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Resumo

Macroalgas, ficobiliproteinas, ficoeritrina, purificacdo, sistemas micelares de

duas fases aquosas, liquidos iénicos, surfactantes, co-surfactantes

Atualmente verifica-se um interesse crescente na extracdo de compostos
provenientes de recursos naturais, abundantes e renovaveis. As macroalgas
constituem uma grande parte da matéria-prima marinha barata e renovavel,
apresentando na sua constituicdo diversos compostos bioativos de elevado
valor acrescentado, nomeadamente as ficobiliproteinas. Este tipo de
investigacao é crucial para paises como Portugal que, dada a sua vasta area
costeira, tém a vantagem de possuir uma extensa oferta de biomassa marinha,
permitindo a sua valorizagdo. Contudo, os métodos de extracdo e purificacédo
convencionais tém de ser melhorados e otimizados, visto serem estas as
etapas responsaveis pelos maiores custos associados a comercializacéo
destes compostos. Assim, este trabalho objetiva o desenvolvimento de
sistemas micelares de duas fases aquosas usando liquidos iénicos como co-
surfatantes para a avaliagdo do seu potencial como método de purificacdo de
ficobiliproteinas. Numa primeira fase, este trabalho pretende alargar o conjunto
de sistemas micelares de duas fases aquosas, dado o niumero muito reduzido
destes sistemas em literatura. Desta forma, diversos copolimeros serdo
usados como surfatantes ndo-idnicos em combinacdo com duas familias
distintas de liquidos iénicos (imidazoélios e fosfénios), atuando estes como co-
surfatantes, na criacdo de sistemas micelares de duas fases aquosas
convencionais e mistos para posteriormente serem aplicados na extragdo de
ficobiliproteinas, em particular da R-ficoeritrina, a partir de algas vermelhas da
espécie Gracilaria sp. Os principais resultados obtidos neste trabalho
apresentam-se como promissores, uma vez que foi possivel obter
recuperacdes de R-ficoeritrina de cerca de 80% e seletividades entre 10 e 15,

a partir do uso de amostras reais e, portanto mais complexas.
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Nowadays, the extraction of natural compounds from renewal and
abundant resources has raised the industrial interest. In this sense,
macroalgae constitute a large part of cheap and renewable marine source
of biomass that have shown great potential as a platform for the recovery
of several high-added value compounds, namely phycobiliproteins. This
type of research is crucial for countries like Portugal, since it is possible to
take advantage of their privileged geographical location to access the raw
materials (seaweeds) and value them. However, the currently extraction
and purification processes need to be improved and optimized since they
are primarily responsible for some difficulties in the industrial
implementation. Consequently, this work addresses the exploitation of
novel aqueous micellar two-phase systems (AMTPS) using ionic liquids
(ILs) as co-surfactants for the assessment of their potential in the
extraction of phycobiliproteins. Moreover, this work intends to create
fundamental knowledge through the design of new AMTPS since currently
there is a flagrant lack of systems compared the great amount of
surfactants available in the market. Thus, several copolymers were used
as nonionic surfactants in combination with two distinct families of ILs,
namely the imidazolium and phosphonium, acting as co-surfactants to
create conventional and mixed AMTPS for the extraction of
phycobiliproteins, in particular R-phycoerythrin, from the red macroalgae
Gracilaria sp. The initial results are promising since real matrices are used
instead of model molecules and it is possible to verify that R-phycoerythrin

recoveries are already higher than 80% and selectivities up to 10 and 15.
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1.  INTRODUCTION






1.1 VALUING MARINE RESOURCES THROUGH
BIOTECHNOLOGY

It is well known that oceans occupy approximately 70% of the planet’s surface and
that they are considered a source of food and energy for humans and their activities [1].
One of the main aims of the Horizon 2020 program is the creation of new technologies and
procedures to unlock the seas and oceans’ potential value for marine industries, while
protecting the environment and preventing the climate change [2].
The majority of the marine biodiversity (about 90%) remains unexplored despite its great
potential for applications within the marine biotechnology field (Figure 1). These
advances allow an expectation of 10% annual growth for this particular sector. The
international financial support from Horizon 2020 program and others have been
responsible to increase the marine biodiversity and aquatic biomass exploitation in order to
offer new sustainable processes, products and services [2]. Additionally, there is also
national funding from programs such as CRER 2020, which is a program for the center
region of Portugal, in which Aveiro is included [3]. Those programs are crucial to coastal
countries, like Portugal, since they can find new ways to benefit from its strategic location
and contribute to the region economic growth while the environment is preserved.
Moreover, macro and microalgae are very promising examples of aquatic resources that
allow a wide range of applications in the blue biotechnology field [4]. Herein, the goal is to
use the raw marine bio-resources, extract and/or transform the compounds through

biotechnological processes and further apply them in the correspondent sector [4].

Basic research

Marine Bioremediation
. resources Ecosystem management
: - )
: Biofuels
Drugs

+  Food
PrOdUCtS . Energy

* Biocompounds

*  Enzymes

Biotechnology toolbox
Molecular biology;
Biochemistry;
Nanotechnology; Biology;
Bioinformatics; Omics

Value chain

Figure 1 - Marine biotechnology diagram. Adapted from [5].



1.2 - MACROALGAE

Macroalgae, also known as seaweeds, are plant-like organisms frequently found in
coastal areas that are usually attached to rocks or other hard substrata. Furthermore,
macroalgae are primary producers, i.e. they can produce oxygen and organic compounds
that serve as the basic trophic level or food for many ecosystem’s living beings. Therefore,
they have an essential role in the food chain of all aquatic ecosystems [5]. Seaweeds can be
naturally found in oceans and seas but they can also be cultivated in a sustainable way, at a
large scale in open sea or in aquaculture [6]. They are generally classified as red
(Rhodophyta), brown (Phaeophyta) and green/blue algae (Clorophyta) [1,7]. Additionally,
macroalgae are divided into distinct groups accordingly to their properties like
pigmentation, nature of photosynthetic storage products and other morphological features
[8]. Some of them can extend several miles into the sea as far as the sunlight is available,
being the red macroalgae the deepest living macroalgae [6].

Rhodophyta is composed of around 8000 different species [7], being considered as
an important source of many biologically active metabolites, with a wide range of
biological activities such as antiviral [1,6,7], anti-inflammatory (well-reviewed in [6,7,9]),
neurophysiological [6,7], insecticidal [6,7], antimicrobial [1,6,7] and cytotoxic [6,7]. When
considering the protein contents of red algae, they vary according to the season, species
and field conditions, in which one of the most important factors is the nitrogen input during
cultivation. Francavilla and co-workers [10] described that in the case of Gracilaria
gracilis, the protein content varies between 31% and 45% of dry weight depending on the
season, while the red algae Grateloupia turuturu display a protein content between 14%
and 27.5% of dry weight [11]. In general, red seaweeds display an approximate

phycobiliprotein content of about 60% of the soluble proteins of the cell [6,12,13].

1.3-R-PHYCOERYTHRIN: A PARTICULAR PHYCOBILIPROTEIN

Phycobiliproteins are coloured and fluorescent light harvesting pigments of red algae
and cyanobacteria, which can constitute up to 40% of the total cell proteins when these
organisms are cultured at low light intensities and in the presence of abundant nutrients
[14]. However, statistical analysis showed significant differences in terms of
phycobiliprotein concentration accordingly to the seasons [6,15,16,17]. From Figure 2, it

Is possible to conclude that R-phycoerythrin is the most abundant phycobiliprotein with



concentrations ranging between 3.6 and 7.0 mg/g of dry weight [10]. In Rhodosorus
marinus, which is another red algae specie, the phycoerythrin (further discussed) content

was found to be 8% of the algae dry weight [12].
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Figure 2 - Concentration of phycobiliproteins (mg/g dry weight): APC, allophycocyanin; PC, phycocyanin
and R-PE, R-phycoerythrin in Gracilaria gracilis [10].

Stepping back to the phycobiliproteins, which are reasonably stable proteins
composed of an open chain of tetrapyrrole prosthetic groups covalently linked to the
apoprotein that form supramolecular structures called phycobilisomes. These structures are
located on the external structure of the thylakoid membranes, in the stroma [18] (Figure
S.1. 1 - A in Supporting Information). These unique structures display two substructures —
the core and the rods, which are composed of allophycocyanins and hexamers disks of
different phycobiliproteins, respectively [19]. From the three monomers (aff) association
results the building block of these structures — the trimer (af) 3. — these trimers by their
turn, assemble into hexamers with linkage polypeptides (Figure S.I. 1 in Supporting
Information).

The presence of covalently attached prosthetic groups, known as chromophores (via
thioether bonds to cysteine residues), is responsible for the phycobiliproteins colours. For
phycobiliproteins in particular, the chromophores are called phycobilins and thus, the
visible absorption spectra of individual phycobiliproteins are on account of the specific
bilins attached to the protein since they confer the spectral properties of phycobiliproteins
[14,19]. The four types of chromophores found in red algae, are classified as

phycoerythrobilin (Amax = 560 nm), phycocyanobilin (Amax = 620-650 nm), phycobiliviolin



(Amax =575 nm) and phycourobilin (Amax = 450nm) [20,21]. Moreover, factors such as
conformation, environment and interchromophore interactions of the native protein play an
essential role in the differentiation of the spectra [14,22]. In this sense, phycoerythrins are
easily differentiated since their light absorption properties are different among them. In
other words, spectral differences between phycoerythrins are due to the presence of
different types of bilin prosthetic groups [23]. Thus, R-phycoerythrin has a special
absorption spectrum (Figure 3 — A and B) in its native state with a three-peak absorption
maxima at 499, 545, 565 nm [24], which allows the concentration and purity determination
using spectroscopic methods. In fact, chromophores allow the efficient transmission of
light energy in phycobilisomes, with an efficiency close to 90% by absorbing light in
spectral zones where chlorophyll a cannot, towards the reaction centres. The light energy
transmition  occurs according to the following pathway: phycoerythrin/
phycoerythrocyanin, phycocyanin, allophycocyanin and chlorophyll a [25]. Therefore, this
mechanism allows the survival of living organisms at low light intensity regions, since they

act as an efficient photon collector.

A) B)

565
'

0,1 4'99

Absorbance

0 T T Y T )
o0 700 400 450 500 550 600 650 700

2 [nm] A (nm)
Figure 3 - A) Absorption spectra of different types of phycoerythrin: 1, R-phycoerythrin; 2, B-phycoerythrin;
3, C-phycoerythrin [26]. B) Absorption spectra of R-phycoerythrin from Palmaria palmata [24]. C) Crystal
structure of the biological assembly of R-phycoerythrin at 2.2 Angstroms from Gracilaria chilensis. Adapted
from [27].
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Phycoerythrin, which is the most significant pigment found in red macroalgae, has
a PDB ID code of 1EYX and usually displays a molecular weight between 240 and 260
kDa [28] (Figure 3 — C). Additionally, its subunits (a, B, y) have also different molecular
weights: a = 18 -20 kDa, f = 19-21 kDa and y = 30 kDa [24]. Depending on the species,
different forms of phycoerythrin can occur: R-phycoerythrin, B-phycoerythrin or C-



phycoerythrin. Its stability depends on the location of the y subunit, which is placed in the
center of the molecule and is linked to the trimers (of3)s [29]. The stability of phycoerythrin
changes according to some parameters such as pH, light exposure time and temperature
(Table S.1. 1 in the Supporting Information). Thereby, modifications in the solution acidity
can lead to disturbance of electrostatic forces and hydrogen bonds involved in the protein
proper folding. During the pH induced denaturation of R-phycoerythrin, conformational
modifications of the chromophore—protein complexes allow a stronger exposure to solvent
and thus, changes in the distance between chromophores that consequently leads to the
protein denaturation [30]. Munier and co-workers [31] also showed that, in a pH range
between 4 and 10, no colour change was detected in R-phycoerythrin. However, in
extremely acidic buffer solutions, the absorption spectra of R-phycoerythrin (Table S.I. 1
— Figure A in the Supporting Information) was severely modified. On the other hand, at
alkaline pH, the R-phycoerythrin concentration was stable between pH 7 and 10. As far as
fluorescence stability is concerned, it is maintained between the pH 3 and 10, and under
extreme conditions, the fluorescence was greatly modified (Table S.I. 1 — Figure D in
Supporting Information) [30,31]. Additionally, many other studies have shown similar
results for R-phycoerythrin pH stability in other red algae species [24,30,32—34]. Besides
the pH, the light exposure time has also great effect on the R-phycoerythrin stability, which
can be confirmed by observing the absorption and fluorescence spectra of R-phycoerythrin
presented in Figure B and E (Table S.I. 1) in Supporting Information. Regarding the
fluorescence data (Figure E (Table S.I. 1) in Supporting Information), a significant
intensity reduction was detected with the increase of the light exposure time. Moreover, the
absorption and fluorescence spectra depicted in Figures C and F from Table S.I. 1
(Supporting Information), showed that no significant variation in absorbance or

fluorescence was observed up to 40°C.

1.3.1- R-phycoerythrin applications

The global market of pure phycobiliproteins is estimated in US$50 million with
yearly growths of around 10%. Moreover, highly pure R-phycoerythrin represent a very
profitable and wide market [4,17] especially when applied in pharmaceuticals, cosmetics,
food products, biomedical research and clinical diagnostics [35,36]. This protein is
normally expensive and even more when conjugated with antibodies. In Table 1 are listed

some red seaweed product’s costs in order to stress the importance of this protein.



Furthermore, the prices change with companies, quantity supplied, purity, protein stability
and source [37].

Table 1 - Red seaweed products cost [38].

Red seaweed bioproduct Cost
Fresh raw material (Nori, for example) 1 200€ / wet tone
Dried raw material (Nori, for example) 16 000€ / dry tone
Food grade R-phycoerythrin extract 176€ /L
Pure R-phycoerythrin 126€ / mg
R-phycoerythrin antibodies 1300€ / mg

As previously mentioned, R-phycoerythrin shows thermal stability up to 40°C and
it is also stable in a pH range between 4 and 10 [24,31]. These characteristics are
favourable to use phycoerythrin as a colorant in pharmaceutical and food industries.
Therefore, there are many patents regarding the use of this pigment as red/pink food
colorants (well-reviewed in [39]), namely in jellified desserts and dairy products.
Moreover, the unique spectral properties and fluorescence emission make this pigment
suitable for a large number of biotechnological applications [17], such as molecular probes
(as fluorescin), since phycoerythrin has at least 20 times more fluorescence yield than other
pigments usually used in molecular probes. Phycoerythrin also displays a very high molar
absorption coefficient (about 2.4x10° M~cm? for a 240 kDa protein), which justifies its
high sensitivity [40]. In addition, this pigment emits in the red-orange spectral zone, where
the background noise is lower than for other spectrum areas [36]. Thus, the combination of
the mentioned properties makes phycoerythrin suitable for several techniques such as flow
cytometry, immunophenotyping and microscopy [39,41].

R-phycoerythrin seems not only to be a good probe in fluorescence resonance
energy transfer for the proximity/interaction evaluation between two molecules [24], but
also a decent internal marker in electrophoretic techniques, like sodium dodecyl sulphate
polyacrylamide gel electrophoresis (SDS-PAGE) and non-denaturant electrophoresis, since
R-phycoerythrin subunits (with low molecular weight) carry chromophoric groups
characterized by a particular deep rose colour [42]. Furthermore, there are already a lot of
patents (well-reviewed in [39]) regarding the use of phycobiliproteins as fluorescence

labels, markers and tags, energy transfer agents, signal generators, image contrast agents,



diagnostic tools, bioluminescent agents, kits and other general health applications.
Moreover, R-phycoerythrin has also some interesting biological activities, such as the
anticancer[39], antioxidant [43,44], antidiabetic [44], immunosuppressive and

antihypertensive properties [45].

1.3.2— Phycobiliproteins extraction and purification procedures

Phycobiliproteins (R-phycoerythrin in particular) have a variety of applications and
offer interesting industrial perspectives. Due to the difficulties in their purification, these
pigments are rather expensive and obtaining them as pure compounds is a potentially
attractive challenge [38,46]. In this sense, there is a growing interest in creating extraction
and purification methodologies that are not only more efficient, but also less expensive
and, as much as possible, environmentally friendly [46-49]. Thus, several studies have
shown that phycobiliproteins (and consequently, phycoerythrin) can be extracted by
soaking seaweeds in water, causing an osmotic shock in the algal cells. However, this type
of extraction brings some disadvantages, such as the partial degradation of
phycobiliproteins by proteases and the high economic impact of the procedure, mainly due
to the time required by the procedure [36]. Another strategy tested was the extraction of
phycobiliproteins in diluted sodium phosphate buffer at a pH range between 6.8 and 7.4
from fresh, frozen or dried algae [50].

The majority of the extraction methods are based on cell wall breakage and thus,
the pigments are more exposed to the solvent’s presence and action [51], which can also be
helped by the grind of the macroalgae biomass in liquid nitrogen, since this process will
facilitate the cells destruction. Despite the mentioned advantages, the high cost of these
procedures is still an obstacle for large scale (industrial) implementation. Therefore,
alternative extraction methods are required in order to reduce as much as possible the costs
of the procedures, while maintaining or even increasing their efficiency and yields of
extraction. In this sense, some investigation has been performed [37,51-53] considering
the application of enzymes to promote the enzymatic hydrolysis of the cell walls, however,
it is well known that enzymes represent a considerable cost in the enzymatic processes.
Nevertheless, the benefit occurred by their use is also important since the enzymes can be
chosen according to the nature of the algal cell wall to be used as cell disrupters [50,53,54].

Some authors have also reported the optimization of enzymatic hydrolysis conditions, such



as pH [55] , temperature [50,55], enzyme concentrations [53], for protein or peptide
recovery [50,53,54]. As such, enzymatic tissue disruption may be an efficient alternative
for releasing many classes of compounds usually confined and inaccessible due to the high
polysaccharide content (alginates, carrageenan, agar and xylans), limiting the access of the
solvent [56]. Another factor that strongly affects the protein bioavailability is the covalent
bond between xylan and the glycoprotein complexes [57]. To overcome these problems,
new techniques have been applied in the field, namely the enzymolysis and microwave-
assisted extractions [17]. The first one improves the catalytic efficiency, increases the
specificity and preserves the original state of active compounds, whereas the second one
requires less solvent and increases the extraction rate. However, the high cost of enzymes
for industrial applications is still an obstacle for the implementation of this technique as a
pre-treatment step of the algae extract [37]. Nonetheless, several studies have been made in
order to evaluate the benefits of using enzymes to recover bioproducts from algae extracts
[37] and R-phycoerythrin in particular [17,51]. Dumay and co-workers [50] recently found
out that R-phycoerythrin extraction using enzymes (xylanases) from Palmaria palmata
was 62 times greater than without enzyme treatment and the protein purity index was 16
times superior [50].

Regarding the economic and industrial interest of phycobiliproteins, new
methodologies are required to replace those recently described using osmotic shock or
enzymatic disruptions. Thus, several studies have shown that phycobiliproteins (and
consequently, R-phycoerythrin) can be extracted by soaking seaweeds in water, causing an
osmotic shock in the algal cells. However, this type of extraction brings some
disadvantages, such as the partial degradation of phycobiliproteins by proteases and the
high economic impact of the procedure, mainly due to the time required by the procedure
[36]. Another strategy tested was the extraction of phycobiliproteins in diluted sodium
phosphate buffer at a pH range between 6.8 and 7.4 from fresh, frozen or dried algae [50].

Some authors have already proposed to isolate phycobiliproteins and purify R-
phycoerythrin in a cheaper, more efficient and safer way. Usually, these purification
procedures are a combination of some techniques to reach higher purification ratios. In one
of the typical examples, phycobiliproteins (particularly phycoerythrin) are purified by
ammonium sulphate precipitation [58-63]. Herein, high charges of the salt are introduced,

normally between 25 and 85% (Table S.I. 2 from Supporting Information), varying with
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the algae species and the protein solubility [61,62], causing the precipitation of certain
proteins [61]. It should also be stressed that this salting-out phenomenon lacks the ability
to precisely isolate (by precipitation) a specific protein, so another method is required to
end the purification [63]. Meanwhile, more sophisticated methodologies are being
investigated, such as ion-exchange chromatography [65,68,70-72,75], which retains
molecules on the column according to specific ionic interactions; gel filtration [34],
wherein the separation is carried out based on the size of the molecules in solution [67] and
affinity chromatography, which takes advantage of the high affinity of some proteins for
their specific surface chemical groups [68]. Another purification method example is the
expanded-bed chromatography, wherein the adsorbents with a high-density matrix are used
to form a stable expansion at high feed flow rates [69,70]. Lastly, it is also possible to
perform a hydroxyapatite chromatography, which is known as a ‘pseudo-affinity’
chromatography [69].

In most cases, the combination of these techniques seem to be promising to increase
the purity index of the target protein [17]. Table S.I. 2 from Supporting Information shows
a compilation of R-phycoerythrin extraction and purification procedures already
established and presented in literature, as well as their respective extraction yields, purity
index and extraction conditions. Briefly from this table, it is possible to notice that nearly
all the purification stages include a chromatographic procedure, a high resolution process,
thus conferring high purity to the target molecule. However, it is also an expensive method
that displays low productivity, as well as the need for more than one procedure, which is
normally associated with higher losses of the target protein [46,71]. These facts contribute
greatly to the high costs of the purification processes. In this sense, liquid-liquid extraction
appears as an attractive alternative procedure since several steps can be combined into a
single operation and thus, conferring lower costs [72]. In general, liquid-liquid extraction is
the transfer of certain compounds from one phase to another when two immiscible liquids
are brought into contact with each other [80,84]. However, it is carried out using
environmental hazardous organic solvents and, therefore, is generally not suited for
biomolecules extraction due to some problems associated with the phenomena of
denaturation and/or chemical degradation of the compound [48,72,74]. To overcome these
drawbacks, aqueous two-phase systems (ATPS) [46] have been emphatically applied over

the last decades. ATPS display two aqueous distinct phases conventionally constituted by
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either two water soluble polymers [76—78], a polymer and an inorganic salt [78-80], a two-
salts combination [78,81], carbohydrates [82], amino-acids [83] and surfactants [84,85].
These systems are promising methodologies since they are mainly composed of water.
Thereby, they are considered as more biocompatible as they provide mild extraction
conditions [48]. In this sense, they have been applied in the extraction, separation,
concentration and purification of several biological compounds, such as proteins
[54,83,89-92], antibodies [71,88,89], nucleic acids [71,90], antibiotics [91-93], colorants
[94] and alkaloids [95]. However, polymer-based ATPS possess high viscosities and
limitations related to the high cost of some polymers that are usually applied, namely
dextran. Moreover, when corrosive inorganic salts are employed, there are limitations
regarding the equipment maintenance and the wastewater treatment [96]. Later on, and in
order to minimize environmental impacts while improving extraction efficiencies, ionic
liquids (ILs) were incorporated into the ATPS [78].

Generally, ILs are molten salts composed of a large organic cation and an organic
or inorganic anion, conferring them an asymmetric structure. Therefore, most of them
display negligible vapour pressure and low flammability which makes their application
advantageous giving rise to their “greener solvent” character, when compared with the
organic solvents [87, 106]. They present a high ability to solvate a huge variety of solutes,
high thermal stability, lower toxicity (compared to the organic solvents and also depending
on the cation chosen) and high ionic conductivity [97]. They are claimed as ‘‘designer
solvent”, since ILs can be synthesized accordingly to its final application [98]. Thereby, it
is also possible to adjust parameters like the hydrophobicity nature, biodegradation rate
[98] and water miscibility in particular [99-101]. Additionally, and despite the fact that
they promote safer and more biocompatible environments for the extraction and
purification processes [102], their use brings some disadvantages, namely the high cost of
these solvents. Thus, they should be applied in aqueous solutions at low concentrations in
order to control both the extraction costs and the lower toxicity character of the systems. In
addition to all the above unique properties of the ILs and even though imidazolium-based
long alkyl side chain ILs have been used for decades, only a few years back they started to
be recognized as tensioactive (and amphiphilic) compounds (Figure 4). Moreover, some
studies showed that ILs are able to form micelles in aqueous solutions [103-107], since the

IL anion or cation central part are the charged hydrophilic head group whereas the cation
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alkyl side chain is the hydrophobic ‘tail’ domain [108]. Micellization in solutions where
ILs act as surface active agents has been quite studied [108-113]. Bowers and co-workers
[114] investigated the possibility of ILs to self-aggregate when they have longer alkyl
chains with at least eight carbons, [Csmim]". Furthermore, aqueous solutions of
alkylimidazolium-based ILs, [Cnmim]-X, where n = 8-14 and X = Br, Cl, BF4, or PFg are
the most studied [115]. ILs are thus being considered as potential ‘‘biocompatible surface
active agents’’ to replace the conventional cationic and anionic surfactants commonly
used. Although, it can be considered that very little is known about the surface active and
micellization properties of these special ILs, it is always an interesting subject for
investigation in the interface sciences area [106,108,116].

Despite this, the ILs ability to affect the surfactant micellization characteristics has
already been studied for IL surfactant combinations, including mixtures of several ILs with
ionic and nonionic surfactants [117-119]. The addition of ILs to a surfactant aqueous
solution can promote the increase [120-122] or decrease [123-125] of the critical micellar
concentration (CMC). Moreover, the IL addition also affects the aggregation number
according to the IL’s alkyl side chain, cation and anion [114]. In this sense, mixed micelles
composed of surfactants and ILs were studied and considered to be more versatile than
those from one single surfactant [134,135]. Considering all the advantages of the use of
mixed micelles, the aqueous micellar two-phase systems (AMTPS) with ILs acting as co-

surfactants emerged as a promising alternative extraction methodology [126].
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Figure 4 - Tensioactive ILs belonging to the phosphonium family, namely, a) and j) trihexyltetradecylphosphonium bromide; a) and i) trihexyltetradecylphosphonium
chloride; a) and h) trihexyltetradecylphosphonium bis 2,4,4-(trimethylpentyl)phosphinate; a) and g) trihexyltetradecylphosphonium decanoate; b) and i)
tributyltetradecylphosphonium chloride; c¢) and j) tetraoctylphosphonium bromide. ILs belonging to the imidazolium family, namely, d) and i) 1-decyl-3-
methylimidazolium chloride; e) and i) 1-dodecyl-3-methylimidazolium chloride; f) and i) 1-methyl-3-tetradecylimidazolium chloride. There are other ILs, namely K)
N,N-dimethyl-N,N-di(tetradecyl)ammonium bromide  [N111414]Br, 1) N-(N-hexyl-N,N-dimethyl-N-tetradecylammonium)-N,N-dimethyl-N- tetradecylammonium
dibromide [N1,1,14-6-N1,114]Br2, m) 3-(1-tetradecyl-3-hexylimidazolium)-1-tetradecylimidazolium dibromide [Ci4lm-6-C14lm]Br,, n) hexadecylpyridinium bromide
(CPB), 0) hexadecylpyridinium chloride (CPC), p) cetyltrimethylammonium bromide (CTAB), q) dodecyltrimethylammonium bromide (DTAB) and r)
tetradecyltrimethylammonium bromide (TTAB).


http://www.sigmaaldrich.com/catalog/substance/dodecyltrimethylammoniumbromide30834111994411
http://www.sigmaaldrich.com/catalog/substance/dodecyltrimethylammoniumbromide30834111994411

1.4- AQUEOUS MICELLAR TWO-PHASE SYSTEMS

AMTPS are a particular class of ATPS that use surfactants as solvents and appear as a
promising technique for bioseparation processes owing to their ability of keeping the
native conformation and activity of a wide range of biomolecules [127], including DNA
[128], antibiotics [103] and viruses [126]. This is mainly due to the fact that these systems
do not interact very much with the molecules, which is clearly an advantage of these
systems when compared with the conventional ATPS. The first use of AMTPS as
separation systems was reported by Watanabe and Tanaka [129] for the concentration of
zinc ions. Afterwards, Bordier and collaborators [130] demonstrated the efficiency of
Triton X-114-based AMTPS to separate proteins based on their hydrophobicity, which was
recently verified by Vicente and co-workers [127]. Currently, this surfactant is the most
widely used in the formation of AMTPS due to its low cloud point, low commercially cost
and negligible toxicity [117,141-143]. In this sense, the separation of proteins and other
compounds of high-added value using AMTPS have been gaining relevance and interest
from the scientific community [89,92,94-96].

Experimentally speaking, AMTPS are composed of surfactants aqueous solutions that
at certain critical concentrations and temperatures, known as the cloud point or Tcioud
[47,49,136], becomes turbid and then separates spontaneously into two macroscopic phases
[137]. From the macroscopic phase separation (that is above the surfactant CMC and cloud
point) results a micelle-rich and a micelle-poor phase, which is illustrated in Figure 5 — A).
The micelle-rich phase can occupy the top phase or the bottom phase according to the
surfactant [47,49] and usually hydrophobic compounds can be extracted into the micelle-
rich phase, while hydrophilic ones are retained in the aqueous phase (micelle-poor phase).
When hydrophobic compounds are bigger than the micelle size, then they are recovered in
the micelle-poor phase owing to the exclusion-volume effect of the micelles [136,138,146].
Moreover, the phase separation behaviour of surfactants can be described by the graphical
representation known as the binodal curve, which is obtained by plotting the different

cloud points versus the respective surfactant concentrations (Figure 5 - B).
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Figure 5 - lllustration of a typical AMTPS two-phase separation: A) is the representation of the spontaneous

separation of phases by raising the temperature of the system while B) represents the phase diagram with the
respective binodal curve.

This curve represents the boundary between the conditions at which the system
presents a single phase (below/outside the curve) or two macroscopic phases (above/inside
the curve) [137]. The separation of phases occur either through cooling or upon heating the
system and is characterized by an upper critical solution temperature (UCST) or a lower

critical solution temperature (LCST), respectively, or a combination of both (Figure 6)
[138].
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The formation of these AMTPS is a reversible process by reducing the micelle’s
solubility, which can be achieved by decreasing the temperature and below the cloud point.
Hydrogen bonding between the solvent and the oxygen atoms in the polyoxyethylene chain
is responsible for keeping the micelles solubilized in the aqueous solution. It is also
fundamental to add that, this occurs in the most common systems, i.e. the ones that exhibit
a LCST. As the temperature increases, the hydrogen bonding decreases and as a result,
there is the formation of intermicellar aggregation [138-140]. With the entropy increase,
the micelles fuse together, becoming bigger and migrate to form the top or the bottom
phase (depending of the surfactant) as the concentrated micellar phase. The clouding
phenomena can be explained by a conformational change in the surfactant polyoxyethylene
chain, which normally implies the decrease in the polarity of ethylene oxide unit and thus,

the reduction of its hydrophobicity [47].

1.4.1- Surfactants and Copolymer surfactants
Surfactants are used on a daily basis both in academia and industries since these
compounds lower the interfacial tension between two liquids or between a liquid and a
solid (well-reviewed in [141]). Surfactants are amphiphilic molecules, and as such, they
present a hydrophilic region (‘head”), which can be ionic or nonionic, and a hydrophobic
region (‘tail”), which means that they are soluble in both water and organic solvents [141].
When surfactant molecules are dissolved in water at concentrations above the CMC, they
are able to self-assemble and form micelles. At this point, the hydrophobic ‘tails’ are
situated in the interior of the aggregate in order to minimize their contact with water while
the ‘heads’ remain on the surface in order to maximize the contact with water [49,142].
The micellization phenomenon occurs when the intermolecular forces, namely
hydrophobic, steric, electrostatic, hydrogen bonding and van der Walls interactions, reach
their balance [142]. The main attractive forces results from the hydrophobic effect
conferred by the hydrophobic tails while the main opposing force are due to the steric
interactions between hydrated nonionic heads and electrostatic interactions between
charged heads with similar charge [142]. As a result of the different surfactants and the
distinct balance between the intermolecular forces, micelles can display several forms,
such as spherical, cylindrical or planar [49,141-143]. It is assumed that all types of
surfactants exhibit the ability to form two distinct phases when induced by temperature

[141] and depending on specific structural features they can be classified as anionic,
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cationic, nonionic and amphoteric/zwitterionic surfactants. Anionic surfactants display a
negatively charged group like sulphonate, sulphate or carboxylate. This kind of compounds
are sensitive to water hardness, i.e. the calcium and magnesium concentration on the water,
and the most common applications are for cleaning purposes [144]. On the other hand,
cationic surfactants possess a hydrophilic part that is positively charged (e.g. with a
quaternary ammonium ion). Usually, they are used for softeners but they can also be
applied as disinfectants, due to their bactericidal properties [141]. Amphoteric/zwitterionic
surfactants display a pH dependent charge of the hydrophilic region. In other words, they
can act as an anionic surfactant in an alkali solution or as cationic surfactant in an acidic
solution [144]. Lastly, there are nonionic surfactants with a non-charged hydrophilic region
(e.g. copolymers) [144]. Nonionic copolymers, also known as block copolymers, are
represented by the combination of two different and quite common families of polymers,
namely the poly(ethylene oxide) (PEO) and the poly(propylene oxide) (PPO). The
presence of both hydrophilic PEO and hydrophobic PPO blocks in the same monomer of
surfactant results in a self-arrangement of PEO/PPO copolymers in order to minimize the
contact of PPO with water [96,113]. The PEO block dissolves well in agueous media since
it is mostly hydrophilic, while the PPO block does not dissolve well due to its hydrophobic
character. Nevertheless, it is this difference in polarities that allows them to self-assemble
into micelles within an aqueous solution and depending on their hydrophilic-lipophilic
balance (HLB) — Figure 7, conferred by the PEO and PPO polymers, respectively, they

can display different cloud points.

4000— L1249 —— P123 F127-—
& | [— L1101 —— P103 P104 P105 F108
o
o
5 L92
E, — L84 P84 P85 —— FB7 —
@
o
[=]
£
o
2
S | — 61 L62 —— Ls4 F68
= =

L43
950 | L35 F38

0 10 20 0 40 50 60 70 30
Hydrophile (% of PEO)

Figure 7 - HLB grid for the Pluronic series. The blue area corresponds to a surfactant in a liquid form, the
green area corresponds to a solid form surfactant and the white area corresponds to a surfactant in an
intermediate form [116].
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This is an important parameter to be taken into account while selecting a surfactant
for a purification process [139,145]. These particular nonionic surfactants display a huge
advantage over the conventional surfactants, since amphiphilic characteristics can be
modified by molecular architecture according to the final application. In other words, the
HLB, the total molecular weight and the block sequence can be modified in order to obtain
different behaviours in solution [138-140]. However, there is an upper limit on the PPO
block size so that the solubility in water can be ensured. Both PEO and PPO
homopolymers present a LCST in water [138], i.e., water becomes a worst solvent while
the temperature increases. This fact explains a heat-induced formation of aggregates and
the consequent phase separation. In this sense, the phase separation of PEO/PPO
copolymers in aqueous solution occur at even higher temperatures [139]. These promising
block copolymer surfactants are available as the Pluronic family [146]. Herein, it should be
stress that the PEO corresponds to the polyethylene glycol (PEG) monomer whereas PPO
is the monomer of polypropylene glycol (PPG). Homopolymers, such as PEG and PPG,
PEO/PPO copolymers, secondary alcohol ethoxylates, nonylphenol ethoxylates (usually
known by their commercial name — Tergitol 15-S-series and Tergitol NP-series,
respectively) and some others are also inserted in the nonionic category of surfactants.
Then, it is crucial to emphasize their ability to promote the phase separation, also induced
by temperature [144].

As far as phase formation is concerned, it is important to stress that the cloud point
of a given nonionic surfactant can be modified by the addition of some additives or by
increasing the system pressure. The presence of shorter saturated hydrocarbons and neutral
electrolytes (such as chlorides and carbonates), in the aqueous micellar solution decreases
the cloud point of the system due to their salting-out effect. By contrast, salting-in
electrolytes, such as nitrates and iodides usually increase the cloud point [104]. These
results imply that the addition of buffered solutions also play a major role in the system,
since these control the conformational structure and chemical speciation of the molecules
being purified, while maintain the pH controlled.

According to what is reported in the literature and taking into account the wide
variety of surfactants commercially available [146,147], the lack of information about
AMTPS is very clear. In this context, this work aims at the creation of fundamental

knowledge and databases in the design and comprehension of other AMTPS, an area that is
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practically unexplored (for more details see Table S.1. 3 from Supporting Information).
This considers not only the conventional AMTPS formed by several common surfactants
and copolymers, but also the novel AMTPS that use tensioactive ILs as co-surfactants, a
very recent studied class of micellar systems [127]. In this research, it was possible to
verify that the ILs display an important effect on the cloud point, i.e. the cloud point can be
significantly reduced by the ILs that possess a more hydrophobic character (these and other
advantages may be consulted in the SWOT analysis present in Table 2).

Table 2 - SWOT analysis regarding new AMTPS under this work and intended for R-phycoerythrin from red
macroalgae.

Strengths Weaknesses

Usually are less viscous systems; Temperature depending systems;

More versatile and efficient systems, since it is possible
to develop systems to favour the enrichment of a
specific compound or a class of compounds;

Cost is directly associated with yield;
Cost of the solvents involved;

D B B W

& Use more biocompatible solvents, which brings lower Limited access to more sensitive
toxicity; techniques, which enable the deeper

& AMTPS have the ability to keep the native understgndmg O.f .the AMTPS
conformation and activities of biomolecules, underlying interactions;
particularly proteins, since they do not interact with the = ® Flagrant lack of binodal curves with
biomolecules; the immense list of surfactants

©  Reduces substantially the number of purification steps. available in the market.

Opportunities Threats

¢ The addition of certain additives (such as ILs) can
improve the AMTPS’s performance, namely selectivity ) )
and modify the cloud points; P Easily reproducible systems.

d  Possibility to recycle solvents.
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1.5- SCOPE AND OBJECTIVES

Phycobiliproteins and in particular, R-phycoerythrin are the principal pigments found
in red macroalgae, one of the cheaper and added-value biomass present in Portugal.
However, the currently extraction and purification protocols need to be improved and
optimized since they are quite expensive and time consuming. In this sense, This work
aims at the development of a more efficient, fast, selective and sustainable purification
technology to recover and purify phycobiliproteins from the red macroalga Gracilaria sp.
In order to accomplish this objective, several AMTPS using ILs as co-surfactants will be
investigated. In this new proposed class of AMTPS, it is expected the crucial role of the
ILs incorporation not only in the phase separation, but also regarding the improvement of
the operational conditions and the general performance of the extraction process [47].
Therefore, different AMTPS will be designed, composed of several copolymers, as
nonionic surfactants, in combination with two distinct families of ILs (imidazolium and
phosphonium) acting as co-surfactants. These will be posteriorly applied on the
purification/fractionation of phycobiliproteins, in particular R-phycoerythrin, from
Gracilaria sp. This work plan is developed in close collaboration with ALGAplus, a
company located in ilhavo (Aveiro) dedicated to the production of seaweed and seaweed-
based products in an integrated multi-trophic aquaculture.
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2. EXPERIMENTAL SECTION
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In this section, methodologies are described regarding the design of several binodal
curves belonging to distinct surfactants in presence and absence of ILs as co-surfactants,
and the development of an alternative and more efficient methodology for the extraction of

phycobiliproteins, namely R-phycoerythrin from red macroalgae Gracilaria sp.

2.1- MATERIALS AND METHODS

2.1.1 — Materials

The phosphonium-based ILs (Figure 4), namely trihexyltetradecylphosphonium
chloride [Ps66,14]Cl (purity = 99.0 wt%), trihexyltetradecylphosphonium bromide
[Ps.6,6,14]Br (purity = 99.0 wt%), trihexyltetradecylphosphonium decanoate [Ps6,6,14][Dec]
(purity = 99 wt%), trihexyltetradecylphosphonium bis (2,4,4-trimethylpentyl)phosphinate
[Pe,6,6,14][TMPP] (purity = 93.0 wt%), tetraoctylphosphonium bromide [Pgggg]Br (purity =
95.0 wt%) and tributyltetradecylphosphonium chloride [Pa4.4.4,14]Cl were kindly offered by
Cytec. The imidazolium-based ILs (Figure 4) 1-decyl-3-methylimidazolium chloride
[Ciomim]CI (purity > 98 wt%), 1-dodecyl-3-methylimidazolium chloride [Ciomim]ClI
(purity > 98 wt%) and 1-methyl-3-tetradecylimidazolium chloride [C14mim]ClI (purity > 98
wit%) were acquired from lolitec (lonic Liquid Technologies, Heilbronn, Germany). The
other ILs tested, namely hexadecylpyridinium bromide (CPB) (purity = 97.0 wt%),
hexadecylpyridinium chloride monohydrate (CPC) (purity = 99.0 wt%) were supplied from
Sigma-Aldrich and N-(N-hexyl-N,N-dimethyl-N-tetradecylammonium)-N,N-dimethyl-N-
tetradecylammonium dibromide [N1,1,14-6-N1,1,14][Br]2, 3-(1-tetradecyl-3-
hexylimidazolium)-1-tetradecylimidazolium dibromide [C14lm-6-ImCi4][Br] and N,N-
dimethyl-N,N-di(tetradecyl)ammonium bromide [Nz1,1,1414][Br] were synthesized in-house
(University of Aveiro) and the structures were confirmed by nuclear magnetic resonance
(NMR).

The nonionic surfactants (Table 3): Pluronic L-31 (M, ~ 1,100; PEG, 10 wt%),
Pluronic L-35 (Mn ~ 1,900; PEG, 50 wt%), Pluronic L-61 (M ~ 2,000; PEG, 10 wt%),
Pluronic L-81 (Mn ~ 2,800; PEG, 10 wt%), Pluronic 17R4 (Mn ~ 2,700; PEG, 40 wt%),
Pluronic 31R1 (Mn ~ 3,300; PEG, 10 wt%), Pluronic 10R5 (M, ~ 2,000; PEG, 50 wt%),
Tergitol NP-7, Tergitol NP-10, Tergitol 15-S-7, Tergitol 15-S-9, Tween 20, Tween 80, Brij
C10, Brij L4, Brij 93, Brij 98 were purchased from Sigma-Aldrich and Triton X-114 was
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supplied from Acros Organics (all present a purity > 99%). The Mcllvaine buffer
components, namely sodium phosphate dibasic heptahydrate Na;HPO4e7H2O (purity >
99%), citric acid monohydrate CeHgO7¢H2O (purity > 99%), and ammonium sulphate

(purity > 99%) were acquired at Panreac AppliChem.

Table 3 - Examples of Tergitol and Pluronic surfactant families commercially available and their

characteristics [148].

CMC Average |
Surfactant Structure HLB (ppm at 25°C) MW Yo PEG
Tergitol
NP-7 csH1s—@704(CHZCHZO}7H 12.0 39 528 )
z
TI\?Inglltgl Tergitol NP-7: z =7 / Tergitol NP-10: z 13.2 55 642 -
- =10
Tergitol
12.1 38 515 -
15-5-7 o{/\/ \}H
Tergitol /\/\/\/J\/\/\
15-S-9 Tergitol 15-S-7: x=7 / Tergitol 15-S-9: x=9 13.3 52 607 )
Normal Pluronic
Pluronic
uron 1-7 n.d. 1100 10
Pluronic /{o T o\/i\ 1-7 n.d. 2000 10
L-61 H NG g = ou
Pluronic 1-7 n.d. 2800 10
L-81 PEG - PPG - PEG
Plﬁfgglc 18-23 n.d. 1900 50
Reverse Pluronic
Pngl’(F;TC 1-7 n.d. 3300 10
o} 0
Pllu?rgr:C 7-12 n.d. 2700 40
: PPG - PEG - PPG
Plluorgrglc 12-18 n.a. 2000 50

n.d. — no data available

2.1.2 - Experimental methodology

2.1.2.1 - Design of the binodal curves

The binodal curves of the AMTPS composed of nonionic surfactants and Mcllvaine
buffer (Table 4), in absence and presence of ILs as co-surfactants were set using the cloud

point method [149]. The AMTPS cloud point with a known composition were determined
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by visually identifying the turbidity of the systems, which occurs during their heating. At
this temperature, the systems pass from a clear appearance to a cloudy one. Firstly, a cloud
point screening of different nonionic surfactants was carried out using 1 wt% of surfactant
and 99 wt% of Mcllvaine buffer at pH 7.0, or distilled water, in order select the best
systems to be further studied, and their respective binodal curves designed. In this context,
each AMTPS display specific amounts of each component: 0.5 to 17.5 wt% of surfactant, 0
or 0.3 wt% of each IL tested, being the system completed with the Mcllvaine buffer (pH
7.0) up to a final volume of 10 mL. The systems were heated between 0°C and 100°C in a
temperature controlled water bath with a precision of + 0.01°C (ME-18V Visco-
Thermostat, Julabo). For each system, replicas were taken into account and the respective
standard deviations determined. Then, the experimental binodal curves were obtained by
plotting the cloud point versus the surfactant concentration (mass units). This procedure
was repeated to study the pH effect upon the binodal curves using the conventional
Tergitol 15-S-7 AMTPS, in which the pH ranged between 3.0 and 8.0 (Table 4). The
knowledge acquired from them allows the selection of strategic mixture points (in the

biphasic region) to be further applied in the phycobiliproteins extraction and purification.

Table 4 - Mcllvaine buffer composition to a final volume of 1L [150].

reqpuTred Volume (mL) of NazHPO4 solution (0.2M) | Volume of citric (mL) acid solution (0.1M)
3.0 205.50 794.50
4.0 385.50 614.50
5.0 515.00 485.00
6.0 631.50 368.50
7.0 823.50 176.50
8.0 972.50 27.50

2.1.2.2 — Phycobiliproteins extraction and purification

Fresh Gracilaria sp. (Figure 8) was kindly provided by ALGAplus Ltda, a
company specialized in the production of marine macroalgae, located in Aveiro, Portugal.
The macroalgae were collected from an aquaculture environment in different months of the
year, namely February, March, April and May (2016). After collecting the macroalgae, the
samples were cleaned and washed with fresh and distilled water, at least 3 times each.

Algae were weighted and then stored in a freezer at -20°C until utilization.
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Figure 8 - Fresh Gracilaria sp. collected in the ALGAplus tanks.

2.1.2.3 - Solid-liquid and liquid-liquid extractions of phycobiliproteins

The algal samples, were previously grounded while frozen with liquid nitrogen,
homogenized in distilled water (with a solid/liquid ratio of 0.7) at room temperature and
placed in an incubator shaker (IKA KS 4000 ic control) for 20 minutes, at 250 rpm and
room temperature, while being protected from light exposure to allow the solid-liquid
extraction. Then, the solution was filtered and, subsequently, the filtrate originated was
centrifuged in a Thermo Scientific Heraeus Megafuge 16 R Centrifuge at 3500 rpm for 30
minutes, at 4°C. The resultant pellet was discarded while the phycobiliproteins-rich
supernatant was collected and the proteins precipitated with ammonium sulphate at 30 wt
% for 4 hours at 4°C followed by 1 hour centrifuging also at 4°C.

For the phycobiliproteins extraction using AMTPS, falcon tubes were weighed with
specific amounts of each component: 10 wt% of phycobiliproteins crude extract, 10 wt%
of surfactant and 0.3 wt% of IL in the case of mixed AMTPS, being the system completed
with Mcllvaine buffer up to a final volume of 10 mL. The systems were homogenized for
at least 2 hours using a tube rotator apparatus model 270 from Fanem®, at 36 rpm. Then,
they were left in a temperature above the cloud point (40°C) for 12 hours in the initial
optimization study and then for 4 hours for the remaining studies, allowing the
thermodynamic equilibrium to be reached, and thus completing the separation of the
phases as well as the migration of the proteins. At the conditions adopted in this work, the
systems resulted in a micelle-rich (bottom) and a micelle-poor (top) phases. Both phases
were carefully separated and collected for the measurement of volume, weight
composition, quantification of both the phycobiliproteins and total proteins. The UV
spectroscopy was elected to quantify each molecule at 565 nm and 280 nm, respectively,
using a Molecular Devices Spectramax 384 Plus | UV-Vis Microplate Reader. The
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analytical quantifications were performed in triplicate. The concentration of R-

phycoerythrin and total proteins in the extracts was determined according to calibration

curves, previously determined in the same UV-Vis equipment, Figures S.1. 2 and S.1. 3 in

Supporting Information. The integrated extraction methodology adopted to test the

purification of phycobiliproteins is summarized in Figure 9.

Solid-liquid extraction
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Figure 9 - Schematic representation of the experimental methodology adopted to test the phycobiliproteins

extraction and purification.

The partition coefficients for R-phycoerythrin were calculated as the ratio between

the amount of R-phycoerythrin present in the micelle-poor (bottom) and the micelle-rich

(top) phases, as described in Eqg. 1.

KR—phycoerythrin

_ [R—phycoerythrin]y

T [R- phycoerythrin],,

(Eq.1)

where [R-phycoerythrin]set and [R-phycoerythrin]iop are, respectively, the concentration of

R-phycoerythrin (in g/L) in the bottom and top phases. It should be stressed that the

concentration of R-phycoerythrin in each phase was determined based on a calibration

curve previously established in Supporting Information (Figure S.1. 2). The recovery (R)

parameters of R-phycoerythrin and the total protein content towards the bottom (Rpot) and

the top (Riop) phases were determined following EQs. 2 and 3:

100

Rpot = 1+(
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100
Rigp = —————
op 1+ RV X K (Eq 3)

where Rv stands for the ratio between the volumes of the bottom and top phases. Finally, the
selectivity (Sr-phycoerythrinitotal proteins) Of the AMTPS herein developed was described as the ratio

between the K values found for R-phycoerythrin and the total proteins, as indicated by Eq. 4:

KR—phycoerythrin

SR—phycoerythrin/ total proteins

Kiotal proteins (Eq 4)

In addition, it was determined the phycocyanin contamination index (Eq. 5)
through the ratio between the absorbance at 620nm and 565nm, which belongs to the
phycocyanin and R-phycoerythrin wavelengths, respectively. If this ratio is lower than
0.05, it can be considered that there is no significant contamination by phycocyanin [31].
In an analogous manner, the B-phycoerythrin contamination index (Eq. 6) was obtained by
the ratio between the absorbance at 565nm and 495nm, which corresponds to the R-
phycoerythrin and B-phycoerythrin wavelengths, respectively. In this case, if the obtained
value is lower than 1.5, it can be stated that there is no significant contamination with B-
phycoerythrin [31].

. L Absezo
Phycocyanin contamination index =
Ab5565 (Eq 5)
: L Abssgs
B — phycoerythrin contamination index =
Absso5 (Eq. 6)
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3. RESULTS DISCUSSION
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3.1 — DESIGN OF THE BINODAL CURVES OF
CONVENTIONAL AND MIXED AMTPS

The first step of this work consisted on the cloud point determination of several
nonionic surfactants at 1 wt%, either in distilled water or in the Mcllvaine buffer pH 7.0, in
order to evaluate the effect of the buffer in the system’s cloud points. Therefore, different
families of nonionic surfactants were tested, namely Brij, Tween, Pluronic and Tergitol. In
the particular case of the Brij family, it was found that these surfactants present some
solubilisation issues at this concentration, and in this sense, this family of surfactants will
not be applied in further studies. Additionally, the Tween family was also excluded from
further studies due to its high cloud points (> 75°C), which incapacitates its use for the
biomolecules extraction and purification. Meanwhile, from Figure 10, it can be concluded
that the use of the Mcllvaine buffer (pH 7.0) in the AMTPS formation induces a significant
reduction in the systems cloud points since the addition of salts results in the salting-out
phenomenon [151]. In other words, upon the addition of a salt, the water molecules will
preferably interact with these ions and therefore, which will destroy the hydrated structure
of the surfactant , consequently promoting the formation of micelles [151]. As such, it is
here stated that the use of this buffer would be beneficial in the formation of AMTPS
owing not only to its ability to lower the cloud point temperatures, but also to create a more
suitable environment for the phycobiliproteins purification.

100.0
90.0
80.0
70.0
60.0
50.0
40.0
30.0
20.0
10.0

0.0

Cloud point (°C)

Figure 10 - Nonionic surfactant screening at 1 wt% of surfactant: e systems in distilled water; e systems in
Mcllvaine buffer pH 7.0.
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Once the screening was complete, the determination of the binodal curves of
distinct AMTPS in absence and presence of several ILs as co-surfactants was carried out.
This part of the work allows the creation of a more complete database regarding the
binodal curves for nonionic surfactants but it is also relevant to identify and select the more
suitable systems to be applied in the phycobiliproteins extraction. In this sense, two distinct
families of ILs were strategically chosen, namely the imidazolium ([Ciomim]Cl,
[Ciomim]Cl and [Ciamim]CI) and phosphonium ([Psss14]X, X = Cl, Br,
trihexyltetradecylphosphonium bis (2,4,4-trimethylpentyl)phosphinate and Decanoate;
[P24.4.414]Cl and [Pggg8]Br), as presented in Figure 4 (chemical structures available). These
ILs possess distinct chemical features so different effects can be evaluated: namely the
influence of (i) different cations, (ii) the elongation of the cation’s alkyl side chain, (iii)
various anions and the (iv) symmetry of the cation. Thus, the binodal curves were
determined through the visual identification of the cloud point for all the mixture points
with distinct concentrations of a nonionic surfactant, an IL as co-surfactant at a fixed
concentration of 0.3 wt% and Mcllvaine buffer pH 7.0. Firstly, the binodal curves without
any co-surfactant were performed to understand the behaviour of each surfactant and then
to compare them with the respective mixed AMTPS. In this context, this study started with
the Tergitol family (Table 3) through Tergitol NP-10, Tergitol 15-S-7 and 15-S-9 (Figure
11). Herein, it can be studied the influence of an aromatic ring in the surfactant structure by
comparing the Tergitol NP-10 with the others, besides the effect of the increase in the
number of ethoxylate groups in the surfactant alkyl chain by comparing Tergitol 15-S-7
and 15-S-9. Tergitol 15-S-9 displays a higher number of ethoxylate groups in its structure,
so it is expected that its cloud points are all higher than those measured in the case of
Tergitol 15-S-7, owing to its more hydrophilic character. The experimentally binodal
curves (Figures 11 — Il and Il1) are consistent with this information. Moreover, the
binodal curve of the conventional system using Tergitol NP-10 is presented in Figure 11 —
I) and as can be seen, this surfactant also displays high cloud points due to the high number
of ethoxylate groups in its structure. Thereby, in terms of conventional AMTPS, it can be
concluded that Tergitol 15-S-7 is the most suitable nonionic surfactant for bioseparation
processes. On the other hand, when the mixed AMTPS are taken into account, it can be
also concluded by Figures 11 — 11, 111 and 1V that Tergitol NP-10 is more vulnerable to

the presence of ILs in the system then the remaining Tergitol-based surfactants, which
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might be explained by the structural differences between Tergitol 15-S-series and Tergitol
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As opposed to Tergitol 15-S-series, Tergitol NP-10 presents an aromatic ring in its
structure, which can be mainly responsible for the more pronounced influence of the ILs in
the system. A possible explanation for these results lies on the steric hindrance effect
caused by the aromatic ring [152-154], since this phenomenon associated with the
aromatic rings does not allow the compression of the micellar phase. This way, the ILs
have greater ability to interact with the apolar part of the surfactant, consequently
displaying a more prominent effect in the cloud points. These results are consistent with
those reported by Vicente and co-workers [127], in which it is possible to observe that in
the case of nonionic surfactant Triton X-114 that also features an aromatic ring in its
structure, the effect of the IL presence is also quite pronounced. It has also been proved
that surfactants with ethoxylate groups connected to its aromatic ring lead to steric
hindrance effects [155] owing to the flexibility of the ethoxylate groups. In fact, the
micellization process is driven by a balance involving electrostatic interactions related to
the charged head groups and the hydration level of the surfactant chain [151]. In this sense,
the cloud point increase with the ILs addition that possess a more hydrophilic nature since
there is a greater hydration shell around the micelles and therefore, a greater amount of
energy is required to promote the two-phase separation [156]. On the other hand, ILs with
a stronger hydrophobic nature lead to smaller micellar hydration shells and thus, enhancing
the ability to promote phase separation at lower temperatures [151].

As previously mentioned, the IL was kept at a fixed concentration of 0.3 wt%,
varying only the surfactant concentration from 0.5 to 17.5 wt%. By comparing Figures 11
— 11, 111 and 1V), it is possible to notice that the presence of different ILs affects the phase
separation either by decreasing or increasing the cloud point, as expected according to
what was recently reported [127]. In a general way, the binodal curves (Figures 11 and
16) show that the IL effect is less pronounced at higher concentrations of surfactant since
at higher (surfactant concentrations above 6 wit%) the effect of the surfactant is
increasingly dominant. Nonetheless and as aforementioned, the imidazolium-based ILs
([C10mim]Cl, [C12mim]CI and [C1amim]Cl) and the particular case of [P44.4,14]Cl, which is
the most hydrophilic phosphonium-based IL, induce an increase in the cloud point. On the
other hand, the remaining and most hydrophobic phosphonium-based ILs ([Psg6.14]X, X=
Cl, Br, trihexyltetradecylphosphonium bis (2,4,4-trimethylpentyl)phosphinate and

Decanoate, [P44,414]Cl and [Pgsggsg]Br), usually provide significant reductions in the cloud
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point. In summary, it can be stated that the geometry of the cation, the anion and the length
of the alkyl chain seem to present a significant effect on the cloud points at lower
surfactant concentrations, however, the hydrophobicity or hydrophilicity of the system is
the most dominant effect. For this reason, these effects were summarized in Table 5, based
on the analysis of the system at a surfactant concentration of 1 wt%.

Regarding the anion effect, it can be seen that [Dec] (decanoate) and [TMPP] (bis
(2,4,4-trimethylpentyl)phosphinate) are anions that provide a stronger effect compared with
the anions CI- and Br. On the other hand, it is possible to verify that the imidazolium
cation cause the greatest impact on the systems’ cloud points (higher cloud points)
compared to the phosphonium cation since this cation led to a bigger difference in the
cloud point when compared with the conventional system. In particular, the effects are
more significant by reducing the size of the alkyl side chain of the imidazolium-based IL.
Moreover, the cation [Pasas4,14]" reduces more the temperature than [Pege,14]". Concerning
the cation geometry, it can be stated that the symmetry favors higher variations in the
systems’ cloud points compared to the conventional AMTPS. Additionally, and in order to
evaluate the pH effect on the binodal curves, the conventional Tergitol 15-S-7 AMTPS was
used and its formation tested at distinct pH, namely from 3.0 to 8.0. This was only possible
through the use of the Mcllvaine buffer, since this buffer display a wide range of pH. The
results from Figure 12, suggest that the increase in the pH leads to a decrease in the system
cloud points as a result of the increase in Na2HPO4 concentration in the system (Table 4),
since this salt with a relatively high salting-out ability [157]. All these evidences
demonstrate the versatility of these systems due to the cloud point manipulation according
to the intended purpose with the proper choice of the surfactant, the additives, the buffer
solution and consequently the pH of the system. Moreover, it should be pointed out that
these changes in the cloud points are relevant from both operational and economic points
of view. In fact, very low amounts of ILs can be used to significantly modify the cloud
point of the AMTPS.
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Figure 12 - Binodal curve for the studied pH values for the conventional AMTPS using Tergitol 15-S-7:
pH 3.0; », pH 4.0; ¢, pH 5.0; e, pH 6.0; @, pH 7.0; e, pH 8.0.

The use of Pluronic surfactants under the same conditions applied for the Tergitol
family was carried aiming at the formation of AMTPS. Furthermore, the Pluronic family
can be divided in into two major groups, the normal (L) and the reverse (R) ones, owing to
the position of the PEG and PPG. Therefore, normal Pluronic (L-31, L-35, L-61 and L-81)
are constituted by PEG-PPG-PEG, while reverse Pluronic (17R4, 31R1 and 10R5) are
constituted by PPG-PEG-PPG [139]. The characteristics of each Pluronic is presented in
Table 3 of Materials and Methods. In this work, it was found that the reverse Pluronics
with a more hydrophobic nature (90 and 60 wt% of PPG, respectively 17R4 and 31R1)
present nonstandard micellization at higher concentrations (above 15 wt%). This behaviour
is reversible with the temperature increase and, only at higher temperatures it is possible to
occur a normal phase separation. Moreover, it is also noteworthy to mention that these
systems display a temporary turbidity that do not lead to phase separation so this
temperature was not considered as the real cloud point, instead the cloud points registered
in the binodal curves are the ones that led indeed to the phase separation. Nonetheless,
these atypical results could be explained by the heterogeneity in these copolymer’s
composition [158]. In contrast, Pluronic 10R5 presents a higher PEG content (50 wt%) and
shows a normal behaviour, since it is a more hydrophilic copolymer. By observing Figure

13 — 1, it is possible to conclude that reverse copolymers (Pluronic 31R1, 17R4 and 10R5),
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with increasing PEG content in the copolymer, also increase the hydrophilicity of the
system. Consequently, the cloud points are higher, which is consistent with what would be
expected [139], and follow the increasingly cloud point trend: Pluronic 31R1 < Pluronic
17R4 < Pluronic 10R5 (Figure 13 -V, VI, VII). Meanwhile, Pluronics with higher PEG
content, such as Pluronic L-35, exhibit higher cloud points (Figure 13 — 1V), following the
tendency: Pluronic L-61 < Pluronic L-35, i.e. for similar copolymer molecular weight, the
cloud points rise by increasing the percentage of PEG in the copolymer constitution.
Besides this effect, the molecular weight of the copolymer also displays a
significant impact on the behaviour of these AMTPS. In other words, a fixed content of 10
wt% of PEG (Figure 13 — Il and I11) accompanied with an increase in the copolymer
molecular weight seems to induce a considerably more hydrophobic system since the
cloud points of these systems decrease with the increase of the copolymer molecular
weight. This led to the conclusion that the increase of the copolymer molecular weight is
probably due to the increase in the PPG molecular weight, which is the only explanation to
the hydrophobicity boost. In this sense, the cloud points of these conventional AMTPS
follow the trend: Pluronic L-61 < Pluronic L-31. The effect of the ILs addition into the
Pluronic family is very similar to what occurs in the Tergitol family, which was previously
discussed. However, in the case of Pluronic L-31 and L-61 (Figure 13 — Il and I11), the
binodal curves of the more hydrophobic ILs were not possible to determine since the
systems were already turbid at 0°C, though without any visible phase separation,
independently of the system conditions of time or temperature imposed. Finally, and
according to Figure 13, it is possible to verify that for all the Pluronics tested, there is a
stabilization of the cloud point at higher surfactant concentrations. This phenomenon might
be occurring since a structured water-surfactant system appears at high copolymer
concentration [159]. This structure breaks with the temperature increase, however some
water molecules are still attached to the micellar system. Consequently, it appears a kind of
buffer between micelles that hampers the micelles clustering. Therefore, higher
temperature is required to remove these “floating” water molecules, which are barriers for
the micellar interaction. Eventually, the micellar interaction will reach its limit so that the
cloud point remains almost unchanged, even though the surfactant concentration keeps
increasing [159]. Moreover, the binodal curves of Pluronic L-81, in absence and presence

of ILs, were not possible to determine, since all systems present a ‘‘milky’’ appearance at
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all temperatures tested (from 0°C to 100°C). This milky aspect has already been mentioned
by other authors for this copolymer family [158], which could be attributed to the high
content (90%) of PPG, the most hydrophobic part of the copolymer. Once more, the trends
associated with the variation of the cation, anion and cations’ symmetry in the normal
Pluronic family are similar to those observed for the Tergitol family. On the other hand, in
the case of reverse Pluronics, it is not possible to establish a trend since each Pluronic
behaves differently. However, it can be seen that with the increase of the copolymer PEG

content, the impact of the cation’s symmetry is more significant (Table 5).
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Figure 13 - 1) Binodal curve for the studied surfactants in absence of ILs, at pH 7.0: # Pluronic L-31; o,
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4%

Table 5 - Effect of the IL’s anion, cation, symmetry and length of alkyl size chain upon the cloud point for mixed AMTPS of Tergitol and Pluronic surfactant families

at 1 wt% of surfactant.
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* For 1 wt% of surfactant, some surfactants show cloud points above 100°C, so the trends were assumed based on the overall binodal curve.




3.2 - EXTRACTION AND PURIFICATION OF
PHYCOBILIPROTEINS USING CONVENTIONAL AND
MIXED AMTPS

After the determination of the binodal curves, the second part of this work shows
the application of the most promising AMTPS in the phycobiliproteins extraction and
purification. The systems to test would be those with lower cloud points so that they are
able to maintain the proteins’ native conformation as well as their stability. In this sense,
the nonionic surfactant Tergitol 15-S-7 was selected as a starting point to optimize
different extraction conditions, such as the surfactant concentration, extraction time,
phycobiliproteins extract concentration, ILs addition and the system pH. All systems are
buffered with the Mcllvaine buffer pH 7.0 since it not only provides higher extraction
efficiencies of phycobiliproteins [160] but it also displays a wide range of pHs. It should
also be emphasized that this work is based on the use of the real crude extract rich in
phycobiliproteins, and thus a pre-purification step applied to the phycobiliproteins extract
was adopted to remove some of the contaminating proteins. Herein, the main goal is to
retrieve R-phycoerythrin (protein of interest) in one phase and concentrate the contaminant
proteins in the opposite phase. Though, the phycobiliproteins extract also possess two other
proteins belonging to the phycobiliproteins family, namely phycocyanin and B-
phycoerythrin. In this sense, the priority in this work is to isolate the phycobiliproteins
family in one phase, while the non-fluorescent proteins migrate towards the other phase.
Simultaneously and if possible, an AMPTS might be able to reduce the R-phycoerythrin
contamination with the remaining phycobiliproteins.

The first parameter to be optimized was the surfactant concentration in a
conventional AMTPS (Figure 14) at pH 7.0. Thus, different concentrations were tested: 4
wt%, 6 wt%, 8 wt% and 10 wt% and it can be concluded that the best surfactant
concentration corresponds to 10 wt%. Although the concentration corresponding to 4 wt%
of Tergitol 15-S-7 shows a greater recovery of R-phycoerythrin in the micelle-poor phase
(bottom phase), this system is also represented by a lower selectivity, since the total
contaminant proteins are concentrated in the same phase. Concerning phycobiliproteins, it
can easily be seen that the system is not contaminated with B-phycoerythrin
(contamination index below 1.50), though all of them are contaminated with phycocyanin
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(contamination index higher than 0.05), being the AMTPS composed of 10 wt% of
surfactant the best one (Figure 15).
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Figure 14 - Study of the surfactant (Tergitol 15-S-7) concentration effect in the phycobiliproteins extraction
and purification (20 wt% of extract) using conventional AMTPS at pH 7.0 in an overnight extraction: [
and , R-phycoerythrin recovery (%) in the micelle-poor micelle-rich phases, respectively; Il and ,
total proteins recovery (%) in the micelle-poor and micelle-rich phases, respectively; and the line represents
the selectivity.
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Figure 15 - a) Phycocyanin and b) B-phycoerythrin contamination indexes of conventional AMTPS under
the following conditions: extraction time: overnight; Mcllvaine buffer at pH 7.0 and 20 wt% of extract.

Once stipulated and adopted the best surfactant concentration (10 wt%) at pH 7.0,
the purification time was optimized, i.e. the time that the system needs to reach the
thermodynamic equilibrium and spontaneously separate, while achieving the proteins
migration equilibrium. Several extraction and purification times were tested, such as 2, 3, 4
and 5 hours. However, these below 3 hours are not feasible as the thermodynamic

equilibrium was not reached, which was easily seen macroscopically (results not shown).
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This study is presented in Figure 16, where it appears that the best extraction time is 3
hours. From that point, although the R-phycoerythrin recovery in the micelle-poor phase
remains constant, the tendency is to gradually loose selectivity. Regarding the presence of
phycocyanin (Figure 17 - a), the extraction time of 3 hours provides a higher phycocyanin
contamination. Though, for further optimizations, it is intended to use systems with higher
selectivity. Nevertheless, there is no significant B-phycoerythrin contamination for all the

extraction times tested (Figure 17 - b).
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Figure 16 - Study of the extraction and purification time effect in the phycobiliproteins extraction (20 wt%
of extract) using conventional AMTPS at pH 7.0: M o , R-phycoerythrin recovery (%) in the

micelle-poor micelle-rich phases, respectively; | PN , total proteins recovery (%) in the micelle-poor
and micelle-rich phases, respectively; and the line represents the selectivity.
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Figure 17 - a) Phycocyanin and b) B-phycoerythrin contamination indexes of conventional AMTPS under
the following conditions: 10 wt% of Tergitol 15-S-7; Mcllvaine buffer at pH 7.0 and 20 wt% of extract.
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After the optimization of the surfactant concentration (10 wt%) and time of
purification (3 hours), the study of mixed AMTPS was performed, starting with
[Pe66,14]Cl, [P42414]Cl, [Pssgeg]Br and [Ciamim]Cl, also used to study the
phycobiliproteins extract concentration. During the previous optimization studies, 20 wt%
of phycobiliproteins extract was used however, it was visible some protein precipitation at
the interface. In order to optimize this condition and since this was not overcome with the
reduction of the extraction time, the extract concentration was reduced to 10 wt%. In
Figure 18, it is possible to observe that the reduction in the phycobiliproteins extract
concentration in the systems leads to a significant increase in selectivity, while reducing
the extent of precipitation. In these conditions, the contaminant proteins start to migrate
towards the micelle-rich phase and thus, the phycobiliproteins are more isolated in the
micelle-poor phase, with less contaminants. In fact, the reduction of the extract
concentration can lead to a considerable selectivity increase from 3 to 10, while using
[Pssssg]Br as the co-surfactant. These results are promising since real matrices are used
instead of model molecules and it is possible to verify that R-phycoerythrin recoveries are
already above 80% and the selectivity is above 6 (Figure 18). Thus, further studies using
other ILs were carried out with an extract concentration of 10 wt%, which also allowed a
significant reduction in protein precipitation at the interface. It should also be highlighted
that for the mixed AMTPS, the system requires 4 hours to completely separate instead of
the 3 hours used before with the conventional system. Nonetheless, if the standard
deviation of selectivity is taken into account, there is no significant difference between 3
and 4 hours for the phase separation, thereby 4 hours can be used without compromise the
systems performance. Figure 19 — a) shows that the decrease in the extract concentration
eliminates the presence of phycocyanin in the R-phycoerythrin-rich phase in the mixed
AMTPS with 0.3 wt% of [Pas44,14]Cl. In addition, there is no significant B-phycoerythrin

contamination for all the systems tested (Figure 19 - b).
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Figure 18 - Study of the extract concentration in the phycobiliproteins extraction and purification using the
mixture point composed of 10 wt% Tergitol 15-S-7 + 0.3 wt% of IL and Mcllvaine buffer at pH 7.0: B g

, R-phycoerythrin recovery (%) in the micelle-poor micelle-rich phases, respectively; B g , total
proteins recovery (%) in the micelle-poor and micelle-rich phases, respectively; and the line represents the
selectivity.
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Figure 19 - a) Phycocyanin and b) B-phycoerythrin contamination indexes of AMTPS under the following
conditions: 10 wt% of Tergitol 15-S-7; Mcllvaine buffer at pH 7.0 and 10 wt% or 20 wt% of extract;
extraction time of 4 hours.

Under the optimized conditions so far (10 wt % of surfactant, 10 wt % of
phycobiliproteins extract and 4 hours of extraction and purification) and by observing
Figure 20, it can be concluded that the most promising systems for R-phycoerythrin
extraction are: [C14amim]Cl > [Ps6,6.14] TMPP > [Pesp14]Dec > [Psp614]Br =~ [Pgsgss]Br.
Nevertheless, in almost all cases, the addition of a small amount of IL brings enormous

advantages compared with the conventional AMTPS. Finally, it appears that the IL’s anion
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greatly affects the system's behaviour, since there is an increasing in the R-phycoerythrin
recovery in the micelle-poor phase according to the following order: Dec < Br = Cl <
TMPP. Regarding the cation symmetry there is no significant trend, nonetheless, when the
length of the cation’s alkyl side chains is increased, both the R-phycoerythrin recovery and

selectivity are slightly improved.
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Figure 20 - Study of the IL addition as co-surfactant in the phycobiliproteins extraction and purification
using the mixture point composed of 10 wt% Tergitol 15-S-7 + 0.3 wt% of IL and Mcllvaine buffer at pH
7.0: M and , R-phycoerythrin recovery (%) in the micelle-poor micelle-rich phases, respectively; [
and , total proteins recovery (%) in the micelle-poor and micelle-rich phases, respectively; and the line
represents the selectivity.

Through the observation of Figure 21, it can be seen that the only system that is not
contaminated at all with phycocyanin in the phycoerythrin-rich phase is the AMTPS with
0.3 wt% of [Pa4a44,14]Cl, since its contamination index is below 0.05. Then, the mixed
system with [C1amim]CI presents cumulatively more selective extraction and only possess
a small contamination with phycocyanin. On the other hand, the mixed systems with
[Ps.6,6,14][ TMPP] and [Ps6,6,14][Dec] present higher selectivity regarding the elimination of
the non-fluorescent proteins from the phycobiliproteins-rich phase, however the R-
phycoerythrin in these systems is more contaminated with phycocyanin (contamination
index much higher than 0.05). By observing the Figures 21 - a) and b) it can be stated that
there is no significant B-phycoerythrin contamination for all the systems tested if the

standard deviation is considered.
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Figure 21 — a) Phycocyanin and b) B-phycoerythrin contamination indexes of AMTPS under the following
conditions: 10 wt% of Tergitol 15-S-7; Mcllvaine buffer at pH 7.0 and 10 wt% of extract.

Then the systems’ pH was investigated considering conventional AMTPS at pH
6.0, 7.0 and 8.0, being the main results depicted in Figure 22. From this figure, it is clear
that the conventional AMTPS at pH 6 does not bring any extraction benefit, since it is
visible that the selectivity is about 7 times smaller compared to that obtained at pH 7.0.
Nevertheless, and considering the error associated with the conventional AMTPS at pH
7.0, the system at pH 8.0 could be considered more selective. Meanwhile, and taking into
account these results, the same test was carried out with mixed AMTPS (meaning with the
ILs incorporation) and the main results show that the use of mixed AMTPS further
enhances this trend. Additionally, the conventional AMTPS at pH 8.0 seems to
significantly decrease the phycocyanin contamination, while it is not contaminated with B-
phycoerythrin. In addition, it is mandatory to highlight that great fluctuations are present in

the conventional AMTPS’s selectivity data (Figures 20 and 22), which could be justified
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System pH

by the dependence of the systems’ performance with the seasonality of the macroalgae.
That is, the screening of Figure 20 was carried with a batch more concentrated in R-

phycoerythrin than the screening represented in Figure 22.
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Figure 22 - Study of the system pH in phycobiliproteins extraction and purification using conventional
AMTPS composed of 10 wt% Tergitol 15-S-7 and Mcllvaine buffer at pH 6.0, 7.0 and 8.0: M , R-

phycoerythrin recovery (%) in the micelle-poor micelle-rich phases, respectively; PN , total proteins
recovery (%) in the micelle-poor and micelle-rich phases, respectively; and the line represents the selectivity.
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Figure 23 — a) Phycocyanin and b) B-phycoerythrin contamination indexes of conventional AMTPS under
the following conditions: extraction time of 4 hours; 10 wt% of phycobiliproteins extract and 10 wt% of
Tergitol 15-S-7.

Following what was previously mentioned, several extractions were carried out at
pH 8.0 with ILs incorporated at a fixed concentration of 0.3 wt%. The cloud points
corresponding to each conventional and mixed AMTPS are presented in Figure S.I. 5 in

Supporting Information. According to Figure 24, it is possible to conclude that at pH 8.0,
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the IL addition to the system did not boost the extraction performances since the
conventional AMTPS presents higher recoveries and selectivities. Therefore, purifications
using mixed AMTPS and carried out at pH 7.0 are more promising. Regarding to
phycocyanin contamination, all the systems display a significant contamination and the
mixed AMTPS with [Ps6,6,14]Cl and [P4,4,4,14]Cl are the only ones that present a relevant B-
phycoerythrin contamination (Figure 25).
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Figure 24 - Study of the IL addition as co-surfactant in the phycobiliproteins extraction and purification
using the mixture point composed of 10 wt% Tergitol 15-S-7 + 0.3 wt% of IL and Mcllvaine buffer at pH
8.0: M and , R-phycoerythrin recovery (%) in the micelle-poor micelle-rich phases, respectively; [

and , total proteins recovery (%) in the micelle-poor and micelle-rich phases, respectively; and the line
represents the selectivity.
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Figure 25 — a) Phycocyanin and b) B-phycoerythrin contamination indexes of conventional AMTPS under
the following conditions: extraction time of 4 hours; 10 wt% of phycobiliproteins extract and 10 wt% of
Tergitol 15-S-7.

Furthermore, and aiming to understand the potential elimination of the pre-
purification step using ammonium sulphate (Figure 9 from Materials and Methods — path

2), while reducing the process’ costs, the purification of phycobiliproteins using the
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conventional AMTPS at pH 6.0, 7.0 and 8.0 was tested and compared to those obtained
until this point. In a first stage, recoveries and selectivities of the conventional AMTPS
were compared at pH 6.0, 7.0 and 8.0 (Figure 26). However, according to this figure, it is
possible to conclude that, once again, pH 6.0 does not bring any benefit for the extraction
process whereas pH 7.0 and 8.0 showed similar recovery and selectivity results.
Concerning the contaminations (Figure 27), the elimination of the extract’s pre-
purification step greatly reduces the contamination with phycocyanin in the phycoerythrin-
rich phase. Though, the absence of this step causes an increase in B-phycoerythrin
contamination. Nevertheless, this increase is not sufficient to consider that the micelle-poor
phase is contaminated with this protein. As such, the elimination of the pre-purification
step using ammonium sulphate does not bring significant differences in terms of the
proteins recovery in their respective phases in comparison with recoveries achieved with

pre-purified extracts.
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Figure 26 - Study of the system pH in phycobiliproteins extraction and purification using conventional
AMTPS composed of 10 wt% Tergitol 15-S-7 and Mcllvaine buffer at pH 6.0, 7.0 and 8.0: Il and , R-
phycoerythrin recovery (%) in the micelle-poor and micelle-rich phases, respectively; B g , total
proteins recovery (%) in the micelle-poor and micelle-rich phases, respectively; and the line represents the
selectivity.

52



a) b)
Phycocyanin contamination No B-phycoerythrin contamination
No pre-purification step H 8.0 No pre-purification step
PH 8.0 [ P pH©o.
With pre-purification step
z 3
No pra-purification ste No pre-purification ste
5 pH 7.0 R P £ pH 7.0 A P
2 With pre-purification step -
2 >
w
No pre-purification ste No pre-purification step—
pH 6.0 i B — pH 6.0 pre-p P
With pre-purification step
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40 1.60
Phycocyanin contamination index B-phycoerythrin contamination index

Figure 27 - a) Phycocyanin and b) B-phycoerythrin contamination indexes of conventional AMTPS under
the following conditions: extraction time of 4 hours; 10 wt% of phycobiliproteins extract and 10 wt% of
Tergitol 15-S-7.

So far, all these studies did not led to a complete lack of precipitation at the
interphase nor the complete precipitation of only contaminant proteins. Therefore, new ILs
were studied aiming at the increase in the selectivity of the purification process. However,
it was firstly necessary to know their cloud points. In this sense, there is a screening of all
the cloud points for a fixed concentration of 10 wt% of Tergitol 15-S-7 and 0.3 wt% of IL
at pH 7.0 in Figure S.1. 4 from Supporting Information. Herein, pH 7.0 was selected since
it provides better recoveries and selectivities without a pre-purification step (reduced
costs). Moreover, the ILs here tested were two gemini tensioactive ILs, namely [Nz,1,14-6-
N11,14][Br]2 and [C14alm-6-ImC14][Br]2, one dialkyl-I1L [N111414]Br and two pyridinium-
based ILs, namely CPC and CPB. The extraction performance of these systems is
presented in Figure 28 through the recovery and selectivity results and it is possible to
notice that, once more, none of the ILs tested presented better performances than the
conventional AMTPS. Regarding the phycocyanin contamination, only the mixed AMTPS
with CPC seems to significantly reduce this contamination. However, none of these mixed

AMTPS present a considerable B-phycoerythrin contamination (Figure 29).
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Figure 28 - Study of the IL addition as co-surfactant in the phycobiliproteins extraction and purification
using the mixture point composed of 10 wt% Tergitol 15-S-7 + 0.3 wt% of IL and Mcllvaine buffer at pH
7.0: M and , phycoerythrin recovery (%) in the micelle-poor micelle-rich phases, respectively; B and
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Figure 29 - a) Phycocyanin and b) B-phycoerythrin contamination indexes of conventional AMTPS under
the following conditions: extraction time of 4 hours; 10 wt% of phycobiliproteins extract and 10 wt% of

Tergitol 15-S-7.
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4. FINAL REMARKS
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This work studies the effect of ILs as co-surfactants on the design of the binodal
curves of AMTPS composed of several nonionic surfactants (Tergitol and Pluronic
families) and the Mcllvaine buffer. One of this work’s aims was to increase the database of
conventional and mixed AMTPS. Having a larger AMTPS database, it is finally possible to
apply these new systems in the extraction and purification of a large number of
(bio)molecules adjusting and optimizing the system conditions for each particular case.
These results demonstrate that ILs have an important effect on the binodal curves, which is
highly dependent on the ILs hydrophobic/hydrophilic nature. In fact, the cloud point can be
significantly reduced by selecting ILs possessing a more hydrophobic nature, such as those
belonging to the phosphonium family. In a general way, the binodal curves show that the
IL effect is more pronounced at lower concentrations of surfactant, since at higher
surfactant concentrations (above 6 wt%) the effect of the surfactant is increasingly
dominant.

In the particular case of the Tergitol family, as opposed to Tergitol 15-S-series,
Tergitol NP-10 presents an aromatic ring in its structure, which can be mainly responsible
for the more pronounced influence of the ILs in the system. In relation to the Pluronic
family, it is evident that the content of PEG and PPG are crucial for higher hydrophilicity
and hydrophobicity of the systems and for the increase and decrease in the cloud points,
respectively. Besides this effect, the molecular weight of the copolymer also displays a
significant impact on the behaviour of these AMTPS. In other words, a fixed content of
PEG accompanied with an increase in the copolymer molecular weight seems to induce a
considerably more hydrophobic system since the cloud points of these systems decrease
with the increase of the copolymer molecular weight. Moreover, it is also possible to
conclude that the increase in the system pH leads to a decrease in their cloud points as a
result of the increase in the Na2HPO4 concentration of the buffer for the Tergitol 15-S-7-
based systems. Regarding the extraction of phycobiliproteins (in particular R-
phycoerythrin) and under the optimized conditions so far, it can be concluded that the most
promising systems for R-phycoerythrin extraction are: [C1amim]Cl, [Ps,s,6,14] TMPP,
[Pe,6,6,14][Dec] and [Ps,s,s,8]Br, at pH 7.0. These results are promising since real matrices
are used instead of model molecules and it is possible to verify that R-phycoerythrin
recoveries are already above 80% with selectivity values up to 12. Moreover, in almost all

cases, the addition of a small amount of IL brings enormous advantages compared with the
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conventional AMTPS since it is possible to increase the systems selectivity from 5 to 12.
Finally, it appears that the IL anion, cation symmetry and their alkyl chains size affects the
system'’s behaviour. Moreover, it is possible to conclude that the system pH influences the
extraction performance since pH 6.0 does not bring any benefit for the extraction process
whereas pH 7.0 and 8.0 showed similar recoveries and selectivities. In addition, the
elimination of the pre-purification step using ammonium sulphate does not bring
significant differences in terms of the proteins recovery in their respective phases in
comparison with recoveries achieved with pre-purified extracts. Nevertheless, the lack of
pre-purification step brings some benefits in the elimination of the phycocyanin not to
mention a considerable time reduction in the overall process as well as the cost associated.
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5. FUTURE WORK
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Regarding future work, this thesis presents the opportunity to determine the missing
binodal curves for some of the new ILs tested. Additionally, it would also be important to
design these same binodal curves at different pHs in order to enlarge these new system’s
applicability and versatility, as it was here demonstrated that the system pH can be
beneficial to improve the extraction performance. Following these studies, it is also
relevant the determination of the mixed AMTPS’ CMCs and the respective micelles sizes
for a better understanding of the interactions of these systems. This way, it is possible to
have a more extensive knowledge and complete database since these novel AMTPS can be
applied to a plethora of compounds from different types of matrices. They may also
overcome the problems displayed by the current technologies for some biomolecules.

Moreover, this thesis showed that, even with the addition of the proper IL to a
mixed AMTPS, this single step was still not enough to simultaneously enhance the
recovery and purification of the protein of interest in one phase and the non-fluorescent
proteins in the opposite phase while boosting the elimination of the remaining
phycobiliproteins. In this sense, it would be highly relevant to carry out a purification
process with several cycles. That is, it can be employed a mixed AMTPS with [C14mim]CI
at pH 7.0 in one cycle in order to improve the recovery and purification of R-phycoerythrin
in the opposite phase of the non-fluorescent proteins. Then, a second cycle using the mixed
AMTPS with [P444,14]Cl also at pH 7.0 should be applied to maximize the elimination of
phycocyanin and B-phycoerythrin. This way, the two best systems towards the purification
of R-phycoerythrin from the non-fluorescent proteins and from the remaining
phycobiliproteins, respectively, are combined together for an improved purification.
Finally, once the complete optimization has been concluded, it is mandatory to carry out

some protein stability studies through circular dichroism, for example.
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Figure S.I. 1 - A) Schematic representation of phycobiliprotein subunit assemblage, while B) represents a
common phycobilisome structure in red algae. Region 1 is occupied by phycoerythrin, phycoerythrocyanin or
phycocyanin, whereas region 2 has phycoerythrin or phycocyanin and region 3 has phycocyanin. Adapted

from [17].

Table S.I. 1 - Absorption and fluorescence spectra of R-phycoerythrin from Porphyridium cruentum
according to pH, light exposure time and temperature variations. Adapted from [31].
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Table S.1. 2 - Comparison of yield and purity index of several extraction and purification methods of phycoerythrin from red algae.

Yield i iti
Solid-liquid extraction o ) Purity Extraction conditions
Purification method Species ) (mg/g DW Temperature Solid-liauid Ref.
method index p Time aslig
algae) (°C) ratio (m/v)
Soaking seaweeds Expanded-bed Polysiphonia |, 1.570 4 24h 13 [64]
in water adsorption column urceolata ' (frozen algae) )
(extraction by lon-exchange Gracilaria 1.500 Room
osmotic shock) chromatography verrucosa 4.40 (frozen algae) temperature Overnight 11 [65]
Ammonium sulphate
precipitation Portieria 5 20 1.230 Freeze-thaw | . 10:25 [58]
lon-exchange hornemannii ' (fresh algae) (x3) g '
chromatography
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@ - . i 24h d. 161
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(&S]
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) precipitation Gracilaria 450 0.100 A oah nd [59]
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(Macroalgae are chromatography
ground in liquid Hydroxyapatite
i . 1:
nitrogen and the column Corallina 0.600 3
duct i 6.67 (freeze-dryed n.d. n.d. (referring to [34]
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o turuturu
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) step
o
o Cellulase +
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c
L

NOTE: n.d. = no data available




Table S.1. 3 - Binodal curves of conventional AMTPS using nonionic surfactants

currently available in

literature.
Surfactant Binodal curve Ref.
25 T
20 \
4\
15 =
Triton N

X-45

Cloud Point, °C
-
s
T

st \4\
hN

0 I L L

Q 5 10 15

[107]

7o ® Water
. ©  NaCit 50mM
e g - s - - - A NaGit 100mM
65 O NaCit 200mM
@ NaTart50 mM
A NaTart100mM
G Bag—e o o @ ——Om NaTart200mM
> 60
2 x
. 2 KW_”"‘—ff% e
Triton g -~ 1151
a
il - [115,160]
- [
= o
50 1 @ T = =
TR
s 5 = =
45 T T T
0 2 4 6 8
[TX100] (%w/w)
35
30 & e
- _‘77._,,,..7—/-"’ ® Water
N x;.#**’ ®  NaGit 50mM
o 0O A NaCit 100mM
~ 25 a0 o e— % ® NaGit200mm
g %0—00*7:&:77__377—-‘***"777_ ° o4 O NaTart50mm [114 138
Triton g see o F AT L & NoeTort oomw 1490,
@ A O NaTart 200mM
11 e 142,160
- g P
¢ - 163]
15 77
\gog—8—8—8 — & — & — &
\Ff***‘ - =
10 7 T T T 1
0 2 4 6 8
[TX114] (%ewiw)
50 19
\ ® Water
\ O NaGit 50mM
45 o _ A NaCit 100mM
Q\‘ *77_*,_—£—-”" B NaCit 200mM
'\‘ e e @ NaTari 50 mM
5 X\‘ A NaTart 100mM
° - B NaTart 200mM
o 401 S _— ——
g AL p—a——8 —&—8
© | 3 —
Genapol L RS [163]
X080 g ‘\.‘ e — =
[ i.\
30 71\.‘\"’* -——=% = = 5 B
N .
25 T T T 1
0 2 4 6 8

[GX080] (%w/w)

92




58 - n
| ]
56 - '= "
sl & _,'f —n— 164
ol e —e—164 +0.2mol L"(NH,),SO,
o —a—164 +0.2mol L"K;SO,
Pluronic £ . [159]
’ L ]
L-64 5 -——o—" - .
or ./ A A A A
a—
44 + \\./‘/
42 +
40 - K‘/
0.0 05 1.0 15 20 25 3.0
Concentration of L64 (wiw)
pdl TX-114
35
Triton _ 304
- o L31
X-114 >
-]
£ 201 0O 1Lel
Pluronic Ll i [166]
L-31, L-61, El o e ST
L-81 and e
L-121 4
0 T T T 1
0 5 10 15 20 25
Concentration of surfactant, % (w/w)
100 T T T
turbid
sor PF50/50 |
Pluronic Y o PF70/30 |
P123 and g o123 [167]
F127
401 1
clear
200 1|0 2|0 3I()
c/wt%
60
— A a6
50
Pluronic u‘_:’ 40+ x\""___‘x——————xpma
L-64, L-31, ' —
- — L31
L-42, 25R2, 2]~ [168]
L-121 and 3 x) \*\
o B—
P103 W oe—— o
L1214
] T T
[} 5 10

Polymer Concen. (% m/im)

93




60
50
o
~ 404
. 2
Pluronic % 0l
L-43 and s [168]
L-62 3 ™
. La3
17 | oez
1] T T
0 5 10
Polymer Concn. (% m/im}
20
18 4
g 164
-
C8E3 ; 14 [169]
(3]
12 4
10 T T
o 1 2
Wt. % Surf.
21.5‘ 13)
p
21 :— o
g‘jao.s - o
C1oE4 § “p © [136,169]
£
2195 I &
B o
19f O@ @
I~ Ogoe
L O B e e |
C,,E, Concentration (wt%)
33.0
0O 1 ATWO PHASES
& 3254
=
=
CurEs
E 3204
S 12E5 SYSTEM 171
C12Es e [171]
% 31.5 - C12E6 SYSTEM
o ONE PHASE
3110 b L 1 T L 1
0 1 2 3 4 5
C(WT %)

94




T, 0°C)

CuoEs
CuoEs
C1oE4

P N T SN N N N S B PY') MTE SRS S S S R

" 0.1 0.1 .3 0.4 0.5 e 0.1 0.2 0.3 "4 0.s
CuoEr

weight fraction of surfactants weight fraction of surfactants
Ci2Es

Cu2Es

[149]

CuEs
CuEs
CuEr
CuEs

T, ('C)

0 0.1 0.2 0.3 0.4 0.5

weight fraction of surfactants

Note: Reading the papers is recommended in order to know clearly the composition of the aqueous systems.
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Figure S.1. 2 - Calibration curve for R-phycoerythrin quantification in aqueous solution at 565 nm made with
purified R-phycoerythrin solutions using a UV-Vis microplate reader (Synergy HT microplate reader —
BioTek).
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Figure SI. 3 - Calibration curve for total protein quantification in agueous solution at 280 hm made with

Bovine Serum Albumin using a UV-Vis microplate reader (Synergy HT microplate reader — BioTek).
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Figure S.1. 4 - Cloud points of AMTPS composed of 10 wt% of Tergitol 15-S-7, 0.3 wt% of IL and 89.7 wt

% of Mcllvaine buffer at pH 7.0.
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Figure S.I. 5 - Cloud points of AMTPS composed of 10 wt% of Tergitol 15-S-7, 0.3 wt% of IL and 89.7
wt% of Mcllvaine buffer at pH 7.0 and 8.0 L.
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