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Integrative platform for the selective recovery
of intracellular carotenoids and lipids from
Rhodotorula glutinis CCT-2186 yeast using
mixtures of bio-based solvents†
Cassamo U. Mussagy, a,b Valéria C. Santos-Ebinuma,a Kiki A. Kurnia,c
Ana C. R. V. Dias, d Pedro Carvalho, b João A. P. Coutinho b and
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Natural bioactive compounds have been attracting growing interest from the industries as a “greener”
alternative to synthetic raw materials/products. Rhodotorula glutinis yeast naturally synthesizes added
value compounds such as lipids and carotenoids, commonly used for cosmetic, pharmaceutical, and
food applications. R. glutinis constitutes a rigid cell-wall structure, requiring energy-saving and eﬃcient
cell disruption methods for a sustainable recovery of the intracellular compounds. A simple and ecofriendly technology using mixed bio-based solvents (biosolvents) was evaluated here as an alternative
platform to permeabilize yeast cells and to improve the selective recovery of β-carotene, torularhodin,
torulene and lipids. The extraction ability of pure and solvent mixtures (methanol, ethanol, ethyl acetate,
isopropanol, cyclohexane and 2-methyl tetrahydrofuran) was initially screened, demonstrating the clear
impact of using mixtures to improve the extraction yields (up to three-fold increase). After identifying
ethyl acetate/ethanol/water as the solvent mixture with a greater capacity to extract carotenoids and
lipids, the selective recovery of carotenoids and lipids was enhanced by optimizing the solvent mixture
composition ratio. Envisioning the industrial application, an integrated biosolvent-based downstream platform was designed. Two diﬀerent strategies were investigated to further isolate carotenoids and lipids
from R. glutinis biomass and to recycle the ethyl acetate/ethanol/water mixture: (i) precipitation using
cold acetone; (ii) sequential liquid–liquid extraction. The integrated process for each strategy was com-
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pared with a conventional extraction procedure in terms of recovery eﬃciencies and its environmental
impact. Regardless of the strategy, it is shown that the mixture of ethyl acetate, ethanol and water (15/27/
58% w/w) can be reused up to three consecutive extractive cycles, ensuring high extraction eﬃciency
yields, while decreasing the process carbon footprint by about 75% compared to the conventional
method.
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Rhodotorula glutinis is a strict aerobic yeast with peculiar metabolic characteristics1 that allow the simultaneous biosynthesis
of lipids (e.g., palmitic acid, margaric acid and stearic acid)2
and
carotenoids
(e.g.,
β-carotene,
torulene
and
torularhodin).3–5 Lipids (mainly as free fatty acids4) produced
by R. glutinis have a profile similar to some vegetable oils,1,4
being thus promising alternatives as food additives, diet supplements, substituents of unhealthy fats, or as raw material in
the oleochemistry industries.6–8 In turn, R. glutinis carotenoids
are natural pigments9 widely applied in the food, feed and
pharmaceutical industries, due to beneficial properties such
as anti-inflammatory, anti-obesity and anti-oxidant properties,
provitamin A function, anti-cancer activity, and prevention of
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age-related
health
diseases
(such
as,
macular
degeneration).10–14
From a “green” perspective, the microbial production of
valuable biomolecules, as is the case of carotenoids and lipids,
is preferable to direct extraction from natural plant-based
sources, mainly because of being easier, having higher productivity yields, and the energy-saving and environmentfriendly nature of their industrial processes.15 Despite the
recent increase of yeast-based industrial biorefineries,11,16 the
development of eﬃcient, simple and economical downstream
processes for the recovery of bioproducts, guaranteeing the
maintenance of the biomolecules’ physicochemical and biological properties, is still a major challenge.17
A wide range of microbial metabolites are accumulated
intracellularly, such as carotenoids and lipids in R. glutinis
cells,4,18,19 making the design of appropriate cell-disrupting
operation critical, in order to allow not only an eﬀective
rupture of the cell wall, but also the solubilization and maintenance of biological activities of intracellular solutes.3,10,20
Among the R. glutinis cell disruption procedures
reported,11,20,21 the most applied for the recovery of intracellular lipids are Soxhlet,22–24 Folch,1,25,26 and Bligh and Dyer4,27,28
methods, which require the use of significant amounts of volatile organic compounds (VOCs) such as hexane, chloroform,
and methanol.19,29 Likewise, the recovery of carotenoids from
R. glutinis is not environmentally friendly, since conventional
techniques using petroleum ether, dimethyl sulfoxide (DMSO),
acetone, chloroform and hexane are still the most applied.30–33
From an industrial perspective, the use of conventional VOCbased solid–liquid extraction (SLE) is probably the simplest
and most eﬀective solution for extracting lipophilic carotenoids and lipids from yeast biomass; however, considering that
above certain levels of exposure some VOCs are dangerous to
human health or harmful to the environment,11,34 a careful
balance between “eﬃciency” and “greenness” must be always
guaranteed.
In order to replace non-ecological and toxic solvents with
their benign equivalents, the chemical and biotechnological
industries have been looking for greener alternatives, in particular bio-based solvents (biosolvents) that can be partially or
fully derived from renewable sources.35 Ethanol,36 ethyl
acetate,37 and methanol36 are good examples of solvents that
can be fully obtained from renewable sources. In reality, there
are successful examples of solvents derived from bio-resources
for the recovery of biomolecules from microbial sources,
although
mostly
using
non-conventional
assisted
methods.36,37 These include ultrasound assisted extraction
(UAE), and microwave assisted extraction (MAE) to extract
astaxanthin from Haematococcus pluvialis microalgae,36 and
solvent-based pressurized liquid extraction (PLE) for the recovery of fucoxanthin from marine microalgae Tisochrysis lutea.37
It should be noted that biosolvents do not always lead to the
highest extraction yields for the recovery of lipids.38 In general,
conventional SLE procedures using pure VOCs do not allow
high recovery/extraction yields under mild conditions because
the solvent is not able to promote a full lysis of the cell wall
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structure. Further adjustments of the process conditions are
then required, such as increase of temperature, processingtimes, and/or number of cycles, which will make the process
more expensive and less sustainable.3
As noted above, to reduce time, solvent volume and cost,
and improve recovery yields, assisted non-conventional celldisruption methods are usually applied, viz. combining the
use of organic solvents with bead milling, supercritical fluid
extraction (SFE), MAE or UAE.37,39,40 Despite significant
enhancement of extraction eﬃciencies, mechanical-assisted
non-conventional methods have a lack of specificity that
causes the release of unwanted cell debris and impurities,
along with the target-compound(s), negatively aﬀecting the
entire process design.41 Moreover, either these treatments are
only adequate for batch processing mode (e.g., bead milling
and MAE) or involve highly energy consuming operation (e.g.,
SFE and UAE).42 A representative example of how diﬃcult it is
to implement mechanical-assisted solvent extraction methods
is SFE, which, in addition to limited separation selectivity
between structurally similar biomolecules, has high
implementation and operational costs43 and process limitations (it requires lyophilized/dry biomass, increasing consequently the energy demand).44–46
Unlike solvent-assisted extractions, an underexplored but
remarkably simple and economic solution is the use of solvent
mixtures in conventional SLE processing for the recovery of
microbial carotenoids and lipids. Some studies have revealed
the potential of mixed solvents in the extraction of astaxanthin
from H. pluvialis,39 and in the recovery of lipids from Yarrowia
lipolytica yeast cells.38
Following these promising reports, this work provides, for
the first time, a very comprehensive study regarding the use of
eco-friendly mixed biosolvents as eﬀective alternatives for the
selective recovery of three carotenoids (i.e. β-carotene, torularhodin, and torulene) and lipids, starting from an initial
screening of extraction performance of pure solvents up to a
final process integration and life-cycle assessment of the best
extractive biosolvent-based platforms. The performance of six
pure biosolvents {i.e., methanol (MeOH), ethanol (EtOH), ethyl
acetate (EtOAc), isopropanol (IPA), cyclohexane (CH) and
2-methyl tetrahydrofuran (2-MeTHF)} and their respective mixtures for the recovery of carotenoids and lipids from R. glutinis
wet biomass at 65 °C was firstly evaluated. Then an optimization of the best biosolvent mixture (i.e., ethyl acetate/ethanol/
water) was carried out, covering the entire ternary phase
diagram (viz. SLE in the monophasic region and liquid–liquid
extraction (LLE) in the biphasic region). A full understanding
of the solvation mechanisms towards carotenoid and lipid
extraction using diﬀerent solvent mixture compositions was
achieved with COnductor-like Screening MOdel for Real
Solvent (COSMO-RS). After selecting the most eﬃcient solvent
mixture, namely, ethyl acetate/ethanol/water (15/27/58% w/w
in the biphasic region), aiming at the circularity of the entire
process, the LLE platform was integrated with polishing and
recycling operation, evaluating the carotenoid and lipid extraction performance from the reuse of solvent mixtures in up to
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three consecutive stages for two diﬀerent strategies ( precipitation with cold-acetone and sequential liquid–liquid extraction). The environmental sustainability and the impact of the
proposed technology were finally addressed by analyzing the
carbon footprint of each integrative platform.

Results and discussion
Screening of pure biosolvents for the recovery of carotenoids
and lipids
The performance of six pure biosolvents for the recovery of
intracellular carotenoids from R. glutinis biomass was first
screened, evaluating the eﬀect of methanol (MeOH), ethanol
(EtOH), isopropanol (IPA), ethyl acetate (EtOAc), 2-methyl tetrahydrofuran (2-MeTHF) and cyclohexane (CH) on the simultaneous extraction of β-carotene, torularhodin, and torulene
(Fig. 1 Top) and lipids (Fig. 1 Bottom) from R. glutinis wet
biomass (at a concentration of 0.2 g mL−1) after 1 h of stirring

Fig. 1 Recovery yields (% w/w) of (a) carotenoids (β-carotene [yellow],
torularhodin [red], and torulene [ pink]) and (b) lipids using pure biosolvents (MeOH – methanol, EtOH – ethanol, IPA – isopropanol, EtOAc –
ethyl acetate, 2-MeTHF – 2-methyl tetrahydrofuran and CH – cyclohexane) at a R. glutinis wet biomass concentration of 0.2 g mL−1 and
after 1 h stirring (300 rpm) at 65 °C. The error bars represent 95% conﬁdence levels for the mean of three independent assays.
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at 300 rpm and 65 °C. As detailed in Table S2 in the ESI,† the
choice of each solvent considered both the ability to solubilize
the starting R. glutinis biomass (i.e., solvents that do not solubilize cell pellets were not screened), as well as the biocompatibility and toxicity index of each solvent (from Pfizer solvent
selection guide and GSK Solvent Sustainability Guide47). As
noted in Table S2 in the ESI,† with exception of chloroform, all
the other solvents can be fully (or at least partially) converted
from bio-based renewable sources (e.g., lignin conversion, agricultural biomasses/wastes conversion, microbial biosynthesis,
enzymatic conversion). Regarding biocompatibility and toxicity, from the biosolvents under study, as detailed in
Table S2,† most are recommended as biocompatible and ecofriendly alternatives, namely, H2O, EtOH, EtOAc, and IPA. The
three exceptions are CH, MeOH and 2-MeTHF, which are
ranked as problematic due to some environmental/health
issues,47 such as aqueous and air impact and VOC emissions
(CH, MeOH and 2-MeTHF), biotreatment (MeOH and
2-MeTHF) and health hazard (MeOH and 2-MeTHF). However,
as noted in the next sections these biosolvents are not adequate for the extraction of carotenoids and lipids.
All experimental protocols and detailed values are given in
the section Carotenoid and lipid extraction using biosolvents
and Table S5 in the ESI,† respectively. Note that all the results
of Fig. 1 and Table S6† are expressed as the extraction recovery
yields (% w/w) relatively to the initial content of carotenoids
(i.e., β-carotene = 178 μg gwet biomass−1, torularhodin = 104 μg
gwet biomass−1 and torulene = 40 μg gwet biomass−1) and lipids
(221 mg gwet biomass−1) in the R. glutinis wet biomass.
The results ( p ≤ 0.05) depicted in Fig. 1 demonstrate that
all pure biosolvents are able to extract, at 65 °C, some
β-carotene (yellow bars), torularhodin (red bars), torulene
( pink bars) and lipids. However, depending of their nature,
biosolvents are more selective towards carotenoids or lipids.
As shown in Fig. 1a (and Table S5†), independent of the target
carotenoid, their recovery yields increase as follows: CH <
2-MeTHF < EtOAc < IPA < EtOH < MeOH. The carotenoid
extraction aptitude of each biosolvent is in close agreement
with the solvent polarity scale, as can be confirmed by their
octanol/water partition coeﬃcients, log Kow, obtained from
ChemSpider:48 MeOH (log Kow = −0.77) < EtOH (log Kow =
−0.31) < IPA (log Kow = 0.05) < EtOAc (log Kow = 0.73) <
2-MeTHF (log Kow = 0.94) < CH (log Kow = 2.67).
The high carotenoid recovery yields can be attributed to the
greater aptitude of the most polar solvents to solubilize the
main constituents of the cell wall ( proteins and lipids)49 from
a wet yeast biomass. The creation of permeabilization channel
in the cell will favor biosolvent diﬀusion into intracellular periplasm, and consequently their interaction with carotenoids
(and lipids). Since the extraction of carotenoids was carried
out directly from R. glutinis wet biomass, the use of more polar
and water miscible biosolvents (i.e., MeOH, EtOH) is better for
cell wall disruption,50–52 facilitating cell-solvent miscibility. On
the other hand, for wet biomass, the solubility of biosolvents
with a more hydrophobic nature (log Kow values > 0), as is the
case of EtOAc, 2-MeTHF and CH, is moderate-to-low, working
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thus as a diﬀusion barrier for the recovery of intracellular
carotenoids.
In literature, the extraction of lipids is mainly associated
with the “like-dissolve-like” principle, where the polarity of the
extracts must be similar to the polarity of the target-compound
to achieve the highest extraction eﬃciency.53,54 Despite the
increasing relative solvent’ hydrophobicity trend, to understand the extraction ability of each biosolvent, we need to consider first their ability to solubilize wet biomass, and second
the profile of intracellular lipids from R. glutinis. As depicted
in Fig. S5a in the ESI,† the lipids accumulated in R. glutinis
cell strain CCT-2186 are mainly free fatty acids [i.e., margaric
acid (75%), stearic acid (10%) and pentadecylic acid (8%), cf.
Fig. S5b in the ESI†], with minor traces of triglycerides (TAG)
and diglycerides (DAG). Considering that the biosolvent is
capable of solubilizing properly the wet biomass (which is not
the case of CH), it seems that the non-polar character of intracellular lipids accumulated in R. glutinis cells favored their
recovery using the more hydrophobic biosolvents. Although
previous studies focused on the recovery of carotenoids from
dry biomass,38,55 similarities with our work can be found. Breil
et al.,38 recovered almost 63% (w/w) of lipids from Yarrowia
lipolytica IFP29 dry biomass using EtOAc, and Mahmood
et al.,55 recovered 59% (w/w) and 66% (w/w) of the total lipids
from dry biomass of C. vulgaris and Nannochloropsis sp.,
respectively, also using EtOAc.
This initial screening using pure biosolvents has shown
that, while the more polar compounds are promising for the
extraction of intracellular carotenoids, more hydrophobic biosolvents are better candidates for the recovery of lipids.
Evidently, if the extraction of both compounds is intended, a
balance between diﬀusion and solubility is required. An adequate miscibility of wet cells with the biosolvent is initially
needed, followed by an adequate diﬀusion of the solvent
through the cell wall and penetration into the hydrophilic
intracellular environment, and finally the eﬀective solubilization of intracellular hydrophobic carotenoids and lipids.
Screening of mixtures of solvents for the simultaneous
recovery of carotenoids and lipids
In the previous section, diﬀerent pure biosolvents were used
for the recovery of intracellular carotenoids and lipids from
R. glutinis biomass, demonstrating that an increase in solvent
relative hydrophobicity increases the recovery yields of lipids,
but reduces the carotenoid recoveries. Therefore, polar and
non-polar solvents must be combined to increase carotenoid
and lipid yields. Considering the solvents used in the conventional Bligh and Dyer method (i.e., chloroform + MeOH +
H2O), aqueous mixtures of two biosolvents were evaluated, particularly, exploring EtOAc (the solvent with the highest aptitude to recover lipids) and CH (the solvent with the lowest aptitude to recover lipids) as potential substitutes of chloroform,
and EtOH, IPA and 2-MeTHF as substitutes of MeOH. The conventional Bligh and Dyer mixture was used as control. This
experimental stage was carried out at a R. glutinis wet cell concentration of 0.2 g mL−1, in 1 h of stirring at 300 rpm, and
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65 °C. All experimental details and solvent compositions are
detailed in the section Carotenoid and lipid extraction using
biosolvents and Table S3 in the ESI.† The respective recovery
yields (% w/w) of carotenoids and lipids are shown in Fig. 2
and detailed in Table S7 in the ESI.†
The results depicted in Fig. 2a show significant diﬀerences
( p < 0.05) between all aqueous mixtures containing CH and
EtOAc for the recovery of β-carotene, torularhodin and torulene. Particularly, while CH-based mixtures allowed carotenoid
recovery yields similar or lower than the control, except the
mixture of EtOAc/2-MeTHF/H2O, all the EtOAc-based mixtures
increased the carotenoid recovery yields. The highest recovery
yields (32.25, 38.02 and 23.95% (w/w) of β-carotene, torularhodin and torulene, respectively) were achieved with the ternary
system composed of EtOAc (25% w/w) + EtOH (50% w/w) +
H2O (25% w/w), in which three-fold increases in carotenoid
recovery were observed when compared with the control.
Although the extraction yields using EtOAc-based aqueous
mixtures were higher than that using the pure EtOAc as extractant, only the mixture of EtOAc/EtOH/H2O gave significantly
( p < 0.05) higher carotenoid yields than the third solvent alone
(MeOH, IPA and 2-MeTHF). However, it should be highlighted
that the capacity to extract each of the carotenoids changed,
namely, the extraction of torularhodin (red bars) and
β-carotene (yellow bars) with the EtOAc aqueous mixtures was
enhanced, while, regardless of the biosolvent, pure solutions
exhibited always high capacity to extract torulene ( pink bars)
followed by torularhodin, and lowest recoveries for torulene.
The change in the selectivity of the EtOAc aqueous mixtures
seems to be a result of the decrease in the relative hydrophobicity of the extractant solution.
Carotenoids are poorly soluble ( practically insoluble in
water),56,57 and the weak polar organic solvents used as extractants present low cell permeation rates.20 However, as demonstrated by Sachindra et al.,58 the extraction of carotenoids from
wet samples of shrimp waste is enhanced by using a mixture
of polar and non-polar solvents (e.g., IPA and hexane) as the
extractant medium, in which the hydrophilic solvents remove
the water in tissues, aiding in the extractability of pigments in
the non-polar counterpart.58 EtOAc is a non-polar to weak
polar aprotic solvent soluble in H2O (6.04 g per 100 g of H2O at
50 °C),59,60 meanwhile EtOH can dissolve both polar and nonpolar substances.61 Thereby, the increase recovery yield of carotenoids by the EtOAc/EtOH/H2O system may be due to the
presence of polar and non-polar characteristics in the mixture,
which favored both the miscibility with yeast wet cells, the cell
permeabilization, the access to the yeast intracellular matrix
and subsequent solubilization of the hydrophobic carotenoids
(further discussion about the extraction mechanism will be
presented below in the section Understanding solvation in
mixed solvent mechanisms using COSMO-RS).
Fig. 2b also shows significant diﬀerences ( p < 0.05) between
all aqueous mixtures containing CH and EtOAc for the recovery of lipids. In general, CH and EtOAc-based mixtures recovered less lipids than the control (32.16% w/w of lipids). The
exception was the mixture composed of EtOAc (25% w/w) +
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Fig. 2 Recovery yields (% w/w) of (a) carotenoids (β-carotene [yellow], torularhodin [red], and torulene [ pink]) and (b) lipids using aqueous (25%
w/w of H2O) mixtures of CH (25% w/w) (+MeOH, EtOH, IPA and 2-Me-THF) (50% w/w) and EtOAc (25% w/w) (+MeOH, EtOH, IPA and 2-Me-THF)
(50% w/w) at R. glutinis wet cell concentration of 0.2 g mL−1 after 1 h stirring (300 rpm) at 65 °C. The conventional Bligh and Dyer mixture of chloroform (25% w/w) + MeOH (50% w/w) + H2O (25% w/w) was used as control. The error bars represent 95% conﬁdence levels for the mean of three
independent assays.

EtOH (50% w/w) + H2O (25% w/w), which increased the lipid
recovery yield up to 38.84 (% w/w) (a value statistically significant, p < 0.05). Regarding the use of pure or mixed solvents,
with the exception of CH/IPA/H2O, all the CH-based aqueous
mixtures allowed higher recovery yields of lipids than the pure
CH. Similarly, the mixtures containing EtOAc/EtOH/H2O,
EtOAc/MeOH/H2O and EtOAc/IPA/H2O also increased the
lipids’ recovery capacity in comparison with the corresponding
pure solvents (i.e., MeOH, IPA and EtOH).
The extraction and recovery of lipids can be improved by
increasing the polarity of the solvent, which can be done by
appropriately mixing polar solvents (EtOH + H2O) to a nonpolar solvent (EtOAc in this case); this enhancement is due to
the ability of polar solvents to release lipids from protein–lipid
complexes, facilitating their dissolution in the non-polar
solvent.62
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Solid–liquid extraction of carotenoids and lipids using ternary
mixtures of ethyl acetate, ethanol and water
In the previous section, it was demonstrated that the SLE of
intracellular carotenoids and lipids from R. glutinis biomasss
can be enhanced using solvent mixtures composed of EtOAc,
EtOH and H2O. Therefore, this section will be devoted to the
optimization of the solvent composition in the recovery of
each target compound, as well as in understanding the intramolecular interactions responsible for their selective recovery,
aiming to further optimize the EtOAc/EtOH/H2O composition
and selection.
Experimental optimization
One of the most important processing parameters in the
design of biomolecule extraction procedures is to understand
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the eﬀect of solvent mixture ratio in the selective recovery of
the target-compounds. Therefore, the eﬀect of diﬀerent EtOAc/
EtOH/H2O compositions, detailed in Table S3 in the ESI†
(mixture points identified in the ternary phase diagram
depicted in Fig. 3) on carotenoid and lipid extraction was evaluated. The next set of extractions were carried out at a
R. glutinis wet biomass concentration of 0.2 g mL−1 after 1 h of
stirring at 300 rpm and 65 °C using diﬀerent EtOAc/EtOH/H2O
mixtures, selecting (randomly) fifteen mixture points in the
monophasic region of the EtOAc/EtOH/H2O phase diagram
( points identified as A to R). The respective recovery yields
(% w/w) of β-carotene, torularhodin, torulene and lipids are
depicted in Fig. 3 and in Table S8 in the ESI.†
To simplify the analysis and discussion of the results, they
were grouped according to the impact of solvent (EtOAc, EtOH
and H2O) concentration on the carotenoid and lipids recoveries, either individually or combined. These results are compiled in Table S8 in the ESI.† The results plotted in Fig. 3a–c
show that high EtOH concentrations (% w/w) (from 45 to 62%)
and, low concentrations of EtOAc (from 23 to 24%) and H2O
(from 15 to 32%) are the optimal conditions for the recovery of
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β-carotene, torularhodin and torulene, in which carotenoid
recovery yields up to 60% (w/w) are achieved. On the other
hand, for the recovery of lipids, ternary (or binary) mixtures
with high H2O (up to 77% w/w) and EtOH (from 23 to 62%
w/w) contents and a low concentration of EtOAc (from 0 to
24% w/w) are preferable. From an overall analysis of Fig. 3, it
is possible to find a ternary mixture ratio that maximizes the
recovery of all intracellular target-compounds (β-carotene, torularhodin, torulene and lipids), which should have a composition close to the mixture point I composed of 24% (w/w) of
EtOAc, 55% (w/w) of EtOH and 21% (w/w) of H2O. In the composition of the point I, approximately 46, 60, 51 and 51% (w/w)
of the intracellular content of β-carotene, torularhodin, torulene and lipids were extracted, respectively.
Despite the hydrophobic character of the carotenoids and
lipids, the presence of H2O in the solvent mixture contributes
to the extraction of these biomolecules from the wet yeast oleaginous biomass. It increases the polarity of the solvent
mixture, favoring not only the miscibility with the wet
biomass, but also contributing to the permeabilization/disintegration of the cell wall,63 as a result of the formation of a hypo-

Fig. 3 Ternary phase diagram of EtOAc/EtOH/H2O, solvent mixture composition (% w/w) and the respective recovery yields (% w/w) of (a)
β-carotene, (b) torularhodin, (c) torulene and (d) lipids at a R. glutinis wet cell concentration of 0.2 g mL−1 after 1 h stirring (300 rpm) at 65 °C. The
gray curve represents the solubility binodal curve that separates the monophasic (colored zone) and the biphasic region (white zone). The results
represent 95% conﬁdence levels for the mean of three independent assays.
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tonic environment and increase of the yeast volume by
osmosis.64 The yeast cell disintegration facilitates the access of
the extractant to the intracellular carotenoids. It should be
noted that the addition of short alcohols, also increases the
polarity of solvents, contributing to the dissolution of the cell
wall membrane. The cell disruption/permeabilization and the
dissolution of wet biomass can explain, at least in part, the
improvement of carotenoid and lipid yields when polar solvents are added to non-polar solvents. However, as highlighted
above, it must be considered that the intracellular compounds
are accumulated inside the yeast cells, a very hydrophilic
environment, which makes the solvent polarity important, i.e.,
non-polar solvents will not penetrate through the hydrophilic
environment that surrounds pigments and lipids.65 Anyway,
solute and solvent polarities have direct and important influence in the SLE process, i.e., “like-dissolve-like” principles,
thus, due to the predominant non-polar nature of carotenoids
and lipids, the mixed solvent extractant solution should have
relative hydrophobicity to allow their dissolution and extraction, as discussed in the next section.
Understanding the solvation mechanisms in mixed solvent
using COSMO-RS
In the previous section, it was shown that the increase of the
extraction of intracellular carotenoids and lipids can be
enhanced by particular compositions of mixed solvents, i.e.,
EtOAc/EtOH/H2O. However, more than optimizing the biomolecule extraction procedures, it is essential to understand
the eﬀect of the solvent mixture on the recoveries. Therefore,
to obtain a better understanding of the impact of the solvent
hydrophobic–hydrophilic balance, and the main intramolecular interactions occurring between solvents and solutes
for the proposed conceptual process, a computational modelling using COSMO-RS was applied.
The purpose of this COSMO-RS modelling is to clarify the
eﬀect of EtOAc/EtOH/H2O mixtures described in Table S3 in
the ESI† ( points labelled in the ternary phase diagram in
Fig. 3) on carotenoid and lipid recoveries. One advantage of
using COSMO-RS methodology is that the model can estimate
thermodynamic properties of both pure fluids and mixtures
only using information about the electronic structure of individual molecules. In this context, the molecular interactions in
the system of interest (solvent mixture) result from the polarity
surfaces (sigma-surfaces) of the individual biomolecules,
namely: the three carotenoids – β-carotene, torularhodin, and
torulene; and lipids – FFA (margaric acid), TAG triglyceride (trilinolenin), and DAG diglyceride (glyceryl-1,3-dilinoleate).
Fig. S1 in the ESI† shows the Sigma profiles for the two data
sets of solutes (β-carotene, torularhodin, torulene, and lipids)
and the three solvents (EtOAc, EtOH and H2O). The solutes are
divided into two groups: (i) β-carotene and torulene; (ii) torularhodin, FFA, TAG and DAG.
The first set, β-carotene and torulene are similar in nature,
and the prominent peaks of β-carotene and torulene lie in the
non-polar region of the profile that specifies their non-polar
character. Thus, it can be projected that, due to their non-
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polar character, β-carotene and torulene will have high interaction towards non-polar solvents. Indeed, the Sigma potential
of both β-carotene and tolurene, presented in Fig. S1b in the
ESI,† displays negative values within −0.8 e nm−2 < σ < 0.8 e
nm−2 showing their likeliness to interact with the non-polar
moiety of solvents. In addition, due to the absence of peaks
within the polar region in their Sigma profile, both β-carotene
and torulene show poor favorable interactions with polar moieties or polar solvents. Thus, from their Sigma profile and
potential, it could be projected that a suitable solvent for the
recovery of β-carotene and tolurene must be of non-polar character in nature.
The second set of solutes (torularhodin, FFA, TAG and
DAG) also show a peak in the non-polar region of the Sigma
potential (cf. Fig. S1c in the ESI†), with additional small peaks
in both polar regions. For example, the peak at 1.3 e nm−2
corresponds to the oxygen atom of the carboxylic moiety of the
compounds that can act as a hydrogen bond acceptor. On the
other hand, a small peak at circa −1.8 e nm−2 is associated
with the hydrogen atom of the carboxylic moiety that has a
weak hydrogen bond donor ability. This is predictable as these
solutes contain carboxylic acid groups. Unlike the first set, the
second set of solutes show not only favorable interactions with
non-polar groups, but also with both hydrogen bond donors
and acceptors (cf. Fig. S1c in the ESI†). It should be stressed
that the Sigma potentials suggest that their interactions with
the polar groups are higher than that with the non-polar
groups. Therefore, it is expected that the second set of solutes
could interact with solvents through hydrogen bond interactions as well dispersive interactions with the non-polar moieties of the solvent.
Concerning the solvent, Fig. S1e and f in the ESI† show the
Sigma profile and potential of EtOAc, EtOH and H2O. Due to
its polar nature, the H2O molecule shows high attraction
towards hydrogen bond donor and acceptor groups, while displaying unfavorable interactions with non-polar groups. Thus,
it is expected that H2O will interact with solutes mainly
through hydrogen bonding. Similar to H2O, EtOH also presents remarkable attraction toward hydrogen bond donor and
acceptor groups. In addition, the presence of the ethyl group
of EtOH leads to its likeliness to interact as well with the nonpolar moieties of the solutes. Finally, EtOAc displays attraction
toward hydrogen bond donor as well as non-polar groups.
To summarize, from the Sigma profile and the potential
analysis it was revealed that β-carotene and torulene are extremely non-polar compounds in nature, and thus, they display
attraction toward solvents with a highly non-polar character.
Whereas, torularhodin and lipids (represented by margaric
acid, glyceryl-1,3-dilinoleate and trilinolenin) are not only
attracted toward non-polar solvents, but also toward solvents
that have the ability to form hydrogen bonding. As can be
observed from their Sigma profile, there is an enormous diﬀerence in the non-polar character between the solute and solvents that lead to low recoveries of solute using a single
solvent. For example, the recovery yields of β-carotene are 2.82,
2.93, and 15.80% by using EtOAc, H2O, and EtOH, respectively.
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The use of a mixture of biosolvents changes the polarity of
the final solvent and consequently improves the recovery of the
solute. Fig. S2a (ESI†) shows the Sigma potential of pure and
representative of EtOAc/EtOH/H2O mixtures studied in this
work. Unlike the Sigma profile, the Sigma potential is influenced by the composition and temperature, and thus, can be
used to evaluate the likeliness of the mixed solvent to solvate a
target compound. The most notable feature presented in
Fig. S2a† is the Sigma potential of EtOAc within the region of σ
> 1 e nm−2, where it shows repulsion towards the hydrogen
bonding acceptor. Adding EtOH (50% w/w) into pure EtOAc
(50% w/w), as in the case of mixed solvent 4, alters the solvent
character from repulsive to attractive interactions toward hydrogen bond acceptors. Furthermore, adding EtOH (30% w/w) and
EtOAc (29% w/w) into H2O (41% w/w), as in the case of mixed
solvent 5, shifts the repulsive Sigma potential to attraction
(cf. Fig. S2a†). In general, all EtOAc/EtOH/H2O ternary mixtures
have varied Sigma potential when compared to their original
solvent or binary mixtures (cf. Fig. S1f in the ESI†), which
produce solvents with a diﬀerent character when compare to a
pure solvent and, ultimately, increase the recovery of the solute.
Afterwards, in order to evaluate the impact of EtOAc/EtOH/
H2O mixtures on the recovery yields (% w/w) of the diﬀerent
solutes at the molecular level, COSMO-RS was used to estimate
the excess enthalpies of mixture. The estimation of excess
enthalpies with COSMO-RS was performed by taking the sum
of the three-contribution associated with electrostatic-misfit,
hydrogen bond, and van der Waals forces. Therefore, the
model can be used to analyze the significance of the diﬀerent
intermolecular energies responsible for the recovery of each
solute using EtOAc/EtOH/H2O mixtures. The estimated excess
enthalpies are given in Table S10 in the ESI.†
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In general, for the recovery of β-carotene and torulene,
favorable (negative values) contribution arises from both EtOH
and EtOAc. Whereas, the H2O molecule contribution is
endothermic and originates from the hydrogen bond. In this
context, H2O molecules must break the intermolecular hydrogen bonding between H2O–H2O to facilitate the mixing with
other solvents and, consequently, the target solute.
Remarkably, there is a good correlation between the recovery
(% w/w) of β-carotene and the electrostatic-misfit of the solute,
as depicted in Fig. 4a. The electrostatic-misfit arises from the
interaction between the non-polar part of the solute and the
non-polar part of the mixed solvent, as mentioned previously.
The same is also observed for the recovery of torulene
(Fig. 4b). This is expected as β-carotene and torulene have
similar Sigma profiles, and thus, have comparable interactions
with the mixed solvent.
For the second set of solutes, the circumstances are quite
diﬀerent. As previously mentioned, these solutes contain carboxylic groups that may form hydrogen bond with the mixed
solvent. As a consequence, the recovery of lipids is highly governed by the two dominant interactions arising from the
hydrogen bond of the solute in the system, as displayed in
Fig. 4a–d and the electrostatic misfit of the solute in the
system (Fig. S4 in the ESI†). Thus, it seems that the electrostatic misfit and hydrogen bond of the solute play a subtle
balance in the extraction of lipids. For the lipids, the excess
enthalpies were calculated against their main constituent,
namely margaric acid, trilinolenin and glyceryl-1,3-dilinoleate.
Good correlation between the %recovery and hydrogen
bonding interaction and electrostatic misfit originating from
the solute is observed. One may question if the hydrogen bond
controls the recovery of the solute, H2O should be the best can-

Fig. 4 Correlation plot between the interaction energies (X-axis) of solvent mixtures and the recoveries (% w/w) of (a) ( ) β-carotene, (b) ( ) torulene, (c) ( ) torularhodin, (d) ( ) margaric acid, (e) ( ) glyceryl-1,3-dilinoleate and (f) ( ) trilinolein.
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didate, as it has the strongest hydrogen bond strength, but
this is precluded by the H2O unfavorable interactions with
non-polar moieties of the solutes. Thus, the suitable mixture
of solvents to enhance the recovery of the solute should have
the appropriate hydrogen bond strength while possessing the
ability to solvate also the non-polar moiety of the solute.
The modelling of the COSMO-RS confirms that the recovery
of carotenoids and lipids from R. glutinis biomass is enhanced
by using a mixed solvent instead of a pure solvent. In this
regard, a mixture of H2O, EtOH and EtOAc could provide a
suitable extraction medium to recover β-carotene, torulene, torularhodin and lipids. The improvement seems to be a result of
the change of hydrophobic–hydrophilic character of the mixed
solvent, as result of the nature of each set of solutes, namely:
(i) β-carotene and torulene – interaction between the non-polar
part of the solute and non-polar part of the mixed solvent; (ii)
torularhodin and lipids – hydrogen bond between the solute
and mixed solvent. It should be emphasized, nevertheless that
the modelling using COSMO-RS provides only a molecular
view of the solute–solvent interactions. Note that these solvation mechanisms should be considered along with the cell
disruption/permeabilization and wet biomass dissolution
phenomena discussed in the previous sections.
Liquid–liquid extraction of carotenoids and lipids using
ternary mixtures of ethyl acetate, ethanol and water
Envisaging the design of an integrated extraction process for
the simultaneous recovery of carotenoids and lipids from
R. glutinis biomass, and considering the previous optimization
study (section Experimental optimization), the point I, which
exhibited the highest recoveries of β-carotene, torularhodin,
torulene and lipids, was selected for the following liquid–
liquid extraction (LLE) studies. Accordingly, an EtOAc/EtOH/
H2O mixture at an initial solvent ratio of 24/55/21 (% w/w) was
used for the SLE from wet biomass, and after, the solutes
(carotenoids and lipids) extracted were separated through LLE
by inducing a phase separation with further addition of EtOAc
and H2O. Six biphasic systems were created, and the corresponding equilibrium phase compositions were determined
analytically. The mixtures points of each system (identified
with the letters a to f ) and respective tie-lines are represented
in the ternary phase diagrams depicted in Fig. 5 (detailed
values in Table S9 in the ESI†). To avoid diﬀerences in the
volume ratio for each biphasic system and provide a better
understanding of the solute separation trends of each system
(all the recovery yields and volume ratios are detailed in
Table S9 in the ESI†), instead of recovery yields the extraction
abilities are presented in Fig. 5a–c as the partition coeﬃcient
of β-carotene, torularhodin and torulene (Kcar) between the top
(EtOAc-rich) and bottom (EtOH/H2O-rich) phases, respectively.
Fig. 5d shows the partition coeﬃcient of lipids (Klip), which
was defined as the ratio of the concentration of lipids (% w/w)
in the EtOH/H2O-rich (bottom) and EtOAc-rich phases (top).
Fig. 5 shows that the mixture points a and b, with a composition close to the critical point, present the highest partition
coeﬃcients, namely: 2.2 < Kcar < 2.3, for the three carotenoids
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(i.e., β-carotene, torularhodin and torulene); and Klip of
approx. 3.7. Note that as the tie-line length increases, all the
Kcar and Klip decreased, which means that the closer the biphasic mixture is to the critical point, the higher the partition of
the solutes. On the other hand, despite the similar K values on
the same tie-line (i.e., a ≈ b; c ≈ d; e ≈ f ) as result of similar
phases’ composition, due to the changes of volume ratio of the
phases of points on the same tie-line (cf. Table S9 in the ESI†),
an adjustment of the EE (%) of carotenoids (in the EtOAc-rich
phase) and lipids (EtOH/H2O) was achieved. As shown in
Table S9 in the ESI,† among the mixture points under study,
the highest EE% of β-carotene, torularhodin and torulene was
obtained for point a (EE > 84%), while the highest EE% of
lipids was obtained with points d, e and f (EE > 87%).
As shown in the section Solid–liquid extraction of carotenoids and lipids using ternary mixtures of ethyl acetate, ethanol
and water, because of the more hydrophobic nature of the
EtOAc-rich phase, the non-polar carotenoids are preferentially
partitioned into it. On the other hand, lipids are preferentially
separated in the EtOH/H2O-rich phase due to the hydrogen
bond interaction of the carboxylic acid group. The strength of
free fatty acid interactions toward both hydrogen bonds to the
polar groups of the EtOH/H2O (bottom) phase is higher than
the dispersive interactions with the non-polar groups of the
EtOAc (main constituent of the top phase), favoring thus a preferential partition of the lipids to the bottom phase.
Together, these results confirm that, for the selective separation of carotenoids and lipids, several factors must be considered. In a first stage the choice of an extractant mixture
composed of polar and non-polar solvents, which maximizes
the SLE extraction of all intracellular targeted solutes.
Secondly, the mixture in the biphasic region using optimized
systems, with suitable concentrations of the solvent mixtures,
allows for the selective separation of the solutes, demonstrating that the use of the mixed solvent, unlike the pure solvents,
allows not only to enhance cell disruption/permeabilization
and recovery of intracellular carotenoids and lipids, but also
facilitates their subsequent separation and purification using
simple LLE procedures.
Recycling of the biosolvents and polishing of carotenoids and
lipids
In the previous sections, the extraction of β-carotene, torularhodin, torulene and lipids from R. glutinis biomass using
mixed biosolvents was optimized. In addition, a selective separation of the carotenoids from the lipids was successfully
achieved by LLE employing EtOAc/EtOH/H2O mixtures. It was
demonstrated that the use of mixed biosolvents is a feasible,
simple, eﬃcient and environmentally friendly solution for the
selective recovery of non-polar biomolecules from complex
(bio)matrices (like wet biomass). However, from an academic
perspective, it is fundamental to demonstrate that the proposed biosolvent-based technology can be, from a technical
and sustainable point of view, viable in a future industrial
application. Thus, to make these technologies competitive
with the existing ones, the design of the solvents’ recycling/re-
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Fig. 5 Ternary phase diagram of the EtOAc/EtOH/H2O system, mixture points in biphasic regions studied (a to f ), with respective tie-lines (---), and
partition coeﬃcient (Kcar) of (a) β-carotene, (b) torularhodin, (c) torulene and (d) partition coeﬃcient of lipids (Klip) at a R. glutinis wet cell concentration of 0.2 g mL−1 after 1 h stirring (300 rpm) at 65 °C. The results represent 95% conﬁdence levels for the mean of three independent assays.

usability and polishing strategies for the targeted solutes are
mandatory,11 as well as their proper integration in the processing plant. The development of adequate technologies that
allow the reuse of solvents is primordial to guarantee the economic and environmental viability and sustainability of the
industrial manufacturing process.66
Therefore, to address the feasibility of the implementation
of the proposed technology for future industrial recovery of
carotenoids and lipids from R. glutinis biomass, two strategies
for recycling the solvent mixtures and obtaining the recovered
carotenoids and lipids were attempted. For the recycling
studies, the point I (w/w), composed of 24% of EtOAc, 55% of
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EtOH and 21% of H2O, was selected (Fig. S4 in the ESI†), since
it maximizes the recovery of β-carotene, torularhodin, torulene
and lipids (recovery yields >50% w/w). After the extraction, the
biomolecules extracted were separated from the residual
R. glutinis biomass by centrifugation and then subjected to a
LLE ( point a) at 25 °C, for the selective separation of carotenoids and lipids. With the LLE the carotenoids were preferentially separated into the EtOAc (top)-rich phase, while the
lipids partitioned to the EtOH/H2O (bottom)-rich phase. For
recycling of the EtOAc-rich phase, an evaporation process was
introduced after the LLE, from which the solvent evaporated
was reused in a consecutive SLE from fresh R. glutinis cells and
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the carotenoids were recovered as a solid colored fraction. On
the other hand, two diﬀerent scenarios for the recycling of the
EtOH/H2O-rich phase and further polishing of lipids and proteins were evaluated, namely:
Scenario 1 – the EtOH/H2O-rich phase was evaporated and
the mixed solvent reused in the extraction; cold acetone (1 : 1
w/w) was added to the solid fraction for the separation of proteins from lipids.
Scenario 2 – the EtOH/H2O-rich phase was used in a second
LLE procedure by further addition of pure EtOAc (25% w/w).
After the demixing, both phases of the LLE system were filtered, and the top EtOAc-rich phase containing lipids was
evaporated, this solvent being recycled into a subsequent LLE,
and the lipid-rich (solid) fraction recovered; the EtOH/H2Orich phase was also evaporated, and the mixed solvent recycled
into a subsequent SLE procedure, with and proteins-rich
(solid) fraction recovered.
These recycling/polishing procedures were repeated three
times, and the respective recovery yields (% w/w) of β-carotene,
torularhodin, torulene and lipids were determined. All results
are listed in Table 1, including a comparison between using
the reused EtOAc/EtOH/H2O mixture or a fresh EtOAc/EtOH/
H2O solution (control).
As can be seen in Table 1, regardless of the recycling/polishing Scenario, the biosolvents (i.e., EtOAc-rich and EtOH/H2Orich phases) can be recycled up to three times, guaranteeing
the maintenance of the good recoveries eﬃciencies, namely,
losses lower than 10% in comparison with the control (fresh
solvent solution). After 3 recycling cycles the recovery yields (%
w/w) were higher than 39, 50, 38 and 32 for β-carotene, torularhodin, torulene and lipids, respectively. Nevertheless, even
considering the decrease in recovery yields of carotenoids after
three cycles, it is important to note that these recoveries are
three-fold higher than that obtained with the Bligh and Dyer
method (control of the conventional SLE) and similar for
lipids. Regarding the impact of diﬀerent integrative Scenarios
in the respective amounts of carotenoids and lipids obtained
after polishing procedures, both procedures are adequate for

the recovery of the three carotenoids (similar recovery yields
for β-carotene, torularhodin and torulene), but for the recovery
of lipids and removal of proteins, Scenario 1 (40.70% > recovery
yields > 48.15%) is more eﬃcient than Scenario 2 (32.72% >
recovery yields > 40.29%). Further details about eﬃciency and
sustainability of both Scenarios are discussed below in the
section Environmental assessment of the biosolvent-based
platform by determination of carbon footprint.
These results confirm that the reusability of the solvents
and polishing of target biomolecules can be achieved by a
simple integration of the initial SLE unit with a subsequent
LLE process, and further integration with evaporation, precipitation and/or LLE operation units. To facilitate the understanding of the proposed integrative process for the production of
carotenoids and lipids using R. glutinis biomass, a schematic
representation is presented in Fig. 6, in which the production,
SLE, LLE, recycling and polishing units are properly integrated
in a processing platform, including the representation of the
two diﬀerent recycling/polishing Scenarios. The use of mixed
biosolvents is very promising for the extraction of biomolecules, particularly, due to facilitation of the operation
units regarding the polishing of target-solutes and recycling of
the solvents, which can make these technologies more costeﬀective. Anyway, regardless of the potential of these integrative approaches using biosolvents for the industrial production
of microbial carotenoids and lipids from R. glutinis biomass,
within a biorefinery concept, the optimization of other operational processing parameters (e.g., residence times, flow rates,
temperature) is still required, in particular if a continuous
mode of operation is envisaged. Moreover, the implementation
of these platforms at the industrial scale will be also dependent on further scale-up studies.

Environmental assessment of the biosolvent-based platform
by determination of carbon footprint
In the previous section, the potential of two integrative platforms for the extraction of carotenoids and lipids from

Table 1 Recovery yields (% w/w) of β-carotene, torularhodin, torulene and lipids using fresh and reused EtOAc/EtOH/H2O mixture at a R. glutinis
wet cell concentration of 0.2 g mL−1 after 1 h of stirring (30 rpm) at 65 °C

Recovery yields ± σ (% w/w)
Solvent
Scenario 1
Fresh solvent (control)
First reuse
Second reuse
Third reuse
Scenario 2
Fresh solvent (control)
First reuse
Second reuse
Third reuse

Lipidsa

β-Carotenea

Torularhodina

Torulenea

48.15 ± 1.32a
43.42 ± 0.26b
41.51 ± 0.17c
40.70 ± 0.49c

45.16 ± 0.19a
41.79 ± 0.28b
40.58 ± 0.97bc
39.93 ± 0.39c

59.90 ± 0.08a
53.58 ± 1.40b
50.42 ± 1.49c
52.86 ± 0.14bc

43.56 ± 1.08a
42.07 ± 0.05ab
41.79 ± 1.28ab
41.35 ± 0.19b

40.29 ± 0.62a
35.81 ± 0.07b
32.14 ± 0.17c
32.72 ± 0.57c

44.19 ± 1.02a
40.45 ± 0.81b
39.81 ± 0.59b
39.29 ± 0.22b

53.85 ± 0.81a
52.43 ± 0.53ab
50.12 ± 0.31c
51.54 ± 0.81bc

38.46 ± 0.60b
42.26 ± 1.06a
41.66 ± 0.76a
42.76 ± 0.46a

a
Tukey HSD test (α = 0.05) for the mean of three independent assays ± confidence levels; means with the same lowercase letter do not present
significant diﬀerence (p > 0.05).
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Fig. 6 Diagram of the integrative process for the production and extraction of intracellular carotenoids and lipids from R. glutinis biomass using the
EtOAc/EtOH/H2O mixture, including the recycling of the biosolvents and the polishing of the carotenoids and lipids.

microbial biomass using mixed biosolvents, namely EtOAc/
EtOH/H2O, was demonstrated. However, considering the
current appeal for greener and eco-friendlier processes, the
environmental sustainability of the complete biorefinery
process was evaluated by a life cycle analysis (LCA). The
environmental performance of the integrative platforms
applied to obtain the three carotenoids (β-carotene, torularhodin, torulene) and lipids from R. glutinis wet biomass was evaluated through the calculation of the carbon footprint of the
production, extraction, purification and polishing stages. For
that purpose, three diﬀerent scenarios were investigated,
namely: the two Scenarios detailed in the previous section (i.e.,
Scenario 1 – evaporation of EtOAc and EtOH/H2O-rich phases
for polishing the carotenoids and recycling of solvents, and
cold acetone precipitation for the separation of proteins from
lipids; Scenario 2 – evaporation of the EtOAc-rich phase, and
the use of the EtOH/H2O-rich phase in a second LLE procedure
for the separation of proteins from lipids), and a Scenario 3
corresponding to a conventional extraction process using the
Bligh and Dyer method (control). Given that the systems
studied in each Scenario aﬀorded diﬀerent recovery yields of
carotenoids, the results of the carbon footprint for the production, extraction, purification and polishing states are
depicted in Fig. 7 (detailed in Table S4 in the ESI†) per µg of
carotenoids (β-carotene, torularhodin and torulene) and mg of
lipids extracted, allowing a direct comparison between the
three Scenarios.
Fig. 7 shows that Scenarios 1 and 2 have a significantly
lower carbon footprint than the conventional procedure of
Scenario 3, as a result of the significant improvement in the
carotenoid extraction yields of those processes. The best
environmental performance for the recovery of carotenoids
was achieved with Scenario 1, with a carbon footprint of 43.41,
55.67 and 202.3 g CO2 eq. per µg of β-carotene, torularhodin
and torulene, respectively, with equivalent values for Scenario
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2. Regarding the recovery of lipids, no significant diﬀerence
between Scenarios 1 and 2 (32.85 and 32.50 g CO2 eq. per mg
respectively) was found. It is important to note that the conventional Bligh and Dyer method (control, Scenario 3) led to
the worst environmental performance, with a carbon footprint
of 222.90, 230.30 and 565.80 g CO2 eq. per µg for β-carotene,
torularhodin and torulene respectively, and 48.92 g CO2 eq.
per mg−1 for lipids. These values represent an increase of 80%
(β-carotene), 75% (torularhodin), 65% (torulene) and 35%
(lipids) in relation to the best environmental process
(Scenario 1), respectively.
Comparing the environmental impact of the process to
obtain each biomolecule, a high carbon footprint was
found for torulene, which is a result of the lower abundance of this pigment in the R. glutinis wet biomass.
Therefore, a higher amount of inputs are necessary than for
the remaining carotenoids to obtain the same amount of
carotenoid (1 μg). The major contribution to the carbon
footprint, approximately 72%, for all the Scenarios is the
biomass production stage, mainly due to the high consumption of electricity during the 72 h fermentation in the
bioreactor, which corresponds to 96% of the carbon footprint of this stage. It is also possible to observe that in all
Scenarios about 12% of the carbon footprint is associated
with the extraction stage, which is again due to the high
electricity consumption of the heating and mixing units
used in this stage.
These results suggest that, besides the high recovery
yields for β-carotene, torularhodin, torulene, and lipids of
the SLE and LLE using the EtOAc/EtOH/H2O mixture, this
mixed biosolvent has a much more favorable (compared
with the conventional method) environmental impact, further
supporting the potential of these biosolvent-based integrative
platforms for industrial downstream processing of
biomolecules.
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Fig. 7 The carbon footprint of the integrative platform ( production, extraction, puriﬁcation and polishing stages) for the production of (a)
β-carotene, (b) torularhodin, (c) torulene, and (d) lipids from R. glutinis wet biomass through three diﬀerent Scenarios: Scenario 1 – evaporation of
EtOAc and EtOH/H2O-rich phases for polishing the carotenoids and recycling of solvents, and cold acetone precipitation for the separation of proteins from lipids; Scenario 2 – evaporation of the EtOAc-rich phase, and the use of the EtOH/H2O-rich phase in an second LLE procedure for the
separation of proteins from lipids, and a Scenario 3 – corresponding to a conventional extraction process using the Bligh and Dyer method (control).

Conclusions
In this work, an integrative and eﬀective process for the
recovery of intracellular carotenoids and lipids from
R. glutinis CCT-2186 biomass using mixed biosolvents was
established and optimized. The use of mixtures of polar and
non-polar solvents is primordial to enhance the recovery of
non-polar carotenoids and lipids from R. glutinis wet
biomass. The relative hydrophobicity of solvent mixtures
allows the dissolution and extraction of carotenoids and
lipids. EtOAc/EtOH/H2O ternary mixtures allowed to obtain
recovery yields (carotenoids and lipids) higher than the pure
solvents and even than the traditional, widely used, Bligh
and Dyer method (solvent mixture of chloroform/MeOH/
H2O), as well as the eﬃcient and selective separation of carotenoids from lipids by further applying LLE (EtOAc/EtOH/
H2O mixtures in the biphasic region). Additionally, the economic and environmental sustainability of the process was
achieved by integrating the cell disruption/extraction (the
SLE) and separation/purification (LLE) stages with subsequent polishing/recycling process, where the recovery yields
were studied and demonstrated up to three consecutive
extractions reusing EtOAc/EtOH/H2O mixtures. The biosolvent-based integrative process allowed a decrease of the
carbon footprint by ≈75% for carotenoids and ≈35% for
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lipids, in comparison with the conventional method, which
is further reinforced by the fact that these biosolvents can be
obtained from renewable sources. These results demonstrate
that biosolvents can be mixed to produce characteristics of
the extractant solution, which cannot be obtained when
using pure solvents. It is shown that mixed biosolvents can
be feasible and environmentally friendly solutions for the
development of milder, cost-eﬀective and highly eﬃcient
downstream technologies for the recovery of biologically
active molecules from biomass sources.

Experimental section
Chemicals
Monoolein, diolein, triolein and Supelco 37 Component FAME
mix standards were purchased from Sigma-Aldrich (St Louis,
MO, USA). β-Carotene and torularhodin standards were
acquired from Carbosynth (San Diego, CA, USA) while pure torulene were obtained from R. glutinis biomass using a previous
purification methodology.11 A detailed description of all
chemicals used in the extraction procedures, as well as respective purity and supplier information can be found in section
Chemicals in the ESI.†
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Microorganism and growing conditions
R. glutinis CCT-2186 yeast, isolated from the leaf of a kaki fruit
(Diospyros), was acquired from the Tropical Culture Collection
André Tosello (Campinas, SP, Brazil). A stock culture of the
microorganism (50% v/v in glycerol aqueous solution) was
maintained at − 80 °C. Cells were grown for 48 h at 30 °C and
150 rpm in 100 mL Erlenmeyer flasks containing 25 mL of
yeast extract–peptone–dextrose (YPD) medium, using an
aliquot of 0.2 mg mL−1 yeast cells as the inoculum. For the
production of carotenoids and lipids, batch fermentations
were carried out in a 5 L stirred-tank bioreactor (Tecnal®,
model Tec-Bio-Flex (Piracicaba, SP, Brazil), equipped with a
disc impeller, oxygen and pH electrodes, using 4 L of modified
Czapek Dox medium, at 30 °C, 300 rpm and 1 vvm (air
volume/medium volume/minutes) (antifoam was added as
needed). After 96 h of cultivation, the fermented medium was
centrifuged at 2500g for 10 min at 4 °C using a Hitachi CR-22 N
centrifuge (Tokyo, Japan). The supernatants of all fermented
media were then discarded, and the cellular pellets containing
carotenoids were collected and stored for further carotenoid
and lipid extraction studies. All details about media composition, as well as production and cultivation procedures can be
found in the section Microorganism and growing conditions
in the ESI.†
Carotenoid isolation and characterization
Carotenoids from R. glutinis biomass were first isolated by
using a conventional method described by Mussagy et al.11
Briefly, R. glutinis wet biomass was subjected to chemical treatment with successive solvent extractions using DMSO, followed
by a separation using column liquid chromatography (with a
mobile phase composed of hexane/ethyl ether/acetic acid). The
three fractions of the carotenoid lyophilized extracts were collected and then identified by reversed-phase high-performance
liquid chromatography (RP-HPLC), with their chemical structures and purities also confirmed by proton nuclear magnetic
resonance (1H NMR). All details about isolation and purification protocols can be found in the section Carotenoid isolation and characterization in the ESI.†
Lipid isolation and characterization
Lipids of R. glutinis wet biomass were extracted using a
mixture of EtOAc/EtOH/H2O, followed by a separation using
thin layer chromatography (TLC) (with a mobile phase composed of hexane/ethyl ether/acetic acid). The fatty acid composition of the structured lipids was determined by gas chromatography. The identification of fatty acids was performed
based on the retention time of the Supelco 37 Component
FAME Mix standard. All details about isolation and purification protocols can be found in the section Lipid isolation
and characterization in the ESI.†
Carotenoid and lipid extraction using biosolvents
The solid–liquid extraction of lipids and carotenoids was
carried out using pure and mixtures of the following bio-
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solvents: methanol (MeOH), ethanol (EtOH), ethyl acetate
(EtOAc), isopropanol (IPA), cyclohexane (CH) and 2-methyl
tetrahydrofuran (2-MeTHF). Briefly, the carotenoid and lipid
extraction followed the sequence: (1) to remove impurities, the
R. glutinis wet biomass were washed three-times using 10 mL
of phosphate buﬀer ( pH 7); (2) after washing, 1 g of wet
biomass were added in hermetic Carousel’s™ type tubes
(50 mL) (to prevent the solvent evaporation and loss); (3) the
tubes were filled with 5 mL of pure or mixed solvents (ratios
and acronyms of the diﬀerent systems are described in
Table S3 in the ESI†), and the samples were then homogenized
using a Carousel Stirring Hotplate 12 Plus Reaction Station™
(with reaction volume of 5 mL) (Radleys, Germany) for 1 h at
65 °C and 300 rpm; (4) after homogenization, the tubes were
cooled to 25 °C, and all the samples were collected and centrifuged (at 2500g and 25 °C) for 5 min using an Eppendorf®
5804 centrifuge (Willow Springs, NC, USA); (5) after centrifugation, all cell lysate supernatants were filtered using a
Millipore® filter membrane (0.22 μm pore size) and the solvents evaporated at 60 °C and 70 mbar using a rotary evaporator Büchi (R-210, Flawil, Switzerland); (6) carotenoids were redissolved in acetone and the lipids, remaining in the flask,
were dried and weighted; (7) carotenoid-rich extracts were filtered using a polyethylene membrane (0.22 μm pore size), and
quantified using the methodology described in the section
Determination of carotenoid content, while the lipids were
quantified according the methodology described in the
section Determination of total lipid content. The recovery
yields (%) of each carotenoids and lipids were calculated as
shown in eqn (S1) and (S2) (ESI†). All details of carotenoid and
lipid extraction protocols can be found in the section
Carotenoid and lipid extraction using biosolvents in the ESI.†
Determination of carotenoid content
To determine the β-carotene, torulene and torularhodin contents, an extraction method using the conventional method
described by Mussagy et al.11 was applied. After the extraction,
the identification and quantification of the respective carotenoids were obtained from the visible-light absorption spectra
using a Microplate reader® UV-Vis spectrophotometer (model
Biotek, Synergy HT, Germany). The visible-light spectra from
380 to 600 nm were recorded, and the respective carotenoids
calibration curves were acquired at 450 nm (β-carotene),
480 nm (torulene), and 500 nm (torularhodin). The carotenoid
concentrations (μg g−1) were determined according to preestablished calibration curves obtained from pure β-carotene
and torularhodin standards, and with pure torulene obtained
from the R. glutinis biomass. All details of total carotenoid
extraction and quantification protocols are described in the
section Determination of carotenoid content in the ESI.†
Determination of total lipid content
To determine the total lipid content accumulated in the
R. glutinis biomass, intracellular lipids were extracted, dried
and weighed by using a modified Bligh and Dyer procedure.67
The standard method was also used as control to evaluate the
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eﬃciency of biosolvent-based methods evaluated herein for
the recovery of lipids from R. glutinis biomass. All details of
the conventional procedure can be found in the section
Determination of total lipid content in the ESI.†
COnductor-like Screening MOdel for Real Solvent (COSMO-RS)
calculations
The computational modelling COnductor-like Screening
MOdel for Real Solvent (COSMO-RS) was applied following the
standard procedure applied in the two steps. In a first step, the
molecular geometry of solutes (β-carotene, torularhodin, torulene, margaric acid, trilinolenin and glyceryl-1,3-dilinoleate)
and solvents (EtOH, H2O, and EtOAc) were optimized at the
density functional theory level utilizing the BP functional B88p86 with a triple-ζ valence polarized basis set (TZVP) and the
resolution of identity standard (RI) approximation using a
quantum chemical TURBOMOLE V7.3 201868 software
program package. Subsequently, the obtained COSMO files
were used as input in COSMOtherm software (COSMOlogic,
Levekusen, Germany, using parameter BP_TZVP_C30_1801)69
to obtain the σ-profile and σ-potential.
The COSMO-RS model was also used to estimate the interaction energy between the solvent and solute, in terms of
excess energy.70 In this context, the interaction energies in
pure solvents as well as in their binary mixture of (solvent +
solute) were estimated using COSMO-RS at the parameterization. In the molecular approach, COSMO-RS emphases on
three specific interactions, namely the electrostatic – misfit
energy (HMF), hydrogen bonding energy (HHB), and van der
Waals energy (HvdW). All details about COSMO-RS procedures
are provided in the section Conductor-like Screening Model
for Real Solvent (COSMO-RS) in the ESI.†
Liquid–liquid extraction of carotenoids and lipids
The liquid–liquid equilibrium (LLE) data for the system with
high recovery yields, i.e. ternary system composed of EtOAc,
EtOH and H2O, were obtained from previous literature.38 In
order to evaluate the extraction eﬃciency (EE%) and partition
coeﬃcient (K) of carotenoids and lipids in diﬀerent EtOAc/
EtOH/H2O systems, after the SLE, further amounts of EtOAc
and H2O were added to the samples to reach the solvent concentrations described in Table S9 in the ESI,† which are
needed to induce a phase separation (i.e. formation a biphasic
regime). After the solvent’s addition, each mixture was then
homogenized at 100 rpm, 25 °C for 10 min and left to equilibrate for 1 h at 25 °C. Top and bottom phases were then separated, filtered in polyethylene membrane (0.22 μm pore size)
and the content of carotenoids and lipids was determined
according the methods described in the sections
Determination of carotenoid content and Determination of
total lipid content, respectively. The partition/extraction aptitudes of each system were measured as the partition coeﬃcient
(K) and extraction eﬃciency (EE%) of each carotenoid and
lipid. All details about the LLE protocol can be found in the
section Liquid–liquid extraction of carotenoids and lipids in
the ESI.†
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Recycling of the biosolvents and carotenoid/lipid polishing
The EtOAc/EtOH/H2O biphasic system that provided the
highest K and EE% was chosen for the solvent recycling and
carotenoid/lipid polishing studies. In this stage, samples containing 20% (w/w) of wet biomass and 80% (w/w) of the
mixture EtOAc/EtOH/H2O (at a weight ratio (%) of 24/22/54)
were added in Caroussel™ type tubes. The samples were then
homogenized in a Carousel 12 Plus Reaction Station™ for 1 h,
65 °C at 300 rpm. After homogenization, all samples were centrifuged at 2500g at 25 °C for 5 min. Cell lysate supernatants
were filtered using a Millipore® filter membrane (0.22 μm pore
size) and the biomass solid pellets discarded. Therefore, to
separate carotenoids and lipids, 65% (w/w) of the EtOAc/H2O
mixture (at a weight ratio (%) of 28/37) was added to the cell
lysate supernatant containing carotenoids and lipids. The
biphasic mixture (LLE) was homogenized for 10 min and
further centrifuged at 2500g at 25 °C for 10 min (to achieve the
phase separation). The carotenoids were preferentially partitioned in the EtOAc-(top) rich phase, while the lipids were partitioned in the EtOH/H2O-(bottom) rich phase.
For the recycling of the EtOAc-(top) rich phase, an evaporation unit was introduced after the LLE, from which the
solvent evaporated was reused in a consecutive SLE from fresh
R. glutinis cells, while the carotenoids were recovered as a solid
colored fraction.
On the other hand, two diﬀerent scenarios for the recycling
of the bottom phase and further polishing of lipids and proteins were evaluated, namely: Scenario 1 – the EtOH/H2O-rich
phase was evaporated and the mixed solvent reused in extractions; cold acetone (1 : 1 w/w) was added to the solid fraction
for the separation of proteins from lipids. Scenario 2 – the
EtOH/H2O-rich phase was used in a second LLE procedure by
further addition of pure EtOAc (25% w/w). After the demixing,
both phases of the LLE system were filtered, and the EtOAc
(top)-rich phase containing lipids was evaporated, with the
solvent being recycled into a subsequent LLE, while the lipidrich (solid) fraction was recovered; the EtOH/H2O-rich phase
was also evaporated, and the mixed solvent recycled into a subsequent SLE procedure, with the protein-rich (solid) fraction
also recovered.
These recycling/polishing procedures were repeated three
consecutive times, the content of carotenoids and lipids recovered (i.e., recovery yields, %) in each step determined according the methods described in the sections Determination of
carotenoid content and Determination of total lipid content,
respectively.
Environmental assessment by determination of carbon
footprint
The carbon footprint consists of the sum of greenhouse gas
(GHG) emissions expressed as carbon dioxide equivalent (CO2
eq.) from a life cycle perspective. In this work, the carbon footprint of the stages of biomass production, extraction, purification, and polishing was assessed. The carbon footprint considers the GHG emissions from the production of all chemi-
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cals, water and electricity consumed during the four stages. All
data required for the environmental evaluation regarding
chemicals, water and electricity consumed were obtained
experimentally (Table S4 in the ESI†) and the GHG emission
factors were taken from Ecoinvent database version 3.571
(Table S5 in the ESI†). The analysis was performed considering
three distinct Scenarios, which are diﬀerent from each other
considering the amount of bioproducts as well as their energy
dependence. All details on the calculation of the carbon footprint can be found in the Environmental assessment by determination of carbon footprint in the ESI.†
Statistical analysis
All experiments were performed in triplicate, and the results
are expressed as the mean of three independent assays with
the corresponding errors at a 95% confidence level for each
dependent variable (β-carotene, torularhodin, torulene and
lipids). Statistical analyses were performed using the R-Studio
Software version 3.5.3 (Vienna, Austria). Parametric and nonparametric analyses were performed. For values that showed a
normal distribution, one-way analysis of variance (ANOVA) followed by Tukey’s multiple-comparison test was performed.
The Kruskal–Wallis test was also used to analyse the values
with non-normal distribution. Values of p ≤ 0.05 were considered statistically significant.
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