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Riassunto 
Nei prodotti alimentari industriali, per prevenire l'ossidazione del 

cibo con conseguente irrancidimento, vengono utilizzati principalmente 
antiossidanti sintetici, come il butilidrossianisolo (BHA) e il 
butilidrossitolune (BHT), la cui tossicità e gli effetti negativi sulla salute 
sono ampiamente documentati. Pertanto, l’aumento della 
consapevolezza da parte dei consumatori dei possibili effetti dannosi 
del cibo sulla salute ha portato ad una richiesta sempre maggiore di 
cibi naturali, considerati sicuri e salutari. Di conseguenza, l’industria del 
settore alimentare sta cercando di adeguarsi alle richieste, cercando di 
favorire e dare maggiore impulso alla ricerca e allo studio di additivi 
innovativi di origine naturale.  

I principali antiossidanti naturali utilizzati sono molecole estratte 
da frutta o verdura (es. tocoferoli, carotenoidi e acido ascorbico). 
Tuttavia, durante varie operazioni di lavorazione degli alimenti, come il 
trattamento termico o il processo di conservazione, questi antiossidanti 
possono perdere la loro stabilità ossidativa, con conseguente perdita 
dell’attività antiossidante.  
In questo contesto, microalghe e cianobatteri hanno ricevuto grande 
attenzione proprio per l'abbondanza di metaboliti secondari con attività 
antiossidante. Questi microorganismi fotosintetici, ricchi di proteine, 
lipidi, pigmenti e carboidrati, attualmente sono considerati fabbriche 
naturali di prodotti ad alto valore aggiunto. Tali microrganismi 
presentano inoltre diversi vantaggi: (i) hanno cicli di crescita brevi; (ii) 
possono essere coltivati tutto l’anno; (iii) non necessitano di terreni 
agricoli o di acqua pulita e (iv) non sottraggono spazi destinati 
all’agricoltura.  

Inizialmente, microalghe e cianobatteri sono stati utilizzati per la 
produzione di biocarburanti, ma tale scelta si è rivelata un’opzione non 
economicamente vantaggiosa. Un approccio diverso è stato quindi 
preso in considerazione: utilizzare tali microorganismi per ottenere 
molecole ad alto valore aggiunto e sfruttare poi la biomassa esausta.  
Attualmente, l’estrazione di bioprodotti dalle biomasse naturali si basa 
su tecnologie che prevedono l’utilizzo di solventi organici, come esano, 
cloroformio, acetone, metanolo e dietiletere, la cui tossicità e il 
rispettivo danno ambientale indotto sono ormai noti. Inoltre, le grandi 
quantità di solvente richiesto, il lungo tempo di estrazione e i frequenti 
pretrattamenti della biomassa determinano un grande dispendio 
energetico. Ecco perché lo sviluppo di tecniche “verdi” per estrarre 
composti ad alto valore rappresenta un progresso significativo e una 
valida alternativa alle tecnologie classiche.  
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Il concetto di chimica verde è stato introdotto per la prima volta 
agli inizi degli anni ‘90 da Anastas.  Basato su 12 principi, tra le varie 
cose, l’utilizzo di solventi sicuri e con minimo impatto ambientale 
possibile, così da massimizzare la quantità di materia prima che 
diventa parte del prodotto stesso.  

Le attuali tecniche estrattive, definite verdi, riducono o eliminano 
completamente i solventi tossici, minimizzando l'impatto ambientale; 
consentono di ridurre i tempi di estrazione e di migliorarne le rese, 
risultando vantaggiosi anche in termini economici. Va considerato però 
che la piena fattibilità di questi processi su scala industriale richiede 
ancora tempo. 

Tra le diverse tecniche innovative verdi sono da annoverare 
quelle che prevedono l’uso dei solventi commutabili, studiati per 
l’estrazione di molecole idrofobiche.  Questi solventi sono liquidi non 
volatili, in grado di passare da una forma idrofobica ad una idrofilica, e 
viceversa, in risposta ad uno stimolo esterno. Un vantaggio di questi 
solventi consiste nel fatto che è possibile recuperare le molecole 
estratte senza processi di distillazione, ma semplicemente cambiando 
la polarità del solvente. 

Nell’ottica della chimica verde, lo scopo del seguente progetto di 
dottorato è stato la messa a punto di tecniche verdi per l’estrazione di 
molecole antiossidanti termoresistenti a partire da microalghe o 
cianobatteri, da applicare come conservanti alimentari. 

A tal fine l'attenzione si è concentrata sullo studio dei ceppi 
disponibili presso la Collezione Algale dell'Università Federico II di 
Napoli (ACUF). Fondata nel 1973 dal Professor Taddei, l'ACUF nasce 
come raccolta di Cyanidium caldarium. Oggi sono mantenuti oltre 800 
microrganismi fotosintetici vivi da quasi tutti i continenti, principalmente 
appartenenti a Cianobatteri, Chlorophyta, Rhodophyta e 
Bacillariophyceae. Considerando la grande biodiversità di microalghe 
disponibile presso tale centro, è stato condotto uno screening su 
venticinque ceppi tra microalghe e cianobatteri al fine di identificare i 
più promettenti per la produzione di antiossidanti. I parametri utilizzati 
ai fini dello screening sono stati la velocità di crescita e il potere 
antiossidante dell’estratto in etanolo di ciascun ceppo. 
Dall’integrazione di questi due parametri sono stati selezionati Enallax 
sp., Synechococcus bigranulatus e Galdieria sulphuraria. 
Successivamente, è stata valutata l'attività antiossidante degli estratti 
selezionati, prima e dopo il trattamento di pastorizzazione. I risultati 
hanno chiaramente mostrato che l'attività antiossidante degli estratti 
era completamente preservata anche dopo il trattamento termico, 
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poiché erano in grado di proteggere le cellule dai danni indotti dai raggi 
UVA.  

Il passo successivo è stato la produzione massiva dei ceppi 
selezionati in fotobioreattori tubolari a colonna con un volume di lavoro 
0,8 L e, presso l’azienda ATIbiotech la produzione massiva di Spirulina 
platensis in un fotobioreattore a strato sottile. Entrambi i fotobioreattori 
hanno mostrato una buona produttività.  

Successivamente, con il solvente commutabile “verde” N-
Etilbutilammina (EBA) sono state estratte le molecole antiossidanti 
dalla biomassa prodotta nei fotobioreattori. Le rese delle molecole 
idrofobiche ottenute con l’EBA sono state poi paragonate alle rese 
ottenute con il metodo convenzionale Bligh-Dyer 
(cloroformio/metanolo) e nessuna differenza significativa è stata 
osservata.  

Nel caso del cianobatterio S. bigranulatus, il recupero delle 
molecole estratte è stato condotto con tre strategie diverse ai fini di 
valutare la più efficiente: nella strategia (i) la commutazione del 
solvente da non-polare a polare è stata indotta mediante CO2, 
SS(CO2); nella strategia (ii) la commutazione è avvenuta mediate una 
riduzione di temperatura SS(LCST) e nella strategia (iii) sono stati 
condotti due cicli di commutazione, il primo indotto dalla temperatura e 
il secondo dalla CO2, SS(LCST-CO2).  

Sorprendentemente, la strategia SS(LCST-CO2) ha permesso di 
recuperare due frazioni distinte, una frazione arancione (OF) ricca di 
β-carotene, e una frazione verde (GF) ricca di zeaxantina, rendendo il 
processo altamente selettivo e più efficiente delle tecniche 
convenzionali utilizzate in parallelo. Inoltre, la natura del solvente non 
ha influenzato la biocompatibilità delle molecole estratte né l'attività 
antiossidante, che è stata conservata anche dopo il processo di 
pastorizzazione degli estratti. 

Ancora, la capacità del solvente di estrarre antiossidanti dalla 
biomassa non pretrattata, dimostra la capacità dell’EBA, nella sua 
forma non polare, di distruggere le pareti e le membrane delle cellule 
algali. Quindi, l'eliminazione delle fasi di essiccazione e distruzione 
cellulare provoca una riduzione del consumo energetico del processo 
di estrazione che lo rende vantaggioso economicamente. 

Infine, la possibilità di recupero e riuso del solvente, la capacità 
di estrarre molecole idrofobiche da biomassa non pretrattata, la 
selettività di estrazione e la facile separazione soluto-solvente rendono 
i solventi commutabili una valida alternativa alle tecniche 
convenzionali.  
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Pertanto, sulla base dei risultati ottenuti è possibile considerare 
microalghe e cianobatteri una fonte promettente di antiossidanti 
naturali termo-resistenti da applicare come conservanti alimentari. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
*Gli esperimenti di estrazione con i solventi commutabili sono stati 
effettuati nel laboratorio del Prof.dr.ir. D.W.F. (Wim) Brilman presso il 
Dipartimento di Sustainable Process technology (SPT), TNW faculty 
UNIVERSITY OF TWENTE  
 
 
 
*La biomassa di S. Platensis è stata prodotta presso l’azienda 

ATIbiotech s.r.l. di Castel Baronia (AV), Italia, sotto la supervisione 

dell’Ing. Domenico Liotto

https://www.utwente.nl/en/tnw/spt/
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SUMMARY 
Due to the toxicity of synthetic antioxidants used as food 

additives, nowadays the request for naturals ones is mandatory. 
Moreover, many natural antioxidants lose their biological activity after 
food thermal process treatment. Among natural sources, microalgae 
and cyanobacteria emerged in the last years as good antioxidants 
producers. 

The aim of the present PhD project was the production of thermo-
resistant antioxidants from microalgae and cyanobacteria to be applied 
in the food industry, obtained with green extraction processes and/or 
solvents.  

First, a screening on twenty-five strains between microalgae and 
cyanobacteria, obtained from the Algal collection of University Federico 
II (ACUF), was carried out. The biomass was extracted in ethanol, 
considered a GRAS (Generally Recognized As Safe) solvent. Based 
on growth rate and in vitro antioxidant activity of the extracts, Enallax 
sp., Synechococcus bigranulatus and Galdieria sulphuraria were 
selected and their biocompatibility was assessed. Then, extracts were 
validated also for their ability to protect human keratinocytes from UVA 
induced oxidative stress, before and after the pasteurization process. 

Then, the secondary amine N-Ethylbutylamine (EBA) switchable 
solvent was used to extract antioxidants from biomass obtained from 
microalgae grown in bubble column photobioreactors (1L) and in thin 
layer photobioreactor (15L). Switchable solvents are particular liquids 
that can be converted from hydrophobic to hydrophilic form and 
viceversa, as a response to an external stimulus. The yields of 
antioxidants molecules obtained with EBA were similar to the yields 
obtained with a conventional method, Bligh e Dyer (B&D), on the same 
amount of biomass. Moreover, EBA extraction allowed to selectively 
extract a β-carotene enriched fraction and a zeaxanthin enriched 
fraction.  

The biocompatibility and antioxidants activity of both fractions, 
either before and after thermal treatment, open the way to use 
microalgae and cyanobacteria in food preservation. 
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1.1 Photosynthetic microorganisms  

Microalgae and cyanobacteria (Figure1) are unicellular 
microorganisms which use sun radiant energy, carbon dioxide (CO2) 
and ions present in the environment for energy and biomass 
production. Microalgae and cyanobacteria are directly responsible for 
almost 50% of photosynthesis on earth1 and they are able to mitigate 
large amounts of carbon dioxide, as about 1.8 tons of CO2 are 
converted in one ton of microalgae2. They are present in different 
ecosystems, as they can grow in fresh or marine water, they do not 
compete with arable lands, multiply rapidly and can accumulate large 
amounts of valuable components (pigments, polyunsaturated fatty 
acids, proteins, lipids and carbohydrates) within a short period of time, 
compared to conventional crops. These microorganisms are usually 
classified on the basis of their pigments and morphology. 

Cyanobacteria, known in the past as blue-green algae, have a 
prokaryotic cell and produce chlorophyll a as well as 
phycobiliproteins3,4. Green algae have chlorophylls a and b and usually 
do not have accessory light-harvesting pigments5. Red algae contain 
chlorophyll a and phycobilisomes that are located on the surface of 
unstacked thylakoid membranes6,7.  
 

  
Figure 1. Examples of microalgae and cyanobacteria. A) Chlorella vulgaris; B) 

Haematococcus pluvialis; C) Synechococcus bigranulatus; D) Arthrospira platensis. 
 
1.2 High-value compounds from Microalgae and Cyanobacteria 

It has been estimated that about 200,000 species are known 
among  microalgae and cyanobacteria8, but only few of them have 
been studied to exploit their content9. Indeed, the metabolic diversity 
and their ability to grow under different nutritional conditions 
(autotrophy, heterotrophy and mixotrophy) is the starting point for the 
synthesis of a huge number of molecules which can be used in different 
fields. Thus, microalgae can be exploited as a novel and green source 
of high-value compounds for industrial purposes (Table 1). Some 
examples of microalgae-derived high-value compounds are: 
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• Carotenoids: terpenoids that are derived from a 40-carbon 
polyene chain and may be complemented by cyclic groups and 
oxygen-containing functional groups. Based on their organic 
structure, carotenoids may be classified into two types: 
carotenes and xanthophylls (Figure 2), which are responsible 
for the red, brown and yellow color of plants, algae and 
cyanobacteria10. Carotenoids play key roles in light harvesting, 
in the transfer of energy during photosynthesis and in the 
protection of the photosynthetic apparatus against 
photooxidative damage11. Noteworthy, carotenoids are able to 
quench singlet oxygen (1O2) and free radicals responsible for 
cell damage. Carotenoids can help in preventing and treating 
many diseases, such as cancer, cardiovascular disease, 
diabetes and osteoporosis12,13, as they possess anti-
inflammatory and antioxidant activities14. Due to their striking 
color characteristics, antioxidant and preservative properties, 
they are widely used as a natural colorant for the food 
industry14. In particular, β-carotene is used as colorant, 
especially in the preparation of food with elevated fatty acids 
content (e.g. margarine, butter, soft drinks, cakes and milk-
based products)14. As microalgae usually produce 01-0.2% dry 
weight on average  of carotenoids and up to 14% of β-carotene  
for some species15–17, it is not surprising that nowadays the β-
carotene most used in the food sector is produced by the 
microalga Dunaliella salina18. 

 

 
Figure 2. Molecular structure of carotenoids. β-carotene (C40H56) belongs to the group of 
carotenoids consisting of isoprene units. It is the most abundant form of carotenoid and it is 
the precursor of vitamin A. Zeaxanthin (C40H56O2) is a xanthophyll carotenoid. Zeaxanthin is 
an isomer of Lutein. Astaxanthin (C40H52O4) is a metabolite of zeaxanthin and/or 
canthaxanthin, containing both hydroxyl (-OH) and ketone (C=O) functional groups.  
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• Chlorophylls: porphyrin-containing compounds with 
macrocyclic tetrapyrrole nucleus (Figure 3). The pyrrole rings 
are linked to each other via methine bridges with the double 
bonds forming a closed, conjugated loop. On the other hand, 
the closed loop of the conjugated double bonds forms the 
chromophore imparting light absorption ability to the 
molecule14. Chlorophylls are currently used as both food and 
pharmaceutical colorants and as functional food supplements. 
Furthermore, Fernandes and colleagues found that 
chlorophylls can be implicated as chemopreventive agents 
against the onset of degenerative diseases19. Due to their vital 
role in photosynthesis, they are the most abundant and 
common pigments in plants, algae and cyanobacteria and 
constitute about 0.5–1.5% of the dry cell matter20. Chlorella is 
the most used species for chlorophyll production10,14,21.  
 

 
Figure 3. Molecular structure of Chlorophylls. Chlorophyll molecule is a porphyrin ring, 
coordinated to a central atom of magnesium. Chlorophyll a (C55H72MgN4O5) is the principal 
pigment involved in the photosynthesis, whereas chlorophyll b (C55H70MgN4O6) is the 
accessory pigment, collecting the energy to be transferred to chlorophyll a. 

 

• Proteins: Microalgae protein content is higher than that 
obtained from conventional sources, such as meat, poultry and 
dairy products. Some species, such as the Chlorophycean 
show a protein amount between 40-60%, whereas species 
such as Spirulina reach up to 70%  with respect to their 
mass22,23. Algal proteins are mainly used as animal feed, as 
food or food supplement for human consumption24,25. 
However, microalgal based functional foods have not flooded 
the market yet20. 
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• Phycobiliproteins: accessory photosynthetic pigments, they 
assemble to form phycobilisomes, antenna complex of 
cyanobacteria, algae and cryptomonads. These pigments are 
water soluble proteins brilliantly colored. The color is due to the 
presence of linear tetrapyrrole groups called bilins10. Two 
major classes are predominant: phycocyanin (C-phycocyanin, 
deep blue, and allophycocyanin, light blue) and phycoerythrin 
(red)14. Phycobiliproteins exhibit antioxidant, anti-
inflammatory, anti-proliferative activity, hepatoprotective, and 
neuroprotective effects26,27. In addition to these health benefits, 
these molecules have been used in dietary nutritional 
supplements and as natural colorant applications in the food, 
nutraceutical, cosmetic, and biotechnology industry20,25.  
 

• Lipids: hydrophobic molecules, which are soluble in most 
organic solvents28,29. They can be classified into: (i)  polar 
lipids, (ii) neutral lipids and (iii) free fatty acids29. Microalgae 
and cyanobacteria produce high levels of lipids30, in the range 
of 20-50% of total biomass dry weight28. Algae fatty acids have 
been widely studied for biofuel production, but this option is still 
economically unsustainable30–32. On the contrary, the use of 
omega-3 and omega-6, polyunsaturated fatty acids (Figure 4), 
as food supplements for their beneficial effects on human 
health, has received great interest28. 
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Figure 4. Molecular structure of common ω-3 and ω-6 polyunsaturated fatty acids. 
Polyunsaturated fatty acids have the first double binding in position 3 (ω-3) or in position 6 (ω-
6). All double bindings are in cis formation. The ω-3 fatty acids include alpha-linolenic acid 
(ALA), eicosapentaenoic acid (EPA), and docosahexaenoic acid (DHA). The ω-6 include 
linoleic acid (LA) and arachidonic acid (AA). 

• Carbohydrates, obtained in Calvin cycle during photosynthesis, 

accounts for 15-60% of the biomass, but the content and the 

composition may vary among species 33,34. They are present in 

plastids in the form of starch, while in the cell wall as cellulose, 

glycogen and polysaccharides 35. Microalgae carbohydrates are 

mainly preferred for the production of biofuel, due to the high 

availability of fermentable sugars, low hemicellulose content and 

no lignin 33,34,36. 
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Table 1. Lipids, proteins, carbohydrates and carotenoids content  of 

main algae used for food applications. Yields are reported as % with 

respect to dry weight biomass. 

Species  
Lipids 

%  
Proteins 

% 
Carbo- 

hydrates %  
Carotenoids

% 
Ref 

Chlorella 
vulgaris  

5-4 40-60 10-50 0.4 
23,37,3

8 
 

Chlorella sp. 10-50 20-45 23-45  38–41 
 

 
Scenedesmus 
sp. 

25-50 35-52 18-43  
39,42–

44 

 

 

Dunaliella 6-25 50-80 5-11 0.5 
42,45–

47 

 

 
Spirulina 
platensis 

2-10 45-70 5-13 0.2 
41,48,4

9 
 

 

1.3 Microalgae as source of natural antioxidants for food 
application 

Antioxidants are molecules able to protect, scavenge, and repair 
oxidative damage, thereby protecting target structures or molecules 
from oxidative injuries8,50. From a metabolic point of view, aerobic 
organisms need oxygen to live, because oxygen is the main source of 
energy for the cell. However, oxygen can induce oxidative stress, which 
means a loss of balance between the free radical species and 
antioxidant levels51,52. Free radicals species are atoms, molecules or 
ions with unpaired electrons that are highly unstable and active towards 
chemical reactions with other molecules. They derive from three 
elements: oxygen, nitrogen and sulphur, thus forming reactive oxygen 
species (ROS), reactive nitrogen species (RNS) and reactive sulphur 
species (RSS)8,53. The unbalance between the free radical species and 
antioxidant levels leads to DNA damage, lipids peroxidation, as well as 
to the activation of signalling pathways that induce an uncontrolled 
growth of cells, their inability to differentiate, and the insurgence of a 
malignant phenotype53,54. 

The human body has a natural antioxidant defense mechanism 

composed of enzymatic (e.g., catalase) or nonenzymatic molecules, 

such as radical scavengers (e.g., the water-soluble vitamin C and the 

lipid-soluble vitamin E) and quenchers (e.g., β-carotene)52. Although 

these defense mechanisms are quite effective, they are incomplete 
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because the human body cannot produce some important antioxidants, 

which therefore must be taken from the diet52,55.  

The main antioxidants acquired from the diet are pigments 
(carotenes and xanthophylls), polyphenols (flavonoids, phenolic acids) 
and fatty acids (ω-3 and ω-6 fatty acids) present in many vegetables 
and fruits20,56. 

A completely different use of antioxidants is to use them to 
prolong the shelf life of foodstuff. Actually, many of them are synthetic, 
such as butylated hydroxytoluene (BHT) or butylated hydroxyanisole 
(BHA)57. As these components are suspected to be toxic and 
carcinogens, natural molecules with antioxidant activity have drawn 
great attention58,59. Moreover, the antioxidant content and their 
biological activities in foods may be affected by certain processing and 
thermal treatments60. Thus, research is focusing on the discovery of 
natural molecules with antioxidant activity that can be applied for the 
preservation of foods without losing their biological activity after 
industrial treatments of processing and sterilization. 

In this context, microalgae and cyanobacteria are emerging as 

great sources of sustainable antioxidants. Indeed, many algae 

secondary metabolites are endowed with antioxidant activity. Currently, 

microalgae derived foods are marketed as healthy foods and are 

available in the industry as capsules, tablets, powders and liquids. 

Other secondary metabolites, such as pigments and fatty acids, 

derived from microalgae, are consolidating their market share as food 

coloring, food additive, and food supplement61.  

 

1.4 Current market of bioactive food compounds from microalgae 

The use of extracts or the whole algal biomass for human 

consumption is related to food safety regulations, which vary among 

countries, and is allowed only for some species9,62. Nowadays, the 

most commercialized algal species is Spirulina (selling price 5-50 

USD/Kg). Its phycocyanin, along with61,63,64 β-carotene and astaxanthin 

produced by Dunaliella and Haematococcus, are widely required as 

food additives and food colorants61.  

According to a report by Future Market Insights 

(https://www.researchandmarkets.com), the algae pigments market is 

steadily growing. For example, the actual phycocyanin market is $ 

112.3 million, while the β-carotene is $ 432.2 million and is expected to 

increase by 2025 with a CAGR (Compound Annual Growth Rate) of 
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around 10%. However, when compared to the global market of food 

and feed products derived from all the other sources, the market 

portfolio of microalgae-based products is still small65. 

  
1.5 Green chemistry and microalgae 

In the last decades, increasing concerns about environmental 

issues has been raised around the world. However, bioactive 

molecules are still extracted on an industrial scale by conventional 

methods, such as hexane, chloroform, acetone, methanol and diethyl 

ether, with a high negative environmental impact. Despite high energy 

consumption and large amounts of solvents, the yield is often 

minimal66. Thus, the design of green and sustainable extraction 

methods of natural products is currently a hot research topic in the 

multidisciplinary area of applied chemistry, biology and technology67. 

The concept of Green Chemistry was first formulated at the 

beginning of the ‘90s68. In relation to green extraction of natural 

products, the definition can be: “Green Extraction is based on the 

discovery and design of extraction processes which will reduce energy 

consumption, allows use of alternative solvents and renewable natural 

products, and ensure a safe and high quality extract/product”67. 

Green chemistry is based on the application of 12 principles69. 

Among those, some are important in the context of circular economy 

and industrial applications. As an example, the development of 

processes that maximize the amount of raw material that becomes part 

of the product itself; the use from industries of chemicals and solvents 

that are safe for the environment; the efficiency in using energy, and, 

last but not least, the prevention of wastes. 

However, most current industrial production processes still lack 
efficiency in using feedstocks and produce large amount of wastes, 
some of which are toxic for the solvents used70.  
In this context, the development of green extraction technologies to be 
applied to microalgae well fits into the Green Chemistry philosophy.  
 
1.6 Green innovative techniques for the extraction of molecules 

Supercritical fluids extraction (SFE) was widely studied mainly for 

lipophilic compounds extraction, such as fatty acids, carotenoids, and 

sterols, rather than polar compounds71. SFE uses a fluid in supercritical 

conditions, that is at temperature and pressure above the critical point 
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of the solvent selected. These conditions allow the solvent to penetrate 

the matrix and extract molecules that have the same polarity of the 

solvent72,73. SFE is considered “green” as it uses an economic, non-

harmful, non-flammable, and recyclable solvent (CO2). However, due 

to the high initial cost of the SFE equipment it is difficult the scaling up 

on an industrial level71–73.  

Another innovative technique that allows a good extraction of 

hydrophobic molecules from microalgae is the Microwave Assisted 

Extraction (MAE). This technique uses microwaves to heat the solvent, 

which can easily penetrate into the matrix, thus facilitating the 

extraction of target compounds74. MAE has the advantage of (i) 

requiring short extraction time, and (ii) it could be used at an industrial 

level. However, the high energy for radiation power and high 

temperature required can affect the bioactivity of the extracted 

compounds71,75. 

Ionic liquids (ILs), composed of a large number of inorganic or 

organic cations, are a valid alternative to volatile solvent for 

hydrophobic molecules extraction. However, although many of them 

have been proved to be not harmful for humans, the application at 

industrial level is unrealistic, due to their costs and the environmental 

impact 76,77. 

In recent years, a second generation of ILs has been developed: 

switchable solvents (SSs). 
 

1.7 Switchable solvents 

Switchable solvents (SSs) (Figure 5) are non-volatile liquids that 

can be converted from a non-ionic (hydrophobic) form to an ionic 

(hydrophilic) form and viceversa in response to an external stimulus, 

such as temperature78. This innovative method allows to recover 

hydrophobic and hydrophilic molecules from the extraction solvent, 

based on phase splitting, which might offer an energy efficient 

alternative79,80. In addition, they can be easily applied at an industrial 

scale and may allow a highly selective extraction 81.  
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Figure 5. Switching mechanisms of SSs. The different polarity of the liquid under the two 

different conditions is illustrated by the miscibility of the solvent in water in presence of CO2 or 

by decreasing the temperature. Image is taken from Green chemistry 13, 3, 3, 2011. 

 

The first SS system consisted of an equimolar mixture of an alcohol 

and an amidine such as 1,8-diazabicyclo-[5.4.0]-undec-7-ene (DBU) 

(Figure 6)78. Unfortunately, this two-component system was difficult to 

control, thus a single component system was developed78. The 

solvents of this new system are primary, secondary or tertiary 

amines82–84. These new SSs have been found to be toxic85. However, 

their recovery after the extraction process and the possibility to re-use 

them, renders SSs “green” solvents86,87. 

 
 

 
Figure 6. Switchable mechanism of alcohol/amidine mixture. (A) Protonation equilibrium 
of DBU in the presence of an alcohol and carbon dioxide. (B) The different polarity of each 
liquid under the two conditions is illustrated by the miscibility of decane with the hexanol/DBU 
mixture under nitrogen, a decane phase separates out once the solvent mixture becomes 
polar in the presence of CO2. This process is reversible. Image is taken from Nature 436, 

7054, 8 2005. 
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Primary amines 

The N,N,N’-tributylpentanamidine was reported as a suitable 

switchable hydrophilicity solvent (SHS) (Figure 7). 

 
Figure7. Switching mechanism of primary amines. The amine is hydrophobic at room 

temperature, and it switches in its hydrophilic form after exposure to CO2 at atmospheric 

pressure in presence of water. Then, exposure to N2 or heat solvent can revert the molecule 

to its original state. Image is taken from Green chemistry, 12, 5, 5 2010. 

 

Secondary amines 

Among secondary amines, N-ethyl butyl amine (EBA), N-ethyl propyl 

amine (EPA), di-propyl amine (DPA), and benzyl methyl amine (BMA) 

can function as a switchable solvents (Figure 8)83,88. 

 

 
Figure 8. Switching mechanism of secondary amines. The amine, in presence of water and 

CO2, forms carbamate salts via carbamic acids. Then, in the presence of N2 the reaction 

equilibrium shifts to the right and the system returns to its original state. Image is taken from 

Journal of Organic Chemistry 73, 1, 1 2008.  

 

Noteworthy, the switching of the above reported secondary amines 

happens at  room temperature83. 
 

Tertiary amines 

Tertiary amines are hydrophobic solvents which become hydrophilic in 

the presence of CO2 and revert in the hydrophobic form in the 

presence of N2 (Figure 9).  

 
Figure 9. Switching mechanisms of tertiary amines. The reaction between tertiary amine, 

water and CO2 gives a bicarbonate salt and a protonated SS. The reaction reverts by 

insufflating N2 into the system. 
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Due to the reaction stoichiometry an equimolar amount of H2O is 

required, in contrast to primary and secondary amines. Tertiary 

amines are normally less reactive towards CO2 than secondary 

amines, which may lead to longer reaction times before observing the 

switch of the solvent, but the reaction requires less energy input to 

revert the reaction84. 

SSs are considered “green” solvents as they are simple to 

recover and the possibility of recycle them determines a lower energy 

consumption of the system, with a consequent reduction in the costs 

of the whole process73,86,89. 

In the last years, several authors have used secondary or tertiary 

amines for the extraction of compounds from microalgae (Table 2).  

Samorì (2013) used the tertiary amine N, N-dimethyl cyclohexyl amine 

(DMCHA) for extracting and recovering lipids directly from either wet 

algae paste biomass and algae slurry79. Du and colleagues (2013) 

proposed a process for lipid extraction from wet algae using a 

secondary amine88. Later, Cicci (2018) showed the ability of tertiary 

amines to extract hydrophobic and hydrophilic molecules from 

different microalgae, in order to fully exploit the circularity of the 

extraction process80. Only recently, Liu (2020) exploited the selective 

extraction capacity of these solvents, for the extraction of astaxanthin 

from Haematococcus pluvialis for food applications81. 

Thus, switchable solvents, due to their eco-friendly properties, 

are a good alternative to conventional solvents in the scaling up of 

extractions of molecules from microalgae at an industrial level. 
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Table 2. Yields of hydrophobic and hydrophilic compounds extracted 

by switchable solvents (SSs) from several microalgal species. Yields 

are reported as % with respect to dry weight biomass. 

Species  
 

Solvent 

Hydrophobi
c 

compounds 
%  

Hydrophili
c 

compound
s % 

Ref 

Nannochlorops
is gaditana 

 
N,N-dimethyl-

cyclohexylamine 
57.9 ± 1.3 - 18 

 

Tetraselmis 
suecica 

 
N,N-dimethyl-

cyclohexylamine 
31.9 ± 1.5 - 18 

 

 

Desmodesmus 
communis 

 
N,N-dimethyl-

cyclohexylamine 
29.2 ± 0.9 - 18 

 

 

Desmodesmus 
sp. 

 
N-Ethylbutylamine 

16.8 ± 0.5 - 19 

 

 

Scenedesmus 
dimorphus 

 
N,N-dimethyl-

cyclohexylamine 
35.6 ± 1.9 41.1 ± 2 20 

 

 

Haematococcu
s pluvialis 

 

N-Ethylbutylamine 51.1*  21 

 

 

Dipropylamine 53.1* - 21 

 

 
*is referred to astaxanthin molecules 

 

 

 

1.8 The aim of thesis 

The general aim of the present PhD project is the use of Green 
Chemistry to extract thermo-resistant antioxidants from microalgae or 
cyanobacteria, to be applied in the food industry. The research 
activities are presented in three sections. 

WP1 – Strain selection and cultivation  

A screening on different microalgal or cyanobacteria strains available 
at the Algal Collection of Federico II, able to grow at medium high 
temperature (25-40 °C).  
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WP2 – Extraction of hydrophobic molecules from Spirulina 
platensis cultivated in thin layer photobioreactor at ATI BIOTECH 
company. 

Extraction trials of antioxidant molecules, starting from S. platensis 
slurry biomass, obtained in thin layer photobioreactors by using 
switchable solvent. 

WP3 – Antioxidant extraction and characterization  

Extraction and purification of antioxidant compounds from microalgae 
grown indoor. Extractions have been conducted by using conventional 
extraction in ethanol and by switchable solvents. Lab-scale purification 
of the extracted fractions and validation of the antioxidant properties 
with biological assays in vitro and on eukaryotic cells after oxidative 
stress. Study of the thermo-resistance of extracted antioxidants. 
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Abstract 

 
        Aims. The demand for natural antioxidants to be used in food 
industry is increasing, as synthetic antioxidants are toxic and have high 
production costs. Specifically, food processing and preservation 
require antioxidants resistant to thermal sterilization processes. In this 
study, twenty-five strains among microalgae and cyanobacteria were 
screened as antioxidants producers. 

Methods and Results. The pigment content of all extracts was 
determined spectrophotometrically. The species Enallax sp., 
Synechococcus bigranulatus and Galdieria sulphuraria showed the 
highest content of chlorophyll a and total carotenoids.  In vitro stability 
and antioxidant activity of the ethanolic extracts were performed. The 
results revealed that extracts obtained from the previously mentioned 
species were stable at room temperature and exhibited in vitro free 
radical scavenging potential with IC50 values of 0.099 ± 0.001, 0.048 ± 
0.001 and 0.129 ± 0.02 mg mL-1, respectively. Biocompatibility assay 
showed that the extracts were not toxic on immortalized cell lines. The 
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antioxidant activity was also tested on a cell-based model by measuring 
intracellular ROS levels after sodium arsenite treatment. Noteworthy, 
extracts were able to exert the same protective effect, before and after 
the pasteurization process. 

Conclusions. Our results clearly indicate that the feasibility of 
obtaining biologically active antioxidants from microalgae. 
Significance and Impact of Study. Green solvents can be used to obtain 
thermo-resistant antioxidants from cyanobacteria and microalgae 
which can be used in the food industry. Thus, the substitution of 
synthetic pigments with natural ones is now practicable.  
 
Key points 

- Microalgae and cyanobacteria contain natural antioxidants 
- Ethanolic extracts show antioxidant activity in vitro and on a cell-

based system 
- Ethanolic extracts are resistant to pasteurization and active as 

antioxidants 
 
Keywords 

Microalgae; pigments; natural antioxidants; ABTS; H2-DCFDA; 
pasteurization. 
 
3.1 Introduction  

Due to the toxicity of synthetic antioxidants, natural molecules 
with antioxidant activity have drawn great attention for their potential 
use as food preservatives or nutraceuticals1,2. Nowadays, microalgae 
and cyanobacteria are emerging as an important source of sustainable 
antioxidants.  

These microorganisms can survive in several environments, such 
as hot terrestrial and marine habitats, considered inhospitable for most 
life forms3,4.  

In recent years, several photosynthetic microorganisms have 
found application in industrial processes and in food industry for two 
reasons: (i) they can grow in harsh environmental conditions, so they 
are not susceptible to microbial contamination5; (ii) they produce 
molecules resistant to high temperatures, ionic strength and extreme 
pH values6–9. Moreover, high value compounds from algae and 
cyanobacteria are more effective than synthetic ones in food 
application10.  
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Microalgae and cyanobacteria are photosynthetic single-cell 
organisms, which are usually classified on the basis of their pigments, 
photosynthetic storage products and morphology11–13. Cyanobacteria, 
known in the past as blue-green algae, have a prokaryotic cell and 
produce chlorophyll a as well as phycobiliproteins14,15. Green algae 
have chlorophylls a and b, and usually do not have accessory light-
harvesting pigments16. Red algae contain chlorophyll a and 
phycobilisomes that are located on the surface of unstacked thylakoid 
membranes17,18. 

In general, microalgae and cyanobacteria, present in different 
ecosystems, account for a large part of the total ecosystem biomass 
and productivity, and can be exploited to generate several value-added 
products of nutraceutical and industrial relevance6. Noteworthy, these 
microorganisms have the great advantage to be able to grow in 
wastewater and on non-arable lands, and to produce a huge number 
of secondary metabolites endowed with biological activity.  

Currently, only few microalgae strains are commercialized. The 
dry biomass of Chlorella and Arthrospira is used as a food supplement 
due to the high content of proteins rich in essential amino acids 10. The 
biomass of Nannochloropsis species, Isochrysis species, Nitzschia 
species, Phaeodactylum species, and Porphyridium cruentum, is rich 
in ω-3 fatty acids such as eicosapentaenoic (EPA) and 
docosahexaenoic (DHA), which exert beneficial effects on human 
health10,19,20.  

Moreover, microalgae produce a huge array of antioxidants, 
whose physiological function is to harvest the light at different 
wavelengths, and to protect cells from the continuous exposure to high 
levels of oxygen and radical stress21–24. These are  and mainly 
pigments, such as carotenoids and  phycobiliproteins25. These 
pigments can be widely used in the food industry as food colorants to 
replace synthetic dyes, or as additives to prolong the shelf-life of food 
products. Nevertheless, to date, Spirulina Blue is the only natural blue 
food coloring used in the food industry26. 
Unfortunately, to date, several factors need to be considered when 
developing food products from seaweeds and microalgae: (i) consumer 
awareness and demand; (ii) bioavailability; (iii) over time stability of 
bioactive compounds, and (iv) cost-effectiveness of the process. 

Therefore, the use of the whole algal biomass and extracts for human 
consumption must be related to food safety regulations, which vary 
among countries13. 

To this regard, microalgae have received approval by different 
regulations. Chlorella pyrenoidosa, Chlorella vulgaris and 
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Heterochlorella luteoviridis are species not subjected to the Novel 
Foods Regulation, as they have been on the food market before 15 
May 199727. Astaxanthin from Haematococcus pluvialis, oil from 
Schizochytrium sp., Nannochloropsis gaditana and Phaeodactylum 
tricornutum were approved as novel food ingredients between 2004-
2017 under regulation (EC) No. 258/9710,28. In order to simplify the 
current authorization procedures, a new regulation on novel food has 
been established with effective validity at the end of 201710. According 
to this regulation, a novel food category has been proposed, i.e. “food 
consisting of, isolated from or produced from, microorganisms, fungi or 
algae”10. Also, the Food and Drug Administration (FDA, United States), 

Food Standards Australia New Zealand (FSANZ) and Ministry of 
health, Labour and Welfare in Japan, approved safe biomasses and 
extracts of several microalgae as novel food ingredients10. Today, 
algae-based food products market is in expansion, as the world 
population is increasingly aware in the purchase of healthy food with a 
low environmental impact29. As an example, the global carotenoid 
market is projected to increase to 2.0 billion USD by 202630. The 
production of carotenoids, such as β-carotene from Dunaliella salina, 
is 3000 t year -1, with a total cost of 104 USD kg-1. This value highlights 
that microalgal biomass is an expensive material compared to other 
types of biomasses. As reported by Ruiz et al., in the south of Spain 
the microalgal biomass cost production is estimated between 3.4 and 
5.2 € kg-1 (100 ha, with a productivity of about 27 ton ha-1 Yr-1 for open 
ponds and between 34 and 61 ton ha-1 Yr-1 for photobioreactors). 

Authors highlighted that the cost of biomass is influenced by light 
exposure, as the same model in the Netherlands shows a cost of 
biomass between 6.0 and 11.0 € kg -1 31. In addition, the procedures 
employed for the extraction of high value compounds from microalgae 
represent a bottleneck in the exploitation of an algae-based 
biorefinery32. For example, the overall costs for the production of β-
carotene from D. salina reflect a cost of 27-53 € day -1 33. To make 
microalgae competitive to other natural sources, it is necessary to 
develop innovative and sustainable techniques able to reduce the costs 
of the whole process. 

Another important factor to be considered is the potential toxicity 
and carcinogenic effect of synthetic antioxidants, as they are often 
obtained by using toxic solvents1,34,35. 
Thus, the idea of using antioxidants from natural sources is mandatory. 
Here, twenty-five photosynthetic thermotolerant microorganisms were 
used: 11 Chlorophyta, 4 Rhodophyta and 10 Cyanobacteria strains. 
Thermotolerant species were used to obtain antioxidants resistant to 
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the high temperatures reached during the sterilization processes.          
Extracts were obtained with a green solvent (ethanol), according to the 
Food Safety Regulation (EC 178/2002) and the mentioned-above 
Novel Food Regulation (EC 258/97), which limit the type of solvent to 
be used in the extraction processes. Extracts were screened for their 
growth rate and their in vitro antioxidant activity, and those endowed 
with the most promising activity were then evaluated for their 
biocompatibility and for their antioxidant activity on a cell-based model, 
before and after pasteurization process.  
 
3.2 Materials and methods 

Strains and Medium 

Twenty-five strains, Chlorophyta, Rhodophyta and 
Cyanobacteria, were selected from the Algal Collection of the 
University Federico II (ACUF, www.acuf.net)36. Chlorophyta strains 
were: Chlorella vulgaris Beij (062); Chlorella zofingiensis Dönz (252); 
Coelastrella terrestris (Reisigl) Hegewald et N. Hanagata (271); 
Chlorella sp. (684); Chlorella sorokiniana Shihira et Krauss (824); 
Scenedesmus sp. (826); Chlorella sorokiniana Shihira et Krauss (830); 
Enallax sp. (833); Scenedesmus sp. (839); Scenedesmus sp. (840); 
Westiellopsis prolifera (845). Cyanobacteria strains were: Nodularia 
sphaerocarpa Bornet et Flahault (033); Calothrix membranacea 
Shmidle (114); Gloeotrichia sp. (115); Anabaena flos-aquae Healey 
(249); Nostoc commune Vaucher ex Bornet et Flahault (299); 
Fischerella ambigua (Kützing ex Bornet et Flahault) Gomont (304); 
Lyngbya major Meneghini (633); Synechococcus bigranulatus Scuria 
(680); Synechocystis fuscopigmentos Kovácic (683); 
Chroococcidiopsis sp. (831). Rhodophyta strains were: Galdieria 
sulphuraria (Galdieri) Merola (064); Galdieria phlegrea Pinto G. (291); 
Galdieria partita Sentsova (627) and Galdieria maxima Sentsova (671). 
Chlorophyta inorganic medium was Bold Basal Medium (BBM)37. 
Cyanobacteria were grown in Blue-Green medium (BG-11)38. The 
culture medium for Rhodophyta was the Allen medium (Allen, 1968). 
Media were sterilized in autoclave. 

Algal growth 

Cultures of 50 mL were grown in flasks on a shaking shaker in a 
climate room at 39 ± 1 °C equipped with fluorescent lamps with a 
constant light intensity of 300 PAR µmolphotons m-2 s-1. The irradiance 
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value was chosen as it corresponded to the average yearly conditions, 
during outdoor production, in Europe39.  

The growth and microalgal concentration of each strain was 
followed for 14 days by measuring the optical density (O.D.) at 730 nm 
wavelength. The conversion between the O.D. and the biomass dry 
weight was determined for each strain at the end of the exponential 
growth phase. The conversion factor was: 1 O.D. corresponded to 0.2 
mg dry weight. The conversion between fresh and dry weight was 
measured for each strain and the ratio was found to be 5:1, which 
means that 1 g of fresh biomass corresponded to 200 mg ± 18 of dry 
weight. 

Division per day (k) is  directly related to the ratio between the 
O.D. of each day (t2) and the initial time (t1) and inversely related to 
Δt40: 
 

𝑘 =
𝑙𝑜𝑔2 (𝑂. 𝐷.𝑡2

𝑂. 𝐷.𝑡1
)⁄

∆𝑡
 

The light yield (YX/E, g molphotons
-1) was defined as the ratio of the 

produced biomass and the light energy irradiated over the cultivation 
time. Thus:   

(𝑥𝑡 − 𝑥𝑡=0) · 𝑉

𝐴 · 𝐼 · 𝑡
 

where the produced biomass is the product of the culture volume (V, 
L) and the biomass concentration produced (𝑥𝑡 − 𝑥𝑡=0, g L-1) during the 
culture time (t, s). The irradiated energy is the product of the irradiated 
surface (A, m-2), the irradiance (I, µmol m-2 s-1) and of the culture time. 
 
Pigments extraction 

Antioxidants extractions were performed using ethanol as 
solvent, as reported by Aremu, with some modifications41. Briefly, for 
each extraction, 1 g of harvested biomass, which corresponds to 200 
mg of dry weight (D.W.), was suspended in 2 mL of ethanol and 
disrupted by ultrasonication (in continuous, 40% instrument amplitude) 
for 4 min on ice. The final volume was adjusted to 20 mL and the 
mixture was shaken for 24 h at 250 rpm in a dark room at 4 °C. The 
mixture was then centrifuged at 12000 g for 10 min and the supernatant 
stored at -20 °C. The supernatant, dried under N2 stream, was 
solubilized in ethanol (12 mg mL-1) and stored at -20 °C. the extract 
represents the ethanol extract (EE). 
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Spectrophotometric characterization 

UV-vis absorption spectra of EE were collected at different time 
(0, 24 and 48 h) using a quartz cuvette of 1 cm path length. Spectra 
were collected at 25 °C over 400-700 nm wavelength range using a 
Varian Cary 5000 UV-vis-NIR spectrophotometer. 

Determination of pigments concentration 

Pigments concentration was determined spectrophotometrically 
by acquiring the spectra in the range 400-700 nm. The amount of 
pigments was calculated using formulae (1)-(3), derived for ethanol 
extracts42: 

𝐶ℎ𝑙 𝑎 = 13.36 ⋅ 𝐴664 𝑛𝑚 − 5.19 ⋅ 𝐴649 𝑛𝑚            (1) 

𝐶ℎ𝑙 𝑏 = 27.43 ⋅ 𝐴649 𝑛𝑚 − 8.12 ⋅ 𝐴664 𝑛𝑚            (2) 

𝐶𝑎𝑟𝑜𝑡𝑒𝑛𝑜𝑖𝑑𝑠 = (1000 ⋅ 𝐴470𝑛𝑚 − 2.13 ⋅ 𝐶ℎ𝑙 𝑎 − 97.63 ⋅ 𝐶ℎ𝑙 𝑏)/209   (3) 

The results were expressed as mg of pigments g-1 of biomass 
D.W.  
The supernatant, dried under N2 stream, was solubilized in ethanol (12 
mg mL-1) and stored at -20 °C. The extract represents the ethanol 
extract (EE).  

Antioxidants concentration was calculated as the product 
between biomass antioxidants content (Aox) and biomass 
concentration (X, g L-1), calculated when the antioxidants content 
reached the maximum level (tsmax, day): 

𝑃𝑎𝑛𝑡𝑖𝑜𝑥𝑖𝑑𝑎𝑛𝑡𝑠 =  
𝐴𝑂𝑋(𝑡𝑠𝑚𝑎𝑥)  ·  𝑋(𝑡𝑠𝑚𝑎𝑥)

𝑡𝑠𝑚𝑎𝑥
 

Antioxidants productivity (Pantioxidants, mg L-1 day-1) was assessed 
as the ratio between the concentration of antioxidant and the culture 
time at which the antioxidants reach the maximum. 
 
Total carotenoid quantification 

The total carotenoid content was determined by 
spectrophotometrical analysis as described by Gilbert-López et al.43. 
The ethanolic extracts from S. bigranulatus, Enallax sp. and G. 
sulphuraria were dissolved in pure methanol in a concentration range 
from 0.5 to 0.05 mg mL-1. A standard calibration curve of commercial 
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β-carotene (from 5 to 200 μg mL-1) was used to calculate the 
concentration of total carotenoids. The absorbance of samples was 
recorded at 470 nm using a plate reader. The total carotenoid content 
was expressed as the ratio of mg of carotenoids and g of the extract.  
 
Pigments characterization by HPLC 

For pigment determination, extracts were resuspended in 100% 
methanol and analyzed using an HPLC Hewlett Packard (1100 Series). 
200 μl of sample was injected and pigments were separated by using 
a C8 column (3 μm Hyperloop MOS, 10 cm, 4.6 mm internal diameter, 
Shandon), as described in Vidussi et al.44. Solvent A was: 0.5 N 
aqueous ammonium acetate, 70:30% v/v, and solvent B was MeOH, 
with the following gradient: min 0, 25% B; min 1, 50% B; min 15,100% 
B, min 19, 25% B. For the determination of chlorophylls and 
carotenoids, a spectrophotometer with a diodes array detector (DAD) 
was set at 440 nm, making it possible to determine the absorption 
spectrum of the 350–750 nm interval for each peak, in order to check 
the purity of each pigment.  
 
ABTS assay 

The in vitro antioxidant activity of each extract was evaluated by the 
2,2’-azinobis-(3-ethylbenzothiazoiline-6-sulfonic acid) ABTS assay, 
according to Rigano et al. with some modifications45. Briefly, 7.4 mM 
ABTS•+ was mixed with 140 mM K2S2O8 and the solution stabilized for 
12 h at room temperature in the dark. The mixture was then diluted with 
deionized water to obtain an absorbance of 0.70 ± 0.02 unit at 734 nm 
using a spectrophotometer. Ethanolic extracts (50 µL) were allowed to 
react with 250 µL of diluted ABTS•+ solution for 7 min, and then the 
absorbance was read at 734 nm. The standard curve was linear 
between 0 and 20 μM Trolox. Results are expressed as IC50 (mg mL-

1), i.e. the concentration required to scavenge 50% of free radical 
ABTS. 
 
Biocompatibility assay 

Human keratinocytes (HaCaT, Innoprot, Derio, Spain) and murine 
fibroblasts (BALB/c-3T3, ATCC, VA, USA) were cultured in Dulbecco’s 
modified Eagle’s medium (DMEM) (Sigma-Aldrich, St Louis, MO, USA) 
supplemented with 10% foetal bovine serum (HyClone, Logan, UT, 
USA), 2 mM L-glutamine and antibiotics. Cells were grown in a 5% CO2 
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humidified atmosphere at 37 °C and seeded in 96-well plates at a 
density of 2 × 103 cells per well. Ethanol microalgal extracts were added 
to the cells 24 h after seeding for dose-dependent cytotoxicity assays. 
After 48 h incubation, cell viability was assessed by the MTT assay as 
described in Galano et al. 46. Briefly, 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) reagent dissolved in DMEM in the 
absence of phenol red (Sigma-Aldrich) was added to the cells (0.5 mg 
mL-1 final concentration). Following 4 h incubation at 37 °C, the culture 
medium was removed and the resulting formazan salts were dissolved 
by adding isopropanol containing 0.01 N HCl (100 μL per well). 
Absorbance values were determined at 570 nm using an automatic 
plate reader (Microbeta Wallac 1420, PerkinElmer, Waltham, MA, 
USA). Cell survival was expressed as percentage of viable cells in the 
presence of the ethanol microalgal extract under test compared with 
control cells grown in the absence of the extract. Three separate 
analyses were carried out with each sample. Control experiments were 
performed either by growing cells in the absence of the EE or by adding 
to the cell cultures identical volumes of ethanol.  
 
Thermal pasteurization 

Thermal pasteurization was performed accordingly to the protocol 
reported by Ferraro et al.7. Briefly, EE were heated at 75 °C in a water 
bath. After 10 min incubation, samples were transferred to a second 
water bath at 20 °C and then stored at 4 °C until analysis. 
 
Cellular reactive oxygen species (ROS) assay 

The antioxidant activity of EEs before and after pasteurization 
was determined by measuring intracellular ROS levels, according to 
the protocol previously reported47 with modifications. HaCaT cells were 
pre-incubated for 2 h with 80 µg mL-1 of raw or pasteurized extract. At 
the end of incubation, cells were treated with 25 µM 2’,7’-
dichlorodihydrofluorescein diacetate (H2-DCFDA) for 45 min at 37 °C 
in complete medium without phenol red. Then, cells were incubated 
with 300 µM NaAsO2 (SA) for 1 h at 37 °C. Finally, cells were washed 
with warm PBS plus (phosphate buffer saline supplemented with 1 mM 
CaCl2, 0.5 mM MgCl2, and 30 mM glucose). The fluorescence of DCF 
was detected at an emission wavelength of 525 nm and an excitation 
wavelength of 488 nm using a Perkin-Elmer LS50 spectrofluorometer 
(Shelton, CT, USA). Emission spectra were acquired at a scanning 
speed of 300 nm min-1, with 5 nm slit width both for excitation and 
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emission. ROS levels were expressed as percentage of fluorescence 
intensity of the sample under test, compared to untreated cells. Three 
independent experiments were carried out, each one with three 
determinations. 

Statistical analysis 

All the experiments were performed in triplicate. Results are 
presented as mean of results obtained after three independent 
experiments (mean ± SD or mean ± SEM) and compared by one-way 
ANOVA according to the Bonferroni's method (post-hoc) using 
Graphpad Prism for Windows, version 6.01. 
 
3.3 Results 

Biomass production 

Commercial-scale cultivation of photosynthetic microorganisms is 
fundamental for the biomass generation process, and photobioreactors 
(PBRs) are often used as they allow a good control of all the 
experimental set up. 11 Chlorophyta, 4 Rhodophyta and 10 
Cyanobacteria strains were grown at 40 °C for 14 days. Most of the 
strains showed an adaptation period of 3-5 days followed by an 
exponential growth phase and ultimately a stationary phase (Figures 
S1-S3). Strains Westiellopsis prolifera (845), Nodularia sphaerocarpa 
(033), Calothrix membranacea (114), Nostoc commune (299), 
Fischerella ambigua (304) and Lyngbya major (633), did not adapt to 
the chosen experimental conditions and were discarded. For all the 
other microalgal cells, division per day (k) and light yield were 
calculated and reported in Figure 1. Among the three phyla, 
Scenedesmus sp. (826), Chroococcidiopsis sp. (831) and Galdieria 
phlegrea (291) showed the lowest division per day (grey bars). On the 
other hand, the species endowed with the highest division per day and 
light yield were: Enallax sp. (833) (0.593 ± 0.12 day-1; 0.488 ± 0.09 g 
molphotons

-1) for Chlorophyta; Synechococcus bigranulatus (680) (0.566 
± 0.04 day-1; 0.373 ± 0.03 g molphotons

-1) for Cyanobacteria, and 
Galdieria sulphuraria (064) (0.565 ± 0.02 day-1; 0.065 ± 0.02 g 
molphotons

-1) for Rhodophyta. 
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Figure 1. Analysis of microalgal growth. Divisions per day (k) and light yield (Y) of 
Chlorophyta (A), Cyanobacteria (B) and Rhodophyta (C) strains. Divisions per day (grey bars) 
and light yield (black bars) were calculated at exponentially phase. Data expressed as mean ± 
SD (n=3). 
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Pigment extraction and quantification 

Ethanol was used to extract antioxidants from microalgae, as it is 
considered a safe solvent for humans. Pigments concentration was 
obtained by using the formulas from Chen and Vaidyanathan42 (Table 
S1). In this study, chlorophyll a (Figure 2, white bars) was higher in 
Scenedesmus sp. (839) and Enallax sp. (833) for Chlorophyta species 
(Figure 2A), whereas, among Cyanobacteria, S. bigranulatus seemed 
to be the best antioxidants producer (Figure 2B). In the case of 
Cyanidiales, instead, the chlorophyll a content was very similar (Figure 
2B).  

As for chlorophyll b content (Figure 2, grey bars), a slight variation 
in Chlorophyta species was observed, although no chlorophyll b in 
Cyanobacteria and Rhodophyta was observed (Figure 2B-C). When 
total carotenoids were determined, the Chlorophyta with the highest 
value was Enallax sp. (20.7 ± 3.4 mg g-1 biomass D.W.), whereas in 
case of Cyanobacteria S. bigranulatus showed the highest carotenoid 
level (5.4 ± 1.0 mg g-1 biomass D.W.) and G. sulphuraria (2.5 ± 0.5 mg 
g-1 biomass D.W.) among Rhodophyta.  
Thus, based on the overall results, Enallax sp., S. bigranulatus and G. 
sulphuraria were chosen for further experiments. 
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Figure 2. Analysis of pigments content in different microalgal strains. Chlorophyll a (white 
bars), chlorophyll b (grey bars) and total carotenoids (black bars) present in the ethanol 
extracts from Chlorophyta (A), Cyanobacteria (B) and Rhodophyta (C). Each content is 
expressed as mg of extract pigment per g of biomass dry weight. 
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Determination of carotenoid content in selected strains 

Starting from the ethanolic extract of Enallax sp., S. bigranulatus 
and G. sulphuraria the total carotenoids content was determined 
spectrophotometrically. The results are reported in Table 1. The 
carotenoid content is expressed as mg of carotenoids extracted per g 
of ethanol dry extract. It is interesting to notice that the conventional 
extraction allowed obtaining 924 mg of carotenoids per g of dry extract 
from Enallax sp., whereas 565 mg and 394.5 mg of carotenoids were 
recovered from S. bigranulatus and G. sulphuraria, respectively. 
 
Table 2. Comparison between extract yields and carotenoids content 
of selected strains. 

Strain mgextract gdried biomass
-1 mgcarotenoids gextract

-1 

   
Enallax sp.   256.4 ± 16.7 924.0 ± 39.6 

S. bigranulatus  216.6 ± 6.6 565.0 ± 19.8 

G. sulphuraria  42.9 ± 0.9  394.5 ± 31.2 

 
Pigments characterization by HPLC of selected strains extract 

Table 2 reports the list of pigments obtained in Enallax sp., S. 
bigranulatus and G. sulphuraria, using the method reported in Vidussi 
et al. 44, which does not allow the identification of phycobilins.  

As shown in Table 2 and in Figure 3, HPLC analyses allowed to 
identify, among the eleven pigments eluted, violaxanthin (peak 2), 
lutein (peak 4), chlorophylls a and b (peaks 6-11), and β-carotene 
(peak11) in Enallax sp. Peaks 1, 3, 5 were xanthophylls not identified.  
In S. bigranulatus, zeaxanthin (peak 3), chlorophyll a - and its isomer - 
(peaks 7, 8), and β-carotene (peak 10), were identified.  Peaks 1, 2, 4, 
5, 6, 9 were xanthophylls not identified. In G. sulphuraria, among the 
nine eluted pigment, only two were xanthophylls not identified (peaks 
2, 9), whereas zeaxanthin (peak 1), chlorophyll a - and its isomers - 
(peak 3-5), phaeophytins (peaks 6, 7) and β-carotene (peak 9) were 
identified.  
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Table 3. List of pigments obtained for Enallax sp., S. bigranulatus, G. 
sulphuraria, with related retention time and absorption peak at different 
wavelength (nm).  

number peak pigment 
Retention 
time (min) 

λ (nm) λ (nm) λ (nm) 

 Enallax sp.     

1 xanthophyll 6.563 417 440 469 

2 violaxanthin 7.278 416 439 468 

3  xanthophyll 9.737 - 449 472 

4 lutein 9.908 421 445 473 

5 xanthophyll 11.135 416 440 466 

6 chlorophyll b  12.313 467 601 653 

7 chlorophyll b*  12.845 463 601 653 

8 chlorophyll a* 14.105 426 617 664 

9 chlorophyll a 14.445 432 618 665 

10 chlorophyll a* 14.727 432 618 666 

11 β-carotene 16.872 426 450 476 

 S. bigranulatus     

1 xanthophyll 7.498 426 449 477 

2 xanthophyll 8.648 427 450 477 

3 zeaxanthin 9.758 426 450 477 

4 xantophyll 10.445 422 444 471 

5 xanthophyll 11.302 422 444 470 

6 xanthophyll 12.147 421 445 471 

7 chlorophyll a* 14.129 428 618 647 

8 chlorophyll a 14.472 432 618 665 
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9 xanthophyll 16.719 422 445 471 

10 β-carotene 17.055 426 450 476 

 G. sulphuraria     

1 zeaxanthin 12.184 426 450 477 

2 xanthophyll 14.174 421 444 471 

3 chlorophyll a 14.476 430 616 664 

4 chlorophyll a* 14.696 421 615 655 

5 chlorophyll a* 15.936 404 616 666 

6 
phaeophytin  16.268 

407 502, 
533, 609 

665 

7 
phaeophytin  16.740 

408 502, 
533, 609 

665 

8 xanthophyll 16.929 420 444 471 

9 β-carotene 12.184 427 450 477 

Values in bold represent the maximum adsorption wavelength for each pigment. The 
symbol * meanings isomer. The number of each pigment reflects the sequence of 
elution on chromatograms (Figure 3). 

 

 
Figure 3. Representative HPLC chromatograms of carotenoids extracted in (A) Enallax sp.; 
(B) S. bigranulatus; (C) G. sulphuraria. Peak numbers and their identification are reported in 
Table 3. 
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In vitro determination of the antioxidant activity of ethanol extracts 

The selected strains showed an antioxidant productivity of 6.3 ± 
0.9 mg L-1 day-1 (Enallax sp.); 8 ± 1.5 mg L-1 day-1 (S. bigranulatus) and 
6.0 ± 0.4 mg L-1 day-1 (G. sulphuraria). Then, the ABTS scavenging 
assay was performed. Even if the reliability of this analysis is 
controversial, it is widely used to test the antioxidant activity of different 
molecules48–50. The results of the screening are shown in Table 3. C. 
sorokininana (684) followed by Enallax sp. (833) for the Chlorophyta 
species. In the case of Cyanobacteria, ethanol extracts from S. 
bigranulatus (680) and Anabaena flos-aquae (249) showed the highest 
antioxidant power, whereas G. sulphuraria (064) showed the best 
antioxidant power among Rhodophyta. Thus, on the basis of the 
division per day, on the total pigments content and on the in vitro 
antioxidant activity, one strain for each phylum was selected for further 
experiments:  Enallax sp. (833), S. bigranulatus (680) and G. 
sulphuraria (064).  
 
Table 4. Antioxidant activity of ethanol extracts expressed as IC50, i.e. 
the concentration required to scavenge 50% of free radical ABTS. 

Phylum Species ACUF 
N° 

IC50 

(mg mL-1) 

Chlorophyta 

Chlorella vulgaris 62 0.104 ± 0.04 

Chlorella zoofigiensis 252 0.218 ± 0.04 

Coelastrella terrestris 271 0.125 ± 0.01 

Chlorella sp. 684 0.132 ± 0.01 

Chlorella sorokiniana 824 0.075 ± 0.02 

Scenedesmus sp. 826 0.117 ± 0.01 

Chlorella sorokiniana 830 0.250 ± 0.01 

Enallax sp. 833 0.099 ± 0.001 

Scenedesmus sp. 839 0.150 ± 0.05 

Scenedesmus sp. 840 0.178 ± 0.03 

Cyanobacteria 
 

Gloetrichia sp. 115 0.156 ± 0.01 

Anabaena flos-acquae 249 0.047 ± 0.01 

Synechococcus bigranulatus 680 0.048 ± 0.001 
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Synechocystis fuscopigmentata 683 0.092 ± 0.04 

Chroococcidiopsis sp. 831 0.035 ± 0.004 

Rodophyta 

Galdieria sulphuraria 64 0.129 ± 0.02 

Galdieria phlegrea 291 0.185 ± 0.06 

Galdieria partita 627 >>2 

Galdieria maxima 671 0.147 ± 0.03 

 
Ethanolic extract stability 
 

To assess the stability of ethanolic extracts, spectra of each 
selected strain were acquired at different time of storage. The UV-vis 
absorption spectra of extracts from Enallax sp., S. bigranulatus and G. 
sulphuraria are reported in Figure 4. After 48 h storage, a loss of 
absorbance was found: 33% for Enallax sp., 7% for S. bigranulatus and 
34% for G. sulphuraria, thus suggesting an overall stability of all the 
extracts overtime.  

 
Figure 4. UV-vis absorption spectra of Enallax sp., S. bigranulatus and G. sulphuraria 
extracts.  Samples were concentred 0.12 mg mL-1. Spectra were acquired at 25 °C, in the 
range 400-700 nm. Spectra are reported at time 0 (-), after 24 h (---) and 48 h (···) storage. 

 
Ethanol extract biocompatibility on immortalized eukaryotic cells 

In order to verify if the ethanol extracts could be used in the food 
industry, the biocompatibility of the selected strains extracts was 
verified by MTT assay on eukaryotic immortalized cells: HaCaT 
(human keratinocytes) and BALB/c-3T3 (murine fibroblasts) cells. 
Cells were plated, and 24 h after seeding, increasing amount (from 5 
µg mL-1 to 100 µg L-1) of S. bigranulatus, Enallax sp. and G. sulphuraria 
extracts were added to the cells, taking into account that the average 
of the IC50 of the tested samples was lower than 50 µg mL-1. After 48 
h incubation, cell viability was assessed by the MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay and cell 
survival was expressed as the percentage of viable cells in the 
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presence of extract compared to that of control samples. Two groups 
of cells were used as control, i.e. cells untreated with the extract and 
cells supplemented with identical volumes of buffer. Each sample was 
tested in two independent analyses, each carried out in triplicates 
(Figure 5). MTT assays showed that the molecules extracted in 
ethanol resulted to be biocompatible with both the cell lines analyzed. 
 

Figure 5. Effect of ethanol extracts from S. bigranulatus, Enallax sp. and G. sulphuraria 
on the viability of immortalized cells.  Dose-response curve of cells incubated for 48 h in 
the presence of increasing concentration (5-100 µg mL-1) of each extract. A, C, E, HaCaT cells; 
B, D, F, BALB/c-3T3 cells. Cells were incubated with S. bigranulatus extracts (A, B); Enallax 
sp. (C, D); G. sulphuraria (E, F). Cell viability was assessed by the MTT assay and expressed 
as described in Materials and Methods section. Values are given as means ± SD (n ≥ 3). 
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Antioxidants thermo-resistance 

To verify if high temperature treatments affect the bioactivity of 
ethanol extracts, a comparison between the antioxidant activity of raw 
and of pasteurized extracts (i.e. heated at 75°C for 10 min) was 
performed. Cells were incubated for 2 h with 80 µg mL-1 of either raw 
or pasteurized extracts prior to SA exposure. At the end of the 
experiment, ROS levels were measured by using 2,7-
dichlorodihydrofluorescein diacetate (H2-DCFDA). As shown in Figure 
6, no alteration in ROS levels was observed when cells were incubated 
with the two molecules (white and grey bars), whereas a significant 
increase in ROS levels was observed when cells were exposed to SA 
(black bars).  
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Figure 6. Comparison of antioxidant activity between raw and pasteurized extracts from 
S. bigranulatus, Enallax sp. and G. sulphuraria on SA-stressed HaCaT cells. Intracellular 
ROS levels were determined by DCFDA assay on: A, S. bigranulatus; B, Enallax sp.; C, G. 
sulphuraria. Cells were pre-incubated in the presence of 80 µg mL-1 of unpasteurized (white 
bars) and 80 µg mL-1 of pasteurized extract (grey bars) for 2 h, prior of SA treatment (300 µM, 
60 min). Black bars refer to untreated cells in the absence (-) or in the presence (+) of SA. 
Values are expressed as percentage with respect to control (i.e. untreated) cells. Data are 
shown as means ± standard deviation (S.D.). Three independent measurements were carried 
out. * indicates p<0.05; ** indicates p<0.01. 
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3.4 Discussion 

The threshold of legally permitted synthetic food additives that 
can be used in the food industry is decreasing due to their suspected 
role as promoters of carcinoma, and their toxic effects on liver and 
kidney51. It has been demonstrated that natural β-carotene is superior 
to the synthetic one. In particular, the so called “natural β-carotene” is 
a mixture of carotenoids and nutrients, which are absent in synthetic β-
carotene52. Hence, the substitution of synthetic pigments with natural 
ones is becoming mandatory. Moreover, during the thermal processes 
applied for food preservation, antioxidant molecules could lose their 
activity. 

The aim of this work was to identify microalgae able to produce 
antioxidants resistant to thermal stress, to be used in the food industry. 
For this reason, ethanol was used as solvent48,53. The growth of several 
strains from different phyla, able to grow between 40-70 °C, was 
followed overtime54 and Enallax sp., S. bigranulatus and G. sulphuraria 
were found to have the highest division per day and light yields. These 
results well correlate with antioxidant productivity, and can be 
compared with those obtained by Silva55 for S. bigranulatus, and by 
Graziani56 for G. sulphuraria. The highest content of pigments is 
observed in Enallax sp. and S. bigranulatus with a chlorophyll a content 
of 49.8 ± 3.2 mg gd.w.

-1 and 11.1 ± 3.2 mg gd.w.
-1, and a carotenoid 

content of 20.7 ± 3.4 mg gd.w.
-1 and 5.4 ± 1.0 mg gd.w.

-1. Nevertheless, 
the carotenoid content found in the used biomass samples falls within 
the range given by Spolaore 57, who found an average carotenoid 
content of 0.1-0.2 % of dry weight  biomass. On the other hand, a high 
pigments content has been reported for Galdieria species, when the 
biomass was broken by French press or bead-beater58. Cyanidiales are 
known to usually possess a strong cell wall (Merola et al. 1981) which 
protects cells from most of the extraction techniques used. Thus, in this 
experimental system, ultrasound treatment may not be sufficient to 
disrupt the biomass and to release pigments. However, Rubashvili 
analysed  the carotenoid content of various agro-industrial wastes, and 
found that β-carotene content of tomato skin, tangerine peel and 
orange peel was 0.083-0.127, 0.256-0.321  and 0.416-0.591 mg gdried 

peel
-1 respectively59. These data clearly indicate that algal and 

cyanobacterial biomass are more advantageous for the extraction of 
these antioxidant molecules. Indeed, it has to be considered that these 
phytochemicals vary in structure and function from vegetable to 
vegetable and from cultivar to cultivar, and their level is strictly related 
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to the level of maturity, postharvest handling, processing, and 
geographical position60.  

The ethanol extracts of selected strains were analysed by HPLC, 
in order to collect more information about the specific pigments 
(carotenoids and chlorophylls). The main peaks of each species were 
identified56,61–63.  The overall picture showed a high variability of 
xanthophylls, both identified and not identified, among samples. The 
presence of pigments, such as xanthophylls, strongly depends on 
growth conditions, in particular light intensity and temperature61. In G. 
sulphuraria we found relatively high amount of chlorophylls and 
phaeophytin compared to other species, and Enallax sp. was the only 
species lacking zeaxanthin and presenting lutein and violaxanthin.     

The biocompatibility results fully agree with those reported in 
literature. As an example, some authors found that antioxidants were 
toxic at high concentration, whereas low doses have a protective 
effect45,64,65. Based on biocompatibility results, 80 µg mL-1 of each 
extract was selected as the optimal concentration to be used to analyse 
the free radical scavenger activity against oxidative stress induced by 
SA before and after pasteurizing of extracts. Noteworthy, SA-induced 
ROS production was strongly inhibited when cells were pre-treated with 
both raw (30-40% decrease) and pasteurized (40-50% decrease) 
extracts of selected strains.  

Thus, the antioxidants present in Enallax sp., S. bigranulatus and 
G. sulphuraria can be easily extracted in ethanol, are biologically active 
and resistant to pasteurization. This opens the way to the use of 
microalgal and cyanobacteria extracts in food preservation. 
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Abstract 

The control of the growth parameters of microalgae and 
prevention of contamination in open ponds at an industrial scale is still 
difficult today. To overcome these problems, algae can be grown in 
photobioreactors, which are difficult and expensive to be implemented 
on an industrial scale. Other costs responsible for a slow market entry 
of microalgae are due to the use of conventional solvents, very harmful 
to the environment, to extract high values compounds. So, the aim of 
this chapter was to assess the growth of Spirulina platensis in a 
prototype thin-layer photobioreactor at the ATI-biotech company and, 
from a point of view of green chemistry, to extract antioxidants by using  
N-Ethylbutylamine switchable solvent. 

4.1 Introduction 

In recent years, microalgae and cyanobacteria have been 
considered  sunlight-driven cell factories, as they can convert CO2 in 
high values products1. Rich in lipids, proteins and carbohydrates, they 
may become a valuable source to obtain energy, fuels, pharmaceutical 
molecules, cosmetics, food and feed2. 

However, even if from a theoretical point of view microalgae and 
cyanobacteria represent a huge and very convenient alternative to 
conventional feedstocks, three main drawbacks limit their use at large 
scale: (i) cultivation, (ii) harvesting, and (iii) downstream costs3–7.  

The main problems related to algal processes are the costs 
associated to the control of growth parameters and risks related to 
contaminations8,9.  

To control them, microalgae and cyanobacteria are generally 
grown in photobioreactors (PBRs), which also allow obtaining high 
productivity yields and keeping the cultures axenic10,11.  

Moreover, the extraction processes account for up to 60% of the 
total expenditure of manufacturing microalgae-based12,13. Noteworthy, 
the major conventional extraction techniques of hydrophobic 
compounds use organic solvents with many side effects on the 
environment and on human health. Therefore, the use of green 
innovative and safe extraction techniques is required14–16. 
In this study, the green switchable solvent N-Ethylbutylamine (EBA), 
considered one of the most efficient secondary amines in extracting 
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hydrophobic molecules from algal biomass17, was used to extract 
hydrophobic molecules from Spirulina platensis slurry, grown in thin 
layer photobioreactor.  This work was carried out at ATI-biotech 
company.  

Switchable solvents are particular non-volatile liquids that change 
their chemical and physical properties, in particular the polarity in 
response to an external supply of CO2. Then, by removing CO2 from 
the system using an inert gas, the solvent comes in its original state 
and can be reused for a second extraction process. Therefore, the 
recovery and reuse of the solvent in the extraction process, as well as 
the low energy consumption make switchable solvents green, 
economically and competitive.  
 
4.2 Materials and methods   

Thin layer Photobioreactor  

A Thin Layer photobioreactor (Figure1) was made at ATI-biotech 
company. The reactor consisted of two glass sides (that enabled 
artificial illumination) supported by an aluminium structure. Two  LED 
lamps (amberlight) were used for illumination and were located 
horizontally on each side of the reactor. The total volume of the 
photobioreactor was 15 L with a height of 90 cm, a breadth of 65 cm 
and a depth of 2.5 cm. The working volume was 11 L.  

 

Figure 1. Thin layer photobioreactor prototype, 15 L, irradiated by two LED lamps. Light 
emitted was Blue 450nm and Red 620nm - 660nm - 735nm. 
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Microorganisms and media composition 

Spirulina platensis was cultivated in 1L bubble column 
photobioreactor (0.8L working volume) and in 15L thin layer 
photobioreactor (11L working volume), the initial concentration was 0.1 
g L-1, in Zarrouk liquid standard medium 18 containing 2.50 g L-1 sodium 
nitrates. 
The aeration/mixing of cultures was provided by feeding air at the 
bottom of photobioreactors and 0.2 µm filters were used to sterilize air 
flow inlet and outlet. The cultures were maintained in a room under a 
12 h light/12 h dark photoperiod at 30 °C, illuminated with two lamps 
which provided an irradiance of 40 μmolphotons m−2 s−1. 
   
 Analytical procedures 

The concentration of cells (𝑋) was determined daily using optical 
density measurements at 730 nm for 12 days. The conversion between 
the O.D. and the biomass dry weight was determined at the end of the 
exponential growth phase. The conversion factor was: 1 O.D. 
corresponded to 1.4 mg dry weight. The pH of the medium was 
acquired every day. The biomass concentration, biomass productivity, 
specific growth rate and doubling time were determined 
spectrophotometrically from fresh biomass. Cell productivity, specific 
growth rate and doubling time were calculated based on the following 
relations. 

Cell productivity 

Cell productivity (𝑃𝑥) was calculated as the ratio of the variation in 
the concentration of cells (𝑋𝑓 − 𝑋𝑖) to cultivation time (𝑇𝑐): 

 
𝑃𝑥 =  (𝑋𝑓 − 𝑋𝑖) /𝑇𝑐 

 
where 𝑋𝑓 is the final concentration of cells at the time of cultivation 𝑇 

and 𝑋𝑖  is the concentration of inoculum cells. 
 
Specific growth rate and doubling time 

The specific growth rate is given by the following equation:                                                                                                                                           

  µ =
𝑙𝑛𝑥2 −𝑙𝑛𝑥1

𝑡2−𝑡1
                                                                                                                                                                                                       

Where the concentration of biomass at the time 
interval 𝑡1 and 𝑡2 is 𝑥1and 𝑥2.  



CHAPTER 4  

81 

 

Hydrophobic molecules from Spirulina platensis 
grown in Thin Layer Photobioreactor  

at ATIbiotech company 

 

The doubling time (𝑇2) of the crop is defined by:  

  𝑇2 =
𝑙𝑛

µ
=

0.6931

µ
                                                                       

 
Conventional hydrophobic molecules extraction 

Hydrophobic molecules were extracted starting from wet biomass 
(1g), according to the original B&D method19, and the content was 
determined gravimetrically.  
 
Switchable solvents extraction 

Slurry  biomass (2 g L-1) was mixed with N-Ethylbutylamine (EBA) 
in a ratio of 1:2 (wt/wt). The mixture was magnetically stirred at room 
temperature for 18h to ensure extraction of hydrophobic molecules. 
Then, the mixture was centrifuged at 9000g at r.t. and the supernatant 
(which contains EBA and hydrophobic molecules) was mixed with 
water in a ratio of 1:2 (wt/wt), forming a biphasic system. CO2 was 
bubbled through the system for 30 min at 2vvm (volume volume per 
minute) to allow EBA to switch in its polar form (switching forward). The 
sample was centrifuged at 9000g at r.t., and, at the end of 
centrifugation, EBA and water formed a homogeneous phase with a 
small lipid layer on the top. The hydrophobic molecules were recovered 
by chloroform. The total amount of the extracted product was measured 
gravimetrically (after evaporating the solvent) and reported as a 
percentage on algae dry weight.   
 
 Pigments quantification 

To determine pigments concentration, both extracts (B&D and 
EBA) were resuspended in methanol (10 mg mL-1). Pigments 
concentration was determined spectrophotometrically; spectra were 
acquired in the range 400-700 nm. The amount of pigments was 
calculated using formulae (1)-(3), derived for methanol solvent20: 

𝐶ℎ𝑙 𝑎 = 15.65 ⋅ 𝐴666 𝑛𝑚 − 7.34 ⋅ 𝐴653 𝑛𝑚             (1) 

𝐶ℎ𝑙 𝑏 = 27.05 ⋅ 𝐴653 𝑛𝑚 − 11.21 ⋅ 𝐴666 𝑛𝑚             (2) 

𝐶𝑎𝑟𝑜𝑡𝑒𝑛𝑜𝑖𝑑𝑠 =
1000⋅𝐴470𝑛𝑚−2.86⋅𝐶ℎ𝑙 𝑎−192.2⋅𝐶ℎ𝑙 𝑏

221
                                     (3) 

The results were expressed as mg of pigments g-1 of biomass dry 
weight.  
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4.3 Results and Discussion 
 
Growth and Biomass Productivity 

Spirulina platensis growth rate and biomass yield depend on 
nutrients availability, pH, light and temperature. Growth rate was 
analyzed in two closed systems: a thin layer PBR and a bubble column 
PBR. The experiment was done in order to verify if any difference was 
present in the two closed systems which have differences in the final 
volume, and in the irradiation surface. Cell growth was followed daily 
by measuring the optical density at 730 nm. Figure 2 shows the growth 
curve in the bubble column PBR (A)  and in the thin layer PBR (B), both 
housed in a climate room at 30°C, the best growth temperature for this 
cyanobacterium21.  

 
Figure 2. Growth curves of S. platensis in A) bubble column photobioreactor and in B) thin 
layer PBR, at 30°C with a light intensity of 40 µmolphotons m-2 s-1. Growth is expressed as 
biomass dry weight concentration as a function of time. 

 
In both cell cultures it is possible to observe the initial lag phase 

(about 3 days) followed by an exponential phase which reaches a 
plateau after 12 days. Values for maximum specific growth rate (µ), 
doubling time (𝑇2), biomass concentration (𝑋) and biomass 

productivity (𝑃𝑥) are shown in Table 1. 

Table 1. Specific growth rate (µ), doubling time (𝑇2), biomass 

concentration (𝑋) and biomass productivity (𝑃𝑥)  of S. platensis 

PBR 
µ                           

(h-1) 
T2                                               

(h-1) 
X                             

(g L-1d.w.) 
Px                                     

(g L-1 h-1 d.w.) 

Bubble 
column  

0.024 ± 0.001 28.4 ± 0.6 1.6 ± 0.2 0.0072 ± 0.0003 

 

Thin layer 0.031± 0.001 22.0 ± 0.1 2.3 ± 0.1 0.01 ± 0.0004 
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Biomass productivity was higher in the thin layer PBR (10.5 ± 0.4 

mg L-1 h-1 d.w.) with respect to that achieved in the bubble column PBR 
(7.2 ± 0.3 mg L-1 h-1 d.w.). This may be due to a difference in the light 
penetration between the two PBRs, as in the thin layer PBR the light 
incidence surface is major, thus availability of light for each cell 
increases, with a consequent increase in growth rate. During the 
experiment, pH was measured, as this parameter is one of those 
affecting the microalgal cell metabolism. Figure 3 shows the pH trend 
of both cultures. The observed values were similar between the two 
cultures, and in agreement with data reported in literature (pH 9.5-
10.5). Indeed, as reported by Ai et al., the pH level of the medium 
increased during photosynthesis as a consequence of nutrient uptake, 
such as bicarbonate and nitrate22.  
 

 
Figure 3. pH monitoring during cultivation of S. platensis. A) pH trend in bubble column 
PBR and B) pH trend in thin layer PBR. The pH value is reported as a function of time. 

 
Hydrophobic molecules extraction 

The ability of N-Ethylbutylamine switchable solvent (EBA) to 
extract and recover antioxidants directly from S. platensis slurry was 
verified by comparing the results with the conventional Bligh & Dyer 
extraction. 

Initially, EBA was mixed with slurry biomass (2 g L-1 d.w.) to 
ensure the extraction of molecules. Then, after removing the residual 
algal biomass by centrifugation, the organic layer (EBA plus extracted 
hydrophobic molecules) was mixed with water. By bubbling CO2 into 
the system, the solvent switched in its polar form, soluble in water. 
Then, the mixture was centrifuged, and the extracted hydrophobic 
molecules floated on the surface of the system. At this point, extracted 
compounds were collected with chloroform. The yield of extracted 
molecules was 6.9 ± 1 %  (Figure 4, grey bar), whereas the B&D 
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method allowed to recover 4.9 ± 0.5 % of hydrophobic molecules 
(Figure 4, black bar). 

  
Figure 4. Hydrophobic molecules extracted from S. platensis biomass. Yields are 

reported as % with respect to dry weight biomass. B&D is referred to Bligh & Dyer, EBA to 

extraction by switchable solvent. Results are reported as means ± S.D. of at least two 

independent experiments. 

 

Algae and cyanobacteria cell wall microstructure differs among 

species. The cyanobacterium Spirulina platensis has a relatively fragile 

cell wall, composed mainly of murein and no cellulose, therefore it can 

be easily destroyed even with mild treatments, such as maceration in 

organic solvents. Other algal species, such as Chlorophycean, have a 

cell wall rich in cellulose and hemicellulose and H. pluvialis exhibits a 

thick tri-laminar cell wall composed of cellulose and sporopollenin. 

Thus, these algal cell wall are less permeable and extremely resistant 

to mechanical treatments. Generally speaking, the efficiency of 

extracting components from microalgae is inversely related to the 

rigidity of cell wall. In the case of switchable solvents extraction, several 

studies showed that the solvents are able to completely destroy the 

algae cell wall in species with a fragile cell wall, whereas, when algae 

have a strong cell wall, secondary and tertiary amine can destroy only 

the cell membrane leaving intact cell wall23.  

By comparing the hydrophobic fraction yields obtained with both 

extraction methods, no significant differences were observed. This 

means that EBA is able to destroy the cell wall of Spirulina cells and 

allows the extraction of hydrophobic molecules similarly to 

conventional methods, such as B&D. Noteworthy, EBA was able to 
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extract molecules directly from algal culture, which represent a great 

advantage from an energy expenditure point of view. These results are 

in agreement with those reported in literature, in which the ability of 

EBA to extract hydrophobic molecules either non-broken wet biomass 

or algal culture has been demonstrated17,24.  

 
Pigments quantification 

The carotenoids content in both extracts was similar, as reported 
in Table 1. This value is comparable to that obtained by Marzorati et 
al., who used supercritical CO2 as an extraction method25.  In the B&D 
extract, chlorophyll a (45.8 ± 5.1 mgpigments gextract

-1) was much higher than 
in the EBA extract (20.1 ± 0.8 mgpigments gextract

-1). No chlorophyll b was 
found in both extracts. In both cases, the extraction of chlorophylls was 
performed by maceration. However, the difference in the yield of 
chlorophylls between B&D and EBA may be due to the fact that B&D 
extraction was done on dry biomass. Indeed, it is known that drying 
cells will enhance cell disruption, thus improving chlorophyll 
extraction23,26. 
 
Table 1. Comparison of pigments content of S. platensis obtained with 
B&D and EBA switchable solvent. Pigments content is expressed as 
mg of extract on g of dry weight biomass 

extraction 
method 

total carotenoids         
(mgpigments gextract

-1) 
chlorophyll a             

(mgpigments gextract
-1) 

chlorophyll b                            
(mgpigments gextract

-1) 

B&D 4.5 ± 1.0 44.4 ± 3.2 - 
 

EBA 5.0 ± 0.6 20.1 ±  0.8 - 
 

 
 

4.4 Conclusion 

The results of this work show that thin-layer PBRs are very 
promising for the controlled production of algal biomass and allow 
higher productivity than tubular PBRs. In addition, switchable solvents 
are a great alternative in the development of energy-efficient extraction 
technology for hydrophobic molecules from the aqueous suspension of 
unbroken algae. 
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Abstract 

In this study, hydrophobic molecules, in particular carotenoids, 
were extracted from Synechococcus bigranulatus ACUF680 fresh and 
frozen biomass, using secondary amine switchable solvent N-
Ethylbutylamine (EBA). EBA was able to extract hydrophobic 
molecules from both fresh and frozen biomass at the same extent of 
the conventional procedure. In particular, two fractions, enriched 
specifically in zeaxanthin or β-carotene, were obtained. The yields of 
both fractions were higher than those obtained by conventional 
methods. These fractions showed in vitro antioxidant activity and 
biocompatibility on immortalized human cells. Moreover both fractions 
are able to protect cells from oxidative stress, both before and after 
thermal treatment. Results clearly indicate that EBA is a perfect 
candidate to specifically extract β-carotene and zeaxanthin from the 
wet biomass of Synechococcus bigranulatus, without affecting their 
biological activity. The possibility to avoid cell disruption or energy-

https://www.sciencedirect.com/science/article/pii/S0960852413014636#!
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intensive equipment to broke the cells, to use either fresh or frozen 
biomass are important factors that will allow the use of SS on an 
industrial scale.   

5.1 Introduction 

In the last decades, the search for energy from renewable 
sources and the increasing demand of consumers for healthy foods, 
have driven the attention also toward microalgae and cyanobacteria1–

4. These phototrophic microorganisms can be rich in high value 
biological compounds, such as proteins, polysaccharides, 
polyunsaturated fatty acids, vitamins and pigments with special 
biological activities, thus they can potentially be exploited in several 
industrial sectors and meet many new consumer wishes4–6.  

Today, algae and cyanobacteria are used only in the food industry 
as an additive for functional food and as food supplements. 
Nevertheless, the increasing demand for natural antioxidants, as a 
healthy alternative to synthetic additives in industrial food, has 
strengthened microalgae and cyanobacteria as a valid source of 
natural antioxidants7–13. In addition, natural carotenoids exhibit greater 
stability than synthetic ones14.  

The main antioxidants produced by microalgae and 
cyanobacteria are polyphenols and pigments 15. Among pigments, 
carotenoids show the highest antioxidant activity. These tetraterpenes 
are accessory pigments of the light-harvesting photosystems, which 
exhibit yellow, orange, red and purple colour. They are divided into two 
groups: carotenes and xanthophylls. Carotenoids mostly used in the 
global market are astaxanthin, β-carotene, lutein, canthaxanthin, 
lycopene, and zeaxanthin16.  

To date, antioxidants extraction is usually performed by using 
organic solvents10,17,18.  However, these benchmark technologies 
suffer from several drawbacks, making the whole process 
unsustainable: (i) the use of high amounts of solvent; (ii) the need of a 
large amount of energy to recover solvent by evaporation; (iii) the need 
of more than one extraction step; (iv) the recovery of a single class of 
molecules19,20 21. 

These drawbacks are even more consistent in the case of 
antioxidants from microalgae, as they already suffer from upstream 
processes. Thus, the optimization of a green extraction technique, able 
to replace conventional ones seems to be a good starting point for 
lowering the costs. So far, it has been reported that the new green 
extraction techniques performed at high pressure, such as supercritical 
fluid extraction (SFE) and pressurised liquid extraction (PLE) are more 
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sustainable and can be competitive in the effectiveness of the 
extraction of hydrophobic molecules22,23. However, these innovative 
technologies show some drawbacks: (i) biomass pretreatment; (ii) 
impossibility to extract hydrophilic molecules; (iii) high investments 
costs and (iv) difficulty to scale up the process at an industrial scale 
21,24.  In this context, a new class of solvents is emerging: switchable 
solvents.   

Switchable solvents (SSs), first reported by Jessop and Liotta25,26 
are liquids that can be converted from non-polar form to polar form and 
vice versa. The switching of the solvent in the hydrophilic form (switch 
forward) is done by bubbling CO2 through the solvent. The reverse 
reaction is induced by removing CO2 from the system with an inert gas 
such as N2 and is enhanced by heating27

. Noteworthy, the circularity of 
the extraction process on wet biomass involves a significant reduction 
in energy requirements because the separation of the solvent from the 
extract is not performed by evaporation28,29.  

Recently, a study carried out by Du et al. reported that the 
secondary amine N-Ethylbutylamine (EBA) shows a lower critical 
solution temperature (LCST) behaviour, which means a change in EBA 
polarity with temperature30. This system is expected to be a cost and 
energy efficient alternative process configuration to the CO2 switching 
system30.  

Here, EBA was chosen to set up an innovative procedure to 
selectively extract hydrophobic antioxidants from the cyanobacterium 
Synechococcus bigranulatus. 
First, the carotenoids were extracted from the biomass using the 
switchable solvent in its lower polar (lipophilic) form. Then, by 
decreasing the temperature of the system, from 22°C to 0°C, the 
solvent switched into its polar form, thus allowing the separation of the 
nonpolar hydrophobic molecules from the SS. After having collected 
the hydrophobic molecules, the solvent can be returned to its original 
state by increasing the temperature at 22°C. When the SS returned into 
its original state the system showed two phases. The upper phase is 
the solvent in the “lipophilic” form, whereas the lower phase is the 
aqueous one with hydrophilic molecules. Hydrophobic molecules were 
finally characterized from a chemical and biological point of view. 

5.2 Materials and Methods 

Reagents 

All solvents and chemicals, unless differently specified, were from 
Sigma–Aldrich.  
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Microalgal Strain and Culture Conditions 

 Synechococcus bigranulatus was provided from the Algal Collection 
of the University Federico II (ACUF number 680)31. Cells were grown 
in autotrophic conditions in bubble column photobioreactors 
characterized by 800 mL working volume in BG11 medium. The 
photobioreactors were housed in a climate chamber at 37 ± 1 °C 
equipped with fluorescent lamps with a constant light intensity of 300 
PAR µmolphotons m-2 s-1. The aeration of cultures was provided by 
feeding air at the bottom of the photobioreactors. Cell density was 
inferred from the absorbance measured at a wavelength of 730 nm. 
The colture was harvested at the end of exponential phase and 
biomass concentration was about 0.8 g L-1 dry weight. 

Water content of S. bigranulatus 

The dry weight content of the harvested wet microalgae paste 
was determined from the difference in the weight of the sample before 
and after drying at 60 °C for 24 h. The water content did not change 
significantly among samples and was 73.1 ± 3.3 %.  

Protein extraction and quantification   

The biomass was harvested by centrifugation at 1200g for 30 min 
at room temperature. Then, 1.5 g of wet biomass, which corresponds  
to about 400 mg d.w., was resuspended  in 50 mM sodium acetate pH 
5.5 32. Cells were disrupted by ultrasonication (30 seconds, 30 seconds 
of 40% instrument amplitude) for 45 minutes. After centrifugation at 
5000g at 4 °C for 30 min, proteins were recovered in the supernatant 
and their concentration was measured by BCA Assay Kit. 

Conventional extraction of total hydrophobic molecules 

Conventional extraction of hydrophobic molecules from wet algal 
biomass (1g) was done according to the original B&D method33.  

Hydrophobic molecules extraction by N-Ethylbutylamine  

To extract hydrophobic molecules from S. bigranulatus by EBA, 
wet biomass (~1.5 g) was mixed with EBA in a ratio of 1:2 (wt/wt). The 
mixture was magnetically stirred at room temperature for 18h to ensure 
extraction of hydrophobic molecules. Then, the mixture was 
centrifuged at 9000g at r.t. and the supernatant (which contains EBA 
and hydrophobic molecules) was mixed with water in a ratio of 1:2 
(wt/wt), forming a biphasic system. Then, three experimental 
approaches were followed. 
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Strategy 1:  CO2 - N2 switching method 

CO2 was insufflated into the system for 30 min at 2vvm (volume 
volume per minute) to allow EBA to switch in its polar form (switching 
forward). The sample was centrifuged at 9000g at r.t. and at the end of 
centrifugation, EBA and water formed a homogeneous phase with a 
small lipid layer on the top. The hydrophobic molecules were recovered 
by chloroform with a syringe. The total amount of the extracted product 
was measured gravimetrically (after evaporating the solvent) and 
reported as a percentage on algae dry weight.   
To recover extracted hydrophilic molecules, N2 was bubbled through 
the system to remove CO2 (switch back) and to allow EBA to return in 
the hydrophobic form.  The sample was centrifuged at 9000g at r.t.. 
However, the two phases separation was not observed.   

Strategy 2: Temperature switching method (Lower Critical Solution 
Temperature, LCST) 

The supernatant was cooled to 0 °C for 2h, to allow the switch of 
EBA in its polar form.  The sample was centrifuged at 9000g at 0 °C. 
The result was a water phase with a lipid layer on the top and an orange 
layer on the wall of the tube. To recover both the lipid phase and the 
orange layer, chloroform was added on the lipid layer, mixed and 
centrifuged at 9000g at 0 °C  for 10 min. A two phase system was 
observed, with the hydrophobic molecules on the bottom. The total 
amount of the extracted products was recovered with a syringe and  
measured gravimetrically (after evaporating the solvent) and reported 
as a percentage on algae dry weight basis. To extract hydrophilic 
molecules, the water phase was incubated in the presence of the 
residual biomass for 2h at 0°C. The sample was centrifuged at 9000g 
at 0 °C for 10 min. Then, to collect hydrophilic molecules, the 
supernatant was heated to 22°C to allow EBA to switch back to the 
non-polar form. The sample was centrifuged at 9000g at 0 °C for 10 
min to allow the formation of two phases. The aqueous fraction, 
containing hydrophilic molecules, was collected and total proteins were 
determined by BCA assay and SDS-PAGE.  

 Strategy 3: switch forward-switch back-switch forward 

To recover the lipid layer and the orange layer separately, a 
different approach was used, starting from the 2nd strategy. The 
supernatant was cooled to 0 °C for 2h, centrifuged at 9000g at 0 °C. 
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The result was a water phase with a lipid layer on the top and an orange 
layer on the wall of the tube. In this case, the orange layer (named 
orange fraction) was recovered first by methanol or heptane, after 
having transferred the water phase and the lipid layer to another tube. 
The system was heated to 22°C to allow EBA switch back to the non-
polar form. The sample was centrifuged at 9000g at 0 °C to allow the 
formation of two phases. The upper phase contained EBA and the 
hydrophobic molecules. The upper phase was transferred to a new 
tube and mixed with water in a ratio of 1:2 (wt/wt), forming a biphasic 
system. Then, CO2 was insufflated into the system for 30 min at 2vvm, 
the sample was centrifuged at 9000g at r.t. to recover the lipid layer 
(named green fraction) on the top by chloroform.  

The total amount of the extracted products was measured 
gravimetrically (after evaporating the solvent) and reported as a 
percentage on algae dry weight.   

ABTS assay 

The in vitro antioxidant activity of orange and green fractions  
were  evaluated by the 2,2’-azinobis-(3-ethylbenzothiazoiline-6-
sulfonic acid) ABTS assay, according to Rigano et al. with some 
modifications34. Briefly, 7.4 mM ABTS•+ was mixed with 140 mM 
K2S2O8 and the solution stabilized for 12h at room temperature in the 
dark. The mixture was then diluted with water to obtain an absorbance 
of 0.70 ± 0.02 unit at 734 nm using a spectrophotometer. Each extract 
(50 µL) was allowed to react with 250 µL of diluted ABTS•+ solution for 
7 min, and then the absorbance was read at 734 nm. The standard 
curve was linear between 0 and 20 μM Trolox. Results are expressed 
as IC50 (mg mL-1), i.e. the concentration required to scavenge 50% of 
free radical ABTS. 

Cell culture and Biocompatibility assay 

Human immortalized keratinocytes (HaCaT, Innoprot, Spain) and 
immortalized murine fibroblasts (BALB/c 3T3, ATCC, Manassas,Vi, 
USA) were cultured in 10% fetal bovine serum in Dulbecco’s modified 
Eagle’s medium, in the presence of 1% antibiotics and 2 mM L-
glutamine, in a 5% CO2 humidified atmosphere at 37 °C. HaCaT cells 
were seeded in 96-well plates at a density of 2 × 103 cells well-1 and 
BALB/c 3T3 at a density of 3 × 103 cells well-1. 24h after seeding, 
increasing concentrations of the orange and green fractions (from 10 
to 200 μg mL-1) were added to the cells for 48h. At the end of the 
incubation, cell viability was measured by the tetrazolium salt 
colorimetric assay (MTT assay), as previously described35. Cell 
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survival was expressed as the percentage of viable cells in the 
presence of the extracts compared to control cells (represented by the 
average obtained between untreated cells and cells supplemented with 
the highest concentration of buffer). Each sample was tested in three 
independent analyses, each carried out in triplicates. 

Thermal pasteurization 

Thermal pasteurization was performed accordingly to the protocol 
reported by Ferraro et al.36. Briefly, orange and green fractions were 
heated at 75 °C in a water bath. After 10 min incubation, samples were 
transferred to a second water bath at 20 °C and then stored at 4 °C 
until analysis. 

Cellular reactive oxygen species (ROS) assay 

To evaluate the protective effect of orange and green fractions 
against oxidative stress, DCFDA assay was carried out, according to 
the protocol reported by Petruk et al.37 with some modifications. Briefly, 
24h after seeding, cells were incubated in the presence of 25 µg mL-1 
of either raw or pasteurized orange and green extract for 2h and 
irradiated by UVA light for 10 min (100 J cm-2). Fluorescence intensity 
of the probe (2′, 7′-dichlorofluorescein, DCF) was measured at an 
emission wavelength of 525 nm and an excitation wavelength of 488 
nm using a Perkin-Elmer LS50 spectrofluorometer. Emission spectra 
were acquired at a scanning speed of 300 nm min-1, with 5 slit width for 
both excitation and emission. ROS production was expressed as 
percentage of DCF fluorescence intensity of the samples under test, 
compared to untreated samples. Three independent experiments were 
carried out, each one with three determinations. 

Pigments identification by HPLC 

For the determination of the pigments content, extracts were 
resuspended in 100% methanol and analyzed by isocratic HPLC 
(Hewlett Packard, 1100 Series) in a reverse-phase (C8 column 3 μm 
Hyperloop MOS, 10 cm, 4.6 mm internal diameter, Shandon) as 
described in Vidussi et al.38. Mobile phase consisted of MeOH: 0.5 N 
aqueous ammonium acetate, 70:30% v/v (solvent A), and MeOH 
(solvent B), with a gradient (minute; percent of solvent A- percent of 
solvent B): 0;75-25, 1;50-50, 15;0-100, and 19;75-25. For the 
determination of chlorophylls and carotenoids, a spectrophotometer 
with a diodes array detector (DAD) was set at 440 nm, making it 
possible to determine the absorption spectrum of the 350–750 nm 
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interval for each peak, in order to check the purity of single pigments. 
The calibration of the instrument was carried out using external 
standard pigments provided by the International Agency for 14C 
determination-VKI Water Quality Institute. The identification of 
pigments was based considering retention time, spectral 
characteristics, and chromatography with certified commercial 
standards (International Agency for 14C determinations, Denmark). 
Quantification was based on the absorbance at 440 nm and the factor 
response (peak area/pigment concentration) value for each pigment, 
as described by Mantoura and Repeta39.- 

5.3 Results 

Extraction and recovery of hydrophobic molecules from 
Synechococcus bigranulatus through switchable solvents  

To verify the ability of N-Ethylbutylamine (EBA) switchable solvent 
to extract hydrophobic molecules from the selected microalgal strain, a 
direct comparison with a reference extraction method (Bligh & Dyer, 
B&D) was performed. S. bigranulatus wet biomass was mixed with 
EBA. Then, to separate hydrophobic molecules from EBA, the solvent 
was switched to the hydrophilic form (switch forward) by two 
procedures: (i) by bubbling CO2 through the system (SS-CO2 switch-
forward) and (ii) by decreasing temperature (SS-LCST switch-forward, 
Lower Critical Solution Temperature). In addition, in a third 
experimental approach, the recovery of the hydrophobic fraction was 
carried out by changing the temperature first and then by insufflating 
CO2 (SS-LCST- CO2), as described in details in Materials and Methods 
section. The extracted hydrophobic molecules were measured 
gravimetrically and reported as a percentage with respect to dry weight 
biomass (Figure 1 and Table 1). Results clearly show that EBA was 
able to extract hydrophobic molecules from the algae at the same 
extent of the B&D procedure. This result indicates that it is possible to 
obtain hydrophobic molecules starting from a wet biomass, thus 
reducing the costs of the whole process, which are affected by drying, 
milling and temperature.  
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Figure 1. Hydrophobic molecules from S. bigranulatus biomass. Yields are reported as 
% with respect to dry weight biomass. B&D is referred to Bligh & Dyer; SS (CO2) to 
extraction by switchable solvent and CO2; SS (LCST) to extraction by switchable solvent and 
LCST; SS (LCST-CO2) to extraction by switchable solvent and the combination of LCST and 
CO2. Results are reported as means ± S.D. of at least three independent experiments. 

N-Ethylbutylamine for carotenoids extraction 

The procedure SS(LCST-CO2) was chosen as the extraction 
procedure for further experiments. Noteworthy, during the extraction 
performed by SS(LCST-CO2), an orange layer, on the wall of the tube, 
was observed. This fraction was recovered by using heptane, whereas 
the green fraction was recovered after a second cycle of switch-forward 
by using chloroform, as described in the Materials and Method section. 
Fresh and frozen (stored at -20 °C) biomass were analyzed in parallel 
experiments. The yields of orange (OF) and green (GF) fractions are 
reported in Figure 2. No significant differences were observed between 
the two starting materials, as shown in Figure 2 and reported in Table 
2. This result suggests that the extraction can be done according to the 
experimental purpose, i.e. on either just harvested biomass or on a 
stored one. 
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Figure 2. Yields of hydrophobic molecules in orange fraction and green fractions. Black 
bars are referred to the orange fraction; grey bars are referred to the green fraction. Yields are 
referred to extracts from fresh or frozen biomass.  Results are reported as means ± S.D. of at 
least three independent experiments. 

Proteins extraction 

After the extraction of hydrophobic molecules, EBA solvent, in its 
polar form, was used to extract proteins on the residual biomass, as 
described in Materials and Method section. In this case, ultrasounds 
were used as reference procedure. According to the BCA procedure, 
the SS (LCST-CO2) method allowed to recover about 10% proteins, a 
value 3-fold lower than in the case of ultrasonication. However, when 
samples were analysed by SDS-PAGE, no proteins were observed in 
the sample SS (LCST-CO2) (Figure 3), thus indicating that the yield 
indicated by the BCA procedure is affected by the presence of EBA 
itself. The polar form of EBA was also used on the whole biomass, to 
verify its ability to extract hydrophilic molecules. However, no 
hydrophilic molecules were obtained, probably because EBA was not 
able to destroy the biomass (data not shown). 
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Figure 3. Proteins extracted from S. bigranulatus. SDS-PAGE analysis of 

proteinsextracted by ultrasounds and SS(LCST-CO2) extraction. Lane 1: molecular weight 
markers; lane 2: soluble proteins extracted by ultrasounds (30 μg); lane 3: soluble proteins 
extracted by EBA (30 μg). The SDS-PAGE was stained by Blue Coomassie. 

HPLC analysis 

First, HPLC analysis was performed to identify the molecules 
present in OF and GF. Results clearly show that OF is enriched in β-
carotene, whereas GF is enriched in zeaxanthin. Indeed, when the ratio 
Zeaxanthin/β-carotene was measured in both fractions, a ratio of 
0.07±0.06 was found in the OF and 4.4 ±1.5 in the GF, whereas the 
ratio in extract obtained by conventional method was about 1. In 
particular,  zeaxanthin values ranged between 0.3-10.6 μg mL-1 in the 
GF, whereas β-carotene ranged between 1.7-7.5 μg mL-1 in the OF. A 
mean value of 0.06 μg mL-1 was observed instead for both molecules 
in the extract obtained by a conventional method.  
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Figure 4. Representative HPLC chromatograms of antioxidants extracted from S. 
bigranulatus. (A) Raw extract obtained by conventional extraction; (B) GF and (C) OF. 
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ABTS assay 

To verify if OF and GF contained molecules endowed with 
antioxidant activity, the in vitro antioxidant activity was tested by the 
ABTS assay. Results are shown in Figure 5 and clearly indicate that 
both fractions had antioxidant activity. The IC50 values, which 
correspond to the concentration of the extract that can inhibit 50% of 
the radical, were 0.024 ± 0.008 and 0.056 ± 0.013 mg mL-1 for the OF 
and GF, respectively. 

Figure 5. ABTS assay on OF and GF. The ABTS scavenging activity of orange (A) and 
green (B) fractions (mg mL-1) from S. bigranulatus. Data shown are means ± S.D. of three 
independent experiments. 

Evaluation of the biocompatibility of orange and green fractions on 
eukaryotic cells. 

The biocompatibility of OF and GF was evaluated by the MTT 
assay on two immortalized eukaryotic cell lines: HaCaT (human 
keratinocytes) and BALB/c-3T3 (murine fibroblasts). Cells were 
incubated in the presence of each extract for 48h, and cell survival was 
determined as described in Materials and Methods section. As shown 
in Figure 6, the GF did not show cell mortality on both cell lines tested, 
up to 200 µg mL-1 (A-B), whereas the OF (C-D) showed a low level of 
toxicity only on HaCaT cells (IC50 value of 152 ± 7 µg mL-1). Noteworthy, 
the solvent used to recover the OF is important, as, when methanol 
was used, cell mortality was achieved at a very low concentration of 
the extract, with an IC50 value of 31 ± 8 µg mL-1 and 43 ± 4 µg mL-1 on 
HaCaT cells and BALB/c 3T3 cells, respectively (E-F).  
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Figure 6. Cell viability of OF and GF on eukaryotic cells. HaCaT and BALB/c 3T3 were 
incubated for 48 h with increasing concentrations (10− 200 μg mL-1) of GF (A-B), OF collected 
with heptane (C-D) and OF collected with methanol (E-F). Cell viability was assessed by the 
MTT assay, and cell survival expressed as a percentage of viable cells in the presence of the 
extracts under test, with respect to control cells grown in the absence of the extracts. Data 
shown are means ± S.D. of three independent experiments. 

Evaluation of antioxidant activity of OF and GF on eukaryotic cells. 

In order to verify if the two extracts showed antioxidant activity 
also on a cell-based system, HaCaT cells were used. UVA was chosen 
as a source of oxidative stress and extracts were tested at 25 µg mL-1. 
In particular, cells were incubated for 2 h with each extract prior to UVA 
exposure. Then, the DCFDA probe was used to measure ROS levels. 
Moreover, to verify if the extracts could be used in food industry, thus 
if they were resistant to high temperature treatments, a comparison 
between the antioxidant activity of raw and pasteurized extracts (i.e. 
heated at 75°C for 10 min) was performed. As shown in Figure 7, no 
effect on ROS levels was observed when cells were incubated with the 
raw orange and green fraction extracts, whereas when the cells were 
incubated with pasteurized orange and green extracts, an increase in 
intracellular ROS levels is observed in the absence of any treatment. 
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UVA induced a significant increase in intracellular ROS levels (180%) 
with respect to untreated cells (black bars). When cells were pre-
incubated with any of the extract, no alteration in ROS levels was 
observed, thus suggesting that the extracts were able to protect cells 
from stress injury. These results indicate that thermal procedures do 
not affect the antioxidant activity of both fractions. 

 

Figure 7. Antioxidant effect of the orange and green extracts from S. bigranulatus on 
UVA-stressed HaCaT cells. Cells were preincubated in the presence of 25 μg mL-1 of raw and 
pasteurized extracts for 2 h, prior to be irradiated by UVA (100 J cm-2). For each experimental 
condition, ROS production was measured and results were reported as percentage with 
respect to untreated cells. Black bars: untreated cells; grey bars: cells incubated with OF; white 
bars: cells incubated with GF; gray striped bars: cells incubated with pasteurized OF; white 
squared bars: cells incubated with pasteurized GF. Data shown are means ± S.D. of three 
independent experiment. ** indicates p < 0.005, *** indicates p < 0.0005 and **** indicates p < 
0.0001. 

5.4 Discussion 

In the last decades, microalgae and cyanobacteria have been 
suggested as a very promising source for energy, food and 
cosmeceutical application. However, direct extraction of the desired 
biomolecules from the algal culture media, or at least from the wet 
biomass after a pre-concentration step, would be useful to decrease 
the downstream costs of microalgae-derived products. In addition, with 
current organic solvent systems, the results are still unsatisfactory. 

Recently, new extraction techniques have been developed, such 
as ultrasonic waves, ionic liquids, acid-base, supercritical CO2 and 
switchable solvents, which show an improvement in extraction 
efficiency.  

Switchable solvents are widely used to extract hydrophobic 
molecules from algae raw biomass20,27,40. In this work, the secondary 
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amine EBA was used on the cyanobacterium S. bigranulatus. Yields of 
hydrophobic molecules clearly show that EBA has the same extraction 
power than conventional methods.  

However, EBA was not able to extract proteins on either unbroken 
or broken biomass. This results seems to be in contrast with data 
reported in literature, as they found about 40% of proteins from different 
microalgae by using the tertiary amine N,N-dimethyl-cyclohexylamine 
(DMCHA)29. Noteworthy, in the present paper, by using the same 

colorimetric assay, about 10% of proteins seemed to be present, but 
the data was not confirmed by SDS-PAGE analysis, thus suggesting 
an interference of the SS with the colorimetric assay.  

Surprisingly, EBA allowed the selective extraction of β-carotene 
and zeaxanthin. the selectivity found was in agreement with data 
recently reported on  astaxanthin extraction from H. pluvialis22. This 
selectivity allowed to obtain a β-carotene enriched fraction a 
zeaxanthin enriched fraction, as clearly demonstrated by HPLC 
analysis. Furthermore, the yields of both hydrophobic molecules were 
found to be 5-170 fold higher those that obtained by conventional 
methods20,41. In addition, EBA had the same extraction power on both 
frozen and fresh biomass. This result is very important from an 
industrial point of view, as it is possible to process the biomass anytime 
with the same yields and, in case of fresh biomass, to lower the 
downstream costs.  

From a biological point of view, the isolated molecules were fully 
biocompatible, active as antioxidants and thermo-stable. In particular, 
the in vitro results showed lower IC50 values than those reported in 
literature with different microalgae42,43. Both fractions were able to 
protect immortalized human keratinocytes from oxidative stress 
induced by UVA. This ability was fully maintained also after thermal 
treatment, i.e. pasteurization.   

In conclusion, EBA seems to be an excellent candidate for β-
carotene and zeaxanthin extraction, as it is able to selectively extract 
both molecules with higher yields with respect to conventional 
methods, it does not affect their biological activity, it does not require 
any cell disruption or energy-intensive equipment to broke the cells, it 
can be used on either fresh or frozen biomass. All these parameters 
would decrease the total costs of the downstream process, thus 
allowing the use of SS on an industrial scale. ,  
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6.1 General discussion 

Nowadays, antioxidants are used to prevent food oxidation, which 
may result also in food rancidity. However, evidence is emerging on 
their adverse health effects, thus  research is now focusing to replace 
these synthetic antioxidants with natural ones1,2. The main natural 
antioxidants used are those extracted from fruits or vegetables (e.g. 
tocopherols, carotenoids and ascorbic acid). Nevertheless, during food 
processing treatments, such as heat/thermal treatment or during the 
storage process, antioxidants may lose their stability, resulting in loss 
of the antioxidant activity3,4. Moreover, there is an increasing interest 
and awareness of consumers in the consumption of healthy foods, 
which contributes to the identification of natural antioxidant molecules 
resistant to processing techniques and preservation methods. In this 
context, microalgae and cyanobacteria, due to the abundance of 
secondary metabolites, have received great attention in recent years 
as a natural source of antioxidants. 

The aim of this PhD project was to demonstrate the feasibility of 
the production of thermoresistant antioxidants to be applied as food 
preservatives from one or more strains of  photosynthetic 
microorganisms. 

To this purpose, the attention was first focused on the study of the 
strains available at the Algal Collection of University Federico II of 
Naples (ACUF) (Chapters 2 and 3). Founded in 1973 by professor 
Roberto Taddei, the ACUF was born as a collection of Cyanidium 
caldarium; however, today over 800 live photosynthetic 
microorganisms (mainly belonging to Cyanobacteria, Chlorophyta, 
Rhodophyta, and Bacillariophyceae) from almost all continents are 
maintained. Considering the great biodiversity of microalgae available 
at the ACUF collection, 25 strains were selected between microalgae 
and cyanobacteria in order to identify the most promising. Among 
these, Enallax sp., S. bigranulatus and G. sulphuraria were 
selected.Then, the antioxidant activity of the selected extracts was 
evaluated, before and after pasteurization treatment. The results 
showed that the antioxidant activity of extracts was fully preserved even 
after the thermal treatment, as the extracts were able to protect cells 
from UVA-induced damage. Based on these results, the selected 
strains were considered promising as a producer of heat resistant 
antioxidants to be applied as food preservatives. 

Then, a massive production of selected strains was performed at 
a relevant scale by using bubble column photobioreactor and thin layer 
photobioreactor (15L operating volume) at ATIbiotech company 
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(Chapter 4). Both PBRs allowed to obtain high biomass yields. 
However, increased productivity was observed in the thin layer PBR, 
most likely for the major irradiation surface that results in more photons 
available for each individual algal cell5,6. Hence, if the main advantage 
of thin layer photobioreactors is the high surface/volume ratio, it should 
be considered that size and rigidity may represent a limit. For this 
reason, closed tube systems are often easier to realize at an industrial 
scale. A solution for the feasible application of thin layer 
photobioreactors would be their integration in the building surfaces, as 
already proposed by Pruvost et al6,7  

As microalgae downstream, and in particular the component 
extraction,  processing has high costs, one possibility to decrease them 
is using green solvents. In this context, a switchable solvent (SS), and 
specifically the secondary amine N-Ethylbutylamine (EBA), was used 
to extract antioxidants from microalgal biomass produced in 
photobioreactors. In particular, S. platensis and S. bigranulatus were 
selected and hydrophobic antioxidants were extracted. 

Compared to conventional organic solvent extractions performed 
on the same biomass, the SS extractions allowed achieving similar 
yields of hydrophobic molecules in a short time and with less solvent 
consumption. Surprisingly, when the extraction of molecules was 
induced by the SS(LCST-CO2) strategy (Chapter 5), it was possible to 
recover two fractions, the orange fraction (OF) rich in β-carotene and 
the green fraction (GF) rich in zeaxanthin, thus rendering the process 
highly selectively. Furthermore, the nature of the solvent did not affect 
the biocompatibility of the extracted molecules or the antioxidant 
activity, preserved even after the pasteurization process of the extracts. 

In addition, the ability of the solvent to extract antioxidants  from 
both slurry biomass and wet paste biomass,  proved the ability of  N-
Ethylbutylamine, in its non-polar form, to destroy algal cell walls and 
membranes. Hence, considering that the drying process and cell 
disruption steps are responsible for  up to 25%8 of the energy 
consumption of the extraction process, this approach would allow a 
significant decrease in the overall costs9,10. 

Moreover, different procedures can be applied to switch SS 
chemical-physical properties, such as changes in CO2 or temperature. 
Recent studies have demonstrated that lowering the temperature 
induces a lower solvent loss and higher efficiency with respect to 
CO2

11.  Last but not least, using temperature to induce the switching of 
the solvent  is less energy-intensive than CO2

11. 
However, several bottlenecks still limit the use of SS and their 

scalability at an industrial level, such as  the contamination of the 
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residual biomass by the solvent after the extraction process,  the 
release of the solvent in water and the toxicity of the solvent12,13.  

To overcome these problems, Du and colleagues investigated the 
purification of residual biomass and water from the solvent after the 
extraction process11. They found that it is possible recover the solvent 
from the biomass by multiple washes with water, and then the solvent 
was separated from the water by liquid extraction with a polar solvent 
followed by distillation11. Alternatively, SS properties can be improved 
during chemical synthesis by adding functional groups into the 
structure14.  

However, the above described approaches  negatively affect the 
extraction process costs. 
Another important bottleneck of extractions performed by SS, is that it 
has still to be proven their further ability of extracting also proteins from 
algal biomass. A recent paper15 stated that the procedure was 
successful, but only colorimetric analyses were performed. These data 
are in contrast to what observed in Chapter 5. Indeed, even if the 
colorimetric assay showed the presence of proteins, no proteins were 
visible after the SDS-PAGE analysis, thus suggesting an interference 
of the amine with the colorimetric assay.  

In conclusion, the green properties of the SSs, their ability to 
extract hydrophobic molecules from unbroken biomass, the extraction 
selectivity and the easy solute-solvent separation are a good starting 
point for their use at an industrial scale, but many questions and 
technical factors have to be clarified and set up before rendering these 
solvents applicable at industrial scale13,15–17. 
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