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Abstract 

 

This thesis focuses on the production of microbial carotenoids using novel red yeast 

strains, coupled with efficient and environmentally friendly recovery methods, 

targeting high-value applications in food and pharmaceuticals. Carotenoids are 

bioactive compounds known for their vibrant color range and beneficial biological 

properties, making them especially valuable for the rapidly evolving food industry. 

Microbial production of carotenoids presents a stable, efficient, and environmentally 

friendly approach to carotenoid synthesis, prioritizing human health and 

sustainability. Additionally, microbial synthesis offers a broad spectrum of color 

options. To this end, four unexplored Rhodosporidium strains were initially evaluated 

for their ability to grow and synthesize carotenoids while assimilating various carbon 

sources. 

 

More specifically, the first part of this thesis investigates the ability of two 

Rhodosporidium kratochvilovae isolates (Y-42 and Y-43) to produce carotenoids 

under different experimental conditions, such as carbon source and carbon-to-nitrogen 

(C/N) ratio. Among the tested conditions, glucose and a glucose-galactose mixture 

proved to be the most promising substrates not only for carotenogenesis but also for 

the synthesis of microbial oil, another valuable metabolite. Carotenoid synthesis was 

highly affected by C/N ratio in both strains, while a competitive trend with microbial 

oil accumulation was also observed. HPLC-DAD analysis of the obtained carotenoid 

extracts indicated that the main molecule was β-carotene (55-85%) regardless the 

fermentation conditions or the strain-employed.  

 

The fermentation efficiency on glucose: galactose mixtures led to their replacement 

with hydrolyzed cheese whey permeate (CWP), as an alternative carbon source. Prior 

to fermentation, CWP was hydrolyzed either with commercial β-galactosidase or with 

a crude enzyme consortium. When CWP was hydrolyzed with β-galactosidase, strains 

Rhodosporidium kratochvilovae Y-42 and Y-43 were able to produce 1.87 and 1.64 

mg/L of total carotenoids, respectively, while a microbial oil content of 19.7% and 

23.9% (w/w) was also obtained. HPLC-DAD analysis of the chemical profile 



2 

 

indicated that β-carotene was the predominant carotenoid. Conversely, when CWP 

hydrolysis was carried out with crude enzyme consortia using fermented wheat bran, 

which also served as source of free amino nitrogen (FAN), both yeasts synthesized 

almost solely lycopene, and at the same time low levels of microbial oil were 

accumulated. To further elucidate the metabolic behavior of each strain, lycopene 

production was investigated under different C/FAN ratios and incubation 

temperatures. Under the optimized culture conditions (C/FAN 40 and 33 °C) yeast 

strain Y-42 produced 36.4 mg/L carotenoids, composed of more than 97% of 

lycopene, highlighting the substantial role of fermentation media in carotenoids 

synthesis and composition. Moreover, the lycopene-rich carotenoid extract exhibited 

antioxidant activity (IC50 equal to 0.89 mg/mL), signifying also the possibility to be 

further utilized as a functional additive in novel food formulations.  

 

Another set of experiments was then carried out investigating the unexplored marine 

yeasts Rhodosporidium paludigenum 2663 and 2664 on different carbon sources 

(glucose, fructose, sucrose, mixture of glucose-galactose). Strain 2663 produced the 

highest titer of total carotenoids (2.21 mg/L) when cultivated on sucrose, together 

with 4 g/L microbial oil (30% w/w content). Exopolysaccharides (EPS) production 

was also detected when sucrose was used as the sole carbon source. In the case of 

strain 2664, glucose favored the production of carotenoids, reaching a value of 2.93 

mg/L along with 1.57 g/L microbial oil (31.8% w/w content). Bioreactor 

fermentations were subsequently carried out using Rhodosporidium paludigenum 

2663 either with sucrose or molasses as substrate to elucidate the feasibility of 

producing multiple metabolites. The fed-batch strategy with molasses yielded to the 

highest concentrations of all metabolites, with a carotenoid titer of 3.3 mg/L, 

microbial oil content of 50.7% w/w (10.9 g/L), and an EPS concentration of 3 g/L. 

Analysis of the carotenoids chemical profile during fermentation revealed that β-

carotene was the predominant carotenoid. On the other hand, oleic acid was the main 

fatty acid in the produced microbial oil. The obtained carotenoid extracts exhibited 

antioxidant (IC50 0.14 mg/mL) and antimicrobial activity, against common bacterial 

and fungal pathogenic strains.  
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The recovery of microbial oil and carotenoids produced by the yeast strain 

Rhodosporidium paludigenum 2663 was also evaluated using supercritical CO2 

extraction (SFE-CO2), an environmentally friendly technique. Yeast biomass was 

subjected to six different cell disruption methods prior to SFE-CO2 in order to assess 

the optimal pretreatment method. High speed homogenization emerged as the optimal 

pretreatment method, which when coupled with SFE-CO2, resulted in an 80% 

recovery yield of total carotenoids and an 83% recovery yield of microbial oil. The 

use of ethanol as co-solvent was imperative for the efficient extraction of both 

metabolites.  

 

Finally, potential applications of the produced carotenoid-rich microbial oil were 

unraveled by employing two different processes, namely electrospinning and 

oleogelation. Regarding encapsulation using electrospinning, the choice of 

encapsulation matrix significantly influenced the encapsulation efficiency (EE) of 

both carotenoids and microbial oil. The highest EE, 71.15% for microbial oil and 

42.20% for carotenoids, were achieved when the EPS fraction was employed as a 

natural surfactant and incorporated in the encapsulating matrix. Regarding the 

oleogel-encapsulated microbial oil, a gradual degradation of carotenoids was observed 

during the oleogelation process. Ultimately, the oleogel retained 45% of the initial 

carotenoid concentration. Thermal stability of oleogels was investigated in the range 

of 50-90 °C targeting to assess the oil oxidation stability and carotenoids degradation. 

Thermal kinetics revealed that oil oxidation rate and carotenoids degradation rate 

were significantly lower in the oleogel-encapsulated microbial oil compared to the 

non-encapsulated oil. This proved that the oleogel served as a protective carrier for 

microbial oil and carotenoids under thermal processing conditions. Additionally, the 

physical properties of the oleogel showed that the oleogel had strong gel properties 

and good spreadability, supporting its potential for use in novel food formulations. 

 

 

Keywords: Rhodosporidium kratochvilovae; Rhodosporidium paludigenum; 

Microbial carotenoids; β-Carotene; Lycopene; Microbial oil; Exopolysaccharides; 

Cheese whey; Molasses; Supercritical CO2 extraction; Electrospinning; Oleogels  
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Περίληψη 

 

Η παρούσα διατριβή εστιάζει στην παραγωγή μικροβιακών καροτενοειδών με τη 

χρήση νέων στελεχών ζυμών, σε συνδυασμό με αποτελεσματικές και φιλικές προς το 

περιβάλλον μεθόδους ανάκτησης, στοχεύοντας σε εφαρμογές υψηλής προστιθέμενης 

αξίας σε τρόφιμα αλλά και σε φαρμακευτικά προϊόντα. Τα καροτενοειδή είναι 

βιοδραστικές ενώσεις γνωστές για το ευρύ φάσμα χρωμάτων αλλά και για τις 

ευεργετικές βιολογικές τους ιδιότητες, γεγονός που τα καθιστά ιδιαίτερα πολύτιμα για 

την ταχέως εξελισσόμενη βιομηχανία των τροφίμων. Η μικροβιακή παραγωγή 

καροτενοειδών παρουσιάζει μια αποτελεσματική και φιλική προς το περιβάλλον 

προσέγγιση για τη σύνθεσή τους, δίνοντας προτεραιότητα στην ανθρώπινη υγεία και 

την περιβαλλοντική βιωσιμότητα. Επιπλέον, η μικροβιακή παραγωγή καροτενοειδών, 

αναλόγως της σύστασης, δύναται να προσφέρει ένα ευρύ φάσμα επιλογών χρωμάτων. 

Για το σκοπό αυτό, τέσσερα ελάχιστα μελετημένα στελέχη του γένους 

Rhodosporidium αξιολογήθηκαν αρχικά για την ικανότητά τους να αναπτύσσονται 

και να συνθέτουν καροτενοειδή αφομοιώνοντας διάφορες πηγές άνθρακα. 

Αρχικά, η έρευνα επικεντρώθηκε στη διερεύνηση της ικανότητας δύο στελεχών 

Rhodosporidium kratochvilovae (Y-42 και Y-43) να παράγουν καροτενοειδή υπό 

διαφορετικές συνθήκες καλλιέργειας, όπως σε διαφορετικές πηγές άνθρακα και σε 

διαφορετικούς λόγους άνθρακα/αζώτου (C/N). Η γλυκόζη και το μείγμα γλυκόζης-

γαλακτόζης αποδείχθηκαν τα πιο υποσχόμενα υποστρώματα για την παραγωγή 

καροτενοειδών αλλά και μικροβιακού λίπους. Η σύνθεση των καροτενοειδών 

επηρεάστηκε σε μεγάλο βαθμό από την αναλογία άνθρακα/αζώτου και στα δύο υπό 

μελέτη στελέχη, ενώ παρατηρήθηκε επίσης μια ανταγωνιστική τάση με τη 

συσσώρευση μικροβιακού ελαίου. Η ανάλυση των εκχυλισμάτων των καροτενοειδών 

έδειξε ότι κυρίαρχο ήταν το β-καροτένιο (55-85%), ανεξαρτήτως των συνθηκών 

ζύμωσης ή του στελέχους που χρησιμοποιήθηκε. 

Η αποτελεσματικότητα των ζυμώσεων στο μίγμα γλυκόζης:γαλακτόζης οδήγησε στην 

μελέτη υδρολυμένου (και αποπρωτεϊνομένου) τυρογάλακτος ως εναλλακτική πηγή 

άνθρακα. Πριν από τη ζύμωση, το τυρόγαλα υπέστη υδρόλυση είτε με τη χρήση 
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εμπορικής β-γαλακτοσιδάσης είτε με τη χρήση ακατέργαστων ενζύμων. Στην 

περίπτωση που για την υδρόλυση χρησιμοποιήθηκε η εμπορική β-γαλακτοσιδάση, τα 

στελέχη Rhodosporidium kratochvilovae Y-42 και Y-43 παρήγαγαν 1,87 και 1,64 

mg/L συνολικών καροτενοειδών, αντίστοιχα, με την ταυτόχρονη συσσώρευση 19,7% 

και 23,9% (w/w) μικροβιακού λίπους. Η ανάλυση του προφίλ των παραγόμενων 

καροτενοειδών έδειξε ότι το β-καροτένιο ήταν το κύριο καροτενοειδές. Αντιθέτως, 

όταν η υδρόλυση του τυρογάλακτος έγινε με ακατέργαστα ένζυμα από ζυμούμενο 

πίτουρο σιταριού, το οποίο επίσης λειτούργησε ως πηγή αζώτου (FAN), και τα δύο 

στελέχη παρήγαγαν σχεδόν αποκλειστικά λυκοπένιο, ενώ μειώθηκε σημαντικά η 

σύνθεση μικροβιακών λιπιδίων. Η παραγωγή λυκοπενίου διερευνήθηκε περαιτέρω 

υπό διαφορετικές αναλογίες άνθρακα/αζώτου και θερμοκρασίες επώασης. Υπό τις 

βέλτιστες συνθήκες καλλιέργειας (λόγος άνθρακα/αζώτου 40 και 33 °C), το στέλεχος 

Y-42 παρήγαγε 36,4 mg/L καροτενοειδών, με το 97% να είναι λυκοπένιο, 

αναδεικνύοντας τον καθοριστικό ρόλο του υποστρώματος στη σύνθεση και σύσταση 

των καροτενοειδών. Επιπλέον, το εκχύλισμα καροτενοειδών παρουσίαζε υψηλή 

αντιοξειδωτική δράση, υποδεικνύοντας τη δυνατότητα περαιτέρω χρήσης του ως 

πρόσθετου σε καινοτόμα τρόφιμα. 

Επιπρόσθετα, δύο νέα στελέχη ζυμομυκήτων, τα Rhodosporidium paludigenum 2663 

και 2664, μελετήθηκαν χρησιμοποιώντας διαφορετικές πηγές άνθρακα (γλυκόζη, 

φρουκτόζη, σακχαρόζη, μείγμα γλυκόζης-γαλακτόζης). Το στέλεχος 2663 παρήγαγε 

τη μεγαλύτερη συγκέντρωση καροτενοειδών (2,21 mg/L) όταν αναπτύχθηκε σε 

σακχαρόζη, ενώ παράλληλα παρήγαγε και 4 g/L μικροβιακού ελαίου (30%, w/w). 

Μάλιστα, το ίδιο στέλεχος ήταν ικανό να παράγει και εξωπολυσακχαρίτες, όταν 

χρησιμοποιήθηκε η σακχαρόζη ως πηγή άνθρακα. Στην περίπτωση του στελέχους 

2664, η γλυκόζη ευνόησε την παραγωγή καροτενοειδών επιτυγχάνοντας 

συγκεντρώσεις της τάξεως των 2,93 mg/L μαζί με 1,57 g/L μικροβιακού ελαίου 

(31,8%, w/w). Ως εκ τούτου, πραγματοποιήθηκαν ζυμώσεις σε βιοαντιδραστήρα 

χρησιμοποιώντας είτε σακχαρόζη είτε μελάσα με το στέλεχος 2663, για την 

περαιτέρω διερεύνηση της δυνατότητας παραγωγής των εν λόγω μεταβολιτών. Η 

στρατηγική καλλιέργειας ημι-συνεχούς λειτουργίας με μελάσα ως υπόστρωμα 

οδήγησε στην παραγωγή των υψηλότερων συγκεντρώσεων όλων των μεταβολιτών, 

με τα καροτενοειδή να ανέρχονται στα 3,3 mg/L, ενώ η περιεκτικότητα σε 
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μικροβιακό έλαιο έφθασε στο 50,7% (w/w), και η συγκέντρωση των 

εξωπολυσακχαριτών στα 3 g/L. Η ανάλυση του προφίλ των καροτενοειδών έδειξε ότι 

το β-καροτένιο ήταν το κύριο καροτενοειδές, ενώ το ελαϊκό οξύ ήταν το κύριο λιπαρό 

οξύ του παραγόμενου μικροβιακού ελαίου. Τα εκχυλίσματα καροτενοειδών που 

προέκυψαν έδειξαν υψηλή αντιοξειδωτική δράση, καθώς επίσης και αντιμικροβιακή 

δράση έναντι κοινών βακτηριακών και μυκητιακών παθογόνων στελεχών. 

Στη συνέχεια, αξιολογήθηκε η ανάκτηση του μικροβιακού ελαίου και των 

καροτενοειδών από το στέλεχος Rhodosporidium paludigenum 2663 

χρησιμοποιώντας εκχύλιση με υπερκρίσιμο CO2 (SFE-CO2), μια μέθοδο φιλική προς 

το περιβάλλον. Πριν από την εκχύλιση, η βιομάζα υποβλήθηκε αρχικά σε έξι 

διαφορετικές μεθόδους διάρρηξης των κυττάρων, με την ομογενοποίηση υψηλών 

ταχυτήτων να αναδεικνύεται ως η βέλτιστη μέθοδος προ-επεξεργασίας, η οποία σε 

συνδυασμό με τη μέθοδο (SFE-CO2), οδήγησε σε αποδόσεις ανάκτησης των 

καροτενοειδών της τάξεως του 80% και σε ανάκτηση 83% του μικροβιακού ελαίου. 

Η χρήση αιθανόλης ως συν-διαλύτη ήταν καθοριστικής σημασίας για την αποδοτική 

ανάκτηση και των δύο μεταβολικών προϊόντων.  

Στο τελευταίο στάδιο της παρούσας διδακτορικής διατριβής εξετάστηκαν πιθανές 

εφαρμογές του πλούσιου σε καροτενοειδή μικροβιακού ελαίου, μέσω της 

αξιολόγησης δύο μεθόδων ενθυλάκωσης: της ηλεκτρονηματοποίησης και των 

ελαιοπηκτών. Όσον αφορά τη διαδικασία ηλεκτρονηματοποίησης, η επιλογή των 

συστατικών της μήτρας ενθυλάκωσης επηρέασε σημαντικά την αποδοτικότητά της 

ενθυλάκωσης. Οι μεγαλύτερες αποδόσεις ενθυλάκωσης για το μικροβιακό έλαιο και 

τα καροτενοειδή ήταν 71,15% και 42,20%, αντίστοιχα, όταν χρησιμοποιήθηκαν οι 

εξωπολυσακχαρίτες στη μήτρα ενθυλάκωσης. Όσον αφορά την ελαιοπηκτή που 

αναπτύχθηκε με το μικροβιακό έλαιο, παρατηρήθηκε σταδιακή μείωση της 

περιεκτικότητας σε καροτενοειδή κατά τη διαδικασία της παραγωγής της 

ελαιοπηκτής, η οποία τελικά διατήρησε το 45% της αρχικής συγκέντρωσης των 

καροτενοειδών. Η μελέτη της θερμικής σταθερότητας του μικροβιακού ελαίου και 

των καροτενοειδών διερευνήθηκε στην περιοχή 50-90 °C, με στόχο την αξιολόγηση 

της σταθερότητάς τους. Η εφαρμογή κινητικών μοντέλων έδειξε ότι οι ρυθμοί 

οξείδωσης του ελαίου και αποικοδόμησης των καροτενοειδών ήταν σημαντικά 

χαμηλότεροι στην ελαιοπηκτή σε σύγκριση με το μη ενθυλακωμένο μικροβιακό 
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έλαιο. Ως εκ τούτου, η ελαιοπηκτή λειτούργησε ως προστατευτικός φορέας τόσο του 

μικροβιακού ελαίου όσο και των καροτενοειδών υπό συνθήκες θερμικής 

επεξεργασίας. Επιπλέον, η ανάλυση των φυσικών ιδιοτήτων ανέδειξε την υψηλή 

ικανότητα επάλειψης και την υψηλή μηχανική αντοχή της ελαιοπηκτής, 

υποστηρίζοντας περαιτέρω την δυνατότητα εφαρμογής της για την ανάπτυξη 

καινοτόμων προϊόντων τροφίμων. 

Λέξεις-κλειδιά: Rhodosporidium kratochvilovae; Rhodosporidium paludigenum; 

Μικροβιακά καροτενοειδή; β-Καροτένιο; Λυκοπένιο; Μικροβιακό έλαιο; 

Εξωπολυσακχαρίτες; Τυρόγαλα; Mελάσα; Εκχύλιση με υπερκρίσιμο CO2; 

Hλεκτρονηματοποίηση; Ελαιοπηκτές 
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Figure 12.1 FTIR spectrum of crude EPS fraction obtained by Rhodosporidium 

paludigenum 2663. 

Figure 12.2 TLC analysis of sugars presented in the crude EPS fraction produced by 

Rhodosporidium paludigenum 2663. 

Figure 12.3 TLC analysis of EPS for proteins (A) and lipids (B) detection. Lane 1: 

non-hydrolyzed EPS, Lane 2: hydrolyzed EPS. 

Figure 12.4 The produced whey protein/microbial oil emulsion (A) and the resulted 

particles after electrospinning process (B). 

Figure 12.5 FTIR spectrum of electrosprayed particles (A), EPS (B), microbial oil (C) 

and whey protein (D). 

Figure 12.6 Whey protein/carotenoids-rich microbial oil formulations during 

oleogelation process: (A) emulsion, (B) oleogel after freeze-drying and (C) oleogel 

after shearing.  

Figure 12.7 FTIR spectrum of the produced oleogel. 

Figure 12.8 Viscosity of the oleogel. 

Figure 12.9 Storage modulus (G') and loss modulus (G'') during strain sweep tests (A) 

and frequency sweep tests (B) of the oleogel. 

Figure 12.10 Carotenoids (%) during preparation steps of the oleogelation process: β-

carotene (black bars), torulene (dark grey bars) and torularhodin (light grey bars). 

Different letters on the bars indicate statistically significant differences between 

preparation steps for each carotenoid (
a, b, c

 β-carotene; 
a1, b1, c1

 torulene; 
a2, b2, c2

 

torularhodin) (p<0.05). 
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Figure 12.11 Oxidation (%) of the non-encapsulated microbial oil and oleogel-

encapsulated microbial oil at different time intervals at 50 °C (black bars), 70 °C 

(dark grey bars) and 90 °C (light grey bars). Different letters on the bars indicate 

statistically significant differences between non-encapsulated microbial oil and 

oleogel-encapsulated microbial oil for each time interval at each temperature (
a, b

 10 

min; 
a1, b1 

30min; 
a2, b2

 60 min; 
a3, b3

 90 min) (p<0.05). 

Figure 12.12 Fitting of oxidation data with the first-order kinetic model: non-

encapsulated microbial oil (A) and oleogel-encapsulated microbial oil (B) during 

thermal treatment at 50 °C (●), 70 °C (■) and 90 °C (▲). 

Figure 12.13 Fitting of oil oxidation data with the Arrhenius model for non-

encapsulated microbial oil (▲) and oleogel-encapsulated microbial oil (■). 

Figure 12.14 Carotenoids (%) of the non-encapsulated microbial oil and oleogel-

encapsulated microbial oil at different time intervals at 50 °C (black bars), 70 °C 

(dark grey bars) and 90 °C (light grey bars). Different letters on the bars indicate 

statistically significant differences between non-encapsulated microbial oil and 

oleogel-encapsulated microbial oil for each time interval at each temperature (
a, b

 10 

min; 
a1, b1 

30min; 
a2, b2

 60 min; 
a3, b3

 90 min) (p<0.05). 

Figure 12.15 Fitting of carotenoids degradation data with the first-order kinetic 

model: non-encapsulated microbial oil (A) and oleogel-encapsulated microbial oil (B) 

during thermal treatment at 50 °C (●), 70 °C (■) and 90 °C (▲).First-order kinetic 

model for the degradation rate of carotenoids contained in free form (A) and in 

oleogel (B) at 50 °C (black line), 70 °C (dark grey line) and 90 °C (light grey line). 

Figure 12.16 Fitting of carotenoids degradation data with the Arrhenius model for 

non-encapsulated microbial oil (▲) and oleogel-encapsulated microbial oil (■). 
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1 Introduction 

The field of industrial biotechnology deals with the utilization of biotechnological 

tools to enhance industrial processes and to produce bio-based products, including 

fuels, chemicals, and plastics from renewable resources (Erickson et al., 2012). 

Microorganisms constitute the base of this field to create a range of innovative 

technologies and processes. These advancements are being actively pursued by 

companies, researchers, and scientists, targeting commercial applications. There are 

currently numerous examples of industrialized microbial processes for the production 

of different goods belonging to the food, chemical and pharmaceutical sectors. The 

more the knowledge on microbial metabolic systems is expanding, the broader the 

variety of products, that can be developed. Microbial processes confer multiple 

advantages when compared to chemical routes, offering faster and environmentally 

sustainable routes for production, while minimizing the dependence on fossil 

resources. In addition, biotechnological products are either recyclable or 

biodegradable and their synthesis leads to the production of less toxic waste while 

using milder conditions. Carotenoids are molecules of broad color spectrum naturally 

synthesized by many living organisms (e.g. plants, microorganisms) or can be 

synthesized by chemical processes (Papapostolou et al., 2023). According to Markets 

and Markets, (2024), the global carotenoid market is projected to grow by 6.5% 

during the forecast period of 2023-2029. The carotenoids market was valued at USD 

2.3 billion in 2023, increased to USD 2.5 billion in 2024, and is anticipated to reach 

USD 3.4 billion by 2029. Increasing consumer awareness of health and wellness, 

combined with the rising demand for natural, clean-label products, is driving the 

continued expansion of the carotenoid market (Alexandri et al., 2022). Based on 

findings from Sensient's U.S. an online consumer study conducted from 2015 to 2020, 

indicated that approximately one-third of consumers preferred natural foods. This 

tendancy increased to 50% within a single year (2020), probably due to COVID-19 

pandemic. Additionally, nearly half of European consumers prefer to avoid products 

containing artificial ingredients (Sencient Food Colors, 2020). Figure 1.1 illustrates 

the global demand for carotenoids from 2023 to 2029. Specifically, while Europe is 

currently the largest carotenoid market (42.1%), the Asia-Pacific region is expected to 

see the highest growth in carotenoid demand, with an anticipated CAGR of 6.7% until 

2029 (MarketsandMarkets, 2024). β-carotene is projected to hold the largest revenue 
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share among carotenoids, accounting for 24.7% in 2023 (Grand View Research, 

2023a).  

 

Figure 1.1 Global carotenoid market demand (MarketsandMarkets, 2024). 

To date, synthetic carotenoids are still utilized in food applications. However, the 

growing demand for functional foods is expected to drive the incorporation of natural 

carotenoids into food formulations. More specifically, while the current market value 

of natural carotenoids stands at USD 878 million, it is projected to reach USD 953 

million by 2034 (Fact.MR, 2023). Figure 1.2 presents the global distribution of 

functional foods across various food application sectors. Functional dairy products 

accounted for the largest market share in 2021 (39%), followed by the bakery sector. 

The incorporation of carotenoids into food systems is projected to grow at a CAGR of 

7.4% by 2034. Nevertheless, regulations play a crucial role in governing the inclusion 

of carotenoids in food applications. In the European Union, the use of carotenoids in 

food and feed is controlled by Regulation (EC) No 1333/2008 on food additives, 

which stipulates strict safety assessments and labeling requirements.  
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Figure 1.2 Global functional foods market share by food sectors (Grand View Research, 

2023b). 

The utilization of renewable resources could further enhance the production of natural 

carotenoids by improving the cost-competitiveness of their production while also 

minimizing the environmental impact associated with food waste disposal (Mehri et 

al., 2021). It is estimated that one-third of all food produced, equivalent to 1.3 billion 

tons, results in food loss and waste caused about USD 940 billion per year in 

economic losses. Therefore, global regulations have emerged to reduce the disposal of 

food waste (European Commission, 2019). More specifically, the Sustainable 

Development Goals (SDGs), also referred to as the Global Goals, are a set of 

objectives established through global agreements to safeguard the planet's habitability, 

reduce poverty, and ensure that people can live in peace and prosperity, both now and 

in the future (Morton et al., 2017). SDG 12 focuses on promoting sustainable 

consumption and production patterns, with Target 12.3 emphasizing that “By 2030, 

halve per capita global food waste at the retail and consumer levels and reduce food 

losses along production and supply chains, including post-harvest losses”. 
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2 Natural Carotenoids 

2.1 Introduction 

Carotenoids are regarded as the second most abundant pigments in nature, after 

chlorophyll, displaying a wide color spectrum ranging from yellow to red. It was not 

until the early 19th century, however, that carotenoids were recognized as the 

compounds responsible for the coloration of many food materials (Britton, 2020). In 

1817, the first carotenoid was discovered in paprika. The term 'carotenoid' was 

initially used following the discovery of carotene in carrots in 1831 (Maoka, 2020; 

Zia-Ul-Haq et al., 2021). To date, over 1,200 different carotenoids have been 

documented, derived from more than 722 distinct sources (Yabuzaki, 2017). 

2.2 Structure 

Carotenoids are bioactive compounds that constitute one of the most various classes 

of secondary metabolites called tetraterpenoids. They consist of eight isoprene units 

forming a 40-carbon skeleton (C40H64); thus carotenoids belong to the isoprenoid 

subfamily (Antolak et al., 2017). According to their chemical composition, 

carotenoids are classified in carotenes and xanthophylls. Carotenes are solely non-

oxygenated hydrocarbons, like lycopene, β-carotene and torulene whether 

xanthophylls contain oxygen in their skeleton such as lutein, astaxanthin and 

torularhodin. Their structure of long polyene chain contains 3-15 conjugated double 

bonds. Depending on the presence of end rings, carotenoids are also classified as 

cyclic such as β-carotene and astaxanthin or acyclic like lycopene (Yabuzaki, 2017). 

Figure 2.1 presents the structure of several carotenoids. 
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Figure 2.1 Chemical structure of some natural carotenoids (Papapostolou et al., 2023). 

2.3 Natural role of carotenoids  

Carotenoids are one of the most widespread lipid-soluble pigments in nature. Plants 

are considered to be the dominant source of natural carotenoids with occurrence in 

leaves, roots, seeds, fruits and vegetables. However, a plethora of carotenoids could 

also be biotechnologically produced from microorganisms. Microbial carotenoids 

could be synthesized from microalgae, bacteria, fungi and yeasts (Langi et al., 2018). 

The main natural role of carotenoids is to act as antioxidants due to the presence of 

conjugated double bonds on their skeleton. In photosynthetic organisms like plants, 

microalgae and phototropic bacteria, carotenoids absorb visible light resulting in a 
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wide coloration from yellow to red. Moreover, they act as a first line defense 

mechanism protecting the cells by scavenging singlet oxygen species within the 

chloroplast (Sun et al., 2022). Regarding the non-photosynthetic microorganisms, 

carotenoids provide a photoprotective effect against oxidative damage caused by 

unfavorable conditions (Mata-Gómez et al., 2014).  

2.4 Biosynthesis 

Biosynthesis of carotenoids occurs through two different metabolic pathways 

depending on the substrate provided by the central carbon pathway. Plants and most 

bacteria produce pyruvate and glyceraldehyde-3-phosphate (G3P) which are utilized 

as substrates for the 2-C-methyl-D-erythritol-4 phosphate (MEP) pathway 

(Sathasivam et al., 2021), while the mevalonic (MVA) pathway requires acetyl-CoA 

derived from the metabolism of eukaryotes and archaea (Mata-Gómez et al., 2014) 

(Figure 2.2). Both biosynthetic pathways include a range of enzymatic reactions 

leading to the production of the universal isoprene (C5) precursor of carotenogenesis; 

the isopentyl pyrophosphate (IPP). The final steps are identical between these two 

metabolic routes. Three IPP molecules and one molecule of its allylic isomer 

dimethylylallyl pyrophosphate (DMAPP) are required for the formation of 

geranylgeranyl pyrophosphate (GGPP) which is considered as the second precursor 

during carotenoid synthesis (Papapostolou et al., 2023). Two molecules of this 

compound lead to the formation of the C40 carotenoid phytoene. After four steps of 

dehydrogenation catalyzed by phytoene desaturase, lycopene is finally formed (Hong 

et al., 2019). A combination of different enzymatic reactions could result in a wide 

range of carotenoids depending on the natural source and/or the strain of each 

microorganism. For instance, the addition of one or two β- end rings through the 

activity of lycopene β-cyclase converts lycopene either to γ-carotene or β-carotene 

(Kot et al., 2018). It is worth mentioning that the utilization of yeasts as carotenoid 

producers offers an additional route for lycopene towards two “unusual” carotenoids: 

torulene and torularhodin (Kot et al., 2018).  
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Figure 2.2 Biosynthesis of β-carotene via both the MEP and MVA pathway (Yoon et al., 

2009). 

2.5 Properties 

2.5.1Vitamin A activity 

Vitamin A consists of an unsaturated hydrocarbon group containing retinol and its 

derivatives like retinoic acid, retinaldehyde and retinyl ester and is considered as an 

essential vitamin (Han et al., 2022). Besides the beneficial effect on eyesight, vitamin 

A also promotes embryonic development via modulating gene expression and could 

also influence both cellular growth and differentiation (Khan et al., 2023). Vitamin A 

must be obtained from the diet due to human’s body incapability to synthesize retinol. 

Natural carotenoids are known for their vitamin A activity as they are retinol 

precursors (Kelly et al., 2018). Carotenoids possessing provitamin A activity are 

characterized by the presence of at least one β-ionone ring in their polyene skeleton 

along with the appropriate number and position of methyl groups. β-carotene, α-

carotene and β-cryptoxanthin are the main retinol precursors as, human intestinal cells 

are able to convert them into two retinol molecules by the action of β-β-carotene-

15,15’-monooxygenase 1 (BCMO1) in the presence of oxygen (Eroglu and Harrison, 

2013). β-carotene, which accounts for the main vitamin A precursor, is abundant in 

natural foods such as carrots, spinach, broccoli, sweet potatoes and cantaloupe (Gul et 

al., 2015; Li et al., 2023).  
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2.5.2 Antioxidant activity 

Natural carotenoids, as it is already mentioned, possess a key role as antioxidants due 

to their ability to diminish the damage induced by reactive oxygen species (ROS). The 

oxidative stress could lead to a variety of chronic and inflammatory diseases by 

affecting the cell cycle’s regulation steps and as a consequence, cell proliferation 

(Ribeiro et al., 2018). Lycopene, astaxanthin and β-carotene are considered as strong 

free radical scavengers due to their higher amount of double conjugated bonds on 

their skeleton (Rizzardi et al., 2022). Mussagy et al., (2022) indicated that 100 μg/mL 

astaxanthin synthesized by Phaffia rhodozyma NRRL Y-17268 exhibited strong 

antioxidant capacity as indicated by the DPPH free radical method. Additionally, 

pumpkin peel extract consisting mainly of β-carotene also presented great antioxidant 

activity with a value of 1049.47 μg Trolox equivalent per g of dry weight (Pinna et al., 

2023). Elkholy et al., (2023) measured the antioxidant activity of β-carotene extracted 

from carrots and a value of 4.06 μΜ Trolox equivalent per μM carotenoid was 

obtained. Recent studies designate that the presence of different carotenoids on the 

extract could further enhance their ability to function as antioxidants (Böhm, 2017). 

The combination of β-carotene and astaxanthin extracted from Rhodotorula 

mucilaginosa CCT 7688 strain presented strong antioxidant activity (Cipolatti et al., 

2019).  

2.5.3 Anti-inflammatory activity 

Another critical function of natural carotenoids is their interaction with anti-

inflammatory defense mechanisms, which might contribute to the inhibition of 

various acute and chronic inflammatory diseases in humans, including asthma, 

atherosclerosis, Type 2 diabetes, and rheumatoid arthritis. The regulation of 

inflammatory processes is largely dependent on the balance between M1 and M2 

macrophage phenotypes, which exerts opposing functions (Aharoni et al., 2015). M1 

macrophages are activated by interferon γ (INF-γ) and lypopolysaccharides (LPS), 

leading to the production of  pro-inflammatory cytokines such as interleukin 1β and 6 

(IL-1β, IL-6) and tumor necrosis factor α (TNF-α) as well as the inflammatory 

mediators prostaglandin E2 (PGE2) and nitric oxide (NO), synthesized by 

cyclooxygenase (COX) and inducible nitric oxide (iNOS), respectively (Bai et al., 

2005). Additionally, nuclear factor κB (NFκB) further promotes inflammation by 
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enhancing the production of pro-inflammatory cytokines in macrophages. 

Alternatively, M2 macrophages are responsible for the production of anti-

inflammatory cytokines, such as interleukin 10 (IL-10) (Farruggia et al., 2018). 

Moreover, nuclear factor E2-related factor 2 (NFR2) is responsible for the inhibition 

of NFκB (Gorrini et al., 2013). The presence of carotenoids has been associated with 

the activation of the NFR2 factor, as well as with the suppression of several pro-

inflammatory cytokines and inflammatory mediators. Farruggia et al., (2018) 

demonstrated that astaxanthin could enhance the nuclear translocation of NFR2 in 

LPS-stimulated macrophages, thereby promoting the switch of macrophage 

phenotypes from M1 to M2 in obese mice. Astaxanthin exhibited an inhibitory effect 

on inflammatory regulators iNOS and COX when added to LPS-stimulated BV-2 

microglial cells (Park et al., 2015). It also contributed to the reduction of NFκB and 

the pro-inflammatory cytokines TNF-α and IL-1β, leading to decreased liver injury in 

rats (Zhang et al., 2020). According to Hazewindus et al., (2012), lycopene derived 

from tomato-based foods could effectively reduce inflammation by decreasing nuclear 

NFκB and inhibiting TNF-α, while simultaneously stimulating IL-10. Furthermore, 

both lycopene and β-carotene were shown to inhibit the expression of LPS-induced 

cox mRNA in RAW 264.7 macrophages (Kawata et al., 2018). Additionally, Bai et 

al., (2005) demonstrated that β-carotene could inhibit the expression of pro-

inflammatory cytokines, including IL-1β and TNF-α, as well as the activation of 

NFκB.  

2.5.4 Anti-cancer activity 

Most notably, natural carotenoids seem to present a positive correlation also on cancer 

prevention, especially against gastric (Kim et al., 2018), colon (Cheng et al., 2021), 

prostate (Van Hoang et al., 2018), breast (Sinha et al., 2023) and liver cancer (Thomas 

et al., 2020). Their anti-cancer effect is based on their ability to regulate the 

expression of proteins involved in cell proliferation by altering several signaling 

pathways (Gong et al., 2018). According to Sowmya et al., (2017) the majority of 

MCF-7 breast cancer cells were rested at G0/G1 phase when treated with a mixture of 

natural carotenoids  composed of astaxanthin, β-carotene and lutein. The presence of 

carotenoids was able to downregulate the cell phase-related protein cyclin D1 and the 

Bcl-2 protein which is responsible for the suppression of programmed cell death. 
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Concurrently, the apoptosis of MCF-7 cells was triggered by inducing the expression 

of phosho-p53 and Bax proteins which refer to apoptosis cytokines. Similar pattern 

was observed by Han et al., (2019) when the growth of AGS gastric cancer cell line 

was reduced after treatment with lycopene. The cell proliferation was eliminated by 

the decrease of Bcl-2 protein while the rate of cell apoptosis was enhanced through 

the increase of cleaved caspase-3 and caspase-9 and of the protein Bax concentration. 

The A549 lung cancer cell line was also rested at G0/G1 phase after treatment with 

lutein, while the p53 signaling pathway was upregulated (Zhang et al., 2023). 

Zeaxanthin could provoke the rest of AGS gastric cancer cells at G2/M phase as well 

as the enhancement of their apoptotic rate by inducing the proteins Bax, p38 and 

cleaved caspase-3 and suppressing the Bcl-2, STAT3 and NF-kB proteins (Sheng et 

al., 2020).  

2.6 Industrial utilization of natural carotenoids 

In view of the aforementioned profits of natural carotenoids, their ever growing 

market demand in various applications is evident. Total carotenoids are anticipated to 

yield 3.4 Billion USD until the end of 2032 while the estimated CARG would be 

around 6.3% during the forecasted period of 2023-2032 (Market.us Report, 2023). 

Carotenoids could be utilized as food and feed additives, as ingredients of 

pharmaceutical and cosmetic products as well as dietary supplements. The food and 

beverage industry has already been emerged as the prevailing field for carotenoids 

applications considering the ever increasing market demand for functional food 

products (Custom Market Insights, 2023).  

Chemically synthesized carotenoids have been widely produced in order to meet 

market demands for colorants. Even though the technology for their chemical 

synthesis is inexpensive and efficient, synthetic carotenoids have been accused of 

causing various health implications (Mussagy et al., 2019). Moreover, artificial 

pigments provoke substantial and hazardous waste when disposed of; causing 

environmental pollution (Santos Ribeiro et al., 2019). Nevertheless, the industrial 

exploitation of carotenoids from plant-based sources presents several limitations. The 

cultivation process of plants requires large areas, specific seasonal conditions and 

manipulation of numerous parameters during growth, like the soil content or the 
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temperature, in order to achieve high production yields (Bogacz-Radomska et al., 

2019; Igreja et al., 2021). Additionally, the dependence on geographical variability 

also complicates the production process which results to a time consuming, not viable 

strategy for industrial scale application (Paul et al., 2023). Considering all these 

restrictions, in the last decades many researchers have focused on the biotechnological 

production of these molecules (Elfeky et al., 2019; Qi et al., 2020). Microbial 

carotenoids offer a viable strategy for stable, efficient and safe carotenoids production 

with regard to human health and the environment. Another advantage of microbial 

synthesis includes the ability of high product yields together with vast color diversity 

(Mussagy et al., 2019; Wang et al., 2021). Therefore, further research into the 

production of biotechnologically produced carotenoids has the potential to facilitate 

their industrial application as a replacement of their synthetic counterparts. 
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3 Biotechnological production of value-added compounds 

3.1 Introduction 

The biotechnological production of valuable compounds is steadily increasing. 

Environmental and economic concerns, climate change, and the depletion of fossil 

fuel sources have led to a shift toward more eco-friendly and sustainable sources for 

valuable compound production (Gordillo Sierra and Alper, 2020; Miller and Alper, 

2019). Microbial production of value-added compounds could contribute to reducing 

the environmental footprint while synthesizing compounds with potential nutritional 

benefits (Barzee et al., 2021). The microbially-derived compounds produced might 

exhibit antioxidant and anti-inflammatory properties, promoting human health 

compared to synthetic compounds, which might present toxic effects (Wu et al., 2020; 

Rani et al., 2021; Alamgir, 2018). Additionally, many microorganisms are able to 

utilize food industry waste and by-product streams as renewable resources for the 

production of high-value metabolites. This potential highlights their role in advancing 

the Sustainable Development Goals (SDGs) by addressing global challenges related to 

resource depletion and environmental sustainability (Qumsani, 2024).  

3.2 Microorganisms as producers of valuable compounds  

Depending on the targeted compound, strain selection is crucial for its efficient 

production. Among the various biotechnological products, carotenoids, microbial oil 

and exopolysaccharides (EPS) constitute compounds of high technological interest 

especially for the food industry. Numerous microorganisms exhibit high production 

capacities, driving continuous advancements in associated technologies (Alexandri et 

al., 2022). The growing number of studies towards their biotechnological production 

highlights the increasing interest in this field. With respect to the capabilities of 

bacterial strains, Liu et al., (2020) reported that the marine bacterial strain 

Brevundimonas scallop efficiently produced astaxanthin, yielding 1.3 μg per gram of 

dry cell biomass. Vila et al., (2020) demonstrated that the bacterial strain 

Flavobacterium sp. P8 synthesized 0.27 mg/L of zeaxanthin. According to Shields 

Menard et al., (2015), the bacterial strain Rhodococcus rhodochrous was capable of 

accumulating microbial oil at a content of 43% (w/w). Furthermore, the strain 
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Lactobacillus rhamnosus ŁOCK 0943 produced 1.13 g/L of exopolysaccharides, as 

reported by Oleksy-Sobczak et al., (2020). Microalgae are also potent producers of 

valuable compounds. Approximately 2.92 mg of lutein per gram of dry cell biomass 

was extracted from the marine microalga Chlorella salina (Gayathri et al., 2018), 

while Chaetoceros muelleri produced 2.92 mg of fucoxanthin per gram of ash-free 

dry weight (Ishika et al., 2017). Additionally, dos Santos et al., (2016) reported that 

the strain Chlorella vulgaris could reach a microbial oil content of 25.4% (w/w). 

Microalgae strains were also capable of synthesizing exopolysaccharides, with 

Porphyridium purpureum producing 0.24 g/L, as reported by Ferreira et al., 2021. 

Regarding the fungal strains, they have also proved to be efficient producers of the 

aforementioned metabolites. Phaffia rhodozyma PR106 could synthesize 54.45 mg of 

total carotenoids per g of dry cell biomass (Zhang et al., 2019). Michelon et al., 

(2012) reported that the fungal strain Phaffia rhodozyma NRRRL Y-17268 could 

produce 190.65 μg of total carotenoids per g of dry cell biomass. Additionally, an 

enhanced microbial oil content of 83.3% (w/w) in the dry biomass of 

Mordellistena isabellina ATHUM 2935 was reported by Papanikolaou et al., 2017. 

Moreover, fermentation using the fungal strain Aureobasidium pullulans spi 10 

yielded 4.53g/ 100 mL of the exopolysaccharide pullulan (Gaikwad et al., 2022). 

3.3 Red yeasts as multi-product cell factories 

Among microorganisms, yeasts, especially red yeasts, have arisen as the most 

promising candidates from both a commercial and economic point of view. High 

growth rates, the ability of assimilating a variety of substrates, and the fast production 

rate of secondary metabolites constitute some of the main advantages of yeasts 

(Fakankun and Levin, 2023). Carotenoids, microbial oil and exopolysaccharides are 

exampling compounds synthesized by red yeasts.  

3.3.1 Carotenoids 

Numerous studies are focusing on yeasts, with particular emphasis on Rhodotorula 

and Rhodosporidium species, commonly referred to as red yeasts, owing to their 

ability to accumulate high amounts of carotenoids like β-carotene, torulene and 

torularhodin (Kot et al., 2018). Cultivation parameters including temperature, pH, 
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agitation, and the medium composition (carbon and nitrogen sources) highly affect 

carotenoid synthesis (Table 3.1).  
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Table 3.1 Recent advances in the biotechnological production of carotenoids by red yeasts under various culture conditions. 

  
 

Fermentation parameters 

 
  

Strain Medium composition 
Temp 

(°C) 
pH 

Agitation 

(rpm) 
Carotenoid concentration Reference 

Rhodosporidium 

toruloides Y27012 
40 g/L Glucose, Yeast extract, C/N 20 30 

 
200 

1001.51 μg/g dcw Total 

carotenoids 

Alakraa et al. 

(2020) 

Rhodotorula sp. 

RY1801 
10 g/L Glucose, 10 g/L Yeast extract 28 5.0 120 

0.987 mg/L Total 

carotenoids 
Zhao et al. (2019) 

Rhodosporidium 

diobovatum IMBY-

5023 

10 g/L Glucose, 5g/L Maltotriose, 5g/L 

Peptone, 25 g/L Malt extract, 3g/L Yeast 

extract, C/N 12 

25 5.0 
 

24.98 mg/g dcw Total 

carotenoids                     

Ielchishcheva et 

al. (2018) 

Sporidiobolus 

salmonicolor CCY 

19-4-7 
20 g/L Glucose, 4g/L Yeast extract, 10 g/L 

(NH4)2SO4, H2O2, Zn (II) ions 
22 

 

80 

1100 μg/g dcw β-Carotene, 

360 μg/g dcw Torulene  Breierová et al. 

(2018) 
Rhodotorula glutinis 

CC 20-2-33 
 

470 μg/g dcw Torularhodin 

Rhodotorula rubra 

PTCC 5255 
18.75 g/L Glucose, 5 g/L (NH4)2SO4, C/N 5 30 6.5 150 

6.84 mg/g dcw Total 

carotenoids 

Varmira et al. 

(2016) 

Rhodosporidium 

paludigena TL35-5 

10 g/L Glucose, 1.92 g/L Potassium nitrate, 

20 °C 
20 6.5 200 3.69 mg/L Astaxanthin 

Hoondee et al. 

(2024) Rhodotorula 

sampaioana PL61-2 
40 g.L Glucose, 0.67 g/L Urea 20 7.5 200 4.68 mg/L Astaxanthin 

Sporobolomyces 

pararoseus CJR 

20 g/L Glucose, 20 g/L Peptone, 10 g/L 

Yeast extract, 40 mM H2O2 
25 

 
180 

2.16 mg/g dcw Total 

carotenoids 
Li et al. (2024) 
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Rhodosporidium 

toruloides CCT7815 

70 g/L xylose: glucose (6:1 ratio), 2 g/L 

Yeast extract, 0.4 g/L (NH4)2SO4 
28 6.0 700 

255 μg/g dcw Total 

carotenoids 

Ribeiro et al. 

(2023) 

Rhodotorula 

mucilaginosa I2002 

50 g/L Glucose, 1.7 g/L Yeast extract, 

(NH4)2SO4, C/N 200 
30 

 
210 

566.6 μg/g dcw Total 

carotenoids 
Zeng et al. (2023) 

Rhodosporidium 

paludigena SP9-15 

40 g/L Glucose, 5g/L Peptone, 3 g/L Malt 

extract, 3 g/L Yeast extract 
25 7.5 200 

0.558 mg/g dcw 

Astaxanthin 

Phuengjayaem et 

al. (2023) 

Rhodosporidium 

toruloides C23 

120 g/L Glucose, 0.2 g/L Yeast extract, 0.2 

g/L  (NH4)2SO4 
28 

 
300 15.5 mg/L Total carotenoids Xue et al. (2023) 

Rhodotorula glutinis 

ZHK 

20 g/L Glucose, 20 g/L Peptone, 10 g/L 

Yeast extract, 10 mM H2O2 
25 

 
180 

118.86 μg/g dcw Total 

carotenoids Zhao and Li 

(2023) 20 g/L Glucose, 20 g/L Peptone, 10 g/L 

Yeast extract, 100 mg/L TiO2  

23.165 μg/g dcw Total 

carotenoids 

Rhodotorula sp. 

strain ATL72 

7.7 g/L Fructose, 3.7 g/L Malt extract, 9 g/L 

Urea, 1 g/L Yeast extract 
27.5 6.7 250 21.5 mg/L Total carotenoids Dyaa et al. (2022) 

Rhodosporidiobolus 

colostri CGMCC 

2.5556 

20 g/L Glucose, 20 g/L Peptone, 10 g/L 

Yeast extract 
16 6.5 180 

29.01 mg/L Total 

carotenoids 
Li et al. (2022) 

Rhodotorula 

mucilaginosa sp.  
YM medium with Glucose 28 6.0 200 

16.96 mg/L Total 

carotenoids 

Elsanhoty et al. 

(2017) 

Rhodosporidium 

diobovatum 08-225 
40 g/L Glucose, 3 g/L Yeast extract 30 5.5 

150 

rev/min 

324 μg/g dcw Total 

carotenoids 

Nasirian et al. 

(2018) 

Rhodotorula glutinis 

CCY 20-2-26 
50 g/L Glucose, 5 g/L Yeast extract, C/N 50 28   180 12.7 mg/L Total carotenoids 

Tkáčová et al. 

(2017) 



Depending on the strain employed, the optimal incubation temperature for 

carotenogenesis could vary significantly. Li et al., (2022) demonstrated that 

Rhodotorula colostri CGMCC 2.5556 produced 29.01 mg/L of total carotenoids when 

fermentation was conducted at 16 °C, following tests at various cultivation 

temperatures. A temperature of 25 °C could also be favorable for carotenogenesis as 

the yeast strain Sporidiobolus pararoseus CJR produced 2.16 μg of total carotenoids 

per g of biomass (Li et al., 2024). The yeast strain Rhodosporidium toruloides 

Y27012 synthesized 1001.51 μg of total carotenoids per g of dry cell weight at an 

incubation temperature of 30 °C (Alakraa et al., 2020). The pH employed also 

influences carotenoid production, as it affects the metabolic flux in red yeasts. The 

enzymes required for each biosynthetic pathway function optimally at different pH 

levels. According to Table 3.1, pH values of 5.0 or above are preferred for 

carotenogenesis. Hoondee et al., (2024) indicated that the favorable pH level for the 

maximum astaxanthin production differed between the two yeast strains examined. 

The yeast strain Rhorosporidium paludigena TL35-5 produced 3.69 mg/L of 

astaxanthin at pH 6.5, whereas Rhodotorula sampaioana PL61-2 synthesized 4.68 

mg/L at a pH value of 7.5. Furthermore, Elsanhoty et al., (2017) reported that a yeast 

strain belonging to Rhodotorula mucilaginosa sp. was able to accumulate 16.96 mg/L 

of total carotenoids when the pH was set at 6.0.  

Agitation during fermentation is also regarded as a crucial parameter, as red yeasts are 

aerobic microorganisms. The airflow is influenced by agitation, which in turn affects 

yeast growth and the production of secondary metabolites (Mata-Gómez et al., 2014). 

Depending on the aeration requirements of each employed yeast strain, the agitation 

rate is accordingly adjusted (Table 3.1). An agitation of 150 rpm was preferred for the 

growth of the strain Rhodotorula rubra PTCC 5255, which produced 6.84 mg/g of 

total carotenoids (Varmira et al., 2016). On the other hand, Rhodotorula sp. strain 

ATL72 could synthesize high amounts of carotenoids (21.5 mg/L) at an agitation rate 

of 250 rpm (Dyaa et al., 2022).  

The medium composition, particularly the combination of carbon and nitrogen 

sources, as well as various stress factors could significantly affect the carotenoid 

synthesis (Table 3.1). Nitrogen sources, including yeast extract, ammonium sulfate 

and urea, have been utilized separately or in combination to investigate different 
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carbon to nitrogen ratios (C/N) and their impact on the production of secondary 

metabolites. Zeng et al., (2023) demonstrated that a C/N ratio of 200 using yeast 

extract and ammonium sulfate favored carotenogenesis for strain Rhodotorula 

mucilaginosa I2002, resulting in the synthesis of 566.6 μg of total carotenoids per 

gram of biomass. On the contrary, the optimal C/N ratio for strain Rhodosporidium 

toruloides Y27012 was 20 using only yeast extract as the nitrogen source. 

Additionally, stress factors such as different concentrations of H2O2 could be added to 

the culture media to induce carotenogenesis. Zhao and Li, (2023) reported that the 

production of carotenoids by the strain Rhodotorula glutinis ZHK was significantly 

influenced not only by the addition of stress factors but also by their type and 

concentration (Table 3.1). Thus, depending on the strain, the fermentation conditions 

that enhance carotenoids synthesis can vary significantly. Besides final titers, proper 

manipulation of key fermentation parameters can lead to the production of specific 

carotenoids. Depending on the targeted compound, the selection of the appropriate 

strain can lead to the production of various molecules of high market value. The most 

important carotenoids synthesized by yeast include β-carotene, astaxanthin, lycopene, 

torulene and torularhodin (Bertacchi et al., 2020; Qi et al., 2020). 

3.3.1.1 β-carotene 

β-carotene is one of the most widely used carotenoids, with significant industrial 

applications such as in food, agriculture, pharmaceutical and in cosmetics. The global 

β-carotene market is projected to exceed 955 million USD by 2032, with an 

anticipated CAGR of over 5% during the period 2023-2032 (Global Market Insights, 

2023a). In addition to synthetic β-carotene, the European Food Safety Authority 

(EFSA) has approved the use of biotechnologically produced β-carotene in food 

applications, derived from the natural algal strains Dunaliella salina (or the variety 

Dunaliella bardawil) and from the fungus Blakeslea trispora (Aguilar et al., 2008). 

Given that red yeasts are promising producers of β-carotene, further research, 

particularly on the toxicological effects of the produced carotenoids upon 

consumption, could lead to an expansion of the approved microorganisms for β-

carotene production. 
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3.3.1.2 Lycopene 

Lycopene has been recognized as class A nutrient from the World Health 

Organization (WHO) and the United Nations Food and Agriculture Organization 

(FAO) (Liang et al., 2019). Therefore, lycopene’s market share is ever-increasing due 

to its potential usage in industrial scale (Alexandri et al., 2022). According to a recent 

market report, the value of lycopene would yield above 250 million USD until 2032, 

while the anticipated CAGR would be over 5.5% globally (Global Market Insights, 

2023b). Lycopene could be produced biotechnologically through microbial 

fermentations. EFSA already allows the production of lycopene from Blakeslea 

trispora and its usage in food applications (Aguilar et al., 2008). Nevertheless, 

sustainable lycopene production from microbial fermentations has several limitations, 

since metabolic engineering techniques or blocking agents like imidazole are required 

in order to prevent the enzyme lycopene cyclase from converting lycopene into β-

carotene (Choudhari et al., 2008). 

3.3.1.3 Torulene and Torularhodin 

Torulene and torularhodin are considered “unusual” carotenoids, particularly 

produced by red yeasts. Due to their structure, which consists of 13 conjugated double 

bonds, they exhibit higher antioxidant activity compared to other natural carotenoids, 

thereby opening new opportunities for industrial applications (Kot et al., 2018). 

Numerous recent studies have focused on their microbial production (Li et al., 2017; 

Zeng et al., 2023). However, neither the synthetic forms nor those produced 

biotechnologically have been approved for use in industrial-scale, as the EFSA and 

the FDA (Food and Drug Administration) have not yet authorized their inclusion as 

supplements. Investigating both the toxicological effects and benefits of torulene and 

torularhodin on human health is crucial for their further evaluation as potential food 

additives. 

3.3.2 Microbial oil 

Red yeasts are also considered as oleaginous due to the fact that they are able to 

accumulate lipids up to 70% of their total dry cell weight (Kot et al., 2019). Likewise, 

lipid accumulation could also occur through red yeast fermentations, utilizing a wide 
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range of substrates (Patel et al., 2015). The produced oil is comprised of a fatty acid 

profile which is similar to plant-derived oil and is mainly characterized by the 

presence of palmitic acid (C16:0), stearic acid (C18:0), oleic acid (C18:1), linoleic 

acid (C18:2) and linolenic acid (C18:3) (Wu et al., 2023). Recent studies have focused 

on optimization of yeast fermentation conditions in order to enhance the lipid 

accumulation by directing their metabolic pathway to fatty acid synthesis instead of 

carotenogenesis. Byrtusová et al., (2020) demonstrated that the culture conditions, 

particularly the C/N ratio, could impact the lipid production. The strain 

Rhodosporidium toruloides CCY-62-2-4 achieved over 45% (w/w) microbial oil 

content when glucose was used as the carbon source with a C/N ratio of 200. On the 

other hand, a C/N ratio equal to 70 was optimal for the yeast strain Rhodosporidium 

kratochvilovae CCY 20-2-26, resulting in 37.92% (w/w) microbial oil content, while 

Filippousi et al., 2022 demonstrated that the optimal C/N ratio for microbial oil 

production from Rhodosporidium toruloides NRRL Y-27012 was 100, yielding a 50% 

(w/w) content per dry biomass. Additionally, Jiru et al., (2017) evaluated a wide range 

of fermentation parameters, including the carbon and nitrogen sources, their C/N 

ratio, pH, temperature, and agitation rate. Their results indicated that under optimal 

conditions, Rhodosporidium kratochvilovae SY89 accumulated a high microbial oil 

content of 56.06% (w/w). Moreover, according to Maza et al., (2020) the utilization of 

glucose along with nitrogen starvation during fermentation could enhance the 

microbial oil production in Rhodotorula glutinis R4, reaching a content of 47% (w/w). 

Furthermore, Papanikolaou et al., 2017 reported that Rhodosporidium toruloides 

DSMZ 4444 could accumulate microbial oil up to 39.6% (w/w) of the total dry weight 

using glucose as the carbon source and a C/N ratio of 100. 

However, under optimal fermentation conditions, red yeasts could simultaneously 

produce both carotenoids and lipids, resulting in a carotenoid-rich oil due to the lipid-

soluble nature of carotenoids. Dias et al., (2015) suggested that a pH controlled 

strategy during fermentation could enhance the production of both secondary 

metabolites. The strain Rhodosporidium toruloides NCYC 921 presented a microbial 

oil content of 27.7% (w/w) at pH 4.0, while the maximum carotenoid concentration of 

0.28 mg/g biomass was observed when the pH was increased to 5.0. Another strategy 

for enhancing carotenoid production and lipid accumulation is the adjustment of the 
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appropriate amount of nitrogen source in the culture medium to trigger their 

respective metabolic pathways. Mirzaie et al., (2019) demonstrated that a C/N ratio of 

50 was preferred by the strain Rhodosporidium diobovatum 08-225 for the production 

of high amounts of both metabolites. The co-production of carotenoids and lipids 

might enhance their respective utility. In particular, carotenoids-rich microbial oil has 

been utilized in the development of novel food formulations such as wax esters and 

oleogels (Papadaki et al., 2019a, 2019b), while their inclusion in novel formulations 

(e.g. edible films) could enhance their bioactivity, increasing their potential 

applications (Papadaki et al., 2024, 2023). 

3.3.3 Exopolysaccharides 

Exopolysaccharides (EPS) are extracellular polymers primarily composed of sugar 

residues such as mannose, glucose, galactose, xylose, fucose, and rhamnose (Saadat et 

al., 2021). Yeasts, including red yeasts, have emerged as promising candidates for 

EPS production. Yeasts offer advantages for their industrial-scale production due to 

their simpler and faster isolation compared to bacterial strains. Additionally, yeasts- 

derived EPS exhibit a variety of biological activities, which are closely linked to their 

structure and specific characteristics, such as monomer composition, the presence of 

functional groups, and their molecular weight (Seveiri et al., 2020). Their potential 

antioxidant, antiviral, and antitumor properties render these polymers as promising 

additives both in foods and pharmaceuticals. Additionally, they could serve as 

thickeners or stabilizers, owing to their enhanced emulsifying properties and water-

holding capacity (Ma et al., 2018; Singh and Kaur, 2018). The properties of yeast-

derived EPS are influenced by both the strain employed and the fermentation 

conditions. According to the comprehensive review of Gientka et al., (2015), optimal 

EPS production from yeasts could be achieved by utilizing sucrose as a carbon source, 

at limiting nitrogen conditions -preferable using inorganic nitrogen sources- and 

maintaining strong oxygenation during fermentation. Moreover, Saadat et al., (2021) 

highlighted the importance of utilizing higher C/N ratios to improve EPS production 

from yeasts. Lower C/N ratios could alter yeast's metabolic pathways, leading to the 

synthesis of other metabolites, such as fatty acids (Cho et al., 2001). 
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Red yeasts, particularly those of the Rhodotorula genus, are considered promising 

sources for EPS production. The strain Rhodosporidium babjevae IBRG-M 30088 

produced 1.6 g/L of EPS, composed of 78% carbohydrates, primarily mannose and 

glucose. The produced EPS demonstrated higher antioxidant activity compared to 

hyaluronic acid, a widely used biopolymer in cosmetics. Additionally, they exhibited 

good emulsifying activity in oil-in-water emulsions (Seveiri et al., 2020). Moreover, 

Singh and Kaur, (2018) reported that the strain Rhodotorula paludigenum PUPY-06 

synthesized 2.12% (w/v) pullulan-like EPS, a commercially promising polymer 

typically produced by Aureobasidium pullulans. Pullulan could be utilized as non-

polluting wrapping material for food supplements as well as a gelling agent and 

emulsifier (Figure 3.1). Furthermore, the strain Rhodotorula mucilaginosa CICC 

33013 produced a high quantity of EPS (6.2 g/L) under optimal culture conditions. 

They were primarily composed of galactose, arabinose, glucose, and mannose, and 

exhibited significant antioxidant properties (Ma et al., 2018). Therefore, EPS 

produced from red yeasts could be considered a potential source of biopolymers 

suitable for industrial-scale applications. The fact that yeast-derived EPS present non-

toxicity and biocompatibility renders them as promising candidates for potential 

applications in food, cosmetic, and pharmaceutical industries (Seveiri et al., 2019). 

 

 

 

 

Figure 3.1 Chemical structure of pullulan (Ferreira et al., 2015). 

3.4 Food waste and by-product streams as renewable resources for red yeasts 

Waste and by-product streams from the agri-food sector constitute one of the largest 

environmental problems of our era. Numerous studies have elaborated on the 

utilization of food industry waste and by-product streams to generate high-added 

value products via biotechnological routes, targeting to mitigate environmental 

pollution. Table 3.2 presents studies on the implementation of these streams as low-
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cost supplements for bioconversion processes. Sharma and Ghoshal, (2020) reported 

that strain Rhodotorula mucilaginosa MTCC-1403 produced 717.82 μg of total 

carotenoids per g of biomass when onion peels were used as the carbon source and 

mung bean husk as the nitrogen source in the fermentation media. Furthermore, a 

combination of raw glycerol and potato wastewater, serving as the carbon and 

nitrogen sources respectively, was effectively utilized for the growth of Rhodotorula 

gracilis ATCC 10788, resulting in the production of 6.24 mg/L carotenoids and 4.26 

g/L microbial oil (Kot et al., 2020). Two strains were investigated for their ability to 

produce both carotenoids and microbial oil using a mixture of coffee oil and glycerol 

(90:10). A study demonstrated that, while Rhodosporidium toruloides CCY 062-002-

004 and Rhodosporidium kratochvilovae CCY 020-002-026 produced similar 

amounts of carotenoids, the predominant carotenoid differed depending on the strain 

employed. Moreover, both yeast strains exhibited lipid accumulation exceeding 25% 

(Szotkowski et al., 2023). Thus, the use of various food waste by-products as 

renewable resources could effectively support the production of both secondary 

metabolites by red yeasts. 

Table 3.2 Biotechnological production of carotenoids by red yeasts using food waste 

by-products. 

Strain 
Food waste 

by-product 

Carotenoid 

concentration 

Microbial 

oil 

content  

Reference 

Rhodotorula 

mucilaginosa MTCC-

1403 

Onion peels, 

Mung bean 

husk 

717.82 μg/g dcw 

Total carotenoids  

Sharma and 

Ghoshal (2020) 

Rhodosporidium 

toruloides NRRLY-1091 

Wheat straw 

hydrolysates  

24.58 mg/L Total 

carotenoids 
3.99 g/L Liu et al. (2020) 

Rhodotorula 

mucilaginosa sp. 

Olive mill 

waste 

7.3 mg/L Total 

carotenoids   
Ghilardi et al. 2020) 

Rhodosporidium 

toruloides DSM 4444 

Camelina 

sativa meal 

hydrolysate 

16 mg/L Total 

carotenoids  

Bertacchi et al. 

(2020) 

Rhodosporidium 

paludigenum InaCC 

Y236 

Orange peels 
107.63 μg/g dcw 

Total carotenoids  

Warjoto et al. 

(2020) 

Rhodotorula gracilis 

ATCC 10788 

Raw 

glycerol 

fraction, 

Potato 

6.24 mg/L Total 

carotenoids 

47% β-Carotene 

51% Torulene 

4.26 g/L Kot et al. (2020) 



53 

 

wastewater 

Rhodotorula 

mucilaginosa sp. 
Glycerol 

223.5 μg/g dcw 

Total carotenoids  

Allahkarami et al. 

(2021) 

Rhodotorula 

mucilaginosa SML 

Food 

industry 

wastewater 

810 μg/g dcw 

Total carotenoids 

54% Torulene 
 

Sundaramahalingam 

and 

Sivashanmugam 

(2023) 

Rhodosporidium 

toruloides CCY 062-002-

004 
Coffee oil 

with waste 

Glycerol 

(90:10) 

10.51 mg/g dcw 

Total carotenoids 

8.92 mg/g dcw 

Torulene 

28.46% 

Szotkowski et al. 

(2023) 
Rhodosporidium 

kratochvilovae CCY 020-

002-026 

10.75 mg/g dcw 

Total carotenoids 

10.34 mg/g dcw 

Torularhodin 

25.38% 

Rhodosporidium 

toruloides L/24-26-1 

Sugarcane 

molasses 

715.4 μg/g dcw 

Total carotenoids 

59.5% β-carotene 
 

Ochoa-Viñals et al. 

(2024) 

3.4.1 Cheese whey  

The negative effect of the dairy industry effluents to environmental pollution is 

indisputable. Dairy industry accounts for the largest food wastewater source in 

Europe, considering that approximately 800–850 kg of whey are produced during 

cheese manufacturing from 1 ton of milk. Significant quantities of cheese whey are 

currently disposed in landfills, thereby, strict environmental regulations have emerged 

to prevent disposal methods, compelling also the establishment of effective and more 

permanent solutions for whey treatment (Mehri et al., 2021). Whey contains 4.5%-

5.0% (w/v) lactose, 0.6%-0.8% (w/v) protein, 0.4%-0.5% (w/v) lipids and a 

significant amount of minerals and vitamins (Lappa et al., 2019). To this end, whey 

has been proposed as an alternative carbohydrate source for microbial metabolite 

synthesis, even if some microbial entities (e.g. the majority of yeasts in nature) do not 

utilize lactose. Lactose hydrolysis is feasible through diversified strategies like co-

cultivation with lactose-positive yeast or bacteria or the addition of β-galactosidase or 

acid hydrolysis (Frengova et al., 2006; Gervasi et al., 2018; Mata-Gómez et al., 2023; 

Roukas et al., 2015). Marova et al., (2012) demonstrated that Rhodotorula glutinis 

CCY 20-2-26 produced 1.26 mg of β-carotene per g of dry biomass using 

deproteinized cheese whey. Additionally, fermentation of Rhodotorula mucilaginosa 

NRRL-2502 with whey lactose resulted in 35 mg of total carotenoids per g of dry 

cells (Aksu and Eren, 2005). Therefore, cheese whey valorization routes for the 
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production of value-added compounds have emerged, following the principles of 

circular economy (Kachrimanidou et al., 2022; Lappa et al., 2019). 

3.4.2 Molasses 

Molasses is the primary by-product of the sugar production industry. While the sugar 

beet industry is regarded as the dominant sugar industry in Europe, beet sugar 

accounts for only 20% of global sugar production, with the remaining 80% derived 

from sugarcane (Ruggeri and Corsi, 2019, Maitah et al., 2024). Approximately 35 to 

45 kg of molasses are produced per ton of sugarcane, whereas 36 to 40 kg are 

obtained per ton of sugar beet (Jamir et al., 2021, Adbhai et al., 2022). Molasses is 

characterized as a viscous, dark, sugar-rich syrup primarily composed of sucrose. Its 

composition varies depending on the source (Solomon, 2011). Molasses derived from 

sugarcane typically contain 30-35% sucrose, 10-25% reducing sugars (such as glucose 

and fructose), along with proteins and various minerals. In contrast, molasses from 

sugar beet contain a higher sucrose content (approximately 60%), while reducing 

sugars constitute less than 1% (Jamir et al., 2021, Sjolin et al., 2020). Its high sugar 

content, combined with its relatively low market price, positions molasses as an 

alternative feedstock for fermentation processes aimed at producing valuable 

compounds (Cazetta et al., 2007). Red yeasts have already been evaluated for their 

ability to produce metabolites such as carotenoids, microbial oil and EPS using 

molasses as a carbon source. Rodrigues et al., (2022) demonstrated that the strain 

Rhodotorula mucilaginosa CCT 7688 produced 1.79 mg/L of total carotenoids using 

sugarcane molasses as a substrate while, Rhodotorula mucilaginosa URM 7409 

achieved 2.95 mg/L of carotenoids (Machado et al., 2022). Additionally, Boviatsi et 

al., (2020) reported that Rhodosporidium toruloides NRRL Y-27012 could 

accumulate microbial oil up to 61% (w/w) of the total dry biomass using sugarcane 

molasses as the carbon source. Lakshmidevi et al., (2021) evaluated the synthesis of 

both carotenoids and microbial oil using molasses as a substrate, reporting yields of 

0.9 mg/L for carotenoids and 7.55 g/L for microbial oil, respectively. Research on the 

potential of red yeasts to produce exopolysaccharides using molasses is limited. 

Grigorova et al., (1999) demonstrated that the strain Rhodotorula acheniorum MC 

was capable of producing 2.64 g/L of EPS in shake-flask fermentations.  



55 

 

Therefore, red yeasts have the capacity to produce various valuable metabolites, 

including carotenoids, microbial oil, and exopolysaccharides. Their ability to 

assimilate a wide range of carbon sources, including food waste and by-product 

streams, makes them highly favorable for further exploitation. 
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CHAPTER 4  

 

Green extraction of microbially produced 

carotenoids and lipids  
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4 Green extraction of microbially-derived value-added compounds 

4.2 Green extraction techniques 

In recent years, the utilization of green extraction processes for the recovery of 

bioactive compounds has gained prominence. This shift stems from the limitations of 

conventional extraction methods, which rely on organic solvents and energy, making 

them unsuitable for industrial applications. High energy consumption is a critical 

concern for industries, due to increased production costs, reduced profit and 

significant environmental impact (Boukroufa et al., 2017). Therefore, one of the 

principles of green extraction is the reduction of energy consumption through energy 

recovery and the implementation of innovative technologies (Rukavina et al., 2021). 

Green extraction techniques could yield high-quality and safer products that are free 

from hazardous organic solvents (Morón-Ortiz et al., 2024). Furthermore, the 

temperature-controlled environment or the absence of heat during the process is 

advantageous for the extraction of thermo-sensitive compounds (Anticona et al., 

2020). As depicted in Figure 4.1, among green extraction technologies, ultrasound-

assisted extraction (UAE), microwave-assisted extraction (MAE), pulsed electric 

fields (PEF) and supercritical fluid extraction (SFE) have been widely employed for 

the extraction of bioactive compounds, and particularly carotenoids (Morón-Ortiz et 

al., 2024). 
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Figure 4.1 Number (inside the chart) and percentage (outside the chart) of published research 

articles related to carotenoid extraction using the respective methodologies. UAE: ultrasound-

assisted extraction; MAE: microwave-assisted extraction; PEF: pulsed electric field; PLE: 

pressurized liquid extraction; SuperFE: supercritical fluid extraction; SubFE: subcritical fluid 

extraction; EAE: enzyme-assisted extraction (Morón-Ortiz et al., 2024). 

4.2.1 Green solvents 

Microbially produced carotenoids and oil are conventionally extracted with organic 

solvents such as dimethyl sulfoxide (DMSO), petroleum ether, acetone and 

chloroform (Papapostolou et al., 2023). However, if the extracted product is intended 

for incorporation into food formulations, the use of chemicals is prohibited according 

to the European Guidelines (Directives, 2009/32). To this end, combinations of green 

solvents with green extraction technologies have been developed as environmentally 

friendly alternatives to minimize or replace the use of toxic solvents (Morón-Ortiz et 

al., 2024).  

Green extraction solvents are employed to avoid the use of their organic counterparts, 

thereby minimizing impurities and denatured chemicals in the final extracted product 

(Yara-Varón et al., 2016). The choice of solvent is a key factor in achieving improved 

extraction yields. The selection of the appropriate solvent depends on the complexity 

of the matrix and the polarity of each compound targeted for extraction (Meléndez-

Martínez et al., 2022; Morón-Ortiz et al., 2024). Green solvents could efficiently be 

used for the extraction of bioactive compounds, such as carotenoids. Ionic liquids and 
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natural deep eutectic solvents are among the most commonly used green solvents 

reported in the literature. 

4.2.1.1 Ionic Liquids (ILs) 

Ionic liquids (ILs) are defined as salts composed of an organic cation and an organic 

or inorganic anion (Lim et al., 2022). They have a melting point below 100 °C and 

remain in a liquid state at room temperature. Their unique physicochemical properties, 

non-flammability, and high stability have led to their extensive use in the extraction of 

carotenoids (Viñas-Ospino et al., 2023). Mussagy et al., (2022) demonstrated that 

both β-carotene and astaxanthin derived from Phaffia rhodozyma were extracted more 

efficiently- 1.9 and 1.7 times, respectively- using cholinium-based ILs compared with 

acetone. The utilization of water-based ILs instead of methanol increased the 

extraction efficiency of lutein from Chorella saccharophila by 20.5 times (Paliwal et 

al., 2022). Moreover, the extraction yield of total carotenoids from orange peels was 

enhanced by approximately 2.9 times when using ILs compared to acetone (Murador 

et al., 2019). However, concerns have emerged regarding the recognition of ionic 

liquids (ILs) as eco-friendly solvents, as their high stability renders them resistant to 

decomposition. Consequently, their prolonged lifespan could lead to soil and 

groundwater contamination (Morón-Ortiz et al., 2024). 

4.2.1.2 Natural Deep Eutectic Solvents (NADES) 

Natural deep eutectic solvents (NADES) are a type of deep eutectic solvent (DES) 

synthesized from natural components, designed to be more environmentally friendly. 

NADES are mixtures of two or more compounds that associate through hydrogen 

bonding, resulting in a low melting point, often below ambient temperature (Morón-

Ortiz et al., 2024; Panić et al., 2019). Their properties make them highly desirable for 

extraction compared to other green solvents, as they are non-toxic, biodegradable, 

inexpensive, with possible recyclability (Chemat et al., 2019). Moreover, their simple 

preparation, combined with the efficiency in purifying extracted products, also 

enhance their preference for compounds extraction. However, their high viscosity 

might lead to mass transfer issues, thereby limiting extraction efficiency (Gullón et 

al., 2020). Recent studies have focused on use of NADES for the extraction of 

carotenoids. Stupar et al., (2021) demonstrated that 90% of the β-carotene in pumpkin 
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extract could be efficiently extracted using NADES composed of C8 and C10 fatty 

acids in a ratio 3:1. Additionally, Kyriakoudi et al., (2022) indicated that the 

extraction of lycopene from tomatoes using NADES, composed of C10 and C12 fatty 

acids in a ratio 1:2, was 1.8 times more efficient compared to extraction with acetone. 

Furthermore, a significant improvement in astaxanthin recovery from 

Haematococcus  pluvialis was achieved using NADES composed of menthol and C14 

fatty acid in a ratio of 8:1, compared to Soxhlet extraction (Rodrigues et al., 2020).  

4.2.2 Ultrasound-Assisted Extraction (UAE) 

Ultrasound-assisted extraction technology employs waves with frequencies exceeding 

10 MHz able to penetrate cell membranes, thereby facilitating interaction with the 

solvent and enhancing the extraction of bioactive compounds (Montero-Calderon et 

al., 2019). More specifically, the phenomenon known as “cavitation” occurs, resulting 

in the formation and implosion of small bubbles in a liquid, which disrupts cellular 

structures (Morón-Ortiz et al., 2024). Figure 4.2 presents the equipment for the 

extraction using ultrasounds. 

 

Figure 4.2 Ultrasound-assisted extraction equipment (Qadariyah et al., 2018). 

UAE exhibits enhanced extraction yields while utilizing lower energy levels and 

reducing extraction time compared to conventional methods. However, the high 

ultrasound intensity could lead to the formation of hydroxyl radicals and hydrogen 

atoms, which can contribute to the degradation of antioxidant compounds such as 

carotenoids (Kumari et al., 2018). Selvakumar and Sivashanmugam, (2019) 
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demonstrated a recovery of over 90% of microbial oil from Naganishia liquefaciens 

NITTS2 using UAE as green extraction method. Meanwhile, Coelho et al., (2022) 

reported that that UAE resulted in a 1.4-fold increase in the concentration of total 

carotenoids extracted from yellow cashew apples compared to conventional methods.  

4.2.3 Microwave-Assisted Extraction (MAE) 

The microwave-assisted extraction method utilizes microwave heating through 

irradiation to enhance the disruption of cell walls, facilitating the extraction of 

bioactive compounds (Bagade and Patil, 2021) (Figure 4.3). The electromagnetic 

energy from microwave irradiation is converted to thermal energy through ionic 

conductivity or dipole polarization (Papapostolou et al., 2023). The high temperatures 

generated during the process may negatively affect compounds such as carotenoids. 

Therefore, the selection of an appropriate green solvent is crucial for controlling both 

the efficiency and the temperature of the MAE (Geow et al., 2021). Elik et al., (2020) 

reported that, under optimal conditions (165 W of microwave power and 9.39 min of 

extraction time), 77.48% of the total carotenoids could be extracted from carrot juice 

using ethanol as a green solvent through MAE. Moreover, Leema et al., (2022) 

demonstrated that the extraction of lutein from Chlorella sorokiniana was 3.3 times 

higher with MAE compared to conventional methods. Additionally, microbial oil 

derived from Saccharomyces cerevisiae could also be efficiently recovered using 

MAE, achieving extraction yields comparable to those of conventional methods in a 

significantly reduced extraction time (Khoomrung et al., 2013). 

 

Figure 4.3 Microwave-assisted extraction (Fărcaș et al., 2022). 
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4.2.4 Pulsed Electric Fields (PEF) 

Pulsed electric fields are regarded as an environmentally friendly extraction process, 

in which the application of electric fields induces electroporation in cell membranes. 

This process destabilizes the bilipid layer of biological membranes, promoting the 

release of intracellular compounds (Luengo et al., 2014). PEF is advantageous as it is 

a non-thermal method that requires low energy levels to permeabilize cell membranes 

(Morón-Ortiz et al., 2024). Thus, PEF could be used for the extraction of value-added 

compounds and particularly carotenoids. The main drawback of this technique is that 

the conductivity of the environment could alter its effectiveness, as high conductivity 

leads to the conversion of electrical energy into heat (Bocker and Silva, 2022). Figure 

4.4 depicts a diagrammatic representation of PEF extraction. Siddeeg et al., (2019) 

demonstrated that the application of PEF significantly increased the total carotenoid 

content extracted from date palm fruits relative to untreated samples when the 

frequency was 10 Hz and the electric field strength was 3 kV/cm. Additionally, Pataro 

et al., (2020) reported that both the extraction rate and yield of lycopene from tomato 

by-products were significantly improved with PEF treatment when the energy field 

strength was 5 kV/cm and the energy input was 5 kJ/kg. Furthermore, enhanced 

recovery of microbial oil from Saitozyma podzolica DSM 27192 was achieved using 

PEF treatment (electric field strength of 40 kV/cm), following an additional washing 

step to reduce conductivity (Gorte et al., 2020). 

 

Figure 4.4 A diagrammatic representation of pulsed electric field extraction (Kumar et al., 

2023). 
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4.2.5 Supercritical Fluid Extraction (SFE) 

The extraction of value added compounds could be efficiently achieved using 

supercritical fluids. Supercritical fluids are compounds that, when subjected to 

pressures and temperatures exceeding their critical point, exhibit characteristics of 

both gases and liquids (Figure 4.5). Particularly, they could simultaneously dissolve 

materials like liquids and diffuse through solid matrices as gases (Papapostolou et al., 

2023). The extraction of bioactive compounds using SFE enables the application of 

low temperatures, making them suitable for thermo-sensitive compounds such as 

carotenoids. Additionally, the simplicity of removing the supercritical fluids from the 

extracted products comprises another advantage (Bubalo et al., 2018). 

 

Figure 4.5 Schematic diagram showing the supercritical fluid region (Ahangari et al., 2021). 

Another positive characteristic of this technique is its low energy consumption. 

Carbon dioxide is the most commonly used solvent, with SFE-CO2 to be considered 

as an economically viable method due to the feasibility to recycle the CO2 gas stream 

throughout the extraction process (Ferreira et al., 2024). Carbon dioxide is a non-

flammable, non-toxic solvent and recognized as safe (GRAS). Under supercritical 

conditions, CO2 exhibits enhanced diffusivity and low viscosity, resulting in the 

improved solubility of bioactive compounds and thus in high extraction efficiency and 

product purity (Uwineza and Waśkiewicz, 2020). Carbon dioxide is preferentially 

utilized for non-polar, lipophilic substances with small molecular weight such as 

microbial oil and carotenoids (Lima et al., 2019; Sánchez-Camargo et al., 2019). 
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Figure 4.6 represents a diagram of SFE-CO2 equipment. The efficiency of SFE-CO2 

is influenced by factors such as pressure, temperature, CO2 flow rate, and the use of 

co-solvents. The addition of a modifier (co-solvent) could increase the polarity of the 

system and therefore the extractability of polar compounds. Ethanol is the most 

commonly used co-solvent, mainly due to its GRAS status and “green” nature. 

Moreover, ethanol residues in the final extract do not pose health risks, as a daily 

consumption of 50 mg is considered acceptable (European Medicines Agency, 2019).  

 

Figure 4.6 Design of the experimental system used for the supercritical fluid extraction 

system with CO2 and co-solvent in the work of Radzali et al., (2014). 

SFE-CO2 (with or without the use of co-solvent) has been extensively evaluated for 

the recovery of bioactive compounds. Lima et al., (2019) demonstrated that using 

SFE-CO2 the total recovery of carotenoids from various vegetable waste matrices, 

including sweet potato peels, peach flesh, and red pepper flesh, ranged from 92.4% to 

99.8%. Additionally, after optimizing parameters such as temperature (70 °C), 

pressure (390 bar), and CO2 flow rate (35 mL/min), a recovery of 90.12% of β-

carotene from ripe bitter melon pericarp was achieved by Patel et al., (2019). Couto et 

al., (2010) reported that nearly 50% of the total microbial oil was extracted from the 

microalga Crypthecodinium cohnii under optimal conditions through SFE-CO2 

(pressure at 300 bar and temperature at 50 °C). Moreover, Molino et al., (2018) 

achieved 92% recovery of astaxanthin from the microalga Haematococcus pluvialis 

while the yield of lutein extracted from Scenedesmus almeriensis was around 98% 

(Mehariya et al., 2019).  
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5 Encapsulation of carotenoids 

5.1 Introduction 

Recently, there has been a noticeable trend towards functional foods, due to their 

potential health benefits. Consumer preferences have shifted, showing an increasing 

demand for products that offer protection against various chronic illnesses, including 

diabetes, obesity and cardiovascular diseases. Consequently, consumers seek 

functional, clean-label, and non-genetically modified products (Alexandri et al., 2022; 

Topolska et al., 2021). This trend is highly reflected by the growing market of 

functional products, that is projected to reach 586.1 billion USD by 2030, while the 

anticipated CAGR would exceed 8.5% globally (Grand View Research, 2023). The 

European Union dictates that a product could be classified as functional if it 

demonstrates a proven positive effect on health, either due to its nutrient-rich 

ingredients or through fortification with additional beneficial components (European 

Commission, 2021). Furthermore, to qualify as “natural”, a product must be free from 

artificial or synthetic substances, devoid of chemical additives, and composed of 

natural ingredients (FSIS, 2020).  

Natural carotenoids have the potential to serve as functional compounds in various 

food applications. However, their sensitivity to light and temperature, combined with 

poor water solubility and gastrointestinal instability, results in low bioavailability and 

bioaccessibility, restricting their industrial implementation (Chen et al., 2023; Han et 

al., 2023). For that purpose, encapsulation methods such as electrospinning, micro-

/nano- capsules and liposomes were proposed as means to create novel functional 

delivery systems in which the shelf-life of carotenoids as well as their 

physicochemical properties could be ameliorated. In this way, carotenoids could be 

effectively utilized as bioactive ingredients in a plethora of novel applications 

(Mosaddik et al., 2018). 

5.2 Encapsulation processes 

Encapsulation is considered as a widely used method for entrapping sensitive 

compounds such as phenolics and carotenoids in a solid or liquid carrier (Dias et al., 

2015). There are four types of carriers employed as wall materials which are classified 
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based on their nature as lipids- based (Sirikhet et al., 2021), proteins (İnan-Çınkır et 

al., 2023), carbohydrates (Shi et al., 2023) and gums (Corrêa-Filho et al., 2022). 

Depending on the application, the carrier could be composed by a sole compound (de 

Lima et al., 2022; Zhang et al., 2022) or in a combination in order to improve the 

efficiency of the encapsulation system (Falsafi et al., 2022; Koo et al., 2023). The 

evaluation of the expedient carrier is dependent on the nature and the chemical 

properties of the core material, the encapsulation process applied and the final 

application of the product (Saifullah et al., 2019).  

The selection of the appropriate encapsulation technique is based on both the features 

of the internal phase as well as on the applicability (Tolve et al., 2016). Despite the 

plethora of the different encapsulation methods that have emerged during the previous 

decades, the major objectives remain similar and are associated with the protection of 

the core materials from deterioration, the preservation of their properties as well as the 

controlled release of the encapsulated ingredient during food processing and/or 

transition through the gastrointestinal track. The implementation of an encapsulation 

process could lead to the formation of new chemical interactions between the 

encapsulated compounds and the carrier which subsequently could enhance their 

stability and functionality (Chen et al., 2023; Foo et al., 2024). A crucial factor that 

significantly affects the function of the encapsulated product is the final particle size 

(Stinco et al., 2020). Particle sizes between 1 to 1000 μm are referred as 

microparticles while sizes below 100 nm are called nanoparticles. Depending on the 

particle size, the encapsulation methods are separated in two main classes: the 

microencapsulation and the nanoencapsulation processes (de Queiroz et al., 2022).  

5.2.1 Microencapsulation of carotenoids 

Microencapsulation is widely considered a frequently employed strategy for 

packaging bioactive compounds such as carotenoids in liquid, solid or gaseous phases 

in a continuous coating-like film in order to achieve microcapsule formation (Siregar 

and Margareta, 2019). The food industry has the potential to use microcapsules; 

however, it is essential to limit the particle size to 80 μm or less to prevent any 

adverse effects on the product’s sensory attributes including rheological, texture or 

flavor changes (Tyle, 1993). Typically, the production of microcapsules is a cost-
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effective process that enables efficient protection of heat-sensitive compounds such as 

carotenoids, as well as their controlled release (Dias et al., 2015). However, through 

microencapsulation the core materials could be susceptible to temperature and pH 

changes during the process; hence, selecting the appropriate wall materials for 

microencapsulation poses a challenge (Pang et al., 2014).  

5.2.1.1 Spray drying 

Spray drying is considered the most commonly employed encapsulation method, 

involving the conversion of a liquid phase into dry powder through a hot gas stream 

(Rajabi et al., 2015) (Figure 5.1). The technique's simplicity and cost-effectiveness 

have led to its widespread application. The main drawbacks of the method involve the 

use of high temperatures that could deteriorate heat-sensitive compounds, as well as 

the uncontrolled droplet size, resulting in the formation of irregular particles (Both et 

al., 2020). Spray drying process has already been applied to encapsulate carotenoids 

(Correâ-Filho et al., 2019; Griep et al., 2023); however, the authors found that the 

technique negatively impacts their encapsulation efficiency. Due to their heat-

sensitive nature, carotenoids might be degraded by the elevated temperatures during 

the process (Janiszewska-Turak, 2017).  

 

Figure 5.1 Diagram of the process of spray drying technique (Sosnik and Seremeta, 2015). 

5.2.1.2 Freeze drying 

Freeze drying process is based on the solidification of a solution of interest through 

exposure on a colder environment. In particular, the frozen water phase of the sample 
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undergoes sublimation, being directly transformed into vapor without transitioning 

through the liquid state (Foo et al., 2024). Recent studies have focused on improving 

this technique by adjusting the encapsulation matrix in order to enhance the quality of 

the final product, minimizing several limiting factors of the process, such as its 

lengthy processing time, high cost, and the production of dispersed particles 

(Anandharamakrishnan et al., 2010). Freeze drying could be utilized for encapsulating 

carotenoids as it does not cause thermal degradation (Vulić  et al., 2022). Sharayei et 

al., (2024) encapsulated astaxanthin derived from shrimp shells using freeze drying, 

demonstrating enhanced encapsulation efficiency and high stability.  

5.2.1.3 Microemulsion 

In addition, emulsification is relied on the formation of droplets within a two-phase 

liquid system where two immiscible solvents are thoroughly blended (Tsogtoo et al., 

2020). There are two primary types of emulsions, the oil-in-water (O/W) emulsions 

and the water-in-oil (W/O) emulsions with the former being the prevalent type 

(Chaari et al., 2018; Gomes et al., 2023). Considering that microemulsions have a 

tendency to separate into two phases due to interfacial tension, the incorporation of 

artificial or natural surfactants is often required (Cabezas-Terán et al., 2023; Lara-

Abia et al., 2023). The development of microemulsions has the potential to enhance 

several key aspects of the final product, including stability and solubility, by resolving 

common issues such as droplet aggregation, flocculation, and gravitational separation 

(McClements, 2015). Even though microemulsions are considered thermodynamically 

stable, their chemical stability is easily affected by environmental conditions like 

temperature or pH changes (Aswathanarayan and Vittal, 2019). The emulsification 

method has also been examined for its effectiveness in encapsulating carotenoids. 

Microemulsions containing either synthetic β-carotene or natural carotenoids could 

positively influence both their encapsulation efficiency and in vitro bioaccessibility 

(Guo et al., 2022; Han et al., 2023; Lara-Abia et al., 2023).  

5.2.1.4 Liposomes 

Liposomal microcapsules are recognized as artificial vehicles consisting of bilayers 

which were mainly composed of phospholipids (Esposto et al., 2022). Liposomes 

present similarity with natural membranes, possessing a hydrophilic head and a 
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hydrophobic tail (Gopi et al., 2018). The physicochemical properties of liposomes 

contribute to distinctive biological characteristics, including their interaction with a 

variety of cell membranes (Nasr et al., 2020). Their amphiphilic nature is also 

responsible for their ability to entrap a plethora of bioactive compounds like the 

hydrophobic carotenoids (Chaves et al., 2018). They are high valued by the food, 

pharmaceutical and cosmetic industries since they could release encapsulated 

compounds at specific targets, enabling the creation of a controlled delivery system 

(Zhao et al., 2017). However, the high cost of the process, coupled with their 

instability during storage, compromises their suitability for industrial applications 

(Varma et al., 2021). Liposomal microcapsules are also regarded as efficient carriers 

of carotenoids resulting in improved bioavailability (Ji et al., 2023; Liu et al., 2022; 

Xu et al., 2022) (Figure 5.2). 

 

Figure 5.2 Molecular structure and location in the lipid bilayer of different carotenoids (Tan 

et al., 2014). 

5.2.1.5 Oleogels 

Oleogelation is a process in which networks are formed through the self-assembly of 

lipophilic -amphiphilic molecules, enabling the entrapment of an organic liquid within 

a thermo-reversible, three-dimensional gel matrix (Ramezani et al., 2024). The 

primary objective in developing this technique was to eliminate trans fatty acids and 

reduce the levels of saturated fatty acids in food applications (Puscas et al., 2020); 

however oleogels can also act as protective carriers of bioactive compounds. Oleogels 

could serve as physical barriers against environmental factors, such as oxygen and 

light, thereby protecting bioactive compounds from degradation and enhancing their 
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bioavailability. Their solid-like structure might also facilitate the controlled release of 

the entrapped compounds (Martins et al., 2020; Perța-Crișan et al., 2023) (Figure 

5.3). Moreover, chemical interactions between oil and oleogelators, such as proteins, 

polysaccharides, and waxes, could enable the development of tailor-made oleogels 

with specific, desirable properties (Papadaki et al., 2019b). Among different 

oleogelators, proteins have gained the attention and they could be an ideal oleogelator 

candidate, acceptable by consumers due to their high nutritional value (Scholten, 

2019). When proteins are used as oleogelators, two main methodologies are 

commonly applied: the aerogel method and the emulsion-templated method. In the 

emulsion-templated method, polar and non-polar compounds, such as protein and oil, 

are processed in three steps: first, forming a hydrogel; then, creating emulsions; and 

finally, applying a drying technique to form oleogels. Whey protein isolate or 

concentrate has been widely applied for the production of whey protein-based 

oleogels via the emulsion-templated technique.  

In the context, oleogels could also be utilized as a novel food system for the delivery 

and protection of carotenoids. In fact, it has been reported that carotenoids could be 

efficiently encapsulated within oleogels, leading to their improved bioavailability and 

bioaccessibility(Chen et al., 2016; Ramezani et al., 2024; Zhao et al., 2023).  

 

 

 

 

Figure 5.3 Schematic representation of the preparation of oleogel via the emulsion-templated 

approach (Baraki et al., 2021). 

5.2.2 Nanoencapsulation of carotenoids 

Research advancements in the field of nanotechnology have enabled development of 

functional compounds in nanoscale. The principle behind nanoencapsulation methods 

is similar to microencapsulation where a sensitive compound is coated with a wall 
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material (Quilaqueo et al., 2019). Nowadays, the direction of research in 

encapsulation processes is towards achieving increasingly smaller particle sizes. 

Reducing the particle diameter could offer an improvement on adhesive properties of 

the final product, potentially leading to enhanced bioavailability as well as optimized 

site specific delivery, especially during gastrointestinal transit (Human et al., 2019). 

Furthermore, the stability of the bioactive compounds is ameliorated with the decrease 

of the particle size (Hidalgo et al., 2017). Moreover, the release of these compounds 

exhibits a linear dependence on surface area, with smaller particle sizes resulting in 

increased surface area and therefore, a proportional enhancement of release. The 

increased surface area could also positively influence the solubility of the 

encapsulated compounds (Du et al., 2019). Considering the importance of reducing 

the final particle size, a variety of nanoencapsulated methods have already been 

emerged. Electrospinning, solid lipid nanoparticles (SLN), nanostructured lipid 

carriers (NLC) as well as some microencapsulation procedures modified in nanoscale 

such as nano-emulsification and nano-liposomal formation have been thoroughly 

investigated.  

5.2.2.1 Electrospinning 

The electrospinning process involves the production of a polymer solution, which is 

then injected through a nozzle. Due to electrostatic force applied, a charged polymer 

droplet is shaped which leads to the formation of a Taylor cone, resulting in the 

production of nanofibers (Ramos et al., 2022) (Figure 5.4).  

 

Figure 5.4 Diagram of electrospinning process (Chen et al., 2019). 
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Besides the smaller particle diameter compared with the microcapsules, the improved 

stability of nanoparticles is relied on the addition of synthetic surfactants like Tween-

80 or natural compounds such as polysaccharides and proteins (Boonpratum et al., 

2022; Chen et al., 2023). The increased surface area of nanofibers leads to enhanced 

solubility, bioavailability and released rate, allowing further applications of the 

encapsulated bioactive compounds compared with microencapsulated ones (Yildiz et 

al., 2023). Despite the notable benefits of this method, electrospinning is regarded as a 

technique with slow production rate which poses limitations for broader 

commercialization (Muniz et al., 2020). Carotenoids could be efficiently encapsulated 

through an electrospinning process, which operates at moderate temperatures, thus 

minimizing the risk of thermal degradation (Xiang et al., 2022). Notably, the 

encapsulation efficiency of carotenoids exceeded 90%, while the retention rate of the 

encapsulated carotenoids decreased under various storage conditions compared to 

unencapsulated carotenoids, demonstrating the effectiveness of the process (Horuz 

and Belibağlı, 2019; Tian et al., 2024).  

5.2.2.2 Solid lipid nanoparticles  

The first generation of lipid nanoparticles is known as solid lipid nanoparticles (SLN) 

which are prepared using lipids that remain solid at room temperature. The formation 

of crystals could efficiently entrap bioactive compounds between the fatty acid chains 

offering enhanced protection from environmental conditions (Pink et al., 2019) 

(Figure 5.5). The nature of SLNs allows the encapsulation of both hydrophobic and 

hydrophilic compounds resulting in nanoparticles with increased bioavailability 

through a cost-effective process (Rizvi et al., 2019). However, they present low 

loading capacity as well as decreased stability in comparison with other 

nanoencapsulation techniques due to sudden expulsion of the encapsulated compound 

(Montoto et al., 2020). Several studies have investigated the encapsulation of 

carotenoids using solid lipid nanoparticles; however, this method has shown reduced 

encapsulation efficiency compared to other encapsulation processes (Dutta et al., 

2024; Jain et al., 2019). 
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5.2.2.3 Nanostructured lipid carriers 

A second generation of lipid nanoparticles has been developed, the nanostructured 

lipid carriers (NLC). The main difference with SLNs is relied on their composition 

where the inclusion of varying ratios of liquid lipids (oils) at room temperature results 

in reduced crystalline degree (Salvi and Pawar, 2019) (Figure 5.5). The structural 

changes in NLCs improve their physical and chemical stability, preventing expulsion 

and increasing both encapsulation efficiency and loading capacity (Katouzian et al., 

2017). The formation of nanostructured lipid carriers resulted in enhanced 

encapsulation efficiency and increased loading capacity (Zardini et al., 2018; Osanlou 

et al., 2022). Additionally, nanostructured lipid carriers provide enhanced physical 

stability of carotenoids over time and improved bioaccessibility compared to free 

carotenoids (Sirikhet et al., 2021; Teeranachaideekul et al., 2022).  

 

Figure 5.5 Schematic representation of SLN and NLC (Montoto et al., 2020). 

5.2.2.4 Nanoemulsion 

Several microencapsulation techniques have been adapted in nanoscale. The structure 

development of nanoemulsions remains similar with microemulsions consisted of an 

oil phase, a water phase and surfactant (Bi et al., 2023). It is worth mentioning that in 

nanoemulsions, the amount of emulsifiers is reduced due to improved physical 

stability against gravitational separation and droplet aggregation. This enhanced 

stability is achieved through the development of new forces, including Van der Waals, 

as a result of smaller particle sizes (Kharat et al., 2020). Nanoemulsions present 
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higher surface area compared with microemulsions resulting in improved release rates 

and bioaccessibility of the encapsulated compound (McClements and Rao, 2011). 

However, in contrast with microemulsions, they are characterized as 

thermodynamically unstable (Aswathanarayan and Vittal, 2019). In the nano-

emulsification process, an enhanced encapsulation efficiency of carotenoids is 

observed. However, the nanoparticles appear to exhibit low stability, as evidenced by 

a decrease in entrapment efficiency and an increase in particle size during storage at 

moderate temperatures (approximately 40 °C) when compared to other encapsulation 

techniques (Ali et al., 2022; Liu et al., 2022).  

5.2.2.5 Nanoliposomes 

The development of nanoliposomes follows a similar strategy to that used for 

conventional liposomes. These nanoscale bilayer vesicles, which are also mainly 

composed of phospholipids, exhibit enhanced physicochemical properties. 

Nevertheless, main impediments of the method lies in the difficulty of controlling 

nanoliposomes’ particle size along with their limited shelf life (Demirci et al., 2017; 

Esposto et al., 2022). In previous years, the utilization of nanoliposomes was limited 

due to their characterization as thermodynamically unstable. In addition to their high 

encapsulation efficiency, nanoliposomes demonstrate significant stability under low 

temperature storage conditions, which appears to be correlated with the concentration 

of the entrapped carotenoids (Chang et al., 2022; Hamadou et al., 2020).  

5.2.3 Combination of encapsulation techniques 

Aiming to further improve encapsulation efficiency and the physicochemical 

properties of the final product, the implementation of combined encapsulation 

techniques is currently being intensively investigated. Emulsification could be 

employed as a preliminary step in conjunction with other methods to incorporate an 

oil phase, independent of the technique used, thereby providing additional protection 

to carotenoids, which are lipophilic compounds. Considering that spray drying is 

regarded as the least favorable technique for carotenoid encapsulation due to their 

thermo-sensitive nature, the most common combination among the 

microencapsulation processes is emulsification followed by spray drying. Recent 

studies have shown that this combination significantly enhances the encapsulation 
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efficiency of carotenoids compared to the efficiency observed after spray drying (Li et 

al., 2023; Nunes et al., 2024). The combination of emulsification and freeze drying 

process has also been evaluated to further enhance the final characteristics of 

microparticles. Notably, the entrapment efficiency did not follow the same trend as 

described above; instead, it showed a slight decrease (Šeregelj et al., 2021; Shi et al., 

2023). However, recent research indicates that the bioaccessibility of carotenoids 

could be significantly improved through this combination in comparison with other 

encapsulation techniques (Meira et al., 2023). 

Currently, two experimental approaches have been developed to combine 

nanoencapsulation with microencapsulation techniques. One approach involves 

developing nanoparticles prior to employing a microencapsulation method, while the 

other approach follows the reverse route. Both of these strategies result in reduced 

particle sizes. After the formation of nanoparticles, freeze drying is most commonly 

employed. Besides the enhanced encapsulation efficiency achieved through this 

method (Assunção et al., 2021), Oliveira et al., (2021) demonstrated that freeze drying 

also enhances storage stability. Taking into account the alternative approach of 

combining the micro- and nano- encapsulation methods, emulsification serves as the 

primary method preceding the formation of nanoparticles. The most commonly 

reported combination in the literature involves microemulsion followed by the 

electrospinning process (Drosou et al., 2022; İnan-Çınkır et al., 2023; Xiang et al., 

2022). Chen et al., (2023) demonstrated that the nanoparticles formed with the 

aforementioned technique presented improved encapsulation efficiency of lycopene 

and enhanced photostability and thermostability. Moreover, both the release rate of 

lycopene and its bioaccessibility were significantly increased compared with the free 

form. It is noteworthy that, depending on the coating matrix, the developed 

nanoparticles might release the encapsulated carotenoids at specific targets, such as 

colon (Chen et al., 2023; Liu et al., 2023). 

5.3 Applications in food and limitations 

Numerous studies have focused on the production of encapsulated carotenoids to 

evaluate their potential across various fields at an industrial scale. Among the various 

applications of carotenoids, food and feed sectors represent the largest market 
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demand; therefore, research on the potential use of encapsulated carotenoids as food 

ingredients is of great importance (Markets and Markets, 2024). Recent studies have 

targeted food applications, with special focus on dairy products and particularly 

yogurt Horuz and Belibağlı, (2019) encapsulated a carotenoid extract derived from 

tomato peels using the electrospinning process, and 0.1% of the nanofibers were 

incorporated into a yogurt which was then stored for 15 days at 4 
°
C. Yogurt 

properties, including pH, acidity, and syneresis, were then evaluated. The tested 

parameters showed no significant alterations compared to the control sample, 

indicating that the presence of nanofibers did not negatively affect the final product. 

Additionally, synthetic lycopene was encapsulated using nanoemulsions, and 1% 

(w/v) was mixed into a yogurt product, which was then stored under refrigeration for 

4 weeks. Parameters such as pH, acidity, and water-holding capacity were evaluated 

throughout this time frame. The addition of nanoparticles did not significantly impact 

the product, except for the water-holding capacity, which was enhanced when 

encapsulated carotenoids were utilized. This demonstrates the ability of nanoemulsion 

to improve water retention (Himanath et al., 2021). Another dairy product used for the 

application of encapsulated carotenoids is paneer, a soft cheese from India. Lutein 

was extracted from Citrus reticulata (kinnow), encapsulated using the nanoemulsion 

method, and then paneer was dipped into it. The product was stored at 4 °C for 8 days, 

during which textural and sensory evaluations were conducted. The texture of the 

final product was negatively affected by the presence of the nanoemulsion, resulting 

in decreased cheese hardness. However, the sensory evaluation did not significantly 

differ from the control sample, and the overall acceptability of the final product at the 

end of the storage period showed a notable improvement compared to the control 

(Saini et al., 2022).  

Beyond dairy products, Zardini et al., (2018) incorporated 0.5% (w/w) lycopene-

loaded nanoparticles derived from SLN technique, into an orange drink. A sensory 

evaluation of the final product revealed no significant changes. However, overall 

acceptability decreased compared to the control drink, as the nanoparticles reduced 

the orange odor of the sample. In another study, 20 g of nanoparticles derived from a 

microemulsion, followed by electrospinning and containing synthetic β-carotene, 

were incorporated into meal replacement bars. A sensory score rating for the sample 
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showed results comparable to the control with respect to color, mouth feel, and texture 

(Niu et al., 2020). Although the incorporation of nanoencapsulated carotenoids into 

food products has been already demonstrated research on the retention rate of 

encapsulated carotenoids during storage, as well as their release rate and 

bioaccessibility after consumption, remains limited. In addition, the consumer 

perceptions about nanotechnology might further hinder the commercialization 

progress of functional foods containing nanoparticles (Siegrist and Hartmann, 2020). 

The limited consumers’ knowledge on food production and nutrition, coupled with 

their misconceptions about the environmental impact of nanotechnology, contributes 

to food technology neophobia, leading to a tendency to reject unfamiliar food 

products (Cavaliere and Ventura, 2018; Hartmann and Siegrist, 2017). 

More importantly, it is essential to adhere to the regulations of the relevant authorities 

pertaining to food products before launching the final product in the market on an 

industrial scale, (María and Del, 2010). Particularly in the food industry, EFSA 

regulations require separate physicochemical characterization and risk assessment of 

each nanomaterial, as well as their combinations. The implementation of toxicological 

tests is essential as the nanoscale particle size might influence their toxicokinetic 

behavior. Besides their smaller particle size, changes in encapsulation processes could 

also result in different or/and new characteristics. Hence, the nanomaterials could 

interact differently with tissues and organs, so their passage through the GI tract could 

result in translocated nanoparticles that might cause local adverse effects (More et al., 

2021). Few studies evaluate the cytotoxic effects of nanoencapsulated carotenoids, 

and there is a lack of research addressing their impact when added to food products. 

Chen et al., (2023) evaluated the cytotoxic effect of synthetic lycopene encapsulated 

in nanofibers, produced through microemulsion followed by an electrospinning 

process, on CaCo-2 cells. Their results demonstrated that both the cytotoxicity of free 

lycopene and of lycopene-loaded micelles were dose-dependent, with concentrations 

ranging from 0 to 5 μg/ mL showing no adverse effects on the cell line, nor any 

disruption to the integrity of the cytomembrane. The toxicity of astaxanthin 

encapsulated in nanosized liposomes was also evaluated by Chang et al., (2022) 

through testing the viability of RAW 264.7 macrophages and 7F2 osteoblast cells. 

The liposomal formulation exhibited reduced cytotoxicity compared to the astaxanthin 
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extract, with a dose of 0.51 μg/mL maintaining 80% cell viability in RAW 264.7 

macrophages. In the case of 7F2 osteoblasts, 0.25 μg/ mL of astaxanthin-loaded 

liposomes not only reduced the cytotoxicity of the astaxanthin extract but also 

demonstrated potential to stimulate cell proliferation. Additionally, nanofibers 

containing fucoxanthin, produced through the electrospinning process, were examined 

for their effects on the cell viability of HepG2 cells. Their results indicated that 2 

μg/mL of nanofibers maintained cell viability at 85%, and the fucoxanthin-based 

delivery system demonstrated efficient biocompatibility, supporting its potential for 

future cellular applications (Tian et al., 2024). Moreover, nanoparticles produced via 

SLNs containing synthetic β-carotene were evaluated for their cytotoxic effects on 

MCF-7 cells by Jain et al., (2019). Neither free β-carotene nor the encapsulated form 

showed any inhibitory effect on cell viability at concentrations below 10 μM/ mL. 

Conversely, Dutta and Dutta, (2024) investigated the in vitro cytotoxicity of 

nanoparticles produced using SLNs technique containing β-carotene on the MCF-7 

cell line. The study found that cell viability was significantly reduced with the 

nanoparticles (IC50 of 14.89 μg/mL), compared to free β-carotene, which had an IC50 

value of 182.6 μg/mL. Therefore, the encapsulated matrix may be crucial for the 

cytotoxic effects of nanoencapsulated carotenoids on different cell lines.  

It is therefore essential to evaluate the physicochemical properties of encapsulated 

carotenoids to develop potential new functional food products. The additional 

evaluation of the toxicological effects of nanoencapsulated carotenoids is of greater 

importance and is required to ensure the safety of the final products. This will provide 

regulatory agencies with the necessary evidence to amend existing food product 

regulations.  
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6 Objectives 

Rising market demand for carotenoids across diverse applications, along with 

concerns over the potential toxicity of synthetic carotenoids, has driven the search for 

safer, natural alternatives. In the context of the bio-economy era, producing valuable 

compounds like carotenoids through microbial processes using renewable resources 

could support the shift to a circular bio-economy, reducing environmental impact and 

enabling cost-competitive production. The incorporation of biotechnologically 

produced carotenoids into functional food systems requires green extraction methods 

and encapsulation techniques to prevent degradation from environmental factors.  

Under this prospect, the present thesis has focused on the development of 

bioprocesses for the efficient production of microbial carotenoids from both 

commercial and renewable resources, aiming their utilization in novel food 

applications. More specifically, various yeast strains were evaluated for their ability to 

synthesize carotenoids while assimilating different carbon sources and under different 

fermentation conditions (carbon-to-nitrogen ratio (C/N), temperature). Additionally, 

the evaluation and optimization of a green extraction process using supercritical CO2 

extraction method was also conducted. Finally, the potential application of 

carotenoids was evaluated through the production of oleogel and electrospun as novel 

food formulations. 

The main objectives of the experimental work are presented below: 

 Evaluation of four yeast strains belonging to Rhodosporidium genera to 

produce value-added compounds such as carotenoids in shaking flasks. At the 

same time the effect of different carbon sources and C/N ratio on 

carotenogenesis was evaluated. 

 

 Chemical characterization of the biotechnologically produced carotenoids 

along with the analysis of their antioxidant and antimicrobial properties. 

 

 Evaluation of cheese whey as fermentation feedstock for the biotechnological 

production of carotenoids and microbial oil in shaking flasks. The effect of 
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temperature and C/N ratio was also evaluated and the conditions were 

optimized for maximum catenoid synthesis.  

 

 Evaluation of molasses as fermentation feedstock for the biotechnological 

production of carotenoids and microbial oil in bioreactor scale. 

 

 Development of an efficient recovery process of carotenoid-rich microbial oil 

using supercritical CO2 extraction. Cell disruption techniques were also 

evaluated in order to optimize the extraction process. The kinetic behavior of 

both bioactive compounds throughout the extraction process was also 

examined. 

 

 Study on the application of electrospinning as a suitable encapsulation process 

for the production of novel electrosprayed particles containing the carotenoid- 

rich microbial oil. The feasibility of incorporating the microbially-produced 

EPS in the encapsulating matrix was also assessed. Electrospinning process 

was evaluated through the analysis of microbial oil and carotenoids 

encapsulation efficiency. 

 

 Development of novel oleogels using carotenoid-rich microbial oil through the 

emulsion-templated approach. Oleogelation process and potential applications 

of the formed oleogel were evaluated through the analysis of its physical 

properties and thermal stability of carotenoids and oil. 
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7 Materials and Methods 

7.1 Microorganisms, maintenance and growth conditions 

7.1.1 Yeast strains 

Rhodosporidium kratochvilovae strains (FMCC Y-42 & Y-43) were kindly provided 

by Prof. E. Panagou of the Laboratory of Food Microbiology and Biotechnology 

(Agricultural University of Athens, Greece). Rhodosporidium paludigenum NCYC 

2663 and NCYC 2664 were purchased by the National Collection of Yeast Cultures 

(NCYC, UK). Yeast strains were maintained at - 80 °C, in cryovials filled with 20% 

glycerol in yeast, peptone, dextrose (YPD) medium (10%, w/v). Yeast propagation 

was performed on YPD agar plates at 28 °C for two days and then maintained at 4 °C 

up to two weeks. A single colony from agar plates was used to inoculate the pre-

cultures, consisting of 50 mL YPD medium in 250 mL Erlenmeyer flasks. Pre-

cultures were incubated at 28 °C, 180 rpm for 27 h.  

7.1.2 Fungal strains 

The strains Aspergillus niger FMCC F-7 and Aspergillus flavus FMCC F-8 were 

kindly provided by the Laboratory of Food Microbiology and Biotechnology 

(Agricultural University of Athens). All fungal strains were maintained at - 80 °C in 

cryovials filled with 20% (v/v) glycerol. Pre- culture preparation of fungal strains was 

carried out by incubating 10 μL inoculum on MEA (malt extract agar) plates at 25 °C 

for 7 days. Subsequently, the fungal spores were collected in 10 mL of 0.5% Tween 

80 and further diluted to obtain fungal spore suspensions of 10
6
 cfu/mL. 

7.1.3 Bacterial strains 

The strains Listeria monocytogenes FMCC B-124, Staphylococcus aureus FMCC B-

134, Pseudomonas aeruginosa FMCC B-223 and Salmonella enteritidis FMCC B-

286, were kindly provided by the Laboratory of Food Microbiology and 

Biotechnology (Agricultural University of Athens), while the strains Staphylococcus 

epidermidis FBMP_121, Staphylococcus saprophyticus FBMP_111, Klebsiella 

oxytoca FBMP_1333 and Clostridium difficile were kindly provided by the 

Laboratory of Applied Microbiology & Biotechnology, Department of Molecular 
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Biology & Genetics (Democritus University of Thrace). All bacterial strains were 

maintained at -80 °C in cryovials filled with 20% (v/v) glycerol. Reactivation of the 

bacterial pathogens was performed twice by adding 100 μL inoculum in 10 mL 

Tryptic Soy Broth (TSB) followed by incubation at 37 °C for 24 h. The final 

inoculum was adjusted at 10
6
 cfu/ mL.  

7.2 Microtiter experiments  

Microtiter experiments with the strains Rhodosporidium kratochvilovae (FMCC Y-42 

& Y-43) were performed using a 96-well microtiter plate system (EPOCH2 

Microplate reader, BioTek, USA). Final volume was 200 μL, with an inoculum size of 

10% (v/v), which was previously diluted to a final optical density OD620nm = 0.200. 

Three carbon sources, namely glucose, galactose and glucose-galactose (1:1) and six 

different C/N ratios (40, 60, 80, 100, 120 and 140) were used as substrates. The C/N 

ratios were calculated as grams of carbon per gram of nitrogen. The concentration of 

all carbon sources was 50 g/L in all experiments and yeast extract was added at a 

concentration of 0.5 g/L, whereas different concentrations of (NH4)2SO4 were applied 

to adjust the C/N ratio (Table 7.1). A mixture of trace elements was also used, with 

the following composition (g/L): KH2PO4 (7.0), Na2HPO4 (2.5), MgSO4⋅7H2O (1.5), 

CaCl2⋅2H2O (0.15), FeCl3⋅6H2O (0.15), MnSO4⋅H2O (0.06), ZnSO4⋅7H2O (0.02). 

Incubation took place at 28 °C with interval shaking of 2 s at 200 rpm every 20 min. 

Table 7.1 The composition of substrate in each C/N ratio.  

C/N 

(g/g) 

Yeast 

(g/L) 

Ammonium sulfate 

(g/L) 

40 0.5 2.08 

60 0.5 1.32 

80 0.5 0.93 

100 0.5 0.7 

120 0.5 0.54 

140 0.5 0.43 
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OD measurements were used to estimate microbial growth and the specific growth 

rate (μ, h
-1

) was calculated by the OD of three independent replicates within the linear 

logarithmic phase of cell growth, using the following equation:  

𝜇 =
𝑙𝑛𝑂𝐷2−𝑙𝑛𝑂𝐷1

𝑡2−𝑡1
         (eq.1) 

7.3 Fermentations in shaking flasks  

7.3.1 Fermentation with commercial carbon sources 

7.3.1.1 Fermentations with yeasts Rhodosporidium kratochvilovae FMCC Y-42 & 

Y-43 

Shake flasks fermentations with the strains R. kratochvilovae were carried out in 100 

mL Erlenmeyer flasks filled with 20 mL of fermentation media, using different 

commercial carbon sources. Sugar concentration was equal to 50 g/L in all tested 

conditions. The effect of different C/N ratios (60, 80, 120) was studied in 

fermentations using glucose or glucose-galactose 1:1 (50 g/L) as carbon sources, 

while the C/N ratio equal to 80 was also evaluated in fermentations using sucrose and 

fructose (50 g/L) as carbon sources. The nitrogen sources and trace elements were 

identical to the fermentation media of microtiter experiments (Section 7.2). 

Inoculation was performed by addition of 10% (v/v) pre-culture under sterile 

conditions and the cultures were incubated at 28 °C, under continuous agitation (180 

rpm) at pH 5.8 ± 0.2.  

7.3.1.2 Fermentations with yeasts Rhodosporidium paludigenum NCYC 2663 & 

2664 

The effect of different carbon sources (sucrose, glucose, fructose, glucose: galactose 

1:1 (w/w) was evaluated in shaking flasks with 20 mL working volume using the 

strains R. paludigenum NCYC 2663 and 2664. The initial sugar and yeast extract 

concentrations were 50 g/L and 0.5 g/L, respectively in all cases. Different 

concentrations of (NH4)2SO4 were applied to adjust the C/N ratio. A C/N ratio equal 

to 80 was selected for the strain R. paludigenum 2663, and 20 for the strain R. 

paludigenum 2664. The media were also enriched with a mixture of trace elements 

similar to the one presented in Section 7.2. The pre-culture was in all cases 10% (v/v), 
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and fermentations were carried out at 28 °C, under continuous agitation (180 rpm) at 

pH 5.8 ± 0.2. 

7.3.2 Shaking flask fermentations with cheese whey as substrate 

7.3.2.1 Cheese whey   

Cheese whey, containing approximately 50 g/L of lactose, was used as carbon source 

in submerged fermentations with strains Rhodosporidium kratochvilovae Y42 and 

Y43. Cheese whey was obtained after mizithra cheese making and was kindly 

provided by “Galiatsatos” dairy company (Kefalonia, Greece).  

7.3.2.2 Pretreatment and Lactose Hydrolysis  

Prior to fermentation, cheese whey was treated to generate cheese whey permeate 

(CWP). Deproteinization of cheese whey was carried out at 121 °C for 15 min after 

adjusting pH at 4.5 (Kachrimanidou et al., 2022). Precipitated proteins were removed 

by centrifugation at 4000 rpm for 10 min at 4 °C and the supernatant was stored at - 

20 °C until further use. CWP was then enzymatically processed with commercial β-

galactosidase from Aspergillus oryzae (59.4 units/mg solid enzyme). Hydrolysis was 

carried out at 50 °C, using 2 U/g of lactose for 40 h, resulting in >90% lactose 

hydrolysis yield. Besides the use of commercial enzyme preparations, CWP was also 

mixed with fermented wheat bran following the protocols described by Lappa et al., 

(2021), yielding to almost 91% lactose hydrolysis and to the production of ~500 mg/L 

free amino nitrogen (FAN). The hydrolysate was further diluted with appropriate 

amount of cheese whey for the preparation of a solution containing 350 mg/L FAN.  

7.3.2.3 Fermentations using hydrolyzed CWP  

CWP previously hydrolyzed with commercial β-galactosidase was employed as 

fermentation substrate in shaking flask experiments with Rhodosporidium 

kratochvilovae strains (FMCC Y-42 & Y-43). The substrate was also enriched with 

0.39 g/L (NH4)2SO4. Inoculation was performed by adding 10% v/v pre-culture, under 

sterile conditions, in 20 mL final volume incubated at 28 °C under continuous 

agitation (180 rpm) at pH 5.8 ± 0.2. These parameters simulated the optimum 

cultivation conditions using synthetic glucose-galactose 1:1 (50 g/L) as substrate, as 
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described previously (Section 7.3.1.1). Respectively, CWP hydrolyzed using 

fermented wheat bran was also employed using the strains Rhodosporidium 

kratochvilovae (FMCC Y-42 & Y-43). The effect of two different C/FAN ratios (40, 

60 g/g) and three different temperatures (23, 28, 33 °C) was investigated. 

7.4 Bioreactor fermentations with Rhodosporidium paludigenum NCYC 2663 

7.4.1 Batch fermentation with commercial sucrose 

A batch-fermentation was carried out in a 3 L bench top bioreactor (Minifors 2, Infors 

HT, Bottmingen-Basel, Switzerland) with 1.5 L working volume. Sucrose was used as 

the sole carbon source at a concentration of 50 g/L. The C/N ratio was equal to 80 and 

composed of a combination of yeast extract (0.5 g/L) and (NH4)2SO4 (1 g/L). The 

medium was additionally enriched with a trace element solution, as presented in 

Section 7.2.Inoculation was carried out by adding 10% (v/v) pre-culture under sterile 

conditions. The pH was initially adjusted to 6.0 and controlled throughout the process. 

An antifoam solution (1%, v/v) was added to regulate foam formation. The dissolved 

oxygen was controlled at 40% with an agitation cascade at 200-400 rpm and an air 

flow rate cascade from 1.5 to 2.5 L/min. Samples were withdrown at regular time 

intervals to monitor cell growth, the production of microbial oil, carotenoids and 

exopolysaccharides as well as sugar and nitrogen consumption. 

7.4.2 Batch fermentation with molasses 

7.4.2.1 Molasses 

Molasses, containing approximately 750 g/L sucrose, were used as carbon source in 

batch and fed-batch bioreactor fermentations. Molasses was purchased from a local 

market (Kefalonia, Greece).  

7.4.3 Batch fermentation with molasses 

Molasses were also used as the sole carbon source in bioreactor fermentations using 

the strain R. paludigenum 2663. Molasses were diluted to a final concentration of 50 

g/L to simulate the experiment using sucrose as substrate. The experimental 

conditions were as described in Section 7.4.1, without the addition of a trace element 

solution. 
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7.4.4 Fed-batch fermentation with molasses  

Molasses were also evaluated in a fed-batch fermentation strategy. The medium 

contained a C/N ratio equal to 40 composed of a combination of yeast extract (1 g/L) 

and (NH4)2SO4 (2 g/L). A concentrated molasses solution was used as feeding, added 

in pulses at specific time intervals. The operating conditions were as described in 

Section 7.4.1. 

7.5 Recovery of microbial oil and carotenoids produced by Rhodosporidium 

paludigenum 2663 

7.5.1 Pre-treatment of yeast biomass 

Yeast biomass was recovered via centrifugation of the fermentation medium (4000 

rpm, 20 min, 4 °C), washed at least twice with distilled water and then freeze-dried 

for 48h (BK-FD12P, Biobase Biodustry Co Ltd., Jinan, China). Six different pre-

treatments were applied to biomass (20 g each) to achieve cell lysis before extraction 

of the microbial oil and carotenoids using a supercritical fluid extraction apparatus 

operating with CO2 (SFE-CO2).  

Pretreatment using ultrasounds (Process 1) 

Yeast cells were dissolved in 150 mL ethanol (98%, v/v) and placed in an ultrasonic 

bath (40 KHz, 130W, Sonica 2400 M S3, Soltec Milano, Italy) for 2.5 h. Cell lysis 

was monitored under a microscope after mixing the pretreated yeast cells with tryptan 

blue (1:2, v/v). Then, the pretreated cell suspension was added into the SFE-CO2 

extraction vessel (Section 7.5.2). Ethanol was also introduced in the system during the 

SFE-CO2 (Section 7.5.2). The impact of ultrasound treatment on carotenoid yield was 

assessed by quantifying the carotenoid content (Section 7.8.6.2) before and after the 

pre-treatment. 

Pretreatment with High Speed Homogenization (Processes 2, 3 and 4) 

The use of high speed homogenization as cell disruption method was evaluated as 

presented below: 
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Process 2: Yeast cells were dissolved in 150 mL of ethanol and homogenized three 

times at 13,000 rpm for 5 minutes, with a 5-minute rest between each homogenization 

(homogenizer HG-15D, Witeg Labortechnik GMBH, Wertheim, Germany). Cell 

disruption was monitored as previously described (Process 1). The cell slurry was 

added in the extraction vessel for the SFE-CO2 process and ethanol was also added in 

the system as co-solvent (Section 7.5.2). 

Process 3: Cell disruption was carried out similarly to Process 2 however the SFE-

CO2 process was performed without extra ethanol addition. 

Process 4: Yeast cells were recovered by centrifugation and the cell slurry was 

subjected to homogenization as described in Process 2 without mixing with ethanol. 

Cell lysis was monitored as in Process 1 and then freeze-dried prior to SFE-CO2. 

Pretreatment with glass beads and high speed homogenization (Process 5) 

Yeast cells were mixed with 150 mL of ethanol and 40 g of glass beads (2.8 mm 

diameter) and left overnight, at 28 °C and 180 rpm. After incubation, glass beads were 

removed, and the remaining slurry was further treated by homogenization as 

described in Process 2.  

Pretreatment using decompression (Process 6) 

Freeze-dried yeast cells were added in the extraction vessel and subjected to static 

supercritical CO2 for 1 h, at 60 °C and 185 bar. Then decompression was applied to 

80 bar to disrupt yeasts cell wall (Vladić et al., 2022). 

7.5.2 Supecritical fluid extraction with CO2 of the pretreated biomass 

SFE-CO2 was carried out using an ExtrateΧ apparatus (Extratex-SFI, France) with a 

maximum temperature and pressure capacity of 150 °C and 700 bar, respectively. All 

tests were carried out for 4 h (plus 30 min to exhaust the co-solvent from the system) 

and the operation conditions were set following a modified protocol based on Larocca 

et al., (2023). Briefly, the flow rate of high purity CO2 was set to 20 g/min, while 

absolute ethanol was employed as co-solvent at a rate of 1.5 mL/min in all cases with 

the exception of Process 3. The operating temperature was 60 °C and the pressure was 
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set to 350 bar. Extracts were recovered in amber vials every 30 min, subjected to 

vacuum evaporation at 40 °C to remove ethanol, weighted and stored at -80 °C for 

subsequent analysis.  

7.5.3 Supercritical CO2 extraction kinetics of carotenoids and microbial lipids 

To monitor the extraction kinetics of both carotenoids and lipids, 20 g of pre-treated 

cells using the most efficient process (Process 2) were added in the extraction vessel 

and SFE-CO2 was performed as described in Section 7.5.2. The extracts were 

collected in amber vials every 15 min for the first 2 h and every 30 min for the last 2 

h. Co-solvent addition was stopped after 4 h of operation and the final sample was 

collected 30 min later. Then, the extracts were separately evaporated to remove 

ethanol, weighed and stored at -80 °C until further analysis. The recovery yields of 

total carotenoids and oils were calculated using the value of each component divided 

by the yield corresponding at 270 min (end of the process). 

7.6 Encapsulation of carotenoids-rich microbial oil using an electrospinning 

process 

7.6.1 Preparation of emulsions 

Whey protein concentrate (WPC) was dissolved in distilled water (10%, w/v) and 

continuously stirred overnight. The pH of the solutions was then adjusted to 8, 

depending on the experimental conditions, under stirring. Following pH adjustment, 

the WPC solution was heated at 80 °C for 40 min and subsequently stored at 4 °C. 

Emulsifiers were added to the solution at varying concentrations under continuous 

stirring. The concentrations of Tween-80 used were 0.05% and 0.5% (w/w), Triton-X 

was used at 0.5% (w/w), and exopolysaccharides (EPS) were added at concentrations 

of 0.05% and 1% (w/w). Microbial oil containing carotenoids derived from 

Rhodosporidium paludigenum NCYC 2663 was then mixed to WPC solution at 3% 

(w/w), under magnetic stirring. The mixed solutions were homogenized using a high-

speed homogenizer at 11,000 rpm for 5 min. The emulsions were subsequently placed 

to ultrasonic bath for 15 min, followed by cooling under refrigeration conditions prior 

to further use. 
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7.6.2 Electrospinning conditions 

The encapsulation process was performed on the emulsions containing carotenoids 

enriched microbial oil using an electrospinning devise (Fluidnaked LE-50, Bionicia). 

The emulsions were loaded into a 10 mL syringe with a diameter of 14.43 mm, 

equipped with a 20-gauge steel needle (0.8 mm inner diameter). The distance between 

the needle tip and the collector was at 19 cm. Temperature was controlled to 

approximately 10 °C. Electrospinning was conducted at an applied voltage of 24 kV, 

while a voltage of -2 kV was set to the collector. The syringe pump, containing the 

emulsions, was set to a feed rate of 0.3 mL/h. The resulting electrospun was collected 

and stored at -20 °C until further use. 

7.7 Oleogelation 

7.7.1 Preparation of oleogels 

The oleogels were prepared following the protocol of Plazzotta et al., (2020), with 

some modifications. Briefly, WPC was dissolved in distilled water at a concentration 

of 20% (w/v) and continuously stirred overnight at 4 °C. Following pH adjustment to 

5.7, the solution was heated to 85 °C for 15 min then cooled to 4 °C. The WPC 

hydrogel was subsequently homogenized using a high-speed homogenizer at 13,000 

rpm for 5 min. Then, carotenoids-rich microbial oil was added to the hydrogel and 

further homogenized for 30 sec. The emulsion was then stored overnight at -80 °C 

and subsequently freeze-dried. The obtained oleogel was kept at -80 °C until its 

characterization.  

7.7.2 Stability of carotenoids during oleogelation 

The carotenoid concentration was evaluated during the three preparation steps of the 

oleogel: homogenization, freezing at -80 °C, and freeze-drying, and compared with 

the initial concentration of carotenoids of the microbial oil. Briefly, three replicates of 

precisely weighed samples were withdrawn after each preparation step and were used 

for the determination of carotenoids. Carotenoid extraction was carried out following 

the protocol of Guo et al., (2022), with some modifications. Briefly, precisely 

weighed amount of emulsion or oleogel was combined with a mixture of 4 mL of 

ethanol: hexane (2:3 ratio). The mixture was vigorously vortexed and centrifuged 
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(4800 rpm, 30 min, 4 °C). The upper hexane phase was collected and evaporated 

under vacuum. Carotenoid concentration was evaluated as described in Section 

7.8.6.2. The degradation rate of each carotenoid was mathematically expressed using 

a zero-order kinetic model. 

7.7.3 Thermal stability of oleogel 

The stability of the oleogels was assessed at the temperature range of 50, 70, and 90 

°C. Glass tubes containing a specific quantity of oleogel were placed in a waterbath 

and samples were withdrawn at several time intervals (0, 10, 30, 60 and 90 min). The 

samples were analyzed concerning the peroxide value of oil and carotenoids 

concentration to evaluate the oil oxidative stability and carotenoids degradation. The 

extraction of carotenoids was performed as described in Section 7.7.2 while the 

carotenoid concentration was evaluated following the protocol of Section 7.8.6.2. The 

extraction of microbial oil was employed according to Section 7.7.2 and the peroxide 

value as described in Section 7.8.9. The results were compared with those obtained 

from non-encapsulated carotenoid-rich microbial oil. Both the oxidation kinetics of 

microbial oil and the degradation kinetics of carotenoids were evaluated with a first 

order kinetic model (Xiao et al., 2018) following the equation : 

log (
𝑃𝑉 𝑜𝑟 𝐶

𝑃𝑉0𝑜𝑟 𝐶0
) = −𝑘 × 𝑡   (eq.2) 

where, PV or C are the oil oxidation or carotenoid concentration, PV0 or C0 are the 

initial oil oxidation or carotenoid concentration, k is the reaction rate constant at each 

temperature and t is the  heating time (min). 

The obtained k values for each temperature were fitted to the Arrhenius equation to 

determine the dependence of oil oxidation and carotenoids degradation on heating 

temperature: 

𝑘 = 𝐴 × 𝑒−
𝛦𝛼
𝑅𝑇   (eq. 3) 

The equation was linearised by applying the logarithm: 

𝑙𝑛𝑘 = −
𝐸𝑎

𝑅𝑇
+ 𝑙𝑛𝐴   (eq. 4) 
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where, k is the reaction rate constant, Ea is the activation energy (J/mol), R is the 

universal gas constant (8.314 J/mol·K), T is the absolute temperature (K) and A is the 

pre-exponential factor. The Ea was estimated based on linear regression analysis of 

the plot of lnki vs 1/Ti where i= 50, 70 and 90 °C. 

7.8 Analytical methods 

7.8.1 Determination of dry cell weight (DCW) 

Yeast cells were recovered from the fermentation medium by centrifugation (Rotina 

420R, Hettich, Germany) at 4000 rpm (10 min, 4 °C). Precipitated cells were washed 

twice with distilled water and then dried at 60 °C until a constant weight was 

obtained. Biomass was expressed as grams of total dry weight per liter of 

fermentation (g/L).  

7.8.2 Determination of free amino nitrogen (FAN) and inorganic nitrogen (IN) 

content 

Free amino acid analysis during fermentations was determined following the 

ninhydrin colorimetric method (Lie, 1973). Briefly, 1 mL of adequately diluted 

sample was mixed with 0.5 mL of color reagent with the following composition (in 

g/L): 39.63 Na2HPO4, 5 ninhydrin, 3 fructose and 40 KH2PO4 (pH at 6.8). The 

mixture was heated at 100 °C for 16 min and then cooled for 20 min in a water bath. 

Then, 2.5 mL of dilution reagent (composed of 2 g KIO3 in 616 mL dH2O and 384 

mL ethanol) were added and the absorption was measured at 570 nm. Different 

concentrations of glycine were utilized in order to prepare a standard curve.  

Inorganic nitrogen during fermentations was analyzed according to the method 

proposed by Scheiner, (1976). Briefly, 50 μL of adequately diluted sample was mixed 

with 2 mL of dH2O and 1 mL of 5% phenol diluted in buffer solution (1.3 g Na3PO4, 

3 g Na3C6H5O7⋅2H2O and 0.3 g EDTA, pH 12). The mixture was vigorously shaken 

and 1.5 mL of alkaline solution (2 mL of NaClO in 80 mL NaOH and 120 mL dH2O) 

were added. The absorption of the mixture was measured at 635 nm after incubation 

for 1 h at 25 °C. A standard curve was obtained using different concentrations of 

(NH4)2SO4. 
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7.8.3 Determination of sugars 

The sugar consumption during fermentations was determined by the analysis of the 

supernatant using High Performance Liquid Chromatography (HPLC) (Agilent) 

equipped with a Rezex ROA-organic acid H+ column (300 mm length × 7.8 mm 

internal diameter, Phenomenex) coupled to a differential refractometer. Operating 

conditions were as follows: sample volume 10 μL; mobile phase 0.010 M H2SO4; 

flow rate 0.6 mL/ min and column temperature set at 65 °C or 35 °C depending on the 

analyzed carbon source. Samples were adequately diluted and filtered through 

Whatman®, 0.2 μm prior to analysis. 

7.8.4 Extraction of carotenoids  

Extraction of carotenoids was performed following the protocols of Buzzini et al., 

(2007) and Lopes et al., (2017) with some modifications. Briefly, wet yeast cells (2 

mL) were harvested by centrifugation (4000 rpm, 10 min, 4 °C) and washed twice 

with distilled water. Then, cells were re-suspended in 3 mL dimethyl sulfoxide 

(DMSO), vortexed vigorously and incubated for 1 h in a water bath at 40 °C for cell 

lysis. The colored solution was separated by centrifugation (4000 rpm, 5 min, 4 °C) 

and the DMSO liquid fraction was collected. Subsequently, 3 mL of acetone were 

added to the precipitated cell pellets and the mixture was vortexed and centrifuged 

(4000 rpm, 5 min, 4 °C). The colored phase was collected and the procedure was 

repeated until the cell pellets became colourless. The pigmented phases were then 

pooled and carotenoids were extracted with 5 mL of light petroleum ether (boiling 

range 40–60 °C), whereas phase separation was facilitated by adding 5 mL NaCl 20% 

(w/v). The polar (upper) phase was collected and utilized for the spectrophotometric 

quantification. All steps were carried out under minimal-light conditions to avoid 

carotenoid degradation. 

7.8.5 Spectrophotometric quantification of total carotenoids  

The total carotenoids concentration was analyzed by a spectrophotometer (Helios 

Omega UV/Vis, Thermo scientific, USA) at 450 nm. Results were expressed as β-

carotene equivalents per g of dry biomass using the equation (Goodwin, 1965):  



96 

 

TC (μg/g) =
A×V×106

𝐴1𝑐𝑚
1% ×100×𝑚𝑠𝑎𝑚𝑝𝑙𝑒

   (eq. 5) 

where TC is the total carotenoid content or carotenoid yield (mg total carotenoids/g 

dry biomass), A is the absorbance (at 450 nm), V is the volume of petroleum ether 

(mL), 103 and 100 are unit conversion factors, A1cm
1%  is the specific absorptivity (2592 

for petroleum ether) and msample is the dry biomass (g). The concentration of 

carotenoids was also expressed in mg/L using the equation above, where the sample 

volume (in L) was employed instead of msample following the adequate unit 

conversions. 

7.8.6 Chromarographic analysis of carotenoids 

7.8.6.1 Analysis with Thin Layer Chromatography analysis (TLC) 

Thin layer chromatography (TLC) was performed for carotenoid analysis using silica 

gel 60 aluminum plates (Kieselgel 60 F254, Sigma-Aldrich, Canada) following the 

protocol described by Wei et al., (2020). Specifically, carotenoid extracts were loaded 

on the TLC plates using a mixture of acetone and hexane (3:7, v/v) as the developing 

solvents. The bands were identified from their retention factors (Rf), using standard 

compounds of β-carotene, torulene, torularhodin, γ-carotene and lycopene. 

7.8.6.2 Analysis with High Performance Liquid Chromatography (HPLC) 

The major carotenoids were identified and quantified through high performance liquid 

chromatography analysis (HPLC) coupled with a diode array detector (Agilent 1200 

Series Gradient HPLC System, Germany) according to the method proposed by 

Bushway, (1986) with some modifications. Carotenoids were separated along a 

reverse-phase column (Eclipse XDB-C18, 5 μm, 4.6 × 150 mm, Agilent, Germany) 

and the mobile phase consisted of a mixture of acetonitrile, methanol and 

tetrahydrofuran (stabilized with 0.025% BHT) (40:56:4, v/v/v). The flow rate was 1 

mL/min and the detection range was set from 400 to 600 nm. Column temperature 

was set at 30 °C and the injection volume was 10 μL. Carotenoids were identified on 

the basis of the external standards retention time and corresponding spectrum; β-

carotene at 450 nm, γ-carotene at 460 nm, lycopene at 470 nm, torulene at 480 nm and 

torularhodin at 500 nm (Britton et al., 2004).  
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7.8.7 Extraction of microbial oil 

The extraction of total cellular oil was conducted using a modified protocol based on 

the methodologies described by Folch et al., (1987) and Patel et al., (2015). Initially, 

dried biomass was mixed with 20 mL of chloroform: methanol (2:1, v/v) and 

remained in a dark and dry place for 72 h. Then, the sample was filtered and 

centrifuged at 4000 rpm for 8 min. The supernatant was filtered with sintered glass 

funnel (No. 3, porosity 40 mm) and subsequently with a syringe filter (pore size 0.45 

μm, Whatman). Afterwards, 5 mL of 0.072% MgCl2⋅6H2O were added to the sample 

and centrifuged at 4000 rpm for 5 min. The bottom organic phase was collected and 

washed at least three times with 1 mL of 2 N KCl/methanol (4:1, v/v). The bottom 

layer was transferred to a pre-weighed round-bottom flask and the oil extract was 

evaporated under vacuum. Total microbial oils were determined gravimetrically and 

the results were expressed as grams per liter and the lipid yield as the percentage of 

grams of lipid produced per gram of consumed substrate. Lipid content (%, w/w) was 

expressed as grams of lipids produced per grams of dry cell weight.  

7.8.8 Analysis of fatty acid methyl esters  

The analysis of fatty acid methyl esters was performed following the protocol of Patel 

et al., (2015) with some modifications. Transesterification of the extracted microbial 

lipids was an initial step prior to the analysis. Briefly, the samples (4–16 mg) were 

initially dried under nitrogen and then, 1 mL of boron-fluoride-methanol reagent was 

added. Afterwards, the samples were heated at 80 °C for 20 min in a water bath. The 

extraction of methyl esters was achieved by adding 1 vol of distilled water and 2 

volumes of n-hexane and vigorous shaking. The upper layer was collected and dried 

with anhydrous sodium sulfate. The fatty acid methyl esters were analyzed by gas 

chromatography (GC-2010 Pro, Shimadzu) using a MEGA-10 column with 

dimensions 30 m × 0.25 mm and film thickness 0.25 μm. One microliter of the 

samples was injected in split injection mode with ratio 1:100 using helium as a carrier 

gas (3 mL/min) and a flame ionization detector (FID). The column temperature was 

set at 60 °C for the first 5 min of analysis and then increased to 230 °C at a ratio of 8 

°C per minute. Injector’s and detector’s temperature was regulated at 245 °C. The 
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fatty acid methyl esters were identified through standard FAME mixture (Supelco 37 

Component FAME mix) and expressed as FAME’s area percentage. 

7.8.9 Peroxide value of microbial oil 

The peroxide value of the microbial oil was evaluated using the IDF method as 

described by Shantha and Decker, (1994). Briefly, 0.4 g of barium chloride dehydrate 

were dissolved in 50 mL of distilled water to prepare an iron (II) chloride solution. 

The solution was gradually added under continuous agitation to an iron (II) sulfate 

solution containing 0.5 g of FeSO4·7H2O in 50 mL of distilled water. Following the 

subsequent addition of 2 mL of 1 M HCl to the mixture, filtration was performed to 

obtain a clear iron (II) solution, which was then stored in the dark. Then, 30g of 

ammonium thiocyanate were dissolved in 100 mL of distilled water to prepare the 

ammonium thiocyanate solution. Subsequently, 0.01 to 0.3g of sample was added in 

9.8 mL of chloroform: methanol (7:3 ratio) and vortexed for 2 to 4 seconds. 

Afterwards, 50 μL of the ammonium thiocyanate solution and 50 μL of the iron (II) 

solution were added sequentially. The absorbance of the mixture was measured at 500 

nm using a spectrophotometer after a 5 min incubation at room temperature. The 

peroxide value was calculated following the formula: 

𝑃𝑒𝑟𝑜𝑥𝑖𝑑𝑒 𝑣𝑎𝑙𝑢𝑒 (𝑚𝑒𝑞 𝑜𝑓 𝑝𝑒𝑟𝑜𝑥𝑖𝑑𝑒/ kg 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒) =
(𝐴𝑠−𝐴𝑏)∗𝑚

55.84∗𝑚0∗2
  (eq. 6) 

where, As is the absorbance of the sample, Ab presents the absorbance of the blank, m 

is equal to 41.52 (slope, obtained from the calibration curve), m0 is the mass in grams 

of the sample and 55.84 is the atomic weight of iron. 

7.8.10 Antimicrobial activity of carotenoids 

The antimicrobial activity of the carotenoids extracts was evaluated on pathogenic 

bacteria and fungi utilizing a 96-well microtiter plate system (Multiskan™ FC 

Microplate Photometer, Thermo Fisher Scientific, USA) (Karpiński and Adamczak, 

2019). Briefly, the carotenoid extract was completely dried under nitrogen and a 

specific amount was dissolved in 1% antifoam in order to prepare the selected 

concentration of carotenoids in the wells. The examined carotenoid concentrations 

against the bacterial strains were 1.8, 4.5, 6, 9, 18, 36, 54, 72, 90, 180 and 360 mg/L 



99 

 

and for the fungal strains were 9, 18, 36, 54, 72, 90, 180 and 360 mg/L. Then, 2.5% 

(v/v) pre-culture of each pathogenic strain was added in a final volume of 100 μL 

TSB for bacterial strains or malt extract for fungal strains. The samples were 

incubated at either 37 °C or 25 °C depending on the examined pathogenic strains  

(bacteria and fungi, respectively) for 24 h. The optical density (OD) was measured at 

600 nm on a regular timeline (Moreira et al., 2018). The growth of the pathogenic 

strains solely on 1% antifoam without the addition of the carotenoids was used as the 

control. The inhibition of microbial growth because of the antimicrobial activity of 

carotenoids was calculated as follows (Metwally et al., 2022):  

𝐼𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛 (%) =
𝑂𝐷𝑐𝑜𝑛𝑡𝑟𝑜𝑙(𝑡24−𝑡0)−𝑂𝐷𝑠𝑎𝑚𝑝𝑙𝑒(𝑡24−𝑡0)

𝑂𝐷𝑐𝑜𝑛𝑡𝑟𝑜𝑙(𝑡24−𝑡0)
∗  100   (eq. 10) 

where, ODcontrol was the difference between the final and the initial optical density of 

the control sample and the ODsample the respective optical densities of each examined 

sample. The lowest required concentration of carotenoids in order to inhibit the visible 

growth of a microorganism after 24 h incubation (minimum inhibitory concentration, 

MIC) was determined following the above equation. One hundred microliter of the 

samples that presented complete inhibition of the pathogenic strains after 24 h were 

further incubated in TSB/ malt extract plates for 24 h to investigate their minimum 

bactericidal/ fungicidal concentration (MBC/MFC). 

7.8.11 Antioxidant activity 

The antioxidant activity of carotenoid extracts was determined by the ABTS• [2,2′-

azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)] scavenging radical method (Re et 

al., 1999). Briefly, 7 mM aqueous solution of ABTS• and 2.4 mM aqueous solution of 

potassium persulfate were stored as stock solutions at - 20 °C. Before analysis a 

mixture of equal amounts of these solutions was kept for 16 h at room temperature (25 

°C) in the dark. Then, ethanol was added to the mixture until the absorbance reached a 

value of 0.7 ± 0.2 at 734 nm (UV–visible spectrophotometer, Helios Omega, 

ThermoScientific, USA). Carotenoid extracts were dissolved in dichloromethane and 

10% (v/v) of the sample was added in 1 mL ABTS• ethanol solution. The mixture was 

vigorously shaken and measured at 734 nm after exactly 1, 3 and 6 min. As control 

Chapter 7: Materials and Methods 
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sample, dichloromethane (10%, v/v) was added in 1 mL ABTS• ethanol solution. The 

percentage inhibition of free radical formation by ABTS• was calculated as follows:  

𝐴𝐵𝑇𝑆 • 𝑠𝑐𝑎𝑣𝑒𝑛𝑔𝑖𝑛𝑔 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (%) =
𝐴𝑏𝑠𝑐𝑜𝑛𝑡𝑟𝑜𝑙−𝐴𝑏𝑠𝑠𝑎𝑚𝑝𝑙𝑒

𝐴𝑏𝑠𝑐𝑜𝑛𝑡𝑟𝑜𝑙
∗  100  (eq.11) 

where, Abscontrol was the absorbance of the control and Abssample was the absorbance of 

the sample. The IC50 value was also calculated, corresponding to the concentration of 

carotenoid’s extract or standard compound required to achieve 50% inhibition of the 

ABTS radical.  

7.8.12 Precipitation of exopolysaccharides (EPS) 

Exopolysaccharides (EPS) production was evaluated following the protocol of Seveiri 

et al., (2020) with some modifications. More specifically, wet yeast cells were 

centrifuged (4000 rpm, 10 min, 4 °C) and the supernatant was collected. A mixture of 

the supernatant with ice cold ethanol (1:2 v/v ratio) was stored for 24 h at 4 °C. The 

exopolysaccharides were precipitated and collected from the liquid using 

centrifugation (4500 rpm, 15 min, 4 °C). An additional purification step was 

performed prior to precipitation, in which the exopolysaccharides were mixed with a 

20% (w/v) TCA solution in a 1:1 ratio while stirring at room temperature for 1 h 

following centrifugation (4500 rpm, 20 min, 4 °C). The precipitated 

exopolysaccharides with ethanol were recovered through centrifugation (4500 rpm, 15 

min, 4 °C) and lyophilized (BK-FD12P, Biobase Biodustry Co Ltd., Jinan, China). A 

further purifying step of exopolysaccharides prior to lyophilization was the re-

suspension of the centrifuged pellet in adequate amount of distilled water and its 

filtration through dialysis membranes (CelluSep® molecular weight cutoff 6–8 kDa) 

for 24 h at 4 °C. EPS production was expressed as g of lyophilized mass per L of 

fermentation broth. 

7.8.12.1 Analysis of EPS 

7.8.12.1.1 Acid hydrolysis  

EPS hydrolysis was performed following a protocol of Koutinas et al., (2019) with 

some modifications. Briefly, a concentration of 100 mg of EPS diluted in distilled 
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water was mixed with 100 μL trifluoroacetic acid (TFA). The mixture was treated for 

2 h at 120 °C and stored at 4 °C until further use. 

7.8.12.1.2 Chromatographic analysis of EPS  

The EPS fraction before and after acid hydrolysis was further analysed by HPLC and 

TLC analysis. HPLC analysis of the monosaccharide monomers was carried out as 

described in Section 7.8.3. TLC analysis was conducted to detect sugar monomers as 

well as impurities of protein and lipoic nature. Briefly, 5 μL of 100 mg/L hydrolyzed 

EPS sample were applied on silica gel 60 aluminum plates. The selection of mobile 

phases and visualization reagents varied depending on the specific target of 

identification and based on modified protocols. More specifically, the mobile phases 

used were chloroform: methanol: acetic acid: dH2O in a ratio of 25:15:4:1 (Silva et 

al., 2014), isopropanol: dH2O in a ratio of 7:3 (Toschkova, 2022) and hexane: diethyl 

ether: acetic acid in a ratio of 42.5:7.5:0.5 (Patel et al., 2014) for the detection of 

sugars, proteins and lipids, respectively. Three different spray reagents were used: a 

mixture of 20% H2SO4 with 5% phenol solution (Patel et al., 2014), a ninhydrin 

solution prepared by dissolving 0.2 g of ninhydrin in 100 mL of acetone (Zampolli et 

al., 2022) and iodine vapors (Ghazala et al., 2017). The bands of sugar monomers 

were identified from their retention factors (Rf), using standard compounds. 

7.8.12.1.3 Oil Holding Capacity (OHC) of EPS 

The OHC of EPS was evaluated following the protocol of Lin et al., (2021) with some 

modifications. Briefly, 0.2 g of EPS were mixed with 20 mL of soybean oil and 

vigorously vortexed for 30 sec. The mixture was centrifuged (4800 rpm, 20 min, 10 

°C) and the supernatant was removed. The EPS residue was weighed and expressed as 

gram of oil per gram of EPS following the formula: 

𝑂𝐻𝐶(𝑔 𝑔⁄ ) =
𝑀2− 𝑀1−𝑀0

𝑀0
    (eq. 7) 

where, M0 is the weight of the dry sample, M1 is the weight of the used tube and M2 is 

the weight of the tube with the residue. 
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7.8.12.1.4 Surface tension of EPS 

The surface tension of EPS was evaluated using the Wilhelmy plate method with a 

tensiometer (K20 Krüss tensiometer, KRÜSS GmbH, Germany) equipped with a 1.9 

cm platinum plate (wetted length: 40.20 mm) (Kachrimanidou et al., 2022). Each EPS 

sample (0.1 g), recovered using different methods as described in Section 7.8.12, was 

diluted in 10 mL distilled water and the samples were measured at room temperature. 

Before each measurement, the plate was cleaned with isopropanol, which was 

evaporated by passing the plate through a flame. Each sample was analyzed in 

triplicates, and the reported values represent the mean value of these measurements. 

7.8.12.1.5 Emulsification index of EPS 

The emulsifying properties of EPS were evaluated through the emulsification index 

(E24) following the protocol of Vecino et al., (2015). One mL of each EPS sample, 

precipitated using different methods as described in Section 7.8.12 at a concentration 

of 10 g/L, was mixed with 1 mL of paraffin oil and vigorously vortexed for 1 min. 

The total height of the sample as well as the height of the emulsion was measured 

after 24 h. The emulsification index was determined using the following equation: 

𝐸24(%) =
𝐻𝐸𝑚𝑢𝑙𝑠𝑖𝑜𝑛

𝐻𝑇𝑜𝑡𝑎𝑙
× 100   (eq. 8) 

where, HEmulsion is the height of the emulsion and HTotal is the total height of the 

mixture after 24 h.  

7.8.13 Oil Binding Capacity (OBC) of the produced oleogel 

The OBC was evaluated the protocol of Ropciuc et al., (2023) with some 

modifications. Briefly, 0.5 g of oleogel were centrifuged at 4800 rpm for 1 h at a 

temperature of 20 °C. The samples were inverted for 10 min on a paper towel to 

remove the liquid fraction. The following calculation formula was used: 

𝑂𝐵𝐶 (%) =
𝐴−𝐵

𝐶−𝐵
× 100   (eq. 9) 
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where, A is the weight of the used tube with the sample mass after centrifugation and 

after the removal of the liquid fraction, B is the weight of the used tube and C is the 

weight of the used tube and the sample.  

7.8.14 Encapsulation efficiency  

The encapsulation efficiency (ΕΕ) of both carotenoids and microbial oil of the 

obtained electrosprayed particles were evaluated following a modified protocol 

(Mahalakshmi et al., 2020). Briefly, for measuring surface microbial oil content, 200 

mg electrosprayed particles were mixed with 20 mL hexane, vortexed for 30 sec and 

centrifuged (4500 rpm, 5 min, 4 °C). The upper hexane phase was collected and 

evaporated under vacuum.  

For measuring total microbial oil content, 200 mg of electrospun were initially mixed 

with 2 mL of distilled water and vortexed for 5 min. Subsequently, 18 mL of ethanol 

were added and vortexed for an additional 5 min, followed by the addition of 20 mL 

of hexane, which was vortexed for 30 sec. The upper phase of hexane was collected 

after centrifugation (4500 rpm, 5 min, 4 °C) and evaporated under vacuum. Both the 

surface and total microbial oil content were determined gravimetrically, with the 

results expressed in grams.  

For extracting surface and total carotenoid content, similar procedures were followed. 

However, the carotenoid concentration was measured described in Section 7.8.6.2. 

The total carotenoid content was expressed as electrospinning yield (%), whereas the 

encapsulated carotenoids content was expressed as EE and it was calculated as 

follows: 

𝐸𝐸 (%) =
𝐴−𝐵

𝐴
   (eq. 12) 

where A is the total content and B is the surface content. 

7.8.15 Texture analysis of oleogels 

The textural properties of the oleogels were evaluated using a texture analyzer (FRTS, 

IMADA Co., Ltd., Japan). The firmness was measured at 20 cm depth after plunging 

a cylindrical probe into sample with a penetration speed of 100 mm/min. The 
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maximum force was reported as a penetration force (N). The analysis was performed 

in duplicates. 

7.8.16 Rheological analysis of oleogels 

The rheological properties of the oleogels were performed using a Discovery HR 10 

Hybrid Rheometer (TA Instruments, New Castle, DE, U.S.A.) equipped with a 40mm 

plate-plate geometry system and a measuring gap of 1600 μm. The viscosity was 

evaluated at a shear rate of 0.001-100 1/s at 20 °C. A small amplitude oscillatory 

shear (20 °C) was performed in the shear strain range from 0.01-100% at a fixed 

frequency of 1 Hz to establish the linear viscoelastic region (LVR). Then, the 

viscoelastic properties, storage modulus (G') and loss modulus (G''), of the oleogel 

were evaluated using a dynamic frequency sweep (1-100 Hz) at a constant strain value 

within the LVR. 

7.8.17 FTIR analysis of EPS, oleogel and electrospun 

The FTIR (Fourier- Transform Infrared Spectroscopy) analysis was carried out using 

a Cary 630 FTIR Spectrometer (Agilent, Santa Clara, U.S.A.). A small amount of the 

sample was used for the analysis, which was placed on the surface of the device's 

crystal. The spectra of the samples in the IR range from 650 to 4000 cm⁻¹ were 

obtained with a 2 cm⁻¹ resolution. The spectra were processed using Origin Pro 9.  

7.9 Statistical analysis 

Significant differences between the different experiments were evaluated via analysis 

of variance (ANOVA) and the Tukey’s HSD (honest significant difference) at a level 

of 5% (p < 0.05). The analyses were performed with Microsoft Excel software 

(Microsoft Office Professional plus 2010, version 14.0.7268.5000, © 2010 Microsoft 

Corporation). The corresponding results are mean values of three independent 

experiments or analysis. 
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CHAPTER 8  

 

Production of carotenoids from Rhodosporidium 

kratochvilovae Y-42 & Y-43 using synthetic 

substrates  



8 Production of carotenoids from Rhodosporidium kratochvilovae Y-

42 & Y-43 using synthetic substrates  

8.1 Introduction 

The initial objective of this study was to evaluate the ability of the red yeast strains 

Rhodosporidium kratochvilovae Y-42 and Y-43 to produce carotenoids utilizing 

different commercial carbon sources. Additionally, the effect of the C/N ratio was 

examined, as it constitutes a key fermentation parameter influencing both lipid and 

carotenoid synthesis. The composition of the carotenoid extracts was also determined 

to assess the impact of the different carbon sources. 

8.2 Effect of C/N ratios on specific growth rate (μ, h
-1

)   

The initial step for investigating the growth patterns of Rhodosporidium 

kratochvilovae Y-42 and Y-43 was to evaluate the effect of various carbon sources on 

different C/N ratios. To this end, the specific growth rate (μ, h
-1

) for both strains was 

evaluated in microtiter experiments using glucose, galactose and a mixture of glucose-

galactose (1:1) along with different C/N ratios (60, 80, 120 and 140). These 

parameters not only affect yeast growth but also modify the metabolic pathway for 

microbial oil and carotenoid accumulation (Ielchishcheva et al., 2018a). Growth on 

glucose was evaluated as control experiment since it is the most commonly employed 

sugar. The selection of the mixture of glucose-galactose and galactose was based on 

the composition of waste streams, abundant in the area of Kefalonia (and Greece, in 

general), which are rich in lactose, glucose and galactose (e.g. cheese whey). The 

fermentability of the pure sugars would indicate the ability of the studied strains to 

subsequently grow on such waste and by-product streams. 

 

The ability of both strains to consume glucose, galactose and their mixture was 

evidenced (Figure 8.1). Generally, it was observed that both strains presented greater 

cell proliferation at C/N ratios higher than 60, while strain Rhodosporidium 

kratochvilovae Y-43 exhibited higher μmax values in comparison to Rhodosporidium 

kratochvilovae Y-42. More specifically, when glucose was used as the carbon source, 

Rhodosporidium kratochvilovae Y-42 presented the highest μmax values at C/N ratios 

of 80 and 140 (0.050 and 0.053 h
-1

, respectively) whereas when glucose-galactose 
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(1:1) was the carbon source, growth was favored at C/N ratios of 60, 120 and 140 

(0.050, 0.049 and 0.049 h
-1

, respectively) without statistically significant difference 

(Figure 8.1A). The lowest μ values were observed when galactose was used as carbon 

source, with an average value of 0.012 h
-1

. A similar pattern was also displayed by 

Rhodosporidium kratochvilovae Y-43, which achieved the highest μmax values in 

glucose at C/N ratios of 80 and 120 (0.081 and 0.083 h
-1

, respectively), followed by 

glucose-galactose at C/N ratios of 80, 100, 120 and 140 (0.064, 0.066, 0.069 and 

0.065 h
-1

, respectively) (Figure 8.1B). The C/N ratio 120 was the most favorable 

when glucose or its mixture with galactose were employed as carbon sources. When 

galactose was used as sole carbon source, the lowest μ values were obtained (Figure 

8.1B). Lactose was also evaluated however both strains were unable to grow (data not 

shown). Similar observations were also carried out by Byrtusová et al., (2021), which 

reported the inability of Rhodosporidium kratochvilovae CCY 20-2-26 to grow 

utilizing lactose. Red yeasts do not possess the gene to encode the enzyme β-

galactosidase, thus to break down lactose into its monomers (Byrtusová et al., 2021). 

This aspect should be taken into account in future experiments, especially in lactose-

rich waste streams. 
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Figure 8.1 Maximum specific growth rate (μmax, h
-1

) of (a) Rhodosporidium kratochvilovae 

Y-42 and (b) Rhodosporidium kratochvilovae Y-43 at different C/N ratios using synthetic 

media. Glucose (black bars), glucose-galactose (light gray bars), galactose (dark grey bars). 

The statistical analysis was taken place between the C/N ratios of each carbon source. 

 

The obtained specific growth rates were in the same range with other Rhodosporidium 

strains. However these values are highly affected by the fermentation substrate and 

are also strain-dependent (Gosalawit et al., 2021; Shakeri et al., 2021; Tchakouteu et 

al., 2017). To the best of our knowledge, this is the first study in which the specific 

growth rate (μ, h
-1

) was evaluated for Rhodosporidium kratochvilovae strains. Since 

the most promising results were obtained when glucose and its mixture with galactose 

were employed as carbon sources at C/N ratios of 60, 80 and 120, shake flask 

fermentations were subsequently carried out to investigate their effect in carotenoid 

production and oil accumulation. 

8.3 Shake flask fermentations  

8.3.1 Effect of C/N on cell growth, carotenoid and microbial oil production 

It has been well established that the synthesis and the profile of carotenoids strongly 

correlates with numerous cultivation parameters, including temperature, pH, agitation 

but also medium composition (Elfeky et al., 2019; Ielchishcheva et al., 2018b; Mata-
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Gómez et al., 2014). Hence the following set of experiments targeted to investigate 

the effect of varying C/N ratios on carotenoid synthesis by Rhodosporidium 

kratochvilovae Y-42 and Y-43. 

 

It was observed that C/N ratio significantly affected the carotenogenesis, revealing 

C/N 80 (g/g) as the most suitable ratio for both yeast strains in all tested media (Table 

8.1). Strain Y-42 produced the highest amounts of carotenoids (2.59 mg/L) at 39 h of 

fermentation, when grown on glucose at a C/N of 80. Carotenoids production 

decreased by 28%, when the mixture of glucose-galactose was employed under the 

same C/N ratio (1.86 mg/L), even though the high concentration occurred 5 hours 

earlier (34 h instead of 39 hours), while almost the same amount of sugars was 

consumed (Table 8.1). Residual FAN was similar in both experiments (24.2 and 25.5 

mg/L, respectively), whereas inorganic nitrogen was completely consumed. The 

obtained results are in accordance with similar studies in the open literature. In the 

work of Yimyoo et al., (2011), a carotenoid concentration of 2.99 mg/L was obtained 

by the strain Rhodosporidium paludigenum DMKU3-LPK4, when grown on glycerol, 

with yeast extract as nitrogen source. Rhodotorula glutinis NCIM 3353 was able to 

produce 2.2 mg/L of total carotenoids after 72 h of cultivation utilizing glucose and 

yeast extract (Bhosale and Gadre, 2001). Alakraa et al., (2020) also underlined the 

superiority of yeast extract as the most suitable nitrogen source for carotenoid 

production. On the contrary, Liu and Wu, (2007) concluded that the most efficient 

conditions for astaxanthin biosynthesis in Xanthophyllomyces dendrorhous were high 

C/N ratios at low nitrogen (0.81 g/L ammonium sulphate) and carbon concentrations. 

Yeast extract and ammonium sulphate had a similar effect on carotenoid synthesis 

when a newly isolated Rhodotorula strain was evaluated in the study of Zhao et al., 

(2019). It can be concluded that the suitability of the nitrogen source depends highly 

on the specific strain applied.  

 

At the same time, the C/N ratios resulting in the highest carotenoid production 

coincided with the lowest microbial oil accumulation, with values of 0.79 g/L and 

1.20 g/L, in the cases of glucose and glucose-galactose mixture, respectively. 

Microbial oil production proceeded and reached its highest concentration close to the 

end of the fermentation, whereas carotenoids concentration declined. Table 8.2 
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presents the highest values obtained on microbial oil accumulation together with other 

fermentation parameters such as carotenoids and biomass concentration. Biomass 

ranged between 7.8-12.4 g/L for Y-42 and from 9.3 to 15.7 g/L for Y-43 (Table 8.1). 

The ratio C/N 80 was the less favorable for microbial oil accumulation, leading to the 

lowest values regardless the carbon source (2.50 g/L microbial oil concentration). On 

the contrary, the fermentations performed at C/N 60 and 120 g/g resulted in 

significantly lower total carotenoids (1.63 and 1.66 mg/L, respectively) but higher 

microbial oil concentrations (3.4 and 5.7 g/L, respectively), compared to the results of 

C/N 80 g/g (Tables 8.1, 8.2). 

 

It is evident that the lowest (60 g/g) and the highest (120 g/g) C/N ratios favored 

microbial oil accumulation against carotenoids production. The C/N ratio of 80 (g/g) 

resulted in the highest carotenoid production (2.07 mg/L) also in the case of 

Rhodosporidium kratochvilovae Y-43 on glucose, after only 39 h of fermentation 

(Table 8.1). Ratios 60 and 120 led to significantly lower amounts of total carotenoids 

(1.09 mg/L and 1.47 mg/L, respectively), but at higher microbial oil concentrations 

(Table 8.1). In fact, strain Y-43 produced the highest amount of microbial oil (5.48 

g/L, 44.8% content on biomass) when grown on glucose at C/N 120 (g/g) (Table 8.2). 

In the mixture of glucose-galactose, strain Y-43 presented a different behavior in 

comparison to Y-42 as both 80 and 120 (g/g) C/N ratios led to analogous carotenoids 

production, both in terms of concentration (2.11 and 2.08 mg/L, respectively) and 

yield (0.200 mg/g for both ratios) after approximately 60 h of fermentation (Table 

8.1). The combination of the sugar mixture together with the ratio C/N 80 enhanced 

also microbial oil synthesis, resulting in an accumulation of 48.5% of the total cell 

biomass at 80 h of fermentation, with a concentration of 5.15 g/L (Table 8.2). Patel et 

al., (2015a) suggested that the combination of easily fermentable and less-fermentable 

sugars enhances microbial oil accumulation. It seems that the presence of galactose in 

the fermentation medium prolonged the duration of the cultivation while boosted 

microbial oil synthesis. 

 

 

 



Table 8.1 Maximum carotenoid concentration and other fermentation parameters of Rhodosporidium kratochvilovae Y-42 and Y-43 strains 

using synthetic media at different C/N ratios (60, 80 and 120) and initial total sugar concentration 50 g/L. 

Carbon source  
C/N 

(g/g)  

Time 

(h) 

Total 

carotenoids 

(mg/L) 

Carotenoid 

yield (mg/g 

biomass)  

Sugars 

consumed 

(g/L)  

FAN 

content 

(mg/L)  

Inorganic 

nitrogen 

(mg/L) 

Biomass  

(g/L) 

 Microbial 

oil (g/L) 

Rhodosporidium kratochvilovae Y-42 

Glucose 

60  55  1.63±0.07a
  0.130±0.007  29.4±1.5  27.2±0.3  0.00 12.4±0.3  3.09±0.04a

  

80  39  2.59±0.01b
  0.310±0.001  24.2±0.8  25.3±0.3  0.00 8.4±0.2  0.79±0.05b

  

120  48  1.66±0.25a
  0.150±0.020  30.7±1.1  24.4±1.6  0.00 11.3±0.4  3.85±0.56c

  

Glucose- 

Galactose (1:1)  

60  48  1.61±0.17a1
  0.150±0.020  42.1±0.7  26.8±0.2  0.0 10.2±0.4  3.05±0.18a1

  

80  34  1.86±0.08a1
  0.230±0.020  25.5±2.6  23.0±0.1  1.2±0.1 7.8±0.4  1.20±0.06b1

  

120  48  1.01±0.07b1
  0.100±0.001  31.7±0.4  18.1±1.3  0.0 10.1±0.2  1.88±0.24b1

  

Rhodosporidium kratochvilovae Y-43 

Glucose  

60  48  1.09±0.12a2
  0.090±0.010  27.7±1.5  26.9±1.0  0.0 12.4±0.4  2.90±0.14a2

  

80  39  2.07±0.26b2
  0.220±0.040  26.1±2.0  25.8±0.2  0.0 9.3±0.6  0.81±0.29b2

  

120  63  1.47±0.06c2
  0.150±0.001 35.4±2.1  21.8±2.0  0.0 10.0±0.5  3.18±0.04a2

  

Glucose- 

Galactose (1:1)  

60  72  0.86±0.09a3
  0.060±0.002  45.9±1.3  27.1±1.2  0.0 15.7±0.1  2.95±0.15a3

  

80  63  2.11±0.25b3
  0.200±0.020  40.8±1.2  22.7±0.9  3.1±0.1 10.3±0.9  3.63±0.45a3

  

120  58  2.08±0.15b3
  0.200±0.010  35.4±0.3  25.2±1.9  0.6±0.0 10.9±0.1  2.93±0.50a3

  

* Different lowercase letters (a, b, c, a1, b1, c1, a2, b2, c2) indicate significant differences (p<0.05) on total carotenoids and microbial oil production between 

different C/N for the same carbon source.   
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Table 8.2 Maximum microbial oil production and other fermentation parameters of Rhodosporidium kratochvilovae Y-42 and Y-43 strains 

using synthetic media at different C/N ratios (60, 80 and 120) and initial total sugar concentration 50 g/L. 

Carbon source C/N (g/g) 
Time 

(h) 

Microbial 

oil (g/L) 

Microbial oil 

content (%, w/w) 

Microbial oil 

yield (g/g) 

Total carotenoids 

(mg/L) 

Biomass 

(g/L) 

Rhodosporidium kratochvilovae Y-42 

Glucose 

60 63 3.43±0.48
a
 25.9±3.2 0.100±0.010 1.24±0.25 13.1±0.2 

80 55 2.52±0.30
b
 20.6±3.6 0.070±0.004 1.15±0.21 12.3±0.7 

120 80 5.72±0.18
c
 39.8±1.3 0.130±0.010 1.28±0.03 14.0±0.5 

Glucose-Galactose (1:1) 

60 55 3.17±0.74
a1

 31.2±5.7 0.08±0.02 0.92±0.09 10.1±0.5 

80 72 2.53±0.65
a1

 18.3±4.0 0.05±0.01 0.64±0.07 13.7±0.5 

120 80 3.51±0.53
a1

 29.0±3.1 0.08±0.01 0.69±0.15 12.0±0.5 

Rhodosporidium kratochvilovae Y-43   

Glucose 

60 55 3.08±0.15
a2

 24.6±0.6 0.100±0.005 1.05±0.15 12.5±0.1 

80 63 2.03±0.14
a2

 15.2±0.7 0.050±0.010 1.80±0.29 13.3±0.2 

120 72 5.48±0.49
b2

 44.8±1.2 0.120±0.010 1.20±0.03 12.2±0.7 

Glucose-Galactose (1:1) 

60 55 3.95±0.01
a3

 28.4±0.3 0.090±0.004 0.74±0.05 13.9±0.1 

80 58 5.15±0.26
b3

 48.5±1.2 0.120±0.006 1.60±0.09 10.2±0.5 

120 58 2.93±0.50
c3

 26.8±4.5 0.080±0.010 2.08±0.15 10.9±0.0 

* Different lowercase letters (a, b, c, a1, b1, c1, a2, b2, c2) indicate significant differences (p<0.05) on total carotenoids and microbial oil production between 

different C/N for the same carbon source. 

 



Overall, the ability of both strains to produce carotenoids was indicated. The highest 

concentration of total carotenoids was similar for the two Rhodosporidium 

kratochvilovae strains (~2 mg/L). The kinetics of sugar consumption together with 

metabolites’ production were consequently studied at the most promising ratios for 

each strain to further understand the trend of carotenoid synthesis under these 

experimental conditions. 

8.3.2 Kinetics of cell growth, carotenoid production, and microbial oil accumulation 

The kinetics of sugar and nitrogen consumption as well as the production of 

carotenoids, microbial oil and cell biomass for both strains under the most promising 

C/N ratios using glucose or mixture with galactose are presented in Figures 8.2 and 

8.3. It is apparent, that carotenoids production initiated upon the depletion of both 

FAN and inorganic nitrogen concentration. Nitrogen excess proliferates cell growth 

but suppresses enzymes involved in carotenogenesis (Liu and Wu, 2007). Moreover, 

carotenoids are secondary metabolites synthesized via the mevalonate pathway, 

meaning that their production is triggered by nutrient limitation or stress conditions 

(Liu and Wu, 2007). The presence of carotenoids in the yeast cell was detected after 

10 h of fermentation almost in all cases (Figure 8.2B, D, Figure 8.3B, D, F). 

Carotenoid synthesis has been mainly observed at the early stationary phase 

(Byrtusová et al., 2021; Freitas et al., 2014; Singh et al., 2018). For example Singh et 

al., (2018) reported the production of carotenoids from Rhodosporidium toruloides 

after 48 h of cultivation. On the other hand, in the study of Freitas et al., (2014) 

carotenogenesis by Rhodosporidium toruloides started at around 10 h of fermentation, 

similarly to our study, while the highest concentration occurred at around 60 h, at the 

stationary phase. In our study, when carotenoid synthesis started, inorganic nitrogen 

(in the form of (NH4)2SO4) was almost depleted, while the concentration of FAN 

remained stable and approximately 20 mg/L for all the studied cases. Both strains 

consumed simultaneously the organic (yeast extract) and the inorganic nitrogen 

source, while some FAN was left unconsumed until the end of the fermentation 

(Figure 8.2A, C, Figure 8.3A, C, E). Cell growth slightly continued even after 

nitrogen exhaustion. This phenomenon is not unusual and could be attributed to the 

utilization of metabolites derived from dead cells, or another –possibly intracellular-

nitrogen pool (Razavi et al., 2007). Sugar consumption did not follow a similar trend, 
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with an apparent preference towards glucose, especially by Rhodosporidium 

kratochvilovae Y-43. Strain Y-42 assimilated both sugars simultaneously, although at 

different rates (Figure 8.2C). On the other hand, strain Y-43 started consuming 

galactose mainly when glucose concentration reached a limiting concentration 

(around 10 g/L), when a C/N of 80 was employed, whereas in case C/N was 120, 

galactose consumption started after glucose depletion (Figures 8.3C, E). For both 

strains, the maximum carotenoids production occurred at about 40 h of fermentation, 

when glucose was the carbon source (Figures 8.2B, 8.3B).  

 

Y-42 presented a very abrupt peak on carotenoids accumulation regardless the carbon 

source, as total carotenoids concentration increased by 54% from 34 to 39 h of 

fermentation when grown on glucose (Figure 8.2B), and by 167% from 29 to 34 h 

when cultivated on mixture of glucose-galactose (Figure 8.2D). The red yeast strain 

SKK-BM3 followed a similar trend when grown on glycerol, achieving the maximum 

carotenoids concentration at 36 h of cultivation (1 mg/L) and afterwards their 

concentration was constantly decreasing (Yimyoo et al., 2011). At this time, nitrogen 

was already depleted but glucose was in excess (~15 g/L), shifting the metabolism 

towards carotenoid biosynthesis (Liu and Wu, 2007). During carotenoid production, 

microbial oil accumulation maintained at low levels and their increase in 

concentration was observed together with an acute carotenoids decrease. 
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Figure 8.2 Kinetics of glucose (■), galactose (  ), free amino nitrogen (FAN) (▲) and 

inorganic nitrogen (□) consumption as well as total dry weight (◊), lipids () and carotenoids 

(●) production during batch fermentations of Rhodosporidium kratochvilovae Y-42 using 

glucose (A, B) and glucose-galactose (C, D) at C/N 80. Three replicates of each experiment 

and analysis were taken place.  

 

Carotenoid synthesis followed a smoother pattern in case of Y-43, significantly 

differentiating its behavior from Y-42 (Figures 8.3B, D, F). The kinetics of Y-43 on 

glucose (C/N 80) presented some similarities to Y-42, as carotenoids were stably 

produced upon depletion of the nitrogen sources, reaching a maximum at 39 h. 

Thereafter their concentration was slowly decreasing, while microbial oil 

accumulation begun (Figure 8.3B). The mixture of glucose and galactose, as 

previously stated, prolonged carotenoids’ production and as shown in Figure 8.3D, 

carotenoids, biomass and microbial oil production kinetics followed a similar trend. 
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The highest value of total carotenoids (2.1 g/L) was achieved after 63 h, when almost 

all sugars were completely consumed. In contrast to Y-42, microbial oil accumulation 

presented a maximum (5.15 g/L), before carotenoids, at 58 h of fermentation. In the 

case of the sugar mixture at high C/N ratio (120 g/g), the time carotenoids peaked (58 

h) coincided with the highest microbial oil content (Figure 8.3F). These findings 

indicate the variations in metabolic behavior of Rhodosporidium genera, even 

between the same species. In general, total carotenoids concentration started to 

decrease after reaching its highest point, independent of species or cultivation 

conditions. 
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Figure 8.3 Kinetics of glucose (■), galactose (  ), free amino nitrogen (FAN) (▲) and 

inorganic nitrogen (□) consumption as well as total dry weight (◊), lipids () and carotenoids 

(●) production during batch fermentations of Rhodosporidium kratochvilovae Y-43 using 

glucose (A, B) and glucose-galactose (C, D) at C/N 80, and glucose-galactose (E, F) at C/N 

120. Three replicates of each experiment and analysis were taken place.  
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It seems that the C/N ratio can alter the metabolic pathway of Rhodosporidium 

kratochvilovae strains, promoting the production of either carotenoids or lipids. This 

seems to be related to the nitrogen concentration and could be explained by the fact 

that both biosynthetic pathways share acetyl-CoA as precursor. More specifically, 

acetyl-CoA carboxylase (ACC) is the key enzyme for converting acetyl-CoA into 

malonyl-CoA, as an intermediate step of the fatty acid biosynthetic pathway. ACC is 

naturally activated by the protein phosphatase 2A through dephosphorylation, while it 

is deactivated by phosphorylation from the AMP-activated protein kinase; it could 

also be allosterically triggered by citrate. At high nitrogen concentrations, the level of 

the produced citrate, through Krebs’ cycle, is not adequate to be transferred out of the 

mitochondria. Thus, the available acetyl-CoA is utilized for carotenoid production, 

instead of fatty acids synthesis, and most likely the cytosolic ATP deactivates the 

ACC and enhances carotenogenesis. However, under low concentrations of nitrogen, 

the citrate is transported in cytosol and allosterically activates the ACC. The 

additional activation of ACC may reinforce the production of lipids (Fan et al., 2018; 

Iacobazzi and Infantino, 2014) (Figure 8.4). 

 

Figure 8.4 Schematic representation of carotenoid and fatty acid biosynthesis in yeast 

metabolism. The carotenoid and fatty acid biosynthetic pathways are depended on nitrogen 

concentration. Under high C/N ratio, citrate is transferred to cytosol and allosterically activate 

acetyl-CoA carboxylase (ACC). 
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Another critical observation which -to our knowledge- has never been stated before is 

that in most cases the maximum concentrations (mainly for Y-42 strain) of the 

produced carotenoids preceded the maximum microbial oil concentrations (Figure 

8.5). This might be related to the available nitrogen sources. As already shown in 

Figures 8.2 and 8.3, both strains rapidly assimilated both the inorganic ((NH4)2SO4) 

and the organic (yeast extract) nitrogen. Inorganic nitrogen was depleted after 14 h of 

fermentation in almost every case for both strains. It has been previously reported that 

on cells grown at ammonium-based media the nitrogen catabolite repression genes 

(NCR genes) are active and as a consequence the Urea2-Gln3 regulator remains in 

cytosol and the metabolic pathway of fatty acids is partly inhibited (Ljungdahl and 

Daignan-Fornier, 2012). During fermentation, the Gln3 is dephosphorylated and 

transferred in the nucleus, thus in collaboration with other metabolic factors which act 

in parallel, fatty acid synthesis could occur. 
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Figure 8.5 Comparison between the time frames of maximum total carotenoids production 

(A, C) and microbial oil accumulation (B, D) in Rhodosporidium kratochvilovae Y-42 and 

Y-43. Glucose at C/N60 (■), glucose-galactose C/N60 (●), glucose C/N80 (▲), glucose-

galactose C/N80 (♦), glucose C/N120 (×),glucose-galactose C/N120 (). 

 

Comparing the results of this study with the literature (Table 8.3), it can be deduced 

that Rhodosporidium kratochvilovae Y-42 and Y-43 are two very promising strains 

for natural carotenoid production. Their yield is among the highest in the literature as 

shown in Table 8.3, utilizing either glucose as carbon source or in mixture with 

galactose. The highest total carotenoids content by an Rhodosporidium kratochvilovae 

strain achieved so far was reported by Byrtusová et al., (2021), with a value of 1.57 

mg/g, using mannose and potassium nitrate as carbon and nitrogen source, 

respectively after 144 h of cultivation. It is also noteworthy that, in our study, both 

strains achieved the highest total carotenoids concentration just within 39 h of 



121 

 

fermentation, when glucose was the sole carbon source, whereas in most studies much 

more prolonged fermentation times are reported, such as 144 h (Byrtusová et al., 

2021), 96 h (Tkáčová et al., 2018; Yen et al., 2019), even up to 8 days (Varzakakou et 

al., 2010).  
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Table 8.3 Total carotenoid production and biomass production from different Rhodosporidium strains grown on synthetic media. 

 

Strain Carbon source  
Total carotenoids 

(mg/g biomass) 

Biomass 

(g/L) 

Fermentation 

time (h)  
Reference 

Rhodosporidium 

kratochvilovae CCY 20-2-

26 

Mannose 1.57 15.0 144 
Byrtusová et al. 

(2021) 

Rhodosporidium 

kratochvilovae Y-42 

Glucose 0.31 8.4 39 

This work 

Glucose-Galactose 

(1:1) 
0.23 7.8 34 

Rhodosporidium 

kratochvilovae Y-43 

Glucose 0.22 9.3 39 

Glucose-Galactose 

(1:1) 
0.20 10.6 60 

Rhodosporidium toruloides 

NCYC 921 

Glucose 0.06 5.9 72 Dias et al. (2016) 

Glucose 0.08 3.8 72 Freitas et al. (2014) 

Rhodosporidium diobovatum 

Glucose 0.32 10.7 144 
Nasirian et al. 

(2018) 
Glycerol 0.30 10.6 

144 
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Rhodosporidium babjevae Glucose 0.28 29.0 - 

Iurkov et al. (2008) Rhodosporidium diobovatum Glucose 0.33 35.0 - 

Rhodosporidium 

sphaerocarpum 
Glucose 0.49 27.0 - 

Rhodosporidium 

paludigenum DMKU3-

LPK4 

Glycerol 3.42 mg/L 7.6 132 
Yimyoo et al. 

(2011) 



8.3.3 Carotenoids profile  

The profile of the individual carotenoids present in the extracts was firstly carried out 

by a spectrophotometric analysis in a scanning mode operating in a range of 

wavelengths. Specific peaks indicated each carotenoid; β-carotene at 450 nm 

(yellow), γ-carotene at 436, 462 and 492 nm (red-orange), torulene at 460, 486 and 

518 nm (orange) and torularhodin at 501 and 517 nm (pink) (Britton, 2004). 

Carotenoids exhibited four peaks with almost the same λmax value, regardless the 

substrate or the strain employed. More specifically, the samples presented three main 

peaks at 462, 486 and 517 nm and a lower peak at 435 nm. According to these results, 

the produced carotenoids might be a mixture of γ-carotene, torulene and torularhodin. 

However, chromatographic analyses were necessary in order to verify the above-

mentioned findings. 

 

Consequently, thin layer chromatography (TLC) analysis was conducted in the 

samples of extracted carotenoids from each experimental condition, and the retention 

factors (Rf) were compared with those of standard compounds. The Rf values of 

carotenoid standards were 0.75 for β-carotene, 0.7 for γ-carotene, 0.66 for torulene 

and 0.36 for torularhodin. In all examined samples, three bands were revealed after 

plate development with Rf values of 0.72, 0.67 and 0.35. However, it was rather 

unclear if each band corresponded to a single compound or a mixture. HPLC analysis 

was therefore essential for the individual carotenoid identification and quantification. 

 

Identification and quantification of the individual carotenoids was finally employed 

through high-performance liquid chromatography analysis (HPLC), using the 

retention time and spectrum of carotenoid standards. All samples contained β-

carotene, γ-carotene, torulene and torularhodin in both strains, regardless the C/N 

ratio or the carbon source. The main carotenoid was β-carotene (53-75%) in all cases, 

followed by γ-carotene (8.7-21.6%). The amounts of torulene and torularhodin ranged 

from 5 to 17% depending on the culture conditions (Figure 8.6). More specifically, 

Rhodosporidium kratochvilovae Y-42 presented similar carotenoid profile in both 

substrates, with β-carotene being the predominant compound; yet its concentration 

decreased at higher C/N ratios as for example at glucose-based medium β-carotene 

corresponded to the 73% of total carotenoids at C/N 60 g/g, whereas it dropped to 
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53% at C/N 120 g/g. The highest C/N ratio with glucose as substrate promoted γ-

carotene synthesis, corresponding to 21.6% of total carotenoids. In case of 

Rhodosporidium kratochvilovae Y-43, β-carotene was also the main carotenoid (60-

68%) in every substrate, followed by γ-carotene (13.5-18.3%). Lower amounts of 

torulene (8.4-10.7%) and torularhodin (6-12.2%) were also detected (Figure 8.6B).  
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Figure 8.6 Carotenoids composition in (A) Rhodosporidium kratochvilovae Y-42 and (B) 

Rhodosporidium kratochvilovae Y-43 under studied culture conditions: (1) glucose at 

C/N60, (2) glucose at C/N80, (3) glucose at C/N120, (4) glucose-galactose C/N60, (5) 

glucose-galactose C/N80 and (6) glucose-galactose C/N120. β-carotene (dark grey colored 

bar), γ-carotene (patterned bar), torulene (white colored bar), torularhodin (light grey colored 

bar). 

The presence of β-carotene, torulene, torularhodin and γ-carotene has been previously 

demonstrated in yeast strains belonging to Rhodosporidium genera, as well as in 

Sporobolomyces and Sporidiobolus (Buzzini et al., 2007). However the ratio of each 

carotenoid highly varies and seems to depend on both strain and the culture 

conditions. More specifically, in the study of Buzzini et al., (2007) torulene and 

torularhodin were the predominant carotenoids produced by Rhodosporidium strains 

grown on glucose and yeast extract. In another study, three Rhodosporidium 

toruloides strains cultivated on glycerol resulted in different carotenoid profiles; 

however torularhodin and torulene were the main carotenoids in detriment to β-

carotene (Lee et al., 2014). As far as R. kratochvilovae strains are concerned, the 

studies indicating their carotenoid profile are scarce. Byrtusová et al., (2021) carried 

out a very comprehensive evalution of the carotenoids’ profile synthesized by 
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Rhodosporidium kratochvilovae CCY 20-2-26 using different carbon and nitrogen 

sources. This strain produced β-carotene, lycopene, torulene and torularhodin in all 

cases; however their ratio varied significantly among the different substrates. For 

example, growing the strain with glucose and ammonium sulphate (C/N equal to 70) 

led to similar amounts of β-carotene and torularhodin, followed by torulene and 

lycopene. The highest concentration of β-carotene (~60% of total carotenoids) was 

observed when mannose was the carbon source under low C/N (equal to 20). Unlike 

our study, the authors did not report the production of γ-carotene from this strain. 

Breierová et al., (2018) studied the same yeast using 20 g/L glucose and 4 g/L yeast 

extract. Under these culture conditions, the strain produced mainly β-carotene, 

followed by torulene and torularhodin. The production of lycopene and γ-carotene 

was not reported in this study. In the biosynthetic pathway, β-carotene and torulene 

derive from γ-carotene, which is initially formed, while torularhodin is the most 

oxidized form, thus the last to be produced (Cardoso et al., 2016).  

 

Even though β-carotene production is not the highest reported in the literature, both 

strains were able to synthesize this valuable pigment within 39 h to 63 h of 

fermentation, depending on the carbon source. For example, Tkáčová et al., (2018) 

demonstrated the synthesis of 7.2 g/L of β-carotene using the strain Rhodotorula 

glutinis CCY-20-2-26 in glucose, but after 192 h of fermentation. Yen et al., (2019) 

achieved 0.4 mg/g of β-carotene after 96 h of fermentation using Rhodotorula glutinis 

BCRC 22360 grown on glycerol. In addition, and to best of our knowledge, this is the 

first study demonstrating the ability of Rhodosporidium kratochvilovae strains to 

produce γ-carotene. It is noteworthy that the composition of the produced carotenoids 

was not substantially affected by the culture medium or the strain employed. The 

findings of this study are promising for the production of β-carotene through a 

sustainable biotechnological route.  

8.3.4 Shake flask fermentations using sucrose and fructose as substrates 

Provided that both strains were able to grow and accumulate oil and carotenoids on 

various carbon sources, sucrose and fructose were subsequently evaluated. The 

selection of these specific carbon sources was based on the composition of other 

abundant renewable resources such as grape pomace and orange peel hydrolysates. 
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Understanding the growth pattern and carotenoid synthesis on multiple carbon sources 

could be the base for the development of cost-efficient and robust bioprocesses using 

inexpensive substrates. The selected C/N was 80 (g/g), given that this ratio resulted in 

the highest carotenoid concentrations for both strains. As shown in Table 8.4, fructose 

and sucrose were unfavorable carbon sources for both strains. More specifically, the 

highest carotenoid concentration on sucrose was only 0.8 mg/L and 0.61 mg/L on 

fructose, when strain Rhodosporidium kratochvilovae Y-42 was employed (Table 

8.4). The carotenogenesis in Rhodosporidium kratochvilovae Y-43 showed a 2.5-fold 

decrease on sucrose, in contrast to the results obtained with glucose or the mixture of 

glucose-galactose (Table 8.1), while the reduction in total carotenoid concentration 

was even more evident when fructose was used, showing an approximate 4.5-fold 

decrease (Table 8.4). The profile of the produced carotenoids (Table 8.5) indicated 

that β-carotene was again the predominant carotenoid in all tested cases, ranging from 

56.59% to 84.61%. The presence of γ-carotene and torulene was also observed, with 

their concentrations ranging from 7.65% to 15.46%, depending on the carbon source 

and the strain employed. Notably, torularhodin was detected only when strain Y-42 

was cultivated on sucrose (16.06%), while it was completely absent in fructose for 

both strains (Table 8.5)  

 

Comparing these results with the literature, it can be concluded that each strain could 

perform differently depending on the carbon source. Nagal et al., (2023) demonstrated 

that sucrose is not a favorable carbon source for Phaffia rhodozyma, neither for 

promoting cell growth nor for carotenogenesis. In contrast, El-Banna et al., (2012) 

reported that sucrose served as the optimal substrate for the yeast strain Rhodotorula 

glutinis, at a C/N ratio of 10 with ammonium sulfate as the nitrogen source, achieving 

a carotenoid concentration of 1.9 mg/L after 5 days of fermentation. Park et al., 

(2008) evaluated both sucrose and fructose as carbon sources for Xanthophyllomyces 

dendrorhous SKKU 0107. Their results indicated that sucrose was the preferred 

substrate, yielding 0.897 μg of carotenoids per mg of biomass, compared to 0.763 μg 

of carotenoids per mg of biomass when using fructose. Moreover, Selim et al., (2013) 

reported that fructose was the most favorable carbon source for carotenoid production 

by Rhodotorula glutinis NRRL Y-842, with a maximum concentration of 2.2 mg/L. 

  



Table 8.4 Maximum carotenoid concentration and other fermentation parameters of Rhodosporidium kratochvilovae Y-42 and Y-43 strains 

using C/N ratio 80 and different synthetic media (sucrose, fructose) with total sugar concentration 50 g/L. 

 

Carbon 

source  

Time 

(h) 

Total 

carotenoids 

(mg/L) 

Carotenoid 

yield (mg/g 

biomass)  

Sugars 

consumed 

(g/L)  

FAN 

content 

(mg/L)  

Inorganic 

nitrogen 

(mg/L) 

Biomass 

(g/L) 

Microbial 

oil (g/L) 

Rhodosporidium kratochvilovae Y-42 

Sucrose 80 0.84±0.06
a
 0.055±0.004 37.40±0.8 17.80±0.9 0.00 13.42±0.3 3.01±0.5

a
 

Fructose 76 0.61±0.03
b
 0.066±0.002 42.60±0.0 24.90±1.02 0.00 12.49±0.5 2.19±0.3

b
 

Rhodosporidium kratochvilovae Y-43 

Sucrose 80 0.86±0.17
a1

 0.107±0.021 31.21±1.3 31.50±1.3 0.00 11.03±0.6 2.31±0.2
a1

 

Fructose 96 0.47±0.07
b1

 0.040±0.005 25.30±1.26 30.30±0.9 0.00 12.60±0.7 2.04±0.01
b1

 

* Different lowercase letters (a, b, a1, b1) indicate significant differences (p<0.05) on total carotenoids and microbial oil production between different carbon 

sources. 

 



Table 8.5 Composition of carotenoids at their maximum concentrations in 

Rhodosporidium kratochvilovae Y-42 and Y-43 under the studied culture conditions. 

 

Carbon 

source  

C/N 

(g/g)  

Time 

(h) 

β-carotene 

(%) 

γ-carotene 

(%) 

Torulene 

(%) 

Torularhodin 

(%) 

Rhodosporidium kratochvilovae Y-42 

Sucrose 80 80 56.59 11.88 15.46 16.06 

Fructose 80 76 72.80 15.11 12.09 0.00 

Rhodosporidium kratochvilovae Y-43 

Sucrose 80 80 84.61 7.74 7.65 0.00 

Fructose 80 96 76.92 9.45 13.62 0.00 

 

8.4 Conclusions 

The results of this chapter demonstrate the ability of two unexplored Rhodosporidium 

kratochvilovae strains (Y-42 and Y-43) to produce carotenoids under different culture 

conditions. Application of different C/N ratios and carbon sources significantly 

influenced the concentration of total carotenoids with the more promising results 

obtained when the strains were grown on glucose or on a mixture of glucose-

galactose. The carotenoid profile remained unaffected by the C/N ratio; however, the 

choice of carbon source employed could result in differentions. β-carotene was the 

predominant compound, regardless the cultivation parameters. The results are 

promising and reveal the significant potential of Rhodosporidium kratochvilovae 

strains as β-carotene producers under short fermentation times. This research 

contributes to the sustainable production of natural β-carotene that could be applied in 

foods and pharmaceuticals as alternative to its synthetic counterpart. Utilization of 

waste streams as cultivation substrates is of paramount importance to promote 
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circularity and enhance the sustainability of the process. Given the promising 

carotenoid concentrations achieved using a mixture of glucose- galactose, the next 

step of this research involved evaluating cheese whey, an important by-product of the 

dairy industry containing lactose, as a fermentation substrate.  

 

 

 

The results presented in Chapter 8 have been published in Sustainable Chemistry and 

Pharmacy: 

 

Sereti, F., Papadaki, A., Alexandri, M., Kachrimanidou, V., Kopsahelis, N. (2023). 

Exploring the potential of novel R. kratochvilovae red yeasts towards the sustainable 

synthesis of natural carotenoids. Sustain Chem. Pharm. 31, 10092 
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CHAPTER 9 

 

Production of carotenoids from Rhodosporidium 

kratochvilovae Y-42 & Y-43 using cheese whey 

as substrate  
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9 Production of carotenoids from Rhodosporidium kratochvilovae Y-

42 & Y-43 using cheese whey as substrate  

9.1 Introduction 

As shown in Chapter 8, different culture parameters could significantly affect the cell 

growth and metabolites production of the yeast strains Rhodosporidium 

kratochvilovae Y-42 and Y-43. An appropriate C/N ratio as well as the carbon source 

employed could enhance carotenogenesis over microbial oil accumulation. The results 

on commercial sugars indicated that mixtures of glucose-galactose are promising in 

terms of both carotenoids production and lipids accumulation, especially under a C/N 

ratio equal to 80 (g/g). To this end, the main objective of this chapter is to assess the 

feasibility of using cheese whey, as fermentation substrate as well as different 

nitrogen sources. Optimization of fermentation conditions was carried out, 

emphasizing on the effect of C/N ratio and temperature on carotenoid synthesis. 

Additionally, the individual carotenoids produced were identified via HPLC-DAD 

analysis to investigate the influence of the different conditions employed on their 

composition. Finally, the antioxidant activity of the biotechnologically produced 

carotenoid extracts was evaluated.  

9.2 Shake-flask fermentations with hydrolyzed cheese whey 

9.2.1 Fermentations with hydrolyzed cheese whey using commercial β-galactosidase 

The initial step prior to fermentation with yeast strains Rhodosporidium 

kratochvilovae Y-42 and Y-43 using cheese whey as a substrate was lactose 

hydrolysis, as most Rhodosporidium sp. strains are unable to breakdown this sugar to 

its monomers (Kanzy et al., 2015; Roukas et al., 2015; Poonia and Pandey, 2023). 

Hydrolysis was performed by adding commercial β-galactosidase to cheese whey. 

Results showed that the strain Y-42 produced the highest amount of carotenoids (1.87 

mg/L) at 48 h, consuming 41.2 g/L of sugars (Figure 9.1A, B). Inorganic nitrogen 

was completely assimilated after 24 h, coinciding with FAN consumption, even 

though almost 25 mg/L of the latter remained unconsumed throughout the 

fermentation process. Glucose was rapidly consumed (within the first 30 h), while 

galactose consumption rate was boosted after glucose depletion (Figure 9.1A). 
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Carotenoid synthesis initiated at about 10 h of fermentation however their production 

increased rapidly after nitrogen exhaustion (Figure 9.1B). 
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Figure 9.1 (A,C) Consumption of glucose (■), galactose (   ), free amino nitrogen (FAN) (▲) 

and inorganic nitrogen (□) and (B, D) evolution of total dry weight (◊), lipids () and 

carotenoids (●) during batch fermentations of Rhodosporidium kratochvilovae Y-42 (A, B) 

Rhodosporidium kratochvilovae Y-43 (C, D) and  in hydrolyzed cheese whey. 

 

Comparable levels of carotenoid concentration were also produced from strain Y-43 

(1.64 mg/L), however at a lower production rate to strain Y-42 (Figure 9.1D). 

Nitrogen consumption (both FAN and inorganic) followed a similar to trend to Y-42 

(Figure 9.1C). Glucose and galactose were initially simultaneously assimilated; yet 

glucose was completely depleted after 28 h, while galactose was slowly consumed till 

the end of the process (60 h). Carotenoid synthesis seems to occur in two phases: the 

first one (14-32 h) follows growth, whereas the second phase (53-75 h) occurs at the 

stationary phase (Figure 9.1D). Similar kinetics were observed in the work of 
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Varzakakou et al., (2010), when Blakeslea trispora was cultivated on cheese whey for 

carotenoids’ production. Finally, both strains showed comparable cell growth rate 

with 12.24 g/L total cell weight for Y-42 and 13.04 g/L for strain Y-43 (Figures 9.1B, 

D). The behavior of both strains on hydrolyzed cheese whey resembles the one 

obtained on commercial substrates, when mixtures of glucose and galactose where 

utilized (Table 8.1). Cheese whey has been proven an appropriate substrate for 

carotenoids production, even though lactose hydrolysis prior to fermentation is 

required. Kanzy et al., (2015) also reported high amounts of total carotenoids (3.9-5.7 

mg/L) by the yeasts Rhodotorula glutinis and Rhodotorula mucilaginosa grown on 

salted cheese whey. Roukas et al., (2015) achieve a significantly high carotenoids 

concentration with Blakeslea trispora (1.62 mg/L) cultivated on cheese whey, after 4 

days, using a bubble column bioreactor at high aeration rates. 

 

Despite the fact that Rhodosporidium sp. yeasts are considered as oleaginous, both 

strains (Y-42 and Y-43) accumulated low amounts of microbial oil (19.7% and 23.9% 

of their dry cell biomass, respectively). Therefore, consistent to our previous results, it 

was observed that C/N ratio 80 (g/g) significantly affected the metabolic pathway of 

Rhodosporidium strains promoting the carotenoid production over intracellular 

microbial oil accumulation. Kot et al., (2019) also emphasized the importance of C/N 

ratio on yeast metabolism. At lower C/N ratio, Rhodotorula glutinis LOCKR13 was 

able to produce 6.46 mg/L of total carotenoids after 120 h using potato wastewater 

with 5% glycerol as substrate, whereas at higher ratios the microbial oil accumulation 

was favored. 

 

Finally, the individual constituents of carotenoid extracts were analyzed. The profile 

of the individual carotenoids revealed that β-carotene was the prevalent carotenoid for 

both strains, which is in line with the results presented in Chapter 8. Besides β-

carotene, γ-carotene, torulene and torularhodin were also detected in the extracts. 

Fluctuations in the ratio between the different carotenoids occurred throughout the 

fermentation for both strains, following distinctive patterns between the two yeasts 

(Figure 9.2). For example, at the beginning of carotenogenesis, strain Y-42 produced 

β-carotene (89%) and torularhodin (11%) and gradually β-carotene concentration 

decreased to yield γ-carotene, torulene and even more torularhodin (22.8% at 38 h) 
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(Figure 9.2A). The production of torulene and torularhodin could be attributed to 

stress induced in the cell due to nitrogen exhaustion (Zhao and Li, 2022). When 

carotenoids concentration peaked (1.87 mg/L), β-carotene constituted the 80% of the 

extract, followed by γ-carotene (12.4%) and torulene (7.6%). 

 

 

Figure 9.2 Carotenoids composition during fermentation on hydrolyzed cheese whey in (A) 

Rhodosporidium kratochvilovae Y-42 and (B) Rhodosporidium kratochvilovae Y-43. β-

carotene (dark grey bars), γ-carotene (white color bars), torulene (patterned bars), 

torularhodin (light grey color bars). 

 

Torularhodin was present almost throughout the process for strain Y-43 (Figure 

9.2B). After 24 h of fermentation, that nitrogen was depleted, total carotenoids were 

composed of 66% of β-carotene, 6% of γ-carotene and 28% of torularhodin. Torulene 

was absent in the beginning of both phases of carotenoid synthesis, ranging generally 

in lower amounts (4%-7%), in comparison to strain Y-42. Finally, the composition of 

carotenoids at the highest concentration (1.64 mg/L) was defined by 65% of β-

carotene, 7.6% of γ-carotene, 4.9% of torulene and 22.5% of torularhodin. These 

findings are crucial in understanding Rhodosporidium kratochvilovae metabolism as 

well as the commercial potential of these yeasts, especially if the production of the 

unusual carotenoids torulene and torularhodin is targeted.  
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9.2.2 Fermentations with hydrolyzed cheese whey using fermented wheat bran 

 

An alternative way to hydrolyze the lactose contained in cheese whey was to utilize 

crude enzymes from fermented wheat bran. This process not only eliminated the need 

for commercial enzymes but also provided a substrate enriched with free amino 

nitrogen (FAN). The results showed a notable enhancement on carotenogenesis for 

both yeasts (Table 9.1). More specifically, the strain Rhodosporidium kratochvilovae 

Y-42, produced 8.24 mg/L carotenoids at 72 h of cultivation; a 4.4-fold increase 

compared with the results obtained using commercial β-galactosidase. Subsequently, 

the carotenoids production of strain Rhodosporidium kratochvilovae Y-43 presented a 

3.7-fold improvement after 80 h (6.11 mg/L) in comparison with solely cheese whey. 

In both cases, microbial oil accumulation was not favored (0.85 and 1.61 g/L, 

respectively). Analysis of the carotenoids profile using HPLC-DAD analysis 

demonstrated substantial differences in comparison to the results obtained from 

hydrolyzed cheese whey with commercial enzymes, as lycopene was the predominant 

carotenoid. Lycopene accounted for more than 97% of the total carotenoids while it 

was observed a complete absence of β-carotene. Thus, considering the ability of both 

strains to synthesize high amounts of lycopene using fermented wheat bran along with 

cheese whey, the next set of experiments focused on optimizing culture conditions by 

altering critical parameters that affect carotenogenesis. The impact of different C/FAN 

ratio, as well as temperature, was evaluated to investigate their influence on 

carotenoid production and, in particular, on carotenoids composition. 
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Table 9.1 Maximum carotenoid production and chemical profile, biomass and 

microbial oil concentration during fermentation on hydrolyzed cheese whey with 

fermented wheat bran of Rhodosporidium kratochvilovae Y-42 and Y-43 under C/N 

ratio 80. 

 

9.3 Optimization of shake flask fermentations with hydrolyzed cheese whey  

9.3.1 Effect of C/FAN  

Two different C/FAN ratios (40, 60 g/g) were applied in order to investigate the 

carotenoid production of Rhodosporidium kratochvilovae yeast strains. The results 

showed a further increase on carotenoid production on both strains (Figure 9.3). More 

specifically, when a C/FAN ratio of 40 (g/g) was employed, the strain Y-42 produced 

24.86 mg/L of total carotenoids after 80 h of cultivation; an 133% increase compared 

with previous results obtained from hydrolyzed cheese whey with fermented bran 

(Table 9.1) and 16-fold increase in comparison to the experiments conducted with 

hydrolyzed cheese whey with a commercial β-galactosidase. Furthermore, 19.72 mg/L 

of total carotenoids were obtained from strain Y-42 after 80 h when the C/FAN ratio 

was set to 60 (g/g) (Figure 9.3A). In both cases, microbial oil accumulation was also 

not favored (1.68 and 0.84 g/L, respectively). Likewise, strain Y-43 showed higher 

levels of carotenogenesis when the C/FAN was 40 (g/g) comparing to C/FAN 60 (g/g) 

(14.05 and 8.61 mg/L, respectively), while low levels of microbial oil accumulation 

occurred (0.49 and 0.88 g/L, respectively) (Figure 9.3B). Overall, both 

Rhodosporidium kratochvilovae strains were able to produce higher levels of 

carotenoids at lower C/FAN ratios. According to Tkáčová et al., (2017), Rhodotorula 

glutinis JMT 21978 also showed improved results on carotenogenesis (188% 

increase) as the C/N ratio was decreased. As culture media and fermentation 

Yeast strain 

Total 

carotenoids 

(mg/L) 

Biomass 

(g/L) 

Microbial 

oil (g/L) 

Lycopene 

(%) 

γ-carotene 

(%) 

Torulene 

(%) 

Torularhodin 

(%) 

Rhodosporidium  

kratochvilovae 

Y-42 

8.24±0.06 13.24±0.33 0.85±0.21 97.85±0.51 0.55±0.004 0.51±0.005 1.07±0.007 

Rhodosporidium  

kratochvilovae 

Y-43 

6.11±0.14 15.70±0.14 1.61±0.64 97.59±0.94 1.44±0.008 0.97±0.003 0.00±0.000 
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parameters might further boost carotenogenesis, culture temperature was subsequently 

investigated. 

Figure 9.3 Total carotenoids (light grey bar), total dry weight (dark grey bar) and lipids (■) 

production during fermentation on hydrolyzed cheese whey with fermented wheat bran at 

different C/FAN ratios during incubation at 28 °C for (A) Rhodosporidium kratochvilovae 

Y-42 and (B) Rhodosporidium kratochvilovae Y-43. 

9.3.2 Effect of temperature  

It is widely accepted that temperature constitutes a critical fermentation factor 

significantly affecting microbial metabolite synthesis (Igreja et al., 2021; Hernández-

Almanza et al., 2014a). Therefore, the next set of experiments addressed the 

evaluation of incubation temperature on the production of carotenoids on both 

previously examined C/FAN ratios (40 and 60 g/g). Fermentations were conducted at 

three incubation temperatures (23, 28 and 33 °C) in order to investigate the 

temperature effect on carotenogenesis. In case of C/FAN 40 (g/g), Rhodosporidium 

kratochvilovae Y-42 presented a 44% increase on the production of carotenoids at 33
 

o
C (36.35 mg/L) compared with that at 28

 o
C (24.86 mg/L). Setting the temperature at 

23
 o

C resulted in concentrations similar to those at 28
 o

C, with values equal to 22.52 

and 24.86 mg/L, respectively (Figure 9.4A). Once the C/FAN ratio was 60 (g/g), the 

carotenoid production remained at similar levels with those at 28
 o

C; 20.7 mg/L at 23 

o
C and 17.7 mg/L when the temperature was 33 

o
C. Incubation temperature did not 

favor microbial oil accumulation regardless the C/FAN. Conclusively, the favorable 

conditions for carotenoids production by Rhodosporidium kratochvilovae Y-42 were 
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determined to be C/FAN 40 (g/g) and 33 °C, with the corresponding fermentation 

kinetics illustrated in Figure 9.5 (A, B). 

 

Figure 9.4 Total carotenoids production during fermentation on hydrolyzed cheese whey with 

fermented wheat bran at C/FAN 40 (light grey color bar) and C/FAN 60 (light grey color bar) 

for (A) Rhodosporidium kratochvilovae Y-42 and (B) Rhodosporidium kratochvilovae Y-

43. 

 

Increasing the temperature from 28 to 33
 o

C led to almost 80% increase in carotenoids 

concentration (from 14.07 to 25.23 mg/L), when Rhodosporidium kratochvilovae Y-

43 was cultivated at C/FAN ratio 40 (g/g). However, carotenoid synthesis was not 

favored at the higher C/FAN ratio (60 g/g), regardless the temperature (Figure 4B). 

Microbial oil concentration remained at low levels under all studied conditions (Table 

1).  
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Figure 9.5 (A) Consumption of glucose (■), galactose (   ), free amino nitrogen (FAN) (▲) 

and inorganic nitrogen (□) and (B) evolution of total dry weight (◊), lipids () and 

carotenoids (●) during batch fermentations of Rhodosporidium kratochvilovae Y-42 in 

hydrolyzed cheese whey with fermented wheat bran with C/FAN ratio 40 (g/g) and at 33 °C 

incubation temperature. 

 

Previous studies have stated that the optimum incubation temperature for carotenoid 

accumulation differs from that for microbial oil production. The strains Rhodotorula 

glutinis AS 2.703 and Rhodotorula sp. RY1801 showed higher carotenoid synthesis at 

28 
o
C (Elfeky et al., 2020; Zhao et al., 2019), while Rhodosporidium kratochvilovae 

SY89 presented the maximum microbial oil production at 30 
o
C (Jiru et al., 2017). On 

the other hand, Rhodotorula mucilaginosa F-1 presented higher concentration of total 

carotenoids (322 μg/g) when the temperature was 25
 o

C (Cheng and Yang, 2016). 

Similar observation was made by Zhao and Li, (2022) where the effect of three 

different incubation temperatures (16, 25 and 32 
o
C) on microbial oil and carotenoid 

synthesis in Rhodotorula glutinis ZHK was investigated. Their findings implied that 

32 
o
C were the optimum temperature for microbial oil accumulation. The absolute 

carotenoid concentration was not affected by the increased temperature, however the 

production of certain carotenoids -torulene and torularhodin- was enhanced. A 

possible explanation, provided by the authors, was the overproduction of reactive 

oxygen species (ROS) at higher temperature that forces the cell to produce specific 

carotenoids that are stronger scavengers to β-carotene. The results of these 

experiments demonstrated that carotenogenesis was boosted at 33 
o
C and at the lowest 
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C/FAN (40 g/g) in both strains, whereas microbial oil accumulation remained at low 

levels regardless the temperature or C/FAN ratio (Table 9.2).  
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Table 9.2 Maximum carotenoid production and chemical profile, biomass and microbial oil concentration during fermentation on hydrolyzed 

cheese whey with fermented wheat bran under different C/FAN ratios and temperatures of Rhodosporidium kratochvilovae Y-42 and Y-43. 

Rhodosporidium kratochvilovae Y-42 

C/FAN 

(g/g) 

Temp 

(
o
C) 

Time 

(h) 

Total carotenoids 

(mg/L) 

Biomass 

(g/L) 

Microbial oil 

(g/L) 
Lycopene (%) 

Torularhodin 

(%) 

Torulene 

(%) 

γ-carotene 

(%) 

40 

23 80 22.52±0.07
a, 1

 16.79±0.01 1.92±0.29 98.50±3.20 0.65±0.02 0.44±0.01 0.41±0.02 

28 80 24.86±0.32
 b, 2

 14.64±0.31 1.33±0.20 98.50±1.41 0.78±0.03 0.00±0.00 0.72±0.02 

33 63 36.35±0.02
 c, 3

 14.55±0.50 0.84±0.15 98.85±0.53 0.31±0.01 0.47±0.01 0.38±0.01 

60 

23 82 20.70±0.16
 a*, 1*

 17.80±0.40 0.71±0.12 98.50±3.11 0.55±0.02 0.49±0.002 0.46±0.01 

28 80 19.72±0.09
 b*, 2*

 16.32±0.30 0.42±0.20 99.19±4.12 0.38±0.01 0.00±0.00 0.43±0.02 

33 94 17.68±0.19
 c*, 3*

 14.8±0.11 2.38±0.23 98.85±3.55 0.32±0.02 0.52±0.01 0.32±0.02 

Rhodosporidium kratochvilovae Y-43 

C/FAN 

(g/g) 

Temp 

(
o
C) 

Time 

(h) 

Total carotenoids 

(mg/L) 

Biomass 

(g/L) 

Microbial oil 

(g/L) 
Lycopene (%) 

Torularhodin 

(%) 

Torulene 

(%) 

γ-carotene 

(%) 

40 

23 80 13.50±0.39
 a, 1

 17.02±0.10 1.27±0.14 98.04±2.90 0.83±0.03 0.65±0.02 0.48±0.01 

28 80 14.05±0.21
 a, 2

 16.24±0.90 0.49±0.15 98.91±3.22 0.65±0.03 0.00±0.00 0.44±0.02 

33 96 25.23±0.43 
b, 3

 15.44±0.01 0.86±0.29 98.62±4.32 0.36±0.01 0.58±0.02 0.45±0.01 

60 

23 72 9.53±0.11
 a*, 1*

 17.96±0.50 0.79±0.20 97.33±1.87 0.86±0.04 0.74±0.03 1.08±0.04 

28 80 8.61±0.21
 b*, 2*

 14.48±0.40 0.88±0.01 98.75±4.03 0.35±0.01 0.45±0.01 0.46±0.01 

33 96 8.73±0.25
 b*, 3*

 17.36±0.10 1.07±0.11 98.59±1.82 0.95±0.01 0.00±0.00 0.45±0.01 

* Different lowercase letters and numbers (a, b, c, a*, b*, c*, 1, 2, 3, 1*, 2*, 3*) denote significant differences (p< 0.05) on total carotenoids production, for 

each yeast strain, between the different temperatures (letters) for the same C/FAN ratio and between the two C/FAN ratios (numbers) for the same incubation 

temperature. 
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9.3.3 Carotenoids composition 

Analysis of the carotenoids profile demonstrated that lycopene remained the main 

carotenoid produced with a range of 97.33 to 99.19% regardless the C/FAN ratio and 

the incubation temperature applied (Table 9.2). The absence of β-carotene with the 

simultaneous dominance of lycopene could be attributed to the metabolic pathway of 

carotenoids biosynthesis. The production of carotenoids is enhanced when the 

mevalonate pathway is triggered. More specifically, as previously mentioned, under 

high nitrogen concentration, acetyl-CoA carboxylase (ACC), remained inactive; thus 

the fatty acid biosynthetic pathway is down regulated. Consequently, the acetyl-CoA 

is available for the mevalonate pathway and therefore, for carotenoid production. 

Phytoene is the first carotenoid which occurs through the carotenoid biosynthetic 

pathway and several enzymes are triggered in succession in order to activate the 

further cascade of the produced carotenoids. One of the main enzymes in 

carotenogenesis is the lycopene β-cyclase, which catalyzes the β-cyclization of either 

both ends of lycopene or one end to generate β-carotene or γ-carotene, respectively. 

Then, γ-carotene acts as a precursor for the synthesis of torulene and torularhodin, 

with the latter being the result of hydroxylation and oxidation of torulene (Kot et al., 

2018) (Figure 9.6). In the current study, the utilized nitrogen concentration might 

down regulate the fatty acid biosynthesis. At the same time, the fermentation substrate 

could enhance the accumulation of lycopene by deactivating the initial steps for the 

production of the remained, aforementioned carotenoids.  

 

 

Figure 9.6 Schematic representation of the mevalonate pathway in yeasts leading to the 

production of different carotenoids. 
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Based on previous studies, the utilization of blocking agents or metabolic engineering 

techniques is required to suppress lycopene β-cyclase and achieve high levels of 

lycopene from microbial fermentations. Lycopene concentration was enhanced 50-

fold by transferring genes from Saccharomyces cerevisiae pathway to Yarrowia 

lipolytica, constructing chimeric pathways (Liu et al., 2019). Hernández-Almanza et 

al., (2014b) tested the strain Rhodotorula glutinis in solid state fermentation on 

synthetic media using imidazole as a blocking agent to induce lycopene production. 

Under optimized conditions the strain was able to produce 340 mg/L lycopene. The 

European Food Safety Authority (EFSA) already allows lycopene production from 

Blakeslea trispora and its further usage in food applications. It is worth mentioning 

that Blakeslea trispora is a mass accumulator of β-carotene and requires the addition 

of blocking agents such as imidazole or pyridine to accomplish lycopene production 

(above 95%) (Mantzouridou, 2020). In view of the fact that utilization of chemical 

inhibitors might cause toxicological effects on the final product, several substitutes of 

imidazole or pyridine have been tested. Wang et al., (2014) showed that Blakeslea 

trispora produced 91% lycopene of total carotenoids at 144 h with the addition of 300 

mg/L of the inhibitor 2-isopropylimidazole. The supplementation of the cultivation 

substrate with 50 mg/L of 2-methyl imidazole led to 94% lycopene of the total 

carotenoid production from Blakeslea trispora (Pegklidou et al., 2008). In the present 

study, almost solely lycopene was produced without the addition of blocking agents. 

However, further research is essential to elucidate the mechanism or the presence of 

compounds deriving from renewable resources, which might blocked the activity of 

lycopene β-cyclase, influencing carotenoids’ composition. 

9.4 Antioxidant activity of the biotechnologically produced carotenoids 

It is established that carotenoids have high antioxidant activity due to the presence of 

conjugated double bonds on their structure (Papapostolou et al., 2023). Lycopene has 

eleven conjugated double bonds in its lengthy chain, thus is considered as an efficient 

free radical and single oxygen scavenger (Papapostolou et al., 2023; Zimmer et al., 

2022). Recently, Sinha et al., (2023) demonstrated that besides exhibiting antioxidant 

and antimicrobial activity, carotenoids extract from Rhodosporidium toruloides 

ATCC 204091 also displayed anti-breast cancer properties. The primary role of 

lycopene in human’s health immune system is to defend DNA against oxidative stress 
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for the purpose of avoiding the generation of mutations which might provoke chronic 

illnesses (Sen, 2019; Chen et al., 2022). Therefore, the antioxidant activity of the 

biotechnologically produced lycopene was next examined through ABTS• [2,2'-azino-

bis(3-ethylbenzothiazoline-6-sulfonic acid)] analysis. Analysis of the extract derived 

under the optimum conditions (Rhodosporidium kratochvilovae Y-42 cultivated on 

cheese whey with fermented wheat bran, at 33 °C and at 40 g/g C/FAN) at a 

concentration of 1.71 mg/mL (consisting of 97% lycopene) presented 72.1% 

inhibition on ABTS• radical, with a corresponding IC50 of 0.89 mg/mL. Comparing 

with tomato extract, our sample surpass its scavenging activity by 360% 

(IC50tomatoextract = 4.095 mg/mL). These results are promising on the future applications 

of the derived extracts on food and pharmaceutical sector. It should be noted that 

toxicological tests should also be considered in order to establish the beneficial health 

properties of the microbially-derived carotenoid extracts (Sinha et al., 2023). 

9.5 Conclusions 

The results presented in this chapter indicate that hydrolyzed cheese whey constitutes 

an appropriate substrate for carotenoid synthesis from Rhodosporidium 

kratochvilovae Y-42 and Y-43 strains, while β-carotene was the predominant 

produced carotenoid. The replacement of commercial enzymes with fermented wheat 

bran, led to enhanced carotenoids synthesis, with high antioxidant activity, while 

lycopene was almost solely produced by both yeasts. This study demonstrated for the 

first time the feasibility to produce high amounts of lycopene, an established food 

additive, using Rhodosporidium kratochvilovae Y-42 and Y-43 grown on renewable 

resources. Further investigation should be carried out in order to elucidate the 

influence of renewable resources-based media on yeast metabolism, with ultimate 

goal, the sustainable production of specific carotenoids.  

 

The results presented in Chapter 9 have been published in Food Bioscience: 

 

Sereti F., Alexandri, M., Papadaki, A., Papapostolou, H., Kopsahelis, N. (2024).  

Natural lycopene and β-carotene synthesis by Rhodosporidium kratochvilovae yeasts: 

Sustainable production, chemical characterization and antioxidative properties. Food 

Bioscience, 57, 103425 
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10 Production of value-added compounds by Rhodosporidium paludigenum 2663 

& 2664  

10.1 Introduction 

The main objective of this chapter was the investigation of two unexplored 

Rhodosporidium paludigenum strains, namely NCYC 2663 and NCYC 2664, for their 

ability to produce value-added compounds, such as carotenoids and microbial oil, 

when grown on different carbon sources. Four commercial carbon sources, namely 

glucose, sucrose, fructose and a mixture of glucose- galactose, were initially evaluated 

in order to assess the ability of these strains to accumulate oil and carotenoids 

intracellularly. Subsequently, bioreactor fermentations were carried out using either 

sucrose or molasses, aiming to elucidate the feasibility of producing multiple 

metabolites. Antioxidant and antimicrobial activities against common bacterial and 

fungal pathogens were also investigated, unraveling potential applications in the food 

industry.  

10.2 Submerged fermentations in shaking flasks with commercial sugars 

Strains Rhodosporidium paludigenum 2663 and 2664 were cultivated on different 

carbon sources aiming to investigate carotenoids and microbial oil accumulations, 

considering that studies dealing with metabolite synthesis from these two yeasts are 

scarce. In line to the experiments carried out using the Rhodosporidium 

kratochvilovae strains (Chapter 8) the selected sugars were glucose, fructose, sucrose 

and a mixture of glucose- galactose. Moreover, evaluation of carotenoid and microbial 

oil synthesis on these carbon sources would provide useful information for the 

potential to valorize certain renewable substrates such as cheese whey or fruit waste. 

 

Figure 10.1 depicts the kinetics of strain Rhodosporidium paludigenum 2663 on the 

selected substrates. The strain was able to assimilate all different carbon sources and 

produce both carotenoids and oils at various rates. Sucrose was the most rapidly 

consumed sugar (Figure 10.1E), yielding also the highest carotenoid concentration 

(2.21 mg/L). Growth on glucose resulted in the highest microbial oil production (6.83 

g/L) in detriment to carotenogenesis (0.64 mg/L). Strain’s performance on fructose 

was also promising, since the sugar was completely exhausted after approximately 60 
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h of fermentation (Figure 10.1C) and accumulated 1.27 mg/L of total carotenoids 

(Figure 10.1D). Fermentation on the mixture of glucose-galactose lasted the longest 

time (109 h), due to the slow galactose consumption rate (Figure 10.1E). As it is 

already mentioned, nitrogen source is crucial for the synthesis of secondary 

metabolites. In all cases, maximum carotenoid concentration was achieved after 

nitrogen depletion (both FAN and inorganic nitrogen). Rhodosporidium paludigenum 

2663 rapidly utilized ammonium sulphate and even in faster rates compared to FAN 

(Figures 10.1A, C, E, G). Many studies have confirmed that the synthesis of 

carotenoids in red yeasts mainly occurs during the early stationary phase (Yimyoo et 

al., 2011; Byrtusová et al., 2021; Fakankun et al., 2021). However, in 

Rhodosporidium paludigenum 2663, the carotenoids maxima were observed at the late 

stationary phase (Figures 10.1B, D, F, H). These findings were similar to the ones 

obtained by Warjoto et al., (2020), in which a Rhodosporidium paludigenum strain 

was cultivated on a substrate based on orange peels. Lee et al., (2014) suggested that 

during this growth phase, acetyl-CoA is mainly channeled towards carotenoid and 

lipid synthesis in detriment to TCA cycle. 
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Figure 10.1 Consumption of glucose (■), fructose (♦), sucrose (○), galactose (    ), free amino 

nitrogen (FAN) (▲) and inorganic nitrogen (□), as well as total dry weight (◊), microbial oil 

() and carotenoids (●) production during batch fermentations of Rhodosporidium 

paludigenum 2663 using glucose (A, B), fructose (C,D), sucrose (E, F) and glucose-galactose 

(G, H) as carbon sources. 

 

Microbial oil accumulation followed a different pattern than that of carotenoids, and 

only in sucrose the two maxima were achieved at the same time (Figure 10.1F). The 

highest microbial oil accumulation was acquired when glucose was the sole carbon 

source, reaching a value of 6.83 g/L (43.5% lipid content). Similar microbial oil 

concentration (6.49 g/L) was accumulated by the strain when a mixture of glucose- 

galactose was used as fermentation substrate (Figure 10.1H). Among the tested 

sugars, sucrose seemed to be the most favorable for the concomitant production of 

both carotenoids and microbial oil (Table 10.1). It is worth noting that while growing 

on sucrose, production of exopolysaccharides was also observed. Actually, 

Rhodosporidium paludigenum strains have been previously reported as pullulan 
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producers (Singh and Kaur, 2018). Further studies, based on sucrose as substrate, 

could further elucidate the potential of this strain as a multi-product cell factory.  
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Table 10.1 Maximum carotenoid concentration as well as total dry weight (TDW), lipid concentration and content at the same fermentation 

time of Rhodosporidium paludigenum 2663 and 2664 strains using different carbon sources. 

Carbon 

source  
Time (h) 

Total carotenoids 

(mg/L) 

Carotenoid yield 

(mg/g)  
TDW (g/L) Lipids (g/L) 

Lipid content 

(%,w/w) 

Rhodosporidium paludigenum 2663 

Glucose 48 0.64 ± 0.03
a
 0.047 ± 0.002 13.5 ± 1.3 5.20 ± 1.89

a1
 38.5 ± 2.1 

Fructose 98 1.27 ± 0.06
b
 0.111 ± 0.005 11.5 ± 1.3 2.23 ± 0.29

b1
  19.4 ± 0.8 

Sucrose 54 2.21 ± 0.05
c
 0.170 ± 0.007 13.3 ± 0.7 4.00 ± 0.11

a1, b1
 30.0 ± 1.2 

Glucose-

Galactose 
103 1.74 ± 0.09

d
 0.158 ± 0.004  11.0 ± 0.1 3.18 ± 0.95

a1, b1
 28.9 ± 0.5 

Rhodosporidium paludigenum 2664 

Glucose 100 2.93 ± 0.11
a
 0.593 ± 0.019 4.9 ± 0.3 1.57 ± 0.08

a1
 31.8 ± 1.4 

Fructose 80 1.94 ± 0.05
b
 0.263 ± 0.011 7.4 ± 0.1 1.27 ± 0.01

b1
 17.2 ± 0.6 

Sucrose 100 1.42 ± 0.03
c
 0.235 ± 0.008 6.1 ± 0.3 0.83 ± 0.03

c1
 13.7 ± 0.5 

Glucose-

Galactose 
94 1.56 ± 0.06

d
 0.188 ± 0.006 8.3 ± 0.2 1.45 ± 0.22

a1,b1
 17.5 ± 0.5 

*Different lowercase letters (a, b, c, d, a1, b1, c1) denote significant differences (p< 0.05) on total carotenoids and lipids production, for each yeast strain, 

between the various carbon sources. 
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Strain Rhodosporidium paludigenum 2664 performed differently in comparison to 

2663 (Figure 10.2). Glucose was proven as the most adequate substrate for 

carotenoids synthesis (2.93 mg/L), followed by fructose (1.94 mg/L). Total dry weight 

was in all substrates almost 2-fold lower (5-8.5 g/L) when compared to 

Rhodosporidium paludigenum 2663 (14-16 g/L). Microbial oil accumulation was also 

at lower levels (Table 10.1). The lower C/N content selected for this strain (20 g/g) 

could be responsible for the limited oil production; however the strain was unable to 

grow at C/N higher than 20 g/g (results not shown). While strain 2663 required 

around 10-14 h to deplete both nitrogen sources, strain 2664 fully assimilated nitrogen 

only when glucose and fructose were the carbon sources, and after about 72 h of 

fermentation (Figure 10.2A, C). Consequently, the maximum carotenoid 

concentration was accomplished -with the exception of fructose- at the end of the 

process (Figures 10.2B, D, F, H). Fructose and sucrose were entirely consumed 

(Figure 10.2C, E), whereas about 3 g/L of glucose was left unconsumed, when used 

as sole carbon source (Figure 10.2A). Glucose was firstly utilized when combined 

with galactose, while the consumption of the latter initiated after glucose reached a 

limiting concentration (~10 g/L) in the medium (Figure 10.2G). 

 

 

0 20 40 60 80 100 120
0

10

20

30

40

50

60

 

Fermentation time (h)

G
lu

co
se

 (
g

/L
)

(A)

0

200

400

600

800

1000

1200

F
A

N
, 

In
o

rg
an

ic
 n

it
ro

g
en

 (
m

g
/L

)

0 20 40 60 80 100 120
0

2

4

6

8

10
(B)

 

Fermentation time (h)

T
D

W
, 

li
p

id
s 

(g
/L

)

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

T
o

ta
l 

ca
ro

te
n

o
id

s 
(m

g
/L

)



153 

 

 

 

 

Figure 10.2 Consumption of glucose (■), fructose (♦), sucrose (○), galactose (   ), free amino 

nitrogen (FAN) (▲) and inorganic nitrogen (□), as well as total dry weight (◊), microbial oil 

() and carotenoids (●) production during batch fermentations of Rhodosporidium 

paludigenum 2664 using glucose (A, B), fructose (C,D), sucrose (E, F) and glucose: galactose 

(G, H) as carbon sources. 
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10.2.1 Identification of individual carotenoids composition 

The chemical profile of the individual carotenoids synthesized by both strains, during 

cultivation on the different carbon sources, was monitored throughout the 

fermentation. As shown in Figure 10.3 and Figure 10.4, the two Rhodosporidium 

paludigenum strains presented substantial variations. The dominant carotenoid was β-

carotene for both yeasts, ranging from 58.6-94.3% (depending on the carbon source) 

for strain 2663 and more than 96% for strain 2664. For Rhodosporidium paludigenum 

2663, it is evident that the carbon source affected the proportion of the individual 

carotenoids (Figure 10.3). At the beginning of carotenogenesis, β-carotene was 

produced in amounts corresponding to more than 85% of total carotenoids, in all 

cases. As fermentation was proceeding, the ratio of β-carotene to other carotenoids (γ-

carotene, torulene, torularhodin) was reduced and its percentage at the maximum 

point differed significantly. It has been previously reported that when yeast cells 

operate under stress (e.g. depletion of nitrogen source, high temperatures or extreme 

pH values) the synthesis of torulene and torularhodin is increased, in order to regulate 

the production of reactive oxygen species (Mussagy et al., 2023; Zhao and Li, 2022). 

Torulene and torularhodin are stronger radical scavengers than β-carotene (Kot et al., 

2018; Zhao and Li, 2022). Kot et al., (2019b) correlated the enhanced production of 

torulene using a Rhodotorula gracilis strain, when oxidative stress was imposed. In 

these experiments, the dramatic increase in these two “unusual” carotenoids was 

detected after nitrogen was consumed, or when the carbon source was fully depleted.  
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Figure 10.3 Chemical profile of the individual carotenoids produced during fermentation of 

strain Rhodosporidium paludigenum 2663 on (A) glucose, (B) fructose, (C) sucrose, (D) 

glucose-galactose. Total carotenoids (♦), β-carotene (■), γ-carotene (●), torulene (▲), 

torularhodin (▼). 

 

Since this stressing factor was not imposed on strain 2664, β-carotene was almost the 

sole carotenoid detected in all substrates (Figure 10.4). In fructose, torulene 

production (2-5% of total carotenoids) coincided with FAN depletion (Figure 10.2B, 

10.4B). These finding could shed light into yeast metabolism on carotenogenesis and 

on how the adequate substrate manipulation could lead in the production of different 

carotenoids.  
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Figure 10.4 Chemical profile of the individual carotenoids produced during fermentation of 

strain Rhodosporidium paludigenum 2664 on (A) glucose, (B) fructose, (C) sucrose, (D) 

glucose: galactose. Total carotenoids (♦), β-carotene (■), γ-carotene (●), torulene (▲), 

torularhodin (▼). 

10.2.2 Fatty acid profile 

The composition of fatty acids is essential for the expanding potential applications of 

the produced microbial oil. For instance, the unsaturated fatty acids are favorable in 

food industry because of their ability to reinforce human’s health (Coniglio et al., 

2023). Thus, the profile of the produced fatty acids was next identified through GC 

analysis. The results of both strains indicated that the produced microbial oil was rich 

in unsaturated fatty acids (Figure 10.5). The microbial oil synthesized by 

Rhodosporidium paludigenum 2663 presented a similar fatty acid profile regardless 

the fermentation substrate. The dominant fatty acid was oleic acid (C18:1) with a ratio 
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from 48.3 to 62.6%, depending on the utilized carbon source. Palmitic acid (C16:0) 

also shared a high ratio ranging from 21.6 to 28.9%. Stearic acid (C18:0) and linoleic 

acid (C18:2) were detected in lower amounts (Figure 10.5A). The unsaturated fatty 

acids comprised the 70% of total fatty acid, while the mono-unsaturated ones 

(MUFAs) represented about the 90% of total unsaturated fatty acids. The microbial oil 

produced by the strain Rhodosporidium paludigenum 2664 showed a similar profile 

(Figure 10.5B). The main fatty acid was oleic acid (C18:1) and the unsaturated fatty 

acids were also prevalent. However, the ratio between MUFAs and poly-unsaturated 

(PUFAs) was different. The PUFAs consisted of around 50% of total unsaturated fatty 

acids, due to the increased amount of linoleic acid (C18:2) and linolenic acid (C18:3). 

The results of this study are in accordance with the lipoic profile reported so far 

regarding red yeasts. Maza et al., (2020) presented that the strain Rhodotorula glutinis 

R4 produced mainly oleic acid (~60%). Palmitic, linoleic and linolenic acid were also 

present in lower amounts. The strain Rhodotorula glutinis var. rubescens LOCKR13 

showed that regardless the culture conditions oleic acid was the prevalent fatty acid 

(above 70%) (Gientka et al., 2022).  
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Figure 10.5 Fatty acid composition (%) of the lipids produced by (A) Rhodosporidium 

paludigenum 2663 and (B) Rhodosporidium paludigenum 2664. C16:0 (dark grey bar), 

C18:0 (white bar), C18:1 (light grey patterned bar), C18:2 (grey patterned bar), C18:3 (dark 

grey patterned bar), others (white patterned bar). 
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10.2.3 Antioxidant activity of the carotenoid-rich extracts 

Natural carotenoids are known for their ability to act as strong antioxidants, 

scavenging oxygen and peroxyl radicals (Cipolatti et al., 2019). It is also established 

that their antioxidant activity is strongly depended on the amount of their conjugated 

double bonds; torularhodin with 13 bonds is considered as the carotenoid with the 

highest antioxidant activity (Kot et al., 2018). Moreover, previous studies indicated 

that the presence of a mixture of carotenoids might act cooperatively and exhibit 

higher antioxidant ability than each carotenoid separately (Mandelli et al., 2012; Stahl 

and Sies, 2003). Considering the above, the carotenoid extract, derived from the 

cultivation of R. paludigenum 2663 on sucrose, which consisted of β-carotene, γ-

carotene, torulene and torularhodin was evaluated for its antioxidant activity. A 

concentration of 0.43 mg/mL presented 70.2 % inhibition on ABTS• radical, with an 

IC50 equal to 0.14 mg/mL. In comparison with carrot extract composed almost solely 

of β-carotene (IC50 of 0.2 mg/mL), the microbial derived extract showed enhanced 

antioxidant activity (by 42.8%). A standard solution of pure β-carotene was also 

analyzed for its scavenging activity presenting an IC50 of 0.76 x 10
-5

 mg/mL. Hence, 

our results were evaluated as promising, as carotenoids extracts might find 

applications on different fields, such as the cosmetic, pharmaceutical and food 

industry. 

10.2.4 Evaluation of antimicrobial properties 

Natural carotenoids could have antimicrobial activity against a plethora of food-borne 

pathogens (Vargas-Sinisterra and Ramírez-Castrillón, 2021). Pathogenic bacterial 

strains such as Listeria monocytogenes and Salmonella enteritidis are considered as a 

common source of food contamination (Rostami et al., 2016). To this end, the 

carotenoid extract from Rhodosporidium paludigenum 2663 on sucrose was examined 

for its antimicrobial properties on both bacterial and fungal pathogenic strains. 

Preliminary experiments were initially set up in order to determine the optimal solvent 

to dissolve the dried carotenoids extract before testing its antimicrobial activity. 

Previous studies had indicated multiple solvents suitable for this purpose, like DMSO, 

acetone or methanol (Chen et al., 2022; Karpiński and Adamczak, 2019; Rostami et 

al., 2016). However, these solvents demonstrated an inhibiting effect on 

bacterial/fungal growth, without the addition of the carotenoid extract (data not 
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shown). On the contrary, 1% antifoam had a negligible impact on microbial growth 

and was thus selected as a proper solvent for the tests. 

 

The results showed that the carotenoid extract was efficient against all the examined 

microorganisms, yet to different degrees. The growth of the pathogenic strains was 

completely inhibited when the carotenoid concentration ranged from 36 to 180 mg/L. 

The lowest MIC (minimum inhibitory concentration) was 36 mg/L against the strain 

Salmonella enteritidis. The extract was most effective on this pathogenic strain 

inhibiting its growth by 25 % with just 9 mg/L of carotenoids. The strain 

Staphylococcus epidermitis was also highly affected presenting a 50% inhibition with 

13.5 mg/L of carotenoid extract. Despite the fact that the reduction of the strain 

Pseudomonas aeruginosa began with small amounts of carotenoids, the MIC was 

obtained at a concentration of 90 mg/L. The carotenoid extract was less efficient on 

Staphylococcus aureus strain presenting no inhibitory effect at concentrations up to 72 

mg/L, whereas the MIC was achieved at 180 mg/L (Table 10.2). Karpiński and 

Adamczak, (2019) showed that 125 mg/L of synthetic fucoxanthin could be able to 

inhibit the growth of Staphylococcus aureus, Staphylococcus epidermitis, 

Pseudomonas aeruginosa and Klebsiella oxytoca. However, when the carotenoid 

extract was biotechnologically produced from microorganisms, the required 

concentrations in order to act as MIC were much higher in order to achieve the same 

inhibiting effect. According to Rostami et al., (2016), 16 g/L were the necessary 

amount of pigment extract from Maoricolpus roseus PTCC 1411 in order to 

completely eliminate the growth of Salmonella enteritidis. Moreover, 0.6 g/L of 

carotenoid extract derived from Rhodotorula mucilaginosa CCMA 0156 were the 

established MIC against Listeria monocytogenes (Moreira et al., 2018) (Table 10.4). 

Therefore, the results of the current study indicate that the produced carotenoid had 

high antibacterial activity against many pathogenic strains.  
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Table 10.2 Antibacterial activity of various carotenoid extract concentrations (1.8, 4.5, 6.0, 9.0, 13.5, 18.0, 36.0, 54.0, 72.0, 90.0, 180.0 and 360 

mg/L) produced during Rhodosporidium paludigenum 2663 fermentation utilizing sucrose as carbon source. 

Bacterial strains 

Carotenoid concentration (mg/L) 

1.8 4.5 6.0 9.0 13.5 18.0 36.0 54.0 72.0 90.0 180.0 360.0 

S. enteritidis 1.1% 11.4% 13.2% 25.0% 26.5% 32.3% 100.0%
1
 100.0% 100.0% 100.0% 100.0% 100.0% 

S. epidermitis 0.0% 0.0% 0.0% 28.0% 50.0% 58.0% 68.0% 100.0%
1
 100.0% 100.0% 100.0% 100.0% 

C. difficile 0.0% 0.0% 0.0% 0.0% 11.1% 18.1% 39.2% 100.0%
1
 100.0% 100.0% 100.0% 100.0% 

K. oxytoca 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 44.4% 100.0%
1
 100.0% 100.0% 100.0% 100.0% 

L. monocytogenes 0.0% 0.0% 0.0% 20.6% 22.0% 33.7% 35.0% 95.4% 100.0%
1
 100.0% 100.0% 100.0% 

S. saprophyticus 0.0% 0.0% 0.0% 0.0% 7.6% 22.4% 27.2% 36.5% 100.0%
1
 100.0% 100.0% 100.0% 

P. aeruginosa 0.0% 15.5% 17.8% 27.7% 30.8% 31.4% 36.5% 41.9% 65.6% 100.0%
1
 100.0% 100.0% 

S. aureus 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 97.3% 100.0%
1
 100.0% 

1
MIC: minimum inhibitory concentration 
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Regarding the inhibitory effect of the extracts on fungal pathogenic strains, an amount 

of 54 mg/L inhibited their growth (Table 10.3). The strain Aspergillus niger seemed 

to be more sensitive to carotenoid extract, as its growth was inhibited by 51.4% in the 

presence of 36 mg/L of carotenoids. Chen et al., (2022) showed that a concentration 

of 3.25 g/L of pigment extract derived from wild berries acted as MIC against the 

fungus Aspergillus niger. Furthermore, for the complete inhibition of Alternaria citri, 

64 g/L of pigments extracted from Rhodotorula glutinis PTCC 5257 were required 

(Table 10.4). Hence, compared to the literature, the carotenoid extract from 

Rhodosporidium paludigenum 2663 presented greater antifungal activity.  

 

Table 10.3 Antifungal activity of various carotenoid extract concentrations (9.0, 18.0, 

36.0, 54.0, 72.0, 90.0, 180.0 and 360 mg/L) produced during Rhodosporidium 

paludigenum 2663 fermentation utilizing sucrose as carbon source. 

 

Fungal 

strains 

Carotenoid concentration (mg/L) 

9.0 18.0 36.0 54.0 72.0 90.0 180.0 360.0 

A. niger 0.0% 3.1% 51.4% 100.0%
1
 100.0% 100.0% 100.0% 100.0%

2
 

A. flavus 0.0% 0.0% 0.0% 100.0%
1
 100.0% 100.0% 100.0% 100.0%

2
 

1
MIC: minimum inhibitory concentration; 

2
MFC: minimum fungicidal concentration 

 

The next set of experiments was focused on the evaluation of the minimal 

bactericidal/fungicidal concentration (MBC/MFC). Considering that the MBC could 

be equal or above the corresponding MIC, the examined carotenoid concentrations 

were between 36 to 360 mg/L and 54 to 360 mg/L, for the bacterial and fungal strains, 

respectively. Testing the pathogenic bacterial strains, neither concentration exhibited 

bactericidal effect against them (Table 10.2). However, a concentration of 360 mg/L 

of the carotenoid extract was identified as the MFC for both Aspergillus niger and 

Aspergillus flavus (Table 10.3). According to the literature, the lowest MFC (128 

g/L) was against Alternaria citri using pigment extract from Rhodotorula glutinis 

PTCC 5258 (Table 10.4) (Rostami et al., 2016). Therefore, our results corroborate on 
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the potential of the carotenoid extract derived from Rhodosporidium paludigenum as 

antimicrobial agent for future food applications. 
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Table 10.4 MIC and MBC/MFC of different pigments against pathogenic bacterial and fungal strains. 

Pathogenic strains Source Extract Solvent ΜΙC ΜBC/MFC Reference 

S. enteritidis, S. epidermitis, 

S. saprophyticus, L. monocytogenes, 

P. aeruginosa, C. difficile, K. oxytoca 

R. paludigenum 

NCYC 2663 
Carotenoids 1% Antifoam 36-90 mg/L > 360 mg/L 

This study 

A. niger, A. flavus 
R. paludigenum 

NCYC 2663 
Carotenoids 1% Antifoam 54 mg/L 360 mg/L 

S. aureus, S. enteritidis,  

L. monocytogenes 

M. roseus PTCC 

1411 
Pigments Acetone 16-64 g/L  32-128 g/L  

Rostami et al. 

(2016) 

A.citri, P. digitatum 
M. roseus PTCC 

1411 
Pigments Acetone 128 g/L 

A. citri > 256 g/L 

P. digitatum 256 g/L 

S. aureus, S. enteritidis,  

L. monocytogenes 

R. glutinis PTCC 

5257 
Pigments Acetone 16-64 g/L 32-64 g/L 

A.citri, P. digitatum 
R. glutinis PTCC 

5258 
Pigments Acetone 64-128 g/L 128-256 g/L 

S. aureus, L. monocytogenes, 

P. aeruginosa 

R. mucilaginosa 

CCMA 0156 
Carotenoids Methanol 0.6-1.22 g/L 0.6-1.22 g/L 

Moreira et al. 

(2018) 

S. aureus, B. subtilis, 

L. monocytogenes, 

P. aeruginosa, S. enteritidis 

wild berry 

(Rubus coreanus) 
Berry  Methanol 0.39-6.25 g/L 0.78-12.5 g/L 

Chen et al. 

(2022) 

A.niger 
wild berry 

(Rubus coreanus) 
Berry  Methanol 3.25 g/L 6.5 g/L 

S.aureus, S.epidermitis, 

P. aeruginosa, K. oxytoca 
- Fucoxanthin 20% DMSO 125-500 mg/L - 

Karpiński and 

Adamczak, 

(2019) 
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10.3 Fermentations on bioreactor scale for carotenoid and microbial oil 

production by Rhodosporidium paludigenum 2663 

10.3.1 Batch fermentation using commercial sucrose 

Based on the previously shown results, the strain Rhodosporidium paludigenum 2663 

was able to accumulate carotenoids, microbial oil as well as EPS when cultivated on 

sucrose. To this end, a bioreactor batch fermentation was carried out, coping the same 

conditions as in shaking flasks. As shown in Figure 10.6A, the carbon source 

assimilation rate was 0.95 g/L/h, with total available sugars being depleted after 

approximately 53 h of the fermentation process. Glucose was the first monosaccharide 

to be consumed, even though fructose assimilation was also carried out 

simultaneously (Figure 10.6A). Regarding the consumption pattern of nitrogen, IN 

was rapidly depleted (at about 19 h), whereas FAN consumption ceased after 24 h, 

leaving ~12 mg/L unconsumed (Figure 10.6A). These findings are consistent with 

our previous results obtained from shaking flask fermentations. Cell growth along 

with oil accumulation, carotenoids and EPS production are presented in Figure 

10.6B. Microbial oil production was initiated at about 10 h of fermentation, reaching a 

maximum concentration of 6.14 g/L (36.1% w/w oil content) after 48 h. Regarding 

the fatty acid profile, oleic acid was the main fatty acid detected (43.4%) followed by 

palmitic acid (33.7%).  

 

Carotenogenesis followed a different pattern compared to microbial oil production. 

Although carotenoid accumulation began within the first 20 h of fermentation, the 

highest concentration, equal to 1.55 mg/L, was achieved after 64 h. It is worth noting 

that the maximum concentration of carotenoids was observed at the end of the 

fermentation process (Figures 10.6A, B). Warjoto et al., (2020) reported that 

Rhodosporidium paludigenum InaCC Y236 achieved the maximum production of 

carotenoids (6.73 μg/mL) after 144 h of fermentation, while the carbon source was 

nearly consumed (0.83 g/L). The accumulation of carotenoids after sugar 

consumption could be attributed to the subsequent decrease in oil concentration 

(Figure 10.6B). A possible explanation could be that the yeast cells might assimilate 

the microbial oil towards carotenoids production to regulate possible oxidation stress 

developed in the cell following sugars depletion. Similar observation was also carried 
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out by Tkáčová et al., (2018) with the strain Rhodotorula glutinis CCY 20-2-26. The 

authors concluded that fatty acid degradation occurs after sugars depletion, leading to 

acetyl-CoA formation via β-oxidation, which is subsequently being channeled for β-

carotene synthesis. The torularhodin increase at the end of the fermentation (Figure 

10.6C) further supports this explanation, given that this carotenoid is the strongest 

free radical scavenger among those synthesized (Kot et al., 2019). However, the 

regulatory mechanisms underlying the cellular metabolism of these products remain 

inadequately understood, requiring further studies.  

Noteworthy, EPS were also produced under these cultivation conditions. As shown in 

Figure 10.6B, their production began after 28 h, reaching a maximum concentration 

of 0.49 g/L at the end of the fermentation (64 h). The metabolic pathway for 

producing exopolysaccharides, such as pullulan, relies on the activation of cAMP-

PKA signaling pathway, which regulates the fate of Msn2. Depending on whether 

Msn2 is located in the nucleus or the cytoplasm, the production of either EPS or 

microbial oil is enhanced (Yang et al., 2020). Thus, their synthesis acts 

antagonistically, which might explain the subsequent increase in EPS at the end of the 

process. EPS production from different red yeasts strains have been previously 

reported (Hamidi et al., 2020; Liu et al., 2021; Seveiri et al., 2020; Zhao and Li, 

2022). The ability of EPS of Rhodosporidium paludigenum to produce 

exopolysaccharides has been demonstrated by Liu et al., (2021), who achieve a 

concentration of 4.32 g/L under optimized fermentation conditions. The authors 

argued that a slightly acidic pH (equal to 4) and a temperature of 30.18 °C were 

required for high EPS accumulation. On the other hand, Zhao and Li, (2022) observed 

enhanced EPS synthesis from Rhodotorula glutinis when a lower temperature (15 °C) 

was employed. It can be deduced that as in case of the other two metabolites, EPS 

synthesis is strain depended and more studies are required to fully elucidate the 

metabolic mechanisms involved. Nevertheless, Hamidi et al., (2020) reported that 

sucrose was the optimum carbon source for EPS production by a cold-adapted 

Rhodotorula mucilaginosa strain, which is line with our findings since EPS 

production was only detected in the medium containing sucrose. 
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Figure 10.6 (A) Consumption of glucose (■), fructose (♦), sucrose (○), total sugars (◄), free 

amino nitrogen (FAN) (▲) and inorganic nitrogen (IN) (□), as well as (B) cell dry weight (◊), 

microbial oil (), carotenoids (●) and EPS (△) production, and (C) individual carotenoids 

production where β-carotene (▽), γ-carotene (▷), torulene (◁), torularhodin (⨉) during batch 

bioreactor fermentation of R. paludigenum 2663.  

The chemical profile of the produced carotenoids was also monitored. As depicted in 

Figure 10.6C, β-carotene was the dominant carotenoid synthesized throughout the 

fermentation process, comprising between 70.1 % and 93.7 % of the total carotenoids, 

while torulene, torularhodin and γ-carotene were also co-produced in lower 
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concentrations. It is noteworthy that the rapid increase of both torulene and 

torularhodin occurred after glucose depletion (Figure 10.6A, C). This observation 

aligns with the fact that these “unusual” carotenoids are produced under conditions of 

high oxidative stress (Kot et al., 2019).  

10.3.2 Batch fermentation using molasses 

Given the promising results obtained using sucrose, molasses were subsequently 

employed as an alternative carbon source. Molasses comprise a co-product of the 

sugar industry, finding a plethora of applications especially as fermentation substrate 

due to their low price and availability (Lakshmidevi et al., 2021; Ozdal and 

Kurbanoglu, 2019). Besides their high sucrose content, molasses are also rich in other 

important growth nutrients such as minerals and vitamins (Nakata et al., 2014). The 

kinetics of sugar consumption and metabolites accumulation are presented in Figure 

10.7. Sugar consumption presented a similar rate (~1 g/L/h) to the one observed when 

commercial sucrose was employed. However, sugar depletion occurred a bit later in 

molasses (57 h) compared to sucrose (53 h). Regarding metabolites accumulation, 

microbial oil production started after about 23 h, when the concentration of both 

nitrogen sources became limiting (Figure 10.7A, B). The highest microbial oil 

concentration was 4.4 g/L, corresponding to 29.7 % content, a value ~ 30% lower 

than the one obtained on sucrose (6.14 g/L). When comparing to other red yeast 

strains, Rhodosporidium paludigenum 2663 performed in a rather similar manner 

regarding oil accumulation in molasses. Lakshmidevi et al., (2021) recorded a 4.65 

g/L oil production in Rhodotorula glutinis and 7.55 g/L in Rhodosporidium 

toruloides, after batch cultivation in sugarcane molasses. In the work of Zheng et al., 

(2021) a lipid concentration of 4.35 g/L was achieved with Rhodotorula toruloides 

grown in cane molasses, while (da Costa et al., 2020) demonstrated a lipid content of 

only 16.5% using the strain R. mucilaginosa CCT3892. 
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Figure 10.7 (A) Consumption of glucose (■), fructose (♦), sucrose (○), total sugars (◄), free 

amino nitrogen (FAN) (▲) and inorganic nitrogen (IN) (□), as well as (B) cell dry weight (◊), 

microbial oil (), carotenoids (●) and EPS (△) production. 

 

Carotenoid synthesis followed a completely different pattern compared to sucrose, as 

no carotenoids were detected in the extracts even after ~30 h of fermentation (Figure 

10.7B). It is worth noting that the only carotenoid synthesized until sugar depletion 

was torularhodin. After this point, carotenoids were boosted reaching the highest 

concentration (0.55 mg/L), almost 7 hours after sugar depletion. Notably, β-carotene 

became the prevalent carotenoid, accounting for 87.6% of total carotenoids, while 

torulene and γ-carotene were not detected in extracts. Rodrigues et al., (2022) 

achieved the production of 1.79 mg/L carotenoids and a 43.2% lipid accumulation, 

when the Rodotorula mucilaginosa CCT 7688 was grown on sugarcane molasses 

supplemented with corn steep liquor, after prolonged fermentation hours (144 h). 

Lower carotenoid concentrations were also obtained by Lakshmidevi et al., (2021), 

when the strains Rhodotorula glutinis and Rhodosporidium toruloides were grown on 

molasses, in comparison to a glucose-based medium. This phenomenon could be 

attributed to the rich composition of molasses in specific minerals such as zinc and 

manganese (Olbrich, 2006). These metal ions could possibly negatively influence the 

enzymes involved in carotenogenesis, especially the ones involved in torulene and 

torularhodin synthesis (Mata-Gómez et al., 2014). 

 

EPS were the only metabolite that was improved when molasses were the 

fermentation substrate (Figure 10.7B). Their production initiated after 24 h of 
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fermentation and continued to increase reaching 1 g/L at 52 h, a 2-fold improvement 

comparing to the experiment with sucrose (0.49 g/L). Molasses have been evaluated 

as substrate for various types of exopolysaccharides such as pullulans (Lazaridou et 

al., 2002) and xathan (Ozdal and Kurbanoglu, 2019). The studies on EPS production 

from red yeasts are scarce and are mainly focusing on stress factors such as 

temperature and pH (Zhao and Li, 2022). Our findings indicate that substrate plays 

also a crucial role and molasses seem to induce EPS production in detriment to oil and 

carotenoids accumulation. The different behavior of the strain on molasses led to the 

investigation of a fed-batch experiment, aiming to improve the final contents in both 

oils and carotenoids. 

 

10.3.3 Fed-batch fermentations using molasses 

 

The time course of substrate consumption (sugars from molasses, FAN and IN) and 

metabolites production in a fed-batch cultivation of strain Rhodosporidium 

paludigenum 2663 is presented in Figure 10.8. The bioreactor was fed with a 

concentrated solution of molasses at four different time intervals (Figure 10.8A). The 

fed-batch strategy significantly improved microbial oil accumulation, reaching a 

concentration of 10.9 g/L (0.12 g/g on consumed sugars), with a content equal to 

50.7% after 86 h of fermentation. The production of microbial oil obtained in this 

experiment is in line with other studies, in which proper medium manipulation was 

employed, either with the addition of specific salts or other compounds acting as 

stimulants. For instance, more than 49% lipid accumulation was achieved when a 

mixture of molasses and cassava water was enriched with KH2PO4 and K2SO4, in the 

study of Machado et al., (2022), which investigated the co-production of lipids and 

carotenoids with a Rhodotorula mucilaginosa strain. Potassium phosphate and 

magnesium sulfate salts were added in the medium of Rhodotorula glutinis CCT-2186 

in order to obtain a 61.6% lipid content in the work of Mussagy et al., (2021). 

 

Carotenoid synthesis started after 30 h of cultivation, similarly to the batch 

experiment, and remained at low levels (0.05 mg/L) -with torularhodin being the sole 

molecule- until sugar concentration became limiting (3.2 g/L). As observed also in the 

case of batch cultivation, low sugar concentration triggered carotenoids accumulation 
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(Figure 10.8A, B). Carotenoid synthesis continued to increase reaching a maximum 

at 3.3 mg/L, after complete sugar consumption (Figure 10.8B). This behavior was 

also observed when commercial sucrose was the carbon source (Figure 10.6 A, B). It 

has been previously debated that excess of glucose in the fermentation medium is 

continuously channeled for lipid synthesis in detriment to carotenogenesis (Tkáčová 

et al., 2017). When glucose is exhausted, oleic acid (with is the main fatty acid in the 

produced microbial oil) is metabolized via the β-oxidation pathway to form acetyl-

CoA, which is subsequently used for carotenoid synthesis. 

 

Contrary to the batch cultivation, torulene and γ-carotene were also detected to the 

extracts (Figure 10.8C). β-carotene was the main carotenoid, accounting for the 

55.2% of total carotenoids in the extract, followed by torulene (25.7%), torularhodin 

(13.4%) and γ-carotene (5.7%). EPS production started at about 30 h and gradually 

increased, following a trend more similar to lipids than to carotenoids. The peak 

occurred at the end of the fermentation, with a value of 3 g/L, a 3-fold increment 

compared to the batch experiment (Figure 10.8B).  

 

The concentration of carotenoids achieved on molasses (beet or sugarcane molasses) 

varies depending on the strain and other fermentation parameters such as temperature, 

pH and the addition of stimulants. The highest concentration of carotenoids achieved 

when the strain Rhodotorula mucilaginosa was grown on a mixture of molasses and 

cassava wastewater was equal to 3.3 mg/L (Machado et al., 2022). 
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Figure 10.8 (A) Consumption of glucose (■), fructose (♦), sucrose (○), total sugars (◄), free 

amino nitrogen (FAN) (▲) and inorganic nitrogen (IN) (□), as well as (B) cell dry weight (◊), 

microbial oil (), carotenoids (●) and EPS (△) production, and (C) individual carotenoids 

production where β-carotene (▽), γ-carotene (▷), torulene (◁), torularhodin (⨉) during batch 

bioreactor fermentation of Rhodosporidium paludigenum 2663.  

The fed-batch cultivation led to higher concentrations of all metabolites produced 

from the strain Rhodosporidium paludigenum 2663, designating the potential of this 

strain as a multi-product cell factory. To our knowledge, this is the first study 
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indicating the parallel synthesis of three value-added metabolites with possible food 

applications.   

10.4 Conclusions 

The future commercialization of biotechnologically produced carotenoids depends on 

the identification of robust strains able to consume a variety of carbon sources and to 

synthesize carotenoids of market value. This is the first study to explore the 

fermentative behavior of two Rhodosporidium paludigenum yeasts (2663 and 2664) 

when cultivated on glucose, fructose, sucrose and a mixture of glucose-galactose. 

Both strains were efficient carotenoid producers, while the final product titers were 

strain and substrate dependent. Strain Rhodosporidium paludigenum 2663 was able to 

co-produce oil, carotenoids and EPS when grown on sucrose, leading to its evaluation 

in bioreactor scale both is commercial sucrose and molasses. Higher titers of all 

metabolites were achieved when a fed-batch strategy was followed using molasses as 

substrate. 

 

The analysis of the chemical profile revealed that β-carotene was the main carotenoid 

in all cases while the presence of the strong antioxidants torulene and torularhodin 

was also unveiled. On the other hand, the lipoic fraction was rich in unsaturated fatty 

acids, with oleic acid found as the predominant one. Besides the complete chemical 

characterization of the microbial metabolites, this study also elucidated the potential 

bioactive properties of the carotenoids’ extracts both in terms of antioxidant and 

antimicrobial activities, adding value towards their subsequent industrial valorization. 

Therefore, this study unraveled the dynamic potential of the unexplored yeast R. 

paludigenum 2663 as a robust producer of value-added ingredients targeting their 

incorporation in novel food formulations. 
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Biotechnology: 

 

Sereti, F., Alexandri, M., Papadaki, A., Papapostolou, H., Kopsahelis, N. (2024). 

Carotenoids production by Rhodosporidium paludigenum yeasts: Characterization of 

chemical composition, antioxidant and antimicrobial properties. Journal of 

Biotechnology, 386, 52-63   
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CHAPTER 11 

 

Green recovery of carotenoids and microbial oil 

using SFE-CO2  
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11 Green recovery of carotenoids and microbial oil using SFE-CO2  

11.1 Introduction 

The objective of this chapter was the evaluation of SFE-CO2 as an alternative and 

“green” method for the concomitant recovery of oil and carotenoids produced from 

the yeast strain Rhodosporidium paludigenum NCYC 2663. Due to the lack of studies 

dealing with yeast biomass pretreatment methods, various cell disruption techniques 

(ultrasounds, beads, high speed homogenization, decompression) were also evaluated 

prior to SFE-CO2 to assess the overall feasibility of the process. Moreover, a 

comprehensive analysis of the kinetic behavior of both carotenoids and microbial oil 

using SFE-CO2 was carried out, promoting sustainable production of these valuable 

metabolites and suggesting a pathway for their potential use in food products. 

11.2 Oils and carotenoids recovery using SFE-CO2 

11.2.1 Effect of different pretreatment methods 

Cell disruption is a crucial step in recovering intracellular products, particularly 

carotenoids, which are highly sensitive to light, temperature, and specific solvents 

(Papapostolou et al., 2023). The rigid and complex cell wall of yeast cells poses a 

significant challenge for cell disruption (Mussagy et al., 2019). DMSO was employed, 

serving as the control method for the quantification analysis of carotenoids, while the 

modified Folch method was used as the control method for oil extraction. It should be 

stated that a portion of carotenoids is co-extracted along with oils during the modified 

Folch method, corresponding to a recovery yield of 13%. Freeze-drying was 

employed in all proposed schemes due to the unfavorable presence of water, given the 

hydrophobic nature of carotenoids (Papapostolou et al., 2023). However, it should be 

noted that γ-carotene was not detected after freeze-drying, indicating that even though 

it is a commonly employed process for thermolabile compounds, some losses could 

occur. Despite the significant importance of biomass pretreatment prior to SFE-CO2, 

few studies have performed comprehensive evaluations and most of them are focusing 

on microalgae (Sarnaik et al., 2018; Viguera et al., 2016). An overview of the various 

examined processes is presented in Figure 11.1. 
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Figure 11.1 Schematic diagram of the examined pretreatment processes prior to SFE-CO2 

extraction. 

 

As shown in Figure 11.3A, the different pretreatment processes significantly affect 

carotenoids more than oil recovery. Sonication (Process 1), which is commonly used 

for rupturing bacterial (Fidan and Zhan, 2019) and microalga biomass (Sarnaik et al., 

2018; Viguera et al., 2016), proved highly unfavorable for recovering carotenoids 

from these red yeasts, with yields below 10%. In fact, post-ultrasound pretreatment 

analysis revealed carotenoid degradation during sonication and parameter stabilization 

at the SFE-CO2 stage, with 51% of total carotenoids lost during sonication. In 

particular, β-carotene, the primary carotenoid, underwent 60.5% degradation, 

followed by torulene (40%) and torularhodin (8.6%). Total carotenoid content 

continued to decrease even after 2 h, indicating the negative effect of sonication on 

the overall process (Figure 11.2). Consequently, only 10% of carotenoids were 

recovered by the end of the extraction process (Figure 11.3A). 
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Figure 11.2 Individual and total carotenoid losses during treatment with ultrasounds. Initial 

concentration (black bar), concentration after sonication (grey bar), concentration 2 h after 

sonication (white bar). 

 

HSP (Process 2) proved the most effective method for cell lysis yielding 83% and 

80% of total microbial oil and carotenoids, respectively (Figure 11.3A). The 

combination with beads (Process 5) yielded statistically similar (p > 0.05) results 

(82.2% oil recovery and 74% of total carotenoids), indicating that extended cell lysis 

was induced by the HSP method. HSP is a commonly used technique in the food 

technology, employed for the formation of emulsion and suspensions (Hua et al., 

2017). During this process, the material is subjected to high mechanical forces as well 

as hydrodynamic effects produced by the high rotation speed (10,000-20,000 rpm) 

(Hua et al., 2017; Zhou et al., 2022). Even though this method has never been 

evaluated for cell lysis, these results corroborate of its effectiveness.  

 

The use of ethanol as a co-solvent in both pretreatment and throughout the SFE-CO2 

process was proven to be critical for the efficient recovery of carotenoids. More 

specifically, in Process 3, where ethanol was used only during pretreatment, 

carotenoid recovery was 42%, denoting a 44% decrease compared to Process 2 

(additional ethanol during SFE-CO2). Microbial oil extraction was less affected by the 
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presence of ethanol in the extraction system, yielding similar recoveries (83%) to 

other scenarios involving homogenization with or without ethanol during SFE-CO2 

(Processes 2 and 4). Ethanol also played a crucial role during cell disruption, as 

shown in Process 4, where yields were significantly lower (p< 0.05) for both 

products. Torularhodin was not detected in the extract (Figure 11.3B), aligning with 

Ambrico et al., (2024), who emphasized the need for co-solvents during SFE-CO2 due 

to torularhodin polar nature and tendency to form hydrogen bonds (Ambrico et al., 

2024; Mussagy et al., 2023). Ludwig et al., (2021) also reported enhanced extraction 

yields of β-carotene from Dunaliella salina when ethanol was added in the system, 

especially at a concentration of 10%. The additional pretreatment step with glass 

beads (Process 5) was found to be unnecessary, as it showed no improvement in 

yields compared to homogenization alone (Process 2) (Figure 11.3A). Finally, the 

exposure to static compressed CO2 with a subsequent abrupt decompression has been 

proposed as a technique to increase cell wall permeability (Vladić et al., 2022). 

However, in this study, decompression conditions were insufficient to disrupt yeast 

cell wall resulting in only 2% total carotenoid recovery (Figure 11.3A). 
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Figure 11.3 (A) Microbial oil (black bar) and total carotenoids (grey bar) recovery yields and 

(B) Individual carotenoids recovery yields obtained from various pretreatment processes 

coupled with SFE-CO2. β-carotene (black bar), torulene (light grey bar), torularhodin (white 

bar). Different low case letters indicate significant differences between the different 

pretreatment processes regarding oils recovery (a, b, c, d, e, f) , total carotenoids recovery (a1, 

b1, c1, d1, e1), while capital letters denote significant differences regarding the recovery 

yields of β-carotene (A, B, C, D, E), torulene (A*, B*, C*, D*, E*) and torularhodin (A**, 

B**, C**, D**). 

 

Figure 11.3B depicts the recovery yields of individual carotenoids. β-carotene was 

the predominant carotenoid in the biomass (74% of total carotenoids), followed by 

torularhodin (14%) and torulene (11.3%). As a result, β-carotene was detected in all 

extracts regardless of the pretreatment method used. Significant differences (p < 0.05) 

in β-carotene recovery yields were observed when sonication was employed (Process 

1) compared to all the other Processes, while no significant differences (p > 0.05) 

were obtained between the two most efficient Processes 2 and 5 (HSH and 

beads/HSH combination, along with the use of ethanol throughout the extraction) with 

values of 93.9% and 80.6%, respectively. Torulene yields followed a similar pattern, 

with a percentage of 71% recovery in case of Process 2, while neither torulene nor 
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torularhodin were detected in the extracts after Process 6 (decompression). 

Torularhodin recovery yields ranged between 30-54% for the most efficient processes 

(Processes 2 and 5). Analysis of residual biomass from different cases revealed an 

average remaining torularhodin content of 24%, likely due to its anti-oxidative nature, 

which makes it more prone to degradation during the process. Fatty acid composition 

(Table 11.1) was not affected by the pretreatment method, even after employing 

sonication (Process 1), which was detrimental on carotenoids. All extracts were rich 

in unsaturated fatty acids, which comprised more than 50% of total fatty acids, with 

oleic acid (C18:1) being the predominant one. 

 

Table 11.1 Fatty acid composition (%) of microbial oil recovered by the modified 

Folch method, Process 1 (pretreatment using sonication and extraction with SFE-

CO2) and Process 2 (pretreatment with homogenization and extraction with SFE-CO2) 

Fatty acids (%) Folch Process 1 Process 2 

C16:0 33.68 22.85 22.85 

C18:0 13.01 4.48 5.20 

C18:1 cis9 43.37 61.07 54.67 

C18:2 cis6 3.42 5.58 4.27 

Others 6.52 6.01 13.01 

MUFA 45.45 64.81 58.94 

PUFA 4.91 7.13 9.09 

SFA 49.65 28.07 29.75 

 

Studies on carotenoid extraction from yeasts using SFE-CO2 are scarce, and to our 

knowledge, co-extraction of oils and carotenoids has not been evaluated previously. 

Only few reports evaluating the simultaneous extractions of oils and pigments from 

microalgae could be found. Mouahid et al., (2020) explored the potential of using 

SFE-CO2 with and without the use of co-solvent for the recovery of valuable 

compounds, such as neutral oils, chlorophylls and carotenoids, from two species of   

microalgae. In case of the work of Molino et al., (2019), the maximum recovery of β-

carotene (25.48%) occurred under different SFE-CO2 operating conditions, compared 

to those used for the extraction of fatty acids from Dunaliella salina. Martínez et al., 
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(2020) examined electroporation followed by freeze-drying before SFE-CO2 process 

for carotenoid extraction from Rhodotorula glutinis, achieving less than 25% recovery 

even with ethanol addition as co-solvent. Hasan et al., (2015) reported less than 50% 

total carotenoid recovery from enzyme-treated Phaffia rhodozyma cells. The recent 

study of Larocca et al., (2023) reported a higher yield (73.86%) under the same 

operating conditions to this work, however torularhodin was the main carotenoid, and 

oil accumulation was not monitored in their study. Although the importance of 

efficient cell disruption for recovering intracellular products is undeniable, few studies 

have examined its impact on extraction. The comprehensive work of Viguera et al., 

(2016) indicated that the efficiency of oil extraction with SFE-CO2 from Chlorella 

protothecoides was correlated with the degree of cell lysis. The authors evaluated cell 

rupture using microwaves, sonication, autoclaving and milling. Microwave and 

sonication yielded only 7%, probably because of the use of wet biomass during 

extraction. Milling was also insufficient, since oil recovery was only 13%. The higher 

yields in this study may be attributed to the concurrent extraction of carotenoids and 

oils, as oil addition has been shown to enhance carotenoid extraction under SFE 

conditions (Chalermthai et al., 2022). Carotenoids tend to form esters with oils, 

facilitating their co-extraction. However, in Process 3, despite efficient oil extraction, 

the lack of ethanol during SFE-CO2 significantly (p < 0.05) reduced carotenoid 

recovery. 

11.2.2 Extraction kinetics 

As Process 2 was the most efficient for co-extracting oils and carotenoids, the 

extraction kinetics of both products were monitored. The recovery yields of oils and 

total carotenoids are depicted in Figure 11.4A. It is evident that over 60% of 

carotenoids are extracted at the beginning of the process- during SFE stabilization- 

and after about 100 min the process is completed. Regarding individual carotenoids 

recovery, β-carotene and torulene exhibited similar trends, with higher extraction rates 

early on, whereas torularhodin was extracted at a slower rate, underscoring the 

importance of ethanol as a co-solvent (Figure 11.4B). Oil recovery followed a 

different pattern, with 80% extracted within 60 min and complete recovery achieved 

by the end of the process (Figure 11.4A). This trend is in line with the work of Vladić 

et al., (2022), who monitored the extraction yield of intracellular oil accumulated in 
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Tetradesmus obliquus algal biomass. The authors employed decompression (1 h static 

SFE-CO2 at 300 bar) while SFE-CO2 extraction was carried out at 300 bar and 40 °C. 

Oil was gradually extracted, reaching an approximate yield of 65% after 2 h of 

operation, requiring 4 h to reach a plateau. Almost 40% of total extracted carotenoids 

were obtained during the first minutes of SFE-CO2 process from the microalgae 

Nannochloropsis gaditana and Synechococcus sp. (Macías-Sánchez et al., 2009). 

 

Figure 11.4 (A) Carotenoids (■) and microbial oil (●) recovery kinetics during SFE-CO2 

extraction using Process 2. (B) Evolution of individual carotenoid extraction under the same 

conditions. β-carotene (◊), torulene (□), torularhodin (Δ). 

11.3 Conclusions 

The results of this chapter demonstrated the feasibility of co-extracting microbial oil 

and carotenoids from red yeasts biomass using SFE-CO2. The cell disruption method 

played a crucial role on extraction efficiency, while the use of ethanol for both cell 

lysis and the SFE-CO2 process was imperative to achieve high carotenoid recovery 
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yields. The obtained extracts were rich in oils containing unsaturated fatty acids, that 

in combination with carotenoids with high antioxidant activity could potentially be 

used as functional ingredients in novel food systems, expanding the applications of 

microbial products. Consequently, the subsequent step of this research was directed 

toward investigating the potential applications of the carotenoid-rich microbial oil that 

was extracted through SFE-CO2. 
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Development of electrosprayed particles and 

oleogels using carotenoids-rich microbial oil 
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12 Development of electrosprayed particles and oleogels using carotenoids-rich 

microbial oil  

12.1 Introduction 

The main objective of this chapter was to study the development of novel food 

ingredients using the biotechnologically produced carotenoids-rich microbial oil. As it 

has been shown in previous chapters, the produced carotenoids-rich microbial oil 

demonstrated high antioxidant and antimicrobial activity, whereas the microbial oil 

composed mainly of unsaturated fatty acids. Therefore, these attributes render 

carotenoid-rich microbial oil highly suitable for the development of novel food 

ingredients with functional properties. Furthermore, the effectiveness of green 

extraction using SFE-CO2, as demonstrated in the previous chapter, enhances its 

suitability for industrial applications, by eliminating organic solvents from the final 

product.  

In this chapter, two applications of carotenoid-rich microbial oil were studied. 

Initially, electrospinning was employed for the production of capsules of carotenoid-

rich microbial oil. In this case, various whey protein-based formulations were 

investigated as encapsulating materials targeting to the development of particles with 

enhanced microbial oil encapsulation efficiency. Considering that polysaccharides 

from plant sources have primarily been used in wall material matrices, the EPS 

fraction produced by Rhodosporidium paludigenum 2663 (Chapter 10) underwent 

further characterization and assessment as a potential component for incorporation 

into the encapsulation matrix. Therefore, this section presents both the 

characterization of EPS and the production of electrosprayed particles. In the second 

scenario, whey protein oleogels were developed using the carotenoids-rich microbial 

oil through an emulsion-templated approach. Structured lipids, or oleogels, represent 

innovative ingredients that can function both as fat replacers in food products and as 

protective carriers of the bioactive compounds, such as carotenoids. This chapter 

details the production of oleogels, along with their characterization and their 

capability to serve as protective carriers for microbial oil and carotenoids. 
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12.2 Characterization of EPS  

Microbial EPS are promising for food applications due to their biodegradability, 

unlike their synthetic counterparts (Hamidi et al., 2020). While yeasts are recognized 

as potential EPS producers, the characterization and the potential uses of yeast-

derived EPS have yet to be evaluated. To address this gap, the first step was to 

characterize the crude EPS fraction after ice-cold ethanol precipitation and analyze 

some key properties which could reveal their possible applications.  

12.2.1 FTIR analysis 

FTIR analysis was initially employed in order to characterize the crude EPS fraction. 

The presence of characteristic bands in the IR spectrum would confirm its structure as 

a polysaccharide. As shown in Figure 12.1, a broad band at 3276 cm
-1

 was observed 

in the sample. This broad band in the range of 3600-3000 cm
-1

 is due to the stretching 

vibrations of abundant OH groups, which are typical of polysaccharides (Hong et al., 

2021). Additionally, the bands present at 2922 and 2851 cm
-1

 can be mainly assigned 

to the antisymmetric and symmetric stretching vibrations of CH2 groups and 

stretching vibrations of CH groups in the polysaccharide structure (Wang et al., 2022). 

Finally, the region between 1200 and 800 cm
-1

, commonly referred to as the 

"fingerprint" region of polysaccharides, showed varying bands between 1174 and 

1140 cm
-1 

(Pasandide et al., 2017). These bands are characteristic of different 

glycosidic linkages found in various polysaccharides. Hamidi et al., (2020) reported 

that the glycosyl linkages identified after GC-EI-MS analysis were 1,2-, 1,3-, and 1,6-

, indicating, that the analyzed EPS were a highly branched β-D-glucan polymer. The 

examined sample presented an intense band at 1021 cm
-1

 that can be assigned to the 

C-O stretching vibration of ether bond, indicating that the yeast strain 

Rhodosporidium paludigenum 2663 successfully produced exopolysaccharides. 



187 

 

 

Figure 12.1 FTIR spectrum of crude EPS fraction obtained by Rhodosporidium 

paludigenum 2663. 

12.2.2 Determination of EPS monosaccharide composition 

The identification of the individual monosaccharides comprising the crude EPS 

fraction was conducted using both HPLC and TLC analysis. Prior to analysis the 

fraction underwent acid hydrolysis in order to break down the polymer into its 

components. HPLC indicated that the crude EPS fraction was mainly composed of 

glucose. Fungi (including yeasts) are able to synthesize various types of EPS such as 

glucan-type, mannan, and glucomannan (De Baets et al., 2002). Liu et al., (2021) 

reported that the EPS produced under the optimal pH and temperature conditions by 

an Rhodosporidium paludigenum strain consisted of glucose and mannose. Glucose 

represented the main monosaccharide in the EPS synthesized by a cold-adapted 

Rhodotorula strain (Hamidi et al., 2020). 

TLC analysis was also carried out on both the non-hydrolyzed (labeled as bar 1) and 

the hydrolyzed sample (labeled as bar 2). Figure 12.2 presents the results of TLC 

analysis using a mobile phase consisting of chloroform: methanol: acetic acid: dH2O 
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in a ratio of 25:15:4:1. A mixture of 20% (v/v) H2SO4 and 5% (v/v) phenol solution 

were employed as visualization reagent. Four different sugar monosaccharide 

standards -glucose, sucrose, fructose, and galactose- were also analyzed. The with 

respective Rf values of the standard compounds were 0.61, 0.63, 0.62, and 0.56. As 

expected, no bands were observed in the non-hydrolyzed sample, while five distinct 

bands appeared in the hydrolyzed sample. The Rf values, beginning from the lowest 

band on the TLC plate, were 0.45, 0.5, 0.57, 0.61, and 0.69 (Figure 12.2). 

Consequently, glucose was identified in the sample based on the observed Rf values. 

The presence of galactose could also be deduced by the TLC bands of the standard (Rf 

=0.56) and the hydrolysed sample (Rf =0.57). The presence of the other bands 

indicated the presence of other carbohydrates in the crude EPS fraction. Mannose has 

been identified in yeast-derived EPS fractions, in different molar ratios with glucose 

(Hamidi et al., 2020; Liu et al., 2021; Seveiri et al., 2019). Red yeast EPS composed 

of galactose, arabinose and fucose have been previously demonstrated (Vazquez-

Rodriguez et al., 2018; Yousefbeyk et al., 2018). It is obvious that further studies 

along with the utilization of more sophisticated analytic techniques (e.g GC-MS 

analysis) are required to fully elucidate the structure of Rhodosporidium paludigenum 

2663 EPS. 
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Figure 12.2 TLC analysis of sugars presented in the crude EPS fraction produced by 

Rhodosporidium paludigenum 2663. 

TLC was further utilized to detect the presence of impurities in the crude EPS fraction 

such as proteins and lipids. As shown in Figures 12.3A and 12.3B the obtained EPS 

fraction was contaminated with both proteins and lipids. The analyzed samples were 

before (labeled as bar 1) and after acid hydrolysis (labeled as bar 2). TLC plates were 

developed with isopropanol: dH2O in a ratio of 7:3 and the spray reagent was a 

ninhydrin solution. Lipid identification was carried out using a mixture of hexane, 

diethyl ether, and acetic acid in a ratio of 42.5:7.5:0.5, with iodine vapors used as the 

visualization reagent. Five bands were observed in Figure 12.2A and three distinct 

bands in Figure 12.2B, indicating the presence of both proteins and lipids in the crude 

EPS extract.  
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Figure 12.3 TLC analysis of EPS for proteins (A) and lipids (B) detection. Lane 1: non-

hydrolyzed EPS, Lane 2: hydrolyzed EPS. 

12.2.3 Oil holding capacity, surface tension and emulsification properties 

The characterization of the physical properties of EPS focused on their oil holding 

capacity, surface tension, and emulsification index. Since the TLC analysis indicated 

the presence of impurities, such as lipids and proteins, in the extracted EPS, further 

purification was performed using three different approaches. Eventually, the physical 

properties were evaluated in three distinct fractions: crude EPS (fraction 1), crude 

EPS treated with dialysis membranes and filtration (fraction 2), crude EPS treated 

with TCA (prior to precipitation with ice-cold ethanol), with dialysis membranes and 

filtration (fraction 3) and the results are presented in Table 12.1.  

OHC is an important property that determines the hydrophobicity index of compounds 

and their interactions with other food constituents. OHC reflects compound ability to 

absorb and retain lipids in food formulations (Shen et al., 2022). Regarding the OHC, 

fraction 2 exhibited the highest capacity of 4.28 g/g. Kavitake et al., (2024) reported 

an OHC of 3.79 g/g for EPS derived from the Enterococcus hirae strain OL616073, 

while Lobo et al., (2019) demonstrated a 3-fold higher OHC for crude EPS fraction 

from Streptococcus thermophilus CRL1190 (fraction which was equivalent to the 

fraction 1 of this study).  
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Moreover, fraction 2 presented the lowest surface tension (Table 12.1). Surface 

tension is a key property that reflects the surface activity of substances. Compounds 

able to reduce the surface tension of a liquid are referred to as surface-active 

materials, which are commonly used in colloidal food systems, such as emulsions. 

These materials possess both hydrophilic and lipophilic groups, enabling them to 

orient at the interface between the two phases of a biphasic system, thus facilitating 

the stabilization of the emulsion (Sahin and Sumnu, 2007). The EPS fractions 1 and 3, 

did not exhibit considerable surface tension reduction, considering that the surface 

tension of ddH2O is approximately 70 mN/m. On the other hand, fraction 2 showed 

the highest reduction in surface tension (Table 12.1). Likewise, Tansel and Tansel, 

(2013) used a modified protocol involving dialysis membranes to recover EPS from 

bacteria strains, obtaining surface tension values ranging from 49.34 to 53.48 mN/m.  

Finally, the emulsification index of EPS was also evaluated. The obtained results 

(Table 12.1) showed that emulsification index ranged from 47% for the fraction 1 to 

53% for fractions 2 and 3. Mohammed et al., (2021) demonstrated that a crude EPS 

extract (equivalent to the fraction 1 of this study) derived from Rhodotorula 

mucilaginosa YMM19 resulted in an emulsification index of 60%. Similarly, 

Tarannum et al., (2023) obtained comparable results for crude EPS extract produced 

from lactic acid bacteria.  

Table 12.1 Evaluation of the effect of three different precipitation methods on the 

OHC, surface tension and emulsification index of the extracted EPS. 

 Physical properties Fraction 1 Fraction 2 Fraction 3 

OHC (g/g) 1.14 ± 0.33
a
 4.28 ± 0.72

b
 3.14 ± 0.70

b
 

Surface tension (mN/m) 63.00 ± 0.43
a
 45.90 ± 0.44

b
 64.10 ± 0.43

a
 

Emulsification index (%) 47.00 ± 1.21
a
 53.00 ± 3.27

b
 53.00 ± 4.24

b
 

* Different lowercase letters (a, b) indicate significant differences (p<0.05) between different 

fractions within each physical property.  
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Conclusively, the results of this study suggested that EPS fraction 2 holds potential as 

a colloidal ingredient in biphasic systems, as it demonstrated the highest OHC, the 

lowest surface tension, and a strong emulsification index. These attributes would 

typically indicate that EPS fraction 2 could effectively stabilize emulsions and 

interface well in biphasic systems. Therefore, the EPS fraction 2 was selected for 

incorporation into the whey protein/ carotenoid-rich microbial oil emulsions prior to 

the electrospinning process, as described in the following section. 

12.2 Development of electrosprayed particles  

12.2.1 Evaluation of encapsulation efficiency of microbial oil  

The initial steps in the formation of particles or capsules containing carotenoid-rich 

microbial oil involved the assessment of various whey protein-based formulations for 

the development of an effective encapsulation matrix. As previously mentioned, the 

combination of encapsulation techniques could lead to enhanced encapsulation 

efficiency of bioactive compounds, with the combination of microemulsion and 

electrospinning standing out among these methods (Chen et al., 2023; Drosou et al., 

2022; İnan-Çınkır et al., 2023). The effectiveness of an emulsion primarily depends 

on the incorporation of surfactants to prevent gravitational separation of the biphasic 

system (McClements, 2015). To this end, the surfactants Tween-80 and Triton X-100 

were utilized in the preparation of the whey protein/microbial oil emulsion and 

assessed for their impact on the encapsulation efficiency (EE) of microbial oil after 

the electrospinning process.  

As shown in Table 12.2, the concentration of Tween-80 appeared to have a notable 

effect on the EE of microbial oil. At a concentration of 0.05%, no encapsulation of 

microbial oil occurred. In contrast, when the concentration was increased to 0.5%, 

45% of the microbial oil was successfully encapsulated within the matrix. On the 

contrary, the emulsion prepared with Triton X-100 as the emulsifier (0.5%) resulted in 

particles with lower EE than that achieved with Tween-80.This could be partially 

explained by the higher HLB (hydrophilic-hydrophobic balance) of Tween-80 (HLB 

15.0) than Triton X-100 (HLB 13.6) (Kruglyakov et al., 2002). It should be stressed 

that higher HLB value is assigned to a more hydrophilic character of the emulsifier 

(Griffin, 1954). Although, both Tween-80 and Triton X-100 fall within the 8-18 HLB 
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range, making them suitable for oil-in-water (o/w) emulsions like the whey 

protein/microbial oil emulsion, their slight HLB difference may led to the different EE 

of the microbial oil. Furthermore, as it has been reported, that the effectiveness of an 

emulsifier is determined by an optimal HLB value along with the presence of the 

correct chemical groups (Griffin, 1954). Therefore, both the concentration and type of 

emulsifier could influence the final EE of the microbial oil.  

Table 12.2 Encapsulation efficiency (%) of microbial oil using various whey protein-

based formulations as the encapsulation matrices.  

Wall Material 
Microbial oil  

(%, w/w) 

Encapsulation 

efficiency (%) Protein  

(%, w/w) 

Emulsifier  

(%, w/w) 

10% WPC, pH 8 

0.05% Tween-80 

3% 

0% 

0.5% Tween-80 43.30% 

0.5% Triton X-100 33.00% 

0.05% EPS 28.00% 

1% EPS 71.15% 

As mentioned in previous chapter, the yeast Rhodosporidium paludigenum 2663 was 

capable of producing EPS and specifically the fraction 2 was highlighted to be a 

potential emulsifier (Section 12.2.3). As presented in Table 12.2, the use of EPS (1%) 

positively influenced the EE of microbial oil, resulting in particles with 71.15% EE of 

the microbial oil. It is worth noting that the composition of the microbial oil remained 

consistent before and after the electrospinning process, with C18:1 comprising more 

than 50% of the total fatty acids.  

12.2.2 Evaluation of encapsulation efficiency of carotenoids  

The carotenoids present in microbial oil were also evaluated for their encapsulation 

efficiency. Their EE was examined under the optimal encapsulation conditions 

identified in the previous section. Figure 12.4A depicts the emulsion produced prior 
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to the electrospinning process, while Figure 12.4B presents the final electrosprayed 

particles. 

 

Figure 12.4 The produced whey protein/microbial oil emulsion (A) and the resulted particles 

after electrospinning process (B). 

The produced electrosprayed particles were subsequently examined to obtain the 

electrospinning yield and EE of carotenoids. It should be stressed that the 

electrospinning yield of the carotenoids differs from the EE. Specifically, 

electrospinning yield refers to the proportion of carotenoids present in the final 

electrosprayed particles compared to the initial concentration carotenoids before 

electrospinning process. On the other hand, the encapsulation efficiency (EE) of 

carotenoids represents the proportion that was successfully incorporated into the 

particles.  

HPLC-DAD analysis revealed that 84.3% of the total carotenoids were retained in the 

final product (electrospinning yield). Specifically, 89% of the initial β-carotene 

concentration was present in the particles. Likewise, the concentration of torulene 

remained at 90.9% of its initial concentration in the microbial oil prior to 

encapsulation. However, the concentration of torularhodin was reduced by 

approximately 50% in the final product, indicating its increased sensitivity to 

oxidation. The obtained results are comparable to those from previous studies that 

employed microemulsion electrospinning as the encapsulation technique (Table 

12.3). İnan-Çınkır et al., (2023) reported an electrospinning yield of 79.74% for 

carotenoid extract from watermelon pulp using this technique. Moreover, the 

encapsulation of torularhodin extracted from Sporidiobolus pararoseus JD-2 resulted 
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in 82.47% electrospinning yield of carotenoids (Liu et al., 2023). In contrast, Drosou 

et al., (2022) used pullulan in the encapsulating matrix, achieving greater results with 

a β-carotene electrospinning yield of 95.77%. 

Moreover, the EE of carotenoids reached 42.2%, indicating that more than half of the 

carotenoids were located on the surface of the particles. Further analysis of the 

composition revealed that EE varied by carotenoid type. Specifically, torulene and 

torularhodin were fully encapsulated in the final product, whereas the majority of β-

carotene (68%) was found on the surface. Niu et al., (2020) showed up to 39% EE of 

synthetic β-carotene, which aligns closely with our findings. On the contrary, Chen et 

al., (2023) reported a significantly enhanced EE of lycopene, achieving 98.75% 

following optimization of the encapsulation process.  

In conclusion, this study demonstrated the potential of using Rhodosporidium 

paludigenum as a single-cell factory for the simultaneous production of carotenoids, 

microbial oil, and EPS, which can be utilized for the development of novel 

electrosprayed particles with carotenoid EE comparable to those reported in the 

literature. Further research focusing on the electrospinning process parameters, such 

as applied voltage, distance from the collector etc. as well as the ingredients of the 

encapsulation matric could lead to higher EE of carotenoids. 
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Table 12.3 Summary of electrospinning yield and encapsulation efficiency of carotenoids encapsulated in different matrices using 

microemulsion electrospinning process. 

Carotenoid Source Encapsulating matrix Core material 
Electrospinning 

yield (%) 

Encapsulation 

efficiency (%) 
References 

β-carotene Synthetic 20% (w/v) Pullulan 
0.25mg/mL β-carotene in 

corn oil 
95.77  Drosou et al., (2022) 

β-carotene Synthetic 
2.3% (w/w) Alkali lignin, 16% 

(w/w) PVA 

2% (w/w) soybean oil, β- 

carotene 
90.20  Xiang et al., (2022) 

β-carotene Synthetic 

40% (w/w) Gum Arabic, 25% 

(w/w) WPI, 0.02% (w/w) Sodium 

azide 

5% Oil phase: 10% (w/w) 

β-carotene in corn oil 
93.32  Falsafi et al., (2022) 

Carotenoid 

extract 

Watermelon pulp 

(Crimson tide) 

3.01g Span 20, 25% (w/v) Zein 

powder, Gelatin, Pectin  

0.5g of watermelon pulp 

in 4.4g glycerol 
79.74  İnan-Çınkır et al., (2023) 

Torularhodin 
Sporidiobolus 

pararoseus JD-2 

1 mg/mL Sodium alginate, 1 

mg/mL Chitosan 

300 mg torularhodin in 

5g corn oil 
82.47  Liu et al., (2023) 

β-carotene Synthetic 
1% (w/w) Whey protein isolate, 

8% (w/w) Pullulan 

5% (w/w) β-carotene,  

Medium-chain 

triacylglycerols 

 39.00 Niu et al., (2020) 

Lycopene Synthetic 

1% (w/v) Whey protein isolate, 

1% (w/v) Tricholoma lobayense 

Heim-3 

0.2% (w/v) lycopene in 

corn oil 
 98.75 Chen et al., (2023) 

Carotenoid 

extract 

Rhodosporidium 

paludigenum 2663 

10% Whey protein concentrate, 

1% exopolysaccharide extract 

from R. paludigenum 2663  

Carotenoids-rich 

microbial oil containing 

β-carotene, torulene 

andtorularhodin 

84.3 42.2 This thesis 
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12.2.3 FTIR analysis 

Further analysis of the chemical profile of the produced electrosprayed particles was 

conducted through FTIR. Figure 12.5A illustrates the FTIR spectrum of the produced 

electrosprayed particles. To determine the presence of EPS, microbial oil and whey 

protein the individual spectra of each component were also analyzed, as shown in 

Figures 12.5B, 12.5C, and 12.5D, respectively. Regarding the spectrum of whey 

protein, the presence of three characteristic bands indicates protein identification. 

Specifically, a band in the 3300-3070 cm
-1

 region corresponds to the stretching 

vibration of the -NH bond in proteins (Amide A band) (Barth, 2007), with the whey 

protein sample exhibiting a corresponding band at 3276 cm
-1

 (Figure 12.5D). 

Additionally, sharp peaks near 1650 cm
-1

and 1550 cm
-1 

are attributed to Amide I and 

Amide II bands, respectively. The Amide I band primarily arises from the stretching 

vibration of the C=O bond, while the Amide II band results from a combination of the 

in-plane bending of the NH bond and the stretching vibration of the CN bond (Barth, 

2007). As shown in Figure 12.5D, the whey protein also displayed both of these 

characteristic bands at 1629 and 1510 cm
-1

 respectively. The less intense bands in the 

3000-2800 cm
-1 

region (2922 and 2855 cm
-1

) indicated the presence of CH, CH2, and 

CH3 groups (Wang et al., 2022), whereas the peak at 3060cm
-1

 can be assigned to the 

Amide B band (Barth, 2007). 

In the spectrum of microbial oil (Figure 12.5C), the presence of bands in two regions 

facilitated its identification. Particularly, sharp bands in the 3000–2800 cm
-1 

region 

are expected due to the abundance of CH, CH2, and CH3 bonds in oil. Indeed, 

microbial oil exhibited bands in this region, at 2922 and 2851 cm
-1

. Furthermore, the 

presence of an intense band at 1744 cm
-1 

corresponds to the stretching vibration of the 

ester carbonyl functional groups in triglycerides (Lucarini et al., 2018), which was 

also observed in the microbial oil spectrum. With respect to the spectrum of EPS 

already analyzed in Section 12.2.1, the spectrum obtained from the produced 

electrosprayed particles exhibited all the characteristic bands of each component used. 
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Figure 12.5 FTIR spectrum of electrosprayed particles (A), EPS (B), microbial oil (C) and 

whey protein (D). 

12.3 Development of whey protein oleogel 

Oleogels are considered an effective carrier for protecting bioactive compounds, while 

they can also serve as healthier fat substitutes in several food systems due to their 

solid-like structure (Martins et al., 2020; Perța-Crișan et al., 2023). To this end, the 

next set of experiments focused on the formation of an oleogel containing microbial 

oil rich in carotenoids derived from yeast strain Rhodosporidium paludigenum 2663 

and the evaluation of its stability during the oleogelation process and upon thermal 

treatment. Additionally, the assessment of its physical properties was included as part 

of the characterization, providing insights into its potential use in food applications.. 
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12.3.1 Preparation and visual appearance of the oleogel 

Oleogelation involved three preparation steps; development of the whey 

protein/microbial oil emulsion through homogenization, the freezing of emulsion at -

80 °C and finally the freeze drying of the emulsion to obtain the oleogel. As depicted 

in Figure 12.6A homogenization produced an orange-colored emulsion due to the 

presence of carotenoids. The subsequent preparation steps produced a macroscopic 

solid structure with an evenly distributed orange color, indicating a homogenous 

oleogel. The resulting oleogel exhibited a macroscopically cohesive structure with no 

observable oil leakage (Figure 12.6B). Then, the oleogel was manually mixed with a 

spatula until a homogeneous sample was obtained (Figure 12.6C), which was further 

characterized. 

 

Figure 12.6 Whey protein/carotenoids-rich microbial oil formulations during oleogelation 

process: (A) emulsion, (B) oleogel after freeze-drying and (C) oleogel after shearing.  
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12.3.2 Characterization of oleogel 

12.3.2.1 FTIR analysis 

Figure 12.7 illustrates the FTIR spectrum of the oleogel. The presence of whey 

protein was confirmed by three characteristic bands, as previously mentioned; Amide 

A at 3276 cm
-1

, Amide I at 1629 cm
-1

 and Amide II at 1524 cm
-1

. Additionally, it was 

confirmed that the oleogel contained microbial oil, as all of its characteristic bands 

were observed in the sample. Specifically, the peaks at 2922 and 2855 cm
-1

 can be 

assigned to the antisymmetric and symmetric CH2 stretching vibration (Lin-Vien et 

al., 1991) characteristic group of fatty acid structure. Also, as aforementioned, the 

band at 1744 cm
-1

 is associated with the vibration of ester carbonyl groups, a 

characteristic feature in lipid structures (Lucarini et al., 2018). 

 

Figure 12.7 FTIR spectrum of the produced oleogel. 

12.3.2.2 Oil bind capacity and textural attributes 

Next step was the evaluation of the oil binding capacity of the produced oleogel as 

well as its textural properties. The OBC demonstrated no leakage of microbial oil 
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from the oleogel, resulting in complete binding (100%). Ropciuc et al., (2023) 

reported that, depending on the oleogelators used, the OBC could range from 64.34 to 

99.73%. Indeed, a recent study showed that using different lipophilic oleogelators 

influenced the OBC of astaxanthin-loaded oleogels and the highest OBC, 

approximately 95%, was achieved with a mixture of γ-oryzanol and β-sitosterol 

(Shuai et al., 2024).  

According to the textural analysis, the measured firmness was 4.3 N. Papadaki et al., 

(2019b) demonstrated that a wax-based oleogel containing microbial oil exhibited a 

firmness of 14.5 N, while the combination of microbial and soybean oil resulted in a 

wax-based oleogel with lowest firmness (1.9 N). Obviously, firmness of the oleogels 

is strongly dependent on the oil type as well as the oleogelator. 

12.3.2.3 Rheological analysis 

In this section, the rheological behavior of the produced oleogel is presented. Initially, 

the flow behavior of the oleogel was evaluated through a viscosity test as a function of 

shear rate (Figure 12.8). Viscosity properties are important to be measured since they 

are related to the minimum stress that food products need to maintain their continuous 

flow. The results showed viscosity decreased as the shear rate was increasing. This 

confirmed that the oleogel is a non-Newtonian fluid, presenting a typical shear 

thinning behavior. Similar findings have been demonstrated for emulsion-oleogels 

containing fucoxanthin (Shang et al., 2023). 
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Figure 12.8 Viscosity of the oleogel 

Subsequently, the viscoelastic properties of the oleogel were evaluated through strain 

and frequency sweep experiments. The results of strain sweep test are presented in 

Figure 12.9A, in which linear (LVR) and non-linear regions were observed. In the 

LVR, the oleogels demonstrated a solid-like structure as the G′ was higher than G″. 

The existence of a firm gel-like network structure was also identified by the G′max 

which was 1.5 MPa or 1.5 × 10
6
 Pa. Until now, there exists only one study 

investigating the development of whey protein isolate–carboxymethyl chitosan 

aerogel-astaxanthin oleogel, in which rheological analyses have not been performed 

(Zhao et al., 2023). Nevertheless, another study showed that the astaxathin macadamia  

oil oleogels, structured with lipophilic oleogelators (mixture of γ-oryzanol and β-

sitosterol), presented lower gel strength (G′max around 2 × 10
4
 Pa) than the oleogel of 

this thesis (Shuai et al., 2024). Furthermore, a 5% decrease of G′ indicates the 

initiation of the non-linear region, in which G′ and G″ values are continuously 

decreasing until the crossover point. The critical strain, which is the strain values at 

the end of the LVR, was 0.06%, demonstrating that above this critical strain the 

oleogel becomes more fluid-like. The critical strain could be considered as low, thus 

showing a low resistance to structure breakdown. This is commonly found in whey 

protein oleogels and it is strongly affected by the preparation method. For instance, 

supercritical-dried whey protein aerogels resulted in oleogels with significantly 
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greater LVR and higher critical strain values, than freeze-dried particles (Plazzotta et 

al., 2020). Notably, the G''/G' or the tanδ (loss tangent) value in the LVR was about 

0.1, confirming not only the predominance of the gel-like structure, but also the strong 

gel properties (Shuai et al., 2024). In particular, the closer the loss tangent value is to 

1, the weaker the strength of the oleogel and vice versa (Wang et al., 2023). 

Consequently, the viscoelastic properties showed that oleogel presented a stable three-

dimensional network structure. The crossover point (G′=G″), also known as the flow 

point, determines the transition to a viscous state. The cross over point was detected at 

4.07% strain which indicated. that a disruption of the oleogel structure is occurred and 

after that strain the oleogel present a liquid-like behavior (Tirgarian et al., 2023). 

Frequency sweep experiment was conducted at a strain value of 0.01%, which was 

within the LVR. The solid-like behavior (G'>G'') of the oleogels was also evident in 

the frequency sweep tests (Figure 12.9B). The G′ and G′′ curves were linear without 

presenting a crossover point. This behavior is typical of strong gels confirming their 

good tolerance against deformation (Espert et al., 2022). Moreover, a slight increase 

in G′′ with increasing frequency values was negligible, indicating that all oleogels 

exhibited non-frequency-dependent behavior. 

Conclusively, the rheological analysis confirmed the production of an oleogel with 

solid-like character and high mechanical strength. The low critical strain suggested 

that more studies should be performed concerning the oleogel preparation and 

composition to increase its tolerance against deformation. On the other hand, the low 

viscosity at high shear rates indicated the high spreadability capacity of the oleogels. 

Typically, the shear rate of spreading creamy food products on the surface of a bread 

is usually 10-100 1/s. Therefore, this oleogel could be utilized as fat substitute in 

spreadable food system, to control their structure and spreadability. 
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Figure 12.9 Storage modulus (G') and loss modulus (G'') during strain sweep tests (A) and 

frequency sweep tests (B) of the oleogel. 

12.3.3 Carotenoids stability during oleogelation process 

The stability of the carotenoids during the oleogelation process was evaluated by 

measuring the oleogelation yields of carotenoids at each preparation step, as well as 

assessing the oxidation of microbial oil before and after oleogelation.  

The microbial oil remained protected throughout the oleogelation steps, with its 

oxidation level consistently maintained at its initial value of 7.68 meq/kg. However, a 
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gradual carotenoid degradation was observed during the oleogelation process, 

resulting in a final oleogelation yield of approximately 45% (Figure 12.10). More 

specifically, each preparation step had a significant impact on carotenoids 

concentration (p<0.05). Previous studies on encapsulation techniques have reported 

that the choice of encapsulation matrix significantly impacts the encapsulation 

efficiency of carotenoids (Saifullah et al., 2019). Additionally, the use of a single 

oleogelator might strongly influence the physicochemical properties of the resulting 

oleogel (Hu et al., 2022). Consequently, further investigation into the encapsulation 

matrix for oleogelation might improve the final carotenoid yield. 

 

Figure 12.10 Carotenoids (%) during preparation steps of the oleogelation process: β-

carotene (black bars), torulene (dark grey bars) and torularhodin (light grey bars). Different 

letters on the bars indicate statistically significant differences between preparation steps for 

each carotenoid (
a, b, c

 β-carotene; 
a1, b1, c1

 torulene; 
a2, b2, c2

 torularhodin) (p<0.05). 

The carotenoids degradation data during oleogelation fitted well (R
2
>0.96) with the 

zero-order kinetic model, which revealed different constant rates (k) for each 

carotenoid. As shown in Table 12.4, β-carotene degradation exhibited the lowest k 

among the carotenoids, followed by torularhodin and torulene. Torulene demonstrated 

the highest reduction rate (k 22.83). The R
2
 values indicated that the reduction of each 

carotenoid exhibited a linear relationship across each preparation step, which could be 

efficiently expressed through this kinetic model.  
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Table 12.4 Zero order kinetic models for the degradation of each carotenoid during 

oleogelation process. 

Carotenoid Zero order fitting R
2
 

β-carotene y= -18.475x+114.59 0.9683 

Torulene y= -22.829x+120.89 0.9601 

Torularhodin y= -19.205x+123.24 0.9613 

 

12.3.4 Microbial oil and carotenoids stability during thermal treatment of 

oleogels 

The next step of this study involved the evaluation of thermal stability of the 

carotenoid-rich microbial oil of the oleogel. For this purpose, three different 

temperatures were selected; 50, 70 and 90 °C. The chosen temperatures represent 

different common heating levels of food formulations, with 50 °C considered a mild 

heating e.g. to facilitate mixing of food ingredients, while 70 °C and 90 °C 

corresponding to high-temperature heating processes e.g. resembling pasteurization 

process. The thermal stability of microbial oil and carotenoids was investigated at 

various time intervals during heating to evaluate both the oxidative stability and the 

carotenoids degradation. Microbial oil in a non-encapsulated form was used as the 

control of this experimental set-up. 

12.3.4.1 Oxidative stability 

The oxidation of microbial oil during thermal processing was expressed as peroxide 

value (PV). As shown in Figure 12.11 the oxidation of non-encapsulated microbial 

oil was higher, than oleogel-encapsulated microbial oil, as the temperature and time 

were increased. Particularly, under mild heating conditions (50 °C), the non-

encapsulated microbial oil exhibited an oxidation increase of 32.26% after 90 min, 

compared to the sample at 0 min. At the same temperature, the increase in oxidation 

for the oleogel-encapsulated microbial oil was 14.56%, which was significantly lower 

than that of the non-encapsulated (p<0.05). Additionally, heating at 70 °C had a 
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significant impact on the oxidation of non-encapsulated microbial oil, resulting in an 

approximate 114% increase, whereas the oxidation of the oleogel was about 37.22% 

at 90 min. High-temperature heating conditions (90 °C) caused the greatest oxidation 

in both non-encapsulated (132.26%) and oleogel-encapsulated (44.98%) microbial oil, 

as expected due to the increased oxidation rates that are usually observed at elevated 

temperatures. However, oleogelation was able to maintain oxidation levels 

approximately 3 times lower at both 70 and 90 °C, demonstrating the effectiveness of 

oleogels in protecting thermo-sensitive compounds. Similarly findings to these results 

have been demonstrated for astaxanthin-loaded whey protein isolate oleogels prepared 

via the aerogel-templated method. In particular, researchers reported the PV values 

increased in a slower rate trend in the oleogel than that in the bulk oil (Zhao et al., 

2023). Overall, the microbial oil within the oleogel remained significantly protected 

compared to the non-encapsulated oil after 90 min of thermal processing at the 

temperature range of 50-90 °C. This phenomenon suggested that the gel structure 

played a critical role in retarding oxidation. Conclusively, the enhanced oxidative 

stability of oleogels at various temperatures, suggested their potential use in the 

development of functional food products which must be thermally processed. 
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Figure 12.11 Oxidation (%) of the non-encapsulated microbial oil and oleogel-encapsulated 

microbial oil at different time intervals at 50 °C (black bars), 70 °C (dark grey bars) and 90 °C 

(light grey bars). Different letters on the bars indicate statistically significant differences 

between non-encapsulated microbial oil and oleogel-encapsulated microbial oil for each time 

interval at each temperature (
a, b

 10 min; 
a1, b1 

30min; 
a2, b2

 60 min; 
a3, b3

 90 min) (p<0.05). 

As illustrated in Figures 12.12A and 12.12B, a first-order kinetic model was applied 

to determine the oxidation rate constant (k) at each temperature for both non-

encapsulated microbial oil and oleogel-encapsulated microbial oil. Table 12.5 

demonstrated that k rate constants increased as the temperature increased, with the 

oleogel formulation providing higher protection against oxidation to the microbial oil, 

due to the lower k values. The non-encapsulated microbial oil was more susceptible to 

oxidation, as k was approximately 2-fold higher than this of oleogel-encapsulated 

microbial oil.  

Among temperatures, k was the lowest at 50 °C for both formulations, suggesting that 

mild heating conditions might not strongly influence microbial oil oxidation. In 

contrast, at 90 °C, the oxidation rate appeared to increase, with k approximately 

doubling in both cases. Furthermore, as shown in Table 12, the R
2
 values (>0.93) 
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indicated that the first-order kinetic model was well fitted to the oxidation data at any 

temperature. 

 

 

Figure 12.12 Fitting of oxidation data with the first-order kinetic model: non-encapsulated 

microbial oil (A) and oleogel-encapsulated microbial oil (B) during thermal treatment at 50 

°C (●), 70 °C (■) and 90 °C (▲). 

 

 

 



210 

 

Table 12.5 First-order kinetic parameters: Oxidation rate constant values (k) and R
2
 

values of non-encapsulated microbial oil and oleogel-encapsulated microbial oil 

during thermal treatment at 50, 70 and 90 °C. 

Temperature 

(°C) 

Microbial oil Oleogel 

k R
2
 k R

2
 

50 0.0016 0.9430 0.0007 0.9878 

70 0.0038 0.9947 0.0015 0.9334 

90 0.0046 0.9333 0.0019 0.9614 

Fitting the oxidation rate constants data to the Arrhenius model, the activation 

energies Ea were calculated, giving insights of the impact of temperature changes on 

the oxidative stability of non-encapsulated and oleogel-encapsulated microbial oil. As 

shown in Figure 12.13 the Arrhenius model were fitted well (R
2
>0.90) for both non-

encapsulated and oleogel-encapsulated microbial oil. The obtained Ea for non-

encapsulated microbial oil was 26.05 kJ/·mol, while the Ea for oleogel was 24.58 

kJ/·mol. A lower Ea indicates a reduced sensitivity of the material to thermal 

processes. This means that oleogel formulation had lower thermal sensitivity (lower 

Ea) compared to the non-encapsulated microbial oil form. Therefore, the oleogel 

provided enhanced protection to the microbial oil, which indicated that oleogels can 

serve as an effective protective carrier for microbial oil during thermal processing. 
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Figure 12.13 Fitting of oil oxidation data with the Arrhenius model for non-encapsulated 

microbial oil (▲) and oleogel-encapsulated microbial oil (■). 

12.3.4.2 Carotenoids degradation 

In addition, the degradation of carotenoids during thermal processing was investigated 

to evaluate their stability. The reduction of carotenoids concentration in non-

encapsulated microbial oil was compared to that in the oleogel-encapsulated at 50, 70, 

and 90 °C, across different time intervals. According to Figure 12.14, temperature 

affected the degradation of carotenoids, with higher temperatures leading to a greater 

reduction in both conditions. Specifically, at 50 °C, the degradation of total 

carotenoids reached 84.27% by the end of the process (90 min), which was 

significantly higher compared to the reduction observed in the oleogel (p<0.05). The 

oleogel formulation seemed to efficiently protect the carotenoids from degradation, 

showing only a 6% reduction in their concentration after 90 min. Moreover, at 70 °C, 

the difference in carotenoid degradation between the two formulations was even more 

pronounced, with the oleogel form resulting in a significantly higher carotenoid 

stability (78.8%) after 90 min of thermal processing. Finally, the high-temperature 

treatment (90 °C), appeared detrimental to the carotenoids in the non-encapsulated 

microbial oil, as they were completely degraded by the end of the process. In contrast, 

the carotenoid yield in oleogel was 52.30%, highlighting the protective effect of 

oleogels on carotenoids even at high temperatures.  
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Figure 12.14 Carotenoids (%) of the non-encapsulated microbial oil and oleogel-encapsulated 

microbial oil at different time intervals at 50 °C (black bars), 70 °C (dark grey bars) and 90 °C 

(light grey bars). Different letters on the bars indicate statistically significant differences 

between non-encapsulated microbial oil and oleogel-encapsulated microbial oil for each time 

interval at each temperature (
a, b

 10 min; 
a1, b1 

30min; 
a2, b2

 60 min; 
a3, b3

 90 min) (p<0.05). 

Thermal degradation kinetics of carotenoids were evaluated during thermal treatment. 

Specifically, a first-order kinetic model was applied, as shown in Figures 12.15A and 

12.15B, to determine the (k) rate constants for each case. The slope of the lines 

increased as the temperature increased, with the carotenoid degradation rate to be 

consistently higher in non-encapsulated microbial oil than in the oleogel at each 

temperature. Table 12.6 presents the k values derived from the kinetic model 

indicating that carotenoids protected within the oleogel exhibited a lower degradation 

rate at every temperature. At 50 °C, the degradation rate was the lowest for 

carotenoids in both formulations.. At higher temperatures, the degradation rate was 

greater compared to that at 50 °C. The k value for carotenoids in the non-encapsulated 

microbial oil at 90 °C was approximately 25 times higher than the k value at 50 °C. In 

contrast, carotenoids encapsulated within the oleogel exhibited lower k values at both 

70 and 90 °C, demonstrating that oleogels provide a high carotenoid stability during 
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thermal treatments. Overall, the degradation of carotenoids was described well by the 

first-order kinetic model (R
2
>0.92) in the temperature range of 50-90 °C, which is in 

agreement with previous results for thermal degradation kinetics of lutein, zeaxanthin, 

β-cryptoxanthin and β-carotene at 25, 35, and 45 °C (Xiao et al., 2018). 

 

 

Figure 12.15 Fitting of carotenoids degradation data with the first-order kinetic model: non-

encapsulated microbial oil (A) and oleogel-encapsulated microbial oil (B) during thermal 

treatment at 50 °C (●), 70 °C (■) and 90 °C (▲). First-order kinetic model for the degradation 

rate of carotenoids contained in free form (A) and in oleogel (B) at 50 °C (black line), 70 °C 

(dark grey line) and 90 °C (light grey line). 
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Table 12.6 First-order kinetic parameters: Carotenoids degradation constant values 

(k) and R
2
 values of non-encapsulated microbial oil and oleogel-encapsulated 

microbial oil during thermal treatment at 50, 70 and 90 °C. 

Temperature 

(°C) 

Microbial oil Oleogel 

k R
2
 k R

2
 

50 0.0009 0.9882 0.0002 0.9193 

70 0.0096 0.9624 0.0013 0.9657 

90 0.0231 0.9822 0.0032 0.9780 

 

The thermal sensitivity of carotenoids for both non-encapsulated and oleogel-

encapsulated formulations, were addressed by assessing the Ea according to the 

Arrhenius equation. Figure 12.16 illustrates the trend lines and corresponding 

equations for the thermal sensitivity of carotenoids. The Ea of non-encapsulated 

carotenoids was 79.77 kJ/ mol, whereas the Ea for carotenoids within the oleogel was 

found to be 68.01 kJ/ mol. The reduced Ea suggested that oleogels-encapsulated 

carotenoids exhibited decreased thermal sensitivity, indicating once again that oleogel 

formulation can provide enhanced protection during thermal treatments.  
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Figure 12.16 Fitting of carotenoids degradation data with the Arrhenius model for non-

encapsulated microbial oil (▲) and oleogel-encapsulated microbial oil (■). 

Recent studies have also demonstrated the importance of protecting thermo-sensitive 

carotenoids through encapsulation prior to the formation of the final food product. 

The encapsulation efficiency of these techniques under storage or heating conditions 

is among the most critical factors investigated. To the best of our knowledge, this is 

the first study to evaluate the thermal stability of carotenoids following oleogelation. 

The obtained results are comparable to, or even exceed, those achieved with other 

encapsulation techniques (Table 12.7). Esposto et al., (2022) reported approximately 

50% degradation of total carotenoids extracted from carrots and encapsulated in 

liposomes, after heating at 70 °C for 40 min. Furthermore, encapsulation of 

carotenoid extract from Goji berry fruit in a nanoemulsion resulted in a 48.3% 

carotenoid yield after 60 min at 85 °C (Liu et al., 2022). Additionally, thermal heating 

at 100 °C for 30 min was applied to microcapsules formed using a combination of 

microencapsulation techniques; microemulsion and freeze-drying. These 

microcapsules, which contained lutein extracted from pumpkin, resulted in an 86.2% 

carotenoid yield (Shi et al., 2023).  

 

 



216 

 

Table 12.7 Carotenoids (%) under thermal processing at temperatures above 70 °C. 

Carotenoid Source 
Encapsulation 

method 

Carotenoids stability 

(%) 
Reference 

Carotenoid 

extract 

Carrots (Daucus 

carota L.) 
Liposome 70 °C, 40 min: ~ 50.0%   

Esposto et al. 

(2022) 

Fucoxanthin Synthetic Electrospinning  80 °C, 60 min: 74.6%                            
Tian et al. 

(2024) 

Carotenoid 

extract 

Goji berry fruit 

(Lycium 

barbarum L.) 

Nanoemulsion 85 °C, 60 min: 48.3% 
Liu et al. 

(2022) 

Lutein Pumpkin 
Microemulsion -

Freeze drying 
80 °C, 30 min: 90.5%                            

Shi et al. 

(2023) 

Lutein Pumpkin 
Microemulsion -

Freeze drying 
100

 
°C, 30 min: 86.2%  

Total 

carotenoids 

Rhodosporidium 

paludigenum 

2663 

Oleogelation 

70 °C, 60 min: 82.78% 

70 °C, 90 min: 78.81% 

 
This study 

Total 

carotenoids 

Rhodosporidium 

paludigenum 

2663 

Oleogelation 
90 °C, 60 min: 67.81% 

90 °C, 90 min: 52.30% 

 

12.4 Conclusions 

The results of this chapter demonstrated the effectiveness of two different methods for 

encapsulating carotenoids-rich microbial oil. The microemulsion electrospinning 

technique showed that an improved encapsulation efficiency of microbial oil could be 

achieved by the use of EPS in the encapsulation matrix. This case demonstrated the 

potential of using Rhodosporidium paludigenum as a single-cell factory for the 

simultaneous production of carotenoids, microbial oil, and EPS, which can be utilized 

for the development of novel electrosprayed particles. 

In the context of using oleogels as protective carriers for bioactive compounds, 

oleogels showed high potential for protecting carotenoids and oil from harsh thermal 

conditions. Furthermore, characterization of the physical properties of oleogels 

confirmed the production of a spreadable product with solid-like features, which make 

it a good candidate for several food applications. Literature-cited results concerning 
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the development of oleogel as delivery vehicles of carotenoids are limited, with most 

studies focusing on the incorporation of carotenoids into emulsions or emulgels. 

However, recent research efforts have focused on the development of astaxanthin-

loaded oleogels with promising outcomes including enhanced bioavailability and 

bioaccessibility of the carotenoid (Shuai et al., 2024; Zhao et al., 2023). This 

underscores the need for further investigation into oleogelation for potential 

applications in functional food systems.  

Overall, further optimization of both encapsulation processes, as well as additional 

evaluation of the final product, such as its toxicological effects, could enhance their 

potential for industrial-scale production of functional foods.   
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13 Conclusions and Future Perspectives 

The importance of natural carotenoids, especially regarding their health-promoting 

properties, is thoroughly presented in Chapter 2. Additionally, the biotechnological 

production of value-added compounds, including carotenoids, microbial oil, and 

exopolysaccharides, is explored in Chapter 3, with an emphasis on utilizing renewable 

resources as fermentation feedstocks. Various green extraction techniques, 

particularly the use of the supercritical CO2 extraction method, are detailed in Chapter 

4, being an imperative step for incorporating biotechnologically produced metabolites 

into food formulations. Finally, Chapter 5 assesses different encapsulation processes, 

emphasizing the need to protect carotenoids from environmental degradation prior to 

their addition into food products. 

Initially, this thesis examined the ability of two Rhodosporidium kratochvilovae 

strains (Y-42 and Y-43) to produce carotenoids under varying carbon sources and C/N 

ratios (Chapter 8). Both strains showed more promising results when cultivated on 

glucose or a glucose-galactose mixture, while a C/N ratio equal to 80 (g/g) favored 

carotenoid production. Notably, the optimal C/N ratio for microbial oil production 

differed, as a higher ratio of 120 (g/g) was more preferable for this metabolite. 

Although the carotenoid profile varied when different carbon sources were employed, 

β-carotene consistently emerged as the predominant compound, highlighting the 

potential of these strains as efficient β-carotene producers. 

 

In Chapter 9, the biotechnological production of carotenoids from Rhodosporidium 

kratochvilovae strains (Y-42 and Y-43) was evaluated using cheese whey as the 

fermentation substrate. Hydrolysis of cheese whey with fermented wheat bran 

significantly enhanced carotenoid synthesis and shifted the carotenoid pathway, 

leading to the predominant production of lycopene. The effects of temperature and 

C/FAN ratio were also examined with the maximum carotenoid concentration (36.35 

mg/L) achieved at a temperature of 33 °C and at a C/FAN ratio of 40 (g/g) from strain 

Y-42. Moreover, the produced lycopene exhibited significant antioxidant activity with 

an IC50 of 0.89 mg/mL. 
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The fermentative behavior of two novel Rhodosporidium paludigenum yeast strains 

(2663 and 2664) cultivated on glucose, fructose, sucrose, and a glucose-galactose 

mixture was also evaluated (Chapter 10). Strain Rhodosporidium paludigenum 2663 

was able to produce three metabolites when grown on sucrose; carotenoids, microbial 

oil, and EPS. Therefore, the next step of the thesis was to assess both commercial 

sucrose and molasses as substrates on a bioreactor scale, showing higher titers for all 

metabolites when a fed-batch strategy was applied with molasses as the substrate. 

Particularly, maximum carotenoid production reached 3.3 mg/L, the achieved 

microbial oil accumulation was 10.9 g/L (50.7%, w/w), and the highest EPS 

concentration was 3 g/L. A mixture of β-carotene, γ-carotene, torulene, and 

torularhodin was produced, with β-carotene being the dominant carotenoid in all 

cases. The antioxidant and antimicrobial properties of these extracts were evaluated, 

revealing a strong antioxidant activity with an IC50 of 0.14 mg/mL, along with 

significant antimicrobial efficacy against various common pathogenic and spoilage 

bacteria and fungi. Analysis of the produced microbial oil indicated a high content of 

unsaturated fatty acids, with C18:1 as the primary component. 

 

Chapter 11 evaluates the co-extraction of biotechnologically produced microbial oil 

and carotenoids from yeast biomass using SFE-CO2. This investigation emphasizes 

the critical importance of employing the adequate cell disruption methods to improve 

process efficiency. High speed homogenization was proven to be the optimal method 

for disrupting red yeast cells. The use of ethanol as a co-solvent was also crucial for 

the efficient extraction of carotenoids. Cell disruption with high speed 

homogenization coupled with SFE-CO2 resulted in substantial extraction yields, with 

recovery rates of 80% for carotenoids and 83% for microbial oil. Further evaluation of 

the extraction kinetics for both metabolites revealed that approximately 60% of 

carotenoids were recovered at the beginning of the extraction process, while an 80% 

yield of microbial oil was achieved after 60 min, indicating that this method can be 

promising also in terms of energy efficiency. 

 

Finally, Chapter 12 focused on the development of novel food ingredients using the 

carotenoid-rich microbial oil through two different approaches; electrospinning and 

oleogelation. These techniques, also considered as encapsulation methods, were 
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evaluated for their effectiveness in encapsulating and protecting carotenoid-rich 

microbial oil. In the electrospinning process, the encapsulation matrix played a 

significant role on the encapsulation yield of carotenoids. The highest encapsulation 

efficiencies of 71.15% and 42.20%, for microbial oil and carotenoids, respectively, 

were achieved when the EPS fraction (produced by Rhodosporidium paludigenum) 

was incorporated in the encapsulation matrix. Additionally, oleogelation proved an 

effective method for the encapsulation of the carotenoid-rich microbial oil, protecting 

them from high-temperature thermal processing. Moreover, rheological analyses 

highlighted the strong gel properties and spreadability of the oleogel, underscoring its 

suitability for developing novel functional food products. 

 

This thesis presents novel findings on the biotechnological production of valuable 

metabolites, with a particular emphasis on carotenoids. Additionally, it provides 

innovative insights into their encapsulation broading their application in functional 

food systems. Future research could focus on the following topics: 

 

 Investigation of the mechanism by which renewable resource-based media 

influence yeast metabolism, with an ultimate goal to sustainably produce 

specific carotenoids. 

 Further optimization of the fermentation conditions on bioreactor scale in 

order to achieve higher concentrations of microbial metabolites from red yeast 

strains. 

 Optimization of electrospinning process and further evaluation of the physical 

and functional properties of the electrosprayed particles. 

 Development of novel food products using carotenoid-rich oleogels 

 Evaluation of the encapsulated carotenoids for their bioavailability and 

bioaccessibility in the gastrointestinal tract. 

 Evaluation of the toxicological effect of carotenoids to enhance their potential 

industrialization. 
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