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resumo 

 

 

Os surfactantes são um dos químicos mais usados mundialmente, dada a sua larga gama 

de aplicações, desde detergentes e produtos de limpeza a formulações de cuidados 

pessoais; apresentando um mercado a render cerca de 40 biliões de dólares até 2021. 

Em particular, os surfactantes demonstraram uma performance extraordinária em 

processos de extração e purificação, nomeadamente na formação de sistemas micelares 

de duas fases aquosas (SMDFA). Os SMDFA apresentam um elevado potencial na 

purificação de biomoléculas, todavia são ainda pouco estudados e caracterizados. 

Consequentemente, existem poucos diagramas reportados na literatura, o que limita o 

seu uso em processos de purificação. Assim, este trabalho tem o intuito de estudar e 

caracterizar SMDFA através da determinação de diagramas de fase de surfactantes não 

iónicos e avaliar o efeito de líquidos iónicos tensioativos nas temperaturas críticas dos 

sistemas. Dois efeitos de líquidos iónicos tensioativos foram identificados no tamanho 

das micelas e temperaturas críticas do sistema de acordo com a sua hidrofobicidade e 

parâmetro de empacotamento crítico. Deste modo, líquidos iónicos tensioativos mais 

hidrofílicos e com menor parâmetro de empacotamento crítico induzem a compactação 

das micelas e elevam as temperaturas críticas do sistema, enquanto líquidos iónicos 

tensioativos mais hidrofóbicos e com maior parâmetro de empacotamento crítico 

formam micelas de maior dimensão e reduzem as temperaturas críticas do sistema. 

Posteriormente, os SMDFA foram aplicados na purificação de diversas proteínas de 

alto valor acrescentado e com atividade terapêutica, nomeadamente na purificação da 

bromelina do ápice do ananás, da R-ficoeritrina de macroalgas vermelhas, da 

imunoglobulina Y da gema do ovo e da imunoglobulina G do plasma humano. Em 

todas as purificações, os SMDFA mistos mostraram ser a melhor opção pela sua 

melhorada performance extrativa quando comparada com a do sistema sem líquido 

iónico tensioativo. Ademais, desenvolveu-se pela primeira vez um SMDFA dentro dos 

canais de um dispositivo microfluídico, o qual foi aplicado à extração da R-ficoeritrina 

como prova de conceito. A redução de escala permitiu não só reduzir o tempo de 

extração como aumentar a performance extrativa quando comparado com o sistema em 

escala laboratorial. 

 

 

 





 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

keywords 

 

Surfactants, surface active ionic liquids, aqueous micellar two-phase systems, 

purification, bromelain, R-phycoerythrin, immunnoglobulin Y, immunoglobulin G, 

microfluidic devices. 

 

abstract 

 

Surfactants are one of the chemicals most used worldwide with a market worth around 

$40 billion by 2021, due to their wide range of applications, from detergent and 

cleaning products to personal care formulations. Among these applications, they have 

also shown outstanding performances in extraction and purification processes, among 

other, by being applied in the preparation of aqueous micellar two-phase systems 

(AMTPS). AMTPS hold a large potential for the purification of biomolecules but are 

yet poorly studied and characterized, with few phase diagrams reported for these 

systems, what limits their use in extraction processes. Thus, this work aims at the study 

and characterization of AMTPS by measuring the phase diagrams of AMTPS of several 

nonionic surfactants and study the effect of surface active ionic liquids (SAILs) upon 

their cloud points. Two distinct effects upon the micelles size and the cloud points were 

identified according to the SAILs hydrophobicity and their critical packing parameter 

(CPP). In this sense, the more hydrophilic SAILs, displaying a lower CPP, lead to a 

compaction of the micelles and an increase of the cloud points; whereas the more 

hydrophobic SAILs possess a higher CPP, forming larger micelles and reducing the 

cloud points. Afterwards, these AMTPS were applied towards the purification of 

several high-added value proteins with therapeutic activity, for instance the purification 

of bromelain from the pineapple stem, R-phycoerythrin from red macroalgae, 

immunoglobulin Y from egg yolk and immunoglobulin G from human plasma. In all 

cases, the mixed AMTPS with SAILs have proven to be the best approach due to the 

enhanced extractive performance when compared to the system without SAIL. 

Furthermore, AMTPS were developed within the channels of a microfluidic device for 

the first time and applied for the R-phycoerythrin extraction as proof of concept. The 

scale reduction was not only able to considerably decrease the extraction time but also 

boosts the extractive performance when compared to batch scale. 
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1.1. STATE-OF-THE-ART 

 

Surfactants are used for a wide variety of applications from detergents and cleaning 

products, to textile, leather, paper, paint, coating and plastics, as well as in the 

formulation of personal care and food products.1 These compounds behave in a complex 

way when dissolved in water and in water plus oil, thus distinct morphologies arise 

from their aggregation pattern. 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 solutions (above the critical micelle concentration, CMC), and 

sponge and cubic phases with all properties kept uniform in all directions, whereas the 

latter is a liquid crystalline phase whose properties vary according to the direction, and 

can be divided into hexagonal and lamellar phases.2 Sometimes, the phase transition is 

not very clear and a bicontinuous cubic phase can also appear, giving rise to a quite 

complex phase diagram.3 Additionally, reverse structures might be visible in highly 

concentrated solutions (Figure 1). The surfactant morphology is dependent upon the 

balance of the polar and apolar moieties of the surfactants molecules, which can be 

empirically estimated by the hydrophilic-lipophilic balance (HLB) or the surfactant 

critical packing parameter (CPP).2,4,5 CPP is a dimensionless parameter that determines 

the overall packing shape of the surfactant, as demonstrated in Figure 1, and it allows 

us to gauge the surfactant morphology. However, the CPP value is difficult to 

determine, as shown in different works.5–8 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 that may be 

organized in cubic and hexagonal structures as well.4 Nevertheless, it is important to 

keep in mind that these geometrical constraints do not entirely decide the final 

surfactant morphology, since this is also dependent upon the surfactant concentration 

and temperature.2 Thereby, it is necessary the design of the surfactants phase diagram to 

acknowledge its behaviour in water and water plus oil. Some phase diagrams reported 

in literature are presented in Table S1 of Supporting Information (SI). From the 

carefully analysis of this table, it is clear that, in general, nonionic surfactants and more 

hydrophobic block copolymers, i.e. with higher amount of poly(oxypropylene), present 

a wider isotropic region with micelles. In contrast, most ionic surfactants display 

broader regions of lamellar phase that begin early with quite diluted surfactant solutions 
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(below 20 wt%) and low 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 

surfactants owing to their ability to form foam.9,10 In contrast, micelles, the surfactant 

simplest structure, are probably the most important and common morphology to the 

wide range of application of these surface-active agents. In fact, these are the structures 

that allow the formation of aqueous micellar two-phase systems (AMTPS), a particular 

type of biphasic systems used in liquid-liquid extraction (LLE) and that is here studied. 

 
Figure 1. Distinct structures/phases that a surfactant can display in water according to its concentration 

and temperature. These structures are dependent upon the surfactant critical packing parameter (CPP). 

CPP determines the curvature in which the surfactant monomers can rearrange themselves. Adapted from 
2,3. 

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 temperature known as the cloud point.11 These cloud points 

correspond to the boundary between the monophasic and biphasic region, forming a 

binodal curve with a lower critical solution temperature (LCST).12,13 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 phase behaviour, in 

particular of the binodal curve and the phases present.14,15 

These systems were firstly reported by Watanabe and Tanaka11 for the concentration of 

zinc ions and later on, Bordier and co-workers16 successfully applied these systems to 

proteins extraction. Since then, they have proved helpful in the purification of many 
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biomolecules, namely proteins,14,15,17 antibodies,18 antibiotics,19 antimicrobial 

agents,20,21 phenolic compounds22 and dyes.14,23 The particularity of these systems is 

that they only require a surfactant and water to be formed, making the process 

potentially more biocompatible than the conventional LLE 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 worldwide by 2021,1 many are poorly characterized or do 

not have their binodal curves studied. Table S2 presents the binodal curves available in 

literature for nonionic surfactants. Besides, nonionic surfactants are more eco-friendly 

as they can be prepared from renewable sources1 and they weakly bind to 

biomolecules.24 Some of the most important nonionic surfactants are the 

poly(oxyethylene) alkyl ethers, with their cloud points being dependent upon the 

balance between the alkyl chain length and the number of oxyethylene groups. For 

surfactants with the same alkyl chain, the cloud point increases with the number of 

oxyethylene groups due to their higher hydrophilic character.13,25,26 The micellization 

occurs when the intermolecular forces, namely hydrogen bonding, polar and dispersion 

forces, reach a balance. Hydrogen bonding is possibly the most important interaction 

influencing the clouding phenomenon since, with temperature, the rupture of these 

bonds between the surfactants’ polar moieties and the water molecules also increases. 

Therefore, the temperature increase reduces the water shell around the micelles, 

allowing their coalescence.13,25–27 This behaviour can be easily manipulated and the 

surfactant cloud points reduced by the addition of inorganic salts,28,29 water soluble 

polymers and fatty alcohols29 to the system or, as recently reported, by the addition of 

small amounts of a surface-active ionic liquid (SAIL) as a co-surfactant.14 Such 

modification of the cloud point, in particular its decrease, is very attractive from the 

extractive point of view. This feature opens the possibility to create 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 the particularity that either the cation and/or the anion 

possess long alkyl side chains, attributing them an amphiphilic character. These ILs are 

able to reorganize themselves in water and self-assemble into micelles, as firstly 

introduced by Bowers et al..30 Therefore, SAILs share the long known properties of ILs, 

for instance negligible volatility, non-flammability, a broad liquid temperature range, 
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exceptional solvent ability and the interesting designer solvent status,31 in addition to 

this new property – the surfactant character. Many authors have been studying the 

micellization process of these compounds.32–35 The incorporation of SAILs into mixed 

micelles have also been proposed by combining SAILs with both ionic and nonionic 

surfactants, and their influence over the physicochemical properties of the traditional 

surfactant micelles has been studied as well.34–41 However, almost all these studies are 

focused on imidazolium-based SAILs with very few reports of ammonium-based 

SAILs.42–45 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 the main surfactant or as the 

co-surfactant. Nonetheless, it has been proven that SAILs can be better than their 

analogous conventional surfactants46 in 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, especially if combined with the ILs’ designer solvents character 

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 imidazolium,47–52 phosphonium,50 pyridinium,50,51 pyrrolidinium,50 

ammonium,51 cholinium51 and betaine-based SAILs,52 but all of them reported a solid-

liquid extraction, sometimes assisted with ultrasonification48 or microwaves.49,52 Yet, in 

all cases the extraction yields were identical or even higher than those achieved with 

conventional approaches with the advantage of being more benign and environmental 

friendly.47–52 Overall, there are only two reports of a SAIL application within an 

AMTPS: the first was carried out by our group14 using model compounds as a proof of 

concept, while the second was performed by Torres and co-workers53 for the extraction 

of natural colorants from the fermented broth. Both studies showed the enhanced 

extractive performance of these mixed systems compared with the system in absence of 

SAILs. In this sense, this approach appears to be a good strategy to develop and/or 

improve sustainable processes for the biomolecules extraction and purification. 

Triblock copolymers have also attracted much attention over the years owing to their 

resemblance to nonionic surfactants, which makes them very useful for many 

applications of this class of surfactants.13 Block copolymers are compounds constituted 

by units of poly(oxyethylene)-poly(oxypropylene)-poly(oxyethylene) - 

(EO)n(PO)m(EO)n
54 or poly(oxypropylene-poly(oxyethylene)-poly(oxypropylene - 

(PO)m(EO)n(PO)m
55 thus, mimicking the conventional structure of a poly(oxyethylene) 
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alkyl ether. When the amount of EO units increases, so does the hydrophilicity of this 

copolymer. Hence, the same principle referred for the nonionic surfactants regarding the 

micellization process and the clouding phenomenon can be applied. However, these 

compounds are much more sensitive to temperature than the traditional surfactants since 

all units of the copolymer display EO groups that are highly susceptible to dehydration 

by the temperature increase.2,13,54 Nevertheless, the possibility to vary the wt% of each 

copolymer hydrophilic and hydrophobic moieties (usually polyethylene glycol (PEG) 

and polypropylene glycol (PPG), respectively) as well as their molecular weight, 

confers these compounds some flexibility.56 This comes as an advantage compared with 

the nonionic surfactants by increasing the copolymer choice according to the 

requirements of the technique. In this context, the phase diagrams of several block 

copolymers, as well as different combinations of copolymers and SAILs, might be a 

fascinating topic to explore. Venkatesu and co-workers57–59 showed the influence of 

cholinium57 and imidazolium-based ILs58 over the micelle formation of a Pluronic 

copolymer. However, these ILs displayed a short alkyl side chain, acting merely as a 

salt. Still, they were able to show that they affect both the critical micellization 

temperature (CMT) and the micelles’ size. On the other hand, a few groups have studied 

the SAIL effect on the aggregation behaviour of several di- and triblock copolymers, 

showing quite complex interactions between the copolymers and the SAILs.59–62 These 

studies clearly represent the tip of the iceberg in this field, leaving much more to 

explore.
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1.2.  SCOPE 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 

aqueous solution can macroscopically separate into two distinct phases with 

temperature and form an AMTPS. Therefore, this work aims at the study of a complete 

process, i.e. the surfactant phase diagrams and their characterization in Chapter 2, and 

their further application into the biomolecules purification processes from real matrices 

in Chapter 3, as shown in 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 selected to allow a detailed study on the 

influence of the SAIL moieties (cation and anion) and the extension and number of the 

alkyl side chain. Additionally, the effect of different pH values upon the cloud point 

was also analyzed, considering the systems application in the extraction and purification 

of biomolecules. Afterwards, the micelles present in each type of AMTPS were 

characterized in terms of the micelle surface charge and the micelle size by surface zeta 

potential and dynamic light scattering measurements, respectively.  

Chapter 2.2 reports the phase diagrams characterization, regarding the modification of 

the binodal curves of six copolymers in presence of SAILs. Herein, the judicious 

selection of copolymers allowed an extensive study on the effect of the copolymer 

structure (normal vs. reverse copolymer) and composition (wt% of PEG) as well as its 

molecular weight upon the cloud point. A deeper understanding of the intermolecular 

interactions controlling the clouding phenomenon was only possible by Molecular 

Simulation. Then, these thermo-responsive systems were applied for the separation of 

model compounds in Chapter 3.1 and for the purification of several high-added value 

proteins with therapeutic activity, namely bromelain from the pineapple stem (Chapter 

3.2), R-phycoerythrin from red macroalgae (Chapter 3.3), immunoglobulin Y from egg 

yolk (Chapter 3.4) and immunoglobulin G from human plasma (Chapter 3.5). In all 

these studies, an optimization of the system was implemented. Conditions like the 

surfactant and the protein crude extract concentrations were the most common 

parameters studied. In the end, an integrated process was envisioned with the protein 

purification and polishing, and the phase formers reuse. The AMTPS environmental 

impact on the carbon footprint was also assessed in Chapters 3.1 and 3.3. 
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All the research performed regarding the purification of biomolecules within the 

channels of a microfluidic device using LLE was summarized in Chapter 4.1. In this 

chapter, both conventional and biocompatible systems were 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 analysis. In Chapter 

4.2, it was reported for the first time the ability to perform an AMTPS within a 

microchip and its application in the R-phycoerythrin extraction, as proof of concept. 

The final remarks and future work was discussed in Chapter 5. 

 

Figure 2. Schematic representation of the work layout. 
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2.1. IMPACT OF SURFACE-ACTIVE IONIC LIQUIDS 

ON THE CLOUD POINTS OF NONIONIC 

SURFACTANTS AND THE FORMATION OF 

AQUEOUS MICELLAR TWO-PHASE SYSTEMS  

 

This chapter is based on the published manuscript 

Filipa A. Vicente, Inês S. Cardoso, Tânia E. Sintra, Jesus Lemus, Eduardo 

F. Marques, Sónia P. M. Ventura and João A. P. Coutinho;* 

“Impact of Surface Active Ionic Liquids on the Cloud Points of Nonionic 

Surfactants and the Formation of Aqueous Micellar Two-Phase Systems”, 

J. Phys. Chem. B 2017, 121 (37), 8742–8755. 

 

2.1.1.  INTRODUCTION 

Recently, it was shown the ILs ability to self-assemble into micelles when they possess 

a long enough alkyl side chain.30 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 number.32,34–36,38,40,41 However, the design of the binodal 

curves of AMTPS for mixed systems have only been developed by us14 and other 

group53 for a particular surfactant, namely Triton X-114. Herein, it was seen the SAIL 

great impact on the clouding phenomenon, besides the enhanced extractive performance 

of these mixed thermo-responsive systems for both hydrophilic and hydrophobic 

(bio)molecules.14 Therefore, this chapter intends to further explore and characterize the 

phase diagrams of three nonionic and biocompatible surfactants from the Tergitol 

family,29 and the effect of low amounts of a SAIL on their cloud points. 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 I.S.C. acquired the experimental data. T.E.S. synthetized the SAILs. J.L. carried 
out the COSMO-RS studies. F.A.V. and J.A.P.C. wrote the manuscript with substantial contributions from 
the remaining authors. 
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symmetry, and the cation alkyl side chain length. These novel systems were further 

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 phosphonium-based ILs, namely trihexyltetradecylphosphonium chloride - 

[P6,6,6,14]Cl (97.7%), trihexyltetradecylphosphonium bromide - [P6,6,6,14]Br (96.0%), 

trihexyltetradecylphosphonium decanoate - [P6,6,6,14][Dec] (99%), 

trihexyltetradecylphosphonium bis (2,4,4-trimethylpentyl)phosphinate - 

[P6,6,6,14][TMPP] (93.0-95.0%), tetraoctylphosphonium bromide - [P8,8,8,8]Br (95.0%) 

and tributyltetradecylphosphonium chloride - [P4,4,4,14]Cl (97.1%) were kindly supplied 

by Cytec. The imidazolium-based ILs: 1-decyl-3-methylimidazolium chloride - 

[C10mim]Cl (> 98%), 1-dodecyl-3-methylimidazolium chloride - [C12mim]Cl (> 98%) 

and 1-methyl-3-tetradecylimidazolium chloride - [C14mim]Cl (> 98%) were acquired 

from Iolitec (Ionic Liquid Technologies, Heilbronn, Germany). The other ILs studied, 

namely hexadecylpyridinium bromide - [C16py]Br (97.0%), hexadecylpyridinium 

chloride monohydrate - [C16py]Cl●H2O (99.0%), tetramethylammonium bromide - 

[N1,1,1,1]Br (≥ 98%), tetraethylammonium bromide - [N2,2,2,2]Br (≥ 96%), 

tetrapropylammonium bromide - [N3,3,3,3]Br (≥ 98%), tetrabutylammonium bromide - 

[N4,4,4,4]Br (≥ 98%), dodecyltrimethylammonium bromide - [N1,1,1,12]Br (≥ 98%), 

tetradecyltrimethylammonium bromide - [N1,1,1,14]Br (≥ 99%), cetyltrimethylammonium 

bromide - [N1,1,1,16]Br (≥ 98%) and benzyldodecyldimethylammonium bromide - 

[N1,1,12,(C7H7)]Br (> 99%) were supplied by Sigma-Aldrich and (1-

hexyl)trimethylammonium bromide - [N1,1,1,6]Br (≥ 98%) was  purchase at Alfa Aesar. 

The n-octyltrimethylammonium bromide - [N1,1,1,8]Br (> 98%), 

decyltrimethylammonium bromide - [N1,1,1,10]Br (> 99%) and 

dimethyldipalmitylammonium bromide - [N1,1,16,16]Br (> 97%) were acquired at TCI, 

Tokyo Chemical Industry CO.,LTD. Sodium dodecylsulphate (SDS) and sodium 

dodecylbenzenesulfonate (SDBS) were obtained from AppliChem Panreac and Sigma-

Aldrich, respectively. Finally, N-(N-hexyl-N,N-dimethyl-N-tetradecylammonium)-N,N-

dimethyl-N- tetradecylammonium dibromide - [N1,1,14-6-N1,1,14]Br2, 3-(1-tetradecyl-3-

hexylimidazolium)-1-tetradecylimidazolium dibromide - [C14Im-6-ImC14]Br2, N,N-

http://www.sigmaaldrich.com/catalog/substance/dodecyltrimethylammoniumbromide30834111994411
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dimethyl-N,N-di(tetradecyl)ammonium bromide - [N1,1,14,14]Br and cholinium 

tetradecanoate – [Ch][Tetradec] were synthesized in-house using well established 

procedures,63 and their structures confirmed by nuclear magnetic resonance (NMR). All 

SAIL structures and properties are presented in Table 1. 
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Table 1. Structure of the cations and anions composing the SAILs used in this study and their respective CMCs at 25 ºC. 

Family Cation Anion Abbreviation 
CMC 

(mM) 

EHB 

(kJ/mol) 
β 

Imidazolium 

 

Cl- 

[C10mim]Cl 5534 -29.65 0.83 

 

[C12mim]Cl 1534 -29.42 0.82 

 

[C14mim]Cl 434 -29.22 0.82 

 

2 Br- 
[C14Im-6-

ImC14][Br]2 

0.27 

± 

0.01 

-22.00 0.65 

Pyridinium 

 

Cl- [C16py]Cl 0.9664 -26.75 0.76 

Br- 

[C16py]Br 0.6565 -20.66 0.62 

Ammonium 

 

[N1,1,1,1]Br 

--- 

-21.37 0.64 

 

[N2,2,2,2]Br -9.27 0.37 
 

[N3,3,3,3]Br -7.95 0.34 

 

[N4,4,4,4]Br -7.81 0.34 

 

[N1,1,1,6]Br -17.19 0.55 

 

[N1,1,1,8]Br 

39.80 

± 

0.20 

-16.46 0.53 
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[N1,1,1,10]Br 

25.20 

± 

0.25 

-16.08 0.52 

 

[N1,1,1,12]Br 
15.60

66 
-15.80 0.52 

 

[N1,1,1,14]Br 3.8066 -15.53 0.51 

 

[N1,1,1,16]Br 0.9266 -15.28 0.50 

 

[N1,1,12,(C7H7)]Br 

1.18 

± 

0.01 

-14.89 0.50 

 

[N1,1,14,14]Br 

0.08 

± 

0.00 

-10.95 0.41 

 

[N1,1,16,16]Br 

0.06 

± 

0.00 

-10.89 0.41 

 

2 Br- 
[N1,1,14-6-

N1,1,14][Br]2 

0.85 

± 

0.03 

-13.26 0.46 

Phosphonium 

 

Br- 

[P8,8,8,8]Br nd -1.59 0.20 

 

[P6,6,6,14]Br 

3.13 

± 

0.15 

-1.60 0.20 

 

[P6,6,6,14][Dec] nd -11.96 0.43 
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[P6,6,6,14][TMPP] nd -2.86 0.23 

Cl- 

[P6,6,6,14]Cl 

3.36 

± 

0.07 

-2.13 0.21 

 

[P4,4,4,14]Cl 

4.69 

± 

0.18 

-9.27 0.37 

Cholinium 

 

 

[Ch][Tetradec] 

7.02 

± 

0.03 

-9.63 0.38 

Alkylbenzene-

sulfonates 
Na+ 

 

SDBS 0.6367 --- --- 

Alkyl sulfates Na+ 

 

SDS 8.068 --- --- 

nd –  not determined due to low solubility in water.
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The nonionic surfactants Tergitol NP-10, Tergitol 15-S-7 and Tergitol 15-S-9, presented 

in Table 2, were purchased from Sigma-Aldrich with a purity ≥ 99%. The McIlvaine 

buffer components, namely sodium phosphate dibasic heptahydrate, Na2HPO4●7H2O 

(purity ≥ 99%), and citric acid monohydrate, C6H8O7●H2O (purity ≥ 99%), were 

acquired from Panreac AppliChem. 

Table 2. Tergitol surfactants studied in this work and their main properties.69 

Surfactant Structure HLB 
Average MW / 

g.mol-1 

CMC / mM 

(at 25 ºC) 

Tergitol NP-10 
 

Tergitol NP-10: z =10 

13.2  642 0.086 

Tergitol 

15-S-7 

 

 
Tergitol 15-S-7: x=7 / Tergitol 15-S-9: x=9 

12.1 515 

 

0.074 

 

Tergitol  

15-S-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 McIlvaine buffer 

(Table S3), in absence and presence of ILs as co-surfactants were measured using the 

cloud point method.70 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 the temperature 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 three determinations were sufficient for 

each system and the average 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 McIlvaine buffer (pH 7.0) up to a final volume of 10 mL, as previously 

established.14 The systems were heated between 0 ºC and 100 ºC in a temperature 

controlled water bath with a precision of ± 0.01 ºC (ME-18V Visco-Thermostat, 

Julabo). This procedure was repeated to study the pH effect upon the cloud points using 

Tergitol 15-S-7 for pH values between 3.0 and 8.0 with the same McIlvaine buffer 

(Table S3). This pH effect was also evaluated by studying the cloud points of these 

systems in water in the same pH range, but this time obtained by the use of acid (HCl) 

and alkaline (NaOH) solutions, thus minimizing the effect of the salt concentrations 

http://patentimages.storage.googleapis.com/WO2013096162A1/imgf000006_0001.png
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resulting from the buffer use. Finally, Tergitol 15-S-7 was also used to evaluate the 

effect of the IL concentration and nature, 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 Nano-ZS from Malvern Instruments 

were carried out to evaluate the micelle size of the systems studied. Mixture points 

containing 1 wt% of surfactant and 0 or 0.3 wt% of IL, in McIlvaine Buffer at pH 7.0, 

were selected to analyze the impact of the IL incorporation into the micelles. Mixtures 

containing 10 wt% of Tergitol 15-S-7 and SAIL concentrations 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 ± 1 ºC in order to guarantee that all systems 

were below their cloud points and the measurements only concerned the size of micelles 

that were homogeneously present in solution.27 Samples 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 function provided by software DTS v 7.03 yielded the 

particle size (intensity-based Z-average) and their distribution width (PDI, 

polydispersity index). The hydrodynamic radii of the aggregates were further 

determined using the Stokes–Einstein equation assuming spherical 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 each sample at least 6 measurements 

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

2.1.2.2.3. Surface zeta potential measurements 

Surface zeta potential (ζ) measurements were carried out to access the surface charge of 

the micelles of 10 wt% of Tergitol 15-S-7 and of mixed micelles composed of 10 wt% 

of Tergitol 15-S-7 and 0.3 wt% of an IL of each family, in distilled water. This was 

accomplished through a Malvern Zetasizer Nano-ZS from Malvern Instruments at 10 ± 

1 ºC. The electrophoretic mobility, μ, was measured using a combination of 

electrophoresis and laser Doppler velocimetry, and ζ was calculated from μ using the 

Henry equation; a dielectric constant of 78.5, a medium viscosity of 0.89 cP and a f(κa) 
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function value of 1.5 (Smoluchowsky approximation) were used. The solutions pH was 

adjusted using 0.2 M of HCl 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™ conductimeter (Mettler Toledo Instruments) at 25.0 ± 0.1 ºC, 

within an uncertainty of ± 0.01 mS.cm−1. The breaking point in the linear dependency of 

the specific conductivity with the concentration gives the CMC of each compound. 

However, it was impossible to determine the CMC of [P6,6,6,14][Dec], [P6,6,6,14][TMPP] 

and [P8,8,8,8]Br due to their low water solubility. 

2.1.2.2.5. COSMO-RS 

COSMO-RS71 is a thermodynamic model that combines quantum chemistry, based on 

the dielectric continuum model known as COSMO (COnductor-like Screening MOdel 

for Real Solvents), with statistical thermodynamic calculations. 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 electrostatic screening 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 

hydrogen-bonding energy, EHB, defined according to Eq.1:  

    EHB = aeff CHB min(0;min(0;σdonor + σHB) × max(0; σacceptor - σHB))    Eq.1  

which is described as a function of the polarization charges of the two interacting 

segments (σacceptor, σdonor) and where aeff is the effective contact area between two 

surface segments, CHB is the hydrogen-bond strength and σHB is the threshold for 

hydrogen-bonding. 

A number of conformations are available for the IL ions studied. In all the studied 

compounds the lowest energy conformer was employed in the COSMO-RS 

calculations. Moreover, independent files for the IL cation and anions were used. An 

equimolar cation–anion mixture was used to specifically determine the EHB values of a 

pure SAIL. SAILs are here described by independent ions (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 B3LYP/6-31++G* 

computational level in the ideal gas phase using the quantum chemical Gaussian 03 

package.72 The ideal screening charges on the molecular surface for each species were 

calculated by the continuum solvation COSMO model using the BVP86/TZPV/DGA1 

level of theory.73 Subsequently, COSMO files were used as an input in COSMOtherm 

code to calculate the partition coefficient (EHB, kJ.mol-1), 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 were carried out 

and the results are presented in Figures 3 and S1 (of SI). Herein, two distinct families 

of SAILs were chosen, namely based in the imidazolium ([C10mim]Cl, [C12mim]Cl and 

[C14mim]Cl) and phosphonium ([P6,6,6,14]X, X = Cl, Br, [TMMP] and [Dec]; [P4,4,4,14]Cl 

and [P8,8,8,8]Br) structures. These ILs possess distinct chemical structures, allowing the 

evaluation of different effects, such as the influence of (i) cation (polar head) nature, (ii) 

the cation alkyl side chains (hydrophobic moiety), (iii) the 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-surfactant at a fixed concentration of 0.3 wt% and 0.18 M McIlvaine buffer pH 7.0. 

Firstly, the cloud points of Tergitol NP-10, Tergitol 15-S-7 and 15-S-9, without any co-

surfactant, were measured to characterize the phase behaviour of each neat surfactant 

(Figures 3 and S1) and to evaluate the effect of the IL upon the cloud points (Figure 3). 

These results allow the evaluation of the influence of an aromatic ring in the surfactant 

structure by comparing Tergitol NP-10 with the others, and the effect of the increase in 

the number of EO groups in the surfactant alkyl chain by comparing Tergitol 15-S-7 

and 15-S-9. Tergitol 15-S-9 displays a larger number of EO groups (hence a more 

hydrophilic character), thus its cloud points are higher than those of Tergitol 15-S-7, in 

agreement with the results previously reported for the poly(oxyethylene) alkyl ether 
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family25,27,74 and for the Tergitol 15-S-series.29 In fact, more EO groups (each EO unit 

takes roughly 2-3 hydration water molecules)75 imply a more extended hydration level 

of the polar region of the micelles and that, in turn, promotes the higher solubility of the 

surfactant.27 The cloud points previously reported in literature for these surfactants29 

were determined in water whereas ours were determined in McIlvaine buffer at pH 7.0, 

which led to a decrease in the cloud points for Tergitol 15-S-9 from 60 ºC29 to 54.1 ± 

0.2 ºC. This reduction is due to the salting-out effect of the buffer.76 The binodal curve 

of Tergitol NP-10 is presented in Figure 3-III) and in Figure S1 (of SI), and it also 

displays cloud points above 50 ºC as a result of the high number of ethoxylate groups in 

the surfactant structure. However, it should be noticed that the presence of an aromatic 

ring in this surfactant induces a reduction in the cloud points when compared to Tergitol 

15-S-9, which displays a similar number of ethoxylate groups, the main difference 

being the presence of this ring. The cloud points 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-10 and 15-S-9, cf. Table 2) indicate a 

more hydrophilic character leading to higher cloud points.77 
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Figure 3. Binodal curves of Tergitol-based AMTPS with 0.3 wt% of SAILs, at pH 7.0, corresponding I) 

to ●, Tergitol 15-S-7, II) to Δ, Tergitol 15-S-9 and III) to ♦, Tergitol NP-10: ●/▲/♦, [P6,6,6,14]Cl; ●/▲/♦, 

[P6,6,6,14]Br; ●/▲/♦, [P6,6,6,14][Dec]; ●/▲/♦, [P6,6,6,14][TMPP]; ●/▲/♦, [P4,4,4,14]Cl; ●/▲/♦, [P8,8,8,8]Br; 

●/▲/♦, [C10mim]Cl; ●/▲/♦, [C12mim]Cl; and ●/▲/♦, [C14mim]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 to ca.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% (~8-10 mM to ~270-340 mM, depending on the surfactant). This means that, with 

the exception of [C10mim]Cl and [C12mim]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 presented in Figure 3, it is possible to observe that the addition of 

different SAILs affects the cloud points in different ways. Unlike widely accepted and 

reported in the specialized literature,26,78 it is not just an increase in cloud points that is 

observed by the introduction of an ionic 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 on the effects of ionic surfactants,26,78 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 

increasingly dominant, and the effect of the IL becomes marginal. This can be 

rationalized by a decrease in the SAIL/surfactant ratio owing to the fact that the SAIL 

concentration is always constant whereas the surfactant concentration increases. The 

imidazolium-based SAILs ([C10mim]Cl, [C12mim]Cl and [C14mim]Cl) and [P4,4,4,14]Cl, 

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 upon the cloud points. In contrast, the more hydrophobic phosphonium-based 

SAILs ([P6,6,6,14]X, X= Cl, Br, [TMPP] and [Dec]; and [P8,8,8,8]Br), induce a significant 

decrease in the cloud points, which was not previously observed with ionic surfactants. 

These effects are summarized in Table 3, based on the analysis of each system at a 

surfactant concentration of 1 wt%.  

The SAILs’ hydrophobicity can be related to its hydrogen-bond basicity, β, or to 

COSMO EHB descriptor reported in Table 1. These parameters express the SAIL 

hydrogen-bond ability and have been shown to provide a good description of the SAIL 

hydrophobicity. SAILs with a lower β, and lower absolute EHB, are less able to establish 

hydrogen-bonds and thus present a more hydrophobic character. However, from the 

correlations of the cloud points with these descriptors (Figure S2 in SI) it is clear that 

hydrophobicity alone, i.e. enthalpic interactions, are not enough to provide a complete 

explanation of the effect of the SAILS upon the cloud 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 considering the CPP of the SAILs. The CPP is a 

dimensionless parameter that determines the overall packing shape of a surfactant and is 
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defined as the ratio vhc / (ao lc), where vhc, lc and ahc are the volume and critical length of 

the hydrophobic portion of the molecule and ao is the optimal head group area.79–81 The 

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

the interactions at play. The type of preferred aggregate formed is determined by the 

adopted molecular shape and respective CPP: for a cone, with CPP ≤ 0.33, spherical 

micelles; for a truncated cone, with CPP = 0.33-0.5, cylindrical micelles; for CPP ≈ 0.5-

1, bilayer disks and vesicles; for cylinders, CPP ≈ 1, planar bilayers (lamellar phases); 

and for an inverted wedge-shaped molecule, CPP >1, inverted structures (reverse 

cylinders and spheres). SAILs with large ionic head group areas and relatively low vhc 

have CPP ≤ ½ — e.g. single-chained imidazolium and quaternary ammonium 

surfactants,82 and gemini surfactants83,84 — corresponding to the hydrophilic SAILs in 

Table 1. They will decrease the effective CPP in the mixed micelle (leading to smaller 

micelles, as will be shown in section 2.1.3.2), promoting an increase in solubility and 

hence in the cloud point of the mixture. Conversely, the double-chained quaternary 

ammonium and bulky phosphonium-based SAILs, with large vhc and relatively small 

head group areas have CPP ≈ 1 or larger (hydrophobic SAILs, Table 1);81 they will 

increase the effective CPP in the mixed micelles (leading to larger aggregates, cf. 

section 2.1.3.2), which ultimately results in a decrease in solubility and hence in the 

cloud point. 

Regarding the anion effect, it can be seen that [Dec]- (decanoate) and [TMPP]- (bis 

(2,4,4-trimethylpentyl)phosphinate) induce a stronger effect than Cl- and Br-, since the 

former are bulky counterions ions with a more hydrophobic character and the respective 

SAILs have CPP ≥ 1. On the other hand, the imidazolium cation causes the greatest 

impact on the cloud points (inducing higher cloud points) when compared to the 

phosphonium cation. In particular, the effects are more significant upon reducing the 

cation alkyl chain length for both imidazolium-based SAIL and for [P4,4,4,14]
+ compared 

to [P6,6,6,14]
+. Concerning the cation geometry ([P8,8,8,8]

+ vs. [P6,6,6,14]
+), asymmetry 

favors a larger decrease in cloud points for Tergitol 15-S-7 and NP-10, while for 

Tergitol 15-S-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 

chain 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. Effect of the SAIL’s anion, cation, symmetry and length of alkyl size chain upon the cloud point 

(CP) for mixed systems of Tergitol-based surfactants, at 1 wt% of Tergitol. 

 CP(a) Tergitol 15-S-7 Tergitol 15-S-9 Tergitol NP-10 

Anion effect 

(for [P6,6,6,14]+) 
decrease 

[Dec]-  [TMPP]- > Br- 

> Cl- 

[Dec]-   [TMPP]- > Br- > 

Cl- 

[Dec]-  [TMPP]- > Cl- 

 Br- 

Cation effect 

(for n = 14, Cl-) 
increase 

[C14mim]+  >  [P4,4,4,14]+ 

> [P6,6,6,14]+ 

[C14mim]+  > [P4,4,4,14]+ > 

[P6,6,6,14]+ 

[P4,4,4,14]+  >  [C14mim]+  
> [P6,6,6,14]+ 

Alkyl chain length effect 

(for [Cnmim]Cl) 
increase 

[C10mim] + > [C12mim] + 

> [C14mim] + 

[C10mim] + > [C12mim] +  

> [C14mim] + 

[C10mim] + > [C12mim] 

+ > [C14mim] + 

Cation symmetry effect 

(for n = 32, Br-) 
decrease [P6,6,6,14]+ > [P8,8,8,8]+ [P8,8,8,8]+ > [P6,6,6,14]+  [P6,6,6,14]+ > [P8,8,8,8]+ 

(a) Some surfactants show cloud points above 100 °C; for these cases, the trends are based on the 

extrapolation of the binodal curve. 

Tergitol NP-10 presents an aromatic ring in its structure that may be responsible for the 

more pronounced influence of the aromatic SAILs in the system, owing to π-π 

interactions that can be established between the aromatic rings of the compounds. As a 

result, the micelles headgroups are more available to interact with the water molecules, 

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

of the mixed systems (∆T ≈ +50 ºC).26,27 On the other hand, it is well known that water 

can be a good solvent at low temperatures, as can be seen by the lower cloud point 

results obtained for the phosphonium-based mixed systems, and a poor solvent at high 

temperatures, since the interactions between the nonionic surfactant and the SAILs’ 

headgroups with water will be stronger, hence promoting their higher solubility.26 

Therefore, the cloud point of these systems will be higher. These results are consistent 

with some of our previous results,14 in which it was observed that for the nonionic 

surfactant Triton X-114 that also features an aromatic ring in its structure, the effect of 

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 of 1, 4 and 10 wt% of surfactant were 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 wt% (Figure 4.I and 4.II), or a dominant 

effect of the surfactant, at 10 wt% (Figure 4.III). A number of SAILs and anionic 

surfactants, distinct from those studied above, namely [N1,1,1,8]Br, [N1,1,1,10]Br, 

[N1,1,1,12]Br, [N1,1,1,14]Br, [N1,1,1,16]Br, [N1,1,12,(C7H7)]Br, [N1,1,14,14]Br, [N1,1,16,16]Br, 
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[N1,1,14-6-N1,1,14]Br2, [C14Im-6-ImC14]Br2, [C16py]Cl, [C16py]Br, SDS, SDBS and 

[Ch][Tetradec] were used in this study. Most of them, due to their hydrophilic nature 

and CPP < ½, behave like the imidazolium-based SAILs. Nonetheless, when a second 

long alkyl chain is introduced into [N1,1,1,14]Br, forming [N1,1,14,14]Br, 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 [N1,1,16,16]Br are similar double-chained surfactants, forming fluid bilayer 

structures in water (vesicles and lamellar liquid crystals) above their gel-to-liquid 

crystal (or chain melting) transition temperature, Tm. For 1 wt% of surfactant, it was 

impossible, however, to solubilize [N1,1,16,16]Br (this is likely due to the higher Tm 

associated with the longer alkyl chains, which hinders the mixing). On the other hand, 

when two [C14mim]Cl are linked together forming [C14Im-6-C14Im]Br2, there is still an 

increase in the cloud point albeit smaller than that for the [C14mim]Cl. [C14Im-6-

C14Im]Br2 is also a double-chained SAIL, but differs from the former ones in that it 

possesses two charged headgroups (forming a so-called gemini surfactant), which 

increases its hydrophilic character. Moreover, it self-aggregates 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 observe three distinct behaviours for 1 

wt% of surfactant: SDS is extremely hydrophilic and hence induces extremely high 

cloud points for Tergitol 15-S-9 and Tergitol NP-10 (higher than 100 ºC) whereas, in 

the other extreme, [Ch][Tetradec], the most hydrophobic of these 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. When the nonionic surfactant 

concentration is increased, the SAIL/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 dominant effect is still 

visible, although much attenuated, for surfactant concentrations up to 45 wt%, as shown 

in Figure 5 for distinct SAIL families. Nevertheless, the results for [Ch][Tetradec] 

show consistently a decrease in the cloud points when compared to the solutions 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 point of AMTPS without and with 0.3 wt% of SAIL for 1 (I), 4 (II) and 10 wt% (III) of 

each surfactant: ■, Tergitol 15-S-7; ■, Tergitol 15-S-9 and ■, Tergitol NP-10. 
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Figure 5. Phase diagrams for the Tergitol 15-S-7 at 0 and 0.3 wt% of SAILs belonging to distinct 

families, in McIlvaine buffer pH 7.0:  ●, without SAIL; ●, [C14mim]Cl; ●, [C16py]Cl; ●, [N1,1,1,16]Br; ●, 

[N1,1,14,14]Br; ●, [P4,4,4,14]Cl; ●, [P6,6,6,14]Cl. 

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% of IL, i.e. ca. 5 and 

10 mM for the phosphonium and imidazolium families, respectively. It 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 0 to 

1.0 wt%, corresponding to a maximum SAIL concentration of circa of 10 to 40 mM, 

depending on the SAIL used, while the Tergitol 15-S-7 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 but also the evaluation 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 since it is already 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 100 ºC or lower than 0 ºC, respectively. 

Figure 6 displays these results, in which it is possible to observe that, when the SAIL 

concentration of the most hydrophobic SAILs (phosphonium-based) is increased, the 

cloud points decrease by almost 10 ºC, for both surfactant concentrations, 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 50 ºC and 30 ºC higher than those of the original system (without 

SAIL) for 4 and 10 wt% of surfactant, respectively. For the mixed systems with 1.0 

wt% [C10mim]Cl, the cloud point was above 100 ºC and thus it could not be determined. 

These results show that, even at the highest surfactant concentration, the SAIL addition 

to the system has a big impact on the cloud points, although attenuated by the 

decreasing SAIL/surfactant ratio. 

 
Figure 6. Effect of the SAIL concentration, from 0 to 1.0 wt%, on the cloud points of I) 4 and II) 10 wt% 

of Tergitol 15-S-7 for the systems with ♦, C10mimCl; ♦, C14mimCl; ♦, [C16py]Cl; ♦, [P4,4,4,14]Cl; ♦, 

[P6,6,6,14]Cl; ♦, [P6,6,6,14]Br; ♦, [P6,6,6,14][TMPP]; ♦, [N1,1,1,16]Br; ♦, [N1,1,14,14]Br. 
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presence of several ammonium-based salts and SAILs, whose 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 15-S-7 and 0 to 1.0 wt% of the salts were selected, since in this region the 

SAIL/surfactant ratios are higher, allowing a more pronounced effect upon the cloud 

points as discussed before. These results are displayed on Figure 7. Here, the five 

ammonium salts/ILs, [N1,1,1,1]Br, [N2,2,2,2]Br, [N3,3,3,3]Br, [N4,4,4,4]Br and [N1,1,1,6]Br, are 

compared with the SAILs [N1,1,1,8]Br, [N1,1,1,10]Br, [N1,1,1,12]Br, [N1,1,1,14]Br, [N1,1,1,16]Br, 

[N1,1,12,(C7H7)]Br, [N1,1,14,14]Br and [N1,1,16,16]Br. As can be seen, all ammonium salts 

induce a slight decrease in the cloud points compared to the IL-free system due to a 

minor salting-out 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 SAILs present a different 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, [N1,1,1,12]Br, [N1,1,1,14]Br, [N1,1,1,16]Br and [N1,1,12,(C7H7)]Br increase the 

mixture cloud points due to their more hydrophilic character and lower CPP, which 

cause higher micellar solubility, i.e. which favour solute-solvent interactions at the 

expense of solute-solute interactions. On the other hand, [N1,1,14,14]Br, [N1,1,16,16]Br 

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 hydrophilic ones, since they are higher than 100 

°C. Regarding [N1,1,1,8]Br and [N1,1,1,10]Br, both of them are close to, or below, their 

CMC so they, at these concentrations, show an intermediate behaviour between a SAIL 

and an electrolyte. Thereby, further studies 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 CMC of [N1,1,1,8]Br 

and [N1,1,1,10]Br, respectively. Herein, the cloud points for [N1,1,1,8]Br and [N1,1,1,10]Br 

are >100 ºC and 97.5 ± 0.5 ºC, respectively, which is in agreement with what would be 

expected. Moreover, when [N1,1,1,12]Br, [N1,1,12,(C7H7)]Br and [N1,1,14,14]Br are compared, 

it is easily understood why [N1,1,12,(C7H7)]Br presents an intermediate cloud point 

enhancement: its aromatic ring enables a more hydrophobic character when compared 
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with [N1,1,1,12]Br, though not enough to resemble [N1,1,14,14]Br. This can be further 

confirmed by the respective CMC values (Table 1). Unfortunately, the big difference in 

the solubility between [N1,1,16,16]Br and [N1,1,14,14]Br made impossible to solubilize 

[N1,1,16,16]Br in concentrations higher than 0.3 wt% and provide a more complete 

comparison between the two compounds. 

 
Figure 7. Effect of the IL character and concentration, from 0 to 1.0 wt%, on the cloud points of 4 wt% of 

Tergitol 15-S-7 of distinct AMTPS: ●, without IL; ●, [N1,1,1,1]Br; ●, [N2,2,2,2]Br; ●, [N3,3,3,3]Br; ●, 

[N4,4,4,4]Br; ●, [N1,1,1,6]Br; ●, [N1,1,1,8]Br; ●, [N1,1,1,10]Br;●, [N1,1,1,12]Br; ●, [N1,1,1,14]Br; ●, [N1,1,1,16]Br, ●, 

[N1,1,12,(C7H7)]Br ●, [N1,1,14,14]Br and ●, [N1,1,16,16]Br. 
 

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 McIlvaine buffer was used to control 

the pH. In order to evaluate the pH effect upon the cloud points, the Tergitol 15-S-7 

systems 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 McIlvaine buffer was used, 

since it can provide a wide range of pH. The results from Figure 8.I) 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,76 a second approach was considered, where the pH was 

adjusted by the addition of small amounts of acid (HCl) or alkaline (NaOH) solutions. 

The results for this approach are displayed in Figures 8.III) and 8.IV), 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 cloud points in Figure 

8.I) is due to the strong salting-out effect of Na2HPO4 present in the McIlvaine buffer, 

as shown in Figure 8.II). 

The results here reported demonstrate the versatility of the cloud point phase diagrams 

of nonionic surfactants, and the possibility to tune the cloud points to meet a specific 

target by the proper choice of the surfactant, the SAIL, at very low concentrations (5-40 

mM), and the buffer.  

 
Figure 8. Binodal curves for a Tergitol 15-S-7-based AMTPS without SAIL and with McIlvaine buffer: 

●, pH 3.0; ●, pH 4.0; ●, pH 5.0; ●, pH 6.0; ●, pH 7.0; ●, pH 8.0; II) Binodal curves for a Tergitol 15-S-7-

based AMTPS without SAIL and with McIlvaine buffer at distinct pH by varying Na2HPO4 concentration 

for 1 (●), 4 (●) and 10 (●) wt% of surfactant; III) and IV) Cloud points at 4 and 10 wt% of Tergitol 15-S-

7, respectively, of an AMTPS: ■, in McIlvaine buffer at distinct pH values and ■, in water at the same 

pH. 

 

2.1.3.2.  Micelle size and charge: DLS and zeta potential study 

In order to further understand the mechanism by which the IL modifies the cloud point 

of these systems, i.e. to ascertain whether the IL added to the system is incorporated 

into the micelles and does not behave as a simple electrolyte, DLS 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 McIlvaine 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 display zero (or near-zero) surface charge, any 

clearly positive or negative zeta potential values will ascertain the incorporation of 

SAILs into the micelle. The results from Figures 9.I) to 9.IV) corroborate this 

hypothesis, showing that, for a wide pH range, the micelle charge is always positive in 

presence of a cationic SAIL and negative for SDS and an anionic SAIL as shown in 

Figures 9.V) and 9.VI). Thereby, the SAILs seem to be incorporate into the micelles 

and confer them a charge according to the SAIL ionic nature.  

Finally, a zeta potential measurement for [N2,2,2,2]Br 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 micelles formed in presence of this 

compound supports this hypothesis. 
 

 
Figure 9. Zeta potential for SAILs belonging to distinct families, namely I) [P6,6,6,14]Cl; II) [C16py]Cl; 

III) [P4,4,4,14]Cl; IV) [C12mim]Cl; V) [Ch][Tetradec] and VI) SDBS. Each system contains 10 wt% of 

Tergitol 15-S-7 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 presented in Figure 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 that, for surfactants belonging to the same series, the surfactant 

with higher HLB values will display smaller micelles.77  

For the systems with SAILs, two distinct behaviours were observed: either a slight 

decrease in micelle size or micellar growth induced by the SAILs, as shown in Figure 

10. These two behaviours correlate 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 micelles in presence of ionic surfactants has been previously 

reported85 and it seems to be due to a decrease in the aggregation number of the 

micelles. The original nonionic micelles break up when the SAIL is added and new 

SAIL/nonionic micelles reform with smaller number of total molecules due to the onset 

of head group electrostatic repulsions brought about by the ionic nature of the SAIL. 

The opposite behaviour, 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 nonionic surfactant. 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 

biomacromolecules (e.g. proteins) inside.  

The behaviour here observed is in line with the interpretation based on the SAILs CPP, 

described in section 2.1.3.1. The SAILs influence the micelle size and shape through the 

effective ao or vh when they mix with the nonionic surfactant. Quaternary ammonium 

and imidazolium surfactants with charged head group present a CPP < ½, causing an 

increase in the effective ao in the mixed micelle, due to the combined effect of their 

conical shape and headgroup 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 point. [P4,4,4,14]Cl seems to behave 

similarly.  
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On the other hand, the incorporation of bulky hydrophobic SAILs, such as [P6,6,6,14]X (X 

= Cl-, Br-, [Dec]-, [TMPP]-), or [P8,8,8,8]Br (CPP ≥1) increases the effective vhc in the 

mixed micelles and hence induce substantial micellar growth. This is also the case of 

the double-chained surfactants [N1,1,14,14]Br and [N1,1,16,16]Br, with CPP ≈ 1, known to 

form bilayer aggregates (vesicles and lamellar phases). Micellar growth in nonionic 

surfactant systems leads to a poorer solubility in water and a decrease in cloud point. 

Owing to the fact that [N1,1,1,8]Br and [N1,1,1,10]Br are below their CMC, their size 

appears to be intermediate between the IL-free 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 15-S-7 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 diameters 

of around 6 and 9 nm for [N1,1,1,8]Br and [N1,1,1,10]Br, respectively. 

For the mixed systems containing of [P6,6,6,14][TMPP] and [P6,6,6,14][Dec], it was not 

possible to determine the diameter of a single micelle for Tergitol 15-S-7 since the 

system was already slightly turbid. The micelle diameter of the mixed systems with 

[P8,8,8,8]Br was also not determined for the Tergitol 15-S-series for the same reason. 

 
Figure 10. Micelles size for ■, Tergitol 15-S-7; ■, Tergitol 15-S-9 and ■, Tergitol NP-10. The systems 

without IL are composed of 1 wt% of surfactant and McIlvaine buffer pH 7.0 and the mixed systems are 

constituted by 1 wt% of surfactant, 0.3 wt% of IL and McIlvaine buffer pH 7.0. 

 

Regarding the impact of the IL concentration on the micelle size (Figure 11 and Figure 
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wt% of Tergitol NP-10 (the surfactant for which more SAILs could be studied), it was 

observed that the increase 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 already at their lowest value with just 0.3 wt% of SAIL. For Tergitol 15-S-

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

already observed for the two types of SAILs. 
 

 
Figure 11. Effect of the IL concentration on the micelles size for the 1 wt% Tergitol NP-10 solution: ●, 

system without IL; ●, C10mimCl; ●, C14mimCl; ●, [C16py]Cl; ●, [P4,4,4,14]Cl; ●, [P6,6,6,14]Cl; ●, [P6,6,6,14]Br; 

●, [P6,6,6,14][TMPP]; ●, [N1,1,1,16]Br; ●, [N1,1,14,14]Br. 
 

2.1.4.  CONCLUSIONS 

The effect of SAILs upon the cloud points for systems of three nonionic surfactants, 

namely Tergitol 15-S-7 and 15-S-9 and Tergitol NP-10, were studied. The results show 

the cloud points to be significantly influenced by the SAIL incorporation into the 

micelles, even at concentrations as low as 0.3 wt% (5-10 mM). 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 highlight here 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 electrolyte is needed, as the hydrophobic 

SAILs cause per se this 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 chain) and pyridinium families, being charged and with CPP < 1, 
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induce the formation of smaller mixed micelles, promote water-head group interactions 

and thus increase the system cloud points. On the other hand, the phosphonium-based 

SAILs and ammonium with two long alkyl chains, despite being charged, have a CPP ≥ 

1 and hence confer a more hydrophobic micellar environment; this causes micellar 

growth, weakened head group-water interactions and a decrease in the cloud point. 

These two distinct behaviours are even more pronounced with the increase of the SAIL 

concentration.   
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2.2. UNRAVELING THE INTERACTIONS BETWEEN 

SURFACE-ACTIVE IONIC LIQUIDS AND 

TRIBLOCK-COPOLYMERS FOR THE DESIGN OF 

THERMAL RESPONSIVE SYSTEMS 

 

This chapter is based on a manuscript under preparation 

Filipa A. Vicente, Germán Pérez-Sánchez, Nicolas Schaeffer, Inês S. 

Cardoso, Sónia P. M. Ventura and João A. P. Coutinho;† 

 

2.2.1. INTRODUCTION 

The extraction and purification of valuable compounds 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 solvents.86 

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, there is a parallel need for the development of ‘greener’ 

solvents with low toxicity and cost, which provide measurable advantages through their 

use. 

Triblock liquid polymers (LPs), known as Pluronics and Poloxamers, present a diverse 

and intricated self-aggregation, can act either as a polymer or a nonionic surfactant, and 

in solution exhibit a highly sensitive thermal responsive behaviour.54,87,88 Pluronics are 

constituted by sequences of PEG and PPG units in which the hydrophilicity of the LPs 

can be adjusted by varying the PEO to PPO unit ratio.11 These triblock polymers are 

biodegradable, relatively cheap, biocompatible and present very low volatility, making 

them excellent co-solvents for biological applications, among others.89 In fact, there are 

several Pluronics already approved by the Food and Drug Administration (FDA), being 

applied in personal care formulations, food additives and in medical use.90 The Pluronic 

                                                           
† Contributions: F.A.V., I.S.C. and N.S. acquired the experimental data. G.P.S. performed all 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 divided in two major groups, normal (L) and reverse (R), based on the position 

of the PEG and PPG units. The L-Pluronic is characterized by a PEG-PPG-PEG 

sequence while R-Pluronic is composed of PPG-PEG-PPG.56 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 temperature.14,91,92 The 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 simple LPs.56 

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

with additives to dramatically increase the extractive performance and properties of the 

system. In this context, ILs have emerged as promising candidates due to their 

fascinating properties. In addition, SAILs are known to form micellar aggregates in 

aqueous solution thereby influencing the cloud point of the system.15-18 The 

incorporation of SAILs into mixed micelles has also been proposed by combining the 

SAILs with both ionic and nonionic surfactants, and their influence on the properties of 

the micelles has been investigated.34–41 Dong et al.93 showed that imidazolium-based 

SAILs can have a better performance than conventional cationic surfactants with lower 

concentrations required to promote a similar effect. This suggests that mixtures of 

Pluronics and SAILs are advantageous for the design of thermo-controlled solvents. The 

concentration and the nature of each compound controls the phase behaviour, namely 

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 the SAILs influence 

over the system CMC, CMT and/or the micelle size.57–62  

Despite significant advances, a microscopic perspective involving those interactions 

throughout the different self-assembly stages is still lacking. A detailed knowledge of 

the molecular scale interactions driving the self-assembly of these mixtures is of great 

importance to design and expand the range of thermal responsive copolymer-SAILs 

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 behaviour of (PO)m(EO)n units under different 

computer levels of description, from ab initio quantum calculations94–97 to classical all-

atom (AA) molecular dynamics (MD) or Monte Carlo (MC) simulations.98,99,108–110,100–
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107 The coarse-grain (CG)87,103,117–120,107,110–116 or dissipative particle dynamics (DPD)121 

simulations were developed to investigate mesoscale structures.  

The time scale and size limits inherent to the atomistic resolution limit the application 

of density functional theory (DFT) and AA-MD to systems beyond the initial stages of 

micelle formation for short simulation times (tens of nanoseconds).111,122 Attempts to 

overcome this limitation by using pre-assembled structures only provide a qualitative 

resolution lacking in thermophysical significance as pointed out by Shelley and co-

workers.123 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 the very good results of the CG approaches, namely 

mapping the entire phase behaviour of triblock copolymers115 or forming complex 

structures in diblock copolymers such as bilayer or vesicles,121 these approaches were 

limited by the lack of transferability.110 The development of the MARTINI model113,124 

provided a CG framework in which the molecules can be mapped based on an energy 

matrix of interactions with 18 different bead types.124 The CG models based on the 

MARTINI force field were able to address the complexity of the self-assembly process 

of many amphiphilic molecules125–130 as well as copolymer solutions.107,113,114,116,117,119 

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 experimental.46,57,134–136,58–62,131–133 

In this work six selected Pluronics were studied in conjunction with imidazolium and 

phosphonium SAILs to determine the influence of the ILs as additives on the cloud 

points and thermo-responsiveness of the system. Moreover, a 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 results and provide an explanation for the different behaviours observed 

for the studied binary SAIL-Pluronic systems. By doing so, this work provides a new 

platform for the study of current and future responsive systems of industrial relevance 

for the development of sustainable and integrated systems. 
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2.2.2. MOLECULAR DYNAMICS MODELLING 

The CG MD simulations were carried out with the Gromacs 5.1.4 package137 using a 

leapfrog algorithm138 to integrate the 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 Lennard-Jones (LJ) potential and the Coulomb term 

were considered for non-bonded interactions. A potential force-switch modifier function 

was used in LJ with a cut-off radius of 1.2 nm where the energy decays smoothly to 

zero from 1.0 to 1.2 nm. Long-range electrostatic interactions were calculated using the 

particle mesh Ewald and a potential-shift function with a cut-off radius of 1.2 nm. The 

temperature was fixed with the velocity-rescaling139 in the equilibrium simulations and 

the Nose-Hoover thermostat140 in the production runs. The pressure coupling was 

considered as isotropic and the pressure was fixed at 1 bar using the Berendsen 

pressure-coupling141 in the equilibrium step and the Parrinello−Rahman barostat142 in 

the production runs. Bond lengths were constrained by the LINCS algorithm.143 

Coulombic interaction energies beyond the cut-off were computed via the particle–

particle particle–mesh solver.138 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 beads124 to avoid the 

unrealistic tendency of CG water models to freeze. The addition of antifreeze beads 

maintains the essential physicochemical characteristics of water, reproducing, with a 

reasonable accuracy, the phase behaviour of surfactants in aqueous solutions in a whole 

range of surfactant concentrations and temperatures.130 Simulation outputs were 

visualized using the VMD software package.144 In 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 short-range contacts between atoms prior to two 

short equilibrium steps of 0.5 and 2 ns in the NVT and NpT ensembles, respectively. 

Otherwise stated, the duration of the NpT production run was 0.5 s. It must be noticing 

that with the 4:1 mapping used in the CG MARTINI model, a correction factor of 

nearly four should be applied to yield a realistic time scale.124 Nevertheless, this was not 

applied here, i.e. the time reported in our results is simply the number of steps 

multiplied by the nominal time step. 

Previous CG models for MD simulations carried out with the MARTINI model in 

copolymers were used as a reference to map the Pluronic systems involved in this 
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work.107,113,114,116,117,119 Thereby, 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 segments. The CG mapping for the SAILs can 

be consulted in Figure S4. 

2.2.3. EXPERIMENTAL SECTION 

The copolymers used in this work as nonionic surfactants were Pluronic L-31, L-35, L-

61, 17R4, 31R1 and 10R5, all of them acquired from Sigma-Aldrich. The general 

structure of a normal and a reverse Pluronic as well as their structures are present in 

Figure 12. 

 
Figure 12. Pluronic systems used in this study, three normal L-31, 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 black and the polar PEG is in orange. 

The co-surfactants herein studied were SAILs belonging to two distinct families, 

namely imidazolium- and phosphonium-based SAILs (Figure 13). Both the 

imidazolium family: 1-decyl-3-methylimidazolium chloride - [C10mim]Cl (> 98 wt%), 

1-dodecyl-3-methylimidazolium chloride - [C12mim]Cl (> 98 wt%) and 1-methyl-3-

tetradecylimidazolium chloride - [C14mim]Cl (> 98 wt%), and the phosphonium family, 

represented by tributyltetradecylphosphonium chloride - [P4,4,4,14]Cl (95 %), were 

obtained from Iolitec (Ionic Liquid Technologies, Heilbronn, Germany).  

Pluronic % PEG MW #PEG #PPG #PEG

L-31 10 1100 2 16 2

L-61 10 2000 2 30 2

L-35 50 1900 11 16 11

#PPG #PEG #PPG

31R1 10 3300 26 8 26

17R4 40 2700 14 24 14

10R5 50 2000 8 22 8

Pluronic CG mapping

Reverse  PluronicNormal  Pluronic

31R1 10R517R4

Reverse  PluronicNormal  Pluronic

L31 L35L61

Normal Pluronic Reverse Pluronic
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Figure 13. Structure of the SAILs used in this work, belonging to the imidazolium and phosphonium 

families.  

Finally, the McIlvaine buffer components, specifically, citric acid monohydrate (purity 

≥ 99%) and sodium phosphate dibasic heptahydrate (purity ≥ 99%) were purchased 

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 solutions of copolymer 

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 oC following a methodology described elsewhere.14,92 Each copolymer solution 

was both prepared in distilled water and in an aqueous solution of 0.18 M McIlvaine 

buffer (pH 7.0) up to a final volume of 10 mL, as previously established.14,92 The 

binodal curves were established in McIlvaine buffer solutions, since this is the media of 

preference to work with pH sensitive or labile biomolecules as discussed below, and at 

copolymer concentrations 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 points was performed 

using solutions of 1 wt% of some Pluronics while varying the SAIL concentration 

between 0.1 and 0.7 wt%, being the system completed with McIlvaine buffer pH 7.0. 

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

2.2.4. RESULTS AND DISCUSSION 

2.2.4.1.  Copolymers cloud points 

As copolymers display a clouding phenomenon, the cloud point is an excellent property 

to characterize the thermo-responsiveness properties of aqueous solutions of Pluronics. 

Low molecular weight PPO homopolymers display a clouding behaviour at very low 

temperatures, whereas PEO homopolymers require very high temperatures. By 

presenting both PPO and PEO units, triblock copolymers, such as Pluronics, phase 

[C10mim]Cl

[C12mim]Cl

[C14mim]Cl

[P4,4,4,14]Cl
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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 LCST behaviour, Pluronic systems 

change from a monophasic to a biphasic system above the cloud point.2,13,56 LCST are 

primarily controlled by strong polar interactions, mainly hydrogen bond interactions, 

with the resulting phase separation being entropically driven.2,26,56 The standard cloud 

point for each copolymer was measured both in distilled water and in 0.18M of 

McIlvaine buffer pH 7.0, as shown in Figure 14, for a comparison of the behaviour of 

the various copolymers here studied. The cloud point of copolymers in presence of 

McIlvaine buffer, composed of the salting-out hydrogen phosphate and citrate anions, 

was determined to (i) demonstrate the effect of salt addition on the cloud-point and (ii) 

to extend the potential of the studied system to biological applications. McIlvaine buffer 

is necessary for the extraction of pH-sensitive 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 concentration on its cloud 

point. The cloud point of Pluronic L-61 was measured only for concentrations up to 2.5 

wt% since it is not soluble at higher concentrations. 

 
Figure 14. Screening of aqueous solutions of 1 wt% (●), 2.5 wt% (▲) and 10 wt% (■) of each copolymer 

either in distilled water (●/▲/■) or in 0.18 M of McIlvaine buffer pH 7.0 (●/▲/■). 

Regarding the cloud points found for 1 wt% of the reverse copolymers in water, namely 

Pluronics 31R1, 17R4 and 10R5, the obtained values are in good agreement with those 

previously reported.56,69 The cloud points obtained for 1 wt% of the normal Pluronics L-

31, L-35 and L-61 in water are higher (3 to 10 ºC higher) than those previously 

reported.56 The main reason for this difference may be related with the copolymer 

composition and purity, since the molecular weight is an average parameter and the 

triblock copolymers often present contaminations with homo- and diblock 

copolymers.145 
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When water is replaced by McIlvaine buffer, all the cloud points decrease between 4 to 

17 ºC, depending on the Pluronic used, as expected when a salting-out agent is added to 

the system. 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 behaviour, varying merely in the 

temperature range. 

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

From the results in Figure 14, there appears to be two determinant factors influencing 

the temperature responsiveness of the studied LPs, namely the PEG:PPG ratio, i.e. the 

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 determined in 

McIlvaine buffer pH 7.0 and presented in Figures 15 and S5. The Pluronics were 

selected to evaluate the influence of different copolymer features over the cloud points, 

namely (i) a normal and a reverse copolymer with the same PEG content and molecular 

weight (10R5 and L-35) and (ii) the PEG content in the copolymer by using three 

reverse copolymers with increasing PEG content (31R1, 17R4 and 10R5). 

 
Figure 15. Binodal curves of Pluronic copolymers in 0.18 M of McIlvaine buffer pH 7.0. Normal: □, L-

31; , L-35; ◊, L-61. Reverse: ♦, 31R1; ▲, 17R4; ●, 10R5. Error bars are present but barely seen as the 

maximum standard deviation is 1ºC. 

2.2.4.2.1. Micellar surface effects on the thermomorphic behaviour  

Figure 16.I) shows the cloud points obtained in 10R5 and L-35 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 temperature strongly differs as soon as the Pluronic 

concentration increases above 1 wt%. This difference could come from the micelle 

crown composed of PEG units,146 as illustrated in Figure 12. Pluronic 10R5 depicts 

flower-shape micelles, thus named by the tendency of the PEG segments to form loops 

resembling flower petals.91 Conversely, the PEG peripheral units in Pluronic L-35 point 

outwards from the micelle core, arranging in a star-like shape. The results in Figure 16 

indicate that the structural variations of the micelle surface play an important role in the 

polymer behaviour. However, a detailed microscopic understanding of this phenomenon 

through experiments alone is challenging. Thus, under the CG computer model 

developed in this work, six MD simulations were carried out for 10R5 and L-35 

copolymers at 1, 5 and 20 wt% concentrations, respectively. The temperature was 

established at the experimental cloud point, 62 ºC for 1 wt% in both, whereas 50 ºC and 

62 ºC were set for 10R5 and L35, at 5 and 20 wt%, respectively. 

 
Figure 16.I) Experimental binodal curves for L-35 () and 10R5 (●) at different concentrations. II) Six 

MD simulations were carried out at 1 (i and iv), 5 (ii and v) and 20 wt% (iii and vi) concentrations in the 

cloud point temperature conditions for L-35 (top) and 10R5 (bottom) along 1 microsecond of simulation 

time. The diffusion coefficients were also obtained 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.II) shows the results obtained after 1 microsecond of simulation time with 

the MD simulation snapshots displaying the final micellar organization. In Figures 

16.II-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%, the inter micelle interactions become 
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dominant, as illustrated in Figures 16.II-ii, iii, v and vi) for 5 and 20 wt% 

concentrations. The dynamic behaviour of these micelle distributions and hence the 

inter micelle interactions was evaluated by the coefficient of diffusion (Dcd) in the above 

simulations. At 1 wt%, the L-35 and 10R5 arranged in a similar dispersed micelle 

distribution and correspondingly display approximately the same Dcd value of 0.16 × 10-

5 cm2·s-1 and 0.17 × 10-5 cm2·s-1, respectively (Figures 16.II-i and iv). However, an 

increase in the Pluronic concentration to 5 wt% yielded markedly different Dcd, with the 

10R5 system displaying a lower Dcd, denoting a higher degree of cross-linked micelles, 

also clearly visible in the simulation snapshot (Figure 16.II-v) compared with the L-35 

counterpart. In this regard, at Pluronic concentrations above 1 wt%, the 10R5 micelles 

interact more strongly with each other, i.e. there are more and stronger solute-solute 

interactions, promoting a higher degree of self-aggregation and slowing down the 

dynamics of the system. In fact, at 20 wt%, the Dcd in 10R5 was one order of magnitude 

lower (Figure 16.II-iii and Table S4 in the SI) than for L-35, indicating a reduction in 

the mobility of the 10R5 micelles, even when both systems were densely packed. The 

individual micelles presented in each system were characterized in detail using an in-

house code based on the Hoshen − Kopelman cluster counting algorithm.147 This allows 

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 simulation (Figures 16.II-i-vi). The micelle diameter was obtained 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 compared in Figure S6 

whereas the aggregation number and the micelle size (diameter) can be consulted in 

Table S4. At 1 wt%, Figure S6 shows that both Pluronics exhibited similar shape and 

size micelles, however, the 10R5 micelles were bigger than the L-35 counterparts above 

this concentration. In fact, the 10R5 aggregation number remarkably increased between 

1 and 5 wt% of concentration as is shown in Figure 17 and Table S4. The micelle 

growth above 1 wt% of concentration in L-35 seemed to be smoother, denoting low 

micelle fusion events. This emphasizes the ease of 10R5 micelles to form aggregates of 

cross-linked micelles as shown in Figure 16.II-v. These results suggest that the 10R5 

system requires less energy to coalesce and separate into two macroscopic phases, 

which is reflected in its lower cloud point temperature compared to L-35, as presented 
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in Figure 16.I). 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 behaviour. 

 
Figure 17. Aggregation number (Na) of L-35 () and 10R5 (●) micelles for 1, 5 and 20 wt % of Pluronic 

concentration at the cloud point temperatures showed in Figure 16.II-i to vi. 

 

2.2.4.2.2. Effect of the PEG to PPG ratio on the thermomorphic behaviour  

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 in Figure 18.I). The binodal curves follow the trend: 31R1 (10 

wt% PEG) < 17R4 (40 wt% PEG) < 10R5 (50 wt% PEG). Similar patterns were 

reported for other normal Pluronics,148 however, the trend in the studied systems was 

not linear. Figure S7 shows a quadratic behaviour of the PEG:PPG ratio against 

molecular weight and the cloud point temperatures in the studied systems. The cloud 

point differences between these three reverse Pluronic shown in Figure 18.I) seems to 

be caused by the micelle surface crown of 31R1, 17R4 and 10R5 (Figure 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 temperature conditions, 21 and 38 ºC, 

respectively, to compare with the 10R5 at 62 ºC already shown in the previous section. 

Figure 18.II) shows the MD simulation snapshots after 1 microsecond of simulation 

time. In the studied systems, two competing effects come into play: (i) the PPG 

hydrophobic content, which promotes self-aggregation, and (ii) the PEG hydrophilic 

content in the micelle surface, which strongly affects the inter micelle interactions, as 

previously shown in Figure 16. The PEG:PPG ratio in 31R1, 17R4 and 10R5 is 0.15, 
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0.86 and 1.37, respectively, suggesting that, at 1 wt% of Pluronic concentration, 

hydrophobic interactions (dispersion forces resulting from the PPG content) play the 

main role in the phase behaviour, instead of the inter micelle interactions. Table S5 

shows the PEG:PPG ratio, micelle size and the averaged aggregation number 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 aggregation number of 

individual micelles was 7, 6 and 9 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 micelle core more accessible to contact with the PPG core of close 

neighbor micelles, promoting micelle fusion processes and enhancing the aggregation 

(Figure 18.II). 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 10R5 (Figure 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 the increased PPG content (dashed black lines) from 10R5 to 31R1. 

The density profile comparison also denoted the non-regular shift in the micelle size for 

31R1, 17R4 and 10R5 if one takes the contact of the PPG content with water (cross 

point between black and 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.I) Experimental binodal curves for Pluronics 31R1 (♦), 17R4 (▲) and 10R5 (●). Red dashed 

line corresponds to 1 wt% of Pluronic concentration used in the MD simulations. II) MD simulations 

snapshots along 1 microsecond of simulation time at 21, 38 and 62 ºC for 31R1, 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 considerably increased 

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 variation in the cloud 

points. At Pluronic concentrations above 3 wt%, the copolymer dominates the phase 

behaviour, resulting in very similar trends for all studied systems, c.f. Figure S9. 

Figure 19 summarizes the experimental cloud points in a range of [0, 5] wt% of 

Pluronic concentration with 0.3 wt% of SAIL. Two families of SAIL were here studied: 

the imidazolium-based SAILs represented by [Cnmim]Cl (n=10,12,14) and the 

phosphonium-based SAIL by [P4,4,4,14]Cl. 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 ways.14,92 
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Figure 19. Binodal curves of Pluronic copolymers + 0.3 wt% of SAIL + 0.18 M of McIlvaine buffer pH 

7.0. I) □, Pluronic L-31. II) , Pluronic L-35. III) ◊, Pluronic L-61. IV) ▲, Pluronic 17R4. V) ♦, Pluronic 

31R1. VI) ●, Pluronic 10R5. The SAILs added to the AMTPS are: ▬, [C10mim]Cl; ▬, [C12mim]Cl; ▬, 

[C14mim]Cl; ▬, [P4,4,4,14]Cl.  

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 changes in the 

observed cloud points differ from those detected in previous works for mixed AMTPS 

composed of conventional nonionic surfactants, namely belonging to the 

poly(oxyethylene) alkyl ether family, and the SAILs of the [Cnmim]Cl family with n < 

8, for which the cloud points increased with the decrease of the SAIL’s alkyl side chain 

length.14,53,92 In this work, [C10mim]Cl displayed the lowest impact on the cloud points, 

and in some cases did not have any influence on the system cloud points as for the 

Pluronics L-31 and L-61 binodal curves. Conversely, [C12mim]Cl and [C14mim]Cl, both 

behaved similarly, exhibiting the highest cloud point temperatures. [P4,4,4,14]Cl seemed 

40

50

60

70

80

90

0 1 2 3 4 5

C
lo
u
d
 P

o
in
t 
(⁰
C
)

wt % Pluronic 10R5

20

30

40

50

60

70

80

90

0 1 2 3 4 5

C
lo

u
d

 p
o

in
t 

( 
C

)

wt % Pluronic 17R4

10

20

30

40

50

60

70

80

90

100

0 1 2 3 4 5

C
lo

u
d

 p
o

in
t 

(º
C

)

wt% Pluronic L-61

50

60

70

80

90

100

0 1 2 3 4 5

C
lo
u
d
 P

o
in
t 
(⁰
C
)

wt % Pluronic L-35

20

30

40

50

60

70

80

90

0 1 2 3 4 5

C
lo

u
d

 p
o

in
t 

(º
C

)

wt% Pluronic L-31

V)

VI)

Reverse Pluronics

IV)I)

Normal Pluronics

II)

III)

10

20

30

40

50

60

0 1 2 3 4 5

C
lo

u
d

 P
o

in
t 

( 
C

)

wt % Pluronic 31R1



2. UNRAVELING THE INFLUENCE OF SURFACE-ACTIVE IONIC LIQUIDS 

UPON THE CLOUD POINTS OF THERMO-RESPONSIVE SYSTEMS 

55 

 

to be the only SAIL displaying a similar pattern as in the mixed systems with 

conventional nonionic surfactants, namely an increase over the cloud points, though 

slightly lower than similar alkyl-chain length imidazolium ([C14mim]Cl).92 

The intricate balance influencing how Pluronic and SAIL unimers or micelles interact is 

poorly understood and deserves further investigation. It has been previously shown how 

the Pluronic micelle surface shape and the amphiphilic character of Pluronic moieties 

strongly determines the phase behaviour. In this context, MD simulations were 

performed to study the impact of different SAILs nature in Pluronic systems. For this 

purpose, the phosphonium and imidazolium SAILs CG models were used (Figure S4). 

Three Pluronics were chosen for the MD computer simulations, the 10R5, L-35 and L-

31, to assess the influence of the micelle surface (PEG order and content), 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 star-like (L-35) and flower petal-like (10R5) Pluronics; 

secondly, two normal Pluronics with the same hydrophobicity (PPG content) but 

different hydrophilicity (PEG content), L-31 and L-35, were analysed to evaluate the 

hydrophobicity and the micelle surface shape. Thereby, twelve MD simulations with 1 

wt% of Pluronic from no SAIL to mixtures with 0.3 wt% of [Cnmim]Cl (n=10, 14)Cl 

and [P4,4,4,14]Cl were carried out along 1 microsecond of simulation time. The 

temperatures were established at the experimental cloud points showed in Figure 19 

and the micelle distribution obtained in the MD simulations are summarized in Figure 

20. 
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Figure 20. MD simulation snapshots after 1 microsecond of simulation time for Pluronics 10R5, L-35 

and L-31 at 1 wt% in aqueous solutions and their mixtures with 0.3 wt% of [C10mim]Cl, [C14mim]Cl and 

[P4,4,4,14]Cl. The temperature was set above the experimental cloud point temperatures shown in Figure 

19. The colour code is as follows: for Pluronic, the PPG and PEG are coloured in black and orange 

colour, respectively; for SAILs, the hydrophobic alkyl-chain tail is green, whereas the imidazolium ring 

in [Cnmim]Cl and the butyl head groups in [P4,4,4,14]Cl are coloured in purple. 

 

2.2.4.3.1. Effect of the SAIL on the Pluronics cloud points 

The MD results revealed 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. Therefore, the electrostatic repulsion of the charged Pluronic/SAIL mixed 

micelles comes into play along the hydrophobic forces and the inter micelle (solute-

solute) interactions. In the MD simulations, two types of micelles were formed: 

Pluronic micelles with adsorbed SAIL (Pluronic/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 

present a very complex behaviour. In presence of imidazolium SAILs, the 10R5 

Pluronic micelles were formed earlier than SAIL/10R5. Comparing both [C10mim]Cl 

and [C14mim]Cl mixtures, SAIL/10R5 micelles were prevalent in the [C14mim]Cl 

mixture as caused by the ease of forming SAIL micelles (larger alkyl-chain length). 

This reflects the lower cloud point temperature shown by the [C10mim]Cl mixture. 

Since 10R5/SAIL micelles are more hydrophobic and have less micellar electrostatic 

repulsion (lower presence of SAIL moieties) compared with SAIL/10R5 micelles, the 

system requires less energy to aggregate. The simulation snapshots in Figure 20 show 

slightly smaller micelles in the 10R5/[C10mim]Cl mixture, which is also confirmed by 

the micelle diameter (3.7 and 4.3 nm) and the Na (11 and 14) data shown in Table S6, 

for [C10mim]Cl and [C14mim]Cl, respectively. 

The 10R5 micelle formation with [P4,4,4,14]Cl was different from the imidazolium-based 

SAILs. In this case, large SAIL/10R5 micelles were initially formed and only a few 

small 10R5/SAIL and isolated 10R5 micelles 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 [P4,4,4,14]Cl large micelles. Compared with the 

imidazolium counterpart, the [P4,4,4,14]Cl mixtures formed larger micelles with an 

overall micelle diameter of 4.6 and Na of 18 (Table S6). The radial distribution 

functions (RDFs) between the hydrophobic (PPG) Pluronic micelle core and the 

hydrophilic SAIL head groups were obtained in the MD simulations. Figure 21 shows 

the RDF between the 10R5, L-35 (Figure 21.a) and L-31 (Figure 21.b) micelle core 

(PPG) and the imidazolium ring in [C10mim]Cl and [C14mim]Cl (SQd, SP1 and SP5 

beads, see details in Figure S4) and the butyl head groups (three C3 beads, see details in 

Figure S4) in [P4,4,4,14]Cl. In Figure 21, the RDFs clearly show that more [P4,4,4,14]Cl 

cations (red lines) interact with the Pluronic micelle core (Figures 21.a and b) than with 
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the imidazolium counterparts (blue and green). The inset in Figure 21.a) shows more 

[C14mim]Cl around the Pluronic micelle core compared with [C10mim]Cl. 

 
Figure 21. Radial distribution functions (RDF) between the Pluronic micelle core with [C10mim]Cl, 

[C14mim]Cl head rings and [P4,4,4,14]Cl butyl head groups. a) 10R5 and L-35 (dashed lines) and b) L-31. 

The colour code is ▬, [C10mim]Cl; ▬, [C14mim]Cl; ▬, [P4,4,4,14]Cl. Inset in a) enhances the view of the 

imidazolium peaks. 

The strong [P4,4,4,14]Cl interaction could be attributed to the lower charge at the solvent 

accessible surface area of the SAIL. Contrary to imidazolium-based SAIL in which the 

charge is diffused around the aromatic ring with a maximum at the C2H position, the 

[P4,4,4,14]Cl possess a localized charge on the phosphonium centre, which is, in turn, 

shielded by the bulky alkyl chains.149 This increased charge screening of the [P4,4,4,14]Cl 

polar head compared to the imidazolium-based SAILs, confers the 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 Pluronics - 

SAIL aggregation 

To determine the effect of the Pluronic micelle surface shape on the Pluronics - SAIL 

aggregation, the micelle formation in L-35 and L-31 Pluronics was analysed 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/L-35 micelle formation followed by a second stage 

of slow micelle fusion in both [C10mim]Cl and [C14mim]Cl mixtures (slightly larger 

micelles were formed in [C14mim]Cl). Finally, only small mixed micelles were obtained 

with a similar micelle size distribution (though, smaller than those found in 10R5). As 

visible in Table S6, the micelle diameter and Na for [C10mim]Cl and [C14mim]Cl 

mixtures are 3.4 and 4.1 nm, and 9 and 10, respectively. These values were similar to 
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those found in the L-35 system without SAIL, Ø = 2.8 nm and Na = 8. Thus, the 

presence of imidazolium SAIL barely affected the micelle formation, as it can be also 

seen in the micelle distribution obtained in the MD simulations in Figure 20. The 

[P4,4,4,14]Cl system started with a SAIL/L-35 micelle formation, followed by a second 

stage of micelle fusion where SAIL/L35 micelles adsorbed smaller L-35/SAIL and L-35 

micelles (barely found in the imidazolium mixtures). The micelle growth proceeded by 

micelle fusion, with larger SAIL/L-35 micelles swallowing smaller ones. However, 

unlike the 10R5 system, the L-35 system exhibited SAIL/L-35, L-35/SAIL and L-35 

micelles in the final stage as it can be seen in the MD simulation snapshots showed in 

Figure S10. 

The MD simulations for L-31 and the SAIL mixtures shown in Figure 20 suggest that 

the L-31 clearly dominates the micelle formation and, at this SAIL concentration, a very 

low SAIL effect was found overall. In fact, no SAIL micelles were formed along the 

MD simulations and only L-31/SAIL micelles were created in the first stage followed 

by a micelle growth by adsorbing isolated SAIL moieties. [C10mim]Cl, having the 

lowest alkyl-chain length, was almost covered by the extensive PPG content of the L-31 

micelle core, which could be the reason behind the null effect of [C10mim]Cl in the 

experimental cloud point temperature observed in Figure 19.I). The micelle fusion 

between distinct L-31/SAIL micelles occurred conformed the final system shown in 

Figure 20.  

On summary, the MD simulations for L-31 displayed a different picture with much 

larger aggregates overall. This suggest that a low PEG:PPG ratio in turn means high 

hydrophobicity and high inter micelle interactions (i.e. solute-solute interactions), 

enhancing the micelle aggregation, as also observed for 31R1 (Figure 18.II), leading to 

lower cloud point temperatures. 

2.2.4.3.3. Effect of the structure of the Pluronic micelle surface in the SAIL 

impact 

10R5, L-35 and L-31 systems are compared to analyse 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 the charge density of the mixed Pluronic/SAIL micelles 
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could explain the experimental cloud point differences observed in Figures 19.I), II) 

and VI) and also corroborated by the MD results shown in Figure 20. 

Figure 22.I) shows a micelle density profile comparison for 10R5, L-35 and L-31 

obtained in the MD simulations with the imidazolium and phosphonium SAILs with the 

alkyl-chain (green) pointing inwards towards the micelle core (black). Systems with 

[C10mim]Cl exhibited smaller micelles (solid lines) than [C14mim]Cl (dashed lines) 

while systems with [P4,4,4,14]Cl (dot lines) present similar micelle sizes in all. Figure 

22.II), also displays in detail the SAIL arrangement (SAIL head groups in purple) in 

respect to the micelle surface (Pluronic PEG in orange). In Pluronic 10R5-based 

systems, the 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 [P4,4,4,14]Cl head groups (dot lines in purple) depicted a different picture, placed well 

inside the micelle surface (dot lines in orange) with the phosphonium charged center 

more screened than the imidazolium counterparts. The same pattern was found for L-35 

SAIL mixtures, with the [P4,4,4,14]Cl SAIL well screened by the L-35 micelle surface 

(Figure 22.II). Conversely, in L-31, the imidazolium head group of [C10mim]Cl and 

[C14mim]Cl arranged slightly outer the L-31 micelle surface whereas the [P4,4,4,14]Cl 

mixture repeated the same arrangement as in 10R5 and L-35. The imidazolium SAIL 

arrangement in the L-31 system could be as a consequence of the difficulty to 

accommodate the imidazolium ring inside micelles with a high hydrophobic PPG 

content. 

These results demonstrate 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 yielding higher 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 22.I) Micelle density profiles for 10R5, L-35 and L-31 Pluronics with [C10mim]Cl, [C14mim]Cl 

and [P4,4,4,14]Cl. II) Detailed head group SAIL arrangement in the Pluronic micelle surface. The colour 

code is as follows; PPG and PEG of Pluronic in black and orange colour whereas water and chloride 

counterions are plotted in blue and red, respectively. Hydrophobic alkyl-chain and hydrophilic head 

groups in SAIL are coloured in green and purple, respectively. Solid, dashed and dotted lines represent 

[C10mim]Cl and [C14mim]Cl and [P444,14]Cl, respectively. 

 

2.2.4.3.4. The influence of SAIL concentration on the cloud point 

To shed light into the intricated interactions between SAIL and Pluronics, four 

Pluronics with different micelle shape were considered as model for short and long PEG 

branches, as well as ‘star’ and ‘flower’ disposition of the PEG chains in the micelle 

surface. Both L-31 and 31R1 have 10 wt% of PEG content whereas L-35 and 10R5 

contain 50 wt%. The [C14mim]Cl and [P4,4,4,14]Cl with the same alkyl-chain 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 system, to address the effect of SAIL 

concentration. The experimental cloud point temperatures of these mixtures were 

measured in the laboratory and the results are presented in Figures 23 and 24. The 

cloud point temperatures in L-35 for SAIL concentrations above 0.1 wt% were higher 

than 100 oC 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 temperature of the system that 

increased over 20 oC (c.f. Figure 24.I). 

 
Figure 23. Cloud point temperatures at different SAIL concentration for 1 wt% of L-31 (normal) and 

31R1 (reverse) Pluronics: I) L-31 and II) 31R1. Blue and red lines correspond to the experimental 

[P4,4,4,14]Cl and [C14mim]Cl experimental cloud point temperatures. Water molecules were removed in the 

simulation snapshots. The colour code is the same as Figure 20. 
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As previously shown, the addition of [P4,4,4,14]Cl resulted in a lower cloud point 

temperature than with the [C14mim]Cl as consequence of the more apolar nature of 

[P4,4,4,14]Cl as well as the more screened charge of the head group due to the bulkier 

alkyl side chains. In turn, there is a lower inter micelle repulsion, which favours micelle 

aggregation. In L-35, 10R5 and L-31, the SAIL effect was more pronounced than in 

31R1 as illustrated in Figures 23 and 24.  

The insets in Figures 23 and 24 show the snapshots at the end of the MD simulation 

after 0.5 microseconds of simulation time. The Pluronic concentration was fixed at 1 

wt% in all simulations. The SAIL concentrations were 0.3 (already shown in Figure 20) 

and 0.7 wt% for L-31 and 31R1, whereas 0.1, 0.3 and 0.7 were used for L-35 and 10R5 

whenever possible. The experimental cloud point 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 phosphonium-based SAIL mixtures. Figure 23 shows the 

systems with lower PEG:PPG ratio, L-31 and 31R1. Despite presenting the same 

hydrophobic content, it is quite clear the influence of two PEG branches per copolymer 

in L-31 compared to the single hydrophilic bridge between two PPG segments 

composing the micelle core in 31R1. This is enough to confer Pluronic L-31 a more 

hydrophilic character than 31R1, resulting in its higher solubility (more solute-solvent 

interactions) and in turn cloud point. However, L-31 PEG branches are short and thus, 

not being able to hinder so well the charge of the SAIL head group that is near the 

micelle surface, as previous seen in Figure 22.II). Consequently, as the SAIL 

concentration increases above 0.1 wt%, the cloud point increases linearly with the SAIL 

concentration, independently of the SAIL nature, due to electrostatic repulsion between 

neighbour micelles. This behaviour gets more pronounced for SAIL concentrations ≥ 

0.5 wt%, since the SAIL:copolymer ratio is higher, allowing the SAIL to display a more 

predominant effect. At this point, SAIL nature comes into play, denoting the [P4,4,4,14]Cl 

more hydrophobic character and screened charged compared to [C14mim]Cl. As a result, 

phosphonium micelles are bigger and with a lower Dcd, which favours coacervation and 

thus, lowering the cloud points. 

31R1 (Figure 23.II) system also shows an increase in the cloud point temperature with 

the SAIL concentration, though with a completely different behaviour. Initially, 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. [C14mim]Cl presented a sharp increase (~20 ºC) up to 0.3 wt%, followed 

by a cloud point stabilization (ΔT ~5 ºC) until 0.5 wt% and a final ~10 ºC increase at 

0.7 wt% of SAIL. In contrast, the [P4,4,4,14]Cl cloud point increase was smoother up to 

0.7 wt% (~20 ºC), with an apparent tendency to stabilize at SAIL concentrations ≥ 0.5 

wt% (ΔT ~5 ºC). The cloud points discrepancy between both SAILs can be explained 

by the Dcd of each SAIL, in which the imidazolium Dcd is double the phosphonium at 

0.3 wt% of SAIL that corresponds to the highest cloud point difference within the 

mixed systems.  

 
Figure 24. Cloud point temperatures at different SAIL concentration for 1 wt%: L-35 (normal, I) and 

10R5 (reverse, II) Pluronics. Blue and red lines correspond to the experimental [P4,4,4,14]Cl and 

[C14mim]Cl experimental cloud point temperatures. Water molecules were removed in the simulation 

snapshots. The colour code is the same as Figure 20. 

Figure 24 shows the L-35 and 10R5 with the same PEG:PPG ratio but different micelle 

crown. In L-35, the cloud point could only 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 

between the two SAILs in L-35 (Figure 24.I). Only L-35 and mixed L-35/SAIL 

micelles were formed in presence of [P4,4,4,14]Cl whereas L-35, mixed L-35/SAIL and 

isolated [C14mim]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%, [P4,4,4,14]Cl is below the CMC, 

while [C14mim]Cl is at the CMC. A similar behaviour was found in 10R5/SAIL 

mixtures (Figure 24.II), with the [C14mim]Cl depicting mixed 10R5/SAIL, and isolated 

10R5 and [C14mim]Cl micelles at 0.3 wt% of SAIL. In contrast, the 0.3 wt% [P4,4,4,14]Cl 

mixture displayed isolated 10R5 and mixed 10R5/SAIL micelles and, with the SAIL 

concentration increase, there is the adsorption of smaller mixed micelles and 10R5 

isolated ones, leaving only bigger 10R5/SAIL micelles (cf. Table 4 and Figure 25).  

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

microseconds of simulation time for 1 wt% of Pluronics L-31, 31R1, L-35 and 10R5 and x wt% of 

[C14mim]Cl and [P4,4,4,14]Cl. 

 L-31 31R1 L-35 10R5 

 Na  (nm) Na  (nm) Na  (nm) Na  (nm) 

Without SAIL* 38 3.7 10 3.7 8 2.8 9 3.1 

[C14mim]Cl 0.1 wt% − − − − 12 4.0 − − 

[P4,4,4,14]Cl 0.1 wt% − − − − 11 3.5 − − 

[C14mim]Cl 0.3 wt% 21 3.7 8 5.2 − − 14 4.6 

[P4,4,4,14]Cl 0.3 wt% 28 4.2 7 4.6 − − 18 4.6 

[C14mim]Cl 0.7 wt% 16 4.1 6 5.2 − − 12 5.3 

[P4,4,4,14]Cl 0.7 wt% 38 4.9 6 6.0 − − 15 5.0 
*Data obtained after 1 microsecond of simulation time, cf. Tables S5 and S6. 

Table 4 shows the micelle sizes estimated through the density profiles, as previously 

described, together with the aggregation number per micelle. Overall, the micelle 

diameters increased with the SAIL concentration as was visually noticed in the MD 

simulation snapshots (Figures 23 and 24) but the aggregation number of individual 

micelles decreased with SAIL concentration, as illustrated in Figure 25. The micelle 

diameter increase with the SAIL concentration could be associated with more adsorbed 

SAIL moieties in the micelle, while the decrease in the Pluronic aggregation number is 

mainly due to an increase in the electrostatic repulsion between micelles as a result of 

the adsorbed SAIL and thus, hampering micelle fusion.  
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Figure 25. Aggregation number (Na) of 10R5 (●), 31R1 () and L-31 (■) micelle at different SAIL 

concentrations. 

The remarkably simple and transferable model herein proposed was able to capture the 

subtle differences in the behaviour 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 significant improvement in 

both simulation and understanding of triblock copolymer aggregation. Experimental 

results, validated by the simulations, indicate that the LCST transition for triblock 

copolymers can be varied by the careful adjustment of the PEG:PPG ratio and the 

micelle surface characteristic, i.e. normal vs reverse Pluronics. This can be further tuned 

by addition of small amounts of SAILs. The nature of the SAIL, the SAIL concentration 

and the SAIL-Pluronic interaction were found to strongly influence the cloud point of 

the polymer. Ortona et al.150 suggested that the Pluronic-surfactant interactions is driven 

by a combination of several factors, in which some can be distinct from the known 

surfactant-surfactant interaction. Surface functionalization of the polymeric micelle by 

addition of an electrostatic component with different strength (imidazolium vs 

phosphonium-based 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 while elucidating 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 curves. Normal vs reverse Pluronics, PEG content and copolymer 
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molecular weight were investigated and their effects upon the cloud points explained. In 

all cases, it was observed that the increase in the system hydrophobicity led to a non-

linear decrease in the cloud points temperature, suggesting 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 absent in normal ones. The ability of the proposed simple CG mapping to 

capture the subtle difference in this behaviour provides a strong validation of the model. 

Furthermore, this work provides, for the first time, an intuitive computer simulation 

framework to study mixtures of Pluronics and SAILs, opening 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 on an accepted manuscript by 

Filipa A. Vicente, João H. P. M. Santos, Inês M.M. Pereira, Cátia V. M. 

Gonçalves, Ana C. R. V. Dias, João A. P. Coutinho and Sónia P. M. 

Ventura,‡ 

“Integration of Aqueous (Micellar) Two-Phase Systems on the proteins 

separation”, accepted by BMC Chemical Engineering 

 

 

3.1.1. INTRODUCTION 

In the past few years, there has been an increased interest and effort focused on the 

extraction and separation of proteins, not only those produced via fermentation, but also 

proteins recovered from different raw materials and 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 protein rich-pool, it is quite difficult to 

achieve a good separation and purification of the target protein from all the other 

contaminants. Bioprocesses require efficient purification platforms, for the isolation of 

the desired components and the elimination of the by-products. These are still the main 

challenge for the industrial applications,151 and responsible for up to 80% of the 

production costs.152 Recently, with the increased attention given to the valorisation of 

new products from emergent raw materials and biomass, such as algae153 and 

cyanobacteria154, 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 chromatography, ion exchange 

                                                           
‡ Contributions: F.A.V., J.H.P.M.S. and I.M.M.P. acquired the experimental data, with F.A.V. 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. and S.P.M.V. wrote the manuscript 
with substantial contributions from the remaining authors. 
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chromatography and hydrophobic chromatography.155,156 These methods are easy to 

validate and implement in batch and larger scale, however they are quite expensive. 

Among the non-chromatographic methods, ultrafiltration157,158 and precipitation159,160 

appear as the main approaches used in protein separation, though, these methods are 

ineffective in the separation of similar proteins, since they only act based on protein size 

and hydrophilicity, respectively. Over the last years, aqueous two-phase systems 

(ATPS) emerged as an alternative platform for protein separation, considering their 

intrinsic versatility, in some cases leading to an enhanced purification performance.161  

ATPS are a particular type of biphasic system used in liquid-liquid 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 most important advantages of ATPS is the high-water 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 into a single operation, namely clarification, extraction, isolation, 

purification and concentration of the compound.162 In chemical industry, two-phase 

systems are employed due to its simplicity, low costs, low viscosity, short phase 

separation time and easier scale-up.161,162 ATPS have been widely applied on the 

purification and recovery of biological products, such as proteins, genetic material, 

organelles and bionanoparticles.162 For that purpose there are some physicochemical 

properties of the biomolecules (isoelectric point, surface hydrophobicity and molar 

mass) as well as of the ATPS components161 ((co)polymers, salts, surfactants and ionic 

liquids163) and process conditions selected (such as the system temperature, or pH156,164) 

that must be taken into account and optimized. 

Pluronic triblock copolymers are nonionic surfactants from the poly(oxyethylene) alkyl 

ether family being composed of units of PEG and PPG. By changing the number of 

PEG units in the copolymer, its hydrophilicity can be controlled. The copolymers CMC 

and surface activity are much more sensitive to temperature than those for the 

conventional surfactants due to their composition,56 making them more versatile. 

Among others they are thermo-responsive, being able to form two macroscopic phases 

when submitted to a temperature above their cloud point.161 In 2000, Persson et.al.165 

proposed a copolymer-starch ATPS as part of an integrated process, in which they 

managed to purify apolipoprotein A-1 from an E. coli fermentation broth 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, there is a growing concern to evaluate 

their environmental impact. Here, an environmental evaluation of the new two-step 

approach proposed was carried out using the carbon footprint as indicator. 

3.1.2. EXPERIMENTAL 

3.1.2.1.  Materials 

Three phosphate-based salts were used, namely monopotassium phosphate (K2HPO4) 

acquired at Panreac (99 wt% purity), dipotassium phosphate (KH2PO4) obtained from 

Sigma (99.5 wt% purity) and tripotassium phosphate (K3PO4) purchased at Acros 

Organic (97 wt% purify). A phosphate-buffer solution (K2HPO4/KH2PO4) was also used 

at pH = 6.6. The copolymers employed in this work were Pluronic L-35, with 50 wt% of 

PEG and an average molecular weight of M~1900 g.mol-1, Pluronic 10R5, also with 

50% of PEG (M~2000 g.mol-1) and Pluronic 17R4 with 40 wt% of PEG (M~2700 

g.mol-1), all acquired at Sigma-Aldrich. As co-surfactants, Triton X-114 and Triton X-

100 (purity > 95 wt%), purchased from Acros Organic, were tested. Cytochrome c 

(purity > 95 wt%) from equine heart and azocasein (99 wt% purity) were acquired at 

Sigma-Aldrich, 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 tie-lines for ATPS 

The binodal curves of the ATPS with different compositions were determined using the 

cloud-point titration method166 at 25 (±1) ºC, at atmospheric pressure. This technology 

is based on the dropwise addition of a salt solution to a polymer aqueous 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 (corresponding to 

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 equation,167 as described in Eq.2: 

                             [𝐶𝑜𝑝𝑜𝑙𝑦𝑚𝑒𝑟]  𝐴 × exp[(𝐵[𝑆 𝑙𝑡]0 5) − (𝐶𝑋3)]                         Eq.2 

where [Copolymer] and [Salt] are respectively 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 (Triton X-100 

and Triton X-114). In this sense, for the inorganic salt type study, four salts were used: 

K2HPO4, KH2PO4, K3PO4 and K2HPO4/KH2PO4, being Pluronic L-35 and Triton X-100 

maintained constant. For the second study, different copolymers (Pluronic L-35, 

Pluronic 10R5, and Pluronic 17R4) were studied while potassium phosphate buffer 

(K2HPO4/KH2PO4, pH = 6.6) was kept constant. Finally, the impact of small amounts of 

Triton X-100 and Triton X-114 (1 wt%) was studied for the system constituted by 

Pluronic L-35 and potassium phosphate buffer (pH = 6.6).  

The tie-lines (TLs) were determined by the gravimetric method originally proposed by 

Merchuk et al.167, for the extraction points presented in Table S7, to calculate the 

composition of the two-phases in equilibrium. The compositions of copolymer and salt 

in the top and bottom phases were obtained as well as the tie-line length (TLL),168 being 

the data presented in Figure S11 and Table S8 in SI.  

3.1.2.2.2.  Measurement of the AMTPS cloud point curves  

The AMTPS coexistence curves were carried out by the cloud point method.70 Herein, 

the AMTPS corresponds to the ATPS top phase, which was composed of potassium 

phosphate buffer (K2HPO4 /KH2PO4) at pH = 6.6 or water and a different copolymer 

(Pluronic L-35, Pluronic 10R5 or Pluronic 17R4). For the AMTPS using Triton X-114 

as adjuvant, the ATPS top phase also displayed this component. Basically, this 

procedure consists on a visual identification, 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 point versus the copolymer 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 mixture point for each system in the biphasic 

region of both the ATPS and AMTPS was selected, at the lowest copolymer 

concentration and temperature possible. The experimental mixture in the ATPS was 

selected with 23 wt% of copolymer and 6 wt% of potassium phosphate 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 L-35, there is not a biphasic region for concentrations lower than 22 wt%. 
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3.1.2.2.3.  ATPS coupled with AMTPS to separate model proteins – single 

protein purification 

Two pseudo-ternary systems composed of 23 wt% of Pluronic 10R5 or L-35 + 6 wt% of 

potassium phosphate buffer + 71 wt% of proteins solution and one quaternary system 

constituted by 23 wt% of Pluronic L-35 + 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 c (0.5 g.L-1), azocasein (0.3 g.L-1) and 

ovalbumin (1.59 g.L-1). 

On the first step of purification (ATPS), the systems were homogenised for 2 h at 25 ºC 

and then these were centrifuged for 10 min, at 25 ºC, and 1500 rpm. These conditions 

allow the two phases formation and equilibrium, after which both phases were 

collected, their volumes and weights determined, and the proteins quantified by UV-Vis 

spectroscopy, as described below. For the second step of purification, the 

top/copolymer-rich-phase was used to the AMTPS formation, being the systems 

composed of Pluronic 10R5, Pluronic L-35 and Pluronic L-35 + Triton X-114 left at 39 

ºC, 44 ºC and 40 ºC overnight, respectively. Both phases were then collected, their 

volumes and weights determined, and the proteins quantified by UV-Vis spectroscopy, 

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 possible interferences, 

blanks were routinely applied. For both steps of purification (ATPS and AMTPS), 

several parameters were determined. The partition coefficient (K) for each model 

protein was calculated as the ratio between the equilibrium concentrations of the protein 

in the top phase ([Prot]T) and the protein in the bottom phase ([Prot]B). To facilitate the 

analysis, the K results were normalized through their logarithmic function, as described 

by Eq.3: 

                                                     log(𝐾)  log (
[Prot]T

[Prot]B
)                                            Eq.3 

The recovery parameter of each protein towards the top (%Rec Top) and the bottom 

(%Rec Bottom) phases was determined by the ratio among the protein mass on top or 

bottom phases, respectively, and the initial protein mass applied in the system (Eqs. 4 

and 5): 

                                         %𝑅𝑒𝑐 𝑇𝑜𝑝  
VT[Prot]T

VT[Prot]T+VB[Prot]B
×  00                             Eq.4 
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                                     %𝑅𝑒𝑐 𝐵𝑜𝑡𝑡𝑜𝑚  
VB[Prot]B

VT[Prot]T+VB[Prot]B
×  00                          Eq.5 

Since the main intention was to measure the selective partition of the proteins (e.g. 

protein A and protein B), the selectivity (S) parameter was analysed through Eq. 6: 

                                                           𝑆  
𝐾Prot A

𝐾Prot B
                                                         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 identified, i.e. 23 wt% Pluronic L-35 + 

6 wt% potassium phosphate buffer (pH = 6.6) ATPS + AMTPS, was applied for the 

separation of the proteins from the complex mixture. 

The quantification of the proteins mixed together was performed using size exclusion 

chromatography (SEC-FPLC). The top and bottom phases upon separation were 

injected into an AKTA™ purifier system (GE Healthcare) size exclusion 

chromatographer equipped with a Superdex 200 Increase 10/300 GL chromatographic 

column prepacked with crosslinked agarose-dextran high resolution resin (GE 

Healthcare) to quantify the three model proteins. The column was equilibrated with 0.01 

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.min-1. The quantification of each proteins was carried out 

at 280 nm by FPLC/UV size-exclusion method. The 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 (either cytochrome c, ocalbumin or azocasein) in the purified fraction. 

3.1.2.2.5.  Isolation of model proteins 

The polishing step was performed for the purified protein phases 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 NaOH (Figure S12 of SI). The copolymer 

recovery through azocasein precipitation was also confirmed by nuclear magnetic 

resonance (NMR) and Attenuated Total Reflection Fourier Transform Infrared 

Spectroscopy (ATR-FTIR). The recovery of both cytochrome c and ovalbumin in the 
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bottom phase of ATPS was achieved through ultrafiltration using a 30 kDa cut-off 

membrane, through Amicon Ultra-15 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 separation 

system [Pluronic L-35 + potassium phosphate buffer (K2HPO4/KH2PO4)]. 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 (CO2 eq.) from a life cycle perspective.  

The production of all the solvents (potassium phosphate buffer, Pluronic L-35 triblock 

copolymer, TCA, NaOH, distilled water), and the electricity consumed during the 

operation of the equipment 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 catalogues (Table S9). 

Data on GHG emissions from the production of all solvents and electricity were sourced 

from Ecoinvent database version 3.4, being presented in Table S10.169 The GHG 

emissions for the production of distilled water were calculated based on GHG emissions 

from tap water production170 and GHG emissions from electricity consumption during 

the distillation process. The carbon footprint was calculated for 1 kg of the aqueous 

system. 

3.1.3. RESULTS AND DISCUSSION 

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 liquid-liquid extraction steps, a first step based in an ATPS and a 

second step based in an AMTPS. 

3.1.3.1.1. Measurement of the ATPS phase diagrams and tie-lines 

The ATPS were characterized through the measurement of the phase diagrams and TLs, 

aiming at understanding the effect of different inorganic salts and the copolymer nature 

along with the influence of surfactants, used as adjuvants, on their formation. The phase 
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diagrams were determined for all the ATPS studied, as depicted in Figures 26, 27, and 

28. All curves were determined using the cloud point titration method at 25 ± 1 ºC and 

atmospheric pressure. The experimental points were correlated using the Merchuk 

equation.167 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 TLs, along with their respective length (TLLs), are 

reported in Table S8. The TLL 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 mass or volume ratios from those of the two coexisting 

phases, though the composition of each phase is maintained.171 

Regarding the effect of inorganic salts in the ATPS formation, their aptitude to promote 

the phase separation was studied for potassium phosphate salts, namely K2HPO4, 

KH2PO4, K3PO4 and K2HPO4/KH2PO4. The study of inorganic salt nature has been 

performed on ATPS composed of Pluronic L-35 as the phase former in presence of 

small amounts of Triton X-100 (circa of 1 wt%) - Figure 26. Herein, the ability to 

promote the two-phase formation follows the order: K3PO4 > K2HPO4/KH2PO4 ≈ 

K2HPO4 > KH2PO4. In general, the potassium phosphate salts with higher salting-out 

strength exhibit a wider biphasic region. This observation corroborates the qualitative 

trend on the salt cations ability to induce the salting-out nature of the copolymer, which 

follows closely the Hofmeister series172 with KH2PO4 and K3PO4 being the weakest and 

strongest salting-out agents, respectively. Considering the buffer capacity of the 

potassium phosphate buffer (K2HPO4/KH2PO4), 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 copolymer Pluronic L-35 and inorganic salts: (♦) K2HPO4; (●) KH2PO4; 

(▲); K3PO4 and (■) K2HPO4/ KH2PO4; at 25 ºC. The lines represent the Merchuk fit through Eq. 2. 

The presence of a surfactant as adjuvant was evaluated in terms of its ability to promote 

the two-phase formation by using small amounts (circa of 1 wt%) of two nonionic 

surfactants, namely Triton X-114 and Triton X-100. These surfactants possess a similar 

chemical structure, varying only in the number of ethoxylate groups forming the 

surfactant’s crown and thus, its hydrophilicity. The surfactants influence was analysed 

in a Pluronic L-35 + potassium phosphate buffer-based ATPS and compared with the 

conventional system (without any adjuvant present) - Figure 27. The results show that 

the use of these co-surfactants does not significantly affects the binodal curves, and thus 

the phases separation in this system. 

 
Figure 27. Phase diagrams of the copolymer Pluronic L-35 + potassium phosphate buffer (pH = 6.6), 

without the addition of surfactant (▬); and with the addition of 1 wt % of Triton X-100 (■); and Triton 

X-114 (♦), at 25 ºC. The lines represent the Merchuk fit through Eq.2. 
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The copolymer nature (normal versus reverse) 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 and L-35 and studied using a 

pseudo-ternary system composed of potassium phosphate buffer (pH = 6.6). The 

respective phase diagrams are present in Figure 28, where a tendency can clearly be 

established, considering their capacity to form two phases, as Pluronic 17R4 > Pluronic 

10R5 > Pluronic L-35.   

 
Figure 28. Phase diagrams obtained for the copolymers: Pluronic 17R4 (●); Pluronic 10R5 (▲); and 

Pluronic L-35 (■) + potassium phosphate buffer (pH = 6.6), at 25 ºC. The lines represent the Merchuk fit 

through Eq.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, Pluronic L-35 displays the narrowest biphasic 

region, though with only a small difference for Pluronic 10R5. This difference is a 

result of the copolymer structural rearrangement, i.e. Pluronic L-35 is composed of 

repetitive units of PEG-PPG-PEG, while Pluronic 10R5 presents sequences of PPG-

PEG-PPG. Therefore, the normal copolymer evidences a higher hydrophilicity owing to 

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

3.1.3.1.2. Measurement of the AMTPS coexisting curves  

As thermo-responsive copolymers, these systems can be induced to form two-phases 

using temperature as the driving force. The cloud points were determined, and the phase 

diagrams are presented in Figure 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 > Pluronic L-35. The main difference is 

that now, 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 being salted-out by the salt. Herein, there is a complex balance 

of distinct interactions (electrostatic interactions, hydrophobic associations, hydrogen 

bonds and van der Waals forces), which in turn affects both solute-solute and solute-

solvent interactions.92 Moreover, it is well known that the addition of a co-surfactant 

can, not only reduce the system cloud points, but also improve the system extractive 

performance.14,92 This is the best option in terms of the cloud point extraction of labile 

proteins, and thus, the quaternary system composed of Pluronic L-35 + potassium 

phosphate buffer (+ water) + Triton X-114 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 composed of Pluronic L-35, but in absence of Triton X-114 as co-

surfactant. Since both Pluronic L-35 and Triton X-114 are nonionic surfactants above 

their CMC, nonionic mixed micelles are formed. Nevertheless, it seems that there is a 

dominance of the copolymer in the aggregates formation, since it is present in higher 

concentration.  

 
Figure 29. Coexistence curves for the ternary systems with potassium phosphate buffer + water + 

Pluronic 17R4 (♦); Pluronic 10R5 (●); and Pluronic L-35 (▲); and for the quaternary system composed 

of potassium phosphate buffer + Pluronic L-35 + water + 1 wt % of Triton X-114 (--■--). 

3.1.3.2.  Optimization of the proteins partition applying ATPS and AMTPS 

Once the phase diagrams had been characterized, a mixture point was selected, 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 ovalbumin were 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 point (25 ºC).  

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 Pluronic L-35 

+ potassium phosphate buffer + water + Triton X-114. The ATPS and AMTPS prepared 

to perform the partition tests are exemplified by the particular case of Pluronic L-35 as 

presented in Figure 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 determined, and the results 

presented in Figures 30, 31, S14 and S15 (SI). From the Recovery results displayed in 

Figures 30 and 31 and corroborated by the partition coefficient data (Figures S14 and 

S15 of SI), it is clear the cytochrome c (red bars) preferential partition to the 

bottom/salt-rich phase whereas azocasein (blue bars) was completely recovered in the 

top/copolymer-rich phase. Contrarily, the ovalbumin (green bars) partition was found to 

be dependent on the system, since for Pluronic L-35-based AMTPS, ovalbumin is 

mainly recovered in the top phase, while for Pluronic 10R5, this protein partitions 

preferably for the bottom-phase of the ATPS.  

 
Figure 30. Recovery data obtained for the three proteins regarding top/copolymer-rich phase (%Rec Top) 

and bottom/salt-rich phase (%Rec Bottom) and respective standard deviations () by using the different 

ATPS: cytochrome c, Cyt c (■); azocasein, Azo (■); and ovalbumin, Ova (■). For each system studied the 

selectivity results are reported.  

The cytochrome c preferential partition to the salt-rich phase can be improved by the 

proper choice of the copolymer, being this partition more pronounced for Pluronic 10R5 

(%Rec Bottom = 95 ± 5 %). It is also clear that electrostatic interactions between 
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proteins and the buffer salts are not the only parameter influencing the proteins’ 

partition behaviour since both cytochrome c and ovalbumin partition varies with the 

copolymer applied. 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 the salt-rich phase. This leads to 

the conclusion that some more specific interactions between the copolymers and 

ovalbumin should be occurring and dictating its partition. Likewise, cytochrome c 

recovery is also improved with this copolymer replacement, suggesting that the more 

hydrophobic character of Pluronic 10R5 might be forcing more cytochrome c to migrate 

towards the more hydrophilic phase.  

Regarding the presence of Triton X-114 as co-surfactant, it was found that the 

ovalbumin recovery is enhanced by 20% to the copolymer-rich phase. This reinforces 

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 determined. As expected, higher selectivity values were obtained 

for the Pluronic L-35 in the partition of ovalbumin and cytochrome c. Even though the 

presence of Triton X-114 affects the proteins partition, a negligible effect is observed 

when the proteins selectivity (especially SOva/Cyt c) 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 above the cloud point 

of each system and allowed it to separate into two macroscopic phases, aiming at 

separating ovalbumin and azocasein in the end (Figure 31). Once again, azocasein 

migrated completely towards the top/surfactant-rich phase while ovalbumin partitioned 

mostly to the bottom/surfactant-poor phase. The ability to fractionate both model 

proteins in the AMTPS is described by the trend: Pluronic 10R5 < Pluronic L-35 + 1 wt 

% Triton X-114 < Pluronic L-35. The differential partition between the two proteins can 

be explained by their molecular weights and hydrophobic/hydrophilic character.12,14 The 

smallest and 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 surfactant-poor phase. As far as 

the pseudo-ternary and quaternary systems with Pluronic L-35 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 surfactant-rich phase. Therefore, the addition of a co-surfactant 

is not so selective as it was in the first separation step, probably by the nature of the 

mixed micelles created.14 Taking these results into account, the system with Pluronic L-

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

 
Figure 31. Recovery values obtained for the surfactant-rich phase (%Rec Top) and surfactant-poor phase 

(%Rec Bottom), with the respective standard deviations by applying AMTPS to separate azocasein (■); 

and ovalbumin (■). For each system studied the selectivity results are presented.  
 

3.1.3.3.  Sequential fractionation of the protein mixture 

The separation of the three proteins present in a single mixture was performed for the 

most selective system composed of Pluronic L-35 + potassium phosphate 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 purification owing to the use of a 

complex protein mixture, namely the proteins recovery (R) in each phase and their 

purity (P). This data is presented in Figures 32 and S16 (of SI). As expected, the protein 

partition of ovalbumin, azocasein and cytochrome c maintained almost the same 

partition profile, as previously observed for each protein individual solution. Herein, 

cytochrome c was completely recovered in the salt-rich phase of the ATPS (RCyt c = 

100% and PCyt c = 14%), which was an improvement compared with the individual 

results of the proteins extraction. However, ovalbumin also partitioned almost 

completely to the salt-rich phase, contrarily to the expected (ROva= 96% and POva = 

86%), being the remaining concentration separated from azocasein in the second 

fractionation step, while applying the AMTPS. In this case, azocasein was completely 

recovered in the surfactant-rich phase (RAzo = 100% and PAzo = 100%), whereas the 
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remaining ovalbumin in the system was totally concentrated in the surfactant-poor 

phase (ROva= 4% and POva = 100%). The fractionation of proteins was finalized by 

applying an ultrafiltration step to isolate cytochrome c 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 protein isolation from Pluronic 

L-35, as represented in Figure S12 of SI. The azocasein isolation and copolymer 

recovery to be further reused were confirmed through NMR and FTIR, as shown in 

Figures S17 and S18 of SI, respectively. In Figure S18, the main differences between 

the aqueous copolymer solution (black) and the supernatant (red) presenting essentially 

Pluronic L-35 are due to the amount of water present in the solutions (cf. 1625 cm-1: 

water H-O-H bend and 3400-3200 cm-1: water O-H 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 streams: iv), 

v), vii) and ix), as presented in Figure 32. It should be stressed that circa of 5 wt% of 

Pluronic L-535 is still present in stream ix); yet, this copolymer concentration is at an 

acceptable concentration approved by FDA.90  

Summing up, a high-performance 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 c (maximum yield and purity of 89% and 74%, respectively).   
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Figure 32. Diagram of the integrated process to selectively separate cytochrome c (Cyt c), ovalbumin (Ova) and azoasein (Azo). The proposed strategy includes two steps of 

purification using, respectively, ATPS and AMTPS based on Pluronic L-35 and potassium phosphate buffer - PB (pH = 6.6). The purity (Px) and recovery (Rx) of each step is 

provided in the present diagram. An ultrafiltration was applied to improve the separation of Cyt c and Ova and an acid precipitation was applied to isolate the Azo from 

Pluronic L-35. The potassium phosphate buffer was maintained in the Azo-rich phase as a stabilizing solution. 
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3.1.3.4. Environmental assessment 

Figure 33 shows the results of the carbon footprint of the novel protein 

purification platform from a complex matrix per 1 kg of aqueous system. The 

total carbon footprint is equal to 117 kg CO2 eq. The contribution of the 

fractionation process (79 kg CO2 eq.), which includes the ATPS, AMTPS and 

ultrafiltration steps, represents ~67% of the total carbon footprint and is 

dominated by the ultrafiltration step (~49%). The proteins isolation process 

contributes with 39 kg CO2 eq. This process encompasses the acid precipitation 

step, representing ~33% of the total carbon footprint. The main contribution to 

the carbon footprint comes from the electricity consumption, more precisely, the 

electricity consumption in the centrifugation processes of the ultrafiltration and 

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, 

contributing to 95 % of its carbon footprint.  However, it should be noted that the 

energy consumption of some equipment should be reviewed in view of the 

system industrial implementation. 

 
Figure 33. Carbon footprint for the two scenarios proposed for 1 kg of aqueous system. 
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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 Pluronic L-35 (23 

wt%) + potassium phosphate buffer (6 wt%) was the most selective system as proved by 

the selectivity values achieved: SAzo/Cyt=1667, SOva/Cyt=5.33 and SAzo/Ova=1676. The 

combination of these two liquid-liquid 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. Finally, the carbon 

footprint was evaluated to better understand the environmental impacts of this new 

protein purification 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. Lário, Adalberto Pessoa Jr. and Sónia 

P.M. Ventura,§ 

“Recovery of Bromelain from Pineapple Stem Residues Using Aqueous 

Micellar Two-Phase Systems with Ionic Liquids as Co-Surfactants”. 

Process Biochem. 2015, 51 (4), 528–534. 

 

3.2.1.  INTRODUCTION 

Brazil is the third largest producer of pineapples owing to its vast territory and 

appropriate climate conditions.173 Not only are pineapples of interest in the food 

industry, but they are also a rich source of valuable enzymes such as ananain, 

phosphatases, glucosidades, peroxidases and, mainly, bromelain.174 Thus, pineapples 

production allows the valorisation of an abundant resource. Bromelain is a mixture of 

cysteine endopeptidases 175,176 that is mainly composed of pineapple stem bromelain 

(80%), pineapple fruit bromelain (10%) and ananain (5%). However, it may also be 

found in lower concentrations, in pineapple wastes, namely peel, core, leaves and 

crown.174,177,178 This group of proteases has been shown to be absorbed in the 

gastrointestinal tract179 and to be safe to humans,174,176 therefore, it can be used as a food 

supplement and in pharmaceutical formulations.175,177 Within its medical applications, it 

has been reported the bromelain ability to inhibit both platelet aggregation and the 

proliferation of different tumour cells, besides its anti-inflammatory, antithrombotic, 

antiedemateous and fibrinolytic activities (reviewed in 179,180). In this sense, the 

                                                           
§ Contributions: F.A.V. and L.D.L. acquired the experimental data. F.A.V., L.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 of the fruit on 

bromelain) is highly recommended since this is currently a residue with very low 

applicability. The common methodologies being applied to the bromelain extraction 

from pineapple stems are ethanol, PEG181 and ammonium sulphate181,182 precipitations. 

For bromelain purification, the literature has described the use of  reverse micellar 

systems,182–188 conventional polymer-salt175,177,178,189–193 and polymer-polymer194 ATPS, 

as well as some chromatographic techniques.176,195 However, only the first two 

techniques act in mild operation conditions and are economically advantageous. 

Furthermore, polymeric-based ATPS display some restrictions related to the limited 

range of polarities between the coexisting phases, the high cost of some polymers 

usually employed (e.g. dextran), and their high viscosities, which all limit the scale-up 

process.196 When salt-based ATPS employing inorganic salts (often corrosive) are used, 

additional requirements regarding the equipment maintenance and the wastewater 

treatment appear.197 Thus, there is the 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 to be promising 

fractionation/purification processes,198,199 the need for more biocompatible phase 

forming agents that can minimize their potential negative interaction with proteins 

(denaturation and conformational alterations), and 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 involved,200 principally due to 

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

the target molecules.201 Combining this with the enhanced ability of mixed AMTPS to 

selectively fractionate and purify (bio)molecules,14 these systems seem an 

environmental friendly alternative to the bromelain purification. For that purpose, the 

extraction and purification of bromelain from the pineapple stem using different 

combinations of AMTPS based on Triton X-114 and McIlvaine buffer with 

imidazolium and phosphonium SAILs as co-surfactants was here performed. 

 

3.2.2.  EXPERIMENTAL SECTION 

3.2.2.1.  Materials 

Commercial bromelain from pineapple stem (3-7 units.mg-1 protein) was acquired at 

Sigma-Aldrich (St. Louis, MO, USA, product code B4882), and the pineapple (Ananas 



3. PURIFICATION OF THERAPEUTIC PROTEINS 

91 

 

comosus) used was purchased at a local market in São Paulo, Brazil. Bromelain 

substrate, azocasein, and its activator cysteine (purity ≥ 97%) were obtained in Sigma-

Aldrich, alongside the nonionic surfactant Triton X-114 (laboratory grade, structure 

present in Table 5) and bicinchoninic acid (BCA, product code B9643). The McIlvaine 

buffer components, i.e. sodium phosphate dibasic anhydrous - Na2HPO4 (purity ≥ 99%) 

and citric acid anhydrous - C6H8O7 (purity = 99.5%) were supplied by Fisher Chemical 

and Synth, respectively. The studied imidazolium-based SAILs, 1-decyl-3-

methylimidazolium chloride [C10mim]Cl (purity > 98 wt%), 1-dodecyl-3-

methylimidazolium chloride [C12mim]Cl (purity > 98 wt%) and 1-methyl-3-

tetradecylimidazolium chloride [C14mim]Cl (purity > 98 wt%) were acquired at Iolitec 

(Ionic Liquid Technologies, Heilbronn, Germany), and the  phosphonium-based SAILs:  

trihexyltetradecylphosphonium bromide [P6,6,6,14]Br (purity = 99.0 wt%), 

trihexyltetradecylphosphonium decanoate [P6,6,6,14][Dec] (purity = 99 wt%) and 

trihexyltetradecylphosphonium bis (2,4,4-trimethylpentyl)phosphinate [P6,6,6,14][TMPP] 

(purity = 93.0 wt%) were kindly supplied by Cytec. The chemical structures of the 

cations and anions composing the list of SAILs herein investigated are depicted in 

Table 5. 
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Table 5. Chemical structure of the nonionic surfactant, Triton X-114 and the SAILs used. 

Surfactant SAIL’s Cation SAIL’s anion 

 

Triton X-114, n = 7-8 

[C10mim]+ 

Cl- [C12mim]+ 

[C14mim]+ 

[P6,6,6,14]+ 

Br- 

 

[Dec]- 

 

[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 buffer193 was prepared containing 50 

mM of McIlvaine buffer at pH 7.0, 100 mM of EDTA and 300 mM of KCl. A 

bromelain stock solution of 20 mM was 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 X-114 and 

SAILs 

The experiments of bromelain stability were performed in McIlvaine buffer at pH 7.0 

and at 20.0 ± 0.1 °C (temperature at which the solution is still clear, i.e. below the cloud 

point, 30.6 ± 0.2 ºC for 10 wt% of Triton X-114).  

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 McIlvaine buffer to perform 

the enzyme stability tests in the surfactant; and (ii) 0.0075 g of each SAIL (final mass 

composition of 0.3 wt%) and 2.2425 g of McIlvaine 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 hand-mixing, and then placed in a thermostatic bath at a 

controlled temperature of 20.0 ± 0.1 °C. A control solution was prepared, comprising 

0.25 g of bromelain stock solution and 2.25 g of McIlvaine buffer, exposed to the same 

conditions of the previous solutions (temperature and time of exposition), though 

without the presence of Triton X-114 or SAILs. The enzyme activity was 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.mL-1) in presence of the surfactant or SAIL and the 

enzyme activity (U.mL-1) in the buffer solution (without the presence of surfactant or 

SAIL), as described by Eq. 7. 

                                      𝑅𝑒𝑙 𝑡𝑖 𝑒 𝐴𝑐𝑡𝑖 𝑖𝑡𝑦   
Act 𝑠𝑜𝑙𝑣 

Act 𝑏𝑢𝑓𝑓𝑒𝑟
                                           Eq. 7 

where Actsolv. is the bromelain activity in each solvent at a specific time (0 h, 1 h, 2 h, 4 

h, 6 h or 24 h) and Actbuffer is 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 

code B9643, Sigma Aldrich, St. Louis, MO, USA) method.202 Proteolytic activity was 

measured by the digestion of the chromogenic substrate azocasein according to Charney 

and Tomarelli203 with some modifications. Briefly, the appropriate dilution of the 

commercial enzyme (150 µL), or the enzyme present in each of the phases of the 

AMTPS was incubated for 20 min at 37.0 ± 0.1 ºC with 150 µL of 0.5% (w/v) of the 

azocasein solution in 50 mM of the McIlvaine buffer (pH 7.0, guaranteeing no effects of 

pH in terms of bromelain activity)190 with 0.96 mM of cysteine. The reaction was 

stopped by adding 150 µL of 10% (w/v) of TCA. After centrifugation (5 min at 13000 

rpm) of the reaction mixture, 100 µL of supernatant was mixed with 100 µL of 0.5 M of 

KOH, and the absorbance was measured at 430 nm against the appropriate control 

sample, i.e. an identical system was prepared for each AMTPS, but without 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 enzyme activity (U.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 Spectra Max 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), according to Eqs. 8 

and 9:  

                             𝑆𝐴𝑠𝑢𝑟𝑓 𝑐𝑡 𝑛𝑡−𝑝𝑜𝑜𝑟 𝑝ℎ 𝑠𝑒  
𝐴𝑐𝑡𝑠𝑢𝑟𝑓𝑎𝑐𝑡𝑎𝑛𝑡−𝑝𝑜𝑜𝑟 𝑝ℎ𝑎𝑠𝑒

[𝑡𝑜𝑡 𝑙 𝑝𝑟𝑜𝑡𝑒𝑖𝑛]𝑠𝑢𝑟𝑓𝑎𝑐𝑡𝑎𝑛𝑡−𝑝𝑜𝑜𝑟 𝑝ℎ𝑎𝑠𝑒
                  Eq. 8 

 

                         𝑆𝐴𝑠𝑢𝑟𝑓 𝑐𝑡 𝑛𝑡−𝑟𝑖𝑐ℎ 𝑝ℎ 𝑠𝑒  
𝐴𝑐𝑡𝑠𝑢𝑟𝑓𝑎𝑐𝑡𝑎𝑛𝑡−𝑟𝑖𝑐ℎ 𝑝ℎ𝑎𝑠𝑒

[𝑡𝑜𝑡 𝑙 𝑝𝑟𝑜𝑡𝑒𝑖𝑛]𝑠𝑢𝑟𝑓𝑎𝑐𝑡𝑎𝑛𝑡−𝑟𝑖𝑐ℎ 𝑝ℎ𝑎𝑠𝑒
                Eq. 9 

where SAsurfactant-poor phase and SAsurfactant-rich phase, Actsurfactant-poor phase and Actsurfactant-rich phase, 

and [total proteins]surfactant-poor phase and [total proteins]surfactant-rich phase are the bromelain 

specific activity (U.mg-1), the bromelain activity in U.mL-1 and the total proteins 

concentration in mg.mL-1, in both the surfactant-poor and -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 us.14 An 

AMTPS mixture point corresponding to 10 wt% of Triton X-114, 0 wt% or 0.3 wt% of 

each SAIL tested, 10 wt% of a 20 mM bromelain stock solution, completed with 

McIlvaine buffer at pH 7.0 (final volume of 10 mL), was gravimetrically prepared in a 

glass tube for each studied system. Then, the tubes were left for 2 hours at 4 ± 1 ºC in a 

tube rotator apparatus model 270 from Fanem® at 25 rpm, to guarantee the complete 

homogenization of the system. Since the AMTPS is not formed at 4 ºC (monophasic 

solution), the systems were homogenized without the bromelain partition since the two 

phases were not formed at this temperature. Subsequently, the systems were moved to a 

water bath at 37.0 ± 0.1 ºC (guaranteeing no effects of temperature towards the 

bromelain activity190) for 3 hours to reach thermodynamic equilibrium thus, completing 

the phases separation and the partition of bromelain. With these conditions, the systems 

resulted in a surfactant-rich and a surfactant-poor 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 determined by the 

azocasein method. The analytical quantifications were performed in triplicate. Any 

interference from the AMTPS components (Triton X-114, McIlvaine buffer or SAIL, 

when present) with the analytical quantification method was investigated and prevented 

by routinely applying blank controls. Therefore, the bromelain partition coefficient 

(Kbromelain) was calculated as the ratio between the protease activity (U.mL-1) in the 

surfactant-poor (top) and the surfactant-rich (bottom) phases, as described in Eq. 10. 

                                         𝐾𝑏𝑟𝑜 𝑒𝑙 𝑖𝑛  
𝐴𝑐𝑡𝑠𝑢𝑟𝑓𝑎𝑐𝑡𝑎𝑛𝑡−𝑝𝑜𝑜𝑟 𝑝ℎ𝑎𝑠𝑒

𝐴𝑐𝑡𝑠𝑢𝑟𝑓𝑎𝑐𝑡𝑎𝑛𝑡−𝑟𝑖𝑐ℎ 𝑝ℎ𝑎𝑠𝑒
                                 Eq. 10 

where Actsurfactant-poor phase and Actsurfactant-rich phase are the bromelain activity in the 

surfactant-poor and – rich phases, respectively. 

The recovery (R) parameters of each molecule (bromelain and total proteins) towards 

the surfactant-poor (Rsurfactant-poor phase) and the surfactant-rich (Rsurfactant-rich phase) phases 

were determined following Eqs. 11 and 12: 

                                           𝑅surfactant−poor phase   
100

1+(
1

𝑅𝑣 × 𝐾
)
                                Eq. 11 

                                            𝑅surfactant−rich phase   
100

1+ 𝑅𝑣+𝐾
                                   Eq. 12 

where Rv stands for the ratio between the volumes (mL) of the top and bottom phases 

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 pineapple’s leaves were cut off and the stem 

(central part with circa of 7 g) was cut into pieces and milled using a mortar and pestle 

in ice. Then, 10 mL of bromelain buffer was added, and the crude extract obtained was 

centrifuged for 10 min at 4000 rpm. The supernatant used in these partition experiments 

was diluted for comparison purposes, aiming at obtaining a bromelain mixture with an 

identical initial specific enzymatic activity to that obtained from the pure commercial 

bromelain (~5000 U.mg-1).  

For the purification/fractionation studies, the previous procedure was used, but by 

replacing the pure bromelain by 10 wt% of the diluted supernatant. The partition 

coefficient for total proteins was determined as the ratio between the total protein 

concentration (mg.mL-1) in the surfactant-poor (top) and surfactant-rich (bottom) 

phases, as described in Eq. 13: 

                                       𝐾𝑡𝑜𝑡 𝑙 𝑝𝑟𝑜𝑡𝑒𝑖𝑛𝑠  
[𝑡𝑜𝑡 𝑙 𝑝𝑟𝑜𝑡𝑒𝑖𝑛𝑠]𝑠𝑢𝑟𝑓𝑎𝑐𝑡𝑎𝑛𝑡−𝑝𝑜𝑜𝑡 𝑝ℎ𝑎𝑠𝑒

[𝑡𝑜𝑡 𝑙 𝑝𝑟𝑜𝑡𝑒𝑖𝑛𝑠]𝑠𝑢𝑟𝑓𝑎𝑐𝑡𝑎𝑛𝑡−𝑟𝑖𝑐ℎ 𝑝ℎ𝑎𝑠𝑒
                        Eq. 13 

where [total proteins]surfactant-poor phase and [total proteins]surfactant-rich phase are, the total 

proteins concentration in the surfactant-poor and -rich phases, respectively. 

The selectivity was also evaluated using the ratio of the bromelain and the total protein 

partition coefficients following Eq. 14: 

                                        𝑆𝑏𝑟𝑜 𝑒𝑙 𝑖𝑛/𝑡𝑜𝑡 𝑙 𝑝𝑟𝑜𝑡𝑒𝑖𝑛𝑠   
𝐾𝑏𝑟𝑜𝑚𝑒𝑙𝑎𝑖𝑛

𝐾𝑡𝑜𝑡𝑎𝑙 𝑝𝑟𝑜𝑡𝑒𝑖𝑛𝑠
                           Eq. 14 

where Kbromelain and Ktotal proteins are the bromelain and total proteins partition coefficient, 

respectively. 

3.2.2.2.6. Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-

PAGE) 

The surfactant used interferes with running the SDS-PAGE, therefore, a previous 

protein precipitation was carried out to eliminate the solvent interferences in the SDS-

PAGE experiments. Thus, 300 µL of each phase or bromelain crude extract or pure 

bromelain solution (~0.4 mg.mL-1) was mixed with 300 µL of TCA 100% (w/v) and 

300 µL of acetone. These mixtures were left overnight at 4 ± 1 ºC and were then 
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centrifuged for 15 min at 13000 rpm at 4 ± 1 ºC, with the supernatant being discarded. 

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 was re-suspended in 60 µL 

of McIlvaine buffer, pH 7.0 followed by the addition of 20 µL of sample buffer 

(composed of 3 µL of sample and 1 µL of buffer) [62.5 mM Tris-HCl, 2% (w/v) sodium 

dodecyl sulfate (SDS), 5% (v/v) β-mercaptoethanol (β-Me) and 0.002% (w/v) 

bromophenol blue]. Then, the samples were boiled at 100.0 ± 0.1 °C for 5 min and 

subjected to SDS-PAGE, as described elsewhere.204 A protein Ladder (Bio-Rad, 

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 Brilliant Blue R-

250 and G-250. 

3.2.3. RESULTS AND DISCUSSION 

3.2.3.1.  Stability studies 

Since proteins are very sensitive macromolecules, preliminary studies on the bromelain 

stability in presence of all of the micellar components used during the extraction and 

purification are mandatory. The bromelain relative activity for each component with 

several times of exposure was determined in accordance with the protease activity in the 

buffer, used as control. The results obtained are depicted in Figure 34 and show the 

stability screening for all the SAILs studied and the surfactant Triton X-114. 

 
Figure 34. Relative activity of the commercial bromelain in the specific buffer and in presence of the 

different SAILs or Triton X-114 at several hours of exposure: ■, 0h; ■, 1h; ■, 2h; ■, 4h; ■, 6h; and □, 

24h. 
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Figure 34 clearly shows a distinct tendency between the SAILs families, i.e., the 

phosphonium family leads to a slight increase in the bromelain activity, whereas the 

imidazolium interacted negatively with the enzyme, resulting in an abrupt activity loss 

that reached values lower than 0.200. The phosphonium increase in the bromelain 

activity undoubtedly resulted from a positive effect of these SAILs on the bromelain 

stability using only 0.3 wt% of SAIL, a behaviour that we have previously reported as 

the superactivity phenomenon.205 In contrast, in Triton X-114 presence, bromelain 

displayed a reduction in its enzymatic activity of ~40%. Therefore, the partitioning 

studies were carried out using the mixed phosphonium-based AMTPS and the AMTPS 

without SAILs, despite its lower enzyme stability, for comparison purposes. 

3.2.3.2.  Partitioning studies using commercial bromelain 

As previously mentioned, the pineapple stem crude extract is a complex medium with 

different classes of contaminants, such as pigments and other proteins that can interfere 

with the bromelain extraction and purification. Therefore, an optimization study using 

commercial bromelain (high purity) was performed. Bromelain activity in presence and 

absence of cysteine as an activator was analysed to evaluate the enzyme linearity 

operation range. The same procedure was implemented to determine the suitable period 

for the enzymatic reaction. From these preliminary studies, a 20 mM bromelain stock 

solution and 40 min of enzymatic reaction time were chosen for further studies in 

presence of cysteine. Partitioning studies were performed to determine the bromelain 

specific enzymatic activity (U.mg-1 protein) and partition coefficient (K), as well as the 

enzyme recovery (R, %) in both phases. The results are displayed in Figures 35.I) and 

II), respectively. 
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Figure 35. Bromelain specific enzymatic activity (U.mg-1 protein) of the AMTPS without and with the 

phosphonium family, for both surfactant-poor (■) and -rich (■) phases; and the enzyme partition 

coefficient (Kbromelain) ( ); II) bromelain recovery (% R) for both surfactant-poor (■) and -rich (■) phases. 

The lines connecting the K values are only for eye guide. 
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According to all of these parameters, bromelain partitions preferentially towards the 

surfactant-poor (top) phase due to its hydrophilic character and the slight repulsion 

between the enzyme positive charge (medium pH below bromelain pI = 9.5174) and the 

positive charges of micelles,184 as a result of the SAILs incorporation. These results 

were further corroborated by the SDS-PAGE analysis (Figure S19). It should be 

stressed that the amount of total proteins was not determined during this optimization 

step since the bromelain used was a commercial sample and should be pure or present a 

minor content of impurities. This was further proven by the SDS-PAGE results depicted 

in Figure S19, where a bromelain band with a molecular weight of approximately 24 

kDa was observed. These results are in agreement with both literature (23.8 kDa180 and 

24.5 kDa190), and the bromelain found in the crude extract. However, there are at least 

two other proteins apart from bromelain present in the pineapple stem, namely ananain 

(23.5 kDa) and comosain (24.5 kDa),180 as visible at ~26 and 19 kDa in the SDS-PAGE 

results (Figure S20), respectively. These proteins are always present in bromelain 

stems, though their molecular weight can oscillate accordingly to the biomass, as 

already discussed for bromelain bands observed at 28,177 29178 and 30 kDa.177 

3.2.3.2.  Purification of bromelain from the pineapple stem 

Once established the preferential bromelain partition for the surfactant-poor phase, 

independently of the micellar system applied, partitioning studies using the crude 

pineapple stem extract were carried out. Pineapple stem was used as raw material due to 

its current low economic value and high bromelain content (80%). The results achieved 

in the purification study are displayed in Figure 36 and include the bromelain specific 

enzymatic activity, its partition coefficient as well as bromelain and total proteins 

recoveries in both top and bottom phases.  
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Figure 36. Bromelain specific activity (SA; U.mg-1 protein) at the surfactant-poor (■) and -rich (■) 

phases of the AMTPS without SAIL and the phosphonium mixed AMTPS; the enzyme partition 

coefficient: (Kbromelain, ), and the total protein coefficient: (Ktotal proteins, ); II) Bromelain (R brom) and 

total proteins (R prot) recoveries (%) in the top/surfactant-poor and bottom/surfactant-rich phases for the 

same AMTPS: ■, without SAIL; ■, [P6,6,6,14]Br; ■, [P6,6,6,14][TMPP]; and ■, [P6,6,6,14][Dec]. The lines 

connecting the K values are only for eye guidance. 

 

As expected, the enzyme partitions preferably towards the surfactant-poor phase, with 

recoveries higher than 90% for all systems. Comparing Figures 35.I) and 36.I), it can 

be observed that there was an inverse tendency in the bromelain’s enzymatic activity 

since in the assays with pure bromelain, aside from [P6,6,6,14]Br-based AMTPS (highest 

enzymatic activity), all the remaining systems displayed an identical activity. In 

contrast, in the assays with the real matrix, the bromelain activity followed a decreasing 

tendency: without SAIL > [P6,6,6,14]Br > [P6,6,6,14][TMPP] > [P6,6,6,14][Dec]. These results 

made patent the effect of all the other components within the pineapple crude extract 

since the SAIL stabilizing effect on the bromelain activity was no longer as strong as it 

was for the commercial sample (Figure 34). Moreover, considering the standard 

deviation associated with the bromelain K in both assays, the enzyme partition was 

identical in all the 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 negatively interact with bromelain. Regarding the selectivity (Figure 37), the 

AMTPS in absence of SAILs showed the highest value (~20), while the mixed systems 

displayed similar results (~10). Nonetheless, when these results are combined with the 

recovery studies present in Figure 36.II), it can be seen that the proteins recovery in 

both phases of the conventional systems and the mixed [P6,6,6,14][Dec]-based AMTPS 

exhibited similar results, namely a total protein recovery in the bottom phase slightly 

above 50%. Therefore, even though the selectivity of the AMTPS without SAILs is 

much higher than the mixed [P6,6,6,14][Dec]-based AMTPS, the latter is also able to 

purify bromelain in the surfactant-poor phase (cf. SDS-PAGE in Figure S21). This 

behaviour may indicate that, with the proper optimization of the extraction conditions 

(for instance pH medium), it may be possible to successfully separate bromelain from 

the main contaminants, and further increase its purity. Overall, mixed AMTPS may not 

be the most selective systems towards bromelain, yet they are able to stabilize the 

enzyme, while the AMTPS without SAILs is not.  

 
Figure 37. Description of the selectivity parameter considering the partition coefficient ratio of bromelain 

and the total proteins (Kbromelain/Ktotal proteins) for the AMTPS with the SAILs under study and the traditional 

AMTPS (without SAIL). 
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surfactant-poor (aqueous) phase, therefore, it is obvious that this behaviour is probably 

driven by the hydrogen bond interaction created between bromelain and the water 

molecules, alongside some electrostatic repulsion between the bromelain positive 

residues charge and the micelles’ positive charge. Furthermore, the bromelain partition 

coefficient attained with these ATPS varied greatly, ranging from 0.5 to 69;189,191–194 

consequently, there is also a wide range of purification factors, from 0 to 28.189,191–194 

Bromelain was also studied considering the application of reverse micellar systems, 

being the purification factor calculated after different types of extraction: batch, 

continuous, affinity-based and back extractions,182–188 making it impossible to be 

compared. The AMTPS herein reported remain more advantageous than these last 

reported systems due to the absence of organic solvents in their composition and thus, 

being a more benign and biocompatible system for biomolecules extraction and 

purification. More recently, the bromelain extraction using the conventional AMTPS 

with Triton X-114 was reported,206 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 surfactant-poor phase 

dependent on higher temperatures and surfactant concentrations. 

3.2.4.  CONCLUSION 

The valorisation of bromelain from pineapple stem by its purification from the fruit 

residue using mixed AMTPS with SAILs as co-surfactants was here studied. The 

stabilizing effect of phosphonium-based SAILs on bromelain was reported, as well as 

distinct effects of the various IL families. Moreover, we have shown high bromelain 

recoveries (> 90%) for the surfactant-poor phase in all the AMTPS studied. 

Additionally, AMTPS selectivity for the enzyme purification was observed, with the 

conventional system and the mixed [P6,6,6,14][Dec]-based AMTPS being the most 

selective AMTPS. Despite the higher selectivity of the conventional AMTPS, it did not 

present a stabilizing effect on the enzyme, as the phosphonium SAILs displayed, thus 

justifying the advantageous nature of mixed AMTPS. 
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3.3. R- PHYCOERYTHRIN EXTRACTION AND 

PURIFICATION FROM FRESH GRACILARIA SP. 

USING THERMO-RESPONSIVE SYSTEMS 

 

This chapter is based on a submitted manuscript by 

Filipa A. Vicente, Inês S. Cardoso, Margarida Martins, Cátia V. M. 

Gonçalves, Ana C. R. V. Dias, Pedro Domingues, João A. P. Coutinho, 

Sónia P. M. Ventura,** 

“R-phycoerythrin extraction and purification from fresh Gracilaria sp. 

using thermo-responsive systems “, submitted to Green Chemistry 

 
3.3.1.  INTRODUCTION 

Phycobiliproteins, namely R-phycoerythrin and R-phycocyanin207,208 are two bioactive 

fluorescent compounds with high commercial value.209 Phycoerythrins are 

phycobiliproteins acting as photosynthetic pigments in Rhodophyta, with good stability 

from pH 4 to 10 and in temperatures up to 40 °C.210 Several companies209 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 cosmetic fields,209,211 yet new research is addressing 

the development of innovative applications, e.g., fluorescent-based detection systems209 

and active optical centers in renewable energy devices.212,213 

Following the demands for a conscientious and sustainably use of the oceans, seas and 

marine resources, as requested by the Sustainable Development Goals, particularly Goal 

14 – 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 methodologies209 describe their purification by 

distilled water leaching, staged precipitation with ammonium sulphate and ionic 

                                                           
** Contributions: F.A.V., I.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),214 or by ammonium sulphate 

precipitation and ionic exchange chromatography (Patents CN 1271085C215 and CN 

101240009A,216 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 

processes.207 Recently, Martins et al.208 reported the ability of aqueous solutions of ILs 

to extract phycobiliproteins 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 transversal and more cost-effective processes for the efficient purification of 

phycobiliproteins, in particular R-phycoerythrin, from the aqueous crude extract. In this 

context, this work reports an alternative approach to carry out the purification of 

phycobiliproteins. LLE techniques appear as an attractive alternative, principally those 

based in ATPS. These are known by their high water content, environmental friendly 

character and easy scale-up,31 justifying their use on the purification of distinct 

compounds, from cells and genetic material to proteins, antibiotics, antibodies, and 

dyes.162 As previously mentioned, AMTPS are a specific type of ATPS being explored 

due to the low interaction capacity of the phase formers of these systems with 

biomolecules, in particular with proteins, thus preventing their denaturation.14,15 

Therefore, the combination of these advantages with the enhanced selectivity of the 

mixed SAIL-based thermo-responsive systems14 seem to be a promising approach 

towards the phycobiliproteins extraction and purification from the red macroalgae 

Gracilaria sp.  

This work aims at purifying phycobiliproteins by separating the non-fluorescent 

proteins and reducing the contamination of R-phycoerythrin with R-phycocyanin. To 

accomplish that, thermo-responsive micellar systems were investigated, and the main 

variables of the purification process optimized. After selecting the most performant 

AMTPS and the best process conditions to separate (i) fluorescent from non-fluorescent 

proteins and (ii) R-phycoerythrin from R-phycocyanin, 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 carried out considering the carbon footprint as the final output. In this 

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

the two scenarios studied.   

3.3.2. EXPERIMENTAL SECTION 

3.3.2.1. Materials 

The nonionic surfactant Tergitol 15-S-7 (purity ≥ 99%) was acquired at Sigma-Aldrich 

as well as the hexadecylpyridinium bromide – [C16py]Br (purity = 97.0%), 

benzyldodecyldimethylammonium bromide - [N1,1,12,(C7H7)]Br (purity > 99%) and 

sodium dodecylbenzenesulfonate, SDBS (technical grade). The imidazolium-based 

SAILs, 1-tetradecyl-3-methylimidazolium chloride, [C14mim]Cl (purity > 98%) and 1-

hexadecyl-3-methylimidazolium chloride, [C16mim]Cl (purity > 98%) were purchased 

from Iolitec (Ionic Liquid Technologies, Heilbronn, Germany), while 3-(1-tetradecyl-3-

hexylimidazolium)-1-tetradecylimidazolium dibromide [C14im-6-C14im]Br2 was 

synthesized in-house using well established procedures.217 The same protocol was used 

to synthetize cholinium decanoate, [Ch][Dec] and cholinium tetradecanoate, 

[Ch][Tetradec]. The phosphonium-based SAIL tributyltetradecylphosphonium chloride, 

[P4,4,4,14]Cl (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. McIlvaine buffer (0.18 M) constituted by citric acid monohydrate, 

C6H8O7●H2O (purity ≥ 99%), and sodium phosphate dibasic heptahydrate, 

Na2HPO4●7H2O (purity ≥ 99%), both acquired from Panreac AppliChem, was used in 

all systems.  
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Figure 38. Chemical structure of SAILs added as co-surfactants 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 Multi-Trophic Aquaculture production of marine 

macroalgae, located in Ílhavo, 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 fresh and distilled 

water at least 3 times, weighted and stored in a freezer at -20 ± 1 ºC pending further use.  

Algae samples were previously grounded while frozen with liquid nitrogen, 

homogenized in distilled water (with a solid-liquid ratio of 0.7) at room temperature and 

placed in an incubator shaker (IKA KS 4000 ic control) for 20 min, at 250 rpm and 

room temperature. During the solid-liquid extraction step, all samples were protected 

from light exposure due to the high light sensitivity of phycobiliproteins. Then, the 

solution was filtered and, subsequently, the filtrate originated was centrifuged in a 

Thermo Scientific Heraeus Megafuge 16 R Centrifuge at 3500 rpm for 30 min, at 4 ± 1 

ºC. The resultant pellet was discarded, and the phycobiliproteins-rich supernatant was 

collected (phycobiliproteins crude extract) for further purification studies. 

3.3.2.2.2. SDS-PAGE procedure 

The phycobiliproteins crude extract was analysed through an electrophoresis that was 

prepared on polyacrylamide gels (stacking: 4% and resolving: 20%) with a running 

buffer consisting of 250 mM of Tris HCl, 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% (v/v)] in an 

orbital shaker, at moderate speed, for 2-3 hours 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) during 3-4 hours at room 

temperature. SDS-PAGE Molecular Weight Standards, Marker molecular weight full-

range (VWR), were used as protein standards. All gels were analysed using the Image 

Lab 3.0 (BIO-RAD) analysis tool. 
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3.3.2.2.3. Extract analysis by proteomics  

Tryptic digestion was performed according to 218, 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 and then with 

acetonitrile. Gel pieces were dried in a SpeedVac (Thermo Savant) and rehydrated in 

digestion buffer containing 12.5 µg.mL-1 sequence grade modified porcine trypsin 

(Promega) in 25 mM ammonium bicarbonate. 100 μL of 25 mM ammonium 

bicarbonate were then added and the samples were incubated overnight at 37.0 ± 0.1 ºC. 

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) and resuspended in 5% acetonitrile/0.1% formic acid solution. The samples 

were analysed with a QExactive Orbitrap (Thermo Fisher Scientific, Bremen) that was 

coupled to an Ultimate 3000 (Dionex, Sunnyvale, CA) HPLC (high performance liquid 

chromatography) system. The trap (5 mm × 300 µm I.D.) and analytical (150 mm × 75 

µm I.D.) columns used were C18 Pepmap100 (Dionex, LC Packings). Peptides were 

trapped at 30 μL.min-1 in 95% solvent A (0.1 % formic acid/5% acetonitrile v/v). 

Elution was achieved with the solvent B (0.1 % formic acid/100% acetonitrile v/v) at 

300 nL.min-1. The 50 min gradient used was as follows: 0–3 min, 95% solvent A; 3–21 

min, 5–45% solvent B; 21–35 min, 45–90% solvent B; 35–37 min, 90% solvent B; 37–

40 min, 10–95% solvent A; 40–50 min, 95% solvent A. The 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 (resolution 17,500; AGC target 

5E4, NCE 28%, max. injection time 60 ms, dynamic exclusion 35 s). General mass 

spectrometer parameters were: Nano electrospray voltage, 1.8 kV; no sheath and 

auxiliary gas flow; ion transfer tube temperature, 275°C; S-lens RF level 60.0. Spectra 

were processed and analysed using 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 

methionine, 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 database 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 used to 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 

McIlvaine 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 

rpm. Then, the tubes were 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 surfactant-rich (top) and a surfactant-poor (bottom) phases. Both 

phases were carefully separated, and their volumes and weight composition measured. 

Then, the quantification of both phycobiliproteins and total proteins was assessed for 

each phase, by UV spectroscopy (Molecular Device Spectramax 384 Plus | UV-Vis 

Microplate Reader) at 565 nm and 280 nm, respectively. The analytical quantifications 

were performed in triplicate. Blank controls, i.e., identical systems without the 

phycobiliproteins extract, were performed for each system to eliminate any possible 

interference of the phase formers upon the quantification. The concentration of R-

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

curves previously determined in the same UV-Vis equipment.  

In this work, the purification performance of each AMTPS was analysed through the 

partition coefficient, recovery, and selectivity. The contamination index was also 

determined to investigate the elimination of R-phycocyanin contamination from R-

phycoerythrin. The partition coefficient (KR-phycoerythrin) was calculated as the ratio 

between the amount of R-phycoerythrin present in the surfactant-poor (bottom) and the 

surfactant-rich (top) phases, as described by Eq. 15. The partition coefficient of total 

proteins (Ktotal proteins) was determined identically (Eq. 16). 

                       𝐾𝑅−𝑝ℎ𝑦𝑐𝑜𝑒𝑟𝑦𝑡ℎ𝑟𝑖𝑛    
[𝑅−𝑝ℎ𝑦𝑐𝑜𝑒𝑟𝑦𝑡ℎ𝑟𝑖𝑛]𝑠𝑢𝑟𝑓𝑎𝑐𝑡𝑎𝑛𝑡−𝑝𝑜𝑜𝑟 𝑝ℎ𝑎𝑠𝑒

[𝑅−𝑝ℎ𝑦𝑐𝑜𝑒𝑟𝑦𝑡ℎ𝑟𝑖𝑛]𝑠𝑢𝑟𝑓𝑎𝑐𝑡𝑎𝑛𝑡−𝑟𝑖𝑐ℎ 𝑝ℎ𝑎𝑠𝑒
                  Eq.15                                    
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                              𝐾𝑡𝑜𝑡 𝑙 𝑝𝑟𝑜𝑡𝑒𝑖𝑛𝑠   
[𝑡𝑜𝑡 𝑙 𝑝𝑟𝑜𝑡𝑒𝑖𝑛𝑠]𝑠𝑢𝑟𝑓𝑎𝑐𝑡𝑎𝑛𝑡−𝑝𝑜𝑜𝑟 𝑝ℎ𝑎𝑠𝑒

[𝑡𝑜𝑡 𝑙 𝑝𝑟𝑜𝑡𝑒𝑖𝑛𝑠]𝑠𝑢𝑟𝑓𝑎𝑐𝑡𝑎𝑛𝑡−𝑟𝑖𝑐ℎ 𝑝ℎ𝑎𝑠𝑒
                     Eq. 16                 

where [R-phycoerythrin]surfactant-poor phase and [R-phycoerythrin]surfactant-rich phase are, 

respectively, the concentration of R-phycoerythrin (in mg.mL-1) in the surfactant-poor 

and surfactant-rich phases; and [total proteins]surfactant-poor phase and [total proteins]surfactant-

rich phase are the total proteins concentration (in mg.mL-1) in the surfactant-poor and -rich 

phases, respectively. The recovery (R) parameter of R-phycoerythrin and the total 

protein content towards the surfactant-poor (Rsurfactant-poor phase) and surfactant-rich 

(Rsurfactant-rich phase) phases were determined following Eqs. 17 and 18, respectively: 

                                                   𝑅𝑠𝑢𝑟𝑓 𝑐𝑡 𝑛𝑡−𝑝𝑜𝑜𝑟 𝑝ℎ 𝑠𝑒   
100

1+(
1

𝑅𝑣 × 𝐾
)
                               Eq. 17 

                                           𝑅𝑠𝑢𝑟𝑓 𝑐𝑡 𝑛𝑡−𝑟𝑖𝑐ℎ 𝑝ℎ 𝑠𝑒   
100

1+ 𝑅𝑣+𝐾
                                  Eq. 18 

where Rv stands for the ratio between the volumes of the bottom and top phases. 

Finally, the selectivity (𝑆𝑅−𝑝ℎ𝑦𝑐𝑜𝑒𝑟𝑦𝑡ℎ𝑟𝑖𝑛
𝑡𝑜𝑡 𝑙 𝑝𝑟𝑜𝑡𝑒𝑖𝑛𝑠⁄

) of the AMTPS herein applied 

was described as indicated by Eq. 19: 

                            𝑆𝑅−𝑝ℎ𝑦𝑐𝑜𝑒𝑟𝑦𝑡ℎ𝑟𝑖𝑛
𝑡𝑜𝑡 𝑙 𝑝𝑟𝑜𝑡𝑒𝑖𝑛𝑠⁄

  
𝐾𝑅−𝑝ℎ𝑦𝑐𝑜𝑒𝑟𝑦𝑡ℎ𝑟𝑖𝑛

𝐾𝑡𝑜𝑡𝑎𝑙 𝑝𝑟𝑜𝑡𝑒𝑖𝑛𝑠
                              Eq. 19 

The phycocyanin contamination index (Eq. 20) was determined by the ratio between the 

absorbance at 620 nm and 565 nm, which belongs to the R-phycocyanin and R-

phycoerythrin wavelengths, respectively. For ratios lower than 0.05, it is considered that 

no significant contamination by R-phycocyanin is found, as previously described in 

literature.210  

                                   𝑃ℎ𝑦𝑐𝑜𝑐𝑦 𝑛𝑖𝑛 𝑐𝑜𝑛𝑡 𝑚𝑖𝑛 𝑡𝑖𝑜𝑛 𝑖𝑛𝑑𝑒𝑥   
𝐴𝑏𝑠620

𝐴𝑏𝑠565
                      Eq. 20 

 

3.3.2.2.5. Purification of R-phycoerythrin using consecutive extractions  

To increase the R-phycoerythrin purification, the surfactant-poor phase was reused for 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 non-fluorescent proteins were used. The second step was carried out 

by adding 10 wt% of Tergitol 15-S-7 + 0.3 wt% of the selected SAIL + 89.7 wt% of the 

surfactant-poor phase of the first AMTPS, up to a total of 10 g. 

3.3.2.2.6. Study of the stability of R-phycoerythrin  

To guarantee that, at the end of the purification, the R-phycoerythrin maintains its 

structural integrity, circular dichroism (CD) measurements were used to evaluate the 
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protein secondary structure. The surfactant-poor phases of (i) the conventional AMTPS 

(i.e., without SAIL) and (ii) the best SAIL-based AMTPS were analysed using CD 

spectroscopy (JASCO-1500). The spectra were collected in a 1 mm path length quartz 

cuvette at a scan rate of 100 nm per minute, at 20.0 ± 0.1 °C cell temperature. The 

response time and the bandwidth were 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 two scenarios 

for R-phycoerythrin purification, namely by using (i) the conventional system, 

where the AMTPS is used in the absence of SAIL as co-surfactant, and (ii) the 

mixed AMTPS, with the presence of the most promising SAIL selected. 

The environmental assessment of the two systems chosen was performed by 

calculating the carbon footprint as output. This indicator is the sum of GHG 

emissions expressed as carbon dioxide equivalent (CO2 eq) from a life cycle 

perspective. The carbon footprint allows the quantification of various GHG 

emissions associated with the two different systems tested and the identification 

of their main causes. This analysis includes the production of all reagents 

(McIlvaine buffer, nonionic surfactant Tergitol 15-S-7, and SAIL selected), and 

other consumables (tap and distilled water, and liquid nitrogen), besides the 

electricity consumed by the equipment used throughout the different processes. 

Data on the amount of 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, 

liquid nitrogen and electricity were sourced from Ecoinvent database version 

3.4169 and are present in Table S17. The GHG emissions for the production of 

distilled water were calculated based on GHG emissions from tap water 

production170 and GHG emissions from electricity consumption during the 

distillation process. All data refer to 5 g of Gracilaria 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 solid-liquid 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 (and Table S18 of SI). A representative nanoHPLC chromatogram of the 

injection of the tryptic digest of a SDS-PAGE spot, and a representative mass spectrum 

acquired during the run are also displayed in Figure S22 of ESI. Accordingly to Figure 

39, the proteins present in the crude extract can be divided into fluorescent 

(phycobiliproteins) and non-fluorescent. As fluorescent proteins, Gracilaria sp. has in 

its composition R-phycoerythrin, the most abundant phycobiliprotein, R-phycocyanin 

and allophycocyanin. Regarding the non-fluorescent proteins, the crude extract contains 

mostly ribulose bisphosphate carboxylase and ribulose-1,5-bisphosphate 

carboxylase/oxygenase small subunit, being the remaining proteins, detailed in Table 

S18 of SI, included in the fraction Others of Figure 39. 

 
Figure 39. Proteomic characterization of the phycobiliproteins crude extract obtained after the solid-

liquid extraction with distilled water and used in this work. The proteins relative abundance (%) is also 

shown in the figure. 
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3.3.3.2.  Purification of phycobiliproteins and R-phycoerythrin 

Taking into account the characterization of the crude extract previously performed, the 

presence of contaminants demands the development of a purification process in which, 

contaminants and fluorescent proteins are separated. In this work, thermo-responsive 

AMTPS were used. Proteins are thermolabile biomolecules, and as such, their 

purification must consider this limitation, especially when thermo-responsive systems 

are used. The nonionic surfactant Tergitol 15-S-7 was selected due to its low cloud 

points, ranging between 34 and 40 °C, and which can be further controlled by the proper 

choice of a SAIL acting as a co-surfactant to form a mixed AMTPS, as previously 

discussed.92 Besides, these mixed AMTPS have shown enhanced selectivity when 

compared with the AMTPS without any SAIL.14 Thus, these systems seem promising 

for the purification of phycobiliproteins, in particular, R-phycoerythrin, from the red 

macroalgae Gracilaria sp., which is stable until 40 °C.210  

For the Tergitol 15-S-7/McIlvaine buffer-based AMTPS, the purification conditions 

were optimized considering the highest recovery of fluorescent and non-fluorescent 

proteins in the surfactant-poor and -rich phases, respectively, which in turn leads to 

highest selectivity, promoting as well, the reduction of the R-phycoerythrin 

contamination with R-phycocyanin. These results are shown in Figures S23 to S30 of 

SI. Herein, all studies were buffered with the McIlvaine buffer (pH 7.0), since it has 

been proved to provide an enhanced phycobiliproteins extraction, while allowing R-

phycoerythrin to maintain its structural integrity.208 The surfactant concentration was 

the first parameter optimized. The results have shown a direct relationship between the 

surfactant concentration and the recovery of total proteins in the surfactant-rich phase as 

a result of the more micelles formed. Therefore, 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 the phycobiliproteins 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 equilibration 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 total proteins into the surfactant-rich phase. Thereby, it 



3.  PURIFICATION OF THERAPEUTIC PROTEINS 

116 

 

is preferable to use less extract if it means increasing the phycobiliproteins purity in a 

single step, in particular R-phycoerythrin. Regarding the pH effect on the purification of 

the fluorescent proteins, 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 purity 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 (i) fluorescent and non-fluorescent 

proteins and (ii) R-phycoerythrin from R-phycocyanin, was developed. For that 

purpose, thermo-responsive AMTPS based on Tergitol 15-S-7 with SAILs as co-

surfactants were used, and the purification of phycobiliproteins, more precisely R-

phycoerythrin, evaluated using the selectivity and R-phycocyanin contamination index. 

A screening was performed using SAILs from distinct families, namely imidazolium, 

phosphonium, quaternary ammonium, pyridinium, cholinium and alkyl sulfonates, as 

presented in Figure 40. Here, the Selectivity (black line) and Recovery (bars) data of 

both R-phycoerythrin (pink bars) and total proteins (grey bars) for both phases are 

depicted. The results suggest that the phycobiliproteins and R-phycoerythrin (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 colour of the system’s bottom phase (shown in Figure 40) characteristic of 

the R-phycoerythrin presence. When the performances of AMTPS in absence and 

presence of SAILs are compared, the mixed AMTPS (with SAILs as co-surfactants) are 

in general, more selective. Only the mixed AMTPS composed of SDS showed a lower 

selectivity (S = 2.51 ± 0.02), while the [P4,4,4,14]Cl-based AMTPS displayed a similar 

selectivity (S = 3.1 ± 0.3) to the non-additivated AMTPS (S = 3.28 ± 0.08). The 

remaining mixed AMTPS improved the R-phycoerythrin purification according to the 

following sequence: SDS < [P4,4,4,14]Cl ≈ without SAIL < [Ch][Tetradec] ≈ [C14mim]Cl 

< [C16mim]Cl < [C14im-6-C14im]Br2 < [Ch][Dec] ≈ SDBS < [N1,1,12,(C7H7)]Br ≈ 

[C16py]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 wt% of Tergitol 15-S-7 + 0 or 0.3 wt% of 

SAIL + 10 wt% of phycobiliproteins extract + 80 or 79.7 wt% of McIlvaine buffer pH 7.0: █ and █, R-phycoerythrin recovery (%) in the surfactant-poor and surfactant-rich 

phases, respectively; █ and █, total proteins recovery (%) in the surfactant-poor and surfactant-rich phases, respectively. The line represents the selectivity.
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Regarding the R-phycoerythrin contamination with R-phycocyanin (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 some specific interactions taking place between the micelles formed and the 

contaminant fluorescent proteins.  Indeed, the contamination with R-phycocyanin 

follows a different trend than the one obtained for the selectivity: [N1,1,12,(C7H7)]Br < 

[C14mim]Cl < [Ch][Dec] ≈ [C16py]Br ≈ SDS < without SAIL < SDBS < [C14im-6-

C14im]Br2 < [P4,4,4,14]Cl < [C16mim]Cl < [Ch][Tetradec]. In these systems, the 

purification is normally dependent upon the hydrophobicity/hydrophilicity of the 

biomolecules and the micelles size.24  Taking this into account, it would be assumed 

that the systems displaying micelles with larger diameters should 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 us,92 SDBS and [Ch][Tetradec] are, from 

the SAILs studied in this work, those inducing the formation of the largest micelles 

(between 40 and 50 nm) when compared with the 7-8 nm of the remaining mixed 

AMTPS and the ~14 nm of the micelles obtained for the non-additivated AMTPS. The 

results here obtained show a higher purification performance for the AMTPS with lower 

micelle diameter, which might suggest that interactions between the proteins and the 

micelles, rather than the micelles size, may be controlling the partitions observed. 

 
Figure 41. Phycocyanin contamination index of AMTPS in absence and presence of SAILs, using the 

mixture point composed of 10 wt% of Tergitol 15-S-7 + 0 or 0.3 wt% of SAIL + 10 wt% of 

phycobiliproteins extract + 80 or 79.7 wt% of McIlvaine buffer pH 7.0. 
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3.3.3.3.  Process design using sequential AMTPS steps  

For some applications of R-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 of R-phycoerythrin and total proteins, the 

selectivity, and the R-phycocyanin contamination index were the parameters considered 

(Table 6). The most promising systems selected from the SAILs screening were tested, 

namely the mixed AMTPS composed of [C16py]Br, [Ch][Dec], SDBS and 

[N1,1,12,(C7H7)]Br. The non-additivated AMTPS was used once again as reference. It 

should be noticed that due to its high selectivity and ability to eliminate the R-

phycoerythrin contamination with R-phycocyanin, the [N1,1,12,(C7H7)]Br was always used 

as co-surfactant in the second purification step.   
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Table 6. R- phycoerythrin and total proteins recovery in the surfactant-rich and -poor phases, their selectivity, and R-phycocyanin contamination index for the first and second 

steps of the process. 

Cycle of 

purification 
System 

Recovery (%) 

Selectivity 
R-phycocyanin 

contamination index 
R-phycoerythrin Total proteins 

Top phase Bot phase Top phase Bot phase 

1st step Without SAIL 17.4 ± 0.4 82.6 ± 0.4 55.0 ± 0.8 45.0 ± 0.8 5.9 ± 0.3 0.16 ± 0.01 

2nd step [N1,1,12,(C7H7)]Br 15.3 ± 0.9 84.7 ± 0.8 59 ± 1 41 ± 1 5.86 ± 0.04 0.13 ± 0.01 

1st step [C16py]Br 25 ± 1 77 ± 1 71.4 ± 0.3 28.7 ± 0.3 8.0 ± 0.8 0.28 ± 0.03 

2nd step [N1,1,12,(C7H7)]Br 16.4 ± 0.3 83.6 ± 0.3 59 ± 1 41.0 ± 1 5.4 ± 0.3 0.18 ± 0.01 

1st step [Ch][Dec] 19 ± 2 81 ± 2 58.6 ± 0.5 41.4 ± 0.5 6.0 ± 0.8 0.13 ± 0.01 

2nd step [N1,1,12,(C7H7)]Br 15.4 ± 0.9 84.7 ± 0.8 59 ± 1 41.0 ± 1 6.1 ± 0.3 0.12 ± 0.01 

1st step SDBS 10 ± 1 89 ± 1 40 ± 1 54.7 ± 1 7.1 ± 0.6 0.147 ± 0.004 

2nd step [N1,1,12,(C7H7)]Br 22 ± 1 80 ± 1 64 ± 6 30 ± 6 7 ± 1 0.07 ± 0.02 

1st step [N1,1,12,(C7H7)]Br 25 ± 3 77 ± 3 71.4 ± 0.9 28.7 ± 0.9 8.00 ± 0.02 0.10 ± 0.01 

2nd step [N1,1,12,(C7H7)]Br 25.2 ± 0.8 78.8 ± 0.8 82.1 ± 0.5 17.9 ± 0.5 13.6 ± 0.1 0.047 ± 0.004 
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The goal behind the development of this process was the separation of phycobiliproteins 

from the non-fluorescent proteins in the first step and then, the purification of R-

phycoerythrin from the R-phycocyanin, in the second step. Table 6 shows very similar 

results regarding the recovery of R-phycoerythrin towards the surfactant-poor phase in 

both steps. On the other hand, the recovery of total proteins on the surfactant-poor phase 

tends to decrease in all systems with the second step, except for the [C16py]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 and non-fluorescent proteins 

towards the bottom phase, thus reducing the process purification performance. Overall, 

a purification trend of these systems can be established as follows: 

[C16py]Br/[N1,1,12,(C7H7)]Br < without SAIL/[N1,1,12,(C7H7)]Br ≈ [Ch][Dec]/ 

[N1,1,12,(C7H7)]Br < SDBS/[N1,1,12,(C7H7)]Br < [N1,1,12,(C7H7)]Br/[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 was more than doubled (maximum S 

= 13.6 ± 0.1) when compared with the non-additivated AMTPS (S = 5.86 ± 0.04). 

Concerning the R-phycoerythrin contamination with R-phycocyanin (Table 6), the 

results evidence that the [N1,1,12,(C7H7)]Br addition to all systems considerably reduces 

this contamination. Unexpectedly, the first step of the [N1,1,12,(C7H7)]Br-based AMTPS 

presented some contamination with R-phycocyanin, probably as a result of the algae 

heterogeneity (due to the weather and daylight length and intensity).219 The cells 

heterogeneity results in significant amounts of R-phycocyanin being extracted from the 

cells and, consequently, present in the phycobiliproteins-rich extract used in the 

integrated process. Nevertheless, this was overcome in the second step. The seaweed 

heterogeneity also affected the selectivity, leading to an overall selectivity reduction. 

Yet, the same tendency was followed. 

Summing up, a process using two AMTPS extraction steps was developed and 

efficiently implemented as an effective downstream process to purify R-phycoerythrin 

with high purity levels. However, and foreseeing its industrial implementation, the 

recycling and reuse of the main solvents is essential. The integrated process proposed is 

shown in Figure 42, in which three main steps were included. The process starts with 

the conventional solid-liquid extraction of phycobiliproteins using water. Then, the 

aqueous extract rich in phycobiliproteins proceeds to the two purification steps, in 

which AMTPS based in SAILs were sequentially applied. During the first AMTPS step, 
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it was possible to retain ~77% of R-phycoerythrin into the surfactant-poor phase and 

extract circa of 71% of total proteins, including most of contaminant non-fluorescent 

proteins, into the opposite phase. The surfactant-poor phase was then fed to a second 

AMTPS step, allowing a further R-phycoerythrin purification by removal of the R-

phycocyanin, retaining ~79% of it in the new surfactant-poor phase. From the remaining 

~29% of total proteins that were still in first surfactant-poor phase, it was possible to 

extract ~82%, which considerably improved the R-phycoerythrin purity.  Aiming at 

obtaining a pure sample of R-phycoerythrin, free of the surfactant-poor phase (where 

this phycobiliprotein was concentrated), an ultrafiltration can be used for the polishing. 

In this case, the ultrafiltration with a membrane cut-off around 100 kDa can be applied, 

since the protein of interest displays a molecular weight more than the double (240 kDa) 

of this cut-off value, allowing its retention in the membrane.220  The process of 

ultrafiltration is not only efficient on the polishing of the R-phycoerythrin, but it is also 

fast, cheap and feasible at both bench and pilot scales.220 Regarding the surfactant-rich 

phase, containing most of the system phase 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 containing the phase formers were acquired. The 

results indicate that all the tensioactive agents were completely removed from the 

contaminant proteins (cf. Figure S31 of SI). Afterwards, a distillation step can be 

introduced to separate the acetone from the surfactant, allowing the recovery of both 

components to be further applied in a new cycle.   
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Figure 42. Diagram of the integrated process developed to purify R-phycoerythrin (but also phycobiliproteins). The proposed approach considers the use of two steps of 

purification by applying mixed AMTPS based in [N1,1,12,(C7H7)]Br as co-surfactant. The polishing of R-phycoerythrin and the recycling and reuse of the main phase formers is 

also depicted. 
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Considering the potential industrial implementation of this integrated process, the 

stability and structural integrity of R-phycoerythrin, the target protein of this work, were 

analysed. Circular dichroism has been reported as one of the most used techniques to 

infer about the structural integrity of proteins by analysing their secondary structure, 

namely their content in α-helix, β-sheet, β-turn and random coils. This is possible by 

analysing the spectrum in the range of 240 nm and below, aiming at identifying the 

peptide bonds.221 The macroalgae crude extract was analysed and compared to the 

spectra of the most selective AMTPS ([N1,1,12,(C7H7)]Br) and the non-additivated system, 

after both steps, to conclude about the stability of R-phycoerythrin. This was possible 

through the direct comparison between our data and the R-phycoerythrin analysis found 

elsewhere,208 where it was shown that the secondary structure of pure R-phycoerythrin 

presents more than 70% of α-helix. In this context, all samples were diluted until a good 

spectrum was obtained, and the spectra were normalized before the data analysis 

(Figure 43). This data shows that the crude extract is mostly composed of α-helix due 

to the negative bands at 210 and 220 nm and the positive band below 200 nm, just like 

pure R-phycoerythrin. The spectra show that, during the integrated purification process, 

the proteins can maintain their integrity, since these bands are kept in all spectra of the 

AMTPS, after both purification steps.  

 
Figure 43. Circular dichroism analysis of the R-phycoerythrin stability after two consecutive steps of 

purification from the macroalgae crude extract:  ̶ , crude extract;  ̶ , without SAIL (1st step);  ̶ , without 

SAL/[N1,1,12,(C7H7)]Br;  ̶ , [N1,1,12,(C7H7)]Br (1st step); and  ̶ , [N1,1,12,(C7H7)]Br/[N1,1,12,(C7H7)]Br. 

3.3.3.4. Environmental evaluation 

To evaluate the sustainability of the process here proposed, an environmental 
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most performant mixed AMTPS (using [N1,1,12(C7H7)]Br as co-surfactant) for R-

phycoerythrin purification were addressed, being the results obtained shown in 

Figure 44. The carbon footprint is 81.30 kg CO2 eq.mg-1
R-phycoerythrin when the 

conventional AMTPS (1st step) + mixed AMTPS (2nd step) were used, and 

decreases in 16% the GHG emissions when the mixed AMTPS is used in both 

steps (carbon footprint = 68.14 kg CO2 eq.mg-1
R-phycoerythrin). The main contribution 

to the carbon footprint in both scenarios comes mainly from the electricity 

consumption (first and the second LLE steps, respectively 46% and 45% of the 

total). The energy consumption to promote the phase separation in 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, if in one hand, the extraction efficiency of the 

process increases, on the other hand, the GHG emissions associated with the 

application of mixed AMTPS to purify R-phycoerythrin are lowered. 

 
Figure 44. Carbon footprint for the two scenarios considered: (i) conventional AMTPS in the first LLE 

and with the addition of [N1,1,12,(C7H7)]Br in the second LLE, (ii) AMTPS with [N1,1,12,(C7H7)]Br in both 

extractions. Results are expressed kg CO2eq.mg-1
R-phycoerythrin purified: ■, algae preparation, ■, solid-liquid 

extraction, ■, 1st LLE, and ■, 2nd LLE. 

3.3.4. CONCLUSIONS 

Phycobiliproteins purification, in particular, R-phycoerythrin, has been successfully 

achieved by using thermo-responsive systems. Results show the recovery of most 

phycobiliproteins in the surfactant-poor phase whereas most non-fluorescent 
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achieved with two consecutive steps of the [N1,1,12,(C7H7)]Br-based AMTPS. This system 

was not only able to eliminate the R-phycoerythrin contamination with R-phycocyanin 

while maintaining its structural integrity, but it also allowed the recycle 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 evaluated (per mass 

of R-phycoerythrin extracted/purified) and found to decrease 16% when the mixed 

AMTPS was applied instead of the non-additivated one. Herein, it was demonstrated 

that the presence of [N1,1,12,(C7H7)]Br increases the efficiency of the system, while GHG 

emissions for the same algae content remain almost the same. The results obtained on 

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

as co-surfactants. 
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3.4. SURFACE-ACTIVE IONIC LIQUID-BASED 

THERMO-RESPONSIVE SYSTEMS FOR 

IMMUNOGLOBULIN Y PURIFICATION FROM 

EGG YOLK 

This chapter is based on the manuscript under preparation by 

Filipa A. Vicente, Ana P.M. Tavares, Leonor S. Castro, Dibyendu Mondal, 

João A. P. Coutinho, Sónia P. M. Ventura and Mara G. Freire,†† 

 

3.4.1.  INTRODUCTION 

In the past few years, antibody-based therapeutics have attracted much attention from 

pharmaceutical industries leading to a considerable research effort in this field. So far, 

several antibody-based therapies have been developed to treat different disorders and/or 

diseases, such as cancer,222,223 transplant rejection,224 auto-immune disorders,225 

asthma,226 and infectious diseases,227 among others. However, any new compound 

within the medical field must undergo several steps and clinical trials to avoid human 

casualties, and it starts with the FDA approval. Immunoglobulin G (IgG), one of the 

antibodies already approved by FDA228 is the most abundant mammalian 

immunoglobulin and it is responsible for the immune response.229 Nevertheless, 

extraction and purification of IgG from mammal serum comprises several invasive 

techniques such as animal bleeding, which may have significant side effects to the 

animal’s health. As an alternative, 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 

procedures.230 As a substitute for the use of mammalian antibodies, immunoglobulin Y 

(IgY) from hens’ egg yolk emerges as a promising alternative.231 IgY has a similar 

structure to IgG and does not require the animals suffering, since it is obtained from the 

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

                                                           
†† Contributions: F.A.V., A.P.M.T. and L.S.C. acquired the experimental data. D.M. performed the CD and 
FTIR analyses. F.A.V., A.P.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 (100-150 mg.egg-1) when compared with the amount of IgG present in 

the blood serum (200 mg per 40 mL of blood).232 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 host for IgY 

production has lower costs when compared to the use of mammals so the extraction of 

the former from egg’s yolk has been studied by several researchers.233 The 

recommendations of the European Center for Validation of Alternative Methods 

specifies that, considering the animal welfare, IgY acquired from egg’s yolk should be 

used instead of mammalian IgG.234 The current methodologies being applied towards 

the IgY isolation from egg’s yolk are quite expensive owing to the multistep 

processes,235 involving precipitation,236 chromatography with the use of affinity 

ligands237 or filtration.238 However, these are difficult to be applied in large scale due to 

the increased amount of solid phase required and the associated costs to maintain the 

process running. LLE using volatile organic solvents is another alternative, however 

these are generally considered as hazardous to the environment and non-biocompatible 

when dealing with proteins.239,240 It is thus mandatory the development of cheaper and 

simpler techniques for IgY purification, while maintaining a selective and efficient 

process. The use of thermo-responsive AMTPS appears as an attractive downstream 

strategy, owing to its high amounts of water, thus being able to maintain the native 

conformation and biological activities of biomolecules, including proteins14,15,241 and 

antibodies.18 The different characteristics of the phases formed upon temperature are 

also pointed out as advantageous features, especially when working with real matrices, 

since two distinct environments are created. Additionally, it was recently shown that, by 

incorporating SAILs in these thermo-responsive systems, the extractive performance 

and selectivity of these processes can be boosted.14,15  

Thereby, this work aims at developing a novel purification and concentration technique 

for IgY from the water-soluble protein fraction (WSPF) of the egg yolk using thermo-

responsive systems in presence and absence of SAILs. Herein, IgY purification from the 

WSPF using the nonionic surfactant Triton X-114 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 as CD and ATR-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 (iv) the recycling of the main phase formers. Within 

the process envisioned, future research on its scale-up will be assessed, thus 

contributing for the development of sustainable and low-cost production of this 

antibody for biomedical applications. 

3.4.2.  EXPERIMENTAL SECTION 

3.4.2.1.  Materials 

All reagents used in this work, namely the surfactant, the different SAILs (structures 

present in Figure S33) and the buffers components, are displayed over Table 7 as well 

as their manufacturer and purity. The gel of electrophoresis used in the SDS-PAGE 

analysis was purchased from Amersham.  

Table 7. List of reagents employed with their respective manufacturer and purity. 

Compound Manufacturer Purity (%) 

Triton X-114 Acros Organics - 

1-decyl-3-methylimidazolium chloride, [C10mim]Cl 

Iolitec >98.0 

1-dodecyl-3-methylimidazolium chloride, [C12mim]Cl 

1-tetradecyl-3-methylimidazolium chloride, [C14mim]Cl 

1-hexadecyl-3-methylimidazolium chloride, [C16mim]Cl 

1-octadecyl-3-methylimidazolium chloride, [C18mim]Cl 

trihexyltetradecylphosphonium chloride, [P6,6,6,14]Cl 

Cytec 

>93.0 

trihexyltetradecylphosphonium bromide, [P6,6,6,14]Br >96.0 

trihexyltetradecylphosphonium decanoate, [P6,6,6,14]Dec >97.0 

trihexyltetradecylphosphonium bis (2,4,4-

trimethylpentyl)phosphinate, [P6,6,6,14][TMPP] 
>93.0 

Citric acid, C6H8O7 Panreac 99.5 

Sodium phosphate dibasic, Na2HPO4 Merck 99.0 

Disodium hydrogen phosphate heptahydrate, Na2HPO4.7H2O 

Panreac >98 Sodium dihydrogen phosphate, NaH2PO4 

NaCl 

Coomassie Blue (G-250) 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 obtain the IgY-rich WSPF from the chicken’s egg yolk, the standard experimental 

protocol reported by Liu et al.242 was adopted.  
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3.4.2.2.2. Preparation of the AMTPS for the IgY purification 

Optimization studies of the surfactant and WSPF concentrations were performed 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 X-114 + 10 wt% of WSPF + McIlvaine buffer (0.16 M) 

pH 6.0 to complete a final volume of 10 mL. Then, the AMTPS were homogenized at 4 

ºC in a freezer for at least 2 h, using a rotor apparatus (Stuart SB3) at 35 rpm. 

Afterwards, the systems were left at 35 ºC in a Venticell incubator overnight to reach 

the thermodynamic equilibrium and guaranteeing the complete phase separation. The 

result was the formation of a surfactant-rich and a surfactant-poor phases, corresponding 

to the bottom and top phases, respectively. These were carefully separated, and their 

volumes and weights considered. 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 WSPF + McIlvaine buffer (pH 6.0) to 

complete the final volume of 10 mL. Finally, the optimized system was used to study 

the effect of the SAIL addition as co-surfactant (Figure S32) to the AMTPS: 20 wt% of 

Triton X-114 + 0.3 or 0.5 wt% of SAIL + 25 wt% of WSPF + McIlvaine buffer pH 6.0 

to complete the final volume of 10 mL. All studies were performed in triplicate and the 

respective average and standard deviations determined. Moreover, when working with 

mixed AMTPS, an interval of temperatures (35 – 50 ºC) was studied due to the cloud 

point variations imposed by the SAILs addition. For SAILs belonging to the 

imidazolium family, the phase separation occurred at 37 ºC and higher temperatures, 

whereas the IgY extractions using the phosphonium-based SAILs were done at 35 ºC 

and 37 ºC. 

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 [C14mim]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 McIlvaine buffer at pH 6.0 in 

order to obtain the same concentration of the original AMTPS components, from where 

the top phase was attained. An identical cycle was attempted towards the surfactant-rich 

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

concentration prepared for the first cycle.  

3.4.2.2.4. Protein quantification of the surfactant-poor phase by SE-HPLC 

analysis 

Proteins from both the WSPF and the surfactant-poor phase of each AMTPS were 

quantified through Size Exclusion - High Performance Liquid Chromatography (SE-

HPLC) with a size exclusion column Shodex Protein KW-802.5 (8 mm x 300 mm). 

Initially, the surfactant-poor phase was diluted (1:10) in 100 mM of sodium phosphate 

buffer + 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.min-1 at 40 ± 0.1 ºC. The injection volume was 

25 µL and the wavelength was set at 280 nm using a diode array detector (DAD). The 

IgY quantification was carried out by an external standard calibration method in the 

range from 0.1 to 1.0 g.L-1. The chromatograms acquired from the HPLC were used for 

the determination of the IgY purity and recovery, which were calculated by Eqs. 21 and 

22, respectively: 

     IgY purity (%)  
IgY area

(Contaminant Proteins + IgY) area
×  00              Eq. 21 

                                   IgY yield (%)  
IgY weight𝑠𝑢𝑟𝑓𝑎𝑐𝑡𝑎𝑛𝑡−𝑝𝑜𝑜𝑟 𝑝ℎ𝑎𝑠𝑒

IgY weight𝑖𝑛𝑖𝑡𝑖𝑎𝑙
×  00                 Eq. 22  

where the IgY weightsurfactant-poor phase represents: [IgY] in the surfactant-poor phase x 

volume of the surfactant-poor phase, and IgY weightinitial corresponds to: [IgY] in 

WSPF x volume of the WSPF added. 

3.4.2.2.5. SDS-PAGE analysis of both surfactant-poor and surfactant-rich 

phases 

The AMTPS surfactant-rich phase was not possible to analyse by SE-HPLC, due to the 

surfactant interference with the column, and thus the analysis was performed by SDS-

PAGE. The SDS-PAGE analysis allowed the identification of the presence of 

contaminant proteins in the surfactant-rich 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 phase-forming components 

since they interfere with the electrophoresis running. Therefore, 1000 µL of 

acetone/methanol (8:1) were added to 100 µL of sample from each phase.243 The 

precipitated proteins were resuspended in 100 µL of McIlvaine buffer (0.16 M) at pH 
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6.0. Afterwards, all samples were diluted in water so that the amount of protein in each 

lane was around 0.5 µg. The samples were then diluted in a running buffer followed by 

a 5 min incubation at 95 ºC. The samples and the full-range Amersham rainbow marker 

(12 to 225 kDa) were loaded into the gel (stacking and resolving gels at 4 and 20 %, 

respectively) and submitted to a run during 90 min at 135 V. Then, the gel was stained 

with a Coomassie Blue G-250.  

3.4.2.2.6. IgY stability studies  

To study the effect of the surfactant, as well as the SAIL (as co-surfactant) in the IgY 

stability, the best and worst 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 purified from an egg’s yolk by a Pierce Chicken IgY Purification Kit from 

Thermo Scientific. For all techniques, only the top/surfactant-poor phases were 

analysed since the IgY, due to its hydrophilic nature, migrates preferentially towards 

this layer. The ATR-FTIR analyses were performed in a Perkin Elmer Spectrum Bx 

spectrophotometer and scanned between 2000-1000 cm-1 with a resolution of 4 cm−1 and 

64 scans. These conditions were chosen since this is the most important interval when 

studying proteins owing to the localization of the amides I and II regions for the protein 

secondary structure determination.244 Background of McIlvaine 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 pure IgY. Variation 

in the secondary structure of IgY in presence of AMTPS and SAIL as co-surfactant was 

studied by CD spectroscopy (JASCO-1500). Similar to FTIR, the surfactant-poor phase 

was chosen for CD analysis as well. For CD analysis, an initial concentration of 

1mg.mL-1 of pure IgY in McIlvaine buffer (pH 6.0) was added on the preparation of the 

AMTPS and then, the surfactant-poor phase was separated for CD analysis. Pure IgY (1 

mg.mL-1) in McIlvaine buffer (pH 6.0) was used as control to compare the secondary 

structure variations. Spectra were collected in a 1 mm path length quartz cuvette at a 

scan rate of 100 nm per minute at 20 °C cell temperature. The response time and the 

bandwidth were 2 s and 0.2 nm, respectively. Three spectra were recorded 

consecutively 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 objective of 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 considering the presence and absence of SAILs as co-surfactants, 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. IgY purification from the WSPF using conventional AMTPS 

AMTPS offer two very distinct environments, namely a hydrophobic surfactant-rich 

phase and a hydrophilic surfactant-poor phase, upon the temperature increase. 

Therefore, this work explored these thermo-responsive systems to purify IgY from 

WSPF. Due to the hydrophilic nature of IgY, it preferentially partitioned to the 

surfactant-poor phase, whereas most of the contaminant proteins have migrated towards 

the opposite phase, due to their different sizes and more hydrophobic nature when 

compared with the antibody. A pure IgY sample, obtained from a commercial kit, was 

run through the SE-HPLC alongside a WSPF sample to evaluate the WSPF profile and 

allowing the determination of the retention time for both IgY and contaminant 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 the remaining 

contaminants present in smaller proportions and displaying retention times of 27 and 37 

min, respectively. It should be noted that peak 3 is the most intense, being followed by 

peak 1, this latest representing IgY. 

 
Figure 45. Chromatograms of the pure IgY and 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. For this purpose, different surfactant concentrations (1, 5, 10, 

15 and 20 wt%) of Triton X-114 were used in the IgY purification from the WSPF. The 

SE-HPLC chromatograms obtained are provided in Figure 46.I) while the plots of IgY 

purity and yield are represented in Figure 46.II). From the analysis of the SE-HPLC 

chromatograms, it can be seen that, at 20 wt% of Triton X-114, an inversion in the 

peaks intensity is observed, showing the increase in the IgY purity (Figure 46.II). The 

chromatograms also show the appearance of another peak at 23 min not visible before in 

the WSPF, which corresponds to the residual presence of the phase-forming 

components of the system. Figure 46 demonstrates that, when the surfactant 

concentration is increased, the IgY purity was improved from 34.6 to 44.3 ± 0.4%, a 

profile followed by the antibody complete recovery into the surfactant-poor (top) phase. 

This effect seems to be related with the increase of the micelles number and size as the 

surfactant concentration increases.245 This leads to a greater capacity of the surfactant-

rich phase to concentrate a higher amount of contaminant proteins inside the micelles. 

Contrarily to what happens with the contaminants, the IgY does not enter into the 

micelles due to its higher molecular weight and hydrophilicity. Both phenomena, i.e. 

micelles size and IgY hydrophilicity versus contaminants hydrophobicity, contribute to 

the IgY purification in the surfactant-poor phase.12,201,241 
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Figure 46.I) Chromatograms of AMTPS surfactant-poor phase at different surfactant concentrations upon 

phase separation at 35.0 ± 0.1 ºC. II) IgY purity (bars) and yield (line) in percentage (%), obtained for 

each AMTPS with different surfactant concentrations (wt%) of Triton X-114, upon phase separation at 

35.0 ± 0.1 ºC. 

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. The IgY purity and yield are presented in Figure 47. The 

results suggest 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 surfactant-rich phase has not yet achieved saturation when a lower 

WSPF concentration is used. Therefore, this optimization resulted in an increase of the 

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

shown by the IgY yield presented in Figure 47. 
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Figure 47. IgY purity (%) (bars) and yield (%) (line), obtained for each system with different amounts of 

WSPF (wt%) and 20 wt% of Triton X-114, upon phase separation at 35.0 ± 0.1 ºC. 

3.4.3.2. IgY purification from the WSPF using SAIL-based thermo-

responsive AMTPS 

After the optimization of both the amount of surfactant and WSPF and aiming at the 

design of a more efficient AMTPS for the IgY purification, the effect of SAIL upon the 

thermo-responsive AMTPS studied were tested. Imidazolium- and phosphonium-based 

SAILs were applied in this work, owing to their enhanced extractive performance and 

selectivity.14,15 In this sense, several modifications on the anion moiety, alkyl side chain 

and cation, as well as the SAILs concentration, were studied. The alkyl side chain effect 

was evaluated through the imidazolium family, [Cnmim]Cl, by varying n between 10 

and 18 as presented in Table 8. On the other hand, the anion influence was studied 

using the phosphonium family, through the cation [P6,6,6,14]
+, while using Cl-, Br-, [Dec]- 

and [TMPP]- as the counterions. This family was also used to investigate the cations’ 

symmetry and the alkyl side chain effect, by comparing [P6,6,6,14]Br with [P8,8,8,8]Br and 

[P6,6,6,14]Cl with [P4,4,4,14]Cl, respectively. Variations on the cation can be related to 

changes in viscosity, density and refractive index, as previously reported for this 

family,246 with all being able to influence the purification performance of the mixed 

AMTPS (Table 9). Finally, the SAILs concentration effect is also shown in Tables 8 

and 9. 
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Table 8. IgY purity (%) and yield (%) for the distinct imidazolium-based AMTPS in comparison with the 

AMTPS without SAIL. The extraction temperature (ºC) and the SAIL concentration (wt%) is also 

identified. 

AMTPS 
Temperature of extraction ± 

0.1 ( ºC) 
[SAIL] (wt%) 

IgY purity ± 

std (%) 

IgY yield ± std 

(%) 

Without SAIL 
35.0 

--- 
51.2 ± 0.7 100 ± 13 

37.0 51 ± 1 100 ± 9 

[C10mim]Cl 
50.0 0.3 57.0 ± 0.8 100.00 ± 0.03 

--- 0.5 --- --- 

[C12mim]Cl 
40.0 0.3 50.3 ± 0.1 58 ± 9 

50.0 0.5 37 ± 1 100 ± 2 

[C14mim]Cl 
37.0 0.3 61 ± 1 56.9 ± 0.2 

40.0 0.5 57 ± 1 54 ± 4 

[C16mim]Cl 37.0 
0.3 44 ± 1 60 ± 7 

0.5 64 ± 2 75 ± 6 

[C18mim]Cl 37.0 
0.3 45.5 ± 0.1 63.6 ± 0.6 

0.5 68.9 ± 0.9 31 ± 3 
 

The results displayed in Table 8 suggest that the IgY purification can be enhanced by 

the proper choice of the imidazolium-based SAIL added to the AMTPS and respective 

concentration. [C18mim]Cl and [C12mim]Cl are, respectively, the best and the worst 

SAILs, both compared at 0.5 wt%. These results can be explained by the formation of 

mixed micelles, with the SAIL cations being incorporated in the micelle alongside the 

nonionic surfactant. Consequently, the SAIL addition as co-surfactant confers the mixed 

micelles different properties regarding charge (when compared with the common 

AMTPS), diameter and shape.35,39,92,247,248 However, it is important to notice that the 

results for the imidazolium-based 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 and thus, the temperature required to promote the phase 

separation decreases.14,92 It is required to have this is mind when comparing these 

results, since these are thermo-responsive systems.14,92 Therefore, it was impossible to 

measure the data for 0.5 wt% of [C10mim]Cl owing to the absence of a phase separation 

until 50 ºC. It is also important to note that changes on the temperature can also lead to 

changes in the CMC since, as the temperature increases, the hydration shell of the 

imidazolium heads decreases, leading to a hydrophobicity increase of the overall system 

and favouring solute-solute interactions.249,250 This hydrophobicity increment can affect 

the proteins partition and, as consequence, the purification results. In this case, it seems 

that a temperature increment leads to a decrease in the IgY purification (Table 8), 

which is not associated to the potential denaturation of the antibody that is stable up to 

70 ºC.251 According with the data from the IgY yield, it can be seen that the best results 

are achieved for the highest temperatures tested, as 100% of IgY yield was obtained 
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with [C10mim]Cl. This suggests that the characteristics of the mixed micelles might play 

an important role upon the IgY purification. Additionally, and by comparing the data 

obtained for [C16mim]Cl and [C18mim]Cl, at the same temperature (Table 8), it is 

concluded that the elongation of the SAIL’s alkyl side chain increases the partition of 

the contaminant proteins for the surfactant-rich phase, which represents an increase in 

the antibody purity to the opposite phase. This effect is even more pronounced when the 

SAIL concentration increases from 0.3 to 0.5 wt%, attaining a maximum IgY purity of 

68.9 ± 0.9%. In summary, the best scenario represents an IgY purity increase from 51.2 

± 0.7% (belonging to the AMTPS without SAIL at 37 ºC) to 68.9 ± 0.9% (of the mixed 

AMTPS with 0.5 wt% of [C18mim]Cl also at 37 ºC). However, despite the highest 

purity found for the latest system, a considerably IgY loss (IgY yield of 30.6 ± 3.2%) is 

defined. As such, the mixed AMTPS with 0.3 wt% of [C14mim]Cl was considered the 

most promising system, due to its higher extraction yield (~57 %) and just slightly 

lower purification (~61%), besides its easier solubilization. Moreover, it will allow a 

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

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

AMTPS without SAIL. The extraction temperature (ºC) and the SAIL concentration (wt%) is also 

identified. 

AMTPS 
Extraction temperature ± 

std ( ºC) 

[SAIL] ± std 

(wt%) 

IgY purity ± std 

(%) 

IgY yield ± std 

(%) 

Without SAIL 
35.0 ± 0.1 

--- 
51.2 ± 0.7 100 ± 14 

37.0 ± 0.1 51 ± 1 100 ± 10 

[P4,4,4,14]Cl 37.0 ± 0.1 
0.3 50.2 ± 0.8 68.1 ± 0.7 

0.5 55.7 ± 0.4 43 ± 3 

[P6,6,6,14]Cl 

35.0 ± 0.1 
0.3 49.2 ± 0.4 84 ± 2 

0.5 48.4 ± 0.9 87 ± 18 

37.0 ± 0.1 
0.3 40 ± 2 100 ± 18 

0.5 40 ± 1 100 ± 7 

[P6,6,6,14]Br 

35.0 ± 0.1 
0.3 46 ± 3 84 ± 4 

0.5 46.9 ± 0.2 82 ± 5 

37.0 ± 0.1 
0.3 43.2 ± 0.2 100 ± 3 

0.5 42.4 ± 0.5 100 ± 4 

[P6,6,6,14][Dec] 

35.0 ± 0.1 
0.3 48.2 ± 0.4 97 ± 9 

0.5 46.8 ± 0.1 100 ± 4 

37.0 ± 0.1 
0.3 44.2 ± 0.3 100 ± 1 

0.5 45 ± 1 100 ± 4 

[P6,6,6,14][TMPP] 

35.0 ± 0.1 
0.3 49 ± 2 69 ± 7 

0.5 45.8 ±0.2 79.9 ± 0.9 

37.0 ± 0.1 
0.3 42.4 ± 0.3 77.7 ± 0.3 

0.5 42.5 ± 0.2 80 ± 2 

[P8,8,8,8]Br 

35.0 ± 0.1 
0.3 44.2 ± 0.2 89 ± 3 

0.5 42.8 ± 0.1 92 ± 3 

37.0 ± 0.1 
0.3 41.5 ± 0.5 84 ± 5 

0.5 41.0 ± 0.4 83 ± 6 
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Regarding the phosphonium family, their addition to the AMTPS reduces the IgY 

purification (Table 9) when compared with the results obtained for the system without 

SAIL and for the imidazolium-based thermo-responsive systems. This effect could be 

related with the high hydrophobic nature of these SAILs, which can impose difficulties 

to the extraction of more hydrophilic contaminant proteins. These systems allow the 

purification of biomolecules through the different size and hydrophilic/hydrophobic 

character of the compound, i.e. small hydrophobic molecules tend to stay in the micelle 

core, whereas big hydrophilic molecules prefer the continuous phase. Nonetheless, if the 

compound is slightly hydrophilic and small, it will be retrieved in the surfactant-rich 

phase, while a more hydrophobic and larger compound will remain in the surfactant-

poor phase.14 Thereby, with the phosphonium-based AMTPS, if the contaminant 

proteins are smaller but considerably hydrophilic, they will preferably remain in the 

surfactant-poor phase due to the micelle core being highly hydrophobic. With these 

results, it is becoming evident that the extractive performance of the SAIL-based 

thermo-responsive systems depends on the target biomolecule and its matrix. For 

example, the phosphonium-based AMTPS have proven to be considerably more 

selective than the imidazolium-based systems when comparing model hydrophobic and 

hydrophilic compounds14 and even in the purification of bromelain from a real and 

complex medium such as the pineapple stem.15 However, this is not here the case, 

suggesting that with this matrix, the hydrophobicity of the system displays a more 

relevant influence on the proteins partitioning than the micelles size.  

Considering the counterion effect by studying the longer phosphonium-based SAILs, 

[P6,6,6,14]
+, at both concentrations (0.3 and 0.5 wt%), it was possible to verify that neither 

the anion effect nor the SAIL concentration seem to be significant for the IgY 

purification. When the cation effect was concerned, the results achieved at 37 ºC 

showed that the IgY purification followed the trend: [P8,8,8,8]
+ < [P6,6,6,14]

+ < [P4,4,4,14]
+, 

whereas the IgY yield presented a different trend: [P4,4,4,14]
+ > [P8,8,8,8]

+ > [P6,6,6,14]
+. The 

phosphonium family again shows that the temperature increase leads to a decrease in 

the IgY purification. Overall, it was possible to conclude that the phosphonium-based 

SAILs are less effective for the IgY purification from the WSPF than the AMTPS in 

absence of SAILs or those based in the imidazolium family.  

These results are all further corroborated by the careful analysis of the SDS-PAGE gel 

belonging to each phase of the phosphonium-based AMTPS and the most performant 

imidazolium-based SAIL (C14mimCl), as shown in Figure 48. It should be highlighted 
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that, from the pure IgY lane, the antibody heavy chain appears in the 65-68 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 evidences that the C14mimCl-based AMTPS is able to 

retrieve most contaminant proteins into the surfactant-rich phase, thus leading to the 

highest IgY purity of the systems studied. 
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Figure 48. SDS-PAGE gel of the proteins present in the WSPF and in both surfactant-poor and surfactant-rich phases of the conventional AMTPS with 20 wt% of Triton X-

114 and the similar mixed AMTPS with 0.3 wt% of SAIL acting as co-surfactant, upon phase separation at 37 ºC. 
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3.4.3.3. IgY stability through ATR-FTIR and CD 

Stability studies were conducted to determine the structural integrity of IgY after 

purification. Thus, conventional AMTPS and SAIL-based thermo-responsive systems 

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

were only associated with the antibody and not with the contaminants. The obtained 

surfactant-poor phases after extraction with pure IgY were then analysed by ATR-FTIR, 

as displayed in Figure 49.I). From the IgY FTIR spectra examination, two different 

regions were identified as important for the structural integrity analysis of the secondary 

structure, one is amide I (~1650 cm-1), which corresponds to stretching vibration of the 

group C=O, and the other is amide II (~1550 cm-1) that corresponds to stretching on 

C=N group. Amide I region is attributed to β-sheet structures (≈1635 cm-1), as well as 

α-helices (≈1660 cm-1), random coil (≈1645 cm-1) and β-turn (≈1670 cm-1). These 

regions are usually used to identify several elements from secondary structures of 

proteins.244 As evident in Figure 49.I), and by comparing this data with pure IgY in 

buffer, there was no significant difference in the amide I and amide II peaks position in 

conventional AMTPS and in [C14mim]Cl-based AMTPS. The 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 conventional- and [C14mim]Cl-based AMTPS 

(Figure 49.II), confirming again the preservation of the antibody structural integrity. 

However, when the presence of [P8,8,8,8]Br was analysed, both peaks’ positions on the 

FTIR and CD spectra were drastically shifted, thus suggesting structural changes in IgY 

during purification, which may explain its lower extraction yield.   

 
Figure 49. Infrared (I) and CD (II) spectra of pure IgY (1 mg.mL-1) in different mediums: (a) McIlvaine 

buffer pH 6.0; (b) 1 wt% of Triton X-114; (c) 20 wt% of Triton X-114; (d) 0.3 wt% of [C14mim]Cl + 20 

wt% of Triton X-114; (e) 0.3 wt% of [P8,8,8,8]Br + 20 wt% of Triton X-114.  
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3.4.3.4. Integrated process for the IgY purification by consecutive cycles   

As previously described, the purpose of this work is to purify IgY from the WSPF, 

while applying a biocompatible and more efficient downstream process. The reuse of 

each phase former, as well as, the IgY isolation252 were also contemplated in the 

integrated downstream process envisaged in this work (Figure 50). After the proper 

optimization of the partition process, the AMTPS additivated with 0.3 wt% of 

[C14mim]Cl was selected as the most performant to purify IgY (Figure 51), considering 

the temperature 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.I) shows that use of multiple extraction steps enhances the IgY purification. 

However, this is accomplished by the loss of IgY between cycles. These results were 

also confirmed through a SDS-PAGE analysis (cf. Figure 52). This Figure shows that 

the new extraction cycles are indeed able to extract more contaminant proteins from the 

WSPF and simultaneously concentrating IgY in the surfactant-poor 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 chain bands was 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 extraction cycles has the capacity to purify and 

concentrate the IgY, with a maximum value of 73%. IgY can be further purified by the 

incorporation of an ultrafiltration step, as demonstrated in the applied patent,253 and the 

surfactant-rich phase reused by firstly eliminating the contaminant proteins, as 

previously demonstrated.254 

 
Figure 51. IgY purity (%) (bars) and yield (%) (line) obtained for each extraction cycle with mixed 

AMTPS composed of 0.3 wt% of [C14mim]Cl, upon the reuse of the surfactant-poor phase (I) and the 

surfactant-rich phase (II) with phase separation at 37 ± 0.1 ºC. 

 

Then a second cycle of purification was tested, in which the surfactant-rich phase was 

directly reutilized, however the results were not as good as the ones attained for the 

surfactant-poor phase. By analysing the IgY purities and yields (Figure 51.II), it is 

clear that the surfactant-rich phase is saturated, since the IgY purity in the second cycle 

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 IgY (50 μg of IgY cost 296€255), the 

final integrated purification process proposed is depicted in Figure 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 low-resolution downstream 

process. Our data is a considerable improvement of the previously reported IgY 

purification of 60%, achieved by sequential steps of lipids removal and precipitation 

methods.236 Apart from this study, our group has also shown the ability to extract IgY 

using simpler ATPS, however, the IgY purity was not determined, being only 

demonstrated these systems ability to achieve extraction efficiencies higher than 

79%.256 Furthermore, there are other studies attempting the IgY purification, though 

they report more complex protocols while using high-resolution techniques, such as 

chromatography (cf. Table S19 of SI). 

 
Figure 52. SDS-PAGE gel of the proteins present in both surfactant-poor and surfactant-rich phases of 

the different extraction cycles using 0.3 wt% of [C14mim]Cl, upon phase separation at 37 ± 0.1 ºC.  

3.4.4. CONCLUSIONS 

This work reports the application of surface-active thermo-responsive 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 consecutive purification cycles of the AMTPS based in 0.3 wt% of [C14mim]Cl. In 

the end, the process allowed to obtain an IgY product with 73% of purity and 

structurally intact, as confirmed by ATR-FTIR and CD.  
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3.5. CLOUD POINT EXTRACTION OF 

IMMUNOGLOBULIN G FROM HUMAN PLASMA 

 

This chapter is based on a manuscript under preparation by 

Filipa A. Vicente, Jéssica Bairos, Manuel Roque, João A. P. Coutinho, 

Sónia P. M. Ventura and Mara G. Freire,‡‡ 

 

3.5.1.  INTRODUCTION 

Plasma-derived medicinal products are considered of utmost importance according to 

the World Health Organization (WHO).257 These products comprise mainly albumin, 

clot factors and 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 deficiencies.257–259 This makes plasma and plasma-derived 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, the limited plasma availability is, by itself, a critical stepping-stone for the 

expensive cost of plasma-derived medicinal products. In addition, the compounds 

extraction and purification into pharmaceuticals requires numerous steps and 

intermediates until the final product formulation, further increasing the overall 

costs.260,261 

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, both can be 

thawed and kept for 5 days in temperatures ranging from 1 to 6 ºC and 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 high-added 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 

plasma-derived medicinal products.262 Included in these plasma-derived products are the 

immunoglobulins, which represent the major plasma product on the blood global 

market.261 However, not all hospitals and health care centers have these plasma 

manufacturers in their vicinities so most of the unused clinical transfusion plasma is 

discarded with viable immunoglobulins that could be used as a raw material in clinical 

diagnosis or immunological research.  

Immunoglobulins, or antibodies, are proteins naturally produced by the organism 

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 2021,263 due to their impressive global 

growth in the biopharmaceutical and biotechnology fields. Such demand led to the 

production of recombinant poly- and monoclonal antibodies using Chinese Hamster 

Ovary (CHO) cells as a solution for the limited plasma availability.261,264 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 high-cost final product.261,264,265 Immunoglobulins can be obtained from human 

plasma by the traditional or adapted Cohn method,266 comprising several stages of 

ethanol, caprylate or PEG precipitation, filtrations, and distinct types of 

chromatography.261,264,267 More recently, other techniques have also been applied for 

IgG purification from other sources, such as CHO cells, for instance resins with ligands 

for a specific immunoglobulin261,264 and ATPS.264,265,267–271 Chromatographic 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 cycles, batch 

processing and pressure drops.264,272 Therefore, ATPS have emerged as a cost-effective 

and easy to scale-up technique to be applied in the purification of a wide range of 

biomolecules,162 including IgG.265,267–271,273,274 IgG is the most abundant antibody, 

comprising 10-20% of total proteins in human serum, and the most used in therapies.275  

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 unused clinical transfusion plasma is envisioned. On the development of the 

process, particular attention has been given to human serum albumin (HSA), since this 

is the most abundant contaminant protein present in human plasma. In the end, the 

purification process implemented to get access to a purer IgG antibody should be 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 and promote the well-being for all, as requested by Europe and the 3rd 

Sustainable Development Goal (Agenda 2030). 

3.5.2. EXPERIMENTAL SECTION 

3.5.2.1. Materials 

Conventional nonionic surfactants, Triton X-114 (technical grade) and Tergitol 15-S-7 

(purity ≥ 99%) were acquired at Acros Organic and Sigma-Aldrich, respectively. The 

SAILs used as co-surfactants were 1-methyl-3-tetradecylimidazolium chloride - 

[C14mim]Cl (purity > 98 wt%), purchased from Iolitec (Ionic Liquid Technologies, 

Heilbronn, Germany); tributyltetradecylphosphonium chloride - [P4,4,4,14]Cl (purity = 95 

%), provided by Iolitec; benzyldodecyldimethylammonium bromide - [N1,1,12,(C7H7)]Br 

(purity > 99%) obtained at Sigma-Aldrich; and cholinium tetradecanoate - 

[Ch][Tetradec], synthesized in-house.217 The structures of all the surface-active 

compounds are present in Figure 53. To prepare the McIlvaine buffer, the sodium 

phosphate dibasic anhydrous - Na2HPO4 (purity ≥ 99%) and citric acid anhydrous - 

C6H8O7 (purity ≥ 99.9%) were acquired from EMSURE ACS, Reag. PhEur and VWR 

Chemicals BDH Prolabo, respectively. For the mobile phase, sodium phosphate dibasic 

heptahydrate - Na2HPO4●7H2O (purity 98-102%) was combined with sodium 

phosphate monobasic - NaH2PO4 (purity 99-100.5%) 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 protocols260 and by authorized personnel. Pure IgG (purity ≥ 95%) and HSA 

(purity 96%) were acquired at Sigma-Aldrich and Alfa Aesar, respectively. 
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Figure 53. Chemical structures and abbreviations of 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.70 The cloud point 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 phases: a surfactant-poor and -rich phases. Two or 

three cloud point replicas were taken, being the average determined and considered in 

the plot of the binodal curves. Mixtures composed of 4 to 21 wt% of each surfactant in 

absence and presence of 0.3 wt% of SAIL were analysed, being the system completed 

with McIlvaine buffer (pH 6.0, 0.16 M, since this pH has proven to be more selective 

with phosphate buffer265) up to 10 mL of final volume. The systems were heated 

between 10.00 ºC and 55.00 ºC in a temperature-controlled water bath with a precision 

of ± 0.01 ºC (ME-18V Visco-Thermostat, Julabo). 

3.5.2.2.2. Plasma analysis through SE-HPLC 

 

Pure IgG and HSA, and plasma samples from two donors (#1 and #2) were analysed 

through a SE-HPLC with a size exclusion column Shodex Protein KW-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.min-1 at 40 ± 0.1 ºC. The injection 

volume was 25 µL and the wavelength was set at 280 nm using a DAD. IgG and HSA 
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quantifications were carried out by an external standard calibration method in the range 

from 1 to 14 mg.mL-1 and 5 to 50 mg.mL-1, respectively. 

 

3.5.2.2.3. Screening of surfactants and process conditions 

A response surface methodology was carried out using a 22 factorial planning to allow 

the simultaneous study of the surfactant and plasma concentrations. These two 

parameters were the independent variables while the IgG purity (%) was the response 

variable. Herein, a total of 11 extractions was performed (Table 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 confidence level of 95%. The 

adequacy of the model was determined. The Statsoft Statistica 8.0© software was 

applied in the statistical analysis and preparation of the response surface plots. This 

protocol was used to study and compare the two nonionic surfactants and a third time 

for further optimization with the best surfactant. The respective coded and decoded 

matrices are presented in Tables S20 and S21 of SI. Once the surfactant and plasma 

concentrations have been defined, the systems were prepared, being completed with 

McIlvaine buffer (pH 6.0, 0.16 M). Each system was under homogenization for ~2 h 

and left overnight at 40 ± 0.1 ºC to guarantee the complete phases separation and the 

thermodynamic equilibrium of the phases. Afterwards, the phases were carefully 

separated, and their volumes and weights taken before proteins quantification through a 

SE-HPLC, as previously described for plasma. The chromatograms were used for the 

determination of the IgG purity and yield, according to Eqs. 23 and 24, respectively. 

                     IgG purity (%)  
IgG area

(Contaminant Proteins + IgG) area
×  00                       Eq. 23  

                      IgG yield (%)  
IgG weight𝑠𝑢𝑟𝑓𝑎𝑐𝑡𝑎𝑛𝑡−𝑝𝑜𝑜𝑟 𝑝ℎ𝑎𝑠𝑒

IgG weight𝑖𝑛𝑖𝑡𝑖𝑎𝑙
×  00                          Eq. 24 

where IgG weightsurfactant-poor phase represents [IgG] in the surfactant-poor phase × volume 

of the surfactant-poor phase, and IgG weightinitial corresponds to [IgG] in plasma × 

volume of plasma added.  

HSA purity and yield were determined according to Eqs. 25 and 26: 

                  HSA purity (%)  
HSA area

(Contaminant Proteins + HSA) area
×  00                 Eq. 25  

                        HSA yield (%)  
HSA weight𝑠𝑢𝑟𝑓𝑎𝑐𝑡𝑎𝑛𝑡−𝑝𝑜𝑜𝑟 𝑝ℎ𝑎𝑠𝑒

HSA weight𝑖𝑛𝑖𝑡𝑖𝑎𝑙
×  00                      Eq. 26 
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where HSA weightsurfactant-poor phase represents [HSA] in the surfactant-poor phase × 

volume of the surfactant-poor phase, and HSA weightinitial corresponds to [HSA] in 

plasma × volume of plasma added.  

To analyse the surfactant-rich phase, a protein precipitation was performed to avoid the 

damage of the HPLC column by the surfactant presence. Thus, 4 mL of cold acetone 

were added to 1 mL of each surfactant-rich phase and left for 4 h at -20 ºC. Then, the 

systems were centrifuged for 30 min at 4 ºC and 5500 rpm and the supernatant 

discarded. The proteinic pellet was resuspended in 1 mL of McIlvaine 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 purification, 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 IgG purification. 

3.5.3. RESULTS AND DISCUSSION 

3.5.3.1. Design of the binodal curves 

The cloud points of both Triton X-114 and Tergitol 15-S-7 in McIlvaine buffer (pH 6.0) 

were determined and the binodal curves plotted. These binodal curves were previously 

published in literature for both surfactants and at the same pH,92,276 but were herein 

repeated to be done at the same conditions as the mixed systems. These results are 

present in Figure 54, where it can be seen a difference of approximately 10 ºC in the 

cloud points between the two surfactants, as expected from the comparison of the same 

systems for different pH14,92 and even in water.277 This result is explained by the distinct 

self-organization of the monomers of both surfactants, since the main difference 

between them lies on the linear versus ramified tail of Tergitol and Triton, respectively. 

Both surfactants display an identical molecular weight and hydrophilic-lipophilic 

balance,69 therefore the micelles characteristics and, the preferential interactions taking 

place may be the reason for such cloud point difference.  
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Figure 54. Binodal curves of nonionic surfactants Triton X-114 (●) and Tergitol 15-S-7 (■) in absence 

and presence of SAILs as co-surfactants: ●/■, [C14mim]Cl, ●/■, [N1,1,12,(C7H7)]Br, ●/■, [P4,4,4,14]Cl, and 

●/■, [Ch][Tetradec]. All systems are buffered with McIlvaine buffer (pH 6.0). 

Regarding the 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 micelles in their absence. In 

turn, these micelles are better solubilized in water, requiring higher temperatures to 

promote a higher entropy and consequently higher solute-solute interactions, thus 

leading to the micelles coalescence and later phase separation.92 Additionally, there is 

the contribution of the repulsion between the charged mixed micelles.92 This is evident 

for the mixed systems composed of [C14mim]Cl, [N1,1,12,(C7H7)]Br and [P4,4,4,14]Cl. A 

clear exception is the [Ch][Tetradec]-based systems presenting lower cloud points for 

both surfactants than the systems without SAIL. This was also reported for Tergitol 15-

S-7 and other nonionic surfactants belonging to the Tergitol family92 and 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 been shown to 

influence considerably the micelles characteristics, particularly their size.278 Herein, the 
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incorporation of [Ch][Tetradec] in the micelles of these nonionic surfactants led to the 

formation of larger micelles owing to the higher counterion binding and lower solute-

solvent interactions.92 Thus, these mixed micelles are less soluble in water and the 

solute-solute interactions are preferable, leading to their coalescence at lower 

temperatures. 

3.5.3.2. Optimization of IgG purification 

As aforementioned, human plasma is a complex matrix rich in different proteins, such 

as HSA and immunoglobulins, being IgG the most abundant. First of all, both plasma 

samples used in this work and pure solutions of IgG and HSA were characterized, 

allowing the identification of each protein and representative SE-HPLC peaks. The 

results are presented in Figure 55, showing that IgG peak appears at around 15 min, 

whereas HSA is identified at around 17 min. Meanwhile, both plasma samples from 

donors #1 and #2 were analysed revealing two distinct profiles. Plasma from donor #1 

displayed three peaks; the 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 second peaks representing protein aggregates and the third and fourth peaks 

representing IgG 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 completely remove it from the presence of IgG. 

 
Figure 55. Chromatograms of pure solutions of 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 was carried at a temperature of 40 ºC to guarantee that, in the range of 
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surfactant concentrations studied, the biphasic region is reached. For the IgG 

purification, a 22 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 matrices are present in Table S20 of SI and are identical for both surfactants, 

whereas the experimental and theoretical data for the IgG purity as well as the residues 

are displayed in Tables S22 and 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 and p-value were also calculated for Triton X-114 and Tergitol 15-S-7, 

respectively, and reported in Tables S24 and S25. The response surface and contour 

plots of the IgG purity (%) versus the surfactant and plasma concentrations, are 

displayed in Figures 56.I) and II) for Triton X-114, and in Figures 56.III) and IV) for 

Tergitol 15-S-7. The results obtained in this study suggest the preferable partition of 

IgG towards the surfactant-poor phase, owing to its more hydrophilic character and 

considerably high molecular weight (153 kDa279). 

 
Figure 56. Response surface plots (left) and contour plots (right) of the IgG purity (%) for the systems 

composed of Triton X-114 (I and II) and Tergitol 15-S-7 (III and IV). 

IgG purity (%) I) II)

IgG purity (%)
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The 22 factorial planning both surfactants (Figures 56.I) and II) for Triton X-114 and 

Figures 56.III) and IV) for Tergitol 15-S-7) showed that none of the experimental 

extraction mixtures are in the optimal region to achieve the highest IgG purification. 

Herein, none of the independent variables were statistically significant as demonstrated 

by the Pareto charts (Figures S33 and S34, corresponding to Triton X-114 and Tergitol 

15-S-7, respectively) and thus, a second factorial planning was designed. However, for 

Triton X-114, the second planning was experimentally inoperable (surfactant 

concentration ≥ 15 wt%, and plasma concentration < 2 wt%), dictating its discard. 

Thereby, only Tergitol 15-S-7 second 22 factorial planning was conducted, with the 

results being displayed over Figures 57.I) and II). Its coded and decoded matrices are 

present in Table S21 of SI, with the experimental and theoretical results, and the 

statistical analysis, Tables S26 and S27, respectively. According to the results, the 

highest IgG purification was obtained by selecting a surfactant concentration in the 

range of 16-19 wt% and a 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 of Figure S35. Besides the IgG purity, its extraction 

yield is equally important, so it was also determined (Table 10). By combining the data 

from both Figure 57 and Table 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%). These results suggest that the mixtures displaying the highest IgG purification 

are not the ones that led to the highest IgG yield, being the IgG 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 would be lost. 

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 extraction yield. 
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Figure 57. Response surface plots (I) and contour plots (II) of the IgG purity (%) for the systems 

composed of Tergitol 15-S-7 for the different concentrations of plasma and surfactant under study. 

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

wt% Surfactant wt% Plasma IgG Purity (%) IgG Yield (%) HSA Purity (%) HSA Yield (%) 

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 that HSA (main contaminant present) prefers the 

surfactant-poor phase, being its partition behaviour in line with the IgG migration. It is 

clear that the best conditions to recover more IgG (87.8%) in the surfactant-poor phase 

are the same leading to the highest HSA recovery (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 

results of IgG purity obtained, a pH study was conducted. The initial studies were 

performed at pH 6.0, since it has been reported to be the most selective pH for the IgG 

purification.265 Here, the main objective was to manipulate the pH versus isoelectric 

point (pI) of some of the plasma proteins to change their solubility and/or surface 

charge, consequently manipulating their affinity for each phase. HSA displays a pI of 

4.7280 so it will always display a negative charge in the studied pH range. On the other 

hand, IgG is always close to its pI that generally ranges between 6.6 and 7.2, though for 

some isoforms, IgG’s pI can reach 8.6.279 The pH effect on the IgG purification is 

shown in Table 11, alongside with the purity and yield of HSA, while being compared 

with the purity of both proteins in human plasma. These results were achieved with 

IgG purity (%)
I) II)

4

12

10

14 15 16 17 18 19 20 21 22

2

18

16

14

8

6

w
t%

 P
la

sm
a

wt% Surfactant



3.  PURIFICATION OF THERAPEUTIC PROTEINS 

158 

 

plasma from donor #2, which clearly has a significant impact over the purities observed, 

as visible in the reduced purity of both IgG 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 46.0%, 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 depending on the person’s health. This variation is 

inevitable when working with human fluids, so in each optimization step, the 

conclusions should be regarded by comparing the results obtained and having as 

background the plasma used and the conditions studied. It was in this context that a 

sequential optimization was performed, meaning that, in each step, the best condition 

was selected and remained constant in further studies.  

Table 11. Effect of different pH values on the purity (%) and yield (%) of IgG and HSA when AMTPS 

are applied on their fractionation versus IgG and HSA purity (%) in the plasma (donor #2). 

Plasma/AMTPS 

pH 

IgG HSA 

Purity ± std (%) Yield ± std (%) Purity ± std (%) Yield ± std (%) 

Plasma 29.2 --- 46.0 --- 

pH 6.0 32 ± 2 44 ± 4 30 ± 3 26 ± 4 

pH 7.0 34 ± 1 71 ± 2 39 ± 2 50 ± 3 

pH 8.0 33.3 ± 0.4 86 ± 5 41.4 ± 0.2 58 ± 7 

 

Table 11 demonstrates that the pH has no significant effect on the IgG purification. 

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 best value for further optimizations, even if it is also the pH 

where more HSA is recovered in the surfactant-poor 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 biphasic region as demonstrated by the phase diagrams shown elsewhere.92 

Binodal curves with these mixed systems at pH 8.0 were never previously 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 8.0.92 Additionally, pH 6.0 was proven to be the 

studied system with higher cloud points,92 so if at 40 ºC we are working on the biphasic 

region of all systems, the same will happen at pH 8.0. 



3. PURIFICATION OF THERAPEUTIC PROTEINS 

159 

 

Aiming at maximizing the IgG purity, the addition of a co-surfactant to the system was 

investigated. SAILs are excellent candidates due to the their enhanced selective 

performance to separate different compounds when added as co-surfactants to nonionic 

micelles.14 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 SAIL belongs to a different 

family, namely those based in the imidazolium ([C14mim]Cl), phosphonium 

([P4,4,4,14]Cl), cholinium ([Ch][Tetradec]) and ammonium ([N1,1,12,(C7H7)]Br). These 

results were compared with the performance of the conventional AMTPS, i.e. without 

any SAIL. IgG and HSA purities of all mixed AMTPS were also compared with the 

proteins initial purity in the plasma (Table 12). 

Table 12. Influence of the SAILs incorporation in the micelles upon the purity (%) and yield (%) of IgG 

and HSA and compared with the proteins initial purity (%) in the plasma (donor #2). 

Plasma/AMTPS 
IgG HSA 

Purity + std (%) Yield + std (%) Purity + std (%) Yield + std (%) 

Plasma 24.6 --- 49.1 --- 

Without SAIL 25.3 ± 0.7 94.0 ± 0.1 45 ± 1 47 ± 3 

[C14mim]Cl 27 ±2 79 ± 4 41 ± 1 37.3 ± 0.5 

[P4,4,4,14]Cl 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,(C7H7)]Br 27.5 ± 0.5 87 ± 3 44.8 ± 0.6 41.0 ± 0.5 

 

These results were obtained using plasma from donor #2, yet it can be here seen a 

reduction in the IgG purity and an increase in the HSA’s from 29.2% to 24.6% and from 

46.0% to 49.1%, respectively, which is justified by the lack of plasma homogenization 

when it is sliced 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 IgG purity. Nonetheless, the use of mixed AMTPS leads to an increase of the 

antibody extraction yield when compared with previous results, ranging 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][Tetradec] ≤ without SAIL ≤ [P4,4,4,14]Cl < [N1,1,12,(C7H7)]Br < [C14mim]Cl. 

[C14mim]Cl is able to recover only 3/8 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 surfactant-poor phase will be implemented to increase the IgG 

purity by completely removing the contaminant proteins still present.  
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Up to now, the results achieved are identical to those obtained for the IgG purification 

from human plasma with a traditional polymer-salt ATPS, considering a similar scale, 

both in terms of the antibody purity and extraction yield.267 Yet, our extraction yields 

can reach more than the double of the yield achieved using the conventional Cohn 

methodology.267 It should also be stressed that, even though the IgG purification is a hot 

topic,265,267,283,268–271,273,274,281,282 only our work and the studies developed by Vargas and 

co-workers267,268 have reported the use of human plasma as the matrix, with these 

authors considering the use of a multistep approach. On their process, the 

immunoglobulin-rich phase is run through different steps of purification, namely 

caprylic acid precipitation, followed by a filtration and dialysis and a final anionic 

exchange chromatography.267 Later on, this methodology was improved, and the 

immunoglobulin-rich phase was firstly precipitated with caprylic acid and filtrated 

before entering in a diafiltration. Then, the immunoglobulin solution entered an anionic 

chromatography and a final diafiltration combined with ultrafiltration steps.268 Herein, 

authors were able to completely fractionate human plasma within the distinct IgG 

isoforms, factor clots, plasmin and thrombin,268 though this was accomplished using a 

complex and expensive approach. In contrast, we focused on the development of a 

simple and cost-effective downstream process to purify IgG from human plasma 

(Figure 58). Herein, plasma was directly introduced in a [C14mim]Cl-based thermo-

responsive system. Afterwards, the two phases were collected and the IgG-rich phase 

(surfactant-poor phase) enters an ultrafiltration step to allow the antibody polishing, 

while the surfactant-rich phase, containing most of the contaminant proteins, is mixed 

with cold acetone to allow the proteins removal and the reuse of this phase.254 
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Figure 58. Diagram of the integrated process for the purification of IgG from unused clinical plasma. 

 

3.5.4. CONCLUSION 

Plasma-derived medicinal products are of utmost importance in a daily basis. 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 co-surfactants, was characterized and applied towards the purification of IgG, 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 terms of concentrations 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 [C14mim]Cl-based system at pH 8.0, while showing an efficient, 

innovative, cheap and biocompatible process for the IgG purification from unused 

clinical plasma. Thus, SAIL-based thermo-responsive systems arise as an appealing and 

viable option to valorize a plasma-derived medicinal product that would, otherwise, be 

discarded.
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4.1. MICROFLUIDIC-BASED APPLICATIONS FOR 

BIOMOLECULES EXTRACTION  
 

This chapter is based on the manuscript under preparation by  

Filipa A. Vicente, João A. P. Coutinho, Polona Žnidaršič Plazl and Sónia P. 

M. Ventura,§§ 

 

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 micro- and nanometers. These dimensions hold the secret for the underlining 

benefits of these devices, namely the small amounts of sample and reagents, higher 

surface to volume ratio, and increased mass and heat transfer. Thus, microfluidics have 

shown outstanding breakthroughs in several fields, for instance biomedical research, 

chemistry and engineering. Among the diverse applications, microchips have been 

applied in cell lysis and/or extraction,284–288 blood fractionation (reviewed elsewhere289), 

DNA,290–295 RNA292 and proteins purification,296–299 metal extraction (reviewed in 

300,301) and in the development of a variety of enzymatic reactions.302,303 Several of these 

applications focused on the use of microfluidics for process intensification. Besides the 

microfluidics advantages, their adoption leads to a cost decrease of the process scale-up 

along with a reduction of the raw materials/solvents required. Additionally, the energy 

costs and environmental impact of the processes are also reduced, as previously 

reviewed.304,305 
 

4.1.1.1.  Miniaturization phenomenon – some theoretical notions 

Macroscale experiments are usually performed in 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 contrast, when the scale is reduced, surface and 

interfacial tensions, as well as, viscosity and capillarity are the main forces behind the 

                                                           
§§ Contributions: F.A.V and S.P.M.V. wrote the manuscript under preparation 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 or turbulent) and direction within the microchip; 

and can be manipulated by the Reynolds (ReM) and capillary numbers, as summarized 

in Table 13. ReM is a dimensionless quantity determined as the ratio of inertial and 

viscous forces within a fluid subjected to relative internal movement due to different 

fluid velocities. In a system where viscous forces dominate, there is a low ReM and 

consequently, the fluids display a laminar flow, being the mass transfer only due to 

diffusion.306 On the other hand, when the system is controlled by inertial forces, the ReM 

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 between 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 within a microfluidic device. 

Reynolds number 

(ReM) 

Inertial > viscous forces Inertial < viscous forces 

High ReM Low ReM 

Turbulent flow 
 

 

Laminar flow 
 

 

Diffusive and convective mass transfer Diffusive mass transfer 

Capillary number 

Viscous forces > Surface/interfacial 

tension 

Viscous forces < Surface/interfacial 

tension 

High capillary number Low capillary number 

 

The microfluidics concept was firstly proposed in 1969 by Lew and Fung307 without 

being completely aware of the microfluidic phenomenon per se. These authors 

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, and that this flow 

was determined by the low ReM. At 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 ReM, which leads to a continuous, stable and laminar flow.308,309 

Moreover, the miniaturization allows the formation of a large interface area due to the 

https://en.wikipedia.org/wiki/Ratio
https://en.wikipedia.org/wiki/Viscous
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increased surface to volume ratio (S/V). Consequently, the diffusion distance decreases 

considerably, causing the diffusion time to be a lot faster than in the macroscale 

systems,306,308 ranging from seconds to minutes. The diffusion at microscale was firstly 

reported by Brody and Yager308 in 1997  through particles diffusion in a H-filter 

microchip. Herein, the authors confirmed the theoretical equation deductions that in low 

ReM flow, i.e. laminar flow, there 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 phases flow 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 flow (Figure 59.I to VI) can be 

shifted to a segmented flow following some changes in the merging conformation of the 

inlets, namely by creating a perpendicular conformation, also known as T-shape 

conformation or T-branch (Figure 59.VII and VIII), or through the so-called flow 

focusing geometries (Figure 59.IX to XI). In the first scenario, the organic and aqueous 

phases are put in contact through a 90º 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 simultaneously: one in the central/inner channel and the other in the 

outer channels, preferably contacting also at a 90º angle. After merging together but not 

mixing, the fluids pass through a small orifice, leading to the droplet formation. In both 

cases, the formation 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 non-linearity, thus leading to droplet  

(Figure 59.VII, VIII, X, XI) or slug formation (Figure 59.IX), as reviewed in 310,311.  



4.  PURIFICATION OF BIOMOLECULES “ON-CHIP” 

168 

 

 
Figure 59. Different examples of microfluidic devices applied for laminar (I to VI) and segmented flows 

(VII to XI). I) to III) and IV) to VI) are a representation of a laminar flow within a microchip with two 

and three inlets/outlets with a straight and serpentine main channel, respectively. VII) to XI) evidence the 

two most common conformations that originate segmented flow, namely T-shape/branch conformation 

(VII and VIII) and flow focusing geometry (IX to XI). Segmented flow can display distinct regimes, for 

instance slugs (IX) and droplets (VII, VIII, X, XI). 

As aforementioned, many researchers have focused their attention on the design and 

characterization of microfluidic devices to be applied in the LLE field. In fact, by 

searching the keywords (“liquid-liquid extraction” and “microfluidic devices” or 

“microfluidics” or “microchips”), it was possible to observe that there has been an 

increasing interest in combining these fields, as shown in Figure 60. This review aims 

at discussing the microfluidic devices developed to be used only in the LLE of 

biomolecules.  

Laminar flow – straight vs. serpentine microchips

I) II) III)

IV)

V) VI)

IX) X) XI)

Increasing flow rates = smaller and more frequent droplets

VII) VIII)

Segmented flow – T-shape vs. X-shape configuration

Slug regime Droplet regime Droplet regime
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Figure 60. Number of publications published each year, from 1969 up to present, on the use microfluidic 

devices for liquid-liquid extraction. 

4.1.2. TRADITIONAL LIQUID-LIQUID MICROEXTRACTION 

LLE is a technique that allows the extraction and purification of compounds through the 

mass transfer a solute from the feed towards the extraction solvent. After the close 

contact between the two immiscible liquids, the mass transfer takes place until the 

thermodynamic equilibrium is reached and the two phases are completely separated. 

One of the phases is the extract, containing the extraction solvent and the solute at the 

end, while the other phase, comprising the feed, is called the raffinate.312 Traditionally, 

LLE is accomplished using an organic and an aqueous solution, being the solute 

transferred between the coexisting phases accordingly to its affinity for each phase.200 

Since the beginning of the 21st century, LLE has been applied for microextraction 

within microfluidic devices for both (bio)molecules separation/extraction and reactions. 

These compounds are summarized in Figure 61.  
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Figure 61. Biomolecules extracted using conventional LLE on a microfluidic device (I) and their 

structure (II). 

The microextraction studies can be divided into five main groups: i) laminar flow 

microextraction, ii) segmented flow-based microextraction, iii) improvements on the 
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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 microchannel (Figures 59.I to VI). The fluids flow 

rates, their flow ratio, the chip’s microchannel geometry (straight or in serpentine) as 

well as its length are among the parameters influencing the laminar flow formation. 

When formed, additional concerns appear, namely if the flow rate and the 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 either advantageous 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 system, increasing the interfacial area and 

thus, allowing a more effective mass transfer. On 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, for example, 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, there is the 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 away. However, laminar flow only allows 

mass transfer by diffusion, resulting in longer 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 pattern as well as the microchip and solvents used 

are summarized in Table 14. 
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Table 14. Molecules extracted using a laminar flow-based microextraction as well as the microfluidic device specifications and solvents used.  

Molecules extracted Microfluidic device apparatus Solvents Ref. 

Methyl red 

A glass microchip with two inlets/outlets and a straight main 

channel 

Organic phase: n-octanol or cyclohexane, aqueous phase: 

hydrochloric acid solution containing the methyl red 
313 

A glass microchemical chip composed of a circular shallow 

microchannel in contact with a surrounding deeper 

microchannel, with two inlets and one inlet. 

Organic phase: toluene, aqueous phase: methyl red aqueous 

solution 
314 

Methyl red and disperse 

red 

A glass microchip with three inlets/outlets and a straight main 

channel 

Organic phase: cyclohexane, aqueous phase: hydrochloric acid 

solution containing the methyl red solution in ethanol 
315 

Bromophenol blue 
A glass microfluidic device incorporated in an inject printer 

with three inlets/outlets and a single main channel 
Organic phase: m-xylene, aqueous phase: water 316 

Rhodamine 6G 

A poly(dimethylsiloxane) (PDMS) microfluidic device with two 

inlets/outlets and a straight main channel. Inside the main 

channel a rectangular and a cross shape microstructures were 

introduced to create turbulence 

Organic phase: n-octyl alcohol, aqueous phase: aqueous solution of 

rhodamine 6g (10 ppb) 
317 

Azobenzene 
A glass microfluidic device with two inlets/outlets and a 

serpentine main channel 
Organic phases: methanol with azobenzene and n-octanol 318 

BSA 
A PDMS microfluidic device with one inlet/outlet and a main 

channel in contact with several micro-wells 

Organic phase: phenol/chloroform/isoamyl alcohol, aqueous phase: 

bacterial lysate 
294 

Strychnine and brucine 
Two glass microfluidic devices: one with two and other with 

three inlets/outlets and a straight main channel 

Organic phase: chloroform, aqueous phase: basic aqueous solution 

of 0.05-0.25 mM of strychnine or 0.2 mM of strychnine nitrate, 

basic aqueous solution of Strychnos seeds extract, acidic aqueous 

solution 

319 

Ephedrine 
A PDMS/glass hybrid microfluidic device with two 

inlets/outlets 

Organic phase: ethyl acetate, butyl acetate or cyclohexane, aqueous 

phase: water spiked with ephedrine 
320 

Amphetamines 
A glass microchip with two inlets/outlets and a serpentine main 

channel 

Organic phase: 1-chlorobutane, aqueous phase: alkaline urine 

(containing ammonia and EDTA) 
321 

Caffeine 
A thiolene-based platform with two inlets/outlets and a straight 

main channel 

Organic phase: n-octanol containing the caffeine, aqueous phase: 

phosphate buffer 
322 

Carbaryl derivative 

(pesticide) 

Two glass microfluidic devices, one with two inlets, converging 

into a straight main channel and an outlet and the second with 

three inlets, converging into a serpentine main channel that 

diverges into two outlets 

Organic phase: toluene, aqueous phase: alkaline carbaryl/1-

naphthol solution 
323 

Carbaryl, carbofuran, 

propoxur and bendiocarb 

A glass microfluidic device with four inlets, the first two inlets 

converged into a serpentine main channel, which is latter on the 

Organic phase: 1-butanol, aqueous phase: ethanol/water mixture 

containing the pesticides derivatives 
324 
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derivatives (carbamate 

pesticides) 

chip the converging point with the other two inlets, and finally 

the main channel diverges into two outlets 

Petroleum hydrocarbons 
A glass microfluidic device with two inlets/outlets and a straight 

main channel 
Two organic phases: oil and hexane 325 

Polychlorinated biphenys 
A glass microchip with one inlet/outlet and a serpentine main 

channel with several microwells 
Two organic phases: oil or hexane and DMSO 

326–

328 

5-methylresorcinol 
A glass microchip with two inlets converging into a straight 

main channel with one outlet 

Organic phase: ethyl acetate containing 5-methylresorcinol, 

aqueous phase: 4-nitrobenzene diazonium tetrafluoborate solution 
329 

Progesterone and 11α-

hydroxyprogesterone 

A glass microreactor with two inlets/outlets and a serpentine 

main channel 

Organic phase: ethyl acetate, aqueous phase: steroid solution 330 

Organic phase: ethyl acetate, aqueous phase: R. nigricans pellets 

with progesterone and β-cyclodextrin 
331 

Cholesterol oxidation to 

4-cholesten-3-one 

A microchannel reactor with two inlets converging into a main 

channel and one outlet 

Organic phase: n-heptane, aqueous phase: cholesterol oxidase 

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 Kitamori group,313 in which the methyl 

red partition 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 fluid (n-octanol or 

cyclohexane), quantified through the 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 raffinate.31 They concluded that the dye concentration in the aqueous phase 

decreased with time depending on the organic phases 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 of the solute for this phase. This was further 

proved when an additional dye, the disperse red, was studied in comparison with the 

methyl red in an cyclohexane/water (0.1 N hydrochloric acid solution) system using an 

analogous microchip.315 This microscale data was 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 reaction-separation process can be carried in 

a microfluidic device by performing a reaction in one phase with the extraction of the 

product in the opposite phase (Figure 62). The authors followed the diffusion of 5-

methylresorcinol from the organic (ethyl acetate) towards the aqueous phase, where it 

reacted with a diazonium salt, resulting in a product that was then extracted into the 

organic phase.329 The conversion efficiency of the resorcinol derivative was 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 cm-1. Nevertheless, when the stirring was increased, the (S/V) 

increased to 40 cm-1, which is half of the (S/V) obtained in microscale in absence of any 

stirring. With the (S/V) increase so did the substrate conversion since there was a larger 

area for the transfer 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 substrate 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 product was also formed.  

 
Figure 62. Photography of the glass microchip used in ref329 and the liquid–liquid interface formed inside 

the microchannel (I), in which the reaction shown as inset II) was realized. Adapted from 329. 

 

In order to mimic a biological membrane to further study drug transport in vitro, 

Kitamori and co-workers313–315,321,323,324,329 designed a microchip with three 

inlets/outlets and a straight main channel. This new conformation allowed the formation 

of a three layers flow within a microfluidic device, creating an artificial membrane. This 

microchip was tested through the diffusion of methyl red within the different layers: 

water (0.1 N of hydrochloric acid solution) as donor - organic solvent (cyclohexane) as a 

liquid membrane - water (0.1 N hydrochloric acid solution) as the acceptor. The three 

distinct flow rates were crucial to allow the formation of this parallel multilayer laminar 

flow system.315 The experimental diffusion of the dye was studied through its 

concentration in each phase, being these results then compared with a numerical 

simulation of the diffusion-driven analyte mass transfer from donor to acceptor phases 

through an organic membrane. The results showed that, while in the same order of 

magnitude, the simulation predicted a 60% slower permeability rate than experimentally 

observed. Hence, authors concluded that, even though diffusion was the main 

phenomenon taking place, other interfacial phenomena might be influencing the dye 

permeability through the liquid membrane. Kitamori and co-workers continued the 

liquid-liquid microextraction investigation by focusing on analytical problems, namely 

the presence of pesticides in water323,324 and the amphetamines addition and abuse 

through its detection in human urine.321 In order to detect and quantify pesticides in 

water, Smirnova et al.323 proposed a device composed of two coupled glass microchips. 

The first displayed a two inlets 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 outlets (Figure 63.I). The first chip was used for the pesticide hydrolysis 

into 1-naphthol and the second was directed for the 1-naphthol coupling reaction with 

diazotized trimethylaniline, giving rise to an azo dye product that is further extracted 

I) II)



4.  PURIFICATION OF BIOMOLECULES “ON-CHIP” 

176 

 

into the organic (toluene) phase to be detected and quantified.323 Optimization studies of 

both organic and aqueous flow rates were carried out to evaluate if the correspondent 

residence time was 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, theoretically, concentrate 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 3.4x10-7 and 3.5x10-6 M, and a 

detection limit of 7x10-8 M, which is two orders lower than the detection limit of 

conventional spectrophotometric methods.  

 
Figure 63.I) Schematic representation of the integration of carbaryl determination onto microchips. 

Target carbaryl was hydrolysed in chip 1 to 1-naphthol. In chip 2, 1-naphthol was coupled with 

diazonium ion and extracted into the organic phase. II) Schematic representation of the integration of the 

previous two chips into a single microfluidic device. Adapted from 323,324. 

Later on, authors improved the microfluidic device by combining the two platforms into 

a single microchip and applied it in the separation of a mixture of carbamate pesticides: 

carbaryl, carbofuran, propoxur and bendiocarb324 (Figure 63.II). However, to do the 

coupling reaction for all pesticides at once and originate the azo dye products, the 

diazotized trimethylaniline had to be replaced by p-nitrobenzenediazonium 

tetrafluoroborate, and the organic phase was also changed to 1-butanol to allow the 

recovery of the azo dye products. Again, flow rate optimization studies were performed, 

II)

I)
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achieving an experimental EE value of 73%. All these developments allowed to bring 

the detection limit of carbaryl, carbofuran, propoxur, and bendiocarb to 1.5 x10-8 M, 1.1 

x10-8 M, 3.5 x10-8 M and 1.2 x10-7 M, respectively, that are at least two orders lower 

than the detection limit of conventional spectrophotometric methods. Miyaguchi et 

al.321 directed their attention towards the amphetamines extraction, incorporating 

microfluidics into forensic toxicology. To do so, an organic (1-chlorobutane) - aqueous 

(alkalinized urine spiked with amphetamines) system was prepared and injected into a 

two inlets/outlets microfluidic device with a serpentine main channel for the LLE. 

Afterwards, the amphetamines were quantified by gas chromatography (GC) and their 

EEs determined. These results showed that slower flow rates led to higher EE due to a 

longer contact time and thus, a higher mass transfer. In the beginning of the process, the 

EEs were around 20-30%, nevertheless, they increased and reached 70% after several 

hours of microchip use. The authors suggested that this might be caused by some 

turbulence near the interface due to the continuous use of the microchip, resulting in the 

mass transfer increase. However, these values were not very reproducible. Furthermore, 

micro and macroscale EEs values were compared, and the results displayed a discrepant 

value difference of 26-31% to 97-102% of micro and macroscale, respectively. These 

results indicate that at microscale the extraction process has not reached its 

thermodynamic equilibrium. If this was the case, the comparison between both scales 

should be identical and the continuous use of the chip would not have led to the EE 

increase.  

Soon after this study, Žnidaršič-Plazl and Plazl330 investigated the extraction of 

pharmaceutical compounds with the extraction of two steroids from water, namely 

progesterone and 11α-hydroxyprogesterone, using an organic (ethyl acetate) - aqueous 

system in a two inlets/outlets with a serpentine main channel microreactor (Figure 64).  

 
Figure 64. Schematic representation of the microfluidic device used by Žnidaršič-Plazl and Plazl330 with 

the LLE system composed of water + ethyl acetate to extract two steroids. 
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The results showed the complete extraction of the steroid with high EEs in the outlet for 

slow flow rates (1-2 μL.min-1). However, for higher flow rates (4 μL.min-1) the 

separation was not possible due to an unstable flow with slug formation. Later, the 

authors promoted the bioconversion of progesterone to 11α-hydroxyprogesterone 

through a hydroxylation carried by the filamentous fungus Rhizopus nigricans in an 

integrated process.331 After the microorganism growth, the biomass pellets were 

collected and the increase in the progesterone solubility in the aqueous feeding stock 

was achieved by the addition of β-cyclodextrin, which was proven to be the best organic 

solvent studied. This aqueous phase was introduced in the microchip along with the 

ethyl acetate. At the outlets, both progesterone and 11α-hydroxyprogesterone were 

quantified in both phases to evaluate the EE of this bioconversion “on-chip”, which was 

then compared to macroscale conversion. The miniaturization process allowed a very 

efficient continuous steroid extraction within a few seconds compared to the several 

days required to achieve a steady state in a laboratory scale. Afterwards, Plazl and co-

workers302 carried out the steroids extraction, also through an enzymatic reaction, but 

this time via the oxidation of cholesterol, by cholesterol oxidase, to 4-cholesten-3-one. 

This enzymatic reaction was accomplished in microscale by an identical microchip and 

at batch experiments. In both scales, the substrate (cholesterol) conversion was oxygen 

concentration dependent, since an oxygen concentration increase from 0.24 to 0.65 mM 

led to an increase in the substrate conversion from 25 to 77% at macro and from 20 to 

70% at microscale. Even though the scale-down resulted in a slight decrease in the 

amount of substrate converted, its incubation time had a 20-fold reduction to achieve 

the same conversion yield. Additionally, a 67% of cholesterol conversion yield was 

reached for the lowest substrate concentration (0.17 mM) in presence of 0.65 mM of 

oxygen, which corresponds to a residence time of 62 seconds (the longest time 

achieved). It must be stressed that herein, there was no molecule diffusing between 

phases, however, the contact at the interface was mandatory for the reaction to occur 

and to allow the final product formation and extraction, since the substrate and enzyme 

were in opposite phases.  

The determination of the lipophilicity of novel compounds is important since whenever 

a pharmaceutical company develops a new drug, pharmacokinetics studies are required, 

for which lipophilicity is needed. Usually, this is accomplished at macroscale, taking up 

days to get all the results. Alternatively, microfluidics emerged as an approach that 

could provide the same results in minutes. Kenis and co-workers322 developed a new 
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thiolene-based microfluidic device, with two inlets/outlets and a straight main channel, 

that they used for the determination of the caffeine lipophilicity (through the 

distribution coefficient) as well as its extraction. After the microfluidic parameters 

optimization, caffeine extraction was carried out in three runs with 0.3 seconds each, 

with phase recycle that gave 12, 34 and 58% of EEs. It was not possible to further 

increase the EE nevertheless, the caffeine logarithm function of the distribution 

coefficient (-0.14) was in accordance with literature. 

Cooper et al.325 focused the use of microchip platforms on real matrices. In this work, 

an organic (hexane)-organic (oil) LLE was incorporated into a two inlets/outlets 

microfluidic device to separate a petroleum hydrocarbon fraction from the non-

hydrocarbon one to be further characterized by GC coupled with mass spectrometry 

(GC-MS). Normally, hexane and oil are miscible though, under low ReM, it was possible 

to form a two-phase system. This study was one of the first reports of liquid-liquid 

microextraction for sample preparation to be further analysed and quantified by GC-

MS. The results obtained exhibited a low EE, but the final extract had a low amount (< 

0.05 mg) of polar material, facilitating its direct injection in the GC column. Moreover, 

after comparing the molecular compositions of oil samples pre-treated with LLE and 

with silica gel chromatography, authors concluded that the GC-MS chromatograms 

were identical, being the first method able to rapidly process small amounts of oil and in 

a cheaper way. Cheng and co-workers320 also reported a GC sample preparation with a 

hybrid (polydimethylsiloxane (PDMS)/glass) microfluidic device, through the 

ephedrine extraction into the organic phase. Herein, authors investigated several effects 

affecting the EE, namely salt addition in different concentrations at micro and 

macroscale, flow rate, residence time and various organic solvents (ethyl acetate, butyl 

acetate or cyclohexane). This study showed that the EE increased linearly with the salt 

concentration in macroscale, whereas in the microscale, it did not have a significant 

effect maybe because the salting-out effect was counteracted by the salt influence in the 

interfacial viscosity. Moreover, when the flow rates were reduced, the residence time 

increased, allowing a better mass transfer that resulted in an EE increase, independently 

of the organic solvent used. At a fixed residence time (2.1 seconds), the EE of the 

organic solvents followed the trend: cyclohexane < butyl acetate < ethyl acetate. The 

ethyl acetate showed the highest EE (92%), however, butyl acetate was the one with the 

highest ephedrine concentration extracted of 30.8 μg.mL-1 from the initial 50 μg.mL-1. 



4.  PURIFICATION OF BIOMOLECULES “ON-CHIP” 

180 

 

This led to the conclusion that ethyl acetate only presented a higher EE because 

ephedrine diffused more quickly in its presence.  

Aota et al.326 demonstrated the use of a microfluidic apparatus to water treatment. A 

microfluidic device with microrecesses was developed and combined with an 

immunoassay and a hexane-dimethyl sulfoxide (DMSO) extraction to extract the highly 

toxic polychlorinated biphenyls (PCB) from transformer oil. The results showed a PCB 

partition towards the DMSO-rich phase with a K of 0.62 ± 0.12, a PCB concentration of 

1.37 ± 0.13 mg.L-1 and an enrichment factor of 2.61 ± 0.51. The enrichment factor (E) 

was defined as the ratio of the PCB concentration in DMSO after microextraction 

(CDmicro) and the PCB concentration in DMSO after batch extraction (CD), E = 

CDmicro/CD. In addition, it was shown again that the EE is residence time dependent, 

meaning that slower flow rates led to a higher residence time and thus, a higher PCB 

concentration and EE. Far along, authors proposed an improvement to the process by 

incorporating a novel capillary column for the sample pre-treatment327 that led to a K of 

0.42 ± 0.10, a PCB concentration of 1.56 ±0.14 mg.L-1 and an enrichment factor of 3.36 

± 0.77. Additionally, they were able to extract four-times more PCB and increase the 

flow rates used for the experiments. Overall, the progresses led to a 36-fold enrichment 

without any evaporation needed while previously the authors could only achieve a 35-

fold enrichment after the hexane had been completely evaporated. Further developments 

in the experimental procedure, particularly in the immunoassays and in the analysis by 

high resolution GC-MS328 lead to the pre-treatment and immunoassay to be complete in 

just 43 minutes, instead of the previous 3 hours. Moreover, the PCB concentration range 

of the first study was 0.04 - 5.00 mg.kg-1 with 10 to 90% of relative absorbance and the 

half-maximal inhibitory concentration was estimated to be 0.65 mg.kg-1. With the 

advances, it became 0.22 - 2.27 mg.kg-1 and 0.26 - 3.30 mg.kg-1 with 20 to 80% of 

relative absorbance and the half-maximal inhibitory concentration was 0.71 mg.kg-1 and 

0.96 mg.kg-1, respectively. 

Further studies using real matrices address the extraction of alkaloids and a bacterial 

pathogen identification and quantification. The extraction and back extraction from 

Strychnos seeds of pure alkaloids as model compounds using both two and three 

inlets/outlets microchips was carried out by Tetala and co-workers319 as sketched in 

Figure 65. 
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Figure 65. Schematic representation of the microfluidic design for the extraction of brucine and 

strychnine alkaloids from the Strychnos plant seeds. Adapted from 319. 

 

The authors attempted to carry a stable two phases flow inside the two inlets/outlets 

chip, but the interface created in the middle of the channel did not allow a stable flow 

nor the complete phase separation at the outlets. Therefore, the organic channel was 

coated with a hydrophobic material, fixing the problem. With this new chip, strychnine 

was extracted towards the organic (chloroform) phase with an EE of 91%. Later, 92.5% 

of strychnine was back extracted in an acidic aqueous solution. Again, the EE was 

shown to increase with the residence time. When a third inlet was introduced into the 

device (Figure 65), the back extraction was removed, since the extraction and 

compounds’ isolation were achieved simultaneously. In this case, the organic phase 

acted like a liquid membrane helping the alkaloid purification. The pure strychnine was 

completely extracted into the acidic aqueous solution, in good agreement with the 

simulation, showing the good predictive ability of the model. This chip was then used to 

purify strychnine and brucine, two alkaloids present in Strychnos seeds. Results showed 

that pure alkaloids were obtained in the acceptor phase (acidic aqueous solution), the 

brucine strychnine

Strychnos seeds

Chloroform phase

Water phase
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other polar compounds stayed in the donor phase (basic aqueous solution), being the 

non-polar compounds collected in the organic phase (chloroform).  

Zhang et al.294 developed a rapid and high efficient approach for bacterial pathogen 

identification and quantification. The authors designed a microfluidic device composed 

of microwell arrays to selectively extract and purify deoxyribonucleic acid (DNA) and 

ribonucleic acid (RNA) of both Gram positive and negative bacteria, such as 

Staphylococcus aerus and Pseudomonas aeruginosa. To evaluate the device efficiency, 

purified nucleic acids were added to the aqueous phase alongside labelled bovine serum 

albumin (BSA), used as a model protein to access the amount of protein that might also 

be retained in the microwells with the nucleic acids. The DNA purification results 

showed that 92.9% of protein and 93.2% of RNA partitioned to the organic phase 

(phenol/chloroform/isoamyl alcohol), at a flow rate of 0.45 mL.min-1 and pH 8. This 

could be improved by increasing the flow rates to 0.65 mL.min-1, resulting in an almost 

pure DNA recovery in the aqueous phase. The DNA recovery in the aqueous phase was 

also proved to be dependent upon the organic phase pH. By reducing this phase pH to 

4.6, and only at a flow rate of 0.65 mL.min-1, a complete DNA recovery (>99.9%) was 

obtained in the organic phase, alongside with more than 95% of BSA. Yet, this allows 

the recovery of 94.2% of an almost pure RNA in the aqueous phase. Overall, these 

results evidenced the possibility to manipulate the nucleic acid partition between both 

organic and aqueous phases by the fine tuning of the flow rates as well as the organic 

phase pH. Therefore, such results turn this approach into a very appealing option to be 

applied in real matrices. In fact, the real nucleic acid purification was attempted from 

bacterial lysates, using a cell suspension from 5000 to 5 CFU (colony forming units) 

and the results were then compared to a column-based solid phase extraction. Herein, 

the chip presented recoveries of 85 – 120% for both DNA and RNA covering all CFU 

range, with exception of the S. aureus RNA that displayed only a 70 – 80% recovery. 

On the other hand, recoveries from the alternative method decreased with cell density 

and attained only 15 – 20% of nucleic acids recovery.  

The extraction of dyes as model molecules, namely methyl red,314 bromophenol blue,316 

azobenzene318 and rhodamine 6G,317 was investigated to compare the extractive 

performance of different microchips using laminar flow. In the first study, a microchip 

was built to do a concentration extraction, so the extract phase (toluene) was trapped in 

a deep, shallow circular microchannel that established an interface with the adjacent 

deep channel containing the methyl red solution.314 For the second study, an office 
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inject printer was modified by Watanabe316 to work as a microfluidic device and 

visually permitted to follow the diffusion of bromophenol from the organic phase (m-

xylene) to the aqueous one, both in co- and counter-current flows. Finally, Franco 

et.al.318 focused their attention on developing an “in-house” made thermal lens 

microscope for the detection in a microchip. Authors tested the apparatus with the 

partition of azobenzene from methanol towards octane, showing an azobenzene 

distribution coefficient of 5x10-10 m2.s-1 and 6x10-2 m2.s-1 in octane and methanol, 

respectively, and a K of 0.92. In contrast, Xiong and co-workers317 proposed the 

enhanced extraction and detection of rhodamine 6G in real-time by designing a 

microfluidic device with microstructure in the middle and center of the chip main 

channel. In this work, the authors used a two inlets/outlets microchip in absence and 

presence of a rectangular and a cross shape microstructure in the main channel to create 

some turbulence and promote a more efficient mass transfer between the aqueous 

solution of rhodamine 6G and n-octyl alcohol phases while maintaining a laminar and 

stable flow as sketched in Figure 66. These results showed that the dye EE increase as: 

no microstructure < rectangular-shape microstructure < cross-shape microstructure. This 

was a result of a minor disturbance in the flow from the rectangular-shape chip with a 

quick stabilization of the laminar flow, and the slight turbulence from the cross-shape 

chip that led to a quick transverse transport of the dye between the two phases in 

addition to the typical diffusion process. The rectangular shape chip and the cross one 

were shown to be 190% and 350% more efficient than the chip in absence of any 

microstructure, showing that it is possible to improve the mass transfer by inducing a 

slight turbulence within the chip while maintaining a stable laminar flow.  

 
Figure 66.I) Schematic representation of the real-time fluorescence microfluidic device designed in 317 to 

extract rhodamine 6G (blue lines: aqueous phase; orange lines: organic phase), II-IV) the 

microphotograph of auxiliary microstructures designed in the center line of microchannels: the blank 

channel, the rectangle shape, the cross shape, respectively. 

I)

II) III) IV)
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4.1.2.2.  Segmented flow-based microextraction 

Laminar flow is controlled by the low ReM inside a microfluidic device through the 

competition of inertial and viscous forces. Segmented flow is also formed at low ReM, 

but as a result of the competition between surface tension and shear forces, allowing the 

entrance of one fluid into another one, at the small orifices created in the microchips310 

(Figure 59.VII to XI). This leads to the formation of oil-in-water emulsions, in 

presence or absence of surfactants, that can result in distinct flow patterns: droplet-flow 

(spherical droplets not touching the channel walls, Figures 59.VII, VIII, X and XI), 

slug/plug-flow (elongated droplets touching the channel walls, Figure 59.IX) and 

annular-flow (thinner and longer slugs that do not touch the walls).  All the research 

carried out for the biomolecules extraction using this flow pattern inside a microfluidic 

device is summarized in Table 15, including the chip characteristics and solvents used. 

Most of these biomolecules are dyes and simpler molecules therefore, these studies will 

be further divide according to the hydrodynamic and kinetics studies as well as 

extraction of more complex compounds.  
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Table 15. Molecules extracted using a segmented flow-based microextraction as well as the microfluidic device specifications and solvents used.  

Molecules extracted Microfluidic device apparatus Solvents Ref. 

Methyl blue and orange 

II 

A PDMS microfluidic device with five inlets converging into a 

serpentine main channel and one outlet 

Aqueous phase: aqueous solution of orange II + methyl blue, ionic 

liquid phase: 1-ethyl-3-methylimidazoluim 

bis(trifluoromethylsulfonyl)imide ([C2mim][NTf2]) 

332 

Sudan IV (1-phenylazo-

2-naphthalenol) 

A polymethylmethacrylate (PMMA) microchip with three inlets 

in a 90º contact angle, one of them containing a glass capillary 

with a silica tube inside. All converging into a straight main 

channel that is connected to a rectangular chamber near the outlet 

Organic phase: n-octanol containing different silicon oil 

concentrations, aqueous phase: water with 0.5 wt% of SDS, 1.0 

wt% of polyvivyl alcohol and sudan IV (0.015g.L-1), gas phase: air 

333 

Nile red 
A PDMS microfluidic device with four inlets converging into a 

serpentine main channel and a final outlet 

Organic phase: nile red dissolved in DMSO and soybean oil, 

aqueous phase: phosphate buffer with the surfactant Tween 20 or 

PBS 

334 

Fluorescein sodium 
A PDMS microfluidic device with three inlets, converging into a 

straight main channel and diverging at the end in two outlets 

Organic phase: butanol, aqueous phase: fluorescein sodium 

aqueous solution 
335 

Fluorescein and 

rhodamine B 

Four PDMS microfluidic devices with two or three inlets and two 

outlets that display several shapes/conformations 
Organic phase: octanol, aqueous phase: water/glycerol+PBS 336 

Rhodamine B 

 

A PDMS microfluidic device that comprises a main channel 

connected to two inlets, one on each end, and its middle region is 

connected with five smaller side channels by T-intersections. At 

the end of each side channel there is an air bubble trapped, at 

which a voltage and a frequency are applied to induce acoustic 

waves 

Organic phase: 1-octanol, aqueous phase: aqueous solution of 10 

μM rhodamine B 
337 

A PMMA microchip with three inlets in a 90º angle contact, one 

of them containing a glass capillary with another capillary inside 

it. All converging into a straight main channel that diverge into 

two outlets: one is the continuation of the main channel, and the 

second is in a 90º with the main channel 

Organic phase: silicon oil + octanol + dowcorning 749, aqueous 

phase: aqueous solution of rhodamine B (10 mg.L-1) + polyethylene 

glycol 

338 

A PDMS microchip in a cross shape with three inlets converging 

into a main channel. Connected to the main channel there are four 

inlets and five outlets, two of them considered as drains. Four of 

these outlets are side channel with dimensions to only allow the 

drainage of continuous phase 

Organic phase: 1-octanol, aqueous phase: distilled water or aqueous 

solution of 0.05mM of rhodamine B with 0, 0.2 and 0.8 M of NaCl 
339 

Butyl rhodamine B 
A glass microchip with one inlet/outlet that have a main channel 

with microwell arrays in both sides of the channel 

Organic phase: bis(2-carbopentyloxy-3,5,6-trichlorophenyl)oxalate 

in 2-octanone; aqueous phase: solution of butyl rhodamine B; 

aqueous imidazol solution and H2O2/acetonitrile solution 

340 

Rhodamine 6G 
A PDMS microfluidic chip with two inlets, one of them displayed 

in the middle of a bow shape channel that merge with the channel 

Organic phase: 1-butyl-3-methylimidazolium hexafluorophosphate, 

[C4mim][PF6], aqueous phase: water 
341 
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from the second inlet, forming a serpentine main channel with 

one outlet 

Azobenzene 

A microchip in a T-shape with poly(tetrafluoroethylene) (PTFE) 

tubes, with two inlets, converging into a main channel and one 

outlet. At the merging point of the inlets is slightly compressed 

Organic phases: methanol with azobenzene and n-octanol 342 

Phenol and p-nitrophenol 

A fluoropolymer (CYTOP) microfluidic device for 

electrocoalescence 

of droplets as part of an emulsion-based scheme 

for extraction in microfluidic systems 

Organic phase: hexane or hexane and surfactant Span 80, aqueous 

phase: phosphate buffer solution 
343 

Phenol 

A PMMA microchip with three inlets in a 90º contact angle 

converge into a straight main channel that later diverge into two 

outlets, being one of them longer than the other 

Organic phase; silicon oil containing phenol (5 mg.mL-1), aqueous 

phase: aqueous solution of SDS at its critical micelle concentration 
344 

Phenol and succinic acid 

A microchip a Teflon T-connecter as the two inlets converging 

into a polyfluoralkoxy (PFA) tube that in the exit is connected to 

another T-connecter with an oxidized needle responsible for 

promoting the phases separation towards the two distinct outlets 

Organic phases: n-hexane + 0.070 M of phenol or toluene or n-

octanol or n-butanol, aqueous phase: water or aqueous solution of 

0.080 M or 0.098 M of succinic acid for the water/n-octanol and 

water/n-butanol experiments, respectively 

345 

Quinine 

A COC polymer-based microchip with two inlets, converging into 

a serpentine main channel that is connect to a chamber allowing 

the gravitational separation of phases into two outlets 

Organic phase: octanol, aqueous phase: Dullbecco’s phosphate 

buffered saline pH 7.4 contained 1 mM quinine hydrochloride 

dihydrate 

346 

Acebutolol, 

acetaminophen, caffeine, 

chloramphenicol, 

atropine, 

diphenyldramine, 

fluconazole, 

hydrocortisone, 

hydrocortisone 21-

acetate, cimetidine, 

desipramine, diclofenac, 

procainamide, 

propafenone, propanolol, 

quinidine, ranitidine, 

scopolamine, tiapride, 

trimethoprim, atenolol, 

3-chlorophenol, 

chlorpheniramine, 

chlorthalidone, 

disopyramide, 

imipramine 

A microfluidic device with two inlets in a T-shape conformation, 

converging into a straight main channel that is connected to a 

PTFE membrane. The membrane is then connected to two outlets 

Organic phase: n-octanol, aqueous phase: aqueous phosphate buffer 

(pH 7.4) 
347 



4.  PURIFICATION OF BIOMOLECULES “ON-CHIP” 

187 

 

Methyl/ethyl esters of 

fatty acids, amphetamine, 

volatile aromatic 

compounds and 

organochlorinated 

pesticides 

A glass-wafer microreator with three inlets, in which two of them 

converge into a serpentine main channel and a single outlet 

Organic phase: n-pentane or n-heptane or toluene, aqueous phase: 

aqueous methyl/ ethyl esters mixture of fatty acids+ 5% (v/v) 

methanol or urine spiked with amphetamines or 450μg.L-1 

toluene+ethylbenzene+p-xylene in water + 2-5% (v/v) methanol 

348 

Oleuropein 

A microchip with two inlets in a T-shape, converging into a 

straight main channel that was then connected to a coil, 

displaying a single outlet 

Organic phase: ethyl acetate extract from Olea 

europaea leaves, aqueous phase: water and phosphate buffer 

(dibasic sodium phosphate 0.05 M) 

349 
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4.1.2.2.1. Hydrodynamic studies 

Several groups devoted their attention to understand the underlying mechanisms and 

phenomena behind the use of segmented flow regimes. Therefore, the extraction studies 

were carried out using dyes as a proof of concept due to their easier visualization and 

detection. Examples of these dyes were the rhodamine B336–340 and G,341 fluorescein,336 

methyl blue and orange II,332 nile red,334 fluorescein sodium335 and sudan IV333.  

Thereby, it should be kept in mind that the purpose of their discussion was not to 

compare the dyes extractive performance per se but focus on the evolutive aspects of 

each microfluidic device and conclude about how distinct chip parameters and 

conditions influence the mass transfer within the chip channels. In this sense, Mary, 

Studer and Tabeling336 evaluated four distinct geometries of the microfluidic device, 

using both T-shape conformation of the inlets and flow focusing geometries (Figure 

67). Additionally, the effect of a straight and a zig-zag main channel, and the 

incorporation of a second flow focusing geometry system were also investigated. All 

microchips were tested through the extraction and purification of fluorescein and 

rhodamine B, respectively.  

 
Figure 67. Schematic representation of the experimental setup from 336: a) hydrofocusing device; b) T-

shape chip; c) flow focusing geometry device; d) double flow focusing geometry microchip. 

 

Authors stated that the analyte diffused differently accordingly to the droplet stage: 

droplet formation, steadily moving droplets or saturation regime, corresponding this last 

step to the saturation of the droplet or the continuous phase for the fluorescein 

extraction and the rhodamine B purification, respectively. Moreover, the amount of dye 

extracted/purified during the droplet formation and the steadily moving droplets was 

proportional to the droplet formation time and volume, respectively. Authors also 

concluded that within a few seconds it was possible to achieve a complete 

extraction/purification and that different geometries caused different types of flow, 

especially when using a zig-zag main channel since it induced a chaotic advection. 
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Surprisingly, this did not influence the mass transfer. Finally, when experimental results 

were compared with data from numerical simulation, through the finite element method, 

both results showed great consistency. Later, Das and co-workers344 reported a flow 

focusing geometry microfluidic device to study the effect of flow rates ratio upon the 

EE of phenol from a complex viscous organic and disperse phase (silicon oil with 

phenol) towards an aqueous continuous phase (aqueous solution of SDS). Authors 

concluded that the mass transfer was mainly influenced by the duration of the droplet 

formation due to the convective-diffusive process rather than just a diffusion-driven 

process happening along the main microchannel. During droplet formation, the 

competition between interfacial surface forces and the viscous sheer stress created a 

convective process enhancing the mass transfer of the process. Thus, it was 

demonstrated that lower flow rate ratios are crucial to achieve a longer droplet 

formation, resulting in a higher EE of phenolate ions towards the aqueous phase.  

Unlike the previous studies, Wang et al.341 reported for the first time the application of 

an IL in a microscale LLE. ILs are molten salts with unique properties that have been 

applied as solvents for several applications, including LLE, where they showed an 

enhanced extractive and purification performances.31,163 The authors attempted to 

perform a LLE with ILs at microscale to use the ILs advantages while reducing the 

process costs through the lower volumes needed in microfluidics. They used a water-

immiscible IL, 1-butyl-3-methylimidazolium hexafluorophosphate - [C4mim][PF6] and 

developed a new conformation in the microchip to induce segmented flow with the IL 

acting as the continuous phase and water as the disperse one. Herein, there was a major 

requisite, the chip conformation had to have a flow focusing geometry otherwise it 

would not be possible to generate aqueous droplets wrapped by the IL. So, the device 

created displayed a bow shaped entrance for one inlet, meeting the other inlet with a 75º 

or 90º angle, both converging into a serpentine main channel with a single outlet at the 

end (Figure 68.I). This allowed the formation of uniform and periodic water droplets 

with the IL serving as the disperse phase for the microextraction of rhodamine G, as a 

model molecule. Depending on the flow rate ratio, the droplet presented a plug or 

sphere shape (Figure 68.II) that was more suitable to trap cells and for extraction 

purposes, respectively. The rhodamine G extraction from the aqueous phase to the IL 

bulk was completed within 0.51 seconds, so this microextraction device reduced both 

the extraction time and the IL volume necessary to completely extract the rhodamine G 

from the aqueous solution.  
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Figure 68.I) Schematic representation of the experimental setup developed by Wang et al.341 in a bow 

shape entrance of the inlets. II) presents the periodic droplet and plug flows that can be formed within 

these microchips. Adapted from 341. 

 

In a similar extraction, Barikblin et al.332 reported the use of another IL, namely 1-ethyl-

3-methylimidazolium bis(trifluoromethylsulfonyl)imide, [C2mim][NTf2], to partially 

engulf aqueous droplets and selectively extract methyl blue and orange II. Herein, 

authors used a fluorinated oil as the continuous phase to partially engulf the aqueous-IL 

droplets. In other words, authors developed a system in which it was possible to have 

two distinct settings of droplets thus, allowing the mass transfer to occur only within 

these droplets, being the continuous phase simply the carrier. Figure 69.I) shows the T-

shape microchip in which one of the inlets was divided in four smaller inlets displaying 

a flow focusing geometry with the continuous phase being added in the outer inlets 

while the inner ones were responsible for introducing the aqueous and the IL-rich 

phases. Initially, both dyes were present in the aqueous phase, so the partial engulfed 

aqueous-IL droplets were brown and transparent corresponding to the aqueous and IL 

phases, respectively. Within only 8 seconds the diffusion of orange II towards the IL-

rich phase was completed as could be proved by the distinct colours of the droplets, 

namely the aqueous blue phase and the orange IL phase (coloured close-up in Figure 

69.II). Phase separation was only achieved after both disperse and continuous phases 

had been collected at the outlet, through gravity. 

 
Figure 69.I) Schematic representation of the experimental setup from 332. II) Pictures of the different 

aqueous-IL droplets formed with the increase of the continuous phase flow rate. Adapted from 332. 

Droplet flow

Plug flow

I) II)

Aqueous droplets

Ionic liquid droplets
I)

II)
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Looking at a dye extraction from a completely different point of view, Chen, Chen and 

Wang334 developed a chip to label cells. Herein authors created a droplet formation 

microfluidic device with a T-shape conformation, in which one of the inlets was 

subdivided in four. The main channel was quite unusual for this conformation since it 

displayed a serpentine channel. The entire procedure was selected and optimized in a 

way that firstly, nile red was extracted from the dispersed phase to evaluate all the 

measures necessary to reduce the background noise, namely droplets size (smaller 

droplets present a higher (S/V), thus a quicker and higher mass transfer is achieved) and 

flow rate ratios (higher ratios lead to lower residence time, meaning less contact time 

between both phases). Secondly, the apparatus was applied for cellular lipid labelling of 

distinct cells (microalgae and culture cells) using the same dye. In the beginning of the 

main channel and while present inside the droplet, the dye entered the cells, labelling 

the lipids, whereas along the microchannel, the remaining dye was removed in the 

continuous phase. This process allowed the cell labelling while increasing the signal to 

noise ratio for fluorescence detections owing to the remaining dye removal. This study 

showed that nile red droplets needed approximately 4 seconds to be formed before they 

became ready for a homogeneous diffusion and labelling. The dye diffusion from the 

dispersed phase allowed a 17- and a 10-fold increase in the signal to noise ratio to label 

the cellular lipids of the Chlorella vulgaris microalgae and the NIH/3T3 cells, 

respectively, beside the correspondent 85 and 53% fluorescent background reduction.  

4.1.2.2.2. Kinetic studies 

The previous studies have shown that within the segmented regime several aspects of 

the microchip can be changed and manipulated to increase the device performance. In 

this context, Nakajima and co-workers339 developed a distinct microchip in which there 

was firstly a flow focusing geometry to produce droplet flow, and then a main channel 

with more inlets and outlets distributed along the channel. This apparatus allowed the 

formation of the droplets without any extraction occurring simultaneously, and only 

after the droplets were formed (all identical and with the same size), the continuous 

phase (water) was replaced by an aqueous solution containing the biomolecule of 

interest, rhodamine B, so that the extraction towards the disperse phase (1-octanol) 

could start in a controlled environment (Figure 70). The distinct inlets and outlets along 

the main channel allowed the drainage of the continuous phase in different steps to be 

further analysed, while it was later replaced by a buffer to transport the disperse phase 
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containing the dye to the final outlet. Therefore, this study applied the hydrodynamic 

filtration principle to access the extraction kinetics since the different inlets/outlets 

along the main channel allowed the study of different extraction periods. Moreover, this 

study was carried out in absence and presence of different NaCl concentrations to 

evaluate how this additive could affect the droplet size in addition to influence the dye 

extraction into the droplets.  

 
Figure 70. Schematic representation of the microfluidic device created by Nakajima and co-workers339. 

 

The results showed that this salt only affected the rhodamine B mass transfer due to its 

salting-out ability so the dye concentration inside the droplets increased with the salt 

concentration increase in the continuous phase. On the other hand, the NaCl 

concentration increase led to the kinetic constant decrease probably as a result of the 

higher viscosity of the continuous phase. As main conclusion, authors mentioned that it 

was possible to study any droplet-LLE kinetics within this microchip through picoliter-

scale droplets. Similarly, Wang and co-workers345 developed a microfluidic set up 

showing great potential for kinetic mass transfer studies. This work focused on a device 

easy to assemble, clean and easy to repair in the laboratory, composed of a Teflon T-

connecter as the two inlets that converge into a polyfluoralkoxy (PFA) tube. Near the 

exit, this tube was connected to another T-connecter with an oxidized needle, 

responsible for promoting the phases separation towards the two distinct outlets. Herein, 

authors described the presence of different flow patterns, namely plug, jetting and 

annular flow, depending on the phases flow rates applied and the systems studied. A 

few systems for the overall mass transfer coefficient (kLa) analysis were evaluated: 

water/phenol/n-hexane, water/succinic acid/n-octanol and water/succinic acid/n-butanol. 

Regarding the results, kLa increased with the flow velocity for all systems, though this 

value was dependent upon the viscosity of the phases. This means that more viscous 

phases tend to have lower mass transfer. When this data was compared to macroscale, 

the kLa suffered a slight decreased, especially for more viscous solvents such as n-

octanol and n-butanol. Moreover, such viscous systems created a liquid film of the 
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continuous organic phase and as a result, mass transfer occurred at the droplets caps for 

these two experiments. Thereby, this microchip might be preferable for less viscous 

solvents, though always keeping in mind that a complete phase separation is achieved at 

the outlets, making it quite useful for kinetics and/or purification studies, where it is 

essential to have both phases separated. 

Aiming at reducing the mass transfer distance within microdroplets and improving the 

system EE, Luo et al.333 developed a new microfluidic device able to create a double 

emulsion with an ultra-thin film as the working space through a gas-liquid-liquid 

extraction. They molded the microchip in a cross shape, with three inlets in a 90º angle 

contact, one of them containing a glass capillary (organic phase inlet, n-octanol and 

silicon oil) with a silica tube inside, through which the air entered the system (gas inlet); 

the two other inlets correspond to the aqueous phases (water, SDS and polyvinyl 

alcohol). The three inlets converged into a straight main channel connected to a 

rectangular chamber near the outlet. With this chip, it was possible to develop a droplet 

with an air core and an organic outer part (oil film) that was now the core of an outer 

aqueous emulsion of a surfactant and a polymer. In this system, the droplets formed 

were bigger and much closer to each other when compared to the ones generated in the 

correspondent LLE (simple emulsion). Thus, the mass transfer distance was inferior. By 

applying both systems towards the sudan IV extraction, it was concluded that with this 

new gas-liquid-liquid extraction, the dye extraction was more than 10 times higher than 

the extraction achieved by the single emulsion. Still focusing on enhancing the mass 

transfer by using air bubbles, Xie et al.337 created a microchip in which an air bubble 

was trapped in the side channels of the microchip to which different voltages and 

frequencies were applied. This acoustic-wave generated oscillations on the bubble and 

consequently on the organic (1-octanol) - aqueous (rhodamine B aqueous solution) 

interfaces, thus increasing the mass transfer. This convective mass transfer displayed an 

approximately 10 times higher rhodamine B concentration on the organic droplet than 

the equivalent solute concentration obtained by a non-acoustic-wave-assisted process 

since this is only a diffusion driven procedure. Furthermore, the acoustic-wave LLE of 

rhodamine B was accessed to be dependent upon the voltage applied to the system. As a 

downside, authors never mentioned how both phases were extracted neither how they 

were separated. 

Much has been studied and discussed about the mass transfer in segmented flow 

regimes mainly focused upon the influence of flow rate ratios and interfacial area 
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availability. This has shown that higher flow rates lead to higher mass transfer owing to 

the larger interfacial area and contact between both phases even despite the lower 

residence time well known to be crucial for a better partitioning between two distinct 

phases. However, this entire process, i.e. from the initial contact between both phases, 

the flow patterns achieved and the mass transfer occurring, is far from being completely 

understood, maybe because of its high complexity. Therefore, Lubej and co-workers342 

used the azobenzene partition between a methanol/n-octane droplet-based interface to 

better characterize the transport mechanism underlying in the a droplet-flow in 

microchips. To do so, authors developed a T-shape microfluidic device with PTFE 

tubes and an in-house built thermal lens microscopy to follow the process in real time. 

Here, it was possible to establish that the azobenzene partition was due to both 

convective and diffusion processes, just like in macroscale. Therefore, simulations using 

the finite element model could be applied to microscale molecular processes without the 

need to apply any fitting procedures to the model parameters, showing simulated and 

experimental results with good agreement.  

4.1.2.2.3. Extraction of more complex biomolecules 

The following studies regard both the importance of segmented flow characterization 

and the biomolecules being extract, since these studies work with more complex 

compounds, mainly pharmaceuticals. Starting with Janssen and co-workers348 that 

carried out a very complete study of several biomolecules with distinct complexities, for 

instance fatty acid esters, amphetamines, volatile aromatic compounds and 

organochlorinated compounds. They reported the use of a novel microfluidic device 

with two inlets converging into a long serpentine main channel and one outlet for the 

sample preparation of aqueous samples for GC analysis. Firstly, and as proof of concept 

for the new microchip, authors evaluated several parameters with the extraction of 

methyl/ethyl mixtures of fatty acids. The results showed that the EE was hydrophobicity 

dependent so less hydrophobic compounds (logarithmic function of octanol-water 

partition coefficient, log Ko/w < 1) displayed the lowest EE. In contrast, compounds with 

log Ko/w > 1.36 presented EE between 92 and 110% for flow rates of 1.0 mL.min-1, as 

reported by authors. The flow rate influence as well as the microchip size effect on the 

EE were also evaluated for the more hydrophobic compounds (log Ko/w > 2.34) and 

proven not to have much effect since the recoveries were very good (89 – 107%) for all 

the flow rates tested. Similarly, the chip size decrease did not show a great effect. 
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Additionally, the enrichment ability of this microchip and the elution profile were tested 

and after optimization, the pre-concentration ability could go up to an enrichment factor 

of 10 and depending on the sample volume, the microchip could work either on the 

continuous extraction mode or on the plug-injection mode for bigger and smaller 

sample volumes, respectively. Finally, it was applied for the amphetamines analysis 

from an urine sample, resulting in a 73 ± 3 (n=5) recovery with an extraction linearity 

range of 0.5 – 10 μg.mL-1. The complex urine matrix not only led to the formation of a 

small emulsion but also influenced the analysis, since without such matrix, a simple 

amphetamine aqueous sample led to a 99% recovery. Moreover, when the macroscale 

amphetamine extraction was attempted, a significant emulsion was formed so not all 

samples could be separated. Nonetheless, the results achieved were enough to compare 

both scales, showing a decrease in the recovery from 90% to 81% with the scale-up. 

The amphetamines microextraction here reported attained an EE much higher than in 

previous studies of Miyaguchi and co-workers,321 where only 26-31% was achieved. In 

contrast, their results for macroscale extraction were higher than the ones presented 

here. As far as the volatile aromatic compounds analysis is concerned, all the 

components studied (toluene, ethylbenzene and p-xylene) displayed recoveries of 60 – 

83% with no significant difference between scales for toluene and a 10% less recovery 

for the last two analytes for smaller scale. Moreover, the results from the 

organochlorinated pesticide analysis showed that the recoveries of the less hydrophobic 

compounds were consistent with those from the reference method (100 – 109%), 

whereas more hydrophobic analytes had a reduced recovery on microscale (41 – 59%) 

when compared to macroscale. In summary, the analytes recovery was in general very 

good and the device can operate in two modes with flow rates between 0.5 and 6 

mL.min-1. Later on, segmented flow was used to determine the distribution coefficient 

(D) of several compounds, since this parameter reliably estimates the lipophilicity of a 

compound, just like it has been achieved using laminar flow.322 Alimuddin et al.347 

applied a commercial microfluidic device to determine the D of 26 compounds. This 

microchip was composed of two inlets in a T-shape conformation, converging into a 

straight main channel and allowing the formation of microdroplets that could be 

separated from the continuous phase within the poly(tetrafluoroethylene) (PTFE) 

membrane. The membrane is then connected to two outlets, allowing the complete 

phase separation through a pressure-driven apparatus. Solutions of the test compounds 

were prepared, and the distributions studies carried out in both micro and macroscale 
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through the partition of each compound between the organic and aqueous phases. The 

obtained results of log (D) for each compound in micro and macroscale were, 

respectively: acebutolol: -0.44/-0.48, acetaminophen: 0.33/0.27, caffeine: -0.13/-0.14, 

chloramphenicol: 1.015/1.04, atropine: -0.35/-.036, diphenyldramine: 0.67/0.72, 

fluconazole: 0.44/0.41, hydrocortisone: 1.45/1.42, hydrocortisone 21-acetate: 2.21/2.11, 

cimetidine: 0.34/0.29, desipramine: 1.09/0.89, diclofenac: 0.83/0.81, procainamide: -

0.89/-0.94, propafenone: 1.77/1.60, propranolol: 0.72/0.69, quinidine: 1.45/1.50, 

ranitidine: -0.91/-0.99, scopolamine: 0.28/0.30, tiapride: -0.85/-0.90, trimethoprim 

0.67/0.63, atenolol: -0.16/-0.19, 3-chlorophenol: 2.01/2.04, chlorpheniramine: 

0.28/0.26, chlorthalidone: 0.94/0.85, disopyramide: 0.52/0.39 and imipramine: 

1.43/1.33. Even though, the membrane slightly interacted with the more lipophilic 

compounds, all compounds showed a good correlation between the log (D) from both 

scales.  

Lastly, segmented flow was applied towards a real matrix, namely olive tree leaves349 to 

extract oleuporein. In this study, a normal T-shape microchip connected to a coil was 

used and several parameters were evaluated to achieve the highest oleuporein extraction 

possible: solvent pH, temperature, flow rate ratio and residence time. The results 

showed that, phosphate buffer at neutral pH, led to the highest yield so an identical 

extraction was carried out in water, obtaining even higher yields. Thus, the next studies 

were performed in water, and the microchip was immersed in a water bath at different 

temperatures (20, 40 and 60 ºC), however, temperature did not have a significant 

influence. Consequently, the flow rate ratio was studied at room temperature to reduce 

energy consumption. A flow ratio of 1 was selected to further study the final parameter, 

namely the residence time. This was carried out in absence of the coil at the end the T-

shape apparatus and with three distinct coils by increasing their length (300, 600 and 

900 mm). As expect, the longer is the residence time, the highest is the extraction yield, 

increasing from 29.66% (achieved in 0.0021 min) to 71.54% (achieved in 0.1293 min) 

in absence of the coil and with the longest coil, respectively, due to a higher mass 

transfer between both phases. When compared to batch experiments, the microscale 

oleuporein extraction showed an 18% increase of extraction yield, besides the extraction 

time reduction from 45 min to 0.1293 min. 
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4.1.2.3.  Segmented flow - improvements 

In this section, it is presented all the innovation upon the microfluidic devices design 

towards a deeper understanding and characterization of this flow regime while trying to 

improve some of its downsides, for instance poor droplet coalescence and incomplete 

phase separation at the outlet. Jason et al.343 developed an electrocoalescence 

microfluidic device to enhance the droplet coalescence while performing the selective 

extraction of phenol and p-nitrophenol. Herein, a droplet formation system was 

accomplished with a water in hexane emulsion to which an electric field of different 

voltages was applied (Figure 71).  

 
Figure 71.I) Schematic representation of the experimental setup (top), finished device (bottom left), 

packaged device with fluidic connections and electrodes (bottom right); II) Droplets coalescence at the 

outlet of the device with the voltage increase. Adapted from 343. 

The results showed that when moderate voltages were applied, no significant 

coalescence of the droplets was seen. However, when the voltage was above 6 V, a 

rapid coalescence took place and large droplets were formed, reaching an approximately 

1000-fold decrease in the droplet number density (Figure 71.II)). Moreover, authors 

studied the effect of a surfactant addition to the system to enhance the emulsion while 

improving the EE of this system. They concluded that, in the surfactant absence, the 

concentration of phenol extracted was almost 10 times higher than p-nitrophenol 

concentration. Oppositely, when the surfactant was added to the system, the reverse 

behaviour was observed, i.e. the recovery of p-nitrophenol increased exponentially with 

the surfactant concentration, while the phenol recovery increased linearly and in a much 

lower amount. This work demonstrated that a microfluidic device can be very selective 

for extraction processes, besides being a much faster and cheaper approach than a scale 

up process.  

Fang an co-workers340 proposed a different type of droplet-based LLE by using a 

microchip with one inlet/outlet and several microwell arrays on the laterals of the main 

I)
II)
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channel (Figure 72.I). The microwell assays were responsible for trapping the organic 

(2-octanone) droplets inside (Figure 72.II-2) and allowing the extraction and 

concentration of butyl rhodamine B from the continuous aqueous phase circulating in 

the main channel (Figure 72.II-3). This way, the authors developed an unusual 

segmented flow in which there was no need for the droplet coalescence to separate both 

phases. However, the droplets were only recovered after the dye aqueous solution had 

been replaced by another solution able to dissolve the droplets while containing the 

required components to further detect and quantify the analyte by chemiluminescence 

(Figures 72.II-5 and 6). This analysis showed that the luminescence emitted was 

proportional to the butyl rhodamine extracted, though, the EE obtained was quite low: 

approximately 32% under optimized conditions. Nevertheless, the system performance 

had a precision of 4% RSD (n=5) and a detection limit of 10-9 M. In summary, authors 

showed a good strategy to overcome the need of droplet coalescence at the end of the 

process. However, needing a second and distinct solvent to recover the droplets from 

the micro-recesses might not be the best option owing to the increased complexity of 

this new phase besides the dilution of the dye that has just been concentrated. 

 
Figure 72.I) Schematic representation of the experimental setup reported by Fang an co-workers340. II) 

Illustration of the chip micro-recesses after the addition of different phases/solvents. Adapted from 340. 

 

Thinking on an integrated and complete process, Wang et al.335 used the fluorescein 

sodium extraction to report the application of a microchip to not only generate droplets 

and proceed with the extraction but also to collect the droplets at the end (Figure 73.I) 

and allow the renewal of the continuous phase. Thus, a device was constructed 

considering three different stages: droplet formation, LLE towards the disperse phase 

and finally, the droplet collection (using guiding tracks) for posterior analysis. 

Meanwhile, the continuous phase was being renewed in the last step. This study showed 

I)
II)
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that both droplet formation and collection were dependent on the phases flow rate, since 

it dictated the droplet size and thus, the ability of the droplet to fit inside the guiding 

tracks. These guiding tracks are responsible for the selective separation of the disperse 

phase from the continuous one (Figure 73.II). Even though the extraction of fluorescein 

sodium from an aqueous solution towards the butanol dispersed phase was qualitative, 

the results showed that a complete distribution equilibrium was never reached, but the 

EE was able to increase with the microchip length due to the longer extraction time. As 

a future improvement, this microfluidic device can be coupled with downstream devices 

such as MS for a further sample analysis and quantification. It should be stressed that 

this is one of the few works that not only mentions but is also focused on the final 

phases separation that is a crucial step in any purification process. 

 
Figure 73.I) Schematic representation of the microchip developed by Wang et al.335. II) Pictures of the 

droplets entering the guiding track and being collected. Adapted from 335. 

 

Few years later, Poulsen and co-workers346 developed a cheaper polymer-based 

microchip with faster and easier fabrication for the same purpose. Once again, a flow 

focusing geometry microfluidic device was used with two inlets converging in a 90º 

angle into a serpentine main channel connected to a chamber (Figure 74.I). This 

chamber permitted the gravitational separation of the continuous (organic, octanol) and 

II)

I)
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disperse (aqueous) phases, which were then separated through two outlets. Herein, two 

sets of flow rates were studied for the aqueous/organic phases, creating a residence time 

of the droplets inside the microchannel of around 2 minutes and the complete phase 

separation inside the chamber within 30 minutes. The quinine distribution coefficient 

was determined in micro and macroscale and both values were found to be in 

accordance with the literature values for batch experiments. Moreover, the apparent acid 

dissociation constant (pK′) was accessed to be easily compared with literature values, 

since this parameter did not depend on volume ratio. The pK′ values of micro and 

macroscale are 7.24 ± 0.15 and 7.25 ± 0.58, respectively, which are in very good 

agreement with the literature value (7.21). The most interesting feature of this study is 

that the authors compared both scales in terms of experiment time, reagent volumes and 

cost, microchip cost, sensitivity and reproducibility, besides the concern with the final 

phases separation at the outlets. This data is well summarized in Figure 74.II). 

 
Figure 74.I) Schematic representation of the experimental setup from 346. II) Comparison between 

macro- and microscale. Adapted from 346.   

 

All these studies either focus on the droplet coalescence or their physical separation 

through channels or chambers. Nevertheless, Luo et al.338 used the distinct physical 

states of the solvents to accomplish the phases separation. It was previously stated that 

these authors created a chip able to form microdroplets with a double emulsion in a way 

to reduce the mass transfer distance within different droplets and thus, improving the 

system EE.333 However, there was no phase separation at the outlet so this microchip 

was further improved by changing the outlet region (Figure 75).338 Herein, the main 

channel diverged into two outlets (Figure 75-7): one was the continuation of the main 

channel containing only the continuous phase (Figure 75-6), whereas the second outlet 

was positioned in a 90º angle with the main channel, allowing the disperse and less 

dense phase to be separated. As soon as the droplets get in contact with the atmosphere, 

the air bubble was released, and the organic phase collected (Figure 75-5).  

I) Macroscale Microscale

Experiment time > 24 h 30 min

Reagent volume > 20 mL 300 μL

Reagents cost > 25 US dollars 0.37 US dollars

Microchip cost --- 1 US dollar

Sensitivity to user interference High Low

Repeatability Good Good

Continuous measurements Not possible Possible

Phase space sweep Not possible Possible

II)
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Figure 75. Representation of the microfluidic study performed by Luo et al.333,338. 

In this study, the rhodamine B mass transfer from the aqueous continuous phase 

(aqueous solution of rhodamine B + polyethylene glycol) to the organic phase (silicon 

oil + octanol + dowcorning 749) was qualitative and quantitatively evaluated. It could 

be observed once again that the air bubble presence, allowing the formation of double 

emulsions, plays a great deal in enhancing the mass transfer between the aqueous and 

the organic phase. This apparatus not only reduced the mass transfer distance between 

both phases but also increased the droplet generation when compared with a single 

emulsion system, leading to a higher EE. In fact, the EE increased up to 95% when an 

aqueous/organic ratio of 100:1 was applied. Such achievement was only possible due to 

the microbubbles formation since in their absence, the maximum EE reported was 40-

50%. Moreover, the bubbles presence allowed the reduction of the main channel length 

and the extraction time in addition to the kLa increase of 10 to 60 times compared with 

the liquid-liquid droplet flow system. Furthermore, a theoretical model to predict the 

extraction enhancement upon the addition of microbubbles to the system was also 

assessed. 

4.1.2.4. Laminar vs. segmented flow – a comparison 

The diversity of microfluidic channels, geometries and various flow regimes led some 

authors to focus on the understanding of the advantages/disadvantages of the laminar vs. 

segmented flow types. The EEs values and mass transfer behaviour were evaluated for 

various compounds under the two types of flow. The biomolecules under study as well 

as solvents and microchip characteristics are displayed in Table 16. Rohr et al.350 

compared the vanillin extractive performance using two microchips: i) a two 

inlets/outlets microfluidic device with a straight main channel to achieve a laminar and 

stratified flow; ii) and a microreactor with two inlets in a 90º angle and a straight main 
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channel with a single outlet for the segmented flow. The LLE used an organic (toluene) 

- aqueous vanillin solution system, in which the toluene and water were the continuous 

and disperse phases, respectively, for the segmented flow. The results obtained showed 

that the segmented flow exhibited the highest mass transfer and EE (even for the lowest 

residence time) when compared with the stratified flow, owing to its almost twice as 

larger interfacial area. Moreover, within the stratified flow, the main channel width was 

also analysed and it was concluded that the smaller the width the highest the mass 

transfer and EE. Identical conclusions regarding the mass transfer and EE were attained 

by Yuan and co-workers351 that studied the influence of a packed microchannel 

characterized by the segmented flow, on the succinic acid extraction. Later, authors also 

compared these results to those obtained with a non-packed microchannel with parallel 

flow. It was observed an increase in the succinic acid kLa with the increase of the ReM 

and a decrease in the residence time for both types of microchannel. However, for the 

packed microchannel, the kLa values were at least twice as larger as those of the non-

packed owing to higher effective interfacial area and surface renewal velocity conferred 

by the droplets formation. Furthermore, the EE are different depending on the type of 

microchannel due to the different dominant effects present. In the non-packed 

microchannel, a lower ReM leads to lower kLa but higher residence time, allowing the 

last to dominate and control the EE. In contrast, when the ReM increases, the kLa also 

increases whereas the residence time decreases, causing the EE to decrease until it 

reaches its minimum. At this point, the kLa starts to dominate the system and leads to an 

increase in the EE up to 61%. For the packed microchannel, the only dominant effect is 

the kLa. Here, with the ReM increase the kLa also increases leading to a higher EE, which 

varies between 80 and 96%. Authors also studied the influence of the particles size of 

the packed microchannel on the EE showing that smaller micro-particles provided 

narrower micro-scape that were more beneficial to the dispersion of the organic phase in 

the aqueous, allowing for a higher and more effective interfacial area and EE.  

Finally, there is the extraction of rhodamine labelled BSA and DNA352 using both flow 

patterns inside the same microchip, namely a typical two inlets/outlets chip with a main 

serpentine channel used in laminar flow. The flow rate applied dictated the flow regime 

present inside the chip, as will be further discussed in the next section. Herein, it was 

possible to recover 78% of BSA in the organic (phenol/chloroform/isoamyl alcohol) 

phase and 89% of DNA collected in the aqueous phase, for the laminar flow. The 

droplet regime was shown to enhance this extraction due to the additional convective 



4.  PURIFICATION OF BIOMOLECULES “ON-CHIP” 

203 

 

process, resulting in a protein and DNA partitioning of approximately 96% and 97%, 

respectively. With these results, authors concluded that for segmented flow there was no 

need for such a long main channel, so they reduce it while constructing a new 

microfluidic device and replaced the inlet region for the normal the T-shape 

conformation. This new device was used to study the extraction of an E. coli plasmid by 

introducing directly the bacterial cell lysate into the microchip. Results were very good, 

showing recoveries of the genetic material higher than 90%. However, replacing the 

laminar by the segmented flow within the same device without taking additional 

measurements such as the outlets coating, did not allow the physical separation of the 

two phases at the outlets. This was only carried out “off-chip”, representing the main 

disadvantage of this approach.  

Overall, these last studies make a clear comparison between the two flow types and 

evidenced that segmented flow could be much more advantageous from the mass 

transfer point of view owing to its higher interfacial area and, consequently, presenting 

a considerable higher EE. However, it displays some drawbacks such as the difficulty of 

the phases separation at the outlet, the absence of a stable profile and a well characterize 

flow regime, as previously above.  
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Table 16. Molecules extracted using both laminar and segmented flow-based microextraction as well as the microfluidic device specifications and solvents used.  

Molecules extracted Microfluidic device apparatus Solvents Ref. 

Rhodamine labelled BSA 

 Two glass microfluidic devices: one with two inlets while the 

other has three, both converging into a straight main channel 

with one outlet 

Organic phase: phenol/chloroform/isoamyl alcohol, aqueous phase: 

water + SDS 
290 

Rhodamine labelled BSA, 

DNA and bacterial plasmid 

Two PDMS microchip with two inlets/outlets and a serpentine 

main channel: one with a Y-shape inlet and other with a T-shape 

Organic phase: phenol/chloroform/isoamyl alcohol, aqueous phase: 

phosphate-buffered saline (PBS) + DNA and BSA 
352 

Succinic acid 

A stainless steel microfluidic device with three inlets and one 

outlet in a T-shape 
Organic phase: n-butanol, aqueous phase: water 353 

Two PMMA microreactors, both with two inlets in a T-shape, 

converging into a straight main channel, and one outlet, but 

differing in the presence/absence of a packed bed in the main 

channel 

Organic phase: n-butanol, aqueous phase: water 351 

Vanillin 

Two PDMS microchips: one with two inlets/outlets with a 

straight main channel and the other with two inlets in a T-shape 

converging into a straight main channel and one outlet. 

Organic phase: toluene, aqueous phase: water 350 

Cocaine 
A hybrid microfluidic device with two inlets/outlets and a 

straight main channel 
Organic phase: tetrachloroethylene, aqueous phase: saliva 354 
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4.1.2.5. Transition between laminar and segmented flow 

So far, it has been shown all the research carried up to date on the biomolecules liquid-

liquid microextraction using either laminar or segmented flow and studies comparing 

both flow profiles. Nevertheless, there is also the possibility of converting one flow 

regime into another as will be explained in the next case studies. When laminar to 

segmented flow transitions occur, there is a considerable increase in the (S/V), leading 

to a higher mass transfer and a shorter residence time, which accounts for the major 

advantage of this flow pattern. On the other hand, the greatest drawback might be the 

continuous/disperse phases separation at the outlets. This is very difficult to achieve, 

which might be the main reason for being seldom attempted in very few 

studies.333,335,338,346  

 
Figure 76. Variation of the inlets conformation common to laminar and segmented flow, respectively: Y-

shape and T-shape. 

As aforementioned, the inlets conformation of microchips can dictate the type of flow 

inside the microfluidic device.310 Nevertheless, this is not the only factor influencing the 

type of flow. Herein, traditional Y-shape microchips or devices with parallel inlets can 

generate laminar flow while a T-shape conformation can be more suited for segmented 

flow (Figure 76). The characteristics of the chip used, the solvents applied, and the 

biomolecules being extracted during these studies are present in Table 16. Reddy and 

Zahn290 showed that the flow regime within the microchannel can be dictated by the 

flow rate used in the different inlets. The authors used two distinct apparatus in a Y-

shape conformation with two and three inlets, respectively. The results showed the need 

of adding a surfactant (SDS) to the aqueous phase to achieve a stable laminar and 

stratified flow. Without the surfactant, the interfacial tension between the organic 

(phenol/chloroform/isoamyl alcohol) and aqueous phases was much higher, preventing 

a laminar flow. Besides, in its absence, the capillary number was so low that a slug 

profile was obtained. Thus, at flow rates of 2.5, 1.25, and 2.5 μL.min-1 for the aqueous-

organic-aqueous phases, a laminar flow was achieved (Figure 77.I). Though, if this 

flow rate was reduced to 1, 0.5, 1 μL.min-1, the laminar flow became thinner and gave 

rise to a tortuous jet with droplet ejection (Figures 77.II-V), even in the presence of a 

surfactant. Afterwards, this microplatform was applied to the BSA extraction from the 

Y-shape inlets T-shape inlets

vs.
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aqueous phase. The protein diffused towards the organic phase, precipitating in the 

aqueous-organic interface. However, the extraction of BSA was not complete due to the 

limited surface area of the interface created.  

 
Figure 77.I) Microchip inlets with laminar flow at flow rates of 2.5, 1.25, and 2.5 μL.min-1 for the 

aqueous-organic-aqueous phases. By reducing these flow rates to 1, 0.5, 1 μL.min-1, respectively, the 

laminar flow gives rise to a tortuous jet with droplet ejection (II-V). Adapted from 290. 

 

In a similar study, Morales and Zahn352 studied and compared the transition of flow 

patterns inside the same chip, i.e. a Y-shape chip with a main serpentine channel 

typically used for laminar flow. Herein, authors manipulated the flow rates ratio to 

induce either a laminar or segmented flow. In the first case, the aqueous phase flow rate 

was much higher than the organic flow rate, leading to a capillary number of 0.72, 

whereas for segmented flow, this were drastically reduced until the flow rates ratio 

allowed a capillary number of 0.07. At this point, interfacial forces dominate the 

viscous forces and slugs were formed. This apparatus was evaluated with the extraction 

of rhodamine labelled BSA and DNA, as previously discussed. In contrast, Zhao and 

Yuan353 reported a T-junction microfluidic device with three inlets and one outlet for 

the extraction of succinic acid using an organic (n-butanol) - water system with parallel 

flows (Figure 78.I). During the experiments, the authors evaluated different flow 

regimes as well as the influence of different parameters on the kLa, namely the effect of 

different inlet configuration and localization, the microchip height and length, the 

volumetric flux ratio and the ReM. They concluded that, since the organic phase had a 

smaller contact angle than the aqueous, segmented flow was difficult to be formed even 

in this chip conformation. Therefore, only parallel flow was observed and with different 

type of interfaces, such as smooth or wavy interfaces or even a chaotic thin striations 

flow. As such, with this microchip configuration and type of flow, the entire mass 

transfer process is divided into five zones (Figure 78.II): at the T-junction, in the 

mixing microchannel, at the outlet conduit, during the liquid–liquid two-phase droplets 

falling, which occurs while the liquids are leaving the outlet, and during the sampling in 

the phase separator. The results also showed that the reduction of both the microchip 

height and length, at a constant ReM, and the volumetric flux ratio led to a kLa increase. 

This can also be achieved by the increase in the ReM, since it caused the change of a 

16.67 ms 16.67 ms 16.67 ms

Jet thinning and necking Droplet breaking

Parallel flow

Jet flow

I)
II) III) IV) V)
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smooth interface to a wavy one or even to the chaotic thin striations, resulting in a better 

mass transfer. Furthermore, the authors compared the results here obtained with other 

liquid-liquid contactors and observed that their values displayed an enhanced mass 

transfer. Contrarily to some beliefs, this study proved that a T-shape conformation of 

the inlets does not necessarily means that the microchip will display a segmented flow. 

Here, instead, a laminar flow was observed.  

Following the same kind of approach it was shown that parallel inlets does not imply 

laminar flow for extraction processes as it was established by Rooij and co-workers354. 

In this study, the authors designed a microfluidic device with parallel inlets and a 

shallow and deep main channel that allow the droplet formation. This microchip was 

proposed to pre-concentrate cocaine from the human saliva (continuous phase) towards 

the organic droplets (disperse phase) composed of an infrared (IR)-transparent solvent 

(tetrachloroethylene). Near the outlet, the continuous phase is drained from the chip, 

while the droplets coalesce into a new continuous phase to be further analyzed and 

quantified in real time through absorption waveguide IR spectroscopy. The results 

showed EEs over 100% after the flow rates optimization, due to the cocaine pre-

concentration. These EEs were 2 to 3 times higher than those obtained with microfluidic 

H-filters. In addition, the IR detection allowed a real-time detection when compared to 

the 10 minutes to several hours detection of other methods, such as immunoassays and 

MS, besides the fact that none of them are portable as this one. Thus, through this study 

the authors showed that an initial parallel flow can be changed to a segmented one, 

while developing an innovative method for real time drug testing.  

 
Figure 78.I) Schematic representation of the T-junction microfluidic device with three inlets and one 

outlet for the extraction of succinic acid. II) Schematic diagram showing five different mass transfer 

zones in the T-junction micro-channel system under study. Adapted from 353.  

Analysing carefully all the studies carried out using conventional LLE, specially 

through Tables 14, 15 and 16, it is clear that the most common materials to fabricate the 

chips are glass and PDMS while the most common solvents are octanol (12 studies) > 

butanol (5 studies) = ethyl acetate = toluene > hexane (4 studies) > cyclohexane (3 

I)

ii)

i) II)



4.  PURIFICATION OF BIOMOLECULES “ON-CHIP” 

208 

 

studies) = silicon oil = phenyl/chloroform/isoamyl alcohol > phenol (2 studies) = 

DMSO = heptane = oil (without specification). All the remaining solvents were only 

used once so they cannot be used for comparison purposes. In fact, apart from the type 

of flow used, the chip material and maybe the solvents, there is not much that can be 

compared since each chip was fabricated with an intended purposed, not allowing 

general conclusions for each type of molecule. Alimuddin et al.347 were the only authors 

that used a commercial microfluidic device to determine the D of several 

pharmaceuticals compounds, which allowed them to focus mainly in the distribution 

values instead of trying to understand all the mechanisms behind the extraction 

phenomenon. This shows that there is much information missing in this field since 

authors usually search in literature processes to implement in their purification studies. 

Actually, only a few distinct groups (Kitamori313–315,321,323,324,329, Žnidaršič-Plazl and 

Plazl302,330,331, Ohmura326–328, Zahn290,352 and Luo333,338) focused their attention on firstly 

understanding the microchips performance by extracting dyes and simple molecules to 

further improve their performances and facilitate their application in the 

extraction/purification of real matrices. This is the clear proof of the current great lacuna 

in the microextraction field in terms of the creation of heuristic rules associated to the 

device conditions and geometry, and their extractive performance. The main 

conclusions so far define that by using segmented flow, the mass transfer can be 

boosted. However, there are very few efficient ways to separate the continuous/disperse 

phases at the outlet and these are always specific for that chip thus, incapacitating the 

entire process of purification. It is also mandatory the future focus on real matrices due 

to the increase complexity of these media, which are well known to affect the molecules 

partitioning.31,163 

4.1.3. AQUEOUS TWO-PHASE MICROEXTRACTION 

In most microfluidic studies, LLE is based on aqueous-organic systems that use 

hazardous organic solvents.200 ATPS are a more benign type of LLE that are mainly 

composed of water (65-90%) and do not require the use of organic solvents in the whole 

process, providing mild operation conditions31 that allow the biomolecules to keep their 

native conformations and biological activities. These systems consist of two aqueous 

solutions of immiscible compounds, for instance two polymers, a polymer and an 

inorganic salt or an IL, among others.31,163,355 Thus, ATPS are highly flexible 
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approaches, since a vast array of compounds can be used in extractions and purifications 

with good selectivity and yield as reviewed in31,355. Over the last years, there has also 

been an increased interest in microfluidic extraction applying different types of ATPS. 

The studies range from the conventional polymer-polymer285–288,296,356–358 and polymer-

salt297,359–362 ATPS to the recent surfactant-salt,363,364 polymer-surfactant,365 protein-

polymer,366 IL-water,367 IL-salt359 or even the IL-sugar298 ATPS for the extraction of 

different cell types and biomolecules, as detailed in Table 17 and Figure 79. 

Henceforth, this chapter will be organized considering the type of ATPS used instead of 

being structured along on the flow type as before, since most of these studies use 

laminar flow, with only a few reports of segmented flow. This type of LLE is, by itself, 

a great improvement for the solvent extraction field and as such, the focus will be on the 

combined advantages of ATPS and microfluidic devices.  

Table 17. Proteins studied in the works review here and their molecular weight and isoelectric point (pI). 

This information was gather from Uniprot database368 and is dependent upon the organism. 

Protein Molecular weight (kDa) pI 

Bovine serum albumin ~ 69.3 5.82 

(E.coli) β-galactosidase ~ 116.7 5.30 

(Aequoera victoria) Green fluorescent protein (GFP) ~ 26.9 5.67 

Glutathione S-transferase 22.5 – 25.5 5.10 – 6.09 

Immunoglobulin G ~ 150 6.60 – 7.02 

(Staphylococcus aureus) Protein A ~ 42 4.85 – 5.10 

(Bovine) Insulin ~ 11.4 7.60 

(Bacillus licheniformis) α-amylase ~ 58.5 6.33 

(Halobacterium salinarium) Bacteriorhodopsin ~ 28.3 4.58 

(Bovine) Trypsin ~ 25.8 8.40 
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Figure 79.  Biomolecules extracted using ATPS-based microextraction within a microfluidic device (I); 

and structure of the dyes and toxin extracted using ATPS-based microextraction (II). 

 

4.1.3.1.   Polymer-polymer-based ATPS 

Polymer-polymer-based ATPS are the most studied type owing to its extensive 

characterization and use in literature. They have been applied to the extraction of 

strawberry cells,285 Chinese Hamster Ovary cells,286 leucocytes/human T lymphoma 

(Jurkat) cells,287,288,356 erythrocytes,287,356 E.coli strains,357 virus-like particles (VLP),369 

C2C12 myofibroblast cells and trypsin,358 BSA,296,299 protein A, insulin, IgG and 

GFP.299 Herein, besides the diversity in analytes extracted and their extractive 

performances, several microfluidic devices were also purposed, as summarized in Table 

Methyl orange Ruthenium red

Dyes

Ochratoxin A

Toxin

Lysine

Glutamic acid

Amino acids

Phenol
Bisphenol A

Resorcinol
Small moleculesII)

Particles and strains

I)

E. coli strains

Human immunodefficiency virus

like particles

ATPS-based

microextraction
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18. Yamada and co-workers285 were the first to use an ATPS in microfluidic devices for 

the partition of plant (strawberry) cells. For that purpose, the authors used two 

microchips with two inlets/outlets and a straight main channel, distinguished by the 

introduction of a pinched segment (constriction) at the beginning of the main channel 

(Figure 80).  

 
Figure 80. Strawberry cells macroscale extraction on the left, and microfluidic device used in the same 

cells extraction at microscale, on the right, using an ATPS based in PEG + Dex + water. Adapted from 
285. 

 

In this study the flow rates and phase width were optimized, in presence and absence of 

a salt (Li2SO4). Preliminary macroscale results showed that in the salt absence, cells 

diffused towards the dextran (Dex)-rich phase, whereas in its presence cells preferred 

the polyethylene glycol (PEG)-rich phase. In the microscale studies, the strawberry cells 

were added to the PEG-rich phase and introduced in one inlet while the Dex-rich phase 

was introduced in the other inlet, the cell partition occurring in the main channel. 

Results evidenced that independently of the salt presence/absence, when the PEG phase 

width was reduced, cells migrated towards the Dex-rich phase. However, when the flow 

rate influence was analysed, the salt presence not only affected the cells affinity towards 

a specific phase but also the cells migration, since a flow rate increase promoted a 

higher cell migration towards the interface in the normal microchannel due to the 

inertial force. On the other hand, in the pinched microchannel, this effect was no longer 

present owing to the reduced inertial force conferred by the pinched segment. The 

pinched microchips displayed always a higher partition efficiency at all flow rates 

studied since there was a decrease in the nonspecific migration.  

A similar ATPS was used in a three inlets/outlets microfluidic device for animal cells 

extraction,286 namely the Chinese Hamsters Ovary Cells (CHO-K1). Again, the ATPS 

was firstly prepared and the phases separated before being introduced in the microchip. 

The main difference in this work is that the third inlet allowed the cells to be introduced 

by themselves instead of being previously mixed with one the phases (Figure 81).  
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Figure 81. Schematic representation of the experimental macroscale fractionation of CHO-K1 cells 

protocol using ATPS (I) and the scheme and dimensions of microfluidic device under study (II) from 286. 

 

In this work, authors observed that the pH had a great effect on the cells distribution, 

which migrated preferably to the PEG-rich phase, and on the recovery and purity yields. 

At the optimal pH and flow rate, it was shown that the microextraction improved live 

cell partitioning and purity by nearly 7% when compared to macroscale ATPS, resulting 

in a 97% efficiency. In fact, this methodology allowed the separation of live and dead 

cells since the live cells partitioned to the PEG-rich phase whereas the dead cells 

remained at the interface. Therefore, live and dead cells were collected at the upper and 

middle outlets, respectively.  

Some authors focused their attention on the partition and separation of blood cells from 

the whole blood, namely erythrocytes and leucocytes/Jurkat (acute lymphocytic T cell 

leukemia cells) cells.287,356 This was only possible due to the different affinity of these 

cells for distinct polymeric phases: erythrocytes tend to partition towards the Dex-rich 

phase while leucocytes/Jurkat cells prefer the PEG-rich phase. SooHoo and Walker356 

I)

II)
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reported that the leucocytes concentration could be improved by decreasing the ATPS 

scale and that within a microscale ATPS, the number of interfaces within the microchip 

had a major effect on the concentration and separation of leucocytes,  with their 

concentration achieving a 9.13-fold increase when compared to the control, due to the 

higher (S/V). Tamiya et al.287 used a similar device and ATPS to study the inlet’s angle 

influence on the interface formation and on the cell separation. It was shown that out of 

the four angles studied (10°, 15°, 30° and 45°), only the 15° allowed the formation of a 

stable two-aqueous flow. Regarding the phases introduction in the inlets, the  authors 

followed the approach used by Nam and co-workers286, introducing cells in the middle 

inlets while PEG- and Dex-rich phases were introduced in the upper and lower inlets, 

respectively. Within the microchip, circa of 99% of sample erythrocytes and 96% of 

sample Jurkat cells were recovered in the Dex and PEG phases, respectively, compared 

to the ~96% of erythrocytes and ~15% of Jurkat cells collected at the same phases at 

macroscale. Moreover, at macroscale, approximately 17% and 68% of Jurkat cells were 

recovered from the Dex-rich phase and at the interface, respectively, owing to gravity. 

Therefore, the scale reduction not only improves the extractive performances but also 

the selectivity of the system.  

A different approach for the rapid extraction of Jurkat cells was reported by Edel et. 

al.288 through a PEG-Dex microdroplet formation using a T-shape microchip (Figure 

82). This device has three inlets, though two of them converge at the same inlet of the 

T-junction (Figure 82.b), whereas the other inlet was used to introduce oil to serve as 

the continuous phase. The serpentine main channel is divided in two channels (Figure 

82.c): one larger that can fit the droplets and the other much smaller just to contain the 

continuous (oil) phase. Both channels converged again for the second and longer part of 

the main channel. This was created to guarantee a chaotic mixing within the droplets 

and is located around one third of the channel. After this efficient mixing, the Dex-rich 

phase (containing the cells) concentrates again as the droplet core, while the PEG-rich 

phase encapsulates it and the partition occurs (Figure 82.e).  
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Figure 82. Schematic representation of microchip used in 288 with different close ups of the chip. 

 

They evaluated the partition of Jurkat cells before and after their incubation with an 

antibody, forming a conjugated cell with a more hydrophilic character. Thus, 98% of 

Jurkat cells without the conjugate stayed within the Dex-rich phase, whereas 93% of 

cells conjugated with the antibody partitioned for the PEG-rich phase. This work shows 

that it is possible to use the same system but to create a different type of flow by 

changing the microchip conformation. This works fails, however, to address the 

separation of the two phases, which is a considerable downside when compared to the 

previous work with laminar flow reported by Tamiya et al.287.  

The last three studies focused on cell and particles partition regarding the virus-like 

particles (VLP) extraction from CHO cells, the bacterial cell extraction and the culture 

of mammalian cells, namely myofibroblast cells. The first study attempted the 

extraction of human immunodeficiency virus (HIV) VLPs from CHO cell cultures 

covalently bond to GPF, namely the HIV-GFP VLP.369 The authors created a microchip 

with two inlets converging into a serpentine main channel that diverged into three 

outlets near the exit, being the middle one responsible to discard the waste. Herein, both 

macro and microscales were compared, and several parameters known to influence the 

partition in ATPS evaluated, namely the PEG and dextran molecular weights, the 

system tie-line length (TLL), the sample loading and the addition of a neutral salt 

(NaCl). These conditions were firstly screened at macroscale and the HIV-GFP VLP 

partition was found to be independent of these parameters, displaying a K between 0.5 

and 0.8. One of the best conditions was evaluated at microscale, namely the one 

represented by the system composed of 9% of PEG 1500 + 15% of dextran 100000 + 

20% of sample loading at pH 7.0. The authors mentioned that, despite this system not 
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representing the best partition performance (K = 0.8), it presented a low viscosity, 

which is advantageous on the use of microfluidic devices. The scale reduction resulted 

in a similar K (= 0.6), which was obtained in a much shorter time, thus showing the 

advantage of microfluidics. Additionally, the authors compared these results with those 

obtained with different polymer-salt systems and concluded that the later considerably 

enhanced the partition, as will be discussed in the next section.  

Regarding the bacterial cell extraction, Rajeswari and co-workers357 studied the 

partition of different E. coli strains. The authors initially studied the macroscale 

partition of two E. coli strains (ML308 and BL21) in presence and absence of a salt 

(NaCl). Results showed that E. coli ML308 cells extraction was not affected by the salt, 

with complete migration of the cells for the PEG-rich phase, whereas E. coli BL21 

migrated differently depending on the salt concentration. Using NaCl concentrations 

ranging from 10 to 100 mM, ~80% of bacterial cells partitioned to the interface. 

Though, when this concentration was increased to 200 mM, ~50% of the cells migrated 

towards the Dex-rich phase. To evaluate this effect in microscale, a three inlets/outlets 

microchip was used, and the results were quite unexpected. Within the chip, in absence 

or presence of 100 mM of NaCl, E. coli cells were concentrated in the interface. This 

means that there was no migration since the cells were introduced in the middle inlet 

and remained at the interface in the PEG-rich phase. These results are contradictory 

with what happens in macroscale. Reducing the scale may affect the partition but should 

not change the solute affinity towards any phase. Though, authors did not resolve or 

explain this contradiction. Concerning the myofibroblast cells extraction,358 authors 

studied the influence of laminar and segmented flows upon the cell partition. With the 

laminar flow, two distinct microchips were also evaluated by changing the number of 

inlets (three vs. seven, Figures 83.a-c) and thus increasing the number of interfaces 

formed (Figures 83.d-h). This approach with three inlets showed that by changing flow 

rates, it is possible to enlarge or reduce the PEG width between the Dex-rich outer 

phases, creating a gap between the two cell populations. In contrast, the approach with 

seven inlets was very effective to study multiple cell populations at once owing to the 

creation of different environments (Figure 83.h).  
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Figure 83.a-c) Schematic representation of the microfluidic devices studied by Frampton and co-

workers358. d-h) show the number of interfaces created with these devices. 

 

Concerning the segmented flow the authors used a computerized Braille microfluidic 

platform to force the ATPS to form droplets by pin actuation,358 i.e. each pin of the 

microchip (Braille display) acts as a valve that can be operated by a computer 

monitoring the opening and closing of the pins. This produced dextran droplets within a 

PEG-filled channel. Nevertheless, by changing the actuation timing of dextran channels, 

new droplets could be formed containing different materials. Through this method, it 

was possible to study different cell islands. Moreover, the authors studied the partition 

of trypsin, an enzyme used to dissociate cells from the place where they are adhered, 

through laminar flow. Herein, it was used a negatively charged dextran to evidence a 

selective extraction of trypsin to this phase since this is a cationic protein. Münchow 

and co-workers296 also used the charge of proteins to develop a microfluidic device able 

to promote the protein partition by an electric field applied to the chip. For this purpose, 

the authors created a three inlets chip that converged into a straight main channel and 

one outlet, in which the main channel was connected to side reservoirs by gel bridges 

(Figure 84). The electric field was applied through the main channels to allow the 

mobilization of proteins according to their electric mobility. In this case, by introducing 

BSA in the PEG outer phases, its diffusion is preferential to the middle Dex phase due 

to its higher affinity for this phase. However, if BSA was dissolved in the Dex-rich 

phase, upon voltages up to 2.5 V, the protein remained in this phase. For higher 

voltages, the BSA migrated to the opposite phase, following the electric potential. This 

partition was proven to be independent of the pH. 
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Figure 84. Schematic representation of the three inlets/ one outlet microfluidic device created by 

Münchow and co-workers296 for the electrophoretic partitioning of proteins. Adapted from 296. 

 

Recently, Aires-Barros et.al.299 studied the partition coefficient, K, of several labelled 

proteins, including an antibody, and GFP, with a microchip with three inlets, 

converging into a straight main channel and one outlet. The authors aimed not only at 

the quick determination of the K of biomolecules but also to achieve it without the final 

phase separation. Therefore, all biomolecules were fluorescent or previously labelled, 

making possible a fast “on-chip” detection/quantification at the end of the main channel 

and thus, not requiring the phases separation at the outlets for the biomolecules to be 

quantified “off-chip”. Moreover, within 30 minutes it was possible to analyse different 

ATPS compositions compared to the several hours required at macroscale for the 

system to reach the thermodynamic equilibrium, phases separation and quantification. 

The microscale provided K values similar to those of the macroscale, the main 

difference being the time required for the measurements.  

Overall, these studies showed that, in spite of the differences in microchip 

conformations, the outcome is similar for analogous solutes, unless the system is 

manipulated to force the opposite behaviour. Furthermore, it should be highlighted that 

these polymer-polymer ATPS are very viscous mainly by the presence of dextran that 

generally has high molecular weights, thus interfering with the difference in the flow 

rate between PEG-rich and Dex-rich phases. Besides, these systems have similar 

polarities, which can be a downside for purification purposes as demonstrated by Aires-

Barros et.al.299. Thus, polymer-salt-based ATPS may be an interesting alternative and 

are discussed in the following section. 
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Table 18. (Bio)molecules extracted using polymer-polymer-based ATPS as well as the ATPS components and the microfluidic device used. 

Cells or (bio)molecule extracted ATPS components Microfluidic device Ref. 

Plant (strawberry) cells PEG 6000, dextran T500 

Two PDMS microchips with two inlets/outlets and a straight main 

channel. One of the chips has a pinched segment in the begging of the 

main channel 

285 

Live and dead CHO-K1cells PEG 8000, dextran T500 
A PDMS microfluidic device with three inlets/outlets and a straight 

main channel 
286 

Leucocytes and erythrocytes 

PEG 8000, dextran, PBS 
The PDMS microchips with three inlets/outlets and a straight main 

channel 
356 

PEG 3350, 6000 and 8000, dextran 

40000 and 500000 

A PDMS microfluidic device with three inlets/outlets and a straight 

main channel 
287 

Jurkat cells PEG 6000, dextran 

A T-shape microchip with three inlets: two of them converging into one 

of the inlets belonging to the T-junction. The main channel is in 

serpentine and has a single outlet 

288 

C2C12 myofibroblast cells and 

trypsin 
PEG 35000, dextran 10000 and 500000 

Two PDMS microfluidic devices: one with three inlets and the other 

with seven inlets, both converging into a straight main channel and one 

outlet. 

A computerized Braille microfluidic platform to force ATPS to form 

droplets by pin actuation 

358 

E.coli strains PEG 6000, dextran T500 
A PDMS microfluidic device with three inlets/outlets and a straight 

main channel 
357 

BSA PEG 8000, dextran 500000 

A PMMA microdevice with three inlets converging into a straight main 

channel and one outlet. The main channel has several gel bridges 

connecting it to two reservoirs at which an electric field is applied 

296 

Human Immunodeficiency Virus-

like particles 

PEG 1000, 1500, 2000, 3350, 6000, 

8000, 10000 and 20000; dextran 40000, 

100000, 162000, 298000 and 500000 

A PDMS microchip with two inlets converging into a serpentine main 

channel that later diverges into three outlets 
369 

BSA, GFP, immunoglobulin G 

(IgG), protein A and insulin 
PEG 1000, dextran 20 

A PDMS microfluidic device with three inlets, converging into a straight 

main channel and one outlet 
299 
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4.1.3.2.  Polymer-salt-based ATPS 

Polymer-salt-based ATPS are the second most studied extractive platform for a wide 

range of biomolecules within a microfluidic device owing to its faster thermodynamic 

equilibrium, and lower viscosity, among other advantages. It has been applied for the 

extraction of BSA,297–299,361 β-galactosidase,297 GFP,297,299 glutathione S-transferase 

(GST),297 genomic DNA,297 IgG,299,360,370 protein A,299 insulin,299 GFP,297,370 α-

amylase,371 ochratoxin A,362 polyphenols,362 bacteriorhodopsin359 and HIV-GFP VLP.369 

This data as well as the ATPS components used and the microfluidic device 

characteristics are present in Table 19. Singh and collaborators297 were the pioneers in 

the application of this type of ATPS into a microfluidic device, which was 

accomplished through a reusable glass microchip with three inlets, converging into a 

serpentine main channel that later diverged into two outlets. This platform was initially 

tested using fluorescent labelled BSA and β-galactosidase to allow the visual 

identification of different proteins affinity for the saline or polymeric phases, 

respectively. Afterwards, the authors studied the extraction of both GFP and GST in 

their native variants and after being genetically tagged with two different sequences 

each. This way, they manipulated the partition towards the polymeric phase, thus 

increasing the purity and recoveries of the extracted proteins from 16 to ~50% for the 

native and tagged GFP, respectively, and from nearly zero to around 40% for the wild-

type and tagged GST, respectively. They further used a cell lysate of E. coli to study the 

partition of all its components. The recombinant tagged proteins partitioned almost 

equally between the two phases, though 75-90% of total proteins were collected in the 

salt-rich phase owing to its higher flow rates, whereas genomic DNA adhered to the 

walls or stayed near the interface migrating to the saline phase. The β-galactosidase, 

GFP and GST, showed a selectivity between 3 and 5 relatively to total proteins. 

However, some reproducibility issues regarding the recovery values due to incomplete 

phase separation in the outlets, some dead volumes in the chip and the very small 

amounts of materials might have caused some interferences with the “off-chip” 

detections.  

Tong et al.361 proposed an interesting and innovative microfluidic device composed of 

capillary glass tubes, creating two outer phases and one inner phase by introducing two 

square capillaries near the inlet and the outlet (Figure 85). This coaxial capillary device 

allowed the formation of two interfaces and a final phase separation. The proper 
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operation conditions, namely flow conditions, mass transfer and contact time, were 

evaluated through the partition of a dye, rhodamine B. Then, the BSA extraction was 

carried out and the impact of the flow rate as well as several cycles and different BSA 

concentrations were evaluated on the protein recovery rate. The results showed that the 

recovery increased with the BSA concentration on the outer phase along with the 

number of ATPS cycles, increasing from 34.2% for the first cycle to 71.1% for the 

third. Moreover, when the flow rate of the outer phase increased, the BSA recovery rate 

decreased since the mass transfer declined as a consequence of the reduced contact time.  

 
Figure 85. Schematic representation of microchip created by Tong et al.361 using capillary glass tubes. 

 

Regarding antibody extraction, a few authors have studied the IgG extraction in 

microfluidics.360,372 Aires-Barros et. al.360 were the first to attempted the IgG extraction 

using a polymer-salt with a two inlets/outlets chip. However, with this chip there was no 

fluorescence variation between the coexisting phases. Therefore, authors replaced it by 

a microchip with three inlets/outlets and added some modifications to allow the 

complete phase separation at the outlets, namely by reducing the middle outlet width 

while increasing the outer outlets (Figure 86).  
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Figure 86. Schematic representation of the chip used by 360 as well as some pictures of the IgG partition 

along the device. Adapted from 360. 
 

Once in the main channel, the labelled IgG diffused from the salt-rich phase towards the 

polymeric phases until its concentration reached a plateau at a 10 cm length from the 

inlets of a total of a 16.8 cm microchannel length. Nonetheless, the extraction requires 

all the channel length so that the IgG remaining in the interface could completely 

migrate to the PEG-rich phase. It must be emphasized that these results are in agreement 

with both simulation and experimental results and that the ATPS size reduction from 

macro to microscale did not considerably affect the antibody partition but it did reduced 

the operation time.360 Marco Rito-Palomares and collaborators372 used a similar chip to 

study the partition of IgG to distinct polymeric phases. In this study, the authors 

observed that by increasing the polymer molecular weight it was possible to manipulate 

the affinity of the antibody towards any phase of the ATPS. When PEG 400 was used, 

IgG partitioned completely to the polymeric phase, whereas PEG 3350 led to the 

recovery of most of the antibody in the salt-rich phase; meanwhile PEG 1000 showed 

an equal distribution of IgG between the two phases. When compared to macroscale 

results, a similar behaviour was observed. Recently, Aires-Barros and 

collaborators299,370 proposed two new chips in which it was not required the typical 

device with two or three inlets/outlets with a final phase separation to determine the 

biomolecule partition coefficient. In one hand, authors designed a microchip with three 

inlets, converging into a main channel and one outlet coupled with fluorescent 

microscopy to detect the target molecule.299 Herein, authors analyzed several other 

labeled or fluorescent proteins apart from the labeled IgG, namely BSA, protein A, 

insulin and GFP. Results showed a preferable migration of all proteins for the PEG-rich 
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phase and an increasing salting-out effect from the salt when its concentration was 

increased, being these results considerably higher than those previously achieved for a 

similar polymer-polymer-based ATPS. The viscosity reduction from the dextran 

replacement for the phosphate salt played a major impact in this enhancement of the K, 

as expected. On the other hand, and also aiming at the development of a multistage 

extraction screening, a second chip was developed, containing 8 identical microfluidic 

devices with two inlets converging into a serpentine main channel and a central outlet 

common to all devices (Figure 87).370 The outlet was driven by a negative pressure, 

which means that it is connected to a syringe pump in a pulling mode, at a constant flow 

rate (2 μL.min-1). As a result, each phase flow rate was controlled by its viscosity and 

density. Initially, the chip performance was evaluated by the extraction of GFP and 

LYTAG-GFP. Both tagged and untagged proteins partitioned preferably for the PEG-

rich phase, with the LYTAG-GFP displaying a 2.5-6-fold increase in the partition due to 

the LYTAG affinity for the PEG molecules. For this tagged protein, the PEG molecular 

weight had no effect on the protein partition, whereas the untagged GFP suffered a 

slight decrease in the partition when the PEG molecular weight was increased.  This can 

be a result of the polymer higher viscosity and its exclusion volume effect, as detailed 

by the authors. 

 
Figure 87.A) Schematic representation of the PDMS microchip developed by Aires-Barros and 

collaborators370 with 8 microfluidic devices in a single chip (B). C-D) Pictures of the ATPS phases inside 

distinct locations of the device.  

 

This microfluidic device was then applied for the IgG extraction with the aid of 

LYTAG-Z fusion proteins owing to the ability of the antibody to bind to the Z-domain 

while the LYTAG has more affinity to PEG. The results obtained for ATPS with PEG 

8000 showed that in the LYTAG-Z absence, there is no significant difference between 

the systems with lower TLL. On the other hand, in its presence, the IgG partition 
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increased ~2-fold for the lower TLL and the highest K was obtained for the highest TLL 

due to the higher PEG concentration on the PEG-rich phase. A different behaviour was 

obtained for systems with PEG 3350. Here, the IgG partition to the PEG-rich phase is 

evident in both the LYTAG-Z presence and absence. Nevertheless, a different trend is 

observed regarding the partition and the system TLL. In the LYTAG-Z absence, the 

partition seems to be independent of the system TLL, while in its presence, the antibody 

partition increases with the decrease of the TLL. This might be due to increased steric 

hindrance effects and/or exclusion volume effects, as suggested by the authors. In 

general, with the PEG 3350-based ATPS, it is possible to achieve a ~ 59% higher K 

than with the PEG 8000-based system. This data was compared with macroscale results, 

which showed the same tendency. However, for some cases, there was an 

underestimation of K at extreme values, which was attributed to light dispersion inside 

the chip. After optimizing the IgG extraction, the authors focused on the back-extraction 

of the antibody to a clean salt phase. For that they developed a second chip with three 

inlets, a serpentine main channel and two outlets, although with some modifications 

from the typical device, since this is the combination of two chips into one, as shown in 

Figure 88. This device is divided in two sections: the first was used to extract the IgG 

and the second to carry the back-extraction. The first section is composed of two inlets 

converging into the main channel and this diverging again in two channels: one is the 

first outlet for the salt-rich phase, whereas the second one is the PEG-rich phase that is 

going to merge with the third inlet containing a new salt phase like the initial one. At 

the end both phases leave the chip through the second outlet. This back-extraction was 

possible due to the use of LYTAG-Protein A added to the first salt phase that has a high 

affinity to choline, which was added to the second salt phase. During the extraction step 

the IgG bound to the LYTAG-Protein A that has a good affinity to the PEG molecules 

and, as such, partitioned towards the PEG-rich phase. Later, on the back-extraction 

section, the IgG bound to the LYTAG-Protein A migrated towards the new saline phase 

owing to its higher affinity to choline than to PEG. It is noteworthy to mention that this 

was carried out in a sample spiked with bovine serum to mimic a real sample and the 

results showed that the presence of impurities did not affect the partition profile. 
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Figure 88. Schematic representation of the microchip developed by Aires-Barros and collaborators370 to 

perform the extraction and back-extraction of IgG. 

Bacteriorhodopsin and α-amylase extractions were investigated by Park et.al.359 and 

Novak and co-workers,371 respectively. For the extraction of the bacteriorhodopsin from 

a pre-treated cell lysate, two microfluidic devices were investigated, one for the protein 

microextraction and the other for the micro-dialysis that permitted the sucrose removal 

(used for the sample pre-treatment) and a higher protein purification (Figure 89). In this 

work, the pH effect and the influence of the number of ATPS cycles on the protein 

purity and recovery were studied, as well as the effect of the buffer flow rate and the pH 

on the sucrose removal during the micro-dialysis. 

 
Figure 89. Schematic representation of the two microfluidic devices applied on the purification of 

bacteriorhodopsin359. I) Represents the extraction process using ATPS to purify the protein from the cell 

lysate sample; and II) corresponds to three-flow desalting micro-dialysis applied on the removal of 

contaminant proteins and excess of sucrose after fractionation of the sample stream from the laminar-flow 

extraction process. 

The results showed that the bacteriorhodopsin recovery increased with the pH rise to 7.0 

and decreased with the number of the ATPS cycles. However, its purity increased with 

the number of ATPS cycles and with the pH decrease, an opposite behaviour to the 

I)

II)

I) II)
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sucrose, which slightly decreased with the pH increase. The authors concluded that 

when only the ATPS was applied, the recovery rate obtained was around 90%, the 

sucrose removal was about 17.4% and the total purity corresponded to 0.435, which 

represents a 1.16 purification fold. However, after the micro-dialysis (Figure 89.II), the 

protein recovery rate decreased to 79% but the sucrose removal and the total purity 

increased to 65.3% and 0.503, respectively, leading to a 1.55 purification fold.  

Concerning the α-amylase extraction,371 the authors compared the influence of two vs. 

three inlets/outlets microchips and the advantages of the latest. In the first chip, the 

diffusion time was considerable higher than in the second due to the longer diffusion 

path needed, specifically 40.6 seconds and 8.2 seconds, respectively. The EE of the two 

inlets chip was only 29% compared to the 52% of the microfluidic device with three 

inlets as a result of the two interface areas. Though, this value is lower than the obtained 

in the batch system (74%), yet, this approach required 2.5 hours just to allow the phases 

to reach the thermodynamic equilibrium not to mention the additional timing for the 

phase separation and enzyme quantification. Thus, the three inlets/outlets microchip 

seemed a better option since within a few seconds it was possible to achieve a 

reasonable EE that could be further improved with some optimizations. 

Introducing a completely different set of biomolecules in the polymer-salt 

microextraction, the separation of ochratoxin A and polyphenols362 and the extraction of 

HIV-GFP VLP369 were also studied. This first study was accomplished using a 

microfluidic device with three inlets/outlets converging into a main channel that later 

diverged into two microchannels with different shapes.362 Both toxin and polyphenols 

were previously mixed with the salt phase and then introduced in the inlet. Afterwards, 

the toxin diffused to the polymeric phase whereas the polyphenols remained dissolved 

in the salt-rich phase. The toxin quantification was carried out with the aid of a third 

inlet, just after the polymeric outlet, to introduced anti-toxin antibodies. These were 

later detected using an indirect competitive fluorescence-linked immunosorbent assay 

(icFLISA). After the system optimization, the micro-ATPS coupled with icFLISA was 

used to analyse the amount of toxin present in red wine. The results showed that this 

method allowed the quantification of this toxin with a detection limit of 0.26 ng.mL-1 

and a linear range of three orders of magnitude from 0.1 to 100 ng.mL-1.362 Finally, 

there is the HIV-GFP VLP extraction from the CHO cell culture using three distinct 

polymer-salt-based ATPS, for instance PEG – potassium phosphate, PEG – trisodium 

citrate and PEG – ammonium sulphate.369 As previously mentioned, Aires-Barros 
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et.al.369 created a chip with two inlets converging into a serpentine main channel that 

diverge into three outlets, being the middle one to discard the interface contamination. 

With these systems, the authors also evaluated several parameters on the HIV-GFP VLP 

extraction: PEG molecular weight, the system TLL and pH, the sample loading and the 

addition of a neutral salt (NaCl). These factors were screened at macroscale and the 

results showed that the salt addition and sample loading played no role in enhancing the 

partition, whereas TLL and pH seemed to have an important role. In one hand, by 

increasing the system TLL, the difference in chemical properties of the two phases also 

increased, allowing a more efficient partition according to the HIV-GFP VLP affinity 

for each phase. On the other hand, the pH manipulation induces a more negative charge 

of the particles, and thus a stronger exclusion from the saline phases towards the PEG-

rich phase. Concerning, the PEG molecular weight, lower values allowed a higher 

extraction due to the higher viscosity of the remaining PEGs, as argued by the authors. 

The best conditions tested for the PEG – potassium phosphate, PEG – trisodium citrate 

and PEG – ammonium sulphate-based ATPS allowed partition coefficients of 2.6, 2.9 

and 4.4, respectively. These conditions were also evaluated at microscale, resulting in 

slightly lower K of 2.2, 2.7 and 3.9, respectively. This might be due to the lower 

concentration of the phase formers components in the final system as a result of the 

addition of the sample loading posterior to the phase separation. The most promising 

ATPS, namely PEG – ammonium sulphate was tested in a continuous process for 75 

min. The authors mention the difficulty of maintaining a stable interface for long 

periods of time, while highlighting the major drawback of microfluids at preparative 

scale. As a final study, the authors evaluated the particles purification. In this case, an 

electrophoresis was required to analyse the total proteins present on the samples. Both 

scales were again evaluated using the previous system. In general, the SDS-PAGE data 

showed very similar protein profiles. However, an exception was identified in 

macroscale, in which some impurities in the PEG-rich phase were found. These were in 

the 20-30 kDa range and are probably impurities that got stuck into the chip walls. 

Overall, this is one of the most complete works that not only addressed the comparison 

between the two scales but also studied several effects upon the extraction, including 

distinct types of ATPS and salts. Real samples were used, and the analysis of impurities 

considered, in addition to the use of a continuous process and the discussion of the main 

drawbacks associated with the process. 
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Table 19. (Bio)molecules extracted using polymer-salt-based ATPS as well as the ATPS components and the microfluidic device used. 

Cells or (bio)molecule extracted ATPS components Microfluidic device Ref. 

Human Immunodeficiency Virus-

like particles 

PEG 1000, 1500, 2000, 3350, 6000, 

8000, 10000 and 20000; dextran 40000, 

100000, 162000, 298000 and 500000; 

potassium phosphate 

(K2HPO4/KH2PO4); ammonium 

sulphate; trisodium citrate 

A PDMS microchip with two inlets converging into a serpentine main channel 

that later diverges into three outlets 
369 

BSA, GFP, immunoglobulin G 

(IgG), protein A and insulin 

PEG 1000, dextran 20; 

PEG 1000, phosphate buffer 

(K2HPO4/KH2PO4) 

A PDMS microfluidic device with three inlets, converging into a straight main 

channel and one outlet 
299 

BSA PEG 4000, (NH4)2SO4 
A coaxial capillary microfluidic device composed of tubular and square glass 

tubes, creating two outer phases and an inner phase 
361 

BSA, β-galactosidase, green 

fluorescent protein (GFP), 

glutathione S-transferase, genomic 

DNA 

PEG 4000, potassium phosphate buffer 

(K2HPO4/KH2PO4) 

A glass microfluidic device with three inlets which 

merged into a single serpentine main channel and then diverged 

into two outlets 

297 

IgG 

PEG 3350, phosphate buffer 

(K2HPO4/NaH2PO4), NaCl 

A PDMS microfluidic devices with three inlets/outlets and a serpentine main 

channel 
360 

PEG 400, 1000, 3350; potassium 

phosphate salts (K2HPO4/KH2PO4)  

A PDMS microfluidic devices with three inlets/outlets and a serpentine main 

channel 
372 

α-amylase PEG 4000, K2HPO4 A glass microchip with two and three inlets/outlets 371 

GFP, LYTAG-GFP and IgG 
PEG 3350, 4000, 6000, 8000: potassium 

phosphate salts (K2HPO4/KH2PO4) 

8 microfluidic devices in a single PDMS chip with two inlets converging into a 

serpentine main channel and a common outlet at the center of the chip 
370 

Ochratoxin A 
PEG 8000 and 20,000, 

NaH2PO4/K2HPO4 

A PDMS microfluidic structure with two inlets/outlets and a straight main 

channel. One of the outlets serve as one inlet for the detection mode, while a 

second inlets in this mode is introduced, converging into a main channel and 

later outlet 

362 

BSA PEG 4000, K2HPO4 
Glass microchannel systems 

with two inlets/outlets and a serpentine main channel 
298 

Bacteriorhodopsin PEG 8000, KH2PO4/ K2HPO4 
A PDMS microfluidic device with a stable three-phase stream in the 

microchannel 
359 
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4.1.3.3. Other ATPS 

As mentioned before, the combinations to form ATPS extend far beyond the polymer-

polymer and polymer-salt mixtures discussed above. Surfactant-salt,363,364 polymer-

surfactant,365 IL-salt,359 IL-sugar,298 protein-polymer366 and IL-water367 based ATPS 

have been reported and many of them applied for the microextraction of methyl 

orange,363 ruthenium red,364 IgG and membrane proteins,365 bacteriorhodopsin,359 

BSA,298 amino acids (lysine, glutamic acid and tryptophan),366 and bisphenol A, phenol 

and resorcinol.367 The specifications of each ATPS components and microchip 

characteristics is gathered in Table 20 in addition to the respective biomolecule being 

extracted. Kim and co-workers363 reported the methyl orange extraction from the saline 

(ammonium sulphate) towards the surfactant-rich phase (tetrabutylammonium 

bromide), using both two and three layers of laminar flow (Figures 90.I-II). This 

system was selected due to its moderate interfacial tension, which is lower than the 

aqueous/organic systems and simultaneously higher than the polymer-polymer 

interfacial tension. In addition to the effect of the number of layers on the EE, the 

authors also evaluated the pH influence on the dye recovery. The pH was shown to have 

little effect on the EE, while the addition of a third layer resulted in a higher interface 

area and, consequently, a higher EE. The EEs were around 30 and 50% for different pH 

values in a two and three layers extraction, respectively. Furthermore, the authors 

showed that by applying an electric field on the outlets of the two inlets/outlets 

microchip, it was possible to induce a segmented flow (pictures of Figure 90.I). Here, 

the interface between the continuous and disperse phases was shown to be volumetric 

ratio-, pH- and voltage-dependent, though there was no extraction data reported for this 

type of flow.  
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Figure 90. Schematic representation of the microfluidic devices created by Kim et al.363,364. In I) and II) 

there is laminar flow until authors applied an electric field at the outlets of microchip I), creating 

segmented flow 363. III) and IV) have an electric field being applied near the inlets, resulting in 

segmented flow in almost the extension of the chip.364 Adapted from 363,364. 
 

Later, the authors focused on this droplet-based system by an electric pulse and 

demonstrated its relevance by the ruthenium red extraction using an 

electrohydrodynamic method coupled with a microchip364 (Figures 90.III-IV). The 

microfluidic device presented two distinct steps: firstly, there was the droplet generation 

in the T-branch by a potential difference in the electrodes, and the second was the 

microextraction of the dye occurring in the main channel due to the introduction of a 

fourth inlet with another surfactant-rich phase containing the dye. At the 10 mm and 20 

mm outlets, the concentration of ruthenium red inside the salt-rich droplet was 

measured indirectly by comparing the droplets brightness with a calibration curve 

previously established using known concentrations of dye inside the droplets. The 

experimental results showed a dye concentration of 0.12% and 0.24% (w/w) for the 10 

mm and 20 mm outlets, respectively. This is in good agreement with the 0.11% and 

0.28% (w/w) of the simulations performed in this work. Both the microextraction 

I) II)

III) IV)

ON
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terminus and the droplets flow direction were controlled by the electric pulse applied. 

More recently, they also applied an electric field to a distinct device for an 

electrophoretic extraction of amino acids.366 Campos and collaborators366 created a chip 

with 5 inlets converging into a straight main channel and one outlet (Figure 91), being 

the electric field applied in the perpendicular inlets (inlets 1 and 5 from Figure 91). The 

authors used sodium caseinate in buffer as the donor phase of the amino acids, namely 

lysine, glutamic acid and tryptophan, and PEG as the acceptor phase. When the electric 

field was applied, the amino acids migrated accordingly to their charge. After applying 

an electric field, the PEG phases introduced in inlets 2 and 4 acted as a virtual 

membrane for the selective extraction of compounds with distinct mobilities. This 

means that amino acids with higher mobility will cross this boundary whereas, the ones 

with lower mobility will remain in the donor phase.  

 
Figure 91. Photograph of the microfluidic device used in 366. It is visible the application of an electric 

field in inlets 1 and 5. The donor phase contains the amino acids being extracted to the acceptor phases 

(1,2, 4 and 5). The extraction occurs inside the dashed line. Adapted from 366. 

 

Results showed that, when no electric field was applied, or its strength was 7.4 kV.m-1, 

no migration of the amino acids from the donor phase was observed. Only when the 

electric field was ≥ 14.7 kV.m-1, the amino acids with higher mobility, particularly 

lysine, crossed the phase boundary. This means that ~70% of glutamic acid and 

tryptophan were recovered in the donor phase while only ~ 47% of lysine remained in 

this phase. To improve the amino acids selectivity, authors functionalized lysine and 

glutamic acid with fluorescein isothiocyanate to create a higher difference in their 

mobility. Consequently, at an electric field of 14.7 kV.m-1, the glutamic acid and lysine 

ratio was 87% higher than with no electric field and by further increase this field to 22.1 

kV.m-1, both amino acids could be separated almost completely but at the expense of 

losing glutamic acid to the collector channel. This shows that the chip had not been well 

planned since the outlet region could present more outlets, resulting in the complete, or 

at least, more efficient separation of the phases containing the different amino acids. 

Even though the authors used laminar flow, they did not make use of its easier way to 

-

Donor phase

+



4.  PURIFICATION OF BIOMOLECULES “ON-CHIP” 

231 

 

separate the phases at the outlet, besides they never mentioned how the phases were 

separated only that they were analysed by HPLC. 

Liu et al.365 reported the separation of membrane proteins (liposoluble) from the water 

soluble using a polymer-surfactant-based ATPS inside a three inlets/outlets microfluidic 

device. This approach is known to purify membrane proteins without leading to their 

denaturation and is only possible due to the different affinities of the lipo- and water-

soluble proteins towards the surfactant- and polymeric-rich phases, respectively. 

Initially, a labelled IgG was used as model biomolecule to evaluate the microchip 

performance considering the channel width, diffusion time and interface area. The 

results revealed a good antibody partition from the surfactant phase (zwittergent 3-10 + 

SDS + Triton X-114) towards the PEG-rich phase with a recovery of 90.8%. Then, the 

authors proceeded with the extraction and detection of the membrane proteins using 

capillary electrophoresis, SDS-PAGE and nano-HPLC-MS/MS. As expected, the water-

soluble proteins diffused towards the outer polymeric phases while the membrane 

proteins stayed in the surfactant-rich phase. The results showed a 90% purification of 

membrane proteins within 5 to 7 seconds, which corresponds to the highest purification 

so far. 

It was described above the extraction of bacteriorhodopsin using a polymer-salt 

(phosphate buffer) ATPS, but this protein was also extracted using an IL-salt-based 

ATPS359 in a three inlets/outlets chip. The authors opted to replace the polymer by a 

hydrophobic IL (1-hexyl-3-methylimidazolium hexafluorophosphate, [C6mim][PF6]) 

owing to its ability to remove more easily the contaminant lipids and hydrophobic 

proteins, besides its immiscibility with water. The results for this innovative ATPS were 

identical to those obtained using a polymer-salt ATPS, however, the protein recovery 

decrease with the pH from 90.23 of the previous systems to 84.32. Nevertheless, when 

an additional step of micro-dialysis was incorporated in the system (Figure 89.II), the 

sucrose removal increased from 35.6 to 75.5%, which is a 10% increase compared to 

the conventional ATPS. The total purity was also improved with the dialysis 

incorporation from 0.493 to 0.508, corresponding to a 1.41 and 1.55 purification fold, 

respectively. These values were higher than those obtained for the polymer-salt ATPS. 

Although this system was not as good as the traditional in terms of the protein recovery, 

it was much better as far as purity was concerned.359 This study shows the importance 

of coupling microchips to enhance the molecule purification and shows how crucial it is 

to carefully select the ATPS.  



4.  PURIFICATION OF BIOMOLECULES “ON-CHIP” 

232 

 

Finally, there is the BSA extraction using an IL-sugar ATPS298 in a two inlets/outlets 

microfluidic device. Herein, the IL (1-butyl-3-methylimidazolium tetrafluoroborate, 

[C4mim][BF4]) concentration as well as the pH effect were evaluated in terms of the K 

in addition to the common operational parameters of flow conditions. The results 

showed that the K increased until a pH of 7.3, which was kept for further IL 

concentration studies. At this point, the partition coefficient was shown to increase until 

an IL concentration of 46.7% (w/w). When higher pH and IL concentration were used, 

the partition decreased abruptly. Besides, when the BSA partition was compared using 

this system and the conventional PEG-phosphate ATPS, it was observed a sharp 

reduction on the K from 14.6 to 0.734, respectively. Furthermore, these authors298 

presented a substantial decrease of almost 10 times in the viscosity when these ATPS 

were compared. In general, these alternative ATPS appear as a very promising approach 

to be combined with the microfluidics field and should be further explored.  

Qi and co-workers367 designed a microfluidic device that would allow a stable parallel 

flow and simultaneously would result in an efficient process for the bisphenol A  

purification. The chip had two inlets/outlets with the main channel composed of n 

branches (n = 1, 2, 3, 4, 6 and 8, each with 5 mm length) combined with linear 

segments. Alongside bisphenol A, phenol and resorcinol were also analysed as other 

phenolic derivatives in an IL-water system. N,N, N-trioctylammonium propionate was 

selected due to its hydrophobic nature since it meets the criteria of inducing high EE 

and selectivities. Results showed the partition of these compounds from the aqueous 

phase towards the IL-rich phase. The bisphenol A extraction was carried out in different 

chips with increasing runs, i.e. increasing number of branch, taking each run 0.9 s. For n 

= 1, 2, 3, 4, 6 and 8, the EE of bisphenol was 87, 95, 91, 93, 95 and 94%, respectively, 

leading to the conclusion that 2 runs were enough to achieve an equilibrium. On the 

other hand, even after 4 h of extraction, phenol and resorcinol extraction only achieved 

55 and 22% of EE, respectively, and within two runs their EE corresponded to 39 and 

17 % compared with the 95% of bisphenol A. This showed that it was possible to 

selectively extract bisphenol A from a sample with different phenol derivatives, which 

was justified by the authors by their different hydrophobic/hydrophilic nature. To mimic 

real samples, the authors spiked three different water samples with bisphenol A, namely 

tap, reservoir and beach water. Recoveries results ranged from 95 to 110 % with RSD of 

2.9-4.5 % (n=5). This means that within 2 s, at least 95% of bisphenol A is extracted 

using a simple $ 1 chip that can be wash and reused. 
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Table 20. (Bio)molecules extracted using other ATPS as well as the ATPS components and the microfluidic device used. 

Cells or (bio)molecule extracted Type of ATPS ATPS components Microfluidic device Ref. 

BSA IL – sugar  [C4mim][BF4], D-Frutose 
Glass microchannel systems 

with two inlets/outlets and a serpentine main channel 
298 

Bacteriorhodopsin IL – salt 

1-hexyl- 

3-methylimidazolium 

hexafluorophosphate ([C6mim]PF6], 

KH2PO4/ K2HPO4 

A PDMS microfluidic device with a stable three-phase 

stream in the microchannel 
359 

Bisphenol A, phenol and resorcinol IL – water 
N, N, N-Trioctyl ammonium propionate, 

water 

A microfluidic device with two inlets/outlets and the main 

channel is a combination of linear and branch 

minichannels 

367 

Lysine, glutamic acid and 

tryptophan 
Protein – polymer Sodium caseinate, PEG 6000 

A polycarbonate chip with 5 inlets, a straight main channel 

and one outlet. An electric field is applied in two of the 

inlets 

366 

IgG and membrane proteins Polymer – surfactant 
PEG 6000, 

Zwittergent 3-10 + SDS + Triton X-114 

A PDMS microchip with three inlets/outlets and 

serpentine microchannels 
365 

Methyl orange 

Surfactant – salt 

Tetrabutylammonium bromide (TBAB), 

ammonium sulphate and four buffers 

Two PDMS/glass hybrid microfluidic devices, one with 

two inlets/outlets and a straight main channel, and the 

other with three inlets/outlets and a serpentine main 

channel 

363 

Ruthenium red TBAB, ammonium sulphate 

Two PDMS/glass hybrid microfluidic devices, both with 

four inlets and one or three outlets coupled with electric 

pulses 

364 
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An overview of all the research done in this field up to this date, as well as each type of 

microfluidic device used for the extractions and the solvents applied is detailed in 

Tables 18, 19 and 20. Unlike for the conventional LLE, it is here possible to compare 

easily distinct works since almost all use the common two or three inlets/outlets 

microchips. Additionally, within the same type of ATPS, the system phase formers are 

the same or belong to the same family, for instance the polymer-polymer-based ATPS 

were always composed of PEG and dextran, which often display the same molecular 

weight in different works. These similarities between different works help in drawing 

some general conclusions, namely regarding the best system and conditions for a class 

of compounds. For the separation of different types of cells, it was always used 

polymer-polymer-based ATPS due to the natural affinity of some cells to the PEG-rich 

phase whereas others migrate preferably towards the dextran-rich phase. It was also 

shown that this affinity can be manipulated if necessary for the success of the 

separation. On the other hand, when the polymer-salt results for the protein extraction 

are compared with those obtained with alternative ATPS, it seems that these innovative 

systems enhance the proteins extraction/purification. However, more studies are 

required in microscale to confirm this, especially with the adequate choice of the 

systems components. The ILs seem to be a good choice, since they can be designed to 

meet the requirements of a specific application. This has already been well established 

in macroscale.31,163 For the remaining compounds here studied, i.e. the toxin, dyes and 

phenol derivatives, it is not possible to draw any conclusions since they were only 

extracted using one type of system.  

In these studies, the application of these systems to real matrices was missing. Thereby, 

future authors should start presenting an initial optimization and later use of the same 

approach but by replacing the model molecule with a real crude extract, as demonstrated 

by Qi et.al.367. Moreover, most proteins under study were coupled with fluorescent dyes 

to facilitate their detection and quantification. However, when a real sample is analysed, 

most proteins will not be tagged. This means that another detection/quantification 

process is required, such as electrophoresis, as shown by Aires-Barros and co-

workers.369
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4.1.4. CRITICAL ANALYSIS AND FUTURE PERSPECTIVES 

From the analysis of published results, it is clear that the use of the microfluidic devices 

for LLE is on its infancy, still trying to learn the basics that may eventually lead to 

widespread use and application. Nevertheless, the preliminary results obtained so far 

show that this innovative field can improve separation processes with faster and more 

efficient and selective purifications; and analytics with reduced times, smaller sample 

sizes and enhanced sensibility. It was seen, however, that much work is still missing 

concerning a better understanding of the hydrodynamics of these systems, the transport 

phenomena kinetics of the separation processes, and the application of these systems to 

real samples. The complexity of these matrices may affect the flow regime, due to the 

viscosity of the crude extract, and the impact of some of their components on its surface 

properties that could be much different from the simpler fluids used in the optimization 

studies. The range of studied compounds must also increase significantly in the near 

future, not only to understand the behaviour of the target compounds to be separated, 

but also of the contaminants present in the crude extract. Often, the target compounds 

are present in very low concentration and it is here that microfluidics could be a major 

advantage given its well-known ability to process intensification. This could be further 

enhanced by the ability to use microchips in series. Designing a process in series could 

be an excellent approach to achieve clarification, pre-purification, purification and 

dialysis in a single run, as is done today at macroscale. Park et.al.359 have shown the 

possibility to pursue this approach by coupling two microchips for the purification of 

bacteriorhodopsin, in which the first chip was mainly used for a pre-purification and the 

second allowed the micro-dialysis of sugars, resulting in a final product with higher 

purity. In a similar approach, Smirnova and co-workers323,324 coupled two microfluidic 

devices to perform the hydrolysis of carbaryl pesticides in the first chip and allow a 

reaction in the second device to detect and quantify the reaction product. The feasibility 

of microfluidics in series was demonstrated on these works but it is still seldom 

explored in literature.  

The first approach to the selection or design of the most appropriate microfluidic device 

should be its application. Depending on the application, a different flow profile must be 

selected, i.e. if the focus is solely the determination of a biomolecule partition 

coefficient, a measure of its lipophilic character, or the presence/absence of a compound 

in a specific fluid as well as its amount, the best option may be to use a segmented flow-
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based microchip. In these cases, the mass transfer is considerably higher, allowing a 

higher biomolecule EE and a faster process. However, if the intended purpose is the 

purification of one or more biomolecules, then the better option is probably a laminar 

flow-based microfluidic device. Herein, the mass transfer might not be as high as in 

segmented flow, but it can still be very efficient and much quicker than in macroscale. 

Not to mention that may allow to achieve a complete phase separation at the outlets 

whereas this crucial step is almost always absent in a segmented flow-based chip. A 

comparison between the two flow types is presented in Figure 92.  

 
Figure 92. Comparison between laminar and segmented flows for the extraction of biomolecules with 

microfluidic devices. 

 

It should be highlighted that microfluidics is an excellent approach for the 

intensification of compounds purification present on crude extracts at low concentration 

that are difficult to achieve by other approaches, namely antibodies from plasma or 

serum, growth factors, among others included in the concept of “high-value, low 

volume”. 

Over the last decade, almost all research carried out in these fields has been addressing 

the development of new microchips using segmented flow owing to its higher mass 

transfer. However, little is referred on how to improve a chip that is known to reproduce 

a stable laminar flow to enhance the biomolecule extraction/purification. In this regard, 

there is only a recent work carried out by Xiong and co-workers317 who created two 

different microstructures inside the main channel to induce some turbulence and 

improve the compound extraction. Therefore, there is still a gap that needs to be 

addressed in the design of microchips. In one hand, there are a few reports of 

microchips presenting segmented flow, while having a complete final phase separation 

at the outlets. On the other hand, studies aimed at improving the mass transfer in 

laminar flow are scarce, preventing it from having performances competing with those 

obtained using a segmented flow. Several studies showed that computational 

simulations are successful in predicting the process outcome thus, being a fascinating 
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approach to in silico design and optimize novel microchips to be then experimentally 

tested and validated. 

Finally, it is worth looking at the combination of the LLE field with the microfluidics 

from a SWOT analysis, as presented in Figure 93. It is obvious the number of 

advantages conferred by this combination and the distinct opportunities arising. 

Though, there are still several weaknesses, some of which could be easily solved. The 

low versatility of solvents, mainly the ones used in the ATPS-based microextraction 

could already have been considered a strength. Most systems used in the reported ATPS 

extractions were not the best option considering the molecules being extracted. Freire 

et.al.31 and Ventura and co-workers163 have already summarized and discussed all the 

works done up to date regarding the ATPS extraction and purification of (bio)molecules 

and guided towards the best strategy of different families of compounds. Thus, a 

previous selection of the system applied should be carried out prior to its application in 

microfluidics. Nevertheless, it arises here as an easy and feasible opportunity. 

Additionally, these two works31,163 also considered the use of real matrices and the main 

problems that could arise during the extraction, so it might also be easier when applying 

these systems in microscale. Microfluidics and alternative-based ATPS emerged in the 

scientific community approximately at the same time, though the ATPS-based 

microextraction is clearly behind in the ATPS evolution. Therefore, a major opportunity 

is here displayed. At last, there is the high versatility of the chips created by distinct 

authors, though this should not be considered an advantage. Instead, such versatility 

should be considered a major problem as it does not lead to people focusing on the 

improvements of the existing microfluidics devices so that they could move forward to 

real matrices and not just simpler molecules. This could be a motivation for several 

companies to invest in this area of expertise by focusing in simpler microchips that 

could work in series for distinct applications. Regarding the threats, it should be 

highlighted that apart from the first one that is common to all cases of LLE within a 

microfluidic device, all the other should only be applied for each specific case. This 

means that the biocompatibility of organic solvents is only a threat for the conventional 

LLE of sensible biomolecules like proteins; the polymer viscosity is only a concern in 

polymer-based ATPS; the high complexity of real matrices is only an issue when the 

study is new and there is no data available on how to deal with it; and lastly, the phases 

separation at the outlets should only be further addressed when the purpose of the work 

is the biomolecules extraction and/or purification. For quantification analysis and 
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detection as well as for the partition coefficient determination there is no need of 

physically separate both phases. 

 

 
Figure 93. SWOT analysis of the combination of LLE and microfluidics. 
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4.2.  AQUEOUS MICELLAR TWO-PHASE SYSTEMS WITHIN A 

MICROFLUIDIC DEVICE FOR PROTEIN EXTRACTION 

 

This chapter is based on the ongoing work by 

Filipa A. Vicente, Živa Brečko, Mojca Seručnik, Uroš Novak, Igor Plazl, João A. P. 

Coutinho, Sónia P. M. Ventura and Polona Žnidaršič-Plazl,*** 

 

4.2.1. INTRODUCTION 

Continuous process separation373 and intensification305 using small displays and 

amounts of reagents is now a feasible technique through the aid of microfluidics. During 

the last years, several improvements have been made in this area to insure a better 

understanding over the different fluid flow patterns at reduced scale. With microfluidic 

devices, scientists were able to perform the same systems as in batch scale, though with 

a considerable increase over the volume to surface ratio that in turn resulted in a higher 

mass and heat transfer, in shorter periods. Such devices presented themselves very 

helpful in several areas and for distinct applications, namely in medical research,374 

analytics,375 chemical engineering,376 biocatalysis,377 among others.  

Typically, two common flow patterns, namely parallel and segmented flow, are 

achieved in microfluidics. Emulsions can be differentiated as a third type, which 

deserves special attention since it presents even higher interfacial area that can be up to 

two orders of magnitude higher in microfluidic devices compared to large scale batch 

systems.378 When comparing different flow patterns, not only mass and heat transfer, 

but also the ease of phase separation, should be considered. The separation of the 

immiscible phases can be achieved directly at the microchannel outlet with a parallel 

flow371 or with external units like a membrane separator (typically for aqueous/organic 

systems)379 or a settler. This is a crucial factor to consider for separation and extraction 

purposes. In this regard, ATPS are an exceptional option for the LLE of biomolecules 

owing to their biocompatible and environmental friendly character. As such, ATPS have 

already been applied for the extraction, separation and/or concentration of several 

biomolecules, including proteins 297,299,361 and antibodies.299,360 However, ATPS display 

                                                           
*** Contributions: F.A.V. Z.B., M.S. and U.N. acquired the experimental data. F.A.V. and S.P.M.V. wrote the current 
version of the manuscript with contributions from the remaining authors. 
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some drawbacks, namely the high viscosity and cost of some polymers, the corrosive 

character of some inorganic salts,355 but mainly the possibility of these components to 

negatively interact with biomolecules, leading to their degradation. In this regard, 

AMTPS appear as an attractive alternative since the system components, surfactant 

molecules and water, interact merely with each other to form micelles. Thus, they do 

not bind to the molecules, allowing them to maintain their native conformation and 

biological activity.14 This is the reason why they are preferable for the extraction of 

proteins,14,15 antibiotics,19 antibodies,18 among other macromolecules. These systems 

have been recently improved by the addition of SAILs as co-surfactants14,15,92 both in 

terms of the micelles’ characteristics and the clouding phenomenon.14,92 In turn, this 

allows the enhancement of the system extractive performance, appearing as a very 

promising system.14 To the best of our knowledge, there is not a single report regarding 

the formation of an AMTPS within the channels of a microfluidic device. Therefore, 

this work aims at developing and characterizing an AMTPS inside a microfluidic 

device, composed of microchannels, enabling efficient heat and mass transfer, and a 

microsettler, ensuring the continuous separation of the immiscible phases. Moreover, 

the AMTPS inside the microchip was also tested on the partition of phycobiliproteins as 

a proof of concept. Phycobiliproteins are fluorescent proteins well recognized as part of 

some seaweed, cyanobacteria and microalgae biochemical composition.380 Included in 

the phycobiliproteins present in the macroalgae, R-phycoerythrin is one of the most 

abundant and with higher industrial interest. This protein acts as an auxiliary 

photosynthetic pigment in red macroalgae, displaying well-recognized anti-

inflammatory and antioxidant activities, thus being able to be incorporated in 

pharmaceutical and cosmetic formulations.211 Though, it is most used as a fluorescence-

based marker for numerous molecules in cell biology and immunology and as a natural 

food colorant.211 R-phycoerythrin is considered as an economical and industrially 

valuable protein when highly pure, which makes this protein quite expensive; pure R-

phycoerythrin cost between $3.25 to $14.mg-1 and can reach the $1500.mg-1 when 

conjugated with antibodies or other fluorescent markers.381  

In this work, an AMTPS was implemented on a microfluidic device aiming at the 

optimization of the (i) experimental apparatus, considering the device geometry and 

type of flow, (ii) the AMTPS systems used to test the device, (iii) and the application of 

the AMTPS within the microfluidic device as an intensification strategy applied on the 

partition of R-phycoerythrin. 
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4.2.2. EXPERIMENTAL SECTION 

4.2.2.1. Material 

Fresh red macroalgae Gracilaria sp. was collected in a growing environment of 

aquaculture (40.60°N and -8.67°E) in September 2015 and January 2016. It was kindly 

provided by ALGAplus Ltda, a company specialized in the production of marine 

macroalgae, located in Aveiro, Portugal. After the macroalgae harvesting, the samples 

were cleaned and washed with fresh and distilled water at least 3 times. Triton X-114 

(laboratory grade) was supplied by Sigma-Aldrich. The McIlvaine buffer components, 

namely sodium phosphate dibasic anhydrous (Na2HPO4, purity = 99%) and citric acid 

anhydrous (C6H8O7, purity = 99.5%), were acquired at Merck. 

Tributyltetradecylphosphonium chloride, [P4,4,4,14]Cl (purity = 97.1%) was kindly 

supplied by Cytec. 

4.2.2.2. Methods 

4.2.2.2.1. Set up of the microfluidic device 

The microfluidic device apparatus was set up accordingly to Figure 94. Three distinct 

temperatures were used during the process since temperature is the crucial parameter 

promoting the formation of the AMTPS. To start, the temperature was 4.0 ± 0.1 ºC to 

guarantee that the AMTPS (prepared as described below and used immediately after 

homogenization) was kept in the monophasic region, i.e. the system was a 

homogeneous micellar solution. Then, the system suffered a quick temperature shock 

from 4.0 to 60.0 ± 0.1 ºC to promote rapidly the phase separation. Finally, the 

temperature was set to 35.0 ± 0.1 ºC, since at this temperature, the AMTPS was on its 

biphasic region, thus displaying two macroscopic phases, one surfactant-rich and one 

surfactant-poor phases. The temperature shock was accomplished within a Y-shape 

glass microchip with two inlets and one outlet (Micronit Microfluidics B.V., Enschede, 

The Netherlands). The dimensions of the main microchannel were 150 μm, 150 μm and 

676 mm regarding width, height and length, respectively. Herein, one inlet was block 

while the second inlet was connected to the pre-cooled syringe containing the system. 

The outlet was connected to a previously silanized (according to the protocol reported in 

382) PFA tube with 0.50 mm and placed in the water bath at 35.0 ± 0.1 ºC to allow the 

mass transfer. At the end of this capillary, a microsettler was placed to allow the 

physical separation of the phases. The bottom phase was collected with a syringe, 

whereas the top phase was directly recovered in an eppendorf.  
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Afterwards, the volume and weight of both phases were measured. It should be 

highlighted that the maximum flow rate employed was 30 μL.min-1 since higher flow 

rates would not lead to good mass transfer and phase separation phenomena.  

The residence time within the microfluidic device was determined using the Eq. 27.  

  𝜏   
𝑉

∅
                                                        Eq. 27 

where τ corresponds to the residence time in min and V and Ø are the volume (μL) and 

the flow rate (μL.min-1), respectively. 
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Figure 94. Microfluidic device apparatus used on the implementation of an AMTPS in microscale. 
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4.2.2.2.2.  Solid-liquid and liquid-liquid extractions 

Fresh algae samples were firstly grinded and then lyophilized. The solid-liquid 

extraction was carried out accordingly to Martins et. al.208, but instead of a buffer, 

distilled water was used. Then, the aqueous crude extract rich in phycobiliproteins was 

used in the AMTPS preparation. 

For the R-phycoerythrin extraction, each AMTPS was composed of 10 wt% of Triton 

X-114, 0 or 0.3 wt% of SAIL, 10 or 20 wt% of the phycobiliproteins extract and 

completed with 0.18 M of McIlvaine buffer pH 7.0 until a final 10 mL volume was 

obtained. Then, the systems were homogenized inside the fridge at around 4 ºC and left 

overnight at 35.0 ± 0.1 ºC for the batch experiments to reach the thermodynamic 

equilibrium, allowing the complete phases separation. Afterwards, both phases were 

carefully collected, their volumes and weights were measured and analysed in the 

microreader plate (TECAN. Infinite M200 pro). All AMTPS in macroscale were 

performed in triplicate and the respective standard deviations determined, whereas for 

the microscale, at this point, only one replica has been analysed. Moreover, to avoid any 

interference from the main components, a blank control was carried out for each system 

studied, in which the phycobiliproteins extract was replaced by the McIlvaine buffer pH 

7.0. The extraction performance of each AMTPS was evaluated through the R-

phycoerythrin EE in the surfactant-poor (top) phase, as described in Eq.28. 

    𝐸𝐸𝑅−𝑝ℎ𝑦𝑐𝑜𝑒𝑟𝑦𝑡ℎ𝑟𝑖𝑛𝑠𝑢𝑟𝑓𝑎𝑐𝑡𝑎𝑛𝑡−𝑝𝑜𝑜𝑟 𝑝ℎ𝑎𝑠𝑒  
 (𝑅−𝑝ℎ𝑦𝑐𝑜𝑒𝑟𝑦𝑡ℎ𝑟𝑖𝑛)𝑠𝑢𝑟𝑓𝑎𝑐𝑡𝑎𝑛𝑡−𝑝𝑜𝑜𝑟 𝑝ℎ𝑎𝑠𝑒

 (𝑅−𝑝ℎ𝑦𝑐𝑜𝑒𝑟𝑦𝑡ℎ𝑟𝑖𝑛)𝐼𝑛𝑖𝑡𝑖𝑎𝑙
    Eq. 28     

where m(R-phycoerythrin)surfactant-poor phase and m(R-phycoerythrin)Initial corresponds  to 

the mass of R-phycoerythrin in the surfactant-poor phase and mass of R-phycoerythrin 

present initially in the crude extract, respectively. 

4.2.3. RESULTS AND DISCUSSION 

AMTPS are a particular type of ATPS that are temperature dependent to be formed, i.e. 

the homogeneous micellar system only separates into two macroscopic phases upon the 

increase of the temperature until the cloud point is reached.14 Therefore, it was crucial to 

find a set up with a precise temperature control in distinct steps. To start, the AMTPS 

should be at a temperature below the system binodal curve in order to be in its 

homogeneous phase. Then, the temperature of the system must be increased above the 

system cloud point, allowing the phases separation. In a first attempt (Figure 95), the 
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system was inside a pre-cooled syringe at 4 ºC. A PFA tube with 0.50 mm of diameter 

was connected to the syringe and introduced in a water bath at 35 ºC. The tube’s exit 

was linked to a microsettler (Figure 95.V), also at 35 ºC, to ensure the physical 

separation of the phases. Through this set up, the AMTPS could separate into two 

phases however, the phase separation inside the PFA tube was not good and the 

maximum flow rate achieved was 10 μL.min-1, leading to a residence time of 57.19 min. 

Alternatively, the PFA tube diameter was reduced to 0.25 mm. However, no significant 

improvements were obtained, being the maximum flow rate achieved only ~7.5 μL.min-

1. Nonetheless, the residence time decreased to 46.86 min. In this sense, some 

improvements in the microfluidic device apparatus were made and a temperature shock 

was created right in the beginning of the set up to improve the phases separation. This 

was achieved by connecting the syringe with a microchip that was inside a water bath at 

60.0 ± 0.1 ºC. This temperature shock, even for just half a minute, was enough to 

improve the phase separation inside the tubes and later allowed the micelles to coalesce 

much easier and faster at the bottom part of the settler. Meanwhile, the flow rate was 

increased, reaching a maximum of 30 μL.min-1, which corresponds to 13.2 min of 

residence time.  

 
Figure 95. AMTPS formation within a microfluidic device: I) shortly after the entrance in the water bath 

at 35 ± 0.1 ºC; II) around the middle part of PFA tube; III) and IV) close to the microsettler; V) phase 

separation inside the microsettler. 

Once all the parameters for the chosen AMTPS system were settled, the partition of the 

phycobiliproteins, namely the R-phycoerythrin was carried out at both macro- (batch) 

and microscale. Herein, two different sets of AMTPS were studied, specifically in 

absence and presence of SAILs as co-surfactants. It has already been evidenced that the 

I) II)

III) IV)

V)
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incorporation of SAILs in mixed AMTPS not only influence the physical properties of 

the system,14,92 such as the cloud point and the micelles charge and size, but also 

improves the extractive performance of the AMTPS.14 These results are present in 

Table 21, where for microscale, it is only shown preliminary data without replicas, 

which will be made as soon as possible.   

Table 21. Extraction efficiency (%) of R-phycoerythrin in the surfactant-poor phase for different 

AMTPS, using a flow rate of 30 μL.min-1 and a residence time of 13.2 min. 

wt% crude extract 
Conventional AMTPS 0.3 wt% [P4,4,4,14]Cl 

Macroscale Microscale Macroscale Microscale 

20 52.11 ± 2.34 78.68 35.69 ± 0.65 40.59* 

10 77.28 ± 0.46 19.92 61.54 ± 1.40 75.25 

*shorter residence time (4.1 min) 

From this data, it is reasonable to say that the scale reduction is not only decreasing 

immensely the time required for the extraction, but it is also improving the R-

phycoerythrin extraction. In batch experiments, the extraction was carried out overnight, 

whereas in microscale, the residence time inside the microfluidic device was only 13.2 

min. At these conditions, less than 15 min were enough to increase at least in 5% the R-

phycoerythrin extraction efficiency in the surfactant-poor phase compared to 

macroscale. Moreover, the scale reduction allowed the elimination of some R-

phycoerythrin precipitation at the interface. Therefore, these preliminary microscale 

results are very promising, being required more replicas to establish a tendency. 

Concerning the effect of the extract concentration upon the R-phycoerythrin partition, it 

seems that the decrease in the extract concentration leads to a more efficient recovery of 

R-phycoerythrin towards the top phase, as has also been seen for an identical AMTPS at 

macroscale254 due to a less complex mixture. Lastly, when conventional AMTPS 

(without SAILs) are compared with the novel mixed AMTPS, an ambiguous behaviour 

is observed since at macroscale the SAIL addition seems to lower the extractive 

performance of the system, whereas at microscale, the performance of the system 

depends, apparently, on the complexity of the crude extract, i.e. when higher amount of 

the extract is added to the system, there is a higher amount of proteins that is increasing 

the system complexity and the extractive performance reduces alongside the scale 

reduction. However, this can also be a result of a higher flow rate applied in this mixed 

system, resulting in a lower residence time that in turns leads to a lower mass transfer 

and extraction efficiency. Therefore, more studies are required to take precise 

conclusions and maybe the surfactant replacement could be a viable option owing to the 
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outstanding R-phycoerythrin purification results at macroscale for Tergitol 15-S-7-

based systems. 

4.2.4. CONCLUSIONS 

It was here reported for the first time the ability to perform an AMTPS within the 

channels of a microfluidic device, with a good heat and mass transfer as well as an 

effective phase separation at the outlets. As proof of concept, R-phycoerythrin 

extraction from the red macroalgae Gracilaria sp. was carried out, showing that the 

scale reduction seems not only to decrease considerably the extraction time but also to 

enhance the extractive performance of the system. Nonetheless, further studies are 

required to improve this extraction while showing the system reproducibility.
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The extraction and purification of biomolecules is of major importance in a variety of 

industries as well as for human and animal health. Therefore, it is imperative the use of 

a sustainable, biocompatible, simple, cheap and fast purification process. AMTPS have 

proved to be an advantageous approach due to their large water content and “benign” 

interactions with the biomolecules. However, there is still a great lacuna in the 

surfactants’ phase diagrams accessible in literature compared to the numerous 

surfactants available in the market. This work aims to bring some light in this field and 

reports several phase diagrams of nonionic surfactants in presence and absence of 

SAILs as co-surfactants. Herein, it was studied in detail the effect of different SAILs 

upon the micelles properties and the system cloud points. SAILs belonging to distinct 

families were carefully chosen to allow an extensive study on the influence of the 

SAIL’s cation, anion, extension and number of the alkyl side chains as well as its 

tensioactive nature as cationic or anionic co-surfactant. Two behaviours were observed 

and found to be independent of the SAIL family and the counterion: the more 

hydrophilic SAILs displaying a lower CPP induced the formation of smaller micelles 

that in turn lead to the increase in the cloud points. On the other hand, the most 

hydrophobic SAILs with higher CPP form larger micelles, consequently reducing the 

system cloud points. Furthermore, when the conventional nonionic surfactant is 

replaced by a triblock copolymer, the clouding phenomenon behaves considerably 

different from the typical nonionic surfactants, especially when a SAIL is introduced 

into the system. Neat copolymers aqueous solutions display a very complex 

thermomorphic behaviour due to an intricate balance of several factors. In one hand, the 

structure rearrangement from a normal (PEG-PPG-PEG) to reverse (PPG-PEG-PPG) 

Pluronic induces major micelle surface changes from star to flower-shape micelles, 

respectively. In reverse Pluronics, there is a stronger inter micelle interaction, with both 

PPG segments of a copolymer integrating the core of neighbour micelles and thus, 

physically cross-linking adjacent micelles. As a result, self-aggregation is favoured, and 

the system requires less energy to coalesce and separate into two macroscopic phases, 

explaining the lower cloud points of reverse copolymers. On the other hand, there is a 

significant contribution of the Pluronic hydrophilicity when the PEG content is 

increased from 10 to 50 wt%. In dilute systems, the PPG content seems to play an 

important role in the initial stages of micelle formation since a high PPG content 

enhances the micelle growth. At these early stages, the PPG hydrophobic core might 

actually be more relevant in the aggregation process than the micelles cross-linking 
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since at lower PEG:PPG ratios, the PPG micelle core is more accessible to contact with 

others PPG cores in its vicinity and thus, promoting micelle fusion and enhancing the 

aggregation. The PEG moiety influence becomes more noticeable at higher PEG content 

as it has enough length to allow the PPG incorporation into the core of distinct 

neighbour micelles to form cross-linked micelles. When the PEG:PPG ratio was 

correlated to the system cloud points and the copolymer molecular weight, a quadratic 

dependency was observed in both, suggesting that the aggregation phenomenon results 

from a balance between the hydrophobic influence of the PPG core and the PEG 

capacity to allow micelles cross-linking. Upon SAIL addition to the system, the 

copolymer dominates the clouding phenomenon more easily and at lower 

concentrations compared to conventional surfactants. To be more precise, there is no 

longer a relevant influence of the SAIL alkyl side chain on the cloud point, as observed 

before. The main influence of the SAIL on the aggregation mechanism and cloud point 

resides mainly in the SAIL nature, i.e. phosphonium-based SAILs display a more 

screened charge compared to the correspondent imidazolium due to the bulkier cation 

head group, resulting in a lower micelles repulsion and thus, favouring the aggregation 

and lowering the cloud points. 

Afterwards, these mixed AMTPS were employed in the extraction and purification of 

several proteins with commercial and economic interest, and therapeutic activity 

directly from their crude and complex matrices, namely bromelain from the pineapple 

stem, R-phycoerythrin from red macroalgae, immunoglobulin Y from the egg yolk and 

immunoglobulin G from human plasma. At the end of each work, a purification process 

was envisioned with the proteins polishing and the system phase formers reuse. Finally, 

it was reported for the first time, the ability to develop an AMTPS within the channels 

of a microfluidic device with a careful temperature control. Its extractive performance 

was evaluated by the R-phycoerythrin extraction, as proof of concept. Preliminary 

results are very promising; nonetheless, more extensive studies are required. 

Additionally, Triton X-114 replacement for Tergitol 15-S-7 seems a very attractive 

option owing to the outstanding performance of the last in the R-phycoerythrin 

purification at batch scale, thus arising as the priority of future work.  

In the future, it would also be interesting to study new and more biocompatible and 

biodegradable nonionic surfactants to develop improved AMTPS, such as ECOSURF 

EH-6 , EH-9, SA-7 and SA-9.383 In one hand, ECOSURF EH-based surfactants have 

proved to present low aquatic toxicity, being listed as a “greener” chemical by 
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CleanGredients®. On the other hand, ECOSURF SA surfactants are based on seed oil, 

which confers these surfactants a biodegradable character. Additionally, these 

surfactants display a reasonable cloud point, ranging between 37 and 61 ºC (at 1 wt%) 

that could be very easily manipulated by the SAIL addition.  

Regarding the development of an AMTPS using SAILs as the only surfactant, there has 

been some suggestions of this possibility, yet it has not been properly addressed due to 

the high repulsion between the charged micelles. This repulsion does not favour the 

phase separation with temperature and is instead leading to the formation of more 

complex structures. Nevertheless, the conclusions from chapter two brought some 

insights on the structure that the SAIL should have to scatter the charge of the SAIL 

head group and, in turn, reduce the micelles repulsion. It is required a delicate balance 

between the SAIL hydrophobic character and its CPP. Therefore, it might be possible to 

synthetize different SAILs and try this approach. 
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Table S1. Phase diagrams of surfactants currently available in literature. 

Surfactant Phase diagram 
Ref

. 

C8E4 

 

384 

C8E6 

 

385 

C10E4 

 

386 
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C10E6 

 

385 

C10PO 

C12PO 

 

386 

C12E3 

 

384 
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C12E4 

 

384 

C12E5 

 

384 

C12E6 

 

384 
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C12E8 

 

384 

C16E4 

 

384 

C16E8 

 

384 
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C16E12 

 

384 

SDS 

 

387 

Dodecyltrimethylammo

nium chloride, 

[N1,1,1,12]Cl 

 

 

2 

Dioctadecyldimethylam

monium chloride, 

[N1,1,8,8]Cl 

 

 

2 
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Hexadecyloctyldimethy

lammonium bromide, 

[N1,1,8,16]Br 

 

6 

Didecyldimethylammon

ium 

Bromide, 

[N1,1,10,10]Br 

 

6 

Didodecyldimethylamm

onium 

Chloride, 

[N1,1,12,12]Cl 

 

10 

Didodecyldimethylamm

onium 

Bromide, 

[N1,1,12,12]Br 

 

388 
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6 

Ditetradecyldimethyla

mmonium 

Chloride, 

[N1,1,14,14]Cl 

 

10 

Dihexadecyldimethyla

mmonium 

Acetate, 

[N1,1,16,16]Acetate 

 

388 
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Dioctadecyldimethylam

monium 

chloride, 

[N1,1,18,18]Cl 

 

10 

Tetradecyltripentylam

monium bromide, 

[N5,5,5,14] 

 

389 

Heptadecafluorononan

oic acid 

 

390 

Dimethylamine 

salt of 

heptadecafluorononano

ic acid 

 

390 
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Diethylamine 

salt of 

heptadecafluorononano

ic acid 

 

390 

Ammonium 

salt of 

heptadecafluorononano

ic acid 

 

390 

Tetramethylammonium 

salt of 

heptadecafluorononano

ic acid 

 

390 
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Cesium 

salt of 

heptadecafluorononano

ic acid 

 

390 

Sodium 

salt of 

heptadecafluorononano

ic acid 

 

390 

Lithium 

salt of 

heptadecafluorononano

ic acid 

 

390 
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Poly(ethylene) glycol: 

×, molecular weight = 

1020 x 103; 

○, molecular weight = 

21.2 x 103; 

▲, molecular weight = 

14.4 x 103; 

, molecular weight = 

8.0 x 103; 

●, molecular weight = 

2.29 x 103; 

, molecular weight = 

2.27 x 103; 

+, molecular weight = 

2.18 x 103 

 

391 

Block copolymer 

Pluronic 25R8, 

(PO)15(EO)156 (PO)15, 

Molecular weight 8550 

 

55 

Block copolymer P 85, 

(EO)27 (PO)39(EO)27 

 

392 
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393 

Block copolymer P 104, 

(EO)18(PO)58(EO)18, 

Molecular weight 4948 

 

54 

Block copolymer L 121, 

(EO)5(PO)70(EO)5, 

Molecular weight 4500 

 

54 

Block copolymer L 122, 

(EO)11(PO)70(EO)11, 

Molecular weight 5028 

 

54 

Block copolymer L 123, 

(EO)20(PO)70(EO)20, 

Molecular weight 5820 

 

54 

Block copolymer L 127, 

(EO)106(PO)70(EO)106, 

Molecular weight 13388 

 

54 
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Block copolymer PE 

6200, 

(EO)10.5(PO)30(EO)10.5, 

Molecular weight 2660 

 

54 

Block copolymer PE 

6400, 

(EO)13(PO)30(EO)13, 

Molecular weight 2900 

 

54 

Block copolymer P 65, 

(EO)20(PO)30(EO)20, 

Molecular weight 3500 

 

54 

Block copolymer F 68, 

(EO)80(PO)30(EO)80, 

Molecular weight 8780 

 

54 

Block copolymer PF 20, 

(EO)5(PO)27(EO)5, 

Molecular weight 2006 

 

54 

Block copolymer PF 40, 

(EO)12(PO)27(EO)12, 

Molecular weight 2622 

 

54 
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Block copolymer PF 80, 

(EO)73(PO)27(EO)73, 

Molecular weight 7990 

 

54 

Note 1: Reading the papers is recommended in order to know exactly the composition of each phase. 

Note 2: The nomenclature of the various phases is: I/Iso/B, isotropic ~ mic/L1, micellar solution; L2, 

surfactant liquid for nonionic surfactants and second lamellar phase for ionic surfactants; L3, ‘critical’ 

aqueous surfactant isotropic solution; cub/I1, cubic phase of close-packed spherical micelles; hex/H1/C, 

normal hexagonal phase; V1, normal bicontinuous cubic phase; L/lam/Lα, lamellar phase; Lβ and [Lβ], 

pure and dispersion of lamelar crystallites, respectively, below the chain melting temperature; V2, 

reversed bicontinuous cubic phase; rev hex/H2, reversed hexagonal phase; LC, liquid crystalline phase; S 

indicates presence of solid; W indicates a phase in equilibrium with water containing surfactant 

monomers at a concentration equal to or below the CMC; X/X.nW indicates hydrated crystals; MOP, 

magnetically orientable phase; Tc, concentration-dependent melting point curve of the (fluoro)carbon 

chains; A, two-phase region; D, ice + liquid, and E, crystal + liquid; F, ice + crystals. 

Note 3: Triblock copolymers of poly(oxyethylene)-poly(oxypropylene)-poly(oxyethylene) - 

(EO)n(PO)m(EO)n and poly(oxypropylene-poly(oxyethylene)- poly(oxypropylene - (PO)m(EO)n(PO)m. 

 

 

Table S2. Binodal curves of nonionic surfactants currently available in literature. 

Surfactant Binodal curve Ref. 

Triton  

X-45 

 

394 

Triton  

X-100 

 

395 
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Triton  

X-114 

 

14,395,3

96 

Genapol 

X080 

 

395 

Pluronic 

L-64 

 

146 

Triton  

X-114 
 

 

 

Pluronic  

L-31, L-61, 

L-81 and  

L-121 

 

397 

Pluronic 

P123 and 

F127 

 

398 
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Pluronic  

L-64, L-31, 

L-42, 25R2, 

L-121 and 

P103 

 

148 

Pluronic  

L-43 and  

L-62 

 

148 

Tergitol 15-

S-7 

 

Tergitol 15-

S-9 

 

Neodol 25-7 

 

29 

C4E1 

 

399 

C6E3 

 

399 
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C6E4 

 

399 

C7E3 

 

399 

C7E4 

 

399 

C7E5 

 

399 

C8E3 

 

400 
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C10E4 

 

201 

C12E5 

 

C12E6 

 

 

401 

C10E6 

C10E5 

C10E4 

 

C12E7 

C12E6 

C12E5 

 

C14E5 

C14E6 

C14E7 

C14E8 

 

 

74 

Note: Reading the papers is recommended in order to know the exact composition of the aqueous 

systems. 

 
 

Table S3. McIlvaine buffer composition to a final volume of 1L. 402 

pH 

required 
Volume (mL) of Na2HPO4 solution (0.2M) Volume of citric (mL) acid solution (0.1M) 

3.0 205.50 794.50 

4.0 385.50 614.50 

5.0 515.00 485.00 

6.0 631.50 368.50 

7.0 823.50 176.50 
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8.0 972.50 27.50 

Table S4. Diffusion coefficient (Dcd), aggregation number (Na) and averaged micelle diameter () 

obtained after 1 microsecond of simulation time for L-35 and 10R5. 

 L-35 10R5 

 Dcd(cm2·s-1) Na  (nm) Dcd(cm2·s-1) Na  (nm) 

1 wt% 0.1663 8 2.8 0.1587 9 3.1 

5 wt% 0.0710  12 3.2 0.0321  19 4.2 

20 wt% 0.0301  19 3.8 0.0017  27 4.6 

 

Table S5. Aggregation number (Na) and averaged micelle diameter () obtained after 1 microsecond of 

simulation time for 1 wt% of Pluronics 31R1, 17R4 and 10R5 at 21, 38 and 62 ºC. 

 31R1   17R4   10R5  

PEG:PPG Na  (nm) PEG:PPG Na  (nm) PEG:PPG Na  (nm) 

0.15 7 3.7 0.86  6 3.3 1.37 9 3.1 

 

 

Table S6. Aggregation number (Na) and averaged micelle diameter () obtained after 1 microsecond of 

simulation time for 1 wt% of Pluronics 10R5, L-35 and L-31 with no SAIL and its mixtures. 

 10R5 L-35 L-31 

 Na  (nm) Na  (nm) Na  (nm) 

No SAIL 9 3.1 8 2.8 38 3.7 

[C10mim]Cl 11 3.7 9 3.4 18 3.5 

[C14mim]Cl 14 4.3 10 4.1 21 3.7 

[P4,4,4,14]Cl 18 4.6 10 3.8 28 4.2 

 

 

Table S7. Mixture points for each system constituted by copolymer + salt + water, to the determination of 

the TLs. 

Copolymer Salt 
Mixture Points 

100 wCopol 100 w Salt 

Pluronic L-35 
Phosphate buffer 

(pH = 6.6) 

23 

6 

26 

29 

32 

35 

38 

Pluronic 10R5 
Phosphate buffer 

(pH = 6.6) 

23 

6 

26 

29 

32 

35 

38 

Pluronic 17R4 
Phosphate buffer 

(pH = 6.6) 

16 

6 

19 

22 

25 

28 

31 
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Table S8. Experimental data of TLs and TLLs of the studied ATPS. 

 
Weight fraction composition (𝒘t%) 

TLL 
[Copol]Top [Salt]Top [Copol]M [Salt]M [Copol]Bot [Salt]Bot 

P
lu

ro
n

ic
 L

-3
5

 

+
 

P
o

ta
ss

iu
m

 

p
h

o
sp

h
a

te
 

b
u

ff
er

 

30.28 3.66 22.96 6.00 9.43 10.35 21.90 

34.83 2.93 26.04 6.02 4.79 13.47 31.84 

39.35 2.35 29.28 5.85 3.32 14.89 38.15 

43.33 1.94 32.02 6.00 1.87 16.84 44.06 

48.79 1.48 35.60 5.95 1.49 17.52 49.94 

50.37 1.36 37.98 6.00 0.59 20.00 53.15 

 

P
lu

ro
n

ic
 

1
0

R
5
 

+
 

P
o

ta
ss

iu
m

 

p
h

o
sp

h
a

te
 

b
u

ff
er

 

 

33.91 2.82 23.01 6.00 2.01 12.13 33.24 

39.97 2.32 25.98 5.99 1.87 12.32 39.40 

41.98 2.18 28.98 6.02 0.77 14.36 42.97 

42.94 2.12 31.99 6.00 0.16 17.27 45.38 

43.67 2.07 35.04 6.01 0.01 22.00 48.00 

51.20 1.66 37.91 6.00 0.08 18.37 53.79 

P
lu

ro
n

ic
 1

7
R

4
 

+
 

P
o

ta
ss

iu
m

 

p
h

o
sp

h
a

te
 

b
u

ff
er

 

34.78 2.03 16.04 6.00 2.42 8.89 33.08 

38.18 1.77 19.02 5.99 1.32 9.89 37.75 

42.05 1.52 22.03 6.00 0.72 10.76 42.35 

46.02 1.30 25.01 6.01 0.40 11.52 46.75 

50.23 1.10 28.03 6.00 0.24 12.12 51.19 

58.46 0.79 30.96 6.00 0.32 11.80 59.17 
 

Table S9. Inputs for 1 kg of aqueous system considered. 

Process Step Input Value 

Fractionation process 

ATPS 

Pluronic L-35 (kg) 2.30E-01 

Potassium phosphate buffer (kg) 7.30E-02 

Distilled water (kg) 6.95E-01 

Electricity (kWh) 4.67E+01 

AMTPS Electricity (kWh) 8.51E-01 

Ultrafiltration 

NaOH (kg) 7.97E-05 

Distilled water (kg) 1.99E-02 

Electricity (kWh) 1.41E+02 

Isolation process Acid precipitation 

TCA (kg) 3.23E-06 

Distilled water (kg) 1.98E-04 

Electricity (kWh) 9.33E+01 
 

 

Table S10. GHG emission factors and activity name taken from Ecoinvent version 3.4 used in the 

calculation of the carbon footprint. 

Input 
Reference 

Activity name 
GHG emissions 

unit (kg CO2eq./reference unit)a 

Distilled water kg --- 0.311 

Electricity kWh 
Market for electricity, low voltage, 

Portugal 
0.413 

Pluronic L-35 kg 
Ethylene glycol production, Europeb 1.841 

Propylene glycol production, Europeb 4.526 

Potassium phosphate 

buffer 
kg 

Chemical production, inorganic, 

Globalc 
2.109 

TCA kg 
Trichloroacetic acid production, 

Europe 
2.866 

NaOH kg 
Sodium hydroxide to generic market 

for neutralising agent, Global 
1.955 

a Global warming potentials for converting the mass of each GHG into mass of CO2 eq. are those recommended by 

the Intergovernmental Panel on Climate Change (IPCC)3 for a time horizon of 100 years. 
b In the absence of data for the production of Pluronic L-35, an average value of the two processes was calculated. 
c In the absence of data for the production of potassium phosphate buffer, this process was selected as more similar. 
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Table S11. Merchuk parameters (A, B and C) used on the description of the experimental binodal data by 

Eq.2. 

E
ff

ec
t 

o
f 

th
e 

sa
lt

 n
a

tu
re

 Pluronic L-35 

(1.0% Triton X-100) 
A ± σ B ± σ 105 (C ± σ) 

K₂HPO₄ 82.56 ± 5.73 -0.45 ± 0.05 101.51 ± 22.32 

KH₂PO₄ 154.70 ± 14.24 -0.64 ± 0.04 21.42 ± 5.29 

K₃PO₄ 102.49 ± 7.83 -0.59 ± 0.05 92.40 ± 21.19 

K₂HPO₄/KH₂PO₄ 108.03 ± 10.03 -0.62 ± 0.05 73.41 ± 16.07 

E
ff

ec
t 

o
f 

th
e 

su
rf

a
ct

a
n

t 

n
a

tu
re

 

Pluronic L-35 + 

K₂HPO₄/KH₂PO₄ 
A ± σ B ± σ 105 (C ± σ) 

Triton X-114 96.16 ± 1.97 -0.59 ± 0.01 40.19 ± 3.66 

Triton X-100 108.03 ± 10.03 -0.62 ± 0.05 73.41 ± 16.07 

E
ff

ec
t 

o
f 

th
e 

co
p

o
ly

m
er

 

n
a

tu
re

 

K₂HPO₄/KH₂PO₄ A ± σ B ± σ 105 (C ± σ) 

Pluronic L-35 109.62 ± 5.44 -0.67 ± 0.03 28.11 ± 9.74 

Pluronic 10R5 97.99 ± 7.87 -0.64 ± 0.05 51.81 ± 2.14 

Pluronic 17R4 137.31 ± 18.28 -0.95 ± 0.11 169.71 ± 1.42 
 

Table S12. Weight fraction data (w) for the systems composed of Pluronic L-35 (1) + Potassium 

phosphate salts - K₂HPO₄; KH₂PO₄; K3PO4 and K₂HPO₄/KH₂PO4 (2) + H2O (3) determined in this work 

at 25 ºC. 

Pluronic L-35 + K₂HPO₄ Pluronic L-35 + KH₂PO₄ Pluronic L-35 + K3PO4 
Pluronic L-35 + 

K₂HPO₄/KH₂PO4 

100 w1 100 w2 100 w1 100 w2 100 w1 100 w2 100 w1 100 w2 

56.972 0.911 44.926 3.857 56.803 0.878 12.232 8.791 

51.969 0.831 44.048 3.782 33.111 2.520 12.170 8.747 

50.726 1.286 43.064 4.031 33.111 2.520 12.532 8.701 

48.245 1.223 42.257 3.955 29.936 2.954 12.755 8.665 

46.616 1.853 41.012 4.279 27.866 2.749 12.413 8.618 

44.727 1.778 40.453 4.221 25.855 3.830 13.142 8.493 

42.544 2.661 39.409 4.498 25.728 3.425 13.023 8.417 

39.373 2.463 39.037 4.455 25.193 3.954 13.486 8.374 

38.602 2.804 37.002 5.002 25.011 3.925 13.359 8.295 

38.049 2.764 36.753 4.968 24.427 4.098 14.353 8.068 

37.606 2.963 35.927 5.192 23.643 4.189 14.191 7.977 

36.622 2.886 35.426 5.120 23.449 4.298 14.816 7.896 

35.867 3.236 33.872 5.551 23.428 3.839 15.032 7.825 

35.344 3.188 33.689 5.521 23.335 4.277 14.653 7.809 

34.986 3.358 32.886 5.746 22.824 4.128 15.377 7.752 

34.079 3.270 32.562 5.689 22.299 4.518 15.215 7.671 

33.562 3.522 30.410 6.301 22.163 4.490 15.715 7.597 

32.893 3.452 30.235 6.265 21.596 4.300 16.018 7.465 

0.036 19.956 29.126 6.583 21.112 4.781 16.333 7.329 

0.021 11.847 28.959 6.545 20.479 4.590 16.238 7.287 

7.277 10.407 27.411 6.994 20.315 4.553 16.826 7.147 

6.767 9.678 27.298 6.966 20.085 4.671 16.651 7.073 

14.387 8.285 25.342 7.537 19.639 5.088 17.383 7.003 

13.823 7.960 25.229 7.504 19.553 4.722 17.041 6.977 

17.931 7.248 16.379 10.114 19.313 5.004 17.291 6.967 

17.592 7.111 16.279 10.052 19.248 4.779 17.684 6.962 

19.685 6.757 11.492 12.197 18.983 4.921 18.057 6.812 

19.362 6.646 11.395 12.094 18.972 5.173 17.938 6.767 

22.828 6.075 12.619 11.791 18.731 4.855 18.474 6.661 

22.135 5.891 12.417 11.602 17.681 5.144 18.766 6.585 

25.527 5.359 13.895 11.243 17.390 5.307 18.636 6.540 
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25.001 5.248 13.634 11.032 17.261 5.268 19.197 6.477 

27.611 4.854 16.275 10.408 17.100 5.359 19.002 6.411 

26.979 4.742 15.884 10.158 16.648 5.495 19.600 6.183 

30.595 4.218 18.625 9.531 16.505 5.807 20.109 6.123 

29.640 4.086 18.332 9.380 16.341 5.551 19.957 6.077 

  20.460 8.904 16.001 5.630 20.461 6.014 

  19.914 8.667 15.545 5.641 20.834 5.916 

  22.299 8.155 15.266 5.974 20.666 5.869 

  22.138 8.096 15.125 5.737 21.535 5.761 

  23.696 7.765 14.972 6.246 22.287 5.564 

  23.369 7.658 14.861 5.900 21.947 5.479 

  25.283 7.261 14.756 5.858 23.148 5.363 

  24.978 7.173 14.328 5.959 22.733 5.266 

  27.839 6.592 14.114 6.095 24.627 5.023 

  27.288 6.461 13.966 6.031 23.896 4.874 

  34.449 5.059 13.680 6.426 27.827 4.298 

  33.544 4.926 13.266 6.300 26.964 4.165 

    12.755 6.432 30.458 3.807 

    12.754 6.934 28.988 3.623 

    12.446 6.767 32.624 3.215 

    11.974 6.633 31.705 3.124 

    11.833 6.555 33.141 2.941 

    11.117 7.176 37.782 2.606 

    11.059 6.879 38.774 2.137 

    9.964 7.446 44.053 1.630 

    9.932 7.880 56.776 1.095 

    9.575 7.597   

    8.265 8.681   

    8.008 8.411   

 

 

Table S13. Weight fraction data (w) for the systems composed of Pluronic L-35 (1) + Potassium 

phosphate Buffer - K₂HPO₄/KH₂PO4 (pH=6.6) (2) + H2O (3) with the addition of 1 wt% of adjuvant - 

Triton X-100 and Triton X-114, determined in this work at 25 ºC. 

Pluronic L-35 + K₂HPO₄/KH₂PO4 + Triton 

X-100 

Pluronic L-35 + K₂HPO₄/KH₂PO4 + Triton 

X-114 

100 w1  100 w2 100 w1  100 w2 

56.901  1.206 57.611  0.809 

48.911  1.036 55.462  0.779 

45.641  2.336 52.969  1.655 

39.386  2.016 46.695  1.459 

37.048  3.112 42.470  2.114 

34.055  2.861 40.365  2.009 

32.273  3.783 39.375  2.457 

30.509  3.577 37.977  2.370 

29.778  3.982 36.559  2.614 

28.976  3.875 35.052  2.765 

27.042  4.266 34.672  2.955 

26.399  4.652 33.372  2.999 

26.070  4.594 32.640  3.148 

25.603  4.878 32.146  3.407 

24.967  4.757 31.499  3.338 

24.063  5.327 29.746  3.897 

23.433  5.187 28.718  4.122 

23.085  5.414 28.261  4.056 

22.459  5.267 26.966  4.454 

21.695  5.784 26.252  4.602 

21.107  5.628 25.982  4.555 
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20.476  6.072 25.605  4.782 

20.117  5.966 24.411  4.927 

19.618  6.326 23.778  5.094 

19.215  6.196 23.452  5.302 

18.822  6.489 23.157  5.235 

18.506  6.380 21.956  5.735 

18.022  6.749 21.389  5.906 

17.701  6.629 21.233  5.863 

1.926  19.605 20.581  6.161 

1.103  11.225 20.016  6.360 

6.195  10.254 19.503  6.498 

6.133  10.153 19.288  6.426 

7.225  9.947 18.581  6.656 

7.132  9.819 18.227  6.798 

8.234  9.614 18.056  6.925 

8.123  9.484 17.930  6.876 

9.862  9.166 17.289  7.118 

9.678  8.994 17.126  7.242 

11.157  8.730 16.736  7.374 

10.996  8.604 16.169  7.475 

12.238  8.385 15.952  7.646 

13.549  7.993 15.857  7.601 

13.317  7.856 15.522  7.666 

14.963  7.578 14.876  7.998 

14.754  7.472 14.140  8.242 

16.077  7.254 13.707  8.260 

15.692  7.079 13.048  8.465 

18.010  6.709 12.926  8.575 

17.638  6.570 12.298  9.224 

19.082  6.120 11.735  9.280 

21.525  5.754 11.320  9.527 

23.204  5.336 10.640  9.651 

22.835  5.251 10.508  9.782 

24.513  5.014 10.349  9.818 

24.052  4.920 10.289  9.761 

 
 

Table S14. Weight fraction data (w) for the systems composed of copolymers (1) - Pluronic 17R4 or 

10R5 + Potassium phosphate Buffer- K₂HPO₄/KH₂PO4 (pH=6.6) (2) + H2O (3) determined in this work at 

25 ºC. 
Pluronic 17R4 + K₂HPO₄/KH₂PO4 Pluronic 10R5+ K₂HPO₄/KH₂PO4 

100 w1 100 w2 100 w1 100 w2 

57.328 0.922 65.656 1.326 

50.975 0.820 46.570 1.940 

49.678 1.320 37.390 2.018 

44.177 1.174 36.480 2.467 

43.518 1.462 33.338 2.820 

41.235 1.385 32.376 2.739 

40.363 1.789 31.698 3.111 

37.097 1.645 30.477 2.991 

36.165 2.118 29.565 3.515 

33.560 1.966 28.379 3.374 

32.647 2.470 27.662 3.806 

30.216 2.286 26.889 3.699 

29.724 2.582 26.484 3.952 

28.697 2.493 25.855 3.858 

28.465 2.638 25.065 4.065 

27.533 2.552 24.683 4.315 
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27.230 2.749 24.263 4.242 

26.596 2.685 23.862 4.510 

26.382 2.828 23.416 4.426 

25.947 2.782 22.873 4.565 

25.753 2.914 22.559 4.784 

25.293 2.862 22.256 4.719 

25.011 3.059 21.964 4.926 

24.416 2.986 21.759 4.880 

24.110 3.206 21.484 5.077 

23.527 3.128 21.277 5.028 

23.290 3.303 20.986 5.239 

22.480 3.188 20.748 5.180 

21.922 3.618 20.523 5.346 

21.621 3.568 20.230 5.270 

21.437 3.712 19.978 5.459 

21.060 3.646 19.663 5.373 

20.882 3.788 19.272 5.674 

20.555 3.729 19.107 5.625 

20.426 3.834 18.981 5.723 

20.109 3.775 18.823 5.676 

19.928 3.925 18.626 5.831 

19.604 3.861 18.187 5.946 

19.438 4.002 17.956 5.870 

18.893 3.890 17.723 6.060 

18.641 4.111 17.455 5.969 

18.179 4.009 17.093 6.270 

17.973 4.196 16.837 6.176 

17.496 4.084 16.448 6.506 

17.179 4.381 16.330 6.459 

16.605 4.235 16.166 6.600 

16.407 4.428 16.002 6.534 

15.839 4.274 15.724 6.776 

15.657 4.460 15.528 6.691 

15.305 4.360 15.274 6.917 

15.161 4.512 15.010 7.011 

14.762 4.393 14.666 7.122 

14.644 4.522 14.580 7.080 

14.369 4.437 14.397 7.248 

14.206 4.619 14.247 7.173 

13.678 4.448 14.060 7.347 

  13.982 7.306 

  13.803 7.474 

  13.528 7.571 

  13.447 7.526 

 

 

Table S15. Properties of the model proteins (Cyt c, Azo and Ova). 

 
 

Model protein 

Properties 
Cyt c Azo Ova 

Molecular weight (kDa) ~11.70 23.60 42.70 

pI 9.60 403 4.60 404 4.50 405  

∆Temp > 51 ºC 406 > 42 ºC 407 > 56 ºC 408 

𝞴max (nm) 409 342 280 
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Table S16. Inputs for both scenarios considered: (i) AMTPS without SAIL in the first liquid-

liquid extraction and (ii) AMTPS with SAIL. The amounts indicated were determined for 5 g of 

algae fresh cells. 

Stages Input 
AMTPS without SAIL AMTPS with SAIL 

kg (or kWh for electricity) 

Algae Tap water 0.0450 0.0450 

Biomass pre-treatment 
Liquid nitrogen 0.0121 0.0121 

Electricity 8.12 x 10-3 8.12 x 10-3 

Solid-liquid extraction Distilled water 7.20 x 10-3 7.20 x 10-3 

Extraction Electricity 1.07 1.07 

1st liquid-liquid extraction 

Citric acid* 6.78 x 10-5 6.76 x 10-5 

Sodium phosphate* 4.68 x 10-4 4.66 x 10-4 

Distilled water 0.0200 0.0199 

Tergitol 15-S-7 2.50 x 10-3 2.50 x 10-3 

[N1,1,12,(C7H7)]Br - 7.50 x 10-5 

Electricity 5.30 5.30 

2nd liquid-liquid extraction 

Tergitol 15-S-7 1.00 x 10-3 1.00 x 10-3 

[N1,1,12,(C7H7)]Br 3.00 x 10-5 3.00 x 10-5 

Electricity 5.20 5.20 

*McIlvaine buffer 

 

Table S17. GHG emission factors and activity name taken from Ecoinvent version 3.4169 used in the 

calculation of the carbon footprint.  

Input 
Reference 

Activity name 
GHG emissions 

unit (kg CO2eq/reference unit)a 

Tap water kg - 0.001 

Distilled water kg - 0.311 

Electricity kWh 
Market for electricity, low voltage, 

Portugal 
0.413 

Liquid nitrogen kg 
Nitrogen liquid, air separation, 

cryogenic, Europe 
0.253 

McIlvaine buffer kg Citric acid production, Europe 3.068 

McIlvaine buffer kg 
Sodium phosphate production, 

Europeb 
3.054 

Tergitol 15-S-7 kg 
Ethoxylated alcohol (AE11) 

production, palm oil, Europe 
2.866 

[N1,1,12,(C7H7)]Br kg 
Chemical production, organic, 

Globalc 
1.955 

a Global warming potentials for converting the mass of each GHG into mass of CO2eq are those recommended by the 

Intergovernmental Panel on Climate Change (IPCC) 409 for a time horizon of 100 years. 
b In the absence of data for the production of sodium hydrogen phosphate, this process was selected as more similar. 
c In the absence of data for the production of [N1,1,12,(C7H7)]Br, this process was selected as more similar.
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Table S18. Proteomic analysis of the proteins present in the phycobiliproteins crude extract after a solid-liquid extraction from fresh Gracilaria sp.. 

Accession Description 
Coverage 

[%] 

# 

Peptides 

# 

PSMs 

# Unique 

Peptides 

# 

AAs 

MW 

[kDa] 

calc. 

pI 

Score 

MS 

Amanda 

2.0 

Score 

Sequest 

HT 

Biological Process 
Abundance 

(%) 

W8DWF3 R-phycoerythrin alpha subunit  47 12 1351 3 164 17.7 5.35 242393.1 2732.7 
metabolic process; 

transport 
44.20 

Q7SIF9 R-phycoerythrin beta chain  29 6 598 3 177 18.6 5.31 84231.9 890.2 
metabolic process; 

transport 
15.15 

A0A088AXT1 
Ribulose bisphosphate 

carboxylase large chain  
40 41 787 20 488 54.2 6.55 121979.6 556.6 metabolic process 9.81 

A0A141SEN3 Phycocyanin alpha subunit  75 12 442 12 162 17.6 7.12 72639.5 663.0 
metabolic process; 

transport 
5.06 

Q6B8S6 Allophycocyanin beta subunit  89 17 385 8 161 17.5 5.31 63156.8 684.5 
metabolic process; 

transport 
4.74 

A0A141SEN2 Phycocyanin beta subunit  51 10 700 2 172 18.2 5.11 107200.3 1033.8 
metabolic process; 

transport 
4.59 

A0A1C9CES5 Allophycocyanin alpha subunit  75 15 356 2 161 17.5 5.01 46998.2 469.1 
metabolic process; 

transport 
3.99 

A0A1P8D6I9 

Ribulose-1,5-bisphosphate 

carboxylase/oxygenase small 

subunit  

49 5 133 2 138 16.2 5.57 19103.2 245.8   3.79 

P30724 
Glyceraldehyde-3-phosphate 

dehydrogenase, chloroplastic  
52 18 223 18 416 44.3 7.37 36490.0 369.8 metabolic process 1.76 

A0A1C9CET6 ATP synthase subunit beta  39 15 255 2 475 51.4 5.2 37819.9 362.4 
metabolic process; 

transport 
1.45 

A0A1P8D6J8 
Phycobilisome rod-core linker 

polypeptide  
42 8 89 2 228 26.6 9.04 15136.3 53.5 metabolic process 1.17 

P54270 
Glyceraldehyde-3-phosphate 

dehydrogenase, cytosolic  
73 20 293 20 335 36.1 6.25 44867.2 405.6 metabolic process 0.90 

A0A1P8D6G7 ATP synthase subunit alpha  24 10 79 4 503 54.5 5.03 9638.5 92.4 
metabolic process; 

transport 
0.60 

A0A1C9CEX0 
Phycobilisome rod-core linker 

protein  
22 4 45 1 235 27.4 8.03 4532.7 45.8 metabolic process 0.59 

W8DW78 Allophycocyanin gamma subunit  35 3 51 3 161 18.2 5.36 9925.5 94.2 metabolic process; 0.49 
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transport 

D7USG8 Elongation factor like (Fragment)  40 7 82 7 246 27.4 9 9860.7 102.0 metabolic process 0.42 

A0A141SEG3 Thiol-specific antioxidant protein  10 2 18 2 199 22.4 4.93 3306.8 38.6 

cellular 

homeostasis; 

metabolic process; 

regulation of 

biological process 

0.24 

A0A1P8D6I7 
Putative rubisco expression 

protein  
51 12 54 5 290 32.9 6.19 7493.1 69.8   0.21 

A0A1P8D6K4 Allophycocyanin beta-18 subunit  22 4 26 4 169 19.5 5.08 4116.9 45.7 
metabolic process; 

transport 
0.19 

Q6B8V2 Chaperone protein dnaK  16 5 22 5 621 68 5.08 4762.3 49.9 

cell organization 

and biogenesis; 

metabolic process 

0.14 

A0A141SES2 Photosystem II protein D1  8 2 5 2 360 39.6 5.67 755.8 7.7 

metabolic process; 

response to 

stimulus; 

transport 

0.10 

Q9ZSL9 
UTP--glucose-1-phosphate 

uridylyltransferase  
26 7 24 7 495 55 6.76 4206.6 48.1 metabolic process 0.09 

R4NRR5 GDP-mannose-3', 5'-epimerase  23 5 32 5 350 38.9 6.09 4271.9 34.3 metabolic process 0.09 

W8DVZ1 
Elongation factor Tu, 

chloroplastic  
39 9 41 9 409 44.7 5.1 6005.8 55.9 metabolic process 0.08 

A0A1C9CEU3 Ribosomal protein S4  8 2 10 2 201 23 
10.0

8 
1870.9 15.9 metabolic process 0.04 

A0A1C9CF93 
Photosystem II CP47 reaction 

center protein  
19 8 30 8 509 56.3 6.9 4820.1 54.6 metabolic process 0.03 

A0A141SEU1 60 kDa chaperonin  15 4 13 2 528 57 5.95 1304.6 17.5 metabolic process 0.03 

A0A1C9CET5 
Phycobilisome core-membrane 

linker protein  
2 2 20 2 887 101.2 9.38 1895.0 6.6 metabolic process 0.03 

O48511 
Galactose-1-phosphate 

uridylyltransferase  
11 3 8 3 369 42.4 6.57 1480.5 14.7 metabolic process 0.02 

P48492 
Triosephosphate isomerase, 

cytosolic (Fragment)  
16 2 6 2 250 26.7 5 962.7 8.2 metabolic process 0.02 

A0FLC3 Elongation factor 2 (Fragment)  6 2 4 2 561 62.6 6.04 376.4 3.3 metabolic process 0.01 
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W8DWE8 Thioredoxin  34 2 3 2 110 12.2 5.85 593.4 3.6 

cellular 

homeostasis; 

metabolic process; 

regulation of 

biological process 

0.01 

 

 

Table S19. Comparison of different methods for the IgY extraction and purification. 

Method Purification Yield 

With water solution, salt precipitation and 

gel chromatography 410 
99% - 

Membrane based two-stage ultrafiltration 

process 242 
93% 87% 

Natural gums (λ-carrageenan) and isolation 

of IgY by chromatography 411 
98% 86% 

Single step chromatography with affinity 

columns with TG19318 ligand 237 
90% - 

Lipids removal, followed by different 

precipitation methods 236 

The best methods had 

purifications of 60% 
- 

Antibody partitioning using PEG 

1500/potassium phosphate 412 
With a IgY yield of 9 mg/mL of egg yolk 

Ultrafiltration with several membranes with 

different cut-offs 238 
74-99% 72-85% 

Preparative electrophoresis 413 - 80% 

Aqueous biphasic systems using good buffer-

ILs and PPG 400 256 

Extraction efficiency of proteins, 

including IgY between 79-94% 

Conventional AMTPS  51.2 ± 0.7% 100 ± 14% 

Mixed AMTPS with ILs as co-surfactant 68.9 ± 0.9% 31 ± 3% 

Consecutive extraction cycles with mixed 

AMTPS 
73.4 ± 0.4% 4.7 ± 0.1% 
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Table S20. Coded and decoded matrices for the 22 factorial planning carried out through a Response 

Surface Methodology for both Triton X-114 and Tergitol 15-S-7. 

Run 
Coded Matrix Decoded matrix 

X1 (Surfactant) X2 (Plasma) wt% Surfactant wt % Plasma 

1 -1 -1 7 6 

2 1 -1 13 6 

3 -1 1 7 14 

4 1 1 13 14 

5 -1.41 0 5.8 10 

6 1.41 0 14.2 10 

7 0 -1.41 10 4.36 

8 0 1.41 10 15.64 

9 0 0 10 10 

10 0 0 10 10 

11 0 0 10 10 

 

Table S21. Coded and decoded matrices for the second 22 factorial planning of Tergitol 15-S-7. 

Run 
Coded Matrix Decoded matrix 

X1 (Surfactant) X2 (Plasma) wt% Surfactant wt % Plasma 

1 -1 -1 16.0 6.00 

2 1 -1 20.0 6.00 

3 -1 1 16.0 14.0 

4 1 1 20.0 14.0 

5 -1.41 0 15.2 10.0 

6 1.41 0 20.8 10.0 

7 0 -1.41 18.0 4.36 

8 0 1.41 18.0 15.6 

9 0 0 18.0 10.0 

10 0 0 18.0 10.0 

11 0 0 18.0 10.0 

 

 

Table S22. Experimental and theoretical data of the IgG purity (%, response variable) and the respective 

relative deviation, after the 22 factorial planning has been carried towards the two-independent variables 

(surfactant and plasma concentration) for Triton X-114. 

Run wt% Surfactant wt% Plasma 
IgG Purity (%) 

Experimental values 

IgG Purity (%) 

Theorical values 
Residues 

1 7.00 6.00 35.8 35.1 0.760 

2 13.0 6.00 39.8 37.9 1.96 

3 7.00 14.0 38.0 38.9 -0.920 

4 13.0 14.0 36.2 35.9 0.280 

5 5.77 10.0 35.8 35.5 0.320 

6 14.2 10.0 34.0 35.4 -1.38 

7 10.0 4.36 36.0 37.8 -1.72 

8 10.0 15.6 39.8 39.1 0.670 

9 10.0 10.0 37.9 36.4 1.44 

10 10.0 10.0 35.4 36.4 -1.06 

11 10.0 10.0 36.1 36.4 -0.370 
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Table S23. Experimental and theoretical data of the IgG purity (%, response variable) and the respective 

relative deviation, after the 22 factorial planning has been carried towards the two-independent variables 

(surfactant and plasma concentration) for Tergitol 15-S-7. 

Run wt% Surfactant wt% Plasma 
IgG Purity (%) 

Experimental values 

IgG Purity (%) 

Theorical values 
Residues 

1 7.00 6.00 35.2 37.5 -2.31 

2 13.0 6.00 39.1 40.7 -1.51 

3 7.00 14.0 35.0 36.7 -1.66 

4 13.0 14.0 39.2 40.1 -0.86 

5 5.77 10.0 39.9 37.8 2.16 

6 14.2 10.0 43.4 42.4 1.02 

7 10.0 4.36 39.9 37.9 2.05 

8 10.0 15.6 38.0 36.9 1.13 

9 10.0 10.0 36.0 36.0 0.020 

10 10.0 10.0 34.7 36.0 -1.31 

11 10.0 10.0 37.3 36.0 1.25 

 

Table S24. Regression coefficients and standard deviation of the 22 factorial planning developed for 

Triton X-114. 

 Regression Coefficient Standard deviation t-student (5) p-value 

Interception 24.2 11.9 2.03 0.100 

wt% Surfactant 2.29 1.74 1.32 0.240 

wt% Surfactant2 -0.060 0.080 -0.700 0.520 

wt% Plasma 0.060 1.14 0.050 0.960 

wt% Plasma2 0.060 0.040 1.43 0.210 

wt% Surfactant x wt% 

Plasma 
-0.120 0.070 -1.72 0.150 

 

Table S25. Regression coefficients and standard deviation of the 22 factorial planning developed for 

Tergitol 15-S-7. 
 Regression Coefficient Standard deviation t-student (5) p-value 

Interception 58.9 16.1 3.67 0.010 

wt% Surfactant -4.04 2.34 -1.73 0.140 

wt% Surfactant2 0.230 0.110 2.13 0.090 

wt% Plasma -1.00 1.54 -0.650 0.540 

wt% Plasma2 0.040 0.060 0.710 0.510 

wt% Surfactant x wt% 

Plasma 
0.010 0.090 0.060 0.950 
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Table S26. Experimental and theoretical data of the IgG purity (%, response variable) and the respective 

relative deviation, after the second 22 factorial planning has been carried out towards the two-independent 

variables (surfactant and plasma concentration) for Tergitol 15-S-7. 

Run wt% Surfactant wt% Plasma 
IgG Purity (%) 

Experimental values 

IgG Purity (%) 

Theorical values 
Residues 

1 16.0 6.00 35.8 35.5 0.280 

2 20.0 6.00 35.9 30.2 5.66 

3 16.0 14.0 44.0 46.3 -2.31 

4 20.0 14.0 47.6 44.6 3.06 

5 15.2 10.0 44.8 42.7 2.13 

6 20.8 10.0 32.2 37.7 -5.49 

7 18.0 4.36 25.8 29.3 -3.53 

8 18.0 15.6 47.2 47.1 0.160 

9 18.0 10.0 46.5 44.5 1.98 

10 18.0 10.0 38.4 44.5 -6.13 

11 18.0 10.0 48.7 44.5 4.19 

 

 

Table S27. Regression coefficients and standard deviation of the second 22 factorial planning developed 

for Tergitol 15-S-7. 
 Regression Coefficient Standard deviation t-student (5) p-value 

Interception -133 202 -0.660 0.540 

wt% Surfactant 17.8 21.3 0.830 0.440 

wt% Surfactant2 -0.550 0.580 -0.940 0.390 

wt% Plasma 3.56 6.89 0.520 0.630 

wt% Plasma2 -0.200 0.150 -1.37 0.230 

wt% Surfactant x wt% 

Plasma 
0.110 0.350 0.320 0.760 

 

 

 

 

 
Figure S1. Binodal curves of Tergitol-based AMTPS in absence of ILs, at pH 7.0: ●, Tergitol 15-S-7; ▲, 

Tergitol 15-S-9; , Tergitol NP-10. 
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Figure S2. Effect of the SAIL hydrophobicity, expressed in terms of solvatochromic parameter β, and 

COSMO EHB descriptor, on the measured cloud points of 4 wt% Tergitol 15-S-7 solutions with 0.3 wt% 

of SAIL. 

 

 

 

 

 
Figure S3. Effect of the IL concentration on the micelles’ size for the 10 wt% Tergitol 15-S-7-based 

AMTPS: ●, conventional system (without IL); ●, C10mimCl; ●, C14mimCl; ●, [C16py]Cl; ●, [P4,4,4,14]Cl; 

●, [P6,6,6,14]Cl; ●, [P6,6,6,14]Br; ●, [P6,6,6,14][TMPP]; ●, [N1,1,1,16]Br; ●, [N1,1,14,14]Br. 
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Figure S4. Coarse-grain model for the ionic liquids used in this work. The imidazolium based ionic 

liquids were modelled by using a 3:1 mapping (3 heavy atoms per CG bead), labelled with the prefix S, 

with a size of  = 0.43 nm whereas a regular size  = 0.47 nm beads were used to map the phosphonium-

based ionic liquid. The colour code is as follows; green colour is for the most apolar character, light 

orange for charged centers, purple for medium apolar behaviour, light blue for the lowest polar character 

and finally the dark blue colour was chosen for most polar regions of the ionic liquid.

Ionic Liquids CG mapping 

Phosphonium IL

tributyltetradecylphosphonium chloride

Imidazolium IL

a) 1-decyl-3-methylimidazolium chloride - [C10mim]Cl 

b) 1-dodecyl-3-methylimidazolium chloride - [C12mim]Cl 

c) 1-methyl-3-tetradecylimidazolium chloride - [C14mim]Cl
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Figure S5. Binodal curves of Pluronic copolymers in 0.18 M of McIlvaine buffer pH 7.0. I) Normal Pluronics: □, L-31; , L-35; ◊, L-61. Reverse Pluronics: ▲, 17R4; ♦, 

31R1; ●, 10R5. II) Comparison between a normal and a reverse copolymers. III) Influence of the PEG content. IV) Effect of the molecular weight.
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Figure S6. Density profile of 10R5 (dashed lines) and L-35 (solid lines) micelles at 1, 5 and 20 wt% of 

Pluronic concentration systems. The colour code is as follows; PPG in black, PEG in orange and water in 

blue. 

 

 

 
Figure S7. Molecular weight and cloud point temperature tendency with the PEG:PPG ratio in 31R1, 

17R4 and 10R5 systems. 
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Figure S8. Micelle density profile comparison between Pluronics 31R1, 17R4 and 10R5 at the cloud 

point temperatures: 21, 38 and 62 ºC, respectively. 

 

 
Figure S9. Binodal curves of Pluronic copolymers + 0.3 wt% of SAIL + 0.18 M of McIlvaine buffer pH 

7.0. I) □, Pluronic L-31. II) , Pluronic L-35. III) ◊, Pluronic L-61. IV) ▲, Pluronic 17R4. V) ♦, Pluronic 

31R1. VI) ●, Pluronic 10R5. The SAILs added to the AMTPS are: , [C10mim]Cl; , [C12mim]Cl; 

, [C14mim]Cl; , [P4,4,4,14]Cl.  
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Figure S10. Detailed picture of the initial stages of SAIL and L-35 micelle formation at 0.3 wt% of I) 

[P4,4,4,14]Cl and II) [C14mim]Cl. Some SAIL micelles are discernable surrounded by red circles in the 

initial aggregation stages. The colour code as follows: black for the PPG content in L-35 (PEG was 

removed to clear the view). The hydrophobic alkyl-chain tail is green whereas the imidazolium ring in 

[C14mim]Cl and the butyl head groups in [P4,4,4,14]Cl are coloured in purple. Water molecules were 

removed for clarity. 

 

 
Figure S11. Example of the TLs calculated for the conventional ATPS (Pluronic L-35 + Phosphate 

buffer).  

 

 
Figure S12. Polishing of azocasein through acid precipitation, confirming the protein proper refolding. 

I) II)

Confirmation of  Azocasein precipitation and refolding

1. Adjust the pH to 3-4 with TCA. This will precipitate the protein.

2. Pellet the precipitate in a microfuge at maximum speed (9500 rpm).

3. Discard the supernatant that contains excess dye.

4. Dissolve the pelleted protein in 0.1 M NaOH (10 mg.mL-1).

440 nm – it is the maximum 

absorbance peak for azocasein at 

alkaline pH, confirming the proper 

protein folding. 

Protein Refolding

Protein precipitation

after centrifugation

Azo

Supernatant Resuspended pellet
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Figure S13. Macroscopic view of the pseudo-ternary system composed of Pluronic L-35. (a) Initial 

mixture for all extraction ATPS; (b) ATPS formation for the purification of the three model proteins, at 

25 ºC; (c) AMTPS formation for azocasein and ovalbumin purification, at a temperature above the cloud 

point ( ºC) of the copolymer used. 

 

 
Figure S14. Partition coefficient - log(K) obtained for each studied system for: cytochrome c (■); 

azocasein (■); and ovalbumin (■), on the first purification step (ATPS). 

 
Figure S15. Partition coefficient - log(K) obtained for each studied system for the azocasein (■); and 

ovalbumin (■), on the second purification step (AMTPS). 
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Figure S16. FPLC-SEC chromatograms of the purified fractions of (a) ATPS bottom phase, (b) AMTPS 

bottom and (c) AMTPS top phase respectively. 

 

 

 
Figure S17. 1H NMR of the supernatant proving the recovery of Pluronic through azocasein precipitation 

polishing step.   

 

- Pluronic L-35 

- Supernatant

1H NMR – Confirmation of Pluronic recovery (after Azo precipitation)
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Figure S18. FTIR spectra of an aqueous solution of Pluronic L-35 (black), the supernatant (red) and the 

resuspended proteinic pellet (orange) after acid precipitation, proving simultaneously the protein 

polishing and the recovery of Pluronic. Focus on the peak at 1085 cm-1, characteristic of strong C-O 

stretching of primary alcohols. 

 

 

 
Figure S19. Sodium dodecyl sulphate-polyacrylamide gel (SDS-PAGE) of: the standard marker (M), the 

commercial bromelain in aqueous solution (PB), and the commercial bromelain in the AMTPS top and 

bottom phases, regarding the conventional AMTPS (with Triton X-114) and the AMTPS with SAILs, 

respectively the [P6,6,6,14]Br, [P6,6,6,14][TMPP] and [P6,6,6,14][Dec].  
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Figure S20. Sodium dodecyl sulphate-polyacrylamide gel (SDS-PAGE) patterns of the commercial 

bromelain (lane PB), pineapple’s stem crude extract of bromelain (lane CE) and the molecular standard 

from 10 to 250 kDa (lane M).  

 

 
Figure S21. Sodium dodecyl sulphate-polyacrylamide gel (SDS-PAGE) of: the standard marker (M), the 

bromelain crude extract before the extraction (CE), and the commercial bromelain in the AMTPS top and 

bottom phases, regarding the conventional AMTPS (with Triton X-114) and the AMTPS with SAILs, 

respectively the [P6,6,6,14]Br, [P6,6,6,14][TMPP] and [P6,6,6,14][Dec].  
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Figure S22. Representative nanoHPLC chromatogram of the injection of the tryptic digest of a SDS-PAGE spot (top), and a representative mass spectrum acquired during the 

run (bottom). 
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Figure S23. Surfactant concentration effect upon the recovery of R-phycoerythrin and total proteins 

towards the surfactant-rich and -poor phases: █ and █, R-phycoerythrin recovery (%) in the surfactant-

poor and surfactant-rich phases, respectively; █ and █, total proteins recovery (%) in the surfactant-poor 

and surfactant-rich phases, respectively. The line represents the selectivity. 

 
Figure S24. Surfactant concentration effect upon the R-phycoerythrin contamination with R-

phycocyanin. 
 

 
Figure S25. Extraction time effect upon the recovery of R-phycoerythrin and total proteins towards the 

surfactant-rich and -poor phases: █ and █, R-phycoerythrin recovery (%) in the surfactant-poor and 

surfactant-rich phases, respectively; █ and █, total proteins recovery (%) in the surfactant-poor and 

surfactant-rich phases, respectively. The line represents the selectivity. 
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Figure S26. Extraction time effect upon the R-phycoerythrin contamination with R-phycocyanin. 

 

 
Figure S27. Phycobiliproteins extract concentration influence on the recovery of R-phycoerythrin and 

total proteins towards the surfactant-rich and -poor phases: █ and █, R-phycoerythrin recovery (%) in the 

surfactant-poor and surfactant-rich phases, respectively; █ and █, total proteins recovery (%) in the 

surfactant-poor and surfactant-rich phases, respectively. The line represents the selectivity. The SAILs 

studied (from left to right) at both concentrations were [P6,6,6,14]Cl, [P4,4,4,14]Cl, [P8,8,8,8]Br and  

[C14mim]Cl. 
 

 
Figure S28. Phycobiliproteins extract concentration influence on the R-phycoerythrin contamination with 

R-phycocyanin. 
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Figure S29. Effects of the system pH as well as a pre-purification step before the LLE upon the recovery 

of R-phycoerythrin and total proteins towards the surfactant-rich and -poor phases: █ and █, R-

phycoerythrin recovery (%) in the surfactant-poor and surfactant-rich phases, respectively; █ and █, total 

proteins recovery (%) in the surfactant-poor and surfactant-rich phases, respectively. The line represents 

the selectivity. 

 
Figure S30. Effects of the system pH as well as a pre-purification step before the liquid-liquid extraction 

upon the R-phycoerythrin contamination with R-phycocyanin. 
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PerkinElmer, equipped with a single horizontal Golden Gate ATR cell, and a diamond 

crystal. All data were recorded at room temperature, in the range of 4000 – 500 cm-1 by 

accumulating 32 scans with a 4 cm-1 and a 2 cm-1 interval. Two replicas of each sample 
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were analyzed, and their average considered and normalized. These results are shown in 

Figure S31. 

 
Figure S31. FTIR analysis of Tergitol 15-S-7 (▬), [N1,1,12,(C7H7)]Br (▬), both phases of the mixed 

AMTPS composed of 10 wt% of Tergitol 15-S-7 + 0.3 wt% of [N1,1,12,(C7H7)]Br + 89.7 wt% of McIlvaine 

buffer pH 7.0 as the blank control: (▬), surfactant-poor phase and (▬), surfactant-rich phase; and the 

surfactant-rich phase of an identical AMTPS but with 10 wt% of phycobiliproteins extract after being 

precipitated with cold acetone, resulting in an acetone supernatant and a pellet resuspended in water: (▬), 

acetone supernatant and (▬), pellet resuspended in water. 

 
Figure S32. Chemical structure of the anions and cations composing the SAILs used as co-surfactants.
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Figure S33. Pareto chart for Triton X-114 of the standardized effects using a 22 factorial design, being 

IgG purity (%) the response variable and the surfactant and plasma concentrations (wt%), the independent 

variables. 

 

 
Figure S34. Pareto chart for Tergitol 15-S-7 of the standardized effects using a 22 factorial design, being 

IgG purity (%) the response variable and the surfactant and plasma concentrations (wt%), the independent 

variables. 

 

 
Figure S35. Pareto chart for Tergitol 15-S-7 of the standardized effects using a second 22 factorial design, 

being IgG purity (%) the response variable and the surfactant and plasma concentrations (wt%), the 

independent variables. 
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