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resumo

Surfactantes, liquidos ionicos tensioativos, sistema micelar de duas fases aquos
purificagdo, bromelina, ficoeritrina, imunoglobulina Y, imunoglobulina G,
microfluidic devices

Os surfactantes sdo um dos quimicos mais usados mundialdeddeg sua larga ga
de aplicagbes, desde detergentes e produtos de limpezanalaigbes de cuidad
pessoaisapresentandam mercado a render cerca de 40 bilides dlards até&2021
Em particular, os surfactantes denstraram uma performancextraordinariaen
processos dextragcdoce purificagdo nomeadamentea formacgéo de sistemas micel:
de duas fases aquosas (SMDF®s SMDFA apresentam um elevado potencia
purificagdo de biomoléculagpdavia sédo ainda pouco estudados e caracteriza
Consequentementexistempoucos diagramas reportados literaturao que limitao
Seu uso em processos plerificacdo Assim, este trabato tem o intuito de estuda
caracterizar SMDFA através da determinagdo de diagramas de fase de surfact
ibnicos eavaliar oefeito de liquidos idnicos teibativos nas temperaturas criticas
sistemasDois efeitos @ liquidos idnicos tensioatis foram identificadosio tamanh
das micelas e temperaturas criticas do sistema de acordo com a sua hidrofok
pardmetro de empacotamento critifeste modoliquidos i6nicos tensioativosiais
hidrofilicos e com mengpardametro de empacotameictdtico induzem a compactag
das micelas e elevam as temperaturas criticas do sistema, enlégizidtms idnico
tensioativosmais hidrofébicos e com maigpardmetro de empacotamento cri
formam micelas de maior dimensdo e reduzem as temperaturaascdt sistem
Posteriormente, os SMDFA foram aplicados na purificacdo de diversas prote
alto valor acrescentado e com atividade terapéutica, nomeadamente na purifi
bromelina do apice do ananas, dafid®eritrina de macroalgas vermelhas,
imunoglobulina Y da gema do ovo e da imunoglobulina G do plasma humat
todas as purificagbesos SMDFA mistos mostraram ser a melhor oppéta sue
melhorada performance extrativa quando comparada aalm sistema senhiquida
i6nico tensioativoAdemas, desenvolvewse pela primeira vez um SMDFA dentro
canais de um dispositivo microfluidico, o qual foi aplicado & extragéofataétitring
como prova de conceito. A reducdo de escala permitiu ndo sé reduzir o te
extracdo como aumentar a penfance extrativa quando comparado ansistema el
escala laboratorial
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microfluidic devices

Surfactants are one of the chemicals most used worldwide with a market worth
$40 billion by 2021, due to their wide range of applications, from detergel
cleaning products to personal care formulations. Among these applications, th
also shown outstanding performances in extraction and purification processes
other, by being applied in the preparation of aqueous micellarphase syster
(AMTPS). AMTPS hold a large potential for the purification of biomolecules bt
yet poorly studied and characterized, with few phase diagrams reported fc
systems, what limits their use in extraction processeass,Tthis workaims at the stud
and chaacterization of AMTPS by measuring the phase diagrams of AMTPS of ¢
nonionic surfactants anstudythe effectof surface active ionic liquids (SAILS) up
their cloud pointsTwo distinct effects upon the micelles size and the cloud points
idenified according to the SAILs hydrophobicity and their critical packing paral
(CPP). In this sense, the more hydrophilic SAILs, displaying a lower CPP, le:
compaction of the micelles and an increase of the cloud points; whereas tt
hydrophobc SAILs possess a higher CPP, forming larger micelles and reduci
cloud points. Afterwards, these AMTPS were applied aas the purification «
severahigh-added value proteinsith therapeutic activity, for instance the purifica
of bromelain fom the pineapple stem, -phycoerythrin from red macroalg
immunoglobulin Y from egg yolk and immunoglobulin G from human plasma.
cases, the mixed AMTPS with SAILs have proven to be the best approach du
enhanced extractive performance wheompared to the system without SA
Furthermore, AMTPS were developed within the channels of a microfluidic dev
the first time and apjad for the Rphycoerythrin extraction as proof of concept.
scale reduction was not only able to consideralglgrease the extraction time but
boosts the extractive performance when compared to batch scale.
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1. GENERAL INTRODUCTION

1.1. STATE-OF-THE-ART

Surfactants are used for a wide variety of applications from detergents and cleaning
products, totextile, leather, paper, paint, coating and plastics, as well as in the
formulation of personal care and food producEhese compounds behave in a complex
way when dissolved in water and in water plus oil, thus distinct morphologies arise
from their aggrgation patten. In many applications, it is crucial to know the surfactant
morphology,i.e. the isotropic and/or anisotropic phases that a surfactant can display.
The first include micellar solutiongbove the critical micelle concentration, CM@hd
sponge and cubiphasewvith all properties kept uniforrm all directions whereas the

latter is a liquidcrystalline phasevhose properties vary according to the directiamd

can be divided into hexagonal and lamellar phassmetimes, the phase transition is
not very clear and a bicontinuous cubic phase can also appear, giving riseite a qu
complex phase diagrafnAdditionally, reverse structures might be visible in highly
concentrated solutiong=igure 1). The surfactant morphology is dependent upon the
balance of the polar anapolar moieties of the surfactants molecules, which can be
empirically estimated by the hydroph#ipophilic balance (HLB) or the surfactant
critical packing parameter (CPPJ°CPP is a dimensionless parameter theéenines

the overall packing shape of the surfactant, as demonstratégure 1, and it allows

us to gauge the surfactant morphology. However, the CPP value is difficult to
determine, as shown in different wofk& A CPP < 1 is known as a cone shaped,
leading the surfactant to aggregate in spherical micelles that may exhibit cubic or
hexagonal structures; CPP = 1 is a cylindrical shape inducing lamellar structures; while
CPP >1 is recognized as a wedge shaped that leads to reverse micelles tHz¢ may
organize in cubic and hexagonal structuras well? Nevertheless, it is important to
keep in mind that these geetrical constraints do not entirely decide the final
surfactant morphology, since this is also dependent upon the surfactant concentration
and temperaturéThereby, it is necessary the design of the surfactants phase diagram to
acknowledge itdehaviourin water and water plus oil. Some phase diagrams reported
in literature are presented ihable S1 of Supporting Information (SI)From the
carefully analysis of this table, it is clear thatgeneralnonionic surfactants andore
hydrophobic block codgmers,i.e. with higher amount of poly(oxypropylene), present

a wider isotropic region with micelledn contrast most ionic surfactants display

broader regions of lamellar phase that begin early with quite diluted surfactant solutions
3



1. GENERAL INTRODUCTION

(below 20 wt%) andow temperature. This might be the reason why each type of
surfactant is preferable for distinct applications, for example in detergents and cleaning
products, ionic surfactants are present in much higher amount, mainly anionic
surfactans owing to theirability to form foam®'° In contrast, micelles, the surfactant
simplest structure, are probably the most important and common morphology to the
wide rangeof application of thessurfaceactive agents. In fact, these are the structures
that allow the formation of aqueous micellar tploase systems (AMTPS), a particular

type ofbiphasic systems usedliguid-liquid extraction(LLE) andthat is here studied.

Increased surfactant concentration

Oil1 inT water Mirror plane Water i ini oil
|
|
Cubic Cubic |  Cubic Cubic
Micelles Hexagonal Lamellar Reversed Reyersed
hexagonal micelles

L 4
¢

o p p 0 p "U 0 "l‘J 0

Critical packing parameter (CPP)

Figure 1. Distinct structures/phases that a surfactant can display in water according to its concentration
and temperature. These structures are dependent upon the surfatitahtpacking parameter (CPP).
CPPdetermines the curvature in which the surfactant monomers can rearrange themselves. Adapted from

23

AMTPS hold a great potential in the separation of biocompounds by forming thermo
reversible systems, which present two macroscopic phases with very distinct surfactant
concentrations above a temperat known as the cloud poiht These cloud points
correspond tohe boundary between the monophasic and biphasic refgioning a
binodal curve with a lower critical solution temperature (LCSf To explore the use

of AMTPS for bioseparations, but also for the design of formulations using these
surfactants, it is crucial to have an adequate knowledge of their pkasgour, in
particular of the binodal curve and the phases pré$éht

These sgtems were fir$y reported by Watanabe and TandKar the concentration of

zinc ions and later on, Bordier and-workers® successfully applied these systems to
proteins extractionSince then, they have proved helpful in the purification of many
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1. GENERAL INTRODUCTION

biomolecules namely proteinst*>17 antibodies® antibiotics!® antimicrobial
agentg’®?! phenolic compound$ and dyes*?3 The particularity of these systems is
that they only require a surfactant and water to be formed, making the process
potentially more biocompatiblethan the conventionaLLE processes based on
hazardous organic solvents. Furthermore, it is relevant to highlight that, even though
there are numerous nonionic surfactants available in the market, which is estimated to
be worth around $40 billion worldwiday 2021 many are poorly characterized do

not have their binodal curves studi@@ble S presents the binodal curves available in
literature for nonionic surfactantBesides, nonionic surfactants are more-eemdly

as they can be prepared from renewable sotressl they weakly bind to
biomolecule* Some of the most niportant nonionic surfactants are the
poly(oxyethyleng alkyl ethers, with their cloud points being dependent upon the
balance between the alkyl @h length and the number okyethylene groups. For
surfactants with the same alkyl chain, the cloud paioteases with the number of
oxyethylene groups due to their higher hydrophilic chardéf@r® The micellization
occurs when the intermolecular forces, namely hydrogen bonding, polar and dispersio
forces, reach a balanceyd#togen bondings possiblythe most important interaction
influencing the cloushg phenomenorsince, with temperature, the rupture of these
bonds between t he s andtheavatér moldcided alsp mtremses. mo i et
Therefore, the temperature increase redutes water shell around the micelles,
adlowing their codescenceé®?%2’ This behaviourcan be easilynanipulated and the
surfactantcloud points reduced by the addition of inorganic &8 water soluble
polymers and fatty alcohdfsto the system or, as recently refgol, by the additio of

small amounts of a surfaeetive ionic liquid (SAIL) as a csurfactant* Such
modification of the cloud point, in particular its decrease, is very attractive from the
extractive point of view This featureopens the possibility toreate a new set of
systems able to be used in a wide range of compounds to be extracted, concentrated
and/or purified using these novel thermoswitchable systems without suffering any
degradation or even denaturation.

SAILs are ionic liquids (ILs) with thearticularity that either the cation and/or the anion
possess long alkyl side chaimgtributingthem an amphiphilic character. These ILs are
able to reorganize themselves in water and-asdemble into micelles, as firstly
introduced byBowerset al.*° Therefore, SAILs share the long known properties of ILs,

for instance negligible volatility, neflammability, a broad liquid temperature range,

5
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exceptional solvent ability and the interestigsigner solvenstatus™ in addition to

this new propertyi the surfactant character. Many authors have beeatyisty the
micellization process of these compouf@® The incorporation of SAILs into mixed
micelles have ats been proposed by combini®AILs with both ionic and nonionic
surfactants, and their influence over the physicochemical properties of thmnedd
surfactant micelles has been studied as.¥#éfl However, almost all these studies are
focused on imidazoliuAbased SAILs with wy few reports of ammoniurbased
SAILs.*?45 Besides, these studies are always focused on the micellization process
and/or to verify the presence of a true IL, thus evidencing a current lacuna in their phase
diagrams, namely binodal curves, of SAILs either acting as thesudgrctant or as the
co-surfactant. Nonetheless, it has been proven that SAILs can be better than their
analogous conventional surfactdfts the sense that less amount of this compound is
required to promote the same effect. This suggests that SAILs might be preferable for
extractive purposes, e S p e dgnea bolvents charactero mbi ne
that offers a broader range of tensioactive ILs from distinct families. In this context, a
few authors have proposed the micellar extraction of various compounds using real
matrices and several imidazoliiffi®?> phosphoniunt® pyridinium %> pyrrolidinium,*
ammoniunm! chdinium® and betaindasedSAlLs,>? but all of them reported a solid

liquid extraction sometimes assisted with ultrasonificaffoar microwaves.*%>2 Yet, in

all cases the extraction yields were identical or even higher than those achieved with
conventional approaches with the advantage of being more benigengindnmental
friendly.*">2 Overall, thee areonly two repors of a SAIL application within an
AMTPS: the firstwas carried out bpur group* using modecompounds as a proof of
concept while the secondavas performed bfforres and cavorkers® for the extraction

of natural colorants from the fermented broBoth studies showed the enhanced
extractiveperformance of these mixed systems panmed with the system in absence of
SAIlLs. In this sensgethis approachappearsto be a good strategyo develop and/or
improvesustainablg@rocesses for the biomolecules extraction and purification.

Triblock copolymers have also attracted much attention over the yeang tavtheir
resemblance tononionic surfactants, which makes them very useful for many
applications of this class of surfactaht®lock copolymers are compounds constituted

by units of poly(oxyethylenepoly(oxypropyleneypoly(oxyethylene) -
(EOW(POM(EOX* or poly(oxypropylengoly(oxyethylene)poly(oxypropylene -
(PO(EOR(PO)>° thus, mimicking the conventional structure of a p@lyyethyleng

6
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alkyl ether. WWhen the amount of EO units increases, so does the hydrdglolichis
copolymer. Hencethe same mciple referred for the nonionic surfactants regarding the
micellization process and the clong phenomenorcan be appliedHowever these
compoundaremuch more sensitive temperature than the traditional surfactasitee

all units of the copolymedisplay EO groups that are higtdusceptible to dehydration
by the temperature increas®:>* Neverthelessthe possibility to vary the wt% of each
copolymerhydrophilic and hydrophobimoieties(usually polyethylene glycol (PEG)
and polypropylene glycol (PPG)respectively as well as theirmolecular weight,
confers these compounds some flexibifftyrhis comes as an advantage compared with
the nonionic surfactants by increasing theopolymer choice according to the
requirements of the technique. In this context, the phase diaghaseveral block
copolymers, as well as different combinations of copolymers and SAILs, might be a
fasdnating topic to exploreVenkatesu and eworkers”>® showed the influence of
choliniun?’ and imidazoliurrbased 1L over the mielle formation of a Pluronic
copolymer. However, these ILs dispélya short alkyl sidechain, acting merely as a
salt. Sill, they were able to show that they affect both the critical micellization
temperaturdCMT)and t he miOntadother&nd, a few graips have studied
the SAIL effect on the aggregation behaviof several di and triblock copolymers,
showing quite complex interactions between the copolymers and the S&AEhes
studies clearly represent the tip of the iceberg in this field, leavingh more to

explore.
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1.2. ScoPeE AND OBJECTIVES

As aforementioned, it is crucial the knowledge of a surfactant phase diagram before its
application, mainly to know its isotropic biphasic region since it is here that a surfactant
agueous solution can macroscopically separate into two distinct phases with
temperature and form an AMTPS. Therefore, this work aims at the study of a complete
processj.e. the surfactant phase diagrams and their characterizatiGhapter 2, and

their further application into thieiomoleculesurification processes fromeal rmatrices

in Chapter 3, asshownin Figure 2. First,in Chapter 2.1, the design of several binodal
curves for both conventional (without SAIL) and mixed AMTPS with SAIL, acting as
co-surfactants, was carried out for three nonionic surfactants, through the cloud point
determination. Herein, SAILs were carefully selectedltow a detailed study on the
influence of the SAIL moieties (cation and anion) and the extension and nunther of
alkyl side chain. Additionally, the effect of different pH values upon the cloud point
was also analyzed, considering the systems applicatithe extraction and purification

of biomolecules. Afterwards, the micelles pmsén each type of AMTPS were
characterized in terms of the micellefagecharge and the micelle sibg surfacezeta
potential and dynamic light scatteringeasuremest respectively

Chapter 2.2reportsthe phase diagrasitharacterizationregarding themodification of

the binodal curvesof six copolymersin presence of SAILs. Hereirthe judicious
selection of copolymers alled an extensive study on the effect of tb@polymer
structure (normavs. reverse copolymer) and composition (wt% of PEG) as well as its
molecular weight upon the cloud point. deeper understanding of the intermolecular
interactions cotrolling the clouding phenomenowas only possibleby Molecular
Simulation.Then, thesehermaresponsivesystemswere applied for theseparation of
model compounds i€hapter 3.1 and forthe purification of seveal high-added value
proteinswith therapeutic activitynamelybromelain from the pineapple stg@hapter

3.2), R-phycoerythrin from red macroalgé€hapter 3.3), immunoglobulin Y from egg

yolk (Chapter 34) and immunoglobulin G from human plasn@hgapter 35). In all

these studies, an optimization of the system was impleme@eaditions likethe
surfactant and the protein crude extract concentratiwase the most common
parameters studiedin the end,an integrated process was envisioned with the protein
purification andpolishing and the phase formers reudée AMTPS environmental

impacton the carbon footprint was alsssassed irChapters 3.1and3.3.

8
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All the researchperformed regarding the purification of biomolecules within the
channels of a microfluidic device using LiMigas summarized irfChapter 4.1 In this
chapter, both conventiohand biocompatiblesystemswere considered as well as
studies with different flow patterns, namely laminar and segmented flow. Finally, a
critical analysis was performed and complemented with a SWOT analySibalster

4.2, it was reported for the firstime the ability to perform an AMTPS within a
microchip and its application in the-phycoerythrin extraction, as proof of concept.

The final remarks and futeiwork wa discussed i€hapter 5.
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Figure 2. Schematic representatiof the work layout.
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2.UNRAVELING THE INFLUENCE OF SURFACEACTIVE IONIC LIQUIDS
UPONTHE CLOUD POINTSOF THERMO-RESPONSIVESYSTEMS

2.1. IMPACT OF SURFACE-ACTIVE |ONIC LIQUIDS
ON THE CLOUD POINTS OF NONIONIC
SURFACTANTS AND THE F ORMATION OF

AQUEOUSMICELLAR TwO-PHASE SYSTEMS

This chapter is based on the published manuscript
Filipa A. Vicente, Inés S. Cardoso, Tania E. Sintra, Jesus Lemus, Eduardo
F. Marques, Sonia P. M. Ventura and Joao A. P. Coutinho
Almpact of Surface Active lonic Liquids on the Cloud Points of Nonionic
Surfactants and the Formation of Aqueous Micellar-PMba s e Sy st e ms
J. Phys. Chem. B017, 121 (37), 8748755.

2.1.1. INTRODUCTION

Recenty, it was shown the I& ability to sefassemblento micelles when they possess
a long enough alkyl side chaih Their ability to be incorporated into mixed micelles
has also been quite explored with their effect analyzed over several properties, namely
the CMC and the aggregation numBet? 36384041 However, the design ohé binodal
curves of AMTPS for mixed systems have only been developed ¥yand other
group® for a particular surfactant, namelyiton X-114. Herein, it was seen tiSAIL
great impacbn the clouding phenomengadpesides the enhanced extractive performance
of these mixed thermresponsive systems fdooth hydrophilic and hydrophobic
(bio)moleculesg* Therefore, this chapter intends tother explore and characterize the
phase diagrams of three nonioraod biocompatible surfactants from the Tergitol
family,?® and the effect of low amounts of a SAIL on their clounings. Distinct
families of SAILs, namely imidazolium, phosphonium, ammonium and pyridinium

were evaluated as well as several SAIL features, such as the anion type, the cation

* Contributions F.A.V. and §C. acquired the experimental data. T.E.S. synthetized the SAILs. J.L. carried
out the COSM@RS studies. F.A.V. and J.A.P.C. wrote the manuscript with substantial contributions from
the remaining authors.
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2. UNRAVELING THE INFLUBNCE OF SURFACEACTIVE IONIC LIQUIDS
UPON THE CLOUD POINTS OF THERM@®ESPONSIVE SYSTEMS

symmetry, and the cation alkyl side chain length. These novel systeredurther
characterized through dynamic light scattering (DLS) and surface zeta potential in order

to ascertain the IL influence on the micelles formation.

2.1.2.EXPERIMENTAL
2.1.2.1. Materials

The phosphoniuabased ILs, namely trihexyltetradecylphosphonium chloride
[Pe.6,6,14Cl (97.7%), trihexyltetradecylphosphonium bromide[Pes6,14Br (96.0%),
trinexyltetradecylphosphonium decanoate - [Pe.6.6,14[Dec] (99%),
trinexyltetradecylphosphonium bis (2,4rdmethylpentyl)phosphinate -
[Pe.6,6,2,4[TMPP] (93.095.0%), tetraoctylphosphonium bromide [PsszsdBr (95.0%)
and tributyltetradecylphosphonium chloriel§Ps,4,4,14Cl (97.1%) were kindly supplied
by Cytec. The imidazoliuAbased ILs 1-decyt3-methylimidazolium chloride -
[C1omim]CI (> 98%), tdodecyt3-methyimidazolium chloride- [C1omim]Cl (> 98%)
and rmethyt3-tetradecylimidazolium chloride [C1smim]Cl (> 98%) were acquired
from lolitec (lonic Liquid Technologies, Heilbronn, Germany). The other ILs studied,
namely hexadecylpyridinium bromide [Ciepy]Br (97.0%), hexadecylpyridinium
chloride monohydrate [Ciep ¥ ] CD d99.0%), tetramethylammonium bromide

[N1114Br ( O 98 %) , tetraet hy-l iNmagBm i( Om 91690 mi de
tetrapropylammonium bromide[Nsz3dBr ( O 9 8 %) , tetrabut-yl ammon
[Ns444Br ( O 98 %) , dodecyl tri me[NhyiBam®o Mi8Wh, br o

tetradeyltrimethylammonium bromide [N11,1,14Br ( O 9 &8ft)imethylammonium
bromide - [N11114Br ( O 9 8 %penz@dodicyldimethylammonium bromide
[N1112,c7v7Br - (> 99%) were supplied by Sigefdrich and (&

hexyl)trimethylammonium bromide[N1114Br ( © 98 %) was purchase
The rroctyltrimethylammonium bromide - [N1,1,14Br > 98%),
decyltrimethylammonium bromide - [N1,1,11dBr > 99%) and

dimethyldipalmitylammonium bromide [N1,1,1614Br (> 97%) were acquired at TCI,
Tokyo Chemical Idustry CO.,LTD. Sodium dodecylsulphate (SDS) and sodium
dodecybenzenesulfonate (SDBS) weretaibed from AppliChem Panreac and Sigma
Aldrich, respectively. FinallyN-(N-hexyFN,N-dimethyFN-tetradecylammoniumiN,N-
dimethykN- tetradecylammoniundibromide - [N1,1,146-N1,1,14Br2, 3-(1-tetradecy3-
hexylimidazoliumjl-tetradecylimidazolium dibromide- [C14m-6-ImC14]Brz, N,N-
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dimethytN,N-di(tetradecyl)ammonium bromide- [N11,141JBr and cholinium
tetradecanoatd [Ch][Tetradec] were synthesized -muse using well established
procedure$® andtheir structuregsonfirmed by nuclear magnetic resonance (NMR). All
SAIL structuresand propertieare presented ihable 1
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Table 1. Sructure of the cations and anions composing the SAILs used in thissstddieir respective CMCs at 26.

. /\N/\/\/\/\/\ -
N\J [Ciomim]Cl  55%  -29.65 0.83
> P N N NN
— cr [Cmim]Cl  15% 2942 0.82
__
Imidazolium S P P\ SN
— [C1amim]Cl B4 2922 082
_
F\N+\C“Hw (Culm-6- 0.27
Ve ST e N2 V4 2 Br + -22.00 0.65
N ImC4[B
cuwnr—x ] mCu[Brlz (o1
X Cr [C1epy]CI 0.964 -26.75 0.76
Pyridinium l
= [Ciepy]Br  0.655 -20.66 0.62
_T+_ [N1111Br 2137 0.64
/\N/\ [szzyder -9.27 0.37
N\~
\/\W [N3;3,34Br 795 0.34
/\/ \\/\ Br-
Ammonium /\/\ /\/\
\/\/,«\/\/ [N4a4dBr 781 0.34
\N*/\/\/\
/, [Nl,l,l,dBr -17.19 0.55
N NG 39.80
/T [N111dBr + -16.46 0.53
0.20
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\N+/\/\/\/\/\ 25.20
/l [N1,1,1,2dBr + -16.08 0.52
0.25
\ +/\/\/\/\/\/\
~ T [NioagBr 289 1580 o052
\N+/\/\/\/\/\/\/\
/l [N1,1,1,24Br 3.8(P¢ -15.53 0.51
\N+
~ | [N111.14Br 0.92¢ -15.28 0.50
1.18
\ / [N1,1,12,c7n7Br + -14.89 0.50
B g 0.01
+| 0.08
— _/\/\/\/\/\/\/
N [N1,1,14,14Br + -10.95 0.41
W 0.00
0.06
\/\/\/\/\/\/\/\/\N/\/\/\/\/\/\/\/\/ [N1,1,16,24Br + -10.89 0.41
0.00
C14 29 N - 0.85
Cratzs . | ~ o~ ~CN 2 Br LS £ -13.26 0.46
I NiadlBlz g3
/\/\/\/\ [PBYB,BVdBr nd -1.59 0.20
\/\/\/\/\/\/\/\/ Br
Phosphonium
3.13
[Pe.6,6,14Br + -1.60 0.20
0.15
(o]
nd -11.96 0.43

)W (PosedlDed
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I
>‘\)\/T\)\)< [PG’G’G’l‘][TMPP]

nd -2.86 0.23
/\/\/\ -
" 3.36
[Ps.6,6,14ClI + -2.13 0.21
\/\/\/ 0.07
Cl
4.69
/\/\ [P4,4,4,1410| * -9.27 0.37
. 0.18
\/\/P\\/\/
\ y OH o 7.02
Cholinium /N N MW [Ch][Tetradec] + -9.63 0.38
| ° 0.03
O\\S/O'
e Na* \ SDBS 0.637
sulfonates ®
0 0
Alkyl sulfates Na* /\/WW\O)‘S{O_ SDS 8.0

ndi not determined due to low solubility in water
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The nonionic surfactants Tergitol NI®, Tergitol 1557 and Tergitol 1559, presented

in Table 2, were purchased froiBigmaAldrichwi t h a purity O 99 %. T
buffer components, namely sodium phosphate dibasic heptahyii@téP Qus7HO
(purity, anO citBc9ail monohydrateCeHsOsH0 ( pur i t,ywered 9 9 %)

acquired from Panreac AppliChem.

Table 2. Tergitol surfactants studied in this work and their main propeffies

Tergitol NR10 =™ < > °‘(°”2°“2°}j” 13.2 642 0.086

Tergitol NR10: z =10

Tle;%'f?' (/\/\} 12.1 515 0.074
Q H

Tergit0| /\/\/\/J\/\/\

1559 Tergitol 15S-7: x=7 / Tergitol 155-9: x=9  13.3 607 0.086

2.1.2.2. Methods
2.1.2.2.1.Cloud points

The cloud points of the systems composed of nonionic surfactants and Mcllvaine buffer
(Table S3), in absence and presence of ILs aswedactantsvere measured using the
cloud point method® The cloud point of each surfactant/IL mixture was determined by
visually identifying the temperature at which it became turbid during heating. The cloud
point was taken as therhperature at which the test tube labeling was no longer visible;
special precautions were used to ensure identical conditions for all measurements.
Given the good reproducibility obtained, two or thdegerminations were sufficient for

each system anddhaverage value was considered. Mixtures with 0.5 to 17.5 wt% of
surfactant and 0 or 0.3 wt% of each IL tested were prepared in an aqueous solution of
0.18 M Mcllvaine buffer (pH 7.0) up to a final volume of 10 mL, as previously
established* The systems wer heated between @ and 100°C in a temperature
controlled water bath with a precision of + 0.6C (ME-18V ViscoThermostat,
Julabo). This procedure was repeated to study the pH effect upon tdgaclots using
Tergitol 15S-7 for pH values between B.and 8.0 with the same Mcllvaine buffer
(Table S3). This pH effect was also evaluated by studying the cloud points of these
systems in water in the same p&hge,but this time obtained by the use of acid (HCI)

and alkaline (NaOH) solutions, thus minimizing the effect of the salt concentrations
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resulting from thebuffer use Finally, Tergitol 15S-7 was also used to evaluate the
effect of the IL concentration andture, with 0.3, 0.5, 0.7 and 1.0 wt% for solutions

with 4 and/or 10 wt% of surfactant.

2.1.2.2.2.Dynamic Light Scattering

DLS measurements using a Malvern Zetasizer Ne@ofrom Malvern Instruments
were carried out to evaluate the micelle size of dpgtems studied. Mixture points
containing 1 wt% of surfactant and 0 or 0.3 wt% of IL, in Mcllvaine Buffer at pH 7.0,
were selected to analyze the impact of the IL incorporation into the micelles. Mixtures
containing 10 wt% of Tergitol 257 and SAIL conentrations of 0, 0.3, 0.5, 0.7 or 1.0
wt% were also investigated to evaluate the effect of distinct SAIL/surfactant ratios.
These measurements were carried at-10°C in order to guarantee that all systems
were below their cloud points and the measuramenly concerned the size of micelles

that were homogeneously present in solutfoBamples were irradiated with red light
(HeNe laser, wavelength of 565 nm) and the intensity fluctuations of the scattering light
were detected at a backscattering angle of 173° to generate an autocorrelation function.
The cumulant analysis of this funatigrovided by software DTS v 7.03 yielded the
particle size (intensitpased Zaverage) and their distribution width (PDI,
polydispersity index). The hydrodynamic radii of the aggregates were further
determined using the StoKd&snstein equation assumingteerical aggregates, and a

low volume fraction of the dispersed particles. Consequently, the determined values
must be considered with caution and regarded as approximations, allowing essentially
to establish qualitative trends in size effects. For eagiplgaat least 6 measurements

were measured, and the average size and standard deviation determined.

2.1.2.2.3.Surface zeta potential measurements

Surface zeta potentiat (Jneasurements were carried out to access the surface charge of

the micelles of 10 wt% of Tergitol 1S-7 and of mixed micelles composed of 10 wt%

of Tergitol 15S-7 and 0.3 wit% of an IL of each family, in distilled water. This was
accomplished through a Marn Zetasizer Nanr@S from Malvern Instrumentst 10 +

1 °C. The electrophoretic mobility,e, was measured using a combination of

el ectrophoresis and | aser Doppleausingthe |l oci me

Henry equation; a dielectric constat/®.5, a medium viscosity of 0.89 cP ant{ a8
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function value of 1.5 (Smoluchowsky approximation) were u$bd.solutions pH was
adjusted using 0.2 M of HCI and 0.3 wt% of NaOH.

2.1.2.2.4.Determination of the critical micelle concentration by

conductivity measurement

The electrical conductivity of the solutions of each IL in ultrapure water was measured
using a SevenMulti E conducti meDebloCMettl er
within an uncertainty of + 0.01 mS.erh The breaking point ithe linear dependency of

the specific conductivity with the concentration gives the CMC of each compound.
However, it was impossible to determine the CMC afs[§14[Dec], [Ps6,6,14[TMPP]

and [R s s dBr due to their low water solubility.

2.1.2.2.5.COSMORS

COSMORSt is a thermodynamic model that combines quantum chemistry, based on
the dielectric continuum model known as COSMO (COnddidter Screening MOdel
for Real Solvents), with statistical thermodynamic clatons. COSMO calculations
are performed in an ideal conductor, meaning that molecules are assumed as surrounded
by a virtual conductor environment, and the interactions are completely made on the
conductor interface, taking into account the electrostaeening and the
backpolarization of the solute molecule. In what concerns the molecular interactions
present in SAILs the most significant modes are the electrostatic misfit energy, and the
hydrogenbonding energy, ks, defined according t&q.1:

Erg = aft Cg min(0;min(Ofidonor+ (re) X max(0;lacceptor Urp)) Eq.1
which is described as a function of the polarization charges of the two interacting
segments Uacceptor Udono) @and where & is the effective contact area between two
surface segments, 1€ is the hydrogeibond strength andins is the threshold for
hydrogenbonding.
A number of conformations are available for the IL ions studied. In all the studied
compounds the lowest energy nformer was employed in the COSMRS
calculations. Moreover, independent files for the IL cation and anions were used. An
equimolar catiohanion mixture was used to specifically determine the \Ealues of a
pure SAIL. SALs are here described by independ@ns (known as [C+A] model,

which treats the ILs as the sum as the individual ionic species).
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The molecular geometries of all compounds were optimized at the B3L3R/6G*
computational level in the ideal gas phase using the quantum chemical Gd&Bsian
packag€? The ideal screening charges on the molecular surface for each species were
calculaed by the continuum solvation COSMO model using the BVP86/TZPV/DGA1
level of theory”® Subsequently, COSMO files were used as an input in COB&®

code to calculate the partition coefficieiug, kJ.mot%), using the parameterization
(BP_TZVP_C30_1201).

2.1.3. RESULTS AND DISCUSSION

2.1.3.1. Cloud point curve profile of the neat and mixed systems: effect of

SAIL molecular structure

As discussed above, it is essential for the design of cloud point extraction processes to
know the cloud point phase diagrams of the surfactants. The measurements of the cloud
point phase diagrams of neat surfactants and their mixtures with SAILs weeel cartr

and the results are presented-igures 3andS1 (of Sl). Herein, two distinct families

of SAILs were chosen, namely based in the imidazoliunwo@n]Cl, [C12mim]Cl and
[C14amim]Cl) and phosphonium (BR6,14X, X = CI, Br, [TMMP] and [Dec]; [R,4,4,14Cl

and [RszgdBr) structures. These ILs possess distinct chemical structltewing the
evaluation of different effectsuch as the influence of (i) cation (polar head) nature, (ii)
the cation alkyl side chains (hydrophobic moiety), (iig¢ symmetry of the cation, and

the (iv) anion (counterion) nature.

The binodal curves were determined by the visual identification of the cloud point for
all the mixture points with distinct concentrations of a nonionic surfactant, and SAIL as
co-surfactat at a fixed concentration of 0.3 wt% and 0.18 M Mcllvaine buffer pH 7.0.
Firstly, the cloud points of Tergitol NPO, Tergitol 1557 and 15S-9, without any ce
surfactant, were measured to characterize the pghets&viourof each neat surfactant
(Figures 3andS1) and to evaluate the effect of the IL upon the cloud pokitgite 3).

These results allow the evaluation of the influence of an aromatic ring in the surfactant
structure by comparing Tergitol NEO with the others, and the effect of the ineeea

the number of EO groups in the surfactant alkyl chain by comparing Tergi®{715

and 15S9. Tergitol 1559 displays a larger number of EO groups (hence a more
hydrophilic character), thus its cloud points are higher than those of Tergi&V 1
agreement with the results previously reported for the(peyethyleng alkyl ether
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family?>2"-"*and for the Tergitol 1%-series® In fact, more EO groups (each EO unit
takes roughly B hydration water molecul€S)imply a more extended hydration level

of the polar region of the micelles and thatiurn, promotes the higher solubility of the
surfactan?’ The cloud points previously reported in literature for these surfaétants
were determined in water whereas ours were determined in Mcllvaine buffer at pH 7.0,
which led to a decrease in the cloud points for TergiteSEBsfrom 60°C?° to 54.1 +
0.2°C. This reduction is due to trsalting-out effect of the buffef® The binodal curve

of Tergitol NR10 is presented ifigure 3-1ll ) and inFigure S1 (of Sl), and it also
displays cloud points above 5Q as a result of the high number of ethoxylate groups in
the surfactant structure. However, it shouddroticed that the presence of an aromatic
ring in this surfactant induces a reduction in the cloud points when compared to Tergitol
15-S9, which displays a similar number of ethoxylate groups, the main difference
being the presence of this ring. The dquoints also follow the surfactant HLB, which
represents the balance between the surfactant hydrophilic and lipophilic moieties.
Higher HLB values (which is the case of NP and 1559, cf. Table 2) indicate a

more hydrophilic character leading to higisud points’’
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Figure 3. Binodal curves of Tergitabased AMTPS with 0.3 wt% @AILs, at pH 7.0, corresponding )

to 0 ,Tergitol 15S-7, 1) to op,Tergitol 15S-9 and IIl) toDZTergitol NR10: 0/z /1]Ps6,614Cl; 0/z IDZ
[Pe,e,e,y]Br; 1= 11, [Pe,e,e,p][DeC]; o/z /D,?[Pe,e,e,y][TMPP]; o/z /Di[P4,4,4,14]C|; [z 1D, [nggvgdBr;

[7 1[C1omim]Cl; 6/z IDAC12mim]Cl; and6/z /DAC14amim]Cl. The black binodal curves correspond
to the neat systems.

As previously mentioned, the SAILs on this study were kept at a fixed concentration of
0.3 wt%, which corresponds t@.10 mM for the imidazolium family and around 5 mM

for the phosphonium family, while varying the surfactant concentration from 0.5 to 17.5
wt% (~810 mM to ~276340 mM, depending on the surfactant). This means that, with
the exception of [@mim]Cl and [Gomim]Cl, all the remaining SAILs are above their
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CMC (Table 1). In any case, it is the nonionic surfactant that controls the mixed micelle
formation since it is present in much higher concentrations, and its CMC is significantly
lower than those of the SAILs.

In the binodal curves presentedFigure 3, it is possible to observe that the addition of
different SAILs affects the cloud points different ways. Unlike widely accepted and
reported in the specialized literatiffe®it is not just an increase in cloud points that is
observed by the introduction ahionic surfactant. Here, the cloud points are observed
to either increase or decrease, depending on the SAIL nature as discussed below. In
contrast to previous work dhe effects of ionic surfactant$’®the cloud points curves
show that the SAIL effect is less pronounced at high concentrations of nonionic
surfactant. For concentrations above 6 wt%, the effect of the nonionic surfactant is
increasingy dominant and the effect of the IL becomes marginal. This can be
rationalized by a decrease in the SAlL/surfactant ratio owing to the fact th&Athe
concentration is always constant whereas the surfactant concentration increases. The
imidazoliumbased SAILs ([Ciomim]Cl, [Ci2mim]Cl and [Gsmim]CI) and [R 44,14Cl,

I.e.the SAILs with a more hydrophilic character, induce an increase in the cloud points;
and the increase in the SAIL alkyl chain, increasing their hydrophobicity, decreases the
effect upn the cloud points. In contrast, the more hydrophobic phosphévased
SAILs ([Ps,6,6,14X, X= Cl, Br, [TMPP] and [Dec]; and [g}:4Br), induce a significant
decrease in the cloud points, which was not previously observed with ionic surfactants.
Theseeffects are summarized ifable 3, based on the analysis of each system at a
surfactant concentration of 1 wt%.

The SAI Lsd6 hydrophobi ci t y-boondahasicity,b, orrte | at ed
COSMO Eig descriptor reported infable 1. These parameters express the SAIL
hydrogenbond ability and have been shown to provide a good description of the SAIL
hydrophobicity. SAILs with a loweb, and lower absoluteds, are less able to establish
hydrogenbonds and thus present a more hydraphaharacter. Howevefrom the
correlations of the cloud pais with these descriptorgigure S2 in Sl) it is clear that
hydrophobicity alonei.e. enthalpic interactions, are not enoughprovide acomplete
explanation of the effect of the SAILS updine doud points and that other more
entropic parameter is required to fully explain the results here reported. Further insight
on these results can be gained by considettiegCPPof the SAILs. The CPP is a
dimensionless parameter that determines theatiygacking shape of a surfactant and is
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defined as the ratiac/ (a0 Ic), wherevne, Ic andanc are the volume and critical length of

the hydrophobic portion of the molecule amds the optimal head group ar€5! The

CPP does not contain fixed molecular sizes but rather avguaggities that depend on

the interactions at play. The type of preferred aggregate formed is determined by the
adopted mol ecul ar shape and r @e33psphericalve CPP
micelles; for a truncated cone, with CPP = @033, cylindrcal micelles;foCPP & 0. 5

1, bil ayer disks and vesicles; for cylinde
and for an inverted wedgghaped moleculeCPP >1, inverted structures (reverse

cylinders and spheres). SAILs with large ionic head gremgas and relatively lownc

have CP B e@®. sihglechained imidazolium and quaternary ammonium
surfactant$? and gemini surfactarits®* 8 corresponding to the hydrophilic SAILs in

Table 1 They will decrease the effective CPP in the mixed micelle (leading to smaller
micelles, as Wi be shown in sectio2.13.2), promoting an increase in solubility and

hence inthe cloud point of the mixture. Conversely, the doubti@ined quaternary

ammonium and bulky phosphonidoased SAILs, with largenc and relatively small

head group areas have CPP #&abld1)theywilhr ger (|
increase the effective CPP in the mixed micelles (leading to larger aggregfates,
section2.13.2), which ultimately results in a decrease in solubility and hendlean

cloud point.

Regarding the rdon effect, it can be seen that [Defdecanoate) and [TMPP{bis
(2,4,4trimethylpentyl)phosphinate) induce a stronger effect thamai@l Bf, since the

former are bulky counterions ions with a more hydrophobic character and the respective
SAlLs have CPP O 1. On the other hand, the
impact on the cloud points (inducing higher cloud points) when comparedeto
phosphonium cation. In particular, the effects are more significant upon reducing the

cation alkyl chain length for both imidazoliubasedSAIL and for [P 4,.414" compared

to [Pse614". Concerning the cation geometrjPdssd* vs. [Ps6614"), asymmetry

favors a larger decrease in cloud points for TergitolSTs5 and NP10, while for

Tergitol 15S-9 it is the symmetric cation that leads to a larger effect.

In summary, it can be stated that the cation type and symmetry, anion type and alkyl

chan length present a significant effect on the cloud points at lower surfactant
concentrations. It is the hydrophobicity and CPP of the SAIL that seem to play the

dominant role on these effects.
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Table 3. Effectof t he SAlI L6és anion, cation, symmetry and | en
(CP) for mixed systems of Tergitbased surfactants, at 1 wt% of Tergitol.

Anion effect decrease [Decl ° [TMPP] >Br [Dec] ° [TMPP] >Br > [Dec]° [TMPP] > CI
(for [Pes.,6,14%) > Cl Cl ° Br
Cation effect FEreaEe [C14mim]+ > [P4,4,4,14]+ [C14mim]+ > [P4,4,4,14]+> [F’4,4,4,14]Jr > [C14mim]+
(for n = 14, CI) > [Pe,6,6,14" [Pe6614" > [Ps6,6,14"
Alkyl chain length effect increase [Ciomim]* > [Ciomim]* [Ciomim]* > [Ciomim]* [Ciomim]* > [Ciomim]
(for [Cnmim]ClI) > [Ciamim] * > [Ciamim] * *> [Ciamim] *
(CEYIEN SMIET SEes decrease [Pse6,14" > [Pssed” [Peged™> [Pse6.14" [Pe6,6,14* > [Psssd”

(for n = 32, Br)

@ Some surfactants show cloud points above 100 for these cases, the trends are based on the
extrapolation of the binodal curve.

Tergitol NR10 presents an aromatic ring in its structure that beagesponsible for the

mor e pronounced influence of the dromatic
interactions that can be established between the aromatic rings of the compounds. As a
result, the micelles headgroups are more available to interact withater molecules,

increasing the hydration level around the micelles and thus, increasing the cloud points

of the mixed £G.%%@nmhe otlfesddnd,at is-wéll&known that water

can be a good solvent at low temperatures, as can be seen by the lower cloud point
results obtained for the phphoniumbased mixed systems, and a poor solvent at high
temperatures, since the interactions betwe
headgroups with water will be stronger, hence promoting their higher soldbility
Therefore, the cloud point of these systems will be higher. These results are consistent

with some of our previous resuylsin which it was observed that for the nonionic

surfactant Triton X114 that also features an aromatic ring in its structure, tketedf

the aromatic SAILs presence is also quite pronounced at low surfactant concentration.

2.1.3.1.1.Effect of surfactant concentration

To further extend the study of the effect of SAILs upon the cloud points, three systems,
composed b1, 4 and 10 wt% o$urfactanwvere chosen. These systems were selected to
represent a concentration range in which it was previously observed a dominant effect
of the SAIL upon the binodal curve, at 1 and 4 wifg(re 4.1 and4.11), or a dominant

effect of the surfactantat 10 wt% Figure 4.111 ). A number of SAILs and anionic
surfactants, distinct from those studied above, namely:{NBr, [N11.1,1Br,
[N11,1,14Br, [N1,1114Br, [N11114dBr, [N1112,c7H7Br, [N11,14,14Br, [Nu11,16,14Br,
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[N11146-N1114Brz2, [Cidm-6-ImCy4]Br2, [Ciepy]Cl, [Ciepy]Br, SDS, SDBS and
[Ch][Tetradec]were used in this study. Most of them, due to their hydrophilic nature
and CPP < %, behave like the imidazolibased SAILs. Nonetheless, when a second
long alkyl chain is introdwsd into [N;,1,1,14Br, forming [N1,1,14,14Br, the cloud points

are reduced due to the enhanced CPP and more hydrophobic character of the SAIL,
highlighting the effect of the hydrophobicity in the decrease of the cloud points. This
SAIL and [Ni1,16,4Br are similar doublehained surfactants, forming fluid bilayer
structures in water (vesicles and lamellar liquid crystals) above theto-tiquid
crystal (orchain melting transition temperaturelm. For 1 wt% of surfactant, it was
impossible, howeverto solubilize [N,1,16,14Br (this is likely due to the highefn
associated with the longer alkyl chains, which hinders the mixing). On the other hand,
when two [Gsmim]Cl are linked together forming [@m-6-C14lm]Br», there is still an
increase in thecloud point albeit smaller than that for the1J@im]Cl. [Cidm-6-
Cu4m]Br2 is also a doublehained SAIL, but differs from the former ones in that it
possesses two charged headgroups (forming-ealted gemini surfactant), which
increases its hydrophilicharacter. Moreover, it seffiggregates into micelles, which
further helps promoting the solubility of the nonionic surfactants.

Furthermore, when anionic surfactants or SAILs such as SDS, SDBS and
[Ch][Tetradec] are considered, it is possible to obsémee distinctoehavious for 1

wt% of surfactant: SDS is extremely hydrophilic and hence induces extremely high
cloud points for Tergitol 1559 andTergitol NR10 (higher than 108C) whereas, in

the other extreme, [Ch][Tetradec], the most hydrophobithese three compounds, is
impossible to dissolve in aqueous solutions at 1 wt% of these two surfactants; in
between lies SDBS, a surfactant with a phenyl connecting the sulfonate group with the
alkyl chain and therefore more hydrophobic than SDS. Whemahenic surfactant
concentration is increased, the SAlL/surfactant ratio decreases and as result, the
surfactant dominates and the cloud point of the mixtures containing three anionic
surfactants are close to those of 10 wt% of surfactant. This domeffact is still
visible, although much attenuated, forfagtant concentrations up t& %t%, as shown

in Figure 5 for distinct SAIL families. Nevertheless, the results for [Ch][Tetradec]
show consistently a decrease in the cloud points when comparezigolttions of neat
nonionic surfactant. A more detailed discussion on the effect of the SAILs from the
ammonium family, and the effect of the alkyl chain length, will be presented below.
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Figure 4. Cloud pointof AMTPS without and with 0.3 wt% of SAIL for 1) 4 (1) and 10 wt% (I ) of

each surfactant/, Tergitol 15S-7; Y/, Tergitol 1559 andy/, Tergitol NR10.
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Figure 5. Phasediagrams for the Tergitol 157 at 0 and 0.3 wt% of SAILs belonging to distinct

families, in Mcllvaine bB,UGumim]Cl; op[BiepWCl; @,:[N111.4Br; wi t hou't
[N11,141Br; O, [Ps,4,4,14Cl; O, [Pe6,6,24Cl.

2.1.3.1.2.Effect of SAIL concentration

So far, the results reported show that the SAIL addition to the nonionic surfactant
induces significant changes into its cloud points with only 0.3 wt% afdlL¢a.5 and

10 mM for the phosphonium and imidazolium families, respelgtivié is, however,
important to evaluate the impact of the SAILs concentration on the cloud points of the
mixed systems. This study was carried out by varying the SAIL concentration from 0O to
1.0 wt%, corresponding to a maximum SAIL concentratiogiafa of 10 to 40 mM,
depending on the SAIL used, while the Tergitol®3 concentration was maintained at

4 and 10 wt% (~78 mM and ~194 mM, respectively). This allowed not only the study of
the effect of the SAIL concentration upon the phase diagram buthesevaluation of

the influence of different SAIL/surfactant ratios and verify if the surfactant would still
be dominant at the higher concentrations. It should be noted that the lowest surfactant
concentration, namely 1 wt%, was not considered sincealteady known that in this
region, the IL impact upon the cloud point is very pronounced. As a result, for the more
hydrophilic and more hydrophobic SAILs, the cloud point would be more difficult to
determine because it would be higher than 10®r lowe than 0°C, respectively.
Figure 6 displays these results, in which it is possible to observe that, when the SAIL
concentration of the most hydrophobic SAILs (phosphorased) is increased, the
cloud points decrease by almost 20, for both surfactanttoncentrations, when
compared to the original system without SAIL. Alternatively, when the concentration of

the hydrophilic SAILs is increased, the cloud point also increases, reaching
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temperatures of nearly 3C and 3(°C higher than those of the origingystem (without

SAIL) for 4 and 10 wt% of surfactant, respectively. For the mixed systems with 1.0
wt% [Ciomim]Cl, the cloud point was above 180 and thus it could not be determined.
These results show that, even at the highest surfactant concentfai&AIL addition

to the system has a big impact on the cloud points, although attenuated by the
decreasing SAlL/surfactant ratio.
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100
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wt% lonic Liquid
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> o Hydroﬂﬂlicity

35

-
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wt% lonic Liquid
Figure 6. Effect of the SAIL concentration, from 0 to 1.0 wt%, on the cloud points #fandll) 10 wt%
of Tergitol 1557 for the systems wit)zCigmimCl; DZCyamimCl; DZ[Caepy]Cl; ', [Pa.4.4,14Cl;

[Ps.6,6,14Cl; D4Pe6,6,6,14Br; DPe6,614[TMPP]; DZN1,1,1,1dBr; 5 [N1,1,14,14Br.

2.1.3.1.3.Effect of the alkyl chain of quaternariumammonium salts and
SAlLs

Inorganic salts can also be used to manipulate the cloud points of surfactants based on

their salting-in/out ability.?®2° Thus, we compared the cloud points of TergitolStB in
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presence of several ammonibased salts and SAlLwhose overall alkyl chain length

was increased, to assess the similarities/differences between the ammonium salts and
the quaternarium ammonium SAILs. To do so, aqueous solutions with 4 wt% of
Tergitol 1557 and 0 to 1.0 wt% of the salts were selecgdce in this region the
SAlL/surfactant ratios are higher, allowing a more pronounced effect upon the cloud
points as discussed before. These results are displayé&dgore 7. Here, the five
ammonium salts/ILs, [N1,1,1Br, [N2,224Br, [N33,34Br, [Na444Br and [Ny1,14Br, are
compared with the SAILs [I\,1,dBr, [N1,1,1,1dBr, [N1,1,1,14Br, [N1,1,1,14Br, [N1,1,1,14Br,
[N11,12,c7H7)Br, [N1,1,14,214Br and [Ni,1,164Br. As can be seen, all ammonium salts
induce a slight decrease in thiwud pointscompared to the Hfree systendue to a

minor saltingout effect. This effect becomes weaker with the increase of the IL alkyl
chain length owing to the lower ability of the IL to form hydration complexes with
water.

The SAlLs present a diffent behaviour among them, as the results previously
discussed suggested. When the SAIL incorporates the micelle, it controls the
environment around through its hydrophobicity and CPP, as discussed before.
Therefore, [N1,1,13Br, [N1,1,1,14Br, [N1,1,1,8]Br and [Ni112,c7H7Br increase the
mixture cloud points due to their more hydrophilic character and lower, @RiEh

cause higher micellar solubility,e. which favour solutesolvent interactions at the
expense of soluisolute interactions. On thether hand, [MN1,14,14Br, [N1,1,1614Br
reduce the cloud points for the opposite reason: more hydrophobic character and much
higher CPP leading to decreased solubility. It was not possible to determine the cloud
points at 1.0 wt% of SAIL for the more tiophilic ones, since they are higher than 100
°C. Regarding [N1,14Br and [N,1,1,1dBr, both of them are close to, or below, their
CMC so they, at these concentrations, show an intermediate bahlbetaveen a SAIL

and an electrolyte. Thereby, furttetudies were carried out by keeping the surfactant at

4 wt% while the SAIL concentration was increased to 2 wt%, which is a concentration
above the CMC for both compounds, namely 2.0 and 2.8 times the CMG, of {BIr

and [Ni,1,1,1Br, respectively. ldrein, the cloud points for [N 14Br and [Ni1,1,1dBr

are >100°C and 97.5 £ 0.8C, respectively, which is in agreement with what would be
expected. Moreover, when {N1,14Br, [N1,1,12,c7H7)Br and [Ni,1,14,14Br are compared,

it is easily understood why [Ni,12,c7H7Br presents an intermediate cloud point
enhancement: its aromatic ring enables a more hydrophobic character when compared
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with [N1,1,1,19Br, though not enough to resemble1[N414Br. This can be further
confirmed by theespective CMC valued éble 1). Unfortunately, the big difference in
the solubility between [Ni16,14Br and [Ni,1,14,14Br made impossible to solubilize
[N1,1,16,14Br in concentrations higher than 0.3 wt% and provide a more complete

comparison betwedhe two compounds.
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Figure 7. Effect of the IL character and concentration, from 0 to 1.0 wt%, on the cloud points of 4 wt% of
Tergitol 1557 of di stinct AMT, HNgi1,1BO », [Na-i2dBh o,u[Ns334BE; ;0,
[N44,44Br; 0, [N1,114Br; 0, [N1,1,1dBr; 0, [N1,11,14Br;0, [N1,1,1,1dBr; 0, [N11,114Br; 6, [N1,11,14Br, 0,
[N1,1,12,(c7H7dBr O, [N1,1,14,14Br andd, [N1,1,16,14Br.

2.1.3.1.4 Effect of pH

Since this study is aimed at the development of AMTPS for use in cloud point
extraction of proteins and other biomolecules, the Mcllvaine buffer was used to control
the pH. In order to evaluate the pH effect upon the cloud points, the Tergilr 15
systens were used and their cloud points measured in the pH range from 3.0 to 8.0,
using two distinct approaches. In the first approach, the Mcllvaine buffer was used,
since it can provide a wide range of pH. The results frayare 8.1) would suggest that

the increase in the pH leads to a decrease in the system cloud points. To understand if
this was an effect of the pH or of the concentration of the buffer that could be inducing
the salting-out of the surfactant® a second approach was considered, where the pH was
adjusted by the addition of small amounts of acid (HCI) or alkaline (NaOHifjcsts.

The results for this approach are displayedrigures 8.111) and8.1V), in which it is
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shown that the pH does not have any influence upon the system cloud points, as would
be expected for a nonionic surfactant. Instead, the decrease in clot&l ipdiigure

8.1) is due to the strongalting-out effect of NaHPQ, present in the Mcllvaine buffer,

as shown irFigure 8.11) .

The results here reported demonstrate the versatility of the cloud point phase diagrams
of nonionic surfactants, and the posiipito tune the cloud points to meet a specific
target by the proper choice of the surfactant, the SAIL, at very low concentratié@s (5
mM), and the buffer.
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Figure 8. Binodal curves for a Tergitol 15-7-based AMTPS withouBAIL and with Mcllvaine buffer:

, pH 3.0;0, pH 4.0;0, pH 5.0;0, pH 6.0;0, pH 7.0;0, pH 8.0;ll) Binodal curves for a Tergitol 1S-7-
based AMTPS withouBAIL and with Mcllvaine buffer at distinct pH by varying p#P O, concentration
for1 (), 4 () and 10 ¢) wt% of surfactanttll) andIlV) Cloud points at 4 and 10 wt% of Tergitol-85
7, respectively, of an AMTPS/, in Mcllvaine buffer at distinct pH values agd in water at the same
pH.

2.1.3.2. Micelle size and charge: DLS and zeta potentalidy

In order to further understand the mechanism by which the IL modifies the cloud point
of these systems.e. to ascertain whether the IL added to the system is incorporated
into the micelles and does not behave as a simple digetr®LS and zeta potential
measurements were carried out for the mixture point of 1 wt% of surfactant and 0 and
0.3 wt% of SAIL, in Mcllvaine buffer at pH 7.0 for the DLS measurements and in water

for zeta potential.
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Since nonionic micelles will in principle giky zero (or neazxero) surface charge, any
clearly positive or negative zeta potential values will ascertain the incorporation of
SAlLs into the micelle. The results frorRigures 9l) to 9.IV) corroborate this
hypothesis, showing that, for a wide pH ranthe micelle charge is always positive in
presence of a cationic SAIL and negative for SDS and an anionic SAIL as shown in
Figures 9V) and9.VI). Thereby, the SAILs seem to be incorporate into the micelles
and confer them a charge according to the Saiic nature.

Finally, a zeta potential measurement fog §NJ4Br as the IL was carried out in order to
confirm the hypothesis that this IL acts merely as an electrolyte. The fact that we were
not able to measure any surface charge for the micellesetbin presence of this

compound supports this hypothesis.
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Figure 9. Zetapotential for SAILs belonging to distinct families, nam&ly[Pss.614Cl; II) [Ciepy]Cl;

) [Pa4,414Cl; IV) [C12mim]Cl; V) [Ch][Tetradec] andvl) SDBS. Each system contains 10 wt% of

Tergitol 1557 and 0.3 wt% of a SAIL.
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Herein, we have also studied the micelle size changes induced by the various nonionic
surfactants investigated in this work. The results were analyzed assuming spherical
micelles whose diameters, in nm, are presentdelgare 10.

When the three nonionic surfactants are compared, it can be observed that Tergitol 15
S-9 forms the smallest micelles. This may be a result of its higher HLB value as it has
already been reported théby surfactants belonging to the same series, the surfactant
with higher HLB values will display smaller micellés

For the systems with SAILs, two distinbehavious were observed: either a slight
decrease in micelle size or micellar growth induced by the SAILS, as shdviguire

10. These two behavims correlag¢ well with the effect upon the cloud points. The
compounds that increase the cloud point decrease the micelle size, while those that
decrease the cloud point of the nonionic surfactant induce a significant micellar growth.
The decrease in size of the nlies in presence of ionic surfactants has been previously
reported® and it seems to be due to a deceeas the aggregation number of the
micelles. The original nonionic micelles break up when the SAIL is added and new
SAlL/nonionic micelles reform with smaller number of total molecules due to the onset
of head group electrostatic repulsions brought abguhb ionic nature of the SAIL.

The oppositebehaviour leading to a substantial increase of the micelles was not
previously reported, as this is the first time that an ionic surfactant is observed to induce
a decrease of the cloud point of a nonionicattent. This increase, that may result in

the loss of sphericity of the micelles, is very relevant for cloud point extractions by
AMTPS since the larger micelles may become able to more easily accommodate
biomacromoleculese(g.proteins) inside.

The behgiour here observed is in line with the interpretation based on the SAILs CPP,
described irsection2.13.1. The SAILs influence the micelle size and shape through the
effective a, or v when they mix with the nonionic surfactant. Quaternary ammonium
and imidazolium surfactants with charged head group present a CPP < %, causing an
increase in the effectiva, in the mixed micelle, due to the combined effect of their
conical shape and hegup electrostatic repulsions. As a result, the CPP decreases
hence promoting a decrease in micellar size (as observed) and this typically leads to an
increase in solubility and consequently in cloud points[A]Cl seems to behave

similarly.
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On theother hand, the incorporation of bulky hydrophobic SAILs, such@ss[RBX (X

= CI, Br, [Dec], [TMPPY]), or [RBsssd Br ( CPP O1) i naw¢imtheses t he
mixed micelles and hence induce substantial micellar growth. This is also thefcase
the doublechained surfactants [N 1414Br and [Ni1,1624 B with CPP & 1,

form bilayer aggregates (vesicles and lamellar phases). Micellar growth in nonionic
surfactant systems leads to a poorer solubility in water and a decrease ipaifdaud

Owing to the fact that [Ni,1,dBr and [Ni,1,1,1dBr are below their CMC, their size
appears to be intermediate between thdrée system and a mixed micelle with the
more hydrophilic SAILs. Therefore, and similarly to what was done for the cloud
points, a mixture point using Tergitol 567 was prepared with both SAILs at 2 wt%.
The DLS results show that these ILs are indeed able to reduce the size of the micelles
like the other SAILs when their concentration is above the CMC, displaying diameter
of around 6 and 9 nm for [IN,1,dBr and [N,1,1,1dBr, respectively.

For the mixed systems containing ofs ff814[TMPP] and [Rs,614[Dec], it was not
possible to determine the diameter of a single micelle for Tergit®-715ince the
system waslready slightly turbid. The micelle diameter of the mixed systems with
[Pss,8dBr was also not determined for the Tergitot3Series for the same reason.
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Figure 10. Micelles sizefor y, Tergitol 15S-7; y/, Tergitol 15S-9 andy, Tergitol NR10. The systems
without IL are composed of 1 wt% of surfactant and Mcllvaine buffer pH 7.0 and the mixed systems are
constituted by 1 wt% of surfactant, 0.3 wt% of IL and Mcllvaine buffer pH 7.0.

Regarding the impactf ¢he IL concentration on the micelle sizédure 11 andFigure

S3), we can observe the same tendency previously discussed for the cloud points. For 1
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wt% of Tergitol NR10 (the surfactant for which more SAILs could be studied), it was
observed that thencrease in the IL concentration lead to a further micellar growth for
the most hydrophobic SAILs since they display a high CPP. Regarding the more
hydrophilic SAILs, this concentration increase does not seem to affect much the micelle
size that are alreadt their lowest value with just 0.3 wt% of SAIL. For Tergitot3b

7 (Figure S3) the increase in the IL concentration enhances even more the effect

already observed for the two types of SAILs.
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Figure 11. Effect of the IL concentration on the micelles size for the 1 wt% TergitelLBRolution:o,
system without ILD, CiomimCl; 8, C.amimCl; 6, [CiepY]Cl; ', [Pa,4.4.14Cl; , [Pe,6,6.14Cl; 0, [Ps.6,6,14Br;
0, [Ps,6,6,2d[TMPP]; 0, [N1,1,1,14Br; O, [N1,1,1414Br.

2.1.4. CONCLUSIONS

The effect of SAILs upon the cloud points for systems of three nonionic surfactants,
namely Tergitol 1557 and 1559 and Tergitol NPLO, were studied. The results show
the cloud points to be significantly influenced by t8AIL incorporation into the
micelles, even at concentrations as low as 0.3 wt%0(3nM). Interestingly, both
increases and, for the first time, decreases of the cloud points were observed, depending
on the nature of the SAIL added to the system. We highlighe that according to the
literature, the typical effect of conventional ionic surfactants is the dramatic increases in
cloud points, while lowerings have only been observed in the case when simple
electrolyte was also added; herein no simple elecga/needed, as the hydrophobic
SAILs causeper sethis effect.

Overall the effects on the cloud points, the DLS and zeta potential data allow us to
postulate some general trends. SAILs belonging to the imidazolium, ammonium (with

only one long alkyl chalnand pyridinium families, being charged and with CPP < 1,
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induce the formation of smaller mixed micelles, promote wla¢ad group interactions

and thus increase the system cloud points. On the other hand, the phospbasedm
SAILs and ammonium withtwbong al kyl chains, despite
1 and hence confer a more hydrophobic micellar environment; this causes micellar
growth, weakened head growater interactions and a decrease in the cloud point.
These two distinchehavioursare eve more pronounced with the increase of the SAIL

concentration.
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2.2. UNRAVELING THE INTERA CTIONS BETWEEN
SURFACE-ACTIVE IONIC LIQUIDS AND
TRIBLOCK -COPOLYMERS FOR THE D ESIGN OF

THERMAL RESPON SIVE SYSTEMS

This chapter is based omanuscripunder preparation
Filipa A. Vicente, German Pér&anchez, Nicolas Schaeffénés S.

CardosoSoénia P. M. Ventura and Joao A. P. Coutinho;

2.2.1.INTRODUCTION

The extraction and purification of valuabltempounds from biomass or fermentation
media is a complex affair requiring a series of economical and environmentally
demanding processing steps often based on potentially hazardous organic &lvents.
The growing legislative and popular pressure has driven the redevelopment of existing
processes towards more sustainable alternatives, both financially and ecologically. In
line with this current evolution, thetes a par al | el need for the
solvents with low toxicity and cost, which provide measurable advantages through their
use.

Triblock liquid polymers (LPs), known as Pluronexsd Poloxamers, present a diverse
and intricatedselfaggregation, cancaeither as a polymer or a nonic surfactant, and

in solution exhibit a highly sensitive thermal respongiedaviour*#”88Pluronics are
constituted by sequees of PEG and PPGits in which the hydrophilicity of the LPs

can be adjusted by varying the PEO to PPO ratib!! These triblock polymers are
biodegradable, relatively cheap, biocompatible and present very low volatility, making
them excellent csolvents for biological applications, among ot fact, there are
several Pluronics already approved by the Food and Drug Administration (FDA), being

applied in personal care formulations, food additives and in medic&f Tike. Pluronic

" Contributions: F.A.V., 1.S.C. and N.Sacquired he experimental data. G.P.ferformedall the
molecular dynamic simulations. F.A.V., G.P.S. and J.A.P.C. wrote the manuscript with substantial
contributions from the remaining authors.
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family is dividedin two major groups, normal (L) and reverse (R), based on the position
of the PEG and PPG units. ThePluronic is characterized by a PEPGPEG
sequence while fRluronic is composed of PPBEGPPG®® This change from L to R

has a considerable effect on the cloud point of aqueous solutions of LP, due to the
change in the LP hydrophilicity with temperatdté>®2The ability to tune the thermo
responsiveness of the system by varying the molecular weight of the LP as well as at the
PEG:PPG ratio and its respective sequence confers these compounds a design flexibility
not commonly encountered in sinedlPs>®

The solvent properties of LPs can be further-fimeed by the judicious mixing of LPs

with additives to dramatically increase the extractive performance and properties of the
system. In this context, ILshave emerged sapromising candidatedue to their
fascinating propertiedn addition, SAlLsare known to form micellar aggregates in
aqueous solution thereby influencing the cloud point of the sySt&mThe
incorporation of SAILs into mixed micelles has also beappsed by combining the
SAILs with both ionic and nonionic surfactants, and their influence on the properties of
the micelles has been investigatdd' Dong et aP® showed that imidazoliurhased
SAILs can have a better performance than conventional cationic surfactdantewsat
concentrations required to promote a similar effect. This suggests that mixtures of
Pluronicsand SAILs are advantageous for the design of theromdrolled solventsThe
concentration and the nature of each compound controls the phase behartely
micelles, micellar rods among other long range ordered structures, which have different
thermal responses. However, only a few reports are available on the effect of ILs with
LPs, either with short and long alkyl side chain ILs, and all regard thiesS#fluence

over tre system CMCCMT and/or the micelle siz&' %2

Despite significant advances, a micrqscoperspective involving those interactions
throughout the different sefssembly stages is still lacking. A detailed knowledge of
the molecular scale interactions driving the -ssl§éembly of these mixtures is of great
importance to design and expanct trange of thermal responsive copolysS&lLs
systems. In this respect, computer simulations can address the current lack of
experimental data and provide a platform for the inexpensive screening of potential
systems. A number of studies tackled the behmwof (PO)n(EO) units under different
computer levels of description, from ab initio quantum calculatfotigo classical a#l

atom (AA) molecular dynamics (MD) or Monte Carlo (MC) simulatiéf¥,108110,100
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107 The coarsgrain (CG§7:103.117120,107.110116 o dissipative particle dynamics (DPB)
simulations were developed to investigate mesoscale structures.

The time scale and size limits inherent to the atomistic resolution limit the application
of densty functional theory DFT) and AAMD to systems beyond the initial stages of
micelle formation for short simulation times (tens of nanosecdhti§¥ Attempts to
overcome this limitation by using pessembled structures only provide a qualitative
resolution lacking in thermophysical significance as pointed out by Shelley and co
workers!?® In contrast, the CG approach overcomes these limitations by reducing the
number of interaction centers involved in the system. In this manner, several atoms can
be mapped as one interaction center, speeding up the dynamics and allowing the study
of much larger systems as well as increasing the simulation time by at least one order of
magnitude. Nevertheless, despite tleey good results of thEG approaches, namely
mapping the entire phase behawimf triblock copolymers™ or forming complex
structures in diblock copolymers such as bilayer or vesiélabese approaches were
limited by the lack of transferabilit}® The development of the MARTINI molé®124
provided a CG framework in which the molecules can be mapped based on an energy
matrix of interactions with 18 different bead tygésThe CG models based on the
MARTINI force field were able to address the complexity of theassd&mbly process

of many ampbhiphilic moleculé®'%° as well as copolymer solutioh;113:114.116,117,119

To date, computer simulations have not yet been used to investigate the complex
interactions between copolymers and ILs mixtures, all previous studies tackling the
Pluronic/ILs mixtures being only expmental46-57:134136,5862,131133

In this work six selected Pluronics were studied in conjunction witbHamalium and
phosphonium SAILs to determine the influence of the ILs as additives on the cloud
points and thermoesponsiveness of the system. Morepvar new simple and
transferrable model is proposed and validated for the simulation of triblock Pluronics
By assigning a single bit for PEG and PPG units respectively, a large number of both L
and R Pluronics can be easily and efficiently investigated computationally.
Computational results were further rationalized by comparison with obtained
experimental reults and provide an explanation for the different behasiobserved

for the studied binary SAHPIuronic systems. By doing so, this work provides a new
platform for the study of current and future responsive systems of industrial relevance

for the devedpment of sustainable and integrated systems.
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2.2.2.MOLECULAR DYNAMICS M ODELLING

The CG MD simulations were carried out with the Gromacs 5.1.4 packaping a
leapfrog algorithnt*® to integratethe equations of motion with a time step of 10 ps. The
potential energy function comprised the bond stretching, angle bending, and dihedral
torsion for bonded interactions. The Lenndmhes (LJ) potential and the Coulomb term
were considered for nelmondel interactions. A potential foregwitch modifier function

was used in LJ with a cuiff radius of 1.2 nm where the energy decays smoothly to
zero from 1.0 to 1.2 nm. LoA@gnge electrostatic interactions were calculated using the
particle mesh Ewald andpotentiatshift function with a cubff radius of 1.2 nm. The
temperature was fixed with the velocityscaling® in the equilibrium simulations and

the NoseHoover thermostat® in the production runs. The pressure coupling was
considered as isotropic and the pressure was fixed at 1 bar using the Berendsen
pressurecoupling®*i n t he equilibrium step &hnmn the
the production runs. Bond lengths were constrained by the LINCS algdfithm.
Coulombic interaction energies beyond the-affitwere computed via the particle
particle particlémesh solvet3® All simulated systems in this study were enclosed in
cubic boxes with periodic boundary conditions and the water was mapped by the
recommended protocol with P4 and 10% of antifreeze BP4 Béadsavoid the
unrealistic tendency of CG water modétsfreeze. The addition of antifreeze beads
maintains the essential physicochemical characteristics of water, reproducing, with a
reasonable accuracy, the phase behmwbd surfactants in aqueous solutions in a whole
range of surfactant concentrationsdatemperatureS® Simulation outputs were
visualized using the VMD software pack&ddéln all of the simulations carried out in

this work, the same protocol was followed: an energy minimization step using the
steepest descent algorithm to prevent sharge contacts between atoms prior to two
short equilibrium steps d.5 and 2 ns in the NVT and NpT ensembles, respectively.
Otherwise stated, the duration of the NpT production run wasg).b must be noticing

that with the 4:1 mapping used in the CG MARTINI model, a correction factor of
nearly four should be appligd yield a realistic time scalé? Nevertheless, this was not
applied here,.e. the time reported in our results is simply the number of steps
multiplied by the nominal time step.

Previous CGmodels for MD simulations carried out with the MARTINI model in
copolymers were used asreference to map the Pluronic systems involved in this
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work 107:113.114.116.117.11¥ harepy, the intermediate apolar character of the SC3 bead with

a 3:1 mapping was chosen to reproduce the PEG segment whereas the less polar SP1
was selected to represent the polar PPG segmiémeésCG mappindor the SAlLscan

be consulted ifrigure 4.

2.2.3.EXPERIMENTAL SECTION

The copolymers used in this work as nonionic surfactants were Plurédiic Il-35, L-
61, 17R4, 31R1 and 10R5, all of them acquired from Sigidach. The general
structure of a normal and a reverse Pluronic as well as their struatergsesent in

Figure 12.

Pluronic CG mapping

o CH3 0 H CH3 0 CH3 OH
H 0 OH 0 0
X y z X y z

Normal Pluronic ReversePluronic

L31 L61

31R1 17R4 10R5

9
7

Pluronic % PEG My
L-31 10 1100
L-61 10 2000
L-35 50 1900
31R1 10 3300
17R4 40 2700
10R5 50 2000

Figure 12. Pluronic systems used in this study, three normall] L-61, L-35 and three reverse 31R1,
17R4 and 10R5. The micelle pictures were taken from the MD simulations carried out in this work. The
color code is as follows: the apolar PPG is in blackthachdar PEG is in orange.

The cosurfactants herein studied were SAILs belonging to two distinct families,
namely imidazolium and phosphoniubased SAILs FKigure 13). Both the
imidazolium family: 1-decyt3-methylimidazolium chloride [Ciomim]Cl (> 98 wit%),
1-dodecyt3-methylimidazolium chloride- [C12mim]Cl (> 98 wt%) and dmethyl3-
tetradecylimidazolium chloride[C14mim]CI (> 98 wt%), and the phosphonium family,
represented by tributyltetradecylphosphonium chlorid@s4414Cl (95 %), were
obtaired fram lolitec (lonic Liquid Technologies, Heilbronn, Germany).
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Figure 13. Structure of the SAILs used in this work, belonging to the imidazolium and phosphonium
families.

Finally, the Mcllvaine buffer components, specificaltytric acid monohydrate (purity
O 99 %) and sodium phosphate dibasic heptal

from Panreac AppliChem.

2.3.3.1. Measurement of the copolymers cloud point

The cloud point determination of 1 and 2.5 or 10 wt% aqueous soluticrzpolymer

in absence of SAILs was carried out through the visual determination of the onset
turbidity of a solution heated in a temperature controlled water bath with an error of
0.01 °C following a methodology described elsewh¥r& Each copolymer solution

was both prepared in distilled water and in an aqueous solution of 0.18 M Mcllvaine
buffer (pH 7.0) up to a final volume of 10 mL, as previously establi¢h&dThe
binodal curves were established in Mcllvaine buffer solutions, since this is the media of
preference to work with pH sensitive or labile biomolecules as discussed below, and at
copolymer concenations ranging from 0.5 to 17.5 wt% and SAIL concentrations of 0.3
wt%. A more detailed study of the SAIL influence over the cloud pointspedsrmed

using solutions of 1 wt% of some Pluronics while varying the SAIL concentration
between 0.1 and 0.7 wt%eing the system completed with Mcllvaine buffer pH 7.0.

For each system, threeplicas were determined, and the average value considered.

2.2.4.RESULTS AND DISCUSSION
2.2.4.1. Copolymers cloud points

As copolymers @play a clouding phenomenomhgtcloud point is an excellent property

to characterize the thermresponsiveness properties of aqueous solutions of Pluronics.
Low molecular weight PPO homopolymers display a cloudiaegaviourat very low
temperatures, whereas PEO homopolymers requimy ¥gh temperatures. By

presenting both PPO and PEO units, triblock copolymers, such as Pluronics, phase
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separate at a wide range of temperatures depending mainly on the number and
molecular weight of the PEO and PPO units. With a L&8Raviouy Pluronicsystems
change from a monophasic to a biphasic system above the mintd>*°LCST are
primarily controlled by strong polar intetions, mainly hydrogen bond interactions,
with the resulting phase separation being entropiahilyen?2° The standard cloud
point for each copolymer was measured both in distilled water and in 0.18M of
Mcllvaine buffer pH 7.0, as shown Figure 14, for a comparison of the behauroof

the various copolymers here studied. The cloud point of copolymers in pgestnc
Mcllvaine buffer, composed of th&alting-out hydrogen phosphate andrate anions,

was determinedb (i) demonstrate the effect of salt addition on the clooidt and (ii)

to extend the potential of the studied system to biological applicationkvaihe buffer

is necessary for the extraction of {gdnsitive biomolecules, such as proteins. In
addition to the mixture point of 1 wt% of copolymer, 10 wt% of each Pluronic was also
studied in both solvents to ascertain the effect of polymer concent@atiats cloud
point. The cloud point of Pluronlc-61 was measured only for concentrations up to 2.5

wt% since it is not soluble at higher concentrations.

Cloud point (AC)
100
90
80 *
70
o
60
50 °
[
40
PS ®
30 [
[
20 Ld H
10

0

- L-31 L-35 L-61 17R4 31R1 1QR5 .
Figure1l4Screening of aqueous solutiGnwt %f(yl) waf®% g a@9h

either in distilled waterd/z /y) or in 0.18 M of Mcllvaine buffer pH 7.03(z /V).

Regarding the cloud points found for 1 wt% of the reverse copolymers in water, namely
Pluronics 31R1, 17R4 and 10R5, the obtained values ayeoith agreement with those
previously reporte@®®°The cloud points obtained for 1 wt% of the normal Pluronics L
31, L-35 andL-61 in water are higher (3 to 1€C higher) than those previously
reportec?® The main reason for this difference may be related with the copolymer
composition and purity, since the molecular weight is an average parametgreand
triblock copolymers often present contaminations with homand diblock
copolymers:#®
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When water is replaced by Mcllvaine buffer, all the cloud points decrease between 4 to
17°C, depending on the Pluronic used, as expected whkalttiag-outagent is added to

the gstem. This cloud point difference is kept constant when the copolymer
concentration is increased, indicating that independently of the studied solvent, namely
water or buffer, the system displays an identically behmyigarying merely in the

temperatureange.

2.2.4.2. Binodal curves of Pluronic copolymers in the absence of SAILs

From the results ifrigure 14, there appears to be two determinant factors influencing
the temperature responsiveness of the studied LPs, namely the PEG:PP rdi®,
relative hydrophobicity of the Pluronic, and micelle surface effect. The latter is largely
dependent on the Pluronic nature, whether it is normal or reversed. To further
investigate this issue, the binodal curves of six Pluronic copolymers were aheterimi
Mcllvaine buffer pH 7.0 and presented Figures 15 and S5 The Pluronicswere
selected to evaluate the influence of different copolymer features over the cloud points,
namely (i)Janormal and a reverse copolymer with the same PEG content and kaolecu
weight (10R5 and 135) and (ii) the PEG content in the copolymer by using three
reverse copolymers with increasing PEG cont8hR(, 17R4 andlORS5).
§80
=70
-§'60
S
8 50
40
30
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0O 2 4 6 8 10 12 14 16 18
wt% Surfactant
Figure 15.Bi nod a l curves of Pluronic copolymers -in 0.18 |

31;D, L-35;6 L-61. ReverseDZ31R1;z , 17R4;0 10R5.Error bars are present but barely seen as the
maximum standard deviation is 1°C.

2.2.4.2.1 Micellar surface effects orthe thermomorphic behaviar

Figure 16.I) shows the cloud points obtained in 10R5 aneB5L at different
concentrations, the two Pluronics with the highest cloud points in this study. Both

systems have the same PEG and PPG content, thus the same amphiphilic character,
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however the cloud point temgaure strongly differs as soon as the Pluronic
concentration increasesbove 1wt%. This difference could come from the micelle
crown composed of PEG unit€, as illustated inFigure 12. Pluronic 10R5 depicts
flower-shape micelles, thus named by the tendency of the PEG segments to form loops
resembling flower petaf8.Conversey, the PEG peripheral units in Plurornie35 point
outwards from the micelle core, arranging in a-tee shape. The results gure 16
indicate that the structural variations of the micelle surface play an important role in the
polymer behaviaor. However, a detailed microscopic understanding of this phenomenon
through experiments alone is challenginthus, under the CG computer model
developed in this work, six MD simulations were carried out for 10R5 a3& L
copolymers at 1, 5 and 20 wt% concentrations, respectively. The temperature was
established ahe experimental cloud point, 62 for 1 wt% inboth, whereas 58C and
62°Cwere set for 10R5 and L35, at 5 and 20 wt%, respectively.

) ||)ﬁ

80

70 |4i ii iii

Cloud Point (AC)

60

50 | IV

vi
40

30

20 % 10R5

10

0 2 4 6 8 10 12 14 16 18
Wwt% Surfactant

W,

Deg = 0.03-165 Dcd=0.002-lﬁf’/
Figure 16.1) Experimentabinodal curvesfort35 ©®) and 10R5 ( 0) at s ferent
MD simulations were carried out at ilandiv), 5 (i andv) and 20 wt%i{i andvi) concentrations in the

cloud point temperature conditions for3d5 (top) and 10R5 (bottom) along 1 microsecond of simulation

time. The diffusion coefficients were al®btained in the MD simulations. Water molecules in the MD
simulations snapshots were removed for clarity. The color code for Pluronics is PPG in black and PEG in
orange.

Figure 16.11) shows the results obtained after 1 microsecond of simulation time with
the MD simulation snapshots displaying the final micellar organizatiorkigares

16.11-i and iv), both systems at 1 wt% concentration depict a similar micelle
distribution being homogeneously distributed along the simulation box. However,

when the concentration is raised above 1 wt%, ther imicelle interactions become
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dominant, as illustrated irFFigures 16.1l-ii, iii, v and vi) for 5 and 20 wt%
concentrations. The dynamic behavicof these micelle distributions and hence the
inter micelle interactions was evaluated by the coefficient of diffusiag) {Dthe above
simulations. At 1 wt%, the 135 and 10R5 arranged in a similar dispersed micelle
distribution and correspondingly gisly approximately the samed¥alue of 0.16 x 10
5cn?-stand 0.17 x 18 cn?-s?, respectively Figures 16.11 -i andiv). However, an
increase in the Pluronic concentration to 5 wt% yielded markedly differgnivith the

10R5 system displaying a lowBxq, denoting a higher degree afsslinked micelles,

also clearly visible in the simulation snapsHheig(re 16.11 -v) compared with the 435
counterpart. In this regard, at Pluronic concentrations above 1 wt%, the 10R5 micelles
interact more strongly with each othée. there are moreand strongr solutesolute
interactions, promoting a higher degree of -sgjfregationand slowing down the
dynamics of the system. In fact, at 20 wt%, theiD 10R5 was one order of magnitude
lower (Figure 16.11 -iii andTable $4 in the Sl) than for E35, indicating a reduction in

the mobility of the 10R5 micelles, even when both systesei® densely packed. The
individual micelles presented in each system were characterized in detail usirg an in
house code based on the Hoshen*This#loy el man
us to obtain the aggregation number of individual micelles as well as the density profile
from the center of mass of the PPG, PEG and water moieties using the trajectory files of
each MD simulationKigures 16.1l -i-vi). The micelle diameter vgaobtained through

the density profiles by taking the micelle radius as the distance between the micelle
center of mass and the position of the PEG maximum curve. The micelle density
profiles of L-35 and 10R5 systems at 1, 5 and 20 wt%, can be compaFeguie S6
whereas the aggregation number and the micelle size (diameter) can be consulted in
Table $A. At 1 wt%, Figure S6 shows that both Pluronics exhibited similar shape and
size micelles, however, the 10R5 micelles were bigger than-8tedounterpasgt above

this concentration. In fact, the 10R5 aggregation number remarkably increased between
1 and 5 wt% of concentration as is shownFigure 17 and Table $4. The micelle
growth above 1 wt% of concentration ir36 £emed to be smoother, denotilogy

micelle fusion events. This emphasizes the ease of 10R5 micelles to form aggregates of
crosslinked micelles as shown iRigure 16.11 -v. These results suggest that the 10R5
system requires less energy to coalesce and separate into two macroscogs¢ phas
which is reflected in its lower cloud point temperature compared3b, las presented
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in Figure 16.1). This is the first time that an explanation of the different aggregation
mechanisms between normal and reverse Pluronic of identical PEG:PPG ratio is

provided by computer simulations and how it relates to macroscopic bahavio

Na
40

35
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25
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15
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0

0 5 10 . 15 20
Pluronic concentration (wt%)

Figure 17. Aggregation number (Y of L-35 ) and 1 0 R5 for(185)andra0 wet élditlueosic
concentration at the cloud point temperatures showeejure 16.11 -i to vi.

2.2.4.2.2 Effect of the PEG to PPG ratio on the thermomorphic behawio

The PEG content has also an important impact on the cloud point due to the greater
hydrophilicity of the micelle surface. Bearing this in mind, the cloud point of three
reverse Pluronics, namely 31R1, 17R4 and 10R5, were obtained in the laboratory and
the results are shown iRigure 18.1). The binodal curves follow the trend81R1 (10

wt% PEG) < 17R4 (40 wt% PEG) < 10R5 (50 wt% PEG). Similar patterns were
reported for other normal Pluronjt8 however the trend in the studied systems was

not linear. Figure S7 shows a quadratic behauio of the PEG:PPQGatio against
molecular weight and the cloud point temperatures in the studied systems. The cloud
point differences between these three reverse Plustioien inFigure 18.1) seems to

be caused by the micelle surface crown3@R1, 17R4 and 10R5rigure 12). To
achieve a better understanding of this effect MD simulations for 31R1 and 17R4 were
carried out at 1 wt% under the cloud point pamature conditions, 2and 38°C,
respectivelyfo compare with the 10R5 at 62 already shown in the previous seatio

Figure 18.11') shows the MD simulation snapshots after 1 microsecond of simulation
time. In the studied systems, two competing effects come into filayhe PPG
hydrophobic content, which promotes saffgregation, andii) the PEG hydrophilic
content in the micelle surface, which strongly affects the inter micelle interactions, as
previously shown irFigure 16. The PEG:PPG ratio in 31R1, 17R4 and 10R5 is 0.15,
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0.86 and 1.37, respectively, suggesting ,tlet 1 wt% of Pluonic concentration
hydrophobic interactions (dispersion forces resulting from the PPG content) play the
main role in the phase behawmpinstead of the inter micelle interactiorisable

shows the PEG:PPG ratio, micelle size and the averaged aggnegatber in the
31R1, 17R4 and 10R5 systems. In the MD simulations, the micelle size was similar
overall systems as denoted by the micelle diameter, with a slight increase of 0.3 nm
from 31R1 to 17R4 and from the latter to 10R5. The averaged aggregatigenof
individual micelles wa¥, 6 and9 in 31R1, 17R4 and 10R5, respectively. It must be
noticed that the low PEG:PPG ratio in 31R1 (high PPG core and small PEG branches)
makes the PPG igelle core more accessible tontact with the PPG core of close
neighbor micelles, promoting micelle fusion processes and enhancing the aggregation
(Figure 18.11"). Thus, the 31R1 system exhibited the lowest cloud point temperature.
Conversely, the 17R4 and 10R5 systems display similar PEG content but 17R4 has
twice the PPG content compared with 10RbBigure 12), yielding a cloud point
temperature in between the 31R1 and 10R5 systems but closer to the 31R1 cloud point.
Figure S8 shows a comparison between the density profiles of the three Pluronics
placing in evidence thincreased PPG content (dashed black lines) from 10R5 to 31R1.
The density profile comparison also denoted theneguular shift in the micelle sider

31R1, 17R4 and 10RS5 if ortakes the contact of the PPG content with water (cross
point between blacknd blue lines) as a reference. This puts in relevance how the PEG
and PPG distribution affects the micelle growth and further inter micelle interactions,

directly related with the cloud point temperature.
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Figure 18.1) Experimental binodal curves féturonics31R1(DZ 17R4( z and 10R5( 6 Red dashed

line coresponds tdl wt% of Pluronic concentration used in the MD simulatidf)s.MD simulations
snapshots along 1 microsecond ahation time at 21 38 and 62°C for 31Rl, 17R4 and 10R5,
respectively. Water molecules in the MD simulations snapshots were removed for clarity

2.2.4.3. Functionalization of micelle surface effect: addition of SAIL

The tunable properties of Pluronics in aqueous solution can be considerabasett

by the use of additives such as SAILs. The complex interactions between nonionic
Pluronics the SAIL cations were here studied along the binodal curves. The present
analysis focuses on dilute systems as these displayed the greatest variatiomoundthe c
points. At Pluronic concentrations above 3 wt%, tlhpolymerdominates the phase
behaviaur, resulting in very similar trend$or all studied systems;.f. Figure S9.
Figure 19 summarizes the experimental cloud points in a range of [0, 5] wt% of
Pluronicconcentration with 0.3 wt% of SAITwo families of SAIL were here studied:

the imidazoliumbased SAlls represented by[Crmim]Cl (n=10,12,14) and the
phosphoniurbased SAIL by P444,14Cl. This selection was made based on previous
results in which these SAILs increased the cloud point temperature of nonionic

surfactants mixtures but in markedly different wa%.
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Figure 19. Binodal curves of Pluronic copolymers + 0.3 wt% of SAIL + 0.18 M of Mcllvaine buffer pH
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[C14mim]Cl; Z , [P4,4,4,14]CI.

In general, the addition of SAILs induces an increase in the Pluronics cloud points,
though this effect seems to be dependent on the Pluronics nature. The chahges in
observeccloud points differ from thosdetectedn previous works for mixed AMTPS

composed of conventional nonionic surfactants, namdiglonging to the
poly(oxyethyleng alkyl ether family,and theSAILs of the [Gmim]CI family with n <

8, for which the cloud pointsincreade&i t h t he decrease of the S/
length145392|n this work,[C10mim]Cl displayed the lowest impact on the cloud points,

andin some casedid not haveany influence on the system cloud points as for the
Pluronics =31 and -61 binodal curves. Converselj1-mim]Cl and [G4mim]ClI, both

behaved similarly, exhibitinghe highest cloud poirtemperaturesPa4.4,4,14Cl seemed
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to be the only SAlLdisplaying a similar pattern as in the mixed systems with
conventional nonionic surfactants, namely an increase over the cloud points, though
slightly lower than similar alkythain length imidazolium{C14mim]CI).%?

The intricate balance inflmeing howPluronic and SAIL unimers or micelles interact is
poorly understood and derves further investigatiort. has beempreviously shown how

the Pluronic micelle surface shape and the amphiphilic character of Pluronic moieties
strongly determines the phase behawxioln this context, MD simulations were
performed to study the impact of differeé®AILs nature in Pluronic systesn For this
purpose, the phosphonium and imidazolium SAILs CG models were kiggpoie $4).
Three Pluronics were chosen for the MD computer simulations, the 1685ahd L

31, to assess the influence of the micelle surface (PE{&r andcontent), the
hydrophobicity and the inter micelle interactions (PEG:PPG ratio) in mixtures with
SAILs. Firstly, two Pluronics with the same amphiphilic character (50 wt% of PEG)
were compared, namely the slike (L-35) and flower petdike (10R5) Pluronics;
secondly two normal Pluronics with the same hydrophobicity (PPG content) but
different hydrophilicity (PEG content),-B1 and L35, wereanalysed to evaluate the
hydrophobicity and the micelle surface shape. Thereby, twelve MD simulations with 1
wt% of Pluronic fom no SAIL to mixtures with 0.3 wt% of f@im]Cl (n=10, 14)ClI

and [R4414Cl were carried outalong 1 microsecond of simulation time. The
temperatures were establishedtla experimental cloud points showedFRigure 19
andthe micelle distribution dlained in the MD simulations are summarizedrigure

20.
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Flgure 20. MD S|mulat|on shapshots after 1 m|crosecond of simulation time for PlerdoiR5, L-35
and L-31 at 1 wt% in aqueous solutions and their mixtures with 0.3 wt% @M@ ]Cl, [C1samim]Cl and
[Ps.4.414Cl. The temperature was set above the experimental cloud point temperatures skayumen
19. The colar code is as follows: foPluronic, the PPG and PEG are awkd in black and orange
colour, respectively; for SAILs, the hydrophobic alkgtain tail is green, whereas the imidazolium ring
in [Chmim]Cl and the butyl head groups in:[/14]Cl are colared in purple.

2.2.4.3.1 Effect of the SAIL on the Pluronics cloud points

The MD resultsreveaed that SAIL molecules are arranged with the apolar region
(green) pointing inward to the Pluronic micelle core (black) and the polar charged
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headgroup (purple), either imidazolium or phosphonium, directed outward the micelle
surface. Thereforethe electrogtic repulsion of the charged Pluronic/SAIL mixed
micelles comes into play along the hydrophobic foraed the inter micelle (solute
solute) interactionsin the MD simulations, two types of micelles were formed:
Pluronic micelles with adsorbed SAIL (FPduic/SAIL) and SAIL micelles with some
Pluronic moieties (SAIL/Pluronic) around. The competition between Pluronic and SAIL
micelle formation as well as the adsorption of the second compound into the micelles
presenta very complex behawm. In presence foimidazolium SAILs, the 10R5
Pluronic micelles were formed earlier than SAIL/10R5. Comparing bottm(iéh]Cl

and [Gamim]Cl mixtures, SAIL/10R5 micelles were prevalent in theisf@m]Cl
mixture as caused by the ease of forming SAIL micelles (larger atkgin length).

This reflects the lower cloud point temperature shown by themi@&]Cl mixture.
Since 10R5/SAIL micelles are more hydrophobic and have less micellar electrostatic
repulsion (lower presence of SAIL moieties) compared with SAIL/1I0R5 micdiies,
system requires less energy to aggregate. The simulation snapshigsrén20 show
slightly smaller micelles in the 10R5/&nim]Cl mixture which isalso confirmed by

the micelle diameter (3.7 and 4.3 nm) and th€IN and 14) data shown Table S6,

for [Ciomim]Cl and [G4mim]Cl, respectively.

The 10R5 micelle formation witfP4,4,4,14Cl was different from the imidazoliurhased
SAIlLs. In this case, large SAIL/10R5 micelles were initially formed and only a few
small 10R5/SAIL and isolated 10R&icelles were found. Along the micelle growth, the
SAIL/10R5 micelles adsorbed the smaller ones as well as 10R5/SAIL and 10R5
micelles to form mixed 10R5 and 4P414Cl large micelles. Compared with the
imidazolium counterpart, the fR414Cl mixtures formed larger micelles withna
overall micelle diameter of 4.6 and .Nof 18 (Table $5). The radial distribution
functions (RDFs) between the hydrophobic (PPG) Pluranicelle core and the
hydrophilic SAIL head groups were obtained in the MD simulatiéigure 21 shows

the RDF between the 10R5;35 (Figure 21.a) and L-31 (Figure 21.b) micelle core
(PPG) and the imidazolium ring in {@nim]Cl and [Gsmim]Cl (SQi, SR and SB
beads, see details iigure $4) and the butyl head groups (threglf@ads, see details in
Figure $4) in [Ps4,4,14Cl. In Figure 21, the RDFs clearly show that mores} 4,14 Cl

cations (red lines) interact with the Pluronic micelle céigyres 21L.a andb) than with
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the imidazolium counterparts (blue and green). Tisetin Figure 21.a) shows more

[C14mim]Cl around the Pluronic micelle core compared withuitm]Cl.
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Figure 21. Radial distribution functions (RDF) between the Pluronic micelle core witbi@]Cl,

[C14amim]CI head rings anfP4.4,4.14Cl butyl head groupsa) 10R5 and k35 (dashed lines) arg) L-31.

The colour code isZ , [Ciomim]Cl; Z |, [Ciamim]CI; Z , [Ps.4.414Cl. Inset ina) enhances the view of the

imidazolium peaks.

The strongPa4,4,4,14Cl interaction could be attributdd the lower charge at the solvent

accessible surface area of the SAIL. Contrary to imidazebased SAIL in which the

charge is diffused around the aromatic ring with a maximum at tHepGsition, the

[P44,4,14Cl possess a localized charge on the phosium centre which is, in turn,

shielded by the bulky alkyl chaid® This increased charge screening of thesJRCI

polar head comparet the imidazoliurrbased SAILs, conferthe former a less ionic

character thus improving the micelle merging and exhibiting lower cloud point

temperatures.

2.2.4.3.2 Effect of the Pluronic micelle surface shape on the Pluronies

SAIL aggregation

To determine thefect of the Pluronic micelle surface shape on the Pluron®AIL
aggregation, the micelle formation ir3d5 and 131 Pluronicswas analged using the

MD simulation movies, the micelle size distribution, and aggregation number of
individual micelles In the L-35 system, the imidazolium mixtures behaved similarly to
the 10R5, with a first stage of SAIL/B5 micelle formation followed by a second stage
of slow micelle fusion in both [Gmim]Cl and [Gasmim]CI mixtures (slightly larger
micelles were formed ifC1smim]Cl). Finally, only small mixed micelles were obtained
with a similar micelle size distributiorinhough, smaller than those foundlR5).As
visible in Table S the micelle diameter andaNor [Ciomim]Cl and [Gsmim]Cl

mixtures are 3.4 and 4.Jm and 9 and 10, respectively. These values were similar to
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those found in the 435 system withot SAIL, @ = 2.8nm and N = 8. Thus, the
presence of imidazolium SAIL barely affected the micelle formatisnit can be also
seen in the micelle distributioabtained in the MD simulations iRigure 20. The
[P4.4.414Cl system started with a SAIL/B5 micelle formation, followed by a second
stage of micelle fusion where SAIL/L35 micelles adsorbed smalBs/SAIL and 1-35
micelles(barely found in the imidazolium mixtures). The micelle growth proceeded by
micelle fusion, with larger SAIL/A35 micelles swallowing smaller ones. However,
unlike the 10R5 system, the-35 system exhibited SAILA35, L-35/SAIL and L-35
micelles in thefinal stageas it can be seen in the MD simulation snapshots showed in
Figure S10.

The MD simulations for 31 and the SAIL mixtures shown kigure 20 suggest that
theL-31 clearly dominates the micelle formation aatdthis SAIL concentratiorg very
low SAIL effect was found overallin fact, no SAIL micelles were formed along the
MD simulations and only 431/SAIL micelles were created in the first stage followed
by a micelle growth by adsorbing isolated SAIL moietifSiomim]Cl, havingthe
lowest alkytchain lengthwas almost covered by the extensive PPG content of-8fe L
micelle core which could be the reason behind the null effec{@fomim]CI in the
experimental cloud point temperature observedrigure 19.1). The micelle fusion
between distinctL-31/SAIL micelles occurredonformed the final system shown
Figure 20.

On summary, the MD simulations for-31 displayed a different picture with much
larger aggregates ovdlraThis suggest that a low PERPG ratio in turrmeans high
hydrophobicity and high inter micelle interactionsi.€. solutesolute interactions
enhancing the micelle aggregation, as also observed for Fifir€ 18.11 ), leading to

lower cloud point temperatures.

2.2.4.3.3.Effect of the structure of the Pluronic micelle surface in the 8A

impact

10R5, =35 and 31 systems are compartmlanalyg the effect of the micelle surface
in SAIL mixtures. An important component of this analysis is to understand how the
electrostatic contribution of the SAILs affects the interactions of the Pluronic micelles.

This would allow to evaluate if theharge desity of the mixed Pluronic/SAIL micelles
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could explainthe experimental cloud point differences observe&igures 19.1), 1)
andVI) and also corroborated by the MD results showigure 20.

Figure 22.1) shows a micelle density profile comparison for 10R55Land =31
obtained in the MD simulations with the imidazolium and phosphonium SAILs with the
alkyl-chain (green) pointing inwards towards timécelle core (black). Wtens with
[C1o0mim]CI exhibited smaller micelles (solid lines) than {fnim]Cl (dashed lines)
while systems wit{P4,4,4,14Cl (dot lines)present similar micelle sizes in .altigure

22.11), also displays in detail the SAIL arrangement (SAIL head groups in purple) in
respect to the midle surface (Pluronic PEG in orangdh Pluronic 10R%based
systems, le imidazolium ring head groups (dashed and solid lines in purple) were
arranged very close to the micelle surface (dashed and solid lines in orange). However,
the [P,4,4,14Cl head groups (dot lines in purple) depicted a different picture, placed well
inside the micelle surface (dot lines in orange) with the phosphonium chesged

more screened than the imidazolium counterparts. The same pattern was fow3& for L
SAIL mixtures, with the [R44,14Cl SAIL well screened by the -B5 micelle surface
(Figure 22.11'). Conversely, in E31, the imidazoliumhead group ofCiomim]Cl and
[C1amim]ClI arranged slightly outer the-81 micelle surface whereas thes jR14Cl
mixture epeated the same arrangement as in 10R5 &l The imidazolium SAIL
arrangement in the -B1 system could be as a consequence of the difficulty to
accommodate the imidazolium ring inside micelles with a hgdrophobic PPG
content.

These results demomate that the system properties strongly depend on the Pluronic
and SAIL nature, exhibiting diverse micelles sizes and cloud point temperatures.
Micelles with a greater effective charge require extra energy to overcome the
electrostatic repulsion yieldingigher cloud point temperatures. Indeed, a careful SAIL
selection allows to design tailor made systems depending on the cloud points
temperature requirements, highlighting the versatility of the proposed thermo

responsive systems.
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Figure 221) Micelle density profiles for 10R5,-B5 and =31 Pluronics with [Gmim]Cl, [C1amim]ClI
and[Pa4,4,414Cl. 1) Detailed head group SAIL arrangement in the Pluronic micelle surface. Th& colo
code is as follows; PPG and PEG Rifironic in black and orange colowhereas water and chloride
counterions are plotted in blue and red, respectively. Hydrophobic-cikyh and hydrophilic head
groups in SAIL are colared in green and purple, respectively. Solid, dashed and dottedréipeesent
[C10mim]Cl and [G4mim]Cl and [Ra44,1{Cl, respectively.

2.2.4.3.4.The influence of SAIL concentration on the cloud point

To shed light into the intricated interactiotetween SAIL and Pluronics, four

Pluronics with different micelle shape were consdeas model for short and long PEG
branches, as well as O6star6 and o6fl ower 6 d
surface. Both £31 and 31R1 have 10 wt% of PEG content where&$ land 10R5

contain 50 wt%. The [Gmim]CIl and P4.4.4,14Cl with the same alkythain length were
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selected to consider the effect of the imidazolium and phosphonium polar head groups.
The Pluronic concentration was fixed at 1 wt% and the SAIL concentrations were 0,
0.1, 0.3 and 0.7 wt%, depending on the systémmaddress the effect of SAIL
concentration. The experimental cloud point temperatures of these mixtures were
measured in the laboratory and the results are presentéigures 23 and 24. The

cloud point temperatures in-35 for SAIL concentrations abov6.1 wfb were higher

than 100°C and could not be measured. Nevertheless, the addition of 0.1 wt% of SAIL
to L-35 had a considerable impact on the cloud point temperatuies afystem that

increased over 28C (c.f. Figure 24.1).
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Figure 23. Cloud point temperatures at different SAIL concentration for 1 wt%-8f L(normal) and
31R1 (reverse) Pluronicd) L-31 andll) 31R1. Blue and red lines correspond to the experimental
[P4,4,414Cl and [Gamim]Cl experimentatloud point temperatures. Water molecules were removed in the
simulation snapshots. The cafacode is the same &sgure 20.
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As previously shown, the addition 0P44,4,14Cl resulted in a lower cloud point
temperature than with the {#nim]CIl as consequence of the more apolar nature of
[Ps,4,4,14Cl as well as the more screened charge of the head group due to the bulkier
alkyl side chains. In turn, there idawer inter micelle repulsigrwhichfavours micelle
aggregationIn L-35, 10R5 and 131, the SAIL effect was more pronounced than in
31R1as illustrated irFigures 23 and24.

The insets irFigures 23 and 24 show the snapshots at the end of the MD simulation
after 0.5 microseconds of simulation tinlhe Pluronic concentration was fixed at 1
wt% in all simulations. The SAIL concentrations were 0.3 (already shoWwigime 20)

and 0.7 wt% for £E31 and 31R1, whereas 0.1, 0.3 and 0.7 were used3&rdnd 10R5
whenever possibleThe experimental cloud pu temperatures were selected for each
system in the MD simulations. The simulation snapshots in all systems denoted a
formation of bigger micelles with more SAIL content as the SAIL concentration is
raised especially in the phosphonidbasedSAIL mixtures. Figure 23 shows the
systems with lowr PEG:PPG ratio, 131 and 31R1. Despitpresenting the same
hydrophobic content, it is quite clear the influence of two PEG brarpsre®polymer

in L-31 compared to the single hydrophillridge between two PPGsegments
composing the micelle cor@ 31R1 This is enough to confer Pluronic3l a more
hydrophilic character than 31R1, resulting in its higher soluhfiitpre solutesolvent
interactions)and in turn cloud point. However-31 PEG branches are sharid thus,

not being able to hindeso well the charge of the SAIL head group that is near the
micelle surface, as previous seen higure 22.11). Consequently, as the SAIL
concentrationncreases above 0.1 wt%, the cloud point increases linearly wittAlhe S
concentration, independently of the SAIL nature, due to electrostatic repulsion between
neighbour micelles. This behaviour gets more pronounced for SAIL concentr@tions
0.5 wt%, sincehe SAIlL.copolymer ratidas higher, allowinghe SAIL to display anore
predominaneffect At this point,SAIL nature comes into play, denoting the §R21ClI

more hydrophobic character and screened charged comparednoni{TIl. As a result,
phosphonium micelles are bigger and with a lowef @Which favourscoacervation and
thus, loweing thecloud points.

31R1 Figure 23.11) system also shows an increase in the cloud point tempevédthre

the SAIL concentrationthough with a completely different behaviotmitially, both
mixed systems display a similar cloud point to the neat system up to 0.1 wt% of SAIL,
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followed by a different temperature increase for higher SAIL concentration, depending

on its nature[C14amim]Cl presented ahap increasg~20°C) up t00.3 wt% followed

by a cloud point stabilizatioq T °Cy @ntil 0.5 wt% and a finat-10 °C increase at

0.7 wt% of SAIL.In contrast, the [F4,4,14Cl cloud point increase was smoother up to

0.7 wt% (~20°C), with an apparent tendency to stabilize atISAlc oncent r ati ons
wt% ( T °G). The cloud points discrepancy between both SAILs can be explained

by the Q4 of each SAIL, in which the imidazolium®is double the phgdhonium at

0.3 wt% of SAIL that correspond® the highest cloud point difference within the

mixed systems.
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Figure 24. Cloud point temperatures at different SAIL concentration for 1 wt985L(normal,l) and

10R5 (reverse|ll) Pluronics. Blue and red lines correspond the experimental [F4414Cl and
[C1amim]CI experimental cloud point temperatures. Water molecules were removed in the simulation
snapshots. The colour code is the sameigsre 20.

Figure 24 shows the E35 and 10R5 with the same PEG:PPG ratio butmiffemicelle

crown. In L35, the cloud point couldnly be measured at 0.1 wt% of SAIL
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concentration, thus the possible effect of SAIL in the micelle formation was quite
difficult to capture with the MD simulations. However, some differences were found
betwveen the two SAILs in 135 (Figure 24.1). Only L-35 and mixed L-35/SAIL
micelles were formed in presence of jR214Cl whereasL-35, mixedL-35/SAIL and
isolated [G4mim]Cl micelles can be found in the imidazolium mixture (also shown in
Figure 20). This is explained by the fact that, at 0.1 wt%,{F14{Cl is below the CMC,
while [Cismim]CI is at the CMC.A similar behaviar was found in 10RSAIL
mixtures Figure 24.11), with the [G4mim]Cl depictingmixed 10R5/SAIL,and isolated
10R5 andC1smim]CI micellesat 0.3 wt% of SAIL. In contrast, the 0.3 wt%u [P 14CI
mixture displayedisolated 10R5 and mixetilOR5/SAIL micellesand, with the SAIL
concentration increasehde is the adsorption of smaller mixed micelles and 10R5
isolated onedeaving only bigger 10R5/SAlmicelles (cf. Table 4andFigure 25).

Table 4. Diameter and aggregation number)Nf the micelles obtained in the MD simulations after 0.5

microseconds of simulation time fdr wt% of PluronicsL-31, 31R1, k35 and 10R5 and x wt% of
[C14m|m]CI and [314'4,14]C|.

Without SAIL 38 3.7 10 3.7 8 2.8 9 3.1
[Ciamim]CI 0.1 Wt% - - - - 12 4.0 - -
[Pa,4414Cl 0.1 wt% - - - - 11 3.5 - -
[Ciamim]CI 0.3 Wt% 21 3.7 8 5.2 - - 14 4.6
[P24414Cl 0.3 Wt% 28 4.2 7 4.6 - - 18 4.6
[C1amim]CI 0.7 wt% 16 4.1 6 5.2 - - 12 5.3
[P4,4414Cl 0.7 Wit% 38 4.9 6 6.0 - - 15 5.0

“Data obtained after 1 microsecond of simulation tichieTables S5andS6.

Table 4 shows the micelle sizes estimated through the density profiles, as previously
described, together with the aggregation numper micelle. Overall, the micelle
diameters increased with the SAIL concentration as was visually noticed in the MD
simulation snapshotgigures 23 and 24) but the aggregation number of individual
micelles decreased with SAIL concentratias illustrated inFigure 25. The micelle
diameter increase with the SAIL concentration could be associated with more adsorbed
SAIL moieties in the micelle, whilthe decrease in the Pluronic aggregation nursber
mainly due to an increase in the electrostatic repulsiondset micellesas a result of

theadsorbed SAlland thushampering micelle fusion.
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Figure 25. Aggregation number () of 10R5( g B1R1(D) and L-:31 ( yricelle at different SAIL

concentrations.

The remarkably simple and transferable mddgkinproposed was able to capture the
subtle differences in thébehaviar of six distinct Pluronics in water over a range of
concentrations from dilute to mildly concentrated as well as the interaction between
dilute solutions of SAILs and Pluronics. This represents a signifiogmtovementin

both simulation and understanding of triblocopolymer aggregation. Experimental
results, validated by the simulations, indicate that the LCST transition for triblock
copolymers can be varied bie careful adjustment of the PERPG ratio and the
micelle surface characteristice. normalvsreverse Pluronics. This can be further tuned

by addition of small amounts of SAILs. The nature of the SAIL, the SAIL concentration
and the SAIEPluronic interaction were found to strongly influence the cloud point of
the polymer. Ortonat al'*° suggested that the Plurorsarfactantmteractions is driven

by a combination of several factors, in which some can be distinct from the known
surfactanisurfactant interaction. Surface functionalization of the polymeric micelle by
addition of an electrostatic componemtith different strength (imidazoliumvs
phosphoniurbased SAILs) is of significant interest for several fields. SAILs were
shown to extract a number of high value inorganic and organic compounds. This work
offers a predictive model to study different copolymers whilecidating the
fundamental thermal response of these systems, which is required for the cloud point

extraction of distinct compounds.

2.2.5.CONCLUSIONS

This work provides a detailed study of the structure of a series of Pluronic copolymers

on their binodal erves. Normalvs reversePluronics PEG content and copolymer
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molecular weight were investigated and their effects uponlthel pointsexplained. In

all cases, it was observed that the increase in the system hydrophobicity ladrto a
lineardecrease ithe cloud points temperatyreuggesting that other interactions are on
play. The copolymer nature is also of utmost importance in the clouding phenomenon
since the presence of cross linked micelles in reverse Pluronics favours aggregation,
which are abs# in normal onesThe ability of the proposed simple CG mapping to
capture the subtle differencetims behaviar provides a strong validation of the model.
Furthermore this work providesfor the first time, an intuitive computer simulation
framework to study mixtures of Pluronics and SAlbpgening the door for designing

taylor-made thermal controlled solvents by computer simulations.
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3.1. INTEGRATED AQUEOUS (MICELLAR ) TWO-
PHASE SYSTEMS FOR PROTEINS

FRACTIONATION

This chapter is based @n acceptednanuscripby
Filipa A. Vicente, Jodo H. P. M. SantoR)és M.M. PereiraCatia V. M.
Goncalves, Ana C. R. V. Dia3péo A. P. Coutinho and Sénia P. M.
Venturg’
flntegration of Aqueous (Micellar) TwBhase Systems on the proteins

separation acceptedy BMC ChemicalEngineering

3.1.1. INTRODUCTION

In the past few years, there has been an increased interest and effort futtsed
extraction and separation of proteins, not only those produced via fermentation, but also
proteins recovered from different raw materigded biomass matrices. Most
fermentative processes result in a product that is a complex combination of proteins and
other metabolites or cell debris. However, in this proteinpiobl, it is quite difficult to
achieve a good separation and purificationtlsd target protein from all the other
contaminants. Bioprocesses require efficient purification platforms, for the isolation of
the desired components and the elimination of thprbgucts. These are still the main
challenge for the industrial applicati®!®! and responsible for up to 80% of the
production cost$>? Recently, with the increased attention given to the valorisation of
new products from emergent raw materials and biomass, such as°%lgaé
cyanobacteri®?, the development of improved downstream approaches is of high
interest and value. Conventional downstream processes to purify proteins are based on

chromatographic techniques, namely size exclusion chromatographyexchange

% Contributions F.A.V, J.H.P.M.S. and |.M.M.P. acquired the experimental data, RithV.focused

more on the AMTPS data while J.H.P.M.S. devoted his attention mainly to the ATPS studies. C.V.M.G.
and A.C.R.V.D. assessed the environmental impact. F.A.V., J.H.P.M.S. aM &rBtélthe manuscript

with substantial contributions from the remaining authors.

71



3. PURIFICATION OF THERAPEUTIC PROTEINS

chromatography and hydrophobic chromatogralshi?® These methods are easy to
validate and implement in batch and larger scale, however they are quite expensive.
Among the norchromatographic methods, ultrafiltrat{éh!®® and precipitatiotr®16°
appear as the main approaches used in protein separation, though, these methods are
ineffective in the separation of similar peots, since they only act based on protein size
and hydrophilicity, respectively. Over the last years, aqueousphaee systems
(ATPS) emerged as an alternative platform for protein separation, considering their
intrinsic versatility, in some cases leaglito an enhanced purification performante.

ATPS are a particularype of biphasic system used in ligdiduid extraction as a
primary recovery step for the product isolation and purification by partially separating it
from impurities or substrates, hence reducing the subsequent downstream processing
volume. One of the ost important advantages of ATPS is the higiter content in

both phases, which turns the microenvironment of the system more biocompatible for
proteins and other biomolecules. This downstream platform is interesting since it can
combine several steps & single operation, namely clarification, extraction, isolation,
purification and concentration of the compodfdin chemical ndustry, twephase
systems are employed due to its simplicity, low costs, low viscosity, short phase
separation time and easier seafe'®l'%2 ATPS have been widely applied on the
purification and recovery of biological piocts, such as proteins, genetic material,
organelles and bionanoparticfé$.For that purpose there are some physicochemical
properties of the biomolecules (isoelectric point, surface hydrophobicity and molar
mass) as well as of the ATPS compon&hi§co)polymers, salts, surfactants and ionic
liquids'®®) and process conditions selected (such as the system temperatur®6typH

that mus be taken into account and optimized.

Pluranic triblock copolymers are namic surfactants from the pdlyxyethyleng alkyl

ether family being amposed ofunits of PEG and PPG. By changing the number of
PEG units in the copolymer, its hydrophilicity ca@ controlled. The copolyme@VIC

and surface activity are much more sensitive to temperature than those for the
conventional surfactants due to their compositformaking them more versatile.
Among others they are theranesponsive, being able to form two macroscopic phases
when submitted to a temperatuabove their cloud poiff! In 2000, Perssoet.all®®
proposed a copolymetarch ATPS as part of an integrated process, in which they
managed to purify apolipoprotein-A from anE. coli fermentationbroth and from

human plasma.
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An integrated platform for the purification of a model protein mixture, composed of
cytochrome c, ovalbumin and azocasein, is here proposed. Besides the need to improve
the processes efficiency and reduce their cost, thesegi®wing concern to evaluate

their environmental impact. Here, an environmental evaluation of the newstéwo

approach proposed was carrmg using the carbon footprint as indicator.

3.1.2. EXPERIMENTAL
3.1.2.1. Materials

Three phosphatbased salts were usedmely monopotassium phosphateHRQs)
acquired atfPanreac (99 wt%urity), dipotassium phosphate (KIPOy) obtained from
Sigma (99.5 wt% purity)and tripotassium phosphate ;) purchased a#cros
Organic (97 wt% purify). A phosphatmiffer solution (kHPQWKH2PQs) was also used
at pH = 6.6. The copolymers employed in this work wdltgonic L-35, with 50 wt% of
PEG and an average molecular weightvbf1900 g.mof, Pluronic 10R5, also with
50% of PEG(M~2000 g.mol) and Pluronic 17R4with 40 wt% of PEG(M~2700
g.mol?d), all acquired at SigmaAldrich. As coesurfactants, Triton XL.14 and Triton X
100 (purity > 95 wt%) purchased from Acros Organic, were tested. Cytochrome c
(purity > 95 wt%) from equine heart and azocaseb W#% purity) were acquired at
SigmaAldrich, whereas albumin from hen egg white (97 wt% purity) was supplied by
Fluka, BioChemika.

3.1.2.2. Methods

3.1.2.2.1. Measurement of phase diagrams and-tiees for ATPS

The binodal curves of the ATPS with different compositions were determined using the
cloud-point titration methotf® at 25 (+1)°C, at atmospheric pressure. This techgglo
is based on the dropwise addition of a salt solution to a polymer agueous solution, both
with known concentrations, until the mixture becomes turbid (representing the biphasic
system). Then, a known mass of water was added to clear the solution @utneggo
the monophasic system). This procedure was repeated to obtain sufficient data for the
design of the respective binodal curves. The phase diagram data were correlated using
the Merchuk equatiotf’ as described i&q.2:

6ENEaaiQiAZ® YOt 60 Eq.2
where Copolyme} and [Sali arerespectively the copolymer and inorganic salt weight
percentages (wt%). Three different studies were attained for the phase diagrams design:
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the inorganic salt type, the copolymer type and the presence of adjuvants (Fli@fh X
and Triton %X114). In thissense, for the inorganic salt type study, four salts were used:
KoHPQy, KH2PQ, KsPOy and KeHPQW/KH2PQu, beingPluronic =35 and Triton X100
maintained constant. For the second study, different copolymers (PlureBi; L
Pluronic 10R5, and Pluram 17R4) were studied whilpotassium phosphate buffer
(KoHPQW/KH2PQy, pH = 6.6) was kept constaritinally, the impact of small amounts of
Triton X-100 andTriton X-114 (1 wt%) was studied for the system dadnted by
Pluronic L-35 andpotassium phosphabuffer (pH = 6.6).

The tielines (TLs) were determined by the gravimetric method originally proposed by
Merchuk et al'®, for the extraction points presented Table S7, to calculate the
composition of the twghases in equilibrium. The compositions of copolymer and salt
in the top and bottom phases were obtained as well as dieetiength TLL),*%8 being

the data presented Figure S11 andTable SBin SI.

3.1.2.2.2. Measurement of the AMTPS cloud point curves

The AMTPS coexistenceurves were carried out by the cloud point metfaderein,

the AMTPS corresponds to the ATPS top phase, which was composed of potassium
phosphate bufferkpHPQw /KH2PQy) at pH = 6.6 or water and a different copolymer
(Pluronic L-35, Pluronic 10R5 or Pluronic 17R4). For the AMTPS using TritehlA

as adjuvant, the ATPS top phase also displayed this component. Basically, this
procedure consists on a visudéntification, while raising the temperature, of the point

at which a mixture with known compositions becomes turbid (biphasic system),
indicating the system cloud point. The experimental curves were obtained by plotting
the cloud pointversusthe copolyme mass concentration. These curves represent 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). Once the
cloud point curves were measured, a mixtpont for eachsystem in the biphasic
region of both the ATPS and AMTPS was selected, at the lovoepolymer
concentration and temperatupessible The experimental mixture in the ATPS was
selected with 23 wt% of copolymer and 6 wt% of potasspimosphate buffer (pH =

6.6), for a final volume of 5 mL. It should be noted that the copolymers concentration in
the cloud point curves are not identical for all the studied systems since for Pluronics

10R5 and L35, there is not a biphasic region for cenizations lower than 22 wt%.
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3.1.2.2.3. ATPS coupled with AMTPS to separate model protéeirsingle
protein purification

Two pseudeernary systems composed of 23 wt% of Pluronic 10R5-8% k 6 wt% of
potassium phosphate buffer + 71 wt% of proteins solution aedqoaterngy system
constituted by23 wt% of Pluronic E35 + 6 wt% of potassium phosphate buffer + 1
wt% of Triton X-114 + 70 wt% of proteins solution were studied as the purification
platforms for three model proteins: cytochrome ¢ (0.5%.azocaseirf0.3 g.L') and
ovalbumin (1.59 g.&).
On the first step of purification (ATPS), the systems were homogenised for 2 RGt 25
and then these wercentrifuged for 10 min, at 2%, and 1500 rpm. These conditions
allow the two phases formation and equilion, after which both phases were
collected, their volumes and weights determined, and the proteins quantified-WisUV
spectroscopy, as described below. For the second step of purification, the
top/copolymetrich-phase was used to the AMTPS formatiominly the systems
composed of Pluronic 10R5, Pluronie3b and Pluronid.-35 + Triton X114 left at 39
°C, 44 °C and 40°C overnight, respectively. Both phases were then collected, their
volumes and weights determined, and the proteins quantified bYis/8pectroscopy,
at a wavelength of 280 nm for ovalbumin, 342 nm for azocasein and 409 nm for
cytochrome c. Calibration curves were performed for each model protein. The analytical
quantification was performed at least in triplicate, and, to prevent poss#ferences,
blanks were routinely applied. For both steps of purification (ATPS and AMTPS),
several parameters were determined. The partition coeffickntfar each model
protein was calculated as the ratio between the equilibrium concentratioespobtain
in the top phase ([Praf] and the protein in the bottom phase ([Ry)otJ o facilitate the
analysis, the K results were normalized through their logarithmic function, as described
by EQ.3:

1T 17T e— Eq.3
The recovery parameter of each protein towards the%dpe¢ Top and the bottom
(%Rec Bottomphases was determined by the ratio among the protein mass on top or
bottom phases, respealy, and the initial protein mass applied in the systEns( 4
andb):

PYQd#E 1 p T Eq.4
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P'Y'Q®E 6 0 £-4& p T Eq.5
Since the main intention was to measure the selective partition of the pragns (
protein A and protein B), the selectivity) (parameter was analysed througgn 6:

A— Eq.6

3.1.2.2.4. Integrated ATPS and AMTPS complex purification mixture

In order to mimic a real system, the three model proteins were simultaneously
separated. The most selective integrated system identidge@3 wt% Pluronic k35 +

6 wt% potassium phosphate buffer (pH = 6.6) ATPS + AMTPS, was applied for the
separation bthe proteins from the complex mixture.

The quantification of the proteinaixed togethemwas performed using size exclusion
chromatography (SEEPLC). The topand bottom phases upon separatware

i njected i nto an AKTAE pur iitei exclusios y st em
chromatographer equipped with a Superdex 200 Increase 10/300 GL chromatographic
column prepacked with crosslinked agards&tran high resolution resin (GE
Healthcare) to quantify the three model proteins. The column was equilibrated With 0.0
M of potassium phosphate buffer (0.14 M NaCl, pH = 7.4) and eluted with the same
buffer at the flow of 0.75 mL.mih The quantification of each proteins was carried out

at 280 nm by FPLC/UV sizexclusion methodThe purification performance of the
integrated process was evaluated based on recovery yield (R%) and purity (P%) for all
the three model proteins. The recovery yield was calculated by dividing the protein
weight in the purified fraction by the initial protein weight (before purification). In
terms of purity, this parameter was calculated by the weight percentage of the desirable

protein (eithecytochrome c, ocalbumin or azocagemthe purified fraction.

3.1.2.2.5. Isolation of model proteins

The polishing step was performed for the purified proteirases envisioning the
industrial applicability of this integrated approach. The acid precipitation of azocasein
was performed from the top phase of AMTPS, using 0.1 M of trichloroacetic acid
(TCA), being the pellet dissolved in 0.1 M of NaOHdure S12of Sl). The copolymer
recovery through azocasein precipitation was also confirmecdhuayear magnetic
resonance NMR) and Attenuated Total ReflectionFourier Transform Infrared

SpectroscopyATR-FTIR). The recovery of both cytochrome ¢ and ovalbumin in the
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bottom phase of ATPS was achieved through ultrafiltration using a 30 kBaffcut
membrane, through Amicon UltEb Centrifugal Filter Units.

3.1.2.2.6. Environmental assessment

The environmental evaluation of the downstream process developed in this work, was
carried out by the estimation of its carbon footprint for the most performant separatio
system [Pluronic 35 + potassium phosphate buffer,tfPQ/KH2PQ)]. The analysis

of the carbon footprint was done considering the application of both (i) ATPS and (ii)
AMTPS platforms, the proteins fractionation using ultrafiltration (iii) as well as for the
polishing step using acid precipitation (iv). The carbon footprint is the sum of
greenhouse gas (GHG) emissions, associated with the system tested, expressed as mass
of carbon dioxide equivalent (G@;) from a life cycle perspective.

The production of all theolvents (potassiurphosphate buffer, Pluronic-85 triblock
copolymer, TCA, NaOH, distilled water), and the electricity consumed during the
operation of theequipment was included in this assessment. Data on the amounts of
solvents, distilled water and equipment operating time were obtained during the
experiment, while equipment power was taken from equipment catalobalele ().

Data on GHG emissions frorhe production of all solvents and electricity were sourced
from Ecoinvent database version 3.4, being presentefiable S10.2%° The GHG
emissions for the production of distilled water were calculated based on GHG emissions
from tap water produain'’® and GHG emissions from electricity consumption during
the distillation process. The carbdootprint was calculated fat kg of the aqueous

system.

3.1.3. RESULTS AND DiscuUssIiON
3.1.3.1. Design and characterization of the separation process

The present work reports a novel approach for the separation of proteins. This is divided
into two sequential liquidiquid extraction steps, a first step basedcamATPS and a

second step basedamAMTPS.

3.1.3.1.1. Measurement of the ATPS phase diagrams dielines

The ATPS were characterized through the measurement of the phase diagrditns and
aiming at understanding the effect of different inorganic salts and the copolymer nature
along with the influence of surfactantsed as adjuvanten their formation. The phase
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diagrams were determined for all the ATPS studied, as depictadures 26, 27, and

28. All curves weredetermined using the cloymbint titration method at 25 +9C and
atmospheric pressure. The experimental points wereelated using the Merchuk
equationt®’ Its parameters (A, B and C) used on the description of the experimental
binodal data as well as the experimental data for the phase diagrams are reported in
Tables S11-S14. The experimental'Ls, along with their respective lengthLLs), are
reported inTable 8. TheTLL is a numerical indicator of the difference between the
compositions of the two phases and it is generally used to correlate trends in the
partition of solutes between both phases. The mixtures with total compositions along a
specific TL have different mas or volume ratios from those of the two coexisting
phases, though the composition of each phase is maintained.

Regarding the effect of inorganic salts in the ATPS formation, their aptitude to promote
the phase separation was studied potassiumphosphate salts, namely-HPQy,
KH2PQy, K3PQyw and Ko2HPQWKH2PQy. The study ofinorganic salt nature has been
performed on ATPS composed of Pluroni€3h as the phase former in presence of
small amounts of Triton X00 irca of 1 wt%) - Figure 26. Herein, the ability to
promote the twghase formation follows the order:sRQ: > K HPOJ/KHPOy &
KoHPQs > KH2PQs. In general, thepotassiumphosphate salts with highealting-out
strength exhibit a wider biphasic region. This observation corroborates the qualitative
trend on the salt cations ability to induce fadting-out nature of the copolymer, which
follows closely the Hofmeister serfééwith KH.PQ, and KsPQ, being the weakest and
strongestsaltingout agents, respectively. Considering the buffer capacity of the
potassium phosphate bufig¢.:HPQW/KH2PQy), a very attractive aspect for the proteins
separation, along with its fairly large biphasic region, this system was adopted in the

following studies.
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Figure 26. Phase diagrams of the copolymermBhic L-35 and inorganic salt§t)’ K, HPOs; (0) KH2PO;
(z ); KsPOQsand (/) K2HPOW KH2PQy; at 25°C. The lines represe the Merchuk fit througliq. 2.
The presence of a surfactant as adjuvant was evaluated in terms of its ability to promote
the twophase formation by using small amouKtgca of 1 wt%) of two nomonic
surfactants, namely Triton-X14 and Triton X100. These surfactants possess a similar
chemical structure, varying only in the number of ethoxylate groups forming the
surfactant6s crown and factants snfluencetwas ahayysed op hi |
in a Pluronic L35 + potassium phosphate buffeased ATPS and compared with the
conventional system (without any adjuvant presemigure 27. The results show that
the use of these esurfactants does not significantlyfedts the binodal curves, and thus

the phases separation in this system.
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Figure 27. Phase diagrams of the copolymer Pluroni83.+ potassium phosphate buffer (pH = 6.6),
withoutt he addi t i on); and wits theaddiioo of 4 wtt% of Hiton X100 (/); and Triton
X-114(0); at 25°C. The lines represit the Merchuk fit througkq.2.
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The copolymer nature (normakrsusreverse) and composition (weight percentage of
PEG units) were two other aspects explored on the phase diagrams. Three different
copolymers were selected, namely Pluronics 17R4, 10R5 &%dnd studied using a
pseudeternary system composed of potassiymosphate buffer (pH = 6.6). The
respective phase diagrams are preseriigunire 28, where a tendency can clearly be
established, considering their capacity to form two phases, as Pluronic 17R4 > Pluronic
10R5 > Pluronic E35.
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Figure 28. Phase diagrams obtained for the copolymers: Pluronic 1@8R4P{uronic 10R5 £ ); and
Pluronic L-35 (/) + potassium phosphate buffer (pH = 6.6), aP@5The lines reprent the Merchuk fit
throughEqg.2.

Herein, Pluronic 17R4 holds the wider biphasic region, due to its more hydrophobic
nature, considering the 60 wt% of PPG in its composition compared with the 50 wt% in
the remaining copolymers. In contrast, Pluroni@3_displays the narrowest biphasic
regon, though with only a small difference for Pluronic 10R5. This difference is a
result of the copolymer structural rearrangemest, Pluronic L-35 is composed of
repetitive units of PEGPPGPEG, while Pluronic 10R5 presents sequences of-PPG
PEGPPG. Theefore, the normal copolymer evidences a higher hydrophilicity owing to

the two PEG units, resulting in a lower ability to form the-ptases.

3.1.3.1.2. Measurement of the AMTPS coexisting curves

As thermeresponsive copolymers, these systems can be induced to forphases

using temperature as the driving force. The cloud points were determined, and the phase
diagrams are presentedkigure 29. These results show that the copolymer nature and
composition display a major effect on the AMTPS formation, namely upon the cloud
points. Once again, the ability of the copolymers to form the biphasic region follows the
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tendency of Pluronic 14R4 > Pluronic 10R5 > Pluroni89. The main difference is
thatnow, there is the formation of an AMTPS instead of a simpler ATPS, which means
that the phase separation occurs due to the micelles coalescence in one phase and is not
a result of the copolymer beisgltedout by the salt. Herein, there is a complex bak

of distinct interactions (electrostatic interactions, hydrophobic associations, hydrogen
bonds and van der Waals forces), which in turn affects both smilute and solute
solvent interaction& Moreover, it is well known that the addition of a-garfactant

can, not only reduce the system cloud points, but also improve the system extractive
performancé*®? This is the best option in terms of the cloud point extraction of labile
proteins, and thus, the quaternary system composed of PlureBic 4 potassium
phosphate buffer (+ wat) + Triton X114 was also characterized and depicted in
Figure 29 (dashed line and square symbol). Through these results, it is visible a slight
reduction of the cloud point temperatures of this system in comparison with the pseudo
ternary system compodeof Pluronic =35, but in absence of Triton-X14 as ce
surfactant. Since both Plur@enL-35 and Triton X114 are nomnic surfactants above

their CMC, nonionic mixed micelles are formed. Nevertheless, it seems that there is a
dominance of the copolymen ithe aggregates formation, since it is present in higher
concentration.
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Figure 29. Coexistence curves for the ternary systems with potassium phosphate buffer + water +
Pluronic 17R4(Dz Pluronic 10R50); and Pluronic £35 (= ); and for the quaternary system composed
of potassium phosphate buffer + Pluroni@% + water + 1 wt % of Triton X414 (-y/--).

3.1.3.2. Optimization of the proteins partition applying ATPS and AMTPS

Once the phase diagrams had been characterized, a mixturevpsiselected, taking
into account two criteria, the water content, and an appropriate temperature, above the
system cloud point, but not too high to maintain the proteins thermal stability. As
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previously mentioned, cytochrome c, azocasein and ovalbueri@ the model proteins
selected Table S15). The ternary system composed of Pluronic 17R4 was not used due
to experimental restrictions imposed by its very low cloud g@meC).

Thus, the systems studied in the partition of proteins were the ones constituted by
Pluronic L-35 and Pluronic 10R5 and the quaternary system composed of Pluf8hic L

+ potassium phosphate buffer + water + Tritod24. The ATPS and AMTPS prepared

to perbrm the partition tests are exemplified by the particular case of PlureBicds
presented ifrigure S13 of SI.

The recovery and partition coefficient data obtained for each model protein in both (top
and bottom) phases of the ATPS and AMTPS were detedn and the results
presented ifFigures 30, 31, S14 andS15 (SlI). From the Recovery results displayed in
Figures 30 and 31 andcorroborated by the partition coefficient défagures S14 and

S15 of SI), it is clear the cytochrome c (red bars) preferential partition to the
bottom/sakrich phase whereas azocasein (blue bars) was completely recovered in the
top/copolymetrich phase. Contrarily, the ovalbumin (green bars) partition was found to
be dependent on the system, since for Pluroni@5tbased AMTPS, ovalbumin is
mainly recovered in the top phase, while for Pluronic 10R5, this protein partitions

preferably for the bottorphase of the ATPS.

Pluronic L-35 + Triton X-114 Pluronic L-35 Pluronic 10R5
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Figure 30. Recovery data obtained for the three proteins regarding top/copetighgrhase (%Rec Top
and bottom/saltich phase (%Rec Bottorhand respective standard deviatioe$ By using the different
ATPS: cytochrome c, Cyt ¢/f; azocasein, Azoy(); and ovallimin, Ova {/). For each system studied the
selectivity results are reported.

The cytochrome c preferential partition to the -sah phase can be improved by the
proper choice of the copolymer, being this partition more pronounced for Pluronic 10R5

(%oRecBottom= 95 £ 5 %). It is also clear that electrostatic interactions between
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proteins and the buffer salts are not t he
partition behaviour since bottytochrome cand ovalbumin partition varies with the
copolymer aplied. For instance, when the normal is replaced by the reverse Pluronic,
the ovalbumin partition tendency completely changed with around 60% of this protein
being concentrated not in the polymeric phase but in theislalphase. This leads to

the conadlision that some more specific interactions between the copolymers and
ovalbumin should be occurring and dictating its partition. Likewggochrome c
recovery is also improved with this copolymer replacement, suggesting that the more
hydrophobic charactef Pluronic 10R5 might be forcing mocgtochrome ¢o migrate
towards the more hydrophilic phase.

Regarding the presence of Triton-144 as cesurfactant, it was found that the
ovalbumin recovery is enhanced by 20% to the copolmobrphase. This raforces

the notion that some specific interactions between the system phase formers and the
proteins contribute to their partition.

To further elucidate the ability of these systems to separate the proteins, the ATPS
selectivity was also determineds expected, higher selectivity values were obtained

for the Pluronic E35 in the partition of ovalbumin and cytochrome c. Even though the
presence of Triton X14 affects theroteinspartition, a negligible effect is observed
when the proteins selectivity (empally Svaccyt § is investigated. Nevertheless,
outstanding selectivity values were obtained for the partition of azocasein and
cytochrome c in all the studied systems (S > 1250).

Sequentially, the ATPS top phase was submitted to a temperature abolmithpoint

of each system and allowed it to separate into two macroscopic phases, aiming at
separating ovalbumin and azocasein in the dfndufe 31). Once again, azocasein
migrated completely towards the top/surfactach phase while ovalbumin partitied
mostly to the bottom/surfactapbor phase. The ability to fractionate both model
proteins in the AMTPS is described by the trend: Pluronic 10R5 < PlureBic+.1 wt

% Triton X-114 < Pluronic E35. The differential partition between the two proteias

be explained by their molecular weights and hydrophobic/hydrophilic chataétd@he
smallestand more hydrophobic protein, in this case azocasein, is recovered inside the
micelles, while ovalbumin, due to its higher molecular weight and more hydrophilic
character, is excluded to the most hydrophilic phase, the surfpc@anphase. As far as

the pseudeternary and quaternary systems with Pluroni83_are concerned, it can be

assumed that the micelle complexity of the quaternary AMTPS hinders the partition of
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ovalbumin towards the surfactamth phase. Therefore, the addition of astwfactant
IS not so selective as it was in the first separation step, probably by the nature of the
mixed micelles created. Taking these results into account, the system with Pluronic L

35 was identified as the most selective system for the two fractionation steps.

Pluronic L-35 + Triton X-114 Pluronic L-35 Pluronic 10R5
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Figure 31. Recovery values obtained for the surfactéctt phase (%Rec Top and surfactanpoor phase
(%Rec Bottorpy with therespective standard deviatiohg applying AMTPS to separate azocasei (
and ovalbuminy(). For eactsystem studied the selectivity results are presented.

Ly .

3.1.3.3. Sequential fractionation of the protein mixture

The separation of the three protepresent in a single mixtunwas performed for the
most selective system composed of Pluroni85L+ potassium plsphate buffer +
water.The isolation of each protein from the phase formers was a step also investigated
in this work and corroborated by distinct techniques. Herein, two different parameters
were considered to analyse the proteins separation and pigifioating to the use of a
complex protein mixture, namely the proteins recovery (R) in each phase and their
purity (P). This data ipresented ifrigures 32 andS16(of Sl). As expected, the protein
partition of ovalbumin, azocasein and cytochromamaintained almost the same
partition profile as previously observed for each protein individual solutiderein,
cytochrome ¢ was completely recovered in the-igett phase of the ATPS (g ¢ =

100% and By c = 14%), which was an improvement compareith the individual
results of the proteins extraction. However, ovalbunailso partitioned almost
completely to the salich phase contrarily to the expected = 96% and Bva =

86%), being the remaining concentration separated from azocasein iredbeds
fractionation stepwhile applying the AMTPS. In this case, azocasein was completely

recovered in the surfactanich phase (o = 100% and Ro = 100%), whereas the
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remaining ovalbumin in the system was totally concentrated in the surfaciant
phase (Rva= 4% and Bva = 100%). The fractionation of proteins was finalized by
applying an ultrafiltration step to isolate cytochrome ¢ and ovalbumin, obtaining a
cytochrome c recovery of 89% with a 74% purity and recovering 97% of an almost pure
(99%) ovalbumin.Furthermore, a polishing step was added to this integrated process, in
order to enable the reuse of copolymer in additional purifications. For this step, an acid
precipitation of azocasein was carried out to promote the prst#dation from Pluonic

L-35, as represented iRigure S12 of Sl. The azocasein isolation and copolymer
recoveryto be further reusedere confirmed through NMR and FTIR, as shown in
Figures S17and S18 of Sl, respectivelyln Figure S18, the main differences between

the ageous copolymer solution (black) and the supernatant (red) presenting essentially
Pluronic L-35 are due to the amount of water present in the solut@fndg25 cmt:

water HO-H bend and 34063200 cm': water GH stretch).The potassium phosphate
buffer was not recovered since it is a media used to stabilize proteins.

Overall, high purities (> 74 %) were obtained for the four distinct polished stregms:

V), vii) andix), as presented iRigure 32. It should be stressdtatcirca of 5 wt% of
Pluronic L-535 is still present in streair); yet, this copolymer concentration is at an
acceptable concentration approved by FBA.

Summing up, a higiperformance separation process was here developed by the
sequential application of ATPS and AMTPS to separate ovalbumin (maximum yield
and purity of 97% and 99%, respectively), azocasein (maximum yield and purity of

100%) and cytochrome (maximum yield and purity of 89% and 74%, respectively).
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1) Proteins fractionation

Copolymerreuse
l ATPS Acid precipitation
o oL Centritugation Centrifugation
uronicL-
, TCA 9500 rpm,
PB 1500 rpm, 20 min AMTPS 10 min ((5 250C
P @ 25°C 0 '
Proteinmixture @ 44°C, 12 hours
water i) Vil pluronicL-35
> Vi) rich phase
i Pova =37%
> Rova = 4% Pazo = 100% L, Pax =100%
Pova = 66% P = 63% Razo =100% iX) Razo = 100%
Peyte =21% Razo = 100%
Pyo = 13%
iii) - Powa=99%
Pova = 86% ‘ V) Roya :_ 93% vii)
Rova = 96% Peyte= 1%
Peyic= 14% . Reyte= 11%
Reyic= 100% 0 . .
Poyie= 74% Pove= 100% 2) Polishing —
1Y), Reyic=89% Rova = 4%
. . POva =26%
Ultrafiltration - 30
_ ROva 3%
MWCO = 30 kDa PB-rich phase

Figure 32. Diagram of the integrated process to selectively separate cytochrome c (Cyt c), ovalbumin (Ova) and azoasein (Azo)sé@thetpatgy includes two stepfs
purification using, respectively, ATPS and AMTPS based on Pluroi3is &nd potassium phosphate buff&B (pH = 6.6). The purity ¢ and recovery (R of each step is

provided in the present diagram. An ultrafiltration was applied to improve tleeatem of Cyt ¢ and Ova argh acid precipitation was applied to isolate the Azo from
Pluronic L-35. The potassium phosphate buffer was maintained in theigtzphase as a stabilizing solution.
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3.1.3.4. Environmental assessment

Figure 33 shows the results of the carbon footpriot the novel protein
purification platform from a complex matriger 1 kg of agueous systenThe

total carbon footprint is equal tal7 kg CO, ¢ The contribution ofthe
fractionation process (7Rg CO: ¢q), Which includes the ATPS, AMTPS and
ultrafiltration steps, represents67% of the total carbon footprint ands
dominated by theultrafiltration step (~49%) The proteins isolation process
contributes with39 kg CO» ¢q This process encompasdbe aad precipitation

step, representing ~33% of thatal carbon footprintThe main contribution to

the carbon footprint comes from the electricity consumption, more precisely, the
electricity consumption in the centrifugation processethefultrafiltrationand

acid precipitation steps (representing a contribution of 99.6 % and 99.9 % of the
carbon footprint for each step, respectively). The carbon footprint of the ATPS
step is also dominated by electricity consumption, mainly by the centrifuge,
contributingto 95 % ofits carbon footprint. However, it should be noted that the
energy consumption of some equipment should be reviewed in view of the

system industrial implementation.

kg CO, eq.
120 ’ 100%

100

80

60 49.4%

32.9%

40

17.4%

20

0.30%

ATPS AMTPS Ultrafiltration Acid Total
precipitation

Figure 33. Carbon footprinfor the two scenariogroposed for kg of aqueous system.

3.1.4. CONCLUSIONS

An integrated purification platform composed of ATPS and AMTPS was here proposed

for the fractionation of different biomolecules present in complex matrices. Both the
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ATPS and AMTPS were first characterized, and then applied in the fractionation of a
mixture of three model proteins, namely cytochrome c, azocasein and ovalbumin. The
results herein obtained showed that the ternary system composed of PluBmi@3

wit%) + potassium phosphate buffer (6 wt%) was the most selective system as proved by
the seletivity values achieved: A2icy=1667, Bvacy=5.33 and oova=1676. The
combination of these two liquilquid extraction units emerged as an attractive
platform to improve the extraction and purification of proteins, with a final fractionation
of cytochrome c¢ and ovalbumin being achieved through ultrafiltration and an acid
precipitation carried out to isolate azocasein from the copolymer. Finladlycarbon
footprint was evaluated to better understand the environmental impacts of this new
protein puification process. The main contribution to the total carbon footprint of the
system comes from the ultrafiltration (~49%) and acid precipitation (~33%) steps

mainly due to their energy consumption.
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3.2. RECOVERY OF BROMELAIN FROM PINEAPPLE
STEM RESIDUE USING AQUEOUS MICELLAR
TWO-PHASE SYSTEMS WITH IONIC LIQUIDS AS

CO-SURFACTANTS

This chapter is based on the published manuscript:
Filipa A. Vicente, Luciana D. Lario, Adalberto Pessoa Jr. and Sonia
P.M. Venturg
A R e c o vBramglaindrobm Pineapple Stem Residues Using Aqueous
Micellar Two-Phase Systems with lonic Liquids as-Sarfactants.
Process Biochen2015, 51 (4), 52834.

3.2.1. INTRODUCTION

Brazil is the third largest producer of pineapp@sing to its vast territory and
appropriate climate conditiot$® Not only are pineapples of interest ithe food
industry, but they are also a rich source of valuable enzymes such as ananain,
phosphatases, glucosidades, peroxidases and, mainly, braMelEis, pineapples
productionallows the valorisationof an abundant resource. Bromelain is a mixture of
cysteine endopeptidasé® 7 thatis mainly composed of pineapple stem bromelain
(80%), pineapple fruit brontein (10%) and ananain (5%lHowever, it may also be
found in lower concentrations, in pineapple wastes, namely peel, core, leaves and
crown!’*177.178 This group of proteasesad been shown to be absorbed in the
gastrointestinal tratt® and to be safe to humaté:*"5therefore, it came used as a food
supplement and in pharmaceutical formulatibig’’Within its medical applicabns, it

has been reported the bromelahility to inhibit both platelet aggregati and the
proliferation of different tumour celldyesidesits anttinflammatory, antithrombotic,

antiedemateous and fibrindly activities ¢eviewed in17%89, In this sense, the

§ Contributions: F.A.V. andL.L. acquired the experimental data. F.A\D,L. and S.P.M.V. wrote the
manuscript with some contributions from A.P.J..
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purification of bromelain from pineapple stem (the richest part haf fruit on
bromelain) is highly recommended since thiscigrently a residuewith very low
applicability. The commommethodologiesbeing appliedto the bromelainextracton

from pineapple stems are etharPEG! and ammonium sulphat&:'8precipitations.

For bromelain purification, the litature tas described the use ofeverse micellar
systemg®2188 conventional polymesalt’>177:178.18493 gnd polymetpolymert® ATPS,

as well assome chromatographic techniqué%!®® However, only the first two
techniques act in mild operation conditions and are economically advantageous.
Furthermore, polymeribased ATPS display some restrictiontated to the limited
range of polarities lheeen the coexisting phasethe high cost of some polymers
usually employedd.g.dextran), and their high viscosities, which all limit the sagde
process® When saltbased ATPS employing inorganic salts (often corrosive) are used,
additional requirements regarding the equipment maintenance and the wastewate
treatment apped?’ Thus, there ishe need for alternative purification systems that are
capable of separating bromelain from the remaining contaminants present in the stem
pineapple natural composition. Although ATPS are claimed & @vomising
fractionation/purification processé¥'%° the need for more biocompatible phase
forming agents that can minimize their potential negative interaction with proteins
(denaturation and conformational alteratipresxd more benign from an environmental
point of view, is required. In this sense, AMTPS have been proposed as alternative
purification techniques when proteins and/or enzymes are inyé¥pdncipally due to

their outstanding ability to maintain the native fmymations and biological activities of

the target molecule$! Combining this with the enhanced ability of mixed AMTPS to
selectively fractionate and purify (bio)moleculg$ these systems seem an
environmental friendly alternative to thomelain purification For that purpose, the
extraction and purification of bromelain from the pineapple stem using different
combinations of AMTPS basedn Triton X114 and Mcllvaine buffer with

imidazolium and phosphoniu®AIlLs as cesurfactants was here performed.

3.2.2. EXPERIMENTAL SECTION
3.2.2.1. Materials

Commercial bromelairirom pineapple stem {3 unitsmg? protein) was acquired at
SigmaAldrich (St. Louis,MO, USA, product code B4882), and the pineapp@lagnas
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comosu}p used was purchased at a local market in S&do Paulo, BBapinelain
substrate, azocasein, and \werepbtamedih Bigm&t or cys
Aldrich, alongsidethe nonionic stfactant Triton %114 (laboratory grade, structure

present inTable 5) and bicinchoninic acid (BCA, product coB8643) The Mcllvaine

buffer components,e. sodium phosphate dibasic anhydredéeHPOs ( pur ity O 99 %
and citric acid anhydrousCeHsOy7 (purity = 99.5%) were supplied by Fisher Chemical

and Synth, respectively. The studied imidazolibased SAILs, 1-decyl3-
methylimidazolium chloride [@mim]ClI (purity > 98 wit%), 31dodecyi3-
methylimidazolium chloride [@mim]CI (purity > 98 wt%) and -Inethyl-3-
tetradecylimidazolium chloride f@mim]CI (purity > 98 wt%) were acquired at lolitec

(lonic Liquid Technologies, Heilbronn, Germany), and the phosphcebasedSAILs:
trinexyltetradecylphosphonium  bromide 6g3,14Br (purity = 99.0 wit%),

99 wt%) and
trihnexyltetradecylphosphonium bis (2,4rdmethylpentyl)phosphinate §Re,14[TMPP]

trinexyltetradecylphosphonium decanoates dB14[Dec] (purity
(purity = 93.0 wt%)were kindly supplied by Cytec. The chemical structures of the

cations and aonhs composing the list dBAILs herein investigated are depicted in
Table 5.
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Table 5. Chemicalstructure of the naanic surfacant, Triton X114 and the SAILsised.

[C1omim]* Cr
OH (\/\/\/\/\/\/
a
/—1 )
0 /
[C14mim]+
Br
Triton X-114, n =78 . J\/\/\/\/\
/_/_/_E_F J_/—/ -
[Pe6,614" o’ W
[TMPP-
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3.2.2.2. Methods

3.2.2.2.1.Preparation of bromelain stock solution

To prevent the bromelain denaturation, a specific bt¥fferas prepared containing 50
mM of Mcllvaine buffer at pH 0, 100 mM of EDTA and 300 mM of KCI. A
bromelain stock solution of 20 mMas prepared in this specific buffer using the

commercial enzyme (high purity level), which was used in the following studies.

3.2.2.2.2.Stability studies of commercial bromelain in Triton-X14 and
SAlLs

The experiments of bromelastability were performed iMcllvaine buffer at pH 0

and at 20 £ 0.1 °C (temperature at which the solution is still clear,below the cloud

point, 30.6+ 0.2 °C for 10 wt% of Triton x114).

For all the stability experimental tests, falcon tubes were weighed with 0.25 g of the
bromelain stock solution (20 mM). The tubes were completed with: (i) 0.25 g of Triton
X-114 (final mass composition of 10 wt%) and 2.00 g of Mcllvaine buffer to perform
the enzyme stability tests in the surfactant; and (i) 0.0075 g of each SAIL (final mas
composition of 0.3 wt%) and 2425 g of Mcllvaine buffer for the stability tests to
assess the effect of the different SAILs under study. All tubes with a final weight of 2.5
g were rapidly homogenized by hamixing, and then placed in a thermostatithbat a
controlled temperature of 2D+ 0.1 °C. A controlsolution was preparecdtcomprising

0.25 g of bromelain stock solution and 2.25 g of Mcllvaine buffer, exposed to the same
conditions of the previous solutions (temperature and timexpsition), hough
without the presence of Triton-X14 or SAILs. Theenzyme activitywas monitored

over a 24 h period, with samples being taken at 0 h, 1 h, 2 h, 4 h, 6 h and 24 h of
exposure. The experiments were performed in triplicate and the respective standard
deviations were calculated.

The relative bromelain activity was determined for all systems regarding the ratio
between the enzyme activity (U.m).in presence ofhe surfactant or SAIL and the
enzyme activity .mL?) in the buffer solution (without the presence of surfactant or
SAIL), as described bkq. 7.

YQa 0d &0 QU Qo2 Eq.7
where Actqv. IS the bromelain activity in each solvent at a specific time (O h, 1 h, 2 h, 4
h, 6 h or 24 h) and Aefreris the enzyme activity in the buffer solution at the same time.
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3.2.2.2.3.Protein quantification and protease assays

The total protein content was determined by the Bicinchoninic Acid (BCA, product
codeB9643, Sigma AldrichSt. Louis, MO, USA method?®? Proteolytic activity was
measured by the digestion of the choganic substrate azocasein according to Charney
and Tomarelf® with some modifications. Briefly, the apgmoate dilution of the
commercial enzyme (150 pLpr the enzyme present in each of the phases of the
AMTPS was incubated for 20 min at.87+ 0.1°C with 150 pL of 0.5% (w/v) of the
azocasein solution in 50 mM of the Mcllvaine buffer (p8, guaranteeingo effects of

pH in terms of bromelain activif}?® with 0.96 mM of cysteine. The reaction was
stopped by adding 150 uL of 108/v) of TCA. After centifugation (5 min at 13000

rpm) of the reaction mixture, 100 pL of supernatant was mixed with 100 pL of 0.5 M of
KOH, and the absorbance was measured at 430 nm against the appropriate control
samplej.e. an identical system was prepared for each AMTPBwithout the presence

of the enzyme to remove any possible interference with the components of the AMTPS
systems in the absorbance experimental data (blank control). Samples were assayed in
triplicate, and the activity was expressed in units of enzymeitgotU.mL?1). One U

was defined as the amount of enzyme that led to an increase in the absorbance measured
of 0.0001, under the assay conditions. The total protein and enzyme activity data were
determined using a microplate spectrophotometer, model rapdtax Plus 384
(Molecular Device, Sunnyvale, CA, USA).

When assays were determined using the pineapple crude extract, the enzymatic activity
was evaluated accordingly to the bromelain specific activity (SA), accordiBqed

and9:

2% Eq. 8

"YO Eq.9

where R\surfactanpoor phase@Nd SAurfactantich phase ACtsurfactantpoor phased AClsurfactantich phase
and [total proteinSurtactanpoor phase@nd [total proteinsifactantich phaseare thebromelain
specific activity (Umg?), the bromelain activity inU.mL? and the tadl proteins

concentration in mgiL, in both thesurfactarpoorand-rich phases, respectively.
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3.2.2.2.4 Partitioning studies of pure stem bromelain by applying AMTPS

The AMTPS binodal curves used in this work were recently reported by Ars
AMTPS mixture point corresponding to 10 wt% of TritorlX4, 0 wt% or 0.3 wt% of
each SAIL tested, 10 wt% of a 20 mM bromelain stock solution, completed with
Mcllvaine buffer at pH 2 (final volume of 10 mL), was gravimetrically prepared in a
glass tie for each studied system. Then, the tubes were left for 2 houtsla®@in a

tube rotator apparatus model 270 from Fafen25 rpm, to guarantee the complete
homogenization of the system. Since the AMTPS is not formed°&t(thonophasic
solution),the systems were homogenized withtheé bromelain partition since the two
phase were not formed at this temperatugibsequently, the systems were moved to a
water bath at 30 = 0.1 °C (guaranteeing no effects of temperature towards the
bromelain actiity'°% for 3 hours to reach thermodynamic equilibrium thus, completing
the phases separation and the partition of bromelain. With these conditiosysteéras
resulted in asurfactantrich and a surfactarpoor phases as the bottom and top layers,
respectively. Both phases were carefully separated, and then collected for the volume
measurement with a tube of 10 mL, and bromelain activity was deterrbinede
azocasein method. The analytical quantifications were performed in triplicate. Any
interference from the AMTPS components (TritorlX4, Mcllvaine buffer or SAIL,
when present) with the analytical quantification method was investigated and prevented
by routinely applying blank controls. Therefore, theomelain partition coefficient
(Kbromelai) Was calculated as the ratio between the protease activitgL(®) in the
surfactaripoor (top) and the surfactarith (bottom) phases, as describedtmq 10.

0 Eqg. 10

where  Acturfactanpoor phase 8Nd ACtsurfactanrich phase are the bromelain activity in the
surfactardpoor and rich phases, respectively.

The recovery (R) parameteo$ each molecule (bromelain amnotal proteins) towards
the surfactanrpoor (Rsurfactanpoor phasp and thesurfactantrich (Rsurfactantich phas) phases

were determined followinggs. 11 and12:

Y — Eq. 11

Y _— Eq. 12
where R stands for the ratio between the volumes (mL) ofttfpeand bottomphases
and K represents the enzyme partition coefficient. It should be stressed that these
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equations are only valid when there is no protein precipitation in the interface, which is
the case for all the studied AMTPS.

3.2.2.2.5. Partition studies of bromelain extracted from the pineapple stem
by applying AMTPS

To obtain the bromelain crude extract, the
(central part witrcirca of 7 g) was cut into pieces and milled using a mortar and pestle
in ice. Then, 10 mL of bromelain buffer was adgd&ad the crude extract olntad was
centrifuged for 10 min at 4000 rpm. The supernatant used in plesgon experiments
was diluted for comparison purposes, aiminglaiining a bromelain mixtureith an
identical initial specific enzymatic activity to that obtained from thegpagommercial
bromelain(~5000 Umg?).

For the puriication/fractionation studies, the previous ggdurewas used but by
replacing the pure bromelain B0 wt% of the diluted supernatanthe partition
coefficient for total proteins was determined as tiatio between théotal protein
concentration (mgaL™Y) in the surfactaspoor (top) and surfactamich (bottom)
phases, as describedHq. 13:

0 Eq. 13

where [otal proteins]surfactanpoor phase@nd [total proteinSiurfactanvich phase @re, the total
proteirs concentréon in thesurfactaripoorand-rich phases, respectively.
The selectivity was also evaluated using the ratio of the bromelain and the total protein

partition coefficients followindeq. 14:
Y T _ Eq. 14

where Kyromelain@Nd Kotal proteinsare the bromelain and total proteins partition coefficient,

respectively.

3.2.2.2.6. Sodium dodecyl sulfatpolyacrylamide gel electrophoresis (SBS
PAGE)

The surfactant used interferes with running the $H2&E, therefore, a previous
protein precipitation was carried out to eliminate the solvent interferences in the SDS
PAGE experiments. Thus, 300 pL of each phase or bromelain crude extract or pure
bromelain solution (~0.4 mgLt) was mixed with 300 pL of TCA 1 (w/v) and

300 pL of acetone. These mixtures were left overnight at 4°C and were then
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centrifuged for 15 min at 13000 rpm4t: 1°C, with the supernatarteingdiscarded.

The precipitate was washed twice with acetone to remove residual TCA and the
centrifugation step was repeated and followed by a 30 min dry step in vacuum to
eliminate the residual acetone. Subsequently, the precipitate \wwaspended in 60 pL

of Mcllvaine buffer, pH 7 followed by the addition of 20 uL of sample buffer
(composd of 3 uL of sample and 1 pL of buffer) [62.5 mM TFHECI, 2% (w/v) sodium
dodecyl sul fate -mMeSxRA)p,t o eMéeh afovodlG0I% Hv/v)
bromophenol blue]. Then, the samples were boiled at0180.1°C for 5 min and
subjected to SD®AGE, asdescribed elsewhefé* A protein Ladder (BieRad,
Richmond, CA, USA), furnishing 12 bands from 2 kDa to 250 kDa, was used as the
standard. The proteins were visualized by staining with the Coomassie BBliignR-

250 and G250.

3.2.3.RESULTS AND DISCUSSION
3.2.3.1.Stability studies

Sinceproteins are very sensitive macromolecuf@gliminary studie®n the bromelain
stability in preence of all of the micellacomponents used during the extraction and
purification aremandatory. The bromelain relative activity for each component with
several times of exposure was determined in accordance with the prat®ageia the
buffer, used agontrol. The results obtained are depictedrigure 34 and show the

stability screaing for all the SAILs studied and the surfactant Tritoh24.
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Figure 34. Relativeactivity of the commercial bromelain in the specific buffer and in presence of the
different SAILs or Triton X1 14 at sever al h oyu,thsy, 2b;f/, 4 x,ptrs umer:d Y,
24h.
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Figure 34 clearly shows a distinct tendency between 8#Ls families, i.e., the
phosphonium family leads to a slight increase in the bromelain activity, whereas the
imidazolium interacted egatively with the enzyme, resulting in an abragtivity loss

that reacted values lower than 0.200. The phosphoniuimcrease in the bromelain
activity undoubtedly resulted from a positive effect ofsth8AILs on the bromelain
stability using only 0.3 wt% of SAIL, a behauiothat we have previoushgported as

the superactivity phenomend® In contrast, inTriton X-114 presencebromelain
displayed areductionin its enzymatic activity of ~40%Therefore, the partitioning
studies were carried out usitige mixed phosphoniwbased AMTPS and theMTPS
without SAILS, despitdts lower enzyme stability, for comparispuirposes

3.2.3.2. Partitioning studiesusingcommercial bromelain

As previouslymentioned, the pineapple stem crude extract is a complex medium with
different classes of contaminants, such as pigmamdsother proteins that can interfere
with the bromelain extraction and purification. Therefore, an optimization study using
commercial bromelain (high purityyas performedBromelain advity in presence and
absence of cysteine as an activatas analysd to evaluate the enzyme linearity
operationrange. The same procedure was implemented to determisaitaleleperiod

for the enzymatic reaction. From these preliminary studies, a 20 mM bromelain stock
solution and 40 min of enzymatic reactiime were chosen for further studies in
preence of cysteine. detitioning studies werg@erformed todeternmine thebromelain
specific engmatic activity(U.mg? protein) andpartition coefficient (K), as well as the
enzymerecovery (R%) in both phases. The resulire displayed ifigures 35.1) and

II), respectively.
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SA (U.mg?) N
5950

45
40

4950 35

30
3950
25
2950 20
1950 15
10
950
5
-50

Without SA”— [Pe,6,6,14B" [Ps 6.6, 14][TM PP] [Ps6.s, 1J[Deq

R (%) 1))
100

90
80
70
60
50
40
30
20
10

0

Without SAIL [Ps6.614Br  [Ps66,1d[TMPP] [Ps g6 14[Ded
Figure 35. Bromelain specific enzymatic activity (U.mgprotein) of the AMTPS without and with the

phosphonium family, for both surfactapbor (y) and -rich (Y) phases;and the enzyme partition
coefficient (Koromelain (¥); 1) bromelain recovery (% R) for bosurfactanipoor (/) and-rich (y) phases.
The lines connecting the K values are only for eye guide.
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According toall of these parameterdromelainpartitions preferentially towards the
surfactanipoor (top) phase due to iteydrophilic character anthe slight repulsion
between thenzymepostive charge ihedium pH below bromelainl = 9.54 and the
positive chargesof micelles!®* as a result of the SAILs incorporatiofihese results
were further corroboratethy the SDSPAGE analysis (Figure S19. It should be
stressed that the amount total proteins was not determined during this optimization
stepsincethe bromelain used was a commercial samplesaodld be pure goresent a
minor content of impuritiesThiswas further proven by the SEFFAGE results depicted

in Figure S19, where a bromelaibandwith a molecular weighof approximately 24
kDawas observed. These results mr@agreement with both literature (23.8 Kffaand
24.5 kD&%), andthe bromelain found in the crude extradbwever, here areat least
two otherproteinsapart frombromelainpresent in the pineapple stemamelyananain
(23.5kDa) and comosain (24.5 kDY asvisible at ~26 and 19 kDan the SDSPAGE
results Figure S20, respectively These proteins are always present in bromelain
stems though their moladar weight can oscillate accordingly to the biomass, as
already discussedr bromelainbands observed 88177 298 and 30 kDa’’

3.2.3.2.Purification of bromelainfrom the pineapple stem

Once established the preferentt@iomelain partition for the stfactantpoor phase,
independeny of the micellarsystem applied, partitioning studiesing the crude
pineapple stem extraatere carried outPineapple stem was usedraw material due to

its currentlow economicvalue and high bromelain content (80%). The results achieved
in the purification study a&rdisplayed irFigure 36 and include the bromelain specific
enzymatic activity,its partition coefficient as wke as bromelain and totaproteirs

recoveries in botkop and bottom phases.
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Figure 36. Bromelain specific activity (SA; U.mg* proten) at the surfactarmpoor §) and -rich (y)

phases of the AMTPS without SAland the phosphoniummixed AMTPS; the enzyme partition
coefficient: (Korometain,®), and the total protein coefficient: g& proteins ®); II) Bromelain(R brom) and

total proteins (R protjecoveies (%) in the togurfactardpoor andbottom/surfactantich phases for the

same AMTPS: \/, without SAIL; Y, [Pese614Br; VY, [Pse661d[TMPP]; andy, [Pese614[Dec]. The lines
connecting the K values aoaly for eye glidance

As expected, the enzyme partitions preferably towdrdsstirfactanpoor phase, with
recoverieshigher than 90% for all systems. Comparkigures 35.1) and 36.1), it can

be observed that there was an inverse tendency in the bromelés enzymati c a
sincein the assays witpure bromelain, aside frofs s 6,14Br-based AMTPShighest
enzymatic activity, all the remaining systems displayed an identical activity.
contrastin the assays with the real matrix, the bromelativitly followed a decreasing
tendency: withouSAIL > [Pe6,6,14Br > [Ps6,614[TMPP] > [Ps6.6,14[Dec]. These results
made patent the effect of all the other components withirpitheapple crude extract
sincethe SAIL stabilizing effect on the bromelaactivity was no longer as strong as it
was for the commercial sampléigure 34). Moreover, considering thestandard
deviation associated with théromelainK in both assays the enzymepartition was
identical in allthe AMTPS studied,namely~35 and~15, for pure and crude extract
bromelain,respectively. This considerable decrease in the partition coefficient can be

attributed to the complexity of the crude extract and the presence of other proteins that
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may negativelyinteract with bromelainRegardingthe selectivity Figure 37), the
AMTPS in absence of SAlLshowed the highest valfe20), while the mixed systems
displayedsimilar results(~10). Nonetheless, when these results are combined with the
recovery studies present Figure 36.11), it can be seen that the proteins recovery in
both phasesf the conventional systems artle mixed[Ps¢,614[Dec]-based AMTPS
exhibited similar results, maely a total protein recovery in the bottom phase slightly
above 50%.Therefore, everthough the selectivity of the AMTP®ithout SAILs is
much higher than the mixed s 14[Dec]-based AMTPS, theatter is also able to
purify bromelain in the surfact&poor phasgcf. SDSPAGE in Figure S21). This
behaviar may indicate that, with the proper optimization of the extraction conditions
(for instancepH medium), it may be possible to successfully separate bromelain from
the main contaminantand furtherincreasats purity. Overall, mixed AMTPS mawot

be the most selective systentigwards bromelainyet they are able to stabilizthe

enzyme, while the AMTPS without SAILs is not.

SDromelain/total proteins

25

[

15

N B

5

0
Without SAIL [Pe6614Br [Ps661d[TMPP]  [Pgg6.4[Ded

Figure 37. Descriptionof the selectivityparameter considering the partition coefficient ratio of bromelain
and the total proteins @g&melaid Ktotal proteing for the AMTPS with theSAILs under study and the traditional
AMTPS (withoutSAIL).

This the first time that these mixed AMTPS were u$adbromelain extractin and
purification so there isiot any dataavailable inliterature to be useds comparison.
Nonetheless, several studies applying conventional polgaigf>177.178.18993 gng
polymerpolymer® ATPS have been reportedasll asreverse micellar system&? 188

In the common polymesalt ATPS, the enzyme migrated prominently to the
organi¢polymericphase, and in thpolymerpolymer ATPS, it partitioned towards the
PEGrtrich phase. These results were explained as being due saltivegout effect of

the saltand combined with theexclusion volumeeffect of the polymet’’:178:189.191,192
hydrogen bonding with the polym&? hydrophobic interactiodg*!°*and electrostatic
repulsions® However, in the present study, bromelain partition occurred towards the
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surfactanipoor (aqueais) phase, therefore, it is obvious that this behavie probably

driven by the hydrogen bonghteraction created betwedsromelain and the water
molecules, alongside someelectrostatic repulsion between the bromelain positive
residues charge andthemit | es 6 positive charge. Further
coefficient attained with these ATPS varied greatly, ranging from 0.5 ;#§°6Y 194
consequently, there is also a wide range of purificatietofs, from 0 to 2889191194

Bromelain was also studied considering the application of reverse micellar systems,
being the purification factorcalculated after different types of extraction: batch,
continuous, affinitypased and back extractiolid ¥ making it impossible to be
compaed The AMTPS herein reported remamore advantageous than these last
reported systems due to the absence of organicraslye their composition anihus

being a more benign and biocompatible system for biomolecules extraction and
purification. More recently, thebromelain extraction using the convemta AMTPS

with Triton X-114 wasreporte¢f® for which it was concluded that the bromelain
partition between the phases was dependent on the system temperature and the
surfactant concentration, with the enzyme migration towards the surfac@nphase

dependent on higher temperatures and surfactartentrations.

3.2.4. CONCLUSION

The valorigition of brom&in from pineapple stem by iggurification from the fruit
residueusing mixed AMTPS with SAILs as cesurfactants wasere studied. The
stabilizing effect of phosphoniuthased SALs on bromelainwas reported aswell as
distinct effects of the various IL families. Moreover, Wave shown high bromelain
recoveres (> 90%) for the surfactanpoor phasein all the AMTPS studied.
Additionally, AMTPS selectivity for the enzyme purificationvas observed, wh the
conventional system anthe mixed [Pse6,14[Dec]-based AMTPS beinghe most
selectiveAMTPS. Despite the higher selectivity of the conventional AMTPS, it did not
present a stabilizing effect onettenzyme, athe phosphonium SiAs displayed, thus

justifying the advantageous nature of mixed AMTPS.
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3.3. R- PHYCOERYTHRIN EXTRAC TION AND
PURIFICATION FROM FR ESH GRACILARIA SP.

USING THERMO -RESPONSIVE SYSTEMS

This chapter is based onsabmited manuscripby
Filipa A. Vicente, Inés S. Cardoddargarida MartinsCatia V. M.
Goncalves, Ana C. R. V. Dias, Pedro Domingues, Joao A. P. Coutinho,
Sonia P. M. Ventura,
A Fphycoerythrin extraction and purification frdnesh Gracilaria sp.

using thermer e s p o n s i v, subnsttedstd Grears Chémistry

3.3.1. INTRODUCTION

Phycobiliproteins, namely qRhycoerythrin and Phycocyanifi®?®are two bioactive
fluorescent compounds with high commercial valfe. Phycoerythrins are
phycobiliproteins ating as photosynthetic pigments in Rhodophyta, with good stability
from pH 4 to 10 and in temperatures up to 4D?° Several companié® are
developing new businesses around the use of phycobiliproteins or products derived
from these fluorescent proteins. Nowadays, their applications address mainly the food,
pharmaceutical, biomedical, and cosimételds?°°?!!yet new research is addressing

the development of innovative applicatiorsy, fluorescenbased detection systeffs

and active optical centers in renewable energy devtéés

Following the demands for a conscientious and sustainably use of the oceans, seas and
marine resources, as requestedhsySustainable Development Goals, particularly Goal
147 Life Below Water, the development of appropriate methodologies for a rapid
screening and extraction of phycobiliproteins is of great industrial and economic
relevance. The most common industrial hoelologied® describe their purification by

distilled water leaching, staged precipitation with ammonium sulphate and ionic

™ Contributions F.A.V.).S.C. and M.M. acquired the experimental data. C.V.M.G. and A.C.R.V.D.
assessed the environmental impact. P.D. carried out the proteomic analysis. F.A.V. and S.P.M.V. wrote
the manuscript with substantial contributions from the remaining authors.
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exchange chromatography (Patent CN 1587275A)r by ammonium sulphate
precipitation and ionic exchange chromatography (Patents CN 1274086@ CN
101240009421 differing only in the initial treatment of the sample). One of the major
limitations of applying algae on the formulation of new bioactive products is their large
water content that often compromises the economic viability of the extraction
proceses?’’ Recently, Martinset al?°® reported the ability of aqueous solutions of ILs

to extract plcobiliproteins from macroalgae. This method showed that, with the proper
choice of IL, it was not only possible to enhance the phycobiliproteins extraction but
also to reduce its contamination with chlorophylls. However, there is a demand to
develop trangersal and more cosfffective processes for the efficient purification of
phycobiliproteins, in particularfRhycoerythrin, from the aqueous crude extract. In this
context, this work reports an alternative approach to carry out the purification of
phycobliproteins.LLE techniques appear as an attractive alternative, principally those
basedin ATPS These are known by their high water contesrivironmental friendly
character and easy scalp> justifying their use on the purification of distinct
compounds, from cells and genetic material to proteins, antibiotics, aesharhd
dyes'®? As previously mentioned, AMTP&re a specific type oATPS being explored

due to the low interaction capacity ofiet phase formers of these systems with
biomolecules, in particular with proteins, thus preventing their denatufétion
Therefore, the combination of these advantages with the enhanced selectivity of the
mixed SAllL-basedthermoeresponsive systerffsseem to be a promising approach
towards the phycobiliproteins extraction and puafion from the red macroalgae
Gracilaria sp.

This work aims at purifying phycobiliproteins bgeparating the neftuorescent
proteins and reducing the contamination ep/coerythrin with Rphycocyanin. To
accomplish that, thermesponsive micellar sysis were investigated, and the main
variables of the purification process optimized. After selecting the most performant
AMTPS and the best process conditions to sepédlaorescent from notfluorescent
proteins and(ii) R-phycoerythrin from Rphycocyanin, an integrated process was
designed considering also the reuse of the solvents employed on the process. To
evaluate the sustainability of the integrated process here developed, an environmental
evaluation was carriedut considering the carbon footprint as the final output. In this

analysis, the conventional AMTP&eg(, without the SAILs addition) and the mixed
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AMTPS (.e, in presence of the most performant SAIL in terms of purification) were

the two scenarios studie
3.3.2.EXPERIMENTAL SECTION
3.3.2.1. Materials

The nonionic surfactant Tergitol %7 ( pur ity O 99 %) -Aldack acqui r
as well as the hexadecylpyridinium bromide [Ciepy]Br (purity = 97.0%),
benzyldodecyldimethylammonium bromide [N1,1,12,c7+7Br (purity > 99%) and

sodium dodecylbenzenesulfonate, SDBS (technical grade). The imidazmged

SAILs, l-tetradecyl3-methylimidazolium chloride, [Gmim]CI (purity > 98%) and 1
hexadecyl3-methylimidazolium chloride, [€mim]Cl (purity > 98%) were purchased

from lolitec (lonic Liquid Technologies, Heilbronn, Germany), whit€ldetradecy3-
hexylimidazoliumjl-tetradecylimidazolium dibromide [@m-6-Cidm]Br. was

synthesized ihouse using well established procedifféghe same protocol was et

to synthetize cholinium decanoate, [Ch][Dec] and cholinium tetradecanoate,
[Ch][Tetradec]. The phosphoniubased SAIL tributyltetradecylphosphonium chloride,

[P4.4,4,14Cl (purity = 97.1%) was kindly offered by Cytec. Sodium dodecylsulphate,

SDS (purity= 99%) was supplied by Acros Organics. These structures are presented in

Figure 38. Mcllvaine buffer (0.18 M) constituted by citric acid monohydrate
CHsOO HO (purity O 99%), and sodium ©phosp
NegHPQw 740 (pur ity aquikdfem Pandeas AgpliChem, was used in

all systems.
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Figure 38. Chemical structure of SAILs added asstafactants in the AMTPS used to purify phycobiliproteins.
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3.3.2.2.Methods
3.3.2.2.1.Solid-liquid extraction of phycobiliproteins

Fresh Gracilaria sp. was cultivated by ALGAplus Ltda, a Portuguese company
specialized in the Integrated/ulti-Trophic Aquaculture production of marine
macroalgae, located in ilhavo, Portugal. Macroalgae samples were collected from
aquaculture between April and November of 2016, and in January of 2017. After
collecting the macroalgae, the samples were cleaned and washed with drelsstihed

water at leasB times, weighted and stored in a freeze2@t+ 1 °C pending further use.
Algae samples were previously grounded while frozen with liquid nitrogen,
homogenized in distilled water (with a seliduid ratio of 0.7) at room teperature and
placed in an incubator shaker (IKA KS 4000 ic control) for 20 min, at 250 rpm and
room temperature. During the saliquid extraction step, all samplegere protected
from light exposure due to the high light sensitivity of phycobiliproteiftsen, the
solution was filteredand, subsequently, the filtrate originated was centrifuged in a
Thermo Scientific Heraeus Megafuge 16 R Centrifuge at 3500 rpm for 30 mig, At 4

°C. The resultant pellevas discardedandthe phycobiliproteingich supenatant was

collected (phycobiliproteins crude extract) for further purification studies.

3.3.2.2.2.SDSPAGE procedure

The phycobilipoteins crude extract was anagsthrough an electrophoresis that was
prepared on polyacrylamide gels (stacking: 4% and resolvidgs) 2vith a running
buffer consisting of 250 mM of Tris HCI, 1.92 M of glycine, and 1% of SDS. The
proteins were stained with the usual staining procedure [Coomassie Brilliant Blue G
250 0.1% (w/v), methanol 50% (v/v), acetic 7% (v/v), and water 42.9%] (m\an
orbital shaker, at moderate speed, fe8 Rours at room temperature. The gels were
distained in a solution containing acetic acid 7% (v/v), methanol 20% (v/v), and water
73% (v/v) in an orbital shaker at a moderate speed (+ 60 rpm) dudng8s at room
temperature. SDEAGE Molecular Weight Standards, Marker molecular weight full
range (VWR), were used as protatandards. All gels were anafgsusing the Image
Lab 3.0 (BIGRAD) analysis tool.
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3.3.2.2.3.Extract analysis by proteomics

Tryptic digestion was performed according 8 with a few modifications. Protein
spots were manually excised from the gel and transferred to Eppendorf tubes. The gel
spots were washed with 25 mM ammonium bicarbonate/50% acetonitrile andithen
acetonitrile. Gel pieces were dried in a SpeedVac (Thermo Savant) and rehydrated in
digestion buffer containing 12.5 pg.mLsequence grade modified porcine trypsin
(Promega) i n 25 mM ammonium bicarbonate.
bicarbonate were #m added and the samples were incubated overnightQat 371°C.
Extraction of tryptic peptides was performed by the addition of 10% formic acid/50%
acetonitrile three times. Tryptic peptides were lyophilized in a SpeedVac (Thermo
Savant) andesuspende® in 5% acetonitril®9.1% formic acid slution. The samples

were analysd with a QExactive Orbitrap (Thermo Fisher Scientific, Bremen) that was
coupled to an Ultimate 3000 (Dionex, rByvale, CA) HPLC (high performandiguid
chromatography) system. Theypr (5 mm x 300 um I.D.) and analytical (150 mm x 75

pm 1.D.) columns used were C18 Pepmapl00 (Dionex, LC Packings). Peptides were
trapped atin 850 salvent Mi0 % formic acid/5% acetonitrile v/v).
Elution was achieved with the solvent B (G4 formic acid/100% acetonitrile v/v) at

300 nL.mint. The 50 min gradient used was as followis3 Gnin, 95% solvent A; 21

min, 5 45% solvent B; 20135 min, 4590% solvent B; 3637 min, 90% solvent B; 37

40 min, 1095% solvent A; 4050 min, 95% solvent AThe mass spectrometer was
operated in the data dependent acquisition mode. A MS2 method was used with a FT
survey scan from 400 to 1600 m/z (resolution 70,000; AGC target 1E6). The 10 most
intense peaks were subjected to HCD fragmentation (resolution0] 7A%C target

5E4, NCE 28%, max. injection time 60 ms, dynamic exclusion 3%eheral mass
spectrometer parameters were: Nano electrospray voltage, 1.8 kV; no sheath and
auxiliary gas flow; iontransfer tube temperature, 203 Slens RF level 60.0Spedra

were processed and anagsusing Proteome Discoverer (version 2.2, Thermo), with

the MS Amanda (version 2.0, University of Applied Sciences Upper Austria, Research
Institute of Molecular Pathology) and the SequestHT search engines. Uniprot Swiss
Prot protein sequence database (version of June 2018) was used for all searches under
Gracilaria (genus) Database search parameters were as follows: carbamidomethylation
and carboxymethyl of cysteine as a variable modification as well as oxidation of
methionire, and the allowance for up to two missed tryptic cleavages. The peptide mass
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tolerance was 10 ppm and fragment ion mass tolerance was 0.05 Da. To achieve a 1%
false discovery rate, the Percolator (version 2.2, Thermo) node was implemented for a
decoy dathase search strategy, peptides were filtered for high confidence and a
minimum length of 6 amino acids, minimum of two peptides and proteins were filtered
for only rank 1 peptides. The average of intensities of the three most intense peptide

ions was usetb generate relative quantitative data.

3.3.2.2.4.Purification of phycobiliproteins using AMTPS

For the phycobiliproteins purification using AMTPS, falcon tubes were weighed with
specific amounts of each component: 10 wt% of phycobiliproteins crude extract, 10
wt% of surfactant and 0 or 0.3 wt% of SAIL, being the system completed with
Mcllvaine buffer (0.18 M) pH 7.0 up to a final volume of 10 mL. The systems were
homogenized around 2 h using a tube rotator apparatus model 270 from Fanem, at 40
rpom. Then, the tubesere left in a temperature above the cloud point of the systems (40
°C) for 4 h, allowing the thermodynamic equilibrium to be reached, resulting in the
formation of the surfactamich (top) and a surfactapioor (bottom) phases. Both
phases were carefulgeparated, and their volumes and weight composition measured.
Then, the guantification of both phycobiliproteins and total proteins was assessed for
each phase, by UV spectroscopy (Molecular Device Spectramax 384 Plud/isUV
Microplate Reader) at 565 namd 280 nm, respectively. The analytical quantifications
were performed in triplicate. Blank controlsge. identical systems without the
phycobiliproteins extract, were performed for each system to eliminate any possible
interference of the phase forrseupon the quantification. The concentration of R
phycoerythrin and total proteins in the extracts was assessed according to calibration
curves previously determined in the same-Ui§ equipment.

In this work, the purification pesfmance of each AMTPS waanalysd through the
partition coefficient, recovery, and eectivity. The contamination index was also
determined to investigate the elimination ofpRycocyanin contamination from-R
phycoerythrin. The partition coefficient Rnycoerythri) Was calcudted as the ratio
between the amount of-phycoerythrin present in the surfactgaor (bottom) and the
surfactantrich (top) phases, as described by. 15. The partition coefficient of total

proteins (Kotal proteiny Was determined identical(feq. 16).

0 Eq.15
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0 Eq. 16

where [Rphycoerythrindurtactanpoor phase @and [Rphycoerythrindurfactanticn phase are,
respectively, the concentration ofgRycoerythrin (in mg.mt) in the surfactanpoor
andsurfactantrich phases; and [total proteiB$iactanpoor phaseand [total proteinsjirtactant
rich phase@l€@ the total proteins concentration (in mg:nin thesurfactantpoor and-rich
phases respectively. The recovery (R) parameter eptycoerythm and the total
protein contenttowards thesurfactartpoor (Rsurfactanpoor phasp and surfactantrich

(Rsurfactantich phasg phases were determined followikgs. 17 and18, respectively:

Y _— Eq. 17

Y —_— Eq. 18
where R stands for the ratio between the volumes of the bottom and top phases.
Finally, the selectivity Y ) of the AMTPS herein applied

was described as indicated lby. 19:

Y _ Eq. 19
The phycocyanin contamination indexq. 20) was determinetly the ratio between the
absorbance at 620 nm am®5 nm, which belongs to the-phycocyanin and R
phycoerythrin wavelengths, respectively. For ratios lower than 0.85cadnsideredhat
no significant contamination by-phycocyaninis found as previously described in

literature?1©

0D E OW@E E0E O & ONE'O We£— Eq. 20
3.3.2.2.5.Purification of R-phycoerythrin using consecutive extractions

To increase the Rhycoerythrin purificationthe surfactanpoor phasevas reusedor a
second step. The first step was carried out as previously described but this time for a
total of 25 g. Here, only the SAILs that led to the highest selectivity for the elimination
of the contaminant nefiuorescent proteingere usedThesecond step was carried out

by addingl0 wt% of Tergitol 1557 + 0.3 wt% of the selected SAIL + 89.7 wt% of the
surfactanpoor phase of the first AMTPS, up to a total of 10 g.

3.3.2.2.6. Study of the stability of Ffphycoerythrin

To guarantee that, at the end tbke purification, the Fphycoerythrin maintains its

structural integrity, circular dichroism (CD) measurements were used to evaluate the
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protein secondary structure. The surfactamtr phases of (i) the conventional AMTPS
(i.e., without SAIL) and (ii) the bst SAll-based AMTPS were anakd usingCD
spectroscopy (JASG@500). The spectra were collected in a 1 mm path length quartz
cuvette at a scan rate of 100 mar minute, at 2M = 0.1°C cell temperature. The
response time ahthe bandwidthwere 2 seconds and 0.2 nm, respectively. Three

spectra were recorded consecutively to give single average data.

3.3.2.2.7.Environmental evaluation: Carbon footprint analysis

The environmental evaluation was carried out taking into account twarsece

for R-phycoerythrin purification, namely by using (i) the conventional system,
where the AMTPSs usedin the absence dBAIL as coesurfactant, and (ii) the
mixed AMTPS, with the presence of the most promising SAIL selected.

The environmental assessent of the two systems choseras performedby
calculating the carbon footprint as outptihis indicator is the sum oBHG
emissions expressed as carbon dioxide equivalent €QP from a life cycle
perspective. The carbon footprint allowise quantiication of various GHG
emissions associated with the two different systems testethandentification

of their main causesThis analysis includes the production of aflagents
(Mcllvaine buffer, noionic surfactant Tergitol 257, and SAIL selectedand

other consumables (tap and distilled water, and liquid nitrogen), besides the
electricity consumed by the equipment used throughout the different processes.
Data on theamountof reagents, tap and distilled water, liquid nitrogen and
electricity consumed were obtained during the experiment and from equipment
catalogs(Table S16). Data on GHG emissions from the production of reagents,
liguid nitrogen and electricity were sourcébm Ecoinvent database version
3.4*%° and are present ifiable S17. The GHG emissions for the production of
distilled water were calculated based on GHG emissions from tap water
productiod’® and GHG emissions from electricity consumption during the

distillation process. All data refer to 5 g@facilaria sp.
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3.3.3.RESULTS AND DISCUSSION

3.3.3.1. Solid-liquid extraction: characterization of phycobiliproteins crude

extract

After the solidliquid extraction,a crude extract rich in phycobiliproteins was obtained.

A proteomic analysis was performed to characterize the different proteins present in the
phycobiliproteins crude extract and their relative abundance, being the results depicted
in Figure 39 (andTable S18of Sl). A representative nanoHPLC chromatogram of the
injection of the tryptic digest of a SEFRAGE spot, and a representative mass spectrum
acquired during the run are also displayeéigure S22 of ESI. Accordingly toFigure

39, the proteins preseé in the crude extract can be divided into fluorescent
(phycobiliproteins) and noefluorescent. As fluorescent proteirGGracilaria sp. has in

its composition Rphycoerythrin, the most abundant phycobiliproteirpiycocyanin

and allophycocyanin. Regardjnthe norfluorescent proteins, the crude extract contains
mostly  ribulose  bisphosphate carboxylase and ribulgSéisphosphate
carboxylase/oxygenase small subunit, being the remaining proteins, detalladlén

S18of Sl, included in the fraction OthepfFigure 39.

Ribulose-1,5-his phos phate Others
carboxylase/oxygenase small subunit ]

Allophycocyanin alpha subunit
R-phycoerythrin alpha subunit

Phycocyanin beta subunit

Allophycocyanin beta subunit

Ribulose bisphosphate
carboxylase large chain

R-phycoerythrin beta chain
Figure 39. Proteomic characterization of the phycobiliproteins crude extract obtained after the solid
liquid extraction with distilledvater andused in this workThe proteins relative abundance (%) is also
shown in the figure.
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3.3.3.2. Purification of phycobiliproteins and Rohycoerythrin

Taking into account the characterization of the crude extract previously performed, the
presence of contaminants demandsdéeelopment of a purification process in which,
contaminants and fluorescent proteins are separated. In this twerkneresponsive
AMTPS were used. Proteins are thermolabile biomolecules, and as such, their
purification must consider this limitation, espally when thermgespmsive systems

are used. The namnic surfactant Tergitol 57 was selected due to its low cloud
points, ranging between 34 and“4D) andwhich can be further controlled by the proper
choice of a SAIL acting as a -surfactant toform a mixed AMTPS, as previously
discussed? Besides, thes mixed AMTPS have shown enhanced selectivity when
compared with the AMTPS without any SA.Thus, these systems seem promising
for the purification of phycobiliproteins, in particular;gRycoerythrin, from the red
macroalgaéracilaria sp., which is stable until 4GC.21°

For the Tergitol 155-7/Mcllvaine bufferbased AMTPS, the purification conditions
were optimized considering the highest recovery of fluorescent andluowascent
proteins in the surfactaqpioor and-rich phases, respectively, which in turn leads to
highest selectivity, promoting as lve the reduction of the Hhycoerythrin
contamination with Rpohycocyanin. These results are showrigures S3B to S of

Sl. Herein, all studies were buffered with the Mcllvaine buffer (pH 7.0), since it has
been proved to provide an enhanced phycabilgns extraction, while allowing-R
phycoerythrin to maintain its structural integrif§. The surfactant concentration was

the first parameter optimized. Thesultshave shown a direct relationship between the
surfactant concentration and the recovery of total proteins in the surfectaphase as

a result of the more micelles formed. Téfere, the best surfactant concentration
selected was 10 wt%, which was kept constant during the subsequent optimization.
Attempting at reducing the typical overnight extraction, the extraction time was
evaluated, revealing that 3 h were enough for theqitiliproteins partition between

the two phases to reach the thermodynamic equilibrium. Yet, total proteins required 4 h
to reach the partition equilibrium, so this time was selected for the next steps. After
selecting the surfactant concentration and ldation time, the effects of the extract
concentration and system pH were tested. The results showed that, by increasing the
concentration of phycobiliproteins extract, the system complexity was also increased,
resulting in a lower extraction of totalgieins into the surfactamich phase. Thereby, it

115



3. PURIFICATION OF THERAPEUTIC PROTEINS

is preferable to use less extract if it means increasing the phycobiliproteins purity in a
single step, in particular-Bhycoerythrin. Regarding the pH effect on the purification of

the fluorescent prote# it was evidenced that the system selectivity was the highest at
neutral pH. Moreover, it was proved that an additional step of ammonium precipitation
is not needed, since the results in its presence/absence were very similar.

The puriy level required for the phycobiliproteins extract depends on its application, for
instance biopharmaceuticals and cosmetics, each requiring a different purity. After
optimizing the preliminary processual conditions considering the AMTPS use, an
integrated purification process able to separate f{ijlorescent and noefiuorescent
proteins and (ii) Rohycoerythrin from Rphycocyanin, was developed. For that
purpose, thermoesponsive AMTPS based on Tergitol-&& with SAILs as ce
surfactants were used, anetpurification of phycobiliproteins, more precisely R
phycoerythrin, evaluated using the selectivity anghcocyanin contamination index.

A screening was performed using SAILs from distinct families, namely imidazolium,
phosphonium, quaternary ammoniupyridinium, cholinium and alkyl sulfonates, as
presented irFigure 40. Here, the Selectivity (black line) and Recovery (bars) data of
both Rphycoerythrin (pink bars) and total proteins (grey bars) for both phases are
depicted. The results suggest tha¢ thhycobiliproteins and 4ghycoerythrin (with
hydrophilic nature) partitioned preferably towards the (most hydrophilic) surfactant
poor phase as shown by the recoveries (> 50%) towards this phase, which is also proved
by the pink colar o f t h e tosmylasedsmivs iRiduie #0) characteristic of

the Rphycoerythrin presence. When the performances of AMTPS in absence and
presence of SAILs are compared, the mixed AMTPS (with SAILs a&sidactants) are

in general, more selective. Only the mixed AMT&®8nposed of SDS showed a lower
selectivity (S = 2.51 + 0.02), while the 44 14Cl-based AMTPS displayed a similar
selectivity (S = 3.1 £ 0.3) to the nadditivated AMTPS (S = 3.28 + 0.08). The
remaining mixed AMTPS improved the-fthycoerythrin puriftation according to the
following sequence: SDS </R414 C | a without SAI wmm|CI[] Ch] [ Te
< [Ciemim]Cl < [C1dm-6-C14dm]Br < [ Ch] [ De c] ApcxPBS <@ [ N
[C1epy]Br.
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Figure 40. Extractive performance of distinct AMTPS in absence and presence of SAILs using the mixture point composed of 10 wtfél d5®ifyi+ 0 or 0.3 wt% of
SAIL + 10 wt% of phycobiliproteins extract + 80 or 79.7 wt% of Mcllvaine buffer pH V.Gnd , R-phycoerythrin recovery (%) in the surfactgrdor and surfactasich
phases, respectively] and |, total proteins recovery (%) in the surfactaobr and surfactasich phases, respectively. The line represents the selectivity
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Regarding thé&r-phycoerythrin contamination with-Bhycocyanin Figure 41), there is

only one system that does not display any contamination: the AMTPS based in
[N1,1,12,c7H7)Br, which may be justified by the different sizes of both phycobiliproteins
or even by somepegcific interactions taking place between the micelles formed and the
contaminant fluorescent proteinsIndeed, the contamination with-gRhiycocyanin
follows a different trend than the one obtained for the selectivity: [Mc7H7)Br <
[Camim]CI < [CH [ Declepvyd B[rC & SDS < wit hodm6 SAI
C14m]Brz < [P44414Cl < [Ciemim]Cl < [Ch][Tetradec]. In these systems, the
purification is normally dependent upon the hydrophobicity/hydrophilicity of the
biomolecules and the micelles s#e.Taking this into account, it would be assumed
that the systems displaying micelles with larger diamethould be the ones inducing a
higher purification since they might extract a higher amount of contaminants. However,
it is not here the case. As recently shown by ®8DBS and [Ch][Tetradec] are, from

the SAILs studied in this work, those inducing the formation of the largest micelles
(between 40 and 50 nm) wheompared with the-8 nm of the remaining mixed
AMTPS and the ~14 nm of the micelles obtained for theauitivated AMTPS. The
results here obtained show a higher purification performance for the AMTPS with lower
micelle diameter, which might suggesiat interactions between the proteins and the
micelles, rather than the micelles size, may be controlling the partitions observed.

Phycocyanin contamination

[N1112c7m7)Br
SDB
SD
[Ch][Tetradec]
[Ch][Deq]
[C1epy]Br
[C1im-6-Cim|[Br] ,
[Cgmim]CI
[C1mim]CI
[P44,424Cl
Without SAIL

0.00 0.05 010 015  0.20 0.25 0.30
Phycocyanin contamination index

Figure 41. Phycocyanin contamination index of AMTPS in absence and presence of SAILs, using the
mixture point composed of 10 wt% of Tergitol -85/ + 0 or 0.3 wt% of SAIL + 10 wit% of
phycobiliproteins extract + 80 or 79.7 wt% of Mcllvaine buffer pH 7.0.
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3.3.3.3. Process design using sequential AMTPS steps

For some applications of-phycoerythrin,e.g. as a biopharmaceutical, a high purity
degree is required. To achieve higher purity levels, sequential steps of purification were
used. To optimize this process, the recovery gihiRcoerythrin and total proteins, the
selectivity, and the phycocyanin coramination index were the parameters considered
(Table 6). The most promising systems selected from the SAILs screening were tested,
namely the mixed AMTPS composed of 1§y]Br, [Ch][Dec], SDBS and
[N1,1,12,c7H7)Br. The nonadditivated AMTPS was usednce again as reference. It
should be noticed that due to its high selectivity and ability to eliminate the R
phycoerythrin contamination with-phycocyanin, the [Ni,12,«c7H7)Br was always used

as cesurfactant in the second purification step.
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Table 6. R- phycoerythrin and total proteins recovery in the surfaatiehtand-poor phases, their selectivity, angpRycocyanin contamination index for the first and second
steps of the process.

Recovery (%)

pucr:i)f/(i:(lz?a\t?cf) . System R-phycoerythrin Total proteins Selectivity . orﬁi;\pg%(;%/r?mg ex
Top phase Botphase Top phase Bot phase
1step  without SAIL  17.4+04 82.6+04 550+08 4500.8 5.9+0.3 0.16 + 0.01
29step  [NyiioemrBr 153+09 847+08  59+1 41+1 5.86 + 0.04 0.13+0.01
1% step [C1epy]Br 25+1 77+1 71.4+03 28.7+0.3 8.0+0.8 0.28 + 0.03
29step  [NyiiocmriBr  16.4+03 836:03  59%1 41.0+1 5.4+0.3 0.18 + 0.01
1% step [Ch][Dec] 19 +2 81+2 58.6+0.5 41.4+05 6.0+0.8 0.13+0.01
29step  [NyiiocmrlBr  154+09 847:+08  59%1 41.0+1 6.1+0.3 0.12+0.01
1% step SDBS 10+1 89+1 40+1 54.7+1 7.1+0.6 0.147 + 0.004
2step  [Ny110crmr]Br 22+1 80+1 64 +6 30+6 7+1 0.07 +0.02
1step  [Ny112,crmr]Br 25+3 77+3 71.4+09 287+09  8.00+0.02 0.10 + 0.01
29step  [NiiiocmrjBr  25.2+0.8 78.8+0.8 821+05 17.9+05  13.6£0.1 0.047 + 0.004
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Thegoal behind the development of this process was the separation of phycobiliproteins
from the nonfluorescent proteins in the first step and then, the purification -of R
phycoerythrin from the Bhycocyanin, in the second stdmble 6 shows very similar
results regarding the recovery ofgRycoerythrin towards the surfactgmdor phase in

both steps. On the other hand, the recovery of total proteins on the suffexiaphase

tends to decrease in all systems with the sectep, except for the epy]Br-based
AMTPS used in the first step. In this system, the replacement of the SAIL in the second
step seems to induce a higher partition of both fluorescent anfluooescent proteins
towards the bottom phase, thus reducirgyghocess purification performance. Overall,

a purification trend of these systems can be established as follows:
[C16pY]BI/[N1,1,12,c7H7)Br <  without  SAIL/[N1,1,12,c7H7) B r a [ Ch] [ Dec
[N11,12,c7H7)Br < SDBS/[MNi,1,12,c7H7)Br < [Nu1,1,12,(c7H7BI/[N1,1,12,(c7H7)Br. These
results clearly show an enhanced performance of the mixed systems compared to the
traditional one (without any SAIL). Moreover, the proper manipulation of the AMTPS

Is also driving the selectivity of the systems, which wasentiosin doubled (maximum S

= 13.6 + 0.1) when compared with the raxhditivated AMTPS (S = 5.86 + 0.04).
Concerning the Bphycoerythrin contamirien with R-phycocyanin Table 6), the
results evidence that the {INi2,c717)Br addition to all systems coierably reduces

this contamination. Unexpectedly, the first step of thei[]N c7H7)Br-based AMTPS
presented some contamination withpRycocyanin, probably as a result of the algae
heterogeneity (due to the weather and daylight length and intefiSitfhe cells
heterogeneity results in significant amounts gbliycocyanin being extracted from the
cells and, consequently, present in the phycobiliprotegs extract used in the
integrated proess. Nevertheless, this was overcome in the second step. The seaweed
heterogeneityalso affected the selectivity, leading to an overall selectivity reduction.
Yet, the same tendency was followed.

Summing up, a process using two AMTPS extraction steps weageldped and
efficiently implemented as an effective downstream process to puiifiyyRoerythrin

with high purity levels. However, and foreseeing its industrial implementation, the
recycling and reuse of the main solvents is essential. The integrated ppoposed is
shown inFigure 42, in which three main steps were included. The process starts with
the conventional solitiquid extraction of phycobiliproteins using water. Then, the
aqueous extract rich in phycobiliproteins proceeds to the two purification steps, in
which AMTPS basedi SAILs were sequentially applied. During the first AMTPS step,
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it was possible to retain ~77% ofghycoerythrin into the surfactapbor phase and
extractcirca of 71% of total proteins, including most of contaminant-floarescent
proteins, into the gposite phase. The surfactgydgor phase was then fed to a second
AMTPS step, allowing a further -Bhycoerythrin purification by removal of the-R
phycocyanin, retaining ~79% of it in the new surfaciaodr phase. From the remaining
~29% of total proteinshiat were still in first surfactasgoor phase, it was possible to
extract ~82%, which considerably improved theplR/coerythrin purity. Aiming at
obtaining a pure sample of-phycoerythrin, free of the surfactagmbor phase (where

this phycobiliprotein wa concentrated), an ultrafiltration can be used for the polishing.
In this case, the ultrafiltration with a membrane-afiitaround 100 kDa can be applied,
since the protein of interest displays a molecular weight more than the double (240 kDa)
of this cutoff value, allowing its retention in the membr&d®. The process of
ultrafiltration is not only efficient on the polishing of thepRycoerythrin, but it is also

fast, cheap and feasible at both bench and pilot s€dIBegarding the surfactarnith

phase, containing most of the systephase formers (surfactant and SAIL), a
precipitation with cold acetone was experimentally used to precipitate the contaminant
proteins. FTIR spectra of both the resuspended pellet containing the precipitated
proteins and the acetone supernatant contitiie phase formers were acquired. The
results indicate that all the tensioactive agents were completely removed from the
contaminant proteinsc{. Figure S3L of Sl). Afterwards, a distillation step can be
introduced to separate the acetone from the darfgcallowing the recovery of both

components to be further applied in a new cycle.
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Fresh . Surfactantrich phase Distillation
Gracilaria sp. U
Acetone
Surfactantrich
phaset acetone ‘
Surfactantrich phaserich in . Cold acetone
Grinding contaminanproteins precE)ltatlon Contaminant
roteins
0.3wt % [Ny112 7Bl 0
10 wt % Tergitol 1857 v
79.7 wt % buffer pH 7. Surfactant
0 P rilé;]a:)chzse 0.3 Wt % [N 1,12, c7H7Br )
Shaker: 10 wt % Tergitol 1557 Surfactantrich phase
250 rpm, 20 min, ' ot .
v > S_urfactant contaminanproteins
Centrifugation 10 wt% phycobiliproteins > R
3500 rpm, 30 min extract Surfactant 89.7 wt%surfactant
4°C poorphase|  poorphaseconcentrate
AMTPS in Phycobiliproteins |
(40°C; Surfactant L Ultrafiltration
4h) poorphase R-PE
Surfactantpoor v
AMTPS phaset R-PE
(40°C; 4h)
1) Solid-liquid extraction surfactamtpoorphase
|

2) Purification using mixed AMTPS

3) Polishing
4) Phaseformers6 r eus e
Figure 42. Diagram of the integrated process developed to purifjhiRoerythrin (but also phycobiliproteind)he proposed approach considers the use of two steps of

purification by applying mixed AMTPS based ini\i,c717)Br as cesurfactant. The polishing of-Bhycoerythrin and the recycling and reuse of the main phase foisners
also depicted
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Considering the potential industrial implementation of this integrated process, the
stability and structural integrity of-Bhycoerythrin, the target protein of this work, were
analysed. Grcular dichroism haveen reporteds one of the most used techniques to
infer about the structural integrity of proteins by asaly their secondary structure,
namel y t hei-lrelcisxh e efirn andrandoth coilsThis is possible by
analysing the spectrum in the rangé 40 nm and below, aiming atlentifying the
peptide bond$*! The macroalgae crude extract was asmdyand compared to the
spectra of the most selective AMTPS {[iN2,c7m)]Br) and the noradditivated system,

after both steps, to conclude about the stability -gfhiRcoerythrin.This was possible
through the direct comparison between our data and-bi@yBoerythrin analysis found
elsewherg® where itwas showrthat the secondary structure of purelR/coerythrin
presents mo r-kelixtImtlisiconfett, %l sanfiplegsre dilutel until a good
spectrumwas obtained and the spectra were normalized before the data analysis
(Figure 43). Thisdat a shows that the cr ud-eelixaxetr act
to the negative bands at 210 and 220 nm and the positive band below 208trike

pure Rphycoerythrin. The spectra show that, during the integrated purification process,
the proteinccanmaintain their integrity, since these baraile keptin all spectra of the

AMTPS, after both purification steps.

Mol CD (mdeg)

N

Wavelenght (nm)
Figure 43. Circular dichroism analysis of the -Rhycoerythrin stability after two consecutive steps of
purification from the macroalgae crude extractgrude extract; ,-without SAIL (' step); , without
SAL/[N1112,c7m7Br; , fN1.1,12,c7H7Br (1% step); and , {N1,1,12,c7r7dBr/[N 1,1,12,c7n7)Br.

3.3.3.4Environmental evaluation

To evaluate the sustainability of the process here proposednaronmental
evaluationwas carriedout considering the carbon footprint as thain output.
Both scenarios proposed, namely the application of conventional AMTPS and the

124



3. PURIFICATION OF THERAPEUTIC PROTEINS

most performant mixed AMTPS (using {Ni2«c7v7Br as cesurfactant) for R
phycoerythrin purification were addressed, being rdmiltsobtained shown in
Figure 44. The carbon footprint is81.30kg CQ eq Md r-phycoerythiin When the
conventional AMTPS (i step) + mixed AMTPS (¥ step) were used,and
decreases in 16% t@HG emissionsvhen the mixed AMTPS is used in both
steps (carbon footprint 68.14kg CQ eq MY R-phycoerythri). The main contribution

to the carbon footprint in both scenarios comes mainly from the electricity
consumption (first and the secohdE steps, respectively 46% and 45% of the
total). The energy consumption to promote the phase simaren these two
stages, represents almost 90% of the total carbon footprint. A comparison of the
results achieved in this work is not possible, considering not only the lack of
published data on the carbon footprint evaluation but also due to the lack of
similar processes. Summing up,iif one hand, the extraction efficiency of the
process increases, on the other hahd,GHG emissionsassociated with the
application of mixed AMTPS to purify fRhycoerythrinare lowered

90
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0

-1
kg COZ eq'mg R-phycoerythrin

AMTPS without SAIL AMTPS with SAIL

Figure 44. Carbonfootprint for the two scenarios considerg@: conventional AMTPS in the firdtLE
and with the addition of [M,12,c717)Br in the second LLE(ii) AMTPS with [N1,112,c7+7)Br in both
extractions. Results are expressed kgpde@d r-phycoerythrinpurified: y, algae preparatiory,, solic-iquid
extraction,/, 18'LLE, andy/, 2" LLE.

3.3.4. CONCLUSIONS

Phycobiliproteins purification, in particular, -phycoerythrin, has been successfully
achieved by using thermesponsive systems. Resulbow the recovery of most
phycobiliproteins in the surfactappor phase whereas most Hituprescent

(contaminant) proteins were collected in the surfaatahtphase. The mixed AMTPS

have proven to be more selective than the awdfitivated system, begrthe best results
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achieved with two consecutive steps of the [, c7H7dBr-based AMTPS. This system
was not only able to eliminate thedRycoerythrin contamination with-Bhycocyanin

while maintaining its structural integrity, but it also allowed thcycle and reuse of the
surfactant through an ultrafiltration process that could be easily implemented at
industrial level. The carbon footprint of the integrated process was evalpatadgss

of R-phycoerythrin extracted/purified) and found to deseed6% when the mixed
AMTPS was applied instead of the radditivated one. Herein, it was demonstrated
that the presence of [N 12,c7H7Br increases the efficiency of the system, while GHG
emissions for the same algae content remain almost the sameedults obtained on

this work demonstrate the applicability and advantages of mixed AMTPS using SAILs

as coesurfactants.
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3.4. SURFACE-ACTIVE IONIC LIQUID -BASED
THERMO -RESPONSIVE SYSTEMSFOR
| MMUNOGLOBULIN Y PURIFICATION FROM

EGG YOLK

This chapter is basaxh the manuscript under preparatimn
Filipa A. Vicente, Ana P.M. Tavares, Leonor S. Castro, Dibyendu Mondal,
Jodo A. P. Coutinho, Sonia P. M. Ventura and Mara G. Freire,

3.4.1. INTRODUCTION

In the past few years, antibottased therapeutics haaétracted much attention from
pharmaceutical industries leading to a considerable research effort in this field. So far,
several antibodypased therapies have been developed to treat different disorders and/or
diseases, such as cant@r?® transplant rejectiof®* autoimmune disorder$?®
asthma?® and infectious diseased’ among others. However, any new campd

within the medical field must undergo several steps and clinical trials to avoid human
casualties, and it starts withetifrDA approval. Immunoglobulin G (1gG), one of the
antibodies already approved by FBA is the most abundant mammalian
immunoglobulin and it is responsible for the immune respé&iistlevertheless,
extraction and purification of IgG from mammal serum comprises several invasive
techniques such as animal bleeding, whichy have significant side effects to the
ani mal 6 #\s dm altetndtive, monoclonal IgG antibody can also be obtained
through mammalian culture cells, however, this approach involves high production
costs, since it needs the acquisition of transfected cells, culture media and laborious
procedureg®® As a substitute for the use of mammalian antibodies, immunoglobulin Y
(1lgY) from hensdé egg vyol k Z2tg¥ hagasimilars a pr
structure to IgG and does not require the animals suffering, since it is obtained from the

yolk through simp egg collection. Furthermore, the quantities present in the egg yolk

"*Contributions: F.A.V., R.M.T. and L.S.C. acquired the experimental data. D.M. performed the CD and
FTIR analyses:.A.V., £.M.T., S.P.M.V. and M.G.F wrote the manuscript under preparation with
contributions from the remaining authors.
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can be quite high (16050 mgegg!) when compared with the amount of IgG present in

the blood semn (200 mgper 40 mL of bloody®*? IgY also displays phylogenetic
distance from mammals, thus allowing the production of antibodies against highly
conserved mammalian proteins. Additionally, the use of hens as the hostYfor Ig
production has lower costs when compared to the use of mammals so the extraction of
the former from eggds yolk has® Bheen st u
recommendations of the European Center for Validation of Alternative Methods
specifies that, considering the animal welfare, IgY acquired fogng 6 s y ol k s houl
used instead of mammalian 1g€ The current methodologies being applied towards

t he l gY isolation from eggods y o ltidtep ar e qu
processe$® involving precipitation?*® chromatography with the use of affipi
ligand$®’ or filtration.?*® However, these are difficult to be applied in large sdake to

the increased amount of solid phase required and the associatetbaoaistain the
process runningLLE using volatile organic solvents is another alternathayever

these argyenerally considered as hazardous to the environment arbiccompatible

when dealing with protein$®24°|t is thus mandatory the development of cheaper and
simpler techniques for IgY purification, while maintaining a selective and efficient
process. The use ahermoresponsiveAMTPS appears as an attractive downstream
strategy, owingo its high amounts of water, thus being able to maintain the native
conformation and biological activities of biomolecules, including protéiig** and
antibodiest® The different characteristics of the phases formpdn temperaturare

also pointedbut as advantageous features, especially when working with real matrices
since two distinct environments are creatsdditionally, it was recently shown thdiy
incorporatingSAILs in thesethermoresponsivesystems the extractive performance

and selectivity of these processas be boostetf:®

Thereby, this work aimat developng a novel purification and concentration technique

for IgY from the watessoluble protein fraction (WSPF) of the egg yolk usihgrmo
responsivesystems in presence and absence of SAILs. Herein, IgY purifidabionthe

WSPF using the noionic surfactant Triton XL14 and SAILs belonging to the
imidazolium and phosphonium families was performed for the first time. Studies were
also undertaken to evaluate the structural stability of the antibody before and after
extraction using AMTPS through several analytical tools such aar@IATR-FTIR.
Considering the relevant role of the proposed process for the purification of IgY, the

complete downstream process was designed, considering four main steps, namely (i) the
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recovery of the WSPF, (ii) the purification of IgY by applying (mixed) AMTPS, (iii) the
isolation/polishing of the IgY and (ivhe recycling of the main phase formers. Within
the process envisioned, future research on its -sgalevil be assessed, thus
contibuting for the development of sustainable and -tmst production of this

antibody for biomedical applications.

3.4.2. EXPERIMENTAL SECTION
3.4.2.1. Materials

All reagentsused in this work, namelthe surfactantthe differentSAILs (structures
present inFigure S33 and the buffers components, are displayed dabie 7 as well
as their manufacturer and purityhe gel of electrophoresis used in the SESGE

analysis was purchased from Amersham.

Table 7. List of reagents employed with thegspective manufacturer and purity.

Triton X-114 Acros Organics -
1-decyt3-methylimidazolium chloride, [mim]CI
1-dodecyt3-methylimidazolium chloride, [EGmim]CI
1-tetradecyl3-methylimidazoliumchloride, [Gsmim]ClI lolitec >98.0
1-hexadecy3-methylimidazolium chloride, [€mim]ClI
1-octadecy3-methylimidazolium chloride, [@mim]CI

trihexyltetradecylphosphonium chloride s[§.14Cl >93.0
trinexyltetradecylphosphonium bromide g 14Br >96.0
trihexyltetradecylphosphonium decanoate, &£ JDec Cytec >97.0

trihexyltetradecylphosphonium bis (2,4,4

trimethylpentyl)phosphinate, fR6.14[TMPP] R
Citric acid, GHgO7 Panreac 99.5
Sodium phosphate dibasic, PO Merck 99.0
Disodiumhydrogen phosphate heptahydrate;HQ: 7H,O
Sodium dihydrogen phosphate, Nt Panreac >98
NaCl
Coomassie Blue (@50) AMRESCO -
Methanol Fisherchem _
Ethanol -
Bromophenol Blue Merck -
Tris base Pronolab -
Glycine Acros Organics 99
Glycerol Sigma Aldrich -
Dithiothreitol Acros Organics -
Sodium dodecyl sulphate (SDS) Acros Organics 99

3.4.2.2. Methods
3.4.2.2.1. Water Soluble Protein Fraction preparation (WSPF)

To obtainthe Ig¥fr i ch WSPF from the chickends egg

protocol reported by Liet al?*>was adopd.
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3.4.2.2.2 Preparation of the AMTPS for the IgY purification

Optimization studies of the surfant and WSPF caentrations were perfora using
several conventional AMTPS (without any SAIL). First, the surfactant concentration
studies were accomplished by weighting all the system components into a falcon tube:
1,5, 10, 15 or 20 wt% of Triton-X14+ 10 wt% of WSPF + Mcllvaine buffer (0.16 M)

pH 6.0 to complete a final volume of 10 mL. Then, the AMTPS were homogenized at 4
°C in a freezer for at least 2 h, using a rotor apparatus (Stuart SB3) at 35 rpm.
Afterwards, the systems were left at 85in a Venticell incubator overnight to reach

the thermodynamic equilibrium and guaranteeing the complete phase separation. The
result was the foration of a surfactantich and a surfactarioor phasg corresponding

to the bottom and top phases, respectivéhese were carefully separated, and their
volumes and weights consided. After the proper optimization of the surfactant
concentration, this procedure was repeated for the WSPF concentration study using 20
wt% of Triton X-114 + 10, 17.5 and 25 wt% of WBR Mcllvaine buffer (pH 6.0) to
complete the final volume of 10 mL. Finally, the optimized system wsaslto study

the effect of the SAIL addition as -surfactant Figure S32 to the AMTPS: 20 wt% of
Triton X-114 + 0.3 or 0.5 wt% of SAIL + 25 wt% of WSPF + Mcllvaine buffer pH 6.0

to complete the final volume of 10 mL. All studies were performed in triplicate and the
respective avege and standard deviatiodstermined. Moreove when working with

mixed AMTPS, an interval of temperatures (350 °C) was studied due to the cloud
point variations imposed by the SAILs addition. For SAILs belonging to the
imidazolium family, the phase separation occurred af@and higher tempetares,
whereas the IgY extractions using the phosphorased SAILs were done at 36

and 37°C.

3.4.2.2.3. AMTPS preparation for the consecutive IgY purification cycles

For the three consecutive extraction cycles, only the top phase of the optimized mixed
AMTPS was applied, namely with 0.3 wt% of {fhim]Cl. The new AMTPS
composition was reconstituted by 25 wt% of the AMTPS top phase, 20 wt% of Triton
X-114, 0.3 wt% of SAIL and the appropriated amount of Mcllvaine buffer at pH 6.0 in
order to obtain the same camtration of the original AMTPS components, from where
the top phase was attained. An identical cycle was attempted towards the suricttant

phase, in which an appropriated amount (20.3 wt%) of the surfacthnphase was
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added to a new WSPF to obtathe second AMTPS components in the same

concentration prepared for the first cycle.

3.4.2.2.4.Protein quantification of the surfactanpoor phase by SEHHPLC

analysis

Proteins from both the WSPF and the surfaepmar phase of each AMTPS were
quantified throughSize Exclusion- High PerformanceLiquid Chromatography SE

HPLC) with a size exclusion column Shodex Protein ¥02.5 (8 mm x 300 mm).
Initially, the surfactanpoor phase was diluted (1:10) in 100 mM of sodium phosphate
buffer + NaCl at 0.3 M and pH 7.0mobile phase), injected into the HPLC and run
isocratically with a flow rate of 0.5 mL.mfrat 40+ 0.1°C. The injection volume was

25 pL and the wavelength was set at 280 nm using a diode array detector (DAD). The
IgY gquantification was carried out bgn external standard calibration method in the
range from 0.1 to 1.0 g:X. The chromatograms acquired from the HPLC were used for
the determination of the IgY purity and recovery, which were calculatéttjby2land

22, respectively:

) CBOOBPOU p TUTT Eq. 21

) COWE Ap A pTT Eq. 22

where the IgY weigRtractantpoor phaserepresents: [IgY] in the surfactapbor phase x
volume of the surfactafgoor phasgand IgY weighiniia corresponds to: [IgY] in
WSPF x volume of the WSPF added.

3.4.2.2.5.SDSPAGE analysis of both surfactaspoor and surfactantrich

phases

The AMTPS surfactantich phase was not possible to analggeSEEHPLC, due to the
surfactant interference with the column, and tthesanalysisvas performed by SDS
PAGE. The SDSPAGE analysis allowed thedentification of the presence of
contaminant proteins in thsurfactantrich phase through the determination of the
proteins profile in both phases in comparison with the WSPF. First, all proteins found in
the AMTPS were precipitated to remove all the systems goaseng components
since they interfere with the egtrophoresis running. Therefore, 1000 pL of
acetone/methanol (8:1) were added to 100 pL of sample from each 2phase
precipitated proteins were resuspended in 100 pL of Mcllvaine buffer (0.16 M) at pH
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6.0. Afterwards, all samples were diluted in water so that the amount of proteichin e
lane was around 0.5 pg. The samples were then diluted in a running buffer followed by
a 5 min incubation at 9%C. The samples and the fulhlnge Amersham rainbow marker

(12 to 225 kDa) were loaded into the gel (stacking and resolving gels at 4 &ad 20
respectively) and submitted to a run during 90 min at 135 V. Then, the gel was stained

with a Coomassie Blue-@50.

3.4.2.2.6.1gY stability studies

To studythe effect of the surfactant, as well as the SAIL (aswdactant) in the IgY
stability, the best anavorst AMTPS towards the IgY purification were analysed by
ATR- FTIR and CD. It should be noted that, in this step, pure IgY was used, which was
previously puri f i eadPiefce Ghickenalgy PerificgtiorsKit froonl k by
Thermo Scientific For all techniques, only the top/surfactgmdor phases were
analysed since the IgY, due to its hydrophilic nature, migrates preferentially towards
this layer. The ATRFTIR analyses were performed inParkin Elmer Spectrum Bx
spectrophotometer and scanned betv90-1000 cm! with a resolution of 4 cm'and

64 scans. These conditions were chasene this is the most important interval when
studying proteins owing to the localization of the amides | and Il regions for the protein
secondary structure determimat?*4 Background of Mcllvaine buffer (0.16 M, pH 6.0)

and each AMTPS blank spectra were also subtracted from all samples prior to data
analysis to eliminate their interference from the samples containing pur¥agigtion

in the secondary structure of IgY in presence of AMTPS and SAIL-asiifactant was
studied by CD spectroscopy (JASEG00). Similar to FTIR, the surfactapbor phase

was chosen for CD analysis as wdHor CD analysis, an initial concentratiaf
1mg.mL?! of pure IgY in Mcllvaine buffer (pH 6.0) was added on the preparation of the
AMTPS and then, the surfactgobor phase was separated for CD analy&ise IgY (1
mg.mL?) in Mcllvaine buffer (pH 6.0) was used as control to compare the segondar
structure variations. Spectra were collected in a 1 mm path length quartz cuvette at a
scan rate of 100 nrper minute at 20°C cell temperature. The response time and the
bandwidth were 2 s and 0.2 nm, respectively. Three spectra were recorded
consecutiely to give single average data. This technique allows the monitorization of a

possible IgY degradation in presence of the AMTPS.
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3.4.3. RESULTS AND DISCUSSION

The main objectivef this work is the development of an efficient downstream process
allowing the purification of IgY from the egg yolk, particularly from the WSPF. Aiming
at developing the most efficient purification strategy, different AMTPS were
investigated considerintpe presence and absence of SAILs asurfactants, forming
mixed AMTPS. This work started with the optimization of the main process conditions,
followed by the design of an integrated process to separate IgY from the main

contaminant proteins.

3.4.3.1.1gY purification from the WSPF using conventional AMTPS

AMTPS offer two very distinct environments, namely a hydrophobic surfadtamt
phase and a hydrophilic surfactgggor phase, upon the temperature increase.
Therefore, this work explored these thermesponsive systems to purify IgY from
WSPF. Due to the hydrophilic nature of IgY, it preferentially partitioned to the
surfactaripoor phase, whereas most of the contaminant proteins have migrated towards
the opposite phase, due to their different sizes rande hydrophobic nature when
compared with the antibody pure IgY sampleobtained from a commercial kivas

run through the SEHHPLC alongside a WSPF sample to evaluate the WSPF profile and
allowing the determination of the retention time for both Ig\d @aontaminant proteins
(Figure 45. The WSPF displays five peaks, corresponding peak 1 to IgY with a
retention time of 15 min. Peaks 2 and 3 are the IgY main contaminants with retention
times of 16 and 17 min, respectively, while peaks 4 and 5 are thainiam
contaminantpresent irsmaller proportios anddisplaying retention times of 27 and 37
min, respectively. It should be noted that peak 3 is the most intense, being followed by
peak 1, tis latest representing IgY.

Abs
jk PurelgY

Peak2 Peak4 Peak5
Peakl l Peak3 1 l

LA A\

0 5 10 15 20 25 30 35 40 45

WSPF

Time (min)

Figure 45. Chromatograms of the pure¥gand the WSPF.
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After the proper characterization of the WSPF, an optimization study using the AMTPS
with no SAILs, was performed to select the best starting conditions of the surfactant and
the WSPF concentrations. Forglgurpose, different surfactant concentrations (1, 5, 10,
15 and 20 wt%) of Triton X.14 were used in the IgY purification from the WSPF. The
SE-HPLC chromatograms obtained are providedFigure 46.1) while the plots of IgY
purity and yield are represedtén Figure 46.11). From the analysis of the SHPLC
chromatograms, it can be seen that, at 20 wt% of Tritekl& an inversion in the
peaks intensity is observeshowingthe increase in the IgY purityrigure 46.11). The
chromatograms also show the agaace of another peak at 23 min not visible before in
the WSPF, which corresponds to the residual presence of the -fphassy
components of the systenkigure 46 demonstrates that, when the surfactant
concentration is increased, the Ig¥rity was improved from 34.6 to 44.3 £ 0.4%, a
profile followed by theantibody complete recovemgto the surfactanpoor (top) phase.
This effect seems to be related with the increase of the micelleber andsizeasthe
surfactant concentrationcreass.?* This leads to a greater capacitj the surfactant

rich phaseo concentrate Aigheramount of contaminant proteins inside the micelles.
Contrarily to what happens with the mtaminants, the IgY does not entetoirthe
micelles due to its higher molecular weight and hydrophilicity. Both phenomena,
micelles size and IgY hydrophilicityersuscontaminants hydrophobicity, contribute to

the IgY purification in the surfactabor phag.!?201.241
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Abs 1)

AP\ | "-‘ 20wt% Triton X -114

‘\ 15 wt% Triton X -114

10 wt% Triton X -114

J\ 5 wt% Triton X -114

1 wt% Triton X -114

0 5 10 15 20 25 30 35 40 45
Time (min)
)}
IgY purification (%) IgY yield (%)
100 ©100.0—— *TlO0.0** —0100.0——©100.0—— **TlOO.(% 100
80 80
60 60
44.3
40 34.6 32.9 35.2 33.7 37.9 : 40
20 20
0 0
WSPF 1 5 10 15 20

. wt% Titon X -114 )
Figure 46.1) Chromatograms of AMTPS surfactgmbor phase at different surfactant concentrations upon

phase separation at 35.0 = 0@ II) IgY purity (bars) and yield (line) in percentage (%), obtained for

each AMTPS with different surfactant concentrations (wt%Jiton X-114, uponphase separation at

35.0 £ 0.1°C.

As second optimization step, the WSPF concentration was studied, keeping constant the
surfactant concentration at 20 wt% and varying the WSPF concentration (10.0, 17.5 and
25.0 wt %) in the AMTPS. Thal purity and yield are presented kigure 47. The
resultssuggest that the increment in the WSPF concentration leads to an increase in the
IgY purification, since a higher amount of proteins was added. These results also
suggest that the surfactaimth phase has not yet achieved saturation when a lower
WSPF concentratiors used Therefore, this optimization resulted in iacrease of the

IgY purity from 34.6 to 51.2 + 0.7%, with 25 wt% of WSPF, without any IgY loss, as

shown bythe IgY vyield presemdin Figure 47.
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IgY purification (%) IgY yield (%)
100 T:OO -— —— —— —ol00 —(— —(— —— TJIQD— 100
80 80
60 512 60
443 4r.0 :
40 34.6 40
20 20
0 0
WSPF 10 175 25

wt% WSPF
Figure 47. 1gY purity (%) (bars) and yield (%) (line), obtained for each system with different amounts of
WSPF (wt%) and 20 wt% of Triton-X14, uporphase separation at 35.0 £ 6l

3.4.3.2.1gY purification from the WSPF using SAlkbased therme
responsive AMTPS

After the optimization of both #hamount of surfactant and WSBRd aming at the
design of a more efficient AMTPS for the IgY purificatidhe effect ofSAIL upon the
thermoresponsive AMTPStudiedwere tested. Imidazoliunand phosphoniurbased
SAIlLs were applied in this work, owing to their enhanced extractive performance and
selectivity**°In this sense, several modifications on the anion moiety, alkyl side chain
and cation, as well as the SAILs concentration, were studied. The alkghsioheeffect

was evaluated through the imidazolium familyf@m]CI, by varyingn between 10

and 18 as presented irable 8 On the other hand, the anion influence was studied
using the phosphonium family, through the catioge[§24*, while using Cl Br, [Ded"
and[TMPF"as the counterions. This family was ¢
symmetry and the alkyl side chagffect,by comparing [Bs,614Br with [PsggdBr and
[Ps6,6,14Cl with [Ps4.4,14Cl, respectively Variations on thecation can be related to
changes in viscosity, density and refractive index, as previously reported for this
family,?4® with all being able to influence the purification performance of the mixed
AMTPS (Table 9). Finally, the SAILs concentration effect is also showTables 8

ando.
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Table 8. 1gY purity (%) and yield (%) for the distinct imidalium-based AMTPS in comparison with the
AMTPS without SAIL. The extraction temperatureCY and the SAIL concentration (wt%) is also
identified.

. 35.0 51.2+0.7 100 + 13
Without SAIL 37.0 51+1 100 + 9
. 50.0 0.3 57.0+08  100.0+ 0.03
[C1omim]CI . 05 -
(CamimiCl 40.0 0.3 50.3+0.1 58 + 9
12 50.0 0.5 37+1 100 +2
— 37.0 0.3 61 +1 56.9+0.2
14 40.0 0.5 57 +1 54 + 4
. 0.3 44 + 1 60 + 7
[Cremim]Cl 37.0 0.5 64 + 2 75+6
. 0.3 455+ 0.1 63162016
[Cagmim]Cl Sl 0.5 68.9+ 0.9 31+3

The results displayed ihable 8 suggest that the IgY purification can be enhanced by
the proper choice of the imidazolidoasedSAIL added to the AMTPS and respective
concentration [C1emim]Cl and [Gomim]Cl are respectively the best and the worst
SAILs, both compared at 0.5 wt%hese results can be explained by the formation of
mixed micelles, with the SAllcationsbeing incorporat in the micelle alongside the
nonionic surfactant. Consequently, the SAIL addition asuwrfactant confers the mixed
micelles different properties regarding charge (when compared with the common
AMTPS), diameter and shape®?2247.248However, it is important to notice that the
results for the imidazoliuspased SAILs were not studied at the same temperature due
to their cloud point variation. When the SAIL alkyl side chain increases, so does the
system hydrophobicity andhds, the temperature required to promote the phase
separation decreas¥? It is requred to have this is mind when comparing these
results, since these are thernesponsive systent$%2 Therefore, it was impossible to
measurahe data for 0.5 wt% of [{amim]Cl owing to the absencs a phase separation
until 50°C. It is also important to note thahangeon the temperature can also lead to
changes in the CMC since, asthkemperature increases, the hydration shell of the
imidazolium heads decreases, leading toydrophobicity increasef the overall system

and favarring solutesolute interaction$**2°°This hydrophobicity increment can affect
the proteins partition and, asnsequence, the pfication results. In this case, it seems
that a temperature increment leads to a decrease in the IgY purifichabte (8),
which is not associated to the potahtienaturation of the antibody thatsisble up to
70°C.2°! According with the data from the IgY vyield, it can be seen that the best results

are achievedfor the highest temperatures tested, as 100% of IgY yield was obtained
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with [C:omim]CI. This suggests that the characteristics of theechimicelles might play

an important role upon the IgY purification. Additionally, and by comparing the data
obtained for [Gemim]Cl and [Gsmim]Cl, at the same temperatur€aple 8), it is
concluded that the elongation of the SAI LS
the contaminant proteins for the surfacteaoh phase, which represents iaereasen

the antibody purityo the opposite phase. This effect is even more pronoumbed the

SAIL concentration increases from 0.3a® wt%, attaining a maximungY purity of

68.9+ 0.9%. In summary, the best scenario represents an IgY purity increase from 51.2
+ 0.7%6 (belonging to the AMTPS without SAIL at 3T) to 68.9+ 0.%6 (of themixed
AMTPS with 0.5 wt% of [Gemim]Cl also at 37 °C). However, despite the highest
purity found for the latest system, a considerably IgY loss (IgY yieRD® + 3.2% is
defined.As such, the mixed AMTPS with 0.3 wt% of {fhim]Cl| wasconsidered the

most promising system, due to its higher extraction yield (~57 %) and just slightly
lower purification (~61%), besides its easier solubilizatidioreover,it will allow a

direct comparison with the phosphonium with the same alkyl chain length.

Table 9. IgY purity (%) and yield (%) for thephosphoniurbased AMTPS in comparison with the

AMTPS without SAIL. The extraction temperatureCY and the SAIL concentration (wt%) is also
identified.

) 35.0+0.1 51.2+07 100 + 14
Without SAIL 37.0+0.1 51+1 100 + 10
03 50.2+08 68.1+0.7
[P4.4,414Cl 37.0£0.1 0.5 55.7 + 0.4 43+3
0.3 492+04 84 +2
PreoC 35.0£0.1 0.5 48.4£0.9 87 + 18
6,6,6,1 . 0.3 40+ 2 100 + 18
.0£0. 0.5 40+ 1 100+ 7
0.3 46 + 3 84 +4
. 35001 05 46.9+0.2 82+5
6.6.6.1 0501 03 432+02 100 + 3
D0 05 424405 100 + 4
0.3 482+04 97 +9
PeasliDec] 35001 05 46.8+0.1 100 + 4
6,661 0501 03 242+0.3 100 1
.0£0. 0.5 45+ 1 100+ 4
0.3 49 + 2 69 + 7
Poo ol TMPP] 350+0.1 05 45.8 +0.2 79.9+0.9
6,6.6.1 0501 03 224+0.3 77.7+03
.0+0. 05 425+0.2 80 + 2
0.3 442+02 89 +3
- 35.0+0.1 05 42.8+0.1 92+3
8.5, 0501 03 215+05 84+5
.0+0. 05 41.0+04 83 +6
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Regarding the phosphonium family, theiddition to the AMTPS reduces the IgY
purification (Table 9) when compared with the resutibtained for the system without
SAIL and for the imidazoliunbased thermoesponsive systems. This effect could be
related with the high hydrophobic nature of these SAILs, which can imposeuldiifsc

to the extraction of moréydrophilic contaminant preins. These systems allow the
purification of biomolecules through the different size and hydrophilic/hydrophobic
character of the compounice. smallhydrophobic molecules tend to stay in the micelle
core, whereas big hydrophilic molecules preferdbinuous phaseNonetheless, if the
compound is slightly hydrophilic and small, it will be retrieved in the surfacteaimt
phase, while a more hydrophobic aadger compound willremainin the surfactant

poor phasé* Thereby with the phosphoniurbased AMTPS, if the contaminant
proteins are smaller but considerably hydrophilic, they will preferadtyainin the
surfactaripoor phase due to the micelle core being highly hydrophobic. With these
results, it is becoming eviderthat the extractive performance of the SAlased
thermoresponsive systems depends on the target biomolecule and its matrix. For
example, the phosphoniurrbased AMTPS have proven to be considerably more
selective than the imidazoliutmased systems when cparing model hydrophobic and
hydrophilic compound$ and even in the purification of bromelain from a real and
complex medium such as the pineapple steidowever, this is not here the case,
suggesting that with this matrix, the hydrophobicity of the system displays a more
relevant influence on the proteipartitioning than the micelles size.

Considering the counterion effect by studying the longer phosphemased SAILS,
[Pes6.6,14", at both concentrations (0.3 and 0.5 wt%), it was possible to verifpditaer

the anion effectnor the SAIL concentrain seem to be significant for the IgY
purification. When the cation effect was concerned, the resadtievedat 37 °C
showed that the IgY purification followed thiend [Psssd” < [Pss.6,14" < [Pa4,414",
whereas the IgY yield presentedlifferenttrend: [R4,414" > [Psssd* > [Ps66,14*. The
phosphonium familyagain showghat the temperature increase leads to a decrease in
the IgY purification. Overall, it was possible to conclude that the phosphehased
SAILs are less effective for the IgY purification from the WSR&n theAMTPS in
absence of SAILs or those based in the imidazolium family.

These results are dlirther corrdborated by the careful analysis of the SBSGE gel
belonging to each phase of the phosphornased AMTPS and the most performant
imidazoliumbased SAIL (@mimCl), asshownin Figure 48. It should be highlighted
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that,from the pure IgY lane, the antibotigavy chain appears in the-68 kDa and its

light chain is presented around 25 kDa. When the WSPF is considered, the same bands
are visible in addition to several other bands, corresponding to the contaminant proteins.
Furthermore, this gel clearly evidees that theC;smimCl-based AMTPS is able to
retrieve most contaminant proteindarthe surfactantich phase, thus leading to the

highest IgY purity of the systenssudied
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Figure 48. SDSPAGE gel of theproteins present in the WSPF and in both surfagiaot and surfactasrich phases of the conventional AMTPS with 20 wt% of Triten X
114 and the similar mixed AMTPS with 0.3 wt% of SAIL acting asudactant, upon phase separation at 37 °C.
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3.4.3.3.1gY stability through ATRFTIR and CD

Stability studies were conducted to determine the structural integrity of IgY after
purification. Thus, conventional AMTPS and SAblasedthermaresponsivesystems

were prepared with pure Ygto assure that any variations in the molecular structure

were only associated with the antibody and not with the contaminants. The obtained
surfactanipoor phases after extraction with pure lg¥re then analgsl by ATRFTIR,

as displayed irFigure 49.1). From thelgY FTIR spectra examinatioriwo different

regions were identified as important for the structural integrity analysis of the secondary
structure, one is amide | (~1650 émwhich corresponds to stretching vibration of the

group C=0, and thetler is amide Il (~1550 cH) that corresponds to stretching on

C=N group. Ami de | -srheege to ns tirsu catubsreietbas(t &1d6 3t 50
Uhelices Yaleaendom cYilacrdarlbs 46 &)cdikede cm
regions are usually usetd identify several elements from secondary structures of
proteins?** As evident inFigure 49.1), and by comparing thidata with pure IgY in

buffer, there was no significant difference in the amide | and amide Il peaks pa@sition
conventional AMTPS and in [amim]Cl-based AMTPSThe same conclusion was

achieved from the CD spectra analysis, where the presence of the same negative band
around ~218 nm was found for both the conventioaatl [Gsmim]Cl-based AMTPS

(Figure 49.1), confirming again thereservation of the antibodstructural integrity.

However, when the presence ogpi2dBr was analysed bot h peaksd posit
FTIR and CD spectra were drastically shifted, thuggesting structural changedgyY

duringpurification, which may explain its lower extraction yield.
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Figure 49. Infrared () and CD (1) spectra of pure IgY1 mg.mL?) in different mediums: (a) Mcllvaine

buffer pH 6.0 (b) 1 wt% of Triton X114; (c) 20 wt% of TritorX-114; (d) 0.3 wt% of [@mim]Cl + 20
wt% of Triton X-114; (e) 0.3 wt% of [RgsdBr + 20 wt% of Triton X114
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3.4.3.4. Integrated process for the IgY purificatioby consecutive cycles

As previouslydescribed, the purpose of this work is to purify 1§¥m the WSPF,

while applying a biocompatible and more efficient downstream process. The reuse of
each phase former, as well as, the IgY isoldtfomere also contemplated in the
integrated downstream process envisaged in this weiduie 50). After the proper
optimization of the partition process, the AMTR&Iditivated with 0.3 wt% of
[C14amim]Cl was selected as the most performant to purify lggure 51), considering

the tempeatture required and the purification and yield parameters obtained.
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Figure 50. Integrated platform for the IgY purification.
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Figure 51.1) showsthatuse of multiple extraath steps enhanceke IgY purification.
However, this is accomplished by the loss of IgY between cycles. These results were
also confirmed through a SEFFAGE analysigcf. Figure 52). This Figure showsthat

the new extraction cycles are indeed able to extnace contaminant proteins from the
WSPF and simultaneously concentrating IgY in the surfagtaot phase, as visible by

the more intense bands of IgY in the second and third cycles, especially its light chain.
However, the presence of IgY heavy chaindsawas also observed in the surfactant
rich phase of each new cycle, though with much less intensity, which was in accordance
with the decreasing values of IgY yield in each new AMTPS. Therefore, this analysis
confirms that the addition of new extractiogcles has the capacity to purify and
concentrate the IgY, with a maxum value of 73%IgY can be further purified by the
incorporation of an ultrafiltration step, as demonstrated irapipdiedpatent®®® and the
surfactanrich phase reused by firstly eliminating the contaminant proteins, as

previously demonstrated*

IgY purification (%) ) IgY yield (%)
100 100
9 90
80 70.1 73.4 80
70 63.1 = 70
60 ;5.5.9 60
50 < 50
40 e 40
30 ~ . 30
20 B 20
10 9. _ 10

o 47
1stCycle 2nd Cycle 3ndCycle
IgY purification (%) 1 IgY vield (%)
100 100
90 )
80 80
70 - 4741 70
60 vz _ .- 60
50 f—4's.7 50
40 275 40
30 ] 30
20 20
10 10
0 1stCycle 2nd Cycle, 0

Figure 51. 1gY purity (%) (bars) and yield (%) (line) obtained for each extraction cycle with mixed
AMTPS composed of 0.3 wt% of [@nim]Cl, upon the reuse of the surfactgabor phasel] and the
surfactantrich phasel() with phase separation at 30.1°C.

Then a second cycle of purification was tested, in which the surfaatarphase was
directly reutilized, however the results were not as good as the ones attained for the
surfactanpoor phase. By anayg the IgY purities and yieldsF{gure 51.11), it is

clear that the surfactantch phase is saturated, since the IgY purity in thersgogycle

decreased almost 20%, showing that this phase cannot recover more contaminant
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proteins as it did before. Summing up, and considering the low cost of the chicken eggs
as raw material and the high commercial value of IgYg5® of | g ¥, thest 296
final integrated prification procesproposeds depicted irFigure 50. It should be here
highlighted that this is the first time that an AMTPS has been applied in the IgY
purification and is showing outstanding results for a -tegolution downstream
process. Our data is eonsiderable improvement of the previously reported IgY
purification of 60%, achieved by sequential steps of lipids removal and precipitation
methods’3® Apart from this study, our group has also shown the ability to extract IgY
using simpler ATPS, however, the IgY purity was not determihebeing only
demonstrated these systems ability to achieve extraction efficiencies higher than
79%2° Furthermore, there are other studies attempting the IgY purification, though
they report more complex protocols while using higbolution techniques, such as
chromatographycf. Table S19 of SI).
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Figure 52. SDSPAGE gel of the proteins present in both surfacpadr and surfactanich phases of

the different extraction cycles using 0.3 wt% of4@im]Cl, upon phase separation at 37 + 0.1 °C.

3.4.4. CONCLUSIONS

This work reports the application of surfaaetive thermeresponsive systems
(commonly defined as mixed AMTPS), in the purification of IgY from egg yolk. After a
careful optimization of the process, an integrated process was envisioned by applying
three consadive purification cycles othe AMTPS based in 0.3 wt% of {&nim]CI. In

the end, the process allowed to obtain an IgY product with 73% of purity and
structurally intact, as confirmed by ATRTIR and CD.

146



3. PURIFICATION OF THERAPEUTIC PROTEINS

3.5. CLoUD POINT EXTRACTION OF

| MMUNOGLOBULIN G FROM HUMAN PLASMA

This chapter is based @manuscript under preparatiby
Filipa A. Vicente, Jéssica Bairoslanuel RoqueJodo A. P. Coutinho,
Soénia P. M. Ventura and Mara G. Freire

3.5.1. INTRODUCTION

Plasmaderived medicinal products are considered of utmost importance according to
the World Health Organization (WH®3)’ These products comprise mainly albumin,

clot factorsand immunoglobulins, and are recurrently applied in trauma incidents and
major surgery, as well as in the treatment of several diseases such as hemophilia,
autoimmune pathologies, systemic inflammatory and/or bleeding disorders and
congenital deficiencie®"?>° This makes plasma and plasaerived medicinal
products crucial therapeutics in a daily basis. However, they are dependent upon the
good will of donors, which contributes to some instability regarding plasma availability.
Therefore, tkb limited plasma availability is, by itself, a critical steppsigne for the
expensive cost of plasnaerived medicinal products. In addition, the compounds
extraction and purification into pharmaceuticals requires numerous steps and
intermediates untilthe final product formulation, further increasing the overall
COSt52.60’261

Clinical transfusion plasma is obtained after platelets have been removed or by
apheresis in clinical blood collection centers. Plasma can be categorized depending on
its treatment as fresh frozen plasma (frozen within 8 hours after collection) or frozen
plasma, when frozen within 8 to 24 hours after collection. Nonetheless, botrecan b
thawed and kept for 5 days in temperatures ranging from 1%0© &nd be further
separated in distinct products. In particular, fresh frozen plasma can be thaw in a

refrigerator and allow the formation of a cryoprecipitate with different-aigghed value

% “Contributions F.A.V.J.B acquired the experimental data. M.R. collected the blood samples. F.A.V.,
S.P.M.V. and M.G.F wrote the manuscript under preparation with contributions from the remaining
authors.
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products. After its removal, plasma can still be used to treat specific pathologies or can
be sold to commercial plasma fractionators to be fractionated into the remaining
plasmaderived medicinal product§? Included in these plasraerived products are the
immunoglobulins, which represent the major plasma product on the blood global
market?®? However, not all hospitals and health care centers have these plasma
manufacturers in their vicings somostof the unused clinical transfusion plasma is
discarded with viable immunoglobulins that could be used as a raw material in clinical
diagnosis or immunological research.

Immunoglobuling or antibodies are proteins naturally produced by the aigm
immune system to protect it from pathogens by recognizing the antigens on their
surface. Currently, antibodies represent a large market sector with an estimated global
production market of USD 13.28 billion by 202%,due to their impressive global
growth in the biopharmaceutical and biotechnology fields. Such demand led to the
production of reombinant poly and monoclonal antibodies using Chinese Hamster
Ovary (CHO) cells as a solution for the limited plasma availafity®*However, the
general process for the antibody recovery involves numerous steps that vary according
to the raw material, namely human plasma or CHO cells. In both cases, purification,
clearance,validation and quality control are required, involving multiple time
consuming steps, culminating in expensive downstream processes and, consequently, in
a highcost final product®:264265 |mmunoglobulins can be obtained from human
plasma by the traditional or adapted Cohn me#i®domprising several stages of
ethanol, caprylate orPEG precipitation, filtrations and distinct types of
chromatography®1264.26’More recently, otar techniques have also been applied for
IgG purification from other sources, such as CHO cells, for instance resins with ligands
for a specific immunoglobulf§*-?%*and ATPS264265267271 Chromatograpic techniques

are still the most efficient and widely employed for the purification of antibodies.
However, they lack in economic viability and scalability due to the high cost of the
resins and their quite reduced usage time, the high time consuming cyclds, bat
processing and pressure dréffs’>Therefore ATPS have emerged as a ceffective

and easy to scalgp technique to be applied in the purification of a wide range of
biomoleculeg?®? including 1gG.265267271.213274 |9G js the most abundant antibody,
comprising 1620% of total proteins in human serum, and the most used in thet&pies.
Taking into account the commercial value of pure IgG and the potential of- SAIL

modified AMTPS, the development of an efficient downstream process to purify IgG
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from unusd clinical transfusion plasma is envisioned. On the development of the
process, particular attentidrasbeengiven to human serum albumin (HSA), sirtbes

is the most abundant contaminant protein present in human plasma. In the end, the
purification proess implemented to get access to a purer IgG antiblodyldbe an
example of innovative research on new medicinal products, supporting the development
of alternative technological tools of low economic impact and high potential to ensure
healthy lives angromote the welbeing for all, as requested by Eurogped the 3¢
Sustainable Development GdqAlgenda 2030).

3.5.2. EXPERIMENTAL SECTION
3.5.2.1. Materials

Conventional nonionic surfactants, Triton144 (technical grade) and Tergitol-857

(purity Oacduiteoit Aonos Organic and Sigkrich, respectively. The

SAlLs used as csurfactants were -fnethyl3-tetradecylimidazolium chloride-

[C1amim]CI (purity > 98 wt%), purchased from lolitec (lonic Liquid Technologies,

Heilbronn, Germany); tributyltetceecylphosphonium chloride[Pa4,4,4,14Cl (purity = 95

%), provided by lolitec; benzyldodecyldimethylammonium bromid8l1,1,12,c7H7)Br

(purity > 99%) obtained atSigmaAldrich; and cholinium tetradecanoate
[Ch][Tetradec], synthesized -mouse’!’ The structues of all the surfacactive

compounds are present iigure 53. To prepare the Mcllvaine buffer, the sodium

phosphate dibasic anhydroufNaeHPQw ( pur ity O 99 %) and citric
CHsO7( purity O 99.9%) were acqui raaddVWRr om EMS
Chemicals BDH Prolabo, respectively. For the mobile phase, sodium phosphate dibasic
heptahydrate- NaHPQi0 7 40 (purity 98102%) was combined with sodium

phosphate monobasic NaHPQ; (purity 99100.5%) and sodium chloride NaCl

(purity = 99.5%),all from Panreac AppliChem. Human plasma was obtained from

whole blood donated by healthy individuals and drawn accordingly to the well
established protocd®and by aut horized per s andRAl . Pur e

(purity 96%) were acquired &igmaAldrich and Alfa Aesar, respectively.
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Figure 53. Chemical structureand abbreviationof the conventional nonionic surfactants and SAILs
used in this work.

3.5.2.2. Methods
3.5.2.2.1. Design of the binodal curves

Binodal curves for both nonionic surfactants were designed accordingly to the cloud
point method’ The cloudpoint corresponds to the temperature at which each surfactant
solution becomes visually turbid upon heating, and there is the system coacervation and
separation into two macroscopic phasesugactaripoor and-rich phases. Two or

three cloud point replicas were taken, being the average determined and considered in
the plot of thebinodal curves. Mixtures composed of 4 to 21 wt% of each surfactant in
absence and presence of 0.3 wt% of SAllrevanalysed, being the system completed
with Mcllvaine buffer (pH 6.0, 0.16 M, since this pH has proven to be more selective
with phosphate buffé?®) up to 10 mL of final volume. The systems were heated
between 10.00C and 55.00C in a temperatureontrolled water bath with a precision

of £ 0.01°C (ME-18V ViscoThermostatJulabo).

3.5.2.2.2.Plasma analysis through SEHPLC

Pure 1gG and HSA, and plasma samples ftam donors (#1 and #2) were ansdy
through aSEEHPLC with a size exclusion column Shodex Protein 802.5 (8 mm x

300 mm). Each protein solution and plasma samples were diluted (1:10) in phosphate
buffer (100 mM)+ NaCl at 0.3 M and pH 7.0 (mobile phase), injected into the HPLC
and run isocratically with a flow rate of 0.5 mL.mimt 40 + 0.1°C. The injection

volume was 2L and the wavelength was set at 280 using aDAD. IgG and HSA
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quantifications were cdad out by an external standard calibration method in the range

from 1 to 14 mg.mttand 5 to 50 mg.mt, respectively.
3.5.2.2.3.Screening of surfactants and process conditions

A response surface ethodology was carried out using &f&ctorial planning to allow

the simultaneous study of the surfactant and plasma concentralibese two
parameters were the independent variables while the IgG purity (%) was the response
variable. Herein, a total of 11 extractions was performieable S20), including 4
extractions for factorial points, 4 for axial points, and 3 repetitions of the central point,
with replicas of each condition tested to guarantee the accuracy of the data. The results
obtained were statistically analysed considering a iden€e level of 95%. The
adequacy of the model was determined. The Statsoft Statisti€as8f@vare was
applied in the statistical analysis and preparation of the response surface plots. This
protocol was used to study and compare the two nonionic samfacnd a third time

for further optimization with the best surfactant. The respective coded and decoded
matrices are presesdtin Tables S20and S21 of SlI. Once the surfactant and plasma
concentrations have been defined, the systems were prepared,cosipteted with
Mcllvaine buffer (pH 6.0, 0.16 M). Each system was under homogenization for ~2 h
and left overnight at 40 + 09C to guarantee the complete phases separation and the
thermodynamic equilibrium of the phases. Afterwards, the phases weraillgaref
separated, and their volumes and weights taken before proteins quantification through a
SEHPLC, as previously described for plasma. The chromatograms were used for the

determination of the IgG purity and yield, accordindetys. 23and24, respectivéy.

~ N s oA~

) CBOOBPOU pTIT Eq. 23

) CUE AR A pTT Eq. 24

where 1gG weightifactantpoor phaserepresents [IgG] in the surfactgmbor phase x volume
of the surfactanpoor phase, and IgG weighiti corresponds to [IgG] in plasma x
volume of plasma added.

HSA purity and yield were determined accordindetys. 5 and26:

~ N 2 oA~

(3DbOOPOU p T Eqg. 25

( BUEABR A pTT Eq. 26
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where HSA weightirfactantpoor phase represents [HSA] in the surfactgmbor phase x
volume of the surfactargoor phase, and HSA weiglt corresponds to [HSA] in
plasma x volume of plasma added.

To analye the surfactaatich phasea proten precipitation was performed avoid the
damage of tb HPLC column by the surfactaptesence. Thus, 4 mL of cold acetone
were added to 1 mL of each surfactanh phase and left for 4 it &0 °C. Then, the
systems wre centrifuged for 30 min at 4C and 5500 rpm and the supernatant
discarded. The proteinic pellet was resuspended in 1 mL of Mcllvaine buffer (pH 6.0,
0.16 M). The previous protocol was repeated for the IgG and HSA quantification.

During the study of the pH influence upon the IgG purifaat the previous
methodology was repeated at pH 7.0 (0.18 M) and 8.0 (0.20 M). Afterwards, at the
optimized conditions, this protocol was maintained to carried out a SAILs screening in

the formation of mixed AMTPS for the I1gG purification.

3.5.3. RESULTS AND DISCUSSION
3.5.3.1. Design of the binodal curves

The cloud point®f both Triton %114 and Tergitol 155-7 in Mcllvaine buffer (pH 6.0)
were determined and the binodal curpésited Thesebinodal curvesvere previously
publishedin literaturefor both surfactantand at the same pH?227® but were herein
repeated to be donat the same conditions as the mixed systems. These results are
present inFigure 54, where it can be seen a difference of approximatelyClLid the
cloud pointshetweenthe twosurfactants, as expected from the comparison of the same
systemdor different H*°2and even in wate¥’.’ This result is explained by the distinct
selforganizationof the monomersof both surfactants, since the main feliénce
between them lies on the linearsusramified tail of Tergitol and Triton, respectively.
Both surfactants display an identical molecular weight and hydropipitiphilic
balance? therefore the micelles characteristics g preferential interactions taking
placemaybe the reason for such cloud paiifference.
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Figure 54. Binodal curves of nonionic surfactants TritonXX1 4 ( 6) an-87 Teyyitol ahSenc
and presence of SAILs as-sarfactantso/y, [Cramim]Cl, 0/, [N1,112,c717Br, 01V, [Paa4,414Cl, and
oly, [Ch][Tetradec]. All systems are buffered with Mcllvaimeffer (pH 6.0).

Regardingthe mixed systems, two different behaviours are observed depending on the
SAIL. All SAILs display a more hydrophilic nature and a CPP lower than 0.5, which
promotes the formation of mixed micelles, smaller than the micellégingbsence. In

turn, these micelles are better solubilized in water, requiring higher temperatures to
promote a higher entropy and consequently higher sebltge interactions, thus
leading to the micelles coalescence and later phase sep&fatidditionally, there is

the contribution of the repulsion betwetre charged mixed micell@This isevident

for the mixedsystems composed of {#nim]Cl, [N1,1,12,c717Br and [R44,14Cl. A

clear exception is the [Ch][Tetraddadsed systems presenting lower cloud points for
both surfactants than the systems without SAIL. This was also reported for Tergitol 15
S-7 and otler nonionic surfactants belonging to the Tergitol fafind is due to the

fact that both the cation and anion are organic ions. Therefore, upon the micelle
formation, they tend to stay closer than when one of them is inorganic and dissociates
much easily.The degree of counterion binding to ionic micelles has ls®wn to

influence considerably the micelles characterispesticularly their sizé’® Herein, the
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incorporation of [Ch][Tetradec] in the micelles of these nonionic surfactants ligub t
formation of larger micelles owing to the higher counterion binding and lower solute
solvent interaction® Thus, these mixed micelles are less soluble in water and the
solutesolute interactions are preferable, leading to their coalescence at lower

temperatures

3.5.3.2. Optimization of IgG purification

As aforementionedquman plasma is a complex matrix rich in different proteins, such
as HSA and immunoglobulins, being 1gG the most abundant. First of all, both plasma
samples used in this work and pure solutions of IgG and HSA were charagcterized
allowing the identification & each protein and representative-8ELC peaks. The
results are presented Fgure 55, showing that IgG peak appeasaround 15 min,
whereas HSA is identifiedt around 17 min. Meanwhile, both plasma samples from
donors #1 and #2 eve analysed revealing two distinct profiles. Plasma from donor #1
displayed three peakthe first corresponding to protein aggregates and the second and
third peaks to IgG and HSA, respectively. Plasma from donor #2 exhibited four peaks:
the first and seond peaks representing protein aggregates and the third and fourth peaks
representing 1IgG and HSA, respectively. It should be highlighted that for IgG
purification, HSA is considered the main contaminant protein and, as such, the intention

is to completel remove it from the presence of IgG.

Abs

PureHSA

PurelgG

Plasmadonor#1

Plasmadonor#2

0 2 4 6 8 10 12 14 16 18 20 22
Time (min)

Figure 55. Chromatograms of pure solut®wf HSA (blue) and IgG (red) in comparison with both
plasma samples used in this work, namely plasma from donor 1 (black) and from donor 2 (grey).

With the AMTPS binodal curves for both surfactants characterized, the cloud point
extraction wascarried ata temperature of 40C to guarantee that, in the range of
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surfactant concentrations studied, the biphasic region is reached. For the IgG
purification, a Z factorial planning was selected for each surfactant, allowing the
simultaneous study of two parameters, namely the surfactant and plasma concentrations.
The factorial designs were all analysed using plasma from donor #1. The coded and
decoded matces are present ifiable S200f Sl and are identical for both surfactants,
whereas the experimental and theoretical data for the IgG purity as well as the residues
are displayed inTables S22and S23 for each surfactant. These results show a
negligible difference between the theoretical and experimental data, allowing the
application of this factorial planning. The regression coefficients, standard deviation, t
student andp-value were also calculatefbr Triton X-114 and Tergitol 1557,
respectively and reportedn Tables S24and S25 The response surface and contour
plots of the IgG purity (%)versusthe surfactant and plasma concentrations, are
displayed inFigures 56.1) andll) for Triton X-114,and inFigures 5%.1II) andIV) for

Tergitol 15S-7. The results obtained in this study suggest the preferable partition of
IgG towards the surfactapbor phase, owing to its more hydrophilic character and
considerably high molecular weigfit53 kD&"9).
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Figure 56. Response surface plots (left) and contour pldtht) of the IgG purity (%) for the systems
composed of Triton X114 ( andll ) and Tergitol 155-7 (Il andIV).
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The 2 factorial planningboth surfactantsRigures 6.1) andll) for Triton X-114 and
Figures %.1II) and V) for Tergitol 15S-7) showed that none of the experimental
extraction mixtures are in the optimal regimachievethe highest 1gG purification.
Herein, none of the independent variables were statistically significant as demonstrated
by the Pareto chart&igures S3 andS34, corresponding to Triton 414 and Tergitol
15-S-7, respectivelyand thus, a second factorial planning was designed. However, for
Triton X-114, the second planning was experimentally inoperable (surfactant
concentrati on lafna tohcenwatidn,< 2 avtva), digating its discard.
Thereby, only Tergitol 15-7 second 2 factorial planning was conducted, with the
results being displayed ove&rgures 57.1) andll) . Its coded and decoded matrices are
present inTable S21of SI, with the experimental and theoretical results, and the
statistical analysisTables S26and S27, respectively. According to the results, the
highest 1gG purification was obtained by selecting a surfactant concentration in the
range of 1619 wt% anda plasma concentration ranging from 11 to 16 wt%. However,
only the plasma concentration has a statistical significance over the IgG purity, as
demonstrated by the Pareto chart~agjure S3. Besides the IgG purity, its extraction
yield is equally importat, so it was also determiné¢@iable 10. By combining the data

from bothFigure 57 andTable 10 it can be concluded that almost all the experimental
mixture points have increased the IgG purity relative to the antibody purity in plasma
(33.2%).Thesereallts suggesthat the mixtures displaying the highest IgG purification
are not the ones that led to the highest IgG yieding thelgG yield for these systems
below 50%. As in any purification process, it is preferable to have a slightly lower
purification of the antibody in the first step and a considerable higher yield since further
purification steps can be carried out to increase the purity. In contrast, if the recovered
amount of IgG is already low, with further purification, more antibody wouldobg |
Therefore, the mixture point with 15.2 wt% of surfactant and 10 wt% of plasma was
selected for further optimization studies to increase the IgG purity, while maintaining

the highest extractiorield.
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Figure 57. Responsesurface plots ) and contour plotsll() of the IgG purity (%) for the systems
composed of Tergitol 25-7 for the different concentrations of plasma and surfactant under study.

Table 10. Experimental mixture points, IgG and HSArjty (%) and respective extraction yields (%).

16.0 6.00 35.8 78.7 49.7 38.3
20.0 6.00 35.9 84.0 54.2 56.9
16.0 14.0 44.0 69.3 39.8 33.8
20.0 14.0 47.6 20.4 27.9 10.3
15.2 10.0 44.8 87.8 45.5 61.5
20.8 10.0 32.2 7.60 26.9 3.93
18.0 4.36 25.8 12.7 20.0 4.79
18.0 15.6 47.2 43.4 37.5 20.7
18.0 10.0 46.5 31.8 35.1 25.0
18.0 10.0 38.4 40.7 41.4 25.0
18.0 10.0 48.7 24.0 29.3 18.3

Results from Table 10 suggest thatHSA (main contaminant presenprefers the
surfactanipoor phasgbeingits partition behawur in line withthe IgGmigration It is

clear that the best conditions to recover more IgG (87.8%) in the surfpo@amphase

are the same leading to the highe§Arecovery (extraction yield of ~ 61.5%) in the
same phase. Nevertheless, the HSA purity has already decreased approximately 12%
compared with its initial purity in the plasma (57.4%). Regarding the unsatisfactory
resultsof 1gG purity obtained, a pH stydwas conducted. The initial studies were
performedat pH 6.0, since it has been reported to be the most selective pH for the IgG
purification?®® Here, the main objective was tmanipulatethe pH versusisoelectric

point (pl) of someof the plasma proteins to change their solubility and/or surface
charge, cosequently manipulating their affinity for each phase. HSA displays a pl of
4.7 s0 it will always display aegdive charge in the studied pH range. On the other
hand, 1gG is always close to its pl that generally ranges between 6.6 and 7.2, though for
some i sofor ms,ch 86&the pHpeffect om thdgG purication is

shown inTable 11, alongside with th@urity and yield of HSA, while being compared

with the purity ofboth proteins irhumanplasma. These results wesaehievedwith
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plasma from donor #2, which clearly has a significant impact over the purities observed,

as visible in the reduced purity oftholgG and HSA in this plasma compared with the

one obtained in the second factorial planning. Plasma from donor #1 presented IgG and

HSA purities of 33.2% and 57.4%, respectively, while plasma from donor #2 displayed

IgG and HSA purities of 29.2% and 4®0 respectively. The variation on the

experimental data achieved resulted from the increased plasma complexity of donor #2,
as it is expected from the considerable variation in the concentration of plasma proteins
within different individuals and even depel i n g

inevitable when working with human fluids, so in each optimization step, the

on t he

personods

heal

conclusions should be regarded by comparing the results obtained and having as

background the plasma used and the conditions stuttievas in this context that a

sequential optimization was performed, meaning that, in each step, the best condition

was selected and remained constant in fugheties.

Table 11. Effect of different pH values on the purity (%) and yield (%) of IgG and HSA when AMTPS
are applied on their fractionatimersusigG and HSA purity (%) in the plasnfdonor #2)

Plasma
pH 6.0
pH 7.0
pH 8.0

29.2
32+2
34+1

33.3+0.4

44 + 4
71+2
86 +5

46.0

30 £3

39+2
41.4+0.2

264
50+3
58 +7

Table 11 demonstrates that the pH has no significant effect on the IgGcpatioh

However the pH plays an important role on the IgG extraction with the yield varying

between 44% and 86%, following the crescent tendency of pH 6.0 < pH 7.0 < pH 8.0.

As such, pH 8.0 is the besalue for further optimizations, even if it is also the pH

where moreHSA is recovered in the surfactgmbor phase, the same phase where IgG

is concentrated. It should be here stressed that, even though we only determined the

binodal curves for pH 6.0 while also studying pH 7.0 and 8.0, we were always working

in the biphasi region as demonstrated by the phase diagrams shown els&wvhere.

Binodal curves with these mixed systems at pH 8.0 were nmesiously reported

nonetheless, it was shown that there is not a big difference in the binodal curves of the

conventional system at pH 7.0 and &®dditionally, pH 6.0 was proven to be the

studied system with higher cloud poiftso if at 40°C we are working o the biphasic

regionof all systems, the sae will happen at pH 8.0.
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Aiming at maximizing the IgG purity, the addition of asarfactant to the system was
investigated. SAILs are excellent candidates due to the their enhanced selective
performance to separate different compounds when addedsasfactants to nonionic
micelles!* Thus, four SAILs were carefully selected considering their influence on the
micelles characteristics and their effect upon the system cloud point, which could be
reflected in terms of the compounds purification. Each SAllorgs to a different
family, namely those based inthe imidazolium ([Gsamim]CI), phosphonium
([P4,4,4,14Cl), cholinium ([Ch][Tetradec]) and ammonium {Ni2,c7H7Br). These
results were compared with the performance of the conventional AMIER®jthout

any SAIL. 1IgG and HSA purities of all med AMTPSwere also compared with the
proteins initial purity in the plasm@able 12).

Table 12. Influence of the SAILs incorporation in the micelles upon the purity (%) and yielo{%)s
and HSA and compared with the proteins initial purity (%) in the plasma (donor #2).

Plasma 24.6 49.1
Without SAIL 25.3+0.7 94.0+0.1 45+ 1 47 +3
[C14amim]CI 27 £2 79+4 41+1 37.3+05
[P4,4,414Cl 28+ 2 91+9 47+ 1 45+ 1
[Ch][Tetradec] 26.2+0.6 100+ 9 46.3+0.6 50+3
[N1,1,12,(c717]Br 27.5+05 87 £3 44.8 £ 0.6 41.0+0.5

These resultsvere obtained using plasma from donor #2, yet it can be here seen a
reduction in the IgG purityandanncr ease in the HSAG6s from
46.0% to 49.%, respectively, which is justified by the lack of plasma homogenization
when it is slice while still frozen. Taken this into account, the SAILs influence on the
IgG purification was investigated with the results showing no significant difference
within the 1gG purity. Nonetheless, the use of mixed AMTPS leads to an increase of the
antibody etraction yieldwhen compared with previous resultanging from ~80 % to

~100 % Regarding the HSA partition profile, a trend can be established considering the
less and most performant systems in extracting it to the opposite phase of IgG:
[Ch][Tetradet O wi t hout4s18A% IN11Qc7nflBP < [Ciamim]Cl.
[C1amim]Cl is able to recover only/s of HSA in the same phase as IgG while
displaying the lowest HSA purity within the different systems. In the end, an
ultrafiltration step to the surfactapbor phase will be implemented to increase the 1gG

purity by completely removing the contaminanttpros still present.
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Up to now, the results achieved are identical toghobtained for the 1gG purification
from human plasma with a traditional polyrsait ATPS, considering a similar scale,
both in terms of the antibody purity and extraction yféldYet, our extraction yields
can reach more than the double of the yield achievetyube conventional Cohn
methodology?®’ It should also be stressed that, even gftotne IgG purification is a hot
topic,265:267,283,26871,273,274.281.28% 0|y our work and the studies developed by Vargas and
co-workerg®”2%8 have reported the use of human plasma as the matiik these
authors considering the use ofa multistep approachOn their process the
immunoglobulinrich phaseis run throughdifferent steps of purification, namely
caprylic acid precipitation, followed by a filtration and dialysis and a final anionic
exchange chromatograpfy/. Later on, this methodology was improved, and the
immunoglobulinrich phase was firstly precipitated with caprylic acid aittated
before entering in a diafiltration. Then, the immunoglobulin solution entered an anionic
chromatography and a final diafiltration combined with ultrafiltration stépisierein,
authors were able to completely fractionate human plasma within the distinct IgG
isoforms, factor clots, plasmin and thromBifithough this was accomplished using a
complexand expensive approach. In contrast, we focusethe development of a
simple and cosgffective downstream process to purify IgG from human plasma
(Figure 58). Herein, plasma was directly introduced in asfiim]Cl-based thermo
responsive system. Afterwardke twophases were collected and the ig&h phase
(surfactardpoor phase) enters an ultrafiltration step to allow the antibody polishing,
while the surfactantich phase, containinostof the contaminant proteins, is mixed
with cold acetone to allow the pais removal and the reuse oifstiphase&®
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IgG Polishing& Phaseformersdé r e u s e

AMTPS Surfactantrich phase Distillation
(40°C, 12h)
Acetone
0.3 wt % [G,mim]CI Surfactantrich phaset
15.2 wt % Tergitol 1557 acetone
79.7 wt % buffer pH 8.0 Cold acetone
Surfactantich | | |Surfactantich phase+ Cold acetone
phase contaminanproteins precipitation
10 wt% Plasma
Surfactaripoor
phase
Surfactanpoor
phaset IgG
Ultrafiltration
Surfactardpoorphase

Figure 58. Diagram of the integrated process for the purification of IgG from unused clinical plasma.

3.5.4. CONCLUSION

Plasmaderivedmedicinal products are of utmost importance in a daalyis. Therefore,

their extraction and purification using a simplest and efficient process is required.
Herein, a cloud point extraction based in biodegradable nonionic surfactants and SAILs,
as cesurfactants, was characterized and applied towards thicaton of 1gG, the

most abundant and valuable antibody present in human plasma. Results showed some
heterogeneity within plasma samples of different individuals, as expected using human
fluids. Nonetheless, the IgG purification was optimized in termsootentrations of
plasma and surfactant, pH and type of AMTPS applied, namely conventional and mixed
AMTPS to increase the recovery and purity of IgG over the HSA. The best results were
attained using a [Gmim]Cl-based system at pH 8.0, while showing efficient,
innovative, cheap and biocompatible process for the IgG purification from unused
clinical plasma. Thus, SAHlbased thermoesponsive systems arise as an appealing and
viable option to valorize a plasruerived medicinal product that would, otivese, be

discarded.
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4.1. MICROFLUIDIC -BASED APPLICATIONS FOR

BIOMOLECULES EXTRACT ION

This chapter is based on the manuscript under prepatation
Filipa A. Vicente, Jodo A. P. CoutinhB,o | o na Gn iaddé&Sén@aiP.| Pl az

M. Venturass

4.1.1.INTRODUCTION

Over the last two decades, microfluidic devices have been the focus of numerous studies
due to their ability to process, control and manipulate fluids at a small scale, in the
range of micre and nanometers. These dimensions hold the secret for the nimderli
benefits of these devices, namely the small amounts of sample and reagents, higher
surface to volume ratio, and increased mass and heat transfer. Thus, microfludics ha
shown outstanding breakthroughs in several fields, for instance biomedicaktihesea
chemistry and engineering. Among the diverse applications, microchips have been
applied in cell lysis and/or extractigff' %8 blood fractionation @viewed elsewhefé?),
DNA,2%02% RNA?%2 and proteins purificatiorf’82%° metal extraction (reviewed in
300303 and in the development of a variety of enzymatic reacéi$n§Several of these
appications focused on the use of microfluidics pvocess intensificatiorBesides the
microfluidics advantagesheir adoption leaslto acostdecrease of the process seape

along with a reduction of the raw materials/solvents required. Additionally, the energy
costs and environmental impact of the processesalm® reducedas previously

reviewed?304305

4.1.1.1. Miniaturization phenomenoni some theoretical notions

Macroscale experiments are usugérformedn capacities that range from grams up to
tons. With such volumes, mixing and homogenization require strong mixers and large
mechanical forces and energy. The fluids separation and solute mass transfer is a
consequence of gravity and inertia. In contragten the scale is reduced, surface and

interfacial tensions, as well as, viscosity and capillarity are the main forces behind the

88 Contributions: F.A.¥énd S.P.M.V. wrote the manuscript ungeeparation with contributions from
the remaining authors.
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fluids separation. As a result, the solute mass transfer is driven by diffusion. These
forces control the flow regime (laminar turbulent) andlirection within the microchip;

and can be manipulated by the Reynoldsv(Rend capillary numbers, as summarized

in Table 13. Rev is a dimensionless quantity determined as rdt® of inertial and
viscousforces within a fluid subjected to relative internal movement due to different
fluid velocities. In a system where viscous forces dominate, there is &davand
consequently, the fluids display a laminar flow, being the mass transfer only due to
diffusion.3% On the other hanayhen the system is controlled by inertial forces, th@ Re

is high, resulting in a turbulent flow and allowing diffusive and convective mass
transfer between the fluids. The capillary number is the ratio of viscous force and
surface/interfacial tension lveten two immiscible fluids. Thereby, at low capillary
number, the capillarity prevails over the viscosity, whereas, at high capillary number,

viscosity controls the flow regime.

Table 13. Forces controlling the flow regime withinnaicrofluidic device.

Inertial > viscous forces Inertial < viscous forces
High Reu Low Reu
Turbulent flow Laminar flow
|

Reynolds number

(Rew) ad -
<G =, =

Diffusive and convective mass transfi Diffusive mass transfer
Viscous forces Surface/nterfacial Viscous forces < Surfacel/interfacia
Capillary number tension tension
High capillary number Low capillary number

The microfluidics concept was firstly proposed in 1969 by Lew and ¥lmgthout

being completely aware of the microfluidic phenomenmer se These athors
demonstrated that the (micro)circulation flow within the blood vessels and the air flow
within the bronchioles and alveolar ducts and sacs of the lungs were subjected to a
change upon the entry (inlet) of a new vessel or branch, respectively aarnlighlow

was determined by the low ReAt this point, it was established the main phenomenon
dictating the flow pattern in natural microscale conditions, though, only later
researchers became aware of the benefits of working in microscale and start to
understand it. It is now well known that inside the microfluidic devices, the flow is
dominated by the low Rg which leads to a continuous, stable and laminar . $R5wP°

Moreover, the miniaturization allows the formation of a large interface area due to the
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increased surface to volume ratio (S/V). Consequently, the diffusion distance decreases
considerably, causinthe diffusion time to be a lot faster than in the macroscale
systemg®63%ranging from seconds to minutes. The diffusat microscale was firstly
reported by Brody and Yag®f in 1997 through particles diffusion in a-fiter
microchip. Herein, the authors confirmed the theoretical equation deductions that in low
Rew flow, i.e.laminar flow, thee is no mixing of the two streams, so the solute partition

is only due to its diffusion between the two coexisting phases. Thus, the solute
partitioning is dependent on its diffusion coefficient, the microchip main channel length
and the different phasefiow rate, which influences the diffusion time. These
parameters were later confirmed by many authors as it will be hereafter discussed.

Soon after, it was shown that the stratified and laminar fleiguge 59.1 to V1) can be
shifted to a segmented flolwllowing some changes in the merging conformation of the
inlets, namely by creating a perpendicular conformation, also known-sigape
conformation or Foranch Figure 59.VII and VIl ), or through the socalled flow
focusing geometries={gure 59.1X to XI). In the first scenario, the organic and aqueous
phases are put in contact through a 90° angle, leading to the formation of small droplets.
In the second case, there is the creation of a three inlets microchip with two immiscible
liquids flowing simultarously: one in the central/inner channel and the other in the
outer channels, preferably contacting also at a 90° angle. After merging together but not
mixing, the fluids pass through a small orifice, leading to the droplet formation. In both
cases, the fonation of droplets/slugs are due to the generation and competition of shear
forces and surface tension between the aqueous and the organic phases at this junction.
At this point, there is some flow instability and Aamearity, thus leading to droplet
(Figure 59.VII, VIII , X, XI) or slug formation Figure 59.1X), as reviewed if'®3
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/ Laminar flow 1 straight vs.serpentine microchips \

Increasing flow rates =smaller and more frequent droplets

Figure 59. Different examples of microfluidic devices applied for laminato(VI) and segmented flows

(VI to XI). 1) to 111) and IV) to VI) are a representation of a laminar flow within a microchip with two

and three inlets/outlets with a straight and setipe main channel, respectiveWll ) to XI) evidence the
two most common conformations that originate segmented flow, namehafe/branch conformation
(VIl andVIIl ) and flow focusing geometryX to XI). Segmented flow can display distinct regimes, fo
instance slugdX) and droplets\(ll , VIII , X, XI).

As aforementioned, many researchers have focused their attention on the design and

characterization of microfluidic devices to be applied in th& field. In fact, by
searching the -ikegywdr e¢éext (dd¢tiiganad and
Amicrofluidicso or Amicrochipso), it
increasing interest in combining these fields, as showkigare 60. This review aims
at discussing the microfluidic devices developed to be ws®d in the LLE of
biomolecules.
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Figure 60. Number of publications publishe year, from 1969 up to present, on the use microfluidic

devices folliquid-liquid extraction.

eac

4.1.2. TRADIT IONAL LIQUID -LIQUID MICROEXTRACTI ON

LLE is a technique that allows the extraction and purification of compounds through the
mass transfea solute from the feed towards the extraction solvent. After the close
contact between the twinmiscible liquids, the mass transfer takes place until the
thermodynamic equilibrium is reached and the two phases are completely separated.
One of the phasds the extract, containing the extraction solvent and the satutee

end while the other phase, comprising the feed, is called the raffittafeaditionally,

LLE is accomplished using an organic and an aqueous solution, being the solute
transferred between the coexisting phases accordingly to its affinity for eack’Phase
Since the beginning of the 2Xkentury, LLE has been applied for microextraction
within microfluidic devices for both (bio)molecules separation/extraciuh reactions.

These compoundare summarized iRigure 61.

Atropine Caffeing 3-chloropheno
Disopyramide Imipraming Diclofena
luconazoleRanitidine Quinidine Quinin
imetiding DesipramineEphedringPropanol
DiphenhydramingChloramphenicqProcainamid
HydrocortisoneScopolamingTrimethoprim Acebutol

PropafenongTiapride Hydrocortisone@1-acetate

Pharmaceuticals
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Figure 61. Biomolecules extracted using conventional LLE on a microfluidic devigeafd their

structure (] ).

Chlorpheniramine Tiapride ? H;CO
=

The microextraction studies can be divided into five main groups: i) laminar flow
microextraction, ii) segmented flebased microextraction, iii) improvements on the

segmented flow microextraction, iv) a comparison between both #gimnes and v) a
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transition from one flow pattern to another. These approaches will be discussed in detail
aiming at evidencing the improvements carried out over the years regarding the use of

microfluidic apparatuses for biomolecules extraction.

4.1.2.1. Laminar flow microextraction

Parallel laminar flow consists on having two or three immiscible, or partially miscible
fluids, moving alongside within the microchannEigures 59.1 to VI). The fluids flow
rates, their flow ratio, the chipds microc
well as its length are among the parameters influencindathear flow formation.

When formed, additional concerns appear, namely if the flonarate¢he microchannel
length are adequate to guarantee the complete mass transfer and if it is possible to play
with the flow ratio to achieve the complete phase separation at the chip outlets. As the
following studies show, these factors can be eitheamtdgeous or considered as a
downside of this flow pattern. A great advantage is definitely the possibility to
introduce a third inlet/outlet in the chip due to multiple reasons. In one hand, it induces
the formation of a second interface in the systeroiessing the interfacial area and
thus, allowing a more effective mass transtam the other hand, it is possible to create

a liquid membrane that allows the creation of three distinct environments. This can be
used to mimic the plasmatic membrane, foaraple, and allow diffusion studies of
pharmaceuticals, or allow the simultaneous extraction and back extraction of a
compound. From the extraction and/or purification point of view, this might be the best
flow profile in the sense that at the end, therg¢hs phase separation, allowing the
recovery of the phase containing the compound of interest to be further processed while
the contaminants phase can be discarded right ataayever laminar flow only allows

mass transfer by diffusion, resultinglonge residence times and microchannel length

to achieve a complete extraction. Additionally, the viscosity difference between the
coexisting phases can also be an issue to establish a stable flow pattern. All the
molecules extracted using this flow pattemveell as the microchip and solvents used

are summarized imable 14.
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Table 14. Molecules extracted using a laminar fldasedmicroextraction as well as the microfluidic device specifications and solvents used.

A glass microchip with two inlets/outlets and a straight mal
channel

Organic phasen-octanol or cyclohexane, agueous phase:
hydrochloric acid solution containing the methyl red

Methyl red A glass microchemical chip composed of a circular shalloy
microchannel in contact with a surrounding deeper

microchannel, with two inlets and one inlet.

Organic phase: toluene, aqueous phase: meghyhqueous
solution

Methyl red anddisperse
red

A glass microchip with three inlets/outlets and a straight m:
channel

Organic phase: cyclohexane, aqueous phase: hydrochloric &
solution containing the methyl red solution in ethanol

315

A glass microfluidic device incograted in an inject printer

Bl 9le with three inlets/outlets and a single main channel

Organic phasan-xylene, agueous phase: water

A poly(dimethylsiloxane) RDMS) microfluidic device with two
inlets/outlets and a straight main channel. Inside the mail
channel a rectangular and a cross shape microstesoiare
introduced to create turbulence

Rhodamine 6G

Organic phase-octyl alcohol, aqueous phase: aqueous solutio
rhodamine 6g (10 ppb)

317

A glass microfluidic device with two inlets/outlets and a

Azobenzene . .
serpentine main channel

Organic phases: methanol with azobenzenenamctanol

A PDMS microfluidic device with one inlet/outlet and a mair

BSA channel in contact with several mienells

Organic phase: phenol/chloroform/isoamyl alcohol, aqueous pl
bacterial lysate

294

Two glass microfluidic devices: one with two and other witl

SIS Ee) BIEE threeinlets/outlets and a straight main channel

Organic phase: chloroform, aqueous phase: basic aqueous sc

of 0.050.25 mM of strychnine or 0.2 mM of strychnine nitrate

basic aqueous solution of Strychnos seeds extract, acidic aqu
solution

319

A PDMS/glass hybrid microfluidic device with two

Ephedrine inlets/outlets

Organic phase: ethyl acetate, butyl acetate or cyclohexareg s
phase: water spiked with ephedrine

320

Amphetamines A glass microchip with two inlets/outlets and a serpentine

Organic phase:-thlorobutane, aqueous phase: alkaline urine

321

channel (containing ammonia and EDTA)
Caffeine A thiolenebased platform with two inlets/outlets and a straic Organic phasei-octanol containing the caffeine, agueous phas ;,,
main channel phosphate buffer

Two glass microfluidic devices, one with two inlets, converg
into a straight main channel and an outlet #redsecond with
three inlets, converging into a serpentine main channel th
diverges into two outlets

Carbaryl derivative
(pesticide)

Organic phase: toluene, aqueous phase: alkaline carbaryl/:
naphthol solution

Carbaryl, carbofuran, A glass microfluidic device with four inlets, the first two inlet
propoxur and bendiocarl converged irg a serpentine main channel, which is latter on

Organic phase:-butanol, aqueous phase: ethanol/water mixtu
containing the pesticideterivatives

324
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derivatives (carbamate chip the converging point with the other two inlets, and fina
pesticides) the main channel diverges into two outlets

A glass microfluidic device with two inlets/outlets and a strai

Petroleum hydrocarbon: .
main channel

Two organic phases: oil and hexane

325

A glass microchip wittone inlet/outlet and a serpentine mai

Polychlorinated bipheny: channel with several microwells

Two organic phases: oil or hexane and DMSO

326
328

A glass microchip with two inlets converging into a straigh

Smeunyliesoreirol main channel with oneutlet

Organic phase: ethyl acetate containirgé&thylresorcinol,
agueous phase:ritrobenzene diazonium tetrafluoborate solutis

329

Progesterona n d - 1 A glass microreactor with two inlets/outlets and a serpenti
hydroxyprogesterone main channel

Organic phase: ethyl acetate, aqueous phase: steroid soluti
Organic phase: ethyl acetate, aqueous phrRiseigricanspellets
wi th proge-sytledexsime and

330

331

Cholesterol oxidation to A microchanneteactor with two inlets converging into a mai
4-cholester3-one channel and one outlet

Organic phasen-heptane, aqueous phase: cholesterol oxidas
solution in phosphate buffer

302
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One of the pioneer works on the macromolecules diffusion across two liquid interfaces
within a microfluidic device was carried out by Kitarngroup3!®in which the methyl

red partion between an organic and an aqueous phase in a continuous flow was
investigated. The authors used a simple two inlets/outlets glass microchip to evaluate
the dye partition from the aqueous phase towards the organic fitodtgnol or
cyclohexane), qudified throughthe partition coefficient (K). The K parameter is the
most used to quantify the partition of solutes between the phases of LLE systems. It is
defined as the ratio between the concentration of the target compound in the feed and
the raffinate3' They concluded that the dye concentration in the aqueous phase
decreased with time depending on the orgafiases used. This was a result of the
distinct interactions being established between the various organic solvents and the
analyte. When the dye interacted more with the organic phase the partition coefficient
was higher due to the increased affinity o $olute for this phase. This was further
proved when an additional dye, the disperse red, was studied in comparison with the
methyl red in an cyclohexamwedter 0.1 N hydrochloric acid solutigrsystem using an
analogous microchip'® This microscale data as compared with the correspondent
batch experiments and the K values obtained were identical. However, the time required
for the system to reach an equilibrium was much longer at macroscale.

The same group showed that an integrated reas#@paration mcess can be carried in

a microfluidic device by performing a reaction in one phase with the extraction of the
productin the opposite phasd-igure 62). The authors followed the diffusion of 5
methylresorcinol from the organic (ethyl acetate) towardsatheeous phase, where it
reacted with a diazonium salt, resulting in a product that was then extnattieitie
organic phasé® The conversion efficiecy oftheresorcinol derivativavas evaluated at

micro and macroscale as well as with different types of stirring on the latest. At
macroscale, the results showed that the absence of stirring or a weak one, led to an
identical (S/V) of 1 crt. Nevertheless, when the stirring was increased, the (S/V)
increased to 40 ¢ which is half of the (S/V) obtained in microscale in absence of any
stirring. With the (S/V)ncreaseso did the substrate conversion since there was a larger
area for the trarier of the resorcinol derivative, and thus for the reaction to occur since
more substrate was available to be converted. In this microscale reaction, the residence
time was only 2.3 seconds compared to the hours of macroscale. In these few seconds,
the sulstrate conversion was nearly 100% while in macroscale, the best scenario

presented a conversion of around 80%. Additionally, this low residence time allowed
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the formation of only the main product whereas in the macroscale, an undesirable

secondary produetas also formed.

D)

Org. starting o o Main
material L L product
7N
HO 1
| wo A NOZ
& A ' s .
Otg. Org. ™ q HO i Main reaction o )
‘:A Aq il Starting N N
Glass |29 Ko material b o,
Confluence point Down stream £o2

Figure 62. Photography of the glass microchip used id?fefnd the liquidliquid interface formed iride
the microchannell, in which the reaction shown as indig¢twas realized. Adapted fro#A®.

In order to mimic a biological membrane to furtretudy drug transporin vitro,
Kitamori and ceworkerg!3315:321.323.324.329 dasigned a microchip with three
inlets/outkts and a straight main channighis new conformation allowed the formation

of a three layers flow within a microfluidic device, creating an artificiambrane. This
microchip was tested through the diffusion of methyl red within the different layers:
water 0.1 N of hydrochloric acid solutipas donor organic solvent (cyclohexane) as a
liquid membrane water 0.1 N hydrochloric acid solutigras tle acceptor. The three
distinct flow rateswere crucial to allow the formation of thgsmrallel multilayer laminar
flow system®’® The experimental diffusion of the dye was studied through its
concentration in each phasbeing these resultthen compared wit a numerical
simulationof the diffusiondriven analyte mass transfer from donor to acceptor phases
through an organic membrane. The results showed \hale in the same order of
magnitude, the simulation predicted a 60% slower permeability rate tpanrmaentally
observed. Henceauthors concluded thateven though diffusion w&a the main
phenomenon takinglace, other interfacial phenomammight be influencingthe dye
permeability through the liquid membraniitamori and ceworkers continued the
liquid-liquid microextraction investigation by focusing on analytical problems, namely
the presence of pesticides in watéf?* and the amphetamines addition and abuse
through its detection in human uriffé In order to detect and quantify pesticides in
water, Smirnovaet al3?® proposed a device composed of two coupled glass microchips.
The first displayed a two iats setting, converging into a main channel and one outlet,
whereas the second presented three inlets, converging into a main channel that later
diverge in two outletsHigure 63.1). The first chip was used for the pesticide hydrolysis
into 1-naphthol andhe second was directed for thendphthol coupling reaction with

diazotized trimethylaniline, giving rise to an azo dye product that is further extracted
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into the organic (toluene) phase to be detected and quastii@gtimization studies of

both organic and aqueous flow rates were carried out to evaluate if the correspondent
residence timavas enough for the extraction to occur and which flow rates led to an
increase on the extraction efficiency (EE). Thus, at the best organic and aqueous flow
rates, it was possible to, theoreticalbpncentrate the azo dye 50 times, resulting in
86% of EE.This device allowed the carbaryl pesticide analysis within 8 minutes with a
calibration line for concentrations lying between 3.4%XIhd 3.5x16¢ M, and a
detection limit of 7x1& M, which is two orders lower than the detection limit of

conventional spectrophotometric methods.

Chip 2 Coupling reaction,
extraction & detection

Chip 1 Carbaryl hydrolysis

QDS interface buffer

Figure 63.I) Schematic representation of the integration of carbaryl determination onto microchips.
Target carbaryl was hydlysed in chip 1 tol-naphthol. In chip 2, -haphthol was coupl with
diazonium ion anextracted into the organic pha$i. Schematic representation of the integration of the
previous two chips into a single microfluidic device. Adapted &4

Later onauthors improved the microfluidic device by combining the two plat$onto

a single microchi@and applied it in the separationafmixture of carbamate pesticides:
cabaryl, carbofuran, propoxur and bendio@atifFigure 63.11). However, to do the
coupling reactiondr all pesticides at once and originate the azo dye products, the
diazotized trimethylaniline had to be replaced hynitroberzenediazonium
tetrafluoroborate, anthe organic phase was also changed -tuthnol to allow the

recovery of the azo dye productsgyain, flow rate optimization studies were performed,
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