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SUMÁRIO 

ANÁLISE DE INTERAÇÕES SOLUTO-ÁGUA POR PARTIÇÃO 

EM MÚLTIPLOS SISTEMAS DE DUAS FASES AQUOSAS  

 

O objetivo principal do presente trabalho é contribuir para a melhor compreensão dos 

mecanismos envolvidos na partição de solutos em sistemas de duas fases aquosas (SDFAs). Para 

este trabalho, foram selecionados sistemas PEG–Na2SO4 e PEG–DEX e foi estudado o efeito da adição 

de diferentes sais aditivos (NaCl, NaClO4, NaSCN e NaH2PO4) e/ou osmólitos (Sorbitol, Sacarose, 

Trealose e TMAO) nas propriedades do solvente no meio aquoso nas fases e na partição de solutos. 

Os parâmetros solvatocrómicos, polaridade (π*), capacidade do solvente em participar como 

dador (α) e como aceitador (β) de pontes de hidrogénio foram determinados e usados para 

caracterizar as fases em equilíbrio dos SDFAs. Os sistemas foram também caracterizados em termos 

das diferenças de hidrofobicidade relativa e das propriedades eletrostáticas das fases. Os 

coeficientes de partição (K) de várias biomoléculas (compostos orgânicos de baixo peso molecular 

iónicos e não iónicos e proteínas) foram determinados em todos os SDFAs. Verificou-se que os 

coeficientes de partição destes compostos podiam ser correlacionados de acordo com a equação de 

Collander. A partição dos solutos e as interações soluto-solvente foram descritas como uma 

combinação linear dos descritores específicos dos solutos, por uma relação linear de energia livre 

(LFER) baseada no modelo de Abraham, e previamente modificada. Os descritores específicos dos 

solutos obtidos em SDFAs com e sem aditivos foram comparados para verificar a existência de 

interações diretas aditivo-solutos ou se a presença dos aditivos aumentava a estabilidade estrutural 

dos solutos apenas através do seu efeito nas propriedades da água como solvente. 

O uso da equação de Collander e/ou da LFER para determinar os descritores específicos de 

moléculas biológicas e, consequentemente, para prever o comportamento da partição de solutos em 

SDFAs previamente caracterizados, mostrou ser um contributo importante para um conhecimento 

mais profundo dos SDFAs. Os resultados apresentados contribuem para uma melhor interpretação 

dos efeitos de diferentes aditivos na partição de solutos. Espera-se que estes contribuam para o 

design de SDFAs mais eficientes que possam ser usados numa vasta gama de aplicações. 

 

PALAVRAS-CHAVE: Interações soluto-água; Osmólitos e sais aditivos; Partição de solutos; 

Propriedades do solvente; Sistemas de Duas Fases Aquosas. 
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ABSTRACT 

ANALYSIS OF SOLUTE-WATER INTERACTIONS BY PARTITIONING 

IN MULTIPLE AQUEOUS TWO-PHASE SYSTEMS  

 

The main purpose of the present work is to contribute for a better understanding of the 

mechanisms governing solute partitioning in aqueous two‐phase systems (ATPSs). For this work, 

PEG–Na2SO4 and PEG–DEX systems were selected and the effect of addition of different salts 

additives (NaCl, NaClO4, NaSCN and NaH2PO4) and/or osmolytes (Sorbitol, Sucrose, Trehalose and 

TMAO) on phases solvent properties and in solute partitioning was assessed. 

The solvatochromic parameters characterizing the solvent's dipolarity/polarizability (π*), solvent 

hydrogen‐bond donor acidity (α), and solvent hydrogen‐bond acceptor basicity (β) of aqueous media 

were measured in the coexisting phases of each of the systems used. Also, all the systems were 

characterized in terms of the difference between the relative hydrophobicity and the electrostatic 

properties of the phases. Partition coefficients (K-values) of several biomolecules (ionic and nonionic 

small organic compounds and proteins) were obtained in all the ATPSs. It was found that the partition 

coefficients of the compounds were correlated according to the so-called Collander equation. Solutes 

partitioning and solutes-solvent interactions were described by a Linear Free Energy Relationship 

(LFER) based on the Abraham model, which was previously modified, as a linear combination of the 

so-called solute specific descriptors. The solute specific descriptors values obtained in ATPSs 

containing different additives were compared to those obtained in ATPSs without additives to verify if 

there were direct additive-solutes interactions or whether the additive presence enhances the solute 

structure stability due to its effect on the water solvent properties only. 

The use of the Collander equation and/or the LFER to determine solute specific descriptors for 

biological molecules and, consequently, to predict solute partitioning behavior in previously 

characterized ATPSs, was shown to be a valuable contribution to the understanding of ATPSs 

technology. The results presented not only contribute for better interpreting the effects of different 

additives on the solute partition in ATPSs but will also result in the design of more efficient ATPSs to 

be used in a wide range of applications. 

 

KEYWORDS: Solute-water interactions; Osmolytes and salts additives; Solute partitioning; Solvent 

properties; Aqueous Two-Phase Systems.  
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CHAPTER 1 | General introduction 

 

 

 

1.1. Relevance and motivation 

 

Permanent and considerable advances in the modern biotechnology sector have increased the 

need for new biological products since the number of novel applications and uses for these materials 

have risen drastically. The developing and improvement of highly effective and low-cost downstream 

processing techniques for these products has been the major challenge for the biotechnology 

industry. Despite being an important field in demand, extraction-based purification techniques have 

developed too much slowly relatively to the upstream or production technologies. It is estimated that 

between 50 and 90% of the total production cost of any biological product is associated with its 

purification. Hence the need for new, fast, robust, effective and economical separation technologies 

is imperative [1]. 

Extraction in Aqueous Two-Phase Systems (ATPSs) is well-known to be an alternative and 

promising approach, as liquid-liquid extraction methodology, that can easily replace the conventional 

methods, such as chromatography [2]. Partition in ATPSs has emerged as an attractive separation 

process due to their exceptional features, they are environmentally friendly, easy to scale-up, they 

provide an innocuous environment for the treatment of the biologic materials and the operational 

costs and equipment required are not expensive. So far, ATPSs formed by two polymers mainly 

Polyethylene glycol (PEG)–Dextran (DEX) or DEX–Ficoll are the most widely used for the separation 

of biomolecules [3]–[6]. But systems composed by mixing a single polymer and a salt, such as PEG 

and an inorganic salt, such as sodium sulfate or phosphate, have also been successfully used for the 

extraction and purification of a wide range of bioproducts [1]. 

There are almost no restrictions regarding the nature or type of bioproduct that is aimed to be 

isolated or separated using ATPSs extraction. However, for the successful use of ATPSs partitioning, 

especially at the industrial scale, it is imperative to understand the mechanisms of solute distribution 

in the systems as well as the properties of the systems at the molecular level. This information is 

crucial for prediction of optimal extraction conditions and to design optimized strategies of extraction 

and purification processes [7]. However, due to the lack of knowledge regarding these topics, and
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 despite all their advantages, ATPSs have faced a massive skepticism by the industry. There is 

no company that takes on the risk of submitting an ATPS downstream process to Food and Drug 

Administration (FDA) approval. This fact is also due to some fears over quality control of the phase 

forming components, the difficulty of removing and recycling them and the need of coupling further 

downstream processing steps to get better purification degrees [7]. 

Nevertheless, ATPSs may be successfully applied in a different field of biotechnology, at the 

(bio)analytical level. Once these systems are sensitive to the surface properties of the solutes, they 

present a high potential for the surface characterization, identification and differentiation of several 

bioproducts, namely proteins, for detection of changes in protein molecular structure and 

conformation, for quantitative structure-activity analysis (QSAR), among other analytical applications 

such as diagnostic tools or even cell biopatterning [8]–[13]. At bioanalytical level, the widespread 

application seemed to be easier. But, once again, ATPSs underutilization may be due to the lack of 

a general theory for solute partitioning [7], [8].  

Thus, even for different reasons, to understand the mechanisms behind solute partition in ATPSs 

is extremely important no matter their final application. Some work has been done by Zaslavsky 

research group regarding solute partitioning phenomenon. The work carried out by this author 

represents an attempt to examine, interpret and understand how solute partition occurs and how can 

it be affected and/or manipulated. 

It has been shown by Zaslavsky that solute partitioning in polymer–polymer and polymer–salt 

ATPSs is affected by similar factors, among them the use of salts as additives. Also, clear similarities 

between partitioning of solutes in ATPSs and in water–organic solvent biphasic systems were 

demonstrated when the Collander equation and the Linear Solvation Energy Relationship (LSER) 

(empirical and semi-empirical approaches frequently used to describe solute partitioning in water–

organic solvent biphasic systems) were successfully employed to correlate the partition coefficients 

for various biomolecules in different polymer–polymer and polymer–salt ATPSs [3], [6], [14]–[16]. 

The remarkable conclusions of the vast work of Zaslavsky and coworkers have been used to 

support and to validate his theory about solute partitioning. From Zaslavsky point of view, the unique 

role of the water as a solvent, which mediates interactions among solutes, should be the focus of the 

new studies aiming to understand solute partitioning phenomenon. 

It is well recognized that interactions of any substance with aqueous environment are 

fundamentally important for their functions in vivo playing an important role in many biological 

processes [17]–[19]. The understanding of these solute-water interactions on a molecular level will 
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help to gain better insight into fundamental mechanisms of many different biological processes and 

also to disclose the mechanisms behind solute partitioning in ATPSs. 

The solute-solvent interactions are generally described by Linear Free Energy Relationships, 

particularly by the Abraham model as a linear combination of the so-called solute descriptors and 

corresponding solvent descriptors. Currently solute descriptors for multiple compounds are 

determined by separate physicochemical measurements. Unfortunately, this approach is usually 

successful only for nonionic organic compounds, hardly applicable to ionized compounds and cannot 

be used for analysis of biomacromolecules [15], [20]–[23]. 

An alternative approach suggested by Madeira et al. is to characterize solvent descriptors in 

different solvent systems using solvatochromic measurements. This approach was already used for 

the effective determination of solute descriptors of nonionic and ionizable organic compounds, free 

amino acids and proteins. The most important distinction of this approach is that ATPSs, suitable for 

analysis of biological macromolecules and consequently are more adequate to simulate solvent 

environment in vivo, are used instead of common organic solvent–water biphasic systems  [15], 

[20]–[24]. 

 

 

 

1.2. Main objectives 

 

The mechanisms of solute partitioning in ATPSs are difficult to explore and its comprehension 

is among the major current challenges for the scientific community in this field. 

Thus, the main goal of this thesis is to add to the knowledge on solute partition in ATPSs, by 

demonstrating how the presence of several additives can affect the solvent properties of the coexisting 

phases of different systems and consequently, the partition of solutes. 

In order to successfully accomplish the general objective of this work, we (i) evaluated and 

compared the solvent features, as the relative hydrophobicity and the solvatochromic parameters of 

ATPSs composed by the combination of different polymers (PEG–DEX), and one polymer and one 

inorganic salt (PEG–Na2SO4), with and without osmolytes and salt additives; (ii) analyzed solute-water 

interactions by ATPS partitioning; (iii) attempted to increase the efficiency of the method by exploring 

the possibility to reduce the number of ATPSs necessary for solute-water interactions analysis; and 
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(iv) investigated and analyzed different types of solute-water interactions for a series of different 

solutes, including proteins. 

 

 

 

1.3. Outline 

 

This thesis is divided in 8 main chapters. In Chapter 2 - State of the art - a brief bibliographic 

review focusing on the history of ATPSs and their novel bioanalytical applications is presented. Also, 

the most well-known and established theories found in literature explaining two-phases formation and 

solute partitioning phenomena are described. The chapter ends with a subsection concerning solute-

solvent interactions analysis, where their relevance is presented and briefly discussed. 

Chapter 3 focuses on the partition of a homologous series of dinitrophenylated amino acids 

(DNP-AA) with aliphatic side chains in aqueous PEG8K–Na2SO4 systems with the additives NaSCN, 

NaClO4, and NaH2PO4 at concentrations ranging from 0.025 M up to 0.54 M. The differences between 

the relative hydrophobicities and electrostatic properties of the two phases in all ATPSs were 

estimated. Partitioning of adenine, adenosine mono-, di- and tri-phosphates was also examined in all 

ATPSs, including those with NaCl additive. Partition coefficients for these compounds and for nonionic 

organic compounds previously reported were analyzed in terms of linear solvent regression 

relationship, LSER. 

Chapter 4 presents the partition behavior of nine small organic compounds and six proteins in 

PEG8K–Na2SO4 containing 0.5 M of osmolyte (sorbitol, sucrose, trehalose, trimethylamine N-oxide 

(TMAO)) and in PEG10K–Na2SO4 systems, all in 0.01 M NaPB, pH 6.8. The differences between the 

solvent properties of the coexisting phases (solvent dipolarity/polarizability, hydrogen bond donor 

acidity, and hydrogen bond acceptor basicity) were characterized with solvatochromic dyes using the 

solvatochromic comparison method. Differences between the electrostatic properties of the phases 

were determined by analysis of partitioning of sodium salts of DNP-AA with aliphatic alkyl side-chain. 

In Chapter 5, the partition behavior of eight small organic compounds and six proteins was 

examined in PEG8K–Na2SO4 systems containing 0.215 M NaCl and 0.5 M osmolyte (sorbitol, sucrose 

and TMAO) and in PEG10K–Na2SO4 with 0.215 M NaCl systems, all in 0.01 M sodium phosphate 

buffer, pH 6.8. The differences between the solvent properties of the coexisting phases (solvent 

dipolarity/polarizability, hydrogen bond donor acidity, and hydrogen bond acceptor basicity) were 
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characterized with solvatochromic dyes using the solvatochromic comparison method. Differences 

between the electrostatic properties of the phases were also determined by analysis of partitioning of 

sodium salts of DNP-AA with aliphatic alkyl side-chain. The partition coefficients of all compounds 

examined (including proteins) were described in terms of solute-solvent interactions. 

Chapter 6 focuses on the partition behavior of adenosine and guanine mononucleotides in 

aqueous PEG–DEX and PEG–Na2SO4 two-phase systems. The partition coefficients for each series of 

mononucleotides were analyzed as a function of the number of phosphate groups. The data obtained 

were analyzed together with the results for other organic compounds and proteins previously reported 

and the linear interrelationship between logarithms of partition coefficients in PEG–DEX, PEG–Na2SO4 

and PEG–Na2SO4-0.215 M NaCl (all in 0.01 M Na- or K/Na-phosphate buffer, pH 7.4 or 6.8) was 

established. 

In Chapter 7, the effects of two salt additives, NaCl and NaClO4, at the fixed concentrations of 

0.215 M are examined on the properties of ATPSs formed by DEX and PEG. Similarly, the effects of 

NaClO4 at 0.215 M are tested on the properties of ATPSs formed by PEG and Na2SO4. In each system, 

with a given salt additive, 0.5 M sorbitol, 0.5 M sucrose, and 0.5 M and 1.5 M TMAO were also used 

as additives. Moreover, the effects of these salt additives on the partitioning of 12 small organic 

compounds and five proteins in the above ATPSs were studied. The results obtained were compared 

with those previously reported for the PEG–DEX and PEG–Na2SO4 ATPSs without salt additives and 

in the presence of 0.215 M NaCl. 

Finally, in Chapter 8 the major conclusions of the work are summarized as well as future 

considerations and prospects. 
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CHAPTER 2 | State of the art 

 

 

 

2.1. Aqueous Two-Phase Systems – an overview 

 

2.1.1. From discovery to practical applications 

 

2.1.1.1. History of discovery and exploration of ATPSs 

 

Aqueous Two-Phase Systems (ATPSs), also called Aqueous Biphasic Systems (ABSs), were 

reported for the first time in 1896 by Beijerink. He found that by combining aqueous solutions of 

gelatin and agar or gelatin and starch, the turbid mixtures obtained could separate and form two 

aqueous-based phases. Also, he concluded that the top phases of the mixtures were essentially 

composed by gelatin and the bottom ones enriched in agar (or starch) [1]. 

Later, between 1947 and 1950, Dobry and Boyer-Kawenoki also observed two-phases formation 

in their studies of polymers miscibility in organic solvents. These authors concluded that 

incompatibility between this type of compounds was a frequent phenomenon [1]. 

However, it was P.-A. Albertsson who is considered the pioneer of using partitioning in ATPSs as 

a separation process. Half a century after ATPSs discovery, in 1956, Albertsson was able to isolate 

chloroplasts pyrenoids by unintentionally using a mixture of a polymer (polyethylene glycol) and 

potassium phosphate buffer. 

The potential of application of the systems was clearly demonstrated by Albertsson, who 

increased the popularity of the systems for separation and isolation of biological components. He 

also described the formation of two-phase systems by mixing aqueous solutions of a low molecular 

weight PEG with low molecular weight compounds such as inorganic salts (e.g. ammonium and 

magnesium sulfate). Moreover, he observed that in these water-based systems, top phases were 

polymer-rich while bottom phases were the salt-rich phases, and that different biological components 

were able to unevenly distribute between them [1].
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2.1.1.2. Different types of ATPSs 

 

ATPSs can spontaneously arise from the aqueous mixture of two different water-soluble 

compounds. Beyond some certain critical conditions, such as temperature and/or concentrations, 

these mixtures separate into two aqueous phases. Each one of the aqueous-based phases is enriched 

with one of the compounds, being clearly separated from the other one by an interfacial boundary 

[1]–[4]. 

The unique character of ATPSs is related to their high-water content, each phase can contain 

over 80% of water, on a molal basis, and remain immiscible [4], [5]. 

Traditionally, there are two types of systems, which are distinguished by their main constituents. 

But despite the type of the system, both phases are mainly composed by water (>70%). Each one of 

them is enriched in a different component, which may vary according to the type of system. Thus, 

the aqueous mixtures of two different hydrophilic polymers comprise the polymer–polymer systems, 

and mixtures of a single polymer and single low molecular compound, such as an inorganic salt, 

represent the polymer–salt systems [1], [6], [7]. 

Several polymers can be used to prepare polymer–polymer ATPSs. Due to the availability of 

polymers with different molecular weights, it is even possible to generate more systems with different 

properties. 

However, the most studied pair of polymers used to obtain a polymer–polymer biphasic system 

is the PEG–DEX. The properties of PEG–DEX systems have been reported in literature and these 

systems have been used for different purposes [8]–[10]. However, the high cost of the polymers, 

especially when high-purity dextrans are used, is often indicated as the main limitation associated to 

these widely studied biphasic systems. This fact has led to the search for alternative, new and 

cheaper polymers to form ATPSs [11]. 

In the last decades, some polymers, most of them obtained from natural sources, came up as 

promising cheaper substitutes. Systems composed by alternative polysaccharides and their 

derivatives, polyelectrolytes and synthetic polymers were reported through the years [1], [12]–[22]. 

To obtain polymer–salt systems there is a variety of salts that can be mixed with polymers under 

suitable conditions. The most widely used salts are the phosphates and sulfates. Environmental 

issues have been associated with these salts, however, when they are released directly into natural 

ecosystems. And even thought new salt recycling approaches may provide promising solutions, in 

most cases those are not economically feasible. The biodegradable salts, such as citrate, tartrate or 
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oxalate, were reported as environmentally benign components to form aqueous polymer–salt systems 

[23], [24]. 

To prepare this type of ATPSs, many polymers have been used through the years, with PEG 

being the most used. References to PEG–salt systems and their characterization can be found in 

numerous studies in literature [1], [4]. 

As aforementioned, polymer–polymer and polymer–salt systems are the traditional types of 

ATPSs. Nevertheless, new types of systems have been described by using alternative components 

like surfactants, ionic liquids or stimuli-responsive polymers [25]–[30]. 

These alternative components can be used to form ATPSs just by their dissolution in water above 

certain temperature and concentration conditions; mixing aqueous solutions of their cationic and 

anionic species; or combining with aqueous solutions of traditional components (salts, polymers or 

carbohydrates) [27], [31]–[33]. 

Most of these alternative ATPSs have gained special attention due to their greener potential and 

easy recycling process, which reduce the associated costs and decrease their environmental impact.  

 

 

2.1.1.3. Phase diagrams and ATPSs characterization 

 

The composition of any ATPS is usually represented by a rectangular phase diagram as 

illustrated in Fig. 2.1. Phase diagrams are specific representations for each ATPS under given 

conditions (pH, temperature and/or concentrations of additives). These representations are essential 

to identify and quantify the two-phases concentration range and contain information about phases 

equilibrium. Additionally, they provide relevant information about the systems, for example, about the 

volume ratio of the coexisting phases in equilibrium, the concentration (or amount) of each 

component that is needed to prepare an ATPS, as well as the composition of top and bottom phases 

[1], [34]. 
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Figure 2.1. Rectangular representation of a phase diagram for top phase component : 

bottom phase component : water system. 

 

Typical phase diagrams for ternary mixtures are exemplified using triangular representation, but 

for ATPSs simple rectangular representations are usually used, where the solvent concentration 

(water) is omitted. Generally, the abscises axis represents the bottom phase-rich component while 

the vertical axis, the ordinates, is used to represent the concentrations of component which is 

enriched in the top phase. The curve line on the figure is called binodal curve, and it separates the 

mono from the biphasic region (or the homo from the heterogenous region). Above binodal curve all 

the concentration points originate an ATPS, and below the curve, homogenous mixtures are obtained 

[1]. 

In this figure, for a given system the total composition is represented by A (or B or C), and that 

of the two phases by A’ and A’’ (and so on for B and C). Normally, the composition of the systems is 

specified in weight percentage, but any convenient units may be used. 

The points A’ and A’’ are called nodes and the straight line connecting them is the tie‐line. The 

tie‐lines are often parallel and characterize the composition of each phase in equilibrium. With 

decreasing feed composition, the tie‐line length decreases and eventually becomes zero at the critical 

point, designated by X in the figure. Along each tie-line, the total system composition and the phases 

volume ratio are varied, but phases compositions are the same (defined by the nodes). The critical 

point (X) represents the system with the same composition and volume in both phases. 
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Each tie-line can be characterized by two parameters frequently calculated: the tie line length 

(TLL) and the slope of the tie-line (STL). It was found empirically that the TLL can be used as a single 

numerical measure of the difference between the  compositions of the two phases, for different initial 

compositions of the system [35]. TLL is expressed in concentration units and corresponds to the 

distance between the nodes (points A’ and A’’) and can be calculated as follows: 

 𝑇𝐿𝐿 = [(∆𝑋1)2 + (∆𝑋2)2](1 2⁄ ) 
 

(Equation 2.1)   

 

where ∆𝑋1 and ∆𝑋2 are the differences between component X1 and X2 in the coexisting phases in 

equilibrium. 

STL is obtained by linear regression of the top, bottom and feed compositions of the respective 

tie-line, and is defined as: 

 𝑆𝑇𝐿 = ∆𝑋2∆𝑋1 = 𝑋2𝑇𝑜𝑝 − 𝑋2𝐵𝑜𝑡𝑡𝑜𝑚𝑋1𝑇𝑜𝑝 − 𝑋1𝐵𝑜𝑡𝑡𝑜𝑚 

 

(Equation 2.2)   

 

Other systems characteristics can be determined based on information present in phase 

diagrams, namely phase ratio (phases weight ratio, commonly determined by the lever rule) and the 

phases volume ratio (calculated when the densities of the both equilibrium phases are known). 

Phase diagrams can be experimentally obtained by determination of the compositions of the 

coexisting phases for several initial different feed compositions within the heterogeneous region of 

the diagrams. The determination of each component varies according to its properties, but generally 

the methods used are the refractive index, electrical conductivity, freeze drying, HPLC or polarimetry. 

The curve that connects all the tie-lines ends, or nodes, for each equilibrium composition is the 

binodal curve. 

Alternatively, the cloud point method or turbidimetry, can be used to determine binodal curves 

at fixed temperatures. This method consists in dropwise addition of an aqueous solution of one of 

the ATPS components to an aqueous solution of another component until persistent turbidity is 

observed. The occurrence of turbidity corresponds to the transition from homogeneous to the two‐
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phase region. The cloud point can also be determined by adding small amounts of water to an ATPS 

of known composition, until the two phases disappear. In both cases, the binodal is the curve that 

connects the several cloud points obtained from different feed compositions [1], [36]. Even though 

cloud point method can be affected by some errors, caused by the polydispersity of the polymers 

and the inherent observant-associated errors once it if the visual approach is used, this method is 

still the most widely used for binodal curves determination. 

 

 

• 

 

 

There are some factors that can be manipulated to change the equilibrium compositions of the 

systems. These factors have been extensively studied and include the molecular weight of phase‐
forming polymers, the temperature and the addition of certain compounds, such as inorganic salts, 

osmolytes, etc. [1], [2], [4]. 

In general, the higher the molecular weight of a phase forming polymer, the lower the 

concentration required for phase separation. The chemical nature of the polymers is of paramount 

importance for phase separation. However, there is still a lack of sufficient experimental data 

preventing one from formulating general rules. 

Also, generally, for polymer–polymer ATPSs the higher the temperature, the higher the 

concentrations of phase‐forming polymers required to achieve phase separation. The inverse is true 

regarding temperature effect on polymer‐salt ATPSs formation. 

The effect of the presence of different additives varies according to the type of the compound 

added to the system. It is known that the addition of water‐structure‐breaking salts generally elevates 

the binodal of an aqueous two‐polymer biphasic system, meaning that the threshold amounts of the 

polymers required for two-phases separation increase. The opposite effect is observed when water‐
structure‐making salts are added to polymer–polymer ATPSs [4]. 

It is important to mention that the above general rules are applicable only to systems formed by 

non‐ionic polymers. 
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2.1.1.4. ATPSs features and conventional applications 

 

Since its discovery, many systems have been described and their physicochemical properties 

characterized. Thus, the diversity of systems already known, offering different features, has been 

used for various purposes. 

Extraction in ATPSs, for example, has been clearly demonstrated as a powerful and efficient 

approach for the separation, recovery and purification of biological products  [1]–[3], [37], [38]. 

Besides the inherent advantages of each type of system, ATPSs present other general 

characteristics over the conventional separation techniques that make them a very attractive 

technique. Low cost and operational times, easy operational mode, high capacity, rapid mass transfer 

due to low interfacial tensions, possibility of continuous operation and easy scale‐up, are clear 

advantages of this technology. But even more important, their biocompatibility, environmental 

sustainability and the possibility of process integration increase the potential of applicability of the 

systems. 

Example of successful utilization of ATPSs in the recovery of various biological products, such 

as cells, viruses, organelles, nucleic acids, proteins, enzymes, and other  compounds were reported 

in the literature [1], [4], [23]. 

Other applications of ATPSs have been described also. Within the (bio)remediation field, ATPSs 

have been used for the removal of a variety of environmental pollutants and hazardous substances. 

Efficient removal of textile dyes from industrial textile effluents and benzenes from wastewaters using 

ATPSs was reported [39], [40]. Extraction of sulfonamides from waste water samples and heavy 

metals from electrical wastes was demonstrated [41], [42]. 

More recently, due to the increasing importance of pharmaceutical wastes valorization, drugs 

and pharmaceuticals were the target of separation and purification by ATPSs extraction, with 

antibiotics standing out as the compounds attracting the most attention. Besides antibiotics, non-

steroidal anti-inflammatory drugs, analgesics, vasodilators, antidepressants, fibrates, hypnotics, 

anticonvulsants, immunosuppressants and enantiomers with pharmacological activity are among the 

drugs studied [43]–[47]. 

The integration of the upstream processes with the downstream recovery methods, particularly 

for industrial practices, represents the possibility of having more efficient bioprocesses. Due to their 

specific characteristics, ATPSs allow the combination of two or more operational steps into one. From 
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this process integration or process intensification point of view, some strategies based on ATPSs were 

developed, such as extractive fermentation and extractive conversion [34], [48]–[50]. 

Even though ATPSs present extraordinary advantages, their selectivity for some targets is low. 

Therefore, a new approach called affinity partitioning was developed as an attempt to increase ATPSs 

selectivity. In practice, this methodology is based on the addition of specific affinity ligands attached 

to phase forming polymer, which can recognize the targets [48], [49]. 

The intensive work developed around the upstream processes, and its consequent 

improvement, over the last 20 years have challenged the downstream processing sector. The 

development and upgrading of alternative harvesting, separation and purification techniques such as 

ATPS extraction increased. Though, even ATPS extraction-based processes were shown to yield 

competitive results in comparison with the standard procedure like chromatography, there is no 

driving force to make companies move into the “unknown”. In general, ATPSs are not as good as the 

chromatographic methods inasmuch selectivity is concerned. Even with the current development of 

affinity ligands, allowing the implementation of ATPS affinity partitioning approaches, that can 

possibly allow to achieve the same performance of a chromatographic separation and the same 

operational costs, the industry will rather play safe and keep using chromatography. A flagrant 

example is the case of the use of protein-A affinity chromatography, which will hardly be replaced by 

another technique, to purify therapeutic proteins [51]. 

Thus in the near future of downstream processing, ATPSs might be applied only in preliminary 

steps, like cell debris clearance, and not in the more refined stages [51]. 

 

 

 

2.1.2. Bioanalytical ATPS-based applications 

 

ATPSs can make the difference, however, being used in bioanalytical applications. In this 

promising field, ATPS partitioning may be used as a tool due to its unique analytical potential. As an 

analytical technique, its applications include, among others, label-free cell analysis; proteomic 

analysis, ADME (absorption, distribution, metabolism and excretion) studies and quantitative 

structure-property relationship (QSPR) analysis, diagnosis, cell biopatterning and microtissue 

engineering, and synthetic biology. Several examples providing experimental data, proof-of-concept 
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demonstrations and even clinical trials results have been reviewed in the literature in the last past 

years [51]–[56]. Some of the most relevant examples of each field are presented below. 

It is important to mention that, in this wide field of applications, ATPSs have been integrated 

and/or coupled with some devices such as column contactors and microfluidics devices. Likewise, 

they can also be combined with other separation techniques, as in Aqueous Two-Phase Flotation 

(combination with solvent sublation), Centrifugal Partition Chromatography, or in 3D electrophoresis 

(combined with two-dimensional electrophoresis or dielectrophoresis), and others [54]. 

 

 

2.1.2.1. Label-free cell analysis 

 

The cells surface properties characterization can be extremely important for the differentiation 

of cell populations, e.g. normal and cancerous cells. Cell differentiation approaches based on ATPSs, 

i.e., label-free methodologies, allow to reduce the process costs, work under the regulatory guidelines 

and to be used for a wide range of cells lacking cell-specific surface markers. 

SooHoo and Walker reported for the first time, in 2009, a combined microfluidic separation 

device coupled with an ATPS applied to blood sample analysis. They attempted to concentrate 

leukocytes from whole blood samples using a laminar flow microfluidic device with ATPS. Three 

different patterns of three polymer streams, immiscible PEG–PEG–DEX, immiscible PEG–DEX–DEX, 

and miscible PEG–Buffer (PBS)–DEX, were evaluated in terms of leukocytes-erythrocytes ratio [57]. 

Nagel and coworkers (2013) developed a high throughput screening technology for label-free 

cell separation in polymer–polymer biphasic systems. The authors found the most suitable system 

for separate differentiated from undifferentiated HL-60 cell lines, looking at different types and 

concentrations of polymers and salts, pH and other separation conditions [58]. 

Zimmermann et al. (2016), described an automated robotic screening method enabling the 

high-throughput cell partitioning analysis in PEG8K–DEX500 ATPSs buffered with isotonic 

concentrations of sodium phosphate buffer and sodium chloride. In this work, the separation 

conditions for the differentiable promyelocytic cell line HL-60 were optimized and a counter-current 

distribution-model was used to investigate optimal separation conditions for a multi-stage purification 

process of CD11b-positive and CD11b-negative HL-60 cells [59]. 

In another work, Zimmermann et al. (2018), demonstrated how polymer molecular weight and 

tie‐line length affected the partition of five model cell lines (from different species and tissue type) in 
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PEG–DEX systems. Also, the authors reported that the separability of each cell line from the mixture 

was highly dependent on the both factors studied [60]. 

In a recent study, Hazra and coworkers (2019) reported a novel label-free passive microfluidic 

technique for isolation of cancer cells from peripheral blood mononuclear cells in PEG–DEX ATPSs. 

Isolation of two different types of cancer cells was shown to be efficiently achieved with this method 

[61]. 

Worthy of mention, is the fact that there are more studies regarding cell differentiation by 

aqueous two-phases partitioning, but not representing label-free approaches. In these works, different 

types of labels, affinity ligands, or biorecognition molecules are used in order to promote the steering 

of the target cells to a desire phase of the system. In these cases, partition is mainly dependent of 

the properties of the labels and their binding to the cell, and thus it cannot be explained by the general 

theories of solute partitioning. For this reason, these cases are not presented and discussed here. 

 

 

2.1.2.2. Proteomic analysis 

 

Regarding their application in proteomics, ATPSs partitioning has been included in some studies 

of characterization of protein surface properties, assessment of changes in protein structure and 

conformation, and ligand binding evaluation. The main outcome of biomedical proteomic analysis is 

the discovery of new drug targets and biomarkers, which could finally be used in clinical and medical 

practices. 

Particularly in this field of application, the differences between the physicochemical and/or 

solvent properties of the phases are used to discriminate between similar biomolecules. The 

analytical information provided by partitioning (and expressed by the partition coefficients) is 

completely related to the solute-solvent interactions. These interactions are known to be highly related 

to the structure of the solute, so its partition coefficient can be used as an indicator of its 

characteristics. 

Berggren et al., in 2002, studied the influence on partitioning of the surface exposed amino acid 

residues of eight monomeric proteins. The authors partitioned the proteins in two polymers DEX–

EO30PO70 (random copolymer of ethylene oxide and propylene oxide) systems, only differing in 

polymers concentrations. The authors were able to describe the partitioning behavior of the proteins 

by the differences in surface exposed amino acid residues (partition behavior depends on the solvent 
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exposed amino acids residues properties such as the presence of aromatic groups, length of the 

aliphatic chains or the presence of charge) [62]. 

Lee and Forciniti (2013) have used ATPSs to analyze the effect of glycosylation on the partition 

of monoclonal antibodies (mAbs). They concluded that the partitioning of these proteins was governed 

by the presence (or absence) of polysaccharide chains, in certain ATPSs [63]. 

A new method for the evaluation of the ratio of two structurally different proteins (transferrin and 

carbohydrate-deficient transferrin) and of other low molecular weight compounds in mixtures, without 

any preseparation step was described by Zaslavsky and coworkers [64]. 

Jensen et al., made use of hydrophobic affinity partitioning to create a method for studying 

various conformational states of the human α-macroglobulins (α2-macroglobulin and pregnancy zone 

protein). In this study partition coefficient was shown to be a measure of the extent of changes in the 

conformation of the proteins. It was concluded that the difference of the partition coefficients between 

a modified and an unmodified conformational state of a specific protein could be useful as a 

parameter to describe the apparent conformational changes in the proteins [65]. 

In a study involving the analysis of plasma samples from patients with posttraumatic stress 

disorder, and similar samples from a control group (healthy individuals), by ATPS partitioning it was 

verified a difference in the overall partition of total plasma proteins between the two groups [66]. 

The use of two aqueous phases partitioning was used as well to study the effect of the presence 

of a variety of ligands (Fe3+, Cu2+, Al3+, Bi3+ and Ca2+) on apotransferrin aqueous solutions. After partition 

of each protein-ligand solution in a series of different ATPSs, partition coefficients were determined 

and the results showed a range of partition coefficients for the binding of different ligands, reflecting 

the changes on apotransferrin conformational state as result of the binding of each ligand [67]. 

 

 

2.1.2.3. ADME studies and QSPR analysis 

 

Comparison of several studies enrolled in the analysis of partition of diverse subsets of 

compounds in the traditional octanol–buffer biphasic system and in ATPSs, namely in PEG–DEX 

systems, has demonstrated the clear advantage of the aqueous systems for the hydrophobicity 

measurements. When a pH dependence of the partition coefficients in ATPSs was observed, it 

exposed the biggest limitation of the octanol-buffer biphasic system, commonly used in studies 

involving distribution and/or transport of chemical compounds in biological systems. Subsequently, 
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the suitability of ATPSs for quantitative structure-activity relationship (QSAR) analysis has been also 

proved by combining data from ATPS partitioning and information from the traditional methods 

(lipophilicity or logD) [68], [69]. 

Aqueous PEG–DEX two-phase systems with pH ranging from 2.0 up to 12.5 were used to 

evaluate partitioning of 15 β-blockers and structurally related compounds and estimate their relative 

hydrophobicity [70]. In a similarly study, PEG–DEX two-phase systems containing 0.15 M NaCl in 

0.01 M sodium phosphate buffer pH 7.4 were chosen to partition of 153 peptides (di- to hexa-chains) 

[71]. In both cases, the method shows that the estimated relative hydrophobicity parameter 

(expressed in terms of equivalent numbers of methylene units) can be calculated and used as a 

structural descriptor in QSAR analysis [70], [71]. 

In 2003, Gulyaeva et al., proposed a simple model to predict blood-brain barrier (BBB) 

distribution based on the combination of the estimated relative hydrophobicity of compounds, 

determined by PEG–DEX systems partitioning, and lipophilicity (calculated by gradient RP-HPLC or 

by octanol-buffer shake-flask techniques). The model was created using the experimental data 

obtained by analysis of a set of 63 compounds with known permeability through the BBB, and allows 

to differentiate compounds capable of crossing the barrier from those that cannot [72]. 

More recently, during his amino acids partitioning studies, Madeira et al. (2013), demonstrated 

that the use of solute-specific coefficients, which can be determined by a thermodynamic model that 

relates solute partition coefficients with phases solvent features, can be used as the solute descriptors 

in QSAR analysis [73]. 

 

 

2.1.2.4. Diagnostic tests 

 

ATPSs were already used for diagnosis with studies showing that patients with different 

prognostic tumors exhibit distinct histograms (patterns or profiles) of total plasma proteins or single-

specific biomarkers partition coefficients. Using partition coefficients values is possible to differentiate 

healthy from patient subjects [53], [74]. 

Recently, in 2015, Shin et al., demonstrated the potential of a PEG–DEX ATPS to isolate and 

concentrate exosomes and microvesicles (a novel class of biomarkers for blood-based diagnostics) 

from mixtures of extracellular vesicles and proteins. The robustness of the system to isolate the 
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vesicles was proved by the coherency of the partitioning results using different samples sources 

(mouse tumor interstitial plasma and artificial vesicle-proteins mixture) [75]. 

Nevertheless, Zaslavsky research group is the one who has given the greatest input in this field 

[53], [74]. Using a DEX-Ficoll system, protein partition behavior of plasma samples from patients 

with ovarian cancer stage I and healthy donors (without any preliminary fractionation) was assessed. 

An “apparent partition coefficient” was obtained by dividing the correspondent top and bottom 

phases mass spectra. By correlating the “apparent partition coefficients” with the m/z values of the 

samples they obtained a pattern plot with several ranges matching with the health status of the 

patients [76]. 

In another work, the examination of sera pools and plasma from patients with diverse types of 

cancer (including patients with the corresponding benign condition) and healthy donors using 

multiplexed immunoassays for different antigens was performed as an attempt of identify new 

biomarkers. Partitioning of more than 120 different antigens in a set of 24 different ATPSs was 

evaluated and even though in many cases, the partition coefficients were not distinguishable between 

donors’ conditions, promising results were obtained in ovarian cancer stage I antigens screening 

[66]. 

In a comparative study with the conventional diabetes biomarkers measuring methods, 

Zaslavsky et al., tried to use ATPS partitioning to determine the ratio of glycated hemoglobin, HbA1c. 

Using a set of different ATPSs (DEX–PVP, PEG–DEX and PEG–NaPB systems) the ratio of glycosylated 

hemoglobin-total hemoglobin was estimated. Two hemoglobin mixtures were used as samples, each 

one containing different amounts of glycosylated and total hemoglobin, each one representing the 

“normal” and the “diabetes” status samples. In both mixtures, the glycosylated hemoglobin 

represented a mix of various isoforms of the protein with different glycosylation degrees. Once the 

ratios were determined, it was observed that ATPS partitioning allowed to detect small changes in 

the chemical structure of hemoglobin [77]. 

Aiming to overcome the limitation of the standard clinical test for alcohol abuse (pre-separation 

of carbohydrate-deficient transferrin, CDT, i.e., combination of transferrin isoforms with reduced 

content of sialic residues, from transferrin in plasma) ATPS partitioning was used. Based on previous 

studies, showing that overall partition coefficient of artificial mixtures of transferrin and CDT changes 

with the content of CDT in the mixtures, an ATPS was selected to be utilized to determine the overall 

partition coefficients of total transferrin in plasma from alcohol abuse patients, non-drinking and 

social drinking individuals. Total transferrin in plasma partition coefficients were found to be 
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significantly different from those determined for individual transferrin and CDT. Plus, different ranges 

of total transferrin K-values were found for plasma samples of non-drinking and heavily drinking 

individuals (in these last ones, the range of K-values depends on the CDT content in the sample) 

[64]. 

Zaslavsky and coworkers focused on finding an alternative to improve the most used method to 

diagnose prostate cancer; not considering significant labor and time savings. Initially, they screened 

a set of ATPSs seeking for variations in the partition behavior of prostate specific antigen (PSA) in 

urine from patients with cancer and patients with benign prostate disorders. This antigen was found 

to be differently glycosylated in men with prostate cancer and other benign prostate conditions. An 

ATPS presenting significant differences between partition coefficients was selected and this 

alternative diagnostic test presented a performance higher than the standard tests of total serum 

PSA (tPSA) level or percent of free PSA (fPSA) in serum. This new method was already evaluated in 

a clinical trial with 222 patients [78]. Although, due to some issues concerning storage of the urine 

samples, there was a need to update this methodology making it suitable to be applied to serum 

samples. So, a fine-tuned ATPS is being used already in the commercial IsoPSATM test, which gives 

the patient diagnosis based on the partition coefficient of one PSA isoform occurring in human 

serum/plasma (PSA-α-1-antichymotrypsin complex (PSA-ACT)) [79], [80]. 

 

 

2.1.2.5. Cell biopatterning and microtissue engineering 

 

Advances in tissue engineering and the development of new restoring strategies for damaged 

tissues and/or organs have increased the need for a better understanding of interactions such as 

homo- and heterotypic cell-cell, cells-extracellular matrix (ECM) and cells-environment. Nowadays, 

there are a variety of techniques offering the possibility to explore and analyze these intricate 

interactions in greater depth. But recently, ATPSs-based cell patterning methodologies were reported 

and have shown to be suitable to perform noncontact patterning of cells. 

Analyses of cell growth and differentiation have been performed by ATPSs-based biopatterning 

techniques. Generally, these analyses take advantage of the optimal range of interfacial tensions in 

the interface between the two phases in ATPSs formed by two nonionic polymers, such as DEX and 

PEG. Briefly, small (nano or micro) droplets of DEX solutions previously inoculated with cells are 

dispensed onto a substrate which is coated with a PEG solution. Another procedure consists in 
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depositing a cell-laden PEG solution on top of patterned cell-free dextran droplets, to create cell 

exclusion zones. Coating the substrate with PEG avoids the pretreatment of the substrate and allows 

to precisely deposit the cell directly on it. Plus, these approaches have the advantage of allowing the 

easy removal of the polymer just by washing with fresh culture medium [1], [55]. 

Biopatterning of keratinocytes in colonies to enhance cell-cell contact and compare cell viability 

with a nonpatterned cell group was reported by Agarwal et al. aiming to contribute to future 

applications in wound healing and skin tissue regeneration [81]. The delivery of genetic material, 

enzymes and buoyant particles (microbubbles) used for sonoporation of cell monolayers surfaces 

was also patterned by means of these novel approaches. Evaluation of cell migration, cell proliferation 

rates and wound capacity has been made throughout cell exclusion zones by patterning studies [82], 

[83]. 

It is also possible to create coculture systems with complex heterocellular interactions. Frampton 

and coworkers created hepatocytes and fibroblasts cocultures to study the function of liver cells [84]. 

In another study, cocultures of MDA MB 231 breast cancer cells, confined in DEX droplets, and HEK 

293 cells, inoculated in PEG, were used to inspect a cancer metastasis mediated-signaling pathway 

and evaluate cell proliferation and migration [85]. 

Likewise, in mammalian cells cocultures, some work has been done with microbial cells aiming 

to get a better insight about microbial colonization and study biofilm formation and quorum sensing 

phenomena. In 2012, Yaguchi et al. used PEG–DEX systems to pattern adjacent colonies of multiple 

bacterial species without intermixing [86]. In a work regarding antibiotic resistance transfer between 

bacterial colonies, patterned cultures of different strains of Echerichia coli (ampicillin-sensitive and -

resistant strains) were created to show the commensal benefits provided by one species to another 

in complex multispecies communities [86], [87]. Dwidar et al. (2013) used suspensions of invasive 

bacterial strains confined in DEX and cocultured them with PEG coated mammalian epithelial 

monolayers to study the use of a virus as a bacteria predator [88]. 

Recently, ATPSs have been used to produce uniform aggregate cell cultures without the need of 

specialized equipment. ATPSs were found to have exceptional effectiveness in 3D microtissue 

engineering. A good example is the work of Tavana and coworkers (2016), who have created a high-

throughput aggregate culture model, based on the deposition of microdroplets of bottom phase-cell 

rich in a large volume of top phase. The authors have been using this model to advance high-

throughput oncological drugs screening using 3D tumor microtissues models [89]. 
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2.1.2.6. Synthetic biology 

 

The properties of phase separation in ATPSs have been exploited to mimic intracellular 

compartments, such as liquid-like organelles and nucleoli and to study the influence of 

compartmentalization within both membrane-enclosed and membrane-free structures. 

One of the first studies intended to model the behavior of two sequential enzymes involved in 

purine biosynthesis by enzyme compartmentalization in a PEG–DEX system [90]. In another work, 

the increasing of the RNA cleavage rate was reported by means of promoting the partition of ribozyme 

to a DEX-rich phase, of PEG–DEX system, and by changing the phases volume ratio (decreasing the 

compartment size, DEX-rich phase) [91]. 

 

 

• 

 

 

Successful application of partitioning in ATPSs requires the understanding of the mechanisms 

of solute distribution and properties of the systems at the molecular level. Understanding these 

mechanisms is important for both downstream processing and bioanalytical applications, although 

for slightly different reasons. 

In the downstream processing sector, for the effective use of ATPSs it is important to predict 

optimal extraction conditions for the target product from diverse sources and/or to design optimized 

strategies for it. In this case, understanding the role of different factors affecting distribution of the 

target product and the remaining contaminants is much more important than understanding why the 

different solutes steer into a certain phase. In view of bioanalytical applications, the comprehension 

of the partitioning phenomenon is crucial since it is used as a measurement of the changes in the 

analytes’ properties or as an indicator of the response of changes in the analytes partition behavior 

under wide-ranging partition conditions [92]. 

Lack of knowledge underlying the mechanisms of solute partitioning in ATPSs and in 

understanding the properties of the systems at the molecular level are the main reasons why ATPSs 

are still not utilized on a routine basis in laboratory and in the industry. However, a great input in this 

regard has been given by Zaslavsky since the beginning of the 90s. 
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2.2. Phase separation in aqueous media 

 

2.2.1. Classic theoretical approaches 

 

Two (or more) phases formation after mixing aqueous solutions of two incompatible polymers 

or polymers and salts has been well-known for several decades. This phenomenon has been 

intensively studied and documented carefully through the times [93], [94]. 

At equilibrium, two-phases formation and the equilibrium state, can be both predicted from the 

equality of the chemical potential of each component and system mass balances. These calculations 

only hold true if it is assumed that: (i) the phase-forming polymers are represented by a single 

component with an average molecular mass (not considering polymer polydispersity) and (ii) all the 

components added to the system are distributed by either the top or the bottom phases. However, 

for more accurate calculations, the effect of polymer polydispersity can be introduced in the 

determinations by using the pseudo-component method, i.e., use a continuous statistical distribution 

of molecular masses instead of the individual average molecular mass of each component [95]. 

Based on all studies carried out so far it is possible to identify 4 classical schools of thought, 

each one of them attempting to understand and modeling phase separation: (i) osmotic viral 

expansion based-models descended from Edmond and Ogston work, (ii) models based on extensions 

of lattice theories, (iii) models incorporating integral equation theory and (iv) group contribution 

schemes and excluded volume approximation models (that do not fall into the above categories) [95]. 

These conventional approaches are all based on the same general theoretic line of reasoning that 

considers the molecular nature of the phase forming components as the main factor for phase 

separation and secondarily the role of the water as a solvent [4]. 

The osmotic viral expansion models, which have gained more acceptance due to the work of 

Edmond and Ogston, include two different versions: the McMillan-Mayer theory  and the Hill theory 

[96]–[101]. These theories generate modeling expressions with coefficients representing the 

molecular interactions between small groups of components, differing in the way the role of the 

solvent is considered. In the McMillan-Mayer theory the solvent is treated as a featureless background 

continuum and in the Hill theory interactions between solutes and solvent molecules are counted in. 

However, once these models are expansions in composition, they are strictly applicable only to 

very low solutes concentrations and, generally, changes in molecular interactions due to solution 

regime (diluted or concentrated solutions) are ignored to keep the models simple. 
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Modeling macromolecular liquid mixtures in terms of a crystal lattice approaches, such as the 

Flory‐Huggins theory [102]–[105] or the UNIQUAC lattice model [106]–[108], is attractive since it is 

easy to estimate the total number of possible configurations for the system and obtain a combinatorial 

entropy for the mixture. But, particularly for mixtures of aqueous nature, the enthalpic effects usually 

displays the more significant role than the entropic one. Another drawback of this approach is that 

the combinatorial entropy obtained should not be compared with the real liquid entropy, because of 

the differences in order degree. In contrast with the first type of models described before, the lattice 

models are originated assuming concentrated solutions. 

The third type of models combines integral equation theory, a hard sphere equation of state, 

perturbation theory, the McMillan-Mayer osmotic virial expansion and, sometimes, other elements. 

The overall expressions of these models are very complex, they present several parameters such as 

solutes size indicators and osmotic viral coefficients, but they are the ones that can describe complex 

aqueous systems with high accuracy. Plus, these models can represent both polymer–polymer and 

polymer–salt ATPSs [109]. 

Other models, like group contribution model or the excluded volume theory, do not fit in the 

complete description of the previous categories [110]–[113]. Though, these models share some 

aspects and have similar underlying concepts with the osmotic viral expansions approaches and the 

lattice theories, respectively. 

Another class of models capable of accounting the presence and the behavior of solutions 

containing electrostatically charged species (ions from phase-forming salts, ions from buffers, 

proteins and/or phase-forming polyelectrolytes) were also created. This class includes for example: 

the Debye-Hückel theory and its modifications and mean spherical approximation (MSA) [114]–

[116]. In principle, these models seem to be very promising, however, as in the McMillan-Mayer 

osmotic viral expansion theory, the solvent is not treated like a fluid but as a background continuum 

in which the charged species exist, which limits their application. 

 

 

 

2.2.2. The approach based on water primary role 

 

The advantages and downsides associated to each one of the previous theoretical lines of 

reasoning have been widely discussed over the years by many authors [4], [111], [117]–[119]. 
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Considering their main downside, in early 90s, Zaslavsky suggested a different approach to 

describe two-phases formation. According to what was advanced by him, a special attention should 

be given to the water and the main role in phase separation should be attributed to its unique 

character as a medium. In his understanding, the phase forming components of the ATPSs must be 

considered as water structure perturbing agents. The presence of the phase forming components 

engaged in phase formation modify the water structure of each phase which make both phases 

immiscible. Therefore, it can be assumed that ATPSs are the result of mixing two immiscible 

solutions, both of aqueous nature [4]. 

This way to look into ATPSs is based on the well-known fact that water molecules strongly interact 

with each other in a very characteristic manner [120]. Moreover, some X-ray diffraction experiments 

carried out for mixtures of aqueous solutions of PVA (Polyvinyl alcohol) and DEX have shown the 

incompatibility of these two polymers dissolved in water due to strong repulsive interactions. The 

same experiments for dry mixtures of the same polymers have shown that in the absence of water 

they are extremely compatible [4]. Likewise, Treffry and coworkers, in their model have advised that 

polymers are surrounded by water shells formed by steric arrangements between the polymer 

bonding sites and the structure of the bulk solvent. Similar shells can combine resulting in micro-

aggregates or microspheres. When distinct shells are forced to coexist, structural differences lead to 

turbidity and, consequently, to phase separation [121]. 

 

 

 

2.3. Solute partitioning in ATPSs 

 

2.3.1. From the conventional theoretical approaches 

 

When a solute is added to an ATPS it will distribute between the two phases and its partition 

behavior can be characterized by the partition coefficient, K, which represents the top/bottom solute 

concentration ratio. 

There are several factors that are well-known to affect solute partition in ATPSs (and 

consequently, K-values). Among others, type, molecular weight and concentration of phase-forming 

polymers, type and concentration of additives, pH and temperature are the most studied and 

discussed in the literature [1], [2], [4]. Nonetheless, it should be noted that the effects of some of 
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the aforementioned factors on solute partitioning are mutually dependent (e.g. pH and salt additives; 

temperature and phase-forming components equilibrium concentrations). 

So far, the theories regarding the mechanisms underlying solute partitioning can be divided in 

two distinct lines of reasoning. The first one relies on the concept that solute partition is mainly due 

to the solute interactions with the phase-forming components and secondarily due to the specific 

features of the water as solvent in both coexisting phases. This vision comprises the models based 

on the Flory-Huggins theory and/or on Osmotic Virial Expansion methods. All these models take in 

account the Lewis-Randall standard state used to define the differences of the properties of the water 

as a solvent from ideal solutions [2], [4], [6], [98]–[100], [102], [122]–[126]. 

 

 

 

2.3.2. Approach based on primary role of solvent 

 

ATPSs can be compared qualitatively to organic solvent–water biphasic systems.  All the 

attempts to understand ATPSs follow the standard approaches used to characterize these last ones. 

There are some important differences, however that should be emphasized.  In organic solvent–water 

biphasic systems only one equilibrium composition exists. However, in ATPSs it is known that 

different quantitative compositions may exist, meaning that the solvent features of the aqueous media 

in the coexisting phases at equilibrium are also different [4]. It was demonstrated that ATPSs 

physicochemical properties, namely dielectric, solvatochromic and potentiometric as well as partition 

coefficients of series of homologous monofunctional aliphatic compounds are dependent of the 

phases composition in equilibrium [127]–[131]. 

The conventional theoretical approaches do not consider these two aspects described before 

[4]. So, based on this, the second line of reasoning was built around the idea that the phase-forming 

components must be engaged only in ATPSs’ formation and be neutral to the solute being partitioned. 

Their main role is the effect caused on changing the solvent properties of the aqueous media of the 

coexisting phases [4]. There are experimental evidences supporting this approach, it was proved that 

the solvent properties of the aqueous media in coexisting phases of different ATPSs are distinct. It 

was also shown that solute partitioning in ATPSs has some similarities with the partition in organic 

solvent–water biphasic systems [4], [5], [132]–[135]. 
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If the second theory holds true, it means that empirical and semi-empirical approaches 

commonly used to describe solute partitioning in organic solvent–water biphasic systems can be 

applied to ATPSs. 

 

 

2.3.2.1. The Collander equation 

 

Solute partitioning in a set of different organic solvent–water biphasic systems can be correlated 

according to the universally known Collander Equation, also called Solvent Regression Equation, 

presented below [136]: 

 log 𝑃𝑖 = 𝑎𝑖 log 𝑃0 + 𝑏𝑖 
 

(Equation 2.3)   

 

where P represents the partition coefficients in organic solvent–water biphasic systems for a given 

solute and subscripts i and 0 denote the systems under comparison; a and b are constants. 

During his work, Collander has realized that parameters a and b could vary, being dependent of 

the type of the solutes partitioned as well as of the solvent system [136]. Some years later, it was 

shown for similar organic solvent–water biphasic systems under comparison that a single equation 

could fit all the experimental partitioning data [137]. 

In the last decades, some studies aiming the application of this relationship as an attempt to 

describe solute partitioning in ATPSs have been reported. In 1994, Zaslavsky showed that the 

relationship described by Collander could be applied to relate the partition of a group of randomly 

selected biomolecules in a limited set of ATPSs formed by Dextran and Ficoll or PEG [4]. Later, other 

authors also verified the applicability of this relationship after analyzing the partition of small organic 

neutral compounds in ATPSs composed by PEG and different inorganic salts [5], [132]. In the past 

years several relationships of this type were also found when the partition behavior of nonionic and 

ionic low molecular compounds, and proteins was analyzed. The partition of these compounds was 

studied in different ATPSs, PEG–salt and PEG–DEX systems for example, and the effect of the 

presence of several additives was under investigation too [73], [138]–[149]. 

An important aspect that was found out during the initial studies around the application of the 

Collander Equation to ATPSs was that, for systems composed by two polymers, parameters a and b 
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(i.e., the slope and the intercept terms of the equation) could be independently described by 

partitioning of a series of dinitrophenylated-amino acids (DNP-AA) [150]. 

 

 

2.3.2.2. The Abraham’s solvation equation 

 

The most widely used semi-empirical approach for the analysis of solute partition in organic 

solvent–water biphasic systems is the LSER, based on the generalized Abraham’s Solvation Equation 

[151]–[153]: 

 log 𝑃 = 𝑣𝑉 + 𝑟𝑅2 + 𝑠𝑆 + 𝑎𝐴 + 𝑏𝐵 + 𝑧 

 

(Equation 2.4)   

 

where, P represents the partition behavior of a given solute between two phases of interest; v, r, s, 

a, b and z are representative coefficients of a specific two-phases system (determined by multiple 

linear regression analysis); V, R2, S, A and B are the so-called solute descriptors and denote for: V the 

group-contributable solute volume comprising the solvent cavitation energy and part of the solute-

solvent London dispersion interaction (it can be calculated based on solute structure as a sum of 

atom and bond contributions); R2 the “excess molar refraction” of a solute, representing solute-

solvent interactions involving induce dipole on the solute, supplementing the term vV in the equation 

(it can be obtained from the refractive index of the solute or by summing up fragments values); S the 

polarity/polarizability descriptor characterize interactions related to induced as well as stable polarity 

of the solute; A and B the total hydrogen bond donating (overall solute hydrogen bond acidity) and 

accepting (overall solute hydrogen bond basicity) capacities of the solute, respectively; z is a fitted 

regression constant term which depends on the standard states of P. While solute descriptors V and 

R2 can be calculated from the solute structure, the other ones can be experimentally obtained and/or 

calculated. Regarding the specific two-phase systems coefficients, v, r, s, a, b and z, each one stand 

for the following meanings: v is a combination of an exoergic dispersion and endoergic cavity terms; 

r designates the difference between the tendency of the coexisting phases to interact through π- and 

n-electronic pairs with the solutes; s corresponds to the difference between the tendency of the 

coexisting phases to interact with dipolar/polarizable solutes; a and b denote for the differences 

between the hydrogen bond acidity and basicity of the phases [151]–[155]. 
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The LSER has also been applied to describe partition of solutes in ATPSs and to analyze the 

solvent features of PEG–salt and PEG–DEX ATPSs [131], [132], [156], [157]. However, despite the 

successful implementation of this approach to ATPSs there are three important aspects that should 

be highlighted (i) if the range of K-values under analysis is too limited, the accuracy of the multiple 

linear regression analysis may be doubtful, (ii) the analysis of the partitioning of biomolecules in 

ATPSs is limited due to the fact that Abraham’s approach does not take into account ion-ion and ion-

dipole interactions and (iii) to obtain Abraham’s descriptors for biomolecules is very difficult and may 

be impossible [158]. 

Nevertheless, the original Abraham’s Solvation Equation may be modified (by adding or 

replacing some equation terms) to overcome some of the aforementioned conditions. A good example 

of Abraham’s Solvation Equation update is the alternative approach suggested by Madeira et al., 

which was already used for the effective determination of solute descriptors of nonionic and ionizable 

organic compounds, free amino acids and proteins [73], [139], [140]. 

 

 

 

2.3.3. Analysis of solute-solvent interactions 

 

It is well recognized that interactions of any substance with the aqueous environment are 

fundamentally important for their functions in vivo [159]–[161]. These interactions play an important 

role in many biological processes in vivo like in the formation of active sites of oligomeric enzymes 

and maintenance of their effective conformation, in regulatory processes including signal 

transduction, electrons transport systems, DNA synthesis, antibody-antigen binding and in all kind of 

protein transport processes [162], [163]. 

Thus, the understanding of these solute-water interactions on a molecular level allows to gain 

better insight into fundamental mechanisms of many different biological processes and metabolic 

pathways. Indeed, it is perhaps the unique role of water as a solvent which mediates these 

interactions among proteins, and how proteins recognize their ligands and partners, being also 

involved with molecular complexes building and explaining how proteins interact with different 

aqueous environments. Besides, its understanding seems to be crucial for applications ranging from 

basic research in life sciences to drug discovery and design and to clinical research. Surprisingly, 

despite of the importance of such interactions and the concomitant rapid advances in molecular and 
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structural biology, the state of affairs in the scientific underpinning of aqueous solvent-solute 

interactions is far behind [64], [73], [78], [139], [140], [164]–[166]. 

So far, solute-solvent interactions studies recognize the importance of hydrophobic interactions 

as well as other types of interactions such as van der Waals, polar, ion-dipole and hydrogen bonding 

interactions. Generally, they use to be described by linear free energy relationships, particularly by 

the Abraham model (Eq. 2.4) as a linear combination of the so-called solute descriptors and 

corresponding solvent descriptors. Usually, solute descriptors for multiple compounds have been 

determined by separate physicochemical measurements and the solvent descriptors values are 

estimated as unknown coefficients in Eq. 2.4 by multiple linear regression analysis for all these 

compounds. This approach is generally successful for nonionic organic compounds but is hardly 

applicable to ionized compounds and cannot be used for analysis of biomacromolecules [64], [73], 

[78], [139], [140], [164]–[166]. 

Recently, a new analytical application based on partitioning in ATPSs suggested by Madeira et 

al., have been developed to quantify and understand these interactions enabling to receive 

quantitative information about different types of small molecules and protein-water interactions. This 

alternative approach consists in characterize solvent descriptors values in different solvent systems 

using solvatochromic measurements and estimate solute descriptors as unknown coefficients in Eq. 

2.4 by multiple linear regression analysis for all the solvent systems used [64], [73], [78], [139], 

[140], [164]–[166]. 

This approach was already used in the successful determination of solute descriptors of nonionic 

and ionizable organic compounds, free amino acids and proteins. But, its most important distinction 

is that ATPSs are used instead of common organic solvent–water biphasic systems and, 

consequently, are more adequate to simulate solvent environment in vivo and more suitable for 

analysis of biological macromolecules [64], [73], [78], [139], [140], [164]–[166]. 

 

 

 

2.4. Summary and outlook 

 

ATPSs have been explored for the development of a variety of novel, simple and cost-effective 

approaches, taking advantage of their well-known features, such as low interfacial tension between 

the coexisting phases and the high degree of biocompatibility of phase-forming components. This 
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technique has provided researchers with a valuable tool set not only for innovative downstream 

processing procedures but mainly for bioanalytical applications. 

Interestingly, despite the vast field of applications of ATPSs, solute partitioning is used in most 

cases, and its manipulation and/or measurement comprises the key step of most of the processes. 

As stated by Zaslavsky et al., over the last two decades several examples of experimental data have 

been reported providing evidences that interactions between the phase-forming components, namely 

polymers, and the solutes partitioned in ATPSs do not occur. In fact, solute partitioning is governed 

by the differences in solute interactions with the aqueous media of each of the phases, whose solvent 

properties can be characterized and manipulated. Therefore, partition coefficients reflect these 

interactions and can be used as general numerical indexes (different changes in solutes structures 

may change their correspondent K-values) [53]. 

Thus, ATPSs partitioning based-approaches, comprising the analytical application of the method 

of partitioning can provide new opportunities and solutions for some of the current and future 

biotechnological and bioanalytical challenges. 
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Highlights 

 

• Relative hydrophobicity and electrostatic properties of the two phases in PEG8K–Na2SO4 

ATPS with 0–0.54 M NaCl, NaSCN, NaClO4, and NaH2PO4 additives are characterized; 

• Partition coefficients for multiple organic compounds are analyzed in terms of linear solvent 

regression relationship; 

• Effects of the salts additives are found to be related to the salts' influence on the water 

structure. 

 

 

 

3.1. Introduction 

 

ATPSs are formed in mixtures of two (or more) water-soluble polymers or a single polymer and 

a specific salt in an aqueous solution above certain critical concentrations or temperature. Two
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 immiscible aqueous phases are formed in such mixtures. The uniqueness of these systems is that 

each of the phases contains over 80% water on a molal basis, but the phases are immiscible and 

differ in their solvent properties [1]–[4]. Therefore, they can be used for the discriminating distribution 

of added solutes. ATPSs have been used for separation of biological macromolecules and particles 

for over 50 years [5]–[7] and recently found use in a variety of analytical applications as well [8], [9]. 

The most studied polymer–salt ATPSs are formed by PEG and inorganic salts, such as sodium 

sulfate, phosphate, carbonate or citrate. Salt effects on polymers and biopolymers, such as proteins, 

in water generally follow the well-known Hofmeister series [10] with qualitative order of the anions 

being: 

 

citrate3− > CO3
2− > SO4

2− > H2PO4
− > F− > OH− > Cl− > NO3

− >Br− > I− > ClO4
− > SCN− 

 

Anions to the left of chloride are often called kosmotropes and they typically stabilize proteins 

and salt them out of solution. Anions to the right of chloride are called chaotropes and they commonly 

destabilize proteins and salt them into solution. The positions of some anions in the series, such as 

ClO4
− and SCN− or SO4

2− and H2PO4
− may interchange depending on the particular effect in question 

and the nature of cation. The Hofmeister effect is commonly explained by the ability of various ions 

to “make” or “break” water structure in aqueous solution [11], [12]. This explanation was put in 

doubt by many recent experimental and theoretical [13]–[16] studies showing that the properties of 

bulk water are not noticeably perturbed by ions in solution. It should be mentioned, however, that 

some recent experimental data [11], [12], [17] contradict this conclusion. The mechanism of the 

ions’ effects on proteins in aqueous solutions remains debatable. 

The anions of sodium salts capable of forming ATPSs with PEG (citrate, carbonate, sulfate, 

phosphate, fluoride, and hydroxide) all belong to the kosmotropes. Attempts to investigate 

mechanism of phase separation in aqueous polymer–salt mixtures based on thermodynamic 

analysis of experimental data [18], [19] can hardly be viewed as successful and any attempt at 

considering phase separation in aqueous solution based on deviation from ideality is doomed. This 

issue, however, is beyond the scope of the present work. 

One of the most interesting aspects of solutes behavior in PEG–salt ATPSs is that relatively small 

amounts of salt additives may significantly affect the solute partitioning [20]–[22]. The most widely 

used salt additive in this ATPS is NaCl [20]–[22]. The data obtained in the studies of protein partition 

behavior, however, typically leave too much room for interpretation being assigned to the protein-ion 
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specific interactions, protein conformational changes and other often hard to prove (and disprove) 

possibilities. The data obtained for structurally simple organic compounds generally cannot be 

interpreted as ambiguously and hence may provide better insight into mechanism of the effect under 

study. 

Recently, effects of different salt additives (NaCl, NaSCN, NaClO4, NaH2PO4) over a wide 

concentration range up to ca. 2 M on partition behavior of small organic compounds in PEG8K–

Na2SO4 were reported [23]. Later we examined the effect of NaCl in the concentration range of 0-1.9 

M on the phase diagram of this ATPS and characterized solvent properties of the phases [24]. 

We extended this study here and examined the differences between the relative hydrophobicities 

and electrostatic properties of the phases in PEG8K–Na2SO4 ATPS with additives of NaSCN, NaClO4, 

and NaH2PO4. As reported previously [23], adenosine and guanosine displayed complicated partition 

behavior in PEG8K–Na2SO4 ATPS with increasing concentration of NaSCN, NaClO4, and NaH2PO4 

additives. Their partition coefficients increased with salt additive concentration increasing up to ∼0.2 

M and decreased with further increasing salt concentration. Therefore, we also examined here 

partitioning of adenine and adenosine mono-, di-, and tri-phosphates in all the ATPSs, including those 

with NaCl additive. We attempted to answer the question of how relatively small amounts of the 

above salt additives may affect solute partitioning in ATPS formed by exceeding amount of sodium 

sulfate and PEG. 

 

 

 

3.2. Experimental 

 

3.2.1. Materials 

 

Polyethylene glycol 8000 (Lot 048K00241) with an average molecular weight (Mw) of 8000 was 

purchased from Sigma-Aldrich (St. Louis, MO, USA). Adenine, adenosine monophosphate (AMP), 

adenosine diphosphate (ADP), and adenosine triphosphate (ATP) were purchased from Sigma-

Aldrich. Dinitrophenylated (DNP) amino acids – DNP-alanine, DNP-norvaline, DNP-norleucine, and 

DNP-α-amino-n-octanoic acid, were purchased from Sigma-Aldrich. The sodium salts of the DNP-

amino acids were prepared by titration. All salts and other chemicals used were of analytical-reagent 

grade.  
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3.2.2. Methods 

 

3.2.2.1. Aqueous two-phase systems 

 

Stock solutions of PEG8K (50 wt.%) and Na2SO4 (20.3 wt.%) were prepared in water. Sodium 

phosphate buffer (NaPB; 0.5 M, pH 6.8) was prepared by mixing 3.45 g of NaH2PO4·H2O and 6.70 

g Na2HPO4·7H2O in 100 mL aqueous solution. A mixture of PEG and salts was prepared by dispensing 

appropriate amounts of the aqueous stock PEG8K Na2SO4 and NaPB solutions into a 1.2 mL 

microtube using a Hamilton (Reno, NV, USA) ML-4000 four-probe liquid-handling workstation. 

Appropriate amounts of water and/or stock salt additives solutions were added to give the required 

ionic and polymer composition of the final system with total weight of 0.5 g (after addition of the 

solute sample, see below). All ATPSs had a fixed composition of 11.10 wt.% PEG8K, 6.33 wt.% Na2SO4 

and 0.01 M NaPB, pH 6.8, with different salt additive concentrations as indicated below. Stock 

solutions of each salt additive (NaCl, NaClO4, NaSCN or NaH2PO4) of 0.5 or 5.0 M concentration were 

prepared and appropriated amounts were added to the two-phase systems to provide the required 

concentrations from 0.027 M up to ca. 0.5 M. 

 

 

3.2.2.2. Partitioning experiments 

 

The aqueous two-phase partitioning experiments were performed using an automated 

instrument, Automated Signature Workstation, ASW (Analiza, Cleveland, OH, USA). The ASW system 

is based on the ML-4000 liquid-handling workstation (Hamilton Company) integrated with a UV–VIS 

microplate spectrophotometer (SpectraMax Plus384, Molecular Devices, Sunnyvale, CA, USA). 

Solutions of all compounds were prepared in water at concentrations of 2-100 mM, depending on 

the compound solubility. Varied amounts (0, 20, 40, 60, 80, and 100 µl) of a given compound 

solution and the corresponding amounts (100, 80, 60, 40, 20, and 0 µl) of water were added to a 

set of the same polymer–salts mixtures. The systems were vortexed in a multi-pulse vortexer and 

centrifuged for 60 min at 3000 × g at 23 °C temperature in a refrigerated centrifuge (Jouan, BR4i) 

to accelerate phase settling. The upper phase in each system was partially removed, the interface 

discarded, and aliquots of 15-75 µl from the upper and lower phases were withdrawn in duplicate 

for analysis. The aliquots were transferred into microplate wells and diluted up to 300 µl. In the cases 
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of considerable difference between the concentrations of a given compound in one phase relative to 

the other phase, different dilution factors were used for the upper and lower phases. Water was used 

as a diluent for all compounds. The microplate was sealed and following moderate shaking for 30 

min in an incubator (Vortemp 56EVC, Labnet International, Edison, NJ, USA) at room temperature 

and short centrifugation (3 min at 1500 rpm), optical absorbance was measured at the wavelength 

of maximum absorption with the UV–VIS plate reader. The maximum absorption wavelength for each 

compound was determined in separate experiments by analysis of the absorption spectrum over the 

250-500 nm range. In all measurements the correspondingly diluted pure phases were used as 

blank solutions. 

The partition coefficient, K, defined as the ratio of the sample concentration in the upper phase 

to the sample concentration in the lower phase was determined as the slope of the compound 

concentration in the upper phase plotted as a function of the concentration in the lower phase 

averaged over the results obtained from two to four partition experiments carried out at the specified 

polymer and salt composition of the system, taking into consideration the corresponding dilution 

factors used in the experiment. Deviation from the average K-value was consistently below 3% and, 

in most cases, lower than 2%. 

 

 

 

3.3. Results and discussion  

 

In order to characterize the differences between the relative hydrophobicities and electrostatic 

properties of the phases in the ATPSs with varied concentrations of salt additives, the partition 

coefficients of the homologous series of sodium salts of DNP-amino acids with aliphatic side-chains 

(alanine, norvaline, norleucine, and α-amino-n-caprylic acid) in each ATPS were analyzed as follows. 

Typical experimental data obtained for sodium salts of the DNP-amino acids are plotted in Fig. 3.1, 

and the linear curves observed may be described as:  
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ln 𝐾𝐷𝑁𝑃−𝐴𝐴(𝑖) = 𝐶(𝑖) + 𝐸(𝑖)𝑁𝐶 

 

(Equation 3.1)   

 

where KDNP-AA is the partition coefficient of a DNP-amino acid with aliphatic side-chain; superscript 

(i) denotes the particular i-th ATPS used for the partition experiments; NC is equivalent number of CH2 

groups in the aliphatic side-chain of a given DNP-amino acid; E is an average ln K increment per CH2 

group; C represents the total contribution of the non-alkyl part of the structure of a DNP-amino acid 

into ln KDNP−AA. 

 

 

Figure 3.1. Partition coefficients of sodium salts of DNP-AA with aliphatic side-chains as 

functions of side-chain lengths in PEG8K–Na2SO4 system with indicated concentration of 

salt additive (pH 6.8; temperature 23 °C). 

 

The coefficients E(i) and C(i) values determined for all the ATPSs examined are listed in Table 3.1. 

As the standard free energy of transfer of a solute between the coexisting phases is described as: 

 ∆𝐺0 = −𝑅𝑇 ln 𝐾 

 

(Equation 3.2)   

 

where R is the universal gas constant and T is the absolute temperature in Kelvin, it follows that: 
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2
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C
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∆𝐺0(𝐶𝐻2) = −𝑅𝑇𝐸 

 

(Equation 3.3)   

 

where ∆G0(CH2) is the standard free energy of transfer of a methylene group from one phase to 

another. The ∆G0(CH2) values calculated from the experimental data with Eqs. 3.1-3.3 are listed in 

Table 3.1. 
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Table 3.1. Coefficients E and C (see Eq. 3.1) and the free energy of transfer of a CH2 

group between the coexisting phases of PEG8K–Na2SO4 ATPS of a fixed composition with 

indicated concentration of salt additives. 

NaCl, M [24]* E [24]* C [24]* -ΔG0(CH2), cal/mol [24]* 

0 0.207±0.005 1.120±0.020 122±2.9 

0.027 0.214±0.006 1.040±0.020 126±3.5 

0.053 0.223±0.005 1.020±0.020 131±2.9 

0.107 0.230±0.002 1.086±0.008 135±1.2 

0.215 0.259±0.001 1.002±0.005 125±0.6 

0.543 0.284±0.002 0.983±0.008 167±1.2 

1.109 0.341±0.004 1.020±0.020 200±2.4 

1.936 0.438±0.006 1.150±0.020 258±3.5 

 

 

 

   

NaSCN, M E C -ΔG0(CH2), cal/mol 

0 0.207±0.005 1.120±0.020 122±2.9 

0.025 0.209±0.004 1.100±0.020 123±2.4 

0.050 0.230±0.011 1.050±0.040 135±6.5 

0.100 0.246±0.005 1.010±0.020 145±2.9 

0.215 0.260±0.010 0.810±0.040 153±5.9 

0.543 0.263±0.003 0.590±0.010 155±1.8 

1.109 0.275±0.003 0.440±0.010 162±1.8 

1.936 0.311±0.005 0.220±0.020 183±2.9 
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Table 3.1. (cont.) Coefficients E and C (see Eq. 3.1) and the free energy of transfer of a 

CH2 group between the coexisting phases of PEG8K–Na2SO4 ATPS of a fixed composition 

with indicated concentration of salt additives. 

NaClO4, M E C -ΔG0(CH2), cal/mol 

0 0.207±0.005 1.120±0.020 122±2.9 

0.027 0.219±0.002 1.175±0.007 129±1.2 

0.054 0.228±0.005 1.190±0.020 134±2.9 

0.108 0.250±0.010 1.030±0.030 147±5.9 

0.216 0.263±0.005 0.910±0.020 155±2.9 

0.549 0.300±0.001 0.706±0.005 177±0.6 

1.157 0.363±0.001 0.449±0.001 214±0.6 

1.759 0.443±0.005 0.170±0.020 261±2.9 

 

 
   

NaH2PO4, M E C -ΔG0(CH2), cal/mol 

0 0.207±0.005 1.120±0.020 122±2.9 

0.027 0.220±0.010 1.060±0.040 131±5.9 

0.054 0.230±0.008 1.170±0.030 135±4.7 

0.108 0.249±0.005 1.280±0.020 147±2.9 

0.217 0.276±0.002 1.562±0.009 162±1.2 

0.556 0.420±0.010 1.930±0.050 247±5.9 

1.160 0.580±0.010 2.820±0.030 341±5.9 

1.751 - - - 

 

* Data for the NaCl additive were previously reported [24] and are presented here for comparison. 
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Examination of the parameter E or ∆G0(CH2) values listed in Table 3.1, and plotted in Fig. 3.2, 

indicates that the difference between the relative hydrophobicity of the phases increases with 

increasing concentration of each salt additive. 

 

 

Figure 3.2. The standard free energy of transfer of a CH2 group between the coexisting 

phases, ΔG0(CH2), as function of the salt additive concentration. Lines are added for eye-

guidance only. 

 

The difference between the electrostatic properties of the phases represented by parameter C 

value in Eq. 3.1 (see in Table 3.1) also changes with increasing concentration of each salt additive 

in a salt-specific manner as shown in Fig. 3.3. 
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Figure 3.3. The difference between the electrostatic properties of the phases, parameter 

C, as function of the salt additive concentration. Lines are added for eye-guidance only. 

 

It was suggested by Zaslavsky [1], pp. 208-216, to use the contribution of an ionic group into 

the solute partition coefficient as an empirical measure of the difference in question. The 

experimental results here were obtained with sodium salts of p-dinitrophenyl-amino acids, i.e., 

compounds possessing a DNP-NH-CH-COO−-Na+ group. This moiety is bulky and contains a 

substituted aromatic ring. Use of this particular group as a probe for electrostatic ion-ion, ion-dipole 

and dipole-dipole interactions obviously has some limitations. Only to a first approximation the free 

energy of transfer of this group between the coexisting phases of an ATPS may be viewed as a 

measure of the ability of aqueous media to participate in a particular kind of intermolecular 

interactions. The difference between the electrostatic properties of the two phases characterized by 

parameter C value is governed mostly by the difference between the ionic composition of the phases. 

As shown in Fig. 3.3, in the presence of NaCl additive the parameter C value decreases gradually 

with increasing NaCl concentration except at the NaCl concentration of ∼0.1 M where parameter C-

value increases. It might be attributed to the fact that the phase diagrams for the ATPSs with 0-0.05 

M NaCl additive are extremely close [23], their phase compositions are very similar, and that the 

first noticeable shift of the phase diagram is observed at NaCl concentration of ∼0.1 M. The data 

presented in Fig. 3.3 show that the difference between the electrostatic properties of the phases 

increases significantly with increasing concentration of NaH2PO4 additive likely because this salt is 

immiscible with PEG and in the PEG–sulfate ATPS it concentrates in the bottom sulfate-rich phase. 

NaSCN and NaClO4 additives in contrast to NaH2PO4 are likely to distribute predominantly in the 
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upper PEG-rich phase [1] and that is why the parameter C value gradually decreases with increasing 

NaSCN and NaClO4 concentrations. It seems that the salt additive effect changes according to the 

anion position in Hofmeister series: H2PO4
− > Cl− > ClO4

− ≈ SCN−. 

Partition coefficients for adenine, AMP, ADP, and ATP, in all ATPSs are listed in Table 3.2. It 

was reported recently [25] that partition coefficients of solutes in PEG–salt ATPSs with and without 

salt additives may be compared based on the so-called Collander linear solvent regression 

relationship [26]–[30]: 

 ln 𝐾𝑃𝐸𝐺−𝑆𝑢𝑙𝑓𝑎𝑡𝑒−𝑆𝑎𝑙𝑡𝑖 = 𝑎𝑖0 + 𝑏𝑖0 ln 𝐾𝑃𝐸𝐺−𝑆𝑢𝑙𝑓𝑎𝑡𝑒𝑖  

 

(Equation 3.4)   

 

where Ki
PEG–Sulfate–Salt is the partition coefficient of the i-th compound in PEG–sulfate ATPS with a given 

salt additive; Ki
PEG–Sulfate is the partition coefficient of the same i-th compound in PEG–sulfate ATPS 

without salt additive; and ai0 and bi0 are constants depending on the ATPSs under comparison. 

 

Table 3.2. Partition coefficients of compounds in ATPSs 11.10 wt.% PEG8K – 6.33 wt.% 

Na2SO4 – 0.01 M NaPB, pH 6.8 with indicated concentration of salt additives. 

NaCl, M Adenine AMP ADP ATP 

0 3.40±0.12 1.01±0.05 0.75±0.02 0.62±0.04 

0.027 3.20±0.12 0.97±0.06 0.70±0.02 0.57±0.03 

0.053 2.95±0.08 0.95±0.06 0.57±0.02 0.52±0.02 

0.107 2.80±0.11 0.88±0.04 0.60±0.01 0.46±0.02 

0.215 3.70±0.16 0.83±0.04 0.54±0.03 0.40±0.02 

0.543 4.10±0.15 0.72±0.02 0.43±0.03 0.30±0.02 
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Table 3.2. (cont.) Partition coefficients of compounds in ATPSs 11.10 wt.% PEG8K – 

6.33 wt.% Na2SO4 – 0.01 M NaPB, pH 6.8 with indicated concentration of salt additives. 

NaClO4, M Adenine AMP ADP ATP 

0.027 3.29±0.05 0.91±0.01 0.63±0.01 0.46±0.01 

0.054 3.57±0.07 0.80±0.03 0.53±0.01 0.37±0.02 

0.108 3.78±0.07 0.65±0.02 0.40±0.01 0.26±0.02 

0.216 4.10±0.20 0.50±0.01 0.30±0.01 0.18±0.01 

0.549 4.10±0.10 0.34±0.01 0.19±0.01 0.11±0.01 

 

NaSCN, M Adenine AMP ADP ATP 

0.025 3.27±0.04 0.90±0.01 0.64±0.01 0.47±0.01 

0.050 3.52±0.01 0.80±0.01 0.540±0.003 0.39±0.01 

0.100 3.70±0.20 0.68±0.01 0.431±0.004 0.29±0.02 

0.215 3.75±0.07 0.52±0.01 0.32±0.01 0.21±0.01 

0.543 3.51±0.05 0.41±0.01 0.253±0.003 0.16±0.01 

     

NaH2PO4, M Adenine AMP ADP ATP 

0.027 2.90±0.02 1.28±0.02 0.89±0.02 0.64±0.01 

0.054 2.80±0.03 1.38±0.02 0.89±0.01 0.63±0.01 

0.108 2.61±0.04 1.41±0.03 0.86±0.01 0.57±0.01 

0.217 2.18±0.09 1.26±0.02 0.74±0.01 0.41±0.01 

 

 

The Collander equation [26]–[30] describes a linear correlation between distribution coefficients 

of solutes of the similar chemical nature in different organic solvent–water biphasic systems. The 

coefficients of the relationship (slope and intercept) depend on the particular systems under 
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comparison as well as on the type of the solutes being examined. It was suggested that these 

coefficients represent the distinctive features of the interactions of the solute functional moieties with 

the solvents being compared [1]. It has been shown that the Collander relationship may be used for 

comparison of partition coefficients for solutes in PEG–Na2SO4 ATPSs with NaCl additives at different 

concentrations [24]. 

Typical examples of the observed relationships described by Eq. 3.4 are presented in Fig. 3.4. 

 

 

Figure 3.4. Logarithms of partition coefficients for ionic and nonionic compounds in 

PEG8K–Na2SO4 systems with 0.108 M NaSCN versus logarithms of partition coefficients 

for same compounds in PEG8K–Na2SO4 systems without salt additive (reference system). 

 

The ai0 and bi0 coefficients values and the corresponding correlation coefficients for compounds 

examined here and previously reported [23], [24] are listed in Table 3.3. These data indicate that: 

(i) the relationships for nonionic and charged compounds are shifted relatively to each other but are 

essentially parallel (have the same bi0 coefficients), and (ii) the data scatter increases (correlation 

coefficients decrease) with increasing salt additive concentration. 
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Table 3.3. Coefficients ai0 and bi0 in solvent regression equation (Eq. 3.4) with PEG8K–

Na2SO4 ATPSs without salt additive used as a reference system. 

[Salt], M COMPOUND aio bio r2* 

NaCl, 0.027 

Nonionic -0.02±0.02 1.05±0.01 0.9981 

Charged -0.06±0.01 1.04±0.01 0.9991 

NaCl, 0.053 

Nonionic -0.04±0.01 1.09±0.01 0.9989 

Charged -0.15±0.03 1.11±0.02 0.9966 

NaCl, 0.107 

Nonionic -0.07±0.03 1.17±0.03 0.9942 

Charged -0.18±0.02 1.17±0.01 0.9991 

NaCl, 0.215 

Nonionic -0.04±0.02 1.25±0.01 0.9987 

Charged -0.27±0.02 1.24±0.02 0.9983 

NaCl, 0.543 

Nonionic -0.03±0.02 1.38±0.02 0.9979 

Charged -0.46±0.03 1.38±0.02 0.9982 

NaClO4, 0.027 

Nonionic -0.02±0.02 1.14±0.01 0.9984 

Charged -0.15±0.01 1.18±0.01 0.9990 

NaClO4, 0.054 

Nonionic -0.04±0.01 1.09±0.01 0.9956 

Charged -0.07±0.03 1.16±0.02 0.9984 

NaClO4, 0.108 

Nonionic -0.12±0.05 1.41±0.04 0.9888 

Charged -0.55±0.03 1.42±0.02 0.9983 

NaClO4, 0.215 

Nonionic -0.14±0.07 1.52±0.06 0.9784 

Charged -0.83±0.04 1.50±0.03 0.9968 

NaClO4, 0.549 

Nonionic -0.30±0.10 1.73±0.09 0.9609 

Charged -1.23±0.04 1.68±0.03 0.9973 
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Table 3.3. (cont.) Coefficients ai0 and bi0 in solvent regression equation (Eq. 3.4) with 

PEG8K–Na2SO4 ATPSs without salt additive used as a reference system. 

[Salt], M COMPOUND aio bio r2 

NaSCN, 0.025 

Nonionic -0.04±0.02 1.14±0.01 0.9984 

Charged -0.16±0.02 1.12±0.01 0.9990 

NaSCN, 0.050 

Nonionic -0.05±0.03 1.22±0.02 0.9968 

Charged -0.29±0.02 1.22±0.02 0.9984 

NaSCN, 0.100 

Nonionic -0.05±0.04 1.30±0.03 0.9926 

Charged -0.50±0.02 1.33±0.02 0.9987 

NaSCN, 0.215 

Nonionic -0.12±0.05 1.43±0.04 0.9991 

Charged -0.77±0.03 1.40±0.03 0.9971 

NaSCN, 0.543 

Nonionic -0.17±0.08 1.50±0.07 0.9698 

Charged -1.01±0.03 1.42±0.02 0.9983 

NaH2PO4, 0.027 

Nonionic -0.02±0.03 1.07±0.03 0.9938 

Charged 0.11±0.04 0.97±0.03 0.9941 

NaH2PO4, 0.054 

Nonionic -0.04±0.02 1.13±0.02 0.9839 

Charged -0.12±0.02 1.17±0.01 0.9952 

NaH2PO4, 0.108 

Nonionic -0.04±0.09 1.20±0.07 0.9458 

Charged 0.07±0.03 1.17±0.02 0.9978 

NaH2PO4, 0.217 

Nonionic 0.06±0.04 1.35±0.03 0.9942 

Charged 0.01±0.05 1.42±0.04 0.9947 

NaH2PO4, 0.556 

Nonionic -0.07±0.05 2.00±0.04 0.9920 

Charged -0.16±0.01 1.97±0.01 0.9997 
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The coefficients bi0 obtained for salt additives studied are plotted in Fig. 3.5 as functions of the 

salt additives concentrations. It should be noted particularly that the NaH2PO4 additive affects the 

coefficient bi0 much more significantly (and linearly) than the other salts additives examined. 

 

 

Figure 3.5. Coefficients bi0 in solvent regression equation (Eq. 3.4, PEG8K–Na2SO4 ATPS 

without salt additive used as a reference system) as functions of the salt additive 

concentration. Lines are added for eye-guidance only. 

 

The reason seems to be that this salt is the only one among those studied that is immiscible 

with PEG and concentrates completely in the sulfate-rich phase. Other salts distribute predominantly 

into PEG-rich phase (NaSCN, NaClO4) or in both phases (NaCl) depending on the salt additive 

concentration. The salt additives concentrations dependences of the bi0 coefficients shown in Fig. 3.5 

may be described as: 

 log 𝑏𝑖0𝑠𝑎𝑙𝑡 = 𝛼𝑠𝑎𝑙𝑡 + 𝛽𝑠𝑎𝑙𝑡 log[𝑠𝑎𝑙𝑡] 
 

(Equation 3.5)   

 

where [salt] is the salt additive concentration in PEG–sulfate ATPS, expressed in mol/kg; bi0
salt is the 

bi0 coefficient for a given salt additive concentration; αsalt and βsalt are constants. The αsalt and βsalt 

coefficients values are listed in Table 3.4. 
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Table 3.4. Coefficients αsalt and βsalt values (Eq. 3.5) and the structural entropy of hydration 

[31] of anions of Na salts additives. 

Anion asalt bsalt DstrucS, J K-1 mol-1 

ClO4
– 0.263±0.005 0.121±0.005 107 

NaSCN– 0.222±0.006 0.105±0.005 83 

Cl– 0.158±0.004 0.090±0.003 58 

H2PO4
– 0.130±0.010 0.064±0.008 -4 

 

 

The relationships under discussion are presented in Fig. 3.6. It should be mentioned that the 

concentration range for each salt additive used was up to ∼0.5 M. For NaH2PO4 additive the bi0 

coefficients determined for nonionic solutes differ significantly from those for charged compounds, 

and only the former were used, as partition behavior of charged compounds in the ATPS PEG–

Na2SO4–NaH2PO4 with both salts in the bottom phase only may have more complicated mechanism 

of partitioning. Averaged bi0 coefficients determined for nonionic and charged compounds were used 

for ATPS with other salts additives. 

 

 

Figure 3.6. Salt additive concentration dependence of the bio
salt coefficients (Eq. 3.5). 
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It was suggested previously [1] that phase separation and partitioning of solutes in ATPS is 

governed by different effects of phase-forming components on the water structure. Hence, it seems 

reasonable to compare the effects of salts additives (or their anions) on the solute partitioning 

observed here and represented by the αsalt and βsalt coefficients with the effects of these anions on the 

water structure. If we define the structure of water according to Marcus [11], as the extent of 

hydrogen bonding, the effect of ions on the structure means the enhancement or diminution of this 

extent. These effects may be quantified by the structural entropies of hydration of ions as discussed 

by Marcus [11], [31]. These entropies values, ΔstrucS, taken from [31] are listed in Table 3.4 for the 

anions of the Na salts additives explored. The plots of αsalt and βsalt coefficients versus ΔstrucS are 

presented in Fig. 3.7.a and 3.7.b, respectively. The relationship observed for coefficient βsalt in Fig. 

3.7.b may be described as: 

 𝛽𝑠𝑎𝑙𝑡 = −0.073±0.004 + 0.011±0.003 × 𝑒𝑥𝑝(∆𝑠𝑡𝑟𝑢𝑐𝑆71±11 )
 

 

N = 4; r2 = 0.9988; SD = 0.001; F = 406 

 

(Equation 3.6)   

 

where βsalt and ΔstrucS are defined above; N is the number of salt additives examined; r2 is the correlation 

coefficient; SD is the standard deviation; and F is the ratio of variance. The relationship observed for 

αsalt coefficient may be partially fitted by power function as shown in Fig. 3.7.a.  
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Figure 3.7. Coefficients (A) αsalt and (B) βsalt values (Eq. 3.6) as a function of the structural 

entropy of hydration [31] of anions of Na salts additives. In (A) line is for eye-guidance 

only. 

 

The αsalt and βsalt coefficients in Eq. 3.5 characterize the effect of salt additive concentration on 

partition coefficients of different small organic compounds in the PEG–Na2SO4–salt additive ATPSs. 

The observed relationships for both αsalt and βsalt coefficients suggest that the effects of the salt 

additives on solute partitioning in the PEG–Na2SO4 ATPS originate from their effects on the water 

structure in the phases of ATPS. This finding agrees with the data reported previously [32] about 

effects of different salt additives on the solvent properties of aqueous media in different ATPSs formed 

by two nonionic polymers. It was shown in [32] that the difference between the electrostatic 
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properties of the coexisting phases may be described only taking into account the effect of a given 

salt additive on the hydrogen bonds in water. This effect was represented by a parameter (Kb-I), 

characterizing the equilibrium between populations of hydrogen bonds with a bent hydrogen bond 

conformation and with linear hydrogen bond conformation affected by a given salt additive influence 

on the hydrogen bonds network in water [17]. The fact that similar effects are displayed with the salt 

additive concentration of ca. 0.025-0.1 M on the background of ∼1 M Na2SO4 in the lower phase is 

rather surprising. The limited number of salts additives examined here prevents any general 

conclusion. Further work is necessary and is currently in progress in our laboratories. 
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Highlights 

 

• Solvent properties of PEG–salt ATPS with osmolytes additives are characterized; 

• Partition of organic compounds and proteins varies with solvent properties of ATPS; 

• Partition of solutes is described in terms of solute-solvent interactions; 

• Solute-solvent interactions in PEG–sulfate ATPS differ from those in two polymer ATPS; 

• Solute size is unimportant for solute partitioning.
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4.1. Introduction 

 

ATPS are formed in mixtures of two (or more) water-soluble polymers, such as DEX and Ficoll, or a 

single polymer and specific salt, e.g., PEG and sodium sulfate, in water above certain critical 

concentrations. Two immiscible aqueous phases are formed in the mixtures. Solutes from small organic 

compounds to proteins and nucleic acids distribute unevenly between the phases of an ATPS and may be 

separated. ATPS formed by PEG and inorganic salt, such as sodium sulfate, phosphate or citrate, are 

commonly used for separation of proteins and nucleic acids due to their low cost, good operational 

characteristics (low viscosity of the phases, high settling speed) and easy scale-up [1]–[18]. Extraction in 

ATPS has been demonstrated as an efficient method for large scale recovery and purification of proteins 

[1], [2], [16]–[18], [3]–[5], [11]–[15] and nucleic acids [6], [7] as well as various other materials. Design 

of optimal extraction conditions for any target product remains currently an empirical process, and high 

throughput methods for screening different separation conditions have been developed [8]–[10]. For 

rational design of the optimal separation conditions it is important to understand the mechanisms of solute 

distribution in polymer–salt ATPS at the molecular level. 

We reported [19]–[21] previously that different salt additives (NaCl, NaH2PO4, NaClO4, NaSCN) at the 

concentrations from 0.027 M up to ca. 1.9 M affect partition behavior of small organic compounds in 

PEG–Na2SO4 ATPS according to the salt effects on the water structure. Despite broad biotechnological and 

pharmacological applications of this approach, the molecular mechanism of solute partitioning in PEG–

salt ATPS remains unclear, however. 

It has been established [22]–[29] that solute partitioning in two-polymer ATPS is governed by the 

solute-solvent interactions in the coexisting phases. Partition coefficient of a solute in an ATPS is defined 

as the ratio of the solute concentration in the top phase to the solute concentration in the bottom phase 

and therefore maybe described as [23]–[28]: 

 log 𝐾 = 𝑆𝑆 ∆𝜋∗ + 𝐵𝑆 ∆𝛼 + 𝐴𝑆 ∆𝛽 +  𝐶𝑆 𝑐 

 

(Equation 4.1)   

 

where K is the solute partition coefficient; ∆π*, ∆α, Δβ and c are the differences between the solvent 

properties of the top and bottom phases (solvent dipolarity/polarizability, hydrogen-bond donor acidity, 

hydrogen-bond acceptor basicity, and electrostatic interactions, respectively; SS, BS, AS, and CS are 
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constants (solute-specific coefficients) that describe the complementary interactions of the solute with the 

solvent media in the coexisting phases; the subscript ‘S’ designates the solute. 

The differences between the solvent dipolarity/polarizability, ∆π*, hydrogen-bond donor acidity, ∆α, 

hydrogen-bond acceptor basicity, Δβ, may be quantified using a set of solvatochromic dyes [23]–[29] (see 

below). The difference between the electrostatic properties of the phases may be determined from the 

analysis of the partition coefficients of a homologous series of sodium salts of dinitrophenylated (DNP-) 

amino acids with aliphatic alkyl side-chains [22]–[28] (see below). It has been shown that for a given 

compound (including proteins) the solute-specific coefficients may be determined by multiple linear 

regression analysis of the partition coefficients of the compound in multiple two polymer ATPSs formed 

by different polymers but with the same ionic composition [23]–[28]. It was also shown [23], [26] that 

the partition coefficients of compounds with pre-determined solute specific coefficients in new ATPS with 

established solvent properties of the phases could be predicted with the 90-95% accuracy. 

Huddleston et al. [30], [31] examined the solvent properties of the coexisting phases in PEG2000–

K3PO4 and PEG2000–(NH4)2SO4 ATPSs and found negligible differences between the solvent 

dipolarity/polarizability, ∆π*, and hydrogen bond acceptor basicity, Δβ, of the phases. The authors [30], 

[31] also reported on the challenges regarding accurate determination of the solvent hydrogen-bond donor 

acidity, ∆α, in such ATPSs due to effects of high salt concentrations on the solvatochromic probe used. 

We assumed that the challenges encountered by Huddleston et al. [30], [31] might be related to the low 

molecular weight of PEG used in the studies requiring using high total salt concentration (9-10 wt.% K3PO4) 

for ATPS formation. Hence in this work we used PEG8K and PEG10K enabling us to decrease the salt 

concentration necessary for phase separation down to 6.3 wt.% Na2SO4. 

It has been shown previously [32]–[35] that the osmolytes additives change the solvent properties of 

the phases under fixed salt composition of the system, while not being engaged in direct interactions with 

compounds (including proteins) being partitioned. Therefore, these additives enable one to vary solvent 

properties of the polymer–salt ATPS without changing overall polymer and salt composition of the 

particular system. 

The purpose of the present work was to explore if partitioning of different solutes in PEG–Na2SO4 

ATPS is governed by the factors similar to those established in the ATPSs formed by two polymers. To this 

end, partitioning of several different organic compounds and proteins was examined in several PEG–

Na2SO4 ATPSs in the presence of different nonionic additives.  
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4.2. Experimental 

 

4.2.1. Materials 

 

Polyethylene glycol-8000 (Lot 091M01372 V) with an average molecular weight (Mw) of 8000 and 

polyethylene glycol-10000 (Lot 043K2522) with an average molecular weight (Mw) of 10000 were 

purchased from Sigma-Aldrich (St. Louis, MO, USA). The solvatochromic probes 4-nitrophenol (reagent 

grade, >98%) was purchased from Aldrich (Milwaukee, WI, USA) and 4-nitroanisole (>97%, GC) was 

received from Acros Organics. Reichardt’s carboxylated betaine dye, 2,6-diphenyl-4-[2,6-diphenyl-4-(4-

carboxyphenyl)-1-pyridino]phenolate, sodium salt was kindly provided by Professor C. Reichardt (Philipps 

University, Marburg, Germany). 

Sorbitol, TMAO, and trehalose were purchased from Sigma-Aldrich, and sucrose was received from 

USB (Cleveland, OH, USA). 4-aminophenol, benzyl alcohol, caffeine, coumarin, methylanthranilate, 4-

nitrophenyl-α-D-glucopyranoside, phenol, 2-phenylethanol, vanillin, and o-phthaldialdehyde (OPA) reagent 

(complete) were purchased from Sigma-Aldrich. All compounds were of 98–99% purity and used as 

received without further purification. All salts and other chemicals used were of analytical-reagent grade. 

 

 

4.2.1.1. Dinitrophenylated amino acids 

 

Dinitrophenylated (DNP) amino acids – DNP-glycine, DNP-alanine, DNP-norvaline, DNP-norleucine, 

and DNP-α-amino-n-octanoic acid, were purchased from Sigma-Aldrich. The sodium salts of the DNP-

amino acids were prepared by titration. 

 

 

4.2.1.2. Proteins 

 α-chymotrypsin from bovine pancreas, α-chymotrypsinogen A from bovine pancreas, concanavalin A 

from Canavalia ensiformis (jack beans), lysozyme from chicken egg white, and papain from papaya latex 

were purchased from Sigma-Aldrich. Porcine pancreatic lipase was purchased from USB Corp. (Solon, 

OH, USA). All protein samples were characterized by SDS-PAGE electrophoresis in a microfluidic chip 
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using Experion automated electrophoresis station (Bio-Rad, USA) under non-reduced conditions. All 

proteins were observed as single bands in the electrophoregrams. 

 

 

 

4.2.2. Methods 

 

4.2.2.1. Aqueous two-phase systems 

 

Stock solutions of PEG8K (50 wt.%), PEG10K (50 wt.%) and Na2SO4 (20.3 wt.%) were prepared in 

water. Sodium phosphate buffer (NaPB; 0.5 M, pH 6.8) was prepared by mixing 3.45 g of NaH2PO4·H2O 

and 3.55 g Na2HPO4 in 100 mL aqueous solution. Stock solutions of osmolytes: sorbitol (2 M), sucrose 

(1.8 M), trehalose (1.4 M), and TMAO (1.8 M) were prepared in water. A mixture of PEG8K or PEG10K 

and buffer was prepared by dispensing appropriate amounts of the aqueous stock PEG8K, Na2SO4 and 

NaPB solutions into a 1.2 mL microtube using a Hamilton (Reno, NV, USA) ML-4000 four-probe liquid-

handling workstation. Appropriate amounts of water and/or stock osmolytes solutions were added to give 

the required ionic, polymer, and osmolyte composition of the final system with total weight of 0.5 g (after 

addition of the solute sample, see below). All aqueous PEG8K–Na2SO4 two-phase systems had a fixed 

composition of 11.10 wt.% PEG8K, 6.33 wt.% Na2SO4 and 0.01 M NaPB, pH 6.8, with different 0.5 M 

osmolyte additive. The aqueous PEG10K–Na2SO4 two-phase system had the same composition of 11.10 

wt.% PEG10K, 6.33 wt.% Na2SO4 and 0.01 M NaPB, pH 6.8. 

 

 

4.2.2.2. Partitioning experiments 

 

The aqueous two-phase partitioning experiments were performed using an Automated Signature 

Workstation, ASW (Analiza, Cleveland, OH, USA). The ASW system is based on the ML-4000 liquid-

handling workstation (Hamilton Company) integrated with a FL600 fluorescence microplate reader (Bio-

Tek Instruments, Winooski, VT, USA) and a UV–VIS microplate spectrophotometer (SpectraMax Plus384, 

Molecular Devices, Sunnyvale, CA, USA). Solutions of all organic compounds were prepared in water at 

concentrations of 2-5 mg/mL depending on the compound solubility. Solutions of all proteins were 

prepared in water at concentrations of 1-5 mg/mL. Varied amounts (0, 15, 30, 45, 60, and 75 µL) of a 
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given compound solution and the corresponding amounts (75, 60, 45, 30, 15, and 0 µL) of water were 

added to a set of the same polymer–buffer mixtures with and without osmolyte additives. The systems 

were then vortexed in a Multi-pulse Vortexer and centrifuged for 60 min at 3500 × g at 23 °C in a 

refrigerated centrifuge (Hettich Universal 320R, Germany) to accelerate phase settling. The upper phase 

in each system was partially removed, the interface discarded, and aliquots from the upper and lower 

phases were withdrawn in duplicate for analysis. 

For the analysis of organic compounds partitioning, aliquots of 50-120 µL from both phases were 

diluted up to 600 µL in 1.2 mL microtubes. Water was used as diluent for all except phenol, and vanillin. 

20 mM universal buffer with pH 12.4 was used as diluent (Universal buffer is composed of 0.01 M each 

of phosphoric, boric, and acetic acids adjusted to pH 12.4 with NaOH). Following vortexing and a short 

centrifugation (12 min), aliquots of 250-300 µL were transferred into microplate wells, and the UV–VIS 

plate reader was used to measure optical absorbance at wavelengths previously determined to correspond 

to maximum absorption. The maximum absorption wavelength for each compound was determined in 

separate experiments by analysis of the absorption spectrum over the 240-500 nm range. In the case of 

the four aforementioned compounds the maximum absorption was found to be more concentration 

sensitive in the presence of the universal buffer at pH 12.4. In all measurements the same dilution factor 

was used for the upper and lower phases and correspondingly diluted pure phases were used as blank 

solutions. 

For the analysis of the partitioning of proteins aliquots of 30 µL from both phases were transferred 

and diluted with water up to 70 µL into microplate wells. Then, the microplate was sealed, shortly 

centrifuged (2 min at 1500 rpm) and following the moderate shaking for 45 min in an incubator at 37°C, 

250 µL of o-phthaldialdehyde reagent was added. After moderate shaking for 4 min at room temperature, 

fluorescence was determined using a fluorescence plate reader with a 360 nm excitation filter and a 460 

nm emission filter, with a sensitivity setting of 100-125. 

The partition coefficient, K, defined as the ratio of the sample concentration in the upper phase to 

the sample concentration in the lower phase was determined as the slope of the compound concentration 

in the upper phase plotted as a function of the concentration in the lower phase averaged over the results 

obtained from two to four partition experiments carried out at the specified polymer, buffer, and osmolyte 

composition of the system, taking into consideration the corresponding dilution factors used in the 

experiment. The UV absorption measured in a given phase was used as a measure of a given organic 

compound concentration, and fluorescence intensity was used as a measure of the protein concentration. 

Deviation from the average K-value was consistently below 3% and, in most cases, lower than 2%. 
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4.2.2.3. Solvatochromic studies 

 

All ATPSs were prepared as described above with the total weight of 4 g. Systems were centrifuged 

as described above and the phases were separated. The solvatochromic probes 4-nitroanisole, 4-

nitrophenol and Reichardt’s carboxylated betaine dye were used to measure the dipolarity/polarizability 

π*, HBA basicity β, and HBD acidity α, of the media in the separated phases of ATPS. Aqueous solutions 

(ca. 10 mM) of each solvatochromic dye were prepared, and aliquots of 5-15 µL of each dye were added 

separately to a total volume of 500 µL of a given phase of each ATPS. A strong base was added to the 

samples (∼5 µL of 1 M NaOH to 500 µL of a given phase) containing Reichardt’s carboxylated betaine 

dye to ensure a basic pH. A strong acid (∼10 µL of 1 M HCl to 500 µL of the solution) was added to the 

phase containing 4-nitrophenol in order to eliminate charge-transfer bands of the phenolate anion that 

were observed in some solutions. The samples were mixed thoroughly in a vortex mixer and the absorption 

spectra of each solution were acquired. To check the reproducibility, possible aggregation and specific 

interactions effects, the position of the band maximum in each sample was measured in six separate 

aliquots. A UV–VIS microplate reader spectrophotometer SpectraMax Plus384 (Molecular Devices, 

Sunnyvale, CA, USA) with a bandwidth of 2.0 nm, data interval of 1 nm, and high-resolution scan (∼0.5 

nm/s) was used for acquisition of the UV–Vis molecular absorbance data. The absorption spectra of the 

probes were determined over the spectral range from 240 to 600 nm in each solution. Pure osmolyte 

solutions or phase of ATPS containing no dye (blank) were scanned first to establish a baseline. The 

wavelength of maximum absorbance in each solution was determined as described by Huddleston et al. 

[31] using PeakFit software package (Systat Software Inc., San Jose, CA, USA) and aver-aged. Standard 

deviation for the measured maximum absorption wavelength was ≤0.4 nm for all dyes in all solutions 

examined. 

The behavior of the probes (4-nitrophenol, and Reichardt’s carboxylated betaine dye) in several 

solvents (water, n-hexane, methanol) was tested in the presence and absence of HCl (for 4-nitrophenol) 

and NaOH (for the betaine dye) at different concentrations of the probes, acid or base, and the maximum 

shifts of the probes were compared to reference values found in the literature and were within the 

experimental errors in all cases (data not shown). 

The results of the solvatochromic studies were used to calculate π*, α and β as described by Marcus 

[36].  
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4.2.2.3.1. Determination of the solvent dipolarity/polarizability π* 

 

The π* values were determined from the wave number (ⱴ1) of the longest wavelength absorption 

band of the 4-nitroanisole dye using the relationship: 

 𝜋∗ = 0.427(34.12 − 𝑣1) 

 

(Equation 4.2)   

 

4.2.2.3.2. Determination of the solvent hydrogen-bond acceptor basicity β 

 

The β values were determined from the wave number (ⱴ2) of the longest wavelength absorption band 

of the 4-nitrophenol dye using the relationship: 

 β = 0.346(35.045 − 𝑣2) − 0.57𝜋∗ 

 

(Equation 4.3)   

 

4.2.2.3.3. Determination of the solvent hydrogen-bond donor acidity α 

 

The α values were determined from the longest wavelength absorption band of Reichardt’s betaine 

dye using the relationship: 

 α = 0.0649𝐸𝑇(30) − 2.03 − 0.72𝜋∗ 

 

(Equation 4.4)   

 

the ET(30) values are based on the solvatochromic pyridinium N-phenolate betaine dye (Reichardt’s dye) 

as probe, and are obtained directly from the wavelength (λ, nm) of the absorption band of the carboxylated 

form, as: 

  



CHAPTER 4 | The osmolytes effect 

99 

𝐸𝑇(30) = ( 10,932) × [(28591𝜆 ) − 3.335] 

 

(Equation 4.5)   

 

 

 

4.3. Results 

 

Differences between the solvent properties of the coexisting phases (solvent dipolarity/polarizability, 

∆π*, hydrogen-bond donor acidity, ∆α, and hydrogen-bond acceptor basicity, Δβ) were determined using 

solvatochromic dyes as described above. The values of these differences calculated as the difference 

between the measured value of a given solvent feature in the top phase and that of the same feature in 

the bottom phase are listed in Table 4.1. 

The difference between the solvent properties in the PEG8K–Na2SO4 ATPS clearly increases 

significantly in the presence of osmolyte additives. Osmolytes effects on the difference between the solvent 

hydrogen-bond donor acidity, ∆α, between the two phases increases as follows: 

 

Sorbitol ≈ Trehalose > Sucrose > TMAO 

 

Osmolyte effects on the difference between the solvent hydrogen bond acceptor basicity, Δβ, between 

the two phases are very similar. The difference between the solvent dipolarity/polarizability, ∆π*, changes 

in the sequence: 

 

Sucrose > Trehalose > Sorbitol > Osmolyte free ATPS > TMAO 

 

The difference between the hydrophobic and electrostatic properties of the coexisting phases was 

determined in each ATPS by partitioning of a homologous series of sodium salts of dinitrophenylated 

(DNP-) amino acids with the aliphatic alkyl side-chains of the increasing length (alanine, norvaline, 

norleucine, and α-amino-n-octanoic acid). 
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Table 4.1. Differences between the solvent properties of the phases and partition coefficients for simple organic compounds and free amino acids in PEG(8K 

or 10K)–Na2SO4–0.01 M NaPB, pH 6.8 and PEG8K–Na2SO4–0.5 M osmolyte–0.01 M NaPB, pH 6.8 ATPSs. 

 

Solvent Properties 0.01M NaPBa 0.01M NaPBb 0.5M Sorbitol 0.5M Sucrose 0.5M Trehalose 0.5M TMAO 

ΔG(CH2), cal/mole -122±1.8 -137±5.8 -144±2.4 -178±3.5 -181±3.5 -146±2.4 

E 0.048±0.002 0.100±0.004 0.102±0.003 0.123±0.006 0.125±0.006 0.108±0.002 

C 0.067±0.007 0.44±0.017 0.67±0.011 0.67±0.02 0.71±0.021 0.625±0.007 

Δπ* -0.029±0.003 -0.020±0.003 -0.046±0.004 -0.077±0.005 -0.067±0.004 -0.010±0.003 

Δα -0.128±0.004 -0.075±0.004 -0.248±0.005 -0.228±0.007 -0.247±0.004 -0.208±0.004 

Δβ 0.015±0.004 0.013±0.004 0.021±0.008 0.028±0.008 0.022±0.007 0.021±0.009 

 

 

a – Data for osmolyte-free PEG8K–Na2SO4–0.01 M NaPB, pH 6.8 ATPS 

b – Data for osmolyte-free PEG10K–Na2SO4–0.01 M NaPB, pH 6.8 ATPS 
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Table 4.1. (cont.) Differences between the solvent properties of the phases and partition coefficients for simple organic compounds and free amino acids 

in PEG(8K or 10K)–Na2SO4–0.01 M NaPB, pH 6.8 and PEG8K–Na2SO4–0.5 M osmolyte–0.01 M NaPB, pH 6.8 ATPSs. 

 

Compounds Partition coefficients 

COMPOUND 0.01M NaPBa 0.01M NaPBb 0.5M Sorbitol 0.5M Sucrose 0.5M Trehalose 0.5M TMAO 

4-aminophenol 3.04±0.049 3.17±0.007 4.45±0.013 4.55±0.014 4.66±0.014 4.11±0.012 

Benzyl alcohol 3.50±0.007 3.55±0.031 5.36±0.017 6.11±0.035 5.69±0.068 3.86±0.019 

Caffeine 1.85±0.039 1.98±0.005 2.48±0.010 2.49±0.013 2.44±0.012 2.45±0.012 

Coumarin 4.86±0.014 4.55±0.023 8.23±0.024 8.46±0.065 7.97±0.039 6.27±0.024 

Glucoside 2.18±0.023 2.41±0.008 3.48±0.011 3.75±0.019 3.59±0.016 2.87±0.010 

Methyl anthranilate 7.28±0.035 7.29±0.040 13.48±0.091 14.21±0.057 14.90±0.220 9.06±0.051 

Phenol 4.60±0.084 4.80±0.020 8.84±0.039 10.43±0.078 9.86±0.046 5.70±0.020 

2-Phenylethanol 4.16±0.020 3.80±0.029 6.67±0.026 7.70±0.032 6.87±0.047 4.71±0.020 

Vanillin 6.78±0.027 5.79±0.018 11.11±0.047 11.38±0.046 11.00±0.072 6.91±0.021 

DNP-Ala Na 3.70±0.070 3.86±0.025 6.21±0.080 6.30±0.290 6.88±0.033 5.90±0.180 

DNP-NVal Na 4.73±0.057 5.15±0.022 8.72±0.024 9.80±0.250 10.70±0.110 8.00±0.180 

DNP-NLeu Na 6.00±0.110 6.40±0.023 11.10±0.130 13.20±0.390 15.00±0.120 10.70±0.190 

DNP-AO Na 10.30±0.190 12.34±0.040 21.20±0.980 28.70±0.890 32.10±0.280 20.20±0.450 
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Partition coefficients of these compounds are listed in Table 4.1, and are presented graphically in 

Fig. 4.1, where the logarithms of their partition coefficients are plotted against the length of the side-chain 

expressed in equivalent number of methylene groups, Nc. 

 

 

Figure 4.1. Logarithm of the partition coefficient value, lnKDNP-AA, for sodium salts of DNP-AA in 

PEG–Na2SO4 ATPSs as a function of equivalent length of the side-chain, NC: 1) PEG8K–Na2SO4–

0.01 M NaPB, pH 6.8; 2) PEG10K–Na2SO4–0.01 M NaPB, pH 6.8; 3) PEG8K–Na2SO4–0.5 M 

TMAO–0.01 M NaPB, pH 6.8; 4) PEG8K–Na2SO4–0.5 M sorbitol–0.01 M NaPB, pH 6.8; 5) 

PEG8K–Na2SO4–0.5 M sucrose–0.01 M NaPB, pH 6.8; 6) PEG8K–Na2SO4–0.5 M trehalose–

0.01 M NaPB pH 6.8. 

 

It can be seen in Fig. 4.1 that the data in each ATPS maybe described as [22]–[28]: 

 ln 𝐾𝐷𝑁𝑃−𝐴𝐴(𝑖) = 𝐶(𝑖) + 𝐸(𝑖)𝑁𝐶 

 

(Equation 4.6)   

 

where KDNP-AA is the partition coefficient of a DNP-amino acids Na-salt; NC is the equivalent number of CH2 

groups in the side-chain [19]–[28], E and C are constants for a given i-th ATPS characterizing the 

difference between the relative hydrophobicity and electrostatic properties of the phases correspondingly. 
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The values of the E(i) and C(i) coefficients determined for the ATPSs examined are listed in Table 4.1. 

As the standard free energy of transfer of a solute from the bottom phase to the top phase is described 

as: 

 ∆𝐺0 = −𝑅𝑇 ln 𝐾 

 

(Equation 4.7)   

 

where R is the universal gas constant and T is the absolute temperature in Kelvin, it follows that: 

 ∆𝐺0(𝐶𝐻2) = −𝑅𝑇𝐸∗ 

 

(Equation 4.8)   

 

where E* is parameter E expressed in natural logarithm units; ∆G°(CH2) is the standard free energy of 

transfer of a methylene group from one phase to another. The ∆G°(CH2) values calculated from the 

experimental data with Eqs. 4.7 and 4.8 are listed in Table 4.1. The data in Table 4.1 show that the 

difference between the relative hydrophobicity of the phases increases in the sequence: 

 

Osmolyte-free ATPS < Sorbitol ≤ TMAO < Sucrose ≤ Trehalose 

 

The essentially similar sequence is observed for the difference between the electrostatic properties 

of the phases: 

 

Osmolyte-free ATPS < TMAO < Sorbitol ≈ Sucrose ≤ Trehalose 

 

In order to check if the molecular weight of PEG is important for the solute partitioning in terms of 

solute-solvent interactions (see below) we attempted to use ATPSs based on PEG600–Na2SO4, PEG4000–

Na2SO4, and PEG10K–Na2SO4. We found out that the solvatochromic measurements could not be reliably 

performed in the salt-rich phase of ATPS when Na2SO4 concentration exceeds 11-12 wt.%. Beyond 12 wt.% 

Na2SO4 it is not possible to determine the peak maximum for the solvatochromic absorption peak using 

the method employed. According to Huddleston et al. [30], [31] who observed similar phenomena in the 

presence of potassium phosphate, the aforementioned challenges may be explained by aggregation of the 
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dye due to high salt concentration. Therefore, we omitted measurements in PEG600–Na2SO4 and 

PEG4000–Na2SO4 ATPSs where the salt concentrations necessary for the formation of two-phase systems 

were too high and used only PEG10K–Na2SO4 ATPS with the overall composition identical to that used in 

PEG8K–Na2SO4 ATPS. Differences between the solvent properties of the two phases in this ATPS are 

presented in Table 4.1 together with partition coefficients for nine organic compounds examined here. 

Partitioning of six proteins was examined in all aforementioned ATPSs and the corresponding partition 

coefficients are listed in Table 4.2. 
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Table 4.2. Partition coefficients for proteins in PEG(8K or 10K)–Na2SO4–0.01 M NaPB, pH 6.8 and PEG8K–Na2SO4–0.5 M osmolyte–0.01 M NaPB, pH 6.8 

ATPSs. 

 

 

a – Data for osmolyte-free PEG8K–Na2SO4–0.01 M NaPB, pH 6.8 ATPS 

b – Data for osmolyte-free PEG10K–Na2SO4–0.01 M NaPB, pH 6.8 ATPS 

 

  

Compounds 
Partition coefficients 

PROTEIN 0.01M NaPBa 0.01M NaPBb 0.5M Sorbitol 0.5M Sucrose 0.5M Trehalose 0.5M TMAO α-chymotrypsinogen A 0.429±0.003 0.379±0.001 0.204±0.001 0.157±0.001 0.119±0.001 0.456±0.002 α-chymotrypsin 0.117±0.001 0.092±0.0003 0.058±0.0002 0.047±0.001 0.027±0.0007 0.112±0.001 

Concanavalin A 0.192±0.001 0.195±0.002 0.159±0.0007 0.144±0.001 0.116±0.0006 0.182±0.001 

Lipase 0.618±0.001 0.640±0.002 0.569±0.002 0.537±0.002 0.516±0.003 0.595±0.002 

Lysozyme 0.406±0.003 0.411±0.003 0.145±0.002 0.055±0.0003 0.045±0.0004 0.297±0.002 

Papain 2.220±0.011 1.913±0.008 2.210±0.011 2.220±0.006 1.374±0.008 2.290±0.010 
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4.4. Discussion 

 

Analysis of partition coefficients determined in this study for various organic compounds and proteins 

listed in Tables 4.1 and 4.2 shows that the so-called Collander solvent regression equation (see, e.g., in 

[22], [32]–[35]) holds for all compounds (including proteins) in the PEG8K–Na2SO4 and PEG10K–Na2SO4 

ATPSs as shown in Fig. 4.2. 

 

 

Figure 4.2. Logarithms of partition coefficients for organic compounds and proteins in PEG8K–

Na2SO4–0.01 M NaPB, pH 6.8 versus those for the same compounds and proteins in PEG10K–

Na2SO4–0.01 M NaPB, pH 6.8 ATPSs. 

 

The linear relationship plotted in Fig. 4.2 may be described as: 

 log 𝐾𝑖𝑃𝐸𝐺10𝐾−𝑁𝑎2𝑆𝑂4 = −0.02±0.01 + 1.02±0.02  × log 𝐾𝑖𝑃𝐸𝐺8𝐾−𝑁𝑎2𝑆𝑂4 

 

N = 15; r2 = 0.9950; SD = 0.043; F = 2587 

 

(Equation 4.9)   

where Ki
PEG8K−Na2SO4 and Ki

PEG10K−Na2SO4 are partition coefficients for the i-th compound in PEG8K–Na2SO4 and 

PEG10K–Na2SO4 ATPS correspondingly. 
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Similar relationship is observed between partition coefficients for all compounds examined in the 

PEG8K–Na2SO4 ATPS and same ATPS containing 0.5 M TMAO. The relationship is plotted in Fig. 4.3 and 

it may be described as: 

 log 𝐾𝑖𝑃𝐸𝐺8𝐾−𝑁𝑎2𝑆𝑂4−𝑇𝑀𝐴𝑂 = 0.03±0.02 + 1.08±0.03  × log 𝐾𝑖𝑃𝐸𝐺8𝐾−𝑁𝑎2𝑆𝑂4 

 

N = 15; r2 = 0.9918; SD = 0.059; F = 1582 

 

(Equation 4.10)   

 

where Ki
PEG8K−Na2SO4−TMAO is partition coefficient for the i-th compound in PEG8K–Na2SO4 ATPS containing 0.5 M 

TMAO; all the other parameters are as defined above. 

 

 

Figure 4.3. Logarithms of partition coefficients for organic compounds and proteins in PEG8K–

Na2SO4–0.5 M TMAO–0.01 M NaPB, pH 6.8 versus those for the same compounds and proteins 

in PEG8K–Na2SO4–0.01 M sodium NaPB, pH 6.8 ATPSs. 

Partition coefficients for all compounds in ATPS containing 0.5 M trehalose and 0.5 M sucrose fit the 

Collander relationship very well (see Fig. 4.4) and may be described as: 

  



CHAPTER 4 | The osmolytes effect 

108 

log 𝐾𝑖𝑃𝐸𝐺8𝐾−𝑁𝑎2𝑆𝑂4−𝑇𝑟𝑒ℎ𝑎𝑙𝑜𝑠𝑒 = −0.07±0.02 + 1.06±0.02  × log 𝐾𝑖𝑃𝐸𝐺8𝐾−𝑁𝑎2𝑆𝑂4−𝑆𝑢𝑐𝑟𝑜𝑠𝑒
 

 

N = 15; r2 = 0.9961; SD = 0.060; F = 3325 

 

(Equation 4.11)   

 

where Ki
PEG8K−Na2SO4−trehalose and Ki

PEG8K−Na2SO4−sucrose are partition coefficients for the i-th compound in PEG8K–Na2SO4 

ATPS containing 0.5 M trehalose and 0.5 M sucrose correspondingly; all the other parameters are as 

defined above. Similar relationship was established [33] previously in PEG–DEX ATPS with the same 

osmolytes additives. 

 

 

Figure 4.4. Logarithms of partition coefficients for organic compounds and proteins in PEG8K–

Na2SO4–0.5 M trehalose–0.01 M NaPB, pH 6.8 versus those for the same compounds and 

proteins in PEG8K–Na2SO4–0.5 M sucrose–0.01 M NaPB, pH 6.8 ATPSs. 

 

Analysis of the partition coefficients for all compounds in other PEG8K–Na2SO4 ATPSs containing 0.5 

M osmolyte and in osmolyte-free PEG8K–Na2SO4 ATPS shows that the Collander relationship holds for 

small organic compounds but not for proteins. Typical relationship is shown in Fig. 4.5 for trehalose. 
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Figure 4.5. Logarithms of partition coefficients for organic compounds and proteins in PEG8K–

Na2SO4–0.5 M trehalose (or sucrose)–0.01 M NaPB, pH 6.8 ATPSs versus those for the same 

compounds and proteins in PEG8K–Na2SO4–0.01 M NaPB, pH 6.8 ATPS (line describes the 

linear relationship observed for organic compounds). 

 

The data for partition coefficient for the same compounds and proteins in the presence of 0.5 M 

sucrose are presented for comparison. The relationship obtained for trehalose may be described as: 

 log 𝐾𝑖𝑃𝐸𝐺8𝐾−𝑁𝑎2𝑆𝑂4−𝑇𝑟𝑒ℎ𝑎𝑙𝑜𝑠𝑒 = −0.16±0.06 + 1.60±0.11  × log 𝐾𝑖𝑃𝐸𝐺8𝐾−𝑁𝑎2𝑆𝑂4 

 

N = 15; r2 = 0.9447; SD = 0.230; F = 222 

 

(Equation 4.12)   

 

where all the parameters are as defined above. The reduced r2 and F values as well as the increased SD 

value indicate that the relationship in question describes a trend rather than reliable correlation, and it is 

readily seen from Fig. 4.5 that proteins fit the relationship rather poorly. It should be noted that the data 

for partition coefficients of organic compounds in the presence of 0.5 M sucrose fit the above relationship 

perfectly, while those for proteins clearly deviate from it. 
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It has been shown [33], [35] previously that logarithms of partition coefficients of proteins in PEG–

DEX–0.5 M osmolyte ATPS, all containing 0.01 M K/NaPB, pH 7.4 are linearly interrelated in a three-

dimensional space. Analysis of the partition coefficients listed in Tables 4.1 and 4.2 show that similar 

relationships exists for all compounds examined in PEG–Na2SO4–0.5 M osmolyte ATPS as well. The 

relationship illustrated graphically in Fig. 4.6 is observed between logarithms of partition coefficients of 

compounds (including proteins) in PEG–Na2SO4, PEG–Na2SO4–0.5 M sucrose, and PEG–Na2SO4–0.5 M 

sorbitol ATPSs. 

 

 

Figure 4.6. Logarithms of partition coefficients for organic compounds and proteins in PEG8K–

Na2SO4–0.5 M sorbitol–0.01 M NaPB, pH 6.8 versus those for the same compounds and 

proteins in PEG8K–Na2SO4–0.01 M NaPB, pH 6.8 and in PEG8K–Na2SO4–0.5 M sucrose–0.01 

M NaPB, pH 6.8 ATPSs. 
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This relationship may be described as: 

 log 𝐾𝑖𝑃𝐸𝐺8𝐾−𝑁𝑎2𝑆𝑂4−𝑆𝑜𝑟𝑏𝑖𝑡𝑜𝑙= 0.02±0.01+ 0.55±0.07  × log 𝐾𝑖𝑃𝐸𝐺8𝐾−𝑁𝑎2𝑆𝑂4 +  0.55±0.04 × log 𝐾𝑖𝑃𝐸𝐺8𝐾−𝑁𝑎2𝑆𝑂4−𝑆𝑢𝑐𝑟𝑜𝑠𝑒
 

 

N = 15; r2 = 0.9985; SD = 0.033; F = 4087 

 

(Equation 4.13)   

 

where all the parameters are as defined above. 

Similar relationship for the PEG–Na2SO4–TMAO, PEG–Na2SO4–0.5 M sorbitol, and PEG–Na2SO4–0.5 

M trehalose ATPSs is illustrated graphically in Fig. 4.7 and may be described as: 

 log 𝐾𝑖𝑃𝐸𝐺8𝐾−𝑁𝑎2𝑆𝑂4−𝑇𝑀𝐴𝑂= −0.01±0.03+ 1.30±0.20  × log 𝐾𝑖𝑃𝐸𝐺8𝐾−𝑁𝑎2𝑆𝑂4−𝑆𝑜𝑟𝑏𝑖𝑡𝑜𝑙 − 0.40±0.19 × log 𝐾𝑖𝑃𝐸𝐺8𝐾−𝑁𝑎2𝑆𝑂4−𝑇𝑟𝑒ℎ𝑎𝑙𝑜𝑠𝑒
 

 

N = 15; r2 = 0.9906; SD = 0.066; F = 635 

 

(Equation 4.14)   

 

where all the parameters are as defined above.  

  



CHAPTER 4 | The osmolytes effect 

112 

 

Figure 4.7. Logarithms of partition coefficients for organic compounds and proteins in PEG8K–

Na2SO4–0.5 M TMAO–0.01 M NaPB, pH 6.8 versus those for the same compounds and proteins 

in PEG8K–Na2SO4–0.5 M sorbitol–0.01 M NaPB, pH 6.8 and in PEG8K–Na2SO4–0.5 M 

trehalose–0.01 M NaPB, pH 6.8 ATPSs. 

 

It was suggested previously [37], [38] that the relationships of the type represented by Eqs. 4.13 and 

4.14 imply that the compounds respond to their environment in aqueous solutions in the compound 

structure- and environment-specific manner, and also that the responses are governed by changes in the 

compound-water interactions possibly originating from the compound dipole-ion interactions. 

 

 

 

4.4.1. Organic compound-water interactions in PEG–Na2SO4 ATPS 

 

The partition coefficients for organic compounds listed in Table 4.1 were examined with Eq. 4.1. The 

solute-specific coefficients were determined by multiple linear regression analysis using the procedure 

described by Ab Rani et al. [39]. According to this procedure [39], the p-value was used for a given 

compound as a test for significance for each solute-specific coefficient in Eq. 4.1. In view of the small 

number of six ATPSs employed (and additional condition of partition coefficient K-value = 1 for the 
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compound in the theoretical critical point in an ATPS, when both phases have identical composition; i.e., 

zero difference between each of the solvent properties of the phases [22]), we have chosen to use the 

maximum statistical significance value of p ≤ 0.1. If all four coefficients (SS, AS, BS, and CS) proved 

statistically significant (p ≤ 0.1), the correlation was accepted. If one or more values reveal a p-value > 

0.1, then equations contained different combinations of coefficients were examined. The equation with a 

set of coefficients providing p-values for all parameters below or equal to 0.1 was accepted. 

The solute-specific coefficients determined for each compound are presented in Table 4.3 together 

with the corresponding p-values (except the cases when p < 0.001). 

It has been reported [40] recently that there seems to be a cooperativity between the different types 

of solute-water interactions due to which the solute-specific coefficients are linearly interrelated. The 

interrelationship between the solute-specific coefficients presented in Table 4.3 is illustrated graphically 

in Fig. 4.8, and it may be described as: 

 𝐵𝑆𝑖 = −0.50±0.30 + 0.80±0.16 × 𝐶𝑆𝑖 − 0.11±0.04 × 𝑆𝑆𝑖  
 

N = 9; r2 = 0.8785; SD = 0.200; F = 21.7 

 

(Equation 4.15)   

 

where Bi
s, Ci

s, and Si
s are solute-specific coefficients for the i-th compound; all the other parameters are as 

defined above. 
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Table 4.3. Solute-specific coefficients (see Eq. 4.1) for organic compounds in PEG–Na2SO4–

0.01 M NaPB (calculated by multiple linear regression analysis from data in Table 4.1.). 

COMPOUND SS AS BS CS N; SD; F 

4-aminophenol 

p-value 

-0.7±0.21 

0.040 
- 

0.8±0.13 

0.004 
1.2±0.05 7; 0.01; 7030 

Benzyl alcohol 

p-value 

-2.9±0.55 

0.006 
- 

1.1±0.33 

0.03 

1.3±0.10 

0.0002 
7; 0.03; 1304 

Caffeine 

p-value 
- - 

0.3±0.10 

0.08 
0.7±0.05 7; 0.01; 2638 

Coumarin 

p-value 
- - - 1.4±0.03 7; 0.05; 1673 

Glucoside 

p-value 

-1.4±0.40 

0.020 
- - 0.7±0.03 7; 0.02; 1637 

Methyl anthranilate 

p-value 

-3.0±0.82 

0.0200 
- 

1.7±0.49 

0.02 

2.1±0.16 

0.0002 
7; 0.04; 1366 

Phenol 

p-value 

-3.8±0.48 

0.001 
- 

1.0±0.99 

0.025 
1.5±0.09 7; 0.02; 2839 

2-Phenylethanol 

p-value 

-2.4 ±0.87 

0.040 
- - 1.1±0.07 7; 0.05; 818 

Vanillin 

p-value 

-3.0±1.40 

0.100 
- 

1.5±0.85 

0.100 

1.9±0.27 

0.002 
7; 0.07; 382 

DNP-Ala Na 

p-value 

-0.5±0.14 

0.030 
- 

0.5±0.08 

0.004 
1.4±0.03 7; 0.007; 23785 

DNP-NVal Na 

p-value 

1.5±0.31 

0.009 
- 

0.8±0.18 

0.010 
1.7±0.06 7; 0.01; 7372 

DNP-NLeu Na 

p-value 

-1.7±0.56 

0.040 
- 

1.0±0.30 

0.040 
1.9±0.10 7; 0.03; 2876 

DNP-AO Na 

p-value 

-2.8±0.73 

0.020 
- 

2.1±0.44 

0.009 
2.7±0.14 7; 0.03; 2774 
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Figure 4.8. Interrelationship between solute-specific coefficients BS for organic compounds and 

solute-specific coefficients CS and SS for the same compounds. 

 

Analysis of solute-specific coefficients presented in Table 4.3 for compounds with solute-specific 

coefficients determined [40] in different multiple polymer–polymer ATPS containing 0.15 M Na2SO4 in 

0.01 M NaPB, pH 7.4 shows the linear relationship for solute-specific coefficients SS representing 

contributions of dipole-dipole and induced dipole-dipole solute-water interactions in the partition 

coefficients of compounds in the corresponding ATPS. The relationship illustrated graphically in Fig. 4.9 

may be described as: 

 𝑆𝑆𝑖 𝑃𝐸𝐺−𝑁𝑎2𝑆𝑂4 = −0.30±0.16 + 0.74±0.05 × 𝑆𝑆𝑖 𝑝𝑜𝑙−𝑝𝑜𝑙−0.15𝑀 𝑁𝑎2𝑆𝑂4
 

N = 10; r2 = 0.9623; SD = 0.200; F = 204 

 

(Equation 4.16)   

 

where SS
i PEG−Na2SO4 and SS

i polymer−polymer−0.15 M Na2SO4−0.01 M NaPB are the solute specific coefficients SS for i-th organic compound 

determined in PEG–Na2SO4–0.01 M NaPB, pH 6.8 ATPS (Table 4.3) and in polymer–polymer ATPS 

containing 0.15 M Na2SO4 in 0.01 M NaPB, pH 7.4  [40]. It should be mentioned that only compounds 

with determined SS values in both types of ATPS were considered. 
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Figure 4.9. Relationship between solute specific coefficients SS for organic compounds 

determined in PEG–Na2SO4–0.01 M NaPB, pH 6.8 ATPSs and solute specific coefficients SS for 

the same compounds determined in polymer–polymer ATPS containing 0.15 M Na2SO4 in 0.01 

M NaPB, pH 7.4 (data from [40]). 

 

Comparison of the solute-specific coefficient CS values determined for the same compounds in the 

PEG–Na2SO4 ATPS and in polymer–polymer ATPS containing 0.15 M Na2SO4 in 0.01 M NaPB, pH 7.4 [40] 

shows that those determined in the former (see Table 4.3) exceed the CS values determined in the latter 

from 1.2-fold to 5.6-fold. It seems possible to explain these observations assuming that the differences 

between the electrostatic properties of the phases in the PEG–Na2SO4 ATPSs used in this study varied 

from 0.067 to 0.71, while in polymer–polymer ATPSs containing 0.15 M Na2SO4 in 0.01 M NaPB, pH 7.4  

[40] it varied from -0.011 to 0.456. The sodium sulfate concentrations in the top and bottom phases of 

the PEG8K–Na2SO4 ATPS used was reported [20] to be ∼0.69 M and 0.24 M correspondingly (with the 

difference between the phases of ca.0.45 M Na2SO4), while in polymer–polymer ATPS used in [40] the 

difference between the Na2SO4 concentrations in the phases is less than 0.15 M Na2SO4. Therefore, it 

seems reasonable that the contribution of electrostatic ion-dipole solute-solvent interactions in the partition 

coefficients of solutes in PEG–Na2SO4 ATPS exceed those in the polymer–polymer ATPS containing 0.15 

M Na2SO4. 
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It should be mentioned that Willauer et al. in the study [41] of partitioning of a set of 29 organic 

compounds in PEG2000–K3PO4 ATPS described partition behavior of compounds by the so-called LFER 

model by Abraham [42]–[45]. It was concluded [41] that partitioning of organic compounds in PEG–salt 

ATPS is governed by the solute size, basicity, and aromaticity or halogenicity. The results obtained here 

and discussed below show that the molecular size of the solute is not the factor governing the solute 

partition behavior in PEG–Na2SO4 ATPS. 

 

 

 

4.4.2. Protein-water interactions in PEG-Na2SO4 ATPS 

 

It should be noted that essentially all the proteins examined (except for papain) distribute into lower 

salt-rich phase in clear contradiction with the aforementioned conclusion by Willauer et al. [41] that the 

increasing molecular size of a solute drives the solute partitioning into PEG-rich phase. Partition 

coefficients of papain (K = 2.22; molecular weight of ca. 23,400 Da) in PEG8K–Na2SO4 ATPS is very close 

to that of p-nitrophenyl-D-glucopyranoside (K = 2.18; molecular weight ∼301 Da) may serve as additional 

illustration of the contradiction. 

The solute-specific coefficients for proteins were determined similarly to those for organic compounds 

from the solvent properties of ATPSs (Table 4.1) and from proteins partition coefficients (Table 4.2) and 

are listed in Table 4.4. 
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Table 4.4. Solute-specific coefficients (see Eq. 4.1) for proteins in PEG–Na2SO4–0.01 M NaPB 

(calculated by multiple linear regression analysis from data in Table 4.1.). 

 

 

It should be noted that in contrast to small organic compounds, the solute-specific coefficients AS are 

quite significant for three out of six proteins studied. Contributions of dipole-dipole interactions (solute-

specific coefficient SS) into the partition coefficients are large for three proteins (α-chymotrypsinogen A, α-

chymotrypsin and lysozyme), while the contributions of electrostatic interactions in the PEG–Na2SO4 ATPS 

containing 0.01 M NaPB, pH 6.8 are less significant than those determined for the same proteins in PEG–

DEX ATPS containing 0.01 M K/NaPB, pH 7.4 [35]. As an example, for α-chymotrypsinogen A, the 

coefficient CS = 7.6 ± 0.02 in PEG–DEX ATPS [35] and −1.2 ± 0.21 in PEG–Na2SO4 ATPS (Table 4.4), for 

concanavalin A, CS = 5.1 ± 0.2 in PEG–DEX ATPS [35] and −1.9 ± 0.2 in PEG–Na2SO4 ATPS (Table 4.4). 

The decreasing electrostatic interactions of proteins with the solvent appear to agree with the suggested 

by Ninham et al. [46], [47] changes in the nature of protein-ion interactions in the presence of high salt 

concentration exceeding 0.2 M. 

Analysis of the data in Table 4.4 confirms that the linear relationship similar to the one found for 

organic compounds exists for proteins as well. This relationship illustrated graphically in Fig. 4.10 may be 

described as:  

COMPOUND SS AS BS CS N; SD; F α-chymotrypsinogen A 

p-value 

9.6±0.96 

0.040 

24.0±7.10 

0.030 
- 

-1.2±0.21 

0.006 
7; 0.04; 518 α-chymotrypsin 

p-value 

9.9±1.10 

0.003 

33.2±7.70 

0.020 

-2.3±0.50 

0.020 

-3.2 ±0.30 

0.001 
7; 0.04; 1221 

Concanavalin A 

p-value 

2.4±1.10 

0.100 
- 

-2.2±0.60 

0.030 

-1.9±0.20 

0.0007 
7; 0.05; 469.8 

Lipase 

p-value 

0.8±0.28 

0.040 
- 

-0.4±0.17 

0.070 

-0.5±0.05 

0.0008 
7; 0.01; 644.5 

Lysozyme 

p-value 

12.0±2.40 

0.005 
- 

1.7±0.58 

0.040 
- 7; 0.11; 174.8 

Papain 

p-value 

4.0±2.00 

0.100 
23.0 ±4.60 - - 7; 0.09; 36.2 



CHAPTER 4 | The osmolytes effect 

119 

𝐵𝑆𝑖 = −0.10±0.20 + 1.20±0.08 × 𝐶𝑆𝑖 − 0.16±0.02 × 𝑆𝑆𝑖  
 

N = 5; r2 = 0.9931; SD = 0.200; F = 144.5 

 

(Equation 4.17)   

 

where Bi
s, Ci

s, and Si
s are solute-specific coefficients for the i-th protein; all the other parameters are as 

defined above. (Papain was not considered for the above relationship because its solute-specific 

coefficients BS and CS could not be determined). 

 

 

Figure 4.10. Interrelationship between solute-specific coefficients BS for proteins and solute-

specific coefficients CS and SS for the same proteins. 

 

The limited number of proteins examined here prevents any general conclusion. It should be 

emphasized, however, that the partition behavior of both small organic compounds and proteins in PEG–

Na2SO4 ATPS can be described in terms of solute-solvent interactions. 

It seems also important that the results obtained in our study indicate that the solute-specific 

coefficients representing contributions of different types of solute-solvent interactions under the conditions 

explored differ from those determined at relatively low salt concentrations [35], supporting the previously 

suggested hypothesis that the solute-solvent interactions depend upon the solvent environment as well as 
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upon the solute structure. Further studies are clearly necessary for gaining better insight into mechanisms 

of these interactions, and these studies are currently in progress in our laboratories. 
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Highlights 

 

• Solvent properties of PEG8K–Na2SO4 ATPS containing 0.215 M NaCl and 0.5M osmolyte (sorbitol, 

sucrose, TMAO) and PEG10K–Na2SO4-0.215 M NaCl are characterized; 

• Partitioning of eight organic compounds and six proteins in the systems are examined; 

• Partition behavior of all solutes is considered in terms of solute-solvent interactions; 

• It is established that NaCl additive interacts with the solutes in the presence of exceeding amount 

of Na2SO4.
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5.1. Introduction 

 

ATPSs formed in aqueous mixtures of a single polymer and specific salt, such as PEG and sodium 

sulfate, phosphate or citrate, are commonly used for separation of proteins and nucleic acids [1]. These 

ATPSs are inexpensive and have good operational characteristics (low viscosity of the phases, high settling 

speed) and are easily scaled-up. Extraction in ATPS has been demonstrated as an efficient method for 

large scale recovery and purification of proteins and nucleic acids [1] as well as various other materials. 

Design of optimal extraction conditions for any target product remains currently an empirical process, and 

high throughput methods for screening different separation conditions have been developed [2], [3]. For 

rational design of the optimal separation conditions itis important to understand the mechanisms of solute 

distribution in polymer–salt ATPS at the molecular level. 

One of the factors commonly used for manipulating partition behavior of proteins and nucleic acids 

in PEG–salt ATPSs is addition of NaCl [2], [4]–[14]. The mechanism of effects of relatively small amounts 

of NaCl in the ATPS containing large amount of phase-forming salt remains unclear. We reported [15]–

[17] previously that different salt additives (NaCl, NaH2PO4, NaClO4, NaSCN) at the concentrations from 

0.027 M up to ca. 1.9 M affect partition behavior of small organic compounds in PEG–Na2SO4 ATPS 

according to the salt effects on the water structure. It has been shown [18] recently that solute partitioning 

in PEG–Na2SO4 ATPS is governed by the solute-solvent interactions in the coexisting phases. Partition 

coefficient of a solute in an ATPS is defined as the ratio of the solute concentration in the top phase to the 

solute concentration in the bottom phase and may be described as [18]: 

 log 𝐾 = 𝑆𝑆 ∆𝜋∗ + 𝐵𝑆 ∆𝛼 + 𝐴𝑆 ∆𝛽 +  𝐶𝑆 𝑐 

 

(Equation 5.1)   

 

where K is the solute partition coefficient; ∆π*, ∆α, Δβ and c are the differences between the solvent 

properties of the top and bottom phases (solvent dipolarity/polarizability, hydrogen-bond donor acidity, 

hydrogen-bond acceptor basicity, and electrostatic interactions, respectively; SS, BS, AS, and CS are 

constants (solute-specific coefficients) that describe the complementary interactions of the solute with the 

solvent media in the coexisting phases; the subscript ‘S’ designates the solute. 

The differences between the solvent dipolarity/polarizability, ∆π*, hydrogen-bond donor acidity, ∆α, 

hydrogen-bond acceptor basicity, Δβ, may be quantified with solvatochromic dyes [18]. The difference 
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between the electrostatic properties of the phases may be determined by analysis of the partition 

coefficients of a homologous series of sodium salts of dinitrophenylated (DNP-) amino acids with aliphatic 

alkyl side-chains [18], [19]. It has been shown that for a given compound (including proteins) the solute-

specific coefficients may be determined by multiple linear regression analysis of the partition coefficients 

of the compound in multiple ATPSs with the same ionic composition. 

The purpose of the present work was to explore the effect of NaCl additive on partitioning of different 

solutes in PEG–Na2SO4 ATPS in terms of solute–solvent interactions. It has been shown [18] previously 

that the solvatochromic dyes may be used for analysis of the solvent properties of the phases in PEG–

Na2SO4 ATPS with NaCl additive in the concentration range from 0 to 0.54 M. We selected the NaCl 

concentration of 0.215 M, and examined partitioning of eight different organic compounds and six proteins 

in several PEG–Na2SO4–0.215 M NaCl ATPSs in the presence of different osmolytes (sorbitol, sucrose, 

and trimethylamine N-oxide) previously established [18] to affect solvent properties of the phases but not 

to engage in direct interactions with the solutes being partitioned. 

 

 

5.2. Experimental 

 

5.2.1. Materials 

 

Polyethylene glycol-8000 (Lot 091M01372V) with an average molecular weight (Mw) of 8,000 and 

polyethylene glycol-10000 (Lot 043K2522) with an average molecular weight (Mw) of 10,000 were 

purchased from Sigma-Aldrich (St. Louis, MO, USA). The solvatochromic probes 4-nitrophenol (reagent 

grade, >98%) was purchased from Aldrich (Milwaukee, WI, USA) and 4-nitroanisole (>97%, GC) was 

received from Acros Organics. Reichardt’s carboxylated betaine dye, 2,6-diphenyl-4-[2,6-diphenyl-4-(4-

carboxyphenyl)-1-pyridino]phenolate, sodium salt was kindly provided by Professor C. Reichardt (Philipps 

University, Marburg, Germany). Sorbitol and trimethylamine N-oxide (TMAO) were purchased from Sigma-

Aldrich, and sucrose was received from 

USB (Cleveland, OH, USA). Benzyl alcohol, caffeine; coumarin, methyl anthranilate, 4-nitrophenyl-α-

D-glucopyranoside, phenol, 2-phenylethanol, vanillin, and o-phthaldialdehyde (OPA) reagent (complete) 

were purchased from Sigma-Aldrich. All compounds were of 98-9% purity and used as received without 

further purification. All salts and other chemicals used were of analytical-reagent grade.  



CHAPTER 5 | Effect of sodium chloride 

127 

5.2.1.1. Dinitrophenylated amino acids 

 

Dinitrophenylated (DNP) amino acids: DNP-glycine, DNP-alanine, DNP-norvaline, DNP-norleucine, 

and DNP-α-amino-n-octanoic acid, were purchased from Sigma-Aldrich. The sodium salts of the DNP-

amino acids were prepared by titration. 

 

 

5.2.1.2. Proteins 

 

α-chymotrypsin from bovine pancreas, α-chymotrypsinogen A from bovine pancreas, concanavalin A 

from Canavalia ensiformis (jack beans), lysozyme from chicken egg white, and papain from papaya latex 

were purchased from Sigma-Aldrich. Porcine pancreatic lipase was purchased from USB Corp. (Solon, 

OH, USA). All protein samples were characterized by SDS-PAGE electrophoresis in a microfluidic chip 

using Experion automated electrophoresis station (Bio-Rad, USA) under non-reduced conditions. All 

proteins were observed as single bands in the electrophoregrams. 

 

 

 

 

5.2.2. Methods 

 

5.2.2.1. Aqueous two-phase systems 

 

Stock solutions of PEG8K (50 wt.%), PEG10K (50 wt.%) and Na2SO4 (20.3 wt.%) were prepared in 

water. Sodium phosphate buffer (NaPB; 0.5 M, pH 6.8) was prepared by mixing 3.45 g of NaH2PO4·H2O 

and 3.55 g Na2HPO4 in 100 mL aqueous solution. Stock solutions of osmolytes: sorbitol (2 M), sucrose 

(1.8 M), and TMAO (1.8 M), and NaCl (5 M) were prepared in water. A mixture of PEG8K or PEG10K, 

buffer, and NaCl was prepared by dispensing appropriate amounts of the aqueous stock of polymer, 

Na2SO4 and NaPB solutions into a 1.2 mL microtube using a Hamilton (Reno, NV, USA) ML-4000 four-

probe liquid-handling workstation. Appropriate amounts of water and/or stock osmolytes solutions were 

added to give the required ionic, polymer, and osmolyte composition of the final system with total weight 

of 0.5 g (after addition of the solute sample, see below). All aqueous PEG8K–Na2SO4–NaCl two-phase 
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systems had a fixed composition of 11.10 wt.% PEG8K, 6.33 wt.% Na2SO4, 0.215 M NaCl, and 0.01 M 

NaPB, pH 6.8, with different 0.5 M osmolyte additive. The aqueous PEG10K–Na2SO4–NaCl two-phase 

system had the same composition of 11.10 wt.% PEG10K, 6.33 wt.% Na2SO4, 0.215 M NaCl, and 0.01 M 

NaPB, pH 6.8. 

 

 

5.2.2.2. Partitioning experiments 

 

The partitioning experiments were carried out as described in Chapter 4.  

Deviation from the average K-value was consistently below 3% and, in most cases, lower than 2%. 

 

 

5.2.2.3. Solvatochromic studies 

 

The solvatochromic studies were carried out as described in Chapter 4. The procedure was based 

on the methodology described in [20] and the results analyzed as described in [21].   

 

  

 

5.3. Results 

 

Differences between the solvent properties of the coexisting phases (solvent dipolarity/polarizability, 

∆π*, hydrogen bond donor acidity, ∆α, and hydrogen bond acceptor basicity, ∆β) determined using 

solvatochromic dyes and calculated as the difference between the measured value of a given solvent 

feature in the top phase and that of the same feature in the bottom phase are presented in Table 5.1. The 

difference between the solvent hydrogen bond acidity, ∆α, in the PEG8K–Na2SO4 ATPS in the presence 

of 0.215 M NaCl increases significantly, while the differences between the solvent dipolarity/polarizability, 

∆π*, and hydrogen bond basicity, ∆β, do not change within the experimental error limits. The effect of 

same NaCl additive on the differences between the solvent properties in PEG10K–Na2SO4 ATPS is much 

more significant. Similarly, the effects of the NaCl additive in the PEG8K–Na2SO4–0.5 M osmolyte ATPSs 

differ depending on the particular osmolyte used. The NaCl additive does not affect the sequence of the 

differences between the solvent dipolarity/polarizability of the coexisting phases increasing as: 
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PEG8K–Na2SO4–0.5 M TMAO < PEG10K–Na2SO4 < PEG8K–Na2SO4 < 

< PEG8K–Na2SO4–0.5 M sorbitol < PEG8K–Na2SO4–0.5 M sucrose 

 

The differences between the hydrogen bond donor acidity of the two phases are affected by the NaCl 

additive noticeably. The sequence changes from: 

 

PEG10K–Na2SO4 < PEG8K–Na2SO4 < PEG8K–Na2SO4–0.5 M TMAO < 

< PEG8K–Na2SO4–0.5 M sorbitol < PEG8K–Na2SO4–0.5 M sucrose 

 

to 

 

PEG10K–Na2SO4–0.215 M NaCl ≤ PEG8K–Na2SO4–0.215 M NaCl < 

< PEG8K–Na2SO4–0.215 M NaCl–0.5 M sucrose ≤ 

≤ PEG8K–Na2SO4–0.215 M NaCl–0.5 M sorbitol < PEG8K–Na2SO4–0.215 M NaCl–0.5 M TMAO 

 

The effect of the NaCl additive on the differences between the solvent hydrogen bond basicity of the 

phases barely exceeds the experimental error limits. 

The differences between the hydrophobic and electrostatic properties of the phases were determined 

in each ATPS by partitioning of a homologous series of sodium salts of dinitrophenylated (DNP-) amino 

acids with the aliphatic alkyl side-chains of the increasing length (alanine, norvaline, norleucine, and α-

amino-n-octanoic acid) as described previously [18], [19]. Partition coefficients of these compounds are 

listed in Table 5.1. 

Differences between the solvent properties of the two phases in each ATPS used are presented in 

Table 5.1 together with partition coefficients for eight organic compounds examined here. 

Partitioning of six proteins was examined in all the aforementioned ATPSs and the corresponding 

partition coefficients are listed in Table 5.2. 
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Table 5.1. Differences between the solvent properties of the phases and partition coefficients for simple organic compounds and free amino acids in PEG8K–

Na2SO4–0.215 M NaCl–0.01 M NaPB, pH 6.8, PEG10K–Na2SO4–0.215 M NaCl–0.01 M NaPB, pH 6.8, and PEG8K–Na2SO4–0.215 M NaCl–0.5 M osmolyte–

0.01 M NaPB, pH 6.8 ATPSs. 

 

 

 

a – Data for osmolyte-free PEG8K–Na2SO4–0.215 M NaCl–0.01 M NaPB, pH 6.8 ATPS 

b – Data for osmolyte-free PEG10K–Na2SO4–0.215 M NaCl–0.01 M NaPB, pH 6.8 ATPS  

Solvent Properties 0.01M NaPBa 0.01M NaPBb 0.5M Sorbitol 0.5M Sucrose 0.5M TMAO 

ΔG(CH2), cal/mole -135±10.6 -147±6.5 -180±5.3 -187±2.9 -160±2.4 

E 0.102±0.008 0.110±0.005 0.133±0.004 0.138±0.002 0.118±0.002 

C 0.490±0.031 0.440±0.019 0.530±0.015 0.525±0.008 0.574±0.006 

Δπ* -0.027±0.003 -0.039±0.002 -0.056±0.001 -0.067±0.001 -0.025±0.004 

Δα -0.189±0.004 -0.183±0.004 -0.259±0.003 -0.253±0.003 -0.271±0.004 

Δβ 0.013±0.004 0.021±0.003 0.025±0.002 0.022±0.002 0.015±0.005 
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Table 5.1. (cont.) Differences between the solvent properties of the phases and partition coefficients for simple organic compounds and free amino acids 

in PEG8K–Na2SO4–0.215 M NaCl–0.01 M NaPB, pH 6.8, PEG10K–Na2SO4–0.215 M NaCl–0.01 M NaPB, pH 6.8, and PEG8K–Na2SO4–0.215 M NaCl–0.5 

M osmolyte–0.01 M NaPB, pH 6.8 ATPSs. 

  

Compounds Partition coefficients 

COMPOUND 0.01M NaPBa 0.01M NaPBb 0.5M Sorbitol 0.5M Sucrose 0.5M TMAO 

Benzyl alcohol 4.07±0.008 4.15±0.007 6.08±0.018 6.61±0.038 4.71±0.016 

Caffeine 2.11±0.036 2.36±0.006 2.72±0.008 2.55±0.007 2.82±0.008 

Coumarin 4.86±0.014 4.55±0.023 8.23±0.024 8.46±0.065 6.27±0.024 

Glucoside 2.47±0.033 2.92±0.003 3.96±0.001 4.05±0.010 3.41±0.011 

Methyl anthranilate 9.59±0.027 9.58±0.023 14.80±0.290 16.42±0.048 11.77±0.082 

Phenol 6.50±0.170 6.54±0.018 10.60±0.030 11.97±0.055 7.38±0.022 

2-Phenylethanol 4.98±0.012 5.05±0.013 7.39±0.023 8.52±0.025 5.60±0.025 

Vanillin 8.28±0.020 8.31±0.017 13.03±0.04 13.22±0.044 7.58±0.029 

DNP-Ala Na 4.43±0.120 3.99±0.015 5.12±0.010 5.09±0.018 5.40±0.020 

DNP-NVal Na 5.43±0.099 5.36±0.012 7.68±0.031 7.87±0.021 7.60±0.018 

DNP-NLeu Na 7.15±0.032 6.88±0.027 10.23±0.036 10.81±0.048 10.49±0.016 

DNP-AO Na 13.93±0.23 14.01±0.035 23.60±0.130 25.04±0.110 20.88±0.080 
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Table 5.2. Partition coefficients for proteins in PEG8K–Na2SO4–0.215 M NaCl–0.01 M NaPB, pH 6.8, PEG10K–Na2SO4–0.215 M NaCl–0.01 M NaPB, pH 

6.8, and PEG8K–Na2SO4–0.215 M NaCl–0.5 M osmolyte–0.01 M NaPB, pH 6.8 ATPSs. 

 

 

a – Data for osmolyte-free PEG8K–Na2SO4–0.215 M NaCl–0.01 M NaPB, pH 6.8 ATPS 

b – Data for osmolyte-free PEG10K–Na2SO4–0.215 M NaCl–0.01 M NaPB, pH 6.8 ATPS 

 

 

Compounds Partition coefficients 

PROTEIN 0.01M NaPBa 0.01M NaPBb 0.5M Sorbitol 0.5M Sucrose 0.5M TMAO 

α-chymotrypsinogen A 0.543±0.003 0.472±0.002 0.335±0.001 0.365±0.001 0.601±0.002 

α-chymotrypsin 0.110±0.001 0.081±0.0004 0.041±0.0004 0.043±0.0005 0.082±0.0006 

Concanavalin A 0.183±0.001 0.173±0.003 0.146±0.001 0.130±0.001 0.167±0.001 

Lipase 0.584±0.001 0.585±0.002 0.534±0.002 0.522±0.003 0.538±0.003 

Lysozyme 0.983±0.003 0.929±0.003 0.561±0.002 0.335±0.002 0.786±0.003 

Papain 1.920±0.007 1.670±0.010 2.060±0.015 1.625±0.005 2.230±0.010 
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5.4. Discussion 

 

5.4.1. Effect of NaCl additive on solvent properties of PEG-Na2SO4 ATPS 

 

The solvent properties of each ATPS are represented by the set of differences between the solvent 

features of the coexisting phases: ∆π*, ∆α, ∆β, C, and E values, listed in Table 5.1. The set of the ∆π*, 

∆α, ∆β, C, and E values for a given ATPS may be viewed as a point in a multiple dimensional space of 

solvent properties. To compare the properties of different ATPSs we calculated the normalized Euclidian 

distance in the multi-dimensional space represented by the differences between the solvent features of 

the coexisting phases in different ATPSs: 

 

𝑑𝑖,0 = [∑ (𝛿𝑖 − 𝛿0𝛿0 )2
𝑗 ]0.5

 

 

(Equation 5.2)   

 

where di,o is the distance between the solvent properties of i-th ATPS and solvent properties of the oth ATPS 

chosen as a reference, ∂i and ∂o are the differences between the i-th solvent features in i-th and o-th 

ATPSs. 

To compensate for differences in ∂-values measured for a given solvent property in different ATPSs, 

we normalized the experimental ∂-values to the reference ∂o-value for each particular solvent property. 

Therefore, Eq. 5.2 represents the Euclidean distance between the points represented by normalized 

differences between various solvent features in different ATPSs. 

In order to evaluate the effect of the NaCl additive on the properties of the ATPSs used here and 

previously [18] we selected PEG8K–Na2SO4 ATPS as a reference ATPS. The normalized Euclidean 

distances calculated with Eq. 5.2 are listed in Table 5.3. 
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Table 5.3. Normalized Euclidean distances between the solvent properties of ATPSs indicated 

and those of PEG8K–Na2SO4 calculated with Eq. 5.2 from the data in Table 5.1 and in [18]. 

ATPS* Distance, di,0 

PEG8K–Na2SO4 0 

PEG10K–Na2SO4 1.21±0.05 

PEG8K–Na2SO4–0.215M NaCl 1.24±0.05 

PEG10K–Na2SO4–0.215M NaCl 1.46±0.06 

PEG8K–Na2SO4–0.5M TMAO 1.64±0.06 

PEG8K–Na2SO4–0.5M sorbitol 1.70±0.05 

PEG8K–Na2SO4–0.215M NaCl–0.5M TMAO 1.86±0.06 

PEG8K–Na2SO4–0.215M NaCl–0.5M sorbitol 2.35±0.05 

PEG8K–Na2SO4–0.5M trehalose 2.39±0.06 

PEG8K–Na2SO4–0.215M NaCl–0.5M sucrose 2.54±0.05 

PEG8K–Na2SO4–0.5M sucrose 2.61±0.05 

* Each ATPS contains 11.10 %wt. PEG8K, 6.33 %wt. Na2SO4 and 0.01M NaPB, pH 6.8 

 

The data in Table 5.3 indicate that the effect of 0.215 M NaCl on the overall solvent properties of the 

PEG8K–Na2SO4 ATPS is rather small in osmolyte-free ATPS, depends on the presence of particular 

osmolyte, and increases in the sequence: 

 

TMAO < sorbitol < sucrose 

 

Analysis of partition coefficients determined in this study for various organic compounds and proteins 

listed in Tables 5.1 and 5.2 shows that the so-called Collander solvent regression equation (see, e.g., in 

[17]–[19]) holds for all compounds (including proteins) in the PEG8K–Na2SO4–0.215 M NaCl and 

PEG10K–Na2SO4–0.215 M NaCl ATPSs and the same NaCl-free ATPSs [18] as shown in Fig. 5.1. The 

linear relationship plotted in Fig. 5.1 may be described as: 
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log 𝐾𝑖𝑃𝐸𝐺10𝐾−𝑁𝑎2𝑆𝑂4(0.215𝑀 𝑁𝑎𝐶𝑙) = −0.02±0.01 + 1.03±0.01  × log 𝐾𝑖𝑃𝐸𝐺8𝐾−𝑁𝑎2𝑆𝑂4(0.215𝑀 𝑁𝑎𝐶𝑙)
 

 

N = 29; r2 = 0.9955; SD = 0.042; F = 5953 

 

(Equation 5.3)   

 

where Ki
PEG8K-Na2SO4(0.215 M NaCl) and Ki

PEG10K-Na2SO4(0.215 M NaCl) are partition coefficients for the i-th compound in PEG8K–

Na2SO4 and PEG10K–Na2SO4 with and without 0.215 M NaCl ATPSs correspondingly. 

 

 

Figure 5.1. Logarithms of partition coefficients for organic compounds and proteins in 

PEG10K–Na2SO4–0.01 M NaPB, pH 6.8 with and without 0.215 M NaCl additive ATPSs versus 

those for the same compounds and proteins in PEG8K–Na2SO4–0.01 M NaPB, pH 6.8 with and 

without 0.215 M NaCl additive ATPSs. 

 

Comparison of the partition coefficients of organic compounds and proteins in PEG8K–Na2SO4–NaCl 

ATPS with those for the same compounds in the NaCl free PEG8K–Na2SO4 ATPS reported previously [15], 

[17], [18], illustrated graphically in Fig. 5.2 shows that the Collander solvent regression relationship holds 

for organic compounds but not for proteins. The relationship in Fig. 5.2 may be described as: 
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log 𝐾𝑖𝑃𝐸𝐺8𝐾−𝑁𝑎2𝑆𝑂4−0.215𝑀 𝑁𝑎𝐶𝑙 = −0.08±0.013 + 1.33±0.026  × log 𝐾𝑖𝑃𝐸𝐺8𝐾−𝑁𝑎2𝑆𝑂4 

 

N = 13; r2 = 0.9958; SD = 0.032; F = 2583 

 

(Equation 5.4)   

where all the parameters are as defined above. The proteins examined do not fit the relationship likely 

due to the different protein-specific responses to the presence of NaCl additive. 

 

 

Figure 5.2. Logarithms of partition coefficients for organic compounds and proteins in PEG8K–

Na2SO4–0.215 M NaCl–0.01 M NaPB, pH 6.8 versus those for the same compounds and 

proteins in PEG8K–Na2SO4–0.01 M NaPB, pH 6.8 ATPSs (line described the linear relationship 

observed for organic compounds). 

 

Analysis of the data in Tables 5.1 and 5.2 shows that the NaCl additive affects partition behavior of 

proteins to a much more significant degree than that of organic compounds as may be illustrated by Fig. 

5.3 where logarithms of partition coefficients of organic compounds and proteins in the PEG8K–Na2SO4–

0.5 M sucrose–0.215 M NaCl ATPS are plotted versus those in the same NaCl additive free ATPS. 

 

logK
i

PEG-8000-Na2SO4

-1,5 -1,0 -0,5 0,0 0,5 1,0 1,5

lo
g

K
iP

E
G

-8
0

0
0

-N
a

2
S

O
4

-0
.2

M
 N

a
C

l

-1,5

-1,0

-0,5

0,0

0,5

1,0

1,5

Organic compounds

Organic compounds

Proteins



CHAPTER 5 | Effect of sodium chloride 

137 

 

Figure 5.3. Logarithms of partition coefficients for organic compounds and proteins in PEG8K–

Na2SO4–0.5 M sucrose–0.215 M NaCl–0.01 M NaPB, pH 6.8 versus those for the same 

compounds and proteins in PEG8K–Na2SO4–0.215 M NaCl–0.01 M NaPB, pH 6.8 ATPS (line 

described the linear relationship observed for organic compounds). 

 

Partition coefficients of lysozyme, α-chymotrypsinogen A (CHTG), and papain clearly do not fit the 

linear curve representing the Collander solvent regression relationship observed for organic compounds. 

It should be mentioned that partition coefficients of some of the proteins, such as lipase, concanavalin A, 

and α-chymotrypsin, are very close to the relationship in question. Similar pattern is observed for the ATPS 

with 0.5 M TMAO and 0.5 M sorbitol. 

It has been shown [18] previously that logarithms of partition coefficients of proteins and organic 

compounds in PEG–Na2SO4–0.5 M osmolyte, all containing 0.01 M K/NaPB, pH 6.8 are linearly 

interrelated in a three-dimensional space. Analysis of the partition coefficients listed in Tables 5.1 and 5.2 

show that similar relationships exists for all compounds examined in PEG–Na2SO4–0.5 M osmolyte–0.215 

M NaCl ATPS as well. The relationship illustrated graphically in Fig. 5.4 is observed between logarithms 

of partition coefficients of compounds (including proteins) in PEG–Na2SO4–0.215 M NaCl, PEG–Na2SO4–

0.5 M sucrose–0.215 M NaCl, and PEG–Na2SO4–0.5 M sorbitol–0.215 M NaCl and it may be described 

as: 
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log 𝐾𝑖𝑃𝐸𝐺8𝐾−𝑁𝑎2𝑆𝑂4−𝑆𝑜𝑟𝑏𝑖𝑡𝑜𝑙−𝑁𝑎𝐶𝑙= −0.01±0.02+ 0.50±0.14  × log 𝐾𝑖𝑃𝐸𝐺8𝐾−𝑁𝑎2𝑆𝑂4−𝑁𝑎𝐶𝑙 + 0.60±0.10 × log 𝐾𝑖𝑃𝐸𝐺8𝐾−𝑁𝑎2𝑆𝑂4−𝑆𝑢𝑐𝑟𝑜𝑠𝑒−𝑁𝑎𝐶𝑙
 

 

N = 14; r2 = 0.9956; SD = 0.051; F = 1628 

 

(Equation 5.5)   

 

where -NaCl superscript denoted that the logarithms of partition coefficients in the ATPS with 0.215 M 

NaCl additive were used; all the parameters are as defined above. It should be mentioned that the 

relationship observed is essentially identical to the one reported [18] previously in the same but NaCl-free 

ATPSs. 

 

 

Figure 5.4. Logarithms of partition coefficients for organic compounds and proteins in PEG8K–

Na2SO4–0.5 M sorbitol–0.215 M NaCl–0.01 M NaPB, pH 6.8 versus those for the same 

compounds and proteins in PEG8K–Na2SO4–0.01 M NaPB pH 6.8 and in PEG8K–Na2SO4–0.5 

M sucrose–0.215 M NaCl–0.01 M NaPB pH 6.8 ATPSs. 
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Similar relationship for the PEG8K–Na2SO4–TMAO–NaCl, PEG8K–Na2SO4–sorbitol–NaCl, and 

PEG8K–Na2SO4–sucrose–NaCl ATPSs is illustrated graphically in Fig. 5.5 and may be described as: 

 log 𝐾𝑖𝑃𝐸𝐺8𝐾−𝑁𝑎2𝑆𝑂4−𝑆𝑜𝑟𝑏𝑖𝑡𝑜𝑙−𝑁𝑎𝐶𝑙= −0.01±0.02+ 0.50±0.16  × log 𝐾𝑖𝑃𝐸𝐺8𝐾−𝑁𝑎2𝑆𝑂4−𝑇𝑀𝐴𝑂−𝑁𝑎𝐶𝑙+ 0.60±0.13 × log 𝐾𝑖𝑃𝐸𝐺8𝐾−𝑁𝑎2𝑆𝑂4−𝑆𝑢𝑐𝑟𝑜𝑠𝑒−𝑁𝑎𝐶𝑙
 

 

N = 14; r2 = 0.9961; SD = 0.054; F = 1418 

 

(Equation 5.6)   

 

where all the parameters are as defined above. 

 

 

Figure 5.5. Logarithms of partition coefficients for organic compounds and proteins in PEG8K–

Na2SO4–0.5 M sorbitol–0.215 M NaCl–0.01 M NaPB, pH 6.8 versus those for the same 

compounds and proteins in PEG8K–Na2SO4–0.5 M TMAO–0.215 M NaCl–0.01 M NaPB, pH 

6.8 and in PEG8K–Na2SO4–0.5 M sucrose–0.215 M NaCl–0.01 M NaPB pH 6.8 ATPSs. 
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It should be noted that the similar relationships are observed if the logarithms of partition coefficients 

in NaCl-free ATPS [18] is compared with those in ATPSs with NaCl additive. Typical relationship is 

illustrated graphically in Fig. 5.6 and it may be described as: 

 log 𝐾𝑖𝑃𝐸𝐺8𝐾−𝑁𝑎2𝑆𝑂4−𝑇𝑀𝐴𝑂−𝑁𝑎𝐶𝑙= 0.02±0.02+ 0.24±0.17  × log 𝐾𝑖𝑃𝐸𝐺8𝐾−𝑁𝑎2𝑆𝑂4 + 0.85±0.17 × log 𝐾𝑖𝑃𝐸𝐺8𝐾−𝑁𝑎2𝑆𝑂4−𝑁𝑎𝐶𝑙
 

 

N = 14; r2 = 0.9922; SD = 0.065; F = 697 

 

(Equation 5.7)   

 

where all the parameters are as defined above. 

 

 

Figure 5.6. Logarithms of partition coefficients for organic compounds and proteins in PEG8K–

Na2SO4–0.5 M TMAO–0.215 M NaCl–0.01 M NaPB, pH 6.8 versus those for the same 

compounds and proteins in PEG8K–Na2SO4–0.01 M NaPB, pH 6.8 and in PEG8K–Na2SO4–

0.215 M NaCl–0.01 M NaPB, pH 6.8 ATPSs. 
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It was suggested previously [22] that the relationships of the type represented by Eqs. 5.3-5.7 imply 

that the compounds respond to their environment in aqueous solutions in the compound structure- and 

environment-specific manner, and also that the responses are governed by changes in the compound-

water interactions possibly originating from the compound dipole-ion interactions. 

 

 

 

5.4.2. Organic compound-water interactions in PEG-Na2SO4 ATPS 

 

The partition coefficients for organic compounds listed in Table 5.1 were examined with Eq. 5.1. The 

solute-specific coefficients were determined by multiple linear regression analysis using the procedure 

described by Ab Rani et al. [23]. According to this procedure [23], the p-value was used for a given 

compound as a test for significance for each solute-specific coefficient in Eq. 5.1. In view of the small 

number of five ATPSs employed (and additional condition of partition coefficient K-value = 1 for the 

compound in the theoretical critical point in an ATPS, when both phases have identical composition; i.e., 

no difference between each of the solvent properties of the phases [19]), we have used the maximum 

statistical significance value of p ≤ 0.1. If all four coefficients (SS, AS, BS, and CS) proved statistically 

significant (p ≤ 0.1), the correlation was accepted. If one or more values reveal a p-value > 0.1, then 

equations contained different combinations of coefficients were examined. The equation with a set of 

coefficients providing p-values for all parameters below or equal to 0.1 was accepted. 

The solute-specific coefficients determined for each compound and those for the same compounds 

determined in the absence of NaCl additive [18] are presented in Table 5.4 with the corresponding p-

values (except the cases when p < 0.001) and the solute-specific coefficients. 
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Table 5.4. Solute-specific coefficients (see Eq. 5.1) for organic compounds in PEG–Na2SO4–

0.215 M NaCl–0.01 M NaPB (calculated by multiple linear regression analysis from data in 

Table 5.1) and in PEG–Na2SO4–0.01 M NaPB (data from [18]). 

 

  

COMPOUND SS AS BS CS N; SD; F 

Benzyl alcohol 

(NaCl) 

p-value 

-4.7±0.15 

- - 

1.0±0.01 
6; 0.006; 

40747 

Benzyl alcohol 

p-value 

-2.9±0.55 

0.006 
- 

1.1±0.33 

0.03 

1.3±0.10 

0.0002 
7; 0.03; 1304 

Caffeine 

(NaCl) 

p-value 

2.2±0.85 

 

0.080 

9.0±2.80 

 

0.050 

-1.4±0.15 

 

0.003 

- 6; 0.02; 836.1 

Caffeine 

p-value 
- - 

0.3±0.10 

0.08 

0.7±0.05 
7; 0.01; 2638 

Coumarin 

(NaCl) 

p-value 

-2.4±0.26 

 

0.003 

5.2±0.87 

 

0.009 

- 

1.3±0.02 
6; 0.005; 

48324 

Coumarin 

p-value 
- - - 

1.4±0.03 
7; 0.05; 1673 

Glucoside 

(NaCl) 

p-value 

-1.3±0.90 

 

0.100 

6.1±2.00 

 

0.050 

-1.5±0.10 

 

0.0007 

- 6; 0.01; 2909 

Glucoside 

p-value 

-1.4±0.40 

0.020 
- - 

0.7±0.03 
7; 0.02; 1637 

Methyl anthranilate 

(NaCl) 

p-value 

-4.7±0.33 

 

0.005 

3.9±1.11 

 

0.070 

1.1±0.16 

 

0.020 

2.1±0.07 

 

0.001 

6; 0.006; 

35509 

Methyl anthranilate 

p-value 

-3.0±0.82 

0.0200 
- 

1.7±0.49 

0.02 

2.1±0.16 

0.0002 
7; 0.04; 1366 
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Table 5.4. (cont.) Solute-specific coefficients (see Eq. 5.1) for organic compounds in PEG–

Na2SO4–0.215 M NaCl–0.01 M NaPB (calculated by multiple linear regression analysis from 

data in Table 5.1) and in PEG–Na2SO4–0.01 M NaPB (data from [18]). 

 

 

  

COMPOUND SS AS BS CS N; SD; F 

Phenol 

(NaCl) 

p-value 

-6.6±0.21 

- 

0.7±0.17 

 

0.030 

1.6±0.07 

 

0.0002 

6; 0.007; 

28494 

Phenol 

p-value 

-3.8±0.48 

0.001 
- 

1.0±0.99 

0.025 

1.5±0.09 
7; 0.02; 2839 

2-Phenylethanol 

(NaCl) 

p-value 

-5.7±0.05 

- 

0.7±0.04 

 

0.0005 

1.4±0.02 
6; 0.002; 

380735 

2-Phenylethanol 

p-value 

-2.4 ±0.87 

0.040 
- - 

1.1±0.07 
7; 0.05; 818 

Vanillin 

(NaCl) 

p-value 

-8.1±1.10 

 

0.005 

- 

2.6±0.90 

 

0.060 

2.4±0.38 

 

0.008 

6; 0.04; 1233 

Vanillin 

p-value 

-3.0±1.40 

0.100 
- 

1.5±0.85 

0.100 

1.9±0.27 

0.002 
7; 0.07; 382 

DNP-Ala Na 

(NaCl) 

p-value 

-0.5±0.10 

 

0.040 

2.0±0.31 

 

0.020 

0.4±0.05 

 

0.010 

1.4±0.02 

 

0.0002 

6; 0.002; 

166699 

DNP-Ala Na 

p-value 

-0.5±0.14 

0.030 
- 

0.5±0.08 

0.004 
1.4±0.03 

7; 0.007; 

23785 

DNP-NVal Na 

(NaCl) 

p-value 

-2.4±0.39 

 

0.003 

- - 

1.4±0.30 

6; 0.01; 8231 

DNP-NVal Na 

p-value 

1.5±0.31 

0.009 
- 

0.8±0.18 

0.010 

1.7±0.06 
7; 0.01; 7372 
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Table 5.4. (cont.) Solute-specific coefficients (see Eq. 5.1) for organic compounds in PEG–

Na2SO4–0.215 M NaCl–0.01 M NaPB (calculated by multiple linear regression analysis from 

data in Table 5.1) and in PEG–Na2SO4–0.01 M NaPB (data from [18]). 

 

 

 

Comparison of the solute-specific coefficients SS representing the contribution of dipole-dipole solute-

solvent interactions into partition coefficients of the compounds in PEG–Na2SO4 ATPS in the absence and 

in the presence of 0.215 M NaCl indicate that there is a linear relationship illustrated graphically in Fig. 

5.7 that may be described as: 

 𝑆𝑆𝑖 𝑃𝐸𝐺−𝑁𝑎2𝑆𝑂4−0.215𝑀 𝑁𝑎𝐶𝑙 = 0.7±0.3 + 1.9±0.13 × 𝑆𝑆𝑖 𝑃𝐸𝐺−𝑁𝑎2𝑆𝑂4 

 

N = 7; r2 = 0.9779; SD = 0.35; F = 221 

 

(Equation 5.8)   

 

where SS
iPEG–Na2SO4–0.21 5M NaCl and SS

iPEG–Na2SO4 are the solute-specific coefficients SS for i-th organic compound 

determined in PEG–Na2SO4–0.215 M NaCl and PEG–Na2SO4 ATPS, correspondingly; all the other 

parameters are as defined above. 

 

COMPOUND SS AS BS CS N; SD; F 

DNP-NLeu Na 

(NaCl) 

p-value 

-2.5±0.38 

 

0.003 

- - 

1.7±0.03 
6; 0.01; 

11183 

DNP-NLeu Na 

p-value 

-1.7±0.56 

0.040 
- 

1.0±0.30 

0.040 

1.9±0.10 
7; 0.03; 2876 

DNP-AO Na 

(NaCl) 

p-value 

-3.0±0.63 

 

0.020 

6.6±2.10 

 

0.050 

- 

2.0±0.05 
6; 0.01; 

16774 

DNP-AO Na 

p-value 

-2.8±0.73 

0.020 
- 

2.1±0.44 

0.009 

2.7±0.14 
7; 0.03; 2774 
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Figure 5.7. Interrelationship between solute-specific coefficients SS 0.215 M NaCl for organic 

compounds and solute-specific coefficients SS without NaCl for the same compounds determined 

in the presence and absence of 0.215 M NaCl correspondingly. 

 

It should be mentioned that caffeine, coumarin, 2-phenylethanol, vanillin and DNP-AO Na-salt were 

considered to be outliers and not included in the relationship. Two of these compounds (caffeine and 

coumarin) show Ss value to be insignificant in the absence of NaCl [18], while the three other compounds 

might be included taking into account large experimental errors for the SS values. It should be noted that 

Eq. 5.8 indicates that the coefficient SS value for nonionic compounds increases in the presence of NaCl 

likely due to ion-dipole interactions. 

 Comparison of the solute-specific coefficient CS values determined for the same compounds in 

the PEG–Na2SO4 and in PEG–Na2SO4–0.215 M NaCl ATPSs shows that the linear relationship similar to 

the one discussed above is also observed. It is presented graphically in Fig. 5.8 and may be described as: 

 𝐶𝑆𝑖 𝑃𝐸𝐺−𝑁𝑎2𝑆𝑂4−0.215𝑀 𝑁𝑎𝐶𝑙 = −1.5±0.12 + 2.0±0.09 × 𝐶𝑆𝑖 𝑃𝐸𝐺−𝑁𝑎2𝑆𝑂4 

 

N = 6; r2 = 0.9925; SD = 0.092; F = 528 

 

(Equation 5.9a)  

 

where CS
iPEG–Na2SO4–0.215M NaCl and CS

iPEG–Na2SO4 are the solute-specific coefficients CS for i-th organic compound 

determined in PEG–Na2SO4–0.215 M NaCl and PEG–Na2SO4 ATPS, correspondingly; all the other 

parameters are as defined above. It should be mentioned that 2-phenylethanol and methyl anthranilate 
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do not fit the relationship and are considered to be outliers. The relationship seems to hold for nonionic 

compounds only. 

 

 

Figure 5.8. Interrelationships between solute-specific coefficients CS 0.215 M NaCl for nonionic 

organic compounds (circles) and charged DNP-AA sodium salts (diamonds) and solute-specific 

coefficients CS without NaCl for the same compounds determined in the presence and absence 

of 0.215 M NaCl correspondingly. 

 

For sodium salts of DNP-amino acids the NaCl effect is not as strong as shown by the relationship in 

Fig. 5.8 described as: 

 𝐶𝑆𝐷𝑁𝑃−𝐴𝐴 𝑃𝐸𝐺−𝑁𝑎2𝑆𝑂4−0.215𝑀 𝑁𝑎𝐶𝑙 = 0.67±0.14 + 0.49±0.08 × 𝐶𝑆𝐷𝑁𝑃−𝐴𝐴 𝑃𝐸𝐺−𝑁𝑎2𝑆𝑂4 

 

N = 4; r2 = 0.9586; SD = 0.07; F = 46.4 

 

(Equation 5.9b)  

 

where superscript DNP-AA denotes DNP-amino acids Na-salts; all the other parameters are as defined 

above. It may be suggested that the small NaCl effect on the solute-specific coefficient CS for the charged 

compounds is due to the influence of the NaCl additive on the ionic compositions of the two phases [16], 

and in this case it should be NaCl concentration dependent. Additional experiments at different NaCl 

additive concentrations are clearly needed to verify this assumption. 
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It has been reported [18]–[24] recently that there seems to be a cooperativity between the different 

types of solute-water interactions due to which the solute-specific coefficients are linearly interrelated. The 

interrelationship between the solute-specific coefficients presented in Table 5.4 is illustrated graphically 

in Fig. 5.9, and it may be described as: 

 𝑆𝑆𝑖 = −5.3±0.5 − 1.1±0.31 × 𝐴𝑆𝑖 + 0.6±0.12 × 𝐵𝑆𝑖  
 

N = 8; r2 = 0.9607; SD = 0.77; F = 61.1 

 

(Equation 5.10)   

 

where Bi
s, Ai

s, and Si
s are solute-specific coefficients for the i-th compound; all the other parameters are as 

defined above. 

 

 

Figure 5.9. Interrelationship between solute specific coefficients SS, solute-specific coefficients 

AS, and solute-specific coefficients BS for organic compounds determined in the presence of 

0.215 M NaCl. 

 

Similar interrelationship is presented in Fig. 5.10 and it may be described as: 
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𝐵𝑆𝑖 = −1.8±0.15 − 0.16±0.05 × 𝑆𝑆𝑖 + 1.1±0.14 × 𝐶𝑆𝑖 
 

N = 7; r2 = 0.9861; SD = 0.17; F = 141.9 

 

(Equation 5.11)   

 

where Bi
s, Ci

s, and Si
s are solute-specific coefficients for the i-th compound; all the other parameters are as 

defined above. It should be noted that the data for caffeine do not fit the relationship. 

 

 

Figure 5.10. Interrelationship between solute-specific coefficients BS for organic compounds 

and solute-specific coefficients SS and CS for the same compounds determined in the presence 

of 0.215 M NaCl. 

 

The above data indicate that the NaCl additive in PEG–Na2SO4 ATPS does affect the solute-solvent 

interactions for organic compounds. The effects of the additive on the partition behavior of proteins seem 

to indicate it would affect the protein-solvent interactions even more. 

 

 

  

-3

-2

-1

0

1

2

3

-10

-8

-6

-4

-2

0

2

4

0,0
0,5

1,0
1,5

2,0
2,5

S
o
lu

te
-s

p
e
c
if
ic

 c
o
e
ff

ic
ie

n
t 
B

s

S
ol

ut
e-

sp
ec

ifi
c 

co
ef

fic
ie

nt
 S

s

Solute-specific coefficient C
s



CHAPTER 5 | Effect of sodium chloride 

149 

Table 5.5. Solute-specific coefficients (see Eq. 5.1) for proteins in PEG–Na2SO4–0.215 M 

NaCl–0.01 M NaPB (calculated by multiple linear regression analysis from data in Table 5.1) 

and in PEG–Na2SO4–0.01 M NaPB (data from [18]). 

 

COMPOUND SS AS BS CS 
N; SD; 

F α-chymotrypsinogen A 

(NaCl) 

p-value 

3.3±1.40 

 

0.070 

-10.5±3.20 

 

0.030 

- - 
6; 0.03; 

373.2 α-chymotrypsinogen A 

p-value 

9.6±0.96 

0.040 

24.0±7.10 

0.030 
- 

-1.2±0.21 

0.006 

7; 0.04; 

518 α-chymotrypsin 

(NaCl) 

p-value 

5.3±0.57 

 

0.003 

-17.3±1.90 

 

0.003 

- 

-1.2±0.04 
6; 0.01; 

17401 α-chymotrypsin 

p-value 

9.9±1.10 

0.003 

33.2±7.70 

0.020 

-2.3±0.50 

0.020 

-3.2 ±0.30 

0.001 

7; 0.04; 

1221 

Concanavalin A 

(NaCl) 

p-value 

4.5±0.78 

 

0.010 

- 

-1.8±0.64 

 

0.060 

-2.0±0.27 

 

0.060 

6; 0.03; 

1557 

Concanavalin A 

p-value 

2.4±1.10 

0.100 
- 

-2.2±0.60 

0.030 

-1.9±0.20 

0.0007 

7; 0.05; 

469.8 

Lipase 

(NaCl) 

p-value 

0.8±0.14 

 

0.004 

- - 

-0.4±0.01 6; 

0.005; 

6087 

Lipase 

p-value 

0.8±0.28 

0.040 
- 

-0.4±0.17 

0.070 

-0.5±0.05 

0.0008 

7; 0.01; 

644.5 

Lysozyme 

(NaCl) 

p-value 

12.7±0.90 

 

0.005 

24.2±2.90 

 

0.010 

3.2±0.43 

 

0.020 

1.2±0.19 

 

0.020 

6; 0.02; 

241.1 

Lysozyme 

p-value 

12.0±2.40 

0.005 
- 

1.7±0.58 

0.040 
- 

7; 0.11; 

174.8 

Papain 

(NaCl) 

p-value 

1.8±0.79 

 

0.050 

- - 

0.7±0.07 

 

0.0006 

6; 0.03; 

222.8 

Papain 

p-value 

4.0±2.00 

0.100 

23.0 ±4.60 
- - 

7; 0.09; 

36.2 



CHAPTER 5 | Effect of sodium chloride 

150 

5.4.3. Protein-water interactions in PEG-Na2SO4 ATPS 

 

The solute-specific coefficients for proteins presented in Table 5.5 indicate that the effect of NaCl 

additive is protein specific. As an example, in the presence of 0.215 M NaCl the solute specific coefficient 

BS for α-chymotrypsin is displayed as change from -2.3 to 0, and for lysozyme from 1.7 to 3.2. There 

seems to be no general trend in the NaCl effect on any of the solute-specific coefficients. 

Nevertheless, proteins seem to demonstrate cooperativity of different types of solute-water 

interactions similar to that displayed by simple organic compounds. Analysis of the data in Table 5.5 

shows that the linear relationship similar to the one established for organic compounds is observed for 

proteins as well. This relationship illustrated graphically in Fig. 5.11 may be described as: 

 𝐵𝑆𝑖 = −0.5±0.45 + 0.20±0.07 × 𝑆𝑆𝑖 + 0.9±0.25 × 𝐶𝑆𝑖 
 

N = 6; r2 = 0.9092; SD = 0.63; F = 15 

 

(Equation 5.12)   

 

where all the parameters are as defined above. 
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Figure 5.11. Interrelationship between solute-specific coefficients BS for proteins and solute-

specific coefficients SS and CS for the same proteins determined in the presence of 0.215 M 

NaCl. 

 

It should be noted that the regression coefficients in Eq. 5.12 have the same absolute values as 

those in Eq. 5.11 for organic compounds, but most of the proteins examined have some of the solute-

specific coefficients with zero values. Hence the above equation should be viewed as describing the trend 

rather than the reliable relationship. More proteins must be examined in order to ensure that the 

relationship in question does exist. 

It is of interest to note that the severity of the effect of NaCl addition on the partition behavior of 

globular proteins in PEG–sulfate ATPSs is correlated with the protein charge. This observation is illustrated 

by Fig. 5.12 that represents dependence of the NaCl-induced change in the protein partition coefficient 

(calculated as logKNaCl–logK), where K and KNaCl correspond to the partition coefficients of a given protein in 

the absence and presence of 0.215 M NaCl) on the protein charge at pH 6.8 evaluated using the InCharge 

software from the Aptium Biologics Ltd. (Southampton, UK). Fig. 5.12 clearly shows that the NaCl 

efficiency to modulate partition of a protein is dependent on the protein’s net charge. 
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Figure 5.12. Difference between logarithms of partition coefficients for proteins in the 

presence of 0.215 M NaCl and in the absence of NaCl additive in PEG–Na2SO4–0.01 M NaPB, 

pH 6.8 ATPSs as a function of the protein net charge at pH 6.8. Line plotted for eye-guidance 

only. 

 

Here, the addition of NaCl does not affect the behavior of the negatively charged proteins in the PEG–

sulfate ATPS, whereas the partition of the positively-charged proteins in the same ATPS is strongly affected 

by NaCl, suggesting the existence of some preferential binding of Cl− ions to the positively charged proteins. 

Curiously, this preferential binding happens in the PEG–sulfate ATPS, which already contains a very high 

Na2SO4 concentration (0.45 M overall, and 0.68 M Na2SO4 and 0.2 M NaCl in the bottom phase). In other 

words, NaCl seems to act as if no sulfate is present in the solution. This phenomenon can be explained 

using the results of earlier studies of Cremer’s group, who, based on the analysis of interaction between 

Hofmeister ions with an uncharged 600-residue elastin-like polypeptide, (VPGVG)120, revealed that Cl− binds 

to the amide nitrogen/α-carbon binding site, whereas SO4
2− was repelled from both the backbone and 

hydrophobic side chains of the polypeptide [25]. Additional experimental data indicating specificity of the 

effects of different ions on proteins and colloids are presented in the recent review by Salis and Ninham 

[26]. Although proteins analyzed in our study are expected to be differently charged in aqueous solutions, 

their charges are efficiently screened by high concentrations of sulfate, and, therefore, they might behave 

similar to the aforementioned uncharged polypeptide, repelling SO4
2− and attracting Cl−. This preferential 

global attraction of the Cl− ions might create potential platform for the observed correlation between the 

effects of NaCl on partition behavior of globular proteins in PEG–sulfate ATPS and the protein charge in 

aqueous media. 
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It should be noted that the partition behavior of both small organic compounds and proteins in PEG–

Na2SO4–0.215 M NaCl ATPS can be described in terms of solute-solvent interactions. 

The results of our study indicate that the solute-specific coefficients representing contributions of 

different types of solute-solvent interactions under the conditions explored differ from those determined in 

the absence of NaCl additive [18]. This fact confirms the previously suggested hypothesis [22]–[24] that 

the solute-solvent interactions depend upon the solvent environment as well as upon the solute structure. 

Studies of the effects of different salt additives are necessary in order to better understand molecular 

mechanisms of these interactions, and these studies are currently in progress in our laboratories. 
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CHAPTER 6 | Interrelationship between types of ATPSs 
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Highlights 

 

• Partition behavior of mononucleotides shows that phosphate group is not a good probe for 

estimation of electrostatic properties of phases in ATPS; 

• Linear interrelationship between partition coefficients of solutes in two polymer and polymer–salt 

ATPS is established; 

• Generality of linear relationships between solute properties in aqueous media is discussed; 

• It is suggested that the linear relationships may exist between biological properties of chemical 

compounds. 
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6.1. Introduction 

 

There are two main types of ATPS [1]–[5]. The first type includes those formed in aqueous mixtures 

of two different polymers, such as dextran and Ficoll or PEG. These ATPS are used for separation of cells 

and other biological particles [1]–[4]. The second type of ATPS includes systems formed in aqueous 

mixtures of a single polymer, such as PEG, and a salt, such as sodium sulfate, phosphate, citrate, and 

these ATPS are generally used for protein separation [6]. Both these types of ATPS may be used for 

analytical applications [7]. The third type of ATPS being recently developed and characterized [8] is the 

ATPS formed in water by mixing ionic liquids and inorganic salts or polymers. This family of ATPS is used 

successfully for separation purposes but presents a particular challenge in regard to the mechanism of 

solute partitioning. It has been established [7] that solute partition behavior in polymer–polymer ATPS and 

to a lesser degree in polymer–salt ATPS is governed by the solute-water interactions without direct 

interactions of the solute with the phase-forming components of ATPS. The question of direct solute-ionic 

liquid interactions in the ionic liquid–salt ATPS, however, remains open. 

It has been reported by us recently that various properties of polar organic compounds and proteins 

in aqueous solutions (solubility [9], lipophilicity (expressed as logD values in octanol–water system) [10], 

partition coefficients in ATPS [11]) in the presence of different salt additives, and optical rotation of 

enantiomeric amino acids and glucose in aqueous solutions in the presence of different salts [12], [13] 

are interrelated as: 

 log 𝑆𝑃𝑠𝑎𝑙𝑡−1 = 𝑘1 + 𝑘2 × log 𝑆𝑃𝑠𝑎𝑙𝑡−2 + 𝑘3 × log 𝑆𝑃𝑠𝑎𝑙𝑡−3 

 

(Equation 6.1)   

 

where SPsalt is the property of a solute in the presence of a given salt additive, k1, k2, and k3 are constants 

depending on the solute property under consideration and the salt compositions employed. 

From a practical point of view, the most important aspect of the relationship described by Eq. 6.1 is 

that once the relationship is established it may be used to predict protein partition coefficient in a system 

with a certain ionic composition without need to perform experiments saving the necessary protein 

quantity to be used, time and labor. It may be important when the optimal separation conditions for a 

target protein are designed. From the theoretical viewpoint the relationship described by Eq. 6.1 if 

applicable to both polymer–polymer and polymer–salt ATPSs may be used to gain better understanding 
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in what respect these two different subfamilies of ATPSs are similar or different and derive better insight 

into mechanisms of phase separation and fundamental properties of ATPSs. 

Analysis of the partition coefficients of small organic compounds and proteins in PEG–DEX and PEG–

Na2SO4 ATPSs was one of the aims of this study. In addition, the second aim of the study was to explore 

if the homologous series of mononucleotides may be used for characterization of ATPSs. Partitioning of 

adenine and adenosine mono-, di-, and tri-phosphates and guanosine mono-, di-, and tri-phosphates in 

PEG–DEX and PEG–Na2SO4 with and without 0.215 M NaCl additive ATPSs were examined to explore if 

contribution of a phosphate group into logarithm of partition coefficient of mononucleotide may be used 

for characterization of electrostatic properties of coexisting phases in ATPSs. 

 

 

 

6.2. Experimental 

 

6.2.1. Material and methods 

 

6.2.1.1. Materials 

 

Polyethylene glycol 8000 (Lot 091M01372 V), Mw = 8000, adenine, adenosine, adenosine 5’-

monophosphate disodium salt (AMP), adenosine 5’-diphosphate sodium salt (ADP), adenosine 

triphosphate sodium salt (ATP), guanosine, guanosine 5’-monophosphate disodium salt (GMP), guanosine 

5’-diphosphate sodium salt (GDP), guanosine 5’-triphosphate sodium salt (GTP) were purchased from 

Sigma-Aldrich (St. Louis, MO, USA). Dextran 75 (Lot 119945) with an average molecular weight (Mw) 

75,000 by light scattering were purchased from USB Corporation (Cleveland, OH, USA). 

 

 

6.2.1.2. Aqueous two-phase systems 

 

PEG–DEX systems of polymer composition of 6.0 wt.% PEG8K and 12.0 wt.% DEX75 and ionic 

composition of 0.01 M K/NaPB, pH 7.4 and PEG8K–Na2SO4 systems with composition of 11.10 wt.% 

PEG8K, 6.33 wt.% Na2SO4 (∼0.45 M) and 0.01 M NaPB, pH 6.8, with or without 0.215 M NaCl additive 

were prepared as described previously [11], [14], [15] by dispensing appropriate amounts of the aqueous 
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stock polymer and salt solutions into a 1.2 mL microtube using a Hamilton Company (Reno, NV, USA) 

ML-4000 four-probe liquid-handling workstation. With total weight of 0.5 g (total volume 470 µL). 

 

 

6.2.1.3. Partitioning 

 

The partitioning experiments were carried out as described in Chapter 3.  

Deviation from the average K-value was consistently below 3% and, in most cases, lower than 1%. 

 

 

 

6.3. Results and discussion  

 

The partition coefficients of AMP, ADP, ATP, GMP, GDP, and GTP in three ATPSs with previously 

characterized differences between the hydrophobic and electrostatic properties of the phases [14]–[16] 

are listed in Table 6.1. Some of the partition coefficients for adenine, adenosine, guanosine, AMP, ADP, 

and ATP in the same ATPSs were reported previously [17], [18]. 

Table 6.1. Differences between the solvent properties of the phases and partition coefficients 

for indicated organic compounds in PEG–DEX–0.01 M K/NaPB, pH 7.4, PEG–Na2SO4–0.01 M 

NaPB, pH 6.8, and PEG–Na2SO4–0.215 M NaCl–0.01 M NaPB, pH 6.8 ATPSs. 

 

a – Reported in [11] 

b – Reported in [7] 

  

Solvent 

Properties 

PEG–DEX–0.01M 

K/NaPBa 

PEG–Na2SO4–0.01M 

NaPBb 

PEG–Na2SO4–0.01M 

NaPB–0.215M NaClb 

ΔG(CH2), cal/mole -45±1.2 -122±1.8 -135±0.6 

E 0.033±0.001 0.090±0.002 0.102±0.008 

C 0.058±0.003 0.445±0.005 0.490±0.031 
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Table 6.1. (cont.) Differences between the solvent properties of the phases and partition 

coefficients for indicated organic compounds in PEG–DEX–0.01 M K/NaPB, pH 7.4, PEG–

Na2SO4–0.01 M NaPB, pH 6.8, and PEG–Na2SO4–0.215 M NaCl–0.01 M NaPB, pH 6.8 ATPSs. 

 

c – Reported in [6] 

 

 

Commonly, the differences between the electrostatic and hydrophobic properties of the coexisting 

phases of ATPS are estimated by analysis of partitioning of a homologous series of dinitrophenylated 

(DNP-) amino acids Na salts with aliphatic alkyl side-chains of the increasing length [5], [10], [11], [14]–

[18]. The typical data in a given ATPS may be described as [3], [8]–[13]: 

 log 𝐾𝐷𝑁𝑃−𝐴𝐴𝑖 = 𝐶𝑖 + 𝐸𝑖 × 𝑁𝐶 

 

(Equation 6.2)   

 

where Ki
DNP-AA is the partition coefficient of a DNP-amino acids Na-salt in ith ATPS; NC is the equivalent 

number of CH2 groups in the side-chain [13]. Parameter E represents an average contribution of a CH2 

 Partition coefficients 

COMPOUND 
PEG–DEX–0.01M 

K/NaPBa 

PEG–Na2SO4–0.01M 

NaPBb 

PEG–Na2SO4–0.01M 

NaPB–0.215M NaClb 

Adenine 1.220±0.006a 3.400±0.120b 3.700±0.160b 

Adenosine 1.128±0.004a 2.630±0.020c 3.120±0.040c 

AMP 0.714±0.001 1.020±0.050b 0.830±0.040b 

ADP 0.769±0.002 0.770±0.020b 0.540±0.030b 

ATP 0.826±0.002 0.610±0.010b 0.400±0.020b 

Guanosine 1.068±0.007 1.673±0.008c 1.800±0.030c 

GMP 0.709±0.005 0.783±0.007 0.606±0.003 

GDP 0.753±0.004 0.577±0.002 0.444±0.003 

GTP 0.789±0.005 0.514±0.003 0.410±0.004 
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group into logK and characterizes the difference between the hydrophobic properties of the phases [5], 

[10], [11], [14]–[18]. Parameter C represents the contribution of the polar DNP-NH-CH-COONa moiety. 

The advantages and drawbacks of using this moiety as a probe for electrostatic properties of the phases 

were considered in detail in [5]. The obvious drawbacks of using the DNP-NH-CH-COONa moiety as a 

probe for electrostatic interactions are the volume of the moiety and the presence of substituted aromatic 

group. It would be preferable to replace this moiety with a moiety capable to participate solely in 

electrostatic interactions. 

We used here the similar approach to analysis of partitioning of mononucleotides with the difference 

that the number of charged phosphate groups is varied. The data obtained in PEG–DEX ATPSs are 

illustrated in Fig. 6.1 where logarithms of partition coefficients for the two series of mononucleotides are 

plotted against the number of phosphate groups. 

 

 

Figure 6.1. Logarithm of the partition coefficient value, logK, for adenosine and guanine 

mononucleotides with different number of phosphate groups in PEG–DEX ATPS as a function of 

number of phosphate groups. 

 

An increase in the number of phosphate groups results in the increase of the nucleotide partition 

coefficient for both series in PEG–DEX ATPS. The data plotted in Fig. 6.1 may be described as: 

 log 𝐾𝐴 = 𝐴𝐴 + 𝐵𝐴 × 𝑁𝑃     and     log 𝐾𝐺 = 𝐴𝐺 + 𝐵𝐺 × 𝑁𝑃 

 

(Equation 6.3)   



CHAPTER 6 | Interrelationship between types of ATPS 

162 

where KA and KG are the partition coefficients of a given adenosine phosphate and guanine phosphate 

respectively; NP is the number of phosphate groups; AA, AG, BA, and BG are coefficients with values 

dependent on the particular mononucleotides examined. 

It can be seen in Fig. 6.1, however, that the partition behavior of adenosine mononucleotides differs 

from that of guanine mononucleotides. The parameters BA and BG representing the average contribution 

of a phosphate group into logK of the corresponding nucleotides are 0.0316±0.0004 and 0.023±0.002 

respectively. The observed dependence of the average contributions of a phosphate group on the nature 

of nucleobase makes it questionable whether contribution of a phosphate group may be used for 

evaluation of the difference between the electrostatic properties of the phases in ATPS. 

The data obtained for the same two series of mononucleotides in PEG-Na2SO4 ATPS are illustrated 

graphically in Fig. 6.2. 

 

 

Figure 6.2. Logarithm of the partition coefficient value, logK, for adenosine and guanine 

mononucleotides with different number of phosphate groups in PEG–Na2SO4 ATPS as a function 

of number of phosphate groups. 

 

The partition behavior of adenosine mononucleotides as a function of the number of phosphate 

groups may be described by Eq. 6.3, while the same dependence for guanine mononucleotides is clearly 

nonlinear and may be described as: 

 log 𝐾𝐺 = 𝑎𝐺 + 𝑏𝐺 × 𝑒−𝑁𝑃 

 (Equation 6.4)   
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where aG and bG are constants; all the other parameters are as defined above. 

 Similar dependences in PEG–Na2SO4–0.215 M NaCl ATPS illustrated in Fig. 6.3 appear to be 

nonlinear for both adenosine and guanine mononucleotides series. 

 

 

Figure 6.3. Logarithm of the partition coefficient value, logK, for adenosine and guanine 

mononucleotides with different number of phosphate groups in PEG–Na2SO4–0.215 M NaCl 

ATPS as a function of number of phosphate groups. 

 

An increase in the number of phosphate groups results in the decrease of the nucleotide partition 

coefficient for both series in PEG–Na2SO4 ATPS with and without NaCl additive. 

If we assume that the partition behavior of adenosine mononucleotides as a function of the number 

of phosphate groups may be described by Eq. 6.3 under all conditions used here and plot the slope of 

the linear function (coefficient BA) in all three ATPS versus the parameter Ci (Eq. 6.2), Fig. 6.4, used as 

the estimate of the difference between the electrostatic properties of the phases [5] we observe nonlinear 

relationship. 
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Figure 6.4. An average contribution of phosphate group into logarithm of partition coefficient 

of adenosine mononucleotides versus parameter C in Eq. 6.2 characterizing the difference 

between electrostatic properties of two phases in ATPS indicated. 

 

This nonlinearity is not as important as the change of the sign of the difference between the 

electrostatic properties of the two phases between PEG–DEX and PEG–Na2SO4 ATPS observed with 

adenosine mononucleotides and not detected with DNP-amino acids Na-salts. The previously reported 

[14]–[20] studies of partition behavior of small organic compounds and proteins in PEG–Na2SO4 ATPS 

with and without NaCl additive showed that using the difference between the electrostatic properties of 

the coexisting phases characterized with parameter Ci (Eq. 6.2) allowed to estimate the solute-solvent 

interactions. Hence it seems possible to conclude that the contribution of a phosphate group into partition 

coefficient of mononucleotide does not provide the reliable estimate of the difference between the 

electrostatic properties of the phases in PEG–salt ATPS. 

All the partition coefficients for small organic compounds and proteins in the three ATPS under 

consideration reported previously [3], [10]–[12] together with those obtained in this study are presented 

in Table 6.2. 
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Table 6.2. Partition coefficients for organic compounds and proteins in PEG–DEX–0.01 M 

K/NaPB, pH 7.4 [16]; PEG–Na2SO4–0.01 M NaPB, pH 6.8 [14], [17], [18]; and PEG–Na2SO4–

0.215 M NaCl–0.01 M NaPB, pH 6.8 ATPSs [15], [17]. 

 

  

 Partition coefficients 

COMPOUND 
PEG–DEX–0.01M 

K/NaPB 

PEG–Na2SO4–
0.01M NaPB 

PEG–Na2SO4–0.01M 

NaPB–0.215M NaCl 

Adenine 1.220±0.006 3.400±0.120 3.700±0.160 

Adenosine 1.128±0.004 2.630±0.020 3.120±0.040 

AMP 0.714±0.001 1.020±0.050 0.830±0.040 

ADP 0.769±0.002 0.770±0.020 0.540±0.030 

ATP 0.826±0.002 0.610±0.010 0.400±0.020 

Benzyl alcohol 1.409±0.009 3.500±0.007 4.067±0.008 

Caffeine 1.154±0.009 1.850±0.039 2.110±0.036 

Coumarin 1.490±0.009 4.860±0.014 4.860±0.014 

Glucoside 1.232±0.003 2.180±0.023 2.470±0.033 

Guanosine 1.068±0.007 1.673±0.008 1.800±0.030 

GMP 0.709±0.005 0.783±0.007 0.606±0.003 

GDP 0.753±0.004 0.577±0.002 0.444±0.003 

GTP 0.789±0.005 0.514±0.003 0.410±0.004 

Methyl anthranilate 1.770±0.010 7.280±0.035 9.590±0.027 

Phenol 1.700±0.020 4.600±0.084 6.500±0.170 

2-Phenylethanol 1.469±0.005 4.160±0.020 4.980±0.012 

Vanillin 1.709±0.009 6.780±0.027 8.280±0.020 
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Table 6.2. (cont.) Partition coefficients for organic compounds and proteins in PEG–DEX–

0.01 M K/NaPB, pH 7.4 [16]; PEG–Na2SO4–0.01 M NaPB, pH 6.8 [14], [17], [18]; and PEG–

Na2SO4–0.215 M NaCl–0.01 M NaPB, pH 6.8 ATPSs [15], [17]. 

 

 

Analysis of these data shows that there is a linear relationship illustrated in Fig. 6.5 corresponding to 

Eq. 6.1 and described as: 

 log 𝐾𝑖𝑃𝐸𝐺−𝑁𝑎2𝑆𝑂4= 0.05±0.02+ 0.50±0.12  × log 𝐾𝑖𝑃𝐸𝐺−𝐷𝐸𝑋 + 0.71±0.05 × log 𝐾𝑖𝑃𝐸𝐺−𝑁𝑎2𝑆𝑂4−0.215𝑀 𝑁𝑎𝐶𝑙
 

 

N = 22; r2 = 0.9775; SD = 0.079; F = 412.3 

 

(Equation 6.5)   

 

where Ki
PEG–Na2SO4 is the partition coefficient of the i-th compound in PEG–Na2SO4–0.01 M NaPB ATPS; Ki

PEG–DEX 

is the partition coefficient of the i-th compound in PEG–DEX–0.01 M K/NaPB ATPS; Ki
PEG–Na2SO4–0.215 M NaCl is the 

partition coefficient of the i-th compound in PEG–Na2SO4–0.215 M NaCl–0.01 M NaPB ATPS. 

 

 Partition coefficients 

PROTEIN 
PEG–DEX–0.01M 

K/NaPB 

PEG–Na2SO4–
0.01M NaPB 

PEG–Na2SO4–
0.01M NaPB–
0.215M NaCl α-chymotrypsin 0.420±0.010 0.117±0.001 0.110±0.001 α-chymotrypsinogen A 1.000±0.010 0.429±0.003 0.543±0.003 

Concanavalin A 0.236±0.003 0.192±0.001 0.183±0.001 

Lysozyme 0.230±0.003 0.406±0.003 0.983±0.003 

Papain 1.050±0.010 2.220±0.011 1.920±0.007 
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Figure 6.5. Logarithms of partition coefficients for organic compounds and proteins in PEG–

DEX8K–0.01 M K/NaPB, pH 7.4 versus those for the same compounds and proteins in PEG8K–

Na2SO4–0.215M NaCl–0.01 M NaPB, pH 6.8 and in PEG8K–Na2SO4–0.01 M NaPB, pH 6.8 

ATPSs. 

 

It should be noted that the above relationship holds for partition coefficients of proteins in PEG–

Na2SO4–0.01 M NaPB and PEG–Na2SO4–0.215 M NaCl–0.01 M NaPB ATPS at pH 6.8 and in PEG–DEX–

0.01 M K/NaPB at pH 7.4. This fact seems to imply that the pH differences as well as the differences in 

the buffer composition do not affect the nature and spatial arrangement of the solvent exposed groups in 

the proteins examined. 

Previously the similar relationship was reported for partition coefficients of organic compounds and 

proteins in PEG–DEX ATPS with different ionic composition [11], and in PEG–Na2SO4 ATPS formed by 

PEG8K and PEG600 with different salt additives [20]. Analysis of the data reported previously [16], [20] 

shows also that the similar relationship for proteins may be found between polymer–polymer and 

polymer–salt ATPS. For example, the relationship illustrated graphically in Fig. 6.6 may be described as: 
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log 𝐾𝑖𝑃𝐸𝐺−𝐷𝐸𝑋−0.8 𝑀 𝐶𝑠𝐶𝑙−0.01𝑀 𝑁𝑎𝑃𝐵= 0.12±0.10+ 0.30±0.07  × log 𝐾𝑖𝑃𝐸𝐺600−𝑁𝑎2𝑆𝑂4−0.4𝑀 𝑁𝑎𝑆𝐶𝑁−0.17𝑀 𝐾/𝑁𝑎𝑃𝐵+ 0.46±0.08 × log 𝐾𝑖𝑃𝐸𝐺8𝐾−𝑁𝑎2𝑆𝑂4−0.33𝑀 𝑁𝑎𝐶𝑙−0.01𝑀 𝑈𝐵
 

 

N = 10; r2 = 0.9416; SD = 0.18; F = 56.4 

 

(Equation 6.6)   

 

where Ki
PEG–DEX–0·8 M CsCl–0.01 M NaPB is the partition coefficient of the i-th compound in PEG–DEX–0.8 M CsCl–0.01 

M NaPB ATPS; Ki
PEG600–Na2SO4–0.4 M NaSCN–0.17 M K/NaPB is the partition coefficient of the i-th compound in PEG600–Na2SO4–

0.4 M NaSCN–0.17 M K/NaPB ATPS; and Ki
PEG8K–Na2SO4–0.33 M NaCl–0.01 M UB is the partition coefficient of the i-th 

compound in PEG8K–Na2SO4–0.33 M NaCl–0.01 M UB ATPS; all the other parameters are as defined 

above. 

 

 

Figure 6.6. Logarithms of partition coefficients for organic compounds and proteins in PEG–

DEX8K–0.8 M CsCl–0.01 M NaPB, pH 7.4 versus those for the same compounds and proteins 

in PEG600–Na2SO4–0.4 M NaSCN–0.17 M NaPB, pH 7.4 and in PEG8K–Na2SO4–0.33 M NaCl–

0.01 M UB, pH 7.4 ATPSs. 
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The above relationships seem to indicate that Eq. 6.1 is rather universal. These correlations suggest 

that the properties and mechanism of phase separation in both types of polymer–polymer and polymer–

salt ATPSs are of the same nature. We do not know yet the boundaries of its applicability to 

physicochemical and biological properties. The work in this regard is currently in progress in our 

laboratories. 
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CHAPTER 7 | Salt additives and osmolytes combined effects 
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in aqueous dextran-polyethylene glycol and polyethylene glycol-sodium sulfate two-phase systems. Journal 
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Highlights 

 

• Solvent properties of PEG–DEX and PEG–Na2SO4 ATPSs examined; 

• Effects of NaCl and NaClO4 on the properties of PEG–DEX and PEG–Na2SO4 ATPSs compared; 

• With each salt additive different osmolytes additives were used; 

• Effects of additives on partitioning of organic compounds and proteins studied; 

• Partition coefficients ranges in the systems compared.
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7.1. Introduction 

 

ATPSs are typically formed in mixtures of two compounds in water. The phase-forming compounds 

commonly include two polymers, a single polymer and a salt [1]–[5] or surfactant [6], [7], two different 

surfactants [8], and ionic liquids [9]–[11]. The most thoroughly studied ATPSs include those formed by 

two polymers, such as DEX and PEG, or a single polymer and inorganic or organic salt such as PEG and 

Na2SO4 [1]–[5]. These ATPSs are generally applicable for separation of various biological materials ranging 

from small biomolecules, proteins, and nucleic acids to cells and viruses [1]–[5], as well as for the analysis 

of proteins [5], [12]–[14], discovery and monitoring of biomarkers in biological fluids [14], [15], and for 

clinical diagnostics [16]. 

It is currently impossible to predict partition behavior of a protein in a given ATPS with a fixed 

composition. It is possible, however, and important in many cases to manipulate protein partitioning in 

order to increase/decrease its distribution into one of the phases (e.g., for improved separation or for 

analytical purposes). The partition behavior of proteins and other biomacromolecules may be manipulated 

by changing concentrations of phase-forming compounds or by introducing various additives in a given 

ATPS. Inorganic salts additives are well-known to affect the partition behavior of proteins by changing the 

properties of the coexisting phases on the one hand, and also modulating properties of proteins on the 

other hand. The other type of additives capable of manipulation of the partition behavior of solutes includes 

some nonionic compounds, such as osmolytes. These additives affect the solvent properties of phases, 

but not the properties of the solutes [17], [18]. 

The purpose of this work was to study and compare the effects of two salt additives, NaCl and NaClO4, 

at the fixed concentrations of ca. 0.2 M on the properties of two ATPSs formed by DEX and PEG and by 

PEG and Na2SO4, and on partition of 12 low molecular organic compounds and five proteins in these 

systems. In addition, in each system with a given salt additives, the osmolyte additives, such as 0.5 M 

sorbitol, 0.5 M sucrose, 0.5 M trehalose, and 0.5 and/or1.5 M trimethylamine N-oxide (TMAO), were 

used. The obtained results were considered in terms of the solute-solvent interactions. 
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7.2. Experimental 

 

7.2.1. Materials 

 

7.2.1.1. Polymers 

 

Polyethylene glycol (PEG8K, Lot 091M01372V) with an average molecular weight (Mn) of 8000 and 

polyethylene glycol (PEG10K, Lot 043K2522) with an average molecular weight (Mn) of 10,000 were 

purchased from Sigma-Aldrich (St. Louis, MO, USA) and Dextran 75 (DEX75, Lot 119945) with an average 

molecular weight (Mw) 75,000 by light scattering was purchased from USB Corporation (Cleveland, OH, 

USA). 

 

 

7.2.1.2. Amino acids 

 

Dinitrophenylated (DNP) amino acids — DNP-alanine, DNP-norvaline, DNP-norleucine, and DNP-α-

amino-n-octanoic acid, were purchased from Sigma-Aldrich. The sodium salts of the DNP-amino acids 

were prepared by titration. 

 

 

7.2.1.3. Organic compounds 

 

Benzyl alcohol, caffeine, coumarin, methyl anthranilate, p-nitrophenyl-α-D-glucopyranoside, sorbitol, 

sucrose, phenol, 2-phenylethanol, trimethylamine N-oxide (TMAO), and vanillin were purchased from 

Sigma-Aldrich and used without further purification. o-Phthaldialdehyde (OPA) reagent solution (complete) 

was purchased from Sigma. 

 

 

7.2.1.4. Solvatochromic dyes 

 

The solvatochromic probe 4-nitrophenol (spectrophotometric grade) was purchased from Sigma-

Aldrich and 4-nitroanisole (GC, > 99%) was supplied by Acros Organic (New Jersey, USA). Reichardt’s 
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carboxylated betaine dye, sodium 2,6-diphenyl-4-[4-(4-carboxylato-phenyl)-2,6-diphenylpyridinium-1-

yl]phenolate, was synthesized according to the procedure reported previously [19]. 

 

 

7.2.1.5. Proteins 

 

α-chymotrypsin, α-chymotrypsinogen A from bovine pancreas, and concanavalin A from Canavalia 

ensiformis (jack beans) were purchased from Sigma-Aldrich. Lysozyme (salt free) from chicken egg white 

was obtained from Worthington Biochemical Corp. (Lakewood, NJ, USA). Porcine pancreatic lipase was 

purchased from USB Corp. (Solon, OH, USA). Purity of all proteins was verified by electrophoresis. 

 

 

7.2.1.6. Other chemicals 

 

All salts and other chemicals used were of analytical-reagent grade and used without further 

purification. 

 

 

 

7.2.2. Methods 

 

7.2.2.1. Preparation of aqueous two-phase systems 

 

ATPSs were prepared as described previously [20], [21]. Stock solutions of PEG8K (50 wt.%), 

PEG10K (50 wt.%) and Na2SO4 (20.3 wt.%) were prepared in water. Sodium phosphate buffer (NaPB; 0.5 

M, pH 6.8) was prepared by mixing appropriate amounts of NaH2PO4 and Na2HPO4. Stock solution of 2.0 

M NaClO4 was prepared in water. Stock solutions of osmolytes: sorbitol (2 M), sucrose (1.8 M), and TMAO 

(1.8 M and 5.0 M), were prepared in water. A mixture of PEG8K or PEG10K, buffer, and NaClO4 was 

prepared by dispensing appropriate amounts of the aqueous stock PEG8K, Na2SO4, NaPB, and NaClO4 

solutions into a 1.2 ml microtube using a Hamilton (Reno, NV, USA) ML-4000 four-probe liquid-handling 

workstation. Appropriate amounts of water and/or stock solutions of osmolytes were added to give the 

required ionic, polymer, and osmolyte composition of the final system with total weight of 0.5 g (after 
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addition of the solute sample, see below). All aqueous PEG8K–Na2SO4–NaClO4 two-phase systems had a 

fixed composition of 11.10 wt.% PEG8K, 6.33 wt.% Na2SO4, 0.215 M NaClO4, and 0.01 M NaPB, pH 6.8, 

with different 0.5 M osmolyte or 1.5 M TMAO additive. The aqueous PEG10K–Na2SO4–NaClO4 two-phase 

system had the same composition of 11.10 wt.% PEG10K, 6.33 wt.% Na2SO4, 0.215 M NaClO4, and 0.01 

M NaPB, pH 6.8. 

Similar protocol was used to prepare PEG–DEX ATPS. Stock solutions of PEG8K (50 wt.%), DEX75 

(42 wt.%), 1.5 M NaCl, 2.0 M NaClO4 and osmolytes (as indicated above) were prepared in deionized (DI) 

water. Stock sodium/potassium phosphate buffer (K/NaPB; 0.5 M, pH 7.4) was prepared by mixing 

appropriate amounts of KH2PO4 and Na2HPO4. Using the Hamilton Company ML-4000 four-probe liquid-

handling workstation, proper amounts of stock solutions of polymers, salt (NaCl or NaClO4), osmolyte, 

stock buffer solutions, and water were added to give the ionic, polymer, and osmolyte composition required 

for the final system (after the sample addition – see below) with total weight of 0.5 g. All the two polymer-

based ATPSs used in this study had the same polymer composition of 6.0 wt.% PEG8K and 12.0 wt.% 

DEX75 and same ionic composition of 0.01 M K/NaPB, pH7.4, 0.215 M NaCl (or 0.215 M NaClO4) with 

0.5 M osmolyte or 1.5 M TMAO additive. 

 

 

7.2.2.2. Partitioning 

 

The partitioning experiments were carried out as described in Chapter 4.  

Deviation from the average K-value was consistently below 3% and, in most cases, lower than 1%. 

 

 

7.2.2.3. Analysis of hydrophobic and electrostatic properties of the phases 

 

Analysis of hydrophobic and electrostatic properties of the coexisting phases of all ATPSs used in this 

study was performed as described previously [5] using results of partitioning of DNP-AA sodium salts. The 

detailed description is provided in Supplementary Information – section A. 
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7.2.2.4. Solvatochromic measurements 

 

All solvatochromic measurements in the phases of ATPSs used were performed as described 

previously [20], [21]. 

 

 

 

7.3. Results and discussion  

 

7.3.1. Solvent properties of ATPSs 

 

Partitioning of the homologous series of Na-salts of dinitrophenylated (DNP-) amino acids was 

examined in order to estimate the difference between the relative hydrophobic and electrostatic properties 

of the phases as described previously [5], [20], [21]. Partition coefficients of Na-salts of DNP-AA with the 

aliphatic alkyl side-chains of the increasing length (alanine, norvaline, nor-leucine, and α-amino-n-octanoic 

acid) in the ATPS under study are listed below in Tables 7.1-7.3 and Tables S7.1 (Supplementary 

Information – section A), 4.1 (Chapter 4) and 5.1 (Chapter 5) and shown graphically as functions of the 

equivalent number of methylene groups representing the length of the alkyl side-chain in Fig. S7.1-S7.3. 

The data obtained may be described as: log 𝐾𝐷𝑁𝑃−𝐴𝐴(𝑖) = 𝐶(𝑖) + 𝐸(𝑖) × 𝑁𝐶 

 

(Equation 7.1)   

 

where KDNP-AA is the partition coefficient of a sodium salt of DNP-amino acid with aliphatic side-chain; 

superscript (i) denotes the particular i-th ATPSs used for the partition experiments; NC is equivalent number 

of CH2 groups in the aliphatic alkyl side-chain of a given DNP-AA; E is an average logK increment per CH2 

group; C represents the total contribution of the non-alkyl part of the structure of a DNP-amino acid into 

logKDNP-AA and used to characterize the difference between the electrostatic properties of the coexisting 

phases as described previously [5], [20], [21]. 
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Table 7.1. Partition coefficients for organic compounds and proteins in PEG–DEX–0.215 M NaCl–0.01 M K/NaPB, pH 7.4 and PEG–DEX–0.215 M NaCl–

osmolyte–0.01 M K/NaPB, pH 7.4 ATPSs. 

 Partition coefficients 

COMPOUND 0.01 M K/NaPB 0.5 M Sorbitol 0.5 M Sucrose 0.5 M TMAO 1.5 M TMAO 

DNP-Ala Na 0.986±0.003 1.100±0.001 1.144±0.002 1.000±0.002 1.110±0.001 

DNP-NVal Na 1.077±0.002 1.227±0.001 1.251±0.002 1.107±0.001 1.271±0.003 

DNP-NLeu Na 1.131±0.003 1.300±0.003 1.346±0.003 1.170±0.002 1.406±0.002 

DNP-AO Na 1.308±0.002 1.557±0.002 1.624±0.003 1.372±0.004 1.722±0.004 

Benzyl alcohol 1.547±0.002 1.630±0.002 1.722±0.003 1.563±0.005 1.554±0.004 

Caffeine 1.154±0.002 1.176±0.003 1.184±0.003 1.208±0.004 1.311±0.005 

Coumarin 1.611±0.003 1.742±0.003 1.777±0.004 1.660±0.002 1.923±0.006 

Glucoside 1.222±0.002 1.310±0.002 1.350±0.002 1.260±0.002 1.360±0.004 

Methyl anthranilate 1.929±0.004 2.135±0.004 2.218±0.004 1.932±0.005 2.467±0.012 

2-Phenylethanol 1.592±0.003 1.779±0.005 1.846±0.005 1.667±0.003 1.701±0.003 

Phenol 1.932±0.003 2.116±0.007 2.234±0.006 1.906±0.007 1.998±0.008 

Vanillin 1.702±0.004 1.939±0.005 1.987±0.007 1.641±0.004 1.818±0.006 
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Table 7.1. (cont.) Partition coefficients for organic compounds and proteins in PEG–DEX–0.215 M NaCl–0.01 M K/NaPB, pH 7.4 and PEG–DEX–0.215 

M NaCl–osmolyte–0.01 M K/NaPB, pH 7.4 ATPSs. 

 Partition coefficients 

PROTEIN 0.01 M K/NaPB 0.5 M Sorbitol 0.5 M Sucrose 0.5 M TMAO 1.5 M TMAO 

-chymotrypsin 0.927±0.002 4.148±0.024 5.184±0.041 0.967±0.004 1.560±0.008 

-chymotrypsinogen A 2.750±0.007 1.177±0.003 1.072±0.002 3.100±0.011 4.45±0.021 

Concanavalin A 1.481±0.003 1.170±0.002 1.156±0.004 1.539±0.004 0.928±0.007 

Lipase 0.801±0.004 0.801±0.003 0.817±0.001 0.830±0.002 0.757±0.003 

Lysozyme 2.380±0.025 3.584±0.017 3.766±0.012 2.455±0.005 3.848±0.018 
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Table 7.2. Partition coefficients for organic compounds and proteins in PEG–DEX–0.215 M NaClO4–0.01M K/NaPB, pH 7.4 and PEG–DEX–0.215 M 

NaClO4–osmolyte–0.01M K/NaPB, pH 7.4 ATPSs. 

 Partition coefficients 

COMPOUND 0.01 M K/NaPB 0.5 M Sorbitol 0.5 M Sucrose 0.5 M TMAO 1.5 M TMAO 

DNP-Ala Na 0.959±0.004 0.966±0.003 0.971±0.002 0.965±0.003 0.994±0.002 

DNP-NVal Na 1.029±0.002 1.064±0.002 1.074±0.003 1.059±0.004 1.175±0.002 

DNP-NLeu Na 1.092±0.002 1.154±0.003 1.170±0.003 1.142±0.004 1.346±0.001 

DNP-AO Na 1.249±0.004 1.393±0.005 1.419±0.002 1.361±0.003 1.854±0.003 

Benzyl alcohol 1.620±0.003 1.767±0.006 1.857±0.004 1.586±0.004 1.855±0.006 

Caffeine 1.197±0.003 1.266±0.002 1.246±0.003 1.252±0.004 1.432±0.007 

Coumarin 1.669±0.005 1.974±0.004 1.977±0.003 1.781±0.005 2.445±0.008 

Glucoside 1.249±0.007 1.396±0.005 1.409±0.004 1.303±0.004 1.515±0.007 

Methyl anthranilate 1.985±0.006 2.453±0.007 2.581±0.011 2.130±0.008 3.099±0.015 

2-Phenylethanol 1.663±0.005 1.895±0.006 2.035±0.009 1.726±0.004 2.034±0.008 

Phenol 1.909±0.011 1.233±0.009 2.396±0.006 1.939±0.005 2.265±0.007 

Vanillin 1.653±0.003 1.973±0.007 2.047±0.005 1.591±0.003 1.778±0.007 
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Table 7.2. (cont.) Partition coefficients for organic compounds and proteins in PEG–DEX–0.215 M NaClO4–0.01M K/NaPB, pH 7.4 and PEG–DEX–0.215 

M NaClO4–osmolyte–0.01M K/NaPB, pH 7.4 ATPSs. 

 Partition coefficients 

PROTEIN 0.01 M K/NaPB 0.5 M Sorbitol 0.5 M Sucrose 0.5 M TMAO 1.5 M TMAO 

-chymotrypsin 1.220±0.004 1.634±0.006 1.845±0.007 1.400±0.003 1.603±0.005 

-chymotrypsinogen A 3.646±0.014 6.519±0.023 6.245±0.032 4.550±0.018 7.451±0.041 

Concanavalin A 0.213±0.001 0.246±0.003 0.267±0.003 0.227±0.002 0.235±0.003 

Lipase 0.727±0.002 0.791±0.003 0.849±0.002 0.739±0.003 0.670±0.001 

Lysozyme 20.3±0.15 46.4±0.22 49.10±0.23 22.3±0.13 38.9±0.34 
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Table 7.3. Partition coefficients for organic compounds and proteins in PEG–Na2SO4–0.215 M NaClO4–0.01M NaPB, pH 6.8 formed by PEG8K and PEG10K 

and PEG–Na2SO4–0.215 M NaClO4–0.5M osmolyte–0.01M NaPB, pH 6.8 ATPSs. 

 Partition coefficients 

COMPOUND 0.01 M NaPB 0.5 M Sorbitol 0.5 M Sucrose 0.5 M TMAO PEG10K 

DNP-Ala Na 3.511±0.009 4.023±0.011 3.485±0.008 3.908±0.033 3.673±0.029 

DNP-NVal Na 5.188±0.032 6.095±0.044 5.398±0.021 6.067±0.064 5.358±0.052 

DNP-NLeu Na 7.145±0.047 8.610±0.087 7.727±0.053 8.166±0.104 7.244±0.081 

DNP-AO Na 13.932±0.104 19.099±0.145 17.730±0.092 18.030±0.213 14.997±0.103 

Benzyl alcohol 6.081±0.058 7.989±0.116 6.397±0.014 6.237±0.044 5.802±0.026 

Caffeine 2.582±0.006 3.500±0.032 2.938±0.006 3.467±0.028 2.985±0.017 

Coumarin 10.740±0.087 15.171±0.124 12.078±0.023 12.794±0.135 10.304±0.108 

Glucoside 2.897±0.007 4.150±0.045 3.855±0.014 3.639±0.011 3.303±0.027 

Methyl anthranilate 18.576±0.116 29.522±0.178 21.627±0.111 12.794±0.128 15.922±0.215 

2-Phenylethanol 8.185±0.035 9.452±0.086 9.670±0.071 7.690±0.064 7.325±0.068 

Phenol 9.920±0.048 11.780±0.109 12.430±0.086 8.854±0.085 8.627±0.097 

Vanillin 12.471±0.083 19.138±0.127 14.859±0.115 8.640±0.073 12.372±0.107 
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Table 7.3. (cont.) Partition coefficients for organic compounds and proteins in PEG–Na2SO4–0.215 M NaClO4–0.01M NaPB, pH 6.8 formed by PEG8K and 

PEG10K and PEG–Na2SO4–0.215 M NaClO4–0.5M osmolyte–0.01M NaPB, pH 6.8 ATPSs. 

 Partition coefficients 

PROTEIN 0.01 M NaPB 0.5 M Sorbitol 0.5 M Sucrose 0.5 M TMAO PEG10K 

-chymotrypsin 0.070±0.004 0.058±0.003 0.094±0.003 0.054±0.002 0.064±0.003 

-chymotrypsinogen A 0.191±0.003 0.171±0.002 0.241±0.002 0.159±0.001 0.180±0.041 

Concanavalin A 0.136±0.001 0.132±0.002 0.139±0.003 0.141±0.002 0.154±0.003 

Lipase 0.512±0.002 0.487±0.003 0.468±0.002 0.501±0.003 0.550±0.002 

Lysozyme 28.710±0.176 43.251±0.370 27.290±0.372 20.941±0.251 22.92±0.228 
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The differences between the hydrophobic and electrostatic properties of the phases characterized by 

the C and E values are listed for all the ATPSs under comparison in Table 7.4. The free energies of transfer 

of a CH2 group from the lower to the upper phases determined from Eq. 7.1 as described in Supplementary 

Information – section A are also present in Table 7.4. It has been shown previously [5], [20], [21] that 

partition behavior of solutes in any given ATPS is affected by the solvent features of the coexisting phases, 

such as the solvent dipolarity/polarizability (π*) characterizing the ability of water to participate in dipole-

dipole and dipole-induced dipole interactions with a solute, solvent hydrogen bond donor acidity (α), and 

hydrogen bond acceptor basicity (β). The differences between these solvent features of the phases 

determined as described in before are also listed in Table 7.4. 
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Table 7.4. Differences between the solvent properties of the coexisting phases PEG–DEX–0.01 M K/NaPB, pH 7.4 and PEG–Na2SO4–0.01 M NaPB, pH 6.8 

ATPSs with indicated salts and osmolytes additives. 

 

 PEG–DEX (data from [20]) 

Solvent Properties 0.01M K/NaPB 0.5M Sorbitol 0.5M Sucrose 0.5M TMAO 0.5M Trehalose 

G(CH2), cal/mole -45±1.3 -43±1.1 -39.4±0.44 -40.9±0.6 -47.7±0.6 

E 0.033±0.001 0.032±0.002 0.029±0.001 0.028±0.001 0.035±0.001 

C 0.058±0.003 0.090±0.003 0.110±0.002 0.083±0.002 0.113±0.002 

* -0.042±0.002 -0.042±0.004 -0.073±0.004 -0.031±0.002 -0.042±0.003 

 -0.051±0.003 -0.066±0.003 -0.046±0.005 -0.074±0.003 -0.081±0.003 

 0.006±0.004 0.006±0.003 0.023±0.006 0.009±0.008 0.006±0.005 
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Table 7.4. (cont.) Differences between the solvent properties of the coexisting phases PEG–DEX–0.01 M K/NaPB, pH 7.4 and PEG–Na2SO4–0.01 M NaPB, 

pH 6.8 ATPSs with indicated salts and osmolytes additives. 

 

 PEG–DEX–0.215 M NaCl 

Solvent Properties 0.01M K/NaPB 0.5M Sorbitol 0.5M Sucrose 0.5M TMAO 1.5M TMAO 

G(CH2), cal/mole -33±1.2 -41±1.8 -41±2.9 -37±1.2 -51±2.4 

E 0.024±0.001 0.030±0.001 0.031±0.001 0.027±0.001 0.038±0.002 

C -0.036±0.004 0.005±0.005 0.017±0.002 -0.032±0.004 0.0006±0.007 

* -0.037±0.003 -0.041±0.002 -0.040±0.003 -0.033±0.002 -0.026±0.001 

 -0.054±0.002 -0.063±0.002 -0.080±0.002 -0.065±0.002 -0.023±0.002 

 0.002±0.002 0.007±0.002 0.004±0.003 -0.019±0.002 -0.105±0.002 
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Table 7.4. (cont.) Differences between the solvent properties of the coexisting phases PEG–DEX–0.01 M K/NaPB, pH 7.4 and PEG–Na2SO4–0.01 M NaPB, 

pH 6.8 ATPSs with indicated salts and osmolytes additives. 

 

 PEG–DEX–0.215 M NaClO4 

Solvent Properties 0.01M K/NaPB 0.5M Sorbitol 0.5M Sucrose 0.5M TMAO 1.5M TMAO 

G(CH2), cal/mole -31.2±0.1 -43±0.2 -44.7±0.2 -40.6±0.1 -73.5±0.2 

E 0.023±0.003 0.032±0.002 0.033±0.001 0.067±0.001 0.054±0.001 

C -0.049±0.001 -0.056±0.009 -0.056±0.003 0.0546±0.0007 -0.074±0.005 

* -0.037±0.002 -0.040±0.002 -0.044±0.002 -0.031±0.003 -0.020±0.003 

 -0.031±0.003 -0.067±0.003 -0.072±0.003 -0.075±0.003 -0.104±0.003 

 0.004±0.002 0.006±0.002 0.008±0.002 0.003±0.004 -0.002±0.003 
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Table 7.4. (cont.) Differences between the solvent properties of the coexisting phases PEG–DEX–0.01 M K/NaPB, pH 7.4 and PEG–Na2SO4–0.01 M NaPB, 

pH 6.8 ATPSs with indicated salts and osmolytes additives. 

 

 PEG–Na2SO4 (Data from [23]) 

Solvent Properties 0.01M NaPB 0.5M Sorbitol 0.5M Sucrose 0.5M TMAO PEG10K 

G(CH2), cal/mole -122±1.8 -144±3.4 -178±3.5 -146±2.4 -137±5.8 

E 0.048±0.002 0.102±0.003 0.123±0.006 0.108±0.002 0.100±0.004 

C 0.445±0.005 0.670±0.011 0.670±0.020 0.625±0.007 0.440±0.017 

* -0.029±0.003 -0.046±0.004 -0.077±0.005 -0.010±0.003 -0.020±0.003 

 -0.128±0.004 -0.248±0.005 -0.228±0.007 -0.208±0.004 -0.075±0.004 

 0.015±0.004 0.021±0.008 0.028±0.008 0.021±0.009 0.013±0.004 
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Table 7.4. (cont.) Differences between the solvent properties of the coexisting phases PEG–DEX–0.01 M K/NaPB, pH 7.4 and PEG–Na2SO4–0.01 M NaPB, 

pH 6.8 ATPSs with indicated salts and osmolytes additives. 

 

 PEG–Na2SO4–0.215 M NaCl (Data from [21]) 

Solvent Properties 0.01M NaPB 0.5M Sorbitol 0.5M Sucrose 0.5M TMAO PEG10K 

G(CH2), cal/mole -152.4±0.6 -180±5.3 -187±2.9 -161±1.8 -149±4.1 

E 0.112±0.001 0.133±0.004 0.138±0.002 0.119±0.001 0.110±0.003 

C 0.435±0.002 0.530±0.015 0.525±0.008 0.571±0.005 0.438±0.011 

* -0.027±0.003 -0.056±0.002 -0.067±0.003 -0.025±0.002 -0.039±0.001 

 -0.189±0.002 -0.259±0.002 -0.253±0.002 -0.271±0.002 -0.183±0.002 

 0.013±0.002 0.025±0.002 0.022±0.003 0.015±0.002 0.021±0.002 
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Table 7.4. (cont.) Differences between the solvent properties of the coexisting phases PEG–DEX–0.01 M K/NaPB, pH 7.4 and PEG–Na2SO4–0.01 M NaPB, 

pH 6.8 ATPSs with indicated salts and osmolytes additives. 

 

 PEG–Na2SO4–0.215 M NaClO4 

Solvent Properties 0.01M NaPB 0.5M Sorbitol 0.5M Sucrose 0.5M TMAO PEG10K 

G(CH2), cal/mole -162±3.5 -184±1.2 -191.9±0.6 -179±3.5 -166±0.6 

E 0.112±0.003 0.136±0.001 0.142±0.001 0.132±0.002 0.122±0.001 

C 0.395±0.010 0.426±0.001 0.357±0.001 0.423±0.010 0.404±0.002 

* -0.042±0.003 -0.053±0.003 -0.068±0.002 -0.018±0.002 -0.030±0.003 

 -0.173±0.004 -0.107±0.012 -0.194±0.002 -0.242±0.003 -0.161±0.019 

 0.006±0.003 0.026±0.002 0.023±0.002 0.009±0.002 0.018±0.002 
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The differences between the solvent hydrogen bond donor acidity, ∆α, in the PEG–Na2SO4 ATPSs 

exceed those observed in PEG–DEX ATPSs in the presence of all osmolytes additives used. The salts 

additives effects on ∆α appears to be more pronounced in PEG–Na2SO4 ATPSs than in PEG–DEX systems. 

In PEG–Na2SO4 ATPSs the salt additive effect depends on the presence of osmolyte additives. Addition of ∼0.2 M NaCl increases the difference, while addition of NaClO4 may reduce or increase it, depending on 

the particular osmolyte present. 

The differences between the solvent hydrogen bond acceptor basicity, ∆β, in the PEG–Na2SO4 ATPSs 

generally exceed those observed in PEG–DEX ATPSs in the presence of all osmolytes except in the 

presence of 0.5 M or 1.5 M TMAO in PEG–DEX–NaCl ATPSs. 

The differences between the solvent dipolarity/polarizability, ∆π*, vary in both types of ATPSs within 

the same range from -0.020 to -0.077 and the effects of salt and osmolyte additives do not display any 

noticeable trend. 

The differences between electrostatic properties of the phases (parameter C) in PEG–Na2SO4 ATPSs 

exceed those observed in PEG–DEX ATPSs as expected. Surprisingly, osmolyte additives affect the 

differences between electrostatic properties in both types of ATPSs rather strongly. In PEG–DEX ATPSs, 

both NaCl and NaClO4 additives reduce the difference. Both salts additives appear also to reduce the 

difference between the electrostatic properties of the phases in PEG–Na2SO4 ATPSs, and their effects seem 

to depend on the particular osmolyte additive present. 

The differences between the relative hydrophobicity of the phases (parameter E) in PEG–Na2SO4 

ATPSs exceed those observed in PEG–DEX ATPSs in the presence of all additives. The effects of salt 

additives in these two types of ATPSs are different, however. In osmolyte free PEG–DEX ATPSs both NaCl 

and NaClO4 additives reduce it. In PEG–Na2SO4 ATPSs, both salt additives increase the difference between 

the relative hydrophobicity of the phases. 

In order to simplify the comparison, we estimated the normalized Euclidean distances between all 

the ATPSs under consideration as described previously [21]. 

The solvent properties of each ATPS are represented by the set of differences between the solvent 

features of the coexisting phases: ∆π*, ∆α, ∆β, C, and E values, listed in Table 7.4. The set of the ∆π*, 

∆α, ∆β, C, and E values for a given ATPS may be viewed as a point in a multi-dimensional space of 

solvent properties. To compare the properties of different ATPSs, we calculated the normalized Euclidian 

distance in the multi-dimensional space represented by the differences between the solvent features of 

the coexisting phases in different ATPSs: 
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𝑑𝑖,0 = [∑ (𝛿𝑖 − 𝛿0𝛿0 )2
𝑗 ]0.5

 

 

(Equation 7.2)   

 

where di,o is the distance between the solvent properties of i-th ATPS and solvent properties of the o-th 

ATPS chosen as a reference, ∂i and ∂o are the differences between the j-th solvent features in i-th and o-

th ATPSs. 

To compensate for differences in ∂-values measured for a given solvent property in different ATPSs, 

we normalized the experimental ∂-values to the reference ∂o-value for each particular solvent property. 

Therefore, Eq. 7.2 represents the Euclidean distance between the points characterized by normalized 

differences between various solvent features in different ATPSs. 

In order to compare the properties of the multiple ATPSs used here and previously [20]–[23], we 

selected the osmolyte and salt additive-free PEG–DEX ATPS as the reference ATPS. The normalized 

Euclidean distances calculated with Eq. 7.2 are listed in Table 7.5. 
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Table 7.5. Normalized Euclidean distances between the solvent properties of ATPSs calculated 

with Eq. 7.2 from the data in Table 7.4. (The ATPSs compositions presented in Table 7.4.). 

  

ATPS Distance, dio
a Distance, dio*b 

PEG–DEX 0 0 

PEG–DEX–0.5 M sorbitol 0.63 0.63 

PEG–DEX–0.5 M TMAO 0.85 0.64 

PEG–DEX–0.5 M trehalose 1.12 0.91 

PEG–DEX–0.215 M NaCl–0.5 M sucrose 1.54 1.12 

PEG–DEX–0.215 M NaCl–0.5 M sorbitol 1.61 1.51 

PEG–DEX–0.215 M NaClO4 1.91 1.60 

PEG–DEX–0.215 M NaCl 1.93 1.80 

PEG–DEX–0.215 M NaClO4–0.5 M sorbitol 1.99 1.87 

PEG–DEX–0.215 M NaClO4–0.5 M TMAO 2.04 1.88 

PEG–DEX–0.215 M NaClO4–0.5 M sucrose 2.08 1.99 

PEG–DEX–0.215 M NaClO4–1.5 M TMAO 2.95 2.00 

PEG–DEX–0.5 M sucrose 3.07 2.01 

PEG–DEX–0.215 M NaCl–0.5 M TMAO 4.57 2.41 

PEG–Na2SO4–0.215 M NaClO4 6.75 2.58 

PEG–Na2SO4 7.03 6.75 

PEG10K–Na2SO4 7.03 6.75 

PEG10K–Na2SO4–0.215 M NaClO4 7.18 6.86 

PEG–Na2SO4–0.215 M NaClO4–0.5 M TMAO 7.35 6.89 

PEG–Na2SO4–0.215 M NaClO4–0.5 M sorbitol 7.89 6.91 

PEG–Na2SO4–0.215 M NaClO4–0.5 M sucrose 7.95 7.14 
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Table 7.5. (cont.) Normalized Euclidean distances between the solvent properties of ATPSs 

calculated with Eq. 7.2 from the data in Table 7.4. (The ATPSs compositions presented in Table 

7.4.). 

ATPS Distance, dio
a Distance, dio*b 

PEG–Na2SO4–0.215 M NaCl 8.29 7.91 

PEG–Na2SO4–0.215 M NaCl–0.5 M sorbitol 8.69 8.09 

PEG–Na2SO4–0.215 M NaCl–0.5 M TMAO 9.80 8.20 

PEG–Na2SO4–0.215 M NaCl–0.5 M sucrose 9.93 9.54 

PEG10K–Na2SO4–0.215 M NaCl 9.94 9.62 

PEG–Na2SO4–0.5 M TMAO 10.82 9.67 

PEG–Na2SO4–0.5 M sorbitol 11.70 10.50 

PEG–Na2SO4–0.5 M sucrose 12.04 11.43 

PEG–Na2SO4–0.5 M trehalose 12.51 11.44 

PEG–DEX–1.5 M TMAO 18.69 12.20 

 

a – Distances dio calculated with Eq. 7.2 using PEG–DEX ATPS as a reference and all solvent properties 

of ATPSs presented in Table 7.4 

b – Distances dio* calculated with Eq. 7.2 using PEG–DEX ATPS as a reference and only three solvent 

properties of ATPSs (parameters C, E, and ) 

 

In order to explore what solvent features dominate in the ATPS under comparison, we explored how 

the calculated distances vary with reducing the number of different solvent features included in calculation. 
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Figure 7.1. Euclidian distance for ATPSs, dio
(2), calculated using three solvent features 

(parameters E, C, and ∆α) plotted against Euclidian distance, dio
(1), calculated using all the 

solvent features (C, E, ∆α, ∆π*, and ∆β). 

 

The result illustrated graphically in Fig. 7.1 shows that there are three solvent features, the differences 

between electrostatic and hydrophobic properties (parameters C and E) and the difference between the 

solvent hydrogen bond donor acidity (∆α) sufficient for estimating the distance between the ATPS under 

comparison. Only three ATPSs (PEG–DEX–0.215 M NaCl–1.5 M TMAO, PEG–DEX–0.215 M NaCl–0.5 M 

TMAO, and PEG–DEX–0.5 M sucrose) are exceptions due to extraordinary ∆β of -0.105, negative value 

of ∆β -0.019, and high value of ∆π* -0.073, correspondingly. 

 

 

 

7.3.2. Partition behavior of organic compounds and proteins 

 

Partition coefficients of 12 organic compounds and five proteins in PEG–DEX–0.215 M NaCl–0.01 

M K/NaPB, pH 7.4, PEG–DEX–0.215 M NaClO4–0.01 M K/NaPB, pH 7.4, and PEG–Na2SO4–0.215 M 

NaClO4–0.01 M NaPB, pH 6.8 are presented in Tables 7.1-7.3. The partition coefficients for the same 

compounds and proteins in PEG–DEX–0.01 M K/NaPB, pH 7.4 reported previously [20], [22], in PEG–

Na2SO4–0.01 M NaPB, pH 6.8 [23] and in PEG–Na2SO4–0.215 M NaCl–0.01 M NaPB, pH 6.8 [21] are 

listed in Tables S7.1 (Supplementary Information – section A), 4.1 (Chapter 4) and 5.1 (Chapter 5). In 
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order to compare partition behavior of the compounds utilized in the study, we used the so-called Collander 

linear relationship or solvent regression equation [5], [24]. This equation describes the linear relationship 

between partition coefficients of various solutes in two different ATPSs as: 

 log 𝐾𝑗(𝑖) = 𝑎𝑗𝑜 log 𝐾𝑜𝑖 + 𝑏𝑗𝑜 

 

(Equation 7.3)   

 

where Ki
j and Ki

o are partition coefficients for a solute i in the ATPSs denoted by subscripts j and o; ajo and 

bjo are constants, the values of which depend on the particular composition of the two-phase systems 

under comparison. It should be emphasized that both ATPSs under comparison have the same ionic 

composition. 

Typical Collander relationships for two ATPSs different in regard to the presence of nonionic osmolyte 

additive TMAO are shown in Fig. 7.2. 

 

 

 

Figure 7.2. Logarithms of partition coefficients for compounds (including proteins) in PEG–

DEX and PEG–Na2SO4 ATPSs with 0.5 M TMAO versus logarithms of partition coefficients for the 

same compounds in the corresponding systems without TMAO additive. 

 

Similar relationships for various ATPS are observed. These relationships are characterized by 

coefficients ajo and bjo listed in Table 7.6. 
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Table 7.6. Coefficients of Collander relationships (Eq. 7.3) for compounds in ATPS with osmolytes. 

 

ATPS Salt Osmolyte* bjo ajo N r2 SD F Outliers** 

PEG–DEX - 

TMAO 0.017±0.005 1.01±0.02 16 0.9963 0.019 3737 P2 

Sorbitol 0.032±0.005 1.07±0.02 14 0.9964 0.017 3307 P2, P5, 1 

Sucrose 0.041±0.005 1.08±0.02 14 0.9957 0.019 2764 P2, P5, 1 

PEG–DEX NaCl 

TMAO 0.015±0.004 0.96±0.02 16 0.9945 0.010 2543 P2 

1.5M TMAO 0.05±0.02 1.32±0.07 10 0.9758 0.034 323 2, 3, 4, 5, P1, P3. P4 

Sorbitol 0.03±0.01 1.04±0.05 13 0.9754 0.022 396 P1, P2, P3, P5 

Sucrose 0.06±0.01 1.01±0.06 12 0.9682 0.020 305 P1, P2, P3, P4, P5 

PEG–DEX NaClO4 

TMAO 0.018±0.007 1.29±0.02 14 0.9982 0.019 6794 P1, P3, P4 

1.5M TMAO 0.07±0.01 1.14±0.04 16 0.9854 0.056 946 P2 

Sorbitol 0.02±0.01 1.26±0.04 15 0.9894 0.046 1211 4, P5 

Sucrose 0.017±0.005 1.01±0.01 16 0.9976 0.020 5881 P2 
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Table 7.6. (cont.) Coefficients of Collander relationships (Eq. 7.3) for compounds in ATPS with osmolytes. 

 

ATPS Salt Osmolyte* bjo ajo N r2 SD F Outliers** 

PEG–Na2SO4 - 

TMAO 0.06±0.02 1.11±0.03 16 0.9872 0.077 1077 P5 

Sorbitol 0.04±0.02 1.29±0.02 14 0.9964 0.048 3343 1, P2, P5 

Sucrose 0.04±0.02 1.36±0.03 14 0.9938 0.066 1934 1, P2, P5 

PEG–Na2SO4 NaCl 

TMAO 0 1.29±0.03 16 0.9925 0.073 1863 P5 

Sorbitol -0.03±0.01 1.04±0.02 16 0.9966 0.040 4083 1 

Sucrose 0 1.26±0.03 14 0.9934 0.069 1796 1, P2, P5 

PEG–Na2SO4 NaClO4 

TMAO 0.06±0.02 0.99±0.02 17 0.9959 0.052 3626 - 

Sorbitol 0 0.96±0.02 11 0.9929 0.067 1575 1, P5, 1a-4a 

Sucrose 0 1.00± 0.03 17 0.9858 0.098 1044 - 

 

* Concentrations of each osmolyte – 0.5 M except in the indicated case of 1.5 M TMAO 

** Abbreviations: 1 – 2-phenylethanol, 2 – Benzyl alcohol, 3 – p-nitrophenyl-D-glucopyranoside, 4 – Phenol, 5 – Vanillin, 1a – DNP-Ala Na, 2a – DNP-NVal Na, 3a 

– DNP-NLeu Na, 4a – DNP-AO Na, P1 – -chymotrypsin, P2 – -chymotrypsinogen A, P3 – Concanavalin A, P4 – Lipase, P5 – Lysozyme    
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In order to explain the relationships observed and the fact that some of the compounds do not fit 

these relationships it is necessary to mention that as established previously [25], [26] the partition 

coefficient of a solute in a given ATPS is governed by different types of interactions of the solute with the 

aqueous media in the coexisting phases and may be described as: 

 log 𝐾𝑗𝑖 = 𝑆𝑆𝑖 ∆𝜋∗𝑗 + 𝐵𝑆𝑖 ∆𝛼𝑗 + 𝐴𝑆𝑖  ∆𝛽𝑗 +  𝐶𝑆𝑖 𝑐𝑗 

 

(Equation 7.4)   

 

where Ki
j is the solute i partition coefficient in j-th ATPS; ∆π*j, ∆αj, ∆βj and cj are the differences between 

the solvent properties of the top and bottom phases in the j-th ATPS (solvent dipolarity/polarizability, 

hydrogen-bond donor acidity, hydrogen-bond acceptor basicity, and electrostatic interactions, respectively; 

Ss
i, Bs

i, As
i, and Cs

i are constants (solute-specific coefficients) that describe the contributions of the 

complementary interactions of the solute i with the solvent media in the coexisting phases; the subscript 

s designates the solute. 

All the data in the set of ATPSs with the same ionic composition were used to determine solute-

specific coefficients Ss, As, Bs, and Cs in Eq. 7.4 for each compound by the multiple linear regression 

analysis. The p-value was used to estimate the significance for each solute-specific coefficient in Eq. 7.4 

for a given compound taking into account the small number of ATPSs with the same ionic composition 

utilized. If all four coefficients (Ss, As, Bs, and Cs) proved statistically significant (p < 0.1), then the correlation 

was accepted. If one or more values reveal a p-value > 0.1, then the equations contained different 

combinations of coefficients were examined. The equation with a set of coefficients providing p-values for 

all parameters below 0.1 was accepted. The solute-specific coefficients determined for each compound 

from the data obtained in the chosen ATPS set are presented in Table S7.2 (Supplementary Information 

– section B). 

Taking Eq. 7.4 into account, it seems reasonable that the changes in the differences between the 

solvent properties of the phases brought by the presence of a given osmolyte may affect various 

compounds in a different manner. That is the likely reason why some compounds do not fit the Collander 

relationship under discussion (see in Table 7.6). As an example, the reason for α-chymotrypsinogen A 

(P2) not to fit the linear relationship in the presence of 0.5 M TMAO in the salt additive free PEG–DEX 

ATPS seems to be the negative contribution of As solute-specific coefficient differing this protein from the 

other proteins examined (see in Table S7.2 in Supplementary Information – section B). The same protein 
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does not fit the Collander relationship in PEG–DEX–0.215 M NaCl ATPS containing 0.5 M TMAO likely 

due to the relatively high negative As value together with the high negative value of the Cs solute-specific 

coefficient. 

If a given salt additive does not interact directly with certain compounds, the partition coefficients of 

these compounds in the systems with different ionic composition may fit the linear Collander relationship 

[21], [27]. Typical relationships for partition coefficients in PEG–DEX and PEG–DEX–0.215 M NaCl ATPSs 

and in PEG–Na2SO4 and PEG–Na2SO4–0.215 M NaCl ATPSs are illustrated graphically in Fig. 7.3a and 

7.3b. 

The data presented in Fig. 7.3a and 7.3b show that proteins and Na-salts of DNP-AA do not fit the 

linear relationship shown for organic compounds. Vanillin is the only ionized compound among the other 

organic compounds examined, and therefore the effect of NaCl additive on its partition behavior might be 

expected. In order to explain why methyl anthranilate and p-nitrophenyl-α-D-glucopyranoside do not fit the 

relationship in question, it is necessary to explore the effect of NaCl additive on the solute-specific 

coefficients in Eq. 7.4 for these compounds relative to the other organic compounds examined. 
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Figure 7.3. (A) Logarithms of partition coefficients for compounds (including proteins) in PEG–

DEX–0.215 M NaCl ATPS versus logarithms of partition coefficients for the same compounds in 

the PEG–DEX ATPS without NaCl additive. (B) Logarithms of partition coefficients for 

compounds (including proteins) in PEG–Na2SO4–0.215 M NaCl ATPS versus logarithms of 

partition coefficients for the same compounds in the PEG–Na2SO4 ATPS without NaCl additive.
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The data for all four solute-specific coefficients in the presence of 0.215 M NaCl for all organic 

compounds examine (except Na-salts of DNP-amino acids) are plotted against the data for same 

compounds in the absence of the NaCl additive in Fig. S7.4.A-D (Supplementary Information – section B). 

It can be seen that in the presence of 0.215 M NaCl additive, the solute-water interactions of p-nitrophenyl-

α-D-glucopyranoside deviates from the trends observed for other compounds in regard to dipole-dipole 

interactions (coefficient Ss), hydrogen bonding (coefficient As), and electrostatic interactions (coefficient Cs), 

whereas methyl anthranilate deviates from the trends observed in regard to hydrogen bonding (coefficients 

As and Bs). Other compounds, such as caffeine and coumarin, show changes in only one of the solute-

specific coefficients only, Bs and As, correspondingly. 

The effect of NaCl additive on partition behavior of compounds in PEG–Na2SO4 ATPSs causes the 

deviation from linear relationship only for two proteins, lysozyme (HEL) and α-chymotrypsinogen A (CHTG), 

likely due to the direct interactions of these proteins with NaCl. Based on the obtained data, we explored 

the effects of salt additives on linear relationships for only organic compounds in PEG–DEX ATPSs and on 

those for all compounds in PEG–Na2SO4 ATPSs. The coefficients of Eq. 7.3 for the observed relationships 

are listed in Table 7.7. 
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Table 7.7. Coefficients for Eq. 7.3 (logK2 = b + a logK1) for ATPSs with different ionic composition (concentrations of NaCl and NaClO4 additives – 0.215 

M)a.  

 

ATPS-1 ATPS-2 Osmolyte b a N r2 SD F Outlier* 

PEG–DEX PEG–DEX–NaCl - 0 1.32±0.05 5 0.9949 0.007 590 3, 5, 6 

PEG–DEX PEG–DEX–NaCl TMAO 0.03±0.01 0.98±0.06 6 0.9848 0.010 259 3; 5 

PEG–DEX PEG–DEX–NaCl Sorbitol 0 1.08±0.05 6 0.9925 0.009 528 1; 3 

PEG–DEX PEG–DEX–NaCl Sucrose 0 1.03±0.06 7 0.9832 0.013 293 3 

PEG–DEX PEG–DEX–NaClO4  0.07±0.01 0.92±0.05 5 0.9926 0.004 405 3; 4, 7 

PEG–DEX PEG–DEX–NaClO4 TMAO 0 1.47±0.07 6 0.9914 0.013 461 1; 5 

PEG–DEX PEG–DEX–NaClO4 Sorbitol 0 1.25±0.06 6 0.9922 0.010 508 5; 4 

PEG–DEX PEG–DEX–NaClO4 Sucrose 0.03±0.02 0.88±0.08 7 0.9606 0.019 122 5 

PEG–DEX PEG–Na2SO4 - 0.06±0.03 3.3±0.2 7 0.9880 0.027 413 4 

PEG–DEX PEG–Na2SO4 TMAO 0.20±0.04 2.7±0.2 7 0.9676 0.041 150 4 

PEG–DEX PEG–Na2SO4 Sorbitol 0.16±0.03 3.2±0.1 7 0.9914 0.027 579 4 

PEG–DEX PEG–Na2SO4 Sucrose 0.22±0.03 2.9±0.1 7 0.9925 0.025 658 4 
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Table 7.7. (cont.) Coefficients for Eq. 7.3 (logK2 = b + a logK1) for ATPSs with different ionic composition (concentrations of NaCl and NaClO4 additives – 

0.215 M)a. 

 

ATPS-1 ATPS-2 Osmolyte b a N r2 SD F Outlier* 

PEG–Na2SO4 PEG–Na2SO4–NaCl - 0.03±0.01 1.08±0.02 15 0.9972 0.034 4609 p2; p5 

PEG–Na2SO4 PEG–Na2SO4–NaCl TMAO 0 1.34±0.03 8 0.9962 0.061 2101 p5;7;8;aa 

PEG–Na2SO4 PEG–Na2SO4–NaCl Sorbitol -0.03±0.01 0.87±0.01 14 0.9968 0.039 3796 p2;p5;8 

PEG–Na2SO4 PEG–Na2SO4–NaCl Sucrose 0 0.97±0.03 13 0.9926 0.055 1484 p1;p2;p5;7 

PEG–Na2SO4 PEG–Na2SO4–NaClO4 - 0.09±0.01 1.34±0.01 8 0.9993 0.026 9106 p2;p4;p5;3;5;aa 

PEG–Na2SO4 PEG–Na2SO4–NaClO4 TMAO 0.12±0.01 1.25±0.02 8 0.9987 0.038 4467 p2;p4;p5; 3;7;aa 

PEG–Na2SO4 PEG–Na2SO4–NaClO4 Sorbitol 0.08±0.02 1.14±0.03 11 0.9951 0.071 1835 p4; p5;aa 

PEG–Na2SO4 PEG–Na2SO4–NaClO4 Sucrose 0 0.96±0.01 9 0.9985 0.038 4766 p5;1;7;8; aa 

PEG–DEX–NaCl PEG–Na2SO4–NaCl - 0.20±0.04 2.2±0.2 5 0.9723 0.035 105 4; 5; 6 

PEG–DEX–NaCl PEG–Na2SO4–NaCl TMAO 0.07±0.03 3.9±0.1 5 0.9971 0.018 1036 3; 4; 5 

PEG–DEX–NaCl PEG–Na2SO4–NaCl Sorbitol 0.25±0.02 1.75±0.07 5 0.9958 0.012 713 3; 5; 6 

PEG–DEX–NaCl PEG–Na2SO4–NaCl Sucrose 0.25±0.08 2.4±0.3 6 0.9442 0.066 68 3; 5 

  



CHAPTER 7 | Salt additives and osmolytes combined effects 

205 

Table 7.7. (cont.) Coefficients for Eq. 7.3 (logK2 = b + a logK1) for ATPSs with different ionic composition (concentrations of NaCl and NaClO4 additives – 

0.215 M)a. 

 

ATPS-1 ATPS-2 Osmolyte b a N r2 SD F Outlier* 

PEG–DEX–NaClO4 PEG–Na2SO4–NaClO4 - 0 3.6±0.3 5 0.9881 0.047 250 2; 4; 5 

PEG–DEX–NaClO4 PEG–Na2SO4–NaClO4 TMAO 0.19±0.07 2.8±0.3 5 0.9750 0.066 117 2; 4; 5 

PEG–DEX–NaClO4 PEG–Na2SO4–NaClO4 Sorbitol 0.16±0.07 3.3±0.3 5 0.9825 0.059 169 1; 4; 5 

PEG–DEX–NaClO4 PEG–Na2SO4–NaClO4 Sucrose 0.30±0.03 2.4±0.1 5 0.9892 0.029 275 1; 5; 8 

 

a – For the PEG–DEX ATPSs only small organic compounds (excluding DNP-AA Na salts) were considered, for PEG–Na2SO4 ATPSs all compounds (including 

proteins) were considered 

* – Abbreviations: 1 – 2-phenylethanol, 2 – Benzyl alcohol, 3 – p-nitrophenyl-D-glucopyranoside, 4 – Phenol, 5 – Vanillin, 6 – Methyl anthranilate; 7 – Caffeine; 8 

– Coumarin; aa – Na salts of DNP-AA (DNP-Ala Na, DNP-NVal Na, DNP-NLeu Na, DNP-AO Na), p1 – -chymotrypsin, p2 – -chymotrypsinogen A, p3 – 

Concanavalin A, p4 – Lipase, p5 – Lysozyme    
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As aforementioned, the presence of salt additives affects partition behavior of solutes in the solute-

specific manner for more compounds in the PEG–DEX ATPSs than in the PEG–Na2SO4 ATPSs likely 

because of the absence of excessive Na2SO4 concentration in the former ATPSs. It is important to note 

that the effects of salt additives appear to depend on the particular osmolyte present in a given ATPS. As 

an example, in PEG–DEX ATPSs, the effect of NaCl additive is observed on three compounds (p-

nitrophenyl-α-D-glucopyranoside, vanillin, and methyl anthranilate) in the absence of any osmolyte, on p-

nitrophenyl-α-D-glucopyranoside and vanillin in the presence of 0.5 M TMAO, and on 2-phenylethanoland 

p-nitrophenyl-α-D-glucopyranoside in the presence of 0.5 M sorbitol. Many other examples of the same 

effects of osmolytes maybe found in Table 7.7. These osmolyte-specific effects are likely due to the 

different degrees of influence of various osmolytes on different solvent features of the phases in ATPSs. 

It has been shown previously [27], [28] that the logarithms of partition coefficients of proteins and 

organic compounds in three ATPSs with different ionic compositions may be linearly interrelated. Analysis 

of the partition coefficients presented in Tables 7.1-7.3 and Tables S7.1 (Supplementary Information – 

section A ), 4.2 (Chapter 4) and 5.2 (Chapter 5) shows that the relationship between the logarithms of 

partition coefficients of compounds in PEG–DEX ATPSs illustrated in Fig. 7.4a may be described as: 

  log 𝐾𝑖𝑃𝐸𝐺−𝐷𝐸𝑋−𝑁𝑎𝐶𝑙 = 0.22±0.02  × log 𝐾𝑖𝑃𝐸𝐺−𝐷𝐸𝑋−𝑁𝑎𝐶𝑙𝑂4 + 0.77±0.02 × log 𝐾𝑖𝑃𝐸𝐺−𝐷𝐸𝑋 

 

N = 14; r2 = 0.9952; SD = 0.005; F = 1240 

 

(Equation 7.5a)   

 

where Ki is the partition coefficient of the i-th compound, superscripts denote the ATPS composition. Three 

compounds (concanavalin A, lysozyme, and p-nitrophenyl-α-D-glucopyranoside) do not fit the relationship. 

Similar relationship is observed for the logarithms of partition coefficients of compounds in PEG–

Na2SO4 ATPSs. This relationship shown in Fig. 7.4b may be described as: 
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log 𝐾𝑖𝑃𝐸𝐺−𝑁𝑎2𝑆𝑂4= −0.03±0.01+ 0.13±0.06  × log 𝐾𝑖𝑃𝐸𝐺−𝑁𝑎2𝑆𝑂4−𝑁𝑎𝐶𝑙𝑂4 + 0.78±0.07 × log 𝐾𝑖𝑃𝐸𝐺−𝑁𝑎2𝑆𝑂4−𝑁𝑎𝐶𝑙
 

 

N = 16; r2 = 0.9971; SD = 0.034; F = 2238 

 

(Equation 7.5b)   

 

where all parameters are as defined above. One compound (lysozyme) does not fit the relationship. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.4. (A) Interrelationship between logarithms of partition coefficients for organic 

compounds in PEG–DEX–0.215 M NaCl ATPS, logarithms of partition coefficients for the 

same compounds in PEG–DEX–0.215 M NaClO4 ATPS, and logarithms of partition 

coefficients for the same compounds in PEG–DEX ATPS without salt additive. 
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Figure 7.4. (cont.) (B) Interrelationship between logarithms of partition coefficients for 

organic compounds and proteins in PEG–Na2SO4 ATPS, logarithms of partition coefficients for 

the same compounds in PEG–Na2SO4–0.215 M NaCl ATPS and in PEG–Na2SO4–0.215 M 

NaClO4 ATPS. 

 

Analysis of the solute-specific coefficients for all organic compounds (including Na-salts of DNP-amino 

acids) examined in the Na2SO4-free aqueous media (i.e., in PEG–DEX ATPSs) shows the linear 

interrelationship illustrated graphically in Fig. 7.5 and described as: 

 𝐶𝑠𝑖 = −2.30±0.30−0.45±0.07𝑆𝑠𝑖−1.26±0.06𝐵𝑠𝑖 
 

N = 48; r2 = 0.9444; SD = 1.65; F = 382 

 

(Equation 7.6a)   

 

where all parameters are as defined above. It should be emphasized that the solute-specific coefficients 

for proteins do not fit the relationship. 
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Figure 7.5. Interrelationship between solute-specific coefficients Cs
i, Bs

i, and Ss
i for organic 

compounds calculated using Eq. 7.4 from the partition coefficients of the compounds in PEG–

DEX ATPSs with different salt additives (see data in Table S7.4). 

 

For solute-specific coefficients for the same compounds and certain proteins in aqueous media 

containing ∼0.45 M Na2SO4 (i.e. in PEG–Na2SO4 ATPSs) is observed the similar linear interrelationship 

shown graphically in Fig. 7.6 and described as: 

 𝐶𝑠𝑖 = 0.76±0.08−0.20±0.02𝑆𝑠𝑖+0.73±0.03𝐵𝑠𝑖 
 

N = 41; r2 = 0.9413; SD = 0.49; F = 305 

 

(Equation 7.6b)   

 

where all parameters are as defined above. 
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Figure 7.6. Interrelationship between solute-specific coefficients Cs
i, Bs

i, and Ss
i for organic 

compounds and proteins calculated using Eq. 7.4 from the partition coefficients of the 

compounds in PEG–Na2SO4 ATPSs with different salt additives (see data in Table S7.4). 

 

It should be noted that there are 10 outliers (Na-salts of DNP-Nval, DNP-Nleu, and DNP-AO, p-

nitrophenyl-α-D-glucopyranoside, α-chymotrypsin, α-chymotrypsinogen A, concanavalin A, and lipase (all 

in the presence of NaClO4), and chymotrypsin and vanillin in the presence of NaCl. It should be noted that 

the direct interactions of salt additives with these compounds may be the reason for their solute-specific 

coefficients not fitting the relationship. 

The number of compounds with determined solute-specific coefficients so far prevents one from 

drawing any general conclusion, and this issue is beyond the scope of the present study. 

Finally, we examined the range of the partition coefficients values determined in the two types of 

ATPSs (PEG–DEX and PEG–Na2SO4). The highest (Kmax) and lowest (Kmin) K-values for each compound 

determined in the PEG–DEX ATPSs and in the PEG–Na2SO4 ATPSs with all different salt and osmolyte 

additives are listed in Table 7.8. The differences between these values (∆K) represent the range of K-vales 

for a given compound in a given type of ATPSs. 
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Table 7. 8. The overall range of partition coefficients for examined compounds in PEG–DEX–0.01 M K/NaPB and PEG–Na2SO4–0.01 M NaPB ATPSs with 

salt and osmolyte additives*. 

 PEG–DEX ATPSs PEG–Na2SO4 ATPSs 

COMPOUND Kmin Additives Kmax Additives Kmin Additives Kmax Additives 

DNP-Ala Na 0.96 NaClO4 1.44 w/o salt, trehalose 3.49 NaClO4, trehalose 6.88 w/o salt, trehalose 

DNP-NVal Na 1.03 NaClO4 1.62 w/o salt, trehalose 4.73 w/o salt 10.7 w/o salt, trehalose 

DNP-NLeu Na 1.09 NaClO4 1.77 w/o salt, trehalose 6.00 w/o salt 15.0 w/o salt, trehalose 

DNP-AO Na 1.25 NaClO4 2.15 w/o salt, trehalose 10.3 w/o salt 32.1 w/o salt, trehalose 

Benzyl alcohol 1.41 w/o salt 1.86 NaClO4, TMAOc 3.50 w/o salt 7.99 NaClO4, sorbitol 

Caffeine 1.15 w/o salta 1.43 NaClO4, TMAOc 1.85 w/o salt 3.50 NaClO4, sorbitol 

Coumarin 1.49 w/o salt 2.45 NaClO4, TMAOc 4.55 w/o salt, sorbitol 15.2 NaClO4, sorbitol 

Glucoside 1.23 w/o salt 2.23 NaCl, sucrose 2.18 w/o salt 4.15 NaClO4, sorbitol 

Methyl anthranilate 1.77 w/o salt 3.10 NaClO4, TMAOc 7.28 w/o salt 29.5 NaClO4, sorbitol 

2-Phenylethanol 1.47 w/o salt 2.03 NaClO4, TMAOc 3.80 w/o salt, sorbitol 9.67 NaClO4, TMAO 

Phenol 1.23 NaClO4, sorbitol 2.40 NaClO4, TMAO 4.60 w/o salt 12.4 NaClO4, TMAO 

Vanillin 1.59 NaClO4, sucrose 2.11 w/o salt, trehalose 5.79 w/o saltb 19.1 NaClO4, sorbitol 
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Table 7.8. (cont.) The overall range of partition coefficients for examined compounds in PEG–DEX–0.01 M K/NaPB and PEG–Na2SO4–0.01 M NaPB ATPSs 

with salt and osmolyte additives*. 

 PEG–DEX ATPSs PEG–Na2SO4 ATPSs 

PROTEIN Kmin Additives Kmax Additives Kmin Additives Kmax Additives 

-chymotrypsin 0.41 w/o salt, trehalose 5.18 NaCl, sucrose 0.027 w/o salt, trehalose 0.117 w/o salt 

-chymotrypsinogen A 1.00 w/o salt 7.45 NaClO4, TMAOc 0.120 w/o salt, trehalose 0.60 NaClb 

Concanavalin A 0.21 w/o salt, trehalose 1.54 NaCl, TMAO 0.116 w/o salt, trehalose 0.195 w/o saltb 

Lipase 0.67 NaClO4, TMAO 0.85 NaClO4, TMAO 0.47 NaClO4, TMAO 0.64 w/o saltb 

Lysozyme 0.23 w/o salt 49.1 NaClO4, TMAO 0.045 w/o salt, trehalose 43.3 NaClO4, sorbitol 

 

* Salt additives concentrations – 0.215 M; osmolyte additives concentrations – 0.5 M except for TMAO where indicated 

a – Same K-value in PEG–DEX with NaCl additive 

b – PEG10K–Na2SO4 ATPS 

c – TMAO at concentration 1.5 M 
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These differences observed in PEG–Na2SO4 ATPSs are plotted against those observed in PEG–DEX 

ATPSs for all studied compounds (except lysozyme) in Fig. 7.7. 

 

 

Figure 7.7. The ranges of K-values variability for organic compounds and proteins in PEG–

Na2SO4 ATPSs with different salt additives, ∆Ki
PEG-Na2SO4, versus ranges of K-values variability for the 

same compounds and proteins in PEG–DEX ATPSs with different salt additives, ∆Ki
DEX-PEG. 

 

The data plotted in Fig. 7.7 show that for small organic compounds, the ranges of K-values observed 

in PEG–Na2SO4 ATPSs exceed those determined in PEG–DEX ATPSs quite significantly (the slope of the 

linear curve in the plot is ca. 23), while for proteins the range of K-values in PEG–DEX ATPSs exceed those 

in PEG–Na2SO4 ATPSs for three proteins (α-chymotrypsin, α-chymotrypsinogen A, and concanavalin A) or 

are very similar (for lipase and lysozyme). This observation confirms the suggestion that the ATPSs formed 

by two polymers are more useful for protein analysis in comparison with the ATPSs formed by a single 

polymer and a salt. The ATPSs of the latter type have an advantage for protein isolation/separation. 
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Supplementary Information 

 

A. Analysis of hydrophobic and electrostatic properties of the phases 

 

The difference between the hydrophobic and electrostatic properties of the coexisting phases was 

determined in each ATPS by partitioning of a homologous series of sodium salts of dinitrophenylated 

(DNP-) amino acids with the aliphatic alkyl side-chains of the increasing length (alanine, norvaline, 

norleucine, and α-amino-n-octanoic acid). Partition coefficients of these compounds are presented 

graphically in Fig. S7.1-S7.3, where the logarithms of their partition coefficients are plotted against the 

length of the side-chain expressed in equivalent number of methylene groups, Nc. The Nc values for the 

DNP-amino acids used are: DNP-Alanine Na – 1.31; DNP-norvaline Na – 2.65; DNP-norleucine Na – 3.75; 

and DNP-α-amino-n-octanoic acid Na – 6.30.  

 

 

Figure S7.1. Logarithm of the partition coefficient value, logKDNP-AA, for sodium salts of DNP-AA 

with aliphatic side-chains in 12 wt.% DEX – 6 wt.% PEG8K – 0.215 M NaCl – 0.01 M K/NaPB, 

pH 7.4 and 12 wt.% DEX – 6 wt.% PEG8K – 0.215 M NaCl – osmolyte – 0.01 M K/NaPB, pH 

7.4 ATPSs as a function of equivalent length of the side-chain, NC. Data from Table 7.1. 
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Figure S7.2. Logarithm of the partition coefficient value, logKDNP-AA, for sodium salts of DNP-AA 

with aliphatic side-chains in 12 wt.% DEX – 6 wt.% PEG8K – 0.215 M NaClO4 – 0.01 M K/NaPB, 

pH 7.4 and 12 wt.% DEX – 6 wt.% PEG8K – 0.215 M NaClO4 – osmolyte – 0.01 M K/NaPB, pH 

7.4 ATPSs as a function of equivalent length of the side-chain, NC. Data from Table 7.2. 

 

 

Figure S7.3. Logarithm of the partition coefficient value, logKDNP-AA, for sodium salts of DNP-AA 

with aliphatic side-chains in 11.10 wt.% PEG(8K or 10K) – 6.33 wt.% Na2SO4 – 0.215 M NaClO4 

– 0.01 M NaPB, pH 6.8 and 11.10 wt.% PEG8K – 6.33 wt.% Na2SO4 – 0.215 M NaClO4 – 0.5 M 

osmolyte – 0.01 M NaPB, pH 6.8 ATPSs as a function of equivalent length of the side-chain, NC. 

Data from Table 7.3.
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It can be seen in Fig. S7.1-S7.3 that the data in each ATPS may be described as [5], [20], [21]: 

 log 𝐾𝐷𝑁𝑃−𝐴𝐴(𝑖) = 𝐶(𝑖) + 𝐸(𝑖) × 𝑁𝐶 

 

(Equation S7.1)   

 

where Ki
DNP-AA is the partition coefficient of a DNP-amino acids Na-salt; Nc is the equivalent number of CH2 

groups in the side-chain, E and C are constants for a given i-th ATPS characterizing the difference between 

the relative hydrophobicity and electrostatic properties of the phases correspondingly. 

As the standard free energy of transfer of a solute from the bottom phase to the top phase is described 

as: 

 ∆𝐺0 = − 𝑅𝑇 ln 𝐾 

 

(Equation S7.2)   

 

where R is the universal gas constant and T is the absolute temperature in Kelvin, it follows that 

 ∆𝐺0(𝐶𝐻2) = − 𝑅𝑇𝐸∗ 

 

(Equation S7.3)   

 

where E* is parameter E expressed in natural logarithm units; ΔG0(CH2) is the standard free energy 

of transfer of a methylene group from one phase to another. The ΔG0(CH2) values calculated from the 

experimental data with Eqs. S7.2 and S7.3 are listed in Tables S7.1-S7.3. 
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Table S7.1. Partition coefficients for organic compounds and proteins in 12 %wt. DEX – 6% wt. PEG8K – 0.01 M K/NaPB, pH 7.4 and 12 %wt. DEX – 6 

%wt. PEG8K – 0.5 M osmolyte – 0.01 M K/NaPB, pH 7.4 ATPSs. Data from [20], [29]. 

 

Compounds Partition coefficients 

COMPOUND w/o Osmolyte 0.5 M Sorbitol 0.5 M Sucrose 0.5 M TMAO 0.5 M Trehalose 

DNP-Ala Na 1.285±0.009 1.368±0.011 1.400±0.008 1.336±0.028 1.439±0.008 

DNP-NVal Na 1.389±0.003 1.489±0.020 1.543±0.045 1.454±0.043 1.620±0.048 

DNP-NLeu Na 1.445±0.008 1.627±0.033 1.661±0.029 1.562±0.010 1.765±0.037 

DNP-AO Na 1.645±0.012 1.950±0.040 1.967±0.040 1.882±0.010 2.153±0.035 

Benzyl alcohol 1.409±0.009 1.521±0.009 1.607±0.009 1.454±0.008 1.697±0.007 

Caffeine 1.154±0.009 1.178±0.003 1.160±0.004 1.147±0.008 1.186±0.006 

Coumarin 1.611±0.003 1.742±0.003 1.777±0.004 1.660±0.002 1.923±0.006 

Glucoside 1.232±0.003 1.310±0.002 1.332±0.009 1.246±0.003 1.368±0.001 

Methyl anthranilate 1.770±0.010 2.035±0.005 2.124±0.007 1.847±0.007 2.240±0.011 

2-Phenylethanol 1.469±0.005 1.602±0.008 1.695±0.009 1.510±0.010 1.697±0.009 

Phenol 1.700±0.022 2.008±0.006 2.070±0.017 1.809±0.009 2.211±0.009 

Vanillin 1.709±0.009 1.823±0.009 1.969±0.005 1.761±0.005 2.105±0.006 
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Table S7.1. (cont.) Partition coefficients for organic compounds and proteins in 12 %wt. DEX – 6% wt. PEG8K – 0.01 M K/NaPB, pH 7.4 and 12 %wt. DEX 

– 6 %wt. PEG8K – 0.5 M osmolyte – 0.01 M K/NaPB, pH 7.4 ATPSs. Data from [20], [29]. 

 

  

Compounds Partition coefficients 

PROTEIN w/o Osmolyte 0.5 M Sorbitol 0.5 M Sucrose 0.5 M TMAO 0.5 M Trehalose 

-chymotrypsin 0.420±0.014 0.427±0.008 0.420±0.014 0.420±0.011 0.410±0.011 

-chymotrypsinogen A 1.000±0.011 1.500±0.014 1.780±0.024 1.370±0.023 1.930±0.010 

Concanavalin A 0.236±0.003 0.237±0.003 0.242±0.003 0.233±0.004 0.226±0.003 

Lipase 0.793±0.004 0.829±0.003 0.846±0.003 0.769±0.004 0.787±0.003 

Lysozyme 0.230±0.003 0.331±0.004 0.325±0.004 0.255±0.009 0.318±0.002 
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B. Solute-specific coefficients determined for the indicated compounds in 

the presence of various ionic compositions (K/NaPB – 0.01 M 

sodium/potassium phosphate buffer, pH 7.4; NaPB – 0.01 M sodium 

phosphate buffer, pH 6.8) 
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Table S7.2. Solute-specific coefficients determined for the indicated compounds in the presence of various ionic compositions (0.01 M K/NaPB, pH 7.4; 

0.01 M NaPB, pH 6.8)*. 

COMPOUND ATPS SS AS BS CS 

DNP-Ala Na 

0.01M K/NaPBa -1.06±0.02 -0.77±0.06 -0.88±0.02 0.42±0.02 

0.15 M NaClb -0.47±0.05 0.4±0.1 -0.4±0.03 1.01±0.02 

0.215 M NaCl -1.00±0.01 -0.18±0.01 0 1.19±0.03 

0.215 M NaClO4 1.4±0.4 3.0±1.3 0 -0.4±0.1 

0.45 M Na2SO4+0.01M NaPBc -0.50±0.14 0 0.52±0.08 1.39±0.03 

0.45 M Na2SO4+0.215 M NaCld -0.70±0.26 0 0 1.26±0.02 

0.45 M Na2SO4+0.215 M NaClO4 -0.42±0.07 1.6±0.19 -0.24±0.02 1.21±0.01 

DNP-NVal Na 

0.01M K/NaPBa -1.40±0.08 -1.2±0.3 -1.11±0.08 0.59±0.09 

0.15 M NaClb -0.9±0.1 0.9±0.3 -0.82±0.05 0.99±0.03 

0.215 M NaCl -2.09±0.04 -0.47±0.03 0 1.16±0.06 

0.215 M NaClO4 3.0±0.7 7±.3 0 -1.9±0.3 

0.45 M Na2SO4+0.01M NaPBc 1.5±0.31 0 0.80±0.18 1.67±0.06 

0.45 M Na2SO4+0.215 M NaCld -1.6±0.74 0 0 1.76±0.07 

0.45 M Na2SO4+0.215 M NaClO4 -0.9±0.27 2.1±0.71 -0.53±0.09 1.45±0.05 
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Table S7.2. (cont.) Solute-specific coefficients determined for the indicated compounds in the presence of various ionic compositions (0.01 M K/NaPB, 

pH 7.4; 0.01 M NaPB, pH 6.8)*. 

COMPOUND ATPS SS AS BS CS 

DNP-NLeu Na 

0.01M K/NaPB -1.2±0.1 -1.4±0.3 -1.2±0.1 0.9±0.1 

0.15 M NaCl -1.4±0.2 1.0±0.4 -1.14±0.09 1.06±0.05 

0.215 M NaCl -2.71±0.05 -0.73±0.04 0 -1.19±0.08 

0.215 M NaClO4 4± 10± 0 -3.1±0.4 

0.45 M Na2SO4+0.01M NaPB -1.7±0.56 0 1.0±0.3 1.9±0.1 

0.45 M Na2SO4+0.215 M NaCl -1.6±0.58 0 0 1.51±0.05 

0.45 M Na2SO4+0.215 M NaClO4 -1.8±0.23 2.2±0.61 -0.61±0.08 1.67±0.04 

DNP-AO Na 

0.01M K/NaPB -1.2±0.3 0 -2.2±0.2 1.0±0.2 

0.15 M NaCl -2.2±0.2 1.8±0.6 -2.0±0.1 1.06±0.07 

0.215 M NaCl -4.78±0.06 -1.07±0.04 0 1.49±0.09 

0.215 M NaClO4 7± 16± 0 -5.9±0.6 

0.45 M Na2SO4+0.01M NaPB -2.8±0.73 0 2.1±0.44 2.7±0.14 

0.45 M Na2SO4+0.215 M NaCl -3.5±1.3 0 0 2.2±0.12 

0.45 M Na2SO4+0.215 M NaClO4 -2.3±0.47 6±.2 -1.2±0.16 2.06±0.09 
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Table S7.2. (cont.) Solute-specific coefficients determined for the indicated compounds in the presence of various ionic compositions (0.01 M K/NaPB, 

pH 7.4; 0.01 M NaPB, pH 6.8)*. 

COMPOUND ATPS SS AS BS CS 

Benzyl alcohol 

0.01M K/NaPB -2.0±0.1 0 -1.39±0.08 0 

0.15 M NaCl -2.4±0.2 0 -1.6±0.1 0 

0.215 M NaCl -3.7±0.6 -0.67±0.09 -1.0±0.32 0 

0.215 M NaClO4 -2.6±0.55 0 -2.0±0.25 0 

0.45 M Na2SO4+0.01M NaPB -2.9±0.55 0 1.1±0.33 1.3±0.1 

0.45 M Na2SO4+0.215 M NaCl 0 5.4±0.57 -5.2±0.2 -2.91±0.09 

0.45 M Na2SO4+0.215 M NaClO4 -2.8±0.39 0 0 1.73±0.04 

Caffeine 

0.01M K/NaPB -1.1±0.1 -1.3±0.3 -0.45±0.04 0 

0.15 M NaCl -0.8±0.1 0 -0.8±0.1 0.13±0.03 

0.215 M NaCl -1.2±0.24 -0.75±0.04 -0.4±0.14 0 

0.215 M NaClO4 2.19±0.02 3.6±0.14 1.0±0.05 -4.2±0.09 

0.45 M Na2SO4+0.01M NaPB 0 0 0.3±0.1 0.72±0.05 

0.45 M Na2SO4+0.215 M NaCl 1.55±0.01 0 -6.01±0.01 -3.51±0.01 

0.45 M Na2SO4+0.215 M NaClO4 0 11±3.2 -1.8±0.32 0 
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Table S7.2. (cont.) Solute-specific coefficients determined for the indicated compounds in the presence of various ionic compositions (0.01 M K/NaPB, 

pH 7.4; 0.01 M NaPB, pH 6.8)*. 

COMPOUND ATPS SS AS BS CS 

Coumarin 

0.01M K/NaPB -2.1±0.4 0 -1.6±0.3 0 

0.15 M NaCl -2.2±0.2 0 -2.0±0.1 0.28±0.04 

0.215 M NaCl -5.38±0.08 -1.28±0.01 -0.44±0.04 0.34±0.02 

0.215 M NaClO4 5±2.2 17±.2 0 -7.0±0.8 

0.45 M Na2SO4+0.01M NaPB 0 0 0 1.40±0.03 

0.45 M Na2SO4+0.215 M NaCl -0.9±0.2 0 -4.9±0.25 -2.6±0.11 

0.45 M Na2SO4+0.215 M NaClO4 -3.9±0.8 0 0 2.29±0.09 

Glucoside 

0.01M K/NaPB -1.21±0.03 -2.21±0.08 -0.28±0.02 0.68±0.02 

0.15 M NaCl -1.3±0.1 0 -1.0±0.08 0.33±0.03 

0.215 M NaCl -5.01±0.09 0.37±0.01 -1.86±0.05 0 

0.215 M NaClO4 4±1.3 14±4.3 0 -3.9±0.5 

0.45 M Na2SO4+0.01M NaPB -1.4±0.4 0 0 0.72±0.03 

0.45 M Na2SO4+0.215 M NaCl -0.81±0.05 0 -6.42±0.06 -3.61±0.03 

0.45 M Na2SO4+0.215 M NaClO4 0 8.1±1.5 -0.7±0.26 0.8±0.15 
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Table S7.2. (cont.) Solute-specific coefficients determined for the indicated compounds in the presence of various ionic compositions (0.01 M K/NaPB, 

pH 7.4; 0.01 M NaPB, pH 6.8)*. 

COMPOUND ATPS SS AS BS CS 

Methyl anthranilate 

0.01M K/NaPB -3.2±0.2 -4.0±0.4 -1.5±0.1 1.0±0.1 

0.15 M NaCl -3.4±0.3 0 -2.7±0.2 0.23±0.06 

0.215 M NaCl -8.4±0.07 -1.65±0.05 0 0.70±0.11 

0.215 M NaClO4 7±2.8 26±9.3 0 -9±1.1 

0.45 M Na2SO4+0.01M NaPB -3±0.82 0 1.7±0.49 2.1±0.16 

0.45 M Na2SO4+0.215 M NaCl -1.1±0.2 0 -2.0±0.19 -0.96±0.08 

0.45 M Na2SO4+0.215 M NaClO4 -7.5±0.13 0 0.7±0.05 2.7±0.03 

2-Phenylethanol 

0.01M K/NaPB -2.16±0.05 -2.1±0.1 -0.98±0.04 0.67±0.04 

0.15 M NaCl -2.9±0.1 -1.1±0.4 -1.79±0.09 0.11±0.04 

0.215 M NaCl -4.5±0.4 -0.86±0.06 -1.1±0.2 0.47±0.09 

0.215 M NaClO4 4±.4 18±4.5 0 -5.6±0.5 

0.45 M Na2SO4+0.01M NaPB -2.4±0.87 0 0 1.09±0.07 

0.45 M Na2SO4+0.215 M NaCl -1.5±0.34 0 -3.4±0.42 -1.9±0.19 

0.45 M Na2SO4+0.215 M NaClO4 -4.62±0.01 0 -0.57±0.003 1.57±0.002 
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Table S7.2. (cont.) Solute-specific coefficients determined for the indicated compounds in the presence of various ionic compositions (0.01 M K/NaPB, 

pH 7.4; 0.01 M NaPB, pH 6.8)*. 

COMPOUND ATPS SS AS BS CS 

Phenol 

0.01M K/NaPB -2.9±0.4 0 -2.5±0.3 0 

0.15 M NaCl -3.6±0.2 0 -2.4±0.1 0 

0.215 M NaCl -8.3±0.1 -0.8±0.1 0 0.5±0.2 

0.215 M NaClO4 -11±4.5 0 -32±11.8 44±18 

0.45 M Na2SO4+0.01M NaPB -3.8±0.48 0 1±0.99 1.51±0.09 

0.45 M Na2SO4+0.215 M NaCl -1.7±0.17 0 -2.9±0.21 -1.59±0.09 

0.45 M Na2SO4+0.215 M NaClO4 -5.7±0.002 0 -0.6±0.001 1.66±0.0004 

Vanillin 

0.01M K/NaPB -2.5±0.3 0 -2.5±0.2 0 

0.15 M NaCl -3.5±0.2 0 -2.6±0.1 -0.08±0.04 

0.215 M NaCl -7.11±0.05 -0.7±0.04 0 0.95±0.08 

0.215 M NaClO4 0 13±2.4 0 -3.6±0.1 

0.45 M Na2SO4+0.01M NaPB -3±1.4 0 1.5±0.85 1.9±0.27 

0.45 M Na2SO4+0.215 M NaCl -2.2±0.29 0 -1.5±0.35 -0.9±0.16 

0.45 M Na2SO4+0.215 M NaClO4 -6.7±0.67 0 0.8±0.27 2.4±0.15 
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Table S7.2. (cont.) Solute-specific coefficients determined for the indicated compounds in the presence of various ionic compositions (0.01 M K/NaPB, 

pH 7.4; 0.01 M NaPB, pH 6.8)*. 

PROTEIN ATPS SS AS BS CS 

-chymotrypsin 

0.01M K/NaPB 6±0.02 0 5.88±0.02 3.01±0.02 

0.215 M NaCl -13.1±0.36 1.5±0.25 0 13.9±0.6 

0.215 M NaClO4 15±1.5 57±4.9 0 -8.3±0.6 

0.45 M Na2SO4+0.01M NaPB 9.9±1.1 33.2±7.7 -2.3±0.5 -3.2±0.3 

0.45 M Na2SO4+0.215 M NaCl 5±1.6 -15±5.6 0 -1.3±0.13 

0.45 M Na2SO4+0.215 M NaClO4 -0.87±0.01 -0.3±0.05 0.11±0.01 -1.97±0.004 

-chymotrypsinogen A 

0.01M K/NaPB 5.05±0.03 -0.6±0.08 4.42±0.02 7.6±0.02 

0.215 M NaCl -3.9±0.3 -5.3±0.2 0 -8.4±0.4 

0.215 M NaClO4 18±1.8 62±5.5 11±1.9 -34±3 

0.45 M Na2SO4+0.01M NaPB 9.6±0.96 24±7.1 0 -1.2±0.21 

0.45 M Na2SO4+0.215 M NaCl 3.29±0.01 -10.6±0.03 0 0 

0.45 M Na2SO4+0.215 M NaClO4 -1.03±0.04 0 0 -1.93±0.05 
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Table S7.2. (cont.) Solute-specific coefficients determined for the indicated compounds in the presence of various ionic compositions (0.01 M K/NaPB, 

pH 7.4; 0.01 M NaPB, pH 6.8)*. 

PROTEIN ATPS SS AS BS CS 

Concanavalin A 

0.01M K/NaPB 9.8±0.3 0 10.1±0.2 5.1±0.2 

0.215 M NaCl 1.9±0.4 0.34±0.07 -2.4±0.2 -3.2±0.1 

0.215 M NaClO4 25.6±0.8 68±5.5 0 0 

0.45 M Na2SO4+0.01M NaPB 2.4±1.1 0 -2.2±0.6 -1.9±0.2 

0.45 M Na2SO4+0.215 M NaCl 3.9±0.72 0 -4±0.87 -3.1±0.39 

0.45 M Na2SO4+0.215 M NaClO4 3.3±0.14 2.3±0.36 0.4±0.05 -1.7±0.03 

Lipase 

0.01M K/NaPB 1.2±0.5 0 2.1±0.4 1.0±0.4 

0.15 M NaCl 1.8±0.1 0.6±0.2 1.8±0.1 0.6±0.1 

0.215 M NaCl 3.5±0.2 0.43±0.03 -0.6±0.1 0 

0.215 M NaClO4 6.4±0.2 26±1.2 0 0 

0.45 M Na2SO4+0.01M NaPB 0.8±0.28 0 -0.4±0.17 -0.48±0.05 

0.45 M Na2SO4+0.215 M NaCl 0.7±0.12 0 -0.8±0.14 -0.81±0.06 

0.45 M Na2SO4+0.215 M NaClO4 1.7±0.28 0 0.4±0.11 -0.41±0.06 
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Table S7.2. (cont.) Solute-specific coefficients determined for the indicated compounds in the presence of various ionic compositions (0.01 M K/NaPB, 

pH 7.4; 0.01 M NaPB, pH 6.8)*. 

PROTEIN ATPS SS AS BS CS 

Lysozyme 

0.01M K/NaPB 13±1 0 13±1 10±1 

0.15 M NaCl -4.3±0.5 -3.7±0.9 -3.1±0.4 2.5±0.5 

0.215 M NaCl -13.5±0.07 -2.21±0.05 0 3.2±0.1 

0.215 M NaClO4 11.1±0.3 73.6±0.8 16±0.3 -48.9±0. 

0.45 M Na2SO4+0.01M NaPB 12±2.4 0 1.7±0.58 0 

0.45 M Na2SO4+0.215 M NaCl 11.6±0.25 20.4±0.85 4.5±0.18 1.91±0.09 

 0.45 M Na2SO4+0.215 M NaClO4 -7.1±0.38 -4±1 0.9±0.13 3.38±0.07 

 

* – The polymer composition is known to be irrelevant for the solute-specific coefficients. It may be helpful to indicate that the presence of 0.45 M Na2SO4 denotes 

the solute-specific coefficients determined in PEG-Na2SO4 ATPSs 

a – Data from [20], [29] 

b – Data from [28] 

c – Data from [23] 

d – Data from [21] 
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Figure S7.4. Solute-specific coefficients in the presence of 0.215 M NaCl for all organic 

compounds examine (except Na salts of DNP-AA) plotted against those for the same compounds 

in the absence of the NaCl additive. (A) Coefficient Ss. (B) Coefficient As.  
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Figure S7.4. (cont.) Solute-specific coefficients in the presence of 0.215 M NaCl for all 

organic compounds examine (except Na salts of DNP-AA) plotted against those for the same 

compounds in the absence of the NaCl additive. (C) Coefficient Bs. (D) Coefficient Cs. 
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8.1. Main conclusions 

 

The Aqueous Two‐Phase Systems technology has been the object of intensive research in the last 

few decades. Indeed, their peculiar advantages, such as the innocuous and biocompatible environment 

for biomolecules, the low operational costs and the extreme sensitivity towards the surface properties of 

a diversity of solutes, make them attractive not only for separation purposes but mainly for bioanalytical 

applications. 

Partition coefficients define the information provided by changes in the solute distribution behavior 

under altered partition conditions or as a response to a change in its properties. Thus, the understanding 

of the partitioning mechanisms is decisive for ATPSs effective utilization. 

The major goal of this work was to add to the current understanding of solute partitioning in ATPSs. 

Thus, in Chapter 3, our results suggested that the effects of the salts additives on solute partitioning seem 

to be related to their influence on the water structure. These findings agree with the data previously 

reported on the effects of different salt additives on the solvent properties of aqueous media in different 

ATPSs formed by two nonionic polymers. It was shown before that the difference between the electrostatic 

properties of the coexisting phases may be described only considering the effect of a given salt additive 

on the hydrogen bonds in water. Similar effects were displayed with the salt additive concentration of ca. 

0.025 to 0.1 M on the background of ∼1 M Na2SO4 in the lower phase of the systems, which was rather 

surprising. 

Chapter 4 presented the experimental results of the studies of partition behavior of small organic 

compounds and proteins in aqueous PEG–Na2SO4 two-phase system governed by solute-water 

interactions. Interestingly, the solute-solvent interactions of nonionic organic compounds and proteins in 

these systems differed from those in PEG–DEX systems. The experimental data obtained showed that the 

compound partition behavior in PEG–salt ATPSs does not depend on the molecular volume of the 

compound. The data obtained agree with the assumption that polar organic compounds and proteins 

respond to their environment in aqueous media by changing contributions of different types of solute-
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water interactions in a solute- and ionic composition-specific manner. Both polar organic compounds and 

proteins demonstrate cooperativity of different types of solute-water interactions found to be linearly 

interrelated. Solvent properties of aqueous media in the coexisting phases of polymer–salt ATPSs may be 

quantified using the solvatochromic comparison method provided that the salt concentrations in both 

phases are below the level prohibiting solvatochromic measurements. 

The results presented in Chapter 5 demonstrate that the addition of NaCl affected the partition 

behavior of small organic compounds and proteins in aqueous PEG–Na2SO4 two-phase systems through 

its influence on the solute-water interactions. The data obtained agree with the assumption that polar 

organic compounds and proteins respond to their environment in aqueous media by changing 

contributions of different types of solute-water interactions in the solute- and ionic composition-specific 

manner. 

In Chapter 6, the data obtained were analyzed together with the results for other organic compounds 

and proteins reported previously, and the linear interrelationships between logarithms of partition 

coefficients in PEG–DEX, PEG–Na2SO4 and PEG–Na2SO4–0.215 M NaCl (all in 0.01 M K/Na- or Na-

phosphate buffer, pH 7.4 or 6.8) were established. Similar relationship was found for the previously 

reported data for proteins in PEG–DEX, PEG600–Na2SO4, and PEG8K–Na2SO4 ATPSs. It was suggested 

that the linear relationships of the type established in ATPSs may be observed for biological properties of 

compounds as well. Also, it was concluded that the equation establishing linear interrelationships between 

logarithms of partition coefficients in 3 different systems seem to be rather universal. These correlations 

suggest that the properties and the mechanisms of phase separation in both types of polymer–polymer 

and polymer–salt ATPSs are of the same nature. 

Chapter 7 presented the results obtained in the studies of solvent properties of aqueous PEG–DEX 

and PEG–Na2SO4 two-phase systems formed with (or without) 0.215 M NaCl and 0.215 M NaClO4 in the 

presence (or absence) of 0.5 M sorbitol, sucrose, trehalose, and 0.5 M or 1.5 M trimethylamine N-oxide, 

showed that the solvent properties of the systems vary in a wide range. The differences between the 

solvent properties of the systems formed by polymer and salt exceed those measured in the systems 

formed by two polymers. The three most significant solvent properties of the systems are hydrophobic 

and electrostatic properties and hydrogen bonding donor acidity of the solvent media. Osmolyte additives 

were found to have quite significant effects on the differences between the electrostatic properties of the 

phases. Furthermore, analysis of the partition coefficients of 12 organic compounds and 5 proteins 

showed that osmolyte additives may affect the partition behavior of compounds in a compound-specific 

manner. The relative contributions of different types of interactions of a given compound with aqueous 
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media change in the presence of salt and osmolyte additives. Analysis of the ranges of partition coefficients 

variability in the systems utilized showed that for small organic compounds, the ranges of K-values 

observed in PEG–Na2SO4 ATPSs exceeded those determined in PEG–DEX ATPSs quite significantly. On 

the other hand, for proteins, the range of K-values in PEG–DEX ATPSs exceed those in PEG–Na2SO4 ATPSs 

for 3 proteins and were very similar for 2 proteins. Therefore, the ATPSs formed by two polymers can be 

more useful for protein analysis, while ATPSs formed by a single polymer and a salt have an advantage 

for protein isolation/separation. 

Finally, it should be highlighted that it is more evident than ever, that ATPSs are extremely sensitive 

towards biomolecules surface properties. Additionally, this peculiar feature makes them a powerful tool 

with a high potential of application in several fields of biotechnology. 

 

 

 

8.2. Future perspectives  

 

ATPS partitioning was used in this work to investigate solute distribution between the coexisting 

aqueous phases of polymer–salt and polymer–polymer systems and to get new insights about the solute-

solvent interactions that are involved in this phenomenon. 

However, certain topics were not totally explored, and some new questions arouse, which would need 

a deeper investigation. Hence, some proposals for future work are presented ahead. 

In Chapter 3, although the effects of the salt additives were shown to be related to their influence on 

the water structure, the limited number of salts additives examined prevents any general conclusion. Thus, 

it would be interesting increase the number of salts added to the system. 

The results of Chapter 6 suggested that the linear relationships established in ATPSs may be 

observed for biological properties of compounds as well, however, we do not know yet the boundaries of 

its applicability to physicochemical and biological properties. 

Of note, another limitation of our study is the reduced number of biomolecules (low molecular and 

proteins) used to create the interrelationships between the systems. It would be important to increase 

both the number of compounds partitioned in the systems and their variability in order to improve and 

better support the relationships obtained. 
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The establishment of the same type of correlations (Collander equation and LSER) and the analysis 

of the solute-solvent interactions in the same systems used but now containing other salt additives (e.g. 

NaSCN and NaH2PO4) and different salt-osmolyte combinations would be important too. 

Since in this work the addition of different compounds to the systems were studied it would be 

interesting to evaluate the effect of new additives, such as ionic liquids, on the solvent properties of the 

systems and consequently on solute partitioning. 

Moreover, it would be interesting to explore the solute-solvent interactions in different types of ATPSs 

(such as the so-called alternative ATPSs) and verify if solute partitioning is governed by the same 

mechanisms. 

The Collander equation was initially proposed to describe solute partition in water-organic solvent 

systems, but this model has been effectively extended to correlate partition of unrelated compounds in 

two (or more) different ATPSs, supporting the idea that this model can be used to predict partitioning in 

ATPSs. Thus, it would be highly relevant to attempt to apply this empirical model to a real case scenario 

of ATPS partitioning, aiming the recovery of bioproducts from complex mixtures. 

In summary, there is still a long journey to fully understand the mechanisms behind solute partitioning 

in ATPSs but work in this regard is currently in progress. Still, this work has added to the knowledge of 

solute partitioning and, corroborating previous studies, it has highlighted ATPSs partitioning as a powerful 

bioanalytical tool for different applications. 
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A.2. Communications in conferences  

 

The work developed during this PhD Thesis was presented in the following conference: 

 

ORAL COMMUNICATION 

 

Nuno R. da Silva, Pedro A. Madeira, José A. Teixeira and Boris Y. Zaslavsky. Manipulation of 

partition coefficient in ATPSs: understanding the addition of osmolytes and salts. 12th ESBES, European 

Symposium on Biochemical Engineering Sciences, Lisboa (Portugal), 9th-12th September 2018. 

 

 

 

 

 

 

 

 

 

 

 

“The scientist trying to discover nature’s secrets soon finds that only the most persistent, 

rigorously honest and boldly imaginative effort can win. Nature plays the perfect Sphinx and is 

completely adamant to every clumsy attempt to force the locks that guard her secrets. Yet to 

the man who finds the correct combination for one of these, i.e., the truth, she yields without 

the slightest resistance. Further, the devotee of science, that is, if I may change the metaphor, 

the man who woos nature for her secrets, must develop enormous tolerance in seeking for ideas 

which may please nature, and enormous patience, self-restraint and humility when his ideas 

over and over again are rejected by nature before he arrives at one to please her. When the 

scientist does finally find such an idea, there is often something very intimate in his feeling of 

communion with nature.” 

  

Robert S. Mulliken, Science and the Scientific Attitude, Science, 86, 65 (1937) 
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