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A B S T R A C T   

The healthy properties of astaxanthin (AST) together with the growing interest in products of natural origin have 
motivated the development of sustainable extraction procedures from biomass. For this, it is essential to establish 
mechanisms that allow overcoming the barrier of the cell envelopes as well as the substitution of the conven
tional solvents. This work is focused on the evaluation of pulse electric fields (PEFs) as a fresh biomass pre
treatment to enhance the efficacy of eutectic mixtures (ESs) as eco-friendly solvents for extracting AST from the 
freeze-dried yeast Xanthophyllomyces dendrorhous. The results showed a positive effect on the extraction effi
ciency of the pulse treatment and subsequent incubation stage. The thymol/salol system was the best solvent and 
the most favorable composition, temperature and extraction time were calculated. The efficiency reached 79% in 
the PEF-treated cells after incubation. The antioxidant capacity of AST in the eutectic mixture was determined 
and an IC50 value of 0.02 μg/mL was obtained. A synergistic effect between AST and thymol was observed. The 
main conclusion of the work is that consecutively using PEFs as an electroporation technique and ESs as solvents 
allows us to obtain a high extraction efficiency of AST from dry yeast.   

1. Introduction 

Carotenoids are compounds synthesized from 8 isoprene units that 
are classified into carotenes and xanthofhylls based on the absence or 
presence of oxygen in the molecule. Compared with carotenes which are 
molecules with only hydrocarbons, xanthophylls contain oxygen atoms 
in the form of a hydroxyl group or epoxides. The most important 
chemical feature of these compounds is the backbone of conjugated 
double bonds between two ring ends. The length of the chain and the 
presence of functional groups in both rings mark the properties of the 
carotenoids. Other influencing factors are isomerism and monomer ag
gregation. Several organisms such as bacteria, algae or fungi are able to 
synthesize carotenes by the addition of cyclases, hydroxylases, ketolases 
and other enzymes to the conjugated backbone. On the other hand, 
animals and humans must ingest them with food [1,2]. 

In this paper, astaxanthin (3,3′-dihydroxy-ββ′-carotene-4,4′-dione, 
C40H52O4) (AST) will be the carotenoid studied. Among the properties of 
AST, those related to health are the most notable. AST prevents age- 

related and cardiovascular diseases, and protects the skin from the 
sun. AST has antidiabetic and anticancer effect, and a high antioxidant 
capacity against free radicals [2]. 

AST belongs to the xanthophyll family with 13 conjugated double 
bonds and a hydroxyl and a ketone group adjoining in the ring ends. The 
most abundant geometrical isomers of AST are all-trans, 9-cis, 13-cis, and 
15-cis. In addition, AST has two chiral carbons so it can exist in the form 
of two enantiomers, (3S,3′S) and (3R,3′R), and a meso form, (3R,3′S). 
Depending on the natural source, the optical isomer will be of one type 
or another. The (3S,3′S) isomer is the most abundant enantiomer in 
bacteria and algae and (3R,3′R) is the most abundant in yeast. A mixture 
of both isomers is found in crustaceans and all three forms are found in 
fish. The latter is because aquatic animals cannot synthesize AST. They 
obtain it from the chain food or as an additive in the form of synthetic 
AST whose composition contains the three isomers [3,4]. Moreover, AST 
molecules can be found free or as aggregates depending on the solvent. 
Two types of aggregates have been detected: the H-type (pack-of-card- 
arrangement) and the J-type (head to tail, linear arrangement) [5]. It is 
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known that the different forms of AST have different biological activ
ities. For instance, both enantiomers have higher antioxidant capacity 
than the meso form, and the aggregates have greater antioxidant ca
pacity than free molecules. Additionally, Z-isomers present better 
bioavailability than E-isomers [6–8]. This structure of AST with a long 
conjugate chain and active groups has made it one of the healthiest 
carotenoids. Since it cannot be synthesized in animals, the AST market 
as a drug and nutraceutical is experiencing an exponential boom. Other 
industries such as dyes or cosmetics are contributing to this boom. Most 
commercial AST (95%) is of synthetic origin and its cost is much lower, 
between 2.5 and 7 times, that of natural sources. Despite this, the cur
rent trend in society promotes the constant increase in the consumption 
of natural AST. An overview of the production of AST can be found in the 
paper published by Aneesh et al. [2]. The main natural source of AST is 
the alga Haematococcus pluvialis whose extract has been approved by 
food agencies so it is commercialized as a food additive. The alga pro
duces cysts filled with AST under stressed conditions such as malnutri
tion, high temperatures and luminous intensity. Its function is related to 
cellular protection and metabolism maintenance. The proportion of AST 
reported in this algae ranged from 30 to 70 g per kg of dry mass. It is fully 
in the form of the (3S,3′S) enantiomer and mostly (97%) esterified with 
fatty acids. The interest in the production of AST from Xanthophyllo
myces dendrorhous an asexual reproductive stage of Phaffia rhodozyma 
has grown in recent years compared to that from algae. From 
X. dendrorhous, the AST form obtained is the (3R,3′R) enantiomer. The 
conditions for cultivation are easier and more flexible, and the use of 
genetic and metabolic engineering has provided mutations with high 
rates of AST yield. Several authors have achieved yields of up to 10 g/kg 
of dry biomass by applying extreme stress conditions on properly 
mutated strains. The yeast cell envelope consists of a distinct wall and a 
plasma membrane. While the wall is freely permeable to most mole
cules, the membrane exhibits selective permeability which makes it 
difficult to remove intracellular products such as AST that are typically 
biosynthesized and stored in yeast cells. Generally, the recovery of AST 
from X. dendrorhous is based on the use of several mechanical methods of 
cell disruption including bead mills, high-pressure homogenization or 
ultrasound in which the cells are broken down into fine particles during 
the prolonged disruption times required to maximize product recovery 
[9–12]. However, the intensity of this technique used for cell disruption 
results in the micronization of cell debris, having a negative impact on 
the subsequent purification of the desired product due to the increment 
in viscosity of the extract, the release of other compounds and the 
reduction of the efficiency of particulate removal during the subsequent 
centrifugation step [13]. Exposure of biological cells to pulsed electric 
fields (PEFs) causes an increase in their plasma membrane permeability 
thereby allowing for extraction of otherwise impermanent molecules 
[14]. This treatment which consists of the application of high-voltage, 
short-duration electric pulses permits the recovery of intracellular 
products without causing disruption of the cellular structure and 
therefore with a minimal micronization of cell debris. Recently, it was 
demonstrated that electroporation of X. dendrorhous cells by PEF fol
lowed by aqueous incubation permitted the subsequent extraction of 
AST from fresh biomass using ethanol as the solvent [15]. Other con
ventional organic solvents such as dimethyl sulfoxide or acetone are also 
used in the maceration of biomass but their environmental drawbacks 
are motivating the search for more sustainable solvents [2,16–18]. In 
addition, avoiding purification processes by designing formulations with 
solvents that enhance or complement the properties of AST could be a 
particularly interesting strategy. All this can be achieved using eutectic 
solvents (ESs) of tailor-made composition. The eutectic solvents are 
mixtures of substances whose melting temperature is lower than those of 
the pure compounds. The depression of the melting temperature is 
mainly a consequence of the establishment of a hydrogen bond network 
between the components. For this, they must be hydrogen bond donors 
(HBDs) or hydrogen bond acceptors (HBAs). Some compounds such as 
terpenes are able to act as HBDs or HBAs depending on the counterpart. 

The ESs are not chemically synthesized, so their preparation is simple 
and free of residues. Additionally, they have high stability, and are 
nonflammable and nonreactive with water. For all this, they are 
currently considered sustainable solvents with great potential for use in 
different applications [9–17]. A large number of eutectic mixtures can 
be prepared and those composed of substances of low toxicity are 
preferred. Moreover, if the components are active pharmaceutical in
gredients such as terpenes and carboxylic acids, the eutectic mixtures 
obtained will be of special interest in biotechnology. In general, thera
peutic ESs have hydrophobic character (hESs) so they present high af
finity to nonpolar compounds and are good solvents in solid–liquid 
extractions [19–25]. Papers have been published on AST extraction with 
eutectic solvents but the combination of these solvents with PEF pre
treatment to facilitate release has not been investigated [26–34]. 

The aim of this study was to evaluate if the electroporation by PEF of 
the fresh biomass of X. dendrorhous cells followed by an aqueous incu
bation enhanced the subsequent extraction of AST from the dried 
biomass using different hydrophobic eutectic solvents. To do this, an 
initial screening with seven terpene-based eutectic mixtures to choose 
the optimum solvent was performed. In the experiments, the effects of 
PEF and incubation treatment on the extraction efficiency of AST were 
evaluated. Second, the mole fraction of the optimum solvent, the tem
perature and the extraction time were optimized using response surface 
methodology (RSM). Finally, the antioxidant capacity of the extracted 
AST dissolved in the optimum solvent was measured. 

2. Materials and methods 

2.1. Chemicals 

The chemicals (and their acronyms) used in this work were: thymol 
(T), menthol (M), salol (S), camphor (C), octanoic acid (O), decanoic 
acid (D), ethanol (EtOH), dimethyl sulfoxide (DMSO), trans-astaxanthin 
(tAST), and 2,2-diphenyl-1-picrylhydrazyl (DPPH). Table S1 (Supple
mentary Information) reports their characteristics and structures. They 
were used without further treatment. 

2.2. Hydrophobic eutectic solvent preparation and characterization 

The hydrophobic eutectic solvents (hESs) were prepared with the 
stirring and heating method. For that, the pure compounds were 
weighed in adequate proportions using a PB210S Sartorius balance 
(uncertainty 1⋅10− 4 g). Later, gentle heating to 50 ◦C and stirring were 
applied until a single liquid phase was obtained. The chosen composi
tion of the mixtures was equimolar except for the menthol:camphor 
because the (1:1) ratio for this solvent was solid at 25 ◦C. Karl Fisher 
method with an automatic titrator Crison KF 1S-2B was used to measure 
the water content in hESs. The values were lower than 300 ppm for all 
mixtures. 

Table 1 reports the acronyms used in the manuscript for these mix
tures, the composition and density and dynamic viscosity at 25 ◦C. For 
the hESs not previously characterized, the properties were measured 

Table 1 
Characteristics of hESs mixtures: Acronym, composition, density (ρ), and vis
cosity (η) at 25 ◦C and 0.1 MPa.  

Acronym Compound 1 Compound 2 Molar ratio ρ/kg/m3 η/mPa⋅s 

TO Thymol Octanoic acid (1:1) 939.42a 9.201a 

TM Thymol Menthol (1:1) 932.93b 35.275b 

TS Thymol Salol (1:1) 1085.27 16.273 
TC Thymol Camphor (1:1) 966.98 20.817 
MO Menthol Octanoic acid (1:1) 901.09c 12.046c 

M2C Menthol Camphor (2:1) 912.41 21.359  

a Ref. [35]. 
b Ref. [36]. 
c Ref. [37]. 
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with an Anton Paar DSA 5000 vibrating tube densimeter and with a 
Schoot-Geräte AVS-440 viscometer. Both devices were thermostatically 
controlled (u(T) = 0.01 K) and tested by measuring the properties of 
benzene. The estimated uncertainties were: Uc(ρ) = 0.05 kg/m3 and 
Uc(η) = 1% and the mean relative deviations in the checking were: MRD 
(ρ) = 0.004% and MRD(η) = 0.28%. 

2.3. Biomass cultivation and treatment 

2.3.1. Microorganism and cultivation conditions 
Xanthophyllomyces dendrorhous ATCC® 74219™ was acquired from 

the American Type Culture Collection (ATCC, Beltsville, USA). The yeast 
strain and the inoculum were activated and prepared using the meth
odology previously described by Aguilar-Machado et al. [15]. Pre
cultures were obtained by inoculating a single colony in a 100 mL 
Erlenmeyer flask with 25 mL of Potato-Dextrose Broth (PDB, Oxoid, 
Basingstoke, UK). The flask was then incubated at 25 ◦C for 2 days under 
agitation (270 xg) using an orbital shaker (Heidolph Unimax 1010, 
Germany). To produce AST, the inoculum with a cell density of 
approximately 106 cells/mL as determined by a Thoma counting 
chamber was cultivated at 25 ◦C in a 500 mL glass flask with 250 mL of 
PDB for 6 days under agitation (270g). The growth of yeast was moni
tored by measuring the cell density at 600 nm, the colony forming units 
per plate count (PDA, Oxoid, Basingstoke, UK), and carotenoid 
production. 

2.3.2. PEF treatment 
Before PEF treatment, the X. dendrorhous suspension was centrifuged 

at 4000g for 5 min at 4 ◦C using a Heraeus Megafuge 1.0R, (UK) to 
separate the supernatant and the fresh biomass was subsequently sus
pended in McIlvaine buffer (pH 7.0, 1.06 mS/cm) to a final concentra
tion of 3⋅10–3g dry weight/mL. PEF treatments were applied in a 
continuous flow by means of a commercial generator (Vitave, Pregue, 
Czech Republic) which has the ability to deliver pulses of 20 kV 
maximum voltage and 500 A. Square waveform monopolar pulses were 
delivered in parallel titanium electrode chambers with a 0.4 cm gap (3.0 
× 0.5 cm) or 0.6 cm gap (5.0 × 0.6 cm). The actual voltage was 
measured using a high voltage probe (Tektronik, P6015A, Wilsonville, 
Oregon, USA) connected to an oscilloscope (Tektronik, TDS 220, Wil
sonville, Oregon, USA). Yeast biomass was suspended in MacIlvaine 
buffer prepared from citric acid and disodium hydrogen phosphate. Both 
reagents were provided by Sigma-Aldrich and their purity was of 99%. 
The suspension was pumped (peristaltic pump, BVP, Ismatec, Wertheim, 
Germany) at a flow of 5 L/h through a parallel titanium electrode 
chamber with a 0.4 cm gap, 3 cm length and 0.5 cm width with a resi
dence time of 0.44 s. Selected PEF treatment conditions were 50 square 
pulses of 3 μs pulse width and 8 kV/cm (63.67 kJ/kg) at a frequency of 
15.7 Hz that electroporated >90% of the cells of X. dendrorhous [15]. 

After PEF treatment, the yeast suspension was divided into two ali
quots. One aliquot was centrifuged at 4000g for 5 min at 4 ◦C and the 
pellet was frozen at − 40 ◦C. The other aliquot was incubated in darkness 
for 24 h at 25 ◦C before centrifugation and subsequent freezing (− 4 ◦C). 
To evaluate the effect of PEF treatments on the efficacy of eutectic sol
vents on the extraction of AST from dry biomass of X. dendrorhous the 
pellets of untreated cells (untreated), PEF-treated cells (PEF-treated), 
and PEF-treated cells after incubation (PEF-treated + incubation) were 
freeze-dried (FreeZone6, Labconco, Kansas City, USA) for 48 h and 
ground into a fine powder using a mortar and pestle. Hereinafter, the 
resulting pellets will be abbreviated in Figures and Tables as follows: 
untreated (bU), PEF-treated (bPEF), and PEF-treated + incubation (bPEF 
+ I) biomass. 

2.4. Extraction of AST from biomass 

The total content of AST in the yeast was determined by solid–liquid 
extraction using DMSO. Previously, the cell wall was mechanically 

broken with bead-beating. A small mass (0.01 g) of each type of dry 
biomass (bU, bPEF, bPEF + I) was blended with 1 mL of DMSO. The yeast 
cells were disrupted using a bead beater (Bullet Blender Storm 24, Next 
advance, Troy, USA) with glass beads of 0.1 mm diameter at a speed of 
4800 bpm until the pellets became colorless. Three cycles of 60 s were 
applied and the mixtures were cooled on ice after each beating cycle for 
180 s. 

In the extraction with hESs or EtOH, mixtures of 0.02 g of dry 
biomass and 5 mL of solvent were shaken with a magnetic stirrer inside 
an incubator at constant temperature. These values of the temperature 
and the extraction time depended on the conditions of each experiment 
which was replicated twice. All samples were analyzed after centrifu
gation (4000g) for 20 min. 

2.5. AST analysis 

A Waters Alliance 2695 HPLC equipped with a photodiode array 
detector Waters 2995 was used to obtain the profile of the extracts. 
Chromatographic separation was carried out in an ACE Excel 3 C18 
super (3 μm, 150 × 4.6 mm) column, eluting isocratically with a mobile 
phase consisting of a mixture of methanol/dichloromethane/ acetoni
trile/water (85.0:5.0:5.5:4.5, vol %) at 1 mL/min and 25 ◦C for 15 min. 
The extracts from biomasses bU and bPEF presented only one peak. By 
comparison with a standard sample, the retention time corresponded to 
trans-AST. The biomass bPEF + I showed a negligible second peak 
probably due to the cis isomer. Fig. S1 shows the HPLC chromatographic 
profile of the extractions with the TS mixture. Therefore, the samples 
were quantified by UV − vis spectroscopy using VWR 6300 PC double- 
beam equipment (u (λ)=±0.2 nm). The spectra from 400 to 600 nm were 
acquired, and the maximum absorbance was taken in the calculation. 
Fig. S2 displays the spectrum of the extract of bPEF + I sample in TS. For 
analysis of the total AST content, the following equation was used [15]: 

WT,AST =
V⋅A480⋅109

E1%⋅100⋅M
(1)  

where WT,AST is the AST yield (μg/g dry biomass); V is the solvent vol
ume (mL); A480 is the absorbance at 480 nm; M is the dry biomass mass 
(g); and E1% is the specific absorptivity of AST in DMSO (2100). For the 
solid–liquid extractions, calibration curves with synthetic AST and two 
solvents were prepared. In the initial screening with seven hESs, the 
calibration curve constructed from solutions of synthetic AST in EtOH at 
various concentrations (in parts per million, ppmAST) was Aλmax =

0.1795⋅ppmAST. To optimize the extraction conditions, TS diluted in 
EtOH (50:50, vol%) was used as the solvent and the equation was: Aλmax 

= 0.2171⋅ppmAST–0.0071. Each extraction was repeated three times and 
each sample was diluted in EtOH at three different proportions. Then, 
each result is the average of six analyses and is given with the confidence 
interval considering a 95% of confidence level. In this paper, they were 
expressed as extracted mass per gram of biomass (WAST) or as extraction 
efficiency (EEAST) related to the total content of AST in the yeast (WT, 

AST): 

EEAST = 100
WAST

WT,AST
(2)  

2.6. DPPH assay 

The 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical was used to 
determine the antioxidant capacity following the method developed by 
Blois [38]. The reduction reaction was monitored by UV − vis spec
troscopy at λ = 517 nm and the concentration of the ethanolic DPPH 
solution was 0.08 mM. As a control, 0.2 mL of EtOH was mixed with 1.8 
mL of the above solution and its absorbance was determined (AC). For 
each sample to evaluate, several mixtures with similar amounts of 
sample in different EtOH volumes were prepared. The range of con
centrations was chosen to give absorbance values within the sensitivity 
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range of the detector and follow the Lambert–Beer law: 0.3 < A517 < 0.8 
[39]. As blank, 0.2 mL of each sample was added to 1.8 mL of EtOH and 
its absorbance was measured (AB). Finally, 0.2 mL of each sample was 
mixed with 1.8 mL of DPPH solution and stored in the dark. After 30 min 
of reaction time, the absorbance (AS) was determined. 

The inhibition percentage of DPPH (%InDPPH) was calculated with 
Eq. (3). Usually, the antioxidant activity is given as the concentration 
required for the 50% inhibition of initial DPPH or half maximal inhib
itory concentration (IC50/(μg/mL)). For that, linear equations of % 
InDPPH versus final concentration of mixtures (QS/(μg/mL)) were fitted 
(Eq. (4)). The equations are: 

%InDPPH =
Ac − (As − AB)

Ac
(3)  

%InDPPH = A+BQS (4)  

2.7. Statistical analysis 

To optimize the extraction conditions with the optimal solvent, an 
experimental central composite design (CCD) was performed using 
Design Expert 13 Ver. 22.0.2 (Stat-Ease Inc., Minneapolis, MN, USA) 
with three variables. Seventeen randomized runs with three center 
points were conducted and the response surface methodology (RSM) 
approach was used to determine the effect of the parameters. The 
following equation (quadratic model) was used to correlate the results 
and to obtain the best extraction conditions: 

Y = β0 +
∑3

i=0
βiXi +

∑3

i=0

∑3

j=0
βijXiXj (5)  

where Y is the response; Xi and Xi are the independent variables; β0 and 
βi are the intercept and the linear regression coefficients, respectively; 
and βij indicates the crossing (i ∕= j) and the quadratic (i = j) coefficients. 

The experimental data were evaluated statistically by the software 
with an analysis of variance (ANOVA) confirming the significance of the 
regression model; the F test was performed using a 95% (α = 0.05) level 
of significance. The model was checked by comparing the predicted and 
experimental data. Each experiment was performed in triplicated and 
each result was the mean of at least six analyses. 

3. Results and discussion 

3.1. Extraction of AST from PEF-treated X. dendrorhous freeze-dried 
biomass using different eutectic solvents 

3.1.1. Effect of PEF on the extraction of AST from X. dendrorhous freeze- 
dried biomass 

To evaluate the effect of PEF on the extraction of AST from freeze- 
dried biomass of X. dendrorhous by the hydrophobic eutectic solvents 
shown in Table 1, a preliminary extraction trial was conducted at 25 ◦C 
for 6 h. Fig. 1a shows the extraction yield expressed as a percentage of 
AST extracted from freeze-dried biomass of untreated (bU), PEF-treated 
(bPEF) and PEF-treated + incubation (bPEF + I) cells. The extract ob
tained using EtOH as a control solvent is also shown in the figure. With 
the exception of M2C, MO and TO mixtures, hESs exhibited a higher 
efficiency than EtOH for the three biomasses. Table S2 reports the total 
amount of extracted AST expressed as µg of AST per g of dry biomass and 
the percentage of AST extracted with respect to the total content in the 
biomass calculated by extracting with DMSO from the bead-beaten 
biomass (WT,AST = 3172 μgAST/gb). 

Fig. 1a shows that the extraction efficiency (EEAST), calculated with 
Eq. (2), of the different solvents was higher in the biomass that was 
treated by PEF before freeze drying as compared with the untreated 
biomass. The improvement in the extraction of different intracellular 
compounds from both plant and microbial cells when the cytoplasmic 
membrane has been previously electroporated by PEF has been reported 
by different authors [40]. This effect is attributed to the fact that the 
selective permeability of the phospholipid bilayer is lost leading to the 
leakage of the compounds located in the cytoplasm. It has been 
demonstrated that when compared with untreated cells, this effect not 
only speeds up the extraction of intracellular compounds but also per
mits obtaining higher extraction yields. Generally, in studies on the 
extraction of intracellular compounds assisted by PEF both PEF treat
ment and subsequent extraction have been conducted with fresh 
biomass. The results obtained in our investigation demonstrated the 
benefits in terms of improving extraction yield derived from the incre
ment of the permeability of the cell membrane as a consequence of the 
application of PEF. This was also observed when the extraction was 
conducted from dried biomass of X. dendrorhous that was treated by PEF 
before freeze-drying. The removal of water from the cells of the yeast by 
freeze-drying permitted the access of hydrophobic eutectic solvents that 
are required to extract compounds of hydrophobic nature located in the 
cytoplasm such as AST. Fig. 1a also shows that an aqueous incubation of 
the PEF treated fresh biomass for 24 h made the extraction of AST more 
efficient for all the eutectic solvents investigated. The amount of 

bU bPEF bPEF+I

EE

Biomass

Fig. 1. (a) Extraction efficiency of AST from freeze-dried untreated (bU), PEF treated (bPEF) and PEF treated after incubation (bPEF + I) biomass of X. after 6 h of 
extraction at 25 ◦C using EtOH and different eutectic solvents. TO, TM, TS, TC, MO, M2C, EtOH. Error bars, 95% CI. (b) Color of the extraction medium after 
extracting AST from bPEF + I biomass in EtOH and in TS. 
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extracted AST from the PEF-treated + incubation biomass was 50–100% 
higher than that in the PEF-treated and nonincubated biomass. Aguilar- 
Machado et al. [15] demonstrated that the extraction of AST from fresh 
biomass using EtOH as solvent was only effective after aqueous incu
bation of PEF-treated cells for a period of time. In this case, the value of 
the extraction efficiency was of 70%. The detection of esterase activity in 
the supernatant during incubation and the existence of a relationship 
between the percentage of esterase activity and the amount of AST 
extracted in the subsequent extraction seemed to indicate that esterase 
activity triggered by PEF mediated the effective ethanolic extraction of 
AST. It was hypothesized that uncontrolled molecular transport through 
the electroporated cytoplasmic membrane of yeast decreases the os
motic pressure of the cytoplasm. This fact causes plasmolysis of the ly
sosomes and the release of esterases that hydrolyze the triacylglycerides 
of the lipid droplets. The loss of structure in hydrolysis allows the release 
of carotenoids located in the droplets. Consequently, once the caroten
oids are free in the cytoplasm, they are more accessible for the extraction 
solvents facilitating the formation of the carotenoid-solvent complex 
that diffuses across the cell membrane driven by a concentration 
gradient. 

3.1.2. Influence of composition of eutectic solvents on extraction of AST 
from X. dendrorhous freeze-dried biomass 

Fig. 1a shows that the extraction profile of the different solvents 
assayed was similar for the three X. dendrorhous biomasses evaluated. In 
both eutectic solvents containing thymol or menthol the combination 
with octanoic acid results in a less effective solvent. In the best scenario 
that corresponded to the extraction conducted from the PEF-treated +
incubation biomass, the extraction efficiency obtained with the solvents 
containing octanoic acid was lower than 40%. This effect could be 
explained by the fact that the acidity provided by the carboxylic acids 
impaired AST solubilization. On the other hand, eutectic solvents con
taining thymol were more effective than those that contained menthol 
for the three biomasses studied. The highest extraction yield with the 
M2C mixture was approximately 45% and with the three solvents con
taining thymol, it was 65–70% of the total content. This fact highlights 
the importance of π–π interactions between the aromatic rings of thymol 
and those of AST. In all cases, the maximum values were obtained from 
the PEF-treated biomass that was incubated before freeze-drying. A 
higher EEAST of thymol-based eutectic mixtures was already observed by 
Pitacco et al. [28]. No-statistically significant differences (p > 0.05) 
were observed in the efficiency of extraction from the PEF-treated +
incubated biomass using TM, TS, and TC mixtures as solvents. 
Conversely, TS was the best solvent to extract AST from the untreated 
and PEF-treated biomass. The combination of high density and low 
viscosity of TS (Table 1) facilitates access of this solvent to lipid droplets 
containing AST in yeast cells. 

In addition to the good properties of TS for the extraction of AST 
from the different biomasses tested, the AST dissolved in this mixture 
presented high stability over time. The concentration of AST decreased 
by less than 5% after 42 h at 25 ◦C in this eutectic solvent (Table S2). 
Finally, the redshift observed in the spectra of the AST extracted in the 
TS solvent is remarkable (Table S2, Fig. 1b). This effect is related to the 
formation of J-type loosely packed aggregates [7,41]. The strong 
interaction between the conjugated diene of AST and the π-rings of salol 
could be the cause of this preferential orientation. The presence of ag
gregates affects AST properties, and specifically, those of the J-type are 
especially interesting for using carotenoids as colorants [42]. Conse
quently, in the next step aiming to optimize the extraction of AST from 
the three available freeze-dried biomasses of X. dendrorhous, the eutectic 
TS was selected. 

3.2. Evaluation of the extraction conditions of AST from X. dendrorhous 
freeze-dried biomass using the best solvent 

Once the thymol/salol eutectic system was selected as solvent, 

several experiments were performed to obtain the best extraction con
ditions. The three variables evaluated were the thymol mole fraction in 
the optimum solvent (xT), the temperature (T) and the extraction time 
(t). They were chosen so that the mixtures were liquid in the widest 
possible temperature range, avoiding both thermal and temporal 
decomposition of the AST. The characteristics of each trial proposed by 
the CCD design and the experimental results are listed in Table 2. The 
extraction conditions had more influence on the untreated biomass than 
on the others biomasses. First, the value of the amount extracted was 
doubled depending on the conditions. The increase for the PEF-treated 
and PEF-treated + incubated biomasses was 50% and 30%, respec
tively. Considering the total amount of extracted AST (WT,AST = 3172 
μgAST/gb), the maximum extraction efficiency from each type of biomass 
was: EEAST(bU) = 55%, EEAST(bPEF) = 65%, and EEAST(bPEF + I) = 79%. 
It should also be noted that in most of the xT and T conditions, the mass 
extracted from bPEF + I biomass after 4 h of extraction time was greater 
than that obtained for the bU and bPEF after 24 h. These values high
lighted the importance of both pulsed electric field and incubation 
treatments to improve the extraction process as seen above in Section 
3.1. The experimental data were analyzed and fitted by the mathemat
ical model to obtain the regression coefficients of Equation (5). After 
eliminating the nonsignificant parameters (p > 0.1), the extracted mass 
of AST per gram of biomass, WAST(μgAST/gb), for the untreated (bU), 
PEF-treated (bPEF), and PEF-treated + incubation (bPEF + I) biomasses 
can be calculated as follows (actual factors): 

Table 2 
Extraction efficiency of AST from freeze-dried untreated (bU), PEF treated 
(bPEF) and PEF treated after incubation (bPEF + I) biomass of X. dendrorhous 
according to the thymol/salol mole fraction (xT), temperature (T) and extraction 
time (t). Matrix established by central composite design (CCD) and the results 
are presented in terms of extracted mass of AST per gram of dry biomass (WAST). 
*     

WAST/(μg/g dry biomass) 

Mole 
fraction, xT 

Temperature 
T/◦C 

Extraction 
time t/h 

bU bPEF bPEF +
I  

0.3 20 4 1374 
± 21 

1546 
± 22 

1920 
± 26  

0.5 20 4 916 ±
23 

1361 
± 28 

1866 
± 14  

0.3 40 4 1047 
± 24 

1592 
± 27 

2214 
± 14  

0.5 40 4 1246 
± 17 

1541 
± 22 

2136 
± 20  

0.3 20 24 1866 
± 7 

2080 
± 16 

2410 
± 18  

0.5 20 24 1569 
± 30 

1880 
± 27 

2380 
± 25  

0.3 40 24 1765 
± 27 

2114 
± 33 

2506 
± 21  

0.5 40 24 1547 
± 27 

1947 
± 39 

2520 
± 34  

0.3 30 14 1494 
± 15 

1842 
± 11 

2194 
± 18  

0.5 30 14 1419 
± 11 

1886 
± 16 

2200 
± 22  

0.4 20 14 1399 
± 12 

1755 
± 23 

2284 
± 49  

0.4 40 14 1374 
± 24 

1740 
± 25 

2290 
± 20  

0.4 30 4 996 ±
24 

1379 
± 40 

1893 
± 43  

0.4 30 24 1393 
± 30 

1926 
± 15 

2506 
± 14  

0.4 30 14 1445 
± 36 

1844 
± 21 

2180 
± 19  

0.4 30 14 1426 
± 17 

1774 
± 27 

2159 
± 18  

0.4 30 14 1502 
± 14 

1848 
± 9 

1999 
± 7  

* Mean ± 95% confidence interval. 
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WAST(bU) = 3225.56–11364.47⋅xT + 62.17⋅t + 13144.34⋅xT
2–1.31⋅t2        (6)  

WAST(bPEF) = 2848.03–7711.45⋅xT + 59.47⋅t + 8940.57⋅xT
2–1.22⋅t2       (7)  

WAST(bPEF + I) = 1665.80 + 8.06⋅T + 22.93⋅t                                   (8) 

Table 3 shows the ANOVA treatment of the model, whose parameters 
were within of the recommended values. The model was significant for 
the three types of biomasses with p values of each coefficient lower than 
0.0001 and F values higher than 12. Additionally, the F value of each 
variable is related to its weight in the model. The higher the F value is, 
the higher the importance. For all cases, the extraction time was the 
most influential factor. Other statistical parameters indicative of the 
adequacy of the model are: a signal-to-noise ratio (adequate precision) 
higher than 4, a high regression coefficient, and a difference between the 
adjusted and predicted coefficients of regression lower than 0.2. In this 
work, the results obtained meet all these requirements, as shown in 
Table 4. 

A graphical diagnosis of the model can be performed with the actual 
and residual responses against the predicted response. Fig. S3 shows this 
information for our data. In addition, several randomly chosen confir
mation points were determined and compared with those predicted 
(Table S3). The deviations ranged from 0.1% to 4%. 

To illustrate the influence of the three factors studied on the 
extraction efficiency, graphical representations using the mathematical 
model (Eqs. (6)–(8)) were obtained. Fig. 2 shows that the influence of 
the three variables on AST extraction from the PEF-treated + incubation 
(bPEF + I) biomass was different than from the untreated (bU) and PEF- 
treated (bPEF) biomasses. For the first, AST extraction was independent 
of the thymol mole fraction and was a function of the linear terms of 
time and temperature. For the other biomasses, AST extraction was in
dependent of the temperature and was a function of the lineal and 
quadratic terms of thymol mole fraction and time. Fig. 2a shows the 
effect of the thymol mole fraction (xT) at T = 20 ◦C and t = 24 h. The 
extracted AST from untreated (bU) and PEF + treated (bPEF) biomasses 
decreased showing a slight minimum and that from the PEF-treated +

incubation (bPEF + I) was independent of the composition. Fig. 2b 
shows the effect of the temperature at xT = 0.3 and t = 24 h. T was not a 
significant factor in the extraction from untreated bU and bPEF bio
masses. On the other hand, the WAST increased linearly with T by a 4% in 
the extraction from bPEF + I. Fig. 2c displays that the extraction time at 
xT = 0.3 and T = 20 ◦C was the most significant factor for all types of 
biomasses, showing a linear relationship in bPEF + I. The higher the 
extraction time, the higher the efficiency. Under these xT and T condi
tions, the WAST extracted from bPEF + I biomass after an extraction time 
of 4 h was similar to that obtained from bPEF at t = 13 h and was higher 
than that extracted from bU at t = 24 h. The different influence of factors 
on AST extraction may be related to the fact that, unlike to bU and bPEF 
cells, AST in bPEF + I is free in the cytoplasm. For the former, the 
interaction between AST and lipids would hinder the dissolution of the 
carotenoid in the eutectic system. 

The extension of this study to any condition within the studied 
ranges can be performed with 3D surface plots which allow us to analyze 
the mutual interactions between the factors. In Fig. 3, these graphs were 
obtained by fixing the least significant parameter to the central value 
(maybe not optimal) which was T = 30 ◦C for bU and bPEF and xT = 0.4 
for bPEF + I. The results presented previously in which the t factor 
exhibited the highest slope were confirmed in all cases. The noncircular 
2D contour plots indicated the nonsignificance of the mutual interaction 
factors. In the model, the p values of the crossing coefficients (xT⋅t), 
(xT⋅T), and (T⋅t), were higher than 0.1 for the three types of biomasses. In 
addition, a curved relationship between the two significant factors was 
obtained in the results corresponding to the biomass of bU and bPEF and 
a linear relationship for those of bPEF + I. 

The desirability function is a method widely used in industry to 
optimize a process that depends on multiple variables. According to this 
approach, a process that depends on several factors is acceptable if each 
of these factors is within the desired limits. It ranges from 0 for a 
completely undesirable value to 1 for an ideal value. In this work, two 
types of calculations were made. First, the WAST was maximized for any 
value of the three factors within the working range, obtaining the 
highest value of desirable function. For all biomasses, the most favorable 
xT was the one most concentrated in salol and the best t matched the 
maximum in the worked range. The first fact could be due to the higher 
ability of this compound to establish π-interactions with AST and the 
second result would be related to the time required to establish the 
carotenoid-solvent complex. The values of the desired function for bU, 
bPEF, and bPEF + I were 0.87, 0.93 and 1, respectively. Table 5 lists the 
extraction conditions, and the predicted and actual responses. The de
viations between the latter ranged from 0.1 to 1.6%. Second, the 
maximal WAST was calculated minimizing the extraction time. This tmin 
was approximately 10 h in all cases and, again, the best composition was 
xT = 0.3. As expected, the desirable functions in this calculation were 
less than those above: 0.65, 0.65 and 0.61. Fig. S4 displays the 3D–plots 
of the desirability function for the three types of biomasses. The de
viations between the predicted and actual responses (Table 5) ranged 
from 0.6% to 3%. The most favorable extraction conditions for mini
mizing the temperature were xT = 0.3 and t = 24 h and the WAST values 
are shown and discussed above (Table 2). 

Table 3 
ANOVA results of the models for untreated (bU), PEF-treated (bPEF), and PEF- 
treated + incubation (bPEF + I) biomasses.  

Biomass Variables Sum of 
squares 

df Mean 
square 

F- 
value 

p-value 

bU Model 7.966E+05 4 1.991E+05  13.94  0.0002  
A–xT 72080.10 1 72080.10  5.04  0.0443  
C–t/h 6.559E+05 1 6.559E+05  45.89  <0.0001  
A2 52325.74 1 52325.74  3.66  0.0798  
C2 51622.08 1 51622.08  3.61  0.0816  
Residual 1.715E+05 12 14290.82    
Lak of Fit 1.686E+05 10 16858.92  11.62  0.0818  
Pure 
error 

2900.67 2 1450.33    

Cor Total 9.681E+05 16    
bPEF Model 7.184E+05 4 1.796E+05  43.50  <0.0001  

A–xT 31248.10 1 31248.10  7.57  0.0176  
C–t/h 6.391E+05 1 6.391E+05  154.79  <0.0001  
A2 24208.50 1 24208.50  5.86  0.0322  
C2 45147.00 1 45147.00  10.94  0.0063  
Residual 49542.83 12 4128.57    
Lak of Fit 46078.83 10 4607.88  2.66  0.3040  
Pure 
error 

3464.00 2 1732.00    

Cor Total 7.679E+05 16    
bPEF + I Model 5.907E+05 2 2.954E+05  56.40  <0.0001  

B–T/◦C 64963.60 1 64963.60  12.40  0.0038  
C–t/h 5.258E+05 1 5.258E+05  100.39  <0.0001  
Residual 68083.25 13 5237.17    
Lak of Fit 67862.75 12 5655.23  25.65  0.1532  
Pure 
error 

220.50 1 220.50    

Cor Total 6.588E+05 15     

Table 4 
Fit statistics of the regression model for untreated (bU), PEF-treated (bPEF), and 
PEF-treated + incubation (bPEF + I) biomasses.   

bU bPEF bPEF + I 

Std. Dev.  119.54  64.25  72.37 
Mean  1397.82  1767.94  2228.63 
C.V./%  8.55  3.63  3.25 
R2  0.8229  0.9355  0.8967 
R2

adj  0.7638  0.9140  0.8808 

R2
pred  0.6079  0.8587  0.8402 

Adeq. Precision  11.2374  18.6792  19.7789  
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3.3. Antioxidant activity 

The pharmacological properties of thymol, salol and AST are well 
known [2,43,44] so a joint formulation of the three compounds could be 
of interest. One of the most important applications of AST comes from its 
ability to act as an antioxidant agent against free radicals. In this section, 
the antioxidant capacity of AST extracted with the thymol/salol mixture 

at a concentration of xT = 0.3 was evaluated. For this, the inhibition 
percentage of DPPH (Eq. (3) and the half maximal inhibitory concen
tration (IC50) of various samples were obtained. Table 6 shows the IC50 
experimental values from this work and those found in the literature. 
The fitted and regression coefficients of the equation used to calculate 
them (Eq. (4)) are listed in Table S3. According to its definition (Section 
2.6), the higher the IC50 value is, the lower the antioxidant activity. The 
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Fig. 2. Extracted mass of AST per gram of biomass, WAST/(μg/g biomass), from freeze-dried untreated (bU), PEF treated (bPEF) and PEF treated after incubation 
(bPEF + I) biomass of X. Effect of different factors on the efficiency extraction: (a) Effect of the thymol mole fraction (xT) at T = 20 ◦C and t = 24 h; (b) Effect of the 
temperature (T) at xT = 0.3 and t = 24 h; (c) Effect of the extraction time (t) at xT = 0.3 and T = 20 ◦C. ( ), experimental point; (–) and (■), mathematical model; 
( ), ±95% confidence interval bands. 
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results of the DPPH assay strongly depend on the procedure used to 
obtain them [39,46,47]. The concentration of the reactive species, the 
nature of the solvent, and the reaction time must be established to be 
able to compare the values obtained. To check the procedure, the 
measurement of the antioxidant activity of a sample considered as a 
reference standard is recommended. We used ascorbic acid and the IC50 
data found in the literature ranged from 1.80 to 111 μg/mL [47]. Our 
value was in good agreement with several of them (Table 6), including 
the one determined by Deutchoua et al. [45] with the electrochemical 
method. To study the potential synergistic effect between AST and the 
solvent, the antioxidant activity of thymol, salol, the best eutectic 
mixture, and AST was determined. The thymol exhibited a moderate 
antioxidant capacity and the value was close to that published by Beena 
et al. [48]. No antioxidant capacity was shown for salol. For the solvent 
(thymol/salol with xT = 0.3), the IC50 value was 2.5 times that of pure 

thymol, which was close to the stoichiometric ratio of thymol in the 
mixture. In addition, the inhibition coefficient of the solution of the 
standard AST in the most favorable solvent was much lower than that 
obtained using DMSO as the solvent. This fact confirmed the positive 
synergistic effect of thymol. Some authors explain the high antioxidant 
capacity of AST as a consequence of the equilibrium established with the 
enol form of the ketone whose extension depends on the solvent. The 
conjugated ortho-dihydroxy-polyene formed has a high capacity to 
donate protons [50,51]. Furthermore, a higher antioxidant capacity of 
AST in the aggregate form was observed by Dai et al. [7]. Both the 
formation of hydrogen bonds and the increase in the conjugated π–π 
structure in the aggregates enhance the transfer of hydrogen to the 
radicals. All this was favored by the presence of solvents such as thymol 
(Section 3.1). Finally, to compare the activity of synthetic versus natural 
AST, the IC50 of extracted AST with the thymol/salol mixture (xT = 0.3) 

=

=

Thy =

Fig. 3. Response 2D–contour and 3–D surface plots representing the interaction effect between the two more significant factors with the third one being constant and 
equal to the central value. Extracted mass of AST per gram of biomass, WAST/(μg/g biomass), from the three types of biomasses of X. (a) freeze-dried untreated (bU), 
(b) PEF treated (bPEF), and (c) PEF treated after incubation (bPEF + I). 
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was determined and compared with the abovementioned results using 
standard AST. The value was 3.5 times lower than that of the synthetic 
compound, which is equivalent to a higher antioxidant activity. This 
result may be related to the different contents of isomers in both sam
ples. The literature reports that the antioxidant activity of the major 
isomer in X. dendrorhous (3R,3′R) is higher than that of the meso form of 
synthetic AST [51]. 

4. Conclusions 

In this study, the extraction of AST from X. dendrorhous was per
formed. For this purpose, PEF treatment was applied to electroporate the 
cytoplasmic membrane and several eutectic mixtures were used as eco- 
friendly solvents. The experiments were performed with three different 
types of freeze-dried biomasses: untreated (bU), PEF-treated (bPEF), and 
PEF-treated + incubation (bPEF + I). Therefore, the effects of PEF and 
the extraction conditions could be evaluated. The results were analyzed 
with the response surface methodology approach and the best extraction 
conditions were calculated. The factors studied were solvent composi
tion, temperature, and extraction time. In addition, the antioxidant ac
tivity of the extracted AST was measured. All results showed the positive 
effect of PEF especially when the cells were incubated for 24 h before 
freeze drying. From the screening experiments, the thymol/salol system 

was chosen as the most appropriate solvent. The extraction efficiency 
reached 71% for the bPEF + I sample. The analysis of the extraction 
conditions indicated that the maximum AST mass for all biomasses 
could be extracted under the following operational conditions: xT = 0.3, 
and t = 24 h. The actual values of efficiency were: EEAST(bU) = 55%, 
EEAST(bPEF) = 65%, and EEAST(bPEF + I) = 79%. The efficiency 
decreased in the most favorable composition and temperature condi
tions, and minimum extraction time (tmin = 10 h) with the values: 
EEAST(bU) = 45%, EEAST(bPEF) = 59%, and EEAST(bPEF + I) = 69%. 
Finally, an extremely high antioxidant capacity of the extracted AST in 
the thymol/salol (xT = 0.3) mixture was observed. In the DPPH test, an 
IC50 value of 0.02 μg/mL was obtained. 

We proposed the possible use as it is of the liquid mixture containing 
AST extracted from a natural source as solute and a mixture of active 
principles as solvent. It is known that X. dendrorhous provides, especially 
under stress conditions, a high proportion of AST (95% of the caroten
oids produced). In addition, active principles such as thymol and salol 
could increase the benefits of the use of AST as an additive or drug. For 
all this, purification and separation stages were not evaluated in this 
paper and these questions could be proposed as outlook in this line of 
research. 
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J. Raso, Enzymatic Processes Triggered by PEF for Astaxanthin Extraction From 
Xanthophyllomyces dendrorhous, Front. Bioeng. Biotechnol. 8 (2020), https://doi. 
org/10.3389/fbioe.2020.00857. 

[16] T. Raj, R. Morya, K. Chandrasekhar, D. Kumar, S. Soam, R. Kumar, A.K. Patel, S. 
H. Kim, Microalgae biomass deconstruction using green solvents: Challenges and 
future opportunities, Bioresour. Technol. 369 (2023), https://doi.org/10.1016/j. 
biortech.2022.128429. 

[17] C.U. Mussagy, J.F.B. Pereira, V.C. Santos-Ebinuma, A. Pessoa, V. Raghavan, 
Insights into using green and unconventional technologies to recover natural 
astaxanthin from microbial biomass, Crit. Rev. Food Sci. Nutr. (2022), https://doi. 
org/10.1080/10408398.2022.2093326. 

[18] J. Yu, X. Liu, L. Zhang, P. Shao, W. Wu, Z. Chen, J. Li, C.M.G.C. Renard, An 
overview of carotenoid extractions using green solvents assisted by Z- 
isomerization, Trends Food Sci. Technol. 123 (2022) 145–160, https://doi.org/ 
10.1016/j.tifs.2022.03.009. 

[19] J. Zuo, S. Geng, Y. Kong, P. Ma, Z. Fan, Y. Zhang, A. Dong, Current Progress in 
Natural Deep Eutectic Solvents for the Extraction of Active Components from 
Plants, Crit. Rev. Anal. Chem. 53 (2023) 177–198, https://doi.org/10.1080/ 
10408347.2021.1946659. 

[20] F.S.N. de Oliveira, A.R.C. Duarte, A look on target-specificity of eutectic systems 
based on natural bioactive compounds, in (2021) 271–307, https://doi.org/ 
10.1016/bs.abr.2020.09.008. 
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