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ARTICLE INFO ABSTRACT

Keywords: Microalgae are a promising source of lipids, pigments, proteins and carbohydrates, which are valuable com-
Microalgae pounds for many industries. However, optimal fractionation and valorization of all produced compounds is
Carbohydrates necessary to improve the economic viability of microalgae production. This paper aims to understand the
Glucose

fractionation of microalgae carbohydrates (free glucose and starch) in aqueous two-phase systems. Three aqu-
eous two-phase systems were investigated to efficiently and mildly separate carbohydrates from disrupted
Neochloris oleoabundans. This strain contains 16 w/w% of proteins, 48 w/w% total fatty acids and 27 w/w%
carbohydrates when cultivated under saline water and nitrogen depletion conditions. The protein content de-
creases and the amount of fatty acids and carbohydrates increases notably under stress conditions and glucose
becomes the main carbohydrate in this microalgae. Glucose is present in the disrupted microalgae as part of
polymeric carbohydrates (starch) or in monomeric form (free glucose). With the aqueous two-phase system
Polyethylene Glycol 400 - Cholinium dihydrogen phosphate (PEG400-ChDHp) microalgal free glucose is frac-
tionated up to a recovery of 99% to the most hydrated bottom phase in a single step. Simultaneously, a recovery
of 70% is reached for microalgal starch in the interface after two additional liquid-liquid extractions with

Ionic liquids
Aqueous two-phase systems
Extraction

PEG400-ChDHp. The final fractions obtained were free of pigments.

1. Introduction

Carbohydrates derived from renewable biomass are a promising and
sustainable alternative for the petroleum-based products that are used
in diverse applications (e.g. renewable energy, commodity chemicals,
bioplastics, food and feed additives). For these purposes, microalgae
have received increased attention [1-4]. These microorganisms can
accumulate up to 60% carbohydrates, depending on the species, growth
and environmental conditions [5]. Compared to plant-based feedstock,
microalgae are efficient photosynthetic organisms, have high growth
rates and they do not need arable land and fresh water, since they can
grow in brackish water, seawater and even wastewater [6]. Currently,
microalgal carbohydrates are investigated mainly for the production of
biofuels [7,8]. However, carbohydrates are also a promising ingredient
for the food and animal feed industries [9] and for the production of
new materials such as biopolymers [10] or used as fermentation feed-
stock to produce hydrocarbons, lower alcohols, diols and carboxylic
acids [11].
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Eukaryotic microalgae and cyanobacteria accumulate carbohy-
drates in the plastids and cytosol as storage components (e.g. starch and
free glucose) or as part of the cell wall in the form of (hemi)cellulose
and polysaccharides [12], also some species can produce extracellular
polysaccharides [13]. The type of carbohydrates present in microalgae
is species-dependent. Red algae synthesize floridean starch, while green
algae synthesize amylopectin-like polysaccharides (starch). The com-
position of the cell wall depends on the microalgae strain as they are
complex and poorly understood. Moreover, growth conditions might
affect the carbohydrate composition as well. Lignin is not present in
microalgae, and some species lack hemicellulose, cellulose or a cell wall
[8]. These facts can be considered advantages for biorefinery, since
harsh pretreatments that are normally used for lignocellulosic feedstock
are not needed.

Among the carbohydrates present in green microalgae, starch is an
important polysaccharide essential in human nutrition and food in-
dustry [14] and even in non-food applications. Its composition and
structure varies between the sources, influencing its physico-chemical
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properties and functionalities [15]. It is widely used in food industry as
thickener, emulsifier, gelling agent and stabilizer. Some non-food in-
dustry applications are: paper, adhesives, rubber production, formula-
tion of pharmaceutic and cosmetic products, microcapsules for small
molecules and for the production of high quality biodegradable plastic
films [15-17]. Limited research has been done on the extraction and
use of starch from microalgae for food applications and other in-
dustries, which opens up many research opportunities in strain devel-
opment, biorefinery, starch structure and functionality [18].

Common methods to extract polysaccharides from microalgae cells
and convert them into easily fermentable sugars involve: hydrolysis
using harsh acidic (H,SO4 and H3PO,) or alkaline conditions (NaOH
and ammonium) or enzymatic methods [19]. Additionally, physical
methods include: hot-water treatment, microwave-assisted extraction
and ultrasonic-assisted extraction [20]. Organic solvents are generally
used for the separation of hydrophobic and hydrophilic components
from the disrupted microalgae cells. These conditions, however, could
affect the structure and functionality of other microalgae valuable
components such as proteins and pigments [21,22]. Therefore, it is
preferable to find novel and mild alternatives to the conventional ex-
traction technologies.

Aqueous two-phase systems (ATPS) have emerged as a more bio-
compatible and more efficient liquid-liquid extraction method for the
fractionation and purification of biomolecules [23,24]. ATPS is formed
by two immiscible aqueous phases, providing a mild environment for
the biomolecules, because their main component is water. ATPS is a
technologically simple process, low cost and easy to scale up [25]. The
broad collection of phase forming components that exist, make this
technology very versatile. Additionally, ionic liquids (ILs) have been
studied to enhance the extraction efficiencies of different target mole-
cules. ILs are molten salts with unique characteristics that make them
very attractive for separation processes. They possess low vapor pres-
sure, are non-flammable, have good thermal and chemical stabilities
and great solvation abilities [26]. They are considered a “green” sol-
vent, are tunable and multipurpose materials due to their ionic char-
acter, structure and organization [27].

Aqueous two-phase systems have been studied mainly for the frac-
tionation of proteins and enzymes [28]. The interest in applying this
technique to biological mixtures has led to the research of other target
molecules like carbohydrates, pigments and small bioactive com-
pounds. ATPSs were employed to purify and concentrate carbohydrates
from Cordyceps sinensis [29], Aloe vera [30], Brassica oleracea L. [31]
and beetroots [32]. This is the first study to investigate the separation of
microalgal carbohydrates (free sugars such as glucose as well as starch)
using aqueous two-phase systems, and its integration in a multi-product
biorefinery concept.

2. Materials and methods
2.1. Materials

The ionic liquids used: IoliLyte 221 PG, > 95% and choline dihy-
drogen phosphate (ChDHp), > 98% were procured from Iolitec (Ionic
Liquid Technologies, Germany). Potassium citrate tribasic mono-
hydrate, polyethylene glycol (PEG) 400, hydrochloric acid, and stan-
dard D-(+)-glucose were purchased from Sigma-Aldrich. Citric acid
was obtained from Merck and starch from maize was included in the
Megazyme® kit (Wicklow, Ireland). The GOPOD kit was also from
Megazyme and all other chemicals were from the highest purity.

2.2. Microalgae cultivation, harvesting and cell disruption

To study the carbohydrate content in microalgae, four cultivation
conditions were used: Fresh water, artificial seawater, nitrogen deple-
tion (N—) and no nitrogen depletion (N +).

Neochloris oleoabundans (UTEX 1185, University of Texas Culture

Algal Research 46 (2020) 101801

collection of Algae, USA) was cultivated in a fully automated 1300 L
vertical stacked tubular photo bioreactor (PBR) located at AlgaePARC,
The Netherlands. It was cultivated using Bold's Basal medium [33] at a
pH value of 8.0 and the temperature was controlled at 30 °C. To cul-
tivate microalgae under saline conditions, artificial seawater was used:
NaCl: 24.5 g/L; MgCl,: 9.8 g/L; CaCl,: 0.53 g/L; KoSO4: 0.85 g/L;
NaSO4: 3.2 g/L; NAHCO3: 0.8 g/L. The microalgae were harvested
(4000 rpm) using a spiral plate centrifuge (Evodos 10, Evodos, The
Netherlands) and the biomass obtained was suspended in Milli-Q®
water to obtain a biomass concentration of ~90 g/L. The algal cells
(approx. 28 ml) were disrupted for 10 min in a horizontal stirred bead
mill (Dyno-Mill Research Lab from Willy A. Bachofen AG Maschi-
nenfabrik, Switzerland) with a milling chamber of approx. 79.6 ml
using 0.5 mm ZrO, beads (approx. 51.6 ml) as described by Postma
et al. [34]. Bead milled microalgae suspension was stored at —20 °C
until further use.

2.3. Microalgal characterization

2.3.1. Carbohydrates

The total carbohydrate content was determined with the Dubois
method [35] whereby glucose was used as standard and analysis made
in triplicate and statistically evaluated by including the standard error.
The carbohydrate composition of N. oleoabundans was determined by
High Performance Anion Exchange Chromatography (HPAEC) as de-
scribed by Gilbert-Lopez et al. [36]. The microalgae were first freeze
dried and subsequently acid hydrolyzed before their composition was
determined by HPAEC. Deoxy-galactose was used as internal standard
and experiments were carried out in single.

2.3.2. Protein

Protein analysis was done according to Gilbert-Lopez et al. [36]
using a FlashEA 1112 nitrogen analyzer (Thermo Fisher Scientific, 337
Waltham, MA, USA). D-methionine was used as standard and a N-to-
protein conversion factor of 5.5 was used to calculate total protein from
total nitrogen. Analyses were made in triplicate and statistically eval-
uated by including the standard error.

2.3.3. Lipids

Samples were freeze dried before analysis of the total fatty acid
concentration. The analysis consisted of a sequence of mechanical cell
disruption, solvent-based lipid extraction, transesterification of fatty
acids to fatty acid methyl esters (FAMEs), and quantification of FAMEs
using gas chromatography (GC-FID) as described by Breuer et al. [37].
The triacylglycerides (TAGs) and polar acyl lipids (PLs) were fractio-
nated using solid phase extraction. TAGs were eluted from the column
using 10 mL 7:1 (v/v) hexane:diethylether. Subsequently, PLs were
eluted using 10 mL 2:2:1 (v/v/v) methanol:acetone:hexane [38]. Total
fatty acid (TFA) composition and content were calculated by taking the
sum of all fatty acids in both fractions [37]. Analyses were made in
triplicate and statistically evaluated by including the standard error.

2.4. Preparation of aqueous two-phase systems

Based on the total carbohydrate content N. oleoabundans cultivated
in saline water and nitrogen depleted conditions were used for the
fractionation experiments. Three ATPSs were selected for the fractio-
nation of microalgae biomolecules [39]. This selection was based on
biocompatibility, low toxicity and their interaction with the protein
Rubisco (Ribulose-1,5-biphosphate Carboxylase Oxygenase), which is
present in microalgae and able to lose its native conformation under
non-mild conditions. Mixtures were prepared gravimetrically + 10~ g
with a volume ratio (V,) between top and bottom of 1. p-glucose and
starch from maize were selected as standard molecules to study their
partitioning behavior. The total concentration of the standard mole-
cules in the mixture was 0.05 g/L. We prepared the ATPS mixtures with
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Table 1
Concentration (w/w%) of phase forming components used for the separation
experiments.
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Table 2
(Bio)chemical composition (w/w%) of N. oleoabundans. All measurements were
performed in triplicate and standard error included.

Tie line  Polymer - ionic liquid Polymer - salt Tonic liquid - salt Growth condition Carbohydrates  Protein Total fatty acids (TFA)
PEG400 ChDHp PEG400 Citrate Iolilyte 221PG  Citrate Fresh water N+ 107 = 0.7 447 = 04 124 = 0.0
N- 174 = 05 187 + 1.4 441 = 0.8
1 29.4 30.4 21.3 31.3 18.7 26.8 Artificial seawater N+ 13.3 + 0.2 49.6 = 0.6 7.7 £ 0.0
2 33.3 31.2 21.8 32.6 20.7 28.9 N- 271 = 0.1 16.0 = 0.4 48.0 = 6.2
3 339 35.0 23.9 35.7 25.3 28.4
4 35.8 36.8 25.2 39.0 28.6 31.3

increasing the phase forming component concentrations along four tie
lines previously constructed by Suarez Ruiz et al. [39] (Table 1).

To study the fractionation of microalgae carbohydrates, 1 g of bead
milled N. oleoabundans suspension was added to each system and Milli-
Q® water was finally added to complete 10 g in each system.
Experiments were made in duplicate and blanks without microalgae or
standard molecules were prepared as control for the analysis methods.
All mixtures were mixed for 1 h at room temperature in a rotary shaker
at 50 rpm and centrifuged at 2500 rpm (1200 X g) for 10 min at room
temperature to ensure phase separation. Afterwards, the phases were
separated and the weights and volumes were noted.

To perform the second and third fractionation steps, the interface
was gently separated from the aqueous phases and weighted.
Subsequently, the same amount of phase forming components as in the
first extraction was added to the interface.

2.5. Quantification of glucose

Two methods were used to quantify glucose before and after the
fractionation experiments: a YSI 2700® biochemistry analyzer (Yellow
Springs Instruments) and the Megazyme® kit (Wicklow, Ireland):
Soluble sugars in ATPS were quantified by the reaction with a solution
containing p-hydroxybenzoic acid, sodium azide (0.095% w/v), glucose
oxidase plus peroxidase and 4-aminoantipyrine (GOPOD reagent) from
Megazyme®. Samples were mixed with the reagent at a ratio 0.1:3 (v/v)
and incubated at 50 °C for 30 min. After cooling down to room tem-
perature, quantification was conducted by measuring absorbance at
510 nm using a spectrophotometer (Hach Lange DR6000). GOPOD re-
agent and glucose were used as blank and standard, respectively.
Analyses were made in triplicate and statistically evaluated by in-
cluding the standard error.

2.6. Starch analysis

Starch content was quantified before and after fractionation ex-
periments by the total starch protocol of Megazyme® kit (Wicklow,
Ireland) adapted from Dragone et al. [40]. Maize starch was used as a
positive control and calibration curves were made from p-glucose. The
quantification was performed by absorbance at 510 nm using a spec-
trophotometer (Hach Lange DR6000). Analyses were made in triplicate
and statistically evaluated by including the standard error.

To describe the distribution of glucose and starch in the ATPS,
partition coefficients (Kp) and extraction efficiencies (EE%) were cal-
culated. For glucose, for example, Eq. (1) and Eq. (2) were used to
calculate Kp and EE%, respectively. Cgcoseis the concentration of glu-
cose in the phase, V the volume and Myjcose, iniiar the initial mass of
glucose in the microalgae added to the systems.

Cglucose, )

Kp, =
lucose
8 Cglucose, bottom ( 1 )

C, * V
glucose,top top
EEglucose% =

Mgiycose, initial (2)

In the separation of carbohydrates from microalgae using ATPS an

interface was formed. This interface was carefully separated from the
aqueous phases and its glucose content and starch were analysed to
complete the mass balance Eq. (3). Mgiycose,interface T€Presents the mass of
glucose in the interface and mgycose iniiar the initial mass of glucose in
the microalgae added to the systems.

Mglycose, interface

EEglucose % =
Myglucose, initial (3)

3. Results and discussion
3.1. Carbohydrate composition of Neochloris oleoabundans

Table 2. presents the biochemical composition (carbohydrates,
proteins and total fatty acids) of N. oleoabundans cultivated under four
different conditions. These conditions were: artificial sea water or fresh
water under nitrogen depletion (N —) or nitrogen repletion (N +). It can
be observed that the growth conditions notably influence the bio-
chemical composition of the microalgae. Under saline and nitrogen
depletion conditions N. oleoabundans accumulates more carbohydrates
and lipids (TFA), while the protein content decreases. The increase of
carbohydrates and lipids in this microalgae has previously been used as
a strategy to provide a more economically feasible scenario for micro-
algal-based biofuels [38,41]. Furthermore, the use of salt water can
reduce production costs and the fresh water footprint of large scale
microalgae production [42].

The industrial application of carbohydrates depends on the che-
mical and physical properties of these biomolecules. Therefore, the
carbohydrates accumulated in N. oleoabundans cultivated under dif-
ferent conditions were characterized. The total carbohydrate content in
N. oleoabundans was ~10.7 w/w% dry matter when it is cultivated in
fresh water and an excess of nitrogen (N +). When the microalgae grow
in artificial saline water and under nitrogen depletion (N—), the con-
tent of total carbohydrates increases up to ~27.1 w/w% dry matter.

The carbohydrate composition (mol%) of N. oleoabundans is pre-
sented in Table 3 which were performed in duplicate with the main
focus showing large changes in the composition and not having the
intention to know the exact value. Whereas for the total carbohydrate
content the exact values are important and performed in triplicate and
statistically evaluated. It is clear that depending on the cultivation
conditions, not only the total carbohydrate content changes, but also
the carbohydrate profile. The amount of galactose, for example, is
higher than glucose when N. oleoabundans is grown in fresh water under
no nitrogen depletion (N+). Instead, when microalgae are grown in
artificial saline water, more glucose is accumulated, surpassing ga-
lactose as the main carbohydrate in the algal cells. Additionally, when
the microalgae grow under nitrogen depletion (N—), the content of
glucose increases. Microalgae cultivated in artificial saline water under
nitrogen depletion (N —) the content of total carbohydrates is 27.1 w/w
%, with glucose as the most abundant monosaccharide after hydrolysis.
This glucose is stored in the microalgae as part of a polysaccharide
(starch) or as monomer (free glucose). Microalgae contains under these
cultivation conditions 14.3 * 1.4 w/w% of starch and 9.8 = 1.3 w/w
% of free glucose.

The effect of the cultivation conditions on the carbohydrate profile
has been addressed in different studies and this knowledge has been
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Table 3
Carbohydrate composition in (mol%) of Neochloris oleoabundans in different
cultivation conditions performed in duplicate.

Growth condition Fresh Artificial saline
Carbohydrate N+ N-— N+ N-
Fucose 0.0 0.0 0.0 0.0
Arabinose 3.8 2.9 2.7 0.6
Rhamnose 20.0 10.6 11.8 2.2
Galactosamine 0.0 0.0 0.0 0.0
Galactose 30.0 11.6 23.1 10.3
Glucosamine 7.6 5.2 4.0 0.2
Glucose 22.0 55.3 50.2 76.9
Xylose 4.3 5.1 2.2 0.9
Mannose 8.7 3.3 3.8 3.5
N-Acetyl- 0.0 0.0 0.0 0.0
galactosamine
N-Acetyl-glucosamine 0.0 0.0 0.0 0.0
Galacturonic acid 0.0 0.0 0.0 0.0
Glucuronic acid 3.7 6.1 2.1 5.4
Total carbohydrate 10.7 = 0.7 17.4 = 05 133 * 0.2 271 =+ 0.1
content”

# Total carbohydrate content (w/w% dry matter) carried out in triplicate and
standard error included.

used to accumulate metabolites of interest in microalgae cells
[38,43,44]. Nitrogen depletion is widely used for this purpose, espe-
cially to enhance the production of fatty acids. In the absence of a ni-
trogen source, the flow of fixed carbon is diverted from proteins to
energy and carbon storage compounds. Thus, nitrogen depletion leads
to the accumulation of lipids and/or carbohydrates (mainly starch). Salt
stress also causes the accumulation of carbohydrates in different mi-
croalgae strains [43]. As NaCl is a commonly encountered inorganic
nutrient in microalgae grown in salty water. High salt water stress
generates reactive oxygen species that inhibit Rubisco activity and
mediates photo-inhibition which concomitantly decreases biomass
growth and accumulation of carbohydrates takes place as a response to
an immediate NaCl shock. It seems that the sucrose pathway in the
metabolism is most affected by this cultivation condition [45].

The high content of total glucose (as monomer as well as part of
polysaccharides) in microalgae has also been reported for other mi-
croalgae species [46,47]. N. oleoabundans with a high content of car-
bohydrates represents a promising feedstock to produce biochemicals,
biofuels such as bioethanol [41] and other valuable products [48].

3.2. Carbohydrates separation in aqueous two-phase systems

Aqueous two-phase system (ATPS) was studied as a fractionation
method for microalgal carbohydrates. p-Glucose and starch from maize
were used as standard molecules and the bead milled suspension of N.
oleoabundans cultivated in artificial saline water under nitrogen de-
pletion (N —) was used as a complex mixture. This cultivation condition
was selected due to the high amount of carbohydrates accumulated by
the microalgae. Three ATPSs: polyethylene glycol (PEG)400-potassium
citrate, Iolilyte 221PG-potassium citrate and PEG400-cholinium dihy-
drogen phosphate (ChDHp) were selected based on the screening de-
scribed by Suarez Ruiz et al. [39]. The ionic liquids, polymers and salt
used in these experiments were carefully selected for their biocompat-
ibility, low toxicity and ability to form ATPS without affecting the na-
tive conformation of the proteins. A schematic summary of the process
performed and a description of the systems phases is shown in Fig. 1.

3.3. Pure p-glucose and glucose from microalgae

p-Glucose was selected as a standard monosaccharide to study its
partitioning behavior in the three ATPSs. The separation of this stan-
dard molecule was compared with free glucose from microalgae. Both,

Algal Research 46 (2020) 101801

the standard monosaccharide (p-glucose) and the free sugar from the
microalgae migrate preferentially to the most hydrated phase (bottom
phase). This is due to the strong molecular interactions between
monomeric sugars and water [49,50]. Recoveries of 82 to 99% of p-
glucose were obtained in the bottom phase after a single-step ATPS. The
highest extraction efficiencies (%w/w) obtained for p-glucose and mi-
croalgae free glucose are shown in Fig. 2. PEG400-ChDHp concentrated
the highest amount of free sugars from microalgae in the bottom phase
(99%), followed by PEG400-citrate (93%), while Iolilyte221PG-citrate
concentrated 82%. Cholinium-based ionic liquids are highly hydro-
philic due to the polar hydroxyl group of one of the cation side chains
[51]. The hydrophilicity of the IL-rich phase in the PEG400-ChDHp
(bottom) phase caused by the amount of water may enhance the se-
paration of carbohydrates in this system.

Carbohydrates (also called saccharides) are polar biomolecules that
possess many hydroxyl groups. Monosaccharides as well as some
polysaccharides have high water solubility as a result of their ability to
establish hydrogen bonds with water [52]. This high affinity of carbo-
hydrates for water seems to be responsible for their preference to mi-
grate to the most hydrated phase (bottom phase). The polymeric car-
bohydrate component starch is insoluble in water and although
containing many —OH functional groups on the surface, water binds to
starch forming a gel and partition towards the interface. This polymer
presents low solubility in almost any solvent [53]. Starch partitioning in
ATPS is discussed in the next section.

The effect of the ATPS phase forming components was studied by
increasing the tie line length (TLL), which represents the composition
and thermodynamic difference of the two phases. A positive effect was
found while increasing the TLL, increasing the concentration of the
phase forming components more free sugars are accumulated in the
bottom phase (Supplementary data).

Pei et al. [49] describes how the structure of the saccharides seems
to influence the partitioning behavior of other molecules (e.g. proteins)
present in a solution. A higher amount of hydroxyl groups in the sac-
charides leads to a higher kosmotropic behavior, enhancing both, hy-
drogen bonding and hydrophobic interactions. These interactions in-
crease the extraction efficiency of proteins. The hydrogen bond
formation between carbohydrates and water reduces the number of free
water in the bottom phase, forcing the proteins to migrate to the op-
posite phase than the carbohydrates. The ability of carbohydrates to
form hydrogen bonds is considered an advantage, because carbohy-
drates migrate to the bottom phase reaching a recovery of 99% while
other biomolecules (e.g. proteins) migrate to the opposite phase. Due to
this reason ATPS is a very promising technology in the microalgae
biorefinery.

3.4. Maize starch and starch from microalgae

The partitioning behavior of starch from microalgae was studied in
the three ATPSs. This behavior was compared with the partitioning of
starch from maize, selected as a standard polysaccharide. The disrupted
microalgal suspension added to the ATPSs forms three phases: top,
bottom and a third phase (interface) between the two aqueous phases
(top and bottom).

In Fig. 3a) we show the distribution of microalgae starch in the
three phases formed. Up to 86% of the microalgae starch was con-
centrated in the interface in a single-step Iolilyte 221PG-citrate ATPS.
Although the polymer/ionic liquid (PEG 400-ChDHp) ATPS fractionates
a high amount of starch in the bottom phase (18%) compared with the
other two ATPSs, the partitioning preference of starch is clearly to the
interface. Unlike the case of p-glucose and free sugars, starch does not
prefer to migrate to the most hydrated phase (bottom phase). Some
ionic liquids are able to solubilize up to 20% starch, however, the
studies found used high temperature (60-100 °C) [54,55]. It seems that
the origin of the starch influences the solubility, due to granule form
and size differences.
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Fig. 1. Schematic representation of the partitioning experiments. a) Partitioning of standard molecules in ATPS: p-glucose and starch from maize; b) Partitioning of
carbohydrates from Neochloris oleoabundans (bead milled suspension) cultivated in artificial saline conditions under nitrogen depletion (N —); ¢) ATPSs used and the

description of the two aqueous phases.

100 —

Extraction efficiency (%w/w)

lolilyte 221PG-citrate PEG400-citrate PEGA400-ChDHp

Fig. 2. Glucose partitioning to the bottom phase: Extraction efficiencies (%ow/
w) using three different ATPSs; Standard glucose (filled bars) and free glucose
from Neochloris oleoabundans (bead milled suspension) cultivated in artificial
saline conditions under nitrogen depletion (N—) (open bars). Experiments
performed in triplicate and error bars indicate standard deviations.

The concentration of starch in the interface seems to be a con-
sequence of its low solubility in the aqueous solutions used. Fig. 3b)
shows the partitioning behavior of purified starch from maize and a
bead milled microalgae suspension. The maize starch added to the
ATPSs precipitated below the bottom phase and additionally a small
layer in the interface was observed. In the aqueous phases (top and
bottom) starch was not detected after quantification by the colorimetric
method. Starch from maize is not soluble in water at room temperature
and it seems that it is neither soluble in the aqueous phases of the ATPSs
used. The solubility of starch depends on the amylose and lipid content

and granule organization [56], which may explain the partitioning
behavior difference between microalgae starch and maize starch.
However, limited information is available in literature about the phy-
sico-chemical properties of starch granules in microalgae. Other com-
ponents in the microalgae suspension (e.g. lipids) may influence the
partitioning behavior of microalgae starch, compared to purified starch
from maize.

Microalgae suspension forms a thick like-emulsion layer at the in-
terface of the ATPSs, where starch is concentrated together with other
microalgae biomolecules. The bead milled microalgae suspension used
in the fractionation experiments has soluble and non-soluble compo-
nents such as cell debris. Furthermore, N. oleoabundans cultivated under
nitrogen depletion (N—) accumulates a high amount of lipids, which
may lead to the formation of a stable emulsion after bead milling [57].
In fact, several authors have reported emulsion formation in an attempt
of extracting lipids from wet biomass [58]. Thus, the interface layer
formed may be caused by other non-soluble components in the micro-
algae such as lipids and cell debris.

To further improve the purification of microalgae carbohydrates
(starch and free glucose), two extra steps of fractionation with ATPS
were performed. Fig. 4 shows the distribution of carbohydrates among
the three phases in three fractionation steps by PEG400-ChDHp. It was
observed that free sugars are separated almost completely in a single-
step ATPS (Fig. 4a). Free glucose migrates to the bottom phase due to
their high ability to form hydrogen bonding, and only ~5% remains in
the interface after the first fractionation step. On the other hand, a low
amount of starch (~8%) migrates to the aqueous phases after three
fractionation steps. The microalgae starch remains in the interface
(~70%) after three fractionation steps (Fig. 4b). The purification of
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starch increases with the number of steps, due to the fractionation of
other components of the microalgae (e.g. pigments) to the aqueous
phases. After the third ATPS step a whitish emulsion-like solid was
observed in the interface (Fig. 4c). The ATPS phase forming compo-
nents do not have a big influence in the fractionation and purification of
microalgae free sugars and starch (Supplementary data), however, they
have a great influence in the separation of other microalgae compo-
nents such as pigments and proteins [37].

3.5. Perspectives on ATPS to separate carbohydrates from microalgae

The integration of a microalgae biorefinery to simultaneously frac-
tionate several valuable components could improve the economics of
microalgae production. N. oleoabundans cultivated under saline condi-
tions and nitrogen depletion (N—) contains free sugars (e.g. free glu-
cose) and polysaccharides such as starch. Microalgae starch, is an im-
portant biopolymer that can be used for different industries such as the
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Fig. 3. Purified starch from maize and microalgae parti-
tioning in three ATPSs. a) Distribution of starch from
Neochloris oleoabundans (bead milled suspension) cultivated
in artificial saline conditions under nitrogen depletion (N—)
among the three phases in the ATPSs. Experiments were
carried out in triplicate and error bars indicate standard
deviations; b) Picture of purified starch from maize and
microalgae in PEG400-ChDHp ATPS.

food industry. The purification of starch from microalgae with a green
technology able to concentrate starch and separate other microalgae
biomolecules (e.g. free sugars and pigments) at the same time opens
great opportunities in the biorefinery field.

Based on the experimental results, Fig. 5 shows a possible applica-
tion scenario for the fractionation of microalgal carbohydrates by ATPS.
Free glucose (representing free sugars) is separated in the bottom phase
with outstanding yields (82-99%) in the first fractionation step. Free
sugars can be used as a carbon source in fermentation as a feedstock for
alcohols, acids and chemicals. It was previously demonstrated that
proteins partition to the bottom phase when using PEG 400-ChDHp
ATPS [59]. Since the first step separates most of the free glucose from
the microalgal suspension to the bottom phase, the proteins can be
separated from the free glucose using ultrafiltration or another ATPS
[60], while the salt can be recycled and reused in the following frac-
tionation steps.

Although pigment quantification data was not presented in this
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Fig. 4. Extraction efficiency of starch and glucose from N. oleoabundans (bead milled suspension) cultivated in artificial saline conditions under nitrogen depletion
(N -) in three fractionation steps by PEG400-ChDHp ATPS: a) distribution of glucose among the two aqueous phases formed in the three fractionation steps; b)
distribution of starch among the three phases formed in three fractionation steps. Experiments were carried out in triplicate and error bars indicate standard

deviations; c) Picture of carbohydrates purification in three fractionation steps.
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Fig. 5. Scheme of the possible application scenario for the fractionation of microalgae components in ATPS.

study, these high value biomolecules preferentially migrate to the top
phase. After a third ATPS separation step, the green characteristic color
disappeared from the interface (Fig. 4c). N. oleoabundans contains
chlorophyll a and b and it also accumulates lutein, cantaxanthin,
zeaxanthin, and astaxanthin monoesters and diesters, which are pro-
mising ingredients with pharmaceutical and nutraceutical applications
[61]. No recycle step was proposed for the top phase, because its design
depends on the biomolecules fractionated in this phase, which might be
different for each system. However, other authors have confirmed the
recyclability of PEG from aqueous solutions by suitable solvents or by
direct distillation [62].

About 70% of the total starch content in N. oleoabundans (bead
milled suspension) cultivated in artificial saline conditions under ni-
trogen depletion (N—) was concentrated at the interface free of pig-
ments after three ATPSs steps. Moreover, the recovery of starch in the
interface makes the process easier, because extra unit operations and/or
solvents are not needed to recover the starch fraction. Microalgae for
starch production is considered highly efficient and full of advantages
in comparison with traditional crops (corn, rice, potato, oat), because
they do not compete for (arable) land space and they do not need fresh
water for their cultivation. Starch is an important biopolymer widely
used in the food and other industries. Novel applications of starch are:
in free-fat food formulation; novel material in pharmaceutics and cos-
metics; encapsulation material for flavor essences; coatings in paper
and textile industry and in biodegradable plastic film production [14].
The evaluation of the physico-chemical properties of starch from N.
oleoabundans is necessary to confirm its potential in the different ap-
plications.

Carbohydrate partitioning in ATPS is not notably affected by the
phase forming components. Since ionic liquid-based ATPS does not
alter the yield of extraction of neither free sugar nor starch, the in-
expensive PEG400-citrate seems to be a good option to separate car-
bohydrates from microalgae. However, the partitioning behavior of
proteins can be tuned depending on the phase forming components.

Previous results indicate that an ionic liquid-salt ATPS concentrates a
higher amount of protein in the top phase, while the polymer-based
ATPSs concentrate the protein at the interface [59]. Thus, depending on
the desired final product purity, the ATPS can be selected and designed.
The cholinium-based ionic liquids are considered to be biodegradable
and in addition these ionic liquids enhance the stability and activity of
enzymes and proteins [63]. Thus, in the development of a greener se-
paration method, this group of ionic liquids is desired.

4. Conclusions

In this article, the separation of microalgae carbohydrates (free
glucose and starch) in three biocompatible ATPSs is reported. Bead
milled N. oleoabundans, cultivated under saline and nitrogen depleted
conditions, was used as carbohydrate source. We demonstrated that an
ATPS is a promising separation method for carbohydrates and other
components from microalgae. Up to 99% of microalgal free glucose was
recovered in the bottom phase in a single ATPS with PEG400-ChDHp,
which was explained by the ability of these biomolecules to form hy-
drogen bonds with water. Starch, an abundant polysaccharide present
in the microalgae, was simultaneously separated and concentrated at
the interface after two additional ATPS steps up to 70% resulting in a
pigment-free starch rich extract.
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