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Riassunto 
 

Le risorse naturali della Terra sono sottoposte ad un tremendo 
stress a causa della crescita demografica e dei cambiamenti climatici; 
da qui la necessità urgente di dare priorità alla sostenibilità rispetto alla 
produttività. Uno dei principi fondamentali dello sviluppo sostenibile è 
la riduzione, o addirittura l'eliminazione completa, dei rifiuti che sono 
prodotti durante un processo industriale. Partendo dalla definizione di 
“Sostenibilità” da parte della Commissione Mondiale per l'Ambiente e 
lo Sviluppo delle Nazioni Unite ("lo sviluppo che soddisfa le esigenze 
del presente senza compromettere la capacità delle generazioni future 
di soddisfare i propri bisogni"), l'idea innovativa di Economia Circolare 
(EC) ha guadagnato popolarità dalla metà degli anni 2000. In sintesi, il 
concetto alla base della EC è l'utilizzo di materie prime rinnovabili come 
fonte alternativa per l’ottenimento di bulk chemicals e carburanti, con la 
produzione di rifiuti biodegradabili che possono essere considerati 
materie prime seconde. La EC è strettamente legata al concetto di 
bioraffineria, che elude i convenzionali processi lineari di 
trasformazione della biomassa. L'approccio di bioraffineria intende 
infatti utilizzare la biomassa in modo completo, utilizzando un approccio 
in cascata, con conseguente minimizzazione dei rifiuti. 

In questo contesto, le microalghe hanno suscitato molto interesse 
per la loro vasta gamma di applicazioni. Tali microrganismi eucariotici 
possono vivere in diversi ecosistemi, sono in grado di svolgere la 
fotosintesi, grazie alla quale convertono la CO2 atmosferica in energia 
e O2 e sono una fonte rinnovabile di molecole ad alto valore aggiunto. 
Le microalghe hanno un'efficienza di conversione dell'energia solare in 
biomassa circa tre volte più alta rispetto alle piante, il che le rende una 
materia prima unica. Come le piante, le microalghe hanno requisiti 
nutrizionali minimi e possono crescere in varie risorse idriche, 
comprese acque dolci, marine e persino reflue. Le microalghe 
rappresentano una collezione di organismi estremamente diversi, la cui 
diversità non è stata ancora completamente esplorata. Oltre a poter 
catturare il carbonio, le microalghe sono un’incredibile risorsa di 
molecole con una vasta gamma di applicazioni, dalla produzione di 
biocarburanti all'industria cosmeceutica e nutraceutica. Tuttavia, 
l'analisi della produzione su larga scala evidenzia che le tecnologie 
proposte per produrre biocarburanti a partire dalle microalghe non sono 
ancora economicamente sostenibili. In particolare, i costi di coltivazione 
(circa 3-10 euro/kg, a seconda della specie e delle tecniche di 
coltivazione) non sono compensati dai ricavi. Inoltre, il successivo 
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trattamento presenta ancora una serie di ostacoli. Una possibile 
soluzione può essere l'applicazione del concetto di bioraffineria alle 
microalghe, come recentemente riportato da alcuni esempi in 
letteratura. Tuttavia, questi processi sono ancora su scala di 
laboratorio, sebbene la ricerca abbia come obiettivo l’applicabilità di 
questi processi in campo industriale. 

L'obiettivo del presente progetto di dottorato è stato sviluppare e 
applicare un approccio in cascata in grado di sfruttare appieno la coltura 
microalgale di Porphyridium cruentum.  Il processo di bioraffineria, così 
come è stato pensato e progettato, ha permesso di ottenere quattro 
bioprodotti: esopolisaccaridi solfati (s-EPSs), ficoeritrina (PE), 
carotenoidi e lipidi. Tutte le molecole sono state ottenute senza 
influenzare significativamente le rese complessive e la loro bioattività. 

Dal terreno di coltura esausto, generalmente considerato uno 
scarto, sono stati isolati gli esopolisaccaridi solfati (s-EPS). Grazie alla 
loro composizione, gli s-EPSs sono risultati dotati di attività 
antiossidante, antinfiammatoria e cicatrizzante, determinate con 
esperimenti basati su cellule umane immortalizzate. 

Il primo bioprodotto isolato dalla biomassa di P. cruentum è stato 
la ficoeritrina (PE), proteina nota per le sue attività biologiche speciali. 
Sono state valutate diverse procedure di estrazione proteica con 
solventi acquosi (sonicazione, macerazione, 
congelamento/scongelamento e French Press), e tra queste, la 
sonicazione è stata scelta per l’elevata resa in PE, il minor contenuto in 
termini di proteine contaminanti presenti nell’estratto totale, e il 
risparmio di tempo. L'estrazione è stata ulteriormente ottimizzata 
confrontando la resa e il grado di purezza della PE a partire da tre 
biomasse: (i) fresca; (ii) congelata; (iii) raccolta mediante flocculazione. 
I risultati hanno suggerito che le condizioni di conservazione non 
influiscono sull'estrazione della PE, conferendo un'elevata versatilità al 
processo. La PE è stata poi purificata all’omogeneità applicando un 
unico passaggio di purificazione che ha permesso di ottenere la 
proteina ad un livello di purezza elevato, tale da determinarne la 
struttura cristallografica (1.6 Å di risoluzione) e la relativa sequenza. La 
PE si è dimostrata essere attiva contro lo stress ossidativo indotto dai 
raggi UVA e contro l'infiammazione. Attraverso esperimenti basati su 
cellule eucariotiche immortalizzate, è stato determinato un nuovo ruolo 
della PE nel campo della rimarginazione delle ferite. 

I carotenoidi sono stati estratti dalla biomassa come seconda 
classe di molecole. L’estrazione è stata effettuata in parallelo sulla 
biomassa grezza e sulla biomassa residua, ovvero la biomassa 
recuperata dopo l’estrazione della PE. Le rispettive rese di carotenoidi 
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sono risultate essere simili tra di loro e le analisi HPLC effettuate su 
entrambi gli estratti hanno rivelato che l'estratto ottenuto dalla biomassa 
residua è arricchito in β-carotene, un noto antiossidante.  

Infine, i lipidi sono stati isolati e frazionati come ultima classe di 
molecole dalla biomassa di P. cruentum. La frazione lipidica era più 
ricca di acidi grassi saturi (SFA) rispetto a quella ottenuta dalla 
biomassa grezza. Gli SFA sono chimicamente stabili, sono 
biocompatibili e hanno un punto di fusione ben definito. Grazie a queste 
proprietà, negli ultimi anni, gli SFA stanno guadagnando spazio come 
molecole per il rilascio controllato di farmaci o agenti antibatterici. 

Nonostante l'elevata rilevanza dei bioprodotti per molte industrie, 
lo sfruttamento commerciale delle microalghe deve attualmente 
affrontare gravi ostacoli scientifici e operativi. Complessivamente, in 
letteratura sono presenti diversi esempi di bioraffineria, ma pochissimi 
sono gli esempi, o i tentativi, di progettare processi completi. Sia i 
processi a monte che quelli a valle della crescita microalgale devono 
essere semplificati e integrati per diventare fattibili e sostenibili. 
Tuttavia, è importante ricordare che qualsiasi tecnologia progettata per 
l'ottenimento di un singolo prodotto dovrebbe sempre essere 
completata da una valutazione dell'impatto del processo nel suo 
complesso. Numerosi studi di Life Cycle Assesment sulla coltivazione 
di microalghe evidenziano diversi colli di bottiglia, dove la raccolta, lo 
stoccaggio e l'estrazione sono tra i principali responsabili dei consumi 
di energia all'interno del processo complessivo. 

In conclusione, la composizione di P. cruentum, l'elevato valore 
aggiunto dei prodotti ottenuti e l'assenza di prodotti di scarto hanno reso 
possibile un concreto approccio di bioraffineria. Tuttavia, molti fattori, 
come la scalabilità e l'analisi dei costi complessivi, devono ancora 
essere messi a punto e chiariti per rendere questo processo una realtà 
industriale. 

 
 
 

 
 
Esperienze all’estero: 
 
Gli esperimenti per la caratterizzazione dell’attività antiossidante 

e antinfiammatoria in vitro sono stati effettuati presso il Centre of Marine 
Sciences (CCMAR), Università dell’Algarve, Faro, Portogallo, presso il 
laboratorio della Prof. L. Barreira, dal 18 Febbraio 2022 al 18 Agosto 
2022. 
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Summary 
 
Nowadays, the strategy of biorefinery perfectly fits with the 

circular bioeconomy concept and microalgae can be considered 
excellent candidates for their use in biorefinery approaches. Indeed, 
microalgae are a reliable source of natural compounds with different 
biological activities, they perform carbon capture and can grow in lands 
which do not compete with food production. 

The aim of the present PhD project was the complete 
exploitation of Porphyridium cruentum culture to obtain different high 
value products in a cascade approach.  

Sulphated exopolysaccharides (s-EPSs) were isolated from the 
culture medium and a chemical characterization was obtained.  

Different procedures to harvest the biomass were compared, 
and biomass storage was analyzed in the context of phycoerythrin (PE) 
yield. 

Phycoerythrin isolation was defined upon evaluation of different 
techniques. The obtained purity grade of the protein was so high that 
its X-ray structure was determined at 1.60 Å resolution and the protein 
sequence was determined. Then, carotenoids and lipids were extracted 
from the residual biomass in two sequential steps and a complete 
chemical characterization was achieved. 

In-vitro and cell-based assays were performed to assess the 
biological activities of these compounds. The s-EPSs, thanks to the 
presence of sulphate groups, showed biocompatibility on immortalized 
eukaryotic cell lines and a high antioxidant activity on cell-based 
systems. PE showed powerful antioxidant activity both in vitro and on 
cell-based systems, but its purification is mandatory for its safe use. 
Finally, both molecules showed anti-inflammatory activity comparable 
to that of Ibuprofen and helped tissue regeneration. 
The obtained results could boost the industrial utilization of P. cruentum 
offsetting the high downstream processes cost. Moreover, the 
simultaneous microalgae culture valorization and carbon capture can 
contribute to the sustainable expansion of microalgae market. 



 
 
 
 
 

 
 
 
 
 
 
 

Chapter 1 
 

Introduction 
  



 



Introduction 

7 
 

1.1 Circular economy, biorefinery and microalgae 
 
Earth's natural resources are under tremendous stress for the 

growing population and climate change. The need to prioritize 
sustainability over productivity is fostered by these catastrophic 
circumstances. One of the fundamental tenets of sustainable 
development is lowering, or even completely eradicate, wastes (Omer, 
2008). Starting from the definition of sustainability by the UN World 
Commission on Environment and Development ("the development that 
meets the demands of the present without compromising the ability of 
future generations to satisfy their own needs"), the innovative idea of 
the Circular Economy (CE) has gained popularity since middle 2000’s 
(Ghisellini et al., 2016). Briefly, the concept underlying CE is the 
utilization of renewable materials as an alternative source of chemicals 
and fuels, with the production of biodegradable wastes which can be 
considered as secondary raw materials. CE is strictly linked to the 
biorefinery concept, which dodges the conventional linear processes of 
biomass transformation. Indeed, a biorefinery is intended as a process 
aimed at obtaining different class of molecules from a single biomass, 
using sustainable approaches. However, the first-generation of 
biorefinery-derived companies obtained only one product, but they 
defined themselves as biorefinery company because biomass was 
used as feedstock. Then, the focus shifted from a single-product 
approach to the obtainment, from the same biomass, of more than one 
bio-product, using a cascade approach and where no wastes were 
produced (González-Delgado and Kafarov, 2011). 

In this context, microalgae gained much interest among 
scientists for their wide range of applications. These eukaryotic 
microorganisms can live in different ecosystems and are able to carry 
out photosynthesis, thanks to which they convert atmospheric CO2 into 
energy and O2 (Roy et al., 2022). They have about 3-fold better solar 
energy to biomass conversion efficiency than plants, making them a 
unique feedstock (Melis, 2009). Microalgae, like plants, have minimum 
nutritional requirements and can flourish in various water resources, 
including fresh, marine, and even wastewaters (Fan et al., 2020). 
Microalgae represent an extremely diverse collection of organisms, still 
not fully explored (Kselíková et al., 2022; Lovejoy et al., 2006; Luche et 
al., 2007). Besides being able to do carbon capture, microalgae are an 
incredible reservoir of other molecules which can find different 
applications, from biofuel production (Mata et al., 2010; Ruiz et al., 
2016), to cosmeceutical and nutraceutical industries. However, the 
analysis of the large-scale production points out that the technologies 

https://www.sciencedirect.com/topics/engineering/biomass-conversion
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proposed to produce biofuels are still not self-sustainable from an 
economic point of view. This is mainly due to their cultivation costs 
(about 3-10 Euros/kg, depending from species and cultivation 
techniques) (Ruiz et al., 2016) that are not compensated by revenues.  

A possible solution can be the application of the biorefinery 
concept to microalgae, as recently reported by few examples present 
in literature (Dineshkumar and Sen, 2020; Gallego et al., 2019; Imbimbo 
et al., 2019; Mehariya et al., 2021). However, these processes are still 
on laboratory level and an upscale is sought. Indeed, microalgae and 
cyanobacteria have to be exploited for the enormous variety of 
molecules they can synthetize and that can find applications in different 
fields. A brief description of some of them is reported below. 

 
1.2 Sulphated exopolysaccharides 
 
Polysaccharides are produced by all living organisms and most 

of them are made of a relatively limited class of hexoses (such as 
glucose, galactose or mannose) and pentoses (such as xylose and 
arabinose). They show a variety of properties, leading them to industrial 
exploitation as hydrocolloids, bio-sourced materials and biological 
active agents (Soanen et al., 2016). 

To date, the use of microalgal exopolysaccharides is very 
limited, compared to those extracted from terrestrial plants (pectins, 
starch, galactomannans, arabic gum), macroalgae (carrageenans, 
alginate, agars or fucoidans) or non-photosynthetic microorganisms 
(chitosan, xanthan, scleroglucan, gellan or curdlan) (Venugopal, 2016). 
However, the mucilage from marine microalgae is a very complex 
polysaccharidic exopolymeric structure, partially soluble into the 
extracellular medium (Arad and Levy-Ontman, 2010; Villay et al., 2013). 
The mucilage (Figure 1) protects cells from fluctuations of the 
environment (salinity, desiccation, pH, temperature) and/or from 
predators (De Philippis and Vincenzini, 1998; Ferreira et al., 2021). With 
the exception of some oligosaccharidic sequences, most of the 
exopolymeric structures has not yet been elucidated (Geresh et al., 
2002). It is known that they are high molecular weight molecules 
(between 8 · 105 and 26 · 105 g/mol), often composed of a pentose 
(xylose) and four main hexoses: galactose, glucose, rhamnose and 
glucuronic acid (Geresh et al., 2002; Villay et al., 2013). They are 
generally sulfated (between 6% and 10%) and linked by β-(1,3) and β-
(1,4) glycosidic bonds (Filomena et al., 2021). Porphyridium, Dixioniella 
and Rhodella strains have been described in literature as the main 
exopolysaccharide producers (Arad and Levy-Ontman, 2010; Filomena 

https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/polysaccharides
https://www.sciencedirect.com/topics/engineering/hexose
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/galactose
https://www.sciencedirect.com/topics/engineering/pentose
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/hydrocolloid
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/galactomannan
https://www.sciencedirect.com/topics/engineering/gum-arabic
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/kelp
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/micro-organism
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/scleroglucan
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/xylose
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/rhamnose
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/glucuronic-acid
https://www.sciencedirect.com/topics/engineering/glycosidic-bond
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/rhodella
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et al., 2021). 
The cost of their isolation, which is higher than that of other 

polysaccharides from plants, macroalgae, or non-photosynthetic 
microorganisms, is the principal obstacle for their industrial use.  

 

 
 
Figure 1. Microalgae enveloped in exopolysaccharides. 

Exopolysaccharides protect cells from desiccation, temperature, pH, 
and salinity (Copyright 1995-2018 Protist Information Server). 

 
1.3 Phycoerythrin 
 
Phycoerythrin (PE) is a light harvesting protein, which helps  

chlorophyll pigments during photosynthesis. PE is found in the outer 
layer of phycobilisome (PBS), a huge light harvesting antenna complex, 
which is associated to the cytoplasmic surface of the thylakoid 
membrane (Figure 2) (Glazer, 1994). PE is composed by α and β 
monomers, assembled into disc-shaped hexamers (αβ)6 or trimers 
(αβ)3 with 3/2 or 3 symmetry and enclosing a central channel. In PBS, 
each trimer or hexamer contains at least one linker protein located in 
central channel. B-phycoerythrin (B-PE) and R-phycoerythrin (R-PE), 
found in red algae, contain also a third subunit, γ, which functions as a 
linker and has light-harvesting functions (Ficner and Huber, 1993). PE 

http://protist.i.hosei.ac.jp/PDB/copyright_E.html
http://protist.i.hosei.ac.jp/Protist_menuE.html
https://en.wikipedia.org/wiki/Chlorophyll
https://en.wikipedia.org/wiki/Photosynthesis
https://en.wikipedia.org/wiki/Red_algae
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is a red colored protein, fluorescent, which can be used in food, 
cosmetic, pharmaceutical industries, or as a fluorescent biomarker in 
immunology (Qiu et al., 2004). Moreover, PE has antioxidant, anti-
inflammatory and anti-bacterial activity, thus the worldwide PE market 
is estimated to reach US $ 6.3 million by 2025 (Ardiles et al., 2020). 

Since PE is an intracellular metabolite assembled on the 
thylakoid membrane of chloroplasts, the procedures generally applied 
to extract it from the biomass involve cell and chloroplast membranes 
disruption (Gantt, 1969). Several methods have been tested for the 
extraction of B-PE, such as high-pressure homogenization (Jubeau et 
al., 2013), sonication (Benavides and Rito-Palomares, 2006; Bermejo 
et al., 2001) or bead-mill, but all of them are very impactful, as they fully 
destroy the biomass, rendering PE purification very difficult.  

Consequently, when a high purity level is required, such as 
immunology biomarking, several purification steps have to be used, 
thus increasing its production cost. As an example, Benavides and 
Palomares performed a polyethylene glycol precipitation before 
applying an aqueous two-phase purification system (Benavides and 
Rito-Palomares, 2004). Román and collegues  performed two different 
selective precipitations (Román et al., 2002), and Marcati and 
coworkers applied two steps of membrane filtration (Marcati et al., 
2014).  

 

 
 
Figure 2. Graphic representation of the phycobilisome. 

Allophycocyanins (grey circles) are close to the photosystem and aid in 
the transport of energy during photosynthesis. The core is connected 
to six rods of phycocyanins and phycoerythrin. Hexamers of 
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phycocyanin (cyan rectangles) and phycoerythrin (red rectangles) are 
organized to reflect the resonance energy transfer pathway. 

 
1.4 Carotenoids 
 
Carotenoids (Figure 3) play key roles in light harvesting and 

energy transfer during photosynthesis and in the protection of the 
photosynthetic apparatus against photo-oxidative damage (Choudhury 
et al., 2022). Several studies have demonstrated that carotenoids are 
among  the main responsible for the antioxidant capacity of microalgae 
(Cichoński and Chrzanowski, 2022). Thanks to their inherent 
antioxidant activity and a role in preventing harmful human health 
disorders, carotenoids have drawn big attention since the last ten years. 
Indeed, carotenoids can quench singlet oxygen and free radicals, which 
are responsible for cell damage. Moreover, carotenoids can aid in the 
prevention and treatment of numerous diseases, including cancer, 
heart disease, diabetes, and osteoporosis (Kohlmeier et al., 1997; Rao 
and Rao, 2007; Shaish et al., 2006). They are frequently used as a 
natural colorant in the food sector because of their remarkable color, 
antioxidant, and preservative properties (Nwoba et al., 2020). 
Carotenoids are lipophilic molecules; thus, they are utilized as a 
coloring agent especially when making foods with high levels of fatty 
acids (such margarine, butter, soft drinks, cakes, and milk-based 
products). Thanks to their wide application, global carotenoids market 
reached a value of 2 US $ billion by 2019 (Martínez-Cámara et al., 
2021). The average content of carotenoids in microalgae is about 0.1-
0.2% dry weight but some species are able to produce up to 14% of β-
carotene under stressed growth conditions (nitrogen starvation) 
(Borowitzka, 2013). For example, the majority of the β-carotene used in 
the food industry is extracted from the microalga Dunaliella salina 
(Novoveská et al., 2019). 
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Figure 3. Molecular structure of carotenoids. With the 

chemical formula C40H56, β-carotene is the most prevalent carotenoid, 
member of the family of isoprenoids and a precursor of vitamin A. 
Zeaxanthin (C40H56O2) is a carotenoid derived from β-carotene and it is 
involved in the xanthophyll cycle.  
 

1.5 Lipids 
 
Depending on the growth conditions, microalgae can change 

their metabolism and start accumulating lipids. Fatty acids (FAs) and 
sterols are the main lipid molecules that can be isolated from 
microalgae (Cuellar-Bermudez et al., 2015) and can find applications in 
different fields: biofuel production, food products, feed, aquaculture, 
food additives, etc. (Maltsev and Maltseva, 2021). FAs are involved in 
the metabolic pathways of formation and conversion of most lipid 
classes, and their composition largely determines their properties and 
practical use. Depending on the species and on the growth conditions 
adopted, total lipids usually represent 20-50% of total biomass dry 
weight (Richmond and Hu, 2013; Seyed Yagoubi et al., 2018). FAs may 
find different applications based on their chemical composition: ω-3 and 
ω-6 are used as food supplements (D’Alessandro and Antoniosi Filho, 
2016) or as a vegetarian alternative to fish oil (Bartek et al., 2021), poly- 
and mono- unsaturated fatty acids may be used for biofuel production 
(Peng et al., 2020), whereas saturated FAs have recently gained 
attention as drug delivery molecules or as antibacterial agents (Xue et 
al., 2021; Yoon et al., 2018). In  2019, the market value of microalgal 
lipids reached 2.49 US $ billion (Oliver et al., 2020). Currently, 
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traditional extraction methods, such as Bligh & Dyer (Bligh and Dyer, 
1959) or Soxhlet extraction are used, but they need a dry biomass and 
conventional organic solvents, such as chloroform, acetone, methanol, 
and diethyl ether. 
 

1.6 Porphyridium cruentum 
 
Rhodophyta, also known as red algae, are eukaryotic 

microorganisms characterized by: (i) the presence of the phycobilisome 
as photosynthetic accessory machine, (ii) chloroplasts containing non-
linked thylakoids, (iii) floridoside cytoplasmic granules used as storage 
product, (iv) cell-wall composed of a microfibrillar layer of cellulose or 
xylan and amorphous polysaccharidic mucilages, and (v) the absence 
of flagella. Among the different genera of red microalgae, the best 
known are Porphyridium, Rhodella and Rhodosorus. Their morphology 
is the simplest of all the red algae. In particular, Porphyridium cruentum 
(Figure 4) is a mesophile microalga that belongs to the class of 
Porphyridiophyaceae, with a spherical shape and a cell lacking cell wall 
and with PE which provides the characteristic red color. P. cruentum 
secretes sulphated exopolysaccharides, which cause the cultures to 
become viscous, especially under limiting growth conditions. Besides 
PE and exopolysaccharides, the biomass contains carotenoids and 
polyunsaturated and saturated fatty acids (e.g. arachidonic acid, 
eicosapentaenoic acid and palmitic acid), as high value molecules 
(Gallego et al., 2019; Medina-Cabrera et al., 2020). 

 
 
 
 

https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/arachidonic-acid
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/eicosapentaenoic-acid
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Figure 4. Microscopic image of Porphyridium cruentum. 

(https://algaeresearchsupply.com/products/copy-of-algae-culture-
porphyridium-cruentum). 

 
1.7 Aim of the thesis 
 
The general aim of present PhD thesis was the use of a 

commercial microalgal strain, Porphyridium cruentum (CCALA415) to 

obtain high-added value bioproducts in a cascade approach. To fully 

exploit not only the biomass, but also the exhausted culture medium, 

EPSs were recovered from the medium, whereas PE, carotenoids and 

lipids were isolated, sequentially, from the biomass. The reason for the 

selected extraction order was due to some considerations: (i) PE is the 

most valuable product; (ii) the solvent for protein extraction is an 

aqueous buffer, so that it would not affect the residual molecules 

present in the biomass (such as carotenoids and lipids); (iii) lipids 

extraction requires the use of well-known toxic solvents, able to affect 

the structural properties of other class of molecules; (iv) lipids were the 

class of molecules with the lowest market value. The research activities 

are explained below: 

 
1. Optimization of growth conditions, biomass harvesting 

procedures and phycoerythrin extraction (Chapter 2). 
The growth conditions for P. cruentum culture were set up. 
Then, different procedures to harvest the biomass were 
used, and PE extraction was set up, evaluating different 
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techniques. Analyses on the storage of the biomass were 
done to improve the process from an economical point of 
view.  
 

2. Set up of the biorefinery from Porphyridium cruentum 
and purification of the isolated class of molecules 
(Chapter 3).  
EPSs were isolated from the culture medium and a chemical 
characterization was performed. Different approaches to 
purify PE were carried out and the sequence and the 
structure of the protein were obtained. Then, two different 
class of molecules were extracted from the residual biomass 
in two sequential steps: carotenoids and lipids. Finally, the 
chemical characterization of the obtained molecules was 
performed. 
 

3. Bioactivity evaluation of s-EPSs and PE (Chapter 4).  
Biocompatibility of EPSs and PE was carried out on 
immortalized eukaryotic cell lines. Then, antioxidant and anti-
inflammatory activities were evaluated by different in vitro 
and cell-based assays. Finally, the wound healing effect was 
evaluated by scratch assay on human immortalized 
keratinocytes. 
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2.1 Introduction 
 
The obtainment of products economically viable from 

microalgae, such as biofuels, bioactive compounds, food or feed, is 
still enclosed in niche markets due to the high energy input and 
downstream processes costs for biomass treatment. Among the main 
issues that affect the overall costs of microalgae products, harvesting, 
biomass storage and cell disruption method are very impactful.  

Dewatering accounts for up to 30% of the overall cost of 
biomass production (Bamba et al., 2021; Mkpuma et al., 2022). Why 
is so difficult to harvest microalgae? Because microalgal cultures 
never reach high density (usually the concentration reached is lower 
than 0.5 g/L) (Manirafasha et al., 2016; Mkpuma et al., 2022), and 
their cell is characterized by a small cell size (up to 20 μm). The 
identification of the suitable harvesting method for microalgae needs 
to consider many factors. As an example, to obtain high-value 
products, centrifugation is used, but this technique cannot be applied 
when processing large volumes. Thus, centrifugation cannot be used 
when bulk products, such as biofuels, are needed, as a huge amount 
of biomass is required (Najjar and Abu-Shamleh, 2020). To harvest 
large amount of biomass, there are few techniques that can be 
considered: filtration, sedimentation and flocculation. Filtration does 
not affect the quality of the end-product, as no chemicals are added, 
but its progress is hindered by the requirement of different size of 
filters, and, most importantly, by fouling (Mkpuma et al., 2022). Gravity 
sedimentation is simple, with low operation costs, but it is very time-
consuming and with a low yield; moreover, due to the long time 
required, it can induce cell deterioration (Ma et al., 2022). Flocculation 
can be considered as effective, low costs, with low energy 
consumption and technically feasible (Li et al., 2020). 

Flocculation can be classified as: (i) physical, if electricity, 
magnetism or ultrasounds are used to harvest the biomass, but these 
techniques require high-cost special equipment (Li et al., 2020); (ii) 
chemical, when inorganic (metal ions) or organic (polymers) 
compounds are added to the culture to form bridges among 
microalgae cells. However, the addition of such molecules to the 
culture may affect the activity/purity of the bio-products (Raina et al., 
2022); (iii) bio-flocculation, in which flocculation is achieved by adding 
different microorganisms, including bacteria, fungi, yeast, as well as 
extracellular polymeric molecules secreted by them (Alam et al., 
2016). However, this approach is specific for each strain and time 
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consuming, as it is strictly dependent on the microorganism adopted 
(Mathimani and Mallick, 2018).  

After harvesting, microalgal biomass must be easily packaged 
and transported. Indeed, companies that sell products from 
microalgae must store the biomass, in dried or freeze-dried form, thus 
increasing the overall costs (Nemer et al., 2021). Depending on the 
desired final product(s), drying could help or hinder extraction, thus 
the extraction procedure has to be carefully chosen. Ultrasonication, 
bead milling and high-speed homogenization are extraction methods 
used on an industrial level today (Günerken et al., 2015). 
Nonetheless, research is directed towards the improvement of these 
technologies, or even to the development of new ones, such as 
pressurized liquid extraction and ionic liquid extraction systems 
(Callejón et al., 2022; Imbimbo et al., 2020; Ong et al., 2021; Rezaei 
Motlagh et al., 2020), to improve selectivity and, as a consequence, 
the purity of the obtained products. It is urgently needed to find low-
cost technologies to render microalgal products sustainable.   

Here, we exploited different approaches to overcome some of 
the abovementioned bottlenecks in microalgal downstream process, in 
order to push its commercialization.  
 

2.2 Materials and Methods 
 
2.2.1 Reagents  
 
All chemicals, solvents, and reagents, unless differently 

specified, were from Sigma-Aldrich (St Louis, MO, USA). 
 

2.2.2 Microalgal strains 
 
Porphyridium cruentum strain (CCALA 415) was acquired from 

Culture Collection of Autotrophic Organism (CCALA, Centre for 
Phycology, Institute of Botany of the AS CR, Dukelská 135, TŘEBOŇ 
CZ-379 82, Czech Republic). Galdieria phlegrea (ACUF 009), 
Synechococcus bigranulatus (ACUF 680) and Pseudococcomyxa 
simplex (ACUF 127) were kindly provided by Algal Collection of the 
University Federico II (ACUF, University of Naples Federico II, 
Department of Biology, Naples, Italy, www.acuf.net). 
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2.2.3 Porphyridium cruentum cultivation and dry weight 
determination 

 
Pre-cultures (50 mL, 0.09 ± 0.01 O.D./mL) of P. cruentum were 

inoculated in Porphyridium medium (Table 1) (Brody and Emerson, 
1959) in 1L bubble column photobioreactors (working volume 800 mL) 
in autotrophic condition and without CO2, changing different 
parameters: 

 

• in a room with constant temperature (37 ± 1 °C) and light 
(fluorescent lamps with an intensity of 100 ± 1 PAR 

) 

• in a room with constant temperature (25 ± 1 °C) and light 
(fluorescent lamps with an intensity of 100 ± 1 PAR) 

• in a room with constant temperature (25 ± 1 °C), light 
(fluorescent lamps with an intensity of 100 ± 1 PAR) and 300 
rpm agitation 

• in a room with constant temperature (25 ± 1 °C) and light 
(fluorescent lamps with an intensity of 13 ± 1 PAR). 

 
Unless different specified, the culture was mixed by bubbling 

air through a sintered glass tube placed at the bottom of each reactor. 
Algal growth was monitored by measuring the absorbance at 730 nm. 
The O.D. values were converted into biomass amount by 
experimentally correlating O.D. and dry cell weight. The conversion 
factor is 1 O.D. = 0.64 mgD.W. 
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Table 1. Porphyridium medium composition. 
 

Porphyridium Medium 

(Brody and Emerson, 1959) 

Component g/L 

KCl 4 

NaCL 3.13 

KNO3 1.24 

MgSO4 * 7 H2O 2.5 

K2HPO4 0.66 

Ca(NO3)2 * 4 H2O 0.17 

KI 0.05 

KBr 0.05 

Fe3-EDTA 18.4 

Oligoelements mg/L 

H3BO3 30.9 

MnSO4 * 4 H2O 12 

CoSO4 * 7 H2O 14 

CuSO4 * 5 H2O 12.4 

ZnSO4 * 7 H2O 14.3 

(NH4)6Mo7O24 * 4 H2O 18.4 

 
2.2.4 Algal growth media  
 
P. simplex was grown in the inorganic medium Bold Basal 

Medium (BBM) (Bold, 1949), S. bigranulatus in Blue-Green medium 
(BG-11) (Rippka et al., 1979) and G. Phlegrea in Allen medium (Allen, 
1968). 
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2.2.5 Chemical flocculation  
 
At the end of cultivation, increasing concentrations of chitosan 

(CS) or sodium glutamate (SG) (from 50 to 300 mg/L) were added to 
each culture. Flocculation was carried out at the pH measured at the 
end of cell growth (7 for P. cruentum, 1.5 for G. phlegrea, 8 for S. 
bigranulatus and 8 for P. simplex), or at pH 10, by adding 0.1 N 
NaOH. After adding the flocculating agent, each culture was stirred for 
30 seconds at 1000 rpm and then the O.D. of the solution was 
measured at 730 nm. Time-course experiments were performed by 
measuring the O.D. after 10, 20, 30, 60 and 120 minutes from 
incubation with 50 mg/L of either CS or SG. 

Flocculation efficiency was calculated as percentage (%) using 
the formula:  

 

  

 
where O.D.sample is the O.D. measured after the treatment and 

O.D.culture is the value measured before treatment (Chua et al., 2020; 
Praharyawan and Putri, 2017). 
 

2.2.6 Cell disruption and protein quantification 
 
Fresh biomass was harvested by centrifugation at 1200g for 30 

min at room temperature and resuspended at 10 mgD.W./mL in PBS pH 
7.4. Cell disruption was achieved by: (i) maceration; (ii) freeze and 
thaw; (iii) French-Press and (iv) sonication. For maceration, the 
biomass was kept at 4° C in agitation for 24 h. For the freeze and 
thaw method, the biomass was frozen (-80 °C) and then thawed (37° 
C) for five cycles. For the French Press, two cycles were performed at 
a pressure of 2 kbar. Ultrasound method was performed by operating 
with MS73 tip at 40% amplitude of the instrument (Bandelin Sonoplus 
HD 3200) for different length of times, from 4 to 20 minutes (30’’ on, 
30’’ off), on ice. At the end of each step, samples were centrifuged at 
5000g at 4 °C for 30 min, proteins were recovered in the supernatant, 
total proteins were determined by BCA Protein Assay Kit (Thermo 
Scientific) and then SDS-PAGE analysis followed by Coomassie 
staining was performed. Phycobiliproteins concentration was 
determined by the Bennet & Bogorad equations (Bennett and 
Bogobad, 1973): 
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The reported wavelengths (562 nm, 615 nm and 652 nm) 

correspond to the maximum of absorption of Phycoerythrin, 
Phycocyanin and Allophycocyanin, respectively. 
 

2.2.7 Statistical analyses 
 
Results are reported as mean of results obtained after three 

independent experiments (mean ± SD) and compared by one-way 
ANOVA according to the Bonferroni’s method (posthoc) using 
Graphpad Prism for Windows, version 6.01. 
 

2.3 Results and Discussion 
 
2.3.1 Optimization of growth parameters 
 
To establish P. cruentum best growth conditions, the strain was 

grown under different experimental conditions, summarized in Table 
2.  

 
Table 2. P. cruentum experimental growth conditions 
 

Condition Temperature Illumination Agitation 

I 37 ± 1 °C 100 ± 1 PAR No 

II 25 ± 1 °C 100 ± 1 PAR No 

III 25 ± 1 °C 100 ± 1 PAR 300 rpm 

IV 25 ± 1 °C 13 ± 1 PAR No 

 
In the 1st condition, high temperature and light intensity induced 

cell bleaching. The 2nd condition used the same illumination 
conditions, but a lower temperature. In this experimental set up, the 
produced exopolysaccharides induced cell adhesion to the 
photobioreactor and microalgae formed lumps (Garza Rodríguez, 
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2022). As shown in Figure 1A, under these circumstances it was not 
possible to calculate cell growth, as sampling was not accurate (high 
heterogeneity of the culture). 

Thus, a 3rd condition was used, identical to the 2nd but with 
agitation. In this case, according to literature (Rossi and De Philippis, 
2015), cell damage was induced as the absence of 
exopolysaccharides affected microalgal growth, resulting in a very low 
biomass production (Figure 1B). The last experimental condition 
analyzed was the number 4, with low temperature, low light intensity 
and no extra agitation. As shown in Figure 1C, the culture was 
homogeneous and the growth curve was obtained. Under this 
condition, the concentration of biomass, at the end of growth, was 
about 600 ± 27 mg/L.  
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Figure 1. Growth of Porphyridium cruentum under different 

conditions. Cells were grown in bubble column photobioreactors with 
different parameters. A: 25 ± 1 °C, 100 ± 1 PAR; B: 25 ± 1 °C, 100 ± 1 
PAR, 300 rpm agitation; C: 25 ± 1 °C, 13 ± 1 PAR. 
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2.3.2 Harvesting  
 
In order to set up the best flocculation parameters, increasing 

concentrations of either CS or SG were added to different microalgal 
cultures. A chlorophyta (P. simplex), a cyanobacterium (S. 
bigranulatus) and two red microalgae strains (G. phlegrea and P. 
cruentum) were used, in order to get a general understanding of the 
procedure.  In the case of first two strains, as reported in Table 3, SG 
did not produce any flocculation at any of the analyzed pH, thus 
indicating that SG is not suitable for their flocculation. On the other 
hand, CS induced 98% of flocs formation on P. simplex culture 
starting from the lowest concentration tested (50 mg/L), independently 
from the pH used. Different was the case of S. bigranulatus culture, in 
which a 40% of flocculation was observed at pH 8 and about 50% at 
pH 10.  

 
Table 3. Flocculation efficiency (%) of P. simplex and S. 

bigranulatus cultures. Values are reported as % of flocculated 
biomass. CS indicates chitosan and SG indicates sodium glutamate. 
Data are obtained by mean of three independent experiments (mean 
± S.D.). 

 

Flocculation efficiency (%) 

 P. simplex S. bigranulatus 

 pH 8 pH 10 pH 8 pH 10 

mg/L CS SG CS SG CS SG CS SG 

50 98 ± 1 3 ± 2 97 ± 1 3 ± 1 41 ± 3 3 ± 1 46 ± 5 4 ± 2 

100 98 ± 1 1 ± 3 97 ± 1 2 ± 1 36 ± 1 4 ± 1 52 ± 4 5 ± 1 

150 98 ± 1 2 ± 4 96 ± 1 1 ± 3 30± 10 5 ± 2 50 ± 4 6 ± 3 

200 94 ± 2 4 ± 4 93 ± 1 4 ± 4 40 ± 2 5 ± 3 50 ± 2 4 ± 1 

250 87 ± 2 2 ± 1 90 ± 1 5 ± 1 31 ± 3 5 ± 1 47 ± 2 4 ± 1 

300 78 ± 1 3 ± 2 84 ± 1 4 ± 4 34 ± 2 6 ± 1 49 ± 4 8 ± 4 

 
The same procedure was used on rodophyta, as shown in 

Table 4. In this case, CS induced a complete flocculation of P. 
cruentum culture when tested at 200 mg/L at pH 7. When the 
procedure was performed at pH 10, the amount of chitosan needed to 
obtain flocculation was halved. This result is in contrast with literature, 
according to which the alkaline environment should reduce the 
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flocculation capacity of chitosan (Li et al., 2020). Noteworthy, SG had 
no effect on the flocculation, at either pH tested.  

As for G. phlegrea culture, either CS or SG did not produce any 
effect under each condition tested. 

 
Table 4. Flocculation efficiency (%) of two rodophyta 

strains. Values are reported as % of flocculated biomass. CS 
indicates chitosan and SG indicates sodium glutamate. Data are 
obtained by mean of three independent experiments (mean ± S.D.). 

 

Flocculation efficiency (%) 

 G. phlegrea P. cruentum 

 pH 1.5 pH 10 pH 7 pH 10 

mg/L CS SG CS SG CS SG CS SG 

50 14 ± 7 16 ± 1 11 ± 2 17 ± 2 54 ± 2 3 ± 1 53 ± 1 3 ± 1 

100 13 ± 1 18 ± 1 15 ± 2 17 ± 1 71 ± 4 4 ± 1 99 ± 1a 4 ± 1 

150 17 ± 1 19 ± 1 16 ± 1 17 ± 1 96 ± 4a 5 ± 2 98 ± 1 5 ± 2 

200 18 ± 2 19 ± 2 14 ± 1 19 ± 2 99 ± 1a 5 ± 3 99 ± 1 5 ± 3 

250 9 ± 4 19 ± 2 13 ± 1 19 ± 1 99 ± 1 5 ± 1 99 ± 1 5 ± 1 

300 13 ± 4 20 ± 5 15 ± 1 19 ± 1 99 ± 1 6 ± 1 99 ± 1 6 ± 1 

aindicates p ≤ 0.05 with respect to biomass flocculated with 50 mg/mL of 
chitosan. 

 
A time course (0-120 min) of the flocculation efficiency was 

then performed using either CS or SG at 50 mg/L. The flocculation 
efficiency, measured at the pH values recorded at the end of each 
growth (as reported in Materials and Method section) is reported in 
Table 5, whereas flocculation performed at pH 10 is reported in Table 
6. With the exception of G. phlegrea culture, in which no flocculation 
occurred, all the other strains showed almost complete flocculation 
already after 10 min. In particular, in the case of S. bigranulatus, more 
than 90% flocculation occurred at both pH values (94 ± 1% and 94 ± 
1% at pH 8 and 10, respectively). In the case of P. simplex, the results 
confirmed the minimum amount of chitosan needed to obtain 
flocculation. P. cruentum, instead, showed an increase from 78 ± 5% 
after 10 min incubation, to 88 ± 2% after 120 min at pH 7, and from 86 
± 1% to 90 ± 1% at pH 10. Finally, a rough estimation of the cost of 
the process was performed. Considering the results obtained, the 
amount of CS needed to completely flocculate 1 kg of P. cruentum 
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biomass is about 10% (w/w) of the biomass. The price of low 
molecular weight CS, at laboratory scale, ranges between 850 and 
1750 US $/kg, depending on the purity grade and on seller company, 
so that the cost to flocculate 1 kg of biomass would be around 85/175 
US $. It has to be considered, however, that different prices would be 
applied for industrial amount of CS. 

 
Table 5. Flocculation efficiency (%) over time. Values are 

reported as % of flocculated biomass at pH values measured at the 
end of cell growth. Data are obtained by mean of three independent 
experiments (mean ± S.D.). 

 

Flocculation efficiency (%) over time 

min P. simplex 
S. 

bigranulatus 
P. cruentum G. phlegrea 

0 29 ± 7 39 ± 5 54 ± 1 5 ± 1 

10 90 ± 2a 94 ± 2a 78 ± 5 3 ± 2 

20 98 ± 3 95 ± 2 82 ± 4 4 ± 4 

30 99 ± 1 96 ± 1 86 ± 4 2 ± 2 

60 98 ± 1 98 ± 1 87 ± 3 4 ± 3 

120 99 ± 1 99 ± 1 88 ± 2 5 ± 1 

aindicates p ≤ 0.05 with respect to biomass flocculated at 0 min. 

 
Table 6. Flocculation efficiency (%) over time at pH 10. 

Values are reported as % of flocculated biomass at pH 10. Data are 
obtained by mean of three independent experiments (mean ± S.D.). 

 

Flocculation efficiency (%) over time, pH 10 

min P. simplex 
S. 

bigranulatus 
P. cruentum G. phlegrea 

0 32 ± 1 35 ± 3 54 ± 2 6 ± 2 

10 91 ± 2a 94 ± 2a 86 ± 1 3 ± 1 

20 98 ± 1 95 ± 1 87 ± 2 7 ± 5 

30 99 ± 1 96 ± 1 88 ± 1 2 ± 1 

60 98 ± 1 98 ± 1 89 ± 3 8 ± 2 

120 99 ± 1 99 ± 1 90 ± 1 12 ± 4 

aindicates p ≤ 0.01 with respect to biomass flocculated at 0 min. 
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2.3.3 Phycoerythrin extraction optimization 
 
PE extraction was performed on P. cruentum biomass, by 

testing different extraction procedures: Maceration, Sonication, Freeze 
& thaw and French Press, as described in Materials and Methods. All 
the procedures allowed to obtain a red colored and fluorescent 
solution, suggesting that PE was successfully extracted (Figure 2). 
Then, total protein concentration was determined by colorimetric 
assay (BCA), whereas PE, phycocyanin (PC) and allophycocyanin 
(APC) concentration were obtained using the Bennet & Bogorad 
equations (as reported in Material and Methods section). The amount 
of PE, reported in Table 7, showed no significant differences among  
the analyzed samples, whereas PC and APC were found to be most 
abundant only in the extract obtained by French Press. Indeed, the 
presence of APC and PC in the French Press extract halved the purity 
grade of the extract with respect to those obtained for the other three 
extracts. 

 

 
 
Figure 2. Supernatants obtained from P. cruentum by 

different extraction protocols. Normal light exposed (A) and UVA 
light exposed (B) extracts obtained by different methods. From left to 
right: Freeze and thaw; Maceration; Sonication; French Press. 
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Table 7. Total protein concentration, phycobiliproteins 
concentration, extraction yield and phycoerythrin purity grade. 
Total protein concentration was obtained by BCA assay and total PE, 
PC and APC concentration by Bennett & Bogorad equations. Yields 
are expressed as gprotein/gd.w.biomass. The PE purity grade was 
calculated from Abs562nm/Abs280nm ratio. 

 

 Maceration Sonication 
Freeze 

& thaw 

French 

Press 

Protein yield (%) 44 ± 5 35 ± 4 35 ± 3 37 ± 6 

PE yield (%) 1.8 ± 0.1 1.8 ± 0.8 1.8 ± 0.5 1.4 ± 0.7 

PE Purity grade 

(Abs562nm/Abs280nm) 
0.8 ± 0.1 0.9 ± 0.1 1.1 ± 0.1 0.4 ± 0.2 

PC yield (%) 0.14 ± 0.02 0.48 ± 0.1 0.2 ± 0.1 1.4 ± 0.5 

APC yield (%) 0.13 ± 0.1 0.2 ± 0.1 0.5 ± 0.1 1.1 ± 0.2 

 
Supernatants were also analyzed by SDS-PAGE followed by 

Coomassie staining (Figure 3A) and UVA light exposure, taking 
advantage of chromophores present in PE (Figure 3B). The analyses 
revealed two major bands, whose molecular weights corresponded to 
PE α and β subunits (17 kDa) and γ subunit (30 kDa), in each lane. 
Results suggested ultrasounds as the most promising method.  

 

 
 
Figure 3. SDS-PAGE analysis of P. cruentum extracts. 

Coomassie staining (A) and UVA light exposed of unstained (B) SDS-
PAGE of total proteins extracted with different techniques. Lane 1: 
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protein molecular weight markers; lane 2: Freeze & thaw extract; lane 
3: Sonication extract; lane 4: Maceration extract; lane 5: French Press 
extract. 30 μg of total proteins were loaded in each lane. 

 
2.3.4 Biomass storage 
 
As biomass storage is a crucial step in industrial-scale 

processes, also from a logistically point of view (Gruber-Brunhumer et 
al., 2016), extractions were performed on either fresh or frozen 
biomass (stored at –80 °C). Ultrasounds were used for different length 
of time (from 4 to 20 min) to lyse cells. At the end of each extraction, 
the disrupted biomass was analyzed by SDS-PAGE (Figure 4). 
Supernatants obtained after 20 min extraction seemed to be best 
choice of extraction for fresh biomass, as 4 min extraction allowed to 
recover a PE content of 1.8% (Table 7) with a purity grade of 0.9 
(Table 7), whereas 20 min of sonication on fresh biomass allowed to 
recover a PE content of 3.0 ± 0.4% with a purity grade of 1.5 ± 0.3. 
These extraction values are higher with respect to those obtained, 
after 20 min of sonication, from the frozen biomass: PE yield varied 
from 2.2 ± 0.2% to 3.0 ± 0.4% for frozen and fresh biomass, 
respectively, and a PE purity grade was 1.0 ± 0.2 and 1.5 ± 0.3 for 
frozen and fresh biomass, respectively. Thus, 20 min sonication were 
selected for further experiments. 

 

 
Figure 7. Coomassie staining of SDS-PAGE. Proteins were 

extracted by ultrasounds for different times from (A) fresh and 
(B) frozen biomass. A: Lane 1: protein molecular weight markers; 
lanes 2-4: empty lanes; lanes 5-9: proteins extracted for 4, 8, 12, 16, 
and 20 minutes, respectively. B: Lane 1: protein molecular weight 



Biomass harvesting 
and proteins extraction 

37 
 

markers; lanes 2-6: proteins extracted for 4, 8, 12, 16, and 20 
minutes, respectively. 

 
Finally, flocculation was combined to 20 min sonication to 

evaluate if flocculation could affect PE extraction. As a control, the 
biomass harvested by centrifugation was used. At the end of 
sonication, samples were centrifuged and total protein content, PE 
content and its purity grade were calculated from both supernatants. 
The extract obtained from the flocculated biomass showed similar 
protein yield (36 ± 2%), PE yield (3.0 ± 0.2%) and purity grade (1.6 ± 
0.2) compared to the extract obtained from the biomass harvested by 
centrifugation (35 ± 4% protein content, 3.0 ± 0.4% PE yield, 1.5 ± 0.3 
purity grade), thus suggesting that flocculation could be adopted as 
harvesting method without affecting the extraction of proteins. 

 
2.4 Conclusions 
 
Here, we defined the starting point of the biorefinery process to 

fully valorize Porphyridium cruentum biomass (Figure 8). The 
optimization of growth parameters was set up, allowing obtaining a 
homogenous culture. Sonication was chosen as the best extraction 
technique and no significant difference was found between fresh and 
frozen biomass, allowing reducing the cost of the biomass storage. 
Finally, since harvesting represents a huge issue that hampers the 
economic viability of microalgal products, here it was demonstrated 
that a low amount of chitosan allows the flocculation of the biomass, 
without affecting the subsequent extraction of proteins. It has to be 
considered, however, that the best conditions to flocculate biomass 
are strain dependent and no general rules can be applied. 
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Figure 8. Schematic representation of the applied process. 
 
 
 
 
Some data have been published on: Inside out Porphyridium 

cruentum: beyond the conventional biorefinery concept,  
ACS Sustainable Chemistry and Engineering (2022), 
https://doi.org/10.1021/acssuschemeng.2c05869 
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3.1 Introduction 
 
Microalgae capture carbon dioxide during their growth to perform 

photosynthesis: this implies the production of oxygen and the reduction 
of carbon dioxide emissions (Zhang and Liu, 2021). Noteworthy, 
microalgae are used as a reliable source of food and high added-value 
products (Bhalamurugan et al., 2018). Microalgae can be considered 
perfect candidates for their use in biorefinery approaches (Yen et al., 
2013), as they can grow in lands which do not compete with food 
production, and with higher growth rate with respect to conventional 
crops. From a theoretical point of view, a biorefinery is a combination 
of multiple integrated processes able to convert the biomass into a 
variety of high added-value products, in an economical and 
environmentally sustainable approach (Gallego et al., 2019). This is in 
line with the principles of circular economy, fostered by international 
organizations and promoted by European Union (https://eur-
lex.europa.eu/legal-content/EN/ALL/?uri=CELEX%3A52015DC0614). 
Unfortunately, in the microalgae field, a real biorefinery has been 
demonstrated only for few strains (Imbimbo et al., 2020), and most of 
the present literature is focused on the extraction of one or two classes 
of molecules, thus suggesting that the process is not economically 
feasible. 

Porphyridium cruentum is a red marine microalga, reservoir of 
potentially high added-value molecules, such as carotenoids, sulfated 
exopolysaccharides (EPSs), B-phycoerythrin (PE) and lipids (Di Lena 
et al., 2019; Feller et al., 2018; Gaignard et al., 2019; Rebolloso 
Fuentes et al., 2000). Carotenoids are well-known antioxidants, also 
able to counteract many disorders, from  type 2 diabetes, to 
degenerative diseases or cancer (Rodriguez-Concepcion et al., 2018).  
Sulfated EPSs have a chemical structure which confer them peculiar 
rheological properties (Xiao and Zheng, 2016) and many biological 
activities (De Jesus Raposo et al., 2013), such as antimicrobial, anti-
inflammatory (Mišurcová et al., 2012), hypocholesterolemic (Dvir et al., 
2009), antiviral activities (Huheihel et al., 2002), skin protective activity 
(Meléndez-Martínez et al., 2018). PE, the main protein found in P. 
cruentum, has a good market value for different reasons: (i) in 
biomedical and molecular applications for its natural fluorescence; (ii) 
as a natural red-colored protein to be used as a dye for food and 
cosmetics, and (iii) in pharmaceutical industry thanks to its antioxidant 
activity (Qiu et al., 2004). Finally, recent literature exploited the use of 
saturated fatty acids as antimicrobial agents and as drug delivery 
systems (Xue et al., 2021; Yoon et al., 2018). 

https://doi.org/10.1021/acssuschemeng.2c05869
https://eur-lex.europa.eu/legal-content/EN/ALL/?uri=CELEX%3A52015DC0614
https://eur-lex.europa.eu/legal-content/EN/ALL/?uri=CELEX%3A52015DC0614
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Thus, taking advantage of the chemical composition of P. 
cruentum, here we propose a real biorefinery. For the first time, not only 
the biomass, but also the exhausted medium, were fully exploited to 
recover: EPSs from the medium and PE, carotenoids and lipids from 
the biomass. Molecules were extracted sequentially, starting from the 
most valuable one, without affecting the activity of the molecules in the 
residual biomass. 

 
3.2 Materials and Methods 
 
3.2.1 Reagents  
 
All chemicals, solvents and reagents, unless differently 

specified, were from Sigma-Aldrich (St Louis, MO, USA). 
 

3.2.2 Exopolysaccharides isolation and quantization 
 
To process a high volume of medium, the latter was 

concentrated 10 times by lyophilization, prior to add pure ethanol (1:2 
v/v); EPSs were then recovered by centrifugation (12000g, 30 min, 4 
°C), collected and lyophilized. Total carbohydrates were quantified by 
the phenol-sulfuric acid method, according to Geresh et al. (Geresh et 
al., 2002), with some modifications, as reported in Gallego (Gallego et 
al., 2019). A reference curve was obtained by using glucose (0.03-1.0 
mg/mL).  

 
3.2.3 Determination of monosaccharide composition  
 
Lyophilized EPSs (2 mg) were solubilized with 1 mL of 

HCl/CH3OH (1.25 M) for 16 h at 80 °C (Ricciardelli et al., 2019). Then, 
the sample was dried and acetylated with 25 µL of acetic anhydride and 
25 µL of pyridine and kept at 100 °C for 30 min. The mixture was 
analyzed by Gas Chromatography-Mass Spectrometry (GC-MS) by 
using an Agilent Technologies instrument (GC 7820A, MS 5977B), 
equipped with a HP-5MS 30m, 0.25mm, 0.25µm capillary column. The 
following temperature program was used to analyze acetylated methyl 
glycosides: 140 °C for 3 min, 140 °C → 240 °C at 3 °C/min. 

 
3.2.4 Total Carbon, Hydrogen, Nitrogen and Sulfur  
 
The determination of total carbon (C), hydrogen (H), nitrogen (N) 

and sulfur (S) in EPSs recovered from P. cruentum medium was carried 

https://doi.org/10.1021/acssuschemeng.2c05869
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out by performing total combustion, using the FlashSmart Elemental 
Analyzer, according to Álvarez-Gómez and colleagues (Álvarez-Gómez 
et al., 2019). Elements (C, H, N, S) were expressed as % with respect 
to the sample’s total weight.  
 

3.2.5 Phycoerythrin purification 
  
PE purification was performed by comparing three techniques: 

anion-exchange chromatography, gel filtration and ultrafiltration. The 
anion-exchange chromatography was carried out by using a Nuvia-Q 
resin equilibrated with PBS pH 7.4 and elution was performed using 
0.25 M NaCl. Gel filtration was performed by using a Sephadex G-75 
equilibrated in PBS pH 7.4. Ultrafiltration was carried out with a 10 kDa 
molecular weight cut-off membrane and the process was performed at 
4 °C. The fractions obtained by anion-exchange and gel filtration, as 
well as the retentate obtained by ultrafiltration, were collected and 
analyzed by SDS-PAGE followed by Coomassie staining and PE purity 
grade was calculated by measuring the ratio Abs562nm/Abs280nm. 

 
3.2.6 Crystallization, data collection, structure solution and 

refinement of Phycoerythrin 
 
PE crystals were grown by hanging drop vapor diffusion method 

(Russo Krauss et al., 2013) using a drop containing 10 mg/mL PE in 
0.25 M ammonium sulphate, 25 mM potassium phosphate at pH 5.0, 
equilibrated with a reservoir containing 0.5 M ammonium sulphate, 50 
mM potassium phosphate at pH 5.0. Red crystals were visible after one 
week.  

The crystals were soaked in a cryoprotectant solution containing 
30% (v/v) glycerol in the reservoir solution and cooled at -173 °C. 
Starting from one crystal, a high-resolution data set was collected at the 
XRD2 beamline at the Elettra synchrotron in Trieste, Italy, at -173 °C. 
Data were processed and scaled using Autoproc (Vonrhein et al., 
2011). The crystal was trigonal, space group R3, with unit cell 
parameters a=b= 186.59 Å, c=59.19 Å, α=β=90°, γ=120°. For data 
collection statistics, see Table S1 (Appendix I). The structure of PE 
was solved by molecular replacement using PHASER(McCoy et al., 
2007), solved at 1.85 Å  resolution and deposited in the protein Data 
Bank under the accession 3V58 (Camara-Artigas et al., 2012), as a 
starting model. The structure shows the presence of two (αβ) dimers in 
the asymmetric unit. Visual inspection and model improvements were 
carried out using Coot (Emsley and Cowtan, 2004). Refinements were 
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carried out using Refmac 5.0 (Murshudov et al., 1997). R factor and R 
free values were used to optimize the refinement strategy. The final 
model, which has good geometries and refinement statistics (Table S1, 
Appendix I), was deposited in the Protein Data Bank under the 
accession code 8B4N. Pymol (www.pymol.org) was used to obtain 
molecular-graphics figures. 

 
3.2.7 In situ digestion  
 
A single PE crystal was solubilized in water and analyzed by 

SDS-PAGE. For in-gel hydrolysis, SDS-PAGE bands were excised 
from the gel lane, destained by consecutive cycles of 0.1 M NH4HCO3 
at pH 8.0 and acetonitrile (ACN), followed by reduction (10 mM DTT in 
100 mM NH4HCO3, 45 min, at 56 °C) and alkylation (55 mM IAM in 100 
mM NH4HCO3, 30 min, at room temperature). The gel pieces were 
washed with 0.1 M NH4HCO3 of pH 8.0 and ACN and subjected to the 
enzymatic hydrolysis by covering them with 40 μL sequencing grade 
modified trypsin (10 ng/μL trypsin; 10 mM NH4HCO3) overnight at 37 
°C. Peptide mixtures were eluted, vacuum-dried, and resuspended in 
2% ACN acidified with 0.1% HCOOH. Tryptic peptide mixtures were 
analysed by MALDI-TOF (AB SCIEX, Milan, Italy) to reveal the amino 
acid sequence of the three phycoerythrin chains. 

 
3.2.8 Mass Spectrometry Analyses 
 
Matrix-assisted laser desorption/ionization (MALDI) mass 

spectrometry (MS) experiments were performed on a 5800 MALDI-
TOF-TOF ABSciex equipped with a nitrogen laser (337 nm) (AB SCIEX, 
Milan, Italy). Starting from each band, aliquots of peptide mixture (0.5 
μL) were mixed (1:1, v/v) with alphacyano hydroxycinnamic acid (10 
mg/mL) in acetonitrile: 55mM citric acid (70:30) solution. Calibration 
was done by using a calibration mixture from AB SCIEX (Monoisotopic 
(M + nH)n+: 904.46 Da des-Arg-Bradykinin, 1296.68 Da Angiotensin I, 
1570.67 Da Glu-Fibrinopeptide B, 2093.08 Da ACTH (clip 1–17), 
2465.19 Da ACTH (clip 18–39), 3657.92 Da ACTH (clip 7–38)). 
Peptides were identified by MS spectra, acquired using a mass (m/z) 
range of 400–4000 Da. Peptide mass fingerprinting was performed by 
MS digest of homologue phycoerythrin sequences. Matrix-assisted 
laser desorption/ionization (MALDI) mass spectrometry (MS) 
experiments were performed on a 5800 MALDI-TOF-TOF ABSciex 
equipped with a nitrogen laser (337 nm) (AB SCIEX, Milan, Italy). The 
instrument operated with an accelerating voltage of 20 kV, a grid 
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voltage at 66% of the source voltage and a delay time at 200 ns. Laser 
power was set to 3500 V for the spectra acquisition. Each spectrum 
represents the sum of 10000 laser pulses from randomly chosen 
positions on the same target place. The data were reported as 
monoisotopic masses.  

 
3.2.9 Carotenoids extraction and characterization 
 
Carotenoids were extracted from the dry biomass, either raw or 

after proteins extraction. Extractions were performed in ethanol, as 
reported by Aremu, with some modifications (Aremu et al., 2016). 
Briefly, for each extraction, 200 mg of freeze-dried biomass was 
suspended in pure ethanol (4 mL) and sonicated (40% amplitude, 4 min 
on ice, Bandelin Sonoplus HD 3200, tip MS73). Mixture volume was 
then adjusted to 20 mL and shaken for 24 h at 250 rpm in a dark room 
at 4 °C. The supernatant was collected by centrifugation at 12000g for 
10 min, dried under nitrogen stream and then stored at -20 °C. 
Carotenoids identification was performed by HPLC-DAD-APCI-QTOF-
MS/MS, whereas quantization was done by calibration curves obtained 
by using commercial zeaxanthin and β-carotene, according to a method 
previously described (Imbimbo et al., 2020), with some modifications. 
The analysis of the extracts was carried out in an Agilent 1290 UHPLC 
system (Ultrahigh Performance Liquid Chromatography) equipped with 
a diode-array detector (DAD), coupled to Agilent 6540 quadrupole-time-
of-flight mass spectrometer (q-TOF MS) equipped with an atmospheric 
pressure chemical ionization (APCI) source, all from Agilent 
Technologies (Santa Clara, CA, USA). Extracts were solubilized in 
ethanol (5 mg/mL), filtered through 0.45 µm nylon filters and then 
analyzed under positive ionization mode, using the following 
parameters: capillary voltage, 3.5 kV; drying temperature, 350 °C; 
vaporizer temperature, 400 °C; drying gas flow rate, 8 L/min; nebulizer 
gas pressure, 40 psi; corona current (which sets the discharge 
amperage for the APCI source), 4000 nA. The mass spectrometer was 
operated in MS and tandem MS modes for the structural analysis of all 
compounds. The MS and Auto MS/MS modes were set to acquire m/z 
values ranging between 50-1100 and 50-800, respectively, at a scan 
rate of 5 spectra per second.  

 
3.2.10 Lipids extraction and characterization 
 
Lipids were extracted from the dried biomass. Both the raw and 

the two residual biomasses (I and II residual biomass) were dried at 60 
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°C for 24 h. Lipids were obtained as reported by Bligh & Dyer (Bligh and 
Dyer, 1959). Nitrogen flux was used to dry, recover and weigh lipids. 
Lipids fractionation was performed by solubilizing them in chloroform 
and using a commercial pre-packed column containing a stationary 
phase made of Florisil. Neutral lipids were eluted with 
chloroform:methanol (2:1, v/v); fatty acids with 2% acetic acid in diethyl-
ethere, whereas phospholipids were eluted with 100% methanol. The 
recovered fatty acids were then characterized by GC-MS, as previously 
reported (Imbimbo et al., 2019). 

 
3.2.11 Statistical analyses 
 
Results are reported as mean of results obtained after three 

independent experiments (mean ± SD) and compared by one-way 
ANOVA according to the Bonferroni’s method (posthoc) using 
Graphpad Prism for Windows, version 6.01. 
 

3.3 Results and Discussion 
 

 

 
 
Figure 1. Schematic representation of the applied process. 

 
3.3.1 Exopolysaccharides recovery and characterization 
 
Considering the promising results obtained in Chapter 2, an 

intensification of the process was performed to fully valorize P. 
cruentum culture. Figure 1 reports the extraction strategy used to 
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recover different molecules from P. cruentum. At the end of cell growth, 
medium, generally regarded as waste, was collected and 
polysaccharides were isolated by precipitation using ethanol or 2-
propanol. The EPSs content was measured by the phenol–sulfuric acid 
method and no significant difference between the two applied solvents 
was observed (ethanol yield 0.100 ± 0.020 and 2-propanol 0.116 ± 
0.020 mg/mL), thus ethanol was selected because of its wide range of 
applications (Melo et al., 2021). The EPSs yield was found to be 300 ± 
67 mg/L of culture medium, which corresponds to EPS yield of 0.53 
g/gd.w.biomass. The monosaccharide composition was achieved by GC-
MS analysis, after derivatization as acetylated methyl glycosides 
(AMGs). The GC-MS chromatogram disclosed the presence of mainly 
xylose (Xyl), galactose (Gal), and glucose (Glc). Finally, traces of 
rhamnose (Rha), glucuronic acid (GlcA), glucosamine (GlcN) were 
detected (Figure 2). 

 

 
 
Figure 2. GC-MS chromatogram of the AMG of P. cruentum 

exopolysaccharides recovered from the culture medium. In the 
graph the relative ion current abundance is reported as a function of 
retention time (min). 

 
Since the EPSs from P. cruentum are known to be sulfated, the 

elemental composition analysis was performed. Results, reported in 
Table 1, indicate that the % of sulfur present in the sample is similar to 
that reported in literature (7.4% ± 0.2%) (Ben Hlima et al., 2021; 
Bernaerts et al., 2018). No proteins were detected. 

 
Table 1. Elemental composition and protein content of EPS. 

Elements were measured by elemental analyzer. Oxygen % was 
calculated by subtracting the % of the other elements from 100%. % 
are expressed as mg of each element/mg of analyzed EPS. Protein 
content was measured by colorimetric assay. 
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O (%) N (%) H (%) C (%) S (%) 
Protein 
content 
(mg/mL) 

76.0 ± 2.4 1.1 ± 0.6 2.6 ± 0.4 13.1 ± 1.3 7.4 ± 0.2 N.D. 

 
3.3.2 Phycoerythrin purification and structure determination 
 
. Once set up PE extraction procedure (Chapter 2), its 

purification was performed by comparing three techniques: anion-
exchange chromatography, gel filtration and ultrafiltration. The results 
of the different techniques are reported in Supporting Information 
(Figure S2 E-G, Appendix I). Only the size-exclusion chromatography 
allowed obtaining pure PE; in particular, this purification step allowed to 
recover about 80% of PE and to reach a purity grade of 4.0. It is known 
that a purity grade ≥ 4.0 indicates a protein to be used in analytical 
grade (Fernández-Rojas et al., 2014). According to the overall results, 
this approach allowed obtaining high purity grade PE by only one step 
extraction and purification. To the best of our knowledge, this is the first 
time that PE was extracted and purified with such a purity grade by 
using only a single purification step (Nguyen et al., 2020; Serucňik et 
al., 2020; Ulagesan et al., 2021; Vicente et al., 2019).  

 

 
 
Figure 3. PE crystals. Crystals were grown by hanging drop 

vapor diffusion method using a drop containing 10 mg/mL PE in 0.250 
M ammonium sulphate, 0.025 M potassium phosphate at pH 5.0, 
equilibrated with a reservoir containing 0.500 M ammonium sulphate, 
0.050 M potassium phosphate at pH 5.0. 
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To determine the protein identity and purity, PE was crystallized 
(Figure 3), and its X-ray structure determined at 1.60 Å resolution. The 
X-ray structure is constituted by 5990 atoms, including five 
phycoerythrobilin (PEB) chromophores for each αβ dimer, one 
methylated Asn in position β72 (Figure 4A) for each β subunit, two 
sulphate ions and 324 water molecules, and refines to R-factor/Rfree 
values of 0.222/0.256.  The structure confirms the formation of the (αβ)3 
hexamer (Figure 4C-D) but does not allow to identify the exact location 
of the γ subunit (Figure 4E). Similar results were obtained in previous 
works (Ficner and Huber, 1993; Ritter et al., 1999) and were attributed 
to rotational disorder of the γ subunit within the protein crystal and to 
the finding that the electron density of this subunit is averaged out by 
the threefold crystallographic symmetry. The α subunit contains 164 
residues, the β subunit 177 residues. The overall structure of the protein 
is very similar to that previously reported and deposited in the Protein 
Data Bank under accession code 3V58, obtained from crystals grown 
under different experimental conditions, but at the same pH. After 
superposition, the 164 CA atoms of the α subunit have a root-mean-
square (r.m.s.) deviation of 0.146 Å, and the 177 CA atoms of β subunit 
have a r.m.s. deviation of 0.142 Å. Each αβ dimer has five PEBs in 
position α82, α139, β61, β82, and β158. The first PEB, which adopts 
two alternate conformations in our structure, is covalently attached to 
the side chain of Cys82 of the α subunit by ring A. The second PEB is 
bound to Cys139 of the same subunit. The other three PEBs are found 
in the β subunit. They are bound to the side chains of Cys61, Cys82 
and Cys158. The stereochemistry of the chromophores and their 
interaction with protein residues are basically identical to that observed 
in the starting model (Camara-Artigas et al., 2012) and previously 
described. An example of the well-defined electron density maps of the 
chromophores is reported in Figure 4B. 
 

https://doi.org/10.1021/acssuschemeng.2c05869


Chapter 3 

52  
Inside out Porphyridium cruentum: beyond the conventional biorefinery concept 
ACS Sustainable Chemistry and Engineering (2022), https://doi.org/10.1021/acssuschemeng.2c05869 

 
 
Figure 4. PE crystal structure. A, 2Fo-Fc electron density map 

(1.0 σ) of the methylated Asn72β in the structure of PE. B, 2Fo-Fc 
electron density maps contoured at 1.0 σ of one of the five PEB 
chromophores found in the structure of PE.  C, (αβ)3 hexamer shown 
from the upper view and the lateral view (D). Electron density of the 
central cavity is shown in panel E. This segment of electron density 
should contain information on the location of the γ subunit. 

 
To verify the presence of γ subunit, PE crystals were dissolved 

and analyzed by UV-vis absorption spectroscopy, SDS-PAGE analyses 
and mass spectrometry. The UV-vis absorption spectrum (Figure 5A) 
showed the peculiar shoulder at 498 nm, ascribed to the phycourobilin 
chromophore of the γ subunit. SDS-PAGE analysis (Figure 5B) 
showed the presence of two molecular species, whose molecular mass 
were compatible with α and β subunits (double bands at about 17 kDa) 
and with γ subunit (30 kDa). In-situ digestion was performed on the 
bands and the peptide mixtures were analysed by MALDI-TOF; peptide 
mass fingerprinting was performed by MS digest of homologue 
phycoerythrin sequences. The assignment of each mass spectrometry 
signal allowed highlighting the peptide sequence along the entire 
protein sequence. 
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Figure 5. Analyses of PE dissolved crystals. A, UV-vis 

spectrum obtained from PE dissolved crystals. Spectrum was acquired 
at 25 °C, in the range 190–700 nm. B, SDS-PAGE analyses of PE 
dissolved crystals. Lane 1: molecular weight markers; lane 2: 20 μL of 
PE dissolved crystals.  
 

As shown in Figure 6 A-B, the MS analysis of the lower band 
enabled to trace the peptide sequence (labelled in bold and underlined) 
for the α and β chains, displaying a sequence coverage of 64% and 
61%, respectively. The MS analysis of the higher band, on the other 
hand, revealed that the signals were attributed to two γ-chains with 
comparable sequence coverage (59.3% and 43.5%), as shown in 
Figure 6 C-D. The presence of the two γ subunits has been previously 
found in the structure of the entire phycobilisome solved by electron 
microscopy (PDB code 6KGX) (Ma et al., 2020). The heptameric 
structures of PE, with the two different γ subunits, extracted from PDB 
code 6KGX are reported in Figure 7, with the same orientation.  
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Figure 6. α, β and γ chain sequences of P. cruentum 

detected by MALDI-TOF analysis. A, α chain sequence displaying the 
different peptides (bold and underlined) compared to P11392 
(PHEA_PORPP) sequence on UniProt. B, β chain sequence displaying 
the different peptides (bold and underlined) compared to P11393 
(PHEB_PORPP) sequence on UniProt. C, γ chain sequence displaying 
the different peptides (bold and underlined) compared to A0A5J4YX19 
(PHEB_PORPP) sequence on UniProt. D, γ chain sequence displaying 
the different peptides (bold and underlined) compared to A0A5J4YZM7 
(PHEB_PORPP) sequence on UniProt. 

 

 
 
Figure 7. The heptameric (αβ)3γ structures observed in the 

phycobilisome from P. cruentum. 
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3.3.3 Carotenoids extraction and characterization  
 
Carotenoids extraction was performed by using a conventional 

method on both residual biomass (herein referred as I residual 
biomass) and on the raw one, used as benchmark (as reported in 
Materials and Methods section). HPLC analyses (Figure 8) revealed 
that zeaxanthin and β-carotene were the major pigments present in the 
two extracts. Quantification analyses for the two carotenoids are 
reported in Table 3 and indicate that all the zeaxanthin isoforms present 
in the I residual biomass represented about 55% of those present in the 
raw biomass, whereas β-carotene isoforms recovery was about 210% 
with respect to the raw biomass. It is important to point out that the 
carotenoids yield obtained from the I residual biomass was comparable 
to the one obtained by innovative green extractions performed on the 
residual biomass of the same species (Gallego et al., 2019), thus 
suggesting the feasibility of the proposed process. 
 

Table 3. Comparison between zeaxanthin, β-carotene and 
their isomers in the raw and I residual extracts. 
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Fig. 8. Representative HPLC−DAD chromatograms of 

carotenoids extracted from P. cruentum biomass. A, raw biomass; 
B, I residual biomass (after PE extraction). Peak numbers and their 
identification are reported in Table S2, Appendix I. 

 
3.3.4 Lipids extraction and characterization 
 
According to the strategy described in Figure 1, lipids extraction 

represented the last class of the proposed process, after a drying step. 
To verify if the previous extractions could affect lipids composition, 
control experiments were performed by determining the composition of 
the lipid fraction obtained after PE extraction (I residual biomass) and 
after PE and carotenoids extraction (II residual biomass). The 
extractions were performed according to Bligh & Dyer (Bligh and Dyer, 
1959), followed by a solid phase extraction (SPE). As shown in Table 
4, a 14% yield of total lipids was obtained from the raw biomass 
whereas about 29% were extracted from the I residual biomass (i.e. 
after protein extraction). Nevertheless, when lipids were extracted from 
the II residual biomass (i.e. after protein and carotenoid extractions), 
the yield (14.1%) was comparable to those calculated for the raw 
biomass. Interestingly, the gas chromatography analysis of the fatty 
acids (FAs) fraction revealed a clear trend: while polyunsaturated fatty 
acids (PUFA) decreased during the cascade extractions (from 26% to 
14% to 4%), a clear increase in the yield of saturated fatty acids (SFA) 
was observed (from 72% to 76% to 93%). The yields of PUFA and SFA 
obtained from the raw biomass are in agreement with those reported by 
Kim and coworkers, who evaluated the lipids accumulation in 
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microalgae under different sources of light (Kim et al., 2019). SFAs are 
considered now as an interesting new class of molecules, thanks to 
their chemical stability, responsible for their well-defined melting points 
and biocompatibility. 

Thus, they have been proposed as new materials for drug-
controlled release or simply as antibacterial molecules (Xue et al., 2021; 
Yoon et al., 2018). 

 
Table 4. Total lipids yields. Lipids mean yields are reported as 

the percentage of the ratio between each lipidic class after SPE and 
dried raw biomass.  

 

 
Lipid yield 

(%) 
Neutral 

lipids (%) 
Phospholipids 

(%) 
Fatty acids 

(%) 
PUFA 

(%) 
SFA 
(%) 

Raw 
biomass 

14.0 ± 2.6 11.2 ± 1.5 12.0 ± 4.0 3.7 ± 0.3 25.8 ± 4.6 71.7 ± 13.6 

I 
Residual 
biomass 

28.8 ± 1.5a 10.2 ± 0.3 10.6 ± 0.3 2.5 ± 0.2 14.4 ± 1.9 76.3 ± 5.8 

II 
Residual 
biomass 

14.1 ± 0.4b 9.1 ± 0.6 3.8 ± 0.4 1.6 ± 0.2 4.3 ± 0.8 92.8 ± 7.2 

aindicates p ≤ 0.05 with respect to raw biomass. 
bindicates p ≤ 0.05 with respect to I residual biomass. 
 

3.4 Conclusions 
 
The strategy proposed in Figure 1 was found to be effective, 

since an innovative and reliable strategy was set up to sequentially 
recover high-added value products from P. cruentum culture. In 
particular: (i) P. cruentum culture is completely employed to recover 
intra- and extra- cellular class of high-added value molecules; (ii) the 
yield of each extracted class of molecules is similar to those obtained 
when extractions are performed to recover single class of molecules; 
(iii) according to the biorefinery principles, all the class of molecules 
have been recovered starting from the one with the highest market 
value. In particular, the extracted proteins, carotenoids and lipids 
represented 35%, 8.5% and 14% of total biomass, respectively; PE in 
particular was 2% of biomass; the leftover biomass was about 40%. 
However, the production of s-EPSs (0.53 g/gd.w.biomass) should also be 
taken into account, since their production represents an energy and 
nutrients consumption. The relationship with potential selling prices and 
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the amount of recovered molecules could give an idea of the overall 
value of the biomass. As an example, P. cruentum raw biomass price, 
depending on the culture conditions and on the final application, ranges 
between 200 and 1500 US$/kg (Llamas et al., 2021); Sigma-Aldrich 
company sells PE at about 140 US$/mg. With the proposed extraction 
strategy, it is possible to recover about 20 g of PE/kg of biomass, with 
a consequent revenue of about 3 million US$. However, the purchase 
of PE with such a high purity grade is restricted to laboratories which 
use it to perform analyses, therefore the amount purchased would 
never reach big amounts. A similar analysis should be done for all the 
other bioproducts obtained, in order to have a general idea of the 
profitability of the process. Generally speaking, the simultaneous 
microalgae culture valorization and carbon capture can contribute to the 
sustainable expansion of microalgae market. 
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4.1 Introduction 
 
Microalgae are ubiquitous eukaryotic photosynthetic 

microorganisms, able to live in different environments, either in single 
colonies, in chains or groups and, depending on the species, their size 
can vary from few to hundreds micrometers (Alam et al., 2014; Mobin 
and Alam, 2017; Suganya et al., 2016). The biodiversity of microalgae 
is mainly due to their unique ability to adapt and grow even under 
unfavorable growth conditions (e.g., extreme temperatures, variable 
salinity, and low/high light intensity) and produce a wide range of 
interesting chemical compounds with novel structures and biological 
activities (Anbuchezhian et al., 2015; Herrero et al., 2013). Among 
microalgae, the red marine microalga Porphyridium cruentum, could be 
pointed as a commercial source of various high-value bioproducts 
(Mobin and Alam, 2017), to be recovered from the same culture, in 
order to make the whole process economically feasible (Di Lena et al., 
2019; Feller et al., 2018; Gaignard et al., 2019; Liberti et al., 2022; 
Rebolloso Fuentes et al., 2000). In particular, P. cruentum produces 
sulfated exopolysaccharides (S-EPSs) that are accumulated in a layer 
surrounding the cytoplasmic membrane. These exopolysaccharides act 
as a mucilage, since P. cruentum is deprived of a well-defined cell wall 
(Dvir et al., 2009). They are composed of glucuronic acid and several 
major neutral monosaccharides, such as D- and L-Gal, D-Glc, D-Xyl, 
D-GlcA, and sulfate groups. S-EPSs from P. cruentum have antioxidant 
(Ben Hlima et al., 2021), immunomodulatory, anti-inflammatory, 
hypocholesterolemic, antimicrobial, and antiviral activity (Gallego et al., 
2019; Mišurcová et al., 2012). S-EPSs from P. cruentum exhibit also 
specific rheological properties that can be exploited in food applications 
(Ben Hlima et al., 2021; Medina-Cabrera et al., 2021). Besides 
exopolysaccharides, P. cruentum produces a broad range of colored 
pigments, including chlorophylls, carotenoids and phycobilins, 
pigments commercially utilized in the food, pharmaceutical and 
cosmetic industries (Sudhakar et al., 2015). Amongst them, 
Phycoerythrin (PE) is a light-harvesting protein with a structure of (αβ)6γ 
complex and a MW ranging from 240 to 260 kDa. Due to its unique 
biological properties, PE gained much attention from food to 
pharmaceutical industry and in the molecular biology field (Ganesan et 
al., 2020; García et al., 2021; Hsieh-Lo et al., 2019; Kannaujiya et al., 
2019; Manirafasha et al., 2016; Simovic et al., 2022). 

Here, starting from our previous results (Chapter 3) (Liberti et al., 
2022), a comprehensive study on the biological activities of s-EPSs and 
purified PE was carried out, in order to verify if the extraction techniques 
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could have affected their biological activities. 
 
4.2 Materials and Methods 
 
4.2.1 Reagents 
 
All solvents, reagents and chemicals were purchased from 

Sigma-Aldrich (St Louis, MO, USA). 
 
4.2.2 Biocompounds isolation 
 
S-EPSs and PE were isolated and purified from the culture of 

Porphyridium cruentum (CCALA415) as previously described (Chapter 
2 and 3). Briefly, at the end of cell growth, the culture was centrifuged 
to recover s-EPSs in the supernatant. The s-EPSs were precipitated 
adding pure ethanol (1:2 v/v) and centrifuging the sample (12,000 g, 30 

min, 4 °C). The supernatant was discarded, and the precipitate was 

freeze-dried. S-EPSs yield was 300 ± 67 g/L, which corresponds to 0.53 
g/gd.w. biomass. In the case of PE, a crude aqueous extract was obtained 
via sonication (40% amplitude, 20 min, 30 sec on, 30 sec off) from the 
harvested biomass. PE was then isolated via one step purification 
procedure as reported in section 3.2.5 (Chapter 3) up to a purity grade 
of 4. 

 
4.2.3 Eukaryotic cell culture and biocompatibility assay 
 
Immortalized human keratinocytes (HaCaT, Innoprot, Derio 

Spain) and immortalized murine fibroblasts Balb/c-3T3 (ATCC, Virginia, 
USA) were cultured in 10% foetal bovine serum in Dulbecco’s modified 
Eagle’s medium, in the presence of 1% penicillin/streptomycin and 2 
mM L-glutamine, in a 5% CO2 humidified atmosphere at 37 °C. To verify 
the biocompatibility of the crude extract, of s-EPSs and of purified PE, 
cells were seeded in 96-well plates at a density of 2 ×103/well and, 24 
h after seeding, were incubated with increasing concentrations of the 
extract/compounds (5 to 75 µg/mL for EPS, 5 to 500 µg/mL of total 
proteins for crude extracts and 5 nM to 100 nM for purified PE) for 72 
h. At the end of the incubation period, cell viability was assessed by the 
MTT assay. Cell survival was expressed as the percentage of viable 
cells in the presence of compounds, compared with control cells 
(represented by the average obtained between untreated cells and cells 
supplemented with the highest concentration of buffer).  
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4.2.4 In vitro antioxidant assays 
 
Antioxidant activity of the extract/compounds was tested by 

measuring their ability to scavenge the free radicals 1,1-Diphenyl-2-
picrylhydrazyl radical and 2,2′-azinobis-[3-ethylbenzthiazoline-6-
sulfonic acid] (DPPH and ABTS, respectively) and to reduce or chelate 
redox active iron and copper (ferric reducing antioxidant power - FRAP; 
iron chelating activity - ICA and copper chelating activity - CCA 
respectively). DPPH and FRAP assay were done following the 
procedure reported by Rodrigues and colleagues (Rodrigues et al., 
2016) and ascorbic acid and butylhydroxytoluene (BHT), respectively, 
were used as positive controls at the same concentrations of the 
sample under test. The ability of the extract/compounds to scavenge 
the ABTS radical was assessed as previously reported (Re et al., 1999). 
Results were compared to a calibration curve obtained using Trolox (6-
hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic acid) as standard. 
ICA and CCA were determined by measuring the formation of the Fe2+-
ferrozine complex and by using pyrocatechol violet (PV) respectively, 
according to the method reported by Megias (Megías et al., 2009). 
EDTA was used as a standard, at a final concentration of 100 µg/mL. 
S-EPSs or purifed PE were tested between 0.05 to 120 µg/mL and 0.2 
to 270 nM, respectively. Results are expressed as IC50, i.e. the 
concentration required to scavenge 50% of the free radical or as the 
highest % achieved. 

 
4.2.5 Determination of intracellular ROS levels on 

eukaryotic cell lines by DCFDA assay 
 
The protective effect of s-EPSs (from 5 to 75 µg/mL) or purified 

PE (10 nM) against oxidative stress was measured by determining the 
intracellular reactive oxygen species (ROS) levels, following the 
protocol used by Imbimbo (Imbimbo et al., 2019). 

 
4.2.6 Determination of intracellular glutathione levels (DTNB 

assay) and lipid peroxidation levels (TBARS assay) on eukaryotic 
cell lines 

 
Intracellular GSH levels and lipid peroxidation levels were 

measured by following the procedure described by Petruk (Petruk et al., 
2017). 12 µg/mL of s-EPSs or 10 nM of purified PE were used.  
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4.2.7 Anti-inflammatory activity 
 
The anti-inflammatory activity of the compounds was tested by 

their ability to inhibit cyclooxygenase-2 (COX-2). S-EPSs or purified PE 
were tested at different concentrations (4 and 167 µg/mL for s-EPSs or 
10 and 27 nM for purified PE) using a commercial inhibitory screening 
assay kit, Cayman test kit-560131 (Cayman Chemical Company, Ann 
Arbor, MI, USA). Ibuprofen was used as positive control. Results were 
expressed as a percentage of inhibition of COX-2. 
 

4.2.8 Wound healing assay 
 
Wound healing was assessed by a scratch assay. HaCaT cells 

were seeded at a cell density of 3 × 105 cells/cm2 for 24 h, to allow cells 
to reach about 95% of confluence. Then, cells were washed with PBS, 
scratched manually with a 200-μL pipet tip, and incubated with 12 
µg/mL of s-EPSs or 10 nM of purified PE. The scratch size was 
monitored at 0 h and 24 h by acquiring images by using an optical 
microscopy (Zeiss LSM 710, Zeiss, Germany) at 10x magnification. The 
width of the wound was measured by using Zen Lite 2.3 software 
(Zeiss, Germany). Results are expressed as reduction of area (fold) 
compared to untreated cells. 

 
4.2.9 Statistical analyses 
 
All the experiments were performed in triplicate. 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 (Dotmatics, California, USA). 

 
4.3 Results and Discussion 
 
S-EPSs and PE were extracted from the culture of P. cruentum, 

as previously described in Chapter 2. PE was then isolated via one 
step purification procedure, as reported in Chapter 3, up to a purity 
grade of 4. Here, both biocompounds were characterized for their 
biological activity to check if the process applied could affect their 
activity. 
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4.3.1. S-Exopolysaccharides characterization 
 
4.3.1.1 s-EPSs biocompatibility on cell-based model 
 
S-EPSs were tested for their biocompatibility on two eukaryotic 

immortalized cell lines: HaCaT (human keratinocytes) and Balb/c-3T3 
(murine fibroblasts) cells. 24 h after seeding, cells were incubated with 
increasing amounts of s-EPSs (from 5 to 75 µg/mL). After 72 h 
incubation, cell viability was assessed by the MTT assay and cell 
survival expressed as the percentage of viable cells in the presence of 
s-EPSs compared to that of control samples (i.e., untreated cells). The 
results in Figure 1 show that, under all the experimental conditions, s-
EPSs were fully biocompatible on both cell lines analyzed. 

 

 
 
Figure 1. Effect of s-EPSs from P. cruentum on cell viability. 

Dose-response curves of HaCaT (black dots) and Balb/c-3T3 (empty 
squares) cells after 72 h incubation with increasing concentrations of 
exopolysaccharides (5-75 µg/mL). Cell viability is reported as a function 
of s-EPS concentration. 

 
4.3.1.2 s-EPSs in vitro antioxidant activity 
 
It is generally believed that polysaccharides with high-sulfated 

content have biological activities (Wang et al., 2019), such as 
antioxidant (Marques, 2007). Thus, the antioxidant activity of s-EPS 
was evaluated by different in vitro analyses: ABTS, DPPH, FRAP, iron 
and copper chelating assays. It is known that antioxidant molecules can 
bind metal ions forming metal ion complexes, and that the presence of 
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sulfate groups could increase the metal binding capacity of the 
carbohydrates by donating an electron pair or by losing a proton, thus 
stabilizing the complex (Andrew and Jayaraman, 2020; Bhunia et al., 
2018).  

As shown in Table 1, s-EPSs were not able to scavenge the 
ABTS and DPPH radicals, whereas a slight but significant activity was 
observed for the chelation of iron and for ferric ion reduction assays. 
Both tests are based on the ability to act on iron: the former measures 
the ability of the compounds under test to bind Fe2+, whereas the latter 
analyzes the ability to reduce Fe3+ to Fe2+. As for copper chelating 
assay, the highest activity reached, at the highest concentration tested, 
was 9 ± 3%, a value much lower than the one obtained by testing the 
positive control molecule at the same concentration. 

In agreement with Wang and colleagues, we found that s-EPSs 
had no radical scavenging activity against DPPH, whereas they showed 
antioxidant activity in the ABTS assay, with IC50 values ranging from 
6.59 to 8.92 mg/mL (Wang et al., 2021). 
 

Table 1. In vitro antioxidant and chelating activity of s-EPSs. 
Results are expressed as percentage of inhibition. The concentration 
evaluated is referred to the final concentration of s-EPSs or positive 
control used in the well. ICA, Iron Chelating Activity; CCA, Copper 
Chelating Activity. 

 

Test 
Concentration 

(µg/mL) 
s-EPSs Activity 

(%) 
C+ Activity      

(%) 

FRAP 120 34 ± 3 97 ± 1 
ABTS 25 2 ± 2 98 ± 2 
DPPH 50 1 ± 1 52 ± 1 

ICA 55 66 ± 3 91 ± 1 
CCA 45 9 ± 3 91 ± 2 

 
4.3.1.3 s-EPSs antioxidant activity on a cell-based model 
 
The antioxidant activity of s-EPSs was also evaluated on HaCaT 

cells. To this purpose, cells were incubated with increasing 
concentrations of s-EPSs (from 5 to 50 µg/mL) for 2 h, and then 
oxidative stress was induced by UVA irradiation (100 J/cm2). 
Immediately after irradiation, intracellular ROS levels were measured 
by using H2DCFDA as a probe. For each set of experiments, untreated 
cells were used as a control. As shown in Figure 2, UVA treatment 
significantly increased the DCF fluorescence (black bars, p <0.001). In 
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the absence of stress, s-EPSs induced a slight but significant increase 
in intracellular ROS level (Figure 2, white, dashed grey and dark grey 
bars on the left part of the graph). Interestingly, when cells were pre-
incubated with s-EPSs, prior to be stressed, only 5 and 12 µg/mL were 
able to protect cells from ROS formation (Figure 2, light grey and white 
bars on the right part of the graph), whereas the higher concentrations 
had no protective effect. This result is in agreement with Giordano and 
colleagues (Giordano et al., 2020), as antioxidants act at low 
concentrations, whereas, at high concentrations they may work as 
prooxidants. Based on these results, s-EPSs were used at 12 µg/mL 
for further experiments. 

 

 
Figure 2. Antioxidant activity of s-EPSs on UVA-stressed 

HaCaT cells. Intracellular ROS levels were determined by DCFDA 
assay. Cells were pre-incubated in the presence of increasing amount 
(from 5 to 50 µg/mL) of s-EPSs for 2 h, prior UVA irradiation (100 J/cm2). 
Results are expressed as percentage with respect to untreated cells. 
Black bars refer to untreated cells; light grey bars refer to cells 
incubated with 5 µg/mL of s-EPSs; white bars to cells incubated with 12 
µg/mL; dashed bars to cells incubated with 25 µg/mL; dark grey bars 
refer to cells incubated with 50 µg/mL of s-EPSs, in the absence (-) or 
in the presence (+) of UVA stress. Data shown are means ± S.D. of 
three independent experiments. * indicates p <0.05, ** indicates p 
<0.01, **** indicates p <0.001. 

 
To deeply analyze the protective effect of s-EPSs, intracellular 

glutathione levels and lipid peroxidation levels were determined by the 
DTNB and TBARS assay, respectively. In the absence of any 
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treatment, a significant decrease (p <0.01) in GSH levels was observed 
after UVA exposure (Figure 3A), and s-EPSs (grey bars) were able to 
inhibit GSH oxidation, thus confirming a protective effect against 
oxidative stress. As for the TBARS assay, a significant increase (p 
<0.05) in lipid peroxidation levels was observed after UVA treatment 
(black bars, Figure 3B), but, notably, this effect was inhibited upon 
pretreatment with s-EPSs (grey bars). Treatment of cells with 
exopolysaccharides did not significantly alter both glutathione and lipid 
peroxidation levels in the absence of UVA treatment (-). Taken together, 
the results clearly indicate that s-EPSs are able to protect cells form 
oxidative damage. 

 

 
 
Figure 3. Protective effect of s-EPSs on HaCaT cells. 

Intracellular GSH levels determined by the DTNB assay (A) and lipid 
peroxidation levels determined by the TBARS assay (B). Cells were 
pre-incubated in the presence of 12 µg/mL of s-EPSs for 2 h, prior UVA 
irradiation (100 J/cm2). GSH and lipid peroxidation levels were 
measured after 90 min from UVA irradiation. Black bars refer to 
untreated cells and grey bars refer to cells incubated with s-EPSs, in 
the absence (-) or in the presence (+) of UVA stress. Values are 
expressed as percentage with respect to untreated cells. Data shown 
are means ± S.D. of three independent experiments. * Indicates p 
<0.05, ** indicates p <0.01. 

 
Interestingly, despite the low antioxidant activity observed in 

vitro, s-EPSs were active on a cell-based system at a concentration 
almost 600 times lower than that measured in vitro. This result is in 
agreement with literature, as it is well-known that in vitro assays should 
not be compared to cell-based ones, since antioxidants provide their 
function by different mechanisms of action, so that bioavailability, 
stability, retention, or reactivity of the compound under test in a complex 
system, such as that of eukaryotic cells, could not be either mimicked 
or evaluated in-vitro (López-Alarcón and Denicola, 2013). Our results 
indicated that s-EPSs were able not only to inhibit the intracellular ROS 
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production, but also to prevent GSH depletion and lipid peroxidation. 
 
4.3.1.4 In vitro anti-inflammatory activity of s-EPSs 
 
As inflammation is a condition strictly linked to oxidative stress, 

the anti-inflammatory activity of s-EPSs was measured by evaluating 
their capacity to inhibit the enzyme COX-2. When inflammation occurs, 
COX-2 is able to enhance the prostanoids production (Landa et al., 
2009). As reported in Table 2, surprisingly, s-EPSs showed no 
significant differences compared to ibuprofen, used as positive control, 
when tested at the same concentration, thus suggesting a new role of 
s-EPSs in inflammation control. 

 
Table 2. In vitro s-EPSs anti-inflammatory activity. 
 

 
Concentration 

(µg/mL) 
Inhibition  

(%) 

s-EPSs 167 77 ± 8 
Ibuprofen 167 99 ± 1 

 
4.3.2 Phycoerythrin characterization 
 
4.3.2.1 Phycoerythrin biocompatibility on immortalized 

eukaryotic cells 
 
Following biomass lysis, phycoerythrin (PE) had a purity grade 

of 1.5 (Liberti et al., 2022). This value is considered as a reagent grade, 
thus indicating that the protein can be used as it is also for food 
applications (Fernández-Rojas et al., 2014). In order to verify the 
safeness of the protein on eukaryotic cells, a MTT assay was performed 
by comparing the crude extract with the purified protein (purity grade of 
4). Results from the MTT assay, reported in Figure 4, clearly shows 
that only purified PE was fully biocompatible on both cell lines (Figure 
4B), while the crude extract exerted a dose dependent toxicity (Figure 
4A). These results clearly indicate that PE needs to be purified to a 
higher purity grade before being used on cell-based models, or, at least, 
that it cannot be applied, when present in the extract, at concentrations 
higher than a certain threshold (100 µg/mL). 
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Figure 4. Biocompatibility of total extract (A) and purifed PE 

(B) on eukaryotic cells. Dose-response curves of HaCaT (black dots) 
and Balb/c-3T3 cells (empty squares) after 72 h incubation with 
increasing concentrations of total extract (A) and purified PE (B). Cell 
viability was assessed by the MTT assay and reported as a function of 
extract/protein concentration. 

 
4.3.2.2. In vitro antioxidant activity 
 
In vitro analysis of the antioxidant activity of purified PE was 

carried out by the experimental procedures abovementioned. As 
reported in Table 3, purified PE was not able to scavenge the DPPH 
radical or chelate copper ions. However, it demonstrated a high 
capacity to scavenge the ABTS radical ion as well as reduce ferric iron 
or chelate iron with considerably low IC50 values (0.072 ± 0.004 and 
0.084 ± 0.012 µM, 0.084 ± 0.004 µM, respectively). Noteworthy, purified 
PE IC50 values were about 160, 1000 and 600 times lower with respect 
to the IC50 values obtained with positive control molecules (Trolox, 12 
± 1 µM in the ABTS; BHT, 90 ± 4 µM in the FRAP, and EDTA, 51 ± 3 
µM in the ICA). 

 
Table 3. In vitro antioxidant and chelating activity of purified 

PE. Results are expressed as IC50 values, µM. ICA, Iron Chelating 
Activity; CCA, Copper Chelating Activity. 

 

Test 
Purified PE Positive control 

IC50 (µM) 

ABTS 0.072 ± 0.004 12 ± 1 
DPPH > 0.27 29 ± 2 
FRAP 0.084 ± 0.012 90 ± 4 
ICA 0.084 ± 0.004 51 ± 3 
CCA > 0.1 63 ± 2 
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Differently from s-EPSs, purified PE was found to be a very 
powerful antioxidant agent on both in vitro and on a cell-based system. 
The ABTS assay was in line with that observed by Sonani on a PE from 
a different source (IC50 of 72 ± 4 nM vs 101 nM , respectively) (Sonani 
et al., 2014), whereas the PE prepared by this author had lower DPPH 
scavenging (930 nM) and Iron chelating abilities (484 nM) than the 
purified PE prepared in this study. We hypothesize that the higher 
antioxidant activity measured in our experimental system may rely on 
the source, or strain, used. 

 
4.3.2.3 Cell-based antioxidant activity of PE 
 
Starting from the encouraging results obtained in vitro, purified 

PE was tested on the UVA-stressed HaCaT experimental system used 
for s-EPSs. Cells were treated with 2.5 μg/mL (10 nM) of purified PE for 
2 h, and then oxidative stress was induced by UVA irradiation (100 
J/cm2). At the end of the irradiation, intracellular ROS levels were 
evaluated. As shown in Figure 5, UVA induced a significant increase in 
intracellular ROS levels (black bars, 200%) with respect to untreated 
cells (p < 0.001). When cells were treated with purified PE (grey bars), 
no increase in intracellular ROS levels was observed. Interestingly, 
when cells were incubated with purified PE, prior the UVA exposure, an 
inhibition in the intracellular ROS production was observed. 
 

 
 
Figure 5. Protective effect of purified PE on UVA-stressed 

HaCaT cells. Intracellular ROS levels were determined by DCFDA 
assay. Cells were pre-incubated in the presence of 10 nM of purified 
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PE (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 
stress. Values are expressed as percentage with respect to untreated 
cells. Data shown are means ± S.D. of three independent experiment. 
*** indicates p < 0.005, **** indicates p < 0.001 with respect to UVA 
treated cells. 

 
The effect of purified PE on GSH and lipid peroxidation was also 

assessed. As shown in Figure 6, PE was able to fully protect cells from 
oxidative stress, as no alteration in both GSH levels (Figure 6A) or in 
lipid peroxidation levels (Figure 6B) was found when cells were 
pretreated with purified PE prior to stress cells, thus confirming the 
protective effect of the protein against UVA irradiation at concentration 
in the low nanomolar range (10 nM). 

 

 
 
Figure 6. Analysis of intracellular GSH and lipid 

peroxidation levels on HaCaT cells. Cells were preincubated with 10 
nM of purified PE for 2 h before UVA irradiation (100 J/cm2). A, 
determination of intracellular GSH levels; B, analysis of lipid 
peroxidation levels. In both experiments, measurements were done 90 
min after UVA-induced stress. Values are expressed as % with respect 
to control (i.e., untreated) cells. Data shown are means ± S.D. of three 
independent experiment. * indicates p < 0.05, ** indicates p < 0.01, *** 
indicates p < 0.005. 
 

4.3.2.4 In vitro PE anti-inflammatory activity 
 
Purified PE was also able to inhibit COX-2 (Table 4) by about 

75%, although the level of inhibition attained with ibuprofen 24 nM could 
not be achieved, at any of the analyzed concentrations. 
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Table 4. COX-2 inhibition by purified PE. 

 
4.3.3 Effect of s-EPSs and purified PE on wound healing 
 
Finally, a scratch assay was carried out on HaCaT cells to test 

the ability of s-EPSs and purified PE to induce cell migration, related to 
wound repairing. Results are reported in Figure 7 and Table 5. In the 
absence of any treatment, cells spontaneously migrated to induce the 
re-epithelialization. Interestingly, when cells were treated with either s-
EPSs or purified PE, a significant enhancement in the wound closure 
was observed after 24 h. Indeed, s-EPSs reduced the scratched area 
by 2.50 ± 0.17 fold and purified PE by 2.40 ± 0.13 fold, with respect to 
untreated cells (1.80 ± 0.02 fold reduction). 

 

 
 
 
Figure 7. Effect of s-EPSs and purified PE on wound healing. 

Confluent HaCaT cells were scratched and treated with either 12 µg/mL 
s-EPSs or 10 nM purified PE for 24 h. Optical microscopy images were 
acquired at 10x magnification at the beginning (t0) and at the end of the 

Sample Concentration (nM) Inhibition (%) 

Phycoerythrin 
27 75 ± 8 

10 72 ± 8 
Ibuprofen 24 96 ± 1 
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incubation (24 h). 
 
Table 5. Reduction of area (fold) of wound closure upon 24 

h incubation with either s-EPSs or purified PE. Data shown are 
means ± S.D. of three independent experiments. For each experiment, 
at least 10 images were acquired. * indicates p < 0.05. 

* = p < 0.05 
 

Our results well fit with the mechanism of action of antioxidants, 
which prevent the generation of free radicals which, in turn, can 
significantly affect some physiological processes, including wound 
healing. In particular, ROS generation can damage tissues and slow 
down the regeneration process. The presence of antioxidants should 
counteract chronic inflammation and at the same time contribute to 
promote tissue regeneration (Alvarez et al., 2021). Considering that 
both s-EPSs and PE were able to inhibit one of the key enzymes in the 
inflammation process (COX-2) and to induce a significant faster scratch 
closure with respect to untreated cells, we can conclude that these 
bioproducts obtained by P. cruentum can represent an excellent 
ingredient for new biomaterials, such as medical patches. 

 
4.4 Conclusions 
 
As the use of synthetic molecules is known to be harmful in the 

long run, the search for new natural compounds, endowed with 
beneficial properties, is urgent (Montégut et al., 2022). In this context, 
antioxidants from microalgae could represent an excellent alternative, 
but microalgae upstream and downstream processes costs are still too 
high (Coulombier et al., 2021). 

We recently set up a cascade approach to recover four class of 
molecules from P. cruentum culture: s-EPSs, PE, carotenoids, and 
saturated fatty acids. Among them, here we evaluated the biological 
activity of s-EPSs and PE. These molecules showed a remarkable 
antioxidant activity in a cell-based system, higher than that obtained by 
in vitro assays, thus suggesting that the reliability of in vitro assays has 
to be overhauled. Moreover, both molecules showed anti-inflammatory 
characteristics comparable with ibuprofen and a significant ability in 

Sample Reduction of area (fold) 

Untreated 1.80 ± 0.02 

s-EPSs 2.50 ± 0.17* 

Purified PE 2.40 ± 0.13* 

https://doi.org/10.3390/antiox12020337


Bioproducts characterization 

79 
Shedding light on the hidden benefit of Porphyridium cruentum culture 

Antioxidants (2023), https://doi.org/10.3390/antiox12020337 

promoting cell proliferation. 
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5.1 General discussion 
 
Overpopulation, global warming, and reduction of natural 

resources are among the main problems of our time. The adoption of 
policies and procedures that have sustainability as starting point can 
help in alleviating some of the above-mentioned problems. 
Sustainability is a concept promoted by various world organizations, 
and it entails using both old and new resources, without producing 
waste and/or affecting the needs of future generations (Hummels and 
Argyrou, 2021; Ngan et al., 2019). 

In this context, the concept of biorefinery could find its spot. 
Sustainability and biorefinery are two closely connected concepts; in 
fact, the implementation of a biorefinery approach might be seen as 
sustainability's ultimate goal. The international energy agency has 
defined biorefinery as: “the sustainable processing of biomass into a 
spectrum of bio-based products (food, feed, chemicals, materials) and 
bioenergy (biofuels, power and/or heat)" (de Jong et al., 2012). 
Biorefineries can provide multiple chemicals by fractioning an initial raw 
material (biomass) into multiple intermediates (e.g. carbohydrates, 
proteins, triglycerides), by a cascade approach, that can be further 
converted into value-added products (Cherubini, 2010). 

Microalgae have gained wide interest in recent years, as they 
can be pointed out as consumers of CO2 (Wu et al., 2022), producers 
of secondary metabolites with a variety of applications (Khaligh and 
Asoodeh, 2022) and do not require the use of arable lands to be 
cultivated (Dębowski et al., 2020). Nowadays, there are several 
microalgae products already on the market, but their marketability is still 
low due to their high production costs. Despite the fact that many 
researchers have reported the obtainment of products within a 
biorefinery framework, the economic viability is unreached and the 
microalgal biorefinery is, at the moment, still too much expensive (Tang 
et al., 2020; Zhou et al., 2017). 

The general objective of the PhD project was to develop and 
apply a cascade approach able to fully exploit the microalgal culture of 
Porphyridium cruentum. 

Since P. cruentum is already commercialized, in recent years, 
some studies have been carried out trying to improve its marketability. 
For instance, Gallego and colleagues applied two different subsequent 
extraction steps to obtain carotenoids and proteins from the same 
biomass (Gallego et al., 2019); Guihéneuf and Stengel carried out 
strategies to improve the co-production of different compounds from P. 
cruentum (Guihéneuf and Stengel, 2015). However, the majority of 
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research is focused on the obtainment of only one product (Di Lena et 
al., 2019; Martínez et al., 2019). 

Differently from the abovementioned studies, the present 
biorefinery process, as it was thought and designed, allowed obtaining, 
in a cascade approach, four bioproducts: sulphated 
exopolysaccharides (s-EPSs), phycoerythrin (PE), carotenoids and 
lipids. All of them were obtained without significantly affecting the 
overall yields and the bioactivity of the other isolated compounds. Here, 
a brief discussion of the four molecules is reported, highlighting the 
drawbacks and pros of the available techniques. 

Sulphated exopolysaccharides. Sulphated 
exopolysaccharides (s-EPSs) were isolated from the exhausted culture 
medium, generally regarded as waste, and were found to be endowed 
with antioxidant, anti-inflammatory and wound healing activities.  

To date, very few s-EPSs are commercialized, and they are 
mostly used in the cosmetics sector. According to Keristovesky and 
colleagues (Keristovesky et al., 1993), P. cruentum s-EPSs are not 
hydrolyzed in the digestive tract. Indeed, the Solazyme company, in 
2007, formulated biologically active nutraceutics with s-EPS,  as they 
showed antioxidant and anti-inflammatory activities (Dillon et al., 2007). 
Due to the lack of bioavailability and the high viscosity of s-EPS 
solutions, their potential application as dietary fibers may be of interest. 
Additionally, recently, Alvarez and colleagues demonstrated the use of 
s-EPSs as hydrocolloid dressing in wound treatment, by preventing the 
exude of liquids from the wound and enhancing skin regeneration 
(Alvarez et al., 2021). 

Unfortunately, the recovery of s-EPSs from the culture medium 
starts by removing the biomass by centrifugation, and then ethanol 
precipitation and diafiltration are performed (Ravishankar and Ambati, 
2019), with an increase in the overall costs. Thus, their marketability is 
restricted to the niche of the high-value compounds. Recently, s-EPSs 
have been proposed as flocculating agent (Babiak and Krzemińska, 
2021), but this kind of application could represent an economic loss. 
Specific, innovative, and green downstream processes could help the 
microalgae biorefinery to achieve the breakeven point, allowing s-EPSs 
to find many other applications, such as in the food, cosmetics, 
pharmaceuticals, and agricultural industries. 

Phycoerythrin. The first bioproduct isolated from P. cruentum 
biomass was phycoerythrin (PE). Different protein aqueous extraction 
procedures were evaluated (sonication, maceration, freeze and thaw 
and French press) to isolate the protein. Among them, sonication was 
chosen for PE yield, the lower content of contaminating proteins and it 
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was time-saving. The extraction was further optimized by comparing 
the yield and the purity grade of PE starting from three feedstocks: (i) 
fresh biomass; (ii) frozen biomass; (iii) biomass collected by 
flocculation. Results suggested that storage conditions did not affect PE 
extraction, giving high versatility to the process. PE was then isolated 
by applying a single purification step, which allowed to obtain the 
protein with a high purity level, so high that its crystallographic structure 
and sequence were obtained. The highly purified PE was active against 
UVA-induced oxidative stress and inflammation. Interestingly, a new 
role for PE was found, i.e. in re-epithelization. 

Noteworthy, the purity grade of the protein is important for its 
applications, as a significant toxicity of PE was found when the purity 
grade was lower than 4. Needless to say, the higher the number of 
steps needed to purify the protein, the higher the purity grade, the 
higher the market value, but the higher the overall costs (Ghosh and 
Mishra, 2020; Ma et al., 2020; Phuong et al., 2022). During the different 
extraction steps, care has to be given to heat and mechanical shear 
forces which can cause a loss in terms of PE amount (Mishra et al., 
2011). At the same time, stability to pH, temperature and time have to 
be considered for its large-scale production and shelf life (Hsieh-Lo et 
al., 2019; Kannaujiya et al., 2019). Nevertheless, several companies 
commercialize PE produced in microalgae, such as: Europa 
Bioproducts, Sigma-Aldrich, Jackson Immuno Research, Thermo 
Fisher Scientific, SETA BioMedicals, Binmei Biotechnology, 
Algapharma Biotech, Phyco-Biotech, Norland Biotech, Columbia 
Bioscience and Dainippon Ink and Chemicals. Depending on the 
ultimate purity level and the proposed application, the market price of 
purified PE can vary between $180 and $250 per milligram, with an 
estimation of the total market of about $6.3 million by 2025 (Ardiles et 
al., 2020). Future Market Insights Inc. estimated that the market value 
of $2.6 billion overall in 2022 might quadruple by 2032 
(https://www.futuremarketinsights.com/reports/phycoerythrin-market). 

Carotenoids. To valorize the residual biomass, after PE 
extraction, carotenoids were obtained. The extract from the residual 
biomass gave a similar yield, compared to the one obtained from the 
raw biomass, but it was enriched in β-carotene, a well-known 
antioxidant (Feller et al., 2018). 

Carotenoids have a wide range of applications, from food, feed, 
nutraceutics up to cosmetics. Because of their color and nutritional 
benefits, carotenoids have been used in the food and feed sectors since 
many years. With a 47% market share, the animal feed industry was 
the higher consumer of carotenoids in 2014 
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(https://www.marketsandmarkets.com/Market-Reports/carotenoid-
market-158421566.html). Similarly, carotenoids have been added to 
the diet of aquatic organisms, in aquaculture, to enhance the pink/red 
color of crustaceans, salmonids, and other farmed fish (Lorenz and 
Cysewski, 2000). This feed industry is expected to grow at a very high 
rate in the world ($4.4 billion by 2030) (Ottinger et al., 2016). Indeed, in 
2019, the carotenoids industry reached the fastest growth in the health 
and nutraceutical market, which was about $440 million with a 
compound annual growth rate (CAGR) of 3.7% 
(https://www.marketsandmarkets.com/Market-Reports/carotenoid-
market-158421566.html). To obtain natural carotenoids, different 
extraction techniques can be used, from the most classical, including 
physical grinding, milling, ultrasound- and microwave-assisted 
extraction, freeze-thawing, solvent extraction (Ambati et al., 2019), up 
to the most innovative and green ones,  such as enzyme-assisted 
extractions, green solvents, subcritical water extraction, and super-
critical CO2 extraction (Saini and Keum, 2018). Even if technologies are 
rapidly evolving, synthetic carotenoids can be produced more quickly 
and inexpensively. For instance, the cost of a carotenoid isolated from 
microalgae can be as high as $7,500/kg (Koller et al., 2014), whereas 
its synthetic equivalent may only cost half as much (Li et al., 2011). 
However, recent data are showing that synthetic carotenoids can be 
harmful in the long run (Montégut et al., 2022). As an example, in 2011, 
EU banned the use of the chemical ethoxyquin (EQ), used as a feed 
additive (https://eur-lex.europa.eu/legal-
content/EN/TXT/?uri=CELEX:32017R0962). EQ was employed as a 
stabilizer, preventing from combusting during storage and transport. 
Thus, it is important the search for the obtainment of natural 
carotenoids.  Unfortunately, microalgae are able to produce only low 
amount of carotenoids (up to 10% of biomass dry weight) (Di Caprio et 
al., 2020), so that the microalgae-based carotenoids market still 
represents the 1% of the total market (Novoveská et al., 2019). 

Lipids. Finally, lipids were isolated and fractionated as last class 
of molecules from the residual biomass of P. cruentum. The lipid 
fraction was richer in saturated fatty acids (SFAs) with respect to that 
obtained from the raw one. SFAs are chemically stable, have a well-
defined melting point and are biocompatible, so that they are emerging 
as an intriguing new family of compounds, to be used as controlled 
drug-release molecules or antibacterial agents (Xue et al., 2021; Yoon 
et al., 2018). 

One of the primary issues within the lipid industry is the 
extraction process (Gifuni et al., 2019). Organic solvents like hexane, 

https://www.marketsandmarkets.com/Market-Reports/carotenoid-market-158421566.html
https://www.marketsandmarkets.com/Market-Reports/carotenoid-market-158421566.html
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:32017R0962
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:32017R0962
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chloroform, acetone, methanol, and diethyl ether are frequently used 
(Saini and Keum, 2018). These conventional extractions often require 
significant volumes of solvents, extended extraction time, and a dry 
biomass (Mansour et al., 2019). Additionally, the pretreatment phase is 
frequently necessary before the extraction, with consequences on the 
overall costs (Chen et al., 2013; Kadir et al., 2018). The harvesting-
dewatering process represents a bottleneck for microalgae-based 
industry, as the commonly used techniques, such as centrifugation or 
filtration (Branyikova et al., 2018; Fuad et al., 2018; Tan et al., 2020), 
have a high cost (20-30% of the total cost) and cannot be applied when 
the biomass is needed for bulk products (biofuels) (Najjar and Abu-
Shamleh, 2020). A new generation of extraction methods started 
developing, without the use of hazardous solvents, resulting in a more 
environmentally friendly approach (Armenta et al., 2019; Chemat et al., 
2012). Additionally, without altering chemical structure, the novel 
approaches enable shorter extraction times and higher extraction yields 
(Dixon and Wilken, 2018). Currently, only a few algae strains, including 
Spirulina, Chlorella, Dunaliella salina, Aphanizomenon flosaquae, 
Haematococcus pluvialis, Crypthecodinium cohnii, and Shizochytrium 
(Brennan and Owende, 2010; De Luca et al., 2021; Kothari et al., 2017), 
are used for large-scale production of polyunsaturated fatty acids 
(PUFAs). PUFAs are normally used for human nutrition, or for biodiesel 
production. In particular, research and development efforts in the field 
of microalgae are mostly motivated by energy-related trends, even if 
this driving force was lost after 2015 as a result of the popularity and 
acceptance of electric vehicles (Li et al., 2020) and of the fall in oil price. 
To date, PUFAs are mostly used as nutritional supplements, for 
functional food, and in the pharmaceutical industry (Ratledge and 
Cohen, 2008). Several companies, such as Oceans Alive (USA), Blue 
Biotech (Germany), Flora Health (USA) and InnovalG (France), 
produce ω3-PUFA from microalgae as dietary supplements or food 
additives (Ambati et al., 2019). The global market for ω3-PUFA was 
assessed to be worth $16.2 billion in 2020, and it is forecasted that this 
market would expand to $36.9 billion by 2027, with a CAGR of 12.5% 
(https://www.strategyr.com/). 

Despite the high relevance of bio-based products for many 
industries, the commercial exploitation of microalgae currently faces 
severe scientific and operational obstacles. Overall, several examples 
of particular biorefinery stages are recorded in literature, but there have 
been very few attempts to design complete processes. Both upstream 
and downstream processes must be simplified and integrated to 
become feasible and sustainable. However, it is important to remember 
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that any technology designed for the obtainment of a single product 
should always be followed by an assessment of the impact of the 
process as a whole. Numerous Life Cycle Assessment studies on 
microalgae production highlight several bottlenecks, with harvesting, 
storage and extraction as major energy consumers within the overall 
process (Razon and Tan, 2011; Soratana et al., 2014; Xu et al., 2011).  

Although microalgae have the potential to contribute to a wide 
range of markets, their present use is restricted to medium- and high-
value related markets, such as nutraceuticals, food, biopesticides and 
biostimulants, due to economic and technological constraints. In feed-
related applications, microalgae can be used as an additive as they 
cannot entirely substitute other raw materials (Llamas et al., 2021). 

The price of P. cruentum biomass can range from few to several 
hundred dollars per kilogram, depending on the supplier and the growth 
conditions. From its biomass it is possible to recover Phycoerythrin, 
whose price can range from several hundred to several thousand 
dollars per gram, depending on the supplier and the purity of the 
product, related to the purification steps required. It is important to note 
that the prices of PE and P. cruentum biomass can fluctuate over time 
due to market demand and supply chain factors. As research continues 
to explore the potential uses of these products in various industries, 
their prices may change accordingly. 

In conclusion, the composition of P. cruentum, summarized in 
Chapter 3, section 3.4, the consequent high value added to 1 kg of 
biomass, and the absence of waste products made a concrete 
biorefinery approach possible, even though still many other factors 
need to be fine-tuned and clarified to make this process an industrial 
reality. 
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