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General introduction and thesis outline.
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1.1. Supplying the needs of a growing population

With an increasing world population, expected to reach 9.5 billion by 2050, the
demand for energy, consumer goods, feed and food will increase substantially.
According the Food and Agriculture Organization of the United Nations (FAO), food
production must increase 70 % by 2050 in order to supply the growing population, an
expansion that will see major contributions from four main food groups: cereals, oil
crops, sugar cane/beet and meat (Alexandratos and Bruinsma, 2012). The expansion in
the production of these groups most likely will have a detrimental impact on the

forests, fresh water reserves and on the availability of arable land (Zhang, 2013)

Although all food categories are crucial to a healthy diet, in this work we focus on
proteins. The demand of proteins for human consumption in the year 2050 will depend
on the consumer and production habits. Estimations based on maximum eating levels
foresee an increment of 78 % from the current total consumption (Henchion et al.,
2017). The current estimate of global protein consumption is 202 million tons year,
from which plant proteins account for 57 %, meat 17%, dairy 10 %, fish 6% and others
(animal-based) 10 % (Henchion et al., 2017).

Regarding Europe, a citizen consumes on average 22 kg (DW)/year of animal based
proteins and 16 kg/year plant based proteins (FAO, 2001), figures that remained
practically unchanged by 2013 (FAO, 2013). Europe demands 26 6 million ton of crude
plant-based proteins, 35% of which is produced in Europe and the rest imported,
mainly from USA and Brazil (EC, 2018). These imports, particularly from Brazil,
represent a serious threat to the natural resources in the rain forest. In addition, it
poses food security risks to Europe. In order to meet the future protein demand,
without threatening natural resources and with minimum dependency on imports,

novel renewable sources of proteins are needed.
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1.2. Algae diversity and sustainability

Algae are photosynthetic organisms which occur in nearly all ecosystems around the
planet. Two main groups are commonly recognized: microalgae (unicellular) and
macroalgae or seaweed (multicellular) They make use of carbon dioxide, nutrients and
solar energy to produce the building blocks necessary for their cell-structure and
physiological processes, but also some strains are capable of heterotrophic metabolism

(Gladue and Maxey, 1994).

In general, algae contain proteins, carbohydrates, lipids, pigments and ash (Trivedi et
al., 2015). Although the composition varies greatly depending on the strain and
cultivation conditions, averaged values for the two model organisms investigated in
this thesis, Tetraselmis suecica (Michels et al., 2014a; Schwenzfeier et al., 2011) and

Ulva lactuca (De Padua et al., 2004; Postma et al., 2018), are shown in Table 1.

Table 1. Overall composition (DW) for the model organisms T. suecica (microalgae) and
U. lactuca (macroalgae). Data from (Michels et al., 2014a; Schwenzfeier et al., 2011)

and (De Padua et al., 2004; Postma et al., 2018).

Composition T. suecica U. lactuca

Protein 40 % 15%
Carbohydrates 35 % 55 %
Lipids 15% 5%

Ash 10 % 25 %

Certain microalgae strains, e.g., Nannochloropsis granulata, can accumulate up to 60
% (DW) lipids (Ma et al., 2014), while other strains, such as Tetraselmis suecica can
accumulate up to 45 % starch (Kermanshahi-pour et al., 2014). Cyanobacteria are well
known to produce large quantities of poly-peptides and pigmented proteins (Olguin et
al., 1994; Trautmann et al., 2016), whereas microalgae can reach up to 60 % protein

content depending on the culture conditions (Becker, 2007). Macroalgae are, in
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general, rich in carbohydrates (Bikker et al., 2016), contain low amounts of lipids and
the protein content is moderate. Red and green algae can reach up to 35 % (DW) of

protein (@verland et al., 2018).
1.3. Algae Structure

In broad terms, algae contain an outer cell-wall which encloses the cytoplasm and
several organelles (Fig. 1). The cell-wall is usually composed of polysaccharides, with
small content of proteins and ash (Baudelet et al., 2017; Domozych et al., 2012; Lahaye
and Robic, 2007) The rigidity of the cell-wall depends on the nature of the
polysaccharides present and on their interactions with proteins and other molecules
(Alhattab et al., 2018). Some strains contain a pseudo cell-wall rich in
exopolysaccharide mucilage (Safi et al., 2014a), which can break easily at high shear
forces. Other strains are rich in more recalcitrant polymers such as sporopollenin
(Desai et al., 2016a), cellulose (Baudelet et al., 2017) and pectin-like (Kermanshahi-
pour et al., 2014)

The chloroplast contains all the machinery necessary for photosynthesis, including the
light harvesting system and the pyrenoid, which is densely packed with the enzyme
Rubisco (Ribulose-1,5-bisphosphate Carboxylase Oxygenase), and surrounded by
starch granules (in green algae). Macroalgae (Fig. 1) are often subdivided in categories
depending on their main pigments: red, green and brown (Ghadiryanfar et al., 2016),
but also strains of microalgae (Fig. 1) can produce special photosynthetic pigments
such as beta carotenes (Bharathiraja et al., 2015), astaxanthin (Desai et al., 2016a) and
chlorophyll (green algae). Similarly, cyanobacteria are known to produce protein-

pigment complexes (Cuellar-Bermudez et al., 2015; Olguin et al., 1994)

The diversity in composition of algae offers a great potential for industrial applications.
This is because the physicochemical properties of the biomolecules are different
depending on the algae strain (Draaisma et al., 2013), implying that their functional

properties are also different (Guil-Guerrero et al., 2004). This diversity also constitutes
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a challenge for the development efficient biorefinery strategies, which can be applied

to multiple feed streams.

! Pyrenoid

Starch

granu|es Proteins

Chloroplast

. Lipid bodie : Cytosol v,
\ Ulva lactuca

Figure 1. Schematic representation of Tetraselmis suecica (left) and Ulva lactuca
(right), and corresponding microscope (Greenwell et al., 2010) and photography
(Ginneken and Vries, 2018) images. Some important organelles and cell-structures are
indicated.

1.4. From composition to functionality

The scope of algae goes beyond a mere source of biomolecules (Behera et al., 2015).
In recent years, the interest of the scientific community and governments have shifted
towards algae as source of nutraceuticals and bioactive molecules for food and feed
(Bleakley and Hayes, 2017; Cuellar-Bermudez et al., 2015; Draaisma et al., 2013). The
amino acid profile of algal proteins compares favourably to several reference protein
sources, such as soy, milk and egg, indicating that a balanced diet can be derived from
algal biomass (Becker, 2007; Fleurence, 1999; Galland-Irmouli et al., 1999; Vanthoor-
koopmans et al., 2012). Besides the nutritional aspect, algae have also been explored
as source of taste enhancers (Becker, 2007) and bioactive peptides with numerous

medical and health benefits (Bleakley and Hayes, 2017).

Furthermore, the functional activity of algal biomolecules, in particular proteins, have
been highlighted in several publications. Water and oil absorption capacities,
emulsification, foaming and gelation behaviour (Gifuni et al., 2018; Guil-Guerrero et
al., 2004; Samarakoon and Jeon, 2012; Schwenzfeier et al., 2014) of algal proteins are

comparable to commercial isolates, indicating their remarkable market potential.
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In addition to the nutritional and health benefits of algae proteins, several key aspects
favour the utilization of algal biomass as renewable feedstock, since their cultivation is
independent of fresh water and arable land, and their productivities are superior in
comparison to traditional crops (Vanthoor-koopmans et al., 2012). However, in order
to obtain algal biomolecules, efficient and mild extraction and fractionation processes

are needed. These processes are commonly known as biorefinery.
1.5. Algae Biorefinery

Biorefinery is defined as “the sustainable processing of biomass into a spectrum of
marketable products and energy” (Trivedi et al., 2015). Eppink et al., (2017) proposed
that an algal biorefinery is similar to a modern dairy plant in which a mixture of
proteins, carbohydrates and fat are processed and fractionated. However, due to the
complex cell structure, the biorefinery of algae requires additional unit operations for
harvesting and cell disintegration. Thus, the typical algae biorefinery involves a
sequence of extraction and fractionation steps, requiring energy and auxiliaries
(chemicals, solvents, membranes) and resulting in a main product and several side

streams or by-products (Fig. 2).

Energy Extractant Auxiliary 1 Auxiliary 2

| |

Feed Product
— Disintegration ——  Extraction = —— Separation @ —— Purification ——

| !

Raffinate By product 1 By product 2

Figure 2. Typical sequence of unit operations in a generic biorefinery.

In general, the first step in the biorefinery of algae is cell disintegration. Upon
disruption, intracellular organelles and molecules in the cytoplasm are accessible for
extraction. Disintegration has been conducted using thermal, physical and chemical

methods (Glnerken et al., 2015; Phong et al., 2018b). Examples of physical methods
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are mechanical disintegration (Postma et al., 2017), ultrasound (Parniakov et al., 2015)
and pulse electric fields ('t Lam et al., 2017). These usually have high energy demands
and/or lead to poor disruption performances. Enzymatic and chemical hydrolysis can
result in high efficiencies (Sari et al., 2013), but have as main disadvantage the high
costs and product degradation which impact negatively the process economics.
Furthermore, if harsh conditions are used (e.g., high temperatures, extreme pHs),
labile biomolecules can be damaged, which implies a loss of their potential commercial

value.

The next step after/during cell disintegration is extraction, for which several
technologies have been investigated (Eppink et al., 2017)(Vanthoor-koopmans et al.,
2012). Most reported investigations make use of an aqueous buffer in which water-
soluble molecules are extracted (Safi et al., 2014a). This implies that a substantial
fraction of the molecules in the initial biomass remain in the insoluble phase, and thus,
are regarded as a side product. Under alkaline (Ursu et al., 2014) or acid conditions (Ba
et al., 2016), the extraction performance can be enhanced, however, if extreme pHs
are used, the functional activity of proteins and other biomolecules can be

compromised.

Similarly, ionic liquids have been implemented in algae biorefinery as green
extractants. However, most reported processes use temperatures above 80°C, high
concentrations and long processing times in order to achieve significant biomolecule
solubilisation (Malihan et al., 2017; Orr and Rehmann, 2016; Pezoa-Conte et al., 2015;
Teixeira, 2012). Besides, most ionic liquids are expensive (Brandt et al., 2013), can be
toxic and are difficult to recover due to their viscosity and negligible vapour pressure

(Mai et al., 2014).

The separation and purification of algal biomolecules have only been reported in few
investigations. This can be explained by the elevated cost of the purification processes,
which makes it attractive only to high value products for the food, cosmetic and

pharmaceutical sector (Eppink et al., 2017). The typical processes reported for algae
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are ultrafiltration (Safi et al., 2014b; Ursu et al., 2014), pH-shift (Cavonius et al., 2015),
aqueous two-phase partitioning (Jordan and Vilter, 1991), chromatography, dialysis
(Schwenzfeier et al.,, 2011), three phase partitioning (Waghmare et al., 2016) and
precipitation (Wong and Cheung, 2001).

Although the performance of a biorefinery process depends on the algal strain, the
application of a sequence of unit operations like illustrated in Fig. 2, often leads to low
yields or low purities (Tamayo et al., 2018). Therefore, there is a clear need to develop
novel biorefinery concepts, which are mild, energy efficient and economically

competitive.
1.6. From concept to reality

Currently, the production of bulk commodities from aquatic biomass is not feasible due
to the high costs associated with production and biorefinery. Techno-economic
estimations conducted by Ruiz Gonzalez et al., (2016) presented a production cost
forecast of 3.4 € kg biomass, under optimal cultivation conditions with regards to
scale, location and market. Nevertheless, the production costs in practice can be as
high as 69 € kg (Acién et al., 2012), with realistic estimates at 8-11 € kg after process
optimization (Enzing et al., 2014), clearly indicating that only premium markets are

feasible.

Globally, more than 24 million tonnes of algae are farmed globally, of which the vast
majority corresponds to seaweed for traditional food products (Draaisma et al., 2013).
From this, several processes have been developed successfully at commercial scale,
typically combining simple cultivation strategies and products for high end markets.
According to Bharathiraja et al., (2015), more than 1500 ton (DW) per year of algae are
cultivated to produce carotenes and astaxanthin, which can be marketed at a price of
215-7150 € kg. On the contrary, protein extracts, with a market price of 11-50 € kg?,

are produced from 5000 ton/year algal biomass (Bharathiraja et al., 2015).
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In terms of food products, whole algae are commercialized as blends in so called
healthy foods, bread/pasta, candies and meat replacers (Becker, 2007). However,
further commercial developments are hampered not only by high cultivation costs, but
by the unpleasant taste and colour characteristic of algae biomass (Henchion et al.,
2017). In this regard, biorefinery is crucial, in order to purify the biomolecules which
are directly contributing to the functional properties, while leaving behind the

compounds which are contributing to the off-taste.

The economic potential of algal-based products continues to increase at approximately
10 % per year (Enzing et al., 2014). Global marine biotechnology market in 2011 was
estimated at € 2.4 billion, an increase of 240 % compared to the year 1999 (Enzing et
al., 2014). Several companies have successfully launched protein-based products from
algal biomass. An example of this is Corbion®, a company based in the Netherlands,
through its subsidiary Terravia® commercializes AlgaVia®, a whole algal product with

65% protein for sale as a food additive (http://algavia.com/ingredients/proteins/).

There is an evident need to develop novel biorefinery approaches which allow the
extraction of functional molecules under mild conditions and at high yields. Cost
reductions can be achieved by integration of unit operations, efficient processing,

decrease in energy/chemical consumption and multiproduct valorisation.

1.7. Aim of this thesis

The overall aim of this thesis is to understand algal cell disintegration, extraction

and fractionation of biomolecules, and their potential applications in food products.
1.8. Thesis outline

This thesis covers three main aspects of algae biorefinery: Disintegration, extraction

and fractionation. As illustrated in Fig. 3, the general content can be subdivided into
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two main sections: mechanical disintegration by means of bead milling and

extraction/fractionation mediated by ionic liquids.

VS
= / Chapter 2: Chapter 3: \ / Chapter 6: Chapter 7: \
-% Effect of bead size Understanding cell Fractionation of lonic Liquid-assisted
3 on component disintegration for proteins and biomolecule
g release component release carbohydrates extraction
=
o h 4: h 8 :
5 Chapter . Chapter 5: C apter.g _ C.hapte.r 9
= Technofunctional .. . Cell permeabilization Discussion:
= . Efficient extraction .
e properties of crude . . for biomolecule Integrated algae
o and fractionation . . .
algae extracts extraction Biorefineries
Qead milling: Cell disintegration and extraction / Qnic liquids: Extraction and fractionation /

Figure 3. Thesis outline.

Chapter 2 investigates bead milling as an efficient disintegration technology for
microalgae. The effect of bead size on the kinetics of cell disintegration, protein and
carbohydrate release, yields and energy consumption, is studied for three industrially
relevant microalgae strains. The lack of fundamental understanding on the
disintegration mechanism in bead mills motivated the research performed in chapter
3. A model is proposed in order to predict the cell disintegration rates, having as input

process and cell-related parameters

In chapter 4, bead milling and ultrafiltration are implemented in order to extract and
fractionate biomolecules from microalgae and to evaluate the technical functionality
of the resulting extracts. Similarly, chapter 5 explores an efficient disintegration-
extraction strategy to produce functional biomolecules with potential application as

food ingredients.

In chapters 6-8, ionic liquids are investigated as promising extractants. Chapter 6
examines the partitioning of biomolecules in crude extracts from microalgae in an
aqueous two-phase system based using ionic liquids. An activity coefficient model is
used to correlate the experimental data and the partition coefficients. Chapter 7 and
chapter 8 investigate ionic liquids for the selective dissolution of biomolecules from

macro and microalgae, under mild conditions. In both studies a single extraction step
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is coupled to an ultrafiltration unit to allow biomolecule fractionation and to recover

the spent ionic liquid.

An overview on the typical biorefinery approaches and several novel concepts which
are recommended for future research are presented in the general discussion (chapter
9). We propose that new biorefineries must be based on the knowledge of cell
structure and market application and must prioritize mild, selective and integrated

approaches.
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Chapter 2

Energy efficient bead milling of microalgae:
Effect of bead size on disintegration and

release of proteins and carbohydrates

© Disintegration

| Protein

@ Carbohydrate
- - Disintegration model
——Protein model
<. Carbohydrate model

Fraction of disintegration / release (%)

e Alga

0 200 400 600 800 1000
' Beads time (¢)

Collisions
Disintegrationand
Release of Biomolecules

Algae Biomass Bead mill: Effect of bead size

Published as:

P.R.Postma*, E.Suarez Garcia*, C.Safi, K.Yonathan, G.Olivieri, M.J.Barbosa.,
R.H.Wijffels, M.H.M.Eppink (2017). Energy efficient bead milling of microalgae: Effect
of bead size on disintegration and release of proteins and carbohydrates. Bioresource
Technology 224, 670-679.

* Equal contributions.
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Abstract

The disintegration of three industry relevant algae (Chlorella vulgaris, Neochloris
oleoabundans and Tetraselmis suecica) was studied in a lab scale bead mill at different
bead sizes (0.3 mm-1 mm). Cell disintegration, proteins and carbohydrates released
into the water phase followed a first order kinetics. The process is selective towards
proteins over carbohydrates during early stages of milling. In general, smaller beads
led to higher kinetic rates, with a minimum specific energy consumption of £0.47 kWh
kgDW-1 for 0.3 mm beads. After analysis of the stress parameters (stress number and
stress intensity), it appears that optimal disintegration and energy usage for all strains
occurs in the 0.3-0.4 mm range. During the course of bead milling, the native structure
of the marker protein Rubisco was retained, confirming the mildness of the disruption

process.
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1. Introduction

There is a growing demand for sustainable protein sources and bio-based products as
an alternative for traditional agricultural crops. Microalgae are a potential source of
renewable high value proteins, carbohydrates, lipids and pigments for food, feed and
chemical industries (Vanthoor-Koopmans et al., 2013). Such products are typically
located intracellular, either in the cytoplasm, in internal organelles or bound to cell
membranes, and in most cases, the cells need to be disintegrated before extraction.
This step can be done by chemical hydrolysis (Safi et al., 2014a), high pressure
homogenization (Safi et al., 2014a), ultrasonication (Grimi et al., 2014), pulsed electric
fields (Goettel et al., 2013; Grimi et al., 2014; Postma et al., 2016) or bead milling
(Doucha and Livansky, 2008; Glinerken et al., 2015; Montalescot et al., 2015; Postma
et al., 2015).

Bead mills are commonly applied in the chemical industry for the manufacture of
paints/lacquers and grinding of minerals (Kula and Schitte, 1987) and have been
successfully applied for the disintegration of yeast (Bunge et al., 1992), cyanobacteria
(Balasundaram et al., 2012) and microalgae (Emre et al., 2016; Postma et al., 2015) for
the release of intracellular products, under low energy inputs and mild conditions. The
efficiency of cell disintegration in bead mills depends on several parameters such as
chamber and agitator geometry, biomass concentration, agitator speed (i.e., tip speed
of agitator), suspension flow rate, bead filling ratio, bead type and bead diameter. A
high bead filling ratio (> 55 % v/v) was found to be optimal for disruption according to
Montalescot et al., (2015). In addition, Doucha and Livansky, (2008) found that
zirconium oxide (ZrOz) beads are more efficient than glass beads because of their
higher specific density. Postma et al., (2015) investigated the disintegration of C.
vulgaris by bead milling at lab scale using ZrO, beads with a diameter of 1 mm (65%
v/v bead filling) and found that an agitator speed us of 6 m s provides a lower specific
energy consumption; though with a biomass concentration of 145 g kgow™ a lower
specific energy input could be obtained, a concentration of 87.5 g kgow™ showed to
have a better biomass suspension handling and higher protein yields.
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Furthermore, for the disintegration of the microalga Chlorella sp. it was found that
similar specific energy consumptions were achieved for the same flow rate, biomass
concentration and agitator speed for beads of 0.3-0.4 and 0.6-0.8 mm (Doucha and
Livansky, 2008). On the other hand, the disintegration of the microalga Scenedesmus
sp. and Nannochloropsis oculata was improved when smaller beads (0.35 — 0.6 mm)
were applied (Hedenskog et al., 1969; Montalescot et al., 2015).

Bunge et al., (1992) studied the release of enzymes from Arthrobacter by means of
bead milling. It was found that small glass beads (@ 0.205-0.460mm) at moderate to
high biomass concentrations and low to moderate agitator speeds result in optimal
energy utilization. Schiitte et al. (1983) found that smaller beads (0.55-0.85 mm) are
more beneficial to release intracellular products from the cytoplasm of yeast over
larger beads (1 mm). On the other hand, the larger beads are better at releasing
products from the periplasm.

To describe the comminution of cells in bead mills as a function of different process
parameters, Kwade and Schwedes, (2002) and Bunge et al., (1992) presented a very
clear description of the so-called Stress Model (SM). The SM assumes that the
disruption process in stirred media mills (e.g., bead mill) is governed by the number of
stress events (i.e., bead to bead collisions) and by the intensity of such events.
Quantitatively, this is expressed by the Stress Number (SN) (Eg. 1-2) and the Stress
Intensity (S/) (Eg. 4) (Bunge et al., 1992; Kwade and Schwedes, 2002); two types of
behaviors are also recognized: 1) disintegration/deagglomeration of cells,
characterized by the fact that a cell is either intact or disrupted; and 2) grinding of
crystalline materials, applicable for materials in which the particle size decreases
during the milling process.

Accordingly, the SN (-) can be calculated for Disintegration (SNp) and for Grinding (SNg)
as:

op(1—¢) nt
SN —x C-SN, (1)
{1-9,(1-9}cydy g
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op(1—¢) nt
SN « —xC-SN;. (2)
{1-9,(1-98)}cy d12; ¢

with

_ pp(1—¢)
{1-9,(1-8)}cy

C (3)

where @ is the bead filling ratio (-), € is the bead bulk porosity (-), cv the volume cell
concentration (-), n the agitator revolutions (s), t the milling time (s) and d» the bead
diameter (m).

Furthermore, the S/ (Nm) can be regarded as the magnitude of the kinetic energy of a

single bead and can be calculated as:
SI « d3p,u? (4)

in which ps is the specific density of the beads (kg m3) and us is the agitator tip speed
(m s2). A cell can only be intact or disintegrated upon the release of the intracellular
products. Therefore, an optimal stress intensity Slop: can be considered. At or above
Slopt cells break with a single stress event; below Slop:, multiple stress events are
required to break the cell.

Consequently, the theoretical specific energy input is proportional to the

product of the number of stress events times the energy of such events:

- SN - SI
E

where M is the mass of biomass (kgow) in the system and Ej is the theoretical specific
energy input (kWh kgow™?).

The SM was first applied to microalgae by Montalescot et al., (2015). However, to our
knowledge, it has not been applied in combination with the release of water soluble

microalgae components. In large scale disruption trials for yeasts and bacteria, Schiitte
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et al., (1983) observed that cytoplasmic enzymes were better solubilized by smaller
beads, and that periplasmic enzymes were more easily released by larger beads. We
therefore hypothesize that smaller beads could interact more effectively with internal
organelles over larger beads and thus are better able to release proteins (e.g., Rubisco)
from the pyrenoids and carbohydrates from the cell wall or starch granules. If the
process is operated above Slopt, smaller beads would also lead to higher kinetics, higher
yields and lower energy consumption.

The aim of this work is to investigate the effect of the bead size on the disintegration,
release of water soluble components and energy consumption during the bead milling

of C. vulgaris, N. oleoabundans and T. suecica.

2. Methods
2.1. Microalgae, cultivation and harvesting
Chlorella vulgaris (SAG 211-11b, EPSAG Go6ttingen, Germany) was cultivated according

to Postma et al. (Postma et al., 2016).

Neochloris oleoabundans (UTEX 1185, University of Texas Culture Collection of Algae,
USA) was cultivated using a fully automated 1400L vertical stacked tubular photo-
bioreactor (PBR) located in a greenhouse (AlgaePARC, The Netherlands). The algae
were cultivated in Bold’s Basal medium (CCAP, 2015) at a pH value of 8.0 and the
temperature was controlled at 30°C. The light intensity was set at an average of 400

umol m2 s,

Tetraselmis suecica (UTEX LB2286, University of Texas Culture Collection of Algae, USA)
was cultivated in repeated batches in a 25L flat panel PBR (AlgaePARC, The
Netherlands) at 20°C. Ten fluorescent lamps (Philips 58W/840) provided a continuous
incident light intensity of 373 umol m s, The PBR was located in a greenhouse and
thus, it was also exposed to natural light during the period October 2015 -January 2016

(Wageningen, The Netherlands). Mixing and pH control (pH 7.5) were provided by
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sparging gas (0.254 vwvm) composed of a mix of air and 5 % v/v CO,. Walne medium was
supplied at a ratio of 8.8 mL L' medium (Michels et al., 2014b).

To obtain a biomass paste, C. vulgaris was centrifuged (4000x g, 15 min) using a swing
bucket centrifuge (Allegra X-30R, Beckman Coulter, USA) while N. oleoabundans and T.
suecica were centrifuged (80Hz, ~3000x g, 0.75 m3 h'!) using a spiral plate centrifuge
(Evodos 10, Evodos, The Netherlands). After centrifugation, the biomass paste of all
three algae was stored at 4°C in the dark and used within two days. Prior to
disintegration experiments, the biomass paste was resuspended in phosphate-
buffered saline (PBS) (1.54 mM KH2POg4, 2.71 mM NazHPO4.2 H,0, 155.2 mM NacCl at
pH 7.0) to obtain a biomass concentration (Cx) of about 90 g kg™*. Cy is expressed as g

dried biomass per kg algae suspension.

2.2. Bead mill experimental procedure

The bead mill experiments were performed in a horizontal stirred bead mill (Dyno-Mill
Research Lab, Willy A. Bachofen AF Maschinenfabrik, Switzerland) operated in batch
recirculation mode. The operation procedure was previously described by Postma et
al., (2015). In brief, the mill consists of a milling chamber (Vchamper 79.6 mL) in which the
beads are accelerated by a single DYNO®-accelerator (@ 56.2 mm). To maintain the
feed temperature at 25°C, a cooling water bath connected to a cooling jacket
integrated in the milling chamber and a cooling coil in the feed funnel were used.
Yttrium stabilized ZrO; beads (Tosoh YTZ®) with four diameters (0.3, 0.4, 0.65 and 1
mm, specific density p» of 6 g cm3, bulk density € of 3.8 g cm3) were applied. The beads
were loaded at a constant filling volume of 65% v/v.

First order release kinetics was used to calculate the kinetic constant k; for the

disintegration percentage (kqis), protein release (kprot) Or carbohydrate release (kcarb) as:

Xi(®)

X imax

1—e kit (6)

where X; (t) represents the degree of disintegration (Dis), the protein concentration or

the carbohydrate concentration at time t, and Xjmax represents the maximal degree of
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disintegration, protein concentration or carbohydrate concentration in the liquid
phase.

Upon reviewing our previous work (Postma et al., 2015), an error in the calculation of
the residence time was noticed. The bead bulk density € was not correctly
incorporated, leading to an underestimation of the free volume in the milling chamber.

The residence time t, should be recalculated as:

_ VChamber,free (7)
L
total
. £
with VChamber,free = Vehampber * E " Pp (8)

in which t is the batch disintegration time, Vchambe free represents the volume inside the
chamber filled with algae suspension (46.8 mL) and Viotar (Y185 mL) is the total batch
volume. Vchameer is the milling chamber volume (79.6 mL), € is the bead bulk density
(3.8 kg m3) and s is the bead filling ratio (0.65). For a correct comparison of the kinetic
data in this work with the previous publication (Postma et al., 2015), the kinetic data
and doubling times of the previous work (Postma et al., 2015) have to be multiplied

and divided by a factor 0.595, respectively.

2.3.  Analytical methods

Sample collection. Samples were taken at different time intervals directly from the
feeding funnel, which was maintained under gentle stirring. The maximum sampled
volume was always < 2.5 % of the feed volume. For all cases, bead milling experiments
were conducted for 1 h (batch processing time).

Biomass quantification. The dry weight concentration was determined as described by
Lamers et al. (2010). The DW/ODyso ratio for C. vulgaris, N. oleoabundans and T. suecica
were determined experimentally to be 0.312, 0.350 and 0.537, respectively. These
ratios were used to calculate the initial biomass concentration. The cell size and cell

number were measured with a cell counter (Beckman Coulter Multisizer 3, USA). The
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samples were diluted using Coulter® Isoton® Il dilution buffer. The cell size and cell

number were used to calculate the total cell volume.

Disintegration, protein and carbohydrate analysis. The disintegration percentage was
analyzed as described by Postma et al., (2015), protein analysis on dry weight (DW) and
the water soluble protein after bead milling were analyzed as described by Postma et
al., (2015) according to the method developed by Lowry (Lowry et al., 1951). The
carbohydrate content on DW and the water soluble carbohydrates after bead milling
were determined as described by Postma et al.,, (2016) according to the method
developed by Dubois (Dubois et al., 1956).

The protein and carbohydrate yield after bead milling are expressed as:
CTORRIQ) (9)

i
Ci,Biomass

where Ci(t) and Cj(0) are the concentrations of component i in the supernatant at time
t and 0, respectively. Cisiomass is the total content of component i within the total

biomass (DW), where i can be protein or carbohydrates.

Starch analysis. To determine the total starch content on biomass DW, lyophilized
algae were dissolved in 1 mL 80% ethanol and bead beated at 6000 RPM for 3 cycles
with 120 s breaks in between cycles, after which the total starch content was
determined using a commercial kit (Total Starch, Megazyme International, Ireland).
The absorbance was measured at a wavelength of 510 nm with a spectrophotometer

(DR6000, Hach Lang, USA).

Scanning Electron Microscopy. 150 puL microalgae suspension was applied on poly-L-
lysine coated cover slips (@ 8 mm) and incubated for 1h. Subsequently the samples
were rinsed in fresh PBS and fixed for 1h in 3% glutaraldehyde in PBS. After washing
twice in PBS, the samples were post-fixed in 1% OsOs for one hour, rinsed with
demineralized water and dehydrated in a graded (30-50-70-90-100-100%) ethanol
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series. Subsequently, the samples were critical point dried with CO, (EM CPD 300,
Leica, Wetzlar, Germany). The cover slips were attached to sample holders using
carbon adhesive tabs (EMS, Washington, USA) and sputter coated with 10 nm Wolfram
(EM SCD 500, Leica, Wetzlar, Germany). The samples were analyzed in a high resolution
scanning electron microscope at 2 KV at room temperature (Magellan 400, FEl,

Eindhoven, The Netherlands). Images were contrast enhanced with Photoshop CS5.

Native PAGE analysis. Native PAGE analysis was performed as described by Postma et
al., (2016). In addition, scanned gels were analyzed by Imagel (1) 1.46r) to convert the
Rubisco band intensity in a density chromatogram. Subsequently, the chromatogram
was integrated. From the peak areas, the relative density was determined over the
course of bead milling:

A . 10
Relative density (—) = —kfinal (10)

APeak,t

where Apeak final is the peak area of Rubisco in the final sample and Apeai.: the peak area

of Rubisco at time t.

2.4. Statistical analysis
Statistical analysis was performed by analysis of variance (ANOVA). When groups were
significantly different at an a level of 0.05, Tukey’s honest significance test was

performed to find which groups differed.

3. Results and discussion

The overall effect of bead size is studied first in terms of kinetic rates and product
yields. The mechanism of disintegration is then analyzed using the stress model and
subsequently the specific energy consumption and selective protein release are

presented.
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3.1. Disintegration and product release kinetics

As a follow up of the work of Postma et al., (2015), in which a benchmark for the
disintegration of C. vulgaris using 1 mm ZrO, beads was proposed, one goal of this
study was to evaluate the effect of decreasing the bead size during bead milling of
microalgae. Fig. 1 shows the fraction of cell disintegration, protein and carbohydrate
release for T. suecica for 0.3 mm beads. It can be observed that a disintegration
percentage and protein release of over 99 % can be reached in a total processing time
of 400 s. Nevertheless, the maximal amount of carbohydrate was only found at the end
of the experiment without reaching a plateau. For the other bead sizes and algae
species, disintegration percentages >99 % were obtained. By means of Least Square
Error Regression (LSER) the first order model (Eq. 6) was fitted to the experimental
disintegration percentage, protein and carbohydrate release data. In all cases, the

coefficient of correlation ranged between 0.8856 and 0.9997.
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Figure 1. Relative disintegration and release of protein and carbohydrate for T. suecica
using 0.3 mm beads.

31



A) 0.06 -

mC. vulgaris
B N. oleoabundans
0.05 O T. suecica
. 0.04 -
3
3
= 0.03 -
0.02 -
0.01 -
0.00 - — 4 T
0.3 0.4 0.65
Bead size (mm)
B) 0.06 - mC. vulgaris
mN. oleoabundans
aT. suecica
0.05 4
0.04 +
3
20.03
-

0.01

0.00
0.3 0.4 0.65 1
Bead size (mm)
C) ER @C. vulgaris
B N. oleoabundans
0.05 - O T. suecica
0.04 -

=
o
@

Kearn (1)

0.02

0.01

0.00

0.3 0.4 0.65
Bead size (mm)

Figure 2. Kinetic constants for disintegration kgis (A), protein (B) and carbohydrate (C)
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32



Fig. 2A-C presents an overview of kinetics constants for disintegration, proteins and
carbohydrates release, respectively, for all algae strains and bead sizes. Chlorella
vulgaris showed a clear optimum bead size of 0.4 mm for disintegration and release of
carbohydrates. The kgis of 0.041 + 0.003 s from this study represents a significant four-
fold increase (p < 0.05) with respect to the benchmark of 1 mm beads (kqis = 0.009 +
0.001 s1). The protein release constant (Fig. 2B) using the 1 mm beads was similar to
the previously determined benchmark (Postma et al., 2015). It can be observed that C.
vulgaris shows an increasing trend in the protein release rate for a decreasing bead
size.

For N. oleoabundans a clear upward trend in the kgis and kprot Was observed when
decreasing the bead size, but no evident optimum bead size appeared. The best
disintegration results obtained with a kgis of 0.025 + 0.001 s'* was 3 fold faster using 0.3
mm beads than the 1 mm beads. The carbohydrate release for N. oleoabundans did
not show significant differences (p = 0.44). Neochloris oleoabundans and C. vulgaris
exhibit several structural similarities, including cell size (average 3.3 um and 3.2 um,
respectively) and morphology. Yet, we observed different kinetic constants, in
particular, for carbohydrates. This is most likely caused by differences in the cell
composition and cell wall structure of both algae, which contain cellulose-like polymer
structures. The genus Chlorella is known to have amino sugars as constituents in the
rigid cell wall, and it is suspected that chitin-like glycans are present (Kapaun and
Reisser, 1995). To our knowledge, no literature exists on the polymeric links present in
N. oleoabundans.

Among the strains tested, the disintegration rates of T. suecica were higher, and
statistically independent of bead size. This clearly suggests a weaker cell structure
(Kermanshahi-pour et al., 2014). A maximum kgis of 0.050 + 0.009 s'* was determined,
which is almost five-fold higher than the rates for C. vulgaris and N. oleoabundans (1
mm beads), but only 60% of the rate obtained by Halim et al. (2013) when disrupting
T. suecica using ultrasound for similar batch volume and processing time. No significant

trend was observed in the protein or carbohydrate release rate with respect to the
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bead size. The similar trends and magnitudes of kais and kpro: for all strains suggest that
most of the proteins that were measured in the soluble phase are released to the bulk
directly upon cell bursting. Differences in kqis and kprot are probably due to diffusion
limiting transport. The absolute carbohydrate release rate was lower for T. suecica
compared to C. vulgaris and N. oleoabundans. From the literature it is known that T.
suecica can accumulate significant amounts of carbohydrates in the form of starch
granules (Kermanshahi-pour et al., 2014), which are hardly soluble. For T. suecica the
measured starch-carbohydrate ratio was always between 0.5 and 0.9, while for C.
vulgaris and N. oleoabundans it was below 0.3 and 0.1, respectively.

Montalescot et al., (2015) observed no difference in the kinetic constant for bead
diameters of 0.325 and 0.625 mm for the disintegration of the microalgae N. oculata
(algae diameter 3 um). Their reported value (kqis of ~0. 006 s!), however, is on average
a factor 5-6 lower than the kgis values obtained in the current study for similar bead

sizes (0.3 —0.65 mm).

3.2. Protein and carbohydrate yield

Different algae batches were used per bead size, and the composition (total protein,
total carbohydrate and starch on biomass DW) of each batch was measured to

calculate the product yield using Eqg. 9; an overview is shown in Table 1.

According to Postma et al., (2015), 2.5 — 8 times more energy is required for continuing
the bead milling process beyond 85-90% protein release in order to reach the
maximum release. Therefore the yields in Fig. 3 are presented at 87.5% of the maximal
release, which corresponds to 3t (i.e., characteristic time of the protein/carbohydrate

release kinetic). t can be described as:

T=ki' In(2) (11)

Considering the difference in protein and carbohydrate release kinetics, it is important
to note that the time at which 87.5% release of each component is achieved is different
for each species and bead size. For C. vulgaris, the highest water soluble protein yield
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(Fig. 3A) of 36.3% was obtained using 0.4 mm beads. For both T. suecica and N.
oleoabundans, no significant differences (p > 0.05) between the protein yields were
found at different bead sizes. The protein yields obtained for C. vulgaris using the 1
mm beads were similar to the yields found in previous work (Postma et al., 2015) under

the same operating conditions.

Table 1. Overview of biomass composition of T. suecica, C. vulgaris and N.
oleoabundans for each bead milling experiment.

Experimental conditions Biomass composition

Algae db Protein %pw  Carbohydrate %pw Starch %pw
(mm) +SD +SD +SD

T. suecica 0.3 433+27 21.2+2.1 18.7+0.1
0.4 29.0+£0.0 33.7+£2.3 28.1+0.9
0.65 36.9+0.3 16.0+1.7 8.6+0.1
1 40.7+£3.5 23.6+2.2 12.4+0.2

C. vulgaris 0.3 53.1+1.7 17.9+0.6 46+0.0
0.4 57.0+1.4 14.0+0.7 2.8+0.3
0.65 534+1.1 15.7+0.3 53+04
1 51.6+3.2 15.7+0.4 34+04

N. oleoabundans 0.3 47.315.8 115+2.1 13+0.2
0.4 50.8+6.3 12.2+1.3 1.0+£0.0
0.65 51.2+1.9 17.1+25 1.5+0.2
1 55.6 £ 0.6 11.4+1.7 09+0.1

Schwenzfeier et al.,, (2011) found a water-soluble protein yield of 21% using
Tetraselmis sp., which is similar to the average yields found for T. suecica in this work.
For N. oleoabundans under nitrogen replete cultivation conditions, up to 35% of water-
soluble protein was released after bead milling (Emre et al., 2016). In addition, 't Lam
et al., (2017) found protein yields up to 50% after bead milling of N. oleoabundans.
These studies, however, aimed at completed disintegration rather than optimizing
energy consumption.

On average, a carbohydrate yield (Fig. 3B) of 62.7 £+ 4.5% and 46.6 £ 17.2% was
observed for C. vulgaris and T. suecica, respectively, independent of the bead size
(based on Tukey’s test). For N. oleoabundans, the carbohydrate yield improved (p <

0.05) from 22.4% to 40.3% from 1 mm to 0.3 mm, respectively. However, a clear trend
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could not be observed with decreasing bead sizes (Fig. 3B). Large variations in the
carbohydrate yields were observed for T. suecica, which might be explained by natural
variation or stress factors that altered the biomass composition. Analysis of the total
starch content (Table 1) on biomass DW revealed that T. suecica contained
considerably more starch with the same fluctuation as the yield, compared to C.
vulgaris and N. oleoabundans. As was observed in the previous section, the
carbohydrate release kinetics behaved independent of the bead size and were not

influenced by the biomass composition.
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Figure 3. Protein (A) and carbohydrate (B) yield as function of the bead size (mm). The
shown protein and carbohydrate yield correspond to 87.5% of the maximal release (i.e.
37).

3.3. Disintegration mechanism

The disintegration of microalgae cells and the breakage of organelles and internal
structures to release water-soluble biomolecules are the result of the shear generated
by collisions of beads in the mill chamber. Using Eq. 4, the S/ was calculated to be
5.8:10°, 1.4-10°, 5.9-:10” and 2.2:10* Nm per bead for 0.3, 0.4, 0.65 and 1 mm beads,
respectively. Since the same agitator tip speed and volumetric bead filling was used for
each bead size, the total kinetic energy for each bead size should be equal, under the

assumption that all beads acquire the agitator’s tip speed. This explains the statistically
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similar rates observed for T. suecica, but cannot clarify why higher kinetic constants

were measured at lower bead sizes for C. vulgaris and N. oleoabundans.

In this study, the SN (Eq. 1-2)), which quantifies the amount of stress events during
bead milling, is a function solely of bead size. The corresponding SN for the case of
disintegrations (Eq. 1) for all strains is presented in Fig. 4A-C. For C. vulgaris and N.
oleoabundans, the disintegration percentage can be described by a single curve,
independent of the bead size. This clearly indicates that the theoretical amount of
shear (S/) and corresponding energy delivered by all beads sizes go beyond an optimal
disruption barrier (Slopt). A similar behavior was found for the disintegration of yeast
cells by Bunge et al., (1992), where the stress frequency (similar to stress number) was
found to describe the disintegration percentage by a single curve. On the contrary, for
T. suecica, a dependence on the bead size with respect to the stress number can be
observed (Fig. 4A). For a constant stress number (e.g. 1x107), an increase in the bead
size (i.e., increase in stress intensity) caused a larger disintegration percentage. This
confirms the apparent trend (i.e., increased rate with increased bead size) in the
disintegration kinetics (Fig. 2A). Furthermore, it shows that S/ was below S/op: because
under the investigated bead diameters, bead sizes below 1 mm only gave the same

level of disintegration when the stress number was increased.

When plotting the disintegration percentage as a function of the measured specific
energy consumption Ey (Fig. 4D-F), the data for T. suecica are described by a single
curve. Regardless of the bead size, the same energy is used to reach equal levels of
disintegration. This is explained by the fact the specific energy consumption is
proportional to the product of S/ and SN (Eq. 5). For C. vulgaris and N. oleoabundans,
on the contrary, in order to achieve similar disintegration percentages with different
beads, a higher energy consumption is required; for both algae, the small range of
beads (0.3-0.4 mm) leads to the lowest energy consumptions (i.e., optimal energy
utilization was achieved). Fig. 4 supports the idea that the cellular structure of N.

oleoabundans (i.e., cell wall/membrane) presents higher resistance to shear damage,
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followed by C.vulgaris and T. suecica. Furthermore, Giinther et al., (2016) reported the
bursting energy for C. vulgaris in the range of 6.88-103 — 2.52-10* kWh kgpw™ dry
biomass and attributed this variation to differences in cell turgor and cell elasticity. The

corresponding disintegration energy for T. suecica was 1.87-10* kWh kgow™* (one order

of magnitude smaller) as estimated by Lee et al., (2013).
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Figure 1 Semi-log plot of disintegration percentage (%) as a function of stress number
C-SNp (-) for T. suecica (A), C. vulgaris (B) and N. oleoabundans (C). Semi-log plot of
disintegration percentage as a function of the specific energy consumption Ewm
(kWh kgow™) for T. suecica (D), C. vulgaris (E) and N. oleoabundans (F).

Scanning electron microscopy (SEM) micrographs of C. vulgaris were made prior to
bead milling and after 50% and 87.5% disintegration using both 1 mm and 0.3 mm

beads (Appendix Fig. A.1). Before disintegration, the cells have uniform spherical
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shape, but appeared to be cracked upon bead impact after which the cell content was
released, leaving an empty cell wall envelope. During disintegration, no visual
differences could be observed in the breakage mechanism between bead sizes at the

same disintegration rate of 87.5%.

For the release of proteins, a similar behavior was obtained with respect to the
disintegration when plotting the fraction of release (normalized with respect to Yrrot,max
of individual experiment) versus the SN or En (Appendix Fig. A.2). This suggests that
most of the soluble proteins are present in the cytoplasm or inside weak organelles.
Upon disintegration, all proteins quickly migrate to the bulk medium. Conceptually, the

process of protein release is similar to disintegration.

On the other hand, the release of carbohydrates revealed a different tendency
(Appendix Fig. A.3). For all three algae species, the release of carbohydrates was found
to depend on both SN and S/ when plotting the release fraction versus C-SN¢ (Appendix
Fig. A.3 A-C). Furthermore, it was observed that the release of carbohydrates can be
described using the specific energy consumption at a first glance by a single curve
(Appendix Fig. A.3 D-F). Similar behavior was also observed for weak/medium-hard
crystalline materials like limestone (Kwade and Schwedes, 2002), from which we
hypothesize that carbohydrates from the cell wall and starch granules behave like
crystalline material. During the course of the disintegration process the cell wall debris
and starch granules are stressed multiple times, breaking off polymers, oligomers and

monomers, thereby solubilizing simple sugars.

3.4. Specific energy consumption

The specific energy consumption for the release of 87.5% (3t) of the maximal protein
release (En3:) for the benchmark set with C. vulgaris was 1.71 kWh kgpw™ (Postma et
al., 2015). This was confirmed in the current work for C. vulgaris and N. oleoabundans
(which behave similarly) with a specific energy consumption of 1.42 kWh kgpw™* and
1.78 kWh kgpw!, respectively. An overview of T and Eu; 3 is given in Table 2, in which it

can be observed that T. suecica can give the same protein release regardless of the
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bead size using the same specific energy consumption on average 0.47 kWh kgow™ (p
= 0.65). In this regard, Lee et al., (2013) measured that the minimum specific energy
Ewm,min required to break up one kg T. suecica is 1.87-10% kWh kgow?, and compared it
with an energy efficient disruption process (hydrodynamic cavitation) with an Ey of 9.2
kWh kgow™ for a 1% w/w yeast suspension. In contrast, our findings (Em: 0.47 kWh kgow
1) show a twenty-fold improvement of Ey compared to that process. Nonetheless, it is
clear that mechanical disintegration methods are highly energy inefficient since a large
fraction of the total energy is used to displace beads and fluid and another fraction is
lost due to mechanical dissipation. According to Eq. 5, the specific energy consumption
of the system is proportional to the S/ and SN. The theoretical specific energy input of
the beads En 3 at 87.5% release of the protein content was calculated for each
experiment. The ratio of E;3: /Ewm, 3: gives an indication of how much energy was utilized
to give the beads momentum and which part of the energy was dissipated. For 0.3, 0.4,
0.65 and 1 mm beads (for all algae), this ratio was below 1%, 2%, 5% and 11%,
respectively, showing that the total required bead energy decreases with bead size.
This might be caused by the increased probability of impact at lower bead sizes due to
a high SN (i.e., more beads colliding in the mill) while maintaining an S/ above S/t
Moreover, this shows that running a bead milling process close to Slop: provides extra

potential energy savings.

Fig. 4E-F show that the energy utilization of the bead mill can be improved when
smaller beads are applied during bead milling for C. vulgaris and N. oleoabundans.
Decreasing the bead size from 1 to 0.3 mm can improve the energy utilization by a
factor 3.3 and 3.9 (p < 0.05) for C. vulgaris and N. oleoabundans, respectively (Table 2).
The lowest specific energy input found in this study was 0.45 kWh kgpw™ for C. vulgaris
using a bead diameter of 0.3 mm resulting in a Yprot of 28% and a Ycarp 0f 52%. Doucha
and Livansky, (2008) reported energy consumptions between 2.8 and 10.0 kWh kgpw*
at 77.7% or 90.6% disintegration of Chlorella sp., though no product release was

reported. Furthermore, >55-103 kWh kgpw* was required for 90% disintegration of N.
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oculata by Montalescot et al., (2015). Safi et al., (2014a) reported a Ypror 49.6% for an
Em of 7.5 kWh kgpw™ for C. vulgaris using high pressure homogenization. In addition,
Postma et al., (2016) reported an En of only 0.55 kWh kgow™ for disintegration of C.

vulgaris using pulsed electric field, though Y, was below 5%.

Table 2. Overview of characteristic process time t, specific energy consumption Ep; 3,
protein concentration Cprot, carbohydrate concentration Cears and selectivity S at 87.5%
protein release.

Experimental Energy consumption Product release

conditions
Algae d» T + SD Ems * SD Coot * SD Cear £ SD S
(mm) (s) (kWh kgow™)  (gL") (sL?) (Chrot/Ceart)
T. suecica 0.3 243 +5.7 0.47 +£0.11 6.7+0.5 24+0.7 28104
04 244+6.1 0.48 £0.12 5.7+£0.8 6.7t1.5 0.9+0.8
0.65 25.1+4.1 0.45 +0.07 53+1.7 1.5+0.3 34+0.8
1 244+4.1 0.49 £ 0.06 7.7+£0.0 1.8+0.0 44+0.0
C. vulgaris 0.3 23.6+0.3 0.45+0.01 13.3+04 8.3+0.1 1.6+0.2
0.4 34.0+2.6 0.72 £ 0.05 19.3+0.3 9.2+0.1 2.1+0.2
0.65 435+29 0.92 £0.06 11.0+0.6 9.1+0.1 1.2+0.3
1 73.7 £ 13.7 1.42 £0.26 14.7+£0.2 7.8+0.7 19+04
N. 0.3 23.9+0.5 0.47 £0.01 13.5+£0.5 2.8+0.3 48+0.3
oleoabundans
04 27.4+04 0.55+0.01 13.8+0.0 2.1+0.2 6.7+0.1
0.65 46.7£9.4 0.94 +0.19 119+14 63104 1.9+0.7
1 80.8+17.3 1.78 £0.38 11.3+25 22+04 52+13

With respect to the estimated energy content of a microalgae being 6.82 kWh kgow?,
and the assumption that no more than 10% of the energy content of the algae should
be used for extraction/disintegration (National Algal Biofuels Technology Roadmap
target, (US DOE, 2010)), the total energy for extraction should not exceed 0.682 kWh
kgow? (Coons et al., 2014). The En 3: values presented in this work show that the
specific energy consumption for bead milling can drop below this target, especially
with the smaller 0.3 mm beads. To our knowledge, this is the first study to present such
figures using fresh biomass.

As described above, it is known that mechanical disintegration techniques are energy
inefficient processes in which a large part of the energy is not utilized for the effective
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breakage of cells. In a first assumption, the total energy is used to move parts (agitator),
to displace beads and fluid, and dissipated into heat, which needs to be removed from
the system by means of cooling. For the energy-efficient hydrodynamic cavitation
process proposed by Lee et al., (2013), this means that only 0.002% of the required
energy is utilized. Therefore, almost all energy needs to be removed as heat and
thereby inevitably doubles the effective utilized energy. This would be true for all
processes in which only an algae suspension is “moved” (e.g., high pressure
homogenization, hydrodynamic cavitation, and ultrasound). However, in a bead milling
process, not only is an algae suspension moved, but also the beads require energy to
be displaced. The actual energy required for cooling of an algae suspension was also
measured for T. suecica, using 0.4 mm beads and the conditions described in section
2.2. During the course of one experiment (1h) a AT of 18.2 °C was measured, which in
terms of power, only corresponds to 4.2% of the En. Although the energy needed to
cool down the engine is not yet included, it is evident that the cooling requirements
could be ignored by running the bead milling shorter times (i.e., at 3t) and by
considering that after bead milling for 3t (5 min) the suspension has heated up from

21.6 °Cup to 24.3 °C, at which mild processing is still assured.

3.5. Selective protein release

An overview of the protein and carbohydrate concentration at 3t protein release in the
water-soluble phase is given in Table 2. C. vulgaris gives on average the highest
absolute protein and carbohydrate concentration in the supernatant. High product
concentrations are desirable if further fraction/purification is required, which reduces
the amount of water that needs to be removed. Table 2 also provides an overview of
the selectivity S (i.e., concentration ratio of released protein and released
carbohydrate). In general, the process is selective towards proteins, in particular, at
early stages of disruption (S > 1 for all times). The protein selectivity was highest for N.
oleoabundans, followed by T. suecica and C. vulgaris. S can be regarded as a quality

parameter for the bead milling process, i.e., a higher selectivity for the desired product
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makes further processing easier (e.g. less impurities). Therefore, S could be used to
tune the desired properties of the end product. Schwenzfeier et al., (2011) found that
“algae juice” (i.e., supernatant after bead milling), “crude protein isolate” and “purified
protein isolate” from Tetraselmis sp. have good solubility at pH values (5.5 - 6.5), a
range where seed protein isolates show low solubility. These extracts exhibit a
selectivity factor of around 2. In addition, it was shown that the carbohydrate fraction
contributes considerably to the high emulsion and foam stability over a large pH range
(Schwenzfeier et al., 2014). This suggests that the protein-carbohydrate concentrates
found in the current work might possess similar functionality.

The proteins released by bead milling were analyzed by means of Native PAGE to
provide insight about the size of the released proteins and whether they were
negatively affected (i.e., degradation or aggregation) (Fig. 5A-C). Overall, it can be
observed that the microalgal proteins have a large size distribution. To investigate the
hypothesis that smaller beads are favorable over larger beads to specifically release
products from intracellular organelles, Rubisco (Ribulose-1,5-biphosphate carboxylase
oxygenase) was chosen as a biomarker. Moreover, it is mainly located in an
intracellular organelle called the pyrenoid (Meyer et al., 2012), which is present in the
investigated strains. Rubisco consists of 8 large subunits (~56 kDa) and 8 small subunits
(~14 kDa) making a native size of ~540 kDa. As can be observed from Fig. 5A-C, Rubisco
is released over time during the bead milling process. The release of native and active
Rubisco was also observed in a previous study (Postma et al., 2016).

The band intensities of Rubisco were graphically processed to a density chromatogram
allowing peak identification and integration. With respect to the maximal amount of
Rubisco obtained, a relative density plot was created (Fig. 5D-F). The most distinct
difference was observed between the 1 mm and the 0.3 mm beads. With respect to
the different microalgae used in this study, T. suecica (Fig. 5D) did not reveal any
difference in the specific release of Rubisco. This could be due to the starch sheaths
which T. suecica synthesizes around the pyrenoid structure, which make the pyrenoid

not easily accessible (van den Hoek et al., 1995). Both C. vulgaris (Fig. 5E) and N.
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oleoabundans (Fig. 5F) showed that with a smaller bead size of 0.3 mm the release of

Rubisco can be enhanced which further supports our hypothesis.
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Figure 5. Native PAGE gel after bead milling using 1 mm beads for T. suecica (A), C.
vulgaris (B) and N. oleoabundans (C). Values on left in kDa, M: marker. Lanes are
indicated by the time in s after start of bead milling. The black box marks the Rubisco
band (~540 kDa). Relative density (-) versus time of bead milling (s) for T. suecica (D),
C. vulgaris (E) and N. oleoabundans (F).

4. Conclusions

The kinetics of disintegration and component release was improved for
C. vulgaris and N. oleoabundans at lower bead sizes, but remained unaffected for
T. suecica, which appeared to be significantly weaker. For all strains, energy

consumption was reduced to < 0.47 kWh kgpw™* and the native structure of the released
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proteins was retained. Analysis of the stress parameters revealed that the bead mill
was operated close to an optimum for C. vulgaris and N. oleoabundans at 0.3-0.4 mm
beads. Finally, selective protein release was achieved in early stages of disintegration,

for C. vulgaris and N. oleoabundans, using smaller beads.
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Abbreviations

Symbol Definition units

A Peak area [AU]

C Constant [-]

Ci Concentration of component i in supernatant [g LY
Cisiomass  Total concentration of component i in biomass [g LY

Cv Volume cell concentration [-]

dp Bead diameter [m]

Em Specific energy consumption [kWh kgow™]
Ev Theoretical specific energy consumption [kWh kgow™]
Em 3 Specific energy consumption at 3t [kWh kgow™]
En,min Minimal specific energy consumption [kWh kgow™]
Kearb Carbohydrate release first order kinetic constant [s7]

Kis Disintegration first order kinetic constant [s7]

Korot Protein release first order kinetic constant [s7]

M Mass of biomass on dry weight [Kg]

n Agitator speed (revolutions) [s7]

SN Stress Number [-]

SNp Reduced Stress Number for disintegration [-]

SNg Reduced Stress Number for grinding [-]

Sl Stress Intensity [J]/ [Nm]
Slopt Optimal Stress Intensity [J]/[Nm]

t Disruption/milling time [s]

Us Agitator tip speed [ms?]
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vV Volume [mL]

X; Degree of disintegration (Dis), protein concentration or [-]
carbohydrate concentration

Xi max Maximal degree of disintegration (Dis), protein [-]
concentration or carbohydrate concentration

Yearb Carbohydrate yield [%]

Yorot Protein yield [%]

€ Bead bulk density [kg m3]

(O Bead filling ratio [-]

Db Specific density beads [kg m3]

T Characteristic time of process kinetic [s]
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Appendix

Figure Al. SEM micrographs of C. vulgaris before disintegration (A), after 50%
disintegration using 1 mm beads (B), 87.5% disintegration using 1 mm beads (C) and
87.5% disintegration using 0.3 mm beads (D).
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Figure A2. Semi-log plot of fraction protein release as a function of stress number C-SNp

(-) for T. suecica (A), C. vulgaris (B) and N. oleoabundans (C). Semi-log plot of fraction

protein release as a function of the specific energy consumption En (kWh kgow™?) for T.
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Chapter 3

Understanding mild cell disintegration of
microalgae in bead mills for the selective

release of biomolecules
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Abstract.

Cell disintegration is, in general, the first step in the biorefinery of algae, since it allows
the release of biomolecules of interest from the cells into the bulk medium. For high
value commercial applications, the disintegration process must be selective, energy
efficient and mild. Developing a process with such features would demand extensive
experimental effort. In the present study, we attempt to provide a tool for developing
an efficient disintegration process via bead milling, by proposing a modelling strategy
that allows the prediction of the kinetics of cell disintegration while having as input not
only process parameters, but also strain-specific parameters like cell size and cell-wall
strength. The model was validated for two different algal strains (Tetraselmis suecica
and Chlorella vulgaris), at various values of bead size (0.3-1 mm) and bead fillings (2.5
—75 %) and at two different scales of 80 and 500 mL. Since the kinetics of disintegration
is proportional to the kinetics of release of biomolecules, the model can be further
used for scale-up studies and to establish a window of operation to selectively target
cells or metabolites of interest. Furthermore, the energy consumption in the mill was
evaluated and it was found that operating at high bead fillings (> 65 %) is crucial to

ensure an energy efficient process.
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1. Introduction:
Microalgae have gained attention in the last years due to their rich composition and
sustainable attributes. No fresh water and arable land are required for algae cultivation
and the areal productivities are in general superior to typical crops (Draaisma et al.,
2013). Algae can accumulate a variety of biomolecules, which can serve multiple
industries: proteins for food/feed applications (Vanthoor-Koopmans et al., 2013),
carbohydrates for materials and biofuels (Wijffels et al., 2010), lipids for nutraceuticals
and biofuels (Adarme-vega et al., 2012), pigments and specialty chemicals (Cuellar-
Bermudez et al., 2015) for high end markets, just to name the most common
applications. However, in order to recover the valuable biomolecules from algae, it is
necessary to access the cell wall and/or membrane under mild conditions. To achieve
this, several methods have been reported in literature, including physical, biological
and chemical treatments (Dixon and Wilken, 2018; Glinerken et al., 2015; Phong et al.,
2018b). Among these, bead milling has been proposed as an energy efficient, mild
technology leading to complete cell disintegration and selective release in a short time

(Suarez Garcia et al., 2018a).

Bead mills have been extensively studied for applications in mineral processing and
biotechnology (Kwade et al., 1996; Kula and Schitte 1987). However, investigations
regarding microalgae biorefinery have been limited to disintegration studies (Postma
et al.,, 2015) using statistical tools, residence time distribution analysis and kinetic
studies (Montalescot et al., 2015) and application of the stress model (Montalescot et
al., 2015; Postma et al., 2017; Zinkoné et al., 2018). The stress model developed by
Blecher et al., (1996) and Kwade et al., (1996) for the comminution of minerals, is based
on the existence of stress events that lead to shear and eventual disintegration. Both
the intensity and the frequency of such events are taken into account to quantify the
power transferred to the product and the corresponding comminution (crystalline
materials) or disintegration extent (agglomerates and cells). However, in the case of

cells, the model does not include cell properties and assumes that the beads move at
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a speed proportional to the tip speed. This is an important disadvantage as the beads

develop a velocity profile in the milling chamber (Yamamoto et al., 2012).

A more complete theoretical understanding of the disintegration of microalgal cells in
bead mills is lacking. It is important to take into consideration the mechanical
properties of the cells (i.e., cell size, cell-wall toughness, biomass composition) as well
as equipment characteristics and process variables (e.g., bead size, bead filling ratio,
agitation speed, flow rate). In addition, as the release of biomolecules -proteins,
carbohydrates and pigments- is linked to the kinetics of cell disintegration (Postma et
al., 2017; Suarez Garcia et al., 2018a), a more clear understanding of the cell

disintegration process can contribute to the design, operation, optimization and scale-

up.

The present study aims at developing a modelling strategy for the disintegration of
microalgae cells in bead mills. The model takes into consideration the mechanical
properties of the cell as well several process and equipment variables. We have
included the concept of effective disruption energy and have considered variable
energy release as function of the mill radius. The model is validated with experimental
data at various bead sizes and bead fillings, at two different scales and for two
microalgae strains. We also propose that the kinetic constants can be used as a key
parameter in process design studies, performance indicator, optimization and for

scale-up purposes.

2. Material and methods
Microalgae cultivation and harvesting. Tetraselmis suecica (UTEX LB2286, University of
Texas Culture Collection of Algae, USA) was cultivated using two different systems. For
lab scale experiments, cultivation took place in a 25 L flat panel photo-bioreactor. Ten
fluorescent lamps (Philips 58W/840) provided a continuous incident light of 373 + 18
umol m2 st Mixing and pH ~ 7.5 were maintained by sparging gas (0.254 vvm)
composed of a mix of air and 5 % v/v CO,. For semi-pilot scale experiments, cultivation

was done in a 300 L tubular horizontal photo-bioreactor. The system was subjected to
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artificial light by 7 halogen lamps with a total incident light of 312 + 25 pmol m?2 st and
a light:dark regime of 20:4 h. pH ~ 7 was controlled by sparging a blend of air and 7%
(v/v) CO; at 1.07 mL min?. The culture was thoroughly mixed by continuous
recirculation at a rate of 30 L min™L. For both systems Walne medium was supplied at a
ratio of 8.8 mL L culture (Michels et al., 2014b). Temperature was maintained at 20°C
via inner coils controlled by an external cooling unit. The photo-bioreactors were
located in a greenhouse in AlgaePARC, Wageningen - The Netherlands. Cultures were
harvested by centrifugation (80 Hz) using a spiral plate centrifuge (Evodos 10, Evodos,
The Netherlands). After centrifugation, the biomass paste was stored in dark at 4°C.
Chlorella vulgaris UTEX 2714 was kindly provided by Dr. Dorinde Kleinegris

(UniResearch, Bergen-NQO) and Jeroen de Vree (University of Bergen, Bergen-NO).

Algae disintegration. Prior to the disintegration experiments, the algae paste was re-
suspended in phosphate-buffer saline (PBS: 1.54 mM KH2POg, 2.71 mM Na;HPQO4-2H,0,
155.2 mM NaCl at pH 7.0) to obtain the desired biomass concentration. Disintegration
experiments were conducted in batch recirculation mode (Fig. 1A) using two
horizontally oriented bead mills (Willy A. Bachofen AG Maschinenfabrik, Muttenz,
Switzerland). Laboratory scale studies were conducted in a 0.079 L mill (DYNO-Mill
Research Lab). To test the effect of the shear generated by the agitator on the cells,
the mill was run without beads at 1500, 3500, and 5500 rpm and slurry concentrations
of 30, 93, and 155 g kgow . Additionally, disintegration studies were performed at bead
filling ratios of 2.5, 10, 45, 65 and 75 %. These correspond to the percentage of the
maximum achievable packing. Semi-pilot experiments were conducted in a 0.5 L mill
(DYNO-Mill Multilab) at 75 % bead filling ratio and 1800 rpm. Both milling systems
contained 0.5 mm Yttria-stabilised ZrO, beads (Tosoh YTZ®). Temperature was
controlled at 25°C by external cooling units fitted to the mill’s cooling jacket.

Equipment details are given in Table 1.

Power consumption and heat dissipation. Power consumption was estimated from the

actual torque and agitator’s speed used by the mill during operation. Heat dissipation
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was assessed by running the mill (65 % of 0.5 mm beads, 100 g L™ biomass slurry)
without external cooling and by recording the temperature increase over a period of
20 min. The corresponding power was estimated from the temperature increase using

as specific heat 3.87 J kgt K'* and density of 1200 kg m™ (Schneider et al., 2016).

Table 1. Dimensions of bead mills used for the disintegration experiments.

Section unit Laboratory Semi-pilot
Chamber volume mL 79.6 500
Chamber radius mm 29.5 38.5
Accelerator radius mm 25 31.8
Number of accelerators 1 3

Shaft radius mm 15 13.3
Chamber length mm 38.5 139.1
Accelerator length mm 22 99.1

Shaft length mm 7 40.0

Sample collection for kinetic studies. For each experiment, samples were collected at
different times directly from the feeding chamber (Fig. 1A). The volume of the total
samples never surpassed 5 % of the feed volume. After collection, samples were
centrifuged at 20,000 RCF and 20°C for 20 min. The supernatants were separated and

stored at 4°C prior to analysis.

Sample analysis. Dry weight was determined gravimetrically after drying for 24 hours
to constant weight using a Sublimator 2x2x3 (Zirbus technology, GmbH). Analysis of
the soluble phase was conducted as described by (Postma et al., 2017). In short,
protein content was determined following the method of Lowry (Lowry et al., 1951)
using Bovine serum albumin as protein standard. Carbohydrates were measured via

the phenol-sulfuric acid method (Dubois et al., 1956) using glucose as standard.

Cell sizing and disintegration. Cell size was estimated with a Beckman Coulter
Multisizer 3 (Beckman Coulter, Fullerton USA) with a fixed aperture of 50 um. Samples

were diluted with Coulter Isoton® Il prior to analysis. The size distribution of
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microalgae cells shows a peak at ~ 1-2 um which corresponds to flagella, cell debris
and bacterial contamination. In this study we report only the mean of the second peak,
which correlates to intact cells. The disintegration analysis was conducted as presented
in our previous publication (Postma et al., 2017) using a flow cytometer (BD Accuri®
C6). Samples were diluted with PBS buffer prior to analysis and measured at fluidics
rate of 35 uL mintand a constant volume of 15 pL. Forward scattering data was used

to quantify the degree of disintegration over time.

Viscosity. The viscosity of the biomass slurries was determined using a dial reading
viscometer Brookfield® LVT (AMETEK.Inc., USA). Measurements were conducted at

ambient conditions.

Statistics. Until otherwise noticed, all experiments were performed in duplicates.
Statistical analysis at 95 % confidence level was conducted using R (V 3.4.0).
Significance was evaluated applying one way ANOVA. To compare significantly

different means, a Tukey’s Honest Significant Tests (HSD) was applied.

3. Model development
A schematic representation of the milling system under batch recirculation mode is
shown in Fig. 1. A suspension containing alga cells nyx is fed from a hopper to the milling
chamber via a conveying screw and recirculated back at a constant rate F. In the milling
chamber, disintegration takes place as a result of the shear caused by colliding beads.

The following assumptions are made:

i. As shown in Fig. 1A, an external stirrer is placed in the feeding hopper and thus,
ideally mixed conditions are assumed (Eg. 1). The conveying screw forces the fluid
through the milling chamber where strong mixing takes place, pushing the fluid back
to the feed section. Here, ideally mixed conditions are considered (Montalescot et al.,
2015) (Eq. 2):

Ve dng p = F(yg our — Ny p)dt (1)

Fhiyour = Fniy p — Ny our kpVen (2)
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Vf = Vsusp —(1-a=x 1- E))Vch (3)

Where ¢ is the porosity of the bead porosity due to packing, Ve is the volume of the
mill chamber, a is the bead filling ratio, nxsand nxou: are the cell concentrations in the
feed and mill respectively, and Vsthe volume of feed. In Eq. 2, kp [s] is a constant given

by:

kp =550 (@)

Ven " Ex

Where Vyx is the volume of a single cell, E is the total energy resulting from collisions in
the mill and Ex the energy required to break a single cell. The fraction V V¢, represents
the probability of cells to be hit by collisions in the mill while the fraction E Ex* accounts
for the excess of energy of collisions in the mill. While kp can be seen as a constant
accounting for cell death, n represents the “effective disruption energy” and gives an

indication of the energy losses for other purposes rather than cell disintegration.

ii. In the mill chamber the accelerator rotates at a constant speed w and transfers
momentum to the fluid and to beads of equal size dj (Fig. 1B). The movement of the
beads is governed by several forces, including gravity, drag and buoyancy (Fig. 1C). By

applying a force balance on an individual bead, the resultant bead velocity is given by:

weufien(220) o

Where uis the liquid viscosity and py is the bead density. In Eq. 5 it was assumed that
the effects of gravity and buoyancy cancel out at the opposite positions in the circular
coordinate. In addition, centrifugal force, hydrodynamic lift, Coriolis force and bead
rotation are neglected. This allows us to formulate bead velocity as function of the
frictional force or Stokes’ drag (Dogonchi et al., 2015). Eq. 5 predicts that uy~ u; even
for very short times due to the small bead size. We therefore assume that the fluid and
the beads are traveling at equal speeds. Consequently, up is a function of the radial
position as there is a distribution of velocities between the accelerator and the
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chamber wall. Furthermore, we consider beads to be homogeneously distributed in

the mill and stacked in layers (Fig. 1B).

iii. The stacking of beads in layers has also been used by Doucha and Livansky
(2008) and allow us to have a distribution of number of beads and their velocities by
layers (J to Jm), i.e., there are less beads close to the accelerator traveling at maximum
speed (speed of the accelerator) and more beads close to the wall moving at low
speeds or static. This also means that more layers are available for beads of smaller
size. Computational estimations by Yamamoto et al., (2012) confirm these

assumptions.

A D
l F Nx out
Feed | | ¢ ¢ === "
= Shaft | Accelerator i
_____ :
ney Y- '
| 1IN TS P R R 1

Milling chamber

Figure 1. Schematic representation of the bead milling system. A: Milling chamber
under batch recirculation mode. B: Frontal view of milling chamber with velocity
profiles and bead stacking in layers. C: Force balance on a single bead (Fs=Drag,
Fp=Boyancy, Fg=Gravity). D: Colliding beads and effective disruption energy n.

iv. The alga slurry behaves like a Newtonian fluid. Preliminary experimental data
revealed negligible changes in viscosity during bead milling (data not shown). Thus, the
Navier-Stokes equation in Couette flow (Bird et al., 2002) can be used to describe the
fluid velocity distribution u; in the annular section (Fig. 1B). The effect of gravity on the
flow distribution and the axial velocity component are deemed negligible. Under these
conditions, the velocity profile and shear rate (y) in the mill are given by (Gers et al.,

2010; Michels et al., 2016; Yamamoto et al., 2012):
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u =2 (5-7) )

r

V= (7)

Where « is the ratio of the radius of accelerator and mill chamber (R), Q is the angular
velocity and r is the radial position inside the mill. Correspondingly, the shear stress
can be estimated by multiplying the shear rate and the fluid viscosity (Bird et al., 2002;
Geankoplis, 1993; Michels et al., 2010). Moreover, Eq. 5-6 were applied to the two

sections of the milling chamber: shaft and accelerator.

V. The moving beads carry kinetic energy which is released upon collisions (Fig.
1D). The frequency of collisions per unit volume (z) was estimated according to the
kinetic theory of gases (Atkins and Paula, 2006) as proposed by Melendres et al.,
(1991b):

zZ= gubndﬁnz (8)
Where nis the number density of beads (amount of beads per unit volume). Since there
is a distribution of velocities for the beads, Eq. 8 leads to a distribution of frequency of

collisions as function of the mill radius.

Vi. Several types of interactions can take place among moving beads, including
impact, torsion, shearing and rolling (Beinert et al., 2015). Similarly, the interaction of
colliding beads and cells can result in shear forces, compressive forces and impact
forces (Pan et al., 2017). It was assumed that all the energy is released after single
collision impacts (Fig. 1D) and that their energy is equivalent to the kinetic energy

carried by the beads:

Ey, = ppVpup (9)
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Where py and Vp are the density and volume of the bead, respectively. The total energy
released by colliding beads (E) is therefore calculated as the product of the energy and

frequency of collisions (Kwade and Schwedes, 2002):
E =Z§T:1Eb,j*zj*Vj (10)

Where the subscript j refers to the radial stream layers in which the beads are moving

in the milling chamber (Fig. 1B).

vii.  The specific disruption energy Ex depends on the physiological structure of each
species and on the media osmolality. The corresponding values for T. suecica (17.4 pl)
and C. vulgaris (22.8 pJ) were taken from Lee et al., (2013) and Glinther et al., (2016)
and corrected by the osmolality of the media (PBS buffer). Although cell disintegration
can also take place as result of cumulative damage, such effects were not taken into
consideration.

viii.  Several authors have recognized the existence of a region between colliding
beads in which disintegration effectively takes place (Bunge et al., 1992; Kwade and
Schwedes, 2002; Melendres et al., 1991). We have introduced the concept of “effective
disruption energy” n to account for the energy released after collisions that reaches
the cells to cause damage or disintegration (Fig. 1D). Suarez Garcia et al., (2018)
presented an overview of the specific energy consumption (En) of several bead milling
processes reported in literature for microalgae disintergation; the average
experimental value was Emexp = 11.8 kWh kgow™. On the other hand, the average
experimental energy for disintegration is Ex = 1.35x103 kWh kgpw™. n was therefore
calculated as n = Ex/Em,exp =1.15x104.

iX. Eq. 1 and Eq. 2 can be solved in order to estimate the amount of cells that are

leaving the milling chamber ny out:

anOut k F ( F )
—HOU — ki Ny oue s Kais = — —-1) (11
dt dis "*X,out » dis vy F+kpVen ( )
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Eqg. 11 corresponds to a first-order kinetic model, as several authors have implemented
to describe the disintegration kinetics of bacteria, yeast and microalgae in bead mills
(Doucha and Livansky, 2008; Kula and Schiitte, 1987; Middelberg, 1995; Zinkoné et al.,
2018).

Model solution. The values of kqis for several experimental and processing conditions

were estimated by solving equations 3 - 11 using Matlab® R2015b.

4. Results and Discussion
Cell damage and disintegration occur as result of the cumulative intensity of the forces
that effectively reach the cells. The nature of such forces and their effect on the cells
depend on the type of disintegration method. In general, differences in osmotic
pressure, electric fields, eddy diffusion, turbulence, cavitation, hot spots and/or shear
caused by mechanical elements are believed to be the responsible mechanisms of
damage on the cell structure (Brookman, 1974). The rigidity of the cell envelope also
plays a critical role to withstand shear forces, temperature or extreme local pressure
gradients. Cell strength varies greatly depending on the microalgae strain and the cell
physiology. Wang and Lan, (2018) reported critical stress values (i.e., pressure limit to
ensure cell viability) for several algae species in the range 1.6x10*to 88 Pa. Low critical
values are often occurring in strains lacking of a defined outer cell wall, and instead
have peptidoglycan layers, plasma membranes or polysaccharides which can dissolve
in the culture medium (Geresh et al., 2002). On the contrary, strains with a cell wall
rich in polymers like cellulose or sporopollenin (Hagen et al., 2016), are highly resistant
to stress and chemical treatments. Tetraselmis suecica’s cell wall rich in a pectin-like
polysaccharide (Kermanshahi-pour et al., 2014), which confers it relative resistance to
shear stress (Michels et al., 2016). Chlorella vulgaris is believed to contain a cell wall
rich in cellulose and hemicellulose (Abo-Shady et al., 1993) and therefore displays a
superior resistance against external stress. In a milling chamber, however, shear can
be originated from collisions, from friction between beads or from the turbulence

generated nearby the accelerator or close to the wall. Several experiments were
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therefore conducted in order to assess the effect of shear caused by agitation without

beads.

4.1.  Effect of shear on cell disintegration
The shear generated by the rotation of the agitator without beads, in the range 1500
to 5500 rpm, has a negligible effect on the cells of T. suecica. This was confirmed by
measuring the percentage of cell disintegration and the amount of released proteins
and carbohydrates after 20 min of operation. As presented in Fig. 2A, cells remain
practically intact and the amount of released biomolecules varies only marginally (p >
0.05). Even after 1 h of operation, no significant effect was noted (data not shown).
Under these operational conditions, the alga cells were exposed to theoretical shear
forces up to 5.5 kPa (Eq. 7), which is well above the critical stress level of 88 Pa reported
by Michels et al., (2016). However, 88 Pa may represent a stress condition rather than
a cell damage threshold. In fact, Lee et al., (2013) reported a minimum experimental
energy required to disrupt a cell of T. suecica of 7.1 £ 3.5 pN. By considering this force
acting on the surface of a cell with an average diameter of 7 um, the minimum
theoretical force required to cause disintegration varies from 23.4 to 68.8 kPa. This
confirms that agitation alone is insufficient to induce cell disintegration or release of

proteins and carbohydrates from the alga under study.

Simulations of the fluid and bead flow profiles were conducted at agitation speeds of
1500 to 5500 rpm, bead sizes of 0.3-1 mm and fluid viscosities of 1x103 to 1.6 Pa s. It
was found that the flow profile for the beads deviates significantly from the ideal
Couette flow (Eq. 6) only at low viscosity values (u < 0.01 Pa s) and short times (t < 0.1
s). Since all disintegration experiments were conducted with biomass slurries
displaying viscosities above 0.017 Pa s, significant differences in fluid and bead velocity
are only taking place at t < 0.05 s. It is therefore assumed that up = u;. It is worth noticing
that in reality the flow patterns in agitated mills is greatly complex (Blecher et al., 1996)

and depends on several variables. Our oversimplification, however, makes possible to
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have an estimate of the velocity profiles which is used to calculate the energy released

from the colliding beads.
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Figure 2. A. Variation in the percentage of disintegrated cells and released proteins and
carbohydrates after 20 min stirring without beads. Letters in the y-axis refer to the
operating conditions (L: Low, M: Medium, H: High) for biomass concentration: 30, 93,
155 g L1, and agitation: 1500, 3500, 5500 rpm. B. velocity profiles of beads in the
milling chamber at several tip speeds [m s].

The bead velocity profiles developed in the milling chamber at several agitation speeds
in both the shaft and accelerator regions are shown in Fig. 2B. The simulations show
that the beads acquire the tip velocity in the vicinity of the shaft or accelerator, and
become nearly static at the chamber’s wall. As expected, beads reach a superior speed
over the accelerator where maximum energy densities are expected. Computational
simulations conducted by Yamamoto et al., (2012) on horizontally oriented mills
confirm our simulations: beads nearby the agitator move at maximum speeds while a
larger number of beads are located around the proximity of the wall, moving at low
speeds or almost static. Within the range of experimental conditions tested in the
present study for cell disintegration, the Reynolds number (Eq. 12) varies in the interval
1x103 < Re < 9x10° which corresponds to the Doubly periodic flow regime (Bird et al.,
2002). This is a complex flow regime involving periodic waves traveling in the tangential
direction. Only for slurries with a viscosity of 1.6 Pa s, Re = 100, under which laminar
flow can be considered. As the description of the flow under the actual regime is overly

complex or unknown, the simplification to laminar regime is required.
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Re = Qp,(kR)*u;*  (12)

4.2.  Power consumption in the milling chamber
Experimental evidence indicated that shear from the accelerator alone -without beads-
is not responsible for cell damage or disintegration during bead milling. In this regard,
cell rupture takes place as a result of the energy released by colliding beads. This
energy depends on the kinetic energy carried by the beads but also on the probability
of the cells to be trapped in between colliding beads, where shear is strong enough to
cause disintegration (Kula and Schiitte, 1987). To further understand the energy
distribution in the mill and its effect on cell disintegration, the power consumption of
the laboratory scale mill under several conditions was measured and the results

compared in Fig. 3A.
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Figure 3. A. Power consumption for the laboratory scale mill under several processing
conditions. B. Theoretical power released by colliding beads over the accelerator
region for different bead sizes.

As can be seen, for a stirring speed of 1500 rpm, the power consumption remains
practically stable even if the mill runs empty or with beads (65 %) and biomass slurry
(155 g L'1). The corresponding measured heat dissipation at this speed reaches 17.8 %
of the total power spent. The power consumption further increases following an
exponential tendency as the agitation speed augments to 3500 and 5500 rpm. This can
be the result of the chaotic movement of the beads which forces the accelerator to

demand higher power in order to keep a constant stirring speed. Under 3500 and 5500
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rpm, the measured power dissipated as heat reaches 24.2 % and 60.8 % of the total
respectively, confirming excessive shear generation. Furthermore, the simulations
indicate that approximately 95 % of the total energy released from collisions in the mill
is occurring in the region of the accelerator. This suggests the existence of a zone of
high energy surrounding the accelerator and a zone of low energy located around the
shaft and close to the wall. In Fig. 3B the theoretical energy released as a result of
collisions over the accelerator is plotted against the radial position for several bead
sizes and a constant stirring speed of 3500 rpm (Re=5000). Indeed, at the vicinity of the
accelerator, there is a high energy density which falls exponentially to the proximity of
the wall. Blecher et al., (1996) also proposed an energy density distribution in agitated
mills which is mainly determined by the velocity gradients of the fluid. Their
simulations, however, predicted the existence of two high energy zones: Close to the
agitator disc and close to the wall. Similarly to our predictions, the regions of high

energy account for about 90 % of the total energy dissipated in the mill.

4.3.  Simulation of disintegration rates
Experimental data and simulations show that colliding beads are required to cause cell
disintegration and that the region surrounding the accelerator accounts for almost all
(> 95 %) the energy released in the milling chamber. This energy is used to calculate
the disintegration kinetics constants (kgis) according to Eq. 11. The simulated kqis as
function of the accelerator’s tip speed, cell size and cell strength are displayed in Fig.
4. As expected, the kinetic rates decrease as the cell strength increments from 5 to 80
pJ. This range covers a broad range of microorganisms and algae strains. For instance,
the force required to break mammalian cells ranges from 1.5 to 4.5 uN (Mashmoushy
et al., 1998), while for bacteria and yeast the ranges are 3 to 34 uN (Shiu et al., 2002)
and 55 to 175 uN (Mashmoushy et al., 1998) respectively. T. suecica demands a force
of 7.4 uN (17 pJ) (Lee et al., 2013) whereas for C. vulgaris, the force can increase 5 fold
for high medium osmolality which directly affects the cell’s turgor pressure (Glinther

et al., 2016).
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Figure 4. Predicted disruption rates kais [s] at fixed bead size (0.5 mm) and bead filling
(65 %) as function of cell size (dx), cell strength (Ex) and tip speed (u:). The standard
value of the parameters are ur=6.8 ms™?, Ex=17.4 pJ and dx= 6 um.

From Fig 4. it is also clear that Eqg. 11 predicts an increment in kqis as the cell size or the
tip speed increases. This means that larger cells are more likely to be trapped in
between colliding cells, which will result in higher degrees of disruption. Similarly, at
larger agitation speeds both the frequency and intensity of collisions are superior and
so does the energy available for disintegration. Tip speed, however, appears to have a
marginal effect on the kinetic rates above 3500 rpm (u:>9.6 m s2). This resembles what
Kwade and Schwedes, (2002) defined as optimal stress intensity (Slopt), @ limit above
which an additional energy input has a negligible effect on the comminution process.
As also observed in Fig. 3A, heat dissipation becomes excessive beyond 3500 rpm,
which will have an impact on product quality and operation costs. The model
predictions can therefore serve to establish a window of operation to maximize
disintegration and reduce costs. The tendencies simulated for dx vs kais (Fig. 4) were
experimentally observed by Zinkoné et al., (2018) and Montalescot et al., (2015) on a
continuously operated bead mill for several algae strains of sizes ranging from 3 to 9
um. The authors indicated that bigger cells are disintegrated more rapidly as the
probability of larger cells to be trapped in between colliding beads is higher. On the
contrary, smaller cells offer a higher resistance to disintegration, but recognized that
the influence of cell strength was not assessed. Postma et al., (2017) also reported kgis
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for three different algae strains of sizes ranging from 3.1 to 7.6 um; similar
observations were made, but the results were explained considering differences in cell
strength rather than on cell size. To our knowledge, the present study is the first
attempt to incorporate cell strength to predict disintegration rates for microalgae in

bead mills.

4.4. Model validation
Model predictions as given by Eq. 11 were validated against experimental data
collected in this investigation along with data published by Postma et al., (2015) and
Postma et al., (2017). In all cases the same bead mill and operation mode were used.
In Fig. 5, the kinetic constants reported by Postma et al., (2015) for the disintegration
of C. vulgaris as function of tip speed (u:) and biomass concentration (Cx) are compared
against the model estimations. The model predicts that kaisincreases at higher u:, which
is due to a superior kinetic energy delivered by the colliding beads, and remains
practically stable at various Cx. In this regard, the published data is contradictory and
appears to depend on the system under investigation. Some studies find a positive
effect of Cx on kqis while others report an optimal, negative or negligible effect for algae
and yeast (Doucha and Livansky, 2008; Montalescot et al., 2015). It appears that
biomass concentration is important mainly to ensure low specific energy

consumptions.

The data from Postma et al., (2015) show a slight increase of kgis as function of uz, and
a more pronounced increment of kqis at higher values of Cx. Considering the uncertainty
associated with the experimental data (=21 %) the model shows acceptable
predictions, except at u: =12 m s where deviations are significant. This indicates that
the energy dissipated at high agitation rates is larger in practice than estimated in the

model and thus, it suggests that a smaller value of n is needed for such conditions.
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Figure 5. Comparison of model predictions (surface) with data published by Postma et
al., (2015) (open markers) for C. vulgaris. Dashed lines are a guide to the eye.

Bead size and bead filling are crucial parameters since they are directly related to the
total energy that can be released in the milling chamber. Several investigations have
addressed the influence of bead size on the kqis of algae in bead mills. Superior
disintegration has been reported for the microalgae Scedenesmus sp., Nannochloropsis
oculata, and Chlorella sorokiniana as the bead size decreases, in particular for beads in
the range 0.2-0.6 mm (Hedenskog et al., 1969; Montalescot et al., 2015; Zinkoné et al.,
2018). The bead material has also a direct effect on the disintegration of algal cells
(Montalescot et al., 2015). It has been reported that superior disruption levels are
obtained with zirconia beads in comparison to glass beads probably due to their higher
density which results in enhanced kinetic energy at constant speeds (Doucha and
Livansky, 2008). In Fig. 6A-B, the corresponding kais for two algal strains reported by
Postma et al., (2017) using zirconia beads at 65 % filling rate are compared with the
model calculations. The model accurately predicts the trends for T. suecica (Fig 6A) and
C. vulgaris (Fig. 6B). For the former, no significant variation of ksis was obtained at
different values of dp. This can be explained by its relatively weak cell wall which can
be disintegrated at comparable rates regardless of the bead size. For C. vulgaris, the

model captures the general expected behaviour: k4s decreases as the bead size
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increases, confirming previous studies. Although with smaller beads the kinetic energy
carried per bead is lower, the number of beads and therefore number of collisions that
take place in the milling chamber is superior, suggesting that the frequency and not
intensity of the collisions is the rate controlling factor during bead milling. Zinkoné et
al., (2018) found a linear correlation of stress frequency with kqis for C. sorokiniana in a

continuously operated bead mill.

The effect of bead filling (a) on the disintegration of algal cells is often overlooked.
Montalescot et al., (2015) evaluated disintegration rates for P. cruentum from 35 to 65
% and Doucha and Livansky, (2008) presented data for several milling systems in the
range 60-85 %. In both cases it was reported superior disintegration rates at higher a.
In Fig. 6C, experimental data and model results for T. suecica at o from 2.5 to 75 % are
shown. The predicted data accurately describe the experimental values, reflecting that
as a increases, the number of beads and the frequency of collision becomes larger,
therefore disrupting more cells per unit time. At low a, the frequency of collisions is
low, requiring remarkably long residence times to achieve complete cell disintegration.
This, in turn, implies large equipment volumes and consequently high capital expenses.
As the value of a increases, the energy released by colliding beads becomes larger, and
complete disintegration is obtained in short times. The corresponding specific energy
consumption to reach 95 % disintegration (Em) as function of the bead filling is
presented in Fig. 6D. As shown, there is a clear reduction in E; mainly due to the impact
on residence time. Furthermore, as the data presented in Fig. 6D was collected at
moderate agitation speeds (2039 rpm), it is expected that no significant additional
power will be consumed as a result of the presence of the beads (Fig. 3A). Operating
the mill at a= 65 to 75 % will guarantee that the target for energy consumption for the
extraction step within an algae biofuel biorefinery Em e = 0.6 kWh kgDW (Coons et
al., 2014) is achievable.
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Figure 6. (A-B) Disintegration rates for two algae strains at different bead sizes.
Experimental data from Postma et al., (2017). A. T. suecica (o). B. C. vulgaris (A). C.
Disintegration rates at different bead fillings for T. suecica (o). Columns: experimental
data. Markers: model predictions. D. Specific energy consumption (Emn, Log scale) as
function of the bead filling to reach 95 % cell disintegration. Open marker:
Experimental data (Suarez Garcia et al., 2018). Dotted line: Ex, for extraction (Coons et
al., 2014).

The development of mild and energy efficient disintegration processes is crucial to
ensuring the extraction of functional biomolecules from algae and to realise algae
based processes at large scale (Suarez Garcia et al., 2018a). In this regard, the
modelling approach presented in this investigation allows the study of the
disintegration of several microalgae species when information on the cell-wall strength
and size are known. Moreover, the model makes possible the selection of an
operational window depending on the biorefinery needs. Agitation speed, bead filling,
bead size and flow rate can be estimated to target specific groups of cells within a

population. For example, cells that accumulate preferentially a metabolite of interest

and therefore appear larger (Cabanelas et al., 2016) or cells displaying a stiffer cell-wall
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because they are undergoing a different stage in the cell cycle as demonstrated by de
Winter et al., (2013), cells accumulate first proteins and pigments and later
carbohydrates and lipids during the growth phase of synchronized cultures. This can
be exploited in order to release selectively metabolites during bead milling and to
obtain crude fractions with higher purities. Also, in case of a mixed algae population,
the operational parameters of the mill can be tuned to operate within a range of
energy values (energy released in the milling chamber) to selectively release high value
biomolecules that are produced by a certain strain only. A more extensive knowledge
on the cell-wall composition and the energy required to disrupt a single cell is therefore

needed (Alhattab et al., 2018).

4.5.  Effective disruption energy
We have introduced the term effective disruption energy n as a factor that indicates
the fraction of energy that is dissipated into the medium, without effectively reaching
the cells. A significant portion of the total available energy is spent in providing
momentum to the mechanical elements of the mill as well as to the biomass slurry and
the beads. It was determined that as the agitation speed increases, the energy demand
and heat dissipation becomes significant (Fig. 3A), which is probably due to the
complex nature of the collisions occurring in the mill. We have assumed perfectly
elastic collisions occurring at a frequency similar to that of gas molecules. However,
the real nature of the collisions, flow regimes and the actual gradients of speeds at
which collisions are taking place are unknown (Becker et al., 2001). For instance, the
restitution coefficient (ratio of post- to pre-impact bead velocity) for 0.5 mm beads at
a =65 % for the system under investigation is 0.9 (Beinert et al., 2015). This means that
< 1 % of the energy of collisions is dissipated to the fluid. For the estimation of the
collision frequency, the kinetic theory of gases was used, but this requires particles
with negligible volume, which does not hold for the system under study, in particular
at high filling ratios. The values of Ex were taken from studies in which nano-
indentation was used. However, during bead milling the beads have a typical diameter

of 102-fold larger than the cell diameter. Since the contact area provided by the needle

72



during indentation is much smaller than the area of a bead in contact with a cell, a
stronger force is needed from the beads to attain the same pressure. Also, there are
physiological variations for the same strain due to culture conditions and random

mutagenesis, which have a direct effect on the values of Ex.

4.6. Selective release of biomolecules
The comminution process of microorganisms cannot be defined by the fineness of the
cell debris but from the cell rupture and consequent release of biomolecules into the
surrounding fluid. In this regard, cell disintegration and release of biomolecules are
proportionally correlated. We have analysed the experimental data reported by
Postma et al., (2017) for the release of proteins and carbohydrates from three
microalgae species and found that protein and carbohydrate release can be estimated
directly from the rates of disintegration. In other words, with a confidence level of 95
%, the kinetic rates of proteins and carbohydrate release are proportional to kgis. The
rates of pigment release also appear to be dependent on the cell comminution rate as
pigments are normally located in the chloroplast or in internal storage organelles (de
Winter et al., 2013; Suarez Garcia et al., 2018a). Therefore, the accurate estimation of
the disintegration rates not only provides crucial information for the design and
optimization of the disruption processes, but also for the fractionation and purification
steps downstream. A clear example of this is that differences in kinetic rates can be
exploited to selectively enrich the extract phase with a metabolite of interest, which

can favour both the yields and purities (Suarez Garcia et al., 2018a).

4.7. Scale up
The predictive capabilities of Eq. 11 were also evaluated for a system at semi-pilot scale
as described in section 2 and Table 1. The experimental disintegration rate for T.
suecica was 1.29 + 0.08 x102 s and that for C. vulgaris was 4.14+0.09 x103 s. The
simulated rates were 7.86x103 s and 3.58x1073 s! respectively. The corresponding
kinetic curves are shown in Fig. 7. As expected, higher disintegration rates are obtained

for T. suecica as its cell wall is weaker and thus, the energy released in the bead mill is
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sufficient to break more cells per unit time. The model presented in this investigation
can potentially be used for scale up purposes. By keeping the rates of disintegration
kqis uniform at different scales, the model can be solved to estimate the corresponding
rotational speeds, bead size, bead filling and geometrical dimensions of the mill at a
larger scale. This can be made strain-dependent or can be aimed at multi-strain and
multiproduct biorefinery process. Such scale-up procedure can be considered as a
combination of rate of production, and sizing by energy (Austin, 1973), since it involves
equating kgis for two scales and incorporating the energy consumption as function of

operational parameters.
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Figure 7. Disintegration profiles for T. suecica (o) and C. vulgaris (A) for a semi-pilot
scale bead mill. Dashed and solid lines are model predictions for the respective strains.
Equipment design and optimization studies can also be conducted by solving the model
to reach a particular range of values of kqis and determining the values of operational
parameters and equipment dimensions. This will ensure not only precise rates of
disintegration and release of biomolecules, but also minimum levels of energy
consumption and costs. By controlling the disintegration times, it is possible to modify
the overall composition of the resulting algae extracts, their properties and their
market potential (Suarez Garcia et al., 2018a). The applicability of the model is limited

by the major assumptions made in terms of hydrodynamics and mechanism of bead
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collision. However, it can be made extensive to other microalgal cells if information on
the size and cell strength is readily available. In other words, the modelling approach
presented in this report can find application in multi-feed multi-product microalgae

biorefineries.

5. Conclusions
The disintegration of microalgae in bead mills have been studied by means of a
modelling approach that involves process and equipment parameters to estimate the
theoretical energy released in the mill, and cell parameters to account for the energy
needed to disrupt a cell. This allowed us to accurately predict the kinetic rates of
disintegration of two microalgae species over a broad range of bead sizes and bead
fillings, and for two different bead mill scales. Furthermore, we propose that such
modelling approach can support development, optimization and scale up studies and
can allow the determination of operation windows to achieve energy efficient,

selective and mild disintegration processes for the biorefinery of microalgae.
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Nomenclature

Symbols
A Cross sectional area of the gap between the accelerator and chamber wall
[m]
Cy Algal biomass concentration in the suspension [g/kg]
dy Bead diameter [m]
dy Cell diameter [m]
E Total energy released by collisions [J 5]
E, Energy released in a single impact event [J]
E, Specific energy consumption [kWh kgDW]
Ey Specific energy required to disrupt a single cell [J/cell]
F Recirculation flowrate [m3/s]

kais Disintegration kinetic constant [s™]
L Effective length of chamber mill, compensating the area “inside” the
accelerator [m]
n Number density of beads [bead/m?3]
Ny Number density of cells [cell/m?3]
Ny Number density of cells in the feeding compartment [cell/m?3]

Nxoue Number density of cells in the recirculation flow [cell/m?]

Up Bead velocity [m/s]

Uy Liquid velocity [m/s]

Ug Azimuthal component of liquid velocity [m/s]

P Volumetric energy supply due to collisions [J m3 s?]

The radius of milling chamber [m]

r Radial position inside the mill chamber [m]

T Bead radius [m]

T Radial position of the centre of mass of bead at layer j [m]

t Time [s]

Vy Volume of a single bead [m3]

Ven Volume of grinding chamber [m?]

Ve Remaining volume of suspension inside the feeding chamber [m3]
Vausp  Total volume of suspension [m?]

Vy Volume of a single cell [m?]

T Throughput of a bead mill [m3/h]

A Collision frequency of beads per unit volume [m=3 s7]
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Greek symbols

a

TR S M=

Pp
P

Bead filling percentage

Shear rate [s?]

Bead porosity due to packing

Effective disruption efficiency constant

The ratio between the accelerator radius and the mill radius
Liquid dynamic viscosity [kg s m™]

Bead density [kg/m3]

Liquid density [kg/m?3]

Angular velocity of the accelerator [s7]
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Chapter 4

Techno-functional properties of crude extracts

from the green microalga Tetraselmis suecica

Supernatant
(Crude extract)

Centrifugation

Solids
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Abstract:

A mild fractionation process to extract functional biomolecules from green microalgae
was implemented. The process includes bead milling, centrifugation and filtration with
several membrane cut-offs. For each fraction, the corresponding composition was
measured and the surface activity and gelation behaviour were determined. A
maximum protein yield of 12 % was obtained in the supernatant after bead milling and
between 3.2-11.7 % after filtration. Compared to whey protein isolate, most of the
algae fractions exhibited comparable or enhanced functionality. Surface activity for air-
water and oil-water interfaces, and gelation activities were notably superior for the
retentate fractions compared to the permeates. It is proposed that such functionality
in the retentates is due to the presence of hydrophobic compounds and molecular
complexes exhibiting a similar behaviour as Pickering particles. We demonstrated that
excellent functionality can be obtained with crude fractions, requiring minimum

processing and thus, constituting an interesting option for commercial applications.
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1. Introduction
Algae have been recognized as a promising renewable feedstock for the production of
fuels and bulk chemicals, pigments and particularly food and feed ingredients (Vigani
et al., 2015). To obtain such products, an intricate series of unit operations is often
needed, involving cell disintegration, extraction, and purification. Algae biorefinery is
therefore associated with multiple downstream processing steps that result in several
highly pure products (Ruiz Gonzalez et al., 2016). For some applications, however,
product functionality must be the determining criterion, rather than product purity
(Kiskini et al., 2015). The functional properties of a certain product (e.g., foaming,
emulsification and gelation) is determined by the presence of proteins, carbohydrates
and lipids and the interactions among them (Kiskini et al., 2015). It is therefore
expected that complex mixtures also show certain functionality. In other words,

impure fractions can be potentially marketed as functional ingredients.

The functionality of algae proteins has been investigated in several publications.
Excellent gelling properties were observed for proteins extracted from the
cyanobacteria Arthrospira platensis (Chronakis, 2001). A soluble protein isolate (ASPI)
from the microalga Tetraselmis sp. was prepared by Schwenzfeier et al., (2011). The
ASPI, containing 64 % proteins and 24 % carbohydrates, showed complete solubility at
a pHabove 5.5, the formation of stable emulsions at pH 5-7 (Schwenzfeier et al., 2013a)
and superior foam stability at pH 5-7, compared to whey and egg protein isolates
(Schwenzfeier et al., 2013b). The authors argued that the presence of charged sugars
contributed to the foaming and emulsifying properties of the algae protein isolate
(Schwenzfeier et al., 2014). Proteins from the microalga Chlorella vulgaris were
extracted after a process of homogenization, pH shift and ultrafiltration (Ursu et al.,
2014). Only the permeate fractions obtained under neutral conditions showed higher
emulsifying capacity and stability than commercial sodium caseinate and soy protein
isolate. Similarly, water soluble proteins from Haematococcus pluvialis were extracted
using high pressure homogenization, centrifugation and pH shift. The resulting

supernatants were rich in proteins (26-44 dw %), carbohydrates and lipids, and
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exhibited superior emulsifying stability and activity index in comparison to sodium

caseinate. Emulsification capacity, however, was lower (Ba et al., 2016).

A protein isolate (70 dw % proteins) obtained from Arthrospira platentis was evaluated
for several functional properties (Benelhadj et al., 2016). it was found that
emulsification and foaming are highly dependent on the pH and correlate directly with
protein solubility. Under the presence of a plasticizer, the fractions were able to form
stable gels. Isoelectric precipitation was applied to extract proteins from bead milled
Nannochloropsis oculata (Cavonius et al., 2015). the extract, containing 23 % proteins
and 15 % lipids (dw) was proposed as an interesting functional ingredient for food and
feed. Extraction and precipitation of proteins from Nannochloropsis spp. after thermal
treatment and pH shift was reported by Gerde et al., (2013). Although the extraction
conditions were harsh, the authors pointed out that the high degree of glycosylation
of the protein extract could have led to unique functional properties. Waghmare et al.,
(2016) employed a three-phase system to concentrate proteins from Chlorella
pyrenoidosa, and obtained a concentrate with 78 % (dw) proteins, exhibiting excellent

foaming and good oil holding capacities.

The present study presents an overview of the functional activity (surface activity and
gelation behaviour) of extracts obtained under mild conditions from the marine
microalga Tetraselmis suecica. The fractionation process consists of bead milling,
centrifugation and filtration, which are simple and standard technologies in
downstream processing and thus with high potential to be scalable. The effect of the
membrane cut-off on the composition and functionality of the permeates and
retentates was also investigated. The main objective of this research was to
demonstrate a simple fractionation strategy to recover algae fractions and to show
that crude extracts display comparable or superior functionality than commercial

protein isolates.
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2. Material and methods

2.1. Alga cultivation and harvesting
Tetraselmis suecica (UTEX LB2286, University of Texas Culture Collection of Algae, USA)
was cultivated and harvested as described by Postma et al., (2017). In short, the
cultures where maintained in a greenhouse (AlgaePARC, Wageningen - The
Netherlands) at 20 °C under 0.254 vvm (5 v% CO,) sparging gas and 373 umol m?2s? of
continuous artificial incident light. The cultures were harvested and centrifuged and

the resulting biomass was kept at 4 °C until further use.

2.2.  Preparation of algae fractions
A simple fractionation process is proposed, involving the steps of bead milling,
centrifugation and filtration (Fig. 1). After separation, every fraction (crude extract,

solids, permeate and retentate) was collected and analysed independently.

Retentate

Supernatant
(Crude extract

Filtration
0.45 um
300 kDa

10 kDa

Centrifugation

Microalga
Feed

Bead Milling

solids Permeate

Figure. 1. Fractionation strategy of bead milled algae suspensions.

Bead milling and centrifugation. Disruption experiments were conducted in a
horizontal 0.075 L bead mill (Dyno-Mill Research Lab, Willy A. Bachofen AF
Maschinenfabrik, Switzerland) operated in batch recirculation mode. Algae
suspensions containing ~100 g L'! biomass were prepared in phosphate saline buffer
pH 7 (1.54 mM KH2POs, 2.71 mM Na;HPO4.2H,0, 155.2 mM NacCl). All runs were
conducted for 1 h, under the same conditions as presented before (Postma et al.,
2017), except bead size, which was kept constant at 0.4 mm. Bead milled suspensions
were centrifuged at 20000 x g and 20 °C for 30 min and the supernatants and pellets

were stored separately at -20 °C for further analysis.
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Filtration. Ultrafiltration experiments were conducted on a LabscaleTM TFF system
(Millipore, Billerica, MA) fitted with membrane cassettes with a filtration area of 50
cm? and cut-offs of 300 kDa or 10 kDa (Pellicon XL Ultrafiltration Ultracell) at a fixed
average transmembrane pressure (TMP) of 2.07 bar. Microfiltration was performed by
manually pressing feed (crude extract) through 0.45 um dead-end cellulose filters

(Sartorius). Permeates and retentates were stored at -20 °C until analysis.

2.3.  Analytical methods
Biomass characterization. Dry weight (DW), proteins, carbohydrates and starch
analysis were conducted as described by Postma et al., (2017). To summarize, dry
weight was estimated gravimetrically, proteins and carbohydrates were measured
with the methods of Lowry! and Dubois (Dubois et al., 1956) respectively. Total lipids
were measured with the method of Folch (Folch et al., 1957) and starch with the total
starch assay kit of Megazyme®. Total ash was determined gravimetrically by burning a
known amount of freeze dried biomass in an oven at 575 °C and regarding the

remaining material as ash.

Mass yields. Mass yields per component (Y;) were estimated according to:

Y, % = —4 x 100 Eq. 1

mip

Where m;is the mass of component i (protein, carbohydrates, lipids, ash and starch).
Subscripts j and b refer to each fraction evaluated (crude extract, permeate, filtrate,

etc.) and initial biomass, respectively.

Acrylamide native gel electrophoresis. Protein samples were prepared in Milli-Q® water
and diluted with native buffer (Biorad) at a ratio 1:0.8 v/v. 25 pL of the resulting
solution were loaded per lane in a 4-20% Criterion TGX gel (Biorad). NativeMark™ (Life
Technologies) was used as marker. Electrophoresis was run at 125 V constant for 75
min using Tris-Glycine (Biorad) as running buffer. Staining of the gels was performed
with Bio-Safe Coomassie blue (Biorad) for 2 h. Gels were left overnight after abundant

washing with demineralized water to further develop the bands before scanning.
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Particle size: Particle size distributions of solutions containing algae extracts (0.1% w/v
protein basis) were determined using a Nanosizer-Zetasizer Malvern ZEN 5600SN

(Malvern Instruments Ltd, Malvern, UK) at room temperature and pH 7.

2.4. Techno functional properties
Protein solutions. Before determining techno functional properties, samples were
lyophilised for at least 27 h using a Sublimator 2x3x3 (Zirbus Technology GmbH) and
stored air-tight at room temperature until use. The corresponding amount of algae
fraction was weighted and dissolved in distilled water in order to obtain a desired
protein concentration. The resulting solution was adjusted to pH 7 with NaOH 0.1 M

before each analysis.

Whey protein Isolate (WPI). Whey Protein Isolate (BiPRO, Davisco Foods international)
containing 97.6 % protein and 2 % ash (DW) and 5 % moisture content, was used as

reference commercial standard.

Surface activity. The ability of the fractions to influence surface tension was
determined by recording the interfacial tension of static controlled droplets using an
Automated Drop Tensiometer (ADT Tracker®, Teclis Scientific, France). The ADT
measures surface tension according to the Young-Laplace theory (Berry et al., 2015).
Foaming and emulsification behaviour were derived from static drop experiments as

presented below. All experiments were conducted at room temperature.

Foaming. surface activity for air-water interface was studied from air-water droplets.
Each droplet was formed with 11 pL of suspension containing 0.1 % protein (w/v). The
droplet was kept hanging from a needle while subjected to a stream of saturated air
flowing vertically in a 5 mL cuvette. Surface tension of the droplet was recorded for

a period of 36 min.

Emuilsification. Studies of surface activity for oil-water interface were conducted on 20
ulL static drop of hexadecane (Anhydrous, > 99%, Sigma Aldrich) submerged in a 5 mL

0.1 % protein solution (w/v). Surface tension was recorded for 60 min. After
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equilibrium is reached, perturbations on the droplet’s volume were enforced by adding
1 puL solvent, 5 timesin 10 s, ensuring variations in surface area lower than 10 %. Fourier

analysis was conducted on the dilation data, resulting in the elastic modulus € (MmN m"

1,

Gelation. Gelation tests were conducted according to Martin et al., (2014) using an
Anton Paar MCR 302 (Modular Compact Rheometer) with a heating rate of 5 °C min!

in the range 25 to 95 °C.

2.5. Statistics
All experiments were conducted in duplicates from independent experiments.
Statistical analysis at 95 % confidence level were conducted using R (V 3.2.2).
Significance was evaluated applying one way ANOVA. To compare significantly

different means, a t-test or a Tukey’s Honest Significant Tests (HSD) was applied.
3. Results and Discussion

3.1. Fractionation process.
The complete mass balance and corresponding compositions and mass yields per
component, according to the fractionation process depicted in Fig. 1., are presented in
Table 1. and Fig. 2A. The carbohydrates content in the initial biomass (41 % dw) was
significantly higher compared to the values reported by Schwenzfeier et al., (2011) for
Tetraselmis sp (24 % dw) while the protein content was similar (~ 37 % dw). The high
content of carbohydrates can be due to the accumulation of starch granules and
seasonal variation as noted by Michels et al., (2014a) for cultures of Tetraselmis suecica

maintained in green houses.

During bead milling, the shear caused by bead-bead collisions leads to the release of
intracellular components. Proteins are released quickly, reaching a maximum
concentration at short milling times. Carbohydrates, on the contrary, display a gradual
increasing trend as noted in our previous study (Postma et al., 2017). After bead

milling, over 30 % of the total sugars and only 12 % of the proteins were found in the
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Table 1. Compositions [g kg™] of fractions after bead milling and filtration. The data presented is the average of duplicates and

corresponding standard deviations. Values in parenthesis indicate mass yields according to Eq. 1. Low case and capital letters show

significantly equal means -per compound- for permeates and retentates respectively (p < 0.05).

Dry
mass
Protein
Carbs
Lipids
Ash

Starch

Bead milling Filtration
Feed 0.45 um 300 kDa 10 kDa
Pellet Supernatant
Permeate Permeate Retentate Permeate Retentate
129.2 + 156.5 +10.5 62.1+7.3 52.7 +0.22b 45.4 + 4 42 97.5 +9.9A 55.0 +0.2° 94.9 +0.6"
6.6
43.4+2.0 589+9.1 12.1+£0.7 12.2+0.7 3.9+1.2(3.2) 19.6 + 3.2 7.8+05(6.1) 17.3+19*
(77.7) (11.9) (11.7) (4.4) (3.4)
47.2+47 50.6+11.7 343+1.5 21.4+1.0° 246+59° 55.4 +7.8° 26.1+2.,5° 54.5 + 5.2°
(61.4) (31.0) (18.9) (18.2) (11.4) (18.9) (9.9)
28.2+2.8 47.3+8.2 29+1.3(4.4) 2.3+0.72(3.4) 15+0.8% 7.2+3.0(2.5) 1.1+0.2°(1.3) 3.2+0.7(1.0)
(96.1) (1.9)
103+1.2 84+14(46.3) 9.8%+1.6 11.9+0.92 6.9+1.1(23.5) 10.1+1.0° 10.2+0.12 9.0+1.8"
(40.4) (47.8) (9.6) (33.8) (7.5)
25.8+1.2 89+3.3(199) 1.0+0.6(1.6) 1.5+0.22(2.5) 1.7+0.2*(2.3) 1.1+0.74(0.4) 1.7+0.1*(2.2) 1.9+0.2A
(0.6)
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soluble phase or “Crude Extract (CE)” (Fig. 2B). This indicates than only a small fraction
of the total proteins in T. suecica is soluble and can be extracted in the aqueous phase
after complete mechanical disintegration. Postma et al., (2017) and Schwenzfeier et
al., (2011) reported yields of soluble proteins of approximately 20 % for Tetraselmis
species after bead milling. This higher yield can be due to differences in biomass
composition and in the calculation method, as we are reporting mass yields according
to Eg. 1. The insoluble phase (solids) contains almost equal proportions of proteins,
carbohydrates and lipids, in addition to 5.3 + 0.9 % (dw) ash (Fig. 2A). It constitutes an
interesting material for the preparation of feed formulations for livestock, poultry and

aquaculture (Barron et al., 2016).

] A
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=06 Lipids
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g
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Biomass Crude Extract Solids .
B Carbohydrates [JProtein M Lipids [ Ash M Starch Crude Extract @ Solids

Figure. 2. (A) Dry weight composition of crude extract and solid fractions after bead
milling and centrifugation and (B) corresponding mass yields (Eq. 1). Error bars
represent standard deviations of four independent experiments and measurements in
duplicates.

The effect of the membrane cut-off on the fractionation yields and functionality was
further investigated. Sequential filtration has been applied for algae biorefinery (Safi
et al.,, 2017b, 2014b), but the study of the functionality of the resulting fractions
remains elusive. For each membrane cut-off, the content of proteins, carbohydrates,
lipids and ash were quantified and the results are presented in Table 1. The
corresponding mass vyields are also given. The permeate fraction after microfiltration
(0.45 um membrane) resulted in the highest yields for all components. This is
anticipated as this membrane removes only large particles, yielding a permeate

containing nearly 97 % of the total feed. Unexpectedly, the protein yield in the
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permeate of the 10 kDa membrane doubles that of the 300 kDa. This can be due to
fouling for the 300 kDa membrane, preventing a significant fraction of proteins to
migrate to the permeate. The same phenomena was observed by Safi et al., (2017b)
who noted a higher degree of membrane fouling for higher cut-offs and attributed this
to the formation of polarization layers and to the adsorptive fouling during the
filtration of algae suspensions. Such fouling can also explain why the retentate of the

300 kDa membrane shows a higher amount of total lipids compared with the 10 kDa.

The permeates of the 300 and 10 kDa appeared clear, indicating complete removal of
pigments. This was also observed in other study (Safi et al., 2017b) for extracts from
Nannochloropsis gaditana using polyethersulfone membranes of 1000, 500 and 300
kDa. Pigments are recovered in the retentate phase due mainly to the hydrophilic
nature of the membrane materials used in both studies. Regarding starch, we
measured concentrations in the range 1.1-1.9 g kg! in both the permeate and
retentate fractions (Table 1). This contradicts the results of Safi et al., (2017b, 2014b)
who reported complete retention of starch for membranes ranging from 1000 to 10
kDa. This difference can be due to a lesser extent of fouling for the cellulose-based
membranes used in our research compared to polyethersulfone-based membranes
used by Safi and co-workers, allowing starch fragments to also migrate to the permeate

phase.

Besides a strong green colour, the retentate fractions showed a significantly higher
content of proteins, carbohydrates and lipids (Table 1). This suggests that proteins are
associated with pigments and polysaccharides. In fact, it has been reported that
proteins in green microalgae are often covalently bound to lipids (Palsdottir and Hunte,
2004), polysaccharides and sugars (Heaney-Kieras et al., 1977; Schwenzfeier et al.,
2014, 2011), and pigments (Knoetzel et al., 1988), forming molecular complexes that
can easily be retained by membranes during ultrafiltration. The fractionation process
presented in this investigation was conducted under mild conditions (room

temperature and native pH of 5.7 £ 0.2) and without the addition of chemicals. Native
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gel electrophoresis (Fig. 3) shows the expected bands for T. suecica (Postma et al.,
2017) and demonstrates that after bead milling and filtration, the main protein bands
are maintained. In addition, it is confirmed that the permeate of the 10 kDa only
contains low molecular weight proteins. A maximum overall total protein yield of 6.1
% was observed after filtration (Table 1). This is comparable with a 7 % yield reported
for Tetraselmis sp under a process involving bead milling, dialysis, chromatography and
precipitation (Schwenzfeier et al., 2011). On the contrary, Ursu et al., (2014) found a
yield of 87 % for Chlorella vulgaris after filtration over a 300 kDa membrane. The
authors attributed this to the fact that proteins from the algae extracts exists as large
macromolecular aggregates with molecular weights above 670 kDa, thus the majority
of the proteins are retained. The corresponding protein yields for the filtration step in
the present investigation are 40.1 % and 26.9 % for the retentates of the 300 and 10
kDa membranes respectively. The lower yields are an indication of a more diverse
range of proteins and macromolecular complexes in the extracts from T. suecica. Such

diversity may lead to a richer technical functionality.

3.2. Techno-functional properties

3.2.1. Surface activity: foaming and emulsification
Surface activity - foaming and emulsification - refers to the ability of certain
compounds to form and stabilize air-water (awi) or oil-water (owi) interfaces. Such
stabilization takes place due to the formation of network-like structures around a clean
surface, which effectively lowers its surface tension. This requires surface active
molecules to be soluble, to diffuse to, and to adsorb on an interface (Serrien et al.,
1992). Furthermore, molecular rearrangements and interactions among molecules
adsorbed on the surface also lead to variations of the surface tension (Tornberg, 1978).
In this regard, functionality is not limited to proteins but can be enhanced by the
presence and chemical nature of other biomolecules, and their ability to interact

(Kiskini et al., 2015).
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The dynamic surface tension (y [mN m™]) of samples containing extracts from T.
suecica and whey protein isolate (WPI) as reference protein is presented in Fig. 3A for
awi and Fig. 3B for owi. For both cases, the surface tension decreases sharply and
reaches slowly an equilibrium level. This behaviour is typical for surface active
molecules and reflects the basic mechanisms mentioned before. For a theoretical
treatment of the experimental data presented in Fig 3, the reader is referred to the

Appendix.
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Figure. 3. Surface tension as function of time for (A) air-water and (B) hexadecane-
water interfaces; Inner graph shows dilation responses. — WPI, «+:- CE, —+0.45 um P,
—-- 300 kDa R, 300 kDa P, — — 10 kDa R, 10 kDa P. (R=Retentate,
P=Permeate).

The surface activity of alga extracts in awi showed a comparable or superior
performance than samples prepared with WPI. This can be seen in Fig. 3A by comparing
the slopes (reflecting the rates of diffusion, adsorption and stabilization) and the
surface tension at equilibrium conditions, which reflects the extent of surface activity.
The retentate fractions from the 10 and 300 kDa membranes resulted in the strongest
activities. On the contrary, the permeate from the 10 kDa membrane showed the
poorest performance. This clearly demonstrates the effect of the fractionation
strategy. The retentate fractions are rich in pigments and lipids, contain larger particles
and a wider range of proteins (Fig. 4). On the contrary, the permeate fractions are

depleted of pigments, contain only small particles and, for the case of the 10 kDa
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membrane, lack of large molecular weight proteins (Fig. 4A). The presence of larger
macromolecular complexes appear to favour the stabilization process. It is therefore
not surprising that the alga extracts, containing a mixture of compounds, presented a
higher activity than a pure protein isolate. This has been attributed not only to proteins
and glycoproteins (Gerde et al., 2013; Schwenzfeier et al., 2014; Waghmare et al.,
2016) but to charged sugars (Schwenzfeier et al., 2013a) and pigments (Chronakis,
2001).
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Figure. 4. A) Native gel analysis of fractions before and after filtration (M: Marker. CE:
Crude Extract. R: Retentate. P: Permeate. Mi: 0.45 um microfiltration. F3: 300 kDa
filtration. F1: 10 kDa filtration). Dotted arrow and square indicates the expected band
of Rubisco (~ 540 kDa). B) Average particle size for several alga fractions after
Ultrafiltration.

The surface activity in owi presented a similar behaviour: a sharp decline of y followed
by a slow decrease to reach a plateau phase (Fig. 3B). All samples containing alga
extracts showed a comparable performance as WPI. Other studies have also found a
similar or superior emulsification activity of algae proteins in comparison with
commercial protein isolates. The superior performance has been attributed to the
activity of the proteins present in the extracts (Ba et al., 2016), but also to the
interactions and favourable effect of other biomolecules present in the extract such as

sugars (Schwenzfeier et al., 2013a), chlorophyll and lipids (Ursu et al., 2014). Emulsion

stabilization takes place because of the development of steric forces around the
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surfaces which limit the extent of coalescence and emulsion degradation (Ba et al.,

2016).

For the retentate fractions (10 and 300 kDa) measurements of y could not continue
beyond 1500 s (data not shown) due to the sudden detachment of the hexadecane
drop from the measurement device. This suggests a remarkable surface stabilization,
probably brought about by the presence of pigments and higher lipid content (Table 1)
which allows a stronger interaction with the hexadecane. For the remaining fractions,
surface activity was further studied by imposing periodic expansions and compressions
on the droplet’s surface area (Fig. 3B). As can be seen, all samples recovered their
original surface tension without appreciable deformation, indicating a high degree of
stability. A measure of such stability during perturbation is obtained with the elastic
modulus €. The values of € for samples containing alga extracts varied between 35-41
mNm™ while that for WPI was nearly 40 mNm™. This elastic behaviour is typical of
molecules which can store energy, such as proteins (Dimitrova and Leal-Calderon,

2001).

Contrary to our findings, Ursu et al., (2014) observed better emulsification activity for
the permeates of a 300 kDa (polyethersulfone) filtration process. The authors argued
that after the extraction process proteins were denatured and formed aggregates,
which were later recovered in the retentate fractions. Such aggregates therefore
displayed inferior functionality. As indicated by native gel analysis (Fig. 4A), the
fractionation process employed in the present research did not lead to appreciable
protein denaturation nor aggregation and thus, both fractions are enriched with

functional molecules.

3.2.2. Gelation
The textural attributes of several food products result from the development of stable
gels. In general terms, gels are formed after a two steps process. In the first step the
functional groups of the active molecules are exposed due to thermal or chemical

denaturation. Later, the exposed functional groups interact with specific regions of
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neighbouring molecules, creating a network like structure. Furthermore, cross links are
developed, leading to a three-dimensional assembly with specific viscoelastic
properties (Dissanayake et al., 2010). Only few studies have addressed the gelation
properties of algae proteins. In all cases, proteins from Spirulina platensis have been

investigated (Benelhadj et al., 2016; Chronakis, 2001; Lupatini et al., 2016).

To study the gelation activity of alga extracts, the storage modulus G' [Pa] was
measured during a defined heating — cooling profile. The storage modulus indicates
the force required to deform certain material and thus, it serves as a quantitative
measure of the strength of the formed gels. The results are presented in Fig. 5A for
alga extracts prepared in this study, and in Fig. 5B comparing with data published for
Rubisco from spinach and two commercial protein isolates (WPl and Egg White Protein
EWP) (Martin et al., 2014). At first, all fractions were prepared at 5 % protein content.
However, due to solubility constrains, only two fractions could be prepared at 10 %
protein content: CE and 0.45 um P. WPI did not show any gel-like behaviour at 5 nor at

10 % protein content, which was also observed by Martin et al., (2014).
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Figure. 5. A) Storage modulus (G’ [Pa]) as function of time and temperature () for
algae fractions: «= CE 10 %, — 0.45umP 10 %, -~ CE5 %, —:+300 kDa R 5 %, 300
kDaP5 %, ——10kDaR5 %, 10 kDa P 5 %). B) comparison of algae fractions:
oooo CE 10 %, 0000 0.45 um P 10 %, and commercial proteins(Martin et al., 2014): -
« = 2.5% RuBisCO, — 10% EWP, - - - 12.5% WPI.
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During the heating phase (25 to 95 °C) the onset of gelation (tg) marks the time at which
G' starts increasing, and reflects the thermal stability of the molecules in the sample.
Rubisco, WPI and EWP are stable at temperatures below 65 °C (Libouga et al., 1996),
77 °Cand 84 °C (Berry et al., 2009) respectively and therefore long t, are expected. For
instance ty of 10, 12, 15 min are reported for gels formed with three different isolates

containing 2.5-12.5 % protein (Fig. 5B) (Martin et al., 2014).

For alga extracts containing 10 % proteins (CE and 0.45 um P), G' raised rapidly
approximately 1 min after heating was initiated, which suggests low thermal stability.
It appears that proteins denature quickly and readily form gels. On the contrary, for
samples containing 5 % proteins, the onset of gelation took place at longer times (2-15
min). This reflects the effect of concentration on the development of stable gels. In
fact, gels are formed only above a critical concentration specific for each protein
(Banerjee and Bhattacharya, 2012). For example, Rubisco can form gels at
concentrations as low as 0.5 % (Libouga et al., 1996). On the contrary, Proteins from
Arthrospira platensis could only form gels from 1.5-2.5 % w/w (Chronakis, 2001) and
12 % (Lupatini et al., 2016).

Gels formed with 10 % proteins show a strong increase in G' followed by a plateau at
95 °C (G'). A similar trend but with a moderate slope was observed for fractions
containing 5 % proteins (Fig. 5A). This is possibly due to a lower availability of
interacting molecules at 5 %, which reduces the probabilities of forming new bonds
upon heating. The values of G'- for all samples are presented in Table 2. Interestingly,
gels prepared with CE (10 % protein) showed superior gel strength after the heating
phase compared to 2.5 % Rubisco (Fig. 5B), 10 % soy (G'-~ = 400 Pa), and 21.5 % lupine
(G'- =340 Pa) protein isolates (Martin et al., 2014). WPI (12.5 %) and EWP (10 %) form
substantially stronger gels, which may be due to the prevalence of non-covalent

interactions which render them as rigid and brittle gels (Havea et al., 2002).

When the samples are cooled down to room temperature, a further increase in G'is

observed for most fractions, except for the permeates of 300 and 10 kDa (Fig. 5A).
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Martin et al., (2014) postulates that during this phase, hydrophobic interactions and
hydrogen bonds are primarily responsible for the development of a stronger gel
network. Weak or lack of hydrophobic interactions in the permeates can indeed occur
due to the hydrophilic nature of the membrane materials used during fractionation.
When the temperature is sustained at 25 °C, a new plateau is reached (Fig. 5)
corresponding to G'max (Mmaximum gel strength). In Table 2 the values of G'nax are
tabulated. Once more, gels prepared with CE or 0.45 um at 10 % protein registered the
highest values, only comparable with 10 % soy (G'max=1500 Pa) and 17.5 % pea
(G'max=3100 Pa) isolates (Martin et al., 2014). Gels formed with WPI and EWP greatly

surpass the strength of the fractions investigated in this study (Fig. 5B).

Table 2. Values of tg, G’oo, G'max and corresponding standard deviations for several alga
fractions. Letters show significantly different means (p < 0.05) according to t-test
(samples at 10%) and Tukey’s HSD test (samples at 5%).

Sample tz [min] G'co [Pa] G'max [Pa]

CE 10% 1.2+0.0 862.5+133.6 2985.0+473.8°
0.45umP10% 15+2.0 723.5+125.2 2430.0+424.3
CE5% 145+0.8 3.4+0.6° 45+1.1°
300kDaR5% 2.0+1.2° 26.1+4.2° 1455 +£19.1°
10 kDa R 5% 8.8+6.6 8.6x+0.6° 60.0 £9.4°

3.3.  Functional activity and purity
We have shown that all alga extracts display a similar or superior functionality
compared to the commercial protein isolate WPI. In addition, we observed that the
retentate fractions presented better functionality compared to the crude fractions or

permeates. This can be due to:

i Pigment-protein complexes, which in algae extracts have been found to stabilize
emulsions and to form stable gels (Chronakis, 2001). The strong green colour and a
higher amount of total lipids (Table 1) indeed confirm that virtually all pigments are
recovered in the retentate phase. In addition, due the hydrophilic nature of the

membrane used in this research, the permeate fractions are expected to be depleted
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of hydrophones. Under this condition, hydrophobic interactions in the permeates are

limited, which in turn results in a poorer functional activity.

ii. The permeate fractions perform as soft particles or Pickering stabilizers
(Dickinson, 2010). As presented in Fig. 4B, the average particle size in the retentate
fractions is significantly higher. Such particles correspond to large molecular
aggregates or fragments of cell wall, membranes and other cellular structures. Tenorio
et al.,, (2017) studied the interfacial properties of thylakoid membrane fragments
obtained from leaves and suggested as well that their functionality resembles that of

Pickering stabilizers.

iii. Divalent cations. As mentioned before, the renteate fractions are likely to be
enriched with cell fragments originated from the cell wall. The cell wall of Tetraselmis
species have been found to contain approximately 4 % of Ca?* (DW) (Becker et al.,
1998). Divalent cations, like Ca%*, contribute to the development of bridges among
charged sites of active molecules, therefore enhancing the strength of films around

surfaces and networks within gels (Havea et al., 2002).

Besides the remarkable functional activity displayed by extracts obtained from green
microalgae, their potential application as food ingredients is still constrained by the
solubility, strong green colour, risk of off-flavour and economics. We have studied
samples containing 0.1, 5 and 10 % proteins, which are ranges commonly found in
literature. However, further exploration on how solubility is affected by pH, ionic
strength and concentration could provide more specific information on the possible
applications in foods. For specific markets and products, the characteristic colour and
organoleptic properties of the retentate fractions or crude extract may impede their
applicability. In terms of protein recovery, we have observed total yields of soluble
proteins of about 12 % after bead milling and 3-6 % after filtration. Although the

published yields of water soluble proteins varies considerably (5 - 55 %) depending on
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the algal strain and separation method (Safi et al., 2014a, 2014c) , it is clear that the
recovery of functional proteins from the insoluble phase is still the most important

challenge.

The concept of functionality linked with purity and native conformation needs to be
critically evaluated. Waghmare et al., (2016) observed excellent foam properties of the
protein extracts obtained after a harsh process in which proteins were mostly
denatured. Our research showed that excellent functionally can be obtained with
crude samples, even after minimal separation steps (crude extract, Fig. 1). This fraction
therefore represents a more interesting option in terms of processing costs. In fact,
techno-functional properties can be improved by exploiting other compounds present
in algae, without the need of numerous purification steps. The presence of side
products or impurities can actually enhance activity. Carbohydrates®*, pigments and
lipids (Ba et al., 2016; Chronakis, 2001; Tenorio et al., 2017), ash (Havea et al., 2004,
2002) and starch (Asghari et al., 2015), have been found to improve functional
properties. Even whole biomass could be used as functional ingredients for some
applications (Batista et al., 2012; Guil-Guerrero et al., 2004). This in turn will result in
simpler and more compact downstream processing and therefore, more cost

competitive processes.
4. Conclusions

The resulting crude fractions displayed comparable or superior functionality to whey
protein isolate, for surface activity (foaming and emulsification). It was observed that
the retentate fractions after ultrafiltration displayed superior functionality in all cases.
Gels formed with 10% protein crude extract present a comparable behavior as gels
formed with 2.5% (pure) Rubisco. We propose that the presence of large molecular
size complexes of protein-saccharides-pigments, and the low ash content in these
fractions are responsible for the enhanced functionality. In this regard, we hypothesize

that the retentate fractions behave like Pickering particles.
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Appendix.

A1l. Static drop experiments

In this investigation, static drop experiments on air water (awi) and oil water (owi)
interfaces containing 0.1 % protein from several alga fractions were conducted. The
experimental data was fitted to a mixed adsorption-kinetic model described by Serrien

et al., (1992) and given in Eq. S1:

4t

0.5
Y =Y.+ <ae_(ﬁ) + ﬂ) ekt Eq. Al.

Where:
V, Ve [IMN m™]: Surface tension and equilibrium surface tension respectively.

a [mN m™], 8 [mN m™]: parameters such that a+8 = yo+Ve (Vo is the surface tension of

the solvent).
T [s]: Diffusion relaxation time, which depends on the diffusion coefficient.
k [s] : rate constant for the transformation between native and unfolded states.

All the experimental data could be described satisfactory by Eq Al. (r2>0.99). The
values of initial surface tension (y,) for all samples in awi was in good agreement with
the values reported by Serrien et al., (1992) (y,=63 mN m). For owi, on the other hand,
Vo significant differences were obtained for the surface tension of the clean surface
(Vo), and notably lower (~38-46 mNm™) than the published value for water-hexadecane
systems (53.5 mN m™) (Wu and Hornof, 1999). The observed variability could be due

to the delay between bubble formation and the actual measurement of y at t = t,.

The first term of Eg. Al -containing - accounts for the diffusion process while the last
term —containing k- gives information on the molecular reorientation process. Tt is
inversely proportional to the molecular diffusivity and thus, indicates the rates of

migration of surface active molecules to the interface. This was the case for the
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retentates (300 and 10 kDa) and WPI in awi, for which the steepest curves y yo? vs t

were measured and correlated well with lower values of t.

Surfactants in their native state are transferred to a clean surface where they
experience unfolding (surface denaturation). An equilibrium is then stablished
between the native and unfolded states (Serrien et al., 1992). Such equilibrium
corresponds to ye, and reflects the extent of surface tension modification. This
parameter was, for the case of awi, lowest for the retentates of the 300 and 10 kDa
membranes (~39 mNm™) compared to WPI (~52 mNm™). For the other samples, y.was
statistically equal (47 mNm™). For owi also a sharp decline in the surface tension was
observed, suggesting high rates of diffusion and adsorption. This feature resembles the
functioning of hydrophobins, a remarkable surface active protein produced by fungi
(Green et al., 2013). Moreover, the magnitude of y. was statistically comparable for all

cases.

All samples were prepared to obtain 0.1 % (w v!) protein. Due to the composition of
the fractions, also carbohydrates, lipids and ash were present. For example, samples
of CE contained nearly three times more carbohydrates than proteins. On the contrary,

WPI contains virtually only proteins.
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Table A1l. Fitted parameters according to Eq. Al for surface activity of air-water interfaces containing 0.1 % (w v!) protein fractions

with standard deviations. Letters show significantly different means (p < 0.05) according to Tukey’s HSD test. Experiments run in

duplicates.
Fraction Yo Ve a B k T r?
[mN m?] [mN m?] [mN m?] [mN m?] [s1] [s]

WPI 646+4.2 519+3.0° 9.6+0.5* 3.1+1.0° 1.2E-03 + 4.3E-05%%¢ 26.1+7.2 0.972 £0.003
CE 64.4+7.7 47.7+5.9 11.3+04 54122 1.3E-03 + 1.3E-04° 250.6 £251.9 0.977 £0.030
0.45umP 653+85 46.8+t54 11.8+19 6.6x3.3 1.4E-03 + 3.2E-04° 320.6 £ 200.0 0.994 £ 0.002
300kDaP 60.2+0.2 46.0+0.3 10.7+£0.5 3.6x0.6 1.7E-03 + 1.6E-04¢ 67.5+15.4 0.992 £ 0.001
300kDaR 56.8+0.01 39.3+0.05* 11.6+x0.2 5.9%0.2 1.9E-03 £+ 2.7E-05*¢ 154+1.2 0.996 + 0.000
10kDa P 60.2+0.3 50.2+0.3 0.0+0.0° 10.0 £ 0.04* 1.7E-03 £ 1.2E-04 93.2+235 0.960 £ 0.012
10kbaR 59.7+0.1 38.2+0.2° 15.4+0.3* 6.2+0.5 1.9E-03 + 4.9E-05**¢ 35.0+0.8 0.996 £ 0.000

Table A2. Fitted parameters, with standard deviations, according to Eq. Al for surface activity of oil-water interfaces containing 0.1

% (w v!) protein fractions. Letters show significantly different means (p < 0.05) according to Tukey’s HSD test. Experiments run in

duplicates.

Fraction Yo Yeq o 6 k T r? ty €

[mN m?) [mN m?] [mN m?] [mN m?] [s1] [s] [s] [m Nm?]
WPI 38.3+£2.5%¢ 217+0.1 11.3+2.1*° 53+0.5 1.3E-03 + 4.2E-05%%f  21.8 £0.02*>¢  0.995 + 0.002 ND 40.6 £ 1.6¢
CE 439+0.1° 21.6+0.4 17.7+0.5° 4.7+0.8  7.3E-04 + 2.8E-05? 95.2+2.9° 0.994 + 0.002 ND 412 +1.6°
045umP 463 +0.7° 205+2.6 17.7+1.7° 8.1+1.6* 1.3E-03 + 3.8E-04° 70.8 +8.8° 0.999 + 0.000 ND 38.9+3.0
300kDaP 42.0+0.9°% 215401 16.0+0.8% 4.4+0.02° 2.2E-03+4.3E-05*¢ 34.4+0.5 0.993 + 0.001 ND 35.9 +0.6%0¢
300kDaR 37.4+0.2°b%¢ 203404 11.4+0.3%P%¢ 57+0.02 2.6E-03+1.9E-04*<f 19.1 +0.5%0¢ 0.998 +0.001 1710+ 325 -
10kDaP 42.2+0.8° 23.3+0.1 16.0+0.8° 46+1.1° 1.9E-03 +3.2E-05%¢ 129.6 +22.6*>¢  0.988 + 0.003 ND 41.9+0.3°
10kDaR 36.7+0.1*%¢ 20.2+0.1 11.0+0.2**°¢ 554+0.2 2.4E-03 + 1.5E-04>>4 19,2 +2.33b¢ 0.996 +0.001 2180 * 594 -

ND: Not Detected.
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A2. Strain sweep

Additional tests were conducted to characterize the gels produced with alga fractions.
After the heating and cooling steps, the samples were subjected to a small amplitude
oscillatory shear in the range 0.001 to 10. This allows the study the rigidity and
breakdown behaviour of the formed gels. The results are presented in Fig. A2. For each
fraction the same tendency of G' was observed. First a linear period, followed by a
deformation and a sharp decline. The point of steep decrease in G’ (critical strain y.)
was noted for every case (Table A3) . Low values of y-indicates a rather brittle material,
as obtained by Martin et al., (2014) for gels containing 2.5-10 % Rubisco (y. ~0.037-
0.044). The gels prepared in this research showed larger values of critical strain (y.~0.1-

1.3), suggesting a more flexible character.
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Figure A2. Strain sweep for fractions containing 10 % (---- CE, — - 0.45 um P) and 5 %
(— - 300 kDa R, — — 10 kDa R, - CE) proteins. P=Permeate, R= Retentate.

Table A3. Critical strain for gels containing alga fractions.

Sample ve [-]

CE 10% 0.19 £ 0.04°
0.45um P 10% 0.10+0.02°
CE 5% 0.0098+ 0.004°

300kDaR5% 1.30+0.29
10 kDa R 5% 1.31+0.29
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Chapter 5

Selective and energy efficient extraction of
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Abstract

The use of a single controlled bead milling step of the microalga Tetraselmis suecica
resulted in a soluble fraction, rich in functional proteins. This was achieved by fine-
tuning the processing time, thereby exploiting the difference in rates of protein and
carbohydrate release during milling. Soluble proteins were extracted under mild
conditions -room temperature, no addition of chemicals, pH 6.5, with a yield of 22.5 %
and a specific energy consumption of 0.6 kWh kgow?, which is within the
recommended minimum energy for an extraction step in a biorefinery process. The
resulting protein extract contained 50.4 % (DW) of proteins and 26.4 % carbohydrates,
showed light green color and displayed superior surface activity and gelation behavior
compared to whey protein isolate. The proposed process is simple (only one bead
milling step), scalable, and allows the mild extraction of functional proteins, making it

interesting for industrial applications in the food industry.
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1. Introduction:

Microalgae have been considered a promising feedstock for the feed and food
industries due to their rich composition (broad range of biomolecules of diverse
chemical nature), superior areal productivities compared to traditional crops and no
dependence on fresh water and arable land (Draaisma et al., 2013). However, the
implementation of algae fractions as functional ingredients in food products remains

largely unexplored.

The fractionation and purification of biomolecules —in particular proteins- from algae
is not trivial. The first step, for most algae strains, involves cell disruption in order to
release intracellular components into the bulk medium. For this, several technologies
have been successfully employed, including bead milling, ultrasonication, enzymatic
hydrolysis among others (Gunerken et al., 2015, Phong et al., 2018). After cell
disintegration, the resulting suspension is subjected to several separation steps which
can be grouped into precipitation, filtration, extraction or combinations of these
processes. Precipitation methods take advantage of the solubility and isoelectric point
of the target molecules in order to induce selective precipitation. The method is
commonly referred as pH-shifting and involves a broad range of pH adjustment to
maximize protein solubility followed by precipitation at the isoelectric point (Ba et al.,
2016; Benelhadj et al., 2016; Cavonius et al., 2015; Gerde et al., 2013). Filtration
methods make use of differences in the polarity and molecular size of the components
in suspension to obtain fractions rich in the molecules of interest (Safi et al., 2017,
2014). More elaborated processes involving three phase partitioning (Waghmare et al.,
2016), extraction + precipitation + filtration (Chronakis, 2001; Ursu et al., 2014) or
precipitation + dialysis + adsorption (Schwenzfeier et al., 2011) have also been
investigated to purify proteins from algae. In these cases, higher purities are obtained

at expenses of intricate and costly processing steps.

As indicated by Ruiz Gonzalez et al., (2016), algae products for the food market will be

profitable within the next decade if further cost reductions in both cultivation and
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downstream processing are achieved. This could be attained by reducing the amount
of unit operations (process integration) while keeping the final products in a high-end
market segment (functional ingredients) (Cuellar-Bermudez et al., 2015). In spite of the
several studies dealing with protein fractionation and purification, little attention has
been paid to simple processing and to product functionality for food applications. In
previous research (Postma et al., 2016) it was observed that the release of soluble
proteins from microalgae already reaches a maximum at early stages of bead milling,
and that the rates of protein release are significantly superior compared to the rates
of carbohydrate release. It appears that controlling the residence time during bead

milling allows the selective fractionation of proteins from carbohydrates.

The aim of this study was to demonstrate that with a simple process strategy (one unit
operation, low energy consumption) it is possible to selectively concentrate proteins
from green microalgae in a crude extract. Furthermore, the techno-functional
properties (foaming, emulsification, gelation) of the resulting crude extract were

determined and compared to the commercial standard whey protein isolate.
2. Material and methods

2.1. Algae cultivation, harvesting and fractionation
Cultivation. Tetraselmis suecica (UTEX LB2286, University of Texas Culture Collection
of Algae, USA) was cultivated in 25 L flat panel photo bioreactors (AlgaePARC,
Wageningen - The Netherlands) located in a green house. The cultures were supplied
with artificial light, CO; and nutrients as described by Postma et al.,, (2016). The
biomass was harvested via continuous centrifugation (E10, Evodos, NL) at 80 Hz and
concentrated to ~ 20 % dry weight (dw). This suspension was stored at 4°C in the dark
for up to 7 days until disruption experiments, in order to limit the extent of biomass

decay due to bacterial growth.

Fractionation. A fresh algal suspension (biomass) is fed to a bead milling where both

cell disintegration and aqueous extraction are taking place. The bead milled suspension
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is centrifuged (14000 rpm, 30 min, 20°C) and the resulting fractions regarded as soluble

crude extract and insoluble fraction.

2.2. Algae disruption and aqueous extraction
Bead milling. Algae suspensions containing about 100 gow L were prepared in distilled
water and used as feed for the disruption experiments. Disruption was conducted in a
horizontal 0.075 L bead mill (Dyno-Mill Research Lab, Willy A. Bachofen AF
Maschinenfabrik, Switzerland) containing 0.4 mm Y,0s stabilized ZrO, beads at 65 %
filling percentage. The system was operated in batch recirculation mode, with a
constant agitation speed of 2039 rpm. Temperature of the suspension was controlled

at ~ 25 °C with an external cooler (FP40-HE, Julabo® GmbH).

Sample collection. Samples from the feed chamber were collected at different time
intervals and used for the estimation of the disintegration rates and for the
guantification of component release. For the latter, the samples were centrifuged and

the supernatants and pellets analyzed separately.

2.3. Analytical methods
Cell disintegration. Cell disintegration was quantified in a flow cytometer (BD Accuri
C6°®). In this technique, forward scattering data was used to estimate the number of
intact cells remaining at every time step compared to the initial amount of intact cells

(Postma et al., 2016).

Biomass characterization. Dry weight and total ash were estimated gravimetrically
after drying in oven at 100°C for 24 h and burning in a furnace at 575°C respectively.
Proteins were measured with the method of Lowry (Lowry et al.,, 1951), total
carbohydrates with the method of Dubois (Dubois et al., 1956) and total lipids with the
method of Folch (Folch et al., 1957). Starch content was estimated with a commercial

kit (Total Starch, Megazyme® International, Ireland).

Pigment release. The release of pigments was determined by measuring the UV-

spectra of supernatants at several times using an UV-Vis spectrophotometer DR 6000
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(Hatch Lange, The Netherlands). The wavelengths 430 nm, 450 nm and 660 nm were

selected as representative for total pigments (Chlorophyll a and b).

Mass yields. Mass yields per component (Y;) were estimated according to:

Y, % = —+ % 100 Eq. 1

mip

Where m;is the mass of component i (protein, carbohydrates, etc.). Subscripts j and b

refer to each fraction evaluated (supernatant, pellet) and initial biomass, respectively.

Acrylamide native gel electrophoresis. Protein samples were diluted with native buffer
(Biorad) at a ratio 1:0.8 v/v. 25 L of the resulting solution was loaded per lane in a 4—
20% Criterion TGX gel (Biorad). Electrophoresis was run at 125 V for 75 min using Tris-
Glycine (Biorad) as running buffer. Gels were stained overnight with Bio-Safe

Coomassie blue (Biorad).

2.4. Techno functional properties
Prior to the evaluation of the techno functional properties, samples were freeze dried
during 24 h in a Sublimator 2x3x3, Zirbus Technology® GmbH, and stored at 4°C in
sealed bags. Unless otherwise noticed, all experiments were conducted at room

temperature (~ 23°C); all runs were performed in duplicate.

Whey protein Isolate (WPI). Whey protein isolate (BiPRO, Davisco Foods international)

with a purity of 97.6 % was used as commercial reference protein.

Surfactant activity. Surface activity of samples containing alga proteins was
determined via static drop experiments in an Automated Drop Tensiometer (ADT
Tracker®, Teclis Scientific, France). With this technique, the surface tension of
individual drops created automatically are monitored over time. Two distinct set ups

were used to assess foaming and emulsification activity.

To investigate foaming activity, algae samples were dissolved in MilliQ® water to obtain
solutions containing 0.1 % (w/v) protein at pH 7. A single drop containing 11 uL of

protein solution is formed and held hanging, while subjected to a stream of saturated
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air flowing vertically in a 5 ml cuvette. Emulsification studies were conducted on a 20
uL drop of hexadecane (Anhydrous, > 99%, Sigma Aldrich) submerged in 5 ml of a

0.1 % (w/v) protein solution.

Gelation. Gelation tests were conducted according to Martin et al., (2014), using an
Anton Paar MCR 302® (Modular Compact Rheometer). Solutions containing 10 %
protein (w/v) were prepared in MilliQ® water and adjusted to pH ~ 7. Gel strength was
measured in terms of the storage modulus of the sample (G’ [=] Pa), which represents
its elastic behavior. G’ was recorded along a heating — cooling profile in the range 25

to 95°C, using a heating rate of 5°C min.
3. Results and Discussion

3.1. Bead milling and component release
The kinetics of cell disintegration and component release during bead milling of
microalgae was investigated by Postma et al., (2016) at different bead sizes (0.3 to 1
mm). For the case of T. suecica, it was observed that the same kinetic rates were
obtained regardless of the bead size. In addition, the rates of protein release were over
6 times higher than those of carbohydrate release. The authors argued that the slow
release of sugars is due to the solubilization of saccharides from the cell wall and starch
granules. To further confirm this reasoning, a complete analysis of component release
during bead milling was conducted for a period of 3 h. The results for disintegration,
proteins, carbohydrates and starch are presented in Fig. 1A. In accordance with our
previous findings, proteins are quickly released into the bulk medium, reaching a
plateau phase after ~ 10 min. Cell disintegration takes place at lower rates, but the
disintegration profile flattens out after ~ 30 min. This can be explained considering a
two-steps disintegration process: Cell bursting, where the intracellular content is
released without tearing the cells, and comminution, where the cells are fragmented
over time into smaller debris. The method used to quantify intact cells (section 2.3) is
based on particle size and thus, cells are counted as intact even if the cell wall has

received damage without fragmentation.
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The rates of carbohydrate release (i.e., total sugars in the soluble phase) and the
fraction of starch loss (i.e., total starch in the insoluble phase) were also quantified (Fig.
1A). In both cases, the experimental data follow a first order model (r?> > 0.96) with
corresponding kinetic constants of 5.9x103 + 2.7x10% s* and 3.6x103 + 1.6x10* s for
carbohydrates and starch respectively. This suggests that the enrichment of sugars in
the soluble phase can be explained in part by the loss of starch from the insoluble
phase. In fact, starch dextrinization, which is the process of partial de-polymerization,
can occur under intense shear conditions (Sarifudin and Assiry, 2014) as occurring in
the bead mill. Additional tests were conducted in order to rule out the possibility of
starch degradation due to intracellular enzymes (data not shown). In line with the
kinetic data published for T. suecica, our observations confirmed that ~ 8 min
processing time is sufficient to release nearly 95 % of the maximum achievable amount
of proteins in the soluble phase. Although not confirmed experimentally, it is expected
that a shorter bead milling time leads to larger fragments of cell debris which are less

stable in the soluble phase and thus, their removal becomes easier.

In Fig. 1B, the corresponding composition of the insoluble (pellet) and soluble fractions
(supernatant) after bead milling are presented. The protein content in the biomass is
54.0 + 4.0 %, significantly higher compared with ~ 30 - 43 % (dw) published for the
same strain (Postma et al., 2016) and ~ 35 % (dw) for Tetraselmis sp. (Schwenzfeier et
al., 2011). This can be due to variations in light supply as the alga cultures were kept in
a green house. Michels et al., (2014) reported values of protein content fluctuating
from 35 to 55 % (dw) for T. suecica in the period February to March, for cultures

maintained in green houses.
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Figure 1. A. Overview of cell disruption (fraction of disintegrated cells), protein and
carbohydrate concentration (in the soluble phase), and starch content (fraction
remaining in the insoluble phase compared to initial biomass content) during 3 h bead
milling of T. suecica. Arrows point to the corresponding axis for each curve. B. dry
weight compositions of fractions after 8 min bead milling and centrifugation.
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As displayed in Fig. 1B, the content of proteins and carbohydrates changes marginally
from biomass to pellet and supernatant. The pellet phase, nonetheless, is richer in
lipids (17.6 % * 6.5 %) and contains a small fraction of ash (6.3 + 0.1 %), making it an
interesting feedstock for feed formulations. Although whole microalgae cells have long
been used as feed in aquaculture (Shields and Lupatsch, 2012), the pellet phase
represents a more attractive alternative for various reasons. First, its high protein and
lipid content and the low amount of ash resembling typical diets in fish trials (Sorensen
et al., 2016). Second, T. suecica has been reported to contain polyunsaturated fatty
acids, in particular Eicosapentanoic acid (EPA) (Abiusi et al., 2014), which is a crucial
ingredient to develop feed formulations devoid of fish meals. Moreover, since the
pellet phase contains mostly cell debris, it is expected that nutrient accessibility is
superior, leading to enhanced digestibility (Teuling et al., 2017). Other applications of

the insoluble fraction include bio-based materials or feedstock for other industries.

3.2.  Protein yields and energy consumption
The kinetics of protein and carbohydrate release for T. suecica during bead milling (Fig.
1A) was exploited in order to limit the enrichment of carbohydrates and pigments in
the soluble phase. After short bead milling (8 min), the ratio of proteins to
carbohydrates was 3.31 g g%, significantly higher compared to 0.45 g g! when
disintegration is run for 3 h (Fig. 1). Also the amount of released pigments is reduced.
This was confirmed by visual inspection of the samples and by determining the amount
of pigment released in the soluble phase (Fig 2A). Pigments migrate to the soluble
phase at slower rates compared to the rates of disintegration and protein release (Fig
1A) as also observed by Postma et al., (2015). This is expected as pigments are usually
located in the chloroplast as part of the light harvesting mechanism of the cells
(Knoetzel et al., 1988) and therefore not freely available upon cell disintegration. We
have found that the kinetics of pigment release does not clearly follow a first-order
model (r>>0.85). Fig. 2A shows that beyond 120 min bead milling time, the amount of
released pigments follows a linear trend, implying a two-steps mechanism. An overall

kinetic constant of 8.1x10* + 3.9x10* s was estimated as representative for all
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pigments. This value is up to 2 orders of magnitude inferior than the kinetic constants
reported by Postma et al., (2015) for pigments from the microalgae C. vulgaris, which

can be the result of physiological differences among the two algal species.

The corresponding mass yields in the supernatant fraction are 22.5 % for proteins, 27.7
% for carbohydrates, 8.1 % for lipids and 45.5 % for ash. The bead milling process can
be considered as an aqueous extraction process and thus, the largest fraction of lipids
remains in the pellet phase due to their hydrophobic nature and density. The small
amount of total lipids in the soluble phase corresponds to phospholipids, prosthetic
groups (e.g., porphyrins) (Schwenzfeier et al., 2013b), lipoproteins and pigments.
Similarly, the largest fractions of carbohydrates and proteins remain in the insoluble
phase. Starch, which accounts for almost 40 % of the total carbohydrates, is insoluble
at room temperature. The rest of the carbohydrates in the pellet phase correspond to

cell wall fragments (Becker et al., 1998) and other insoluble cell debris.
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Figure 2. A. Absorbance of soluble phases during bead milling. . B. Schematic
representation of hypothetical protein poolsin T. suecica. C. Native gel electrophoresis
(M, marker) of samples after long (L, 3h) and short (S, 8 min) bead milling.

Regarding proteins, previous studies have found yields in the soluble phase of 21 to 24
% for Tetraselmis species after mechanical disintegration (Postma et al., 2016;
Schwenzfeier et al.,, 2011). Such low vyields can be explained considering the

characteristics of the extraction process (aqueous buffer, native pH~6.5, room
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temperate) and the nature of the proteins in green microalgae. We hypothesize that
for T. suecica proteins are present in pools (Fig. 2B). A first pool (Aqueous) corresponds
to proteins that exist in the cytosol and in internal organelles like the pyrenoid
(Gonzalez et al., 2015). Upon cell rupture, those proteins migrate rapidly to the bulk
fluid due to a concentration gradient. A second pool (Structure) are proteins which
have a more structural role, for instance proteins in the cell wall and membrane, and
in the flagella. The extraction of such proteins has been reported using detergents
(Becker et al., 1998; Godel et al., 2000). Another major pool (Function) corresponds to
proteins which are present in the chloroplast and are involved in the light harvesting
system of the cells. Such proteins are non-covalently bound to an intricate assembly of
pigments and have been shown to be soluble in detergents (Knoetzel et al., 1988). It
becomes evident that the proteins present in the pellet phase (72 % of the total) could
only be extracted under detergent conditions, or using methods in which the insoluble
structures, in which proteins are entangled, are solubilized. For the present case,

mechanical shear caused by bead milling is insufficient to induce such solubilization.

Several extraction methods have been proposed in literature for the extraction of
soluble proteins from microalgae. Those methods can be divided into physical and
chemical. Physical methods involve mechanical shear (bead milling, high pressure
homogenization, ultrasonication, explosive decompression, microfluidization), electric
fields and thermal treatments (thermal shock, microwaves). Chemical methods include
solvents, ionic liquids, pH shifts and enzymatic hydrolysis (Glinerken et al., 2015; Phong
et al., 2018b). The extent of cell damage and consequently the resulting protein yields
depend greatly on the algal strain and on the amount of energy that can be effectively
transferred to the cells. In Fig. 3 several physical processes reported in literature for
the extraction of proteins from microalgae are compared in terms of yield and specific
energy consumption (Em [kWh kg'ow]). Two reference levels are indicated: the
minimum experimental specific energy (Emmin) required to break a cell of T. suecica
(Lee et al., 2013) and C. vulgaris (Giinther et al., 2016) which varies from 1.9x10* to

2.5x103 kWh kgow™* depending on the strength of the cell wall and on the osmolality,
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and the maximum specific energy (Emex:) recommended for the extraction step within
a biorefinery, which is estimated at 0.6 kWh kgow* and equivalent to ~ 10 % of the
energy content in microalgae (Coons et al., 2014; Illman et al., 2000). It is remarkable
that all the reported methods require at least 100 times more energy than Emmin. This
is due to energy losses and dissipation to the bulk media, in other words, energy that
is not effectively applied on the cells. From Fig. 3, only mechanical methods namely
bead milling and high pressure homogenization resulted in acceptable yields (> 20 %)
and energy consumptions below the target Emex:. In the present study we measured a
protein yield of 22.5 % and an En, of 0.607 + 0.002 kWh kgpw™. Safi et al., (2017a)
reported yields from 23 to 51 % and corresponding energy consumptions of 0.1 to 0.6
kWh kgow™ for the microalgae Nannochloropsis gaditana using bead milling and high
pressure homogenization. Such high yields reflect structural differences between the
two algae strains, since both works implemented comparable operation conditions for

the case of the bead milling (BM) process.

In general, the application of electric fields leads to low yields even at high energy
consumptions. This is due to the presence of a cell wall, which remains practically
unaffected by electric fields ('t Lam et al., 2017). Parniakov et al., (2015) reported
protein yields of nearly 15 %, but the process involved pulsed electric fields at pH 8.5,
thus a synergistic effect is likely. Ultrasound, which mechanism of action on the cells
involves shear caused by cavitation, can lead to appreciable protein yield at expenses
of a high energy consumption. This is the case of the work of Safi et al., (2014c) who
reported protein yields ranging from 8 to 67 % for several algae strains under the same
processing with a consequent specific energy consumption of Em ~187 kWh kgpw™.
Worth noticing, several works in which thermal treatments were implemented
reported energy consumptions of the order of 3 kWh kgow* with protein yields ranging
from 1.5 to 35 %. It is not surprising to obtain low yields of soluble proteins under
thermal processing, due to denaturation and consequently thermal coagulation.
However, a 35 % vyield reported by Jazrawi et al., (2015) after processing Chlorella

vulgaris at 200 °C suggests instead a high degree of protein denaturation via hydrolysis,
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rendering the extract phase rich in small protein fragments. The effect of the extraction
process on the protein conformation is rarely studied. As shown in Fig. 2C, all the
protein bands expected for T. suecica (Postma et al., 2016) are preserved, confirming

the mildness of the present extraction process.
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Figure 3. Overview of specific energy consumption (Em [kWh kglpw]) for algal
disintegration and corresponding protein yields. BM: Bead milling (arrow: present
study, (Postma et al., 2016; Postma et al., 2015; Safi et al., 2017a)), EF: Electric Fields
(t Lam et al., 2017; Grimi et al., 2014; Parniakov et al., 2015; Postma et al., 2016; Safi
et al., 2017a), US: Sonication (Grimi et al., 2014; Parniakov et al., 2015; Passos et al.,
2015; Safi et al., 2014c; Wenjuan et al., 2013), HPH: High Pressure Homogenization
(Grimi et al., 2014; Safi et al., 2017a, 20144, 2014c), MW: Microwaves (Passos et al.,
2015), Thermal processing (Jazrawi et al., 2015; Passos et al., 2015), EMmin: Minimum
specific energy for cell rupture (Glinther et al., 2016; Lee et al., 2013), Emex: Target
maximum specific energy for extraction (Coons et al., 2014; Illman et al., 2000).

3.3. Techno-functional properties
Despite its importance, the techno-functionality of algae proteins is often overlooked.
Most studies focus on presenting yields or extraction efficiencies, without addressing
potential applications beyond a mere amino acid profile analysis. The issue of purity is

also frequently neglected. In general, for a given separation process, purity and yield
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are inversely related. In other words, higher yields can be achieved at expenses of low
purities. Cavonius et al., (2015) and Ba et al., (2016) reported a process of high
pressure homogenization and pH-shifting which resulted in protein yields of 68 to 84
% with purities of 26-44 % (DW). On the contrary, high purities can be obtained by
implementing several unit operations, but having as consequence low yields. This is
the case of the process presented by Schwenzfeier et al., (2011), in which bead milling,
adsorption, precipitation and dialysis yield 7 % of the total protein in the soluble phase
with a purity of over 64 % (DW). Similarly, two processes leading to protein purities
above 78 % (Chronakis, 2001; Waghmare et al., 2016) are complex, requiring multiple
and expensive unit operations, thereby unsuitable for large scale applications. It is also
clear that pH-shifting is the most common method to extract proteins (Benelhadj et
al., 2016; Gerde et al., 2013; Ursu et al., 2014). However, this requires the addition of
chemicals, which is economically undesirable and can lead to protein denaturation.
The present research involves a single unit operation and leads to a protein yield of

22.5 % and purity of 50.6 % (DW).

The functional activity of the crude protein extracted after short term bead milling was
further investigated in terms of surface activity and gelation behavior. Samples were
compared with whey protein isolate. Dynamic surface activity for air water interfaces
(foaming) and oil water interfaces (emulsification) showed the expected tendencies
(Fig. 4A): a sharp decline in surface tension followed by a slow decrease to reach an
equilibrium value. This behavior reveals three basic mechanisms namely diffusion
towards the surface, adsorption and molecular reorientation (Serrien et al., 1992).
Hence, superior surface activity is reflected in a curve with a higher slope and a lower
value of surface tension at equilibrium. From Fig. 4A it is clear that the crude protein
fraction presented a higher surface activity than whey protein isolate (WPI) for foaming
and emulsification. This superior performance can be due to the presence of charged
carbohydrates and glycoproteins as hypothesized by Schwenzfeier et al., (2014). In

addition, the presence of lipids (8 % by weight) in the crude extract could have
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contributed to the development of more stable interactions around the surfaces

(Gerde et al., 2013).
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Figure 4. A. Surface activity for algae samples (:* =) and Whey Protein Isolate WPI (-)
for foaming (black) and emulsification (grey). B. Gelation of alga samples and
corresponding temperature (—-).

The gelation behavior was studied by measuring the storage modulus (G’ [Pa]) during
a defined heating-cooling profile (Fig. 4B). During the heating phase (25-90 °C) proteins
unfold, exposing their functional groups. This makes possible the formation of covalent
bonds with neighboring molecules, which result in the development of a film-like
structure. During the cooling phase (90 -25 °C) the gel further hardens due to the
formation of non-covalent interactions such as hydrogen bonds and hydrophobic
interactions (Martin et al., 2014). WPI did not show gel-like behavior at 10 % protein
content. WPI is composed of small globular proteins and thus, steric repulsion may
prevent the formation of a stable network during the heating-cooling treatment. On
the contrary, the algae extract contains proteins of a broad range of sizes (Fig. 2C) in
addition to sugars, lipids and ash, which may be contributing not only to forming new
bonds during the heating phase but to enhancing the rigidity of the gel network.
Chronakis, (2001) suggested that hydrophobic interactions are mainly responsible for

molecular association and aggregation. It was also argued that, for the case of proteins
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extracted from cyanobacteria, gelation properties are controlled from protein

complexes rather than from individual proteins.

4. Conclusions

In this study it was shown that the soluble extract from green microalgae can be
significantly enriched with proteins by performing cell disintegration —via a single bead
milling step- for short times. This also ensures low specific energy consumptions, well
below other disintegration methods like ultrasonication and electric fields. The
resulting crude protein extract displayed excellent surface activity and gelation
behavior, superior to whey protein isolate. The proposed process is easily scalable,
does not require the addition of chemicals or expensive unit operations and lead to a

product with potential application as functional ingredient in foods.
Acknowledgements

This project is financed by the Dutch Technology Foundation STW under the project
AlgaePro4You, nr. 12635. From January 2017, STW continued its activities as NWO

(Dutch national science foundation) Applied and Engineering Sciences (TTW).

121



Appendix

Table Al. Overview of fractionation processes of microalgae products with focus on
product functionality, and composition (% dw) of selected fractions (Prt: Proteins, CH’s:
Carbohydrates, Lip: Lipids).

Reference Algal Strain / Process Yr% Prt. CH’s Lip. Ash
Functional
Property
Present study Tetraselmis Bead milling (8 22,5 50.6 26.4 4.7 13.7
suecica min)
Surface activity:
Foaming
Emulsification
Gelation
(Garcia et al., Tetraselmis Bead milling (BM) + 11.7 25.5 449 48 24.8
2018) suecica filtration (0.45 um)
Surface activity: BM + Ultrafiltration 4.4 213 60.0 7.8 11.0
Foaming (UF) (Retentate,
Emulsification 300 kDa)
Gelation BM + UF 34 206 649 3.8 10.8
(Retentate, 10 kDa)
(Baetal., 2016) Haematococcus  High pressure 64 26 37 18 n.a.
pluvialis. homogenization +

Emulsification pH shift (pH 5.7) 73 44 26 16 n.a.
High pressure
homogenization +
pH shift (pH 7)

(Waghmare et  Chlorella Precipitation in na. 783 128 4.1 4.1
al., 2016) pyrenoidosa three phase system

Foaming + enzyme

Water/oil hydrolysis + Dialysis

absorption + precipitation
(Benelhadj et Arthrospira Biomass dissolution n.a. 69.6 89 3.7 17.8
al., 2016) platensis + Isoelectric

Water/oil precipitation (pH 3)

absorption

Emulsification
Foaming
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(Cavonius et Nannochloropsis Homogenization+ 86 23 42 12 25
al., 2015) oculata. pH shift (pH 7—3,
Enriched Pellet) 72 24 58 13 28
Food/Feed Homogenization +
pH shift (pH 10—3,
Pellet)
(Ursu et al., Chlorella vulgaris Homogenization+ 40 n.a n.a. na. na.
2014) Emulsification pH shift (pH 12-4) 50 n.a. n.a. na. n.a.
Homogenization
(pH 12) +
Ultrafiltration
(Gerde et al., Nannochloropsis  Extraction (pH 11) + 35 41 56 205 7.3
2013) spp precipitation (pH 3)
Enriched Extraction (pH 11) + 16 535 6.7 n.a. 8.2
Food/Feed precipitation (pH 3)
(defatted)
(Schwenzfeier  Tetraselmis sp. Bead milling + 7 64.4 23.8 n.a. n.a.
et al., 2014, Foaming Adsorption +
2013b, 20133, Emulsification precipitation +
2011) dialysis.
(Chronakis, Spirulina Extraction + na. 786 n.a. na. na.
2001) platensis precipitation (pH
Gelation 10/3) + dialysis +

defatting

n.a.: Not available.
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Chapter 6

Fractionation of proteins and carbohydrates
from crude microalgae extracts using an lonic

liquid based-Aqueous Two Phase System
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Abstract

Mild, simple and efficient recovery methods are required to obtain high-value
microalgae proteins. As a promising extraction method, an Aqueous two phase system
(ATPS) was used to partition proteins from crude microalgae extracts obtained from
two green microalgae of industrial interest: Neochloris oleoabundans and Tetraselmis
suecica. Furthermore, the Non-Random Two Liquids model (NRTL) was applied to
describe both the phase diagram and the partition coefficient of total protein. It was
observed that total protein preferentially concentrates in the top phase. Additionally,
no significant effect on partition or extraction efficiency was noted at different tie lines.
Experimental data indicate that proteins and sugars are selectively fractionated in top
and bottom phases respectively. The model provided a good representation of the
experimental data for the liquid-liquid equilibrium. Moreover, the model also led to a
good representation of the partitioning data for two reference proteins, Rubisco and
Bovine Serum Albumin (BSA), as well as for total protein from crude microalgae

extracts.
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1. Introduction

Due to their rich composition, microalgae are a potential source of biomolecules for
food, feed, chemical and pharmaceutical products, of which proteins are of paramount
industrial relevance. Microalgae can accumulate up to 60% protein under different
cultivation conditions (Draaisma et al., 2013). Because of their sustainability, techno-
functionality and broad range of applications, algae proteins have been in the spotlight
of numerous studies (Samarakoon and Jeon, 2012). However, microalgae proteins are
often present intracellularly or forming complexes with pigments and polysaccharides
and thus, their recovery and purification still represents a challenge (Chronakis et al.,
2000). Several processes have been developed for the extraction and fractionation of
proteins from microalgae. pH-shifting, filtration and adsorption are commonly
reported (Lupatini et al., 2017). However, such processes, are often characterized by
low yields, poor selectivity and harsh conditions. Further research on alternative
separation methods is therefore required.

Aqueous two-phase system (ATPS) is a liquid-liquid extraction method that has been
presented as a mild, easily scalable, efficient and cost competitive technology for the
recovery of a broad range of biomolecules (Rosa et al., 2011). Although large scale
applications are reported (Glyk et al., 2015), its widespread implementation has been
constrained by the poor understanding of the partitioning mechanism and by the
selection of the phase forming components, in terms of sustainability, recyclability and
costs. lonic liquids (ILs) have gained significant attention in the last decades as phase
forming components in ATPS due to their chemical versatility and physicochemical
properties. They are non-flammable and non-volatile. Moreover, their
physicochemical properties (e.g. polarity, viscosity, miscibility) can be tuned by
manipulating their cations and anions, allowing the tailor-made design of extraction
processes (Ventura et al., 2017). lonic liquid-based ATPS have been studied by several
authors for the extraction of lipids proteins (Lee et al., 2017a). High extraction
efficiencies and partition coefficients 3-4 times higher can be achieved in comparison

with traditional polymer-salt systems (Desai et al., 2014).
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Partitioning of proteins in IL-based ATPS is a complex phenomenon. It depends on
several factors including type and concentration of phase-forming components, pH,
temperature, ionic strength and chemical nature of the target molecule(s) (Ventura et
al., 2017). In the case of proteins, hydrophobicity, isoelectric point, molecular weight
and conformation play a critical role (Dreyer et al., 2009). Significant progress has been
made in the theoretical understanding of the underlying mechanisms of protein
partitioning as well as phase equilibrium in ATPS. For the latter, several thermodynamic
models have been successfully implemented for systems containing polymers (Wu et
al., 1998), salts (Perez et al., 2013) and ILs (Simoni et al., 2008). Thermodynamic models
have also been used to describe and predict the partition coefficients of model proteins
in ATPS; satisfactory estimations are reported for polymer/salt systems using an
extension of the Pitzer’'s model (Perez et al., 2013) and multicomponent Wilson model
(Madeira and Xu, 2005). For polymer-polymer systems, modifications of the Pitzer’s
model (Lin et al., 2003), Flory Huggins theory (Diamond and Hsu, 1990) and UNIQUAC
model (Hartounian et al., 1994), have been successfully implemented. A correct
understanding and prediction of equilibrium and partitioning can lead to further

developments in design, scale up and process optimization.

Despite the large number of publications in the field of ILs and protein extraction (Du
et al., 2007; Lee et al., 2017a), the application of ATPS for the extraction of microalgae
proteins and in particular for crude microalgae extracts is limited. The published
research have centred mostly on extracting C-phycocyanin from Spirulina strains (Luo
et al.,, 2016), B-phycoerythrin from Porphyridium cruentum (Benavides and Rito-
Palomares, 2006) and proteins from Chlorella pyrenoidosa (Waghmare et al., 2016) and
Chlorella sorokiniana (Phong et al., 2017). Combination of several disintegration-
extraction methods have also been described. Lee and co-workers (Lee et al., 2017b)
extracted proteins from Chlorella vulgaris using ultrasound and IL-based buffers,
proving that the IL aids in the disintegration process. This was also demonstrated by

Orr et al. (Orr et al., 2016) for the extraction of lipids from wet microalgae.
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In the present investigation, we study the equilibrium of an IL-based ATPS and the
partitioning of crude protein extracts obtained from two green microalgae: Neochloris
oleoabundans and Tetraselmis suecica. N. oleoabundans have been extensively
investigated and it is considered a promising industrial strain due to its versatility, high
growth rate, and biomass composition (Abu Hajar et al., 2017). T. suecica has been
traditionally used in aquaculture (Gladue and Maxey, 1994) and recently it has been
highlighted due to the techno-functional properties of its proteins (Schwenzfeier et al.,
2014). In addition, the Non Random Two Liquids (NRTL) model is used to describe
equilibrium and partition coefficients. The NRTL model was selected because of its
flexibility to describe systems of different chemical nature, including electrolyte
solutions and IL (Simoni et al., 2008), and because of its simplicity compared with
models like UNIQUAC or UNIFAC (Renon and Pruasnitz, 1968). To our knowledge, this
is the first attempt to describe the partitioning of crude microalgae proteins in ATPS

containing ILs using thermodynamic models.

2. Experimental Section

2.1. Materials
The lonic liquid lolilyte 221PG (> 95 %) was purchased from lolitec®. Citric acid
monohydrate (> 99.0 %) was purchased from Merck Millipore®. Bovine serum albumin
(BSA, > 96 %, 66.4 kDa), potassium citrate tribasic monohydrate (> 99.0 %) and D-
Ribulose 1,5- diphosphate carboxylase (Rubisco, ~ 540 kDa), a partially purified protein
from spinach, were purchased from Sigma-Aldrich®. Potassium citrate buffer stock
solution was prepared by weighing and mixing 60 % (w/w) citric acid monohydrate with
60 % (w/w) potassium citrate tribasic until pH 7 was reached.

2.2. Microalgae cultivation and harvesting.
Two microalgal strains were used for this study: Neochloris oleoabundans and
Tetraselmis suecica. N. oleoabundans (UTEX 1185, University of Texas Culture
Collection of Algae) was cultivated in fresh water using a fully automated 1400 L
vertically stacked tubular photobioreactor supplied with Bold’s basal medium (Postma

et al., 2017). T. suecica (UTEX LB2286, University of Texas Culture Collection of Algae,
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USA) was cultivated in 25 L flat panel photobioreactors in sea water supplied with
Walne medium. Cultivation details are given elsewhere (Postma et al., 2017). Both
photo-bioreactor systems were located in AlgaePARC (Wageningen, The Netherlands).
After harvesting, biomass was stored at 4 °C until further use.

2.3. Fractionation Process
The harvested microalgae were suspended in MilliQ® water to obtain a biomass
concentration of ~ 90 g LY. The microalgae suspension was disrupted in a horizontal
stirred bead mill (Dyno-Mill Research Lab, Willy A. Bachofen AF Maschinenfabrik,
Switzerland) using 0.5 mm beads as described by Postma et al. (Postma et al., 2017).
The milled suspension was then centrifuged at 14000 rpm and 20 °C for 30 min in a
Sorval® LYNX 6000°® centrifuge (ThermoFisher Scientific®). The supernatant was
recovered and subjected to a two steps filtration process. First, ultrafiltration was
conducted on a laboratory scale tangential flow filtration (TFF) system (Millipore®,
Billerica, MA) fitted with a membrane cassette with a filtration area of 50 cm? and a
cut-off of 1000 kDa (Pellicon® XL Ultrafiltration Biomax®). The process was run at
constant transmembrane pressure until a 5x concentration factor was achieved. The
resulting permeate was then filtered three times over a 3 kDa Ultracel® Amicon® Ultra
centrifugal filter (Millipore®, Tullagreen, IRL). Each run was performed for 20 min at
4000 xg and 20 °C; MilliQ® water was used as feed for the second and third run. The
resulting retentate, regarded as crude protein (CP), was stored at -20°C until further
use.

2.4. Characterization of the crude protein extract
The crude protein (CP) extract was characterized based on proteins, carbohydrates,
lipids and ash content. Soluble proteins were quantified using the DC Protein assay
(Bio-Rad), which is based on the Lowry assay (Lowry et al., 1951). Bovine serum
albumin (Sigma—Aldrich) was used as protein standard and absorbance was measured
at 750 nm using a microplate reader (Infinite M200,Tecan, Switzerland).
Total carbohydrates content was determined by the method of Dubois (Dubois et al.,

1956), which is based on a colorimetric reaction in phenol-sulfuric acid which is
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measured at 483 nm. Glucose (Sigma—Aldrich) was used as standard. Total lipids were
analysed following the method of Folch (Folch et al., 1957). Lipids were extracted three
times with chloroform/methanol/Phosphate buffer saline (1:2:0.8 v/v). After
extraction, the excess of solvent was removed in a vacuum concentrator (RVC 2-25
CD+, Christ GmbH) and total lipid content was determined gravimetrically. Ash content
was measured gravimetrically after burning in a furnace at 575 °C. Free glucose was

determined as described below.

2.5. Electrophoresis
To investigate the native conformation of the microalgae proteins before and after
partitioning in the ATPS, the samples were analysed by native gel electrophoresis. The
samples were diluted with native sample buffer at a ratio 1:2 and applied on a 4-20 %
Criterion TGX (Tris-Glycine eXtended) precast gel. The gel was run in 10x Tris glycine
native buffer at 125 V for 75 min. The native gel was stained using the Pierce Silver
Stain Kit from Thermo Scientific®. The precast gels and buffers were procured from Bio-
Rad®.
2.6. Aqueous two phase systems, tie lines and protein partitioning

The aqueous two phase system lolilyte 221PG (1) - citrate (2) - water (3), further
regarded as lol-Cit, was selected to study the partitioning of proteins. This system was
chosen from several ionic-liquid based ATPS (data not shown) due to its strong ability
to form two phases and to partition proteins, biocompatibility and mild interaction
with proteins; furthermore, the corresponding phase diagram and 4 tie lines are readily
available as described by Suarez Ruiz et al., (2017). To study the partitioning behaviour
of the model proteins BSA and Rubisco, four tie lines were selected. For the CP, two tie
lines more were constructed to assess in total six tie lines. Along each tie line, a sole
point was selected where the volume of top and bottom phases are equal. The final
protein concentration in the system was ~ 0.3 mg g™*. The mixture was stirred in a
rotary mixer for 10 min. Subsequently, bottom and top phases were separated by
centrifugation at 2500 rpm for 5 min and transferred to separate flasks. Experiments

were conducted at room temperature and pH 7.
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2.7. Protein determination
Reference proteins BSA and Rubisco were quantified by measuring the absorbance at
280 nm using a Tecan infinite M200® plate reader. The CP from both strains were
guantified with bicinchoninic acid using the Pierce BCA protein assay kit from Thermo
Scientific®. For both methods, BSA was used as protein standard. Sample blanks (ATPS
without protein) were prepared to correct for the influence of solvent composition.
Because of the strong interference of the phase forming components in the top phase
and the protein determination methods, the concentration of the protein in the top
phase was calculated as function of the total protein fed in each tie line and the protein
concentration in the bottom phase.

2.8. Free glucose determination
Soluble glucose in the ATPS was determined by 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 temperature, quantification was conducted by measuring absorbance at 510 nm
using a Tecan infinite M200® plate reader. GOPOD reagent and glucose were used as
blank and standard respectively.

2.9. Partition coefficients and extraction efficiencies
The partition coefficient for proteins (k,) between top (T) and bottom (B) phases was
estimated according to Eq. 1 where x, is the mole fraction of protein in each phase.
Additionally, the extraction efficiencies for proteins EE, and for free glucose EE; were
calculated as shown in Eq. 2. EE% indicates the extent of extraction of a compound in

the top phase compared to the total feed.

P s (1)
0f — Cr*Vr
EE% = — 1 — 100 (2)

Where C stands for concentration and V stands for volume in each phase.
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2.10. Statistics

All experiments were conducted in duplicates. Statistical analysis was performed using
R (V 3.4.1). One way ANOVA and Tukey HSD tests were implemented at 95 %

confidence level to assess significant differences among treatments.
2.11. Thermodynamic framework

In this investigation, the NRTL model was implemented for the description of phase
equilibrium and protein partitioning in the ATPS. Although this model was not
developed for electrolyte solutions, it has been shown to accurately calculate
equilibrium data of systems containing salts and ILs (Simoni et al., 2008). With this
model, we assume that the ILs and salts do not dissociate; this means that each pair
cation-anion is treated as a single molecule. The NRTL model assumes that the liquid is
made up of molecular “cells” in a binary mixture. Each cell comprises a central
molecule interacting with its neighbouring molecules (Renon and Pruasnitz, 1968).
Such interaction is characterized by the parameter gj, which accounts for the

interaction energy between the pair i-j. The model details are given in Appendix A.

Liquid-liquid equilibrium was estimated assuming constant pressure and temperature
(isothermal flash calculation) as described by Denes and Lang, (2006) In this approach,
equality of activities for component i in both phases (Eg. 3) and mass conservation

equations are coupled with the activity coefficient model.
(j/ixi)Top = (yixi)Bottom (3)

Where x; and y; are the mole fraction and activity coefficient of component i in each

phase.

Experimental equilibrium data collected for the characterization of the system lol-Cit
(Suarez Ruiz et al., 2017) was used to estimate the corresponding interaction
parameters 1 via model regression. First, the non-randomness parameter a was fixed

between 0.1-0.3 (Renon and Pruasnitz, 1968). The three remaining parameters were
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correlated following the solution algorithm proposed by Haghtalab and Paraj, (2012)

and described in Appendix B. To summarize, two objective functions involving molar

compositions and activities are minimized in order to find the best set of integration

parameters 1« (IP) that correlate best the experimental data.

To describe the partitioning of crude proteins in the system lol-Cit, the following

assumptions are made:

Vi.

Vii.

The proteins in the CP behave like a single molecule. This implies that the presence
of other components (carbohydrates, lipids, ash) do not affect the protein’s
partitioning behaviour; LLE is also unaltered.

The CP does not affect the system equilibrium. In other words, the interaction
parameters for components 1, 2 and 3 remain unaltered by the presence of small
amounts of CP. In the present study, a maximum CP concentration of ~ 0.3 mg g*
was used. This assumption has been already implemented by Hartounian et al.,
(1994) and Perez et al., (2013), and allow us to treat LLE and protein partitioning
separately.

The protein partition coefficient (kp) is calculated as follows:

T B
k X T (4)
V4 B T

xp 71)

Where x, and y, are the molar fraction and activity coefficient of the pure
(reference protein) or crude protein (CP) in each phase.

Vo can be estimated using the NRTL model.

Although the CP is a mixture of proteins of different molecular weight and chemical
nature, no distinction is made on the type of protein that is present in each phase.
In this regard, x", and x5, refer to total protein found in top and bottom phase
respectively. To estimate the corresponding molar fractions, the molecular weight
of Rubisco was selected to represent all proteins present in the crude extract.
Furthermore, we assume that the protein remains in solution, without aggregation
or precipitation. We also ignore protein-protein interactions.

The partitioning process takes place at constant pressure and temperature.
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It was assumed that the presence of protein is not altering the established equilibrium
of the system lol-Cit. If we consider a fourth component (CP or pure protein), the
interaction parameters Tp-ililyte, Tp-citrate AN Tp-water CAN be calculated by experimentally
measuring x’p and x5, and by an optimization procedure adopted by Perez et al,,
(2013). In this procedure, the interaction parameters are obtained by minimization of

two objective functions (Appendix B).

3. Results and Discussion
Since retaining the native conformation and the stability of valuable proteins is crucial
for a variety of industrial applications, we selected the ionic liquid lolilyte 221PG based
on a previous screening (Suarez Ruiz et al., 2017). The screening was conducted over
19 ILs of different chemical nature and included aspects like ability to form two phases
and the IL effect on protein stability. lolilyte 221PG did not significantly affect the
native conformation of Rubisco (present in microalgae) and other reference proteins
(BSA and I1gG1) up to a 50% concentration of IL (Desai et al., 2014; Dreyer et al., 2009).
Citrate was selected as phase forming component due to its strong salting out
character, and because it has a more environmentally friendly character as opposed to
inorganic phosphate salts (Sinha et al., 2014). The system lolilyte 221PG-Potassium
citrate showed outstanding extraction efficiencies in the partitioning of Rubisco

compared to the commonly used polymer/salt systems.

The phase diagram for the system lol-Cit is presented in Fig. 1. Equilibrium
compositions mark the transition from single to two phases, and are linked from top
to bottom with tie lines. The points linked by a tie-line represent the composition of
the existing phases, which are identical along a tie line. We have studied the
partitioning of CP in an area covering six tie lines, with compositions of IL ranging from
2 to 60% (w/w) and salt concentrations from 1 to 55% (w/w). Furthermore, the NRTL
model was implemented in order to describe the experimental data.. The experimental
equilibrium compositions, extended from four tie lines (Suarez Ruiz et al., 2017) to six

tie lines and the corresponding model estimations are shown in Fig. 1. The resulting
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interaction parameters are listed in Table 1. A good representation of the experimental
data is achieved in both cases, demonstrating the flexibility of the NRTL model and its
applicability to systems containing IL and salts, as indicated in other studies (Simoni et

al., 2008)

Water o5 0.5 lolilyte

0 0.1 0.2 0.3 04 05 0.6 0.7 0.8 0.9 1
Citrate

Figure 1. Phase diagram (% w/w) for the system lolilyte (1) - Citrate (2) - Water (2).
Experimental data (filled symbols and solid line for tie lines, A for feed compositions)
and model estimation (open symbols and dashed line for tie lines).

3.1. Protein partitioning

The equilibrium data and interaction parameters for the system lol-Cit (Fig. 1 and Table
1) were used to evaluate the partitioning of proteins. Two reference proteins, BSA (~
67 kDa) and Rubisco (~ 540 kDa), were assessed in the system with four tie lines and
microalgae proteins (CP) were assessed with six tie lines. For each case, the Tie Line
Length (TLL) was calculated according to Eqg. 5. TLL is proportional to the concentration
of the phase forming components and thus, it reflects the effect of the system
components on the fractionation process. Higher values of TLL correspond to tie lines

farther away from the origin (Fig. 1).
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Where subscripts 1 and 2 stand for lolilyte and citrate respectively, and A refers to the

difference between top and bottom composition for each tie line.

The experimental partition coefficients presented in Fig. 2A indicate that the proteins
are preferentially concentrated in the IL-rich phase. A notably high standard deviation
occurs for TLL 53 %, which can be due to the inherent stability of Rubisco in lolilyte
221PG. At a TLL of 53 %, the concentration of IL in the top phase is ~ 42 % (w/w). This
appears to be a turning point for the molecular stability of Rubisco, leading to strong
responses in solubility and therefore uncertainties in the analytical determination. In
fact, Desai et al., (2014) found that the molecular conformation of Rubisco in the same
IL changes already from 30 % IL but becomes significant at 50 % IL. This was also
observed in our earlier publication (Suarez Ruiz et al., 2017). Partition coefficient
results are in agreement with studies on protein partitioning in ATPS containing the
same ionic liquid (Desai et al., 2014; Dreyer et al., 2009; Suarez Ruiz et al., 2017). Dreyer
et al., (2009) postulated that molecular weight and net protein charge are the most
important factors explaining the enrichment of proteins in the IL-rich phase. When
comparing the partition coefficients of BSA and Rubisco, no significant differences
were found (p > 0.05). Considering the remarkable difference in size of these reference
proteins, molecular weight does not seem to play a relevant role in our case. On the
other hand, the system pH (~6.5) is higher than the isoelectric point (pl) of Rubisco (pl
~ 5.5) (Martin et al., 2014) and BSA (p! ~ 4.7) (Desai et al., 2014), which means that
both proteins are negatively charged in the ATPS. Electrostatic interactions between
the negatively charged protein and the ionic liquid cation influence positively the
concentration of the protein in the ionic liquid-rich phase. We also propose that the
citrate anion plays an important role in the partitioning of the proteins to the top
phase. Citrate is a highly hydrated anion with a strong salting out capability (Silvério et

al., 2013) and therefore proteins in the CP migrate to the IL rich phase in which the
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charge density is lower. Thus, it appears clear that the protein net charge in the ATPS
is an important driving force for the preferential concentration of proteins in the IL-

rich phase (Hartman et al., 1974).

15
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Figure 2. Partition coefficients as function of tie line length in the system lolilyte (1) -
citrate (2) - water (3). Experimental data is shown in bars and model estimations with
markers. (A) Rubisco (open marker and bars) and BSA (filled bars and marker). (B)
Crude protein from N. oleoabundans (open marker and bars) and T. suecica (filled
marker and bars). Error bars indicate standard deviation. * Significant difference (p <
0.05).

Fig. 2B displays the partition coefficient of total protein from the CP derived from N.
oleoabundans and T. suecica. Although a slight decreasing trend is observed,
statistically only the k, for the tie line length (TLL) 80 % is significantly lower (p < 0.05).
A decrease of k, with TLL have been previously reported by other authors (Boaglio et
al., 2006; Patil and Raghavarao, 2007). The TLL changes the free volume available,
therefore, the migration of the protein to the opposite phase seems to be consequence
of the high concentration of the ionic liquid in the top phase which reduces the free
volume available for the protein. This was the case for the CP from both microalga
strains. The statically lower value of k, at TLL 80 % can be due to protein loss as result
of the high concentration of IL at TLL 80 %, which reaches nearly 62 % (w/w). At such
concentrations, some proteins from the CP are excluded from the top phase into the
bottom phase or interphase. Although we expected protein loss already from TLL 68%
(where the concentration of IL is higher than 50 % (Desai et al., 2014)), it appears that

above 60 % IL the effect becomes significant. The corresponding k, for TLL from 38 to
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76 % confirm the observations for the reference proteins (Rubisco and BSA) presented
in Fig. 2A, in which the partition coefficients remained statistically stable through the
different tie lines. In this regard, the proteins present in the CP are of different
molecular size (Schwenzfeier et al., 2011) and their chemical nature is unknown, which
makes it challenging to predict accurately the mechanism of partitioning. Furthermore,
when increasing the tie line length, the concentration of phase forming components
also increases, making the upper phase richer in IL and the lower phase richer in salt.
Hence, composition difference between phases becomes larger. In the system studied,
however, the conductivity of the top phase varied between 81.3-89.2 mS cm™ while
that of the bottom phase reached 5.1-8.7 mS cm™ depending on the tie line. This
narrow range gives additional insights in how to explain the constant trend observed

for kp, at different TLL.

The effect of TLL on protein extraction appears to be minor. Similar observations have
been made for proteins from microalgae. Zhao et al. (Zhao et al., 2014) noted a slight
effect on protein yield when the TLL varied from 20 to 33 %, while Patil and
Raghavarao, (2007) observed an increase in protein yield from 90 to 97 % when the
TLL changed from 13 to 33 %. In both cases, c-phycocyanin was extracted from
Spirulina platensis in a system containing Polyethylene glycol and phosphate. Suarez
Ruiz et al., (2017) found a small increase in EE for Rubisco (91 to 98 %) in the system

lol-Cit for TLL in the range 37 to 80 %.

After microalgae cultivation and harvesting, a fractionation process involving bead
milling, centrifugation, filtration and diafiltration was implemented to produce a crude
protein extract from two microalgae strains. The composition of the resulting CP
extracts is presented in Fig. 3A. The protein content reached 43.5+ 2.7 and 48.1 + 1.8
% (dw of the CP) for N. oleoabundans and T. suecica respectively. These values are in
good agreement with protein extracts obtained from several microalgae strains using
various separation processes (Safi et al., 2014c). As expected, a higher value of ash was

observed for the marine strain T. suecica (18.5 + 0.5 % dw) compared to N.
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oleoabundans, which was grown in fresh water. A maximum lipid content of ~ 2 % dw
was found for both strains; these are probably prosthetic groups (e.g., porphyrins) and

lipoproteins (Schwenzfeier et al., 2013b).

The carbohydrates content in the CP is notably high, in particular for N. oleoabundans
(~ 40 % dw) This could be due to an elevated carbohydrates content in the initial
biomass. Since both microalgal strains used in this investigation can accumulate starch
during cultivation, we anticipate that glucose is the most abundant sugar. In fact,
Brown, (1991) measured the sugar composition of 16 species of microalgae including
the classes Chlorophyceae and Prasinophyceae, finding that glucose accounts for 55.2
to 85.3 % of the total carbohydrates content. The fraction of free glucose to total
carbohydrates in the CP is 21.49 £ 0.55 % and 36.47 + 1.28 % for N. oleoabundans and

T. suecica respectively.
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Figure. 3. (A) Overall composition (% dw) of crude protein extract from T. suecica and
N. oleoabundans. Error bars indicate standard deviation. Experiments run in duplicate.
(B) Extraction efficiencies for proteins (open symbols) and free glucose (filled symbols)
for T. suecica (circles) and N. oleoabundans (squares).

The corresponding extraction efficiencies (EE) for total protein and free glucose,
according to Eq. 2, are presented in Fig. 3B for different tie lines. We have determined
free glucose as an indirect measure of carbohydrates in the ATPS, as the common
methods for the quantification of total sugars show strong interference with lolilyte

221PG. It is clear that proteins are preferentially accumulated in the top phase while

sugars are mostly concentrated in the bottom phase. The high affinity of sugars for
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water and their lack of charge seems to be responsible for their separation into the
most hydrated phase (bottom phase). This confirms that the system lol-Cit effectively
fractionate proteins from sugars in a single step. Only few studies have demonstrated
the separation of proteins from saccharides in ATPS containing IL (Lee et al., 2017a);
the reported extraction efficiencies (> 82 % for proteins and < 100 % for saccharides)
are in good agreement with our findings. Furthermore, to our knowledge, the present
research is the first evidence of extraction of proteins and carbohydrates from
microalgae crude extracts in an IL based ATPS. Moreover, there is no significant
difference (p > 0.05) in the values of EE for N. oleoabundans and T. suecica. This is
unexpected, but indicates that the chemical nature of the proteins and sugars from

both microalgal strains are comparable.

3.2 Protein conformation
Previous research conducted on several ionic liquids-salt pairs (data not shown)
revealed that lol-Cit forms two phases at relatively low concentrations of IL. This is
important considering protein stability; Desai et al., (2014) studied the stability and
activity of Rubisco in loliliye 221 PG and found that above 30 % IL there is aggregation
and significant loss of enzyme activity but no signs of protein fragmentation. In our
experiments, the highest concentration of IL was 60 % (w/w), and occurs in the top
phase of the sixth tie line. Visually, we did not identify aggregation or the formation of
precipitates. In order to evaluate protein conformation, native gel electrophoresis was
performed for each tie line in the top phase and the resulting protein bands are
presented in Fig. 4. The expected protein band for Rubisco (~540 kDa) is observed for
all tie lines, with a gradual decrease in band intensity at higher values of tie lines for N.
oleoabundans. There is a clear loss of distinctive protein bands in the range < 20 kDa
for both microalgal strains (dotted squares). We hypothesize that these proteins could
have suffered denaturation due to the presence of IL and thus they migrated to the
bottom phase. To understand the partitioning of all proteins present in microalgae,

their chemical nature should be investigated.
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Figure 4. Native gel electrophoresis for crude protein (CP) from N. oleoabundans (N)
and T. suecica (T). M: protein marker. R: Rubisco (arrow at ~540 kDa). Numbers 1-6
refer to tie lines. Wells N and T refer to CP in water. Dotted squares indicate region in
which protein bans are lost.

3.3. Protein partitioning estimations

The corresponding estimations of protein partitioning with the NRTL model are given
in Fig. 2A for the reference proteins and in Fig. 2B for the microalgae CP. The respective
interaction parameters are listed in Table 1. Excellent description of the experimental
data is obtained with the system containing four tie lines. This is due to an almost
perfect fit to the equilibrium data of four tie lines, for which the optimization
procedure provided a more accurate set of interaction parameters to estimate the
partition coefficients. The calculated values of k, for the CP, nonetheless, show the
expected trend at different TLL. It can be seen that the largest deviation from the
experimental data occurs for TLL 53 %, for which the equilibrium prediction also
presented high deviations.

For the implementation of the NRTL model, it was assumed that the IL and salt do not
dissociate. Besides, it is also considered that the protein does not possess a net charge.
However, for all proteins evaluated, this assumption is not correct, as their pls are far
from the working pH for all tie lines (Perez et al., 2013). The fact that the model’s
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output provides a good representation of the experimental data means that the
adjustable parameters in the NRTL model covers the uncertainty regarding the

partitioning mechanism.

We implemented the NRTL model to describe equilibrium and protein partitioning in a
biphasic system. Experimental phase equilibrium data is used to estimate the
interaction parameters, and thus, the results presented in this research are only valid
for the system lol-Cit. Furthermore, partitioning data is used to calculate the
interaction parameters for total protein in the system. The resulting model, is
therefore applicable in further studies and design of extraction systems containing lol-

Cit and crude proteins from green microalgae.

Table 2. Binary interactions parameters (IP) [j mol™] according to the NRTL model for
the system lolilyte (1) - Citrate (2) — water (3) and protein (4), using 6 and 4 tie lines

(TL), reference proteins and Crude Protein (CP).

IP 6TL 4TL IP BSA Rubisco cp cp
N. oleoabundans T. suecica
a 0.3 0.3 a 0.15 0.15 0.15 0.15
Agi> 102156.3  -36699.2 | Agis -40428.6 -31452.3 414.1 -11067.5
Agis3 - -9904.1 | Agzs -43176.1 -23007.2 -680.3 -10935.9
221631.5
Ag2: - -36118.3 | Agzs 70799.3 38794.7 71785.3 42233.4
2321141
Ags3 - -11047.9 | Ags1 -23487.7 -26218.9 83437.0 62510.4
202039.8
VAYoEY - 24359.0 Agsy -15807.2 -22231.3 13001.1 7529.9
110600.3
Ags> 160368.3 34645.4 Agsz  -37491.9 -41216.8 1786957.8 265463.7
rmsd* 0.21 0.073 ssq”* 2.06E-4 3.74E-4 3.44 1.99

* Root mean square deviation

* Sum of squares
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3.4.Outlook

In this investigation we implemented the NRTL model to describe equilibrium and
protein partitioning in a biphasic system. Experimental phase equilibrium data is used
to estimate the interaction parameters, and thus, the results presented further are
only valid for the system lol-Cit. Furthermore, partitioning data is used to calculate the
interaction parameters for total protein in the system. The resulting model, a function
of composition and interaction parameters, is therefore applicable in further studies
and design of extraction systems containing II-Cit and crude proteins from green
microalgae.

We have demonstrated the partitioning of crude protein from algae in an IL based
aqueous two phase system. We have also provided evidence of the simultaneous
extraction of proteins from carbohydrates. However, a potential application of IL in
algae biorefinery remains challenging. In particular, the following aspects require

further development:

- Chemical nature of the CP: A more accurate knowledge on the chemical nature of
the proteins in the CP would lead to a better understanding of the partitioning
behaviour.

- Binary interaction parameters: In this research we have used an algorithm which
depends on equilibrium compositions in order to estimate the corresponding
interaction parameters. Although the model output shows a good representation of
the experimental data, the calculated Ag’s may not correspond to experimental
interaction parameters. In this regard, phase analysis is recommended.
Furthermore, the values presented in Table 1. for the partitioning of CP reflect not
only the influence of proteins and phase forming components (lolilyte and salt) but
also carbohydrates, lipids and ash present in the crude fraction.

- Recovery of IL: Due to their inherent costs and limited knowledge regarding toxicity
and environmental concerns, further research is needed in order to develop

effective strategies for recycling the IL after protein extraction.

144



- Application of the protein extracts: The functionality and potential use of the

proteins obtained after the purification process remain unknown.

4. Conclusions
In this research we demonstrated the partitioning of total proteins from crude algae
extracts in an aqueous two phase system containing an ionic liquid and an organic salt.
It was determined that sugars are preferentially accumulated in the opposite phase as
proteins, demonstrating a simultaneous extraction. The extraction efficiencies and K,
of proteins did not vary significantly as function of the tie line length. The same
behaviour was observed for the partition coefficient of two reference proteins namely
BSA and Rubisco. It was proposed that the partitioning is determined mostly by the net
protein charge rather than by the molecular weight of the proteins. Good
representation of the experimental equilibrium and partitioning data was achieved
with the Non Random Two Liquids model, confirming its flexibility and applicability in

algae biorefinery.
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Nomenclature

Letter Definition Units

a Activity [-]

cp Crude Protein [-]

EE Extraction Efficiency %

g Interaction energy [J mol?]
k Partition coefficient protein [-]

Q Penalty term [-]

R Universal gas constant [J molt K1
T System temperature [K]

X Mole fraction [mol mol]
Greek characters

o Non-randomness (NRTL model) [-]

T Adjustable interaction parameter [-]

Vv Activity coefficient [-]
Subscripts

ik | Component, parameters and tie lines respectively [-]

ij Refers to binary interaction between componentsiand j

g Free glucose [-]

T,B Top and bottom phase respectively [-]

exp, calc Experimental and calculated value respectively [-]

p Protein [-]
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Appendix
A: Thermodynamic framework

NRTL model. The general expression for the molar excess Gibbs energy (gf) according

to the NRTL model, for n components, is given by:

2= x/l— (A1)
= Zthxk
k=1
Where:
G, =exp(-a,7;) (A1)
L —o. Ag.
r. :glj g — Ej (A2)

/ RT RT

Here, R is the universal gas constant (J mol? K1) and T the system temperature (K). The
parameter gjcharacterizes the interaction energy of the pair i-j, while the parameter
ajj accounts for the non-randomness in the mixture; x; is the corresponding molar
fraction of component i. For both parameters it holds that gj=g;i and a;= a;i. Although
ajjis adjustable, a fixed value of 0.2-0.3 is frequently used in most studies (Renon and
Pruasnitz, 1968). The binary interaction parameters t; are usually obtained from
experimental and mutual solubility data. The corresponding general expression for
activity coefficient y of component i is given by:

z fofiT./i X G Z xm ijrmj

J J i

+ T, — =
Zkak,. ; Zkakj Y Zkakj
k i k

Iny, = (A3)
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Liquid-liquid equilibrium.

The equilibrium condition implies equality in the chemical potentials of both phases
and minimal Gibbs free energy (Denes and Lang, 2006). For a two-phase system and

n components:
a.T = a_B (A4)
a;, =7yx; (AS)

Here, a; and y; are the activity and activity coefficient of component . Tand B stand for

top and bottom phases. Furthermore, the material balances can be written as:
T,B
rix =1 (A6)

If the molar compositions of both phases are known, Eq. 1-4 are reduced to a system
of non-linear algebraic equations in which only the interaction parameters tj and a;
are stillunknown. The values of the parameters tj;are therefore calculated by assuming

a constant value of ajjand by an iterative procedure described in appendix B and C.
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B: Computational algorithms

The solution method presented in this research is adopted from Haghtalab and Paraj,
(2012) and involves the estimation of the interaction parameters starting from known
experimental compositions (Fig. 1B). Briefly, experimental compositions in both phases
are used to initialize the interaction parameters. Next, the activity of all species is
calculated using the activity coefficient model (NRTL). In the following step, by
minimization of the objective function 1 (OF1). This function conducts a fit based on
the equality of activities, and thus, after convergence, a new set of calculated

compositions is obtained.

2

OFy :ii{(’clﬂlj _(xliyziﬂ +0> 7 (B1)

k

Subscripts /, i and k refer to tie lines (1,2..N), components (lolilyte 221PG (1), citrate
(2), water (3)) and adjustable parameters (1, 2..6), respectively. T and B indicate top
and bottom phase. 1« are the adjustable interaction parameters. Q is a penalty term to
reduce the risks of multiple solutions associated with parameters of high value

(Haghtalab and Paraj, 2012). In this case Q was set to 10°.

Finally, to estimate the binary interaction parameters that lead to the best correlation
between the experimental and calculated molar compositions, the objective function

2 (OF2) is implemented.

N 3 2
OF :\/év S SS (el (B2)
l i k
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As can be seen, OF2 is the root mean square deviation for the compositions. For both

objective functions, the criterion for minimization (g) was set to 10®.
Exp. mole fraction
(Xrl XB)exp
mole fractions Initialize int. param.
XTcalcsz/ chaIc=XB To

No Minimize

Calc. mole fraction
T
(X/ Xs)calc

Yes

Figure B1. Solution algorithm proposed by Haghtalab and Paraj, (2012) for estimating
liquid-liquid interaction parameters.

The set of calculated interaction parameters is used to estimate the binary interaction
parameters for the system containing protein. The solution algorithm is presented in
Fig. 2B. In short, we assumed that the presence of proteins and other biomolecules do
not alter the equilibrium compositions or binary interaction parameters of the phase
forming components. Then, we used experimentally obtained compositions to
initialize the interaction parameters. This allowed us to have a first estimate of the
activity coefficients for protein in each phase. Then, we have used objective function 3
(OF3) to estimate the interaction parameters that lead to a better agreement between
the experimental and calculated protein composition, expressed in terms of the

partition coefficient kp.
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6 k _k . 2 /2
OF3 _ Z( D,eXp 6 p,cal() (B3)
=1

Where the subscript p indicates protein, / refers to tie lines and kpexp - kp,caic is the
deviation between experimental and calculated partition coefficients. OF3, which also
corresponds to a root mean square deviation, was adapted from the work of Perez et

al. (Perez et al., 2013). The criterion for minimization (&) was set to 10,

Initialize int. param.
rcp,O

OF;

Minimize

Print .,

Figure B2. Computational algorithm for estimating interaction parameters of crude

proteins (CP).
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Chapter 7

lonic liquid-assisted selective extraction and

partitioning of biomolecules from macroalgae
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Abstract

Macroalgae are a promising feedstock for several industries due to their rich
composition and high biomass productivities compared to terrestrial crops. In this
investigation we present a novel process for the extraction and fractionation of
proteins and carbohydrates from the green alga Ulva lactuca. The process involved
mechanical disintegration assisted by ionic liquids. Up to 75 % of the proteins and 24
% of the carbohydrates initially present in the biomass were extracted in a single step
and under mild conditions with the ionic liquid (IL)- 1-ethyl-3-methyl-imidazolium
dibutyl phosphate. Furthermore, biomolecule fractionation was studied by means of
two-phase partitioning and ultrafiltration. The complete process, including extraction
and ultrafiltration, allowed the recovery of up to 40.2 % of the initial proteins and 10.0
% of the carbohydrates in the retentate phase, while 79.6 % of the IL was recovered in
the permeate phase. The proposed extraction-fractionation approach is mild, simple

and can be potentially applied for the biorefinery of macroalgae at commercial scale.
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1. Introduction
The global demand of biomolecules for industrial and food products is rising (Henchion
et al., 2017). With the current overexploitation of land and aquatic resources and the

rapid depletion of fossil fuel reserves, novel renewable feedstocks are needed.

Macroalgae are multicellular photosynthetic organisms which are a promising source
of biomolecules for several applications (Bharathiraja et al., 2015), including
biomaterials (Jung et al., 2013), biofuels (Behera et al., 2015), environmental
remediation (Chung et al., 2011), feed (Bleakley and Hayes, 2017; @verland et al.,
2018), food and pharma (Holdt and Kraan, 2011; Wells et al., 2017).

In general, macroalgae are rich in polysaccharides, contain modest amounts of
proteins and are poor in lipids (Chan et al., 2006). Because of this, macroalgae have
been mainly used as a source of carbohydrates (Jung et al., 2013). However, proteins
in macroalgae display an interesting range of functional properties (Samarakoon and
Jeon, 2012) and the amino acid profile is comparable to commercial protein isolates

(Bleakley and Hayes, 2017), making them particularly interesting for food applications.

The extraction of proteins from macroalgae is not trivial. Proteins are often embedded
in a matrix of polysaccharides (Lahaye and Robic, 2007) which is difficult to access
under mild conditions. The processes reported in literature include extraction in
aqueous and alkaline media (Bleakley and Hayes, 2017; Fleurence et al., 1995),
mechanical shear (Barbarino and Lourenco, 2005; Postma et al., 2018) and enzymatic
treatments (Amano and Noda, 1992; Fleurence et al., 1995; Postma et al., 2018). Such

processes often result in low extraction yields and purities (Tamayo et al., 2018).

lonic liquids are molten salts which have been successfully applied for the extraction
of polysaccharides from wood and cereals (Brandt et al., 2013), and for the
fractionation of biomolecules from several feedstocks (Ventura et al., 2017) including
microalgae (Suarez Garcia et al., 2018b). The implementation of ILs in macroalgae,
however, has been limited to a handful studies where algal biomass is directly treated

at high temperatures (90 -160 °C) and long contact times (3-360 min) to release
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carbohydrates (Malihan et al., 2017, 2014; Park and Jeong, 2013; Pezoa-Conte et al.,
2015). Mild extraction of proteins using ILs has only been investigated recently to

recover phycobiliproteins from the red macroalga Gracilaria sp. (Martins et al., 2016).

Despite the promising extraction capabilities of ILs, their high costs (George et al.,
2015) and potential toxicity greatly limit their implementation at commercial scale.
Although cheap ILs from renewable sources are being synthetized (Brandt-Talbot et al.,
2017), there is a clear need to develop alternative and efficient recovery processes

(Mai et al., 2014).

In this work, the extraction and fractionation of proteins and carbohydrates from the
green macroalga Ulva lactuca is investigated. The proposed approach is based on the
integration of the disruption and extraction steps by means of bead milling and
chemical solubilisation mediated by ILs. Furthermore, biomolecule fractionation is
studied using two methods: two-phase partitioning and ultrafiltration. The latter is also
proposed in order to recover the IL from the alga extract. All proposed processes are
simple and are conducted under mild conditions, which is a unique contribution of the

present work.

2. Material and methods

2.1. Chemicals.

All chemicals used in this investigation were analytical grade. Chloroform and
methanol were obtained from Biosolve®. Phosphate Saline Buffer (PBS) pH 7 was
prepared by mixing 0.21 g KH,PQOg4, 0.48 g Na;HPO4.2H,0 and 9. 00 g NaCl in 1 L distilled
water. KH;PO4, Na;HPO4.2H,0, NaCl and K;HPO4 were purchased from Merck
Millipore®. Concentrated phenol and concentrated sulfuric acid were obtained from
Sigma Aldrich®. The ionic liquid 1-ethyl-3-methyl-imidazolium dibutyl phosphate

[Emim][DBP], with a purity of 98 % was obtained from lolitec®.
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2.2.  Macroalga collection and pre-treatment.
Ulva lactuca was kindly provided by Dr. Willem de Visser from Wageningen Plant
Research International (PRI). Samples were collected every month from culture tanks
(Nergena, Wageningen university and Research) in the period June-August. After
biomass collection, the excess water was removed and the samples were freeze dried
in a sublimator 2x3x3 (Zirbus Technology GmbH, Germany) for 72 hours. Dried samples
were grinded to a particle size of ~ 0.5 mm using a kitchen coffee grinder, stored in

sealed bags and maintained in the dark at room temperature until further use.

2.3. lonic liquid assisted extraction.

Extraction and fractionation experiments were conducted as illustrated in Fig. 1. For
IL-assisted extraction (disruptive extraction), solutions containing 10, 20, 30 and 40
wt% [Bmim][DBP] were contacted with a fixed amount of alga biomass (1 wt %) in bead
beating tubes (lysis matrix D, MP Biomedicals, USA). Samples were subjected to intense
mixing using a Precellys 24 Homogenizer (Bertin Instruments, France) for 3 cycles of 60
s each at 6500 rpm and 120 s pause in between cycles to avoid overheating. The
resulting suspensions were centrifuged for 10 minutes at 3500 rpm, and the
supernatant (IL-extract) was collected for analysis and for fractionation (routes | and |l
in Fig. 1). Higher IL concentrations could not be tested due to high viscosity and

interferences with the analytical methods.

2.4. Two-phase partitioning (route |, Fig. 1).

IL-extracts were mixed with known amounts of the salt K;HPO4in order to induce two-
phase formation. The concentrations of [Emim][DBP] and salt were selected based on
prior knowledge of the binodal curve, a phase diagram which marks the working area
of a two-phase system. The binodal curve was prepared according to the cloud point
titration method as described by Kaul, (2000). In short, a salt-rich solution is added
dropwise to a IL-rich solution followed by mixing and settling until a cloud point is

observed, which indicates the onset of the two-phase region.
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A known amount of K;HPO4 was therefore added to the IL-extract, followed by strong
mixing for 2 min and settling to allow spontaneous two-phase formation. Samples from

the top and bottom phases were collected for analysis.

lonic P:0.01
Liquid C:0.04
lonic
Liquid — Ultrafiltration
lo-w%u " b 4.0
Ul y C:0.9
. lactuca . Di i 0 9
P: 10 isruptive 40 % IL 15% IL Crude extract
—— > Pre-treatment ——— . —5—5c— IL-Extract —:
c:10 extraction  P:7:5 P:5.0
c:2.4 c:1.8
l ' p:a7  Top
Residual G159 " |ILrich phase
biomass 40% IL Two-phase
P:7.5 partitioning
c:2.4
P:0.3 Bottom

€:0.2 salt rich phase

Figure 1. Block diagram for the IL-mediated extraction process, two-phase partitioning
(route 1) and ultrafiltration (route IlI). Numbers correspond to mass balances for
proteins (P) and carbohydrates (C) as will be described in section 3.

2.5. Biomolecule fractionation and lonic liquid recovery via ultrafiltration (route Il

Fig. 1)

For these experiments, a concentration of IL of 15 % was selected in order to prevent
membrane clogging due to high viscosity and biomolecule precipitation. Ultrafiltration
experiments were carried out with IL-extracts using two different membrane systems.
An ultrafiltration stirred cell (Model 8050) with a 10 kDa poly-ether sulfone membrane
(Biomax®) was operated to reach a 5x concentration factor at a constant
transmembrane pressure of 2.2 bar and filtrate flow of 0.1 mI min. A 3 kDa centrifugal
filter (Ultracell®) was run for 40 min at 4000xg to obtain a 4x concentration factor. All
filter materials were purchased from Merck Millipore, USA. The retentates and

permeates were collected for analysis.
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2.6. Biomass characterization and analysis.
Dry weight was estimated gravimetrically after drying a known amount of biomass in
a convection oven (Nabertherm, Germany) to constant weight at 100 °C. Total ash was
determined after burning a known amount of algal biomass in a furnace (L 24/11,
Nabertherm, Germany) at 575 °C and regarding the remaining material as total ash.
Total lipids were quantified according to the method of Folch (Folch et al., 1957). In
short, 5 extraction cycles were conducted on dry biomass using a mixture
chloroform:methanol:PBS 2:1:0.8 V V1. The solvent phase was collected after every
step and the excess solvent was evaporated using a vacuum concentrator (RVC 2-25
CDplus, Christ, Germany). The remaining material was weighted and regarded as total

lipids.

Proteins were determined with the method of Bradford (Bradford, 1976) using a
commercial kit (Pierce® Coomassie protein assay, Thermo Fisher Scientific, USA).
Bovine Serum Albumin (Sigma Aldrich®) was used as protein standard and IL solutions
as blanks. Bradford is a colorimetric method which correlates protein content to the
absorbance shift of the dye coomassie blue, which can be quantified at 595 nm. Total
carbohydrates were determined with the method of Dubois (Dubois et al., 1956),
which is based on the colorimetric reaction of carbohydrates and phenol in
concentrated sulfuric acid, which can be measured at 483 nm. Glucose (Sigma Aldrich®)
was used as carbohydrate standard. Absorbances at 595 and 483 nm were measured

with a microplate reader (Infinite M200, Tecan, Switzerland).

[Emim][DBP] was quantified by Ultra High Performance Liquid Chromatography
(UHPLC Nexera X2, pump LC-30AD, autosampler SIL-30AC, Refractive Index Detector
RID-20A, Shimadzu, Japan) using a Rezex® ROA-Organic Acid column coupled with a
security guard (300 mm x 7.8 mm, Phenomenex®, USA). Prior to analysis, all samples
were centrifuged at 4700 rpm for 20 min to remove suspended particles. Samples were

injected (20 pL) and run at 0.6 mL min™ under isocratic mode with 0.005 N H,SO4 as
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mobile phase. The column was kept at 60°C under a pressure of 55 bar. Solutions of IL

in MilliQ water were used as standards.
2.7. Yields and controls
Mass yields (Y) per component (i) were estimated according to Eq. 1:

Mje

Y% =

X 100 (1)

mip

Where mjis the mass of component i (protein, carbohydrates,) in the extract and m;
is initial mass of component i in the initial biomass. All calculations are conducted on

dry weigh basis.

Control experiments were conducted with aqueous solutions containing only
[Emim][DBP] under the same conditions described in sections 2.3-2.5, in order to take
into consideration any interference of the solvent components with the analytical

methods or with the membrane materials used during ultrafiltration.

2.8. Statistics
Unless otherwise noticed, all experiments were conducted in duplicate. The data is
presented as mean values and the corresponding standard deviation. The variation of
the experimental data under different treatments was analysed by one-way analysis of
variance (ANOVA) at 95 % confidence level. When significant differences were found
(i.e. p<0.05), the Tukey’s Honest Significant Difference test (HSD) was used to detect
significant differences between specific treatments. All analyses were performed in R

(V3.4.0).
3. Results and Discussion

3.1. Biomass characterization
The macroalga under investigation contained 3.7 £ 0.3 % proteins, 54.9 + 1.2 %
carbohydrates, 22.8 £+ 0.3 % ash and 4.9 + 0.3 % lipids (DW). These compositions are in
good agreement with the reported values for Ulva lactuca (De Padua et al., 2004,

Postma et al., 2018). The protein content is, however, significantly lower than the 12-
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18 (DW)% reported by Postma et al., (2018) for the same strain. This could be due to
variations in culture conditions and season. For example, De Padua et al., (2004)
reported protein contents in the range 3-18 % for several Ulva strains collected in

different seasons and locations

The method of analysis could also result in significantly different protein contents due
to the presence of interfering components which can lead to over and under-
estimations (Barbarino and Lourenco, 2005; Berges et al., 1993). During preliminary
experiments, [Emim][DBP] showed strong interference with the methods of Dumas,
Lowry and BCA. With the method of Bradford, on the contrary, [Emim][DBP] did not
display interference and thus, it was used for protein determination and calculations

of yields throughout.

3.2. lonic liquid-assisted extraction: Effect of lonic liquid concentration
The ionic liquid [Emim][DBP] was selected from several ionic liquids after preliminary
experiments due to its ability to extract large amounts of proteins from U. lactuca

under mild conditions (Appendix A).

In Fig. 2 the extraction yields for proteins and carbohydrates are presented for
solutions containing 0 - 40 wt% [Emim][DBP] and fixed biomass concentrations. The
corresponding ratios IL-biomass are 0, 10, 20, 30 and 40 g IL gbiomass - (DW). Higher IL
concentrations could not be reliably studied due to their high viscosity and
complications with the analytical procedures. Samples were carefully analysed against
blanks containing only IL in water, in order to rule out false positives. The yields shown

in Fig. 2 are referred to the proteins and carbohydrates contained in the initial biomass.
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Figure 2. Effect of the concentration of [Emim][DBP] on the extraction of proteins (grey
bars) and carbohydrates (white bars) from U. lactuca biomass. The data correspond to
averages and the errors bars are the standard deviation (n=2). Low case letters indicate
statistically equal means at 95 % confidence.

The extraction yields for proteins increase from 21.4 + 0.8 % under aqueous conditions
to 74.9 £ 5.7 % at 40 wt % IL. On the contrary, the yields for carbohydrates are
significantly inferior in comparison to aqueous extraction, and remain statistically
constant (p > 0.05) around 20 % regardless of the concentration of IL. This indicates a
highly selective nature of [Emim][DBP] to solubilize proteins over carbohydrates from

the alga biomass.

The cell wall of U. lactuca is composed of polysaccharide layers of ulvan and cellulose,
and embedded proteins interacting by means of hydrogen bonds and ionic forces
(Lahaye and Robic, 2007). The poor solubilisation of carbohydrates observed in Fig. 2
can be explained by the mild conditions used during extraction (room temperature, 3
min). In fact, significant cellulose dissolution by ILs appears to take place only at
temperatures above 50°C and long contact times (Brandt et al., 2013; Hou et al., 2017).
Malihan et al., (2017, 2014) and Pezoa-Conte et al., (2015) investigated the dissolution
of carbohydrates from the red alga G. amansii and the green alga U. rigida respectively.

In both studies sugars yields above 65 % were observed, however, the extraction
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process took place at temperatures of 100-160°C and IL-biomass ratios in the range 9-

33.

The remarkable extraction yields for proteins suggests that [Emim][DBP] is able to
partially disentangle the cell-wall structure, allowing the release of proteins, but
without solubilizing the carbohydrates. Partial disentanglement could be the result of
the destabilization of the polymer chains, since the IL can form strong electron donor-
acceptor complexes with the functional groups of the polysaccharides (Pinkert et al.,
2009). The significant decrease in carbohydrate yields under the presence of IL in
comparison to aqueous extraction, suggests that that [Emim][DBP] provides a more
hydrophobic environment which is favourable for proteins extraction, but in which the

neutral carbohydrates from U. lactuca are less soluble (Fleurence et al., 1995).

3.3. Biomolecule fractionation by two-phase partitioning (route I, Fig. 1)
The partitioning of molecules extracted by [Emim][DBP] from U. lactuca was studied in
two-phase systems formed with K;HPO4. This salt has been broadly studied in several
IL systems for biomolecule fractionation since it allows a greater immiscibility region in
the phase diagram (Desai et al., 2016b). Moreover, according to the Hofmeister series
(Zhang and Cremer, 2006), K2HPO4 has a moderate to strong salting-out character and
therefore, it is expected to favour the partitioning of proteins in the IL-rich phase and

carbohydrates in the salt-rich phase.

The experimental phase diagram for the system [Emim][DBP]-K;HPO4 is shown in Fig.
3A. Two operation points were selected for the partitioning study: S1 (40 % IL, 10%
Salt) and S2 (15 % IL, 25 % salt). These points fall within the ranges of IL studied in

section 3.2.

Nearly 63.0 £ 2.9 % of the proteins and 79.9 + 9.4 % of the carbohydrates initially
present in the IL-extract remained in the top-phase of system S1 after two-phase
formation. For the system S2, 41.5 + 1.8 % of the proteins and 47.0 + 0.9 % of the
carbohydrates were found in the top-phase. Further analysis revealed that 4.2 + 1.3 %

of the proteins and 6.7 + 2.1 % of the carbohydrates migrated to the bottom-phase of
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system S1, while for system S2 only 1.0 + 0.2 % of the proteins and 12.1 £ 2.3 % of the
carbohydrates were transferred to the bottom phase. In Fig. 3B the corresponding alga
extract and the two-phase systems are shown. As expected, virtually all the pigments

remained in the IL-rich top phase.
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Figure 3. A. Phase diagram for the system [Emim][DBP]-K;HPO4 with detail of the
operation points S1 and S2. B. Algal samples treated with [Emim][DBP] followed by the
addition of K;HPO, for two-phase partitioning. C. Overall yields (extraction +
partitioning) for protein (grey bars) and carbohydrates (white bars). Data presented
here are the average values and errors bars as standard deviation (n=2). Dotted bars
are assigned for system S2.

Mass balances conducted on the systems S1 and S2 revealed that 30-55 % of the
proteins and 14-40 % of the carbohydrates were present in a subtle insoluble layer

located between the top and bottom phases. Therefore, the systems under

investigation correspond to a three-phase partitioning (TPP) system.
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TPP was first reported in 1984 and has been implemented for the fractionation and
purification of proteins (Dennison and Lovrien, 1997) and carbohydrates (Sharma and
Gupta, 2002) for several applications. In general, TPP makes use of an organic solvent
(top) and a salt (bottom) to induce the formation of an insoluble which contains
precipitated molecules. The extent of precipitation and the location of the insoluble
layer depends on the salting-out character of the phase forming components, their
density and on the molecular interactions among neighbouring molecules (Dennison

and Lovrien, 1997).

For the system under evaluation, the precipitation of proteins and carbohydrates at
the interphase is mainly due to the strong salting-out character of K;HPOs. For
example, the larger fraction of proteins and carbohydrates in the insoluble layer was

found for the system S2, in which the salt content was highest (25 %).

The overall yields, taking into account the steps of extraction and phase partitioning,
are shown in Fig. 3C. As can be seen, system S1 leads to the largest overall protein and
carbohydrate recoveries (47% and 16 % respectively) but requiring higher
concentrations of IL. Although the extraction yields in the bottom phase are
substantially low, such molecules are pigment free, which can be interesting for
specific market applications. An overview of the mass balances for proteins and

carbohydrates under the system S1 is shown in Fig 1.

Contrary to our expectations and to published studies (Ventura et al., 2017), the
induction of a two-phase system with K;HPO4 did not cause a significant partitioning of
proteins and carbohydrates. In other words, the majority of the proteins,
carbohydrates and pigments were present in the top IL-rich phase. This can be due to
the nature of the extracted proteins, which often form cross-links with polysaccharides
via disulphide bonds (Harnedy and FitzGerald, 2013) or non-covalent interactions with
other bio-molecules. An example of such glyco-proteins found in Ulva strains are

Lectins, a structurally diverse group of carbohydrate - binding proteins (Holdt and
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Kraan, 2011). The molecular binding of proteins and carbohydrates can explain why no

significant partitioning was achieved in the [Emim][DBP]-K;HPO4 system.

3.4.  Ultrdfiltration for biomolecule fractionation and ionic liquid recovery (route

I, Fig. 1).
The potential application of [Emim][DBP] in the biorefinery of U. lactuca at commercial
scale depends not only on its ability to selectively extract biomolecules under mild
conditions and high vyields, but also on its recovery. In addition, the extracted
biomolecules must be separated from the IL in order to allow their use in commercial
products. Therefore, ultrafiltration was studied as a promising technology for

simultaneous biomolecule fractionation and IL recovery.

In Table 1., the mass yields for proteins, carbohydrates and [Emim][DBP] are presented
for two different membrane configurations: 10 kDa poly-ether sulfone (PES) and 3 kDa
regenerated cellulose (R.Cell). In the control samples for both configurations no
carbohydrates were detected in the retentate or permeate phases (data not shown),
indicating that the IL did not lead to a significant solubilisation of the membrane’s

polysaccharides.

Table 1. shows that over 70 % of the proteins and more than 50 % of the carbohydrates
were recovered in the retentate phase, while more than 80 % of [Emim][DBP] migrated
to the permeate phase. Visual observations indicated that pigments are retained in the
retentate phase (data not shown). The superior recovery of biomolecules in the
retentate, and of IL in the permeate, is due to the low cut offs and hydrophilic nature
of the PES and R.Cell membranes. The low yields of biomolecules in the permeate
suggests that the recovered IL could be potentially re-used in the extraction step. The

recyclability study is however, out of the scope of the present work.

From the data in Table 1 and mass balances conducted on the filtration system, it can
be deduced that ~ 20 % of the proteins and ~ 10-40 % of the carbohydrates are lost,
probably as result of the absorptive fouling, which causes biomolecule precipitation on

the membranes’ layer. Membrane fouling is a common phenomenon in ultrafiltration
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which negatively impacts the filtration performance and leads to biomolecule losses

and unexpected recovery yields (Safi et al., 2017b; Suarez Garcia et al., 2018c).

Table 1. Mass yields for biomolecules and IL after filtration of alga extracts. Data are
the average values and corresponding standard deviations. Letters “A” and “a” indicate
statistically equal means at 95 % confidence interval for permeates and retentates
respectively.

Membrane Proteins Carbohydrates [Emim][DBP]

PES Retentate | 71.3% + 8.2%° 85.4% +8.6% 14.6% +0.7%
Permeate | 6.2% + 2.1% 6.2% +2.2% 85.2% * 6.0%"

R.Cell Retentate | 80.4% + 3.3%* 50.0%+7.9%  20.4% +0.5%
Permeate | 0.3% +1.2%  2.4%*0.2% 79.6% * 3.3%"

An overview of the mass balances for proteins and carbohydrates after the steps of
extraction and filtration with a 3 kDa membrane (R.Cell) is shown in Fig. 1. To the
authors’ knowledge, this is the first study in which ultrafiltration is investigated for the
fractionation of biomolecules from macroalgae and to recover ILs from algal extracts.
The only reports about filtration technology in macroalgae are related to the use of
diafiltration to remove the excess of salts after protein precipitation with (NH4),S04

(Kandasamy et al., 2012; Wong and Cheung, 2001).

3.5.  Stability of proteins in ionic liquid extracts
ILs are reported to provide a mild environment which favours protein stability and
activity. However, at high concentrations, ILs can lead to molecular aggregation and
protein denaturation (Desai et al., 2014; Ventura et al., 2017). In the study conducted
by Desai and collaborators, the model protein Ribulose-1,5-bisphosphate
carboxylase/oxygenase (Rubisco), which is abundadanly found in algae, was subjected
to concentrations of the ionic liquid lolilyte 221 PG in the range 10-60 %. The authors
observed that an increasing concentration of IL lead to the formation of protein

aggregates and loss of enzyme activity, in particular above 30 % IL. Further research is
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therfore needed in order to understand the effect of [Emim][DBP] on their native

conformation and to establish if the protein activity is compromised.

3.6. Outlook
We have presented an IL-mediated process for the extraction of biomolecules from the
macroalga U. lactuca and two approaches for their fractionation: two-phase
partitioning and ultrafiltration. The experimental vyields obtained with these
approaches were compared to several studies in which the biorefinery of green
macroalgae was investigated: Aqueous extraction and enzyme hydrolysis (Fleurence et
al., 1995; Postma et al., 2018), alkali solubilisation (Fleurence et al., 1995), shear
extraction (Postma et al., 2018), agueous two-phase extraction (Fleurence et al., 1995),
ultrasonication (Fleurence et al., 1995), pulsed electric fields (Polikovsky et al., 2016;
Postma et al., 2018), IL-mediated extraction (Malihan et al., 2017, 2014, Pezoa-Conte
et al.,, 2015) and combination of technologies (Kandasamy et al., 2012; Wong and

Cheung, 2001). The results are plotted in Fig. 4.

The carbohydrate yields measured in the present study are significantly lower in
comparison to other investigations, which is due to the selective nature of
[Emim][DBP] towards proteins. The maximum carbohydrate yield (67 %,) was obtained
by Pezoa-Conte et al., (2015) with an IL-mediated process at high temperatures and
extraction times of nearly 6 h. The maximum carbohydrate yield in the present study

was 36 % under aqueous mechanical disintegration.

According to Fig 4, in general, extraction under aqueous conditions or using external
fields (ultrasonication, pulsed electric fields) lead to low protein yields, which is
expected given the complexity and toughness of the macroalgae biomass. With
alkaline solubilisation and enzyme hydrolysis further improvements are observed, but
the yields remain below 30 %. The highest protein yield (42 %) was reported by Pezoa-
Conte et al., (2015), but the proteins are likely to be denatured due to the extreme
conditions used for extraction. A unique finding of the present work is that up to75 %

of the total initial proteins can be extracted under mild conditions, and that the overall
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yields remain relatively high after two-phase partitioning (47 %) and ultrafiltration (40
%).
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Figure 4. Overview of processes (AQ: Aqueous; AL: Alkali; SH: Shear; ATPE: two-phase
extraction; US: Ultrasounds; PEF: Pulsed electric fields; EZ: Enzymes; IL: IL-based
processes; Combinations: sequence of several technologies) for the recovery of
proteins (filled markers) and carbohydrates (open markers) from green macroalgae.
Green (triangle) markers are data from the present study.

Despite the promising results obtained with [Emim][DBP], several aspects still require
comprehensive investigation. The mechanism of extraction is far from being
elucidated, and the structural effects of the IL on the algal biomass require further
understanding. A more complete analysis of the extraction processes is needed in
order to quantify the purity of the biomolecules, including the determination of the
extraction yields for ash and pigments. Moreover, studies on the reusability of the IL
are pending in order to know if [Emim][DBP] retains the extraction capabilities after its
recovery via filtration. The crude alga extract (retentate after filtration) contain most
of the algal biomolecules, however, it still has significant amounts of IL, making it

unsuitable for commercial products. Additional research is needed in order to develop
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processes that allow the production of IL-free extracts and to characterize their

composition techno-functional properties.
4. Conclusions

In this investigation we report the extraction of biomolecules from the green
macroalgae Ulva lactuva by means of a mechanical extraction process mediated by the
ionic liquid 1-ethyl 3-methyl imidazolium dibutyl phosphate. The extraction process
was selective towards proteins over carbohydrates. Under mild conditions (room
temperature, 3 min), 75% of the total initial protein and 24 % of the carbohydrates
could be extracted in a single step. Fractionation of biomolecules was studied by means
of two-phase partitioning and ultrafiltration. It was found that proteins and
carbohydrates are preferentially recovered in the retentate phase, while up to 85.2 %
of the ionic liquid migrates to the permeate phase. The proposed process is simple,
mild and lead to superior protein yields compared to other extraction-fractionation

processes reported in literature.
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Appendix

A. Screening of ionic liquid for the extraction of biomolecules from Ulva lactuca.
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Figure Al. Extraction yields for proteins (grey bars) and carbohydrates (white bars) in
samples after treatment with ILs (40 wt%) and bead milling. Data correspond to
average values and corresponding standard deviation are shown as error bars (n=3).
Low case letter indicates statistically equal means at 95% confidence. B. Experimental
samples of algal biomass treated with ILs.
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Abstract

Microalgae are a sustainable source of biomolecules and chemical building blocks.
However, the complex cell architecture hinders the extraction and fractionation
process, often leading to low yields and purities and high costs. In this work we
demonstrate the use of ionic liquids (ILs) to selectively extract biomolecules under mild
conditions. In a single step, without requiring additional mechanical disintegration, up
to 77.4 £ 4.6 % of the total initial proteins could be extracted from the green microalga
Tetraselmis suecica using 1-Butyl-3-methylimidazolium dicyanamide ([Bmim][DCN]).
The process was conducted at room temperature, short contact times and low IL-
biomass ratios. Experimental data showed that the IL causes modifications of the cell-
wall, through which biomolecules leak out. Furthermore, ultrafiltration was used for
biomolecule fractionation and IL recovery. After one ultrafiltration step, > 86 % of the
extracted proteins were recovered in the retentate and > 65 % of the IL was found in
the permeate phase. This process is simple, requires few unit operations and results in
high protein yields, however efficient [Bmim][DCN] recovery and re-use still remain as

open challenges.
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1. Introduction
The rapid expansion of world population along with an accelerated increase in the
demand for fuels, materials and food has driven the search for alternative sustainable
feedstock’s and for biomolecules as building-blocks for various industries (Harun et al.,
2010). Microalgae are considered a potential source of such biomolecules due their
notable advantages compared to traditional crops: no dependency on fresh water and
arable land, high areal productivities and a unique composition in terms of proteins,

carbohydrates, pigments, amino acids and fatty acids (Khanra et al., 2018).

The biomolecules of interest in algae are often present intracellularly, surrounded by
a rigid cell-wall and making part of the cell assembly and thus not freely accessible for
extraction. Hence, the first step to recover algal biomolecules is, in general, cell
disintegration. The disintegration of algae cells has been investigated using several
methods, including mechanical force (Postma et al., 2017), ultrasound (Parniakov et
al., 2015), electric fields ('t Lam et al., 2017), chemical and enzymatic hydrolysis (Sari
et al., 2013) and thermal processing (Passos et al., 2015). However, these methods
often lead to low vyields and purities and often result in the denaturation of labile
molecules when extreme conditions of pH and temperature are used (Phong et al.,
2018b). Furthermore, biomolecule separation and purification demands, in general, an
intricate set of unit operations (Chronakis, 2001; Schwenzfeier et al., 2011; Waghmare
et al., 2016) which impact negatively the recovery yields and the process economy.
Novel simple methods, which can deliver high extraction yields under selective and

mild conditions, are therefore needed.

lonic liquids (ILs) are salts which are liquid at room temperature. Due to their vast
chemical versatility and distinctive physical properties such as negligible flammability
and vapour pressure, ILs have been investigated in several fields including chemical
synthesis, electrochemistry and polymer science (Brandt et al., 2013; Mai et al., 2014).

In addition, their distinctive solvation character has been exploited for the dissolution
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of lignin and cellulose from woody biomass (Brandt et al., 2013), and for the extraction

of a wide range of biomolecules (Ventura et al., 2017).

The implementation of ILs for the selective extraction of biomolecules from microalgae
is limited. Most studies have centred on the extraction of lipids (Kim et al., 2012;
Olkiewicz et al., 2015; Orr et al., 2016; Orr and Rehmann, 2016; Teixeira, 2012; To et
al., 2018; Wahidin et al., 2016) and pigments (Desai et al., 2016a; Kim et al., 2016). Only
few publications have addressed the extraction proteins (Lee et al., 2017b; Wang and
Zhang, 2012) and carbohydrates (To et al., 2018). Nearly all investigations conduct
extraction at temperatures above 80°C, often requiring long contact times and the use

of co-solvents.

Despite the numerous investigations describing excellent performances of ILs in bio-
separations, their widespread use is hindered by the high costs (George et al., 2015),
poor recovery and potential toxicity (Yoo et al., 2014). Although novel ILs are being
synthetized from cheap or even renewable sources (Brandt-Talbot et al., 2017), the
development of recovery technologies for ILs is of paramount importance. In general,
distillation, adsorption, solvent extraction, membrane processes and induced phase
separation have been demonstrated in model systems (Mai et al., 2014). For the case
of microalgae, recovery of ILs has been achieved by means of solvent extraction,
precipitation of residual extract from the IL, centrifugation and distillation to remove
the excess of water/solvents (Desai et al., 2016a; Fujita et al., 2013; Olkiewicz et al.,

2015; Orr et al., 2016).

In this work we present a novel approach for the extraction and fractionation of
biomolecules from the green microalgae Tetraselmis suecica. The approach is based
on the single-step preferential and mild extraction of proteins by ionic liquids without
the need of a separate disintegration step. Moreover, ultrafiltration is used not only
for the fractionation of biomolecules, but as a tool to recover the IL from the extract
phase. The investigated process is simple and can be easily scaled up, which offers

potential for its implementation in the framework of multiproduct biorefineries.
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2. Material and methods

2.1. Chemicals and lonic liquid.
All chemicals used in this investigation were analytical grade. Chloroform and
methanol were obtained from Biosolve®. Phosphate Saline Buffer (PBS) pH 7 was
prepared by mixing 0.21 g KH,POg4, 0.48 g Na;HPO4.2H,0 and 9. 00 g NaCl in 1 L distilled
water (chemicals procured from Merck®). Phenol solution (Bioreagent), sulfuric acid
(95-98 %) and potassium citrate tribasic monohydrate (> 99.0 %) were obtained from

Sigma Aldrich®.

The ionic liquid 1-Butyl-3-methylimidazolium dicyanamide ([Bmim][DCN]), with a
purity of >98 %, was obtained from lolitec®. This ionic liquid was selected after
preliminary experiments in which several ionic liquids were evaluated for protein

recovery from microalgae (Appendix A).

2.2.  Microalga cultivation and harvesting.
Tetraselmis suecica (UTEX LB2286, University of Texas Culture Collection of Algae, USA)
was cultivated in repeated batches in a 25 L flat panel photo-bio reactor (AlgaePARC,
The Netherlands) at 20°C. Ten fluorescent lamps (Philips 58 W/840) provided a
continuous incident light intensity of 373 umol m2s. A stream of gas containing air
and 5 % v/v CO, was supplied at a rate of 0.254 vvm to provide carbon source, mixing
and pH control (pH 7.5). Walne medium was fed at a ratio of 8.8 mL L'? medium
(Michels et al., 2014a). After the end of the exponential phase, cultures were harvested
by means of centrifugation (80 Hz, E 10, Evodos®, The Netherlands). The resulting paste

was stored in sealed bags at 4°C and was used within 7 days.

2.3. lonic liquid-mediated extraction.
Suspensions containing T. suecica biomass and [Bmim][DCN] were prepared at IL-
biomass ratios of 0, 1, 2, 5, 10 and 15 gi. g siomass (DW). The suspensions were subjected
to strong mixing (MultiReaX Vortexer, Heidolph, Germany) for 20 min at room

temperature. Next, samples were centrifuged for 10 minutes at 20000 rpm and the

177



supernatants were recovered for analysis. Furthermore, the supernatant was

subjected to ultrafiltration for biomolecule fractionation and IL recovery.

2.4. Biomolecules fractionation and ionic liquid recovery

Filtration experiments were conducted on supernatants after extraction with 5 wt%
alga and 25 wt% IL. A volume of 0.5 ml of supernatant was added to centrifugal filters,
followed by centrifugation at 4000xg for 30 min in order to reach a concentration
factor of 4.2-4.5. Three membrane cut-offs were studied: 3, 10 and 100 kDa (Ultracell,
Merk Millipore®, USA). The resulting retentates and filtrates were collected for

analysis.

2.5.  Reference process and blanks

For all experiments, solutions containing IL in water were used as blanks. Similarly,
suspensions of alga in water under stirring (agueous extraction) and under bead milling
(mechanical disintegration) were used as control and reference process respectively.
For the filtration experiments, solutions of 25 wt% IL in water were run through the
filter in order to determine if the IL can solubilize sugars from the membrane filters.
Blanks and controls were subjected to the same conditions as described in section 2.3-

2.4.

2.6. Biomass characterization and analysis.
Protein content was determined with the method of Bradford (Bradford, 1976). This
method was selected due to the negligible interference with [Bmim][DCN].
Measurements were conducted with a commercial kit (Pierce® Coomassie protein
assay, Thermo Fisher Scientific, USA), using Bovine Serum Albumin (Sigma Aldrich®) as
protein standard and IL solutions as blanks. Bradford is a colorimetric method which
correlates protein content to the absorbance shift of the dye Coomassie blue, which
can be quantified at 595 nm. Total carbohydrates were determined with the method
of Dubois (Dubois et al., 1956). The concentration of carbohydrates is correlated to a

colorimetric reaction with phenol in sulfuric acid which can be followed at 483 nm.
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Glucose (Sigma Aldrich®) was used as carbohydrate standard. Absorbances at 595 and

483 nm were measured with a microplate reader (Infinite M200, Tecan, Switzerland).

Total lipids were measured with the method of Folch (Folch et al.,, 1957). Three
extraction cycles were conducted, the organic phases collected and the excess solvent
removed using a vacuum concentrator (RVC 2-25 CDplus, Christ®, Germany). The
remaining material was weighed and regarded as total lipids. Dry weight was estimated
gravimetrically after drying a known amount of sample in a convection oven
(Nabertherm, Germany) to constant weight at 100°C. Total ash was determined after
burning a known amount of algal biomassin a furnace (L 24/11, Nabertherm, Germany)

at 575°C and regarding the remaining material as total ash.

lonic liquid quantification was carried out by Ultra High Performance Liquid
Chromatography (UHPLC Nexera X2, pump LC-30AD, auto sampler SIL-30AC, Refractive
Index Detector RID-20A, Shimadzu, Japan) using a Rezex® ROA-Organic Acid column
coupled with a security guard (300 mm x 7.8 mm, Phenomenex®, USA). Prior to
analysis, samples were centrifuged at 4700 rpm for 20 min to remove suspended
particles. A 20 pL volume was injected and run at 0.6 mL min™* under isocratic mode
with 0.005 N H,SOsas mobile phase. The column was kept at 60 °C under a pressure of

55 bar. Solutions of IL in MilliQ water were used as standards.

2.7.  Extraction yields and purities.

Mass vyields (Y) and purities (P) per component (i) were estimated according to Eq. 1

and Eq. 2:
Y; % = € % 100 (1)
mip

Pi%=%x1oo (2)
t

Where mj.is the mass of component i (protein, carbohydrates, IL) in each phase, m;jp
is initial mass of component i before the extraction or fractionation, and m: is the total

dry weight mass. All calculations are conducted on dry weight basis.
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2.8. Protein stability.
The stability of the extracted proteins was studied by native-gel electrophoresis and
size-exclusion chromatography (SEC). Extracts were centrifuged prior to each
procedure. Samples were diluted with native buffer at a ratio 1:1 V V-%. A volume of 30
uL of the resulting solution was loaded per lane in a 4-20 % Criterion TGX gel.
Electrophoresis was run at 125 V for 75 min using Tris-Glycine as running buffer. Gels
were stained overnight using Bio-Safe® Coomassie. All materials were procured from
Biorad® (USA). Gel images were acquired with an ImageScanner Il (GE Healthcare, UK).
SEC was performed using a size exclusion column (Bio SEC-3 300A 7.8 x 300 mm,
Agilent, USA). Samples were injected (20 pL) and run under isocratic mode with 0.15
M sodium phosphate buffer pH 7 as mobile phase at 0.5 ml min and 23°C. Samples
containing Rubisco (D-Ribulose 1,5-Diphosphate Carboxylase, Sigma®) in water were
used as reference protein. Proteins were detected at 280 nm with a photodiode array

detector (SPD-M20A).

2.9. Flow cytometry
Cell disintegration and cell granularity were analysed from forward scattering (FSC) and
side scattering data (SSC) using flow cytometry (BD Accuri C6, USA). A fixed volume of

15 pL was measured at a fluidics rate of 35 pL min™ and a core size of 16 pm.

2.10. Statistics
All experiments were conducted in duplicates. Experimental results are presented as
mean values and corresponding standard deviations. The variation of the experimental
data under different treatments was analysed by one-way analysis of variance
(ANOVA) at 95 % confidence level. When significant differences were found (i.e. p <
0.05), the Tukey’s Honest Significant Difference test (HSD) was used to identify
significant differences between specific treatments. All analyses were performed in R

(V3.4.0).
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3. Results and Discussion

The ionic liquid [Bmim][DCN] was studied for the extraction of biomolecules from the
green microalga T. suecica. Extraction was conducted by contacting microalga biomass
with different IL concentrations. Light microscopy and flow cytometry were used to
better understand the extraction mechanism. Ultrafiltration was implemented for

biomolecule fractionation and IL recovery.

3.1. Biomass characterization
The biomass used in this investigation (T. suecica) contained a total of 46.1 £ 1.9 %
proteins, 28.0 £ 2.1 % carbohydrates, 18.0 + 0.7 % lipids and 13.6 £ 0.3 % ash. These
values are in good agreement with previous reports in which the same strain has been

characterized (Suarez Garcia et al., 2018c).

For the extraction experiments in which alga biomass is contacted with ionic liquids,
protein determination was conducted with the method of Bradford, as other methods
(e.g., Lowry, BCA) showed strong interference with the ionic liquids in solution (data
not shown). All analysis and yields presented in the next sections are based on the

method of Bradford, using IL-water solutions as blanks in order to avoid false positives.

3.2.  Extraction of biomolecules with [Bmim][DCN]
The extraction of biomolecules from T. suecica by [Bmim][DCN] was studied at a fixed
biomass content and IL concentrations of 5, 10, 25, 50 and 75 wt%. This corresponds
to IL-biomass ratios (R) of 1, 2, 5, 10 and 15 (gL g siomass DW). The resulting extraction

yields for proteins and carbohydrates are presented in Fig. 1.

Fig. 1 shows two clear trends: An optimal extraction of proteins at R10 and a relatively
constant profile for carbohydrate extraction regardless of the concentration of IL.
Visual observations also show that the amount of pigments extracted increases with
the IL content. This indicates a strong selectivity of [Bmim][DCN] towards proteins and
pigments over carbohydrates. Similar observations were made by Lee et al., (2017b)

for the extraction of proteins from C. vulgaris using several hydrophilic ionic liquids.
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Figure 1. Overview of extracts (bottom) and extraction yields for proteins (grey bars)
and carbohydrates (white bars) for biomass treated with [Bmim][DCN] at several IL-
biomass ratios (AQ: Aqueous; BM: bead mill; R: Ratio IL-biomass). Data correspond to
averages and error bars show standard deviation. Low case letters indicate statistically
equal means at 95 % confidence interval.

The extraction yield of carbohydrates remained relatively constant around 20 %,
slightly above the yield measured under aqueous extraction (15.6 %). This means that
[Bmim][DCN] can only solubilize a minor fraction of the carbohydrates present in T.
suecica. The carbohydrates of T. suecica are present mainly as insoluble
polysaccharides in the cell-wall and starch granules (Becker et al., 1998; Kermanshahi-
pour et al., 2014). The poor performance of [Bmim][DCN] to solubilize carbohydrates
can be due to the mild conditions used during extraction (room temperature, 20 min
mixing). Teixeira, (2012) presented an overview of studies on the solubilisation of
carbohydrates from microalgae using ILs, showing that significant dissolution only

takes place above 80°C and IL-biomass ratios in the range R5 to R20. Similarly, To et al.,
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(2018) reported carbohydrate yields of almost 71 % from microalgae using ILs, but

requiring incubation temperatures of 70°C for 3 h.

As the IL-biomass ratio increases from R1 to R10, the protein yield increases from 8.8
to 77.4 %, followed by a drastic decrease at R15. At low concentrations, ILs can provide
a mild environment for protein extraction (Desai et al., 2016b). However, above a
critical concentration, the charge density and salting-out character of the IL become
too strong, causing protein unfolding and denaturation (Desai et al., 2016b; Lee et al.,

2017b; Naushad et al., 2012).

3.3.  Stability of extracted proteins
To further evaluate the effect of [Bmim][DCN] on protein stability, native gel
electrophoresis and size exclusion chromatography (SEC) were performed. As can be
seen in Fig. 2A, there is a progressive loss of protein bands as the concentration of IL
increases, which indicates protein degradation. Low molecular weight proteins appear
to be more sensitive, as the protein bands are absent even at low IL concentrations.
For the high molecular weight proteins, in particular around 540 kDa which might
correspond to Rubisco, a higher stability is observed. At R15 no protein bands are

observed, indicating that the native structure of all proteins have been affected.

The SEC chromatograms shown in Fig. 2B confirm our findings. There is a significant
shift in the elution peaks for the samples treated at R10 and R15 in comparison to
aqueous extracts or to the reference protein Rubisco. The shift of the elution profiles
suggests that proteins are being fragmented to smaller peptides and amino acids. The
results presented in Fig. 2, in particular for native-gel electrophoresis, can only provide
a qualitative evaluation. To understand the effect of the IL on the protein stability and
conformation, non-reduced SDS-page electrophoresis and protein activity tests are

required.
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Figure 2. A. Native gel electrophoresis of extracts (M: Marker; Dashed square: region
of protein of interest). B. SEC-HPLC chromatograms of extracts and Rubisco as

reference protein.

3.4.  Effect of [Bmim][DCN] on cell disintegration
To further understand the extraction of biomolecules from T. suecica by [Bmim][DCN],
microscopic observations and flow cytometry measurements were conducted on IL-

treated and untreated biomass.

Microscope images revealed that the cells of T. suecica are not disintegrated when
treated with [Bmim][DCN] at IL-biomass ratios R1 to R15 (Fig. 3A). Moreover, the
surface of the cells appeared covered by protuberances. These observations were
confirmed by forward scattering (FSC) and side scattering (SSC) data (Fig 3B). FSC
clearly shows that there is not a significant variation of the average size of the cells
treated with IL, in comparison with the cells subjected to bead milling. In other words,

extraction of biomolecules takes place without causing cell disintegration.

SSC, on the contrary, showed that the cell surface undergoes important changes as the
IL concentration increases. This surface changes can correspond to the protuberances
observed on the surface of the cells. Desai et al., (2016a) conducted surface electron

microscopy analysis of microalga cells treated with ILs. The authors noted that the IL
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forms a uniform film surrounding the cells, but did not observe any change on the cell

surface.
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Figure 3. A. Bright field microscope image of an intact T. suecica cell and a cell treated
with [Bmim][DCN] at R10. B. Relative side scattering (SSC, squares) and forward
scattering (FSS, circles) for alga samples under aqueous conditions (AQ), bead milling
(BM) and treated with [Bmim][DCN] at ratios R1 to R15. Data are averages and error
bars correspond to standard deviations.
3.5.  Hypothesis on extraction mechanism

[Bmim][DCN] showed selective release of proteins over carbohydrates under mild
conditions (Fig. 2) without causing cell disintegration (Fig. 3). We hypothesize that the
mechanism of biomolecules extraction involves the partial disruption of the hydrogen
bond structure of the cell-wall, leading to the formation of pores through which
proteins and pigments can leak-out. Due to the low temperatures and relatively low IL-
biomass ratios used in this study, the extent of carbohydrate solubilisation is negligible,

which prevented cell disintegration.

ILs are known to solubilize natural polymers such as cellulose and pectin by direct
interaction of the IL, in particular the anion, with the hydroxyl groups of the polymer
(Brandt et al., 2013; Wang et al., 2016). Hydrophilic ILs displaying low viscosities and
high hydrogen bond capacity are reported to be more efficient in the solubilisation

process (Brandt et al., 2013; Lee et al., 2017b). The anion [DCN] exhibits a strong
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hydrogen bond basicity and can display reactivity with H* groups (Nichols et al., 2016).
The cell-wall of T. suecica is composed of a pectin-like polysaccharide (Becker et al.,

1998; Kermanshahi-pour et al., 2014) rich in uronic acids (Schwenzfeier et al., 2011).

Upon contact of the IL with the alga cells, the anion [DCN] can interact with the protons
of the carboxylic groups of the ulosonic, heptulosaric and galacturonic acids in the cell-
wall (Kermanshahi-pour et al., 2014). Such interactions lead to destabilization of the
polymer structure, leading to the formation of pores through which proteins are
released. The protuberances observed in Fig. 3A may correspond to the interaction

sites of [Bmim][DCN] with the cell-wall polymers.

T. suecica displays a relatively strong cell-wall (Postma et al., 2017; Suarez Garcia et al.,
2018a) which needs to be disrupted to allow biomolecule extraction. The disruption
step have been commonly achieved by means of mechanical disintegration, a method
that demands energy and results in relatively low yields (Fig. 1) as also reported by
other authors (Postma et al., 2017; Schwenzfeier et al., 2011; Suarez Garcia et al.,

2018a).

3.6. Ultrdfiltration for biomolecule fractionation and ionic liquid recovery
Mild IL-assisted biomolecule extraction without requiring cell disintegration is a major
step towards process intensification in algae biorefinery. However, the recovery of the
IL is essential, not only to realize economically feasible processes but to ensure that

the extracted biomolecules are IL-free.

Ultrafiltration experiments were conducted with three membranes cut-offs (3, 10 and
100 kDa) using IL soluble extracts as feed. The measured yields for proteins,
carbohydrates and [Bmim][DCN], and the estimated purities are given in Table 1. Due
to the lack of a reliable method to estimate alga lipids and ash in every stream, data

from E. Suarez Garcia et al., (2018c) were used for the purity estimations.
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Table 1. Yields and purities for proteins, carbohydrates and [Bmim][DCN] after
ultrafiltration (Re: Retentate; Pe: Permeate). Data are averages and corresponding
standard deviations.

Protein Carbohydrates [Bmim][DCN]
Membrane Yield Purities* Yield Purities* Yield Purities*
3 kDa Pe 00+0.7% 0.1% 226+05% 0.7% 69.3+3.6% 97.0%
Re 86.2+10.1% 22.8% 73.6£54% 3.9% 289+06% 67.8%

10kDa Pe 0.0+0.6% 0.1% 223+51% 0.8% 65.7 %* 96.9 %
Re 92.7%+0.7% 26.0% 71.2+52% 4.0% 25.8 %* 64.2 %
100kDa Pe 25+14% 1.1% 223+6.7% 2.3% 65.7 %* 90.8 %
Re 72.7+9.2% 223% 747+12.7% 4.6% 24.5 %* 66.8 %

* Replicate sample not available
* Estimated assuming yields for lipids and ash reported by E. Suarez Garcia et al., (2018c)

All the membranes tested delivered retention yields above 72 % for proteins and
carbohydrates. The permeate phases on the contrary, were practically devoid of
proteins, and contained > 22 % of the carbohydrates and 65 - 69 % of [Bmim][DCN].
These results are expected, considering the membrane cut-offs and the molecular sizes
of the extracted proteins (Fig. 2A). The yields for proteins are comparable to the values
reported by Suarez Garcia et al.,, (2018c) using similar membrane cut offs under

aqueous conditions.

Differences in protein yields in the retentate phase can be due to the formation of a
polarization layer on the membrane, which reduces the pores surface and contributes
to membrane fouling (Safi et al., 2017b). This can also explain the gaps in the mass

balance, since 7-25 % of the proteins were not detected in the retentate or permeate.

The high yields of carbohydrates in the permeate phase (> 22 %) suggests that a
substantial amount of carbohydrates exists as small saccharides which can freely cross
the membrane. Moreover, the permeate fractions are nearly pigment free (data not
shown), which is due to the hydrophilic nature of the membrane material (regenerated

cellulose).
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Up to 69 % of [Bmim][DCN] was recovered in the permeate phase. This is an important
finding since it reflects that [Bmim][DCN] does not form ireversible molecular complex
with the alga biomolecules. In addition, it confirms that ultrafiltration can be effectively
applied not only to recover ILs, but also to purify the alga extracts. From the several
technologies reported for the recovery of ILs (Maia, 2014), this is the first study in

which ultrafiltration has been demonstrated for microalgae extracts.

The recovery of ILs from algal extracts often involves washing and precipitation of
biomass debris followed by centrifugation and evaporation of the excess water (Desai
et al., 2016a; Olkiewicz et al., 2015). The use of anti-solvents and acids have also been
successfully implemented (Orr et al., 2016; To et al., 2018). All reported methods,
however, require post-treatment steps which are energy intensive. In contrast, the IL
recovered in the permeate after UF (> 97 % purity), could be used directly in the

extraction step.

3.7. Overview of extraction of algae biomolecules using ionic liquids
[Bmim][DCN] was found to selectively extract large amounts of proteins under mild
conditions without requiring cell disintegration. Furthermore, ultrafiltration was
proven to be efficient to separate algal biomolecules form the IL. These are promising
findings, which demonstrate that high protein yields can be obtained with minimum
processing. In spite of this, several aspects require further investigation. Additional
research is needed in order to elucidate the underlying mechanism of biomolecule
extraction, including the identification of the structural changes on the cell-wall of T.
suecica and the understanding of the roles of the cation and anion of the IL. The precise
determination of lipids and ash is also important to have an accurate measurement of

the yields and purities of all component.

We provided an initial proof of IL recovery by means of ultrafiltration. However, the
stability and reusability of the IL was not addressed. Similarly, complete purification of

the alga extracts is still pending. These are important elements to consider, since they
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directly impact the market potential of the extracted biomolecules and the process

economics.

Protein analysis was conducted using the method of Bradford. However, this method
has been reported to be less accurate than the methods of Dumas, Lowry and BCA
(Barbarino and Lourenco, 2005; Berges et al., 1993), which are traditionally used for
algae characterisation. Thus, more accurate protein determination methods need to

be developed, in order to have certainty on the extraction yields.

Under the [Bmim][DCN]-mediated extraction process followed by ultrafiltration, a total
of 54.9 % of the proteins and 4.8 % of the carbohydrates were recovered in the
retentate of a 3 kDa membrane. The corresponding purities were 22.8 % for proteins
and 3.9% for carbohydrates. This fractionation strategy was compared to other
processes reported in literature for microalgae. We considered a broad range of
processes analysed by Suarez Garcia et al., (2018a) and included the works of Lee et
al., (2017b) and Wang and Zhang, (2012) who investigated protein extraction from
microalgae using IL-based extraction, and To et al., (2018), who studied carbohydrate

extraction. The overview of processes and corresponding yields is shown in Fig. 4A.

As can be seen, thermal methods (TH), which cause protein coagulation, or
technologies based on external fields (pulsed electric fields and ultrasounds), which
are ineffective due to the rigid cell-wall in algae, lead in general to poor yields. For the
rest of the technologies, the great variation in the reported yields is due to differences
in strain morphology and cell-wall composition. The yields obtained in the present
study are comparable to the best performing and frequently reported fractionation
technologies: Mechanical disintegration (MD), ultrafiltration (UF), chemical and

enzymatic hydrolysis (C&E HYD) and pH shift (pHS).
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Figure 4. A. Overview of protein (filled circles) and carbohydrate (empty triangles)
yields from microalgae using diverse technologies (TH: Thermal; C&E HYD: Chemical
and enzymatic hydrolysis; MD UF: Mechanical disintegration and Ultrafiltration; MD
pHS: Mechanical disintegration and pH shift). B. Protein yield vs purity diagram for
extraction- fractionation processes reported for T. suecica. Dashed lines are a guide to
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For a more comprehensive comparison, the protein yields and purities of processes
reported for the microalga T. suecica were compared in Fig. 4B. Schwenzfeier et al.,
(2011) implemented a process involving disintegration, filtration, chromatography
separation, precipitation and dialysis to obtain an algae soluble protein isolate with a
purity of 64.4 % and a yield of 7 %. Suarez Garcia et al., (2018c) obtained crude extracts
with a protein purity of 21.3 % and yield of 4.4 %, with a process involving bead milling
and ultrafiltration. In the present work, we have obtained significant yields after
extraction and ultrafiltration, but the resulting yields are low. We have therefore
extended the fractionation approach with theoretical filtration steps using the same
yields as presented in Table 1. According to this forecast, up to 5 filtration steps are
required to remove the IL from the alga extract, with a corresponding protein yield of
26 % and a purity of 76 %. This would be by far the best performing method,
considering that no mechanical disintegration is needed and that UF is easy to

implement and scale up.

4. Conclusions
The present study investigates the use of ionic liquids for mild and selective extraction
of biomolecules from the green microalgae Tetraselmis suecica. The experimental data
clearly showed that the ionic liquid 1-Butyl-3-methylimidazolium dicyanamide is able
to extract up to 77.4 % of the total initial proteins without causing cell disintegration.
Thisis a unique finding as it proves selective extraction under mild conditions in a single
unit operation. The mechanism of extraction can be related to the ability of the
dicyanamide anion to interact with the polymers of the cell-wall of T. suecica, leading
to the formation of pores through which proteins and pigments migrate to the soluble
phase. Ultrafiltration was used for biomolecule fractionation and IL recovery. Up to
86.2 % of the proteins and 73.6 % of the carbohydrates were recovered in the retentate
phase, and 69.4 % of the IL was found in the permeate phase of a 3 kDa membrane.
This is the first demonstration of ultrafiltration for simultaneous biomolecule

fractionation and IL recovery from microalgae extracts. In overall, the proposed
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process IL-extraction + ultrafiltration outperforms the reported extraction-separation

methods for T. suecica, and can be potentially be implemented at commercial scale.
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Appendix

A. Screening of ionic liquids for the extraction of biomolecules from Tetraselmis

suecica.
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Figure Al. Overview of soluble extracts (top) and extraction yields of proteins (grey
bars) and carbohydrates (white bars) of alga biomass treated with different ionic
liquids. Data correspond to averages with standard deviations as error bars (for a
complete statistical significance overview, the reader is referred to the supplementary
information). Open markers show relative pigment release at 420 nm (squares) and
680 nm (circles).
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Chapter 9
General Discussion:

Integrated biorefineries for algal biomolecules
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Abstract

Algae are a renewable source of biomolecules for multiple applications ranging from
fuels to specialties. However, theirimplementation as feedstock in industrial processes
has only been achieved for few high value products. This is due to the elevated costs
in cultivation and downstream processing. In order to decrease the biorefinery costs,
and to enhance the overall process profitability, new separation processes need to be
developed. Such processes must start from the understanding of the cell architecture,
as a basis to develop an optimal fractionation strategy, and must include selective and
mild disentanglement processes, in order to preserve the functionality of the target
molecules. In this regard, we propose novel integration concepts such as self-
disintegration, simultaneous disintegration and disentanglement and self-separating
systems within the framework of process intensification, in such a way that auxiliary

chemicals, solvents and numerous unit operations become redundant.

196



1. Introduction

Algae are photosynthetic organisms which can produce large amounts of proteins,
carbohydrates, lipids and pigments (Bharathiraja et al., 2015). Because of their primary
source of energy and carbon (sun light and CO3) and the independency on arable land
and fresh water, algae are considered as a renewable feedstock for several industry

sectors (Behera et al., 2015; Cuellar-Bermudez et al., 2015; Vigani et al., 2015).

In fact, the range of algal products covers bulk commodities, chemical building blocks,
fuels, feed, pigments, food, cosmetics and specialties (Behera et al., 2015; Cuellar-
Bermudez et al., 2015; Draaisma et al., 2013; Jung et al., 2013; Ruiz Gonzalez et al.,
2016). However, algae are not yet a prevalent raw material in industry. The costs of
cultivation and biorefinery are still prohibitive (Ruiz Gonzalez et al., 2016) in
comparison to traditional oil and crop derived biomasses. In particular, the biorefinery
costs, at current 50 - 60 % of the total costs, must be reduced to a typical 30 % for a
biotechnological process ('t Lam et al., 2018). To achieve this, several authors have
proposed the development of novel cell disintegration and extraction techniques ('t
Lam et al., 2018), multiproduct valorisation (Gifuni et al., 2018), cascade of extractions

(Soto-Sierra et al., 2018) and mild processing (Dixon and Wilken, 2018).

In addition to these novel trends, we propose to design a biorefinery chain based on
the knowledge of the cell structure as a first step to develop the right disintegration-
extraction-fractionation methods. Furthermore, other concepts such as simultaneous
disintegration-disentanglement and self-separating systems are proposed as future

directions in algae biorefinery in a framework of process intensification.
2. The challenge of biomolecule extraction from algae

The extraction of biomolecules from algal biomass can be evaluated from two main
dimensions (Fig. 1): unit operations and cell-structure. The unit operations dimension
(Fig. 1A) includes technologies for cell disintegration, extraction, fractionation and

purification. Typically, they are applied in a sequential way, leading to multiple side
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streams. This corresponds to the traditional “empirical approach” (Fig. 1C), where the
available unit operations are implemented based on common process engineering

knowledge and where the cell is seen as a black box.

The cell-structure dimension (Fig.1B) comprises morphology and cell physiology,
aspects which are often overlooked (Dixon and Wilken, 2018; Gifuni et al., 2018).
Knowledge on the cell composition, cell-wall strength, localization of cellular
compartments and organelles, hydrophobicity and charge, can be used to devise an
optimal biorefinery. New biorefineries should be designed following a “mechanistic
approach” (Fig. 1D), where the cell-structure provides the foundations to define the
unit operations and the operational settings such as the energy input and process

times.

2.1.  Unit operations dimension
A broad range of unit operations has been reported for biorefinery of algae (Fig. 1A).
For cell disintegration, the most common methods include bead milling (chapter 2-5),
homogenization (Safi et al., 2014a), high-voltage electric discharges (Zhang et al.,
2018), pulsed electric fields and ultrasounds (Grimi et al., 2014; Parniakov et al., 2015),
thermal processing and microwaves (Jazrawi et al., 2015; Passos et al., 2015), chemical
and enzymatic hydrolysis (Safi et al., 2017a; Sari et al., 2015) and dissolution using ionic
liquids (Desai et al., 2016a; Fujita et al., 2013; Teixeira, 2012). Other innovative
technologies have been proposed, among which hydrodynamic cavitation (Lee et al.,
2015), microfluidization (Cha et al., 2012) and explosive decompression (Lorente et al.,

2018; Phong et al., 2018b; Gunerken et al., 2019).

In general, mechanical methods lead to nearly complete cell disintegration and
moderate to high extraction yields (chapter 2, 4-5, (Safi et al., 2014a)) at a high energy
input. We showed that by optimizing the operation parameters (chapter 2-3), and by
controlling the disintegration time (chapter 5), the energy consumption can be reduced

from ~ 10 to 0.45 kWh kgpw™. However, these are still orders of magnitudes higher
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than the energy required to break the cells (1.9x10™* - 2.5x103 kWh kgpw™)(Giinther et
al., 2016; Lee et al., 2013).

A— ; Bead milling B Chloroplast
Mechanical = Homogenization Starch Cell wall
Disintegration granules
Microwaves
Thermal : )
Heating
I Physical Ultrasounds & Flagella
Extraction ¥ Electric fields
i i Cytosol
Chemical Acid / alkali / Solvent Pyrenoid
Enzymes Lipid bodies
= - Centrifugation
Fractionation Decantation Cell wall: Polysaccharides, proteins.
Physical - ; ;
Filtration Chloroplast: Pigments, proteins
Adsorption )
Chemical -  Precipitation Starch granules: Polysaccharides
Purification o
Phase partitioning Pyrenoid: Proteins
Lipid bodies: Lipids
Unit operations dimension Cell structure dimension
C ~ D
@ '/ Algae Process Algae
v' Well established v Avoid unnecessary units operations
v’ Large scale equipment available v Opportunities for process integration
v’ Operation flexibility v’ Take advantage of side streams
x Often many unit operations are needed x Require cell characterization
x Unnecessary or oversized equipment x Less flexible for multi-feedstock
x Multiple diluted side streams x Cells are dynamic during culture

Figure 1. A. Unit operations dimension, showing an overview of typical process units
used in algae biorefinery. B. Cell-structure dimension, with schematic representation
of an algal cell and its composition. C. Empirical biorefinery approach: application of
technologies. D. Proposed mechanistic approach based on the cell structure.
Checkmarks and crosses refer to advantages and disadvantages of each approach.

Ultrasound and electric fields are external fields which generally result in low

disintegration efficiencies and low extraction yields ('t Lam et al., 2017), which is due

to the presence of a rigid polysaccharide-rich cell-wall in algae. Chemical and enzymatic
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methods usually lead to high disintegration and extraction yields and lower energy
consumptions (0.3 kWh kgpw™, (Safi et al., 2017a; Sari et al., 2013)). However, the costs
associated with the enzymes and chemicals are still prohibitive (Sari et al., 2015).
Similarly, the use of ionic liquids as green solvents have shown promising results
(chapters 7-8), but their high costs and toxicity (Brandt et al., 2013) prevent large scale

applications.

In general, the high energy consumption observed with existing unit operations is due
to the high water content of the algal suspensions, and the long processing times that
are used. Most of the energy input is dissipated in the water medium. Moreover, most
of the disintegration methods investigated so far are unspecific, don’t take into
consideration the cell-wall properties (chapter 3), and are based on the introduction
of energy from an external source into the diluted cell suspension (empirical

approach).

A second problem commonly observed with traditional mechanical disintegration unit
operations is the excessive comminution (high shear-long times) which lead to stable
oil-in-water emulsions (Huimin et al., 2014; Law et al., 2018) or Pickering emulsions
(chapter 3, Tenorio et al., (2017)). As a consequence, the biomolecules are more

difficult to separate and purify (Van Hee et al., 2004; Zinkoné et al., 2018).

Besides aqueous (Safi et al., 2014c) alkaline (Sari et al., 2015) and enzymatic extraction
(Sari et al., 2013), ionic liquids (ILs) have been investigated for the direct dissolution of
algal biomass (Fujita et al., 2013) and for the extraction of carbohydrates (Pezoa-Conte
et al., 2015; Teixeira, 2012), lipids (Kim et al., 2012; Orr et al., 2016; Orr and Rehmann,
2016), pigments (Desai et al., 2016a)and proteins (Lee et al., 2017b). The main
advantage of ILs is their vast chemical diversity, for which they are considered designer

solvents, and the high extraction yields that can be achieved.

There are several drawbacks associated with ILs, including high costs (Brandt et al.,
2013), potential toxicity (Ventura et al., 2017), high temperatures required for effective

extraction (Teixeira, 2012), and difficult back-extraction (Mai et al., 2014). In this
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regard, ILs from algal extracts are typically recovered using extraction followed by
cenrifugation to remove the insoluble biomass and distillation to remove the excess
solvent (Desai et al., 2016a; Orr et al., 2016), unit operations which are expensive and
energy intensive. In chapter 7 and 8, it was demonstrated that ILs can be used for
selective extraction under mild condition, and that ultrafiltration is a promising method
for their recovery. This approach, however, is still undesirabe, as multiple filtration
steps will be needed to guarantee that the ILs are completely recovered fom the

extract.

The unit operations commonly applied for the separation and purification of algae
biomolecules are isoelectric precipitation (Ba et al.,, 2016; Benelhadj et al., 2016;
Cavonius et al.,, 2015; Chronakis, 2001; Gerde et al., 2013; Ursu et al., 2014),
(ultra)filtration (chapter 4, 7-8, Lorente et al., 2018; Safi et al., 2014b; Ursu et al., 2014),
aqueous two-phase partitioning (chapter 6,7, Suarez Ruiz et al., 2018) and sequences
of unit operations (Chronakis, 2001; Schwenzfeier et al., 2011; Waghmare et al., 2016).
Often, these methods are not specific for the cell structure of algae (Knoetzel et al.,
1988; Schwenzfeier et al., 2014; Tamayo et al., 2018), target a single product ('t Lam et
al., 2018) and follow the traditional sequence of unit operations (Fig. 1A), resulting in

low yields/purities, undervalued side streams and high costs ('t Lam et al., 2018)

2.2. Cell-structure dimension
In Fig. 2A, a representation of the main structures of two model organisms is shown,
the microalga Tetraselmis suecica (chapters 2-6,8) and the macroalga Ulva lactuca

(chapter 7).

For microalgae three main structures are highlighted: cell-wall, chloroplast and
pyrenoid. The cell-wall is mainly composed of polysaccharides, but also contains a
small percentage of proteins and ash (Becker et al., 1998; Kermanshahi-pour et al.,
2014). In the chloroplast the main metabolic functions take place. It is a complex
cellular compartment rich in pigments, glyco- and phospholipids and proteins (Gibbs,

1962; Yang et al., 2017). Neutral lipids are usually accumulated in lipid bodies, which
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also contain specific proteins (Goold et al., 2015). The pyrenoid is embedded in the
chloroplast and surrounded, in green algae, by a starch sheath. The pyrenoid is densely
packed with the enzyme rubisco (Meyer et al., 2017), which is important for carbon

fixation.

Green macroalgae (chapter 7) are in general poor in lipids, contain low amounts of
proteins and are rich in carbohydrates. The cell-wall contains an intricate arrangement
of polysaccharides (cellullose, ulvan and B-glucans) in which proteins are embedded
(Lahaye and Robic, 2007). The morphological differences among algal strains and their
connection to fractionation methods has not been thoroughly considered as a basis for

the biorefinery.
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Figure 2. A. Representation of the main structures in micro and macroalgae. Two
model strains are represented: Tetraselmis suecica (chapters 2-6,8) and Ulva lactuca
(chapter 7). B. schematic view of three categories of algal biomolecules according to
cell morphology and function.

Several studies have addressed the influence of cell-wall composition on the
disintegration and extraction performance (Alhattab et al., 2018; Baudelet et al., 2017,
Safi et al., 2014c; Wang and Lan, 2018). However, the fractionation and purification
steps are rarely covered. Moreover, most investigations do not take into consideration
the purity of the extracted molecules and mostly focus on yields and efficiencies. Purity

is a key indicator as it provides a precise mass balance of the extracted biomolecules
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and allows a more comprehensive evaluation of a biorefinery process (chapters 4-5, 8,

Soto-Sierra et al., 2018).

In chapter 5 it was proposed that the low yields and purities of proteins extracted
during aqueous bead milling can be explained by their function within the cells (Fig.
2B). Proteins present in the cytoplasm (“storage”) are easily extracted upon cell
disintegration, as they are water soluble and readily available. Other proteins,
associated with membranes and organelles, have a more metabolic “function” and are
often bound to lipids and pigments. A third group of proteins conduct a more

I’I

“structural” role, for example, as part of the outer cell-wall and membranes. Proteins
associated with membranes and pigments display a more hydrophilic nature, or are
embedded in the cell-wall polysaccharides, and therefore they cannot be extracted in

an aqueous medium by simple mechanical shear.

The categories storage, function and structure (Fig. 2B) also apply to other
biomolecules. Lipids, for example, are mainly found in lipid bodies (storage) or
membrane lipids (structure), depending on the algal strain and cultivation conditions.
Similarly, carbohydrates usually play a structural (cell-wall) or storage role (starch
granules). This categorization is important for the design of an optimal extraction-

fractionation processes.

Because the biomolecules in algae are usually located in several structures within the
cell, and are often interconnected or forming macromolecular complexes, the
application of traditional unit operations lead to low yield and low purities. Tamayo et
al., (2018) presented a complete overview of the yield-purity (Y-P) diagram for proteins
extracted using a wide range of technologies. In their work aquatic biomass (including
micro and macroalgae) and leaves were compared to crops and cereals (Fig. 3). The
authors found that the Y-P curve for algae falls in the bottom left corner while that for

crops is located in the upper-right corner.
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Figure 3. Yield-Purity diagram for protein extraction from aquatic biomass and crops.
Area in green (bottom-left) and blue (top-right) correspond to data reported by
Tamayo et al., (2018). A and B are opposing regions common in algae processing. The
shape of the curve is dictated by the number of unit operations. The performance gap
(difference in efficiency between the biorefinery of crops and that of aquatic biomass)
is determined by two main factors: the initial protein concentration and cell
architecture.

The performance gap (distance between Y-P curve for crops and algae, Fig. 3), can be
explained by three main factors: initial composition, cell structure and unit operations.
The initial composition is crucial, as it sets the start of the Y-P curve (feed in Fig 3). The
amount of unit operations is defined by the target product application, which also sets

the window of operation, and by the cell structure, which dictates how the

biomolecules can be extracted (chapter 4-5).

Crops are usually located in the top-right region of the Y-P curve because of the high
initial composition and simple structure: starch granules, lipid and/or protein bodies
enclosed by a rigid shell. The fractionation can therefore be conducted in a few steps
only by dry or wet processing (Berghout et al., 2014; Wang et al., 2004) and results in
high yields and purities.
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Methods reporting high yields of algal molecules (Ba et al., 2016; Cavonius et al., 2015;
Safi et al., 2014c) are often unspecific and lead to the co-extraction of other
biomolecules (high yield, low purity, few unit operations: Region A in Fig 3). On the
opposite, high purities and low yields (Region B, Fig. 3) can be obtained after multiple
unit operations and intensive processing (Chronakis, 2001; Schwenzfeier et al., 2011;

Waghmare et al., 2016).

3. Towards a mechanistic approach in algae borefinery
Several examples from literature are presented in this next section, which illustrate the

transition from empirical to a mechanistic biorefinery approach.

3.1. Design the right cell architecture
Cells can be genetically engineered to simplify the biorefinery process, reduce energy
consumption or to enhance the fractionation performance (Spolaore et al., 2006). For
example, mutant strains which overproduce and accumulate lipids have long been
used to improve the economic feasibility of biofuel production (Breuer et al., 2014).
Similarly, cyanobacteria strains have been transformed to overproduce proteins
(Trautmann et al., 2016), leading to superior protein extraction yields and purities (Fig.
4A). Recently, ‘t Lam et al., (2017) reported that the extraction yield of proteins using
pulsed electric fields (PEF) increased 4-fold at 0.05 kWh kgow™ for a cell-wall deficient
mutant of C. reinhardtii in comparison to the wild type (Fig 4A). Disadvantages of this
approach include time and effort required to produce the mutants and the poor

performance that the transformed strains could display during culture

3.2.  Cell disintegration by lytic organisms, enzymes and selective chemicals
Traditional disintegration methods depend on the supply of energy from an external
source, on expensive enzyme cocktails, or on chemicals which need to be back-
extracted. Alternatively, several microorganisms (bacteria, algae, cyanobacteria and
viruses), when co-cultured with algal cells, can secrete lytic enzymes which disrupt the
cell-walls (Lenneman et al., 2014). This method is highly selective, mild and can be
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performed in a single step. The main limitations are the effort required to select the
right lytic organism, difficulties with the accurate control of the co-culture, and the

time needed for complete cell disintegration

The use of lytic enzymes (Sari et al., 2013; Soto Sierra et al., 2017), chemical hydrolysis
(Safi et al., 2017a), and cell-wall permeabilization with ILs (Fig. 4A-iii) (chapter 8, (Desai
et al., 2016a)) are highly specific and energy efficient. However, chemical hydrolysis
could lead to denaturation of sensitive molecules, enzymes and ILs can be costly
(George et al., 2015), and additional separation steps are required to recover the ILs
(chapter 7-8).
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Figure 4. Novel approaches based on genetic transformation (i and ii) and selective
lysis with microorganisms, enzymes and chemicals (iii). B. Conceptual representation
of in situ extraction using ILs (chapter 8).
3.3.  Demulsification

Excessive comminution during mechanical disintegration causes the formation of small
cell debris which are highly stable in suspension and therefore difficult to fractionate
(chapter 2-5, Zinkoné et al., 2018). Such stability can be broken (demulsification) by
thermal processing and pH adjustment, and by the addition of medium-chain alcohols,
electrolytes, free oils, enzymes, organic coagulants and air bubbles (Chabrand and
Glatz, 2009; Luthy et al., 1978). The addition of external agents is disadvantageous as

it implies additional operational costs.
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Demulsification by means of external fields is another promising approach, as it avoids
the use of auxiliary chemicals. Besides centrifugation (Law et al., 2018), 't Lam et al.,
(2018) summarized several technologies including electric fields, ultrasounds and
lasers. These unit operations have been demonstrated for the separation of oil
fractions from algae, but could be potentially implemented in order to prevent
emulsion formation during mechanical disintegration The main drawback of external
fields is the additional capital expenditures required to generate the field through the
extraction unit. Furthermore, because algae suspensions are normally diluted systems,

high energy inputs could be necessary.

3.4. Membraneless osmosis
The main disadvantage of traditional aqueous two-phase systems (ATPS) is the
utilization of external chemicals (organic solvents, polymers, salts, ionic liquids) which
need to be back-extracted (chapter 7-8, Ventura et al., 2017). Alternatively, phase
separation can be achieved without the need of external chemicals, a fractionation

concept called membraneless osmosis (Antonov, 2000).

The phenomena behind phase separation in membraneless osmosis is based on the
differences in the chemical potential of molecules present in the mixture (Antonov et
al., 1982). Proteins are separated from sugars in a similar way as the salting-out
phenomena in salt-rich solutions, therefore the term sugaring-out has been used
(Sankaran et al., 2018a). Once in solution, proteins and polysaccharides are separated
into two distinct phases and the water molecules migrate, across the interphase,
towards the more hydrophilic solution. In overall, the more hydrophobic phase
(protein-rich) is concentrated while the polysaccharide-rich phase is diluted (Antonov

et al., 1982).

This principle has been proven for colloidal-dispersed systems such as skimmed milk,
blood plasma, microbial broths, plant-based extracts and chloroplasts (Antonov, 2000).
Membraneless osmosis can be conducted at room temperature and phase formation

takes place rapidly (within seconds) regardless of the system volume. Besides, the
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separation-concentration performance and the energy consumption are greatly
improved compared to other methods, without adding chemically based polymers or

salts (Antonov, 2000).

3.5. lonic liquid recovery
IL recovery can be accomplished by making use of their physicochemical and
thermophysical properties. Du et al., (2017) reported a process to extract lipids from
microalgae using switchable ILs. The IL was recovered by switching the solvent
hydrophilicity using CO,. A second interesting approach is to induce phase changes by
means of temperature variations. Several thermo-morphic ILs have been reported with
critical temperatures ranging from - 40 to 157°C (Qiao et al., 2017). For example,
distillable ILs can be removed by evaporation at 45°C (Song et al., 2018), a temperature
which could still be considered mild. In recent years, a new type of ILs was proposed
as novel platform in green chemistry: sponge-like ILs (Lozano et al., 2015). The solid-
liquid phase of these ILs can be manipulated by centrifugation and cooling from room

temperature to 4°C.

3.6.  Multi-product biorefinery and functionality
The market potential of algal products can become an important driver in algae
biorefinery. The works by 't Lam et al., (2018), Gifuni et al., (2018), Khanra et al., (2018),
Koller et al., (2014) and Soto-Sierra et al., (2018) already show a general trend towards
multiproducts, functionality and economic revenues. In chapters 4-5 it was also
proposed that new biorefineries should be developed from the functional properties

and applications of the extracted fractions, rather than on their purity.

3.7.  Process integration
Many authors have investigated sequences of unit operations to purify biomolecules
from algae (Chronakis, 2001; Kadam et al., 2016; Schwenzfeier et al., 2011; Waghmare
et al., 2016; Wong and Cheung, 2001), often resulting in low yields and purities (regions
A and B of Fig. 3). Recent reviews have also proposed sequences of unit operations,

but with a more clear mechanistic approach. Dixon and Wilken, (2018), Gifuni et al.,
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(2018), Soto-Sierra et al., (2018) and Khanra et al., (2018) proposed cascades of
extractions based on the composition of the biomass and on the value of the target

molecules and their potential market application.

Mild and highly specific methods are preferred, so the extraction steps do not
compromise the functionality of the molecules in later stages of the refining process
(Dixon and Wilken, 2018; Gifuni et al., 2018). The overall extraction yields can be
optimized by selecting the order of biomolecule extraction (Ansari et al., 2017) and by

fully utilizing the side products (Gifuni et al., 2018; Tamayo et al., 2018).

Besides the traditional cascade of extractions, process integration has not been
explored sufficiently. Only few reports have presented integration alternatives for
cultivation-harvesting and harvesting-disintegration ('t Lam et al., 2018). In Table 1, an
overview of reported integration concepts for the steps of extraction and

fractionations are presented.

Table 1. Overview of reported process integration for extraction-fractionation of algal
biomolecules.

Technology Target  Reference
IL-assisted bead milling and two-phase Proteins Chapter 7
partitioning

In situ selective extraction with ILs Proteins Chapter 8

Sugaring-out  biphasic  flotation + Proteins (Sankaran et al., 2018b)
ultrasounds

Alkali-assisted ultrasound Proteins (Phong et al., 2018a)
IL-assisted ultrasound Proteins (Lee et al., 2017b)
Ultrasound and two-phase partitioning Proteins (Phongetal., 2017)
Extraction and transesterification Lipids (Salam et al., 2016)
IL-assisted microwave transesterification  Lipids (Wahidin et al., 2016)
Enzyme assisted alkaline solubilisation Proteins (Sari et al., 2013)

Bead milling and two-phase partitioning Proteins (Cisneros and Rito-

Palomares, 2004)
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As can be seen, most of the reports combine a cell disintegration method under the
presence of an agent (enzymes, ILs, salts, polymers) which favours extraction and/or
allows two-phase fractionation. This is the same approach investigated in chapter 7 (IL-

assisted bead milling) and chapter 8 (Fig. 4B, in situ extraction).

Although these processes result in high performances and low energy consumption,
they still rely on external chemicals or additional unit operations, ultimately resembling
the typical biorefinery chain. Future research must be directed towards auxiliary-free
simplified systems, which make use of the cells’ biochemical properties to self-

separate.

4. Future directions: biorefinery intensification
We have highlighted several challenges in algae biorefinery (section 2) and various
potential solutions through innovative concepts reported in literature (section 3). In
this section we expand these ideas and present three approaches which may
contribute towards intensification of algae biorefineries: self-disintegration,

simultaneous disintegration and disentanglement, and self-separation.

4.1. Self-disintegration
Genetic manipulations can be conducted to engineer strains which self-disintegrate at
the end of the cultivation period. This would allow cultivation, disintegration and
potentially harvesting to be conducted in singe step. In addition, it will guarantee
minimum energy consumption and high specificity, without the need of auxiliary

chemical or unit operations.

4.2.  Simultaneous disruption and disentanglement
At the end of the cultivation period, algae can be cultured with microorganisms which
can produce the specific enzymes required for disintegration and disentanglement, in
such a way that several products can be solubilized sequentially from the biomass in a
single unit operation (Fig. 5). Such process would be mild, highly selective and energy
efficient, requiring simple intermediate washing steps to the recover the soluble
products. This approach, however, requires extensive screening of microorganisms

210



which can disentangle different cell structures (e.g., cell-walls, chloroplast, pyrenoid,
membranes), and can be disadvantageous in terms of process flexibility, as the

hydrolytic enzymes will be selective only towards certain algal strains.

Energy and auxiliary chemicals

L Harvesting H Disintegration H Fractionation ]

Side product Side product Main product
B . .
Microorganisms
L Simultaneous Disintegration and Disentanglement ]

Multi product

Figure 5. Typical biorefinery chain (A) in comparison to simultaneous disintegration
and disentanglement (B).

4.3. Self-separating systems
In this approach, the polysaccharides and proteins present in algae could be used to
induce their thermodynamic incompatibility, leading to the formation of two phase in
which proteins and carbohydrates are fractionated. In order to achieve this, after
harvesting and cell disruption, the mixture of suspended molecules is mixed with
“seed” molecules in order to trigger phase splitting. After phase-separation, a portion
of the separated molecules are recycled to the extraction in order to keep system

under continuous operation (Fig 6A).

In order to achieve self-separation, the algae suspension after cell disintegration must
contain the right type of molecules, above a critical concentration necessary for two-
phase formation. Antonov, (2000) presented an overview of phase diagrams for

protein-polysaccharide pairs, among which pectin and rubisco (ribulose-1,5-
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bisphosphate carboxylase/oxygenase). Certain algal strains are rich in pectin-like
polysaccharides (Domozych et al., 2012; Kermanshahi-pour et al., 2014), while rubisco
is one of the most abundant proteins in algae. Pectin-like polysaccharides from the cell
wall of T. suecica can reach approximately 2-5 wt% (DW) of the total biomass
(Kermanshahi-pour et al., 2014; Scholz et al., 2014). Regarding rubisco, the content for
green algae is ~ 3 mg mgchiorophy * (Yokota and Canvin, 1985). Since green algae contain

around 2 wt% chlorophyll, the expected total content of rubisco is ~ 5 wt % (DW).

I .

° Jioko o
Protein rich
(]
m® ..
Carbohydrate rich
( A A |
[ | = A
Suspension Insoluble - 0 T
Energy:efficlent Self-separation Multiproduct ¢ 20 0 o
Cell disintegration Rubisco [%]

Figure 6. A. Schematic representation of self-separating systems using membraneless
osmosis. B. Binodal curve (empty markers) and tie lines (solid lines) for the system
Rubisco-Pectin (Antonov, 2000). Filled markers are hypothetical operation points (Op1:
After cell disintegration; Op2: after addition of “seed” biomolecules). Arrows point out
the composition of top and bottom phases after phase splitting.

For an algal suspension containing 10 wt% biomass (chapter 2, 4-5), the concentration
of pectin polysaccharides and rubisco in suspension after bead milling will be 0.35 %
and 0.5 %, respectively. Under these conditions, the system theoretically will remain
in the single-phase region (Op1, Fig. 6B). It is necessary to add an extra amount of
biomolecules (“seed”, Fig. 6A) to reach a concentration of 0.4 % polysaccharides and
2-2.5 % proteins (Op2, Fig. 6B), where the system will form two-phases. In this point,
the bottom phase will contain nearly 50 % of proteins and the upper phase will contain
close to 0.4 % polysaccharides (Fig. 6B). A fraction of the protein-rich phase can then
be recycled back in the system for the next fractionation cycle (Fig. 6), which can be

conducted by common operation such as acidification and ultrafiltration.
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Despite the evident advantages of this method, significant research is needed in order
to understand the complex interaction of biomolecules in suspension and their
thermodynamic incompatibility, and the effect of other proteins and sugars present in
the system. In addition, since the phase diagram is a fingerprint for every
polysaccharide-protein pair, a new binodal curve will be required for every algal strain

under consideration

5. Concluding remarks
Recent publications have addressed key elements in the field of algae biorefinery
which need to be taken into consideration in future research and commercial
developments. However, other crucial aspects are often overlooked. Algae biorefinery
must start from the understanding of the cell structure and composition, and must
include the complete spectrum of potential market applications, as a basis for process
design. The cascade of separation steps must prioritize high value products and mild
processing. Beyond a mere sequence of unit operations, process intensification should
receive more attention. Emphasis should be given to self-disintegration and self-
separating systems, mild and in situ selective disentanglement, and process
intensification, as they guarantee minimum energy consumption, chemicals-free

separations and minimum processing.
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In the next 30 years it is expected that world population will reach 9.5 billion, for which
the supply of food, and in particular of proteins, must increase significantly. This
expansion could threaten terrestrial and aquatic ecosystems critically, since the
current food production system relies almost entirely on agriculture and fishing. Algae,
including micro and macroalgae, could be the solution to the challenge of food and
protein supply, as they do not require fresh water or arable land, and because they can
produce substantial amounts of proteins at superior biomass productivities compared
to crops. However, the proteins in algae are usually present intracellularly, in the
cytoplasm or embedded in molecular assemblies and organelles. To obtain these
biomolecules, several unit operations are typically applied in a sequential way: cell
disintegration, extraction, fractionation and purification. Often, these unit operations
require significant amounts of energy and auxiliary chemicals leading to product
degradation or generation of several by-products, which are undervalued. Therefore,
new biorefinery concepts are needed, which are more compact (integration) and in

which mild processing is favoured (product functionality) (Chapter 1).

The research conducted in this thesis is divided in two sections. In the first section
(chapters 2-5), the biorefinery strategy is based on mechanical disintegration by bead
milling. In addition, we present evidence on the functional properties of the extracted
biomolecules. The second section (chapters 6-8) investigates the biorefinery of algal

molecules by means of ionic liquids as novel extractants.

In Chapter 2, the effect of bead size (0.3-1 mm) on the kinetics of cell disintegration
and release of biomolecules, was investigated for three industry relevant microalgae
strains: Tetraselmis suecica, Neochloris oleoabundans and Chlorella vulgaris.
Furthermore, the stress model, in which the comminution process is quantified in
terms of frequency and intensity of collisions in the mill, was applied. For all algal
strains it was observed that the disintegration and release of biomolecules follows a
first order kinetics. Disintegration and protein release occur first almost

simultaneously, while the release of carbohydrates takes place at slower rates,
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indicating selective release of proteins. It was hypothesized that aqueous proteins
present in the cytoplasm are released rapidly upon cell disruption, while carbohydrates
from the cell-wall or starch granules require additional shear to be released. Moreover,
it was observed that the disintegration rates, biomolecule release and extraction yields
were independent of the bead size for Tetraselmis suecica. This was due to the
relatively weak cell-wall of this strain, and by the fact that the bead mill was operated
in a region in which excessive energy was transferred to the cells to allow complete
disintegration. The measured energy consumptions and protein yields (from the initial
biomass) were strain dependent, and varied from 0.45-7 kWh kgpw* and from 15 to 38

% Dry Weight (DW) respectively.

Several questions remained open regarding the cell disintegration mechanism in bead
mills. Therefore, in Chapter 3 a mathematical model was proposed, in order to predict
the disintegration rates of microalgae cells, having as input process variables (flow rate,
biomass concentration), operational parameters (agitation speed, bead size, bead
filling) and cell-related parameters (cell size and cell strength). The model was based
on the calculation of velocity profiles of the beads in the mill chamber, from which the
theoretical frequency and energy of collision were estimated. Furthermore, cell-wall
strength and cell size were incorporated in order to estimate the proportion of cells
that are disintegrated under batch operation. The concept of effective disruption
energy was used to account for the fraction of energy that effectively reaches the cells
and causes disintegration. The model was validated for two microalgal strains
(Chlorella vulgaris and Tetraselmis suecica) at various values of bead size (0.3-1 mm)

and bead fillings (2.5-75 %), and at two different scales (80 and 500 mL).

A disintegration- fractionation strategy based on bead milling and ultrafiltration was
implemented in Chapter 4 in order to evaluate the functional activity of biomolecules
extracted from Tetraselmis suecica under mild conditions. After cell disintegration, the
soluble fraction was filtered using membranes of three different cut offs: 0.2 um, 300

kDa and 10 kDa. It was found that the microalgae fractions displayed superior or
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comparable functional activity in comparison to whey protein isolate. Additionally, it
was observed that the fractions obtained in the retentate phase after filtration,
showed the highest performance in terms of surface activity and gelation. This superior
performance was attributed to the presence of larger molecular weight proteins and
to their interaction with pigments and polysaccharides, in a similar way as Pickering
emulsions. Despite the promising results regarding functional properties, in this
process the protein yields were 12 % after disintegration and up to 6 % after filtration

(referred to the initial biomass), with protein purities ranging from 10 to 22 (DW) %.

The knowledge gathered in chapters 2-4 motivated the research conducted in Chapter
5. Here a simple fractionation strategy was implemented: A single extraction step by
short (8 min) bead milling after which the soluble phase was recovered as main
product. Upon cell disintegration, proteins are released rapidly, reaching maximum
extraction within 10 min. Carbohydrates, on the contrary, are released slowly, even
after 3 h operation. The release of carbohydrates was linked to the starch loss from the
biomass. Analysis of the functional activity (surface activity and gelation) of the soluble
extract revealed a superior or similar performance in comparison to whey protein
isolate. Furthermore, the protein purity in the soluble extract reached 50 % (DW),
which was due to a superior protein content in the initial biomass and to the short
bead milling times, which favours the release of proteins over carbohydrates. The
overall energy consumption was 0.6 kWh kgow?, and the protein yield reached 23 %
(DW, referred to the initial biomass), indicating that potentially high value molecules

can be obtained with simple and mild processing.

In the second section of this thesis, ionic liquids are investigated as novel solvents for
the extraction and fractionation of biomolecules. lonic liquids (ILs) are salts which are
liguid at room temperature. They have been proposed in several studies as promising
solvents for the extraction of biomolecules from biomass (e.g., wood) and for the

fractionation of a broad range of biomolecules, in particular proteins.
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Chapter 6 presents a study in which crude proteins (proteins extracted after a process
involving bead milling, solid-liquid separation and membrane filtration) where
subjected to an aqueous two-phase system (ATPS) in order to evaluate the
fractionation performance. The study was conducted for two microalgae strains:
Neochloris oleoabundans and Tetraselmis suecica. The ATPS system used here was
composed of the ionic liquid lolilyte 221PG and the salt potassium citrate.
Furthermore, an activity coefficient model (Non Random Two Liquids) was
implemented in order to describe the experimental data. The extraction efficiencies of
proteins for both strains were superior to 75 % (DW). Proteins concentrated
preferentially in the top layer (IL-rich) while carbohydrates migrated to the bottom
phase (salt-rich). The partition coefficient for proteins varied in the range 50-100 [-].
Overall, the extraction efficiencies and partitioning performance was independent of

the IL concentration, in terms of tie line length.

The research conducted in chapter 6 confirmed that ILs-based ATPS can effectively
fractionate algal biomolecules. Besides, their ability to extract biomolecules directly
from the biomass, at mild conditions, without requiring multiple unit operations, was

addressed in chapters 7 and 8.

In Chapter 7 a new model organism was investigated: the macroalgae Ulva lactuca.
After a preliminary screening, the ionic liquid 1-ethyl-3-methyl-imidazolium dibutyl
phosphate was selected as it resulted in selective extraction of proteins at high yields.
Biomolecule extraction was investigated in a single step involving bead milling assisted
by the IL at room temperature. The soluble phase (extract) was collected and subjected
to two-phase partitioning and ultrafiltration. Protein extraction yields up to 75 % were
obtained during extraction, significantly superior to the methods reported so far for
the same strain. Fractionation by means of ultrafiltration allowed the recovery of
nearly 40 % of the proteins in the retentate phase while 85 % of the ionic liquid was

present in the permeate phase.
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Similarly, the extraction of biomolecules from the microalgae Tetraselmis suecica using
ILs was investigated in Chapter 8. The ionic liquid 1-Butyl-3-methylimidazolium
dicyanamide was found to extract significant amounts of proteins from the biomass,
under mild conditions. Furthermore, extraction was selective towards proteins over
carbohydrates. Additional investigations confirmed that this IL is able to extract
proteins without requiring mechanical disintegration, at yields of nearly 77 %. It was
hypothesized that the IL permeabilizes the cell-wall, through which proteins are
extracted. The permeabilization could take place due to the ILs’ ability to party
destabilize the hydrogen bond structure of the polymers in the cell-wall. Thus,
significant extraction of protein was observed, but the amount of solubilized
carbohydrates was negligible. After extraction, ultrafiltration was implemented,
allowing the overall recovery of 64 % of the total proteins and more than 69 % of the
ionic liquid in the permeate phase. Theoretical estimations were conducted to
determine the number of filtration steps needed to remove completely the IL from the
extract. It was found that 5 steps are needed, if the same fractionation yields are

maintained. This could result in an overall yield of 26 % and a purity of 76 %

Several key aspects of the fractionation strategies investigated in this thesis are
discussed in Chapter 9. First, it is proposed that the design of biorefineries must start
from the understanding of the cell structure rather than from the typical empirical
application of unit operations. Several examples are presented to illustrate the
transition from an empirical to a more mechanistic approach, in particular regarding
cell disintegration, fractionation, back-extraction, process integration and multi-
product functionality. Moreover, novel biorefinery concepts are proposed in the
framework of process intensification: Self disintegration, simultaneous disintegration
and disentanglement, and self-separating systems. These concepts could ensure
minimum processing and energy consumption, without the need for auxiliary
solvents/chemicals while preserving the functional activity of the extracted

biomolecules.
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Resumen

En los proximos 30 afos se espera que la poblacidon mundial alcance los 9.5 mil millones
de habitantes, por lo que el suministro de alimentos, y en particular de proteinas, debe
aumentar significativamente. Esta expansidon podria amenazar criticamente los
ecosistemas terrestres y acudticos, ya que el sistema actual de produccién de
alimentos depende casi exclusivamente de la agricultura y la pesca. Las algas,
incluyendo microalgas y macroalgas, podrian ser la solucién al desafio del producir
sufficiente cantidad de alimentos y proteinas, ya que no requieren agua dulce ni tierra
cultivable, y porque pueden producir cantidades significativas de proteinas con una
productividad superior en comparacion con los cultivos terrestres tradicionales. Sin
embargo, las proteinas en las algas suelen estar ubicadas intracelularmente en el
citoplasma o incrustadas en ensamblajes moleculares y organulos. Para obtener estas
biomoléculas, varias operaciones unitarias se aplican tipicamente de manera
secuencial: desintegracidn, extraccion, fraccionamiento y purificacion. A menudo,
estas operaciones unitarias requieren cantidades importantes de energia y productos
quimicos auxiliares que conducen a la degradacion del producto o la generacion de
varios subproductos de bajo valor. Por lo tanto, se necesitan nuevos conceptos de
biorrefineria, que son mas compactos (integracién) y en los que se favorece un

procesamiento moderado (funcionalidad del producto) (Capitulo 1).

La investigacion realizada en esta tesis se divide en dos secciones. En la primera seccion
(capitulos 2-5), la estrategia de biorrefineria se basa en la desintegracién mecdnica por
medio de molino de bolas. Ademas, se presenta evidencia acerca de las propiedades
funcionales de las biomoléculas extraidas. En la segunda seccién (capitulos 6-8), se
investigan conceptos de biorefineria de moléculas de algas usando liquidos idnicos

como nuevos extractantes.

En el Capitulo 2 se investigd el efecto del tamafio de bolas (0.3-1 mm) sobre la cinética
de desintegracion celular y la liberacion de biomoléculas. Tres algas de interés

industrial fueron estudiadas: Tetraselmis suecica, Neochloris oleoabundans 'y Chlorella
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vulgaris. Ademas, se aplicod el denominado “modelo de estrés”, en el cual el proceso
de trituracidn se cuantifica en términos de frecuencia e intensidad de colisiones en el
molino de bolas. Para todas las microalgas usadas, se observé que la desintegracién y
liberacion de biomoléculas siguen una cinética de primer orden. La desintegraciony la
liberacion de proteinas ocurren primero -casi simultaneamente- mientras que la
liberacion de azucares tiene lugar a velocidades mas bajas, lo que indica una liberacién
selectiva de proteinas. Se planted la hipdtesis de que las proteinas hidro-solubles
presentes en el citoplasma se liberan rapidamente al romperse las células, mientras
que los azucares de la pared celular o de los granulos de almidén requieren un molido
mas prolongado. Ademas, se observd —para Tetraselmis suecica- que las tasas de
desintegracidon, la liberacion de biomoléculas y los tasas de extraccién son
independientes del tamano de las bolas. Esto se debie a la pared celular relativamente
débil de esta microalga y al hecho de que el molino de bolas se opero en una regién en
la que se transfirid energia excesiva asugurando una desintegraciéon completa. Los
consumos de energia medidos y las tasas de extraccién de proteinas (comparado con
la biomasa inicial) dependieron de la alga en consideracion y variaron de 0,45 a 7 kWh

kgow™ y de 15 a 38 % (peso seco) respectivamente.

Varios interrogantes quedaron con respecto al mecanismo de desintegracion celular
en los molinos de bolas. Por lo tanto, en el Capitulo 3, se propuso un modelo
matematico para predecir las tasas de desintegracion de microalgas, considerando
variables de proceso (caudal, concentracion de biomasa), parametros operativos
(velocidad de agitacién, tamano de perla, relleno de perlas) y pardmetros relacionados
con las microalgas (tamafio resistencia de la pared celular). El modelo se basé en el
calculo de los perfiles de velocidad de las bolas en el molino, a partir de los cuales se
estimaron la frecuencia tedrica y la energia de las colisiones. Ademas, se incorporaron
la resistencia de la pared celular y el tamafio de las células para estimar la proporcién
de células que se desintegran durante el molido en modo batch. El concepto de energia
efectiva de desintegracion se utilizd para explicar la fraccion de energia que llega

efectivamente a las células y provoca su rupura. El modelo se validé con dos typos de
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microalgas (Chlorella vulgaris y Tetraselmis suecica), varios valores de tamafo de bolas
(0.3-1 mm), diferentes rellenos de bolas (2,5-75%) y en dos escalas distintas (80 y 500

ml).

En el Capitulo 4 se implementd una estrategia de desintegracidon-fraccionamiento
usando molino de bolas y ultrafiltracion. También se evalué la actividad funcional de
las biomoléculas extraidas de Tetraselmis suecica. Después de la desintegracion
celular, la fraccién soluble se filtré utilizando membranas de tres tamafos diferentes:
0.2 um, 300 kDa y 10 kDa. Se encontré que las fracciones de microalgas exhiben una
actividad funcional superior o comparable con proteinas de suero the leche.
Adicionalmente, se observé que las fracciones obtenidas en el retentado después de
la filtracion, mostraron el mayor rendimiento en términos de actividad superficial y
gelificacion. Este rendimiento superior se atribuydé a la presencia de proteinas de
mayor peso molecular y a su interaccidn con pigmentos y polisacaridos, de manera
similar a las emulsiones Pickering. A pesar de los resultados prometedores con
respecto a las propiedades funcionales, en este proceso los porcentajes de extracciéon
de proteinas fueron del 12 % después de la desintegracién y hasta del 6 % después de
la filtracion (referida a la biomasa inicial), con una pureza de proteinas del 10 al 22 %

(peso seco).

Los conocimientos reunidos en los capitulos 2-4 motivaron la investigacion realizada
en el Capitulo 5. Aqui se implementd una estrategia de fraccionamiento simple: un
solo paso de extraccion rapida mediante molino de bolas (8 min), después de lo cual la
fase soluble se recuperé como producto principal. Tras la desintegracion celular, las
proteinas se liberan rdpidamente, alcanzando una extraccién mdxima en 10 minutos.
Los carbohidratos, por el contrario, se liberan lentamente, incluso después de 3 horas
de molido. La liberacion de carbohidratos se relacioné con la pérdida de almiddn
presente en la biomasa. El analisis de la actividad funcional (actividad superficial y
gelificacion) del extracto soluble reveld un rendimiento superior o similar en

comparacion con proteinas de suero de leche. Ademas, la pureza de la proteina en el
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extracto soluble alcanzé el 50% (peso seco), lo que se debid a un contenido de proteina
superior en la biomasa inicial y al corto tiempo dedesintegracién, lo que favorece la
liberacion de proteinas sobre los carbohidratos. El consumo total de energia fue de 06
kWh kgow?, vy el el porcentaje de extraccidn de proteinas alcanzd el 23% (peso seco,
referido a la biomasa inicial), lo que indica que se pueden obtener moléculas

funcionales con un proceso sencillo de fraccionamiento.

En la segunda seccidon de esta tesis, varios liquidos idnicos se investigaron como nuevos
agentes para la extraccion y el fraccionamiento de biomoléculas. Los liquidos idnicos
(IL) son sales que son liquidas a temperatura ambiente. Se han propuesto en varios
estudios como disolventes prometedores para la extraccion de biomoléculas de
biomasas (por ejemplo, madera) y para el fraccionamiento de una amplia gama de

biomoléculas, en particular proteinas.

El Capitulo 6 presenta un estudio en el que proteinas crudas (proteinas extraidas
después de un proceso que involucra el molido de bolas, separacién sélido-liquido y
filtracién por membrana) se sometieron a un sistema acuoso de dos fases (ATPS) para
evaluar el rendimiento del fraccionamiento. El estudio se realiz6 con microalgas:
Neochloris oleoabundans y Tetraselmis suecica. El sistema ATPS utilizado aqui estaba
compuesto por el liquido idnico lolilyte 221PG vy la sal citrato de potasio. Ademas, se
implementé un modelo de coeficiente de actividad (NRTL) para describir los datos
experimentales. Las eficiencias de extraccidn de proteinas para ambas microalgas
fueron superiores al 75 %. Luego de la separacién, las proteinas se concentraron
preferentemente en la fase superior (rica en IL) mientras que los carbohidratos
migraron a la fase inferior (rica en sal). El coeficiente de particidon para proteinas varié
en el rango 50-100 [-]. En general, las eficiencias de extraccion y el rendimiento de la

particion fueron independientes de la concentracidn de IL en el rango evaluado.

La investigacion realizada en el capitulo 6 confirmo que los ATPS basados en IL pueden

fraccionar eficazmente las biomoléculas de algas. Ademas, su capacidad para extraer
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biomoléculas directamente de biomasa de algas, en condiciones moderadas, sin

requerir multiples operaciones unitarias, se abordd en los capitulos 7 y 8.

En el Capitulo 7 se investigd un nuevo organismo modelo: la macroalga Ulva lactuca.
Después de una seleccion preliminar, se seleccioné el liquido iénico dibutil-fosfato 1-
etil-3-metil-imidazolio, ya que dio como resultado la extraccion selectiva de proteinas
con rendimietos altos en comparacion on otros IL. La extraccién de biomoléculas se
investigd en un solo paso, que inlcluye molino de bolas asistidao por el ILa temperatura
ambiente. La fase soluble (extracto) se recogié y se sometié a particion bifasica y
ultrafiltracion. Se obtuvieron porcentajes de extraccidon de proteinas de hasta el 75%
durante la extraccidn, significativamente superiores a los métodos informados hasta
ahora para la misma macroalga. El fraccionamiento mediante ultrafiltracion permitio
la recuperacion de casi el 40 % de las proteinas en el retentado, mientras que el 85 %

del liquido idnico estaba presente en el permeado.

De manera similar, en el Capitulo 8 se investigd la extraccion de biomoléculas de la
microalga Tetraselmis suecica utilizando liquidos idnicos. El IL 1-Butil-3-metilimidazolio
dicianamida extrajo cantidades significativas de proteinas de alga en condiciones
moderadas. Ademds, la extraccion fue selectiva hacia proteinas sobre carbohidratos.
Investigaciones adicionales confirmaron que este IL es capaz de extraer proteinas sin
requerir desintegracion mecanica, con rendimientos de casi el 77 %. Se planted la
hipdtesis de que el IL permeabiliza la pared celular, a través de la cual se extraen las
proteinas. La permeabilizacion podria tener lugar debido a la capacidad del IL para
desestabilizar la estructura de puentes de hidréogeno de los polimeros en la pared
celular. Por lo tanto, se observd una extraccion significativa de proteinas, pero la
cantidad de carbohidratos solubilizados fue significativamente inferior. Después de la
extraccion, se implementd ultrafiltracion, lo que permitid la recuperacion de hasta el
64 % de las proteinas totales y mas del 69 % del liquido idnico en la fase de permeado.
Se realizaron estimaciones tedricas para determinar el nimero de pasos de filtracion

necesarios para eliminar completamente la IL del extracto. Se encontré que se
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necesitan 5 pasos, si se mantienen los mismos rendimientos en cada fraccionamiento.
Esto podria resultar en una extraccion global de proteinas del 26 % y una pureza de 76

%.

Varios aspectos cruciales de las estrategias de fraccionamiento investigadas en esta
tesis se discuten en el Capitulo 9. Primero, se propone que el disefio de las
biorrefinerias debe partir de la comprension de la estructura celular en lugar de la
aplicacion empirica tipica de operaciones unitarias. Se presentan varios ejemplos para
ilustrar la transicion desde un enfoque empirico a uno mas mecanicistico, en particular
con respecto a la desintegracion celular, el fraccionamiento, la extraccién, la
integracion de procesos, multiproductos y funcionalidad de las biomoléculas extraidas.
Ademads, se proponen nuevos conceptos de biorrefineria en el marco de Ia
intensificacion del proceso: auto-desintegracion, desintegracion y desagregacion
simultaneos, y sistemas de auto-separacion. Estos conceptos podrian garantizar un
procesamiento y un consumo de energia minimos, sin la necesidad de disolventes /
productos quimicos auxiliares a la vez que se preserva la actividad funcional de las

biomoléculas extraidas.
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