extracellular polysaccharides released after 16 days, once the stationary 

phase was reached, were evaluated. 

 

2.2.2 Growth measurement 

Microalgae growth was determined by optical density (OD) at 540 nm and it was 

performed three times for each culture. The OD can be directly related to dry weight and cell 

density [220], therefore calibration curves of OD vs dry weight (g/L) and OD vs cell density 

(cells/mL) with aliquots of the 3 salinities were developed (Figure 2.5a and Figure 2.5b), 
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verifying a linear relationship (r2=0.9935 and r2=0.9806, respectively). Dry weight (g/L) was 

determined by filtering 10 mL of properly homogenized culture. The filters with 0.45 μm 

pore size were previously washed with distilled water and 0.5 M ammonium formate, dried 

at 60 ºC until a constant weight, and weighted. Dry weight was calculated by dividing the 

filtered biomass after drying at 60 ºC until a constant weight by the filtered volume. Cell 

density (cells/mL) was determined by cell counting under an optical microscope (40 ×) using 

a mirrored Neubauer chamber with two counting grids. The central quadrant was chosen for 

cell counting, due to cell size and density. The calculations of growth rates (μ) were done 

using equation 1 [47], and the generation time or doubling time (g) was calculated using 

equation 2 [221], 

𝜇 =
ln(𝑁𝑡) − ln (𝑁0)

𝑡 − 𝑡0
     (1)    

 

g = ln 2 ×  𝜇−1    (2) 

 

where Nt and N0 correspond to cell density at time t and t0, respectively. 

 

 

 

Figure 2.5 – Calibration curves relating optical density (540 nm) with a) dry weight (g/L) and b) cell density 

(cells/mL). 
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2.2.3 Recovery of biomass and sulfated extracellular polysaccharides 

P. purpureum biomass and culture media were recovered separately by centrifugation 

(3894×g for 10 min, twice). The biomass was then dialyzed against distilled water (12-14 

kDa dialysis bag, Figure 2.4c), to obtain the insoluble biomass (Figure 2.4e) and a soluble 

polymeric material (Figure 2.4d) by centrifugation, which were both freeze-dried for further 

analysis. The culture media were stabilized by boiling for 30 min, centrifuged, dialyzed (12-

14 kDa dialysis bag) and freeze dried (Initial sEPS). Extracellular polysaccharides present 

in the culture media were purified by the addition of five volumes of graded ethanol, and the 

resulting precipitate (Purified sEPS) was recovered, washed, freeze dried, and stored for 

further analysis.  

 

2.3 Analytical methods 

2.3.1 Protein analysis 

Total protein content of C. vulgaris and P. purpureum biomasses was estimated by the 

determination of total nitrogen (N) using elemental analysis (Leco TruSpec 630-200-200 

with a TCD detector, USA). Nitrogen-to-protein conversion factor of 6.35 was used for C. 

vulgaris biomass and extracts [73], while a conversion factor of 4.78 was used for P. 

purpureum biomass [222]. The soluble protein content of extracellular polymeric material 

extracts of P. purpureum was measured by the bicinchoninic acid assay [223]. Bovine serum 

albumin (BSA) was used as a standard in measuring absorbance at 562 nm. The content of 

phycobiliproteins was estimated by absorbance at 565 nm [224]. 

For amino acid composition analysis of C. vulgaris biomass, the protein was solubilized 

in 50 mM phosphate buffer pH 7.0 containing 1% (w/w) Pronase from Streptomyces griseus 

(10165921001, PRON-RO, Roche, Switzerland), and incubated at 37 ºC [225,226]. After 24 

h, 10 µg of Prolidase from porcine kidney (P6675, Sigma-Aldrich, USA) was added and 

incubated at 37 ºC for 2 h. After enzymatic hydrolysis, the amino acids were derivatized 

with ethyl chloroformate according to the method described by Qiu et al. [227] and 

subsequently analyzed by gas chromatography quadrupole mass spectrometry (GC-qMS) 

(GC-2010 Plus, Shimadzu, Japan) using a non-polar column DB1 (30 m length, 0.25 mm 

internal diameter and 0.10 µm stationary phase, Agilent, USA), by injection of 1 µL in split 
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mode (split ratio 2.0) with an injection temperature of 260 ºC. The initial column temperature 

was 70 ºC, and the temperature increased to 260 ºC at 10 ºC/min and then to 300 ºC at a rate 

of 20 ºC/min. The carrier gas (helium) was maintained at a constant flow rate of 1.51 mL/min. 

The transfer line temperature was 300 ºC and the temperature of the ionization source was 

250 ºC. Mass spectra were acquired in the full-scan mode (50-700 m/z) after ionization by 

electron impact with 70 eV.  

 

2.3.2 Fatty acids analysis 

Lipidic fractions of C. vulgaris and P. purpureum biomasses were extracted using a 

mixture of chloroform:methanol (2:1, v/v) [228] that was stirred and treated in an ultrasound 

bath for 15 min, and quantified by gravimetry. To characterize the fatty acids profile, fatty 

acid methyl esters (FAMEs) were prepared by transesterification with sodium methoxide 

[229], using heneicosanoic acid (C21:0) prepared in n-hexane as internal standard. FAMEs 

were then analyzed and separated on a gas chromatograph (Perkin Elmer Clarus 400, 

Massachusetts, USA), equipped with a 30 m × 0.32 mm, 0.25 μm film thickness DB-FFAP 

fused silica capillary column (J&W Scientific Inc., Folsom, CA, USA) and a flame 

ionization detector. (GC-FID). The GC injection port was programmed at 245 °C, and the 

detector at 250 °C. Oven temperature was programmed in three ramps, from 75 to 155 °C at 

15 °C/min, from 155 to 180 °C at 3 °C/min, and from 180 to 220 °C at 40 °C/min, and held 

isothermal for 3 min. The carrier gas was hydrogen at 50 cm3/min [230]. The compounds 

were identified by comparing their retention times with a commercial FAME mixture of 

reference (C8-C24) (Supelco, USA). 

 

2.3.3 Ash content 

The inorganic material was determined by placing microalgae biomasses in a muffle 

furnace at 700 °C for 6 h, under air atmosphere in a pre-weighed dry porcelain crucible. 

After cooling down, ash content (%) was determined by gravimetry.  
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2.3.4 Thermal gravimetric analysis 

Thermal gravimetric analysis (Setaram, setsys Ev 1750 ITGA) was performed to P. 

purpureum biomass under nitrogen atmosphere with a caudal of 200 mL/min. The 

temperatures ranged from 25 to 700 °C at 10 °C/min. 

 

2.3.5 Sulfate content  

The content of ester sulfates in the Initial sEPS and Purified sEPS P. purpureum extracts 

was determined by the turbidimetric method proposed by Dodgson and Price [231,232]. The 

extracts were accurately weighed (usually 2–4 mg) and dissolved in the respective amount 

of hydrochloric acid 1 M. The mixture was submitted to a hydrolysis at 105–110 °C for 5 h. 

A portion (0.2 mL) was transferred to a tube containing 3.8 mL of 3% (w/v) trichloroacetic 

acid. Barium chloride-gelatin reagent (1 mL) was added, and, after mixing, the whole was 

kept at RT for 15–20 min. The barium chloride-gelatin reagent was previously prepared by 

mixing gelatin (1 g) with 200 mL of hot water (60–70 °C) and was allowed to stand at 4 °C 

overnight. Barium chloride (1 g) was dissolved in the semigelatinous fluid and the resultant 

cloudy solution was allowed to stand for 2–3 h before use. The solution was then analyzed 

at 360 nm (microplate reader Eon, Biotek, USA) against reagent blank containing distilled 

water instead of sample. A second 0.2 mL portion of the hydrolysate was mixed with 3.8 

mL of trichloroacetic acid, as described above, and with 1 mL of gelatin solution (i.e., 

containing no barium chloride). The extinction of this “control” solution was then measured 

at 360 nm against a reagent blank consisting of distilled water instead of sample and 1 mL 

of gelatin solution. The concentration of sulfate esters was determined by building a K2SO4 

calibration curve, containing between 20 and 200 μg of SO4
2− ion. 

The content of ester sulfates in the P. purpureum biomass and C. vulgaris EPM extracts 

was determined by elemental analysis in a Truspec 630-200-200 with a TCD detector. 

 

2.3.6 Carbohydrate analysis  

Neutral sugars were determined as alditol acetates as described by Coimbra et al. [233]. 

Briefly, a pre-hydrolysis of C. vulgaris freeze-dried extracts was performed with 72% (w/w) 
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sulfuric acid for 3 h at room temperature, followed by a hydrolysis with 1 M sulfuric acid 

for 2.5 h at 100 °C. 2-deoxyglucose (1 mg/mL) was used as internal standard. 

Monosaccharides were reduced with NaBH4 and acetylated with acetic anhydride using 

methylimidazole as catalyst [234]. The formed alditol acetate derivatives were analyzed in 

a Perkin Elmer chromatograph (Perkin Elmer Clarus 400, Massachusetts, USA) equipped 

with an FID detector and a DB-225 column (30 m   0.25 mm and 0.15 μm of film thickness, 

J&W Scientific, Folsom, CA). The temperature of the injector was 220 °C while the detector 

operated at 230 °C. The following oven temperature program was used: initial temperature 

was set at 200 °C and then rises to 220 °C at 40 °C/min, standing for 7 min, and reaches 230 

°C by a 20 °C/min rate maintaining this temperature for 1 min. The carrier gas (H2) had a 

flow rate set at 1.7 mL/min. [235]. Uronic acids (UA) were quantified by the 3-phenylphenol 

colorimetric method using a calibration curve made with D-galacturonic acid (10-80 µg/mL) 

[234]. 

Glycosidic-substitution analysis was performed using a GC-qMS of the partially 

methylated alditol acetates, as described by  Ciucanu and Kerek [236] and Oliveira et al. 

[237]. The different C. vulgaris extracts and P. cruentum extracellular polysaccharides were 

dissolved in anhydrous dimethylsulfoxide and then powdered NaOH was added under an 

argon atmosphere. The samples were methylated with CH3I during 20 min with stirring (this 

procedure was repeated twice). Chloroform: methanol (1:1, v/v) was added and the solution 

was dialyzed (12–14 kDa) against 50% EtOH. The retentate was evaporated to dryness. The 

methylation procedure was repeated to assure a complete methylation. The remethylated 

sample was hydrolyzed with 2 M TFA at 120 °C for 1 h, and then reduced and acetylated as 

described for neutral sugar analysis, using NaBD4 instead of NaBH4 to mark the anomeric 

carbon and facilitate MS identification. The partially methylated alditol acetates were 

separated and analyzed by GC-qMS (GC-2010 Plus, Shimadzu, Japan) using the 

chromatographic conditions described by Martin-Pastor et al. [238]. The GC was equipped 

with a DB-1 (J&W Scientific, Folsom, CA, USA) capillary column (30 m length, 0.25 mm 

of internal diameter, and 0.10 μm of film thickness). The samples were injected in “split” 

mode with the injector temperature at 250 °C. The temperature program used was as follows: 

an initial temperature of 80 °C; an increase of 7.5 °C/min until 140 °C, and a hold time of 5 

min; an increase of 0.2 °C/min until 143.2 °C; an increase of 12 °C/min until 200 °C; an 

increase of 50 °C/min until 250 °C and a hold time of 5 min. The carrier gas has helium with 
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a flow of 8.5 mL/min. The GC was connected to GCMS-QP 2010 Ultra Shimadzu mass 

quadrupole selective detector operating with an electron impact mode at 70 eV and scanning 

the range m/z 50–700 in a 1 s cycle in a full scan mode acquisition. 

To evaluate the sulfate position of P. cruentum sEPS, the sulfated extracellular 

polysaccharides (10 mg) were dissolved in 1.8 mL of dried dimethyl sulfoxide, with the 

sequential addition of 0.1 mL pyridine, 13 mg of pyromellitic acid, 12 mg of NaF, and 0.2 

mL of pyridine, allowing the desulfation of polysaccharides. The mixture was stirred at 120 

°C for 3 h, cooled and poured into 1 mL of 3% of NaHCO3 aqueous solution [159,239]. The 

solution containing the desulfated polysaccharide was dialyzed and freeze-dried. Afterwards, 

the desulfated polysaccharides were submitted to methylation analysis, as described above. 

 

2.3.7 In vitro digestion of starch and estimation of glycemic index (GI) 

Total starch content was determined by enzymatic degradation of starch to glucose with 

α-amylase and amyloglucosidase according to Fernandes et al. [240]. For C. vulgaris 

biomass the pigments were previously removed with 80% (v/v) ethanol. The total glucose 

released was derivatized to glucitol hexaacetate and quantified by GC-FID (Perkin Elmer 

Clarus 400, Massachusetts, USA) as described in section 2.3.5. 

Glycemic Index (GI) represents the glycemic response of a fixed amount of available 

carbohydrate to simulate the effect on postprandial blood glucose [241]. In vitro digestion 

of raw and boiled C. vulgaris biomass and starch rich fraction (StarchRF) was performed 

using a multiple-enzymatic method [242,243]. Commercial potato starch, boiled potato, and 

white bread were used as reference. The starch samples, C. vulgaris biomass, and white 

bread were homogenized in HCl-KCl buffer (pH=1.5) (about 20 mg/mL). C. vulgaris 

biomass and potato (about 20 mg/mL) were boiled during 20 min. The final volume of all 

samples was adjusted for 15 mL adding KCl-HCl buffer (pH=1.5). Thereafter, 400 µL of 

pepsin from porcine gastric mucosa (P7000, Sigma-Aldrich, USA) prepared in KCl-HCl 

buffer (approximately 80 U) were added and left to react during 60 min at 37 ºC. After 

cooldown at room temperature, 0.1 M phosphate buffer (pH 6.9) was added to reach the final 

volume of 30 mL and an aliquot was taken (T0). Then, 1 mL of α-amylase (18 U, 10070, 

Fluka, USA), prepared in phosphate buffer, was added and the samples were incubated at 37 

ºC. Aliquots of 1 mL were taken from each sample every 30 min along 3 h. The samples 
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were placed at 100 °C during 5 min to inactivate the enzyme. The reducing sugars content 

was determined by the 3,5-dinitrosalicylic acid (DNS) method. A standard curve with 

maltose was prepared (0.05 and 1 mg/mL) and starch content was calculated by multiplying 

the maltose amount by 0.9. The kinetics of starch hydrolysis was described by the non-linear 

model C=C∞(1-e-kt) (C is the percentage of starch hydrolysed at time t; C∞ corresponds to 

the equilibrium percentage of starch hydrolysed after 180 min; k is the kinetic constant; and 

t is the time, in min). The hydrolysis index (HI) was calculated by dividing the area under 

the hydrolysis curve (AUC) of each sample by the AUC of white bread (reference sample), 

expressed in percentage. GI was then estimated by using the equation: GI=39.71+(0.549×HI), 

established by Goñi et al. [242].  

 

2.3.8 Intrinsic viscosity 

The intrinsic viscosity of Initial sEPS and Purified sEPS extracts of P. purpureum was 

determined by dissolving the samples in ultrapure water (0.5 mg/mL), overnight. A Cannon-

Fenske routine glass capillary viscometer (serie 50, nº 2110) equipped in a viscometer bath 

was used to measure the passage time of extracellular polymeric solutions flowing through 

the capillary. The capillary viscometer was filled with 7 mL equilibrated at 25 ºC for 15 min. 

Viscosity measured in this way was converted in dynamic viscosity (cP). 

 

2.3.9 Starch characterization 

Amylose content 

The determination of amylose content was carried out according to the ISO 6647 [244] 

with some slight modifications. About 10 mg of starch rich fraction (StarchRF) were mixed 

with 0.1 mL of ethanol solution 95% and 0. 9 mL of 1 M NaOH and placed at 100 ºC during 

10 min. The samples volume was completed with distilled water to 10 mL. Three aliquots 

of 500 µL were transferred to test tubes and 100 µL of 1 M acetic acid, 200 µL of iodine 

solution (prepared with 20 mg/mL of potassium iodide and 2 mg/mL of iodine crystals) and 

9.20 mL of distilled water were added. The absorbance at 620 nm was determined using the 

microplate reader (Eon, Biotek, USA). The same procedure was applied to commercial 
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amylose in order to get the standard curve (1 to 6 mg/mL). A blank solution was prepared 

replacing the sample by 500 µL of 0.09 M NaOH. 

 

Fourier-transform infrared spectroscopy (FTIR) 

FTIR spectra of the C. vulgaris StarchRF and commercial potato starch were obtained 

using a GoldenGate single reflection diamond ATR system in a Perkin Elmer Spectrum BX 

spectrometer (USA). Spectra were recorded at the absorbance mode from 4000 to 500 cm−1 

(mid-infrared region) at a resolution of 16 cm−1. Five replicates (64 co-added scans) were 

collected for each sample. 

 

Thermogravimetric analysis (TGA) 

Thermogravimetric analysis (TGA) was performed to C. vulgaris StarchRF and 

commercial potato starch under nitrogen atmosphere with a caudal of 200 mL/min using a 

Setaram, setsys Ev 1750 ITGA equipment (France). The temperatures ranged from 30 to 700 

°C at 10 °C/min. 

 

X-ray diffraction  

C. vulgaris StarchRF and commercial potato starch were equilibrated in a moisture 

chamber (40 and 80% of relative humidity) for 24 h at room temperature. X-ray 

diffractograms of dry, 40, and 80% RH samples were conducted using a PANalytical 

Empyrean X-Ray diffractometer (UK). The radiation used was Cu-Kα (wavelength of 

0.15406 nm). The scan was carried out at 45 kV and 40 mA for 2θ range of 5-40º with a step 

size of 0.04º and a collection time of 196 seconds at each step. 

 

Size distribution 

Size distribution of C. vulgaris StarchRF and commercial potato starch granules was 

measured in a COULTER, LS 230 model (USA), applying light scattering, with a detection 

limit of 0.04-2000 µm. Three replicates were collected for each sample. 
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Scanning Electron Microscopy (SEM) 

The morphologic characteristics of C. vulgaris StarchRF and commercial potato starch 

were examined using a SEM Hitachi (SU-70, Japan) microscope at an accelerated voltage 

of 1-4 kV. Samples were deposited onto carbon tape before observation. 

 

2.4 Immunostimulatory activity 

2.4.1 Mice 

BALB/c mice were purchased from Charles River (Barcelona, Spain) and were kept at 

the animal facilities of i3S (University of Oporto). All experiments were performed 

according to the Portuguese rules (DL 113/2013), and according to the European Convention 

for the Protection of Vertebrate Animals used for Experimental and Other Scientific 

Purposes (ETS 123) and directive 2010/63/EU of the European parliament and the council 

of 22 September 2010 on the protection of the animals used for scientific purposes.  

 

2.4.2 Flow cytometry analysis of in vitro lymphocyte stimulating effect 

The preparation of spleen lymphocytes for stimulation tests and flow cytometry analysis 

was performed according to Pandeirada et al. [245]. In a first batch, cells were stimulated 

with RPMI (negative control), 2.5 µg/mL of Escherichia coli lipopolysaccharides (B cells 

positive control), 2.5 µg/mL of concanavalin A (ConA, T cells positive control) or 25, 100 

and 250 µg/mL of EPM75. Co-incubation with 100 µg/mL polymyxin B (PB) was parallelly 

done to evaluate possible contamination by endotoxins. In a second batch, beyond positive 

e negative control, 2.5, 25, 100 and 200 µg/mL of Purified sEPS native (N) and desulfated 

(D) obtained from P. purpureum grown at 32 g/L of NaCl. The different concentrations were 

tested to evaluate the existence of a dose response manner of the native and desulfated 

polysaccharides. The concentration of 200 µg/mL of Purified sEPS native (N) and desulfated 

(D) obtained from P. purpureum grown at 18 and 50 g/L NaCl were also tested to access the 

differences between sEPS obtained from the culture salinities. Co-incubation with 100 

µg/mL polymyxin B (PB) was performed in parallel for all samples to evaluate possible 

contamination by endotoxins. Monoclonal antibodies used (diluted from 1:100) were: anti-
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CD19 (PE- conjugate; clone 1D3; Biolegend, USA), anti-CD3 (PE-Cy7-conjugate; clone 

145-2C11; BD Bioscience, USA), and anti-CD69 (FTIC-conjugate; clone H1.2F3; 

Biolegend, USA). Lymphocytes were analysed in a BD FACSCanto II flow cytometer using 

BD FACSDiva Software (Biosciences BD). The collected data files were analysed using 

FlowJo v10.3 software (Tree Star Inc., Ashland, OR, USA). The gating strategy used to 

select B and T lymphocytes expressing the molecule CD69 is shown in Figure 2.6. 

 

Figure 2.6 – A sequential gating strategy was used to identify lymphoid cell populations by flow cytometry based on 

their surface expression of specific markers (upper row). Lymphocytes were gated above cell debris based on FSC 

and SSC characteristics (Lymphocytes); then, doublets were excluded (Single cells), followed by dead cell exclusion 

(Live), based on propidium iodide (PI) incorporation; T lymphocytes were gated based on CD3 expression (T cells) 

and B lymphocytes were selected based on CD19 expression (B cells). The percentage of T and B cells expressing 

the early activation marker CD69 was determined in gated T and B cells (CD3+CD69+ and CD19+CD69+, 

respectively). Examples (lower row) of the expression of CD69 in gated T and B cells non-stimulated (Medium) or 

stimulated with Concanavalin A (ConA) and Lipopolysaccharide (LPS), that were respectively used as positive 

controls for T and B cell activation, are shown. 

 

2.5 Statistical analysis 

Statistical analyses were performed using One-Way ANOVA in Minitab 17, for 95% 

confidence level, using Tukey’s comparisons tests. Principal Component Analyses (PCA) 

were performed in the online platform MetaboAnalyst 3.0 [246], applying a normalization 

by the total of each sugar residue of P. purpureum extracts.  
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3.1  Stabilization of Chlorella vulgaris chlorophylls in ethanol  

As C. vulgaris has a high chlorophyll content, one of the highest found in nature among 

all species, its pigments have the potential to be used as a natural coloring additive in food 

products, a major sensorial quality responsible for visual recognition of foods. However, 

when chlorophylls are out of the chloroplasts, they can easily degrade, decreasing their green 

color intensity. Consequently, adequate storage conditions are of utmost importance to 

preserve the color of chlorophylls. Thus, to obtain a suitable green extract to incorporate in 

food products, C. vulgaris pigments were extracted with ethanol, a food grade solvent. The 

influence of combined storage conditions, namely, temperature, light, atmosphere, and 

alkaline environment, on the stability of ethanol solutions of C. vulgaris chlorophylls/color 

was studied. This will allow to set the most appropriate storage conditions of C. vulgaris 

ethanolic extract to be further applied as coloring agent in food products.  

 

3.1.1 Evaluation of the efficiency of different technologies to extract C. vulgaris 

pigments 

The liposoluble chlorophylls can be extracted from thylakoid membranes of 

chloroplasts of C. vulgaris with organic solvents such as chloroform, methanol, ethanol, and 

acetone or their mixtures [60,85,89]. Therefore, different solvents, namely ethanol, acetone, 

and chloroform:methanol (2:1, v/v), and different extraction methodologies, namely 

ultrasound-assisted extraction, were used to evaluate the C. vulgaris chlorophyll´s extraction 

yield (Figure 3.1). The solvent mixture of chloroform:methanol (2:1, v/v) allowed to obtain 

a total chlorophylls content of 7.9 mg/g, agreeing with literature  [247]. Although extractions 

assisted by ultrasound has been reported to improve chlorophylls extraction yield [91], it has 

already been verified that application of high energies may lead to pigment decomposition 

due to thermal effect [248], which may explain the extraction yield of 8.2 mg/g, similar to 

the non-treated sample. The extraction with acetone revealed a lower extraction yield of total 

chlorophylls content (1.1 mg/g). Although this solvent is used for extraction of chlorophylls 

from plants [249] for dried C. vulgaris, it is not the most appropriate solvent.  

The extraction of chlorophylls from C. vulgaris with ethanol also resulted in a poor 

extraction (1.7 mg/g), much lower than the extraction yield of the chloroform:methanol, but 

higher than the yield obtained with acetone. Despite this lower yield, due to its food grade 
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label, ethanol was used to extract chlorophylls in order to study their storage stabilization 

for further application as ingredient in the food sector.  

Independently of the extraction solvents used, Chl a content was always higher than Chl 

b content (Figure 3.1), which agrees with the higher content of Chl a in C. vulgaris biomass 

[112]. This allows to use ethanol to obtain a representative extract of the chlorophylls of C. 

vulgaris for further studies.  

 

 

Figure 3.1 – Extraction yield of chlorophyll a (Chl a, mg/g), chlorophyll b (Chl b, mg/g), and  total chlorophylls (Chl 

a + Chl b, mg/g) from C. vulgaris biomass, using chloroform:methanol (2:1, v/v), chloroform:methanol (2:1, v/v) 

assisted with ultrasound,  acetone, and ethanol. Mean values ± SD, n=9. The different characters above bar indicate 

statistical differences (p<0.05) between compared groups (One-Way ANOVA, Tukey’s multiple comparisons test). 

 

3.1.2 C. vulgaris pigments identification 

To evaluate the pigments composition of the ethanolic extract, a thin layer 

chromatography (TLC) was performed using two mobile phases with different polarities: 

petroleum ether:1-propanol:water (100:10:0.25, v/v/v) and n-hexane:acetone (7:3, v/v). The 

separation was carried out on the principle of affinity of substances to the stationary phase 

and solubility in the mobile phase according to their polarity as follows: the fastest mobility 

compound was carotene, pheophytin, Chl a, Chl b, and xanthophylls (Figure 3.2), according 

with literature [89,250]. The petroleum ether:1-propanol:water eluent allowed the separation 

and identification of four different pigments (Figure 3.2a), while the less polar eluent, n-

hexane: acetone, allowed the separation and identification of 5 pigments: the same 
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previously identified with the addition of the pheophytin (Figure 3.2b), identified by its Rf 

and color [89]. Despite of the additional band identification, the separation of the most polar 

compounds with n-hexane: acetone was not as efficient (Figure 3.2a) as in the TLC with the 

organic phase with low water content, since a slight overlap of xanthophylls and Chl b was 

observed (Figure 3.2b). Xanthophylls may correspond to lutein and zeaxanthin, due to their 

polarity similitude and due to the broad yellow band verified in TLC plate on Figure 3.2a, 

as reported in literature [89], agreeing with the composition of C. vulgaris pigments 

[115,117]. 

 

 

 

Figure 3.2 – TLC of ethanol C. vulgaris extract with two different eluents a) petroleum ether:1-propanol:water 

(100:10:0.25, v/v/v); b) n-hexane:acetone (7:3, v/v). The number between parentheses corresponds to the Rf value). 

 

Albeit a large number of pigments are present, chlorophyll a as the most abundant 

pigment in C. vulgaris and responsible for the dark green color, was used as diagnostic 

pigment to study the stability of C. vulgaris pigments in ethanol solutions. 

 

3.1.3 Evaluation of C. vulgaris pigments stability  

Since Chl a present in C. vulgaris ethanolic extract is susceptible to chemical 

degradation, resulting in a decrease of color intensity [251], the evaluation of pigments 

stability under different storage conditions are necessary for further application as a natural 

colorant in food products. Therefore, this investigation was undertaken to study the influence 

of temperature (4 and 60 ºC), light (in the presence and absence of light), alkaline 
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environment (with or without NaOH), and atmosphere (oxygen-rich or argon-rich 

atmosphere) on the stability of ethanol solutions of C. vulgaris pigments along 9 days (216 

h). The evaluation of pigments/green color degradation over time was carried out with 16 

experiments in total, measuring the absorbance. 

As the maximum absorption of chlorophylls strongly depends on the type of solvent 

[214], the ultraviolet-visible spectrum (300 – 700 nm) of C. vulgaris ethanolic extract was 

performed (Figure 3.3). The wavelength of 418 nm corresponded to the maximum 

absorbance absorption, the maximum absorption of Chl a in ethanol [90], corroborating the 

majority of this pigment in the ethanolic extract. In this sense, the evaluation of pigments 

stability over time was recorded at 418 nm. 

 

 

Figure 3.3 – Ultraviolet-visible spectrum of C. vulgaris ethanolic extract. 

 

The decrease of absorbance over time (0, 48, 96, 168, 216 h) for the 16 experimental 

storage conditions is represented in Figure 3.4, where it is possible to observe that after 9 

days of storage, although the absorbance decreased for all conditions, showing the instability 

of green color, the absorbance decrease for the temperature of 4 ºC in the dark, was only 

41.3% for 216 h in a rich argon atmosphere, with or without NaOH addition or in the 

presence of air-rich atmosphere with NaOH addition. A slightly higher decrease of 

absorbance (53.8%) was observed for the sample in air atmosphere without the addition of 

NaOH (Figure 3.4a). This was much lower when compared with 60 ºC in the dark, which 

for the same period presented a decrease of 73.8 % (Figure 3.4b), as well as for the presence 

of light at 4 ºC (Figure 3.4c), 79.4% decrease, and at 60 ºC (Figure 3.4d), 89.4% decrease. 
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The use of modified atmosphere and alkaline environment seemed not to have high influence 

on the degradation of chlorophylls.  

 

Figure 3.4 – Absorbance (418 nm) measured over time for the 16 experimental conditions a) 4 ºC, Dark, b) 60 ºC, 

Dark, c) 4 ºC, Light, d) 60 ºC, Light. 

 

The major absorbance decrease was observed for the first period measured, 48 h of 

storage. In the conditions that have in common the temperature of 4 ºC in the dark, it was 

observed that with the addition of NaOH in the presence of argon a lower absorbance 

decrease (-0.001 Δabs/h) was obtained when compared with the other ones (average of -

0.003 Δabs/h) (Figure 3.4a). Nevertheless these slopes were lower than those observed for 

all other conditions, -0.006 Δabs/h at 60 ºC in the dark (Figure 3.4b), -0.007 Δabs/h at 4 ºC 

in the presence of light (Figure 3.4c), and -0.010 Δabs/h at 60 ºC in the presence of light 

(Figure 3.4d). Thus, the presence of light and high temperature appears to be the factors that 

contributed more for the Chl a degradation.  
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The color of C. vulgaris ethanolic extract was also measured using the CIELAB system 

that complement the spectrophotometric method, since color vision is a complex 

phenomenon and its measurement can be more complex than the absorption at specific 

wavelengths [98]. Thus, the measurement of -a* is a parameter that have been used to 

evaluate over time the green color loss of ethanolic solutions [90,98]. In Figure 3.5 is 

represented the decrease of -a* value over time. As verified for the absorbance 

measurements, it is possible to observe that after 9 days of storage, the -a* decrease for the 

temperature of 4 ºC in the dark, was only 51.9% for 216 h (Figure 3.5a), which was much 

lower when compared with 60 ºC in the dark, which for the same period presented a decrease 

of 86.7% (Figure 3.5b), as well as for the presence of light at 4 ºC (Figure 3.5c), 91.7% 

decrease, and at 60 ºC (Figure 3.5d), 100% decrease. In agreement with the data obtained 

for the absorbance measurement, the color decrease was mainly observed for 48 h of storage.  

 

Figure 3.5 – Value of greenness (-a*) measured over time for the 16 experimental conditions a) 4 ºC, Dark, b) 60 ºC, 

Dark, c) 4 ºC, Light, d) 60 ºC, Light. 
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In order to better understand which conditions have more influence in Chl a degradation 

and to understand the way that those conditions interact between them, an unreplicated 24 

full factorial design with two levels was performed for 48 h of storage. The two levels are 

coded (+1) and (-1) for the higher and lower limits of each one, respectively. The absorbance 

at 418 nm (Y1) and -a* (Y2) for the full factorial design is represented in Table 3.1. 

 

Table 3.1 – Absorbance at 418 nm (Y1) and -a* (Y2) settled according to full factorial design for 48 h of C. vulgaris 

ethanolic extract. 

Run X1  (T, ºC) X2 (Light) X3  (Atm) X4 (Alkaline) Y1 (A418) Y2 (-a*) 

1 -1 (4) -1 (Dark) -1 (Air) -1 (No NaOH addition) 0.444 8.65 

2 +1 (60) -1 (Dark) -1 (Air) -1 (No NaOH addition) 0.258 2.78 

3 -1 (4) +1 (Light) -1 (Air) -1 (No NaOH addition) 0.247 2.58 

4 +1 (60) +1 (Light) -1 (Air) -1 (No NaOH addition) 0.129 0.96 

5 -1 (4) -1 (Dark) +1 (Argon) -1 (No NaOH addition) 0.429 9.26 

6 +1 (60) -1 (Dark) +1 (Argon) -1 (No NaOH addition) 0.296 3.92 

7 -1 (4) +1 (Light) +1 (Argon) -1 (No NaOH addition) 0.287 4.67 

8 +1 (60) +1 (Light) +1 (Argon) -1 (No NaOH addition) 0.075 0.91 

9 -1 (4) -1 (Dark) -1 (Air) +1 (NaOH addition) 0.402 12.00 

10 +1 (60) -1 (Dark) -1 (Air) +1 (NaOH addition) 0.289 3.66 

11 -1 (4) +1 (Light) -1 (Air) +1 (NaOH addition) 0.226 3.99 

12 +1 (60) +1 (Light) -1 (Air) +1 (NaOH addition) 0.088 2.03 

13 -1 (4) -1 (Dark) +1 (Argon) +1 (NaOH addition) 0.512 10.05 

14 +1 (60) -1 (Dark) +1 (Argon) +1 (NaOH addition) 0.300 4.52 

15 -1 (4) +1 (Light) +1 (Argon) +1 (NaOH addition) 0.262 2.85 

16 +1 (60) +1 (Light) +1 (Argon) +1 (NaOH addition) 0.098 2.63 

 

 

Pareto chart (Figure 3.6a) represents the effects on color stability measured by the 

absorbance at 418 nm. The linear terms of the variables light (X2) and temperature (X1) 

exhibited significant effect on pigments degradation. This is shown by the bars of the 

standardized effect that are beyond the vertical red line, representing the statical significance 

at 95% confidence level, which does not happen when considering their interactions. 

Moreover, Pareto chart evidenced that linear light variable exerts the most preponderant 

effect. Accordingly, Pareto chart in Figure 3.6b reveals that the linear terms of the variables 
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light (X2) and temperature (X1) showed significant effect on the green color vanishing (-a*) 

of C. vulgaris ethanolic extract, being the presence of light the most significant factor as 

well. According to both Pareto charts (Figure 3.6), under the studied conditions, the variables 

atmosphere (X3) and the alkaline environment (X4) on ethanolic solutions had no statistical 

impact on the color loss. Contrary to Pareto chart of the response at Abs 418 nm (Figure 

3.6a), the Pareto chart of the -a* response (Figure 3.6b) showed a significant two 2-way 

interactions between temperature and light (X1X2). When an interaction is significant, it 

means that the effect of a term on the response is distinct at different levels of another 

independent variable [252].  

 

 

Figure 3.6 – Pareto charts of the standardized effects: a) response is Abs (418 nm), 48 h (p<0.05); b) response is -

a*, 48 h (p<0.05).  

 

When chlorophyll in organic solvents such as ethanol, acetone or benzene is exposed to 

light in the presence of oxygen, it is irreversibly bleached by photo-oxidation, resulting in 

colorless derivates [253]. The presence of an argon rich atmosphere, instead of an oxygen-

rich atmosphere, did not have a significant effect on the protection of chlorophylls 

degradation, possibly due to the fact that there are oxygen molecules present in the solution, 

which could be enough to promote photo-oxidation reactions. The lack of effect of modified 

atmosphere was also verified on the stability of pigments (Chl a, Chl b, and lutein) of 

2.2

Standardized Effect

X2

X1

X4

X3

0

X1- Temperature X2- Light; X3- Modified atmosphere; X4- Alkaline

Response is Abs 418 nm, 48 h Response is –a*, 48 h

2.2

0 2 4 6 8

a b

X2

X1

X1X2

X4

X3

Standardized Effect

9.2

8.8

4.7

2.1

0.6

2 4 6 8 10 12 14

13.0

11.0

1.5

0.1



63 

pistachio kernels, since no differences were observed during storage, irrespective to the use 

of oxygen scavengers and high gas barrier plastic films [99].  

Temperature is also a well-stablished main factor influencing the stability of 

chlorophylls [97], since high temperatures, 60 ºC in this study, could promote the formation 

of pheophytins, leading to a green color loss [96].  It was also already reported [90] that the 

rate of color loss of Chl a in ethanolic solutions increases with temperature (tested from 20 

to 50 °C). Moreover, the stability of Chl a or green color with temperature in broccoli and 

green beans treated from 40 up to 96 °C [254] and  spinach puree in a  temperature range of 

50–120 °C  [98] was also affected. The pH also has influence on stability of chlorophyll 

pigments mainly changing their structures by pheophytinization. When an acidic solution 

was added to the C. vulgaris ethanolic extract, the solution changed immediately from bright 

green to olive brown (results not shown). However, the addition of NaOH did not 

significantly influence the chlorophylls degradation in the present study. Alkaline conditions 

have been reported to induce oxidation of the isocyclic ring and de-esterification of phytol 

in chlorophylls. These reactions do not significantly affect the color of the product since 

these compounds retain intact the basic structure of the chromophore group with Mg linked 

to the porphyrin ring [255]. Consequently, chlorophyll is reported to be stable at alkaline 

conditions [98] or even more stable, as verified for the chlorophylls in coriander leaf puree 

that was found to be most heat stable at pH 7.5 [102]. 

To evaluate the effect of pigments concentration in the C. vulgaris ethanolic extract in 

different storage conditions, another set of experiments were performed, starting with a 

higher concentrated ethanolic pigments solution. Since presence of NaOH seemed to prevent 

the degradation of long-term chlorophyll at 4 ºC in the dark under air atmosphere (Figure 

3.4a), the argon-rich atmosphere was no longer tested. Moreover, 28 ºC was tested instead 

of 60 ºC since higher temperatures greatly promoted Chl a degradation. The first batch of 

experiments also revealed that after 48 h of storage, most experiments had already a faint 

green color, thus, in the second set, beyond the higher concentration of pigments in the 

ethanol C. vulgaris extract, the time span of the experiments was enlarged with points at 9.5, 

36, 65.5, 138, 155.5, 184, 228.5, and 324 h. Thereafter, the total of eight storage conditions 

were tested throughout the measurement of the absorbance at 418 nm and -a* (Figure 3.7 

and Figure 3.8, respectively). According to Figure 3.7a, the lower decreasing of Abs at 418 

nm occurred in the absence of light, while the higher degradation rate occurred at the 
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presence of light (Figure 3.7b). The two temperatures (4 ºC and 28 ºC) seemed to have no 

impact on the pigment’s degradation. Moreover, the addition of NaOH also appeared to have 

no influence in the maximum absorbance at 418 nm. The measured of -a* (Figure 3.8) also 

revealed the major importance of the dark to protect chlorophyll degradation as well as the 

addition of NaOH although in less extent for long periods of time (Figure 3.8a). This 

protection effect is also noticed in the presence of light (Figure 3.8b).  

 

 

Figure 3.7 – Absorbance (418 nm) measured over time for the 8 experimental conditions a) in the dark, b) in the 

light. 

 

 

 

 

Figure 3.8 – Value of greenness (-a*) measured over time for the 8 experimental conditions a) in the dark, b) in the 

light. 
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To understand the influence of pigments concentration on their degradation rate, the 

degradation at 4 ºC with and without NaOH in the dark and in the presence of light were 

evaluated. Hence, the analyzed parameters at time 48 h were estimated Table 3.2. 

 

Table 3.2 – Degradation rate (slope) of Chl a and green color (-a*) of 4 experiments of each set of experiments at 

4ºC for the first 48 h. Set 1 refers to the first batch of experiments (0.6 of absorbance) and set 2 refers to the second 

batch of experiments (1.8 of absorbance).  

Conditions Runs A418 -a* 

Set 1  Set 2 %dif  Set 1 Set 2 %dif 

No NaOH additon, dark 1 -0.0025 -0.0029 13.8  -0.0667 -0.0892 25.2 

No NaOH addittion, light 2 -0.0066 -0.0163 59.5  -0.1931 -0.4264 54.7 

NaOH addition, dark 3 -0.0036 -0.0012 -66.7  -0.0313 -0.1048 70.1 

NaOH addition, light 4 -0.0073 -0.0170 57.1  -0.1981 -0.3470 42.9 

 

From Table 3.2 it is possible to observe that set 2, the samples with higher chlorophyll 

concentration, had a higher degradation rate of Chl a (A418) and green color (-a*) higher, 

in the presence of light, with higher slopes, in accordance with the difference in the initial 

concentration of the solutions. In dark conditions, the slopes were much lower and similar 

between sets, allowing to infer the stabilization of chlorophylls in these ethanolic solutions. 

The full factorial analysis was employed at 9.5 h and at 65.5 h and the responses Y1 (abs 

418 nm) and Y2 (-a*) are represented in Table 3.3. 

 

Table 3.3 – Absorbance at 418 nm (Y1) and -a* (Y2) settled according to full factorial design for 9.5 and 65.5 h of C. 

vulgaris ethanolic extract (data set 2). 

Run X1  (T,ºC) X2 (Light) X3 (Alkaline) 9.5 h 65.5 h 

Y1 (A418) Y2 (-a*) Y1 (A418) Y2 (-a*) 

1 -1 (4) -1 (Dark) -1 (No NaOH addition) 1.846 21.19 1.624 17.45 

2 +1 (28) -1 (Dark) -1 (No NaOH addition) 1.852 21.04 1.556 17.07 

3 -1 (4) +1 (Light) -1 (No NaOH addition) 1.463 21.40 0.893 3.02 

4 +1 (28) +1 (Light) -1 (No NaOH addition) 1.191 15.71 0.737 0.09 

5 -1 (4) -1 (Dark) +1 (NaOH addition) 1.833 20.72 1.679 16.69 

6 +1 (28) -1 (Dark) +1 (NaOH addition) 1.822 20.58 1.631 16.64 

7 -1 (4) +1 (Light) +1 (NaOH addition) 1.434 11.37 0.876 5.75 

8 +1 (28) +1 (Light) +1 (NaOH addition) 1.229 9.48 0.727 3.72 



66 

Full factorial design allowed to demonstrate the statistical relevance (at 95% confidence 

level) of the presence of light (X2) on de decreasing of absorbance (418 nm) at 9.5 h of 

storage, as shown in the Pareto chart (Figure 3.9a), and the statistical irrelevance of the other 

linear terms, namely temperature (X1) and alkaline environment (with or without NaOH, X3). 

For the same time of storage (9.5 h) of C. vulgaris ethanolic extract, similar behaviour was 

observed in the stability of -a* parameter (Figure 3.9b), where only the presence of light had 

a slight influence. After longer period of storage (65.5 h), the presence of light greatly 

influenced the degradation of pigments and green color in the ethanolic solution, verified by 

the statistically relevance on both absorbance and -a* parameter, as demonstrated by the 

Pareto charts in  Figure 3.9a and b. Moreover, after this period, the linear variable 

temperature (X1) also exhibited a lower preponderant influence on the decreasing of 

absorbance, without statistically affecting the decreasing of -a*. The evaluation of the 

CIELAB parameter, -a*, reflects the vanishing of green color, which is a crucial visual 

parameter to take into account for further application of these colorants in the food industry.  

A significant two 2-way interactions between the terms light (X2) and temperature 

(X1) it was not observed, contrarily to the experiments performed at 60 ºC, allowing to infer 

that the temperature of 28 °C did not promote a significant extent of chlorophyll degradation 

as observed at 60 ºC. It was reported that both refrigerator and room temperatures are suitable 

to store Chl a dissolved in acetone, that was kept for 84 days in the dark [103]. The 

degradation rate of Chl a of pistachio kernels was only slightly different at 10 and at 25 °C 

[99].  
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Figure 3.9 – Pareto charts of the standardized effects: a) response is Abs (418 nm), 9.5 h (p<0.05); b) response is -

a*, 9.5 h (p<0.05). 

 

 

 

 

 
 

Figure 3.10 – Pareto charts of the standardized effects: a) response is Abs (418 nm), 65.5 h, p<0.05; b) response is     

-a*, 65.5 h, p<0.05. 
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3.1.4 Degradation kinetic of green color at different temperatures. 

The CIELAB -a*/-a*0 value is a good way to measure chlorophylls degradation and 

color loss with temperature [256]. Using linear regression, the data were analyzed to 

determine the overall order and rate constant for the degradation reaction of green pigments. 

Accordingly, ln (-a*/-a0*) was plotted vs time (0, 6, 24, 29, 47, and 102 h), from which the 

rate constants (k) were calculated. Figure 3.11a shows the representative values for the first 

order plots for the degradation of greenness (-a*) for C. vulgaris ethanolic extract preserved 

in the dark at different temperatures, namely 4, 15, 28, 45 and 60 ºC. The correlation 

coefficient was > 0.84 in all cases, confirming that the degradation of the visual green color 

indeed followed a first order kinetics at all temperatures. These results are in line with the 

first order reaction found for Chl a degradation in solutions with different percentages of 

ethanol (1-60%) [90] and in vegetables, such as spinach puree [98], broccoli juice [257], and 

green peas [94]. 

From the rate constants obtained in Figure 3.11a, it was possible to develop a semi-

logarithmic plot of k vs the inverse of temperature. The Arrhenius plot for color loss of C. 

vulgaris pigments in ethanol revealed that the main color loss occurred between 28 and 60 

ºC, under the studied conditions, emphasizing the importance of the higher temperatures in 

the green color degradation. When plotting the three higher temperatures it was an activation 

energy of 74 kJ/mol (Figure 3.11b). As no significant degradation has been observed for the 

temperatures of 4 ºC and 15 ºC, these values were not taken into consideration for the 

calculation of the activation energy of chlorophyll degradation. This emphasizes the stability 

of pigments bellow room temperature and their higher degradation rate at temperatures 

higher than room temperature in ethanol solutions. 
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Figure 3.11 – a) First order plot of color (-a*) degradation in C. vulgaris ethanolic solution at different temperatures; 

b) Arrhenius plot for color loss of ethanolic solutions of C. vulgaris chlorophylls. 

 

The activation energy in the present study is of similar magnitude of previous studies. 

An activation energy from 18.4 to 85.1 kJ/mol was achieved for the degradation of Chl a, 

that varied with the ethanol concentration, reaching the maximum at 40% ethanol 

concentration, since at this concentration the interaction between ethanol and water 

molecules is stronger [90]. However, most of the studies of chlorophylls degradation have 

been done in whole foods, not in isolated chlorophylls. Activation energies of 28.7 kJ/mol 

have been reported for spinach puree, 41.6 kJ/mol for mustard leaves, and 34.0 kJ/mol for 

mixed puree in a range of temperatures between 75 and 115 °C [258]. Activation energies 

for color loss in broccoli juice for temperatures between 80 and 120 °C [257] was 71.0 

kJ/mol, 11.4-16.0 kJ/mol for green chili puree tested at temperatures between 60 and 90 °C  

[259], and 34.0-49.8 kJ/mol for blanching of green peas tested at temperatures between 70 

and 100 °C [94]. These values shows that the degradation of chlorophylls when in the native 

matrix are minimized, although variations for the different matrices occur. Beyond the 

influence of the matrices, the temperature ranges used in these studies have also influence in 

the determination of the activation energies for chlorophylls’ degradation.  

 

3.1.5 Food application 

The green C. vulgaris ethanolic extract (1 and 2 mL) was added to cooked cold white 

rice to obtain green rice to be used in sushi. The visual color stability was observed over 
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time at 4 °C and is shown in Figure 3.12. At time 0 (Figure 3.12a), the addition of 

chlorophylls’ extract, principally the addition of 2 mL, originated an appealing bright green 

rice. After 3 days of storage (Figure 3.12b), the cooked rice maintained the green color, 

without presenting the bright color as in the moment of the extract addition. After 7 (Figure 

3.12c) or 13 days (Figure 3.12d) of storage, the rice color change from the bright green to a 

slight olive green, possibly due to the formation of pheophytins, since the pH was not 

controlled [96].  

 

 

Figure 3.12 – Addition of 1 and 2 mL of C. vulgaris ethanolic extract to white rice and evaluation of visual color 

during storage at 4 ºC in the presence and absence of light at a) day 0; b) day 3; and c) day 7, and d) day 13. 
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The color of the rice in the presence of light remained visually unchanged (Figure 3.12), 

similarly to the rice maintained in the dark. Thus, although the light has a great influence in 

the degradation of color of C. vulgaris ethanolic extract, it does not have influence when 

applied to the rice.  

The application of the green extract in cooked cold rice to be used in sushi proved the 

potential of C. vulgaris as a source of a food color additive, mainly for the immediately 

addition and consumption of the processed food, meeting the need of consumers for natural 

colorants.  

 

3.1.6 Concluding remarks 

The assessment of the color stability of a C. vulgaris ethanolic extract, composed mainly 

by Chl a in different storage conditions, allowed to conclude that the light was the main 

variable that negatively affect the green color, followed by temperature, under the studied 

conditions. The alkaline environment and an inert atmosphere (argon-rich atmosphere) had 

no statistical effect on the green color preservation. The loss of color in the ethanol with 

temperature followed the first-order kinetic, being more significant between 28 and 60 °C, 

with an activation energy of 74 kJ/mol. These results show that C. vulgaris chlorophylls can 

be preserved in ethanol solutions at room or lower temperatures, allowing them to be 

preserved in a food grade solvent easy to handle and be used as food ingredient.  

The C. vulgaris ethanolic extract revealed to be a suitable natural food colorant for 

cooked rice, up to 3 days of storage at 4 ºC, either is the presence or absence of light. Thus, 

C. vulgaris is a great source of natural pigments that can be employed to colored or enhance 

the green color of processed foods, playing an important role in the market success of a 

product.  
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3.2  Reserve, structural, and extracellular polysaccharides of Chlorella vulgaris: a 

holistic approach 

Beyond the biological value of C. vulgaris due to the high content of chlorophylls, this 

microalga is rich in starch and structural polysaccharides that could also have potential to be 

valued as food ingredients. Despite the potential of C. vulgaris biomass in human diet [212], 

the particular relevance of its polysaccharides still needs to be definitely assessed as a source 

of energy or even as health-promoting products. Here, the starch digestibility in raw and 

boiled biomass was evaluated and compared with its extractability with hot water and alkali 

solutions, after the pigments and lipidic fraction were removed with chloroform: methanol 

(2:1, v/v). The cell wall related polysaccharides, as well as extracellular polysaccharides, 

were structurally characterized to establish a relationship with the assessed 

immunostimulatory activity. The holistic approach in characterizing C. vulgaris 

polysaccharides will be useful to evaluate their potential as functional food ingredients.  

 

3.2.1 Composition of Chlorella vulgaris biomass 

The C. vulgaris biomass used in the present study was composed by 41% of protein, 

29% of sugars, 11% of inorganic material, 8% of fatty acids, and 6% of pigments (Figure 

3.13a), which is in accordance with literature [10]. The most abundant amino acids were 

leucine (17%), phenylalanine and lysine (14%), and tyrosine (13%) (Figure 3.13b). The ratio 

of essential to total amino acids was almost 2/3, which is clearly above the 1/3 index ratio 

recommended by FAO/WHO/UNU (1985) for a nitrogenous nutritional equilibrium. The 

fatty acids corresponded to 8% (w/w) of dried microalgae mass. Although palmitic acid 

(C16:0) was the main fatty acid residue (19%), polyunsaturated acids were also present in 

higher quantity, namely 14% linolenic (C18:3), 14% linoleic (C18:2), and 13% oleic (C18:1) 

acids (Figure 3.13c). The ratio of unsaturated to saturated fatty acids was 3:1, showing the 

good balance of fatty acids profile reported for C. vulgaris [260].  
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Figure 3.13 – Characterization of C. vulgaris biomass: a) C. vulgaris composition in proteins, carbohydrates, 

inorganic material, fatty acids, pigments, and moisture; b) amino acids composition; and c) fatty acids composition. 

Mean values ± SD, n=3. 
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Carbohydrates were mainly composed by glucose (74%) (Table 3.4), mainly starch, 

which accounted for 22% of total biomass (quantified enzymatically), which is in accordance 

with literature, where a starch content up to 55% has been reported [261]. As C. vulgaris 

could represent an important starch source for food purposes, in vitro starch digestion and 

starch extractability was evaluated.  

 

3.2.2 In vitro starch digestion of C. vulgaris and glycemic index determination 

Figure 3.14a shows the starch digestibility of raw and boiled Chlorella samples in 

relation to total starch in dry biomass. It is possible to observe a release of 43% and 71% of 

total glucose, respectively. This difference promoted by the boiling of microalga biomass 

should be due to the gelatinization of the inner starch, becoming more available to enzymatic 

hydrolysis and, consequently, more digestible. Nevertheless, this content of glucose release 

was lower when compared with the boiled potato and bread, which approach 100% of starch 

digestibility. 

Considering the amount of starch in whole biomass, Chlorella showed a low starch 

digestion when compared with boiled potato and bread (Figure 3.14b). This is in accordance 

with the lower Chlorella glycemic index (GI). In vitro digestion of boiled Chlorella biomass, 

with a GI of 56, should be considered a medium (56⩽GI⩽69) GI food, whereas raw 

Chlorella biomass (GI=49) should be considered a low (GI⩽55) GI food [262]. Since this 

microalga is usually consumed both raw and cooked, the extent of energy obtained from this 

microalga can be modulated by processing. 
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Figure 3.14 – Starch digestibility of different samples in relation to: a) total starch in dry biomass and b) total dry 

biomass. Mean values ± SD, n=3. 

 

 

3.2.3 C. vulgaris starch extraction 

A hot water extraction was performed to relate C. vulgaris starch extractability with its 

digestibility. The hot water extract (HWE) obtained was composed by 26% of carbohydrates, 

mainly glucose (54 %mol) (Table 3.4). Thus, hot water allowed an extraction of 12.5% of 

total starch, confirmed by blue/purple staining of iodine test (data not shown) and by the 

presence of characteristic starch 1,4-Glc and 1,4,6-Glc linkages (Table 3.5). The extraction 

yield obtained was much lower than the 71% of glucose released during the in vitro starch 

digestibility (section 3.2.2). This difference may be due to protein hinderance, since during 

starch digestibility assay protein was removed by proteases. 

Upon dialysis of HWE, it was possible to obtain a precipitate enriched in 

polysaccharides and also in glucose (87 %mol). Although this fraction accounted only for 

1% of total C. vulgaris mass (3% of total starch present in C. vulgaris), the purity of the 

starch obtained allowed its further characterization.  

In order to extract the starch that still remained in the insoluble material from the hot 

water extraction (HWIM), alkali extractions with 1 M and 4 M KOH were performed. Upon 

dialysis, both 1 M and 4 M KOH extracts allowed to obtain a precipitate that was separated 

from the supernatant by centrifugation (1MPp and 4MPp). The precipitates accounted for an 
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extraction yield of 24 and 22%, respectively, composed by 45 and 49% of carbohydrates, 

mainly glucose. The blue/purple staining of iodine test (data not shown) and glycosidic 

linkage analysis (Table 3.5) allowed to confirm the presence of starch. Sugar and linkage 

analyses of the supernatants of 1 M and 4 M KOH (1MSn and 4MSn) also revealed the 

presence of glucose terminally-linked, 1,4-linked and 1,4,6-linked, in accordance with the 

presence of starch. These glycosidic linkages were also observed in the supernatant resulted 

from the dialysis of the final residue (FinalSn). Taking into account both dialysis precipitate 

and supernatant of 1 M and 4 M KOH extractions, it was possible to recover 25 and 26% of 

the total starch present in C. vulgaris, respectively. Aqueous alkali induces swelling and 

gelatinization of the starch granules at room temperature, since alkali breaks the 

intramolecular hydrogen bonds, facilitating the penetration of water molecules into the 

granules. Moreover, alkali solutions were able to dissolve proteins that mainly co-precipitate 

with starch during dialysis (Table 3.4), allowing a protein network disintegration that 

benefited the starch extraction [256]. 

The final insoluble residue (FinalResidue) only contained 3.5% of the initial biomass 

starch. Therefore, KOH extractions were able to extract starch in higher rate than the 

digestion simulation, where raw and boiled biomass still contained 12 and 6% undigested 

starch, respectively (section 3.2.2). Alkali extractions proved to be a good methodology to 

concomitantly extract starch and proteins of C. vulgaris biomass. In order to identify possible 

food applications for C. vulgaris starch, its physicochemical characteristics were evaluated.
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Table 3.4 – Sugar composition (%mol), total sugars, starch and protein content (% w/w) of C. vulgaris biomass and its fractions (hot water extraction fractions, KOH extraction 

fractions), and extracellular polymeric material recovered from the C. vulgaris growth medium. 

 Yield 

(%) 

Sugars (%mol) Total sugars 

(% w/w) 

Starche 

(% w/w) 

Protein 

(% w/w) Rha Fuc Ara Xyl Man Gal Glc UA 

Cv biomass  4.0±0.4 0.3±0.0 0.4±0.1 1.7±0.1 2.5±0.2 10.3±1.5 72.9±2.2 8.0±0.3 28.7±0.3 22 41.0±0.4 

HWE 20.1a 5.1±0.1 1.7±0.0 1.2±0.1 2.3±0.1 4.2±0.2 10.9±0.2 53.9±0.3 20.6±0.3 25.5±0.3 2.8 49.0±0.2 

HWE50 15.2b 1.5±0.0 0.3±0.0 0.7±0.0 1.3±0.1 1.3±0.1 6.6±2.8 73.9±1.6 14.4±1.2 46.2±3.9 1.0 24.5±0.1 

HWE75 52.7b 10.4±0.7 3.3±0.2 1.5±0.1 3.2±0.3 6.2±0.4 19.5±1.1 38.2±1.7 17.1±1.1 23.4±0.7 0.9 44.3±0.2 

HWESn 26.3b 4.6±0.1 1.5±0.0 0.9±0.0 1.5±0.0 8.2±1.4 2.7±0.1 64.5±1.5 16.1±0.2 15.4±0.1 0.5 60.4±1.0 

StarchRF 1.0a 0.8±0.0 0 0.6±0.0 0.7±0.0 0.2±0.0 0.7±0.0 87.0±1.0 10.0±1.0 74.6±5.4 0.6 9.7±0.0 

HWIM 59.3a 1.5±0.0 0 0.4±0.1 1.2±0.0 0.9±0.0 3.8±0.1 72.3±0.2 19.8±0.0 38.5±0.6 16.5 49.4±0.8 

KOH 1M             

1MSn 3.7c 2.5±0.5 0.3±0.0 0.9±0.1 1.7±0.4 4.0±0.4 19.6±0.7 55.2±0.3 15.7±0.8 35.9±1.7 0.4 61.1±3.1 

1MPp 24.2c 1.6±0.1 0 0.3±0.0 1.2±0.0 0.8±0.1 2.4±0.1 76.5±0.4 17.2±0.4 45.5±1.1 5.0 52.4±0.1 

KOH 4M             

4MSn 3.3c 1.4±0.0 0.2±0.0 0.9±0.0 1.6±0.0 2.8±0.2 14.7±0.8 66.0±1.0 12.5±0.5 47.0±1.7 0.6 46.7±0.3 

4MPp 21.8c 1.7±0.0 0 0.3±0.0 1.2±0.0 0.8±0.2 2.9±0.8 79.1±0.6 14.0±0.4 49.4±1.4 5.1 50.2±0.8 

FinalSn 0.4c 0 0 0.7±0.1 0 1.6±0.2 8.8±0.4 76.5±0.4 12.5±1.2 52.1±4.8 0.1 47.0±1.3 

FinalResidue 11.7c 1.4±0.1 0 0.4±0.0 0.7±0.0 0.9±0.6 2.0±1.2 83.2±1.3 11.4±0.4 60.2±1.9 3.5 43.9±0.6 

EPM  9.5±0.1 0 3.2±0.1 4.4±0.1 12.3±0.3 49.7±1.7 2.3±0.3 19.5±1.0 43.5±0.8  27.9±0.3 

EPM50 9.9d 8.8±0.6 0 7.1±0.1 6.1±0.0 8.5±0.1 28.6±0.5 8.4±0.3 32.5±0.3 16.6±0.1  53.9±0.6 

EPM75 36.6d 6.8±0.4 0 2.5±0.0 4.3±0.1 7.2±0.4 58.0±0.8 1.4±0.0 19.8±0.1 44.2±0.2  29.0±0.2 

EPMSn 41.5d 7.4±0.3 0 3.1±0.3 4.0±0.1 8.1±1.6 50.7±2.2 2.4±0.2 24.2±0.7 37.5±1.1  21.5±0.0 

Cv biomass – Chlorella vulgaris biomass; HWE – Hot Water Extract; HWE50 – Hot Water Extract precipitated at 50% ethanol; HWE75 – Hot Water Extract precipitated at 75% ethanol; HWESn – Hot Water Extract 

supernatant of the precipitation at 75% ethanol; StarchRF – Starch Rich Fraction; HWIM – Hot Water Insoluble Material; 1MSn – Supernatant of 1M KOH extraction; 1MPp – Precipitate of 1M KOH extraction; 

4MSn – Supernatant of 4 M KOH extraction; 4MPp – Precipitate of 4 M KOH extraction; FinalSn – Final Supernatant of 4 M KOH extraction; FinalResidue – Final Residue of 4 M KOH extraction; EPM – 

Extracellular Polymeric Material; EPM50 – Extracellular Polymeric Material precipitated at 50% ethanol; EPM75 – Extracellular Polymeric Material precipitated at 75% ethanol; EPMSn – Extracellular Polymeric 

Material supernatant of the precipitation at 75% ethanol. aExtraction yield in relation to Cv biomass. bEthanol precipitation yield in relation to HWE. cKOH extraction yield in relation to HWIM. dEthanol precipitation 

yield in relation to EPM. eStarch (% w/w) in relation to Cv biomass. Mean values ± SD, n=3 
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Table 3.5 – Glycosidic linkage analysis of C. vulgaris fractions (hot water extraction fractions, KOH extraction fractions, and extracellular polymeric material).  

 
HWE HWE50 HWE75 StarchRF HWIM HWIM 

1M Sn  

HWIM 

1M Pp  

HWIM 

4M Sn  

HWIM 

4M Pp  

HWIM 

FinalSn 

HWIM Final 

Residue 

EPM 

t-Rha 3.7 0.5 6.0 vt 0.2 0.4 0.1 0.2 0.2 0.1 0.1 2.3 

2-Rha+3-Rha 7.3 1.5 10.2 vt 1.8 1.9 vt 1.5 1.6 vt 1.3 11.3 

2,3-Rha 1.7 - vt - - - - - - - - 1.1 

Total Rha 12.7 2.1 16.2 vt 2.0 2.2 0.1 1.7 1.8 0.1 1.4 14.7 

t-Fuc 0.5 0.1 0.7 - - - - - - - - - 

3-Fuc 2.0 vt 2.7 - - - - - - - - - 

         Total Fuc 2.5 0.1 3.3 - - - - - - - - - 

t-Xyl 1.9 vt 0.3 vt 0.1 0.3 vt 0.2 0.1 0.1 vt 1.2 

3-Xyl 1.9 vt 2.3 vt vt vt vt vt vt vt vt 3.1 

Total Xyl 3.8 vt 2.6 vt 0.1 0.3 vt 0.2 0.1 0.1 vt 4.3 

t-Man 2.2 0.7 1.7 - 0.3 0.8 0.2 0.6 0.2 0.4 0.2 3.3 

2-Man 2.0 - 7.0 - - - - - - - - 3.9 

Total Man 4.2 0.7 8.8 - 0.3 0.8 0.2 0.6 0.2 0.4 0.2 7.2 

t-Gal 3.0 1.1 4.1 vt 0.5 2.0 0.3 1.8 0.3 1.2 0.2 10.0 

3-Gal 3.1 0.3 1.8 vt vt 3.0 vt 2.7 vt 1.6 vt 10.9 

6-Gal 21.5 6.7 20.8 vt 5.0 22.6 1.9 14.3 1.6 10.6 1.0 36.9 

3,6-Gal 4.3 0.7 4.3 vt vt 2.3 vt 1.6 vt 1.1 vt 8.9 

Total Gal 31.9 8.8 31.0 vt 5.5 29.8 2.2 20.4 2.0 14.6 1.2 66.7 

t-Glc 3.7 7.2 2.9 6.1 5.8 4.5 6.1 5.0 6.1 6.1 5.7 0.9 

4-Glc 39.6 78.3 34.2 90.6 79.8 59.3 87.5 68.5 83.2 74.1 85.0 3.3 

4,6-Glc 1.6 2.9 1.0 3.3 4.2 2.8 3.0 3.4 4.8 4.5 4.8 - 

Total Glc 44.9 88.4 38.2 100.0 89.9 66.6 96.5 76.9 94.1 84.7 95.5 4.2 

4-GlcN vt vt vt vt 2.2 0.3 0.9 0.2 1.9 0.2 1.7 2.9 

vt – vestigial; HWE – Hot Water Extract; HWE50 – Hot Water Extract precipitated at 50% ethanol; HWE75 – Hot Water Extract precipitated at 75% ethanol; StarchRF – Starch Rich Fraction; 

HWIM – Hot Water Insoluble Material; 1MSn – Supernatant of 1M KOH extraction; 1MPp – Precipitate of 1M KOH extraction; 4MSn – Supernatant of 4M KOH extraction; 4MPp – 

Precipitate of 4M KOH extraction; FinalSn – Final Supernatant of 4M KOH extraction; FinalResidue – Final Residue of 4M KOH extraction; EPM – Extracellular Polymeric Material. 
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3.2.4 C. vulgaris starch characterization 

The fraction richest in starch (StarchRF), obtained as a precipitate from the dialysis of 

hot water extract (HWE), was used to characterize C. vulgaris starch. FTIR spectrum (Figure 

3.15a) confirmed the presence of starch by exhibiting a carbohydrates fingerprint composed 

of the overlapping bands between 1200 and 800 cm-1 that are characteristics of C–O–H 

bending, C–O, C–C and O–H stretching. Particularly, vibrations arising from the C–O–C of 

α-1,4 glycosidic linkages are observed in the infrared peak at 994 cm-1 [263,264], showing a 

FTIR spectra similar to commercial starch (Figure 3.15a). Thermogravimetric analysis of 

StarchRF and commercial starch (Figure 3.15b) showed two stages of mass loss: the first 

one occurred at 100 °C, assigned to the loss of structural bonded water; the second stage 

occurred at 300 ºC, attributed to the degradation of the polymeric material [265]. The 

differences between starches can be attributed to the presence of inorganic material in 

StarchRF. 

 

 

Figure 3.15 – Characterization of Chlorella vulgaris starch rich fraction (Cv StarchRF, green line) and comparison 

with potato commercial starch (Commercial starch, black line): a) FTIR spectra, b) Thermogravimetric analysis, c) 

X-ray diffractograms (40% RH), and d) particle size distribution (logarithmic scale). 
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The amylose determination allowed to disclose that C. vulgaris starch was composed of 

30% amylose. The amylose/amylopectin ratio is in agreement with literature, that found 30-

40% of amylose in C. vulgaris starch [266]. This starch corresponds to a ‘normal’ amylose 

starch (between 20-35% of amylose), which is similar to commercial potato (35%) and 

cereals starch (21-32%) [267]. Amylose is a relatively long and linear polysaccharide, 

whereas amylopectin is highly branched, with about 5% of 1,4,6-Glc bonds as branching 

points [268]. Thus, a normal starch with 70% of amylopectin accounts with about 3.5% of 

branching points in whole molecule. According to the glycosidic linkage analysis (Table 

3.5), C. vulgaris starch was composed by 3.3% of 1,4,6-Glc, which corresponded to a 4.7% 

of branching points in amylopectin, confirming the results obtained by enzymatic analysis, 

allowing to conclude that C. vulgaris can be included in the normal starch group.  

The X-ray diffraction patterns of C. vulgaris StarchRF and commercial starch tested at 

different relative humidity (RH) percentages (0, 40, and 80%) (Figure 3.16) showed  a slight 

semi-crystalline pattern between 40 and 80% RH for both samples (Figure 3.15c), which 

was in accordance with literature [269]. Typically, native starches have a semi-crystalline 

structure, with a crystalline element of about 15-45% [270]. The low degree of crystallinity 

could be related with some starch degradation due to the extraction methodology, namely 

the gelatinization occurring during the hot water extraction. Nevertheless, it is possible to 

observe an A-type pattern, which is in accordance with literature for C. vulgaris [271] and 

C. kessleri [272], consisting in shorter branch-chains of amylopectin and with double helices 

packed in a monoclinic unit cell [273]. A-type pattern is also largely present in cereal 

starches [267], showing also similarity with C. vulgaris. On the contrary, potato commercial 

starch exhibited a well-defined semi-crystalline B-pattern [269], showing to have a different 

pattern from C. vulgaris starch. 
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Figure 3.16 – X-ray diffractograms of: a) starch rich fraction (StarchRF) of Chlorella vulgaris; b) commercial potato 

starch; at different relativity humidity (0, 40, and 80%). A.u. arbitrary units.  

 

Particle size distribution of StarchRF and commercial starch was evaluated by light 

scattering in a range from 0.040 to 2000 µm (Figure 3.15d). Besides the bimodal distribution, 

C. vulgaris StarchRF and commercial starch particles showed different size distributions: 

25% of StarchRF had less than 8.6 µm and 90% showed a size lower than 74.1 µm, while 

25% of commercial starch was constituted by particles lower than 27.5 µm and 90% of the 

material had less than 71.1 µm. C. vulgaris starch showed a mean size (35 µm) higher than 

the 0.96-2 µm reported for C. kessleri [272,274], possibly due to the presence of amorphous 

material, as revealed by X-ray diffraction. SEM analysis of StarchRF allowed to observe the 

presence of some aggregates of polymeric material with a broad range size, reaching a size 

slightly above 100 µm (Figure 3.17a), which is in accordance with the second peak of the 

bimodal size distribution (Figure 3.15d).  
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Figure 3.17 – Scanning electronic micrographs of a) Cv StarchRF – Chlorella vulgaris starch rich fraction 

(magnification of 300x); b) Intact granules present in of Cv StarchRF (magnification of 10000x), and c) commercial 

potato starch granules (magnification of 300x). 

During gelatinization the granule burst, the starch crystallites melt and form a polymeric 

network [267]. However, despite the majority of amorphous polymeric material, it was 

possible to observe some preserved granules in C. vulgaris StarchRF of about 2-3 µm, with 

a spherical shape (Figure 3.17b), resulting in the semi-crystallinity observed by X-ray 

diffraction. Chlorella granules showed lower size and different morphology when compared 

with commercial potato starch (Figure 3.17c), revealing ultrastructural differences. 

Accordingly, the granules size seem to approach those reported for cereals [267]. 

In vitro digestibility of C. vulgaris starch was higher than that of the commercial potato 

starch (Figure 3.14a), becoming more available for enzymes degradation, possibly due to the 

pregelatinization performed during the hot water extraction. Nevertheless, the glycemic 

index of both starches was similar (Figure 3.14b) (GI=70). Therefore, the higher digestibility 
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of mostly amorphous C. vulgaris starch could have some advantages over semi-crystalline 

starch in nutritional point of view, since represents a quicker source of glucose. 

 

3.2.5 C. vulgaris non-starch polysaccharides 

During hot water and alkali solution extractions it was possible to detect the presence of 

galactose, uronic acids and rhamnose (Table 3.4). The fractionation of the hot water extract 

(HWE) by graded ethanol precipitation allowed to separate the starch derived 

polysaccharides, precipitated in solutions containing 50% ethanol (HWE50), from the 

galactose, uronic acids, and rhamnose rich polysaccharides, precipitated mainly with 75% 

ethanol (HWE75, Table 3.4). In total, hot water was able to extract 34% of the non-starch 

carbohydrates. The highest relative content of rhamnose, uronic acids and galactose obtained 

by the alkaline solutions (Table 3.4) showed that the 1 M KOH and 4 M KOH extractions 

were able to remove 51% of non-starch polysaccharides. The molar percentage of galactose 

decreased with the increase of the KOH concentration in supernatants, as observed by the 

content of galactose in 1MSn, 4MSn and FinalSn, which was 20, 15, and 9 %mol, 

respectively. KOH precipitates (1MPp, and 4MPp) and final insoluble material 

(FinalResidue) accounted with lower molar percentages of Gal (<3 %mol). 

The glycosidic linkage analysis of all fractions (Table 3.5) shows the presence of 1,3-

Gal, 1,6-Gal, and 1,3,6-Gal residues. This sugars composition is in accordance with the 

presence of a β-D-galactan, reported to have 1,3 linkages in the backbone and 1,6 linkages 

in the side chains [149], as well as with the presence of a β-1,6-Gal extracellular glycoprotein 

[165], also reported to occur in C. vulgaris. The presence of 2- and 3-linked rhamnose may 

have origin in the glucuronorhamnan also described for C. vulgaris, composed by a α-D-

GlcpA-(1-3)-α-L-Rhap-(1-2)-α-L-Rhap repetitive trisaccharide [148]. Although uronic acids 

were quantified in Table 3.4, they were not carboxyl reduced. As a consequence, the uronic 

acids glycosidic linkages were not possible to be identified. The presence of 1,4-linked 

glucosamine, mainly in KOH precipitate extracts, can be derived from N-acetyl-glucosamine, 

in accordance with the occurrence in C. vulgaris of a chitin-like rigid cell-wall [146]. 
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3.2.6 Extracellular polymeric material (EPM) 

The presence of polysaccharides in C. vulgaris growth medium was evaluated to 

identify the polysaccharides that are able to be released from the biomass. Chlorella vulgaris 

was cultivated in closed photobioreactors, where a cellular density of 1.4 g/L has been 

achieved. The high molecular weight compounds were recovered from the growth medium 

(extracellular polymeric material - EPM) with a yield of 0.11 g/L, which corresponded to 

8% of the cellular density. Nevertheless, under optimal conditions, C. vulgaris is able to 

reach 2.76 g/L of microalgal biomass and 1.46 g/L of exopolymeric substances [275], which 

is dependent on the cultivation conditions [276]. 

The EPM predominant sugar residue was galactose (50 %mol), followed by uronic acids 

(19 %mol), mannose (12 %mol), and rhamnose (9 %mol) (Table 3.4). This fraction also 

revealed the presence of sulfate esters (2% w/w). The fractionation with ethanol allowed to 

obtain a fraction that precipitate with 50% ethanol (EPM50), yielding 10% (w/w), composed 

by 17% (w/w) sugars, mainly uronic acids (32 %mol), galactose (29 %mol), rhamnose (9 

%mol), mannose and glucose (8 %mol). The fraction that precipitated with 75% ethanol 

(EPM75) and the polymers that remained soluble in ethanol (EPMSn) accounted for 37% 

and 42% (w/w), respectively, containing 44 and 38% (w/w) of sugars, with a similar profile 

composed by 51-58 %mol of galactose, 20-24 %mol uronic acids, 7-8 %mol mannose, and 

7 %mol rhamnose (Table 3.4) with 2% (w/w) of sulfate esters. Previous studies also reported 

C. vulgaris extracellular polysaccharides (EPS) mainly composed by galactose (36-45 

%mol), with residues of glucosamine (0-28 %mol), arabinose (2-28 %mol), mannose (7-11 

%mol), rhamnose (5-15 %mol), glucose (6-7 %mol), and xylose (0-3 %mol) [169,170]. 

However, the presence of sulfate esters was never reported. 

The glycosidic linkage analysis (Table 3.5) demonstrated that galactose residues were 

mainly linked by 1,6-Gal (37%) and 1,3-Gal (11%), with some branching points at 1,3,6-

Gal (9%). The rhamnose containing polymers were mainly linked by 1,2-Rha and 1,3-Rha 

(11%) with some 1,2,3-Rha branching residues. Similar glycosidic linkages were already 

described in C. vulgaris EPM, namely a β-1,6-Gal glycoprotein [165], and rhamnose 

containing polymers mainly linked by 1,3-Rha, with branching points at mainly 1,2,3-Rha 

[169]. The structural characteristics found in this study revealed that the polysaccharides 

found in growth medium and those described to be present in the cell wall seem to be 

identical. 
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3.2.7 Evaluation of in vitro lymphocyte stimulatory activity of extracellular polymeric 

material (EPM) 

The extracellular polymeric material fraction richest in polysaccharides, obtained with 

75% EtOH precipitation (EPM75), was used to evaluate its potential to stimulate in vitro 

mouse lymphocytes, in the range of 25-250 µg/mL of polysaccharides content. The extract 

was not cytotoxic, since the different sample concentrations tested did not affect cell viability 

(95-97% of viable cells, Figure 3.18). No significant differences were observed on the 

expression of the early activation marker CD69 on the surface of CD3+ cells treated with 

EPM75 in comparison with the negative control (medium alone) (Figure 3.19). These results 

showed that EPM75 does not stimulate T cells under the experimental conditions used.  

 

 

Figure 3.18 – Percentage of propidium iodide negative splenocytes [Live cells (%)] cultured for 6 h with 

Extracellular Polymeric Material precipitated at 75% ethanol of C. vulgaris (EPM75) at polysaccharides 

concentrations of 25, 100 and 250 µg/mL in the absence and presence of polymyxin B (PB). Culture medium (RPMI), 

lipopolysaccharides (LPS,) and concanavalin (ConA) were used as controls. Mean values ± SD, n=3. The different 

characters above bar indicate statistical differences (p<0.05) between compared groups (One-Way ANOVA, 

Tukey’s multiple comparisons test).  

 

 

0

20

40

60

80

100

RPMI 2.5 µg/mL

LPS

2.5 µg/mL

ConA

25 µg/mL

EPM75

100 µg/mL

EPM75

250 µg/mL

EPM75

%
 L

iv
e 

ce
ll

s

Stimulus

 % Live cells

a a a a b c
a a a a a a



87 

 

Figure 3.19 – Spleen T lymphocytes activation (%) induced by Extracellular Polymeric Material precipitated at 

75% ethanol of C. vulgaris (EPM75) at polysaccharides concentrations of 25, 100 and 250 µg/mL in the absence and 

presence of polymyxin B (PB).  Culture medium (RPMI) alone was used as negative control. Concanavalin (ConA) 

was used as positive control. Mean values ± SD, n=3. The different characters above bar indicate statistical 

differences (p<0.05) between compared groups (One-Way ANOVA, Tukey’s multiple comparisons test). 

 

Contrastingly, EPM75 induced the activation of CD19+ cells (B cells) in a dose-response 

manner, in medium containing polymyxin B: 70, 81, and 91%, for 25, 100, and 250 µg/mL, 

respectively (Figure 3.20). Polymyxin B is a small peptide commonly used to neutralize the 

effect of contaminant bacterial lipopolysaccharides (LPS), since it binds to LPS inhibiting 

LPS-induced B cell activation to nearly basal levels [277]. When polymyxin B was added to 

polysaccharide-stimulated cultures, a decrease was observed only for the 25 µg/mL 

polysaccharide concentration. Nevertheless, the percentage of CD69-expressing B cells 

remained significantly higher (70%) than that observed for the negative control (8%). These 

results showed that the polysaccharides recovered from the C. vulgaris cultivation medium 

rich in galactose have in vitro stimulatory activity on B lymphocytes. Indeed, whole C. 

vulgaris cells [278,279], as well as their water extracts [280,281], revealed various in vitro 

and in vivo immunostimulatory activities, namely a β1,6-Gal-rich glycoprotein [282] and a 

polysaccharide composed by 1,6-linked glucose residues with branches at C-3 [172]. 

Moreover, an acetylated polysaccharide from C. pyrenoidosa composed by β1,3 Gal in the 

backbone substituted in O-6 by β-Glcp units and by α-Manp-1-phosphate and 3-O-Me-α-

Manp-1-phosphate diesters was also reported to produce nitric oxide by peritoneal 
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0

20

40

60

80

100

2.5 µg/mL 25 µg/mL 100 µg/mL 250 µg/mL

RPMI ConA EPM75

T
 c

el
ls

(%
 a

ct
iv

ed
)

Stimulus

 T cells (% actived)  T cells with PB (% actived)

a a
a a a a a a

b b



88 

were different from these reported structures. Nevertheless, several structural characteristics 

may be involved in the immunostimulatory activity of polysaccharides, namely galactans 

[186] and sulfated polysaccharides [245,284].  

 

 

Figure 3.20 – Spleen B lymphocytes activation, as assessed by the % of CD69-expressing cells, induced by 

extracellular polymeric material precipitated at 75% ethanol of C. vulgaris (EPM75) at polysaccharides 

concentrations of 25, 100 and 250 µg/mL in the absence and presence of polymyxin B (PB).  Culture medium (RPMI) 

alone was used as negative control. Lipopolysaccharides (LPS) was used as positive control. Mean values ± SD, n=3. 

The different characters above bar indicate statistical differences (p<0.05) between compared groups (One-Way 

ANOVA, Tukey’s multiple comparisons test). 
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sustainable and economic feasible source of polysaccharides in relation to the biomass. 

Moreover, the exopolysaccharides were able to in vitro stimulate B lymphocytes, with the 

additional advantage of not having the unpleasant fishy-like flavor characteristic of the 

whole C. vulgaris biomass that consumers complain about. This opens a great potential for 

using extracellular polysaccharides as functional food ingredients for humoral 

immunoactivity enhancement purposes. 

 

  



90 

 

 

 



91 

3.3 Impact of growth medium salinity on galactoxylan exopolysaccharides of 

Porphyridium purpureum 

 

As verified for C. vulgaris, the marine red Porphyridium purpureum microalga, 

currently referred as Porphyridium cruentum [52,285], is also able to produce extracellular 

polysaccharides. Despite the protector effect of the sEPS, previously studies have established 

that Porphyridium species are capable to modify their growth, sEPS production, and/or 

biomass biochemical composition, in response to environmental variations, such as nutrient 

availability [47,175,286], light intensity [47,285,287–289], temperature [46,48], pH [46,48], 

and salinity [46–48,55,290]. However, the influence of the salinity of the culture medium on 

the excretion of sulfated polysaccharides into the culture medium during cell growth of P. 

purpureum, as well as the influence on its primary structure remained unknown yet. Thus, 

the aim of the present work was to study the influence of culture salt concentration on the 

growth rate of the euryhaline P. purpureum microalga and on the yield and chemical 

structure of sEPS production. Moreover, immuno-stimulatory activity of the produced sEPS 

was evaluated to establish a structure-biological activity relationship and clarify their 

feasibility for economic purposes, namely in aquaculture supplementation. To evaluate the 

ability of P. purpureum as a large-scale sEPS producer, a scale-up of cultivation to an 800 

L-flat panel outdoor photobioreactor was performed. 

 

3.3.1 P. purpureum growth pattern under different sodium chloride concentrations 

The red microalga P. purpureum was cultivated for 24 days at three different salt 

concentrations: 18, 32, and 50 g/L NaCl, and the growth cell evolution was followed through 

optical density (Figure 3.21a), which is correlated with P. purpureum dry weight and cell 

density (Figure 2.5a and Figure 2.5b). This microalga was found to withstand the 3 different 

osmolarity levels, ranging from 18 to 50 g/L NaCl, agreeing with literature, where P. 

purpureum tested at salinity levels varied from 4 to 32 g/L, revealed a salinity tolerance 

ranging from 8 to 32 g/L [290]. A linear neperian logarithmic evolution of cell density was 

observed in the first 4 days at the three salinity conditions (Figure 3.21b), corresponding to 

the exponential phase, allowing to estimate a doubling time of 2 days (Table 3.6). The sample 

grown at salinity of 50 g/L showed a lower cell density after the first day of culture, when 
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compared with 18 and 32 g/L salinity cultures. After day 19 of each growth condition, the 

specific growth rate tended to 0 in all growth cultures, allowing to observe the existence of 

the stationary phase. Nevertheless, the transition phase (5-18 days), between exponential and 

stationary phases, showed differences between salinity levels (Figure 3.21b), with the higher 

and intermediate NaCl levels showing the higher specific growth rate (Table 3.6) and, 

consequently, the lower doubling time (0.09 and 0.07 days-1, corresponding to 8 and 10 days 

of doubling time, respectively), than the lower salinity level (specific growth rate of 0.04 

days-1 and 17 days of doubling time). The range where the maximum specific growth rate 

was achieved (32-50 g/L of NaCl) is in accordance with the literature, where 26 - 47 g/L 

NaCl presented higher growth (0.55 days-1), than extreme salinities of 12 and 58 g/L (0.36 

days-1) [54]. 

Maximum growth of an estimated DW content of 0.87 g/L and cell density of 5.7×106 

cells/mL was achieved for a salinity of 32 g/L, determined from the correlation of the OD in 

Figure 3.21a with DW (Figure 2.5a) and cell density (Figure 2.5b), respectively. For a culture 

at 50 g/L and an estimated DW of 0.67 g/L, the cell estimated density was 4.4×106 cells/mL, 

which was higher than the DW and cell density achieved for the salinity of 18 g/L (DW of 

0.44 g/L and cell density of 3.0×106 cells/mL). Similar behaviour was observed in P. 

purpureum, where the optimal salinity of 41.8 g/L presented the higher growth (4.9 ×106 

cells/mL) after 21 days, compared to extreme salinities (tested from 11.7 to 81.8 g/L NaCl) 

[48]. These data show that possibly an increase of cell density of P. purpureum could be 

obtained by slightly increasing the salinity of 32 g/L, naturally occurring at Ria Formosa. 
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Figure 3.21 – Optical density (a) and ln of cell density (b) of P. purpureum grown under different salinities (18, 32, 

and 50 g/L NaCl) at laboratory (2.5 L reactor) and scaled up (800 L reactor). Mean values ± SD, n=3 

 

Table 3.6 – Specific growth rate (µ, days-1), doubling time (g, days) and correlation coefficient of the exponential, 

transition, and stationary phases of P. purpureum grown under different salinities (18, 32, and 50 g/L NaCl) at 

laboratory (2.5 L reactor) and scaled up (800 L flat panel photobioreactor). 

Phase Salinity Days µ (days-1) g (days) r2 

Exponential 18 1-4 0.30 2.3 0.84 

32 1-4 0.36 1.9 0.92 

50 1-4 0.34 2.1 1.00 

32 scale up 1-4 0.65 1.1 0.98 

Transition 18 5-18 0.04 17.1 0.78 

32 5-18 0.07 9.8 0.88 

50 5-18 0.09 7.9 0.95 

32 scale up - - - - 

Stationary 18 19-24 0.00 - - 

32 19-24 -0.01 - - 

50 19-24 0.01 - - 

32 scale up 8-16 0.01 - - 
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3.3.2 Impact of salinity on biomass composition of Porphyridium purpureum 

P. purpureum cells obtained at stationary phase for the different salinities were 

recovered from the growth medium by centrifugation and dialysis (Figure 2.4f). The 

composition of carbohydrates, proteins, lipids, and inorganic material of the obtained 

biomass is presented in Table 3.7. 

Carbohydrates were the major constituents of P. purpureum biomass, ranging from 31 

to 35% of total weight, agreeing with literature [288], being glucose the predominant sugar 

residue (44-52 %mol), followed by xylose (26-27 %mol), galactose (14-17 %mol) and 

uronic acids (9-12 %mol). Glucose is possibly part of floridean starch, described as the 

reserve polysaccharide in red microalgae, which cellular accumulation varies through the 

growing phase of culture, increasing in the early stage and decreasing subsequently to 

possibly fulfil the demand of energy necessary for cell division [47]. Regardless the different 

salinity level in cultures, the amount of carbohydrates present in biomass did not show 

significant differences, contrarily to what was observed for P. marinum that accumulated 

higher amount of starch at 20 g/L of NaCl, than at 30 or 40 g/L [47].  

 

Table 3.7 – Biochemical composition of biomass of the microalga P. purpureum grown under different salinities (18, 

32, and 50 g/L NaCl). Mean values ± SD, n=3 

NaCl 

(g/L) 

Carbohydrates Sulfates 

(%w/w) 

Protein 

(%w/w) 

Lipids 

(%w/w) 

Inorganic 

material 

(%w/w) 

Phycobiliprotein 

(%w/w) 

  %mol 

 Xyl   Gal      Glc     UA 

Total  

 (%w/w) 

     

P. purpureum biomass 

18 27.1 17.3 43.9 11.8 32.1±5.3a 1.1±0.2 a 16.1±0.8a 0.9±0.1a 19.8±0.5a - 

32 25.5 17.1 47.2 10.2 30.9±3.8a 1.2±0.4 a 17.6±0.2a 1.4±0.4a 19.6±0.8a - 

50 25.5 14.4 52.3 7.8 35.0±1.2a 1.0±0.3 a 13.1±0.0b 1.1±0.1a 24.9±1.2b - 

Supernatant of P. purpureum biomass dialysis 

18 24.9 28.4 11.5 35.1 6.3±0.3 a - - - - 85.7±8.6 a 

32 22.0 29.3 12.2 36.5 5.1±0.0 b - - - - 85.4±5.2 a 

50 19.3 28.0 16.1 36.5 6.0±0.2 ab - - - - 81.9±1.2 a 

Sample with the same character represent values that are not significantly different (p<0.05) when analyzing each parameter 

individually (One-Way ANOVA, Tukey's multiple comparisons test). Xyl - xylose; Gal – galactose; Glc – glucose; UA – 

uronic acids 

 

 

P. purpureum biomass shown a protein content that varied from 13% w/w in sample 

grown at 50 g/L to 18% w/w in sample grown at 32 g/L. At 18 g/L the protein content was 
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16% w/w (Table 3.7), agreeing with literature for Porphyridium species [291]. Lipids 

content was approximately 1% w/w and the major esterified fatty acids was C16:0 (palmitic 

acid, 69-71%, Table 3.8) in accordance with literature [66,292]. P. purpureum grown with 

18 and 32 g/L NaCl presented about 20% w/w of inorganic material (Table 3.7), which is in 

line with the 18% w/w reported for this microalga species [164]. However, when P. 

purpureum is cultivated in 50 g/L NaCl growth medium, the inorganic material represented 

25% w/w of dry weight. This inorganic material should be mainly Na+ , K+, and Cl-, involved 

in the intracellular fluid osmolarity [52].  

 

Table 3.8 – Fatty acid composition as percentage of total fatty acids of P. purpureum biomass grown under different 

salinities (18, 32, and 50 g/L NaCl). Mean values ± SD, n=3 

 
Salinity (g/L NaCl) 

 
18 32 50 

C16:0 68.9±0.4 71.0±4.2 70.2±2.1 

C18:0 15.0±3.1 15.6±3.0 12.0±0.6 

C18:2 8.1±1.0 6.5±3.6 8.6±1.0 

C18:3 8.1±2.1 7.0±3.6 9.1±1.7 

C20:4 tr tr tr 

C20:5 tr tr tr 

 

 

The analysis performed to the P. purpureum grown at different salinities allowed to 

infer that the composition did not greatly change with salinities, agreeing with the 

thermogravimetric analysis (Figure 3.22). This analysis showed a minor peak at 244-250 ºC 

and a major peak at 270-280 ºC.  
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Figure 3.22 – First derivate of thermogravimetric analysis of P. purpureum biomass grown under different salinities 

(18, 32, and 50 g/L NaCl). 

 

Because P. purpureum cells were encapsulated in a mucilage that was excreted to the 

medium during growth and a fraction remains attached to the cells [151], the water that 

remained inside the dialysis bag was collected and the polymeric soluble material recovered 

(Figure 2.4d) and analysed. These pink/purple colored material recovered in the supernatant 

of the dialysis were constituted mainly by phycobiliprotein (82-86% w/w), namely 

phycoerythrin [293], in accordance with the low amounts of polysaccharides (5-6% w/w). 

Possibly, during dialysis some P. purpureum cells burst due to intracellular osmotic pressure, 

releasing phycobiliproteins.  

 

3.3.3  Extracellular polysaccharides of P. purpureum 

The extracellular polysaccharides produced by P. purpureum from each culture growth 

medium was centrifuged and dialysed, and the polymeric material was recovered by freeze 

drying (Initial sEPS). This extracellular polymeric material was subjected to graded ethanol 

precipitation (Purified sEPS), allowing to obtain a purified fraction insoluble in ethanol 

(Figure 2.4f), slightly enriching the polysaccharides content, from 48-54 to 58-61% of total 

weight, without affecting the monosaccharides profile (Table 3.9), although slightly lowing 

the contribution of sulfate. The dynamic viscosity also increased from 2.4-2.6 to 3.0-3.3 cP 
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with the polysaccharide’s enrichment. The extracellular polysaccharides were sulfated (8-

13%) and mostly composed by xylose (45-49 %mol), galactose (19-22 %mol), uronic acids 

(16-21 %mol), and glucose (15-17 %mol).  

Similar sugar residue ratios and amounts were previously reported as the main 

constituent in extracellular polysaccharides of Porphyridium species [151,294]. The total 

content of carbohydrates, as well as the sulfate and protein content, did not present 

differences between the different osmotic level growth media. However, the yield of 

excreted polymeric material was significantly different, where the growth medium with 32 

g/L NaCl achieved the higher polymeric material yield (150 mg/L), when compared with the 

growth medium with 50 g/L NaCl (78 mg/L) (Table 3.9). The yield of polymeric material 

produced by 18 and 32 g/L NaCl cultures is in agreement with those obtained for P. cruentum 

(synonym of P. purpureum), varying from 0.12 to 0.16 g/L [295]. Salt can cause osmotic 

stress and have effect on microalgae physiological responses. However, the increase of the 

salinity did no led to an increase of the sEPS excretion yield, possibly due to an adaptation 

of the cells to the salinity of the culture media. Similar results were also observed when 0.5 

– 1 g/L NaCl was added into the growth media, and a decrease of sEPS produced by the 

green microalga Neochloris oleoabundans was observed [296].  

Table 3.9 – Chemical composition of Initial sEPS and Purified sEPS of the microalga P. purpureum grown under 

different salinities (18, 32, and 50 g/L NaCl) at laboratory (2.5 L reactor) and scaled up (800 L flat panel 

photobioreactor). Mean values ± SD, n=3 

NaCl (g/L) Yield Carbohydrates Sulfate 

(%w/w) 

Protein 

(%w/w) 

Dynamic 

viscosity (cP) 
%mol 

   Xyl     Gal      Glc      UA 

Total 

(%w/w) 

Initial sEPS          

18 116±22 mg/La,b 44.9 18.8 15.5 20.7 54.0±3.9a 13.0±1.0a 2.8±0.3b 2.38±0.02a 

32 150±22 mg/La 46.0 21.8 16.2 16.0 50.0±3.5a 10.5±0.3a 6.5±1.0a 2.64±0.01b 

50 78±1 mg/Lb 44.6 21.2 16.3 17.9 47.6±2.8a 11.6±0.4a 5.2±0.7a 2.40±0.02a 

32* 240 mg/Lc 44.0 28.4 15.9 11.6 50.5±3.4a 9.4±1.6a - - 

Purified sEPS          

18 77% 48.8 18.9 15.7 16.6 60.8±2.5a 8.7±0.8a 3.5±0.4a 3.15±0.02a 

32 88%  45.8 21.6 15.2 17.3 58.8±1.7a 8.9±1.0a 4.5±0.3a 2.96±0.03b 

50 80%  44.7 21.0 16.6 17.6 58.1±0.8a 8.4±0.7a 7.5±1.1b 3.31±0.09c 

Yield: Polymeric material extraction yield (mg/L) and ethanol precipitation yield (%); 32*- Scale up at salinity 32 

g/L NaCl. Sample with the same character represent values that are not significantly different (p<0.05) when analysing 

each parameter individually (One-Way ANOVA, Tukey's multiple comparisons test). Xyl - xylose; Gal – galactose; Glc – 

glucose; UA – uronic acids 
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To disclosure the extracellular sulfated polysaccharide structures, the nature of 

glycosidic linkages, position of branching points, and sulfate groups of sEPS (Initial) and 

correspondent purified sEPS (Purified) of the three different growth media salinities (18, 32, 

and 50 g/L NaCl) were evaluated before (native-N) and after desulfation (desulfated-D). The 

desulfation allows to distinguish if the substitution of sugar residues corresponds to a 

branching point or a sulfate ester. When a position is acetylated in the native polymer and 

remained acetylated in the desulfated polymer, it is indication that this position contains a 

branching point. On the other hand, when a position is acetylated in the native polymer and 

became methylated after desulfation, it means that it contained a sulfate ester residue at that 

position [237]. The GC-MS analysis (Table 3.11) revealed the presence of mainly by t-Xyl, 

(terminally linked xylose), t-Xyl4S, 3-Xyl, 4-Xyl, t-Glc, 3-Glc6S, t-Gal, and 2,3,4-Gal. 

Table 3.10 – Glycosidic linkages analysis (%) of extracellular polysaccharides (initial and purified with graded 

ethanol) of the microalga P. purpureum grown under different salinities (18, 32, and 50 g/L NaCl) before (native-N) 

and after desulfation (desulfated-D). 

Substitution Initial 18 Initial 32 Initial 50 Purified 18 Purified 32 Purified 50 

N D N D N D N D N D N D 

t-Xyl 11.8 26.5 9.8 26.7 10.0 25.0 10.5 26.3 9.9 27.3 8.7 28.5 

3-Xyl 14.6 14.6 12.4 13.8 11.9 13.4 13.7 14.6 13.0 14.8 11.9 13.8 

4-Xyl 16.9 13.8 15.0 12.2 15.9 12.5 15.2 13.5 15.9 14.0 16.1 14.8 

Total 43.3 54.9 37.2 52.8 37.7 50.9 39.4 54.4 38.9 56.0 36.8 57.2 

             

t-Gal 8.0 5.6 8.4 5.8 7.3 6.0 8.8 5.5 6.3 6.0 6.0 5.5 

2-Gal 1.4 1.1 2.3 1.4 1.8 1.3 1.5 0.9 2.0 1.3 1.7 1.0 

3-Gal 1.7 1.1 2.9 1.7 2.4 1.8 1.9 1.2 2.3 1.6 2.1 1.3 

4-Gal 2.5 1.8 2.8 2.3 2.8 2.5 2.6 1.8 2.5 2.2 2.8 2.3 

2,3-Gal 0.7 1.3 1.5 1.6 2.5 1.5 0.8 1.1 1.5 1.2 2.6 1.0 

2,4-Gal 1.3 0.9 1.7 0.9 1.4 0.7 1.4 0.7 1.7 0.7 1.5 0.6 

3,6-Gal 2.2 0.5 3.5 0.4 2.6 0.4 2.4 0.4 3.0 0.3 2.6 0.0 

2,3,4-Gal 14.0 15.3 13.7 15.9 15.0 15.4 14.9 16.4 15.8 14.3 16.0 13.9 

Total 31.8 27.5 36.8 30.0 35.8 29.4 34.3 27.9 35.1 27.7 35.3 25.7 

             

t-Glc 7.8 7.7 7.0 7.5 7.4 9.3 8.4 8.3 7.1 7.3 7.6 8.4 

3-Glc 3.4 5.8 5.2 6.3 5.3 7.1 3.8 6.0 4.5 5.9 5.4 6.6 

3,4-Glc 3.9 2.9 5.6 3.1 6.5 2.8 3.7 2.8 5.9 2.5 6.7 2.2 

3,6-Glc 9.9 1.2 8.3 0.3 7.1 0.5 10.3 0.6 8.6 0.6 8.3 0.0 

Total 24.9 17.6 26.1 17.2 26.5 19.7 26.3 17.7 26.1 16.3 27.9 17.2 
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Considering that sEPS obtained from the growth medium with 32 g/L NaCl was chosen 

as a control, a detailed analysis of the glycosidic linkages and sulfation positions were 

performed. The sEPS sample obtained after purification from the P. purpureum culture 

grown at 32 g/L NaCl (Purified 32), in native polymers, t-Xyl corresponded to 26% of total 

analysed Xyl of the sample, and 3-Xyl and 4-Xyl corresponded to 33 and 41%, respectively. 

After desulfation, an increase of t-Xyl for almost the double (49% in total analysed xylose 

in the sample) occurred with a concomitant decrease of 3-Xyl and 4-Xyl for 26% and 25%, 

respectively (Table 3.11). These results showed the presence of terminally linked xylose 

residues (49%), which almost half were substituted by sulfate at O-3 (t-Xyl-3S, 31%) and at 

O-4 (t-Xyl-4S, 69%). Although the presence of sulfated xylose residues has never been 

described for sEPS of P. purpureum, the presence of t-Xyl [159,160], and 3-Xyl [160,297] 

and 4-Xyl [160,297,298] in the same proportion [297] in the polysaccharide backbone [160] 

are in accordance with literature. 

Table 3.11 – Calculated values of the percentage of each glycosidic linkage in relation to the total analysed sugar 

residues (Xyl, Gal, and Glc) of the extracellular polysaccharides (initial and purified with graded ethanol) of the 

microalga P. purpureum grown under different salinities (18, 32, and 50 g/L NaCl) before (native-N) and after 

desulfation (desulfated-D). 

Substitution Initial 18 Initial 32 Initial 50 Purified 18 Purified 32 Purified 50 

N D N D N D N D N D N D 

t-Xyl 27 48 26 51 26 49 27 48 26 49 24 50 

3-Xyl 34 27 33 26 32 26 35 27 33 26 33 24 

4-Xyl 39 25 40 23 42 25 39 25 41 25 44 26 

Total 100 100 100 100 100 100 100 100 100 100 100 100 

             

t-Glc 31 44 27 44 28 47 32 47 27 45 27 49 

3-Glc 13 33 20 37 20 36 15 34 17 36 19 39 

3,4-Glc 16 17 22 18 25 14 14 16 23 15 24 13 

3,6-Glc 40 7 32 2 27 3 39 3 33 3 30 0 

Total 100 100 100 100 100 100 100 100 100 100 100 100 

             

t-Gal 25 20 23 19 20 20 26 20 18 22 17 22 

2-Gal 4 4 6 5 5 5 4 3 6 5 5 4 

3-Gal 5 4 8 6 7 6 6 4 7 6 6 5 

4-Gal 8 7 8 8 8 8 8 6 7 8 8 9 

2,3-Gal 2 5 4 5 7 5 2 4 4 4 7 4 

2,4-Gal 4 3 5 3 4 2 4 2 5 3 4 2 

3,6-Gal 7 2 9 1 7 1 7 1 8 1 7 0 

2,3,4-Gal 44 56 37 53 42 52 43 59 45 52 45 54 

Total 100 100 100 100 100 100 100 100 100 100 100 100 
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Glucose residues present in sample Purified 32 were constituted by 3,6-Glc (33%), t-

Glc (27%) 3,4-Glc (23%), and 3-Glc (17%) in native polymers, while after desulfation it was 

observed the decrease of the substituted glucose (Table 3.11), meaning that great part of the 

substituents were sulfate esters that were removed during desulfation procedure. An increase 

of 3-Glc with the concomitant decrease of 3,6 and 3,4-Glc residues after desulfation allowed 

to infer that sulfate esters were mainly linked in O-6 (81%) or O-4 position of glucose (19%) 

with a backbone of 3-Glc. The increase of t-Glc after desulfation may also suggest the 

presence of doubly sulfated terminally linked glucose, at position O-3 or/and O-4 or/and O-

6, not yet described in the literature. 

Regarding to galactose substitution, in native polymer of the sample Purified 32, 2,3,4-

Gal was the major residue, corresponding to 45% of total galactose analysed in the sample, 

followed by t-Gal (18%), 3,6-Gal (8%), 3 and 4-Gal (7%), and 2-Gal (6%) (Table 3.11). 

Minor amounts of 2,3-Gal and 2,4-Gal were also observed. After desulfation, the 2,3,4-Gal 

residue did not decrease, allowing to infer a highly substituted polymer, which was not 

reported in literature, possibly because of the high viscosity of the polymer, pretreatments 

such as ultrasounds, known to promote debranching [299] have been performed [159]. In 

desulfated polymers, the galactose profile did not greatly change, when compared with 

xylose or glucose analyses, indicating only a slightly sulfation. However, 2,4-Gal residues 

decreased in desulfated polymer, and 4-Gal slightly increased, revealing a sulfation in O-2 

position (4-Gal-2S). Moreover, 3,6-Gal residues also decreased. Since there was no 6-Gal 

residue, it can be hypothesized that the sulfate esters were also present in position O-6 (3-

Gal-6S), agreeing with literature [300]. The desulfated polymer was constituted by the linear 

residues 2-Gal (5%), 3-Gal (6%), and 4-Gal (8%). The 3-Gal and 4-Gal residues were 

already described in literature [160,297,298]. It is established in the literature that 

polysaccharides of various unicellular red algae, including Porphyridium species, contain 3-

GlcA-3-Gal disaccharide, an aldobiouronic acid, as basic building block [159]. Because the 

initial and purified sEPS were not carboxyl reduced after methylation, it was not possible to 

directly determine the uronic acids linkages. Nevertheless, the presence of aldobiouronic 

acids can be inferred by the analyses performed, since galactose was undervalued in sugar 

analysis (22%) in relation to methylation analysis (28%), a characteristic of acid hydrolysis 

resistance of aldobiouronic glycosidic linkages when compared with their methylation forms 

[301]. 
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The results of methylation analyses, along with the information already stated in 

literature, allowed to propose a possible structure of P. purpureum extracellular 

polysaccharides (Figure 3.23).  

 

Figure 3.23 – Possible most representative repeating unit of sulfated extracellular polysaccharides produced by P. 

purpureum grown at salinity 32 g/L NaCl, according to The Symbol Nomenclature for Glycans, 

https://www.ncbi.nlm.nih.gov/glycans/snfg.html. 

 

3.3.4 Impact of salinity on extracellular polysaccharides 

To evaluate possible differences in sEPS of P. purpureum, namely to identify possible 

changes in sEPS glycosidic linkage composition promoted by the growth of microalga at 

different salinities, principal component analyses (PCA) were performed before and after 

desulfation (Figure 3.24a and Figure 3.24b, respectively). Since a preliminary test revealed 

no distinguishable differences between initial and purified samples (data not shown) 

concerning the glycosidic linkages composition of the extracellular polysaccharides 

obtained from the same growth medium salinity, each salinity was represented with 4 

replicates, 2 replicates of the dialysed sEPS (Initial) and other 2 replicates corresponding to 

the ethanol purified sample (Purified), expressed as Sample 18, Sample 32, and Sample 50.  
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Figure 3.24 – PCA of glycosidic linkages of sEPS (Initial and Purified) produced by P. purpureum grown under 

different salinities: 18, 32, and 50 g/L NaCl presented in Table 2. a) Native P. purpureum sEPS; b) Desulfated P. 

purpureum EPS. In each figure the scores and loadings are represented. 

 

The Principal Component 1 (PC1) of glycosidic linkages of sEPS of P. purpureum 

grown under different salinities (Figure 3.24a) explained 58% of the data set variability. 

Sample 18 was located at PC1 negative, while Sample 32 and Sample 50 were located at 

PC1 positive, allowing a clear distinction of Sample 18 from samples obtained from the other 

salinities. Between Sample 32 and Sample 50 no significant differences were disclosed. 

Regarding to loadings, it was observed that t-Xyl, 3-Xyl, 3,6-Glc, and t-Gal were the main 

features that contributed for separation of Sample 18, while 4-Xyl, 2,3,4-Gal, 2,3-Gal, 3,4-

Gal, and 3-Glc were the main features that contributed for Sample 32 and Sample 50. Figure 

3.24b represents the scores and loadings of desulfated EPS, where no significant (p<0.05) 

differences concerning the glycosidic linkages composition were observed between 

salinities concerning the glycosidic linkages composition were observed between the EPS 

obtained from the different growth media salinities, allowing to infer that the differences 

between the polysaccharides obtained from different osmotic medium cultures could be 

related with the sulfation pattern. Thus, seeking more information about the variables that 

could be responsible for the distinction of samples, six PCA were performed for each sugar 

residue (xylose, glucose, and galactose) before and after desulfation, normalized for the total 
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of each sugar residue (Figure 3.25, Figure 3.26, and Figure 3.27). Moreover, several boxplots 

were also performed in each PCA to understand the variability within each variable.  

PCA of xylose glycosidic linkages of sEPS (Figure 3.25a) showed a PC1 that explained 

78.2% of the variability, allowing to observe a separation between Sample 18 and Sample 

50. Boxplots (Figure 3.25b) showed the higher contribution of 3-Xyl in Sample 18, while 4-

Xyl was higher in Sample 50. After desulfation, no statistical differences were observed 

between samples (Figure 3.25c,d), allowing to conclude that the polysaccharides were more 

sulfated in in O-3 position of xylose at lower salinity (Sample 18), whereas higher salinity 

(Sample 50) promoted the sulfation of xylose in O-4 position. Sample 32 showed an 

intermediate effect, closer to Sample 50. 

 

 

Figure 3.25 – PCA (a, c) and box plots (b, d) of the glycosidic linkages of xylose residues of extracellular 

polysaccharides of the microalga P. purpureum grown under different salinities (18, 32, and 50 g/L NaCl), before 

(native-N) and after desulfation (desulfated-D). 

 

The PCA of native polysaccharide in relation to glucose glycosidic linkages (Figure 

3.26a) has a PC1 that explained 91.9% of variability between salinities. Sample 18 was 
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separated from Sample 32 and Sample 50, mostly due to the higher contribution of 3,6-Glc, 

while Sample 32 and 50 presented higher contribution of 3,4-Glc, and 3-Glc (Figure 3.26b). 

As observed for xylose residues, after desulfation no differences were observed between the 

three samples (Figure 3.26c), allowing to conclude that the growth at a lower salinity 

medium (18 g/L NaCl) promoted the sulfation of glucose at O-6 position, while higher 

salinity (Sample 50) promoted more sulfation at O-4 position of glucose. Sample 32 showed 

an intermediate effect, closer to Sample 50, as observed for xylose. Furthermore, the boxplot 

analysis of samples after desulfation (Figure 3.26d) revealed a higher contribution of 3-Glc 

and lower contribution of 3,4 and 3,6-Glc for the higher salinity (Sample 50). Thus, beyond 

the different sulfation pattern, the higher growth medium salinity seems to promote the 

occurrence of less branched glucose residues.  

 

 

Figure 3.26 – PCA (a, c) and box plots (b, d) of the glycosidic linkages of glucose residues of extracellular 

polysaccharides of the microalga P. purpureum grown under different salinities (18, 32, and 50 g/L NaCl), before 

(native-N) and after desulfation (desulfated-D). 

 

In relation to galactose glycosidic linkages, PCA of native polymers (Figure 3.27a) 

presented a PC1 explaining 58.5% of the variability among polysaccharides obtained from 

the different growth media salinities. The scores and loadings showed that Sample 18 was 

different from Sample 32 and 50, with higher contribution of t-Gal in Sample 18 and higher 
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contribution of 2,3-Gal residues in Sample 32 and Sample 50 (Figure 3.27b). The PCA of 

desulfated polysaccharide showed no statistical differences between each salinity (Figure 

3.27c). However, the boxplot analysis allowed to observe that 2-Gal, 3-Gal, and 4-Gal 

residues had lower contribution in the polysaccharides produced from P. purpureum grown 

at lower salinity (Figure 3.27d), possibly because growth medium salinity could also slightly 

influence glycosidic linkages composition. 

 

 

Figure 3.27 – PCA (a, c) and box plots (b, d) of the glycosidic linkages of galactose residues of extracellular 

polysaccharides of the microalga P. purpureum grown under different salinities (18, 32, and 50 g/L NaCl), before 

(native-N) and after desulfation (desulfated-D). 

 

Thus, P. purpureum produces extracellular polysaccharides with a sulfation pattern 
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substantial enough to change the proposal of the most representative repeating units of sEPS 

showed in Figure 3.23.  

 

3.3.5 Evaluation of in vitro lymphocyte stimulatory activity of purified sEPS 

The purified extracellular polysaccharides of P. purpureum cultured at 32 g/L of NaCl, 

as well as the respective desulfated material, were used to evaluate their potential to stimulate 

in vitro murine lymphocytes. Polysaccharide concentrations in the range of 2.5–200 µg/mL 

were assessed. In addition, the purified material of the lower and higher salinity tested in the 

present study (18 and 50 g/L of NaCl, respectively), as well as the correspondent desulfated 

material, were also tested at 200 µg/mL polysaccharide concentration, in order to evaluate 

the impact of the structural differences of polysaccharides in immunostimulatory activity.  

The different tested samples did not induce loss of cell viability when compared to non-

stimulated controls, cultured with medium alone, indicating lack of cytotoxicity (Figure 

3.28). Expression of the early activation marker CD69 on the surface of CD3+ cells (T cells) 

treated with the different extracellular polymeric material and the correspondent desulfated 

samples was not different from that observed in non-treated controls, showing that none of 

the tested samples stimulated T cells (Figure 3.29). In contrast, CD19+ cells (B cells) were 

activated in a dose response-manner by purified sEPS produced with a 32 g/L NaCl culture, 

in a medium containing polymyxin B, 17, 28, 47, 67 and 77% of activated cells, for 2.5, 25, 

50, 100, and 200 µg/mL, respectively (Figure 3.30).  
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Figure 3.28 – Percentage of propidium iodide negative splenocytes [Live cells (%)] upon cultured for 6 h with 

purified sEPS (N) and corresponding desulfated EPS (D) at polysaccharides concentrations of 2.5, 25, 100 and 200 

μg/mL of P. purpureum grown at 32 g/L NaCl concentration, and at polysaccharides concentrations of 200 μg/mL 

of P. purpureum grown at 18 and 50 g/L NaCl concentration in the absence and presence of polymyxin B (PB). 

Culture medium (RPMI), lipopolysaccharides (LPS,) and concanavalin (ConA) were used as controls. Mean values 

± SD, n=3. The different characters above bar indicate statistical differences (p<0.05) between compared groups 

(One-Way ANOVA, Tukey’s multiple comparisons test). 

 

 

 

 

Figure 3.29 – Spleen T lymphocytes activation (%) induced by purified sEPS (N) and correspondent desulfated EPS 

(D) at polysaccharides concentrations of 2.5, 25, 100 and 200 μg/mL of P. purpureum grown at 32 g/L NaCl 

concentration, and at polysaccharides concentrations of 200 μg/mL of P. purpureum grown at 18 and 50 g/L NaCl 

concentration in the absence and presence of polymyxin B (PB). Culture medium (RPMI) alone was used as negative 

control. Concanavalin (ConA) was used as positive control. Mean values ± SD, n=3. The different characters above 

bar indicate statistical differences (p<0.05) between compared groups (One-Way ANOVA, Tukey’s multiple 

comparisons test). 
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Figure 3.30 – Spleen B lymphocyte activation, as assessed by the % of CD69-expressing cells, induced by purified 

sEPS (N) and the correspondent desulfated EPS (D) at polysaccharides concentrations of 2.5, 25, 100 and 200 μg/mL 

of P. purpureum grown at 32 g/L NaCl concentration, and at polysaccharides concentrations of 200 μg/mL of P. 

purpureum grown at 18 and 50 g/L NaCl concentration in the absence and presence of polymyxin B (PB). Culture 

medium (RPMI) alone was used as negative control. Lipopolysaccharides (LPS) were used as positive control. Mean 

values ± SD, n=3. The different characters above bar indicate statistical differences (p<0.05) between samples (One-

Way ANOVA, Tukey's multiple comparisons test). 

 

A decrease in B cells stimulation was observed when polymyxin B was added to cell 

cultures, indicating some level of endotoxin contamination. Nonetheless, the percentage of 

stimulated B cells was significantly higher than in the non-treated controls. The sEPS 

recovered from 18 and 50 g/L NaCl cultures also induced higher B cell early activation than 

the control (77 and 96%, respectively), at 200 µg/mL polysaccharide concentration. These 

results showed that purified sulfated polysaccharides recovered from P. purpureum broth 

cultivated at different salinities have in vitro activity on B lymphocytes. Accordingly, 

previous reports also showed the immunostimulatory properties of P. purpureum sEPS, by 

promoting the proliferation of splenocytes in a dose-dependent manner [183], and inducing 

the production of pro-inflammatory cytokines and NO by Raw 264.7 cell line macrophages 

[183,184].  
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of sulfate groups in immunostimulatory activity. Indeed, the desulfated samples showed 

significantly lower percentage of B cells stimulation than native samples (Figure 3.30), 
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indicate the presence of residual sulfates after desulfation [237], or the ability of P. 

purpureum extracellular desulfated polysaccharides to stimulate B cells.  

 

3.3.6 Scale-up 

Since P. purpureum extracellular polysaccharides presented relevant physico-chemical 

and immunostimulatory properties for their commercial exploitation, this microalga was 

cultivated at large scale, allowing to evaluate the large-scale extracellular polysaccharides 

production viability. Thus, a gradual scale up was applied, where firstly P. purpureum was 

cultivated at 2.5 L scale (Figure 2.4a), and posteriorly a new scale up to 800 L was performed 

(Figure 2.4b). The scale-up outdoor test was performed at 32 g/L of NaCl, the intermediate 

salinity previously used, since this culture condition revealed higher P. purpureum cell 

density and higher amount of extracellular polysaccharides, without affecting their sugar 

profile. 

The cells growth evolution at large scale was followed through optical density (Figure 

3.21a) for 16 days. The growth rate was higher than that observed in lab scale, where the 

stationary phase was only reached after 24 days. An exponential phase was observed in the 

first 4 days (Figure 3.21b), which was similar to the laboratorial evolution. However, cells 

doubled 2 times faster than the cells cultivated at laboratorial scale, i.e. doubled every day, 

instead of the 2 days generation time (Table 3.6). These faster cells growth could be possibly 

related with the better adaptation phase of the inoculum cells due to the gradual scale up, 

and with the differences in the reactor, since the flat panel photobioreactor had higher contact 

surface and, consequently, higher amount of light incidence per cells. After exponential 

phase, a stationary phase was observed (Figure 3.21a), where maximum dry weight and cell 

density was reached, 1.0 g/L and 6.7 ×106 cells/mL, respectively. Thus, contrarily to 

laboratorial scale, no transition phase was observed. Moreover, dry weight/cell density also 

performed better in the outdoor flat panel photobioreactor than at laboratorial scale.  

In the 800 L outdoor pilot culture system, the polymeric material of growth medium 

yielded 240 mg/L, 60% higher than laboratorial scale at the same osmotic pressure, which 

is in line with the higher biomass production. The extracellular polymeric material 

production yield was within the lower limit of the 240-1490 mg/L range described for P. 

purpureum grown in a 130 L outdoor system for 19 days [303].  
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The polymeric material was found to be constituted by 50.5% w/w of sugar residues and 

9.4% w/w of sulfate esters (Table 3.9). The monosaccharides composition revealed xylose 

as major residue (44 %mol), followed by galactose (28 %mol), glucose (16 %mol), and 

uronic acids (12 %mol). These results are similar to those obtained at laboratorial scale and, 

consequently, it was possibly to conclude that it is feasible to produce sEPS from P. 

purpureum at large scale. 

 

3.3.7 Concluding remarks 

This study showed that P. purpureum cells were able to grow under a large range of 

salinity (18-50 g/L NaCl), with a maximum accumulation of 5.7×106 cells/mL cells at a 

laboratorial scale in 19 days culture. These conditions were successfully scaled up for an 

800 L culture, with an accumulation of 6.7 ×106 cells in 8 days, with a culture salinity of 32 

g/L NaCl. Nevertheless, the effect of salinity under the studied conditions had impact in 

extracellular polysaccharides excretion yield, higher for 32 g/L NaCl (90 mg/L) than for 50 

g/L (46 mg/L). At pilot scale (800 L) this yield was even higher (144 mg/L). Those 

extracellular polysaccharides confirmed to be sulfated and highly branched 

glucuronoglucogalactoxylan, whose sulfation pattern slightly changed in xylose and glucose 

residues with the variation of NaCl concentration in culture medium. The sEPS produced 

from P. purpureum grown at lower salinity tended to be more sulfated in O-3 position of 

xylose and O-6 position of glucose, while at higher salinity the sEPS tended to be more 

sulfated in O-4 position of xylose and glucose, with higher linear 2-Gal, 3-Gal, and 4-Gal 

residues. 

The sulfated EPS can be easily recovered and purified from culture medium. Moreover, 

they are capable to in vitro stimulate B lymphocytes. This justifies the use of P. purpureum 

in aquaculture and also allows to purpose the use of their sulfated extracellular 

polysaccharides in fish aquaculture for humoral immunity enhancement. 
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This PhD thesis contributed to highlight the potential of microalgae to produce pigments 

and polysaccharides for food and feed applications. C. vulgaris chlorophylls were extracted 

with a food grade solvent and showed to be more stable in 96% ethanolic solution, protected 

from light at room temperature or below. Despite the known influence of modified 

atmosphere and the alkaline environment on the chlorophyll’s preservation, the argon rich 

atmosphere and the addition of NaOH were not necessary to preserve the green color of the 

ethanolic extract under the studied conditions. The C. vulgaris extract was successful in 

greening cooked cold rice to be used in sushi, revealing their potential as a natural food 

colorant. This work open perspectives to explore more combination of variables in the green 

color conservation, such as the development of chlorophyll derivatives containing Cu as 

central ion in the macrocycle that are also approved food colorings (E141).  

Beyond C. vulgaris being a great source of chlorophylls, this microalga also showed 

their feasibility as unconventional source of starch, that can be co-extracted with the 

pigments, increasing its interest in the commercial point of view. Moreover, C. vulgaris 

excreted a galactan to the growth medium, with similar structural characteristics to its cell 

wall related polysaccharides, that were able to in vitro stimulate B lymphocytes. The 

microalga P. purpureum also showed the ability to release polysaccharides to the growth 

medium, namely, sulfated galactoxylans, whose structure slightly changed with the salt 

concentration of the culture medium: at 18 g/L the sEPS tended to be more sulfated in O-3 

position of xylose and O-6 position of glucose, while at 50 g/L the sEPS tended to be more 

sulfated in O-4 position of xylose and glucose. At 32 g/L NaCl, the salinity naturally 

occurring at Ria Formosa, the salinity has an intermediate effect on the sEPS, closer to the 

effect of 50 g/L. At this intermediate salinity, P. purpureum were able to produce higher 

amounts of sEPS at a pilot scale (800 L). Moreover, the sulfated galactoxylans have also 

revealed immunostimulatory effect in B cells in vitro, which activity is strongly related in 

the presence of sulfate esters in their structure. The exploitation of EPS produced by these 

two microalgae showed a sustainable and economic feasible source of polysaccharides with 

immunostimulatory activity. They were easily recovered from growth medium and purified 

by centrifugation and ethanol precipitation, respectively, increasing their commercial 

viability for functional food and feed applications.  

In a world with limited resources, such as clean water or arable land, and increasing 

anthropogenic pressure on the environment, microalgae such as Chlorella vulgaris and 
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Porphyridium purpureum possess the assets to make them suitable as an efficient carbon-

neutral bioresource of food, feed, or multiple molecules that can be co-exploited in the 

various sectors of food and biotechnology industry. Moreover, the use of microalgae meets 

the consumers demands for natural healthy foods and supplements with a sustainable 

production, becoming a “fashioned nutraceutical” and a “future food”. 
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Figure A 1 – Pareto charts of the standardized effects for the data set 1: a) response is Abs (418 nm), 48 h (p<0.05); 

b) response is -a*, 48 h (p<0.05). 

 

 

 

 

 

Figure A 2 – Pareto charts of the standardized effects for the data set 2: a) response is Abs (418 nm), 9.5 h 

(p<0.05); b) response is -a*, 9.5 h (p<0.05). 
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Figure A 3 – Pareto charts of the standardized effects for the data set 2: a) response is Abs (418 nm), 65.5 h (p<0.05); 

b) response is -a*, 65.5 h (p<0.05). 
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