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In this work, an approach to integrate the downstream processing of bioactive compounds present in the microalgae cells by combining the use of tensioactive compounds and aqueous biphasic systems (ABS) is proposed.
For this purpose, several aqueous solutions using solvents with and without tensioactive nature were investigated on their capacity to disrupt the microalgae cells as well as to extract the diﬀerent classes of biomolecules, namely pigments (chlorophylls a and b, and lutein), proteins and carbohydrates. Cationic tensioactive
compounds were selected due to their high ability to simultaneously extract the diﬀerent classes of compounds
present in the Neochloris oleoabundans biomass. To fractionate pigments, proteins and carbohydrates extracted
from the microalgae, ABS formed by polyethylene glycol (PEG 8000) and sodium polyacrylate (NaPA 8000)
were used, with the solvent selected to disrupt the cells acting as electrolyte. This allowed to tune the biomolecule’s partition reaching a selective fractionation. This approach provided the simultaneous extraction of
diﬀerent biomolecules (pigments, protein and carbohydrates) from the cells and, the subsequent origin of two
fractions, one rich in proteins (extraction eﬃciencies of 100%) and carbohydrates (extraction eﬃciency of 80%)
and the second concentrated in pigments (e.g. lutein, extraction eﬃciency of 98%). The further isolation of the
biomolecules from the ABS forming solvents is proposed aiming at the development of an integrated downstream
process, including the cell disruption/compounds extraction, the fractionation, and the isolation of the biomolecules.

1. Introduction
Microalgae have attracted an increased attention, not only by their
diversity, but also by the wide range of commodity and specialty products possible to obtain [1-3]. They have been considered as a sustainable source of valuable biomolecules, such as pigments, lipids,
⁎

proteins, carbohydrates and vitamins. A multi-product bioreﬁnery aims
at the complete valorization of the microalgal biomass, obtaining the
maximum amount of products with commercial value with a minimal
waste [4,5]. One of the main challenges to accomplish an eﬃcient
bioreﬁnery is the development of sustainable and eﬃcient extraction
and fractionation processes allowing the recovery of the various
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biomolecules, while maintaining their structural integrity and properties [6,7]. The downstream processing of a multi-product bioreﬁnery is
currently complex and not cost-eﬀective. It is responsible for more than
50% of the total production costs [5,8]. Its complexity is deﬁned by the
use of several unit operations to obtain each bioproduct with the purity
demanded. When dealing with bioactive compoundsfrom plants and
algae, for example, the main unit operations used are the harvesting,
cell disruption, product extraction, the products separation from the
contaminant compounds and, when needed, the product isolation from
the solvents.
In the speciﬁc case of microalgae, the selection of cell disruption
and extraction technologies is currently focusing single-product approaches, making the process diﬃcult to integrate in a multi-product
(bioreﬁnery) scenario [9]. Mechanical (e.g. bead milling, pulse electric
ﬁeld and high pressure homogenization) or non-mechanical (e.g. microwave, acid/alkali treatment and enzymes) technologies have been
investigated and applied for cell disruption [10]. However, they are not
yet appropriately explored and optimized [11]. Bead milling, for example, is considered an eﬃcient and mild cell disruption technology for
microalgae. Nevertheless, it is of high energetic demand and complexity
due to the formation of a stable emulsion because of the breakage of
cells in very small particles [12,13], which is a major concern for the
dowsntream process performance, especially from high lipid containing
microalgae [12].
After cell disruption, depending on the product of interest, two
approaches are typically followed. Water-soluble products (e.g. proteins
and carbohydrates) present in the supernatant are separated by aqueous-based technologies, such as ﬁltration or chromatographic
methods, and more recently aqueous biphasic systems (ABS). Then,
hydrophobic molecules (e.g. pigments and lipids) remaining in the solid
phase are extracted using organic solvent-based methods [14], and so,
complex unit operations have to be applied to obtain pure biomolecules
from microalgae [8]. In this work, the integration of cell disruption and
extraction in a single unit operation allied to the selective separation of
diﬀerent fractions will be investigated.
Tensioactive compounds are amphiphilic compounds composed of a
hydrophobic and hydrophilic part presenting a high aﬃnity for hydrophobic and hydrophilic compounds. This characteristic makes them
able to disrupt and/or permeabilize diﬀerent cells, including microalgae [15]. The impact of tensioactive compounds on microalgae cells
(characterized by a thick cell wall), has been evaluated [16-18], where
the main results evidence the sinergistic eﬀect on the extraction yields
by their ability to disrupt the microalgae cells [19]. Meanwhile, ionic
liquids (ILs) have also attracted the attention of researchers. Their
solvation ability for a wide range of components is well-known and the
possibility of controlling their structure and hydrophilic-lipophilic
balance may lead to the design of new ILs with hydrotropic or tensioactive properties [14,20,21]. These have already successfullly used
as disrupting agents by their capacity to permeabilize the microalgae
cells [22-26].
In this study, we investigated the combined ability of a set of aqueous solutions using (ionic and non-ionic) tensioactive compounds and
ILs to disrupt microalgae cells and extract some of the most abundant
biomolecules present, namely pigments (chlorophylls a and b, lutein),
proteins and carbohydrates. The biomolecules extraction was integrated with ABS to separate the distinct fractions obtained after cell
disruption. ABS are formed by two immiscible aqueous phases, providing a mild environment to the biomolecules. Innumerable types of
chemicals can form ABS (e.g. polymer, salts, ILs, surfactants and carbohydrates), providing ﬂexibility to this technology. ABS formed using
two polymers is one of the most studied systems, because they provide a
gentle and biocompatible environment for labile biomolecules. Among
the polymeric-based ABS, the one formed by polyethylene glycol (PEG)
and sodium polyacrylate (NaPA) presents advantages, such as its low
viscosity, fast separation rate and phase separation, high water content,
relatively low costs, and possibility of recycling and reusing the phase

formers [27-29]. These systems have been used in the separation of
several biomolecules such as proteins, enzymes, DNA and antibiotics
[30-32]. Furthermore, the addition of salts, ILs and tensioactive compounds as electrolytes has been explored to induce a faster separation of
the phases, minimizing the polymers concentration, and enhancing the
separation’ selectivity [33,34]. This approach provides a large number
of possible ABS and the appropriate electrolyte selection allows the
manipulation of the biomolecules partition by modifying the phases’
polarities, the water solvation and/or the ions’ compartmentalization
[28,35-37].
Considering their advantages, diﬀerent polymeric-based systems
comprising PEG 8000 + NaPA 8000 + electrolytes were characterized
and investigated on the fractionation of the microalgal biomolecules.
The electrolytes considered (also used as disruption agents) were selected based on their ability to disrupt the cells and to extract the
biomolecules to water. Then, the ability of polymeric ABS based in
dodecyl sulfate sodium salt (SDS), 1-butyl-3-methylimidazolium
chloride ([C4mim]Cl), tributyl-1-tetradecylphosphonium ([P4, 4,
4,14]Cl) and 1-dodecyltrimethylammonium bromide ([N1, 1, 1, 12]Br), to
separate proteins from carbohydrates, and pigments (lutein and chlorophylls) was tested. After the appropriate electrolyte selection and
operational optimization, an integrated process including cell disruption, extraction and puriﬁcation of the biomolecules and recycling of
the main solvents is successfully proposed.
2. Experimental
2.1. Materials
The ILs 1-ethyl-3-methylimidazolium chloride, [C2mim]Cl (99 wt
%); 1-butyl-3-methylimidazolium chloride, [C4mim]Cl (99 wt%); 1hexyl-3-methylimidazolium chloride, [C₆mim]Cl (98 wt%); 1-methyl-1propylpiperidinium chloride, [C3mpip]Cl (99 wt%); 1-butylpyridinium
chloride, [C4py]Cl (98 wt%); 1-butyl-1-methylpyrrolidinium chloride,
[C4mpyr]Cl (99 wt%); 1-butyl-3-methylimidazolium bromide, [C4mim]
Br (98 wt%); 1-butyl-3-methylimidazolium triﬂuoroacetate, [C4mim]
[CF3CO2]
(97 wt%);
1-butyl-3-methylimidazolium
triﬂuoromethanesulfonate, [C4mim][CF3SO3] (99 wt%); 1-butyl-3-methylimidazolium thiocyanate, [C4mim][SCN] (98 wt%); 1-butyl-3-methylimidazolium acetate, [C4mim][CH3CO2] (98 wt%); 1-butyl-3methylimidazolium dicyanamide, [C4mim][N(CN)2] (98 wt%), tributyl1-tetradecylphosphonium, [P4, 4, 4,14]Cl (97 wt%), 1-methyl-3-octylimidazolium chloride [C₈mim]Cl (99 wt%); 1-decyl-3-methylimidazolium chloride, [C10mim]Cl (98 wt%); 1-dodecyl-3-methylimidazolium
chloride, [C12mim]Cl (98 wt%); 1-methyl-3-tetradecylimidazolium
chloride, [C14mim]Cl (98 wt%) as well as 1-hexadecyl-3-methylimidazolium chloride, [C1₆mim]Cl (98 wt%), were supplied by IoLiTec.
Tetrabutylphosphonium chloride, [P4, 4, 4, 4]Cl (95 wt%) and tetrabutylphosphonium bromide, [P4, 4, 4, 4]Br (greater than95 wt%),
were provided by Cytec. Tetrabutylammonium chloride, [N4, 4, 4, 4]Cl
(97 wt%), Decyltrimethylammonium chloride, [N1, 1, 1, 10]Cl (98 wt%)
was acquired from TCI. 1-dodecyltrimethylammonium bromide, [N1, 1,
1, 12]Br (99 wt%); tetradecyltrimethylammonium bromide, [N1,1,1,14]Br
(98 wt%) and hexadecylpyridinium chloride monohydrate, [C1₆py]Cl
(99 wt%) were provided by Sigma-Aldrich. 1-hexyl)trimethylammonium bromide, [N1, 1, 1,₆]Br (98 wt%) was purchased at Alfa Aesar.
Their chemical structures as well as their critical micelle concentration
(CMC) data are shown in Table S1 from ESI.
Lab grade Brij L4, Brij 93, Tween 80, Genapol X-080, Genapol C100,
Merpol HCS were acquired from Sigma-Aldrich, and ACROS Organics
supplied Tween 20 and Triton X-114. Dioctyl sulfosuccinate sodium
salt, AOT (96 wt%) and sodium dodecyl-benzenesulfonate, SDBS (tech
grade) were acquired from Sigma-Aldrich, while the dodecyl sulfate
sodium salt, SDS (99%) was acquired from ACROS Organics.
Polyethylene glycol (PEG 8000 g.mol−1, purum), sodium polyacrylate
(NaPA 8000 g.mol−1; 45 wt% in water), and standard molecules D
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(+)-glucose (99.6 pure%), lutein (96% pure), chlorophyll a (95% pure)
and chlorophyll b (95% pure) were supplied by Sigma-Aldrich. Fig. S1
2.2. Microalgae cultivation and harvesting
Neochloris oleoabundans (N. oleoabundans, UTEX 1185, University of
Texas Culture collection of Algae, USA) was cultivated under nitrogen
depletion (N-) in a fully automated 1300L vertical stacked tubular
photo bioreactor (PBR) located at AlgaePARC, The Netherlands. N.
oleoabundans was cultivated at pH 8.0 and controlled temperature at
30 °C, under saline conditions using artiﬁcial sea water on Bold’s Basal
medium [38] composed of NaCl: 24.5 g.L-1; MgCl2: 9.8 g.L-1; CaCl2:
0.53 g.L-1; K2SO4: 0.85 g.L-1; NaSO4: 3.2 g.L-1; NaHCO3: 0.8 g.L-1. The
microalgae were harvested (80 Hz, 3000 × g, 0.75 m3.h−1) using a
spiral plate centrifuge (Evodos 10, Evodos, The Netherlands) and the
biomass obtained was suspended in MilliQ® water to obtain a biomass
concentration of ∼ 25gDW.kg−1. The algal cells were lyophilized and
stored at −20 °C until further use.
2.3. Simultaneous cell disruption and extraction of biomolecules
A cell disruption method using aqueous solutions of non-tensioactive and tensioactive compounds was here studied. Several ILs with
diﬀerent cations (imidazolium, ammonium, phosphonium, pyrrolidinium, pyridinium, piperidinium), anions, alkyl chain lengths, as well as
some conventional surfactants (non-ionic, cationic and anionic), were
screened to disrupt/permeabilize the microalgae cell walls. Extractions
with pure methanol (100% HPLC grade, supplied by CHEM-LAB) and
MilliQ water were performed as controls.
Microalgae cells were continuously mixed with the diﬀerent aqueous solutions using a solid–liquid ratio (SLR) of 0.025 (mass dry biomass/ volume of solvent) at 50 rpm during 1 h in an orbital mixer and
at room temperature. The ﬁnal concentration (C) of all solvents was
studied in aqueous solution at a concentration of 250 mM. SDBS was
studied at 100 mM, described as its limit of water solubility. The cell
suspension was centrifuged at 13000 × g for 10 min in a VVR microstar
17 centrifuge. The supernatant was separated from the pellet and both
fractions were further analysed. The solutions presenting the best cell
disruption performance were selected based on the release of cell
components (proteins, pigments and carbohydrates). The cell wall
structure damage after treatment was analysed by Scanning Electron
Microscopy (SEM). The solid–liquid ratio (SLR) and the solvent concentration (C) were the parameters evaluated regarding the extraction
performance of the diﬀerent classes of biomolecules. At least three individual samples for each set of conditions were prepared, for which the
amount of the diﬀerent classes of biomolecules was quantiﬁed.
The performance of the extractions is discussed in terms of extraction yield (YieldMB ), which is the mass of a biomolecule present in the
supernatant (mMB, supernatant ) divided by the mass of biomass used
(mbiomass ) as represented by Eq (1). The extraction eﬃciency EEMB (%) of
each class of biomolecules was calculated consideringmMB, i , which represents the mass content of the biomolecule initially composing the
cells (Eq. (2)).

YieldMB =

mMB, supernatant

EEMB (%) =

mbiomass

(1)

mMB, supernatant
mMB, i

(2)

After selecting the best solvents to extract the diﬀerent classes of
biomolecules, speciﬁcally proteins, carbohydrates and carotenoids
(with emphasis on lutein), a surface response methodology (SRM) was
applied to analyse the inﬂuence of the various parameters on the extraction. The concentration of the tensioactive compound (C) in mM
and the SLR were the parameters studied by implementing a 22 factorial
planning (Table S2 in ESI). In each factorial planning, the central point

was experimentally assessed at least in triplicate. The obtained results
were statistically analysed with a conﬁdence level of 95%. The adequacy of the model was determined by evaluating the lack of ﬁt, the
regression coeﬃcient (R2), and the F-value obtained from the analysis
of variance (ANOVA). The Statsoft Statistica 10.0© software was used
for all statistical analyses and to represent the response surfaces and
contour plots.
2.4. Phase diagrams of the ABS
Various tensioactives were selected based on their ability to disrupt
the cells. These compounds were used as electrolytes in the formation of
ABS composed of PEG 8000 and NaPA 8000. Some of the binodal
curves applied in this work were adopted from literature [34]. For the
ABS using [P4,4,4,14]Cl and [N1,1,1,12]Br as electrolytes, the phase diagrams were determined in this work [34,39].
2.5. Partition of biomolecules in the ABS
The partition of the biomolecules extracted from the biomass was
evaluated in polymeric-based ABS, being the tensioactive used in the
cells’ disruption applied as electrolyte. The ABS were prepared gravimetrically by weighing the appropriate amount of each phase component and supernatant (after disruption/extraction process) in graduated centrifuge tubes. The mixture point adopted for the biomolecules
partition was 20 wt% PEG 8000 + 5.0 wt% NaPA 8000 and 0.1 wt% of
each electrolyte (supernatant after extraction process). The methods
described in literature were adopted [34]. The quantiﬁcation of each
biomolecule was performed in triplicate, being the results reported as
the average of three independent assays plus their respective standard
deviations. The partition coeﬃcients of microalgal biomolecules (KMB ),
extraction eﬃciencies in the top and bottom phases (EEMB (%)) and
Selectivity values (S) were determined as represented by Eqs. 3–5.

KMB =

CMB, top
CMB, bottom

EEMB (%) =

SMBi / MBj =

mMB, phase
mMB, initial

× 100

KMBi
KMBj

(3)
(4)
(5)

where CMB, top and CMB, bottom are the concentration of the speciﬁc
biomolecule in the top and bottom phases, respectively, mMB, phase is the
biomolecule mass in each phase and mMB, initial is the biomolecule mass
in the initial crude extraction obtained after the cells disruption.
2.6. Quantiﬁcation of biomolecules
Possible interferences of the polymers, non-tensioactive and tensioactive solvents investigated were eliminated using blank controls,
represented by the same mixtures, however without the presence of the
corresponding biomolecules (carbohydrates, lutein, chlorophylls or
proteins). This approach was followed in all quantiﬁcation methods
employed.
2.6.1. Pigments analysis
The pigments in the crude extract obtained after the cell disruption
and present in each ABS phase were quantiﬁed by UV–Vis spectroscopy,
using a Synergy HT spectrometer microplate reader between 200 and
750 nm. Calibration curves were prepared for lutein, chlorophylls a and
b in the aqueous solutions selected and in methanol using analytical
standards. OriginPro 8.0 was used for the spectral deconvolution of the
peaks at the maximum absorption wavelengths of the pigments in all
samples [40]. The initial mass content of pigments composing the cells
(mPIGMENTS, i ) was determined by the complete extraction of the
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pigments from bead milled microalgae with methanol, followed by
immersion in an ultrasound bath for 5 min [41]. To recover the pigments, the samples were centrifuged at 1800 × g for 10 min. This
procedure was repeated until a white pellet was obtained.
To conﬁrm the type of pigments present it was applied HPLC-DAD
(Shimadzu, model PROMINENCE) using an analytical method developed and validated in CICECO - Aveiro Institute of Materials. The
analyses were performed with an analytical C18 reversed-phase column
(250 × 4.60 mm), kinetex 5 μm C18 100 A, from Phenomenex. The
mobile phase consisted of 90% of methanol and 10% of acetonitrile.
The separation was conducted in isocratic mode, at a ﬂow rate of
1 mL.min−1 and using an injection volume of 10 μL. DAD was set at
665, 649 and 454 nm (max. absorption wavelengths) [40]. Each sample
was analysed at least two times. The column oven and the autosampler
were operated at a controlled temperature of 30 °C.

2.6.2. Protein analysis
Proteins were quantiﬁed by the BCA Protein Assay Reagent Kit
(Thermo Scientiﬁc), using Bovine Serum Albumin (BSA) as standard.
Absorbance at 562 nm was measured by UV–Vis spectroscopy, using a
Synergy HT spectrometer microplate reader. For an accurate quantiﬁcation of proteins, the samples (standards and blanks) were treated with
acetone to allow the precipitation of contaminants [42].
The total mass content of proteins in the microalgae cells
(mPROTEINS, i ) was determined after the extraction of the proteins following the protocol developed in the Bioprocess Engineering group, at
Wageningen University [43]. The lyophilized cells were suspended in
1 mL of lysis buﬀer (60 mM of Tris and 2% of SDS, pH 9) in lysing
matrix E tubes (6914–500, MP Biomedicals Europe). The samples were
bead beated for 3 cycles of 60 s, at 6500 rpm, and pausing 120 s between each cycle (Precellys 24, Bertin Technologies). Finally, the cell
suspension was heated at 100 °C for 30 min.

2.6.3. Carbohydrate analysis
The carbohydrates in the samples were quantiﬁed by UV–Vis spectroscopy, using a Synergy HT spectrometer microplate reader after the
reaction of the carbohydrates with acidic phenol measured at 483 nm
[44]. The calibration curve was prepared using D(+)-glucose as analytical standard.
The total carbohydrate mass content (mCARBOHYDRATES, i ) was determined after the total extraction by acid hydrolysis of the lyophilized
cells as described by Postma et al. [45]. 1 mL of 2.5 M HCl was added to
1 mg of lyophilized biomass and incubated during 3 h at 100 °C. After
cooling down, the samples were neutralized using 1 mL of 2.5 M NaOH
and centrifuged (1200 × g, 10 min, at room temperature). The supernatant of each sample was used for the analysis of the carbohydrates.
For control, the cells were directly suspended in water without any
pre-treatment. Starch samples were measured as positive controls.

2.6.4. Lipids analysis
The total fatty acid (TFA) content in the cells mLIPIDS, i was determined as described by Remmers et al. [46]. Lipid extraction was
done with a chloroform:methanol (1:1.25) solution containing two internal standards. 1,2-didecanoyl-sn-glycerol-3-phospho-(1′-rac-glycerol) and glyceryl pentadecanoate (Sigma-Aldrich) were used as polar
lipid and TAG internal standards, respectively. To determine the total
amount of lipids in the samples, the resulting fatty acid methyl esters
(FAME) were quantiﬁed using gas chromatography (GC-FID; Agilent
1890 coupled with an autosampler). N-hexane was used as solvent and
helium as carrier gas with a ﬂow rate of 20 mL.min−1. The column used
was a Supelco Nucoltm 25357, 30 m × 530 µm × 1.0 µm. Total fatty
acid composition and content were calculated by taking the sum of all
fatty acids determined.

2.7. Scanning Electron Microscopy
To visualize the cell disrupting eﬀect of the solutions selected,
Scanning Electron Microscopy (SEM) and ﬂuorescence microscopy were
used. Lyophilized cells, before and after treatment with the aqueous
solutions of alternative tensioactive solvents, were ﬁxed with glutaraldehyde at room temperature. 50 µL of glutaraldehyde [2% (v/v)] was
added to 0.5 mL of each sample. The samples were treated for 2 h and
afterwards washed three times with distilled water. The pellets were
lyophilized, and the samples were deposited on carbon conductive tape
and coated with a carbon layer before observation by SEM, using a
Hitachi SU-70 microscope operating at 15 kV.
The initial microalgae cells and pellets after the treatment with the
aqueous solutions were suspended in 0.01 M phosphate-buﬀered saline
(pH 7.2) and observed using a ﬂuorescence microscope (Axio Imager 2,
Zeiss). The emission window was set at 500–750 nm to collect the
ﬂuorescence images. Image processing was performed using ZEN v2.3
blue edition software (Carl Zeiss Microscopy GmbH).
3. Results and discussion
3.1. Solvent screening applied in cells’ disruption and biomolecules
extraction
The biomass was ﬁrstly characterized. These cells are composed of
377 ± 8 mg.gdry biomass-1 of lipids, 283 ± 7 mg.gdry biomass-1 of proteins, 287 ± 9 mg.gdry biomass-1 of carbohydrates, 5.7 ± 0.6 mg.gdry
-1
of lutein, 3.7 ± 0.7 mg.gdry biomass-1 of chlorophyll a and
biomass
1.2 ± 0.5 mg.gdry biomass-1 of chlorophyll b. The lipids were measured
to characterize the biomass, although their puriﬁcation is been focused
in a complementary work under preparation.
The study of an alternative process to disrupt the cell wall and extract the diﬀerent classes of biomolecules was carried using aqueous
solutions of ILs (tensioactive and non-tensioactive) as well as conventional surfactants. The screening was performed using a SLR (mass of
dry biomass/volume of solvent) of 0.025, at room temperature, in the
absence of light and for 1 h. For these experiments, the concentration of
ILs and surfactants was ﬁxed at 250 mM.
ILs composed of diﬀerent cations and anions (Table S1 from ESI)
were tested in order to understand the inﬂuence of their structure on
the cells’ disruption and consequent extraction of biomolecules.
Generally, it was observed that tensioactive ILs and common surfactants extracted more biomolecules than the non-tensioactive ones.
The results from Fig. 1 show that aqueous solutions (250 mM) of nontensioactive ILs behave no better than water. The extraction process
using the alternative solvents has released 53 mg.gdry biomass-1 of proteins, 0.14 mg.gdry biomass-1 of lutein and 0.12 mg.gdry biomass-1 of chlorophylls (chlorophyll a + chlorophyll b). This suggests that water has
penetrated the cell walls and other spaces in the cell, solubilising some
proteins [47]. The same behaviour was not found for the pigments
considering their hydrophobic nature and consequent low aﬃnity for
water.
The inﬂuence of the hydrophilic/hydrophobic character of the ILs
on the extraction of proteins was determined by comparing the eﬀect of
non-tensioactive ILs sharing the same anion (Cl-). As previously reported [48,49], the more hydrophilic the ILs are, the stronger their
capacity to extract water-soluble proteins. The order for imidazoliumbased ILs is [C2mim]Cl ≈ [C4mim]Cl > [C6mim]Cl and for tetrabutylphosphonium-based ILs is [P4,4,4,4]Cl > [P4,4,4,4]Br, the latest
having the lowest capacity to extract proteins. In other words, while the
alkyl chain length of the IL cation increases, their hydrophilicity decreases, and with it, their interaction with (hydrophilic) proteins. On
the contrary, there is a clear advantage of using the most hydrophobic
solvents to extract the pigments, i.e. lutein and chlorophylls. This behaviour is in accordance with literature, since when solvents with
tensioactive nature are used, the disruption [17,50], or induced
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Fig. 1. Extraction yield of pigments (lutein and chlorophylls a and b) and proteins from N. oleoabundans using aqueous solutions of non-tensioactive and tensioactive
compounds (non-ionic, anionic and cationic). Error bars indicate standard deviations.

Fig. 2. Extraction eﬃciency of the microalgae biomolecules, EEMB (%), determined for pigments (lutein, chlorophylls a and b), proteins and carbohydrates using
aqueous solutions of cationic tensioactive compounds. Error bars indicate the standard deviations. *Chlorophylls were not detected in the supernatant when using
SDS. ** No pigments (chlorophylls and lutein) were detected in the supernatant after using water as solvent.

permeation [51,52] of cell membranes is magniﬁed.
Actually, two main mechanisms have been discussed regarding the
use of tensioactive compounds to extract biomolecules from biomass;
(i) the solubilization of the biomolecules composing the cell membranes
[19], (ii) the cell disruption considering the structural similarity between the tensioactive solvents and the membrane phospholipids. Even

the combination of both factors has been considered. Moreover, and
based in our results, ionic tensioactive compounds have a higher capacity to disrupt the cells and extract the biomolecules than non-ionic
tensioactive compounds. The anionic surfactant SDS was found to be
the solvent with the highest capacity to extract proteins from the cells
(213.68 mg of proteins extracted per g of dry biomass), which is
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Fig. 3. Response surface plots representing the extraction eﬃciency [EEMB (%)] of lutein (i), proteins (ii) and carbohydrates (iii) with the combined eﬀects of
solid–liquid ratio (SLR) and concentration, C (mM), using aqueous solutions of [P4,4,4,14]Cl.

justiﬁed by the strong electrostatic interactions forming protein-surfactant complexes [53,54], while SDS extracts poorly the lutein. Pigments like lutein, were better extracted by using cationic tensioactives.
The main results suggest that, by increasing the cation alkyl chain
length up to C14, the extraction yields of lutein and chlorophylls increased, since the longer the chain length, the stronger the solvent
ability to disrupt the cell wall [55] and to interact with/solubilize the
pigments. Since the mechanism acting seems to be the cells disruption,
the amount of proteins released from the cells increases with the
elongation of the alkyl chain. Comparing the yields of extraction of
pigments with methanol, here adopted as the conventional solvent for
comparison purposes, maximum amounts of lutein and chlorophylls
were obtained by applying cationic tensioactive ILs, respectively up to
1.9 mglutein.gdry biomass-1 against 1.7 mglutein.gdry biomass-1 for methanol
and up to 4 mgchlorophylls.gdry biomass-1 vs. 1.3 mgchlorophylls.gdry biomass-1
for methanol.

3.2. Cationic tensioactive ILs for the disruption of cells and release of
biomolecules
After the identiﬁcation of the aqueous solutions of cationic tensioactive ILs as the most eﬃcient solvents to disrupt the cells and to
extract the biomolecules of interest, their impact on the extraction of
high value pigments (lutein and chlorophylls), proteins and carbohydrates was evaluated (Fig. 2). For that, aqueous solutions of tensioactive (cationic) ILs and SDS at 250 mM were tested and their eﬀects
compared through the extraction eﬃciency and selectivity parameters.
SDS was selected as reference in this work due to its general applicationas disruptive agent [56]).
In general, all tensioactive compounds tested have demonstrated the

ability to disrupt or to permeabilize the cells. SDS have extracted 77%
of the proteins composing the cells, with a higher eﬃciency being obtained when compared with the one described for the cationic tensioactives. However, the green colour characterizing the aqueous extract changed to brown colour after applying SDS (and previously
SDBS) with chlorophylls a and b being undetected by HPLC (Fig. S1-B
from the ESI), which implies their partial or complete degradation [5760]. In the end, the main results obtained for the extraction of proteins
follow the order [C16mim]Cl ≈ [C14mim]Cl − 60%, [C12mim]Cl −
55%, [N1,1,1,12]Br ≈ [N1,1,1,14]Br − 40% and [P4,4,4,14]Cl − 37%. Like
chlorophylls, lutein was eﬃciently extracted by the cationic tensioactive compounds tested, as shown in the HPLC analysis (Fig. S1C from
ESI).
Despite the lowest values of proteins extraction eﬃciency obtained
for the cationic tensioactive ILs when compared with SDS, no apparent
degradation of the biomolecules was detected. In addition, SDS demonstrated lower capacity to solubilize the pigments, the most hydrophobic biomolecules. In summary, cationic tensioactive compounds
were selected as the most eﬃcient, these extracting more than 81% of
chlorophylls, 60% of proteins, 33% of lutein, and 25% of total carbohydrates, this considering their maximum content in the cell.
Although some aqueous solutions of cationic tensioactives, namely
[N1,1,1,12]Br, are able to enhance the extraction eﬃciency of total carbohydrates, the extraction eﬃciency is still low and similar to the extraction eﬃciency reached using water, which may be explained by the
low solubility of starch (most abundant polysaccharide in microalgae)
in water. Starch may remain in the solid fraction together with other
cell wall components due to its low solubility in water, as already reported when cell disruption is carried by mechanical techniques
[61,62].
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Fig. 4. Partition of biomolecules in polymeric-based ABS using 0.1 wt% of each electrolyte. A) partition coeﬃcient logarithmic function (Log K) and B) EEMB (%) in
PEG 8000-rich phase (full columns) and NaPA 8000-rich phase (empty columns). *Chlorophylls a and b were not detected in the aqueous crude extract when using
SDS.
Table 1
Selectivity values (S) obtained for Proteins, carbohydrates (Carb) and pigments
[speciﬁcally Lutein, chlorophyll a (Chl a) and chlorophyll b (Chl b)] using
tensioactive compounds as electrolytes in PEG 8000-NaPA 8000-based ABS.
Electrolyte

SDS

[N1,1,1,12]Br

[C14mim]Cl

[P4,4,4,14]Cl

SProteins/Lutein
SProteins/Chl a
SProteins/ Chl b
SCarb/Proteins
SCarb/Lutein
SCarb/Chl a
SCarb/Chl b

8.76
–
–
0.03
0.25
–
–

3.03
0.90
7.47
8.32
25.21
7.47
5.54

5.67
0.92
7.57
8.22
46.61
7.57
4.63

17633.28
2507.07
45.09
0.02
317.12
45.09
14.14

To prove the eﬀect of the tensioactive compounds applied as solvents and/or disrupting agents, after the biomolecules’ extraction, the
solid biomass fraction was analysed by SEM and ﬂuorescence microscopy (Fig. S2 from ESI). Here, the initial freeze-dried biomass treated
with water (A, B) and the biomass residues after applying aqueous solutions of SDS (C and D), [N1,1,1,12]Br (E and F), [P4,4,4,14]Cl (G and H)
and [C14mim]Cl (I and J) were investigated. In general, the images
demonstrated that aqueous solutions of tensioactive compounds (cationic and anionic) are able to partially disrupt the cell wall, consequently releasing the intracellular compounds. As already demonstrated [63], this process is helped by the freeze-drying step, which may
explain the extraction of proteins and carbohydrates when using only
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Fig. 5. Schematic representation of the integrated process developed contemplating the three main steps, (I) biomolecules’ extraction, (II) separation of the biomolecules released from the biomass, and (III) isolation of biomolecules puriﬁed from the phase forming solvents, allowing the solvents’ recycling. Dashed lines
represent steps that were not experimentally carried. Note: the units representing the amount of each class of compounds extracted are described for dry biomass
(mg.gdry biomass-1).

water as solvent. Based on the SEM images, the degree of disruption is
higher when using the cationic tensioactive compounds, when compared with the anionic ones. No intact cells were detected in the solids
after treatment with the quaternary ammonium, imidazolium and
phosphonium (Figs. S2E to S2J from ESI). Indeed, the cationic tensioactive compounds interact strongly with the microalgae cells, which
possess a net negative surface charge, probably driving the most intensive disruption [18,64]. On the other hand, in addition to the lowest
degree of disruption found for the anionic surfactant, the biomass
ﬂuorescence after the treatment with SDS was reduced, which can explain the absence of chlorophylls (Fig. S1).

phosphonium-based aqueous solution, although at the same conditions,
carbohydrates only reached a maximum extraction eﬃciency of 60%.
Similar eﬀects of SLR and C (mM) on the extraction of biomolecules
were obtained applying the [N1,1,1,12]Br-based aqueous solution (Fig.
S3) and [C14mim]Cl (data not reported).
Despite the results indicating the improvement of C the extraction
eﬃciency, the use of high volumes of solvent can hinder the economic
sustainability of the process, while the use of high concentrations of the
tensioactive may increase the viscosity and the economic impact of the
process. After the optimization, the SLR of 0.025 and the surfactant
concentration of 250 mM were adopted for further studies.

3.3. Optimization of the operational conditions by RSM

3.4. Partition of microalgal biomolecules on the polymer-based ABS

To optimize the extraction eﬃciencies obtained using aqueous solutions of cationic and anionic tensioactive compounds, identiﬁed as
the most eﬃcient systems extracting the intracellular content of the
cells, the inﬂuence of two process variables, the SLR and the tensioactive compound concentration (C in mM) were studied, by applying
a RSM (Table S2 in ESI). This methodology allows the simultaneous
analysis of diﬀerent parameters and their eﬀect on the extraction eﬃciency of the biomolecules under study. The extraction eﬃciency of
lutein, total proteins and total carbohydrates (response variables) was
studied regarding the SLR and C as independent variables. The extraction eﬃciencies of the biomolecules (Table S3), the model equations (Table S4), as well as the parameters obtained in the statistical
analysis are presented in Table S5. The accuracy and precision of the
model equations were validated and the experimental and predicted
values of the response variable (Table S3) were compared.
Fig. 3 depicts the response surface plots showing the eﬀect of SLR
and C on the extraction eﬃciency of lutein (i), total proteins (ii) and
carbohydrates (iii) using an aqueous solution of [P4,4,4,14]Cl. Both, C
(mM) and SLR are statistically signiﬁcant variables (Table S4 from ESI),
with the latest being the most signiﬁcant. The results indicate that
decreasing the SLR, the extraction eﬃciency (%) increases for all the
biomolecules. Meanwhile, by increasing the concentration of the IL the
results demonstrated an increase in the extraction eﬃciency for the
three types of biomolecules. As analysed, at optimum conditions, lutein
and total proteins were completely extracted (100%) by the

After obtaining the aqueous extracts rich in carbohydrates, proteins
and pigments, the fractionation of the biomolecules was carried by
using polymer-based ABS. In this work, a speciﬁc type of polymer-based
ABS [34] was applied, using as electrolytes SDS, [C14mim]Cl,
[P4,4,4,14]Cl and [N1,1,1,12]Br.
The binodal curves based on polymers, PEG 8000 and NaPA 8000,
using [P4,4,4,14]Cl and [N1,1,1,12]Br as electrolytes were experimentally
determined in this work, while the binodal curves for systems using
0.1 wt% of SDS and [C14mim]Cl were adopted from literature [34]. Fig.
S4 shows the binodal curves (weight fraction data (wt%) is represented
in Table S9 from ESI), while the parameters obtained through the
Merchuk equation are represented in Table S9 from ESI. As previously
reported for other electrolytes [34], our results do not allow the identiﬁcation of a clear trend regarding their ability to promote the ABS
formation.
On Fig. S4, it is also identiﬁed the mixture point used on the partition studies composed of 20 wt% of PEG 8000 + 5.0 wt% of NaPA
8000 and 0.1 wt% of crude extract with electrolyte, applied on the separation of pigments, proteins and carbohydrates. This mixture point
allowed us to use less NaPA 8000 and more water, allowing to decrease
the viscosity of the system, enhancing their biocompatibility by maintaining the pH of both phases (7.06 ≤ pH ≤ 7.9), independently of the
electrolyte present (Table S10). For this study, the biomolecules were
ﬁrst extracted using the conditions previously optimized, namely
SLR = 0.025 and C of 250 mM, for SDS (anionic), [C14mim]Cl,

Lutein
Lutein
Chlorophyll a
Chlorophyll a

Chlorophyll a and b
Chlorophyll a and b
Lutein and chlorophyll a
and b
Proteins
Proteins

Scenedesmus sp
Chlorella vulgaris

Phormidium autumnale
Dunaliella tertiolecta, Cylindrotheca closterium

Scenedesmus obliquus
Chlorella vulgaris
Chlorella vulgaris

Haematococcus pluvialis, Nannochloropsis oculata, Chlorella
vulgaris, Porphyridium cruentum s and Arthrospira platensis
Chlorella vulgaris.
Chlorella sp.

Neochloris oleoabundans

Neochloris oleoabundans

Chlorella vulgaris
Tetraselmis suecica
Nannochloropsis sp., Phaeodactylum tricornutum
and Parachlorella kessleri

Nannochloropsis sp.

Chlorella vulgaris
Chlorococcum infusionum
Chlorella vulgaris

Carbohydrates, proteins,
pigments
Proteins, carbohydrates,
lutein, chlorophyll a and b

Carbohydrates
Carbohydrates
Lutein, chlorophyll a and b
and proteins
Chlorophyll a and b,
carbohydrates and proteins
Proteins and carbohydrates
Proteins and carbohydrates
Proteins and carbohydrates

Proteins
Carbohydrates

Lutein

Haematococcus pluvialis

Chlorella sp.

Pressurized liquid extraction (using ethanol)
Ultrasound-enhanced subcritical CO2 extraction (with enzyme
pretreatment) and Soxhlet extraction
Carbon dioxide (CO2) in supercritical ﬂuid extraction -Ethanol
as co-solvent
Microwave assisted binary phase solvent extraction method
Ultrasound-assisted extraction and high-performance countercurrent chromatography
Solid-liquid extraction
Microwave assisted extraction (MAE), cold and hot soaking and
ultrasound-assisted extraction (UAE)

Carotenoids
Lutein

Neochloris oleoabundans
Chlorella pyrenoidosa

ABS based in surface-active ionic liquids.

Bead-milling and Multistep Aqueous biphasic systems

Pulsed electric ﬁeld assisted extraction followed by basic
extraction
Combined bead milling and enzymatic hydrolysis
Bead milling
Pulsed electrical ﬁelds (PEF), high voltage electrical discharges
(HVED), and ultrasonication (US)

Hydrothermal pre-treatment combined with partial solvent
delipidation and urea extraction
High-pressure cell disruption > chemical
treatment > ultrasonication > manual grinding.
High-pressure cell disruption and alkaline treatment
Conventional solvent extraction, ﬂuidized bed extraction and
Ultrasound assisted extraction
Ionic liquid extraction
Bead-beating followed by hydrolysis
Solvent extraction followed by alkaline pH extraction

Supercritical ﬂuid extraction with ethanol as co-solvent
Ultrasound-assisted extraction
Pressurized Liquid Extraction

Extraction method

Main compounds

Microalgae sp.

Table 2
Summary and comparison of studies on microalgae cell disruption/extraction/fractionation methods.

Best yield achieved with high-pressure cell disruption: 41% to
90% (wt%)
52% (wt%)
65–90 mgglucose.gdry weight-1 (CSE), 48 mgglucose.gdry weight-1 (FBE)
and 368.5mgglucose.gdry weight-1 (UAE)
Glucan (starch) yield: 57.5% (45.1%) g.gdry weight-1
89.6% (g.gdry weight-1)
5.4 mglutein.gdry weight-1 and 15.4 mgchlorophylls.g dry weight-1
biomass, and 76% of total protein (wt%)
∼0.2 mgchlorophylls.gdry weight-1, ∼30 mgproteins.gdry weight-1
and ∼ 45 mgcarbohydrates.gdry weight-1
68% proteins, 74% carbohydrates(wt%)
50.4% of proteins and 26.4% carbohydrates (wt%)
PEF: 11.1–20.2% carbohydrates, 1.8–4.1% proteins; HVED:
23.5–43.7% carbohydrates, 3.2–5.3% proteins; US: 13.4–33.3%
carbohydrates, 6.4–11.4% proteins (wt%)
Yield fractionation: 82% proteins, 93% soluble sugars, 98%
pigments (wt%)
Yield extraction: 105 mgproteins.gdry weight-1, 60
mgcarbohydrates.gdry weight-1, 2.90 mgchlorophyll a and b.g dry weight-1,
1.60 mglutein.g dry weight-1
. Yield fractionation: 100% proteins, 80%
carbohydrates, 100% chlorophyll a and b and 98% lutein (wt%)

This work

[85]

[83]
[62]
[84]

[82]

[79]
[80]
[81]

[77]
[78]

[47]

[76]

[73]
[74]
[75]

[72]
[60]

2.70 μgchlorophyll a.gdry weight-1
9.31 mgchlorophyll a.gdry weight-1 and (hot soaking in acetone), 4.95
mgchlorophyll a.gdry weight-1 (UAE), 8.65 mgchlorophyll a.gdry weight-1
(MAE)
0.85 mgchlorophyll a.gdry weight-10.36 mgchlorophyll b.gdry weight-1
Max yield: 35.2 mgchlorophylls.gdry weight-1
3.7 mglutein.gdry weight-1, 10.79 mgchlorophyll a.gdry weight-1 and 6.84
mgchlorophyll b.gdry weight-1
62% of total proteins (wt%)

[69]
[70]
[71]

-1

11.92 mglutein.gbiomass-1
3.20 mglutein.gdry weight-1

weight

[67]
[68]

53.4 mgcarotenoids.gextract-1
1.24 mg lutein.gcrude biomass-1
∼7.15 mglutein.gdry

Reference

Yield
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[P4,4,4,14]Cl and [N1,1,1,12]Br (cationic) at room temperature and for 1 h
of extraction.
Fig. 4A shows the partition coeﬃcient logarithm function obtained
for pigments, proteins and carbohydrates (Log K), while Fig. 4B depicts
the extraction eﬃciencies (EE, %) obtained for the top and bottom
phases considering the systems studied. In general, the results indicate
that the nature of the electrolytes tunes the partition preference of
diﬀerent biomolecules present in the crude extract. While the migration
of pigments and proteins was found to be highly dependent on the
electrolyte used, the carbohydrates partition showed to be independent
of the electrolyte structure. The partition of carbohydrates between the
two phases is similar (-0.45 ≤ Log K ≤ 0.06), although slightly maximized for the most hydrophilic phase, top (PEG 8000-rich) phase, as
demonstrated by the EE up to 80% (Fig. 4B) [34,65].
Regarding the separation of pigments and proteins, the data show
the big impact of the electrolyte nature on their partition proﬁle.
Pigments partition towards the bottom (NaPA 8000-rich) phase when
using cationic electrolytes, and towards the top (PEG 8000-rich) phase
when SDS (anionic surfactant) is applied. Therefore, and as previously
reported [17,66], the high aﬃnity between the pigments, which are
highly hydrophobic compounds, and the tensioactive compounds seems
to justify this tendency. The maximum EE obtained for lutein, the most
abundant pigment in N. oleoabundans [66], was up to 98% using
[P4,4,4,14]Cl. Although chlorophylls a and b are not detected when SDS
is used, these are more concentrated in the bottom phase when tensioactive ILs are used as electrolytes.
Finally, and similarly to what occurred for pigments, the partition of
proteins is also highly inﬂuenced by the electrolyte. For example, when
applying the (anionic) SDS, 100% of proteins were recovered in the top
(PEG 8000-rich) phase (Log K = 1.36). Nevertheless, when cationic ILs
are used, proteins migrated towards the bottom (NaPA 8000-rich)
phase (Log K = -2.79 and EE = 99.4%). Due to the highest hydrophobic
nature of [P4,4,4,14]Cl this seems to be the only exception (EEprotein
around 100% for PEG 8000-top phase).
Taking into account all the results and, since the aim of this work
was to eﬃciently separate pigments from carbohydrates from proteins,
the selectivity was calculated and reported in Table 1, evidencing even
more the crucial role of the electrolytes to separate the diﬀerent biomolecules. The selectivity of the compounds when using SDS is low,
while the diﬀerent cationic electrolytes have a signiﬁcant inﬂuence on
the selectivity. [N1,1,1,12]Br and [C14mim]Cl enhanced the separation of
carbohydrates (PEG 8000-rich phase) from proteins and pigments
(NaPA-rich phase), while [P4,4,4,14]Cl, enhances the ability of the ABS
to separate proteins and carbohydrates from pigments (e.g. lutein).
3.5. Integrated downstream processing of microalgae components
To develop a process feasible for industrial application, the integrated downstream process sketched in Fig. 5 was designed. This
involves three main steps: the (I) cell disruption/biomolecules’ extraction, (II) fractionation of the biomolecules released (proteins, pigments
and carbohydrates), and (III) polishing representing the isolation of the
biomolecules puriﬁed from the phase formers, thus allowing the solvents recycling. As represented in Fig. 5, in step (I) the microalgae cells
are disrupted using an aqueous solution of [P4,4,4,14]Cl at 250 mM, thus
releasing from the biomass, 105 ± 2 mg.gdry biomass-1 of proteins,
60 ± 9 mg.gdry biomass-1 of carbohydrates, 2.90 ± 0.05 mg.gdry biomass-1
of chlorophylls, and 1.60 ± 0.06 mg.gdry biomass-1 of lutein. In step II),
the biomolecules presented in the aqueous extract containing
[P4,4,4,14]Cl were separated by applying a polymer-based ABS using this
IL as electrolyte. This system was chosen due to its high selectivity to
separate
proteins
(EEProteins = 100%)
and
carbohydrates
(EECarb = 80%) from pigments (e.g. lutein, EELutein = 98%). Finally, an
integrated unit considering the isolation of the biomolecules from the
solvents was designed, allowing the solvents recycle, step III). Here, an
ultraﬁltration unit is proposed and applied to the PEG 8000-rich phase

allowing the separation of proteins (e.g. Rubisco = 560 kDa) from
carbohydrates (e.g. glucose = 180 Da). Subsequently, a second unit of
ultraﬁltration may be used to separate by size, the PEG 8000 from the
carbohydrates. The recyclability of NaPA 8000 can be assured by backextracting the pigments using a benign organic solvent industrially
accepted and with a high aﬃnity for hydrophobic pigments.
The process proposed in this work consideres not only the optimal
disruption of microalgae cells and the extraction of diﬀerent biomolecules, but also their fractionation, compounds isolation and solvents
recyclability. Besides the high yields of extraction and puriﬁcation, the
integration of these unit operations appears as the major advantage of
using ABS-based in surface-active ILs when compared with other approaches, previously reported in literature and compiled in Table 2.
4. Conclusions
The extraction and separation of proteins, carbohydrates, chlorophylls a and b and lutein, was here successfully achieved. In this study,
aqueous solutions of a cationic tensioactive compounds were tested and
[P4,4,4,14]Cl (250 mM) was selected as being the most performant. In
this work, an integrated process was designed, allowing to simultaneously carry the cell disruption and the biomolecules’ extraction. This
strategy permits to avoid the need for more complex processes where
diﬀerent units need to be adopted to perform these steps individually.
Here, the separation of diﬀerent biomolecules was tested by applying
PEG 8000 + NaPA 8000-based ABS using [P4,4,4,14]Cl as electrolyte. A
careful optimization considering the diﬀerent proﬁles of partition obtained for proteins and pigments (electrolyte independent), and carbohydrates (electrolyte dependent), led to the deﬁnition of the integrated downstream process. This process allowed the cell disruption,
the biomolecules’ extraction, the combined fractionation of proteins
and carbohydrates from pigments and the proper isolation of the biomolecules from the phase forming solvents, thus allowing their recycling.
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