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RIASSUNTO 

I cambiamenti climatici, il riscaldamento globale e l’aumento 
della popolazione rappresentato i principali problemi dei nostri giorni. 
Tali problemi stanno portando all’inevitabile esaurimento delle risorse 
naturali. Negli ultimi anni, l’Unione Europea e altre organizzazioni 
internazionali hanno incentivato il passaggio dall’economia lineare a 
quella circolare. Quest’ultima rappresenta un modello di produzione e 
consumo volto ad un prolungato riutilizzo e riciclo dei materiali e dei 
prodotti esistenti. Ciò contribuirà ad allungare il “ciclo vitale” dei prodotti, 
minimizzando, così, la produzione dei rifiuti. Questo modello di 
economia promuove lo sviluppo sostenibile tenendo presente l’impatto 
economico, ambientale, tecnologico e sociale. L’economia circolare 
abbraccia i principi della chimica verde, il cui obiettivo è quello di 
promuovere un migliore utilizzo delle risorse, la riduzione dei rifiuti e un 
utilizzo più intelligente dell'energia. L’idea di utilizzare rifiuti e prodotti 
naturali come risorse e lo sviluppo di una piattaforma integrata in grado 
di produrre diversi bioprodotti a partire da una singola biomassa, 
prende vita con il concetto della bioraffineria. Infatti, le bioraffinerie sono 
state identificate come una idea promettente per sviluppare industrie 
basate sulle biomasse. In tale contesto si è sviluppato l’uso delle 
microalghe come materia prima alternativa e sostenibile. Le microalghe 
sono considerate delle vere e proprie fabbriche in quanto sono in grado 
di effettuare la fotosintesi convertendo la CO2 in glucosio e rilasciando 
ossigeno come prodotto di scarto. Esse rappresentano una enorme 
riserva di proteine, lipidi, zuccheri e molecole ad alto valore che 
possono essere usate per l’uomo o come mangime. Le microalghe 
presentano diversi vantaggi: sono organismi con cicli di crescita brevi 
e, a differenza di molte piante stagionali, possono essere coltivate tutto 
l’anno. Non necessitano di terreni agricoli o di acqua pulita e, di 
conseguenza, non sottraggono spazi altrimenti destinati all’agricoltura. 
Poiché alcune specie sono ricche in lipidi, le microalghe sono state 
ampiamente studiate nel passato come alternativa ai carburanti di 
prima generazione. Negli ultimi anni, diversi governi e investitori privati 
hanno puntato sulla produzione di biocarburanti di terza generazione a 
partire da microalghe. Tuttavia, questa iniziativa si è rivelata 
fallimentare a causa degli elevati costi di produzione e di raccolta. 
Inoltre, la conversione degli oli estratti in biocarburanti rappresenta uno 
dei motivi alla base di un mancato sviluppo su larga scala e 
dell’incompleta commercializzazione delle microalghe. È stato stimato 
che, per competere con il prezzo dei carburanti attualmente in 
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commercio, il costo dei biocarburanti di terza generazione dovrebbe 
essere ridotto di 10 volte.  

Un altro collo di bottiglia che inibisce il pieno sfruttamento delle 
microalghe nella produzione su larga scala è il controllo dei parametri 
di crescita e il problema delle contaminazioni. Le microalghe 
generalmente possono essere coltivate in stagni aperti o in 
fotobioreattori. Mentre i fotobioreattori sono sistemi chiusi che 
consentono di controllare i parametri di coltivazione e di ottenere una 
produttività molto elevata, gli stagni aperti sono sistemi esterni non 
controllati con una produttività limitata. Nonostante i fotobioreattori 
risultino essere il metodo di coltivazione più efficiente, ad oggi, i sistemi 
a stagno aperto sono quelli ampiamente utilizzati su scala industriale. 
Il principale vantaggio dei sistemi aperti è dovuto al basso investimento 
iniziale, alla bassa richiesta di energia, ai bassi costi operativi e di 
manutenzione. In questo scenario, i microrganismi estremofili hanno 
destato molto interesse, in quanto hanno la capacità di vivere e 
svilupparsi in condizioni considerate ostili per la maggior parte dei 
microorganismi, come in presenza di elevate concentrazioni di metalli 
pesanti, ambienti acidofili (pH 1.0- 3.0) o ad alte temperature (>50°C). 
La capacità di crescere in condizioni così estreme limita il problema 
delle contaminazioni.  Per questo motivo, le microalghe estremofile 
rappresentano i migliori candidati per la produzione su larga scala.  

Negli ultimi decenni, le microalghe hanno suscitato interesse non 
solo per la produzione di biocarburanti, ma anche per la loro capacità 
di sintetizzare diverse molecole ad alto valore commerciale, come 
proteine, carotenoidi e acidi grassi polinsaturi che possono trovare 
applicazione non solo nell’industria alimentare e dei mangimi, ma 
anche nel settore cosmetico, nutraceutico e farmaceutico. 

Per promuovere lo sviluppo delle industrie basate sulle alghe, è 
necessario sviluppare una piattaforma integrata, in grado di produrre 
più prodotti in cascata. A tal scopo, lo sviluppo di un sistema di 
bioraffineria e lo sviluppo di un'efficace strategia di coltivazione 
potrebbero ridurre i costi di produzione. 

Attualmente, le tecnologie più utilizzate per estrarre diversi 
bioprodotti sono estrazioni convenzionali che prevedono l’utilizzo di 
solventi organici come cloroformio, acetone, metanolo e dietiletere. Le 
estrazioni convenzionali richiedono solitamente grandi quantità di 
solvente, tempi prolungati e vengono eseguite a partire dalla biomassa 
essiccata. Questi sono i motivi per cui la fase di estrazione rappresenta 
un altro svantaggio per lo sviluppo delle industrie basate sulle alghe. Di 
recente è aumentata la domanda da parte dei consumatori di prodotti 
naturali e sicuri la cui produzione non richiede l’utilizzo di solventi 
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tossici. Lo sviluppo di tecniche “verdi” per estrarre composti ad alto 
valore rappresenta un progresso significativo. Tali tecniche consentono 
di ottenere prodotti bioattivi riducendo o eliminando completamente i 
solventi tossici, minimizzando l'impatto ambientale. Inoltre, consentono 
di ridurre i tempi di estrazione e di migliorarne le rese, risultando 
vantaggiose anche in termini economici.  

Lo scopo del presente progetto di dottorato è stato lo sviluppo di 
un processo in cascata, in accordo con il concetto di bioraffineria, al 
fine di ottenere tre prodotti ad alto valore. La microalga selezionata è 
stata Galdieria phlegrea (ceppo 009), un’alga rossa termoacidofila in 
grado di sintetizzare diverse molecole ad alto valore.   

L'attenzione è stata inizialmente focalizzata sulla progettazione 
di un processo in scala di laboratorio per ottenere due diverse molecole 
a partire dalla biomassa umida di G. phlegrea: la ficocianina e gli acidi 
grassi polinsaturi. Innanzitutto, sono state estratte le proteine mediante 
una procedura ad alta pressione, quindi la ficocianina è stata isolata 
attraverso un singolo passaggio di purificazione ottenendo un grado di 
purezza molto elevato. È risaputo che le ficocianine sono dotate di 
attività antiossidante, per questo motivo è stata valutata la capacità 
della ficocianina di proteggere i cheratinociti umani immortalizzati dallo 
stress indotto dai raggi UVA. Successivamente l’attenzione è stata 
focalizzata sulla seconda classe di molecole da estrarre: i lipidi. A tale 
scopo, a partire dalla biomassa residua, i lipidi sono stati estratti 
mediante una tecnica convenzionale che prevede l’uso di 
cloroformio/metanolo. L’estratto ottenuto è stato poi frazionato per 
isolare gli acidi grassi polinsaturi. È stato interessante notare che a 
partire dalla biomassa rotta la quantità di acidi grassi polinsaturi isolati 
è risultata essere superiore a quella ottenuta dalla biomassa grezza 
(estrazione effettuata in parallelo), suggerendo così un efficiente 
modello preliminare di bioraffineria. 

Per valorizzare ulteriormente la biomassa di G. phlegrea, il 
modello iniziale di bioraffineria messo a punto è stato integrato con i 
principi della chimica verde. Il nuovo modello proposto ha previsto tre 
fasi sequenziali, combinando un'estrazione convenzionale e due 
procedure innovative*: 
1. Estrazione ad alta pressione per la ficocianina; 
2. Estrazione con fluidi pressurizzati (PLE) per ottenere i carotenoidi; 
3. Estrazione con fluidi supercritici (SFE) per ottenere i lipidi. 

Rispetto alle estrazioni convenzionali, le estrazioni con i fluidi 
compressi hanno permesso di ottenere rese maggiori di carotenoidi e 
lipidi utilizzando solventi eco-sostenibili, sicuri ed economici. Inoltre, le 
estrazioni sono state effettuate in tempi più brevi e con un minore 
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consumo di solvente. La frazione contenente i carotenoidi è stata 
caratterizzata attraverso analisi HPLC, che hanno permesso di 
identificare β-carotene e zeaxantina quali principali pigmenti presenti 
nell'estratto. Inoltre, sono stati condotti diversi esperimenti su 
cheratinociti umani immortalizzati per verificare che la tecnica di 
estrazione utilizzata, il PLE, non avesse alterato la capacità 
antiossidante dei carotenoidi estratti. In particolare, è stata analizzata 
l’inibizione della produzione di ROS intracellulari dopo l'induzione dello 
stress ossidativo e l’attivazione del pathway di Nrf-2, proteina 
normalmente coinvolta nella risposta allo stress. 

Infine, è stata effettuata una completa caratterizzazione biofisica 
e biochimica della ficocianina estratta e purificata. In particolare, è stata 
determinata la sequenza primaria della proteina e ne è stata valutata la 
stabilità termica e in funzione del pH. I risultati ottenuti hanno mostrato 
chiaramente che la ficocianina estratta da G. phlegrea è 
termoresistente in quanto è in grado di preservare la sua azione 
antiossidante anche in seguito a pastorizzazione termica. E’ stato 
dimostrato inoltre che la struttura della ficocianina è stabile in un 
intervallo di pH compreso tra 4.0 e 9.0, nonché ad alte temperature, 
con valori di Tm >80°C tra pH 5.0 e 7.0. Infine, è stato dimostrato che 
la proteina possiede un’azione citotossica selettiva per le cellule 
tumorali.  

In conclusione, con il presente progetto di dottorato è stato 
delineato un processo sostenibile in accordo con i principi della 
bioraffineria e della chimica verde, valorizzando la biomassa di G. 
phlegrea. La strategia proposta per il recupero in cascata di ficocianine, 
carotenoidi e acidi grassi polinsaturi potrebbe essere facilmente 
applicata a livello industriale. Considerando l’alto valore di mercato dei 
tre prodotti ottenuti, il modello messo a punto potrebbe contribuire ad 
aumentare le fonti di guadagno relative al processo, compensando così 
gli elevati costi di coltivazione e quelli a valle per la raccolta e il 
frazionamento della biomassa in differenti prodotti. Ciò potrebbe 
portare ad un bilancio economico positivo della bioraffineria basata 
sulle microalghe. Inoltre, lo sviluppo di un processo eco-sostenibile e 
sicuro potrebbe determinare il consenso da parte dell’opinione 
pubblica, ancora troppo restia all’utilizzo di prodotti ottenuti da 
microalghe. 

Nonostante i prodotti biologici risultino essere di rilevanza 
strategica per molte aziende, sono ancora molti i problemi e le sfide da 
affrontare per giungere ad una piena industrializzazione e 
commercializzazione di tali prodotti. Attualmente in letteratura sono 
riportati molti studi sull’efficacia dei singoli passaggi che potrebbero 
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costituire una bioraffineria, tuttavia i tentativi di strutturare un intero 
processo sono ancora molto pochi. Un altro problema da non 
sottovalutare è la reticenza da parte delle aziende di conformarsi alle 
esigenze sociali e ambientali necessarie per ottenere l’accettazione 
pubblica. Studi recenti hanno dimostrato che i costi associati alle 
bioraffinerie convenzionali, rappresentano circa il 20-40% dei costi di 
un intero processo. Questi costi aumentano fino al 60% quando si parla 
di bioraffinerie basate sull’utilizzo di microalghe. 

Per ridurre i costi, gli sforzi dovrebbero essere focalizzati sullo 
sviluppo di tecniche semplici che richiedono solo poche operazioni 
unitarie, tenendo però presente che le tecnologie sviluppate ad hoc per 
una singola operazione dovrebbero sempre essere affiancate da una 
attenta valutazione dell'impatto di queste sull’intero processo. Solo lo 
sviluppo di una piattaforma integrata in grado di valorizzare al massimo 
la biomassa delle microalghe favorirà la transizione dalla produzione in 
scala di laboratorio a quella su larga scala. Solo in questo modo le 
bioraffinerie basate sulle microalghe potrebbero diventare una solida 
realtà industriale. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
*Gli esperimenti di estrazione con i fluidi compressi sono stati effettuati nel 

laboratorio della Prof.ssa Elena Ibaňez, Istituto di ricerca in scienze alimentari 
(CIAL), Madrid, Spagna.
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SUMMARY 

The aim of this PhD thesis was the use of red thermo-acidophilic 
microalgae, Galdieria phlegrea (stain 009) to develop a biorefinery to 
obtain three different high value bio-products. First, a preliminary 
cascade approach has been designed to recover phycocyanin and 
lipids from the wet biomass of the microalga grown in autotrophic 
conditions. Extractions were performed in two sequential steps: a 
conventional high-pressure procedure to recover phycocyanins (PCs) 
and a solvent extraction to obtain fatty acids. PCs were isolated by a 
single purification step obtaining a high purity grade and they fully 
retained their antioxidant activity on a cell-based model. From the 
residual biomass, fatty acids were recovered, with a higher yield with 
respect to those obtained from the raw biomass. Then, a green 
approach was used to recover PCs, carotenoids and lipids in cascade. 
PC extraction was performed as mentioned above and the isolation was 
optimized by ultrafiltration. Carotenoids were obtained by a pressurized 
liquid extraction (PLE) on the residual biomass and finally lipids were 
extracted by supercritical fluid extraction (SFE). The used extraction 
procedures are green, fast, and cost-effective and allow to improve the 
extraction yield up to 40% for carotenoids and up to 12% for lipids in 
comparison with conventional extractions. The carotenoids extracted 
by PLE were tested as antioxidants, thus proving that the procedure 
employed for the extraction did not affect their bioactivity. Finally, a 
complete biophysical and biochemical characterization of purified 
phycocyanin was carried out. The results show that the protein is stable 
under different pHs and unfolds with an apparent melting temperature 
higher than 80°C within a pH range between 5.0-7.0. The protein also 
exerts interesting in cell antioxidant properties even after the 
pasteurization process, and is cytotoxic for cancer cells, whereas it is 
not toxic for non-malignant cells. In conclusion, in the present PhD 
thesis, a green biorefinery was set up, thus completely valorizing the 
biomass of G. phlegrea. The proposed approach to recover in a 
cascade approach PCs, carotenoids and PUFAs could be easily scaled 
up at industrial level. The obtained results could also contribute to 
increase the revenue streams of the process, thus compensating the 
large cultivation and downstream costs for biomass production. 
Furthermore, the development of a green process could also increase 
the social acceptance of industrial microalgal products.
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Introduction 

1.1 Microalgae and biotechnological applications 

Microalgae are very small plant-like microorganisms between 1-
50 micrometers in diameter, without roots or leaves. They are 
prokaryotic or eukaryotic microorganisms that use solar energy and 
nutrients to convert carbon dioxide (CO2) into biomass (Feron and 
Hendriks 2005). With respect to plants, microalgae are more 
competitive: they do not compete for arable lands, they can grow on 
seawater and on residual nutrients, they have higher areal productivity, 
thus  accumulating larger amounts of valuable components within a 
short time (Chauton 2015).  

Algae mitigate large amounts of carbon dioxide, as about 1.8 
tons of CO2 are consumed by one ton of microalgae (Kliphuis 2010). 
Depending on the cultivation system used, microalgae accumulate 
lipids, proteins or carbohydrates and for this reason they are emerging 
as potential feedstock for a number of different industrial sectors, such 
as food commodities, biofuels, bio-based chemicals, fine organics, 
bioplastics, pigments, cosmetics and pharmaceuticals (Posada 2016).  

Microalgae cultures have been extensively studied in the last 
decades, particularly for biodiesel production (Mata, Martins, and 
Caetano 2010). However, the analysis of the large-scale productions 
points out that the technologies proposed to produce liquid fuels are still 
not self-sustainable from an economic point of view. The main 
disadvantages reside in the high production and transformation costs, 
high freshwater requirements for cultivation, and high acid value of 
microalgal oil in comparison with other biofuels feedstocks (González-
Delgado and Kafarov 2011). Thus, the use of microalgae to obtain only 
biofuels does not seem to be economically feasible. For this reason, the 
obtainment of co-products is becoming essential for their commercial 
production (Axelsson 2012). Improving the extraction techniques or 
dedicating a percentage of the algal crop to the obtainment of high 
value products (e.g., with terrestrial agriculture) may help in closing the 
economic gap between petroleum and algae biofuels.  

1.2 Circular economy, green chemistry and microalgal 
biorefinery 

 In 1987, the UN World Commission on Environment and 
Development defined sustainability as “the development that meets the 
needs of the present without compromising the ability of future 
generations to meet their own needs” (World Commission on 
Environment and Development Report). Demographic pressure and 
climate changes are heavily relaying on the natural resources of planet 
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earth. This dramatic situation is fostering the necessity to favor 
sustainability over productivity. One of the key aspects of sustainable 
development is the reduction or even total elimination of wastes 
(Herrero and Ibañez 2018). Over the last decade the new concept of 
Circular Economy (CE) has gained attention (Ghisellini, Cialani, and 
Ulgiati 2016). The idea behind CE is the use of renewable materials as 
feedstock for fuels and chemicals, where all the by-products find feed 
or industrial applications and the wastes are completely degradable. 
This economy model promotes the sustainable development by 
keeping in mind the economic, environmental, technological and social 
impact. In this context, Green Chemistry embraces the effort to face the 
challenge related to sustainable development of the chemical industry 
(Song and Han 2015).  
 The concept of Green Chemistry was first formulated at the 
beginning of the ‘90s (Anastas and Eghbali 2010). Its innovation lied in 
the promotion of a better use of resources, a reduction of wastes and a 
more intelligent use of energy. The idea of utilizing wastes as well as 
natural products as resources and the development of an integrated 
platform able to produce different bio-products from biomasses, came 
to life with the biorefinery concept. 

Biorefinery has been identified as the most promising concept for 
the creation of a biomass-based industry, since it overcomes linear 
processes of biomass transformation by using waste materials and 
increasing the obtainment of bio-products. Microalgae have a high 
potential to be used as starting material in the biorefinery process since 
they contain different metabolites of interest and are currently used to 
obtain many products (González-Delgado and Kafarov 2011). Indeed, 
the possibility to obtain different molecules from different microalgal 
components (lipids, proteins and carbohydrates) in a cascade approach 
would render these organisms a suitable starting point for the industrial 
development of a biorefinery (Soh 2014). 

1.3 High-value bio-products from microalgae 

Given their different nature, microalgae can produce a wide 
variety of nutrients and secondary metabolites that are beneficial for 
humans or animals. Valuable current or potential co-products include 
carotenoids, polyunsaturated fatty acids (PUFAs) and phycobiliproteins 
(Hannon 2010). Microalgae can synthesize many other unique 
molecules with commercial potential, such as toxins, vitamins, 
antibiotics, sterols, lectins, mycosporine-like amino acids, halogenated 
compounds and polyketides. In some instances, the expression of 
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molecules that improve crop protection may also have a pharmaceutical 
value. Several issues hinder the industrial exploitation of the cited high-
value microalgal products (Spolaore 2006). On one hand, it is required 
to select operating conditions for microalgal culture that maximize the 
production of the all selected high-value products. On the other hand, 
the microalgal fractionation process should include procedures that 
allow extracting different products without any interference on their 
chemical and biological characteristics. However, one should keep in 
mind that different microalgal growth conditions may be required to 
isolate different high-value products. As an example, the production of 
lipids increases for cultures carried out at low light intensities and at low 
temperature, which is not compatible with antioxidant production. On 
the other hand, antioxidant production is enhanced by high-intensity 
irradiation and by N- and P-stress conditions, since it results in the 
generation of radical species in cells (Goiris 2015). Moreover, a  serious 
concern about the cultivation of microalgae under stress conditions is 
the decrease or the arrest of growth rates and consequently the 
decrease of the total production and productivity (Markou and Nerantzis 
2013). 

1.3.1 Phycobiliproteins 

Phycobiliproteins (PBPs) are brilliantly colored, highly 
fluorescent, water-soluble protein components of the photosynthetic 
light-harvesting antenna complexes of cyanobacteria (blue-green 
algae), red algae, and cryptomonads. These proteins are classified into 
two large groups based on their colors, the phycoerythrin group, red, 
and the phycocyanin one, blue. Phycocyanins include C-phycocyanin 
(C-PC), R-phycocyanin (R-PC), and allophycocyanin (A-PC) (Soni 
2006). Phycobiliproteins are assembled into an organized cellular 
structure, namely, the phycobilisome that is attached in regular arrays 
to the external surface of the thylakoid membrane, which acts as major 
light harvesting pigments in cyanobacteria and red algae (Figure 1). 
Phycobilisomes consist of an allophycocyanin core surrounded by 
phycocyanin on the periphery. Phycocyanin is the major constituent, 
whereas allophycocyanin functions as the bridging pigment between 
phycobilisomes and the photosynthetic lamella (Eisele 2000). The 
phycobilisome allows the pigments to be geometrically arranged in a 
way that helps to optimize light capture and transfer of energy. All the 
phycobiliproteins absorb incident light directly, but, in addition, they 
participate in an energy transfer chain within the phycobilisome in a 
sequence: phycoerythrin  phycocyanin  allophycocyanin  
chlorophyll-a. During last few decades, PBPs have been investigated 
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for their antioxidant activity. The demand for antioxidants is primarily 
driven by a growing demand for health and dietary supplements. 
Currently, natural antioxidants are expensive compared to synthetic 
antioxidants. Nevertheless, natural pigments are the most influential 
compounds in the overall revenue from the microalgal biomass (Ruiz 
2016). This is very attractive since there is a growing consumer 
preference for food and cosmetic products enriched in “green” 
antioxidants.  

 

 

 

 

 

 

 

Figure 1. Graphic representation of phycobilisome. Phycobilisome consists of a 
central core with radiating rods. This core contains allophycocyanins (APC) that are 
the close to the photosystems (PSI) and promote the energy transfer during 
photosynthesis. Six rods are attached to the core. Each rod disk consists in hexamers 
of phycocyanin (PC) and phycoerythrin (PE) arranged to reflect the resonance energy 
transfer pathway: PEPCAPCPSI.  

 

1.3.2 Poly-Unsaturated Fatty Acids (PUFA) 

The main components of algal lipid fraction are represented by 
fatty acids (FA), waxes, sterols, hydrocarbons, ketones and pigments 
(Halim et al. 2011). Depending on the species, total lipids usually 
represent 20-50% in dry weight of the total biomass. Generally, fatty 
acids can be classified in two categories based on the polarity of the 
molecular head group: (i) neutral lipids and free fatty acids (FFA) and 
(ii) polar lipids or amphipathic lipids, which can be further 
subcategorized into phospholipids and glycolipids. Lipids synthesis and 
accumulation by microalgae depends on the species and is also 
affected by culture conditions, such as nutrient concentration, salinity, 
light intensity periods, temperature, pH and even the association with 
other microorganisms (Richmond A. 2004; Guschina and Harwood 
2006). Omega-3 (ω-3) polyunsaturated fatty acids (PUFAs) (Figure 2) 
are a specific group of polyunsaturated fatty acids in which the first 
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double bond is located between the third and fourth carbon atom 
counting from the methyl end of the fatty acid (Ryckebosch 2012), and 
it comprises: α-linolenic acid (ALA 18:3), eicosapentaenoic acid (EPA, 
20:5), docosapentaenoic acid (22:5) and docosahexaenoic acid (DHA, 
22:6) (Fraeye 2012). The long chain provides significant health benefits, 
particularly in reducing cardiac diseases such as arrhythmia, stroke and 
high blood pressure (Pulz and Gross 2004). Moreover, they have 
beneficial effects against depression, rheumatoid arthritis, asthma and 
can be used for treatment of inflammatory diseases, such as 
rheumatoid arthritis, Crohn’s disease, ulcerative colitis, psoriasis, lupus 
and cystic fibrosis (Wen and Chen 2003; Sijtsma and De Swaaf 2004).  

Among PUFA, the ω-6 are those in which the first double bond 
is located between the sixth and seventh carbon atom counting from 
the methyl end of the fatty acid and comprises γ-linolenic acid (GLA, 
18:3 ω-6) and arachidonic acid (ARA, 20:6 ω-6), which have been 
shown to possess beneficial activities (Soni, Trivedi, and Madamwar 
2008). As an example, in pregnant women, the adequate intake of EPA 
and DHA is crucial for healthy development of the fetal brain and ARA 
and DHA are required for normal growth and brain functional 
development, whereas EPA is considered essential for the regulation 
of some biological functions and prevention of arrhythmia, 
atherosclerosis, cardiovascular disease and cancer (Pulz and Gross 
2004).  

To date, fish oil is the major commercial source of 
polyunsaturated fatty acids, especially for the low production costs. Its 
quality depends on the fish species, the season/climate and 
geographical location of catching sites and food quality consumed by 
the fish. Noteworthy, in some cases, there is a contamination danger 
by lipid-soluble environmental pollutants (Ryckebosch 2012). 
Moreover, fish oil is not suitable for vegetarians, and its odor makes it 
unattractive for consumption. Nevertheless, fish oil is characterized by 
a higher amount of ω-3 (60% EPA+DHA) in comparison with 
microalgae-based oil, and for this reason, it remains the main 
commercial source of ω-3. 
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Figure 2. Molecular structure of common ω-3 and ω-6 polyunsaturated fatty 
acids. Polyunsaturated fatty acids have the first double binding in position 3 (ω-3) or 
in position 6 (ω-6). All double bindings are in cis formation. The ω-3 fatty acids include 
alpha-linolenic acid (ALA), eicosapentaenoic acid (EPA), and docosahexaenoic acid 
(DHA). The ω-6 include linoleic acid (LA) and arachidonic acid (AA). 
 

1.3.3 Carotenoids 

An important and well-known class of antioxidants from 
microalgae are carotenoids (Figure 3). They are lipophilic compounds, 
which represent a large group of biological chromophores with an 
absorption range between 400 and 550 nm, resulting in their yellow-
orange color. Carotenoids can represent up to 14% of algal biomass. 
Most carotenoids share a common C40 backbone structure of isoprene 
unit (termed terpenoid), and are divided into two groups: carotenes, 
which are true hydrocarbons, and xanthophylls (Gong and Bassi 2016) 
which contain also oxygen atoms (Mulders 2014). They can be also 
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classified as primary (essential for survival) and secondary (by 
exposure to specific stimuli). Carotenoids play key roles in light 
harvesting and energy transfer during photosynthesis and in the 
protection of the photosynthetic apparatus against photooxidative 
damage (Ye, Jiang, and Wu 2008). Several studies have demonstrated 
that carotenoids contribute significantly to the total antioxidant capacity 
of microalgae (Takaichi 2011). Carotenoids have received increased 
attention during the last decade due to their intrinsic antioxidant 
activity and potential function in preventing adverse health conditions 
in humans. Noteworthy, carotenoids are able to quench singlet oxygen 
(1O2) and free radicals responsible for cell damage. In medical 
science, carotenoids can help in preventing and treating many 
diseases, such as  cancer, cardiovascular disease, diabetes and 
osteoporosis (Shaish 2006; Kohlmeier 1997; Rao and Rao 2007). 

 

 
 

Figure 3. Molecular structure of carotenoids. β-carotene, with the molecular 
formula C40H56, belongs to the group of carotenoids consisting of isoprene units. It is 
the most abundant form of carotenoid and it is a precursor of the vitamin A. β-carotene 
is composed of two retinyl groups. Zeaxanthin, with molecular formula C40H56O2, is a 
carotenoid xanthophyll. Zeaxanthin is an isomer of Lutein. The main difference 
between them is in the location of a double bond in one of the end rings. This 

difference gives Lutein three chiral centers whereas zeaxanthin has two.  
 

1.4 Galdieria phlegrea 

Galdieria phlegrea (Figure 4) is a red thermo-acidophilic 
microalga that belongs to Cyanidiales. The order of Cyanidiales is 
comprised of asexual, unicellular red algae characterized by a simple 
morphology. Cells have a spherical shape and possess a thick wall 
containing one plastid (i.e. chloroplast), 1-3 mitochondria, a nucleus, a 
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vacuole and storage products (Albertano 2000; Carfagna 2015; Ciniglia 
2004; Graziani 2013; Pinto 2007). 

They can live at low pH environments (0.2 - 4.0) and at medium 
to high temperature (up to 56°C) (Castenholz 2010). To date, these 
unicellular taxa are classified into three genera: Cyanidium, 
Cyaniadioschyzon and Galdieria (Ciniglia 2004). Besides low pH and 
high temperature, Galdieria have several unique features, such as 
different mechanisms for metal tolerance; this allows cells to grow in 
toxic environments where other organisms cannot grow at all or can 
roughly do it (Nagasaka 2003; Yoshimura 1999).  

Galdieria is able to grow auto-, mixo- and hetero-trophically on a 
wide range of carbon sources  and different strains are able to maintain 
their photosynthetic apparatus when grown heterotrophically (Carfagna 
2018).  

The autotrophic cultivation of Galdieria has been studied for its 
ability to accumulate pigments, β-carotene, astaxanthin, zeaxanthin 
and phycocyanin, commonly used in food or in health applications. 
Moreover, the ability of Galdieria to be cultivated under conditions 
considered hostile for other microorganisms overcomes the problem of 
contaminations.  

Galdieria phlegrea is a species collected for the first time in the 
Phlegrean Fields (Naples, Italy). This site is characterized by a  crypto 
endolithic environment, a relatively dry condition and reduced light 
intensities (Ciniglia 2004). It has been demonstrated that G. phlegrea 
has developed an ameliorative strategy to adapt to extreme 
environments, such as the ability to express a complete data-set of 
genes required for urea hydrolysis, necessary as an alternative nitrogen 
source in N-limited environments (Qiu 2013). 

G. phlegrea (strain 009), contains abundant reserves of organic 
sulphur as glutathione, even under S starvation, and more generally a 
particular setting of sulphur metabolism (Carfagna 2016). These 
characteristics could explain the outstanding thermo-resistance and 
thermo-induction of the C-PC synthetized by the strain 009. 

For these unique extremophilic properties, the microalga 
Galdieria phlegrea (strain 009) has attracted interest for 
biotechnological applications.  
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Figure 4. Comparison between the morphology of two Galdieria species: a-c, G. 
sulphuraria; d-f, G. phlegrea (Dovilė 2018). 

 

1.5 The Aim of the thesis 

 The aim of this PhD thesis is the use of Galdieria phlegrea (strain 
009) to obtain different high value bio-products subsequently. The idea 
is to develop a cascade extraction method according to the biorefinery 
concept, in order to obtain the three class of molecules starting from the 
one with the highest market value. The research activities are 
presented in three sections explained hereinafter. 

1. Strain selection, optimization of growth conditions and 
preliminary process design. 

The optimization of G. phlegrea (strain 009) growth conditions to 
obtain high levels of bioproducts was set-up. Then, by using a 
cascade approach, phycocyanin (PC) and lipids were obtained. 
PC was isolated by a single purification step from the wet 
biomass and lipids recovered from the residual biomass were 
characterized by gas chromatography analysis. Finally, PC 
antioxidant activity was validated on a cell-based model, using 
human immortalized keratinocytes. (Chapter 2)  

2. Optimization of the biorefinery design. 

Optimization of the isolation of PC was carried out. Then, the 
residual wet biomass was used to extract two different 
bioproducts in two sequential steps: carotenoids by using 
Pressurized Liquid Extraction (PLE) and lipids by Supercritical 
Fluid Extraction (SFE). The bioactivity of the extracted 
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carotenoids obtained by PLE was validated on a cell-based 
model, using human immortalized keratinocytes. (Chapter 3) 

3. Biophysical and biochemical characterization of PC. 

Primary sequence of PC was determined. Then, a study on the 
stability of the protein was carried out. In particular, the effects of 
pH and temperature variations on protein stability were 
evaluated. Moreover, cytotoxic activity of the protein and the 
antioxidant activity of PC after thermal pasteurization were 
evaluated. (Chapter 4) 
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Abstract 

The setup of an economic and sustainable method to increase 
the production and commercialization of products from microalgae, 
beyond niche markets, is a challenge. Here, a cascade approach has 
been designed to optimize the recovery of high valuable bioproducts 
starting from the wet biomass of Galdieria phlegrea. This unicellular 
thermo-acidophilic red alga can accumulate high-value compounds and 
can live under conditions considered hostile to most other species. 
Extractions were performed in two sequential steps: a conventional 
high-pressure procedure to recover phycocyanins and a solvent 
extraction to obtain fatty acids. Phycocyanins were purified to the 
highest purification grade reported so far and were active as 
antioxidants on a cell-based model. Fatty acids isolated from the 
residual biomass contained high amount of PUFAs, more than those 
recovered from the raw biomass. Thus, a simple, economic, and high 
effective procedure was set up to isolate phycocyanin at high purity 
levels and PUFAs. 
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2.1 Introduction 

Microalgae can be rich suppliers of proteins and carbohydrates 
and, under stress conditions; they can accumulate large quantities of 
lipids. Therefore, microalgae have been claimed to be potential 
feedstock for a number of different industrial applications, such as food 
commodities, biofuels, bio-based chemicals, fine organics, bioplastics, 
pigments, cosmetics, and pharmaceuticals (Moody 2014; Posada  
2016; Quinn and Davis 2015; Ruiz 2016; Tredici 2016). With respect to 
plants, microalgae possess several advantages: they do not need 
arable lands, they can grow on seawater and on residual nutrients from 
wastewater, and they possess higher areal productivity (Chauton 
2015). However, the analysis of the large-scale production pointed out 
that the technologies proposed to obtain only one product are still not 
self-sustainable from an economic point of view (Leu and Boussiba 
2014; Moody 2014; Quinn and Davis 2015; Ruiz 2016; Tredici 2016). 
The reasons rely on the following: (1) high cultivation costs, especially 
for cooling in case of adopting close photobioreactor technology, and 
(2) low profit per unit of biomass coming from a single specific product, 
especially in case of bulk commodities (food, feed, or fuel), which are 
characterized by low prices that can hardly compensate the production 
cost. An intermediate step is first required to promote investments and 
foster the commercialization of algae-based products: the exploitation 
of some high value products at production scale smaller than the large 
one needed for fuel and food (González-Delgado and Kafarov 2011). 
In that respect, among the cell components, hydrophilic antioxidants 
such as phycocyanins (PCs) (> 100 €/kg and > 100 M€/year) and lipids 
rich in polyunsatured fatty acids (PUFAs) (> 10 €/kg and > 100 M€/year) 
are good candidates due to their high selling price (Ankush 2019; Ruiz 
2016). Moreover, customers are frequently willing to pay a higher price 
for biobased products than for chemical-based products. Here, a 
cascade approach has been designed to get two classes of high-value 
molecules, starting from the same cultivation: phycocyanins and 
polyunsaturated fatty acids. PC is an antenna pigment, which increases 
the photosynthetic efficiency by collecting light energy at wavelengths, 
which chlorophylls do not absorb. PC is water soluble, very stable 
overtime at its physiological pH, and contains a chromophore prosthetic 
group. The latter is very fluorescent and is currently used in flow 
cytometry, immunological analysis, and in detection of reactive oxygen 
species. In addition, PC is a protein endowed with a strong antioxidant, 
hepato-protective, anti-inflammatory, neuro-protective, and anti-
proliferative activity (Carfagna 2015; Fernández-Rojas 2014; Patel 
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2018; Romay 2003; Sonani 2017). However, it has to be considered 
that the use of PC in industry is still limited because of its sensitivity to 
high temperature and extreme pH, which reduce PC yields or may 
cause dissociation phenomena, leading to the bleach of the blue color 
(Manirafasha 2016; Mehta 2018). PUFAs are essential for human 
function, as they have anti-inflammatory, antioxidant, neuro-protective, 
and cardioprotective activities, but many of them (such as omega-3 and 
omega-6) have to be taken up through the diet (Cuellar-Bermudez 
2015; Zárate 2017). Actually, they are obtained from fish oil 
(Salmonidae, Scombridae, and Clupeidae families), which is an 
unsustainable source both from an economic and environmental point 
of view (Patel 2019). Moreover, pollution of marine ecosystems, and 
the possibility that fishes accumulate mercury, led to an increased 
interest in alternative sustainable sources (Spolaore 2006). Marine 
microalgae are a source of commercial omega-3 PUFAs and they are 
the primary producers of basic fatty acids in marine food webs (Bergé 
and Barnathan 2005). PUFAs from algae also have the advantage of 
being suitable for vegetarian and vegan nutrition. In this context, the 
microalga Galdieria phlegrea, a unicellular thermo-acidophilic red alga, 
has gained our attention since it is rich in pigments and PUFAs. 
Additionally, its optimal growth condition is at pH 1.5 and at 
temperatures in the range 35–45°C (Carfagna 2015). This represents a 
great advantage as it will dramatically reduce the risk of contaminations 
in open ponds systems as well as the cooling cost in case of closed 
photobioreactors (Sakurai 2016). Here, we set up the optimal 
autotrophic growth condition for G. phlegrea (strain 009) and extracted 
and purified active PC. Then, by using a cascade approach, we 
extracted and purified lipids from the residual biomass. Finally, PC 
antioxidant activity was validated in an applicative environment, with a 
cell-based model, using human immortalized keratinocytes. This 
contribution provides a clear validation of the feasibility of a multiproduct 
biorefinery applied to G. phlegrea at lab-scale.  

2.2 Material and methods 

2.2.1 Microalgal strain and culture conditions 

Galdieria phlegrea (strain 009) was provided from the Algal 
Collection of the University Federico II (ACUF, http://www. acuf.net). 
Pre-cultures of 50 mL were inoculated in Allen medium (Allen 1968) 
with pH 1.5 in bubble column photobioreactors, with a starting 
concentration of 8 O.D./mL for autotrophic condition and 14 O.D./mL for 
the mixotrophic condition. Cultures were performed at 37±1°C under 
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constant fluorescent light with an intensity of 200 PAR [μmol/m2/s]. A 
gas-mixing device provided the desired carbon dioxide (CO2) 
concentration to the photobioreactors, by mixing air and pure carbon 
dioxide from a pressurized vessel at the final flow rate of 3 vvm. In 
autotrophy conditions, no organic carbon source was supplemented to 
the medium, whereas organic carbon with 3% glycerol (final 
concentration) was supplemented during mixotrophy conditions. The 
algal growth was monitored daily by measuring the absorbance at 730 
nm, which is related to the biomass concentration and is indicated by 
optical density (O.D.). 

2.2.2 Cell concentration 

The biomass of G. phlegrea was measured as O.D.. Analysis of 
the dry cell weight was carried out by weighing aliquots of culture. The 
O.D. values were converted into biomass concentration via an 
appropriate calibration between O.D. and dry cell weight. The 
conversion factor was 1 O.D./mL = 0.2 mgbiomass/mL for G. phlegrea.  

 
2.2.3 Protein extraction and quantification.  
 
The biomass was harvested by centrifugation at 1200 g for 30 

min at room temperature and resuspendend in 50 mM sodium acetate 
pH 5.5 (Wu 2016). Cells were disrupted by two consecutive cycles of 
French Press (each at 2 kbar). After centrifugation at 5000 g at 4°C for 
30 min, proteins were recovered in the supernatant, whereas the 
residual biomass was used to extract lipids (as described below). 
Proteins were assayed by BCA Protein Assay Kit (Thermo Scientific).  

 
2.2.4. Phycocyanin quantification and purification  
 
The absorbance of crude extracts was measured at 615 and 652 

nm to obtain phycocyanin concentration, according to the Bennett and 
Bogorad equation (Bennett and Bogorad, 1973):  

 
 
 
These wavelengths correspond to the maximum of absorption of 

phycocyanin (PC, 615 nm) and allophycocyanin (APC, 652 nm), 
respectively. The grade of purity of phycocyanin was calculated by 
measuring the ratio A620nm/A280nm. A single step purification was 
performed to recovery phycocyanin. A size-exclusion chromatography 
was performed by using a Sephadex G-75 fine equilibrated in 50 mM 

𝐶𝑃𝐶 (
𝑚𝑔

𝑚𝐿
) =

[  𝐴𝑏𝑠615𝑛𝑚−(0.474×𝐴𝑏𝑠652𝑛𝑚)]

5.34
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sodium acetate pH 5.5. Fractions were collected and the absorbance at 
280 and 620 nm was measured. 

 

2.2.5 Lipid extraction, purification, and analysis 

The residual biomass (i.e., after protein extraction) was dried at 
60°C for 24 h. Lipids were selectively extracted by mixing CHCl3-MeOH 
(2:1 v/v) with a Soxhlet extractor for 8 h. Then, the solution was dried 
under nitrogen flux to recover and weigh lipids. One milligram was 
placed into a 16 × 125 mm screw-cap Pyrex tube and 1 mL of hexane 
and 1 mL of BF3 in MeOH (14%, wt/vol) were added. The tube was 
incubated in a 50°C water bath for 1 h with vigorous handshaking for 
20 s every 30 min. Then, 1 mL of a saturated solution of NaHCO3 and 
2 mL of hexane were added and the tube was vortex-mixed. After 
centrifugation, the hexane layer containing the fatty acid methyl ester 
(FAME) was placed into a gas chromatography vial, capped, and stored 
at − 20°C until GC analysis. The organic layer containing FAMEs was 
collected, dried, dissolved in an appropriate volume of hexane (100 μL), 
and analyzed using a Shimadzu 2010 series GC FID (Shimadzu, 
Milano, Italy). The gas chromatograph was equipped with an SP52-60 
capillary column (100 m × 0.25 mm i.d. × 0.20 μm film thickness) with 
a non-bonded, poly(bis-cyanopropyl siloxane) phase (Sigma-Aldrich, St 
Louis, MO, USA) and nitrogen as the carrier gas. Samples (1 μL) were 
introduced into the injector using an AOC-20i auto sampler (Shimadzu, 
Milano, Italy) heated to 250°C with a split ratio of 10:1. The initial 
temperature was 160°C with a 2 min hold, followed by a 6°C/min ramp 
to 200°C with a 2 min hold and finally followed by a 6°C/min ramp to 
220°C with a 25 min hold. The following parameters were set during the 
experiments: detector temperature, 275°C; carrier gas: helium for 
chromatography at a pressure of 1.8 psi, auxiliary gas: hydrogen for 
chromatography at a pressure of 18 psi, air chromatography at a 
pressure of 22 psi; and sensitivity of the instrument, 4 to 16 times the 
minimum attenuation. In situ digestion and mass spectrometry 
analyses. Sample aliquots (30 μg) were submitted to electrophoresis 
on a 10% polyacrylamide gel (0.1% SDS, 25 mM Tris-HC1, 192 mM 
glycine, pH 8.3). Gel was stained with Coomassie Brilliant blue and the 
main gel lanes excised from the gel and destained prior to further 
processing. Briefly, gel slices were washed with three cycles of 0.1 M 
NH4HCO3 pH 8.0 and acetonitrile, followed by reduction (10 mM DTT; 
100 mM NH4HCO3 45 min, 56°C) and alkylation (55 mM IAM; 100 mM 
NH4HCO3, 30 min, RT). Gel slices were washed with three further 
cycles of 100 mM NH4HCO3 pH 8.0 and acetonitrile. Finally, gel plugs 
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were rehydrated in 40 mL sequencing grade modified trypsin (10 ng/μL 
trypsin; 10 mM NH4HCO3) and incubated overnight at 37°C. Peptides 
mixture was eluted, vacuum-dried, and resuspended in 0.1% formic 
acid for LC-MS/MS. Peptide samples were loaded onto a Michrom C18 
Captrap to initially desalt samples and from there were introduced 
directly into a LTQ-Orbitrap MS (Thermo Fisher Scientific, Surrey, UK) 
via a fused silica C18 capillary column (Nikkyo Technos CO, Tokyo, 
Japan) and a nanoelectrospray ion source. The mobile phase 
comprised H2O with 0.1% formic acid (buffer A) and 100% acetonitrile 
with 0.1% formic acid (buffer B). The gradient ranged from 5 to 30% 
buffer B in 95 min followed by 30 to 60% B in 15 min and a step gradient 
to 85% B for 5 min with a flow of 0.42 μL/min, finally a return to the initial 
conditions of 5% B. The FTMS full scan mass spectra (from 450 to 1600 
m/z) were acquired with a resolution of r = 60 000. This was followed 
by data-dependent MS/MS fragmentation in centroid mode of the most 
intense ion from the survey scan using collision-induced dissociation in 
the linear ion trap: normalized collision energy 35%; activation Q 0.25; 
electrospray voltage 1.5 kV; capillary temperature 200°C; and isolation 
width 2.00. Singly charged ions were excluded from the MS/MS 
analysis and Xcalibur software version 2.1.0 SP1 build 1160 (Thermo 
Fisher Scientific, U.K.) was used for data acquisition. Raw data files 
were processed using MaxQuant. MS/MS spectra were searched 
against human protein in Uniprot database. Proteins identified by in-gel 
digestion proteomics, carbamydomethylation on cysteine and oxidation 
of methionine with acetylation of protein N-terminal were considered as 
dynamic and static post-translational modifications, respectively. 

 
2.2.6 Cell culture and MTT assay 

Human immortalized keratinocytes (HaCaT) were from Innoprot 
and were cultured in 10% fetal bovine serum in Dulbecco’s modified 
Eagle’s medium, in the presence of 1% antibiotics and 2 mM L-
glutamine, in a 5% CO2 humidified atmosphere at 37°C. Cells were 
seeded in 96-well plates at a density of 2×103/well. Approximately 24 h 
after seeding, increasing concentrations of the crude extract or pure PC 
(0.1–1 mg/mL) were added to the cells for different length of time. At 
the end of each experimental point, cell viability was measured by the 
tetrazolium salt colorimetric assay (MTT), as described by Arciello et al. 
(Arciello 2011). Cell survival was expressed as the percentage of viable 
cells in the presence of the specific molecule compared with control 
cells (represented by the average obtained between untreated cells and 
cells supplemented with the highest concentration of buffer). Each 
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sample was tested in three independent analyses, each carried out in 
triplicates. Determination of intracellular ROS levels. The protective 
effect of crude extract and of pure PC (0.1 or 0.25 mg/mL), against 
oxidative stress, was measured by determining the intracellular reactive 
oxygen species (ROS) levels. The protocol used by Del Giudice et al. 
was followed (Del Giudice 2017), with some modifications. Briefly, cells 
were exposed for 2 h to the molecules under test and then irradiated by 
UVA light for 10 min (100 J/cm2). Fluorescence intensity of the 
fluorescent probe (2′, 7′-dichlorofluorescein, DCF) was measured at an 
emission wavelength of 525 nm and an excitation wavelength of 488 
nm using a Perkin-Elmer LS50 spectrofluorimeter. Emission spectra 
were acquired at a scanning speed of 300 nm/min, with 5 slit width for 
both excitation and emission. ROS production was expressed as 
percentage of DCF fluorescence intensity of the sample under test, 
compared with the untreated sample. Three independent experiments 
were carried out, each one with three determinations. 

2.2.7 Statistical analyses 

In all the experiments, samples were analyzed in triplicate. The 
results are presented as mean of results obtained after three 
independent experiments (mean ± SD) and compared by one-way 
ANOVA according to the Bonferroni’s method (post hoc) using 
Graphpad Prism for Windows, version 6.01. 

2.3 Results 

2.3.1 Effect of carbon dioxide 

To establish G. phlegrea optimal growth conditions, different 
concentrations of carbon dioxide were tested: 2, 5, and 20% (v/v). As 
Galdieria is the only alga, among Cyanidiales, that can grow 
autotrophically as well as mixotrophically and heterotrophically, using 
over 27 kinds of sugars and sugar alcohols (Gross and 
Schnarrenberger 1995), we compared autotrophy and mixotrophy 
conditions overtime. Figure 1A shows algal growth in autotrophic 
conditions, whereas Figure 1B is referred to mixotrophic conditions. 
CO2 negatively affected algal growth in both the experimental 
conditions analyzed, as an increase of the pH value was observed (pH 
3) and a concomitant decrease in the total biomass concentration was 
found. Accordingly, in the absence of CO2, a significant increase in the 
algal growth (up to 3.4 g/L for autotrophic growth and 6 g/L for 
mixotrophic growth) was observed (Figure 1C, D). Thus, during 
mixotrophy (Figure 1D), the reached biomass concentration is almost 
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two-fold higher than during autotrophy (Figure 1C), suggesting 
mixotrophy as the best growth condition.  

 

Figure 1: Growth of Galdieria phlegrea in photobioreactors. Cells were grown in 
the presence on increasing amount of CO2, and O.D. was measured every day. 
Growth is expressed as a function of time. A, C: Cells grown in autotrophy. B, D; Cells 
grown in mixotrophy. A, B: Black circles, cells grown in the presence of 2%CO2, empty 
circles, cells grown in the presence of 5% CO2; black triangles, cells grown in the 
presence of 20% CO2. C, D: G. phlegrea grown in the absence of CO2, reported as 
biomass concentration. 
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2.3.2 Biorefinery process design 

In the context of using microalgae in a biorefinery approach, an 
efficient model for the recovery and isolation of high-value products was 
designed. The strategy (Figure 2) was focused on the subsequent 
extraction of two class of molecules, phycocyanin and lipids, starting 
from phycocyanin, which has the highest market value. 

 
 
 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2: A schematic representation of the biorefinery strategy design. 

 

 
 
 
 
 
 



CHAPTER 2  

 
36 

 

A cascade extraction of active phycocyanin 
and fatty acids from Galdieria phlegrea 

2.3.3 Pigments extraction and purification 

The harvested biomass was extracted by two cycles of French 
Press. Supernatants were analyzed by SDS-PAGE followed by 
Coomassie staining (Figure 3A) and revealed the presence of two major 
protein species, whose molecular weight corresponded to those of α- 
and β-subunits of PC. As PC is a blue colored protein, it is visible also 
in the absence of any coloration (Figure 3B), or after exposure to UV 
light (Figure 3C), taking advantage of its fluorescent nature. These 
results suggested that the two major protein species were PC.  

 
Figure 3: PC extraction from Galdieria phlegrea grown in autotrophic and 
mixotrophic conditions. SDS-PAGE analysis of samples after French Press 
extraction. Lane 1: molecular weight markers; lanes 2–3: soluble proteins after the 1st 
and 2nd cycle of extraction by French Press of biomass grown in autotrophy; lanes 4–
5: soluble proteins after the 1st and 2nd cycle of extraction by French Press of biomass 
grown in mixotrophy. In all lanes, 30 μg of total proteins was analyzed. A: SDS-PAGE 
stained by Blue Coomassie. B: Unstained gel. C: Gel exposed to UV light. 

 
 

As shown in Table 1, total proteins and PC extracted by the 
French Press were very similar in both the analyzed conditions. 
Interestingly, even though the protein yield was not high, the ratio 
between PCs and total proteins was higher than 60%, with a relative 
purity grade of 3.  
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Table 1. Extraction yield of Galdieria phlegrea grown in autotrophic and 
mixotrophic conditions 

 

It has been reported that different purity grades indicate different 
applications of phycocyanin: (i) food grade if purity is ≤ 0.7, (ii) reagent 
grade, when the ratio is between 0.7 and 3.9, and (iii) analytical grade 
if the ratio is ≥ 4.0 (Fernández-Rojas 2014). The isolation of 
phycocyanin was performed by a single step of purification, using a 
size-exclusion chromatography. SDS-PAGE analysis (Figure S1) 
showed the presence of few protein bands identified as phycocyanin by 
in situ digestion and mass spectrometry analyses, thus confirming the 
high purity level of the sample. Moreover, the purity grade reached was 
higher than 5 for autotrophy and higher than 2 for mixotrophy (Table 2). 
Thus, we decided to use the residual biomass from autotrophic growth 
to extract lipids. The PC was recovered with a rate of 179 mg/g cell 
mass of G. phlegrea through this protocol. 

 

 

 

 

 

 

 

 
Figure S1:  PC purification from Galdieria phlegrea extracts grown in 
autotrophic and mixotrophic conditions. SDS-PAGE analysis of samples after 
purification. Lane 1: molecular weight markers; lane 2: soluble proteins extracted by 
French Press grown in autotrophy (30 µg); lanes 3-5: samples eluted by the size-
exclusion chromatography (5 µg); lane 6: soluble proteins extracted by French Press 
grown in mixotrophy (30 µg). Lanes 7-9: samples eluted by the size-exclusion 
chromatography (5 µg). 

 

 

 
Total protein 

(mg) 

Total PC 

(mg) 

Protein yield 

(%) 

PC yield 

(%) 

PC/proteins 

(%) 

Autotrophy 45±5 28±4 15±3 9±3 63 

Mixotrophy 48±4 31±7 16±2 10±3 64 
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        Table 2. Concentration and purity grade of PC after purification. 

 

 
 
        
 

 

 

 

 

 

 

 PC concentration 

(mg/mL) 

Purity grade 

(Abs620 /Abs278) 

Autotrophy 

Crude extract 1.9±0.1 3 

Fraction 2 0.119±0.003 5.02 

Fraction 3 0.224±0.04 5.28 

Fraction 4 0.216±0.09 5.01 

Mixotrophy 

Crude extract 1.7±0.8 1.9 

Fraction 2 0.126±0.03 2.8 

Fraction 3 0.243±0.02 2.97 

Fraction 4 0.272±0.08 2.76 
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2.3.4 Lipid extraction and purification 

According to the circular economy strategy, we extracted lipids 
as the second class of molecules. The lipid extraction was performed 
on residual algal biomass after a drying step. In order to verify if lipids 
extraction could be affected by the previous French Press extraction, in 
a parallel experiment, lipids were extracted also from the raw dried 
biomass. As shown in Table 3, the yield of total lipids was 79% for the 
raw biomass and 21% for the disrupted biomass. The isolation of three 
different lipid classes was carried out by performing a solid phase 
extraction (SPE), and results are reported in Table 3. Then, a gas 
chromatography analysis was performed and the results are reported 
in Table 4. It is interesting to notice that polyunsaturated, 
monounsaturated, and saturated fatty acids were present, but a 
significant increase in PUFAs content was observed in the disrupted 
biomass, in comparison with the raw one, as reported in Figure 4. In 
particular, in the raw material, oleic (MUFA) and linoleic (PUFA) acids 
(3.72 and 2.00%, respectively) were mainly present, whereas, in the 
disrupted biomass, ω-3 eicosapentaenoic acid (EPA, 6.81%), the two 
ω-6 linoleic (LA, 9.61%) and arachidonic acids (AA, 9.00%), and the 
monounsaturated oleic acid (OA, 4.00%) were present, along with lower 
percentages of α-linoleic (ALA), γ-linoleic (GLA), dihomo-γ-linoleic 
(DGLA), and palmitoleic (POA) acids. As for the saturated fatty acids, 
about 90% were present in the raw material and only 60% in the 
disrupted biomass, with palmitic and stearic acids as the main species, 
in the ratio of 3 to 1 in both materials. 

 
Table 3. Yields of total lipids. Mean yields are expressed as the percentage 
of the ratio between  each algal compound and dried biomass. 

 
 
 

 

 

Lipid yield 

(%) 

Neutral lipids 

(%) 

Fatty acids 

(%) 

Phospholipids 

(%) 

Before French press 79±26 68±23 16±2 56±28 

Post French press 21±3 33±2 17±1 41±3 
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Table 4. Gas chromatography analysis on samples before and after 
French Press. Polyunsaturated, monounsaturated and saturated fatty acids 
are reported as relative percentages. 

 

 

 
 

 

PUFA  Before French press 

(%) 

Post French press 

(%) 

FATTY 

ACIDS 
   

18:3 (n-3) 𝛼-Linoleic acid (ALA) - 1.31±0.30 

20:5 (n-3) Eicosapentanoic acid (EPA) - 6.81±1.50 

22:5 (n-3) Docosapentanoic-n3 acid (DPA) 0.17±0.04 0.41±0.10 

18:2 (n-6) Linoleic acid (LA) 2.00±0.24 9.61±1.11 

18:3 (n-6) 𝛾-Linoleic acid (GLA) - 3.30±0.40 

20:3 (n-6) Dihomo-𝛾-linoleic acid (DGLA) 0.23±0.05 2.40±10 

20:4 (n-6) Arachidonic acid (AA) 0.16±0.01 9.00±0.30 

22:4 (n-6) Docosatetraenoic acid (DTA) - 0.20±0.01 

MUFA    

16:1 Palmitoleic acid (POA) 0.42±0.01 1.20±0.20 

18:1 Oleic acid (OA) 3.72±0.80 4.00±0.70 

SFA    

16:0 Palmitic acid (PA) 69.0±3.3 45.1±3.0 

18:0 Stearic acid (SA) 22.0±2.1 13.0±1.5 
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Figure 4: Percentage of total polyunsaturated fatty acids. The black bar refers to 
PUFA extracted from the raw biomass and the grey bar to PUFA extracted from the 
residual biomass after PC extraction. **** p < 0.00005 between the samples. 

 

2.3.5. Phycocyanin characterization 

It is known that PC is endowed with many biological functions, 
among which the antioxidant activity. In order to verify that the 
extraction procedures did not affect PC biological activity, we analyzed 
its ability as an antioxidant agent. First, we analyzed its biocompatibility 
on immortalized human keratinocytes (HaCaT). Thus, cells were 
incubated in the presence of increasing amount of PC (from 0.1 to 1 
mg/mL) for different length of time (24–72 h). In a parallel experiment, 
the crude extract was analyzed as it is widely used to produce functional 
food or food additives (Chentir 2018). At the end of each incubation, cell 
viability was assessed by the MTT assay, and cell survival was 
expressed as the percentage of viable cells in the presence of PC or of 
the crude extract compared with that of untreated cells. Interestingly, 
no cytotoxic effect was observed when cells were incubated with pure 
phycocyanin (Figure 5A) under all the experimental conditions 
analyzed. On the other hand, when cells were incubated with the crude 
extract, a 50% reduction in cell viability was observed at the highest 
concentration after 72 h of incubation (Figure 5B). Once established the 
complete biocompatibility of purified PC, the protective effect on UVA-
stressed HaCaT cells was evaluated. Keratinocytes were chosen as 
antioxidants should be able to protect the skin from UV-induced 
oxidative stress, as they are normally present in the outermost layer of 
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the skin. As a source of stress, we used a UVA lamp, commonly used 
in the nail products industry. Cells were treated with 0.1 mg/mL and 
0.25 mg/mL of PC or the crude extract for 2 h, and then oxidative stress 
was induced by UVA irradiation (100 J/cm2) for 10min. At the end of the 
irradiation, H2-DCFDA was added to measure intracellular ROS level. 
As shown in Figure 5C, UVA induced a significant increase in 
intracellular ROS levels (200%) with respect to untreated cells. 
Interestingly, cells treated with 0.25 mg/mL of the crude extract showed 
an increase of intracellular ROS levels in the absence of any treatment, 
and no protection after UVA treatment, thus suggesting that the crude 
extract acts as a source of stress per se. Noteworthy, cells treated with 
0.25 mg/mL of pure phycocyanin did not show any alteration in ROS 
level (Figure 5D), and a significant protection against UVA-induced 
oxidative stress was observed when cells were treated with either 0.1 
or 0.25 mg/mL of the purified PC. 

 
Figure 5. Effect of crude extract and pure phycocyanin on HaCaT cells. A, B: 
Dose-response curves of HaCaT cells after 24 h, 48 h and 72 h incubation with 
increasing concentrations of crude extract (A) or pure PC (B) (0.1-1 mg/mL). Cell 
viability was assessed by the MTT assay and reported as a function of extract 
concentration. Data shown are means ± S.D. of three independent experiment. C, D: 
Cells were pre-incubated in the presence of 0.1 mg/mL and 0.25 mg /mL crude extract 
(C) or pure PC (D) for 2 h and then irradiated by UVA (100 J/cm2). Intracellular ROS 
levels were evaluated by DCFDA assay. Values are expressed as fold increase with 
respect to control (i.e. untreated) cells. Data shown are means ± S.D. of three 
independent experiment. ** indicates p<0.005, *** indicates p<0.0005 with respect to 
UVA treated cells. 
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2.4 Discussion 

In this study, we have shown a feasible design to obtain different 
high-value molecules starting from the wet biomass of Galdieria 
phlegrea. We first extracted proteins and phycocyanin, with a ratio 
between total phycocyanin and total proteins higher than 60%. This 
ratio is much higher than that previously reported by Carfagna and 
colleagues, who found that PC content was about 10% (Carfagna 
2018). Moreover, the purity grade of PC in the raw extract was already 
3, and became higher than 5 at the end of the single purification step. 
To the best of our knowledge, this is the first report on the purification 
of PC from G. phlegrea by a single step procedure and with such a high 
purity grade (Sonani 2016). It must be stressed out that the proposed 
procedure to isolate PC from G. phlegrea is an economical process, as 
it is obtained from wet biomass, in aqueous buffer and by using a size 
exclusion chromatography, which could be easily substituted by 
ultrafiltration in a scaling-up process. Thus, our procedure is 
economically sustainable and much “greener” than others, which 
usually use dried biomass or detergents and at least two purification 
steps (Sonani 2016). Moreover, PC isolated by this procedure is active 
as antioxidant molecule when tested on a cell-based model. UV 
radiations were used to test the antioxidant potential of the purified PC. 
Indeed, it is well known that UV radiations are considered one of the 
most harmful exogenous factors for the human skin, as, in addition to 
the development of erythema, ROS are produced. Particularly, in the 
last few years, UVA radiations have been used in the nail industry more 
and more often. A recent paper reported that two healthy women, 
middle-aged, with no personal or family history of skin cancer, 
developed squamous cell carcinoma on the dorsum of their hands. Both 
women reported previous exposure to UVA radiation for cosmetic nail 
treatment (Diffey 2012). This has prompted some concerns about the 
safety of this procedure (Diffey 2012). Interestingly, PC was able to 
counteract the negative effects induced by UVA radiation. PC 
antioxidant activity at 0.1 mg/ mL is in agreement with that one reported 
in vivo by Sonani and coworkers (Sonani 2017) who purified PC from 
Synechococcus, but with a lower purity grade, 4. Even though PC is 
widely considered as an antioxidant protein, nothing is reported in 
literature on its activity on stressed eukaryotic cells, but its activity is 
rather demonstrated only by in vitro assays, with some concerns from 
the scientific community (Charalampopoulos 2018). Moreover, starting 
from the residual biomass, we isolated polyunsaturated fatty acids. 
Interestingly, we found that the amount of isolated PUFAs from the 
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broken biomass (34%) was higher than that obtained from the raw 
biomass (2.5%), suggesting that the biorefinery procedure here 
described could be a good alternative to obtain PUFAs without using 
fish oil (about 25% PUFAs) (Miyaguti 2018). Among the several 
advantages of using PUFAs from microalgae, there is the absence of 
fishy taste, fishy smell, no risk of carcinogens accumulation, and the 
possibility to use “vegetarian,” “vegan,” or “organic” labels. Moreover, 
the world demand of PUFAs is increasing, as it is used for infants, 
nutritional supplements, and pharmaceuticals (Deschamps 2016). To 
date, microalgae are considered significant sources of PUFAs, as up to 
30–70% of lipids in their cell dry weight is found (Breuer 2013; Chisti 
2007; Sun 2018). It is well established that several factors can influence 
lipid accumulation, such as nitrogen and phosphorus starvation, pH, 
temperature, and light intensity (Hindersin 2014), leading to a 20% 
increase (Ramesh Kumar 2019). However, stress conditions imply 
extremely controlled systems and the possibility to obtain only lipids. In 
addition, stress conditions enhance the accumulation of intracellular 
triacylglycerol lipids which contain lower amount of PUFAs with respect 
to polar lipids, mainly located on the cell membrane (Breuer 2013). By 
using our procedure, PC and lipids can be easily and economically 
obtained in a cascade approach. 
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Abstract 

A green approach was used to recover, in a cascade approach, 
phycocyanins, carotenoids and lipids from Galdieria phlegrea. 
Phycocyanin extraction was performed by high-pressure 
homogenization and purified by ultrafiltration, whereas carotenoids 
were obtained by a pressurized liquid extraction and lipids by 
supercritical fluid extraction. The second step of this innovative, green 
and cost-effective procedure is able to improve the recovery of 
zeaxanthin and β-carotene up to 40%, without affecting the quality of 
compounds and avoiding the use of organic solvents and the drying 
processes. The isolated carotenoids were active as antioxidants, as 
clearly shown by their protective activity on a cell-based model. Lipid 
yield was increased by 12% with respect to traditional methods. 
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3.1 Introduction 

Microalgae are a continuous and reliable source of safe natural 
and high value products, such as soluble proteins, polyunsaturated fatty 
acids (PUFA) and pigments. Phycocyanins (PCs) are blue colored, 
highly fluorescent and water-soluble proteins, synthetized in 
cyanobacteria and red algae.  PCs, as the other phycobiliproteins, are 
antenna pigments able to improve the photosynthetic efficiency of 
microalgae. Because of their brilliant color, PCs are commonly used in 
cosmetic and food industry (Santiago-Santos, Ponce-Noyola, Olvera-
Ramírez, Ortega-López, & Cañizares-Villanueva 2004). They are also 
endowed with therapeutic properties such as antioxidant, anti-
inflammatory, hepato-protective and antitumoral activity (Basha 2008).  

Among pigments, carotenoids function as accessory pigments in 
light-harvesting photosystem during photosynthesis (Jin & Melis 2003) 
and they are also important for their antioxidant function, as they 
deactivate free radicals, thus preventing cell damages. In the last 
decades, carotenoids have attracted great interest for their beneficial 
effect on human health. The demand of carotenoids is rapidly growing: 
the global carotenoid market was estimated to be ~1.24 billion USD in 
2016, and is projected to increase to ~1.53 billion USD by 2021, at a 
compound annual growth rate (CAGR) of 3.78% from 2016 to 2021 
(Sathasivam & Ki 2018). To date, commercially available carotenoids 
are generally synthetic, since they are more stable than natural ones. 
However, the emulsified preparations of synthetic carotenoids show 
high toxicity, carcinogenicity, and teratogenicity properties, thus 
generating criticism among health-conscious consumers (Nagarajan, 
Ramanan, Raghunandan, Galanakis, & Krishnamurthy 2017). Being 
microalgae good producers of many pigments, the extraction of 
carotenoids from these microorganisms would be very competitive in 
the market and would have a huge economic impact (Ambati 2019). 
Microalgae can accumulate also significant amount of lipids (from 1 to 
70%) (Spolaore, Joannis-Cassan, Duran, & Isambert 2006), depending 
on the strain and the culture conditions (Pruvost, Van Vooren, Le Gouic, 
Couzinet-Mossion, & Legrand 2011).  

Lipids can be employed as feedstock for nutraceutical, 
pharmaceutical, foods and biofuel industries. To date, bioenergy 
market has the lowest value. This is due to the fact that biogas, 
bioethanol and biodiesel have a selling price of 0.2 €/m3, 0.4 €/Kg, 
0.5 €/L respectively, a price that still exceeds their high downstream 
process costs (20.5 €/m3, 33.34 €/kg, 25.56 g €/L respectively) 
(Barsanti & Gualtieri 2018). Thus, an improvement in efficient, cost-
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effective and green extraction techniques to produce high-quality 
compounds is needed. In this context, microalgae are an excellent 
source of molecules endowed with biological activity. Noteworthy, the 
design of a suitable integrated biorefinery platform able to efficiently 
extract target compounds in a cascade approach, and in accordance 
with the green chemistry principles, is still a challenge. Among all the 
innovative techniques, compressed fluid extractions are considered the 
most competitive ones, since they may fulfill these criteria (Gallego, 
Bueno, & Herrero 2019).  

In this context, pressurized liquid extraction (PLE) and 
supercritical fluid extraction (SFE) are the most widely employed as 
they are based on the use of the same system, so they would represent 
a process intensification. PLE and SFE are innovative techniques that 
use liquid solvents at elevated temperature and pressure to extract 
molecules. Moreover, the extraction performance are enhanced as 
compared to those techniques carried out at near room temperature 
and atmospheric pressure (Camel 2001; Gallego & Bueno 2019; 
Mubarak, Shaija, & Suchithra 2015).   

In the present work, we set up a cascade approach to recover 
high value bioproducts from Galdieria phlegrea, a unicellular thermo-
acidophilic red alga. The experimental strategy is reported in Figure 1. 
Starting from the previously established technique used to disrupt cells 
and extract PCs (Imbimbo 2019), an optimization of the isolation of PC 
was carried out. Then, the residual wet biomass was used to extract 
two different bioproducts in two sequential steps: carotenoids by using 
Pressurized Liquid Extraction (PLE) and finally lipids by Supercritical 
Fluid Extraction (SFE). The bioactivity of the extracted carotenoids 
obtained by PLE was validated on a cell-based model, using human 
immortalized keratinocytes, and compared to the bioactivity of the 
commercial molecules. 

3.2 Material and methods 

3.2.1 Reagents 

HPLC-grade acetone and methanol were from VWR (Barcelona, 
Spain). Antibodies were from Cell Signal Technology (Danvers, MA, 
USA). All the other reagents and standards were from Sigma-Aldrich 
(Madrid, Spain).  

3.2.2 Microalgal strain and culture conditions 

Galdieria phlegrea (strain 009) was provided from the Algal 
Collection of the University Federico II (ACUF, http://www.acuf.net). 
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Cells were grown in autotrophic conditions in photobioreactors, as 
described in Imbimbo et al. (Imbimbo 2019) 

3.2.3 Phycocyanin extraction and purification 

After harvesting the biomass by centrifugation at 1200 g for 30 
min at room temperature, cells were suspended in 50 mM sodium 
acetate pH 5.5 (Wu, Wang, Xiang, Li, & He 2016). Cell disruption was 
performed by high-pressure (French Press). Two consecutive cycles, 
each at 2 kbar, were performed to disrupt the biomass. Cell lysate was 
obtained by centrifugation at 5000 g at 4°C for 30 min and proteins were 
recovered in the supernatant, whereas the residual biomass was used 
for further extractions. To purify PC, two single step purification 
techniques were used in parallel: gel-filtration and ultrafiltration.  

The size-exclusion chromatography was performed by using a 
Sephadex G-75 fine equilibrated in 50 mM sodium acetate pH 5.5. The 
ultrafiltration was performed by using 100 kDa molecular weight cut off 
membranes and the process was performed at room temperature. At 
the end of the purification, the permeate was discarded and the 
retentate collected. The grade of purity of phycocyanin was calculated 
by measuring the ratio A620nm/A280nm. 
 

3.2.4 Storage of biomass 

The residual wet biomass, after protein extraction, was stored at 
– 80°C. To avoid that the storage conditions would affect the results, 
extraction of carotenoids was performed after 72h. 

3.2.5 Conventional carotenoids extraction 

Carotenoids were extracted using the method of Reyes et al. 
(José, Reyes, Mendiola, & Iba 2014). Briefly, 200 mg of lyophilized 
biomass was mixed with 20 mL HPLC-grade acetone containing 0.1% 
(w/v) butylate hydroxytoluene (BHT) and the mixture was shaken for 24 
h in a thermostatic shaker at 500 rpm and 20°C. Then, the sample was 
centrifuged at 4°C for 10 min at 5000 g. The supernatant was collected 
and the solvent removed under N2 stream. The extracts were weighted 
and stored in the dark at -20°C. 

 
3.2.6 Conventional lipid extraction 

Total lipid extraction was performed according to the Axelsson 
and Gentili method (Axelsson & Gentili 2014). 25 mg of freeze-dried 
microalgae biomass were mixed with 8 mL of chloroform/methanol 2:1 
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(v/v). Then, 2 mL of NaCl 0.73% (w/v) were added and mixed again. 
The sample was centrifuge at 350 g for 5 min at room temperature, 
allowing the separation of the two phases. The lower layer was 
removed and collected. The solvent was removed under N2 stream. The 
extracts were weighted and stored in the dark at -20°C. 

3.2.7 Compressed Fluid Extraction processes 

All high pressure extractions were performed in a homemade 
compressed fluid extractor coupled to a PU-2080 HPLC pump from 
Jasco (Tokyo, Japan). This equipment can be employed to carry out 
both PLE and SFE. To this purpose, 2 g of wet algal biomass (the 
equivalent of 200 mg of dried biomass) were mixed with silica gel of 150 
Å (S150) pore size with particle size of 200-425 mesh. The required 
amount of this silica gel was added as adsorbent till obtain a static paste 
(José 2014). Silica prevents the paste draining in the equipment 
pipeline when loading in the extraction cell and improves the solute 
recovery (Reyes, Mendiola, Suárez-Alvarez, Ibañez, & Del Valle 2016). 
The mixture was added into a stainless-steel extraction cell sandwiched 
between glass wool to prevent clogging problems. Extraction were 
carried out in triplicate in two sequential steps, decreasing the polarity 
of the solvents, in order to exhaust the microalgae biomass relevant 
extractable compounds. Pressurized liquid extraction was performed  at 
static extraction mode at 100 bar, 50°C for 30 min using pure ethanol 
as solvent. The extracts were collected in glass vials, dried under N2 
stream and then weighted and stored at -20°C in the dark. 
Subsequently, the residue of the previous extraction was used as raw 
material for the next step. Supercritical fluid extraction was carried out 
in the same apparatus, using CO2 as solvent. The extraction was 
performed at 350 bar, 60°C for 100 min. CO2 flow rate was set up at 5 
mL/min. Pressure was controlled by using a back pressure regulator. 
The extracts were collected in glass vials, dried under N2 stream and 
then weighted and stored at -20°C in the dark. A schematic 
representation of the used apparatus is reported in figure S1. 
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Figure S1: Compressed Fluid Extraction apparatus. The oven is equipped with a 
preheater and an extraction cell. Two pumps are connected to the extraction cell and 
a back pressure regulator connects the oven to the collection vial. 

 

3.2.8 Total carotenoid determination 

The total carotenoid content was determined 
spectrophotometrically as described by Gilbert-López et al. (Gilbert-
López 2015). The lipophilic extracts were dissolved in pure methanol in 
a concentration ranging from 0.05 to 5 mg/mL. A standard calibration 
curve of β-carotene (from 5 to 200 µg/mL) was used to calculate the 
concentration of total carotenoids. The absorbance of samples was 
recorded at 470 nm. Total carotenoids content was expressed as the 
ration of mg of carotenoids and g of extract. Carotenoid yield was 
expressed as mg of carotenoids extracted per g of dry biomass. 
Analyses was carried out in triplicate. 

3.2.9 Carotenoids characterization by HPLC-DAD-MS 

Carotenoids were characterized by HPLC-DAD using the 
method described by Castro-Puyana et al. (Castro-Puyana 2013), with 
some modifications. HPLC analyses were performed using an Agilent 
1100 series liquid chromatograph (Santa Clara, CA, USA) equipped 
with a diode-array detector, and using a YMC-C30 reversed-phase 
column (250 mm × 4.6 mm inner diameter, 5 μm particle size; YMC 
Europe, Schermbeck, Germany) and a pre-column YMC-C30 (10 mm 
× 4 mm i.d., 5 μm). The mobile phase was a mixture of methanol–
MTBE–water (90:7:3, v/v/v) (solvent A) and methanol–MTBE (10:90, 
v/v) (solvent B). Carotenoids were eluted according to the following 
gradient: 0 min, 0% B; 20 min, 30% B; 35 min, 50% B; 45 min, 80% B; 
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50 min, 100% B; 60 min, 100% B; 62 min, 0% B. The flow rate was 0.8 
mL/min while the injection volume was 10 μL. The detection was 
performed at 280, 450 and 660 nm, although spectra from 240 to 770 
nm were recorded using the DAD (peak width >0.1 min (2 s) and slit 4 
nm). The instrument was controlled by LC Chem Station 3D Software 
Rev. B.04.03 from Agilent. Extracts were dissolved in pure methanol in 
a concentration ranging from 1 to 10 mg/mL to 10 and filtered through 
0.45 µm nylon filters before HPLC analysis. Each dilution was injected 
in triplicate. For calibration plots, different concentrations of zeaxanthin 
(from 3.9 to 62.5 µg/mL) and of β-carotene (from 31.3 to 1000 µg/mL 
were analyzed in duplicate as described in Gallego (Gallego & Martínez 
2019). The same instrument was directly coupled at the exit of the DAD 
to an Agilent ion trap 6320 mass spectrometer (Agilent Technologies) 
via an atmospheric pressure chemical ionization (APCI) interface. 
Analyses were conducted under positive ionization mode using the 
parameters described elsewhere (Gallego & Bueno 2019). This time 
extracts were dissolved in pure methanol in concentrations between 10 
and 20 mg/mL and injected in duplicate. Automatic tandem mass 
spectrometry (MS/MS) analyses were also performed, fragmenting the 
two highest precursor ions.  

3.2.10 ABTS assay 

The antioxidant activity of the lipophilic extract was evaluated by 
ABTS assay (2,2'-Azinobis-[3-ethylbenzthiazoline-6-sulfonic acid]). The 
colorimetric assay is based on the reduction of the ABTS+ radical by the 
antioxidant molecules present in the sample. The radical is produced 
by the reaction of a 7 mM ABTS solution mixed with 2.45 mM of 
potassium persulfate conducted for 16 h at room temperature in the 
dark. The mixture is then diluted in deionized water to obtain an 
absorbance of 0.7±0.02 at 734 nm. Lipophilic extract in different 
concentrations was allowed to react with ABTS for 7 min in the dark and 
the absorbance was measured at 734 nm again. Trolox (6-hydroxy-
2,5,7,8- tetramethylchromane-2-carboxylic acid) was used as standard 
to obtain a calibration curve. Each extract was analyzed three times in 
triplicate.  

3.2.11 Cell culture and cytotoxicity assay 

Human immortalized keratinocytes (HaCaT) were from Innoprot 
(Biscay, Spain), whereas immortalized murine fibroblasts (BALB/c 3T3) 
were from ATCC (Manassas, Virginia). Cells were cultured in 10% fetal 
bovine serum in Dulbecco’s modified Eagle’s medium, in the presence 
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of 1% antibiotics and 2 mM L-glutamine, in a 5% CO2 humidified 
atmosphere at 37°C.  HaCaT cells were seeded in 96-well plates at a 
density of 2x103 cell/well and BALB/c 3T3 at a density of 3x103 cell/well. 
Approximately 24 h after seeding, increasing concentrations of 
lipophilic extract (from 10 to 100 µg/mL) were added to the cells for 
different length of time. At the end of each experimental point, cell 
viability was measured by the MTT assay, as described by Arciello et 
al. (Arciello 2011). Cell survival was expressed as the percentage of 
viable cells in the presence of the lipophilic extract compared to control 
cells (represented by the average obtained between untreated cells and 
cells supplemented with the highest concentration of buffer). Each 
sample was tested in three independent analyses, each carried out in 
triplicates. 

3.2.12 DCFDA assay 

The antioxidant effect of the lipophilic extract (50 µg/mL) was 
measured by determining the intracellular ROS levels. The protocol 
used by Del Giudice et al. was followed (Del Giudice 2017), with some 
modifications. Briefly, HaCaT cells were exposed for different length of 
time to the extract under test and then irradiated by UVA light for 10 min 
(100 J/cm2). Fluorescence intensity of the fluorescent probe (2',7'-
dichlorofluorescein, DCF) was measured at an emission wavelength of 
525 nm and an excitation wavelength of 488 nm using a Perkin-Elmer 
LS50 spectrofluorimeter (Shelton, CT, USA). Emission spectra were 
acquired at a scanning speed of 300 nm/min, with 5 slit width both for 
excitation and emission. ROS production was expressed as percentage 
of DCF fluorescence intensity of the sample under test, compared to 
the untreated sample. Three independent experiments were carried 
out, each one with three determinations.  

3.2.13 Determination of lipid peroxidation levels 

The levels of lipid peroxidation were determined by using the 
thiobarbituric acid reactive substances (TBARS) assay according to the 
protocol proposed by Petruk et al. (Petruk 2016). Briefly, HaCaT cells 
were pre-incubated for 15 and 30 min with lipophilic extract and then 
irradiated by UVA light for 10 min (100 J/cm2). Cells were detached by 
trypsin, centrifuged at 1000 g for 10 min and 5×105 cells were 
resuspended in 0.67% thiobarbituric acid (TBA) and an equal volume 
of 20% trichloroacetic acid was added. Samples were then heated at 
95°C for 30 min, incubated on ice for 10 min and centrifuged at 3000 g 
for 5 min, at 4°C. TBA reacts with the oxidative degradation products of 
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lipids in samples, yielding red complexes that absorb at 532 nm. Lipid 
peroxidation levels were expressed as percentage of absorbance at 
532 nm of the sample under test, compared to the untreated sample. 
Three independent experiments were carried out, each one with three 
determinations. 

3.2.14 Western blot analysis 

HaCaT cells were seeded at a density of 3x105 cells/cm2 in 
complete medium for 24 h and then treated with 50 µg/mL of lipophilic 
extract for different length of time. To analyze Nrf-2 expression levels, 
nuclear and cytosolic lysate were prepared as follow. Cells were 
detached by trypsin, centrifuged at 1000 g for 10 min. Pellets were 
resuspended in lysis buffer (0.5% Triton X-100 in PBS pH 7.4) 
containing protease and phosphate inhibitors. After 20 min incubation 
on ice, samples were centrifuged at 1200 g for 5 min at 4°C. The 
supernatants were removed and collected as cytosolic lysates. The 
residual pellets were washed in the same buffer and resuspended in 
RIPA buffer (50mM Tris-HCl pH 7.4, 1% NP-40, 0.25% Na 
deoxycholate, 150 mM NaCl, 1 mM EDTA) completed with protease 
and phosphatase inhibitors. After 20 min incubation on ice, vortexing 
every 5 min, samples were centrifuged at 14000 g for 30 min at 4 °C. 
The supernatants were collected as nuclear lysates. Concentration of 
samples was determined by the Bradford assay and the samples were 
analyzed by SDS-PAGE (sodium dodecyl sulfate–polyacrylamide gel 
electrophoresis) and western blot analysis. To normalize protein 
intensity levels, antibodies against GAPDH and B23 were used. The 
chemiluminescence detection system was from Bio-Rad (Hercules, CA, 
USA). 

3.2.15 Statistical analysis 

Experimental data results were analysed by ANOVA and means were 
compared by Tukey´s HSD (SPSS statics V15 IBM, New York, United 
States), Value of p≤0.05 was considered statistically significant, figured 
by alphabetical letters along means in tables. 

3.3 Results and Discussion 
 

3.3.1 Optimization of phycocyanin purification 

We recently set up a procedure to disrupt G. phlegrea biomass 
by using a conventional high-pressure procedure. PC was then easily 
recovered from the supernatant by a single purification step, i.e. the gel-
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filtration (Imbimbo 2019). However, from an economic point of view, the 
size exclusion chromatography is not feasible, as it is difficult to be 
scaled-up. Thus, we optimized PC purification by using ultrafiltration 
and compared the results with those previously obtained. As shown in 
Table 1, both ultrafiltration technique and gel filtration let us to obtain a 
PC with a purity grade. It is known that a purity grade ≤0.7 is indicative 
of a food grade, between 0.7 and 3.9 is of reagent grade and ≥4.0 of 
analytical grade (Fernández-Rojas, Hernández-Juárez, & Pedraza-
Chaverri 2014). As for the yield, about 80% PC was obtained with both 
techniques. However, the protein concentration was much higher when 
ultrafiltration was used, as 13 mg/mL of PC were obtained with respect 
to 0.19 mg/mL of gel-filtration.  

 
Table 1. Comparison in PC recovery after gel-filtration and ultrafiltration. 
PC   was determined spectrophotometrically. Data shown are means ± S.D. 
of three independent experiments. a indicates p<0.05 with respect to gel-
filtration. 

 
 

 

3.3.2 Total carotenoids extraction 

Starting from the residual wet biomass after PC extraction, 
carotenoids extraction was performed by using PLE technology. In 
order to compare the carotenoids extraction after PLE, a conventional 
acetone extraction was performed in parallel on dried raw biomass and 
on the dried residual biomass after PC extraction, as schematized in 
Figure 1. Usually, one of the mechanism used to break cell wall is 
freeze-drying the biomass, which is a high energy consuming treatment 
and causes rapid loss and degradation of carotenoids, thus affecting 
the bioactivity of the desired compounds (Mcmillan, Watson, Ali, & 
Jaafar 2013; Papaioannou, Roukas, & Liakopoulou-Kyriakides 2008).  

 

Technique used Initial PC 

(mg/g biomass) 

PC recovery  

(%) 

PC concentration  

           (mg/mL) 

Purity grade 

(Abs620/Abs280) 

  

Gel-filtration 

 

98±1.4 

 

78±8 

 

0.19±0.01 

 

5±0.2 

  

Ultrafiltration 

 

98±1.4 

 

80±7 

 

13±1.4a 

 

5±1 
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Figure 1. A schematic representation of the extraction strategy. 

 
The results of the extractions are reported in Table 2. The carotenoid 
yield is expressed as mg of carotenoids extracted per g of dry biomass. 
It is interesting to notice that the conventional extraction allowed to 
obtain 62 mg of carotenoids from the raw biomass, whereas about 100 
mg where recovered starting from the disrupted biomass. Thus, a 
significant increase (p<0.05) in total carotenoids extraction was 
observed when the disrupted biomass was used. When PLE was 
employed on residual wet biomass, about 90 mg of carotenoids were 
obtained. Noteworthy, although the PLE did not increase the extraction 
yield with respect to the conventional method, the time needed to obtain 
carotenoids significantly decreased from 24 h to 30 min. In addition, no 
organic solvents were used, thus suggesting that this technology is 
green and very effective. In terms of total carotenoids content in the 
extract, the high-pressure procedure did not extract carotenoids, but 
allowed a further better extraction. In fact, as shown in Table 2, the 
conventional extraction allowed an increase in carotenoids content up 
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to 63% when the disrupted biomass was used instead of the raw one 
(p<0.05). Surprisingly, PLE allowed a further increase of 250% in total 
carotenoid content when compared to the conventional extraction 
technique on the disrupted biomass (p<0.005) and 400% on the raw 
biomass (p<0.05). 
 

Table 2. Comparison between conventional extractions performed on 

raw biomass and biomass post French press extraction and PLE 

extraction after French press in terms of extracted carotenoids. Data 

shown are means ± S.D. of three independent experiment. a indicates p<0.05 

with respect to raw biomass, b indicates p<0.005 with respect to conventional 

extraction after PC recovery and c indicates p<0.005 with respect to raw 

biomass. 

 

3.3.3 Carotenoids characterization by HPLC-DAD-MS  

Carotenoids obtained by PLE technique were analyzed by high-
performance liquid chromatography coupled to diode array detector 
and mass spectrometry detector (HPLC-DAD-MS) in order to collect 
more information about the specific pigments (carotenoids and 
chlorophylls). When possible, a tentative identification was 
accomplished by combining the information provided by UV-vis spectra 
from DAD, [M + H]+ and MS/MS fragmentation patterns from mass 
spectrometry detector and bibliographic search (Table 3). 
 Chromatographic profiles shown in Figure 2 revealed that the 
extract obtained by PLE with ethanol is the one with the highest number 
of pigments. Peaks number 4, 5 and 11 stood out as the most relevant 
ones and they could be tentatively identified as zeaxanthin, chlorophyll 
a and β-carotene respectively. These pigments were also present in the 
pressurized liquid extracts obtained with ethanol from other microalgae 

Sample Carotenoids 

yield 

(mg/g biomass) 

Carotenoids 

content 

(mg/g extract) 

Zeaxanthin 

(mg/g extract) 

β-carotene 

(mg/g extract) 

Raw biomass  

(conventional extraction) 
62±2 222±24 2.7±0.3 22±4 

Post French press 

(conventional extraction) 

 

100±5a 362±24a 33.4±3.7a 320±76 

Post French press (PLE) 89±6 911±23a,b 48±5a 436±60c 
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(Neochloris oleoabundans) (Castro-Puyana 2013) and Porphyridium 
cruentum (Gallego, Martínez, Cifuentes, Ibáñez, & Herrero 2019). 
Protonated ions of these compounds were detected (m/z 569.6 [M + H]+ 
for zeaxanthin, m/z 894.0 [M + H]+ for chlorophyll a and m/z 537.7 [M + 
H]+ for β-carotene), along with fragment ions of zeaxanthin and 
chlorophyll a produced by the loss of a water molecule (m/z 551.5 [M + 
H – H2O]+) or phytyl group (m/z 615.4 [M + H – C20H38]+) respectively. 
Furthermore, the identification of these three compounds was 
corroborated by the injection of commercial standards. 

Other minor chlorophylls, peaks 2 and 9 were tentatively 
assigned as hydroxychlorophyll a (Castro-Puyana 2013) and 
pheophytin a (Gallego & Bueno 2019) due to their UV-vis UV and 
MS/MS spectra, showing the particular loss of a phytyl group. Peaks 
number 6 and 10 have been tentatively identified as chlorophyll a′ and 
pheophytin a′ in concordance with their spectra, similar to those of 
chlorophyll a and pheophytin a, but presenting longer retention times. 
Peak number 3 presented the characteristic absorbance spectrum of 
chlorophylls, and therefore have been designed as chlorophyll-type. 

The rest of the minor peaks in the chromatogram presented the 
characteristic absorbance spectrum of carotenoids. With the exception 
of peak number 7, that could not be detected in MS due to the lack of 
enough ionization efficiency, the rest of carotenoids were characterized 
in terms of [M + H]+ and many fragments from MS/MS were detected. 
However, a tentative identification was not possible. On the other hand, 
it is not the first time that peak number 12 has been reported. This 
carotenoid with UV-vis spectrum with maximums at 446 and 472 nm 
was previously mentioned in gas expanded liquid (GXL) extracts 
obtained with 75% of ethanol from Scenedesmus obliquus microalga 
(Gilbert-López 2017). In conclusion, the pigment analysis revealed β-
carotene and zeaxanthin as the two main carotenoids in all extracts in 
agreement with Marquardt (Marquardt 1998), but with a different 
microalgal strain (G. sulphuraria). 

In addition, a method based on HPLC-DAD was employed to 
quantify the amount of zeaxanthin and β-carotene. To fit the calibration 
curves prepared with the commercial standards of both pigments, the 
samples analyzed were diluted in pure methanol at different 
concentrations: 10 mg/mL for the conventional extraction starting from 
raw biomass, and 1 mg/mL for the two extracts obtained after French 
press. Quantification results are reported in Table 2. As we expected, 
PLE improved the amount of both pigments. Nevertheless, the increase 
obtained was surprisingly interesting: up to 40% in comparison with the 
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ones obtained by conventional extraction and to about 2000 times with 
respect to the raw biomass. 
 
Table 3. Pigments detected in Galdieria phlegrea extracts after PLE. 
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Figure 2. Representative HPLC-DAD chromatograms of carotenoids extracted 
from G. phlegrea. A: conventional extraction of raw biomass. B: conventional 
extraction of the residual biomass after PC extraction. C: PLE extraction of the 
residual biomass after PC extraction. * indicates carotenoids, ** indicates chlorophylls. 
Peak numbers and their identification are reported in Table 3 
 

3.3.4 Total lipid extraction 

To further improve the biorefinery design, after the PLE 

extraction a lipid extraction was carried out using supercritical CO2 

(ScCO2). Noteworthy, both PLE and SFE were performed on the same 

apparatus, without the needing to recover the biomass from the 

extraction cell after carotenoids extraction. In particular, after PLE, CO2 

was injected in the extraction cell to push out ethanol containing 
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carotenoids. Afterwards, pressure was increased to the super critical 

point and lipids were extracted (Figure S1). As benchmark, 

conventional chloroform/methanol extraction was carried out on raw 

dried biomass and on the residual dried biomass after PC extraction. 

Results of the extractions are reported in Table 4. The ScCO2 extraction 

allowed to obtain the same amount of lipids that were obtained by 

conventional extraction, avoiding the use of organic solvent. This result 

was quite surprising, as the lipids extracted are the third class of 

molecules obtained in a biorefinery approach. When compared with our 

previous results (Imbimbo 2019), we found a lower recovery in lipid 

yield, but this could be due to a different extraction method used. 

 

Table 4. Comparison between conventional extractions performed on 

raw biomass and biomass post French press extraction and SFE 

extraction after French press in terms of extracted lipids. Data shown are 

means ± S.D. of three independent experiment. a indicates p<0.05 

 

  

 

 

3.3.5 Evaluation of biocompatibility and antioxidant activity 
of lipophilic extract obtained by PLE extraction on eukaryotic cells 

  To verify if the carotenoids extracted by the PLE technique were 
biologically active and safe for humans, their in vitro antioxidant activity, 
along with their biocompatibility on eukaryotic cells, was tested.  The 
results of the in vitro ABTS colorimetric assay are shown in Figure 3 
and clearly indicate that the lipophilic extract is endowed with a 

Sample               Lipid yield 

(mg/g biomass) 

Raw biomass  

(Conventional extraction) 
110±3 

Post French press 

(Conventional extraction) 
164±6 

Post French press (SFE) 184±5 
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significant antioxidant activity. Its IC50 value, i.e. the concentration of 
the extract able to inhibit 50% of the radical, is 50 μg/mL. This result is 
much lower than those reported in literature, as the IC50 value here 
obtained is about 1600 times lower than others reported with different 
microalgae (Muthukumaran, Peraman 2019).  

 
 

 
 

 

 

 

 

 

Figure 3. ABTS assay on carotenoids extracted from G. phlegrea.  ABTS 
scavenging activity of different concentrations of lipophilic extract (mg/mL) obtained 
by PLE from G. phlegrea. Data shown are means ± S.D. of three independent 
experiment. 
 
 

The biocompatibility of the extract was tested by a time-course 
and dose-response test on immortalized murine fibroblasts (BALB/c 
3T3) and immortalized human keratinocytes (HaCaT). Cell viability was 
assessed by the tetrazolium salt colorimetric (MTT) assay and cell 
survival was expressed as the percentage of viable cells in the 
presence of extract compared to that of control samples. As shown in 
Figure 4 A-B, after 48 h cell viability was not affected up to 50 μg/mL, 
while at the highest concentration tested (100 μg/mL) a 50% reduction 
of cell viability was observed.  
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Figure 4: Effect of lipophilic extract on the viability of HaCaT and BALB/c 3T3 

cells. Dose-response curves of HaCaT (A) and BALB/c 3T3 (B) cells after 24 h (black 

circles) and 48 h (black squares) incubation with increasing concentrations of 

lipophilic extracts obtained by PLE (10-100 µg/mL). Cell viability was assessed by the 

MTT assay and cell survival expressed as percentage of viable cells in the presence 

of the lipophilic extract under test, with respect to control cells grown in the absence 

of the extract. Data shown are means ± S.D. of three independent experiment. 

 
3.3.6 Protective effect of lipophilic extract against oxidative 

stress on HaCaT cells 

As the lipophilic extract obtained by PLE contains antioxidants, 

the potential protective effect against oxidative stress was analyzed on 

a cell-based model. As cell system, we chose immortalized 

keratinocytes as they are normally present in the outermost layer of the 

skin, and UVA radiations as a source of stress. Cells were treated with 

50 μg/mL extracts for different lengths of time (from 5 to 120 min), and 

then oxidative stress was induced by UVA irradiation (100 J/cm2). 

Immediately after irradiation, ROS levels were measured by using 

H2DCF-DA as a probe. For each set of experiments, untreated cells 

were used as a control. Under physiological conditions (i.e. in the case 

of untreated cells) a physiological release of ROS is observed (100%). 

As shown in Figure 5A, no effect on ROS levels was observed when 

cells were incubated with the extract for 120 min (grey bars), whereas 

UVA treatment significantly increased DCF fluorescence intensity 

(black bars). Interestingly, pretreatment of cells with the lipophilic 

extract, prior to UVA exposure, resulted in an inhibition of ROS 

production, which was clear already after 5 min of pretreatment. We 

then performed a comparison between the antioxidant activity of the 

total lipophilic extract obtained by PLE and commercial β-carotene and 
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zeaxanthin, the two most abundant species identified in the extract. On 

the basis of the quantification data reported in Table 2, we calculated 

that, when the lipophilic extract was tested at 50 μg/mL, the amount of 

β-carotene corresponded to 24 µg/mL and that of zeaxanthin to 2.4 

µg/mL. Thus, HaCaT cells were pre-incubated for 30 min with either: 50 

µg/mL of lipophilic extract; 24 µg/mL of β-carotene; 2.4 µg/mL of 

zeaxanthin; a mixture of both carotenoids. At the end of incubation, 

oxidative stress was induced as previously mentioned. Alteration of 

ROS levels was measured by using H2DCF-DA. As shown in Figure 5B, 

a significant increase in ROS production was observed when cells were 

incubated with commercial β-carotene (white bars) or zeaxanthin (black 

squared bars), also in the absence of any UVA exposure. Interestingly, 

only the mixture of both commercial carotenoids (dashed bars), as well 

as the lipophilic extract (grey bars), were able to counteract oxidative 

stress in a similar way. The protective effect of lipophilic extract was 

also confirmed by analyzing the lipid peroxidation levels. To this 

purpose, thiobarbituric acid reactive substances (TBARS) were 

measured and related to lipid peroxidation levels. A significant increase 

in lipid peroxidation levels was observed after UVA treatment but, 

noteworthy, this effect was abolished when cells were pretreated with 

the lipophilic extract, either after 15 or after 30 min pre-incubation (grey 

and white bars, respectively). Treatment of cells with lipophilic extract 

did not alter significantly lipid peroxidation levels (Figure 5C). 
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Figure 5: Antioxidant effect of the lipophilic extract from G. phlegrea on UVA-
stressed HaCaT cells. Cells were pre-incubated in the presence of 50 μg/mL 
lipophilic extract for different length of time, prior to be irradiated by UVA (100 J/cm2). 
A: Determination of intracellular ROS levels by DCFDA assay. Cells were incubated 
for 5 min (light grey bars), 15 min (white bars), 30 min (black-squared bars), 60 min 
(dashed bars) or 120 min (dark grey bars) with the lipophilic extract in the absence (-
) or in the presence (+) of UVA. Black bars are referred to untreated cells. For each 
experimental condition, ROS production was measured and a percentage of the ratio 
between ROS production in treated cells and ROS production in untreated cells was 
calculated and reported in the graph.  B: Comparison of the protective effect of the 
lipophilic extract with commercial antioxidants by the DCFDA assay. Cells were 
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incubated for 30 min prior to UVA exposure. Black bars are referred to untreated cells 
in the absence (-) or in the presence (+) of UVA. Grey bars are referred to cells 
incubated with 50 μg/mL of lipophilic extract; white bars are referred to cells incubated 
with 24 μg/mL of β-carotene; black squared bars are referred to cells incubated with 
2.4 μg/mL of zeaxanthin; white bars are referred to cells incubated with 24 μg/mL of 
β-carotene; dashed bars are referred to cells incubated with both β-carotene and 
zeaxanthin. C: Analysis of lipid peroxidation levels evaluated by TBARS assay. Cells 
were pre-incubated with the lipophilic extract for 15 (grey bars) or 30 min (white bars) 
before UVA irradiation. Values are expressed as % with respect to control (i.e. 
untreated) cells. . For each experimental condition, lipid peroxidation levels were 
measured and a percentage of the ratio between lipid peroxidation levels in treated 
cells and lipid peroxidation levels in untreated cells was calculated and reported in the 
graph. Data shown are means ± S.D. of three independent experiment. * indicates 
p<0.05, ** indicates p<0.005, *** indicates p<0.0001. 

 

3.3.7 Nrf-2 regulates the antioxidant activity of lipophilic 

extract 

 To understand the molecular mechanism responsible for the 
protective effect of the lipophilic extract, the involvement of the 
transcription factor Nrf-2 was analyzed. Under normal physiological 
conditions, Nrf-2 is associated with Keap-1, which keeps Nrf-2 in the 
cytosol and directs it to the proteasomal degradation. Upon either 
oxidative stress induction and/or in the presence of antioxidants, Keap-
1 dissociated from Nrf-2, which is translocated to the nucleus where it 
binds to antioxidant responsive elements (ARE) sequences and 
activates the transcription of several phase-II detoxifying enzymes (Ma 
2013). Thus, we incubated HaCaT cells in presence of the lipophilic 
extract for different length of time (from 5 to 30 min) and lysates were 
analyzed by Western Blot analysis, using Nrf-2 antibody. As shown in 
Figure 6 A, an increase in nuclear Nrf-2 was observed after 15 min of 
incubation. The activation of Nrf-2 was further confirmed by analyzing 
the translation level of the heme oxygenase-1 (HO-1) by Western blot 
analysis. HO-1 is a ubiquitous and redox-sensitive inducible stress 
protein that degrades heme to CO, iron and biliverdin (Balogun 2003). 
The importance of this protein in physiological and pathological states 
is underlined by the versatility of HO-1 inducers and the protective 
effects attributed to heme oxygenase products in conditions that are 
associated with moderate or severe cellular stress. Thus, HaCaT cells 
were incubated for 30 min and 60 min and lysates were analyzed by 
Western Blot analysis, using a HO-1 antibody. As shown in Figure 6 B, 
an increase in HO-1 levels was observed after 30 min of incubation. 
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Figure 6: Effect of the lipophilic extract on Nrf-2 activation on HaCaT cells. Cells 
were incubated with 50 μg/mL of lipophilic extract obtained by PLE technique for 
different length of time and then nuclear (A) or cytosolic (B) proteins were analyzed 
by Western blotting. A: Western blot analysis of nuclear Nrf-2 after 5 min (dark grey 
bar), 15 min (light grey bar) and 30 min (white bar) incubation. Nuclear Nrf-2 was 
normalized to B23 and quantified by densitometric analysis. The ratio between Nrf-2 
and B23 of each treated sample was then related to the ratio Nrf-2/B23 of untreated 
cells, considered 100% B: Western blot analysis of cytosolic HO-1 was performed 
after incubation with 50 μg/mL of the extract for 30 min (dark grey bar), and 60 min 
(white bar). HO-1 and β-actin and were quantified by densitometric analysis and the 
ratio HO-1/β-actin of each treated sample was then related to the ratio HO-1/β-actin 
of untreated cells, considered as 100%. Data shown are means ± S.D. of three 
independent experiment. * indicates p<0.05 with respect to control cells. 
 

3.4 Conclusions 

One of the aims of green chemistry is to preserve the natural 
environment, promoting a better use of resources and limiting the 
negative influence of human involvement, such as the use of 
procedures that require the use of toxic solvents (Mustafa and Turner 
2011). Compared to conventional extractions, this innovative green 
biorefinery approach is able to extract, in cascade, three different 
bioactive compounds from the microalga Galdieria phlegrea. In 
combination, the described process allows achieving higher yields of 
PC, carotenoids and lipids using GRAS (Generally Recognized As 
Safe) solvents, in shorter time and with less solvent consumption. Here, 
we demonstrated that PLE using ethanol has a high potential to extract 
carotenoids from G. phlegrea. Moreover, as G. phlegrea is an 
eukaryotic microalga, it possesses a robust cell wall, which prevents 

A B 
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the release of intracellular products. The idea of breaking the biomass 
by high pressure homogenization allowed to isolate PC and helped the 
subsequent release of carotenoids. Both final products, PC and 
carotenoids were biologically active in terms of antioxidant activity 
(Imbimbo 2019). These results will open the way to the idea of 
commercializing carotenoids from microalgae for cosmeceutical 
applications. 

 In conclusion, this work will help to achieve a complete 
valorization of the G. phlegrea microalga biomass. The results can then 
contribute to increase the revenue streams of the process, in order to 
compensate the large cultivation and downstream cost for biomass 
production and, finally, turn positive the economic balance of the 
microalgae biorefinery. Furthermore, they contribute to develop a green 
process which can also increase the social acceptance of industrial 
microalgal products. 
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Abstract 
 
C-phycoyanins are abundant light-harvesting pigments which have an 
important role in the energy transfer cascade of photosystems in 
prokaryotic cyanobacteria and eukaryotic red algae. These proteins 
have important biotechnological applications, since they can be used in 
food, cosmetics, nutraceutical, pharmaceutical industries and in 
biomedical research. Here, C-phycocyanin from the extremophilic red 
alga Galdieria phlegrea (GpPC) has been purified and characterized 
from a biophysical point of view by SDS-PAGE, mass spectrometry, 
UV–Vis absorption spectroscopy, circular dichroism and intrinsic 
fluorescence. Stability against pH variations, addition of the oxidizing 
agent hydrogen peroxide and the effects of temperature have been also 
investigated, together with its in cell antioxidant potential and antitumor 
activity. GpPC is stable under different pHs and unfolds at a 
temperature higher than 80 °C within the pH range 5.0–7.0. Its 
fluorescence spectra present a maximum at 650 nm, when excited at 
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589 nm. The protein exerts interesting in cell antioxidant properties 
even after high temperature treatments, like the pasteurization process, 
and is cytotoxic for A431 and SVT2 cancer cells, whereas it is not toxic 
for non-malignant cells. Our results assist in the development of C-
phycocyanin as a multitasking protein, to be used in the food industry, 
as antioxidant and anticancer agent. 

4.1 Introduction 

Phycobilisomes (PBSs) (Glazer 1985; MacColl 1998) are 
supramolecular protein complexes that absorb light and deliver energy 
to a reaction centre containing chlorophyll in prokaryotic cyanobacteria 
and eukaryotic red algae (Watanabe 2014). PBSs thus play a major role 
in photosynthesis energy absorption and transmission (Kirst 2014). 
These complexes contain a core and rods, which are constituted and 
organized by several phycobiliproteins (PBPs) and a small number of 
linker polypeptides that assemble in very large and intricate aggregates 
(MacColl 1998; Gingrich 1983). PBPs contain three classes of 
pigments, each with a specific spectral feature: phycoerythrins (PE; red, 
λmax = 565 nm), phycocyanins (PC; blue, λmax = 617 nm) and 
allophycocyanins (AP; bluish green, λmax = 650 nm) (MacColl 1998; 
Grossman 1993). 

C-phycocyanins (C-PCs) were isolated, purified and 
characterized from many sources (Raposo 2013). They contain α- and 
β-chains (Adir 2003) forming a stable αβ unit that then assembles into 
a multimeric structure (αβ)n (n=1~6) (Storf 2001). C-PCs typically exist 
as (αβ)3 trimer, shaped as a hollow disk, or as [(αβ)3]2 hexamer, shaped 
as a double disk. α- and β-chains share similar structures but have 
different sequences (identity between 25 and 40 %) and molecular 
weights (10-19 kDa for the α-chain and 14-21 kDa for the β-chain) 
(Glauser 1992). Each subunit binds from 1 to 4 chromophore molecules 
(phycocyanobilin, PCB) with a ring-opening tetrapyrrole structure. This 
results in specific absorption and emission spectra (O’Carra 1971; 
Bennet 1971). 

Moreover, the tetrapyrrole ring is responsible for the excellent 
radical scavenging and antioxidant properties of the C-PCs (Piron 2019; 
Pleonsil 2013). C-PCs also exert anti-tumour (Jiang 2018; Jiang 2017) 
and anti-inflammatory activity (Zhu 2016). It has been also reported that 
they can decrease the progression of Alzheimer's disease (Penton-Rol 
2016), probably by inhibiting the β-Secretase protein (Singh 2014), and 
that they can be used as fluorophores in diagnostics therapeutics or as 
food colorants (Kuddus 2013). In this respect, it is important to identify 
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and characterize C-PCs that are stable to high temperatures and 
extreme pH, so that they can be stable after/during the sterilization 
treatments. Here we report a complete biophysical characterization, 
including sequence determination and analysis, stability against 
temperature and pH variations of C-phycocyanin from Galdieria 
phlegrea (GpPC), a unicellular thermo-acidophilic red alga with optimal 
growth conditions of T = 35–45 °C at pH 1.5. The GpPC in cell 
antioxidant activity, before and after pasteurization, along with its 
cytotoxic activity have been also evaluated. Our results open the way 
to the use of GpPC as food colorant and preservative, as the protein 
fully retains its structure and antioxidant activity after high temperature 
treatments. 
 

4.2 Materials and Methods 

4.2.1 Protein purification and in situ digestion  

Galdieria phlegrea (strain 009) was provided from the Algal 
Collection of the University Federico II (ACUF) and grown as described 
in Imbimbo et al. (Imbimbo 2019). The isolation of GpPC was carried 
out by ultrafiltration. Briefly, the total protein extract obtained by 
conventional high-pressure procedures was purified by using a 100 kDa 
molecular weight cutoff membrane. The permeate was discarded and 
the retentate was collected. The process was carried out at room 
temperature. The purity grade of GpPC was evaluated first by 
measuring the ratio A620nm/A280nm, and then by SDS- and native PAGE 
and mass spectrometry (Kuddus 2013). 15% SDS-PAGE was 
performed to evaluate GpPC purity. Native PAGE was carried out using 
10% (w/v) polyacrylamide. Gels were stained with Coomassie brilliant 
blue purchased from BIO-Rad. For in situ digestion, following 12.5% 
polyacrylamide gel (0.1% SDS, 25 mM Tris-HCl, 192 mM glycine, 
pH 8.3) and Coomassie brilliant blue staining, the two bands 
corresponding to the predicted molecular weight of α and β-chains were 
excised from the gel and fully destained prior to further processing. 
Briefly, the gel pieces were washed with three cycles of 0.1 M NH4HCO3 
pH 8.0 and acetonitrile (ACN), followed by reduction (10 mM 
dithiothreitol (DTT) in 100 mM NH4HCO3 45 min, 56 °C) and alkylation 
(55 mM iodoacetamide (IAM) in 100 mM NH4HCO3, 30 min, room 
temperature). Then, the gel pieces were washed with three further 
cycles of 100 mM NH4HCO3 pH 8.0 and ACN. Finally, gel plugs were 
rehydrated and incubated overnight at 37 °C with trypsin (10 ng/μL 
trypsin; 10 mM NH4HCO3) and chymotrypsin (1 μg/μL). Peptides 
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mixture was eluted, vacuum-dried, and resuspended in 0.1% formic 
acid for LC-MS/MS analysis. The marker used was the prestained 
protein ladder-Broad molecular weight (10–245 kDa) from Abcam 
(ab116028; Cambridge, UK). Trypsin (proteomics grade) and 
chymotrypsin were from Sigma-Aldrich (Saint Louis, Mo, USA). 
 

4.2.2 LC-MS/MS analysis 

Peptide samples were loaded via an autosampler (Surveyor MS 
Pump Plus and Micro AS) onto a Michrom C18 Captrap and then were 
introduced directly into an Orbitrap LTQ-Velos MS (Thermo Fisher 
Scientific, Surrey, UK) via a fused silica C18 capillary column (Nikkyo 
Technos CO, Tokyo, Japan) and a nanoelectrospray ion source. The 
mobile phase comprised H2O with 0.1% formic acid (buffer A) and 100% 
acetonitrile with 0.1% formic acid (buffer B). The gradient ranged from 
5% to 30% buffer B in 95 min, followed by 30% to 60% B in 15 min and 
a step gradient to 85% B for 5 min with a flow of 0.42 μL/min. Finally,the 
system returns to the initial conditions of 5% B. FTMS full scan mass 
spectra (from 450 to 1600 m/z) were acquired with a resolution of r= 60 
000. This was followed by data dependent MS/MS fragmentation in 
centroid mode of the most intense ion from the survey scan using 
collision induced dissociation (CID) in the linear ion trap: normalized 
collision energy 35%; activation Q 0.25; electrospray voltage 1.5kV; 
capillary temperature 200°C; and isolation width 2.00. This MS/MS scan 
event was repeated for the top 20 peaks in the MS survey scan; the 
targeted ions were then dynamically excluded for 30s. Singly charged 
ions were excluded from the MS/MS analysis; Xcalibur software version 
2.1.0 SP1 build 1160 (Thermo Fisher Scientific, U.K.) was used for data 
acquisition. 

4.2.3 Mascot identification of phycocyanin sequences 

The acquired MS/MS spectra were transformed in mzData 
(.XML) format and used for protein identification with a licensed version 
of MASCOT software (www.matrixscience.com) version 2.4. with 10 
ppm MS tolerance and 0.6 Da MS/MS tolerance; peptide charge from 
+2 to +3. Carboxyamidomethilation of Cys as fixed modification was 
inserted, but possible oxidation of methionines and formation of 
pyroglutammic acid from glutamine residues at the N-terminal position 
of peptides, were considered as variable modifications to query 
SwissProt databases, without including taxonomy restrictions.  
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4.2.4 Sequence comparison 

Primary structures of C-phycocyanin from Pseudanabaena sp. 
lw0831, Thermosynechococcus elongatus, Thermosynechococcus 
vulcanus, Leptolyngbya sp. N62DM, Synechocystis sp. PCC 6803, 
Synechococcus elongatus, Arthrospira platensis, Gracilaria chilensis, 
Polysiphonia urceolata, G. sulphuraria, C. caldarium and Microchaete 
diplosiphon were obtained from the NCBI/BLAST server against the 
PDB database. ExPASy ProtParam tool was used to calculate the 
percentage amino acid composition (Wilkins 1999). 

4.2.5 Spectrophotometric characterization 

UV-Vis absorption spectra of GpPC were collected at different 
pHs (buffers: 10 mM sodium citrate pH 2.0 or pH 3.0, 10 mM sodium 
acetate pH 4.0 or pH 5.0, 10 mM bis-Tris, pH 6.0, 10 mM Tris-HCl pH 
7.0 or 8.0, 10 mM bicine pH 9.0, 10 mM CAPS (N-cyclohexyl-3-
aminopropanesulfonic acid pH 10.0 or 11.0) with a protein 
concentration of 0.2 mg/mL using a quartz cuvette of 1 cm path length. 
The protein was extensively dialysed against milliQ water using tubing 
cellulose membranes with a 35 kDa pore size before the 24 h incubation 
with the buffers. Spectra were collected at 25°C over 250-700 nm 
wavelength range using a Varian Cary 5000 UV-vis-NIR 
spectrophotometer and the following parameters: data pitch: 1 nm, 
scanning speed: 600 nm/min, band width: 2 nm. The UV-Vis absorption 
signal of GpPC was then followed titrating the protein (2.5 mL, 
concentration 0.2 mg/mL) with a 50% solution of hydrogen peroxide 
(added volumes between 10 and 100 µL) to evaluate the phycocyanin 
response to oxidative stress. 

GpPC intrinsic fluorescence was determined using a Fluoromax-
4 spectrofluorometer from Horiba Scientific and a 1 cm optical path-
length quartz cell, under controlled temperature conditions (Peltier 
control system) at 25°C using a cuvette of 500 μL. Emission spectra 
were collected using a protein concentration of 0.2 mg/mL at the same 
pHs used to register UV-Vis absorption spectra. Data were registered 
between 295 and 450 nm upon excitation using excitation wavelength 
(λex)= 280 nm, between 310 and 450 nm upon excitation using 
λex=295 nm, and between 600 and 800 nm upon excitation using 
λex=589 nm. 

Far-UV CD spectra of GpPC (0.2 mg/mL), at the same pH values 
used to register UV-Vis absorption spectra, were registered at 25°C 
using a Jasco J-810 spectropolarimeter equipped with a Peltier block 
arrangement (Model PTC-348WI) (Jasco, Easton, MD), a quartz 
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cuvette of 0.1 cm path length, and a spectral band pass of 2 nm. Raw 
ellipticity data were converted to mean residue ellipticity using the 
formula [θ] = [θraw×100×MRW]/c×l, where MRW is GpPC mean residue 
weight, c is the concentration (mg/mL) and l is the path length (cm). 
Deconvolution of CD spectra for secondary structure amount was 
performed using BestSel (Table S1) (Micsonai 2018). Other 
experimental settings were: scan speed: 50 nm/min, resolution: 0.2 nm, 
sensitivity: 50 mdeg, response: 4 s. 

4.2.6 Stability against temperature 

The temperature stability of GpPC was determined by monitoring 
the changes in mean residue ellipticity (at 222 nm) and the change in 
the maximum emission wavelength as a function of temperature. For 
CD measurements, the temperature was raised to 95°C in 1°C every 
60 s. The two-state unfolding model was used to calculate the melting 
temperature. Unfolding curves were registered at different pHs (10 mM 
sodium acetate, pH 5.0 or pH 5.5, 10 mM Tris-HCl, pH 7.0 or 10 mM 
CAPS, pH 10.0) with a protein concentration of 0.2 mg/mL. For 
fluorescence measurements, spectra were registered at different 
temperatures after 5 min equilibration in 10 mM sodium acetate, pH 5.0. 

4.2.7 Antitumor activity 

Human epidermoid A431 cells, murine fibroblasts BALB/c 3T3 
and SVT2 cells were obtained from ATCC, whereas human epidermal 
keratinocytes HaCaT cells were from Innoprot (Biscay, Spain). All cells 
were cultured in Dulbecco’s modified Eagle’s medium (DMEM) (Sigma-
Aldrich, St Louis, MO, USA), supplemented with 10% foetal bovine 
serum (HyClone), 2 mM L-glutamine and antibiotics, all from Sigma-
Aldrich, under a 5% CO2 humidified atmosphere at 37°C. For toxicity 
experiments, cells were seeded in 96-well plates at a density of 2.5×103 
cells per well. 24 h after seeding, increasing concentrations of GpPC 
were added to the cells (0.5-10 µM). Cell viability was assessed by the 
MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) 
assay after 72 h incubation, as previously described (Petruk  2016). 

4.2.8 Thermal pasteurization 

For thermal pasteurization, GpPC was heated at 75°C in a water 
bath. After 10 min incubation, the sample was transferred to a second 
water bath at 20°C. The sample was stored at 4°C until analysis. 
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4.2.9 Cellular reactive oxygen species (ROS) assay 

The antioxidant activity of pure GpPC before and after 
pasteurization was determined by measuring intracellular ROS levels, 
according to the protocol previously reported (Petruk 2016), with some 
modification. HaCaT cells were pre-incubated for 2 h with 0.4 µM GpPC 
or pasteurized GpPC. Cells were then exposed to UVA irradiation for 

10 min (100 J/cm2). The fluorescence of the probe 2′,7′-

dichlorodihydrofluorescein diacetate (H2-DCFDA) was detected at an 
emission wavelength of 525 nm and an excitation wavelength of 488 
nm using a Perkin-Elmer LS50 spectrofluorometer (Shelton, CT, USA). 
Emission spectra were acquired at a scanning speed of 300 nm/min, 
with 5 nm slit width both for excitation and emission. ROS levels were 
expressed as percentage of fluorescence intensity of the sample under 
test, compared to untreated cells. Three independent experiments were 
carried out, each one with three determinations. 

4.2.10 Statistical analyses 

In all the experiments, samples were analyzed in triplicate. The 

results are presented as mean of results obtained after three 

independent experiments (mean ± SD) and compared by one-way 

ANOVA according to the Bonferroni’s method (post-hoc) using 

Graphpad Prism for Windows, version 6.01. 

4.3 Results and Discussion 

4.3.1 GpPC purification 

It has been reported that a measure of the purity grade of C-PCs 
is the A620nm/A280nm ratio. A value ≥4.0 indicates an analytical grade 
(Patel 2005; Fernandez-Rojas 2014). Some of us have recently 
optimized a simple purification procedure to obtain highly pure GpPC 
by a single ultrafiltration step (Imbimbo 2019) recovering a protein 
sample with a purity grade of 5 and a recovery yield of 80%. This 
A620nm/A280nm ratio is much higher than that required for food 
applications (0.7) (Kuddus 2013; Patel 2005; Fernandez-Rojas 2014). 

The purified protein was analyzed by SDS-PAGE and the results 
are shown in Figure 1A and by mass spectometry. As expected, GpPC 
was characterized by two blue bands, in line with other C-PCs (Bennet 
1971; Glazer 1971), suggesting that it is constituted by two chains 
which are able to bind the chromophore. The approximate molecular 
weights of the two subunits are 17 and 18 kDa, respectively. Pure 
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GpPC was then analysed by electrophoresis under non-denaturing 
conditions (Native-PAGE) at pH 8.8. The results, reported in Figure 1B, 
indicate that a single molecular species exists in our sample. Similar 
results have been obtained analysing a native gel carried out in a Bis-
Tris-HEPES/MES-Acetic acid and Bis-Tris-Tricine PAGE system at 
pH 7.0 (data not shown). GpPC purity was further confirmed by in 
solution trypsin digestion, followed by LC-MS/MS tandem mass 
spectrometry. MASCOT analysis led to the identification of peptides 
occurring within PCs sequences. No different proteins were identified, 
thus confirming the purity of the protein (data not shown). 

 
 
 
 

 

 

 

 

 

 

Figure 1. Electrophoretic analysis of GpPC samples after ultrafiltration. A: SDS-
PAGE. Lane 1: molecular weight markers; lane 2: total protein extract (30 µg); lane 3: 
5 µg of purified GpPC. B: Native-PAGE. Lanes 1-3: 10, 20, 40 µg of pure GpPC. After 
electrophoresis, the two gels were stained with Coomassie-Blue. 

4.3.2 Protein sequence analysis 

The two bands corresponding to the α- (1) and β- (2) chains were 
excised from the gel and subjected to hydrolysis with trypsin and 
chymotrypsin in order to ensure the greatest possible sequence 
coverage for the two chains. The obtained peptide mixtures were 
analyzed by LC-MS/MS; the MASCOT in house software was used for 
protein identification. Table 1 reports the sequences obtained from MS-
MS fragmentation spectra related to the α-chain after the treatment with 
chymotrypsin and trypsin and the scores associated with each one. 
Similar analyses were performed on protein bands corresponding to the 
β-chain. The results are summarized in Table 2. On the basis of mass 
spectral sequencing data and considering the high sequence identity 
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among C-phycocyanins from different sources, the sequences of the α 
and the β-chains of GpPC were determined. 
 

Table 1. Peptides from GpPC α- chain (LC-MS/MS results). 
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Table 2. Peptides from GpPC β- chain (LC-MS/MS results). 
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Sequences of α- and β-chains of GpPC determined by 
proteolysis-based mass spectrometry experiments are reported in 
Figure 2 aligned with those of C-PCs of known structure with highest 
sequence identity. The alignments show that the degree of identity of 
the α and β-chains of GpPC with other C-PCs is very high, and that α 
and β-chains share 84% and 82% sequence identity, respectively, with 
the corresponding chains of the protein from Cyanidium caldarium 
(code 1PHN) (Stec 1999) and 83% and 84% sequence identity, 
respectively, with the α and β-chains of C-PC from Galdieria sulphuraria 
(code 3BRP). The amino acid composition, the isoelectric point and 
other analysis of GpPC sequence, together with the values obtained 
using sequences of the C-PCs from Pseudanabaena sp. lw0831, 
Thermosynechococcus elongatus, Thermosynechococcus vulcanus, 
Leptolyngbya sp. N62DM, Synechocystis sp. PCC 6803, 
Synechococcus elongatus, Arthrospira platensis, Gracilaria chilensis, 
Polysiphonia urceolata, G. sulphuraria, C. caldarium, Microchaete 
diplosiphon, are reported in Table 3. Alignment is unambiguous since 
there are no gaps.  

Comparative sequence alignment shows that GpPC and the 
protein from t have higher pI of the α-chain when compared to the other 
C-PCs. The content of charged residues (R, K, D and E) of GpPC is 
comparable with that observed for thermophilic C-PCs, although a 
lower amount of negatively charged residues is found in the α-chain 
(Table 3). In the latter protein, there is a significantly lower number of 
glycine residues in the β-chain and a higher number of polar residues 
in the α-chain, when compared to that found in other C-PCs. Other 
sequence features are reported in Table S2. 
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Table 3. Amino acid composition and other sequence analyses of C-

phycocyanins from different sources. 
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Figure 2. Multiple sequence alignment of C-phycocyanins from different sources 
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Table S2. Amino acid composition and other sequence analyses of C-

phycocyanins from different sources (Micsonai 2018). 

 

 

 4.3.3 Effect of pH variations and H2O2 addition on the structure 

of GpPC 

 To investigate the effect of the pH change on the structure of GpPC, 
UV-Vis absorption, far-UV circular dichroism (CD) and intrinsic 
fluorescence spectra were collected under different pH values (Figures 
3A-E). Both the UV-Vis and CD spectra are almost superimposable in 
the pH range 4.0-9.0, while they slightly change when pH is < 4.0 or > 
10.0. In particular, UV-Vis spectra show the typical features of the 
absorption spectra of C-PCs (Edwards 1996), with a prominent peak at 
620 nm (Figure 3A). The protein remains blue up to pH 10.0, whereas 
it loses the colour at pH ≥10.0 (Figure 4).  

 CD spectra of GpPC show the minima at 208 and 222 nm, which are 
diagnostic of the presence of a high α-helical content (Figure 3B). The 
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calculated percentages of GpPC α-helix content as a function of pH, 
obtained using BestSel (Micsonai 2018), are listed in Table S1. At pH 
values between 2.0 and 9.0, the helical content is significantly higher 
than 70%. These values are in good agreement with those derived from 
the known structures of C-PCs deposited in the Protein Data Bank and 
higher than those estimated on the basis of CD spectra for the protein 
from the red microalga C. caldarium (47.5%) (Edwards 1997), from the 
cyanobacterium P. luridum (67.1%) (Eisele 2000) and from the 
thermophilic microalga Synechococcus lividus (54.7%) (Edwards 
1997). Interestingly, GpPC retains its secondary structure at acid pH, 
contrarily to what observed in the case of other C-PCs that unfold, 
dissociate into monomers and precipitate at pH <4.5 (Patil 2006; Wu 
2016). At pH > 10.0, GpPC loses helicity (estimated α-helical content 
between 50 and 60%), but minima at 208 and 222 nm are still present 
in CD spectra, even though with lower ellipticity values.  

These data were further confirmed by intrinsic fluorescence 
experiments. Fluorescence emission was measured at 25°C upon 
excitation at 280 nm (Figure 3C), 295 nm (Figure 3D) and 589 nm 
(Figure 3E) to follow the effect of pH on the environment of the Tyr/Trp 
residues (280nm), of the only Trp present in the protein sequence 
(residue 128 in the α-chain) (295 nm) and of the chromophore (589 nm). 
Upon excitation at 280 nm, GpPC has an emission maximum at 333-
334 nm, in line with the expectation for a well-folded protein. Upon 
excitation at 295 nm, GpPC has an emission maximum at 333-334 nm, 
suggesting that Trp128α is buried in the protein hydrophobic core, while 
upon excitation at 589 nm GpPC has an emission maximum at 646-650 
nm, in agreement with other PCs (Edwards 1997). At pH 10.0 and 11.0 
the emission maximum upon excitation at 295 nm is red-shifted to 337-
342 nm, while it is red-shifted to 344 nm at pH 2.0. These findings 
suggest that changes in the tertiary structures occur at extreme acid 
and basic pHs.  

These conformational variations affect the α-chain structure and 
the solvent exposure of Trp128α; they take place to varying extents at 
different pHs. This is in line with the idea that the β-chain has a higher 
stability when compared to the α-chain (Su 2017). Interestingly, the 
fluorescence due to the chromophore is altered only at the highly basic 
pH 10.0 and 11.0, where the emission maximum is blue-shifted to 616-
624 nm.  

The emission intensity of the protein also decreases upon 
deviation from the native state due to the solvent quenching of the Trp 
fluorescence. These data agree with the results of far-UV CD spectra, 
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which show a loss of secondary structure content at highly acid or basic 
pHs.  

 

Figure 3. UV-Vis absorption spectra. A: far-UV CD spectra; B: intrinsic 
fluorescence spectra upon excitation at 280 nm; C: intrinsic fluorescence spectra 
upon excitation at 295 nm; D: intrinsic fluorescence spectra upon excitation at 589 
nm; E: GpPC as a function of pH at 25°C. Protein concentration: 0.2 mg/mL.  
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Figure 4. Images of GpPC solution at different pHs. The loss of colour of GpPC is 

due to the loss of the chromophore. 

 

The effect of different concentrations of an oxidant agent on the 
structure of GpPC was then evaluated comparing the UV-Vis 
absorption spectra of the protein upon addition of different 
concentrations of H2O2 (Figure 5).  

The presence of hydrogen peroxide induces oxidative stress via 
reactive oxygen species (ROS) production. Data show that the 
incubation of the protein with H2O2 leads to a slight decrease in the 
absorption capability of the protein at 620 nm, in agreement with results 
obtained with C-PCs from Euhalothece sp. (Mogany 2019) and 
Geitlerinema sp. H8DM (Patel 2018). 
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Figure 5. UV-Vis absorption spectra of GpPC upon addition of increasing 

amounts of H2O2. Spectra were collected at 25°C in 10 mM sodium acetate buffer, 

pH 5.0, using protein concentration 0.2 mg/mL. 

 

4.3.4 Stability against temperature  

The use of C-PCs as food colorant and in fluorescent 
applications is hampered by their sensitivity to high temperature. To 
enhance C-PC thermal stability, stabilizing agents like additives can be 
used; however, they are toxic for humans (Wu 2016). The stability of 
GpPC against temperature was analysed by following CD signal 
intensity at 222 nm at pH 5.0, 7.0 and 10.0 from 25°C to 95°C (Figure 
6). Protein irreversibly denatures during thermal unfolding: spectra 
collected at 25°C after the thermal treatment indicate that the protein 
does not re-acquire the secondary structure that loses at high 
temperatures upon cooling. The inspection of the unfolding curves 
suggests that the thermal denaturation of the protein is a two-state 
process. At pH 5.0, the melting temperature (Tm) of the transition, i.e. 
the temperature at which 50% of GpPC is denatured, is 85±1°C. Tm at 
pH 5.5 and at pH 7.0 is 87±1°C. The thermostability is lower at pH 10.0, 
where Tm is 52±1°C.  
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Figure 6. Thermal unfolding curves of GpPC as followed by molar ellipticity 
values at 222 nm. Heating rate was 1.0°C/min. Measurements were carried out in 10 
mM sodium acetate buffer at pH 5.0, 10 mM Tris-HCl buffer at pH 7.0, 10 mM CAPS 
at pH 10.0, using protein concentration 0.2 mg/mL 
 

This is in line to what happens with the protein from 
cyanobacterium Spirulina platensis (which shows Tm values of 61.8, 
57.5 and 49.9°C at pH 5.0, 7.0 and 9.0, respectively) (Martelli 2014) 
and in agreement with the accepted idea that C-PCs have maximum 
stability between pH 5.0 and 7.0 (Chaiklahan 2012). Notably, at pH 5.0 
and 7.0, the thermostability of the protein is sensibly higher than that 
observed for C-PCs from the mesophilic Spirulina sp. (47°C) 
(Chaiklahan 2012), from Euhalothece sp. (55°C) (Mogany 2019) and 
Chroomonas sp. (about 55°C) (Edwards 1997), from the psychrophilic 
source Arctic cyanobacterium (56°C) (Su 2007), from C. caldarium 
(65°C) (Eisele 2000) and P. luridum (about 62°C) (Edwards 1996; 
Edwards 1997), from S. platensis (72°C) (Su 2017), from the 
thermophilic sources G. sulphuraria (up to 60°C) (Moon 2014) and S. 
lividus (about 82°C) (Edwards 1996). 

Tertiary structure loss of GpPC induced by temperature was then 
investigated by collecting intrinsic fluorescence spectra at different 
temperatures upon excitation at 295 nm at pH 5.0 (Figure 7A). When 
the temperature was increased, GpPC fluorescence spectra upon 
excitation at 295 nm showed a red-shift of the maximum emission 
wavelength and a decrease of the signal intensity. In particular, up to 
75°C, the maximum emission wavelength of GpPC (333-334 nm) is 
close to that found at 20°C (333-334 nm), suggesting that the protein 
retains its tertiary structure up to this temperature.  



CHAPTER 4  

 
97 

 

A thermophilic C-phycocyanin with unprecedented 

biophysical and biochemical properties 

At a temperature higher than 77.5°C, GpPC tertiary structure 
starts to unfold. The apparent melting temperature Tm of the protein 
tertiary structure is 87°C, in perfect agreement with data obtained by 
CD (Figure 8). This finding indicates a simultaneous collapse of the 
secondary and tertiary structure of the protein during thermal unfolding. 
To evaluate the effect of high temperature on the chromophore 
fluorescence, emission spectra were also collected as function of 
temperature upon excitation at 589 nm (Figure 7B). Interestingly, 
spectra do not show changes in the maximum emission wavelength at 
different temperatures, although a significant reduction of fluorescence 
intensity is observed. At temperature higher than 85°C, emission is no 
longer observed, suggesting loss of the chromophore. Overall, these 
features could be an advantage for the potential use of GpPC in the 
food industry. These results motivate us to perform further tests (that 
could be helpful for specific applications) that evaluated the protein 
resistance at high temperatures.  
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Figure 7. Fluorescence spectra of GpPC recorded at different temperatures at protein 
concentration 0.2 mg/mL in 10 mM sodium acetate pH 5.0, upon excitation using (A) 

λex = 295 nm; (B) λex = 598 nm. 

 
 

 

 

 

 

 

 

 

Figure 8. Fraction of protein unfolded shown as a function of temperature. 
Unfolding has been monitored by intrinsic tryptophan fluorescence. Spectra were 
collected in 10 mM sodium acetate buffer, pH 5.0, using protein concentration 0.2 
mg/mL upon excitation at 295 nm. 

 

To study the kinetics of GpPC denaturation process at pH 5.0 at 
high temperatures, CD spectra have been collected periodically at 75°C 
as a function of time (Figure 9). Surprisingly, GpPC shows CD spectra 
that are typical of a folded protein for more than 1 h at 75°C, although 
the prolonged exposure at this temperature results in fading of the blue 
colour with time. It is noteworthy that at this temperature, most of C-
PCs undergo to rapid unfolding. For example, C-PC from S.platensis 
has a half-life (t1/2) of 16 min at pH 7.0 and of 42 min at pH 5.0 at 75°C 
(Wu 2016), while, according to Chaiklahan, CP-C from Spirulina sp. 
precipitates at pH 5.0 and 6.0 after incubation at temperatures higher 
than 59°C for 15 min, and it precipitates at pH 7.0 after 30 min at 64°C 
(Chaiklahan 2012). Thus, GpPC appears much more resistant at high 
temperatures when compared to previously isolated C-PCs. 
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Figure 9.  Far-UV CD spectra of GpPC at 75°C as a function of time. Spectra were 

collected in 10 mM sodium acetate buffer, pH 5.0, using protein concentration 0.2 

mg/mL. 

4.3.5 Antioxidant activity of GpPC 

Recently, it has been reported that pure GpPC is an excellent 
antioxidant, as it is able to protect cells from UVA damages (Imbimbo 
2019). To verify if high temperature treatments affect the bioactivity of 
GpPC, a comparison between the antioxidant activity of GpPC and that 
of pasteurized GpPC, which was heated at 75°C for 10 min, was 
performed. Cells were incubated for 2 h prior to UVA exposure with 0.4 
µM of either GpPC or GpPC after pasteurization. At the end of this 
experiment, ROS levels were measured by using 2′,7′-
dichlorodihydrofluorescein diacetate (H2-DCFDA). As shown in Figure 
10, no alteration in ROS levels was observed when cells were 
incubated with the two molecules (white and grey bars), whereas a 
significant increase in ROS levels was observed when cells were 
exposed to UVA irradiation (black bars).  

Overall, these findings suggest that GpPC is commercially more 
competitive than the other C-PCs investigated up to now as it remains 
practically intact, both from physico-chemical and biological point of 
view, after high temperature treatments, like in the pasteurization 
process (Grant 2002).  

These findings suggest a possible use  of  GpPC  in  food  
industry.  C-PC contained  in  the  extract from Arthrospira platensis 
(ApPC) has received the approval from FDA and EFSA and is currently 
used as food colorant (Code of Federal Regulation 2016, 
https://www.govregs.com/regulations/title21_chapterI_part73_subpart
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A_section73.530), but this protein  has  a  limited  thermostability  
(denaturation  above  60  °C) (Martelli 2014).  The high thermostability  
of GpPC renders this protein an interesting alternative to ApPC.   
 

 

 

 

 

 

 

 

Figure 10. Comparison of antioxidant activity between GpPC and pasteurized 
GpPC on UVA-stressed HaCaT cells. Intracellular ROS levels were determinated 
by DCFDA assay. Cells were pre-incubated in the presence of 0.4 μM of GpPC (white 
bars) and 0.4 μM of pasteurized GpPC (grey bars) for 2 h, prior UVA irradiation (100 
J/cm2). Black bars refer to untreated cells in the absence (-) or in the presence (+) of 
UVA. Values are expressed as percentage with respect to control (i.e. untreated) cells. 
Data are shown as means ± standard deviation (S.D.). Three independent 
measurements were carried out. * indicates p<0.05. 
 

4.3.6 Cytotoxic activity of GpPC 

As it is known that antioxidants can potentially exert anticancer 
activity, the cytotoxicity of GpPC was evaluated on two cancer cell lines 
(A431 and SVT2 cells) and on two immortalized cell lines (Balb/c 3T3 
and HaCaT cells). The cells were incubated for 72 h with increasing 
concentrations of GpPC and cell viability was evaluated by the MTT 
assay at the end of the experiment. The results are reported in Figure 
11 and show typical dose–response curves for cancer cells and no 
significant toxicity on immortalized cells. Indeed, it was not possible to 
determine the IC50 values, which correspond to the protein 
concentration able to inhibit cell growth by 50%, for non-cancer cells. 
As reported in Table 4, the IC50 values determined for cancer cells are 
significantly lower than those reported in literature for other C-PCs 
(Safei 2019; Liu 2016; Ying 2016). C-PC isolated from Limnothrix sp. 
NS01 is toxic on MCF-7 cells, with an IC50 of 4.52 µg/μL (about 50 μM) 
after 72h exposure, but not toxic against primary fibroblasts (Safei  
2019), whereas C-PC isolated from Spirulina pl. shows IC50 values 
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within the range 133.6-163.8 μM after 48 h exposure on human cancer 
SKOV-3 cells (Liu 2016; Ying 2016).  

 

 

Figure 11. Dose-response curves of immortalized and cancer cell lines after 72 
h incubation with increasing concentrations of GpPC (0.5 – 10 µM). A: HaCaT 
(black circles) and A431 (black squares). B: BALB/c 3T3 (black circles) and SVT2 
(black squares) cells. Cell viability was assessed by the MTT assay and cell survival 
expressed as percentage of viable cells in the presence of the lipophilic extract under 
test, with respect to control cells grown in the absence of the extract. Data are shown 
as means ± S.D. Three independent measurements were carried out. 
 

Table 4. Cytotoxicity of GpPC expressed as the protein concentration 
(µM) able to inhibit cell growth by 50% (IC50 value), after 72h of 
incubation. 
 

 

 

 

 

 

4.4 Conclusions 

C-PCs have attracted the interest of the scientific community for 
several reasons. They can be used as food colorant and are able to 
exert numerous biological activities of interest for pharmaceutical and 
biomedical research. Here, a comprehensive biophysical study of C-
phycocyanin from the rare red microalga Galdieria phlegrea, including 
the determination of the primary sequence, a study on thermal stability 
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and of the antioxidant and cytotoxic activity of the protein, is reported. 
GpPC structure is not significantly influenced by the pH within the range 
4.0-9.0, while it appears to be affected by highly acid or basic values. 
GpPC presents an intense absorption at 620 nm and emits at 646-650 
nm, when excited at 589 nm at 25°C. Compared to its counterparts from 
mesophilic and even thermophilic sources (G. sulphuraria and C. 
caldarium), GpPC has a high thermal stability, with Tm values > 80°C 
at pH 5.0 and 7.0. The protein exhibits an interesting antioxidant activity 
even after pasteurization, as well as a high antitumor activity, selective 
for malignant cells. These unique features make GpPC a probable 
candidate for future applications in food and pharmaceutical industries. 
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5.1 General discussion 

The present PhD project was aimed at designing a biorefinery by 
using a red thermo-acidophilic microalgae, Galdieria phlegrea (strain 
009). Three different high value bio-products, starting from the one with 
the highest market value, were extracted by developing a cascade 
extraction. 

To this purpose, the attention was first focused on the design of 
a feasible process at lab-scale to obtain two different high-value 
molecules starting from the wet biomass of Galdieria phlegrea: 
phycocyanin (PC) and PUFAs. First, proteins were extracted in 
aqueous buffer by a high-pressure procedure and PC was isolated to a 
very high purity level by a single purification step. By this way, the 
antioxidant activity of PC was fully preserved as it was able to protect 
cells from UVA-induced damages. Then, the second step of the 
biorefinery was focused on lipids extraction starting from the residual 
biomass. Lipids were fractionated and PUFAs characterized. 
Interestingly, the amount of isolated PUFAs obtained from the broken 
biomass was higher than that obtained from the raw biomass, 
suggesting an efficient biorefinery.  

To further valorize the algal biomass, the biorefinery design was 
integrated with the principles of green chemistry. The new set up of the 
green biorefinery consisted in three sequential steps, which combined 
a conventional extraction in aqueous medium and two innovative 
procedures:  

1. High pressure extraction to recover PC; 
2. Pressurized Liquid Extraction (PLE) to extract carotenoids; 
3. Supercritical Fluid Extraction (SFE) to obtain lipids. 

  Compared to conventional organic solvents extractions 
performed on the same biomass, this combination allowed achieving 
higher yields of carotenoids and lipids by using GRAS (Generally 
Recognized As Safe) solvents, in shorter time and with less solvent 
consumption. The carotenoid fraction contained β-carotene and 
zeaxanthin, and the mixture extracted showed high antioxidant activity, 
the same observed by combining the two commercial antioxidants. This 
clearly indicates that PLE does not affect the biological activity of the 
extracted molecules. Interestingly, the carotenoids extracted were able 
to prevent the production of intracellular ROS after the induction of 
oxidative stress and to activate the Nrf-2 pathway, which is normally 
involved in the stress response.   
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 Finally, a complete biophysical and biochemical 
characterization of PC from G. phlegrea was carried out. In particular, 
the primary sequence was determined, and the stability of the protein 
was analyzed. PC revealed to possess a very high stability up to 85°C 
and in a wide range of pH (4.0-9.0). Thus, it was not surprising to verify 
that PC retained its antioxidant activity also after thermal pasteurization. 
Finally, PC showed a high and selective antitumor activity for cancer 
cell lines.  
  The set up of the biorefinery machine allows valorizing many of 
the active molecules present in G. phlegrea. This approach could be 
easily scaled up at industrial level, as all the procedures are economic 
and compatible with industrial machines. Indeed, the obtained results 
could also contribute to increase the revenue streams of the process, 
thus compensating the large cultivation and downstream costs for 
biomass production. This could lead to a positive economic balance of 
the microalgae biorefinery. Furthermore, the development of a green 
process could also increase the social acceptance of industrial 
microalgal products. 
  Despite the achieved results are encouraging, there are still 
many issues that hinder the full exploitation of microalgae: (i) social 
impact; (ii) control of growth parameters; (iii) extraction techniques; (iv) 
the overall costs. 

Social impact. The first problem to be overcome with 
microalgae is the social acceptance of microalgae products. To date, 
microalgae have been commercialized only as “functional food” 
(Nethravathy 2019). Currently, the microalgae market is dominated by 
Spirulina as dried whole alga or as supplement in food and beverage 
and by Chlorella as dried whole algae. Dunaliella salina is cultivated to 
extract carotenoids, Haematococcus pluvialis for  the production of 
astaxanthin, Crypthecodinium cohnii and Shizochytrium for the 
production of DHA (Garcia 2017). According to Future Market Insights, 
in 2017 the market for Spirulina powder was estimated to be US$ 220.5 
million and is expected to increase over US$ 380 million by the end of 
2027, at a CAGR (Compound Annual Growth Rate) of 5.9%. Whereas, 
the growth prospect in food and beverage segment will be at a CAGR 
of 6.9%. The PC market is constantly growing and is expected to reflect 
1.8 times increase in revenue growth from 2017 to 2025. In 2018, PC 
market was valued at US$ 112.3 million and is predicted to be valued 
at US$ 232.9 million with CAGR of 7.2% by 2025. The powder segment 
of PC will emerge as a global leader with US$114 million market cap 
between 2018 and 2028.  When compared to the global market of food 
and feed products derived from all the other sources, the market 
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portfolio of microalgae-based products is still smaller, but increasing 
steadily (Nethravathy 2019). 

Control of growth parameters. Another bottleneck that 
inhibits microalgae exploitation at large-scale production is the control 
of the growth parameters and the problem of contaminations. At 
industrial scale, microalgal cultures are generally carried out in open 
ponds or photobioreactors (PBRs). PBRs are closed systems that allow 
controlling the cultivation parameters and obtaining higher productivity 
yields. Open ponds are uncontrolled outdoor systems that do not allow 
a good productivity. Despite PBRs result to be the most efficient 
cultivation method, to date, open pond systems are the most widely 
employed systems for industrial purpose. This is due to several 
reasons: (i) a low initial investment, (ii) a low power demand, (iii) low 
operating and maintenance costs (Gonzales 2011). In this context, 
extremophile microorganisms have gained much interest, since they 
have the ability to live and thrive stressful conditions, such as heavy 
metals concentration, acidic environments (pH 1.0-3.0) or high 
temperatures (> 50°C) (Varshney 2015). Extremophile microalgae 
represent thus excellent candidates for large-scale production in open 
pond systems in which the risk of contaminations is very low (Sydney 
2019).  

Extraction techniques.  The selection of the right extraction 
procedure to be employed is another important issue to be considered. 
In fact, the molecules obtained from the biomass have to be biologically 
active and dissolved in a fully biocompatible buffer. Currently, 
conventional extraction techniques are used, but they involve organic 
solvents, such as chloroform, acetone, methanol and diethyl ether 
(Saini and Keum 2018). The conventional solvent extraction usually 
requires large amounts of solvent, long extraction times and needs a 
dried biomass as a starting material. All these factors strongly increase 
the costs of the downstream processes.  

Recently, the demand for greener, safer and natural products 
that do not require the involvement of toxic solvents, increased. Green 
chemistry is aimed at preserving the environment and human health by 
promoting the use and reuse of natural resources and by limiting or 
completely avoid the use of toxic organic solvents. The development of 
green extraction procedures to recover active compounds represents a 
significant advance, as no toxic solvents are needed, thus minimizing 
the environmental impact. Moreover, they allow to reduce the extraction 
time and to improve the extraction yields, without affecting the biological 
activity.  
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In this scenario, compressed fluid extractions are considered 
valuable green alternatives to conventional extractions. Compressed 
fluid extractions include Sub-critical Water Extraction (SWE), 
Pressurized Liquid Extraction (PLE), and Supercritical Fluid Extraction 
(SFE). SFE operates at temperature and pressure above the critical 
point of the solvent selected. These conditions allow increasing the 
diffusivity of the solvent, thus improving the penetration of the solvent 
into the matrix. On the other hand, the solvents involved in PLE and 
SWE are maintained at a temperature above the boiling point and at a 
pressure high enough to keep fluids in their liquid states. Besides the 
differences among these techniques, they all share a small amount of 
GRAS solvents to perform extractions, without affecting the bioactivity 
or the chemical structure (Herrero and Ibañez 2018). The main 
disadvantage of these procedures are the high costs to build the 
equipment. 

Among innovative techniques, in the last years other promising 
approaches have been investigated. Microwave Assisted Extraction 
(MAE) is a technique for the extraction of pigments, lipids and other 
bioactive molecules  which involves the use of microwaves to heat up 
the solvents in contact with the cell (Juin 2015). The heating is caused 
by two phenomena: dipole rotation and ionic conduction, which may 
happen individually or simultaneously (Tatke and Jaiswal 2011). MAE 
is generally performed in closed system to avoid the dissipation of the 
heat. By this way, the heating mechanism is targeted and selective, 
thus reducing the extraction time and improving the yield. However, the 
main limitation of this method is that the high temperature required may 
affect the bioactivity of the extracted molecules. 

Ionic Liquids (ILs) are organic solution of salts that can melt at 
mild temperature (<100°C). They are typically composed of a large 
number of inorganic or organic cations. ILs are characterized by 
synthetic flexibility and thermal stability. Moreover, they are non-volatile 
and non-flammable (Harris 2018; Vekariya 2017). These features make 
them attractive as alternatives to volatile organic solvents.  They are 
generally employed for lipid extraction, however, to date, only limited 
papers are available in literature (Motlagh 2019). One of the main 
drawbacks of ILs is the unrealistic application at industrial scale, due to 
their costs and the environmental impact (Zhang 2008). Many ILs have 
been proved to be not harmful for humans, however, their synthesis 
involves many steps that require expensive, toxic and volatile reagents 
(Harris 2018). Switchable Solvents (SSs) represent a second 
generation of ILs. First reported by Philipp Jessop (Jessop 2005), SSs 
are non-volatile liquids able to convert their characteristics from 
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hydrophobic to hydrophilic state and vice-versa in response to an 
external stimulus, such as a change in temperature or pH and/or the 
addition or removal of a gas (i.e. CO2) (Yook 2019; Al-Ameri and Al-
Zuhair 2019). This unique “switching” property allows performing 
cascade extractions of high value molecules and to recover and reuse the 
solvent. For this reason, SSs are considered economically competitive as 
their sustainability rely only in the low energy consumption (Clarke 2018; 
Pollet 2011). However, the solvent selection points out one of the main 
problems related to this procedure. The properties of SSs may be improved 
by incorporating functional groups into the structure during the chemical 
synthesis. Obviously, this makes the preparation difficult as well as it may 
affect the costs (Clarke 2018). For this reason, the solvents used in this 
kind of extraction are generally amines, whose synthesis is less expensive, 
but not environmentally friendly (Schuur 2019).  

Overall costs. Despite the strategic relevance of bio-based 
products for many industries, numerous technological and strategic 
challenges still hamper the commercial industrialization of microalgae. 
Overall, many evidence of the effectiveness of individual steps of 
biorefinery are reported in literature, but very few attempts have been 
faced to set up entire processes. Furthermore, the companies should 
conform to the social and environmental needed to gain public 
acceptance. To date, conventional crop-biorefinery costs represent the 
20-40% of the whole process costs. These costs can increase up to 
60% for the algae-based biorefinery (Lam 2018; Caporgno and Mathys 
2018).  

To reduce costs, simple processes that require only few unit 
operations should be developed, keeping in mind that the technologies 
tailored for a single unit operation should always be followed by an 
evaluation of the impact on the overall process.  
In conclusion, the complete valorization of microalgae biomass by a 
well-integrated platform would facilitate the transition from lab-scale to 
large-scale production, thus making green biorefineries a strong reality.   

 

 

 

 

 



CHAPTER 5  General discussion 

 

 
114 

 

5.2 References 

 Al-Ameri, M., Al-Zuhair, S. (2019). Using switchable solvents for enhanced, 
simultaneous microalgae oil extraction-reaction for biodiesel 
production. Biochemical Engineering Journal, 141, 217-224. 

 
Caporgno, M. P., Mathys, A. (2018). Trends in microalgae incorporation into 

innovative food products with potential health benefits. Frontiers in Nutrition, 5. 
 
Clarke, C. J., Tu, W. C., Levers, O., Bröhl, A., Hallett, J. P. (2018). Green and 

sustainable solvents in chemical processes. Chemical Reviews, 118(2), 747-
800. 

 
García, J. L., de Vicente, M., Galán, B. (2017). Microalgae, old sustainable food and 

fashion nutraceuticals. Microbial Biotechnology, 10(5), 1017-1024. 
 
González-Delgado, Á. D., Kafarov, V. (2011). Microalgae based biorefinery: Issues to 

consider. CT&F-Ciencia, Tecnología y Futuro, 4(4), 5-22. 
 
Harris, J., Viner, K., Champagne, P., Jessop, P. G. (2018). Advances in microalgal 

lipid extraction for biofuel production: a review. Biofuels, Bioproducts and 
Biorefining, 12(6), 1118-1135. 

 
Jessop, P. G., Heldebrant, D. J., Li, X., Eckert, C. A., Liotta, C. L. (2005). Green 

chemistry: Reversible nonpolar-to-polar solvent. Nature, 436(7054), 1102. 
 
Juin, C., Chérouvrier, J. R., Thiéry, V., Gagez, A. L., Bérard, J. B., Joguet, N., Picot, 

L. (2015). Microwave-assisted extraction of phycobiliproteins from Porphyridium 
purpureum. Applied Biochemistry and Biotechnology, 175(1), 1-15. 

 
Vermuë, M. H., Eppink, M. H. M., Wijffels, R. H., Van Den Berg, C. (2018). Multi-

product microalgae biorefineries: from concept towards reality. Trends in 
Biotechnology, 36(2), 216-227. 

 
Rezaei Motlagh, S., Harun, R., Biak, A., Radiah, D., Hussain, S. A., Wan Ab Karim 

Ghani, W. A., Elgharbawy, A. A. (2019). Screening of suitable ionic liquids as 
green Solvents for extraction of Eicosapentaenoic Acid (EPA) from microalgae 
biomass using COSMO-RS model. Molecules, 24(4), 713. 

 
MU, N., Mehar, J. G., Mudliar, S. N., Shekh, A. Y. (2019). Recent advances in 

microalgal bioactives for food, feed, and healthcare products: commercial 
potential, market space, and sustainability. Comprehensive Reviews in Food 
Science and Food Safety, 18(6), 1882-1897. 

 
Pollet, P., Eckert, C. A., Liotta, C. L. (2011). Switchable solvents. Chemical 

Science, 2(4), 609-614.  
 
Schuur, B., Brouwer, T., Smink, D., Sprakel, L. M. (2019). Green solvents for 

sustainable separation processes. Current Opinion in Green and Sustainable 
Chemistry. 



CHAPTER 5  General discussion 

 

 
115 

 

 
Tatke, P., Jaiswal, Y. (2011). An overview of microwave assisted extraction and its 

applications in herbal drug research. Research Journal of Medicinal Plant, 5(1), 
21-31. 

 
Varshney, P., Mikulic, P., Vonshak, A., Beardall, J., Wangikar, P. P. (2015). 

Extremophilic micro-algae and their potential contribution in 
biotechnology. Bioresource Technology, 184, 363-372. 

 
Vekariya, R.L. (2017). A review of Ionic Liquids: applications towards catalytic organic 

transformations. Journal of Molecular Liquids 227: 44–60. 
https://doi.org/10.1016/j.molliq.2016.11.123. 

 
Do Yook, S., Kim, J., Woo, H. M., Um, Y., Lee, S. M. (2019). Efficient lipid extraction 

from the oleaginous yeast Yarrowia lipolytica using switchable 
solvents. Renewable energy, 132, 61-67. 

 
Zhang, Y., Bakshi, B. R., Demessie, E. S. (2008). Life cycle assessment of an ionic 

liquid versus molecular solvents and their applications. Environmental Science 
& Technology, 42(5), 1724-1730. 

 



  APPENDIX 

 

 
116 

 

APPENDIX 

List of scientific publication: 

I- Petruk, G., Di Lorenzo, F., Imbimbo, P., Silipo, A., Bonina, A., Rizza, 
L., Piccoli, R., Monti, D.M., Lanzetta, R.: Protective effect of Opuntia 
ficus-indica L. cladodes against UVA-induced oxidative stress in normal 
human keratinocytes. Bioorg Med Chem Lett. 2017 Dec 
15;27(24):5485-5489. doi: 10.1016/j.bmcl.2017.10.043.  
 
II- Boroja, T., Mihailović, V., Katanić, J., Pan, S. P., Nikles, S., Imbimbo, 
P., & Bauer, R. (2018). The biological activities of roots and aerial parts 
of Alchemilla vulgaris L. South African Journal of Botany, 116, 175-184. 
 
III- Ricciardelli, A., Casillo, A., Papa, R., Monti, D. M., Imbimbo, P., 
Vrenna, G., Artini, M., Selan, L., Corsaro, M.M., Tutino, M.L., Parrilli, E. 
(2018). Pentadecanal inspired molecules as new anti-biofilm agents 
against Staphylococcus epidermidis. Biofouling, 34(10), 1110-1120. 
 
IV- Katanić, J., Yousfi, F., Caruso, M. C., Matić, S., Monti, D. M., Loukili, 
E. H., Boroja, T., Mihailović, V., Galgano, F., Imbimbo, P., Petruk, G., 
Bouhrim, M., Bnouham, M., Ramdani, M..Characterization of bioactivity 
and phytochemical composition with toxicity studies of different Opuntia 
dillenii extracts from Morocco. Food Bioscience, 2019, 30, 100410. 
 
V- Annunziata, A., Cucciolito, M. E., Esposito, R., Imbimbo, P., Petruk, 
G., Ferraro, G., Pinto, V., Tuzi, A., Monti, D.M., Merlino, A., Ruffo, F.. A 
highly efficient and selective antitumor agent based on a 
glucoconjugated carbene platinum (ii) complex. Dalton Transactions. 
2019, 48, 7794– 7800 
 
VI- Sobeh, M., Petruk, G., Osman, S., El Raey, M. A., Imbimbo, P., 
Monti, D. M., & Wink, M. (2019). Isolation of Myricitrin and 3, 5-di-O-
Methyl Gossypetin from Syzygium samarangense and Evaluation of 
their Involvement in Protecting Keratinocytes against Oxidative Stress 
via Activation of the Nrf-2 Pathway. Molecules, 24(9), 1839.  
 
VII- Imbimbo, P., Romanucci, V., Pollio, A., Fontanarosa, C., 
Amoresano, A., Zarrelli, A., Olivieri, G., Monti, D. M.. A cascade 
extraction of active phycocyanin and fatty acids from Galdieria 
phlegrea. Applied microbiology and biotechnology, 2019, 103(23-24), 
9455-9464. (Chapter 2) 



  APPENDIX 

 

 
117 

 

 
VIII- Stanković, J. S. K., Srećković, N., Mišić, D., Gašić, U., Imbimbo, 
P., Monti, D. M., Mihailović, V.. Bioactivity, biocompatibility and 
phytochemical assessment of lilac sage, Salvia verticillata 
L.(Lamiaceae)-A plant rich in rosmarinic acid. Industrial Crops and 
Products, 2019, 143, 111932. 
 
IX- Mihailović, V., Stanković, J. S. K., Jurić, T., Srećković, N., Mišić, D., 
Šiler, B., Monti, D.M., Imbimbo, P., Nikles, S., Pan, S., Bauer, R. 
(2019). Blackstonia perfoliata (L.) Huds. (Gentianaceae): A promising 
source of useful bioactive compounds. Industrial Crops and Products, 
111974. 

X- Del Giudice, R.^ Imbimbo, P. ^, Pietrocola, F., Maiuri, M.C., Monti, 

M.D. Autophagy alteration in ApoA- related systemic amyloidosis. 
Submitted to Pharmacological Research. 
^These authors equally contributed to this work 

 
XI- Imbimbo, P., Bueno, M., D’Elia, L., Pollio, A., Ibañez, E., Olivieri, 
G., Monti, D.M. Green compressed fluid technologies to extract 
antioxidants and lipids from Galdieria phlegrea in a biorefinery 
approach. Submitted to ACS Sustainable Chemistry & Engineering 
(Chapter 3) 
 
XII- Ferraro, G.^, Imbimbo, P. ^, Marseglia, A., Illiano, A., Fontanarosa, 
C., Amoresano, A., Olivieri, G., Pollio, A., Monti, D.M., Merlino, A.. A 
thermophilic C-phycocyanin with unprecendented biophysical and 
biochemical properties. Minor revision - International Journal of 
Biological Macromolecules (Chapter 4) 
^These authors equally contributed to this work 

 
XIII- Annunziata, A., Amoresano, A., Cucciolito, M.E., Esposito, R., 
Ferraro, G., Imbimbo, P., Iacobucci, I., Lucignano, R., Monti, M., 
Scognamiglio, C., Tuzi, A., Monti, D.M., Merlino, A., Ruffo, F. Pt(II) 
versus Pt(IV) in carbene glycoconjugates antitumor agents: minimal 
structural variations, great performance changes. Major revision- 
Inorganic Chemestry 
 
 
 
 
 



  APPENDIX 

 

 
118 

 

List of scientific comunications: 

- Organizing committee of the II Industrial Biotechnology Congress 
“BioID&A: Biotechnology Identity and Application”. (Naples, October 
28, 2019) 

- Petruk, G., Del Giudice, R., Imbimbo, P., Di Lorenzo, F., Rigano, 
M.M., Lanzetta, R., Piccoli, R., Monti, D.M. “Fighting UVA-induced 
oxidative stress with natural antioxidant”. I° GIORNATA S.I.R.R. 2017- 
NAPOLI (Naples, May 31)  

- Petruk, G., Del Giudice, R., Imbimbo, P., Di Lorenzo, F., Rigano, 
M.M., Lanzetta, R., Piccoli, R., Monti, D.M. “Natural products as a 
source of antiaging molecules”. 59th Congress of the Italian Society of 
Biochemistry and Molecular Biology (SIB) (Caserta, September 20-22, 
2017)  
 
- Ricciardelli, A., Casillo, A. , Ziaco, M. , Lauro, C., Papa, R., Monti, 
D.M., Imbimbo, P., Artini, M., Selan, L., Corsaro, M.M., Tutino, M.L. , 
Parrilli, E. “Treatment of biofilm infections and development of biofilm 
resistance EUR-1162 Anti-Biofilm Activity Of Pentadecanal And Its 
Synthetic Derivatives”. Eurobiofilms 2017 (Amsterdam, September 19-
22, 2017)  

- Petruk, G., Gifuni, I., Roxo, M., Imbimbo, P., Olivieri, G., 
Marzocchella,A,. Piccoli, R., Wink, M., Monti, M.D. “Microalgae in 
circular economy: from waste to high value products”. SIB 2017 - 59th 
Congress of the Italian Society of Biochemistry and Molecular Biology 
(SIB) (Caserta, September 20-22, 2017)  
 
- Imbimbo, P., Bueno, M., D’Elia, L., Olivieri,G., Pollio, A., Monti, M.D., 
Ibañez, E. “Green compressed fluids technologies for downstream 
processing of Galdiera phlegrea in a biorefinery approach” . IX reunion 
de expertos en tecnologias de fluidos supercriticos, 2018 (Madrid, June 
13-15, 2018)  

- Katanić, J., Srećković, N., Mišić, D., Gašić, U., Imbimbo, P., Monti, D. 
M., Mihailović, V. New insights into the phytochemical profile, 
antioxidant properties and biocompatibility of Salvia verticillata L. aerial 
parts methanol extract. UNIFood Conference (Belgrade, October 5-6, 
2018)  



  APPENDIX 

 

 
119 

 

- Imbimbo, P., Bueno, M., D’Elia, L., Pollio, A., Ibañez, E., Olivieri, G., 
Monti, M.D. A green cascade approach for the downstream of high 
value bioproducts from Galdieria phlegrea. Secondo Workshop BIO/10 
- SIB (Naples, May 17, 2019) 

- Mihailović, V., Stanković, J. S. K., Jurić, T., Srećković, N., Mišić, D., 
Šiler, B., Imbimbo, P., Monti, D.M., Nikles, S., Pan, S., Bauer, R.. Anti-
inflammatory activity and cytoxicity of Gentiana asclepiadea L. extracts. 
Serbian Biochemical Society Ninth Conference (Belgrade, November 
14-16, 2019) 

 

Scientific activities in foreing laboratory: In 2018, from March 12th 
to June 1212th in Foodomics Laboratory of Prof. Elena Ibaňez, 
Bioactivity and Food Analysis Department, Food Research Institute 
(CIAL-CSIC), Madrid (Spain) 
 
 
 

 



  Appendix A 

 

 
120 

 

 

  

 

 



  Appendix A 

 

 
121 

 

 

 

 

 



  Appendix A 

 

 
122 

 

 

 

  

 



  Appendix A 

 

 
123 

 

 

 

 

 



  Appendix A 

 

 
124 

 

 

 

 

 



  Appendix A 

 

 
125 

 



  Appendix A 

 

 
126 

 



  Appendix A 

 

 
127 

 



  Appendix A 

 

 
128 

 

 

 

 



  Appendix B 

 

 
129 

 



  Appendix B 

 

 
130 

 



  Appendix B 

 

 
131 

 



  Appendix B 

 

 
132 

 



  Appendix B 

 

 
133 

 



  Appendix B 

 

 
134 

 



  Appendix B 

 

 
135 

 



  Appendix B 

 

 
136 

 



  Appendix B 

 

 
137 

 



  Appendix B 

 

 
138 

 

 



  Appendix C 

 

 
139 

 

 



  Appendix C 

 

 
140 

 



  Appendix C 

 

 
141 

 



  Appendix C 

 

 
142 

 



  Appendix C 

 

 
143 

 



  Appendix C 

 

 
144 

 



  Appendix C 

 

 
145 

 



  Appendix C 

 

 
146 

 



  Appendix C 

 

 
147 

 



  Appendix C 

 

 
148 

 



  Appendix C 

 

 
149 

 



  Appendix C 

 

 
150 

 



  Appendix C 

 

 
151 

 



  Appendix C 

 

 
152 

 

 



  Appendix D 

 

 
153 

 

 

 

 

 



  Appendix D 

 

 
154 

 

 

 

  

 



  Appendix D 

 

 
155 

 

 

 

  

 



  Appendix D 

 

 
156 

 

 

 

 

 



  Appendix D 

 

 
157 

 

 

 

 

 



  Appendix D 

 

 
158 

 



  Appendix D 

 

 
159 

 

 

 

 

 



  Appendix D 

 

 
160 

 



  Appendix D 

 

 
161 

 



  Appendix D 

 

 
162 

 

 

 

 

 



  Appendix D 

 

 
163 

 



  Appendix D 

 

 
164 

 

 

 



  Appendix E 

 

 
165 

 

 

 

 

 



  Appendix E 

 

 
166 

 

 

 

 

 



  Appendix E 

 

 
167 

 

 

 

 

 

 



  Appendix E 

 

 
168 

 

 

 

 

 



  Appendix E 

 

 
169 

 

 

 

 

 

 



  Appendix E 

 

 
170 

 

 

 

 

 



  Appendix E 

 

 
171 

 

 

 

 



  Appendix F 

 

 
172 

 

 

 



  Appendix F 

 

 
173 

 

 

 



  Appendix F 

 

 
174 

 

 

 



  Appendix F 

 

 
175 

 

 

 



  Appendix F 

 

 
176 

 

 

  



  Appendix F 

 

 
177 

 

 

 

 



  Appendix F 

 

 
178 

 

 

 



  Appendix F 

 

 
179 

 

 

  



  Appendix F 

 

 
180 

 

 

 

 



  Appendix F 

 

 
181 

 

 

 

  



  Appendix F 

 

 
182 

 

 

 

 



  Appendix F 

 

 
183 

 

 

  



  Appendix F 

 

 
184 

 

 

 

 



  Appendix F 

 

 
185 

 

 

 



  Appendix G 

 

 
186 

 

 

 

 

 



  Appendix G 

 

 
187 

 

 

 

 

 



  Appendix G 

 

 
188 

 

 

 

 

 



  Appendix G 

 

 
189 

 

 

 

 

 



  Appendix G 

 

 
190 

 

 

 

 

 



  Appendix G 

 

 
191 

 

 

 

 

 



  Appendix G 

 

 
192 

 

 

 

 

 



  Appendix G 

 

 
193 

 

 

 

 

 



  Appendix G 

 

 
194 

 

 

 

 

  



  Appendix G 

 

 
195 

 

 

 

 

 



  Appendix G 

 

 
196 

 

 

 

  

 



  Appendix G 

 

 
197 

 

 

 

 



  Appendix H 

 

 
198 

 

 

 

 

 



  Appendix H 

 

 
199 

 

 

 

 

 



  Appendix H 

 

 
200 

 

 

 

 

 



  Appendix H 

 

 
201 

 

 

 

 

 



  Appendix H 

 

 
202 

 

 

 

  

 



  Appendix H 

 

 
203 

 

 

 

 

 



  Appendix H 

 

 
204 

 

 

 

  

 



  Appendix H 

 

 
205 

 

 

 

 

 



  Appendix H 

 

 
206 

 

 

 

 

 



  Appendix H 

 

 
207 

 

 

 

 

 



  Appendix H 

 

 
208 

 

 

 



  Appendix I 

 

 
209 

 

  

 

 

 



  Appendix I 

 

 
210 

 

 

 

  

 



  Appendix I 

 

 
211 

 

 

 

 

 



  Appendix I 

 

 
212 

 

 

 

 

 



  Appendix I 

 

 
213 

 

 

 

  

 



  Appendix I 

 

 
214 

 

 

 

 

 



  Appendix I 

 

 
215 

 

 

 

 

 



  Appendix I 

 

 
216 

 

 

 

 

  



  Appendix I 

 

 
217 

 

 

 

 

  



  Appendix I 

 

 
218 

 

 

 

 

  



  Appendix I 

 

 
219 

 

 

 

 

  


