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ABSTRACT 

This work presents the results of studies for protein and metal separations from 

aqueous solutions by means of metal-chelating interactions using salt-polymer aqueous 

two-phase systems. Several polymer-chelates were synthesized and characterized. 

Polyethylene glycol (8000 M.W.) and sodium sulfate along with four different chelates 

(IDA, TED, Cm-TREN and L-ASP) coupled to monomethoxy polyethylene glycol CM-

PEG), were used for the preparation of aqueous two-phase systems and the recovering 

of metals. 

The PEG-Chelators synthesized complexed with Cu+2, Ni+2, Co+2 and Zn+2 were 

used for the recovery of proteins from aqueous solutions. The influence of the pH, the 

chelated metal as well as the number of accessible histidine groups on proteins 

partitioning was investigated and found not to follow a linear relationship for all cases. 
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CHAPTER 1 

INTRODUCTION 

Progress in areas such as Chemical Engineering as well as Biochemistry depends, 

in great part, on the development of efficient separation methods. In such areas complex 

mixtures are produced within a wide range of size, form and chemical composition. 

Since an ample variety of components are present in mixtures like those just 

mentioned, it is rare to solve a separation problem by one type of method alone. 

Therefore, it is necessary to combine different methods, which take advantage of the 

different properties of the particles or chemicals involved. Some processes that have 

evolved from analytical and micropreparative techniques are principally intended to 

recover and isolate proteins and peptides from multicomponent aqueous solutions. These 

compounds are usually present in very low concentrations, and isolation in high purity 

without denaturation of these chemicals is an important objective. Two-liquid-phase 

extractive processes fall into the category of the methods of separation mentioned above. 

Purification by liquid-liquid extraction has been a standard practice in the 

pharmaceutical industry for recovery and purification of low molecular weight biological 

products such as antibiotics, vitamins and steroid hormones. This has recently been 

extended to protein recovery through the process of two-phase aqueous extraction (Walter 

et al. 1985). This process, which employs either aqueous mixtures of simple electrolytes 

and water soluble polymers (e.g., Dextran/PEG) to form two immiscible water-rich 
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phases, has been shown to be quite effective in facilitating the separation of cells or 

cellular debris from soluble proteins in fermentation broths, as well as permitting the 

recovery of enzymes and other useful biomacromolecular products from such mixtures 

(Albertsson, 1971; Walter et al., 1985). Unfortunately, efforts to develop a predictive 

rationale for selection of appropriate multiphase-forming polymer systems, useful for 

specific protein recovery requirements, have yet to be developed; so that the process 

remains a trial and error prospect for any specific separation. Efforts aim at increasing 

the selectivity of such extractions by attaching affinity ligands to the phase-splitting 

polymers have yielded promising results (Walter et al. 1991), and may ultimately lead 

to broadened utility of this procedure for protein isolation. 

This work is an attempt to ample the view with respect to the behavior of proteins 

and metals in aqueous two phase systems, utilizing PEG modified with four different 

chelating agents, which work as ligands. Two-phase polymer-salt systems were prepared 

with compositions of 14% of PEG and 8% of salt. The modified PEG-Chelate was 2% 

and added to the PEG phase. For protein recovery the same PEG-Chelators were charged 

with metal ions before adding them to the protein solutions. The hope is to increase our 

understanding of metal affinity protein partitioning and contribute to a more accurate 

knowledge of these systems, and thus be able to predict the partitioning of different 

proteins in the presence of different quelatants and metals. This work is also focused, in 

one of its sections, to the recovery of metals from aqueous solutions using the four 

different chelating agents attached to PEG, by means of aqueous two phase partitioning. 
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This work will primarily deal with aqueous salt-polymer systems which are more 

economical and more widely used than aqueous polymer-polymer systems. The polymers 

used in this work were polyethylene glycol (PEG) with average molecular weight of 8000 

and monomethoxy polyethylene glycol (M-PEG) with average molecular weight of 5000. 

The salt used to prepare the systems was anhydrous sodium sulfate (Na2S04) and as 

buffers mono and dibasic potassium phosphate (K2HP04; KH2P04). Although there are 

a large number of salts which form two phases with PEG (Kabiri-Badr, 1990), we chose 

sodium sulfate because of its availability, price and because the large amount of data 

available in the literature for PEG-Na2S04 aqueous two phase systems (Kabiri-Badr, 

1990). 

Although there has been some work reported using PEG modified with chelatant 

agents such as imino diacetic acid (IDA) and L-aspartic acid (L-ASP) (Plunkett, S.O. 

etal, 1990; Suh, S-S. etal., 1990; Wuenschell, G.E., etal., 1990, 1991; Chung, B.H., 

et al. 1991 and Birkenmeier, et al., 1991) for the recovery of proteins, to the best of our 

knowledge, no such attempts have been done to use either: PEG modified with 

carboxymethylated-tris (2-aminoethyl)amine (Cm-TREN) or PEG modified with tris-

carboxymethyl-ethylene-diamine (TED) for the recovery of proteins. Moreover, no 

work at all has been done to recover metals from aqueous solutions using PEG modified 

with the chelatants mentioned above. In this work it was found that the lower the 

concentrations of metal ions the partition coefficients of these ions invariably increased 

in most cases with all the modified PEG-Chelates and for all the metals used in this 
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work. 

For protein recovery it was found that the number of accessible histidines groups 

did not follow a linear relationship with the partition coefficient for all the cases we 

studied. 

In the chapters that follow, a detailed description of the synthesis of the different 

PEG's is presented as well as a description of the experiments performed with such a 

material for the recovery of metals and proteins from aqueous solutions. Chapter 2 

provides a general review regarding the theory of affinity methods, such as affinity 

chromatography, immobilized metal affinity chromatography, affinity partitioning and 

metal affinity partitioning. In chapter 3 it is explained the methodology followed for the 

synthesis and purification of the four different modified PEG's obtained by attaching four 

different chelating agents to monomethoxy polyethylene glycol (M-PEG). In Chapter 4 

it is described the extraction of Cu+2, Ni+2,Co+2 and Zn+2 from aqueous solutions in 

PEG-Salt aqueous two-phase systems and concentration of metal from 0.043 gm/ml to 

0.326 gm/ml and room temperature. In Chapter 5 experiments and results obtained by 

testing the four PEG's obtained, for the extraction of ten different proteins and three 

different pH's are presented. Finally, in chapter 6 general conclusions and discussions 

emanated from this work are presented. 
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CHAPTER 2 

AFFINITY SEPARATIONS 

This chapter begins with a short discussion of affinity chromatography. Then, the 

basis of immobilized metal affinity chromatography will be discussed. Next, a brief 

discussion of aqueous two phase partitioning and finally the existent mathematical model 

for metal affinity partitioning will be presented. 

2-1 Affinity Chromatography 

The production of enzymes, antibodies and biologically active biomolecules, either 

in ordinary or genetically-engineered cell cultures; results in complex mixtures containing 

quite low concentrations of the desired product. The recovery and purification of the 

product of interest in these mixtures usually require several steps. A review of published 

protein purification schemes reveals that an average of 6-7 different steps are required 

to achieve the desired levels of purity (Bonneijea, J. et al., 1986). Since the biomolecules 

produced are very labile; the methods used for the recovery of these have to be very 

gentle as well as produce the material with the desired degree of biological activity and 

specificity. 

Affinity chromatography provides the basis for such gentle and efficient 

separations and has been one of the most used purification procedures since its 

appearance in 1968 (Parikh I. et al., 1985). This technique is based on the ability of 
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biological active macromolecules to bind complementary ligands, specifically and 

reversibly, and is realized by covalently attaching the ligand to an insoluble support, via 

an spacer arm to reduce steric hindrances. In theory, only molecules with appreciable 

affinity for the immobilized ligand will be retained; others will pass through unretarded. 

The specifically adsorbed biomolecule can be eluted by changing the composition of the 

eluting buffer (i.e. pH, etc.). Alternatively, desired adsorbed molecules can be recovered 

specifically by bioelution with a competitive counter ligand. In principle, affinity 

chromatography can be applied when any particular immobilized ligand interacts 

specifically with a biomolecule. 

Affinity chromatography can be classified as: a) Molecular affinity 

chromatography, which is used mainly for isolation and separation of enzymes, 

antibodies, proteins, etc. and b) Cellular affinity chromatography, which is used for 

separation of cells, cell organelles, phages and viruses (Sharma S.K. et al., 1980). 

In practice, the ligand, which is covalently attached to a solid support via a spacer 

arm, selectively adsorbs an enzyme from a mixture of proteins. Then after the 

unadsorbed contaminating proteins are washed away, the enzyme can be eluted and 

recovered from the affinity matrix. See figure below for a generalized protein purification 

scheme. 
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SOLID SUPPORT UQAND 

#a/wh> a a a • 
SPACER ARM ATTACHMENT OF THE DESIRED 

WASHING BUFFER 
a a • 

(a a • 

ELLTTIOi 

REMOVAL OF CONTAMINATING PROTEINS 

#yVWM>' 
RECOVERY OF PROTEIN 

OF INTEREST 

REUSABLE AFFINITY MATRIX 

Figure 2.1 Protein purification by means of affinity 
chromatography. 

A wide variety of materials have been used as solid support in affinity 

chromatography. However, the ideal support would have some of the characteristics 

mentioned below. First, the support should be mechanically strong; sufficiently 

hydrophobic to avoid the nonspecific binding of proteins, and stable to most water-

compatible organic solvents. (Parikh I. et al., 1985). Other desirable characteristics of 

the solid matrix are a high degree of porosity to allow easy diffusion of large molecules. 

Several solid supports have been used in affinity chromatography, such as polysaccharide 

based, polyamides and microporous glass beads, although the most popular matrix for 

affinity chromatography is beaded agarose, a specially purified form of the naturally 

occurring polysaccharide agar (Sharma S.K. et al., 1980). 

Hydrocarbon spacers between ligand molecules and the solid support are used 



23 

extensively in affinity chromatography. The usefulness of these spacers has been 

attributed to the relief of steric restrictions imposed by the matrix backbone and to an 

increased flexibility and mobility of the ligand as it projects farther into the solvent 

(Cuatrecasas P., 1970). It has been pointed out that hydrocarbon extensions by 

themselves may bind proteins through mechanisms unrelated to specific recognition of 

the ligand (Shaltiel S., 1974). Dechow et al. (1989) suggested that the manner on which 

the spacer arm is attached to the solid matrix has influence on the retention of the 

biomolecule by the spacer arm. 

The ligand is usually a small molecule, covalently attached to the solid support, 

that shows a special and unique affinity for the molecule to be purified. This small 

molecule must posses chemical groups that can be modified for linkage to the solid 

support without destroying or seriously altering interactions with the protein. When the 

target protein has a high molecular weight, the ligand groups that interact with that 

protein must be sufficiently distant from the solid matrix to minimize steric interference. 

The use of spacer arms to create this distance has been discussed above. 

A large number of different ligands are available for specific interactions with 

enzymes and proteins; these include competitive enzyme inhibitors, coenzymes, other 

substrates and cofactors (Parikh I. et al, 1985; Sharma S.K. et al., 1980; Dechow F.J., 

1989). 

The ideal ligand for affinity chromatography should posses the ability to bind 

strongly the solute to be isolated and the binding should be highly specific, so that 
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impurities with similar structures are not bound. The binding should also be reversible 

so that the isolated solute can be easily eluted from the ligand. Hence, the binding 

strength, the selectivity and the elution behavior constitute the controlling factors in a 

quantitative description of affinity chromatography. 

The binding strength and the selectivity are termed the avidity of the ligand for 

the solute. The solute becomes the ligate when it is bound to the ligand. The avidity is 

described mathematically by the association constant K„ 

 ̂ = JEL (2.1) 
kb —-" K mm 

for the interaction of the ligand [L] and the ligate [EJ. 

E + L *> EL (2.2) 

The adsorption of the ligate by the ligand can be represented by the Langmuir-type 

isotherm 

[EL] = Kas [L&1 (2.3) 
i+ m 

where 

[LJ = [L] + [EL] (2.4) 

High values of K„ represent an extremely stable complex. Typical values are 10,5M for 

the avidin-biotin interaction, 106M to 1012M for antigen-antibody interaction (Lowe C.R., 

1984). 
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In most cases, there are additional materials which will compete with the desired 

ligate for ligand sites. In all cases, such competition occurs when it becomes necessary 

to elute the desired ligate from the ligand . When the competing ligate [D] is present in 

the solution, the following equation can be used to describe the relevant equilibria: 

ia. = -J— i • -M- + m (2.5) 
[EL] K^ILJ rKED [LJ 

In this equation, Kej, represents the dissociation constant for a complex formed between 

the two potential ligates in solution: 

Ked = MM (2.6) 
^  [ED] 

The parameter r represents the ratio of the partition coefficient and aD. The partition 

coefficient accounts for the possibility that there are sections of the column that are 

accessible to the solvent but not to large protein molecule, E. For a more detailed 

discussion of this subject see Dechow, F.J. (1989). 

2-2 Immobilized Metal Affinity Chromatography 

Although the interaction of heavy metals ions with biopolymers in solution had 

been known for a long time. An assumed low selectivity and the prevailing consensus 

that proteins might be denatured by certain heavy metal ions; had hindered the 

development of suitable methods to exploit the interactions of heavy metal ions with 

biopolymers. It was until seventeen years ago when a novel purification technique for 
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proteins, "Metal Chelate Affinity Chromatography", which takes advantage of the 

interaction of metal ions with biopolymers, was introduced by Porath (Porath J. et al., 

1975). The development of this technique was based on the concept of two molecules 

having a biological affinity toward each other, but the traditional ligands used in affinity 

chromatography were substituted by divalent ions, such as Cu+2, Ni+2, Co+2, Zn+2 and 

Fe+3, attached to a metal chelator. The later, is covalently bound to a solid support 

through a spacer. 

Immobilized metal affinity chromatography is group selective, like several other 

methods based on adsorption, molecular size, surface charge, etc. Only in exceptional 

cases is as selective as affinity adsorbents based on specific biological recognition of two 

interacting molecules. Thus, the utility of the method lies mainly in fractionation steps, 

where the strategy is to separate into defined groups the components present in a given 

biological sample. 

In metal affinity chromatography a metal ion with affinity for an analyte, which 

is the solute being adsorbed, in the sample to be fractionated is fixed to an insoluble 

matrix in order to serve as an adsorption center. However, the metal ions must be 

sufficiently exposed in order to allow complexation. They may be bound to carboxylic, 

sulfonic, or sulfate ester type cation exchangers. But a more stable immobilization may 

be achieved by the chelate or macrocyclic effects with a matrix-fixed chelator (Porath J. 

et al. 1983). 

The formation of the adsorption compound, Chelator-Metal-Analyte takes place 
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in two steps: a) Immobilization of the metal ion by chelate formation, and b) analyte 

adsorption. In both steps the metal ion acts as an electron acceptor or Lewis acid (Porath 

J. etal., 1983). 

According to Porath (1988), all metal ions that interact specifically with organic 

matter are potential partners in the adsorption centers for Immobilized Metal Affinity 

Methods. However, the most used have been Cu+2, Ni+2, Co+2, Zn+2 and Fe+3. 

The chemistry is different for metal complexes in free solution and at the 

boundary between polymer and aqueous phase. From solution chemistry we know that 

Cu(II) and Ni(II) are able to form different kinds of complexes (square, tetrahedral, 

octahedral, etc.) that are often distorted due to the steric hindrance. Presumably, the 

immobilization of metal ions alter to some extent their chemistry. Furthermore, steric 

hindrance caused by the polymer network, the spacer arm used for ligand attachment, 

and the difference in the structure of bulk matter and water proximal to polymer chains, 

are all factors perturbing molecular shape and reactivity of an adsorption center (Porath 

J., 1988). 

Ideally a metal ion should be strongly anchored to the solid support to avoid metal 

release to the solvent phase. To achieve this goal, it is desired to have a multidentate 

ligand having the number of nucleophilic atoms exceeding the total number of 

coordination sites on the metal ion. Unfortunately, most likely such a ligand would 

drastically reduce the affinity for the metal ion and may even completely annihilate its 

adsorption capacity. 
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On the other hand, if an unidentate ligand is used then the metal would be lost 

easily. In other words, it will be released from the column very easily. Hence, it is 

desired to work with ligands able to retain the metal strong enough to avoid an easy 

release from the column, but at the same time let the metal interact with the proteins in 

order to retain them for separation from the bulk solution. In fact, the stronger the 

immobilization of the metal ions the weaker the interaction with the proteins. Porath 

(1988) reported some stability factors for useful chelate ligands and also suggests the 

following order of affinity of IMA adsorbents for proteins (Me = Metal Ion): 

Me-IDA > Me-Cm-ASP > Me-TED > Me-Cm-TEPA 

which is exactly the inverse order of the metal affinity characteristics of the immobilized 

chelating groups themselves, and where IDA (imino diacetic acid) has one coordination 

site due to a nitrogen atom and two due to oxygen atoms. Cm-ASP (carboxymethylated 

aspartic acid) has one coordination site due to a nitrogen atom and three because of the 

oxygen. TED (triscarboxymethylated ethylene diamine) has two coordination sites owing 

to a nitrogen atom and three because of oxygen atoms. TEPA (tetraethylene pentamine) 

has five coordination sites due to nitrogen and five coordination sites due to oxygen, 

while Cm-TEPA (carboxymethylated tetraethylene pentamine) has zero coordination sites 

due to nitrogen atoms and six coordination sites due to oxygen atoms (Porath J., 1988). 

The main targets for metal attack on the protein surface are imidazolyl, thiol and 

indolyl groups, when the immobilized ions are Cu(II), NI(II), Co(II) or Zn(II). That 

means that only three aminoacid residues, histidine, tryptophan and cystein, serve as 
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ligands for the immobilized transition ions (Belew M. et al., 1990). However, the amino 

acid that has a higher influence as ligand is histidine (Sulkowski E., 1985). As explained 

by Sulkowski the pK, of histidine residues is highly influenced by the vicinal positive or 

negative amino acid residues. Also the steric hindrance of the bulky vicinal amino acids 

may impair an appropriate coordination, as well as the hydrophobic effect, which is an 

intrinsic part of the coordination phenomenon. Finally, the isoelectric point of the protein 

plays an important role in the IMA event. For this reason, adsorption of proteins may 

be higher for those proteins that have located histidine groups at the end of the peptide 

chain or close to the end (Porath J., 1988). 

In a chromatographic column one can distinguish two steps: adsorption and 

elution. Adsorption has to be performed at a pH at which an electron donor grouping(s), 

on the protein surface, is at least partially unprotonated. Hence the proteins must be 

added to the column at an alkaline pH. On the other hand, elution can be performed in 

three different manners: 1) protonation, 2) ligand exchange and 3) chelate annihilation. 

Protonation consists on decreasing the pH in the column (usually around 5) in order to 

protonate the electron donor grouping(s) on the surface of the protein, and to displace 

it. Ligand exchange is based on displacement of the protein by a competing electron 

donor (e.g. imidazole) solute at nearly neutral pH. Chelate annihilation is based on the 

destruction of the chelator bound to the solid matrix at low pH by a mild chelating agent 

(Histidine) or a strong chelating agent (EDTA) resulting in the release of the protein 

(Sulkowski E., 1985). 
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Extensive research has been done on immobilized metal affinity chromatography 

(IMAC) and new approaches of the same technique have emerged such as 

pseudobioespecific ligand affinity chromatography (Vijayalakshmi M.A., 1989), and 

immobilized metal affinity electrophoresis (Botros H.G. et al., 1992). Although most of 

the research has been focused in developing new applications of the technique and 

develop of new chelating agents to be attached to the solid support. Such is the case of 

the purification method for recombinant proteins based upon the selective interaction 

between a polyhistidine peptide and the nitrilo triacetic acid (NTA), metal chelate 

adsorbent developed by Hochuli E. et al., 1988, 1987. A similar fusion concept for the 

purification of proteins was published by Smith (1988) using nickel immobilized in 

iminodiacetic acid (Ni-IDA adsorbent). 

Porath, in his pioneering work (Porath J., 1975), introduced the chelating agents 

IDA and TED using Cu(II), Ni(II) and Zn(II), later a new metal, Fe(III), was tested by 

the same author (Porath J., 1983) to purify serum proteins as well as glycogen 

phosphorylase and lactate dehydrogenase (Chaga G. et el., 1989). Recently, Mantovaara 

et al. designed a new chelating agent known as carboxymethylated aspartic acid (Cm-

ASP) agarose, with a Ca+2 attached to the chelating agent, and used it for the separation 

of several proteins (Mantovaara T. et al., 1989,1991; Porath J. et al., 1991). 

In spite of the big efforts done investigating the basic principles of IMAC, few 

attempts have been done to use this technique for large scale purification of proteins 

(Zawistowska U. et al., 1992), due to the complications to scale up chromatography 



31 

columns. However, IMAC in concert with conventional means of separation, such as gel 

filtration, has been used to increase the effectiveness of the method for the isolation of 

many diverse proteins. In Addition, this method has the advantages of high capacity, 

quantitative recovery,no detectable damage to the protein and easy regeneration. 

Properties of the Imidazole Ring 

The imidazole ring, present in the histidine aminoacid, is an aromatic heterocyclic 

molecule (Figure 2.2) and is structurally related to pyridine and pirrol. As described by 

Wingrove et al. (1981), aromaticity in completely conjugated monocyclic systems 

requires a planar array of atoms with (4n+2) r electrons. The possibility for aromaticity 

in imidazole can then be recognized if imidazole is considered to be constructed from a 

trigonal nitrogen with two electrons in the unhybridized p orbital (with N-l pyrrole 

nitrogen), a trigonal nitrogen with a lone pair in a hybrid orbital and a single electron 

in the p orbital (N-3, pyridine nitrogen), and three trigonal carbons each with one 

electron in ap orbital (Sundberg R.J. et al., 1974). 



32 

Figure 2.2 Structure of imidazole ring. 

An aromatic sextet is then available. Sundberg compares the net charges of nitrogen 

atoms in pyridine, imidazole and pyrrol rings; from that comparison Sundberg concludes 

that all hydrogen atoms in the imidazole ring are a donators. Also the same author 

establishes that carbon 4 and 5 of imidazole are a acceptors. 

In biological polymers the imidazole nitrogen of histidine residues provides one 

of the primary means by which metal ions may be bound to proteins. The histidine 

molecule presents three potential coordination sites in aqueous solution. The carboxyl 

group (pK„ = 1.9), the imidazole nitrogen (pK, = 6.1) and the amino nitrogen (pK, = 

9.1) becomes available for complexation as pH increases (Sundberg R.J. et al., 1974). 

Sundberg also reports in the same work the log of stability constants for histidine and a 

variety of divalent metal ions. For copper it is reported a value of 10.1, 8.7 for nickel, 

6.9 for cobalt and 6.6 for zinc. For a more detailed discussion regarding this matter see 



Sundberg R.J. et al. (1974) and Leporati E. (1986). 
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2-3 Aqueous Two Phase Partitioning 

Aqueous two phase partitioning, introduced in 1956-1958 by the pioneering work 

of Albertsson (Albertsson P.A., 1956, 1958), is a powerful technique for separation of 

biological material. Aqueous two phase partitioning is a term that describes two separated 

but related phenomena. The first is the spontaneous division of an aqueous solution of 

two polymers or one polymer and one salt. These solutions result in two phases with 

water content in each phase of 75 % or more, and with interfacial tensions between 0.001 

and 0.01 dyne/cm compared with 1-20 dyne/cm for aqueous organic systems (Albertsson 

P.A., 1971). The second phenomenon is the partitioning of substances in an existing two 

phase system. If a substance is added to a phase system, it will divide itself between the 

phases, and most likely prefer one phase over the other. The separation can be influenced 

by size, electric charge, hydrophobicity, or bioespecific recognition (Albertsson P. A. et 

al., 1991). 

Phase partitioning provides a useful method of separation for a number of 

different biological moieties, including proteins, nucleic acids, cells, cell organelles and 

membrane vesicles. Recently, genetic engineering techniques have created a need for 

purification schemes to isolate pure proteins from a large mixture of biological 

components (Arnold F.H. et al., 1991). Aqueous two-phase partitioning is attractive for 

this task for many reasons. Traditional techniques have certain disadvantages for this job. 
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For example, chromatography cannot be performed on a continuous basis. Thus, two-

phase partitioning offers an alternative to these methods, as well as some other 

advantages. It can be done continuously, and large scale equipment is available from 

related unit operations in the chemical processing industry. The small size of biological 

entities is not an inherent problem that hinders the separation. In addition, there is a costs 

savings which stems from reduced operating time, which leads to lower labor cost and 

smaller refrigeration requirements. The equipment for partitioning generally requires only 

a small energy input, specially since solutions that need to be mixed will have a low 

interfacial tension. It is claimed that preparations made employing this method will have 

a higher activity yield than those prepared by conventional methods. 

The technique has several disadvantages, for instance one of the polymers that is 

commonly used to make up the phase system is dextran, which can be quite expensive 

in purified form. One can overcome this problem by using a salt instead of Dextran. The 

polymers employed in any phase system will have to eventually be removed. This is 

often easily accomplished by simple chromatography, electrophoresis, ultrafiltration or 

other methods (Albertsson P.A., 1991). Finally, there is no comprehensive model which 

will predict the behavior of a substance in a two phase system. This makes finding the 

optimum system for a given partition a largely trial and error method. 

Phase Diagrams 

The two phase system that is formed can be described with a phase diagram like 
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the one shown below. Line EAF is called the binodal curve. All points on this line show 

the composition above which a two phase system will be formed. Lines, such as BCD 

are tie lines. When a mixture of polymers has an overall composition given by C, for 

g. 

CL 

CC 
LJJ 

o 
Q_ 
h-
Z 
LU 
o 
DC 
LU 
CL 

PERCENT POLYMER D (W/W) 

Figure 2.3 Phase Diagram 

example, it will spontaneously form a two phase system with compositions given by 

points B and D, for each phase respectively. Phases with compositions B and D are in 

equilibrium . This holds true for all other tie lines. Point A is called the critical point. 

At this point, a differential change in composition will cause a one phase system to 

become a two phase system, with almost identical properties in each phase. The volume 
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ratio for the two phases can be determined by using the inverse lever arm rule on the tie 

line the system falls on, (Albertsson P.A., 1971). 

Many factors have been found which alter the phase diagrams for a given system. 

Sjoberg reports that moderate temperature changes have only a small effect on the phase 

diagram. The extent of the two phase area decreases slightly and the slope of the tie lines 

are changed. When the temperature is increased above 90 °C the two-phase region grows 

dramatically with increasing temperature (Sjoberg A. et al., 1989). 

Another important factor influencing particle separation in aqueous two-phase 

systems is the interfacial tension. In general, big particles such as cells or cell particles, 

collect at the interface but small particles, such as proteins, do not. This is because the 

decrease in the interfacial tension due to adsorption at the interface is of the same order 

of magnitude as the kinetic energy of a small particle but is larger than the kinetic energy 

of a big particle. Thus, the adsorption of big particles takes place because it decreases 

the total free energy of the system. The magnitude of the adsorption depends on the size 

of the particle being distributed and on the interfacial tension of the system. By varying 

the interfacial tension it is possible to move particles from the bottom phase to the 

interface and even to the top phase (Forciniti D. et al., 1990). In the same work Forciniti 

reports changes in interfacial tension due to changes in polymer concentration. This is 

equivalent to changing the length of the tie lines. It has been found experimentally that 

the interfacial tension increases by increasing the tie length. Influence of temperature on 

interfacial tension is not very clear so far (Forciniti D. et al., 1990). 
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Also the partition coefficient of protein decreases when increasing its molecular 

weight (Forciniti d. et al., 1991). When the molecular weight of one of the polymers 

decreases, say polymer A, while fixing the total polymer concentration, on a 

weight/weight basis, increases the affinity of the protein for the phase rich in polymer 

A. 

Phase Separation 

When two polymers are mixed above certain minimum concentration, the result 

is a two phase system. The driving forces for this process to happen are two. One is the 

increase of entropy by mixing, the other is the particle interaction that might be present. 

These phenomena are magnified as the size and surface area of the particles are 

increased. Therefore, for solutions of polymers the surface interactions tend to dominate 

over entropy effects, due to the large size of the polymers. Since like particles of 

polymer will tend to attract, and unlike particles will tend to repel, two distinct phases 

will be formed (Albertsson P.A., 1971). 

Partition of a Substance Between Phases 

The partition of a substance between two phases is governed by two forces. One 

is Brownian motion, which tends to distribute the particles randomly throughout the 

entire space of the phase system. The other is the forces acting upon the particles at the 

interface tending to distribute them unevenly so that they collect in the phase in which 
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they have their lowest energy. The energy needed to overcome Brownian motion and 

move a particle from phase 1 to phase 2 can be represented by E, then 

r 
Z l = e k T  (2-7) 

where C is the concentration in a given phase; k is the Boltzman constant and T is the 

temperature. The last equation can be expressed as 

A K 
l l = K = e R T  ( 2 - 8 )  

Where K is the partition coefficient; A is equal to the surface area of particles and X is 

an unknown term, which describes partition (Albertsson P.A., 1971). 

Phase Equilibria 

The laws of thermodynamics for a system composed of "ir" phases and "N" 

components establish that the following relations must hold at equilibrium: 

p( i)  =  p(2) =  =  p (ir) (2.9) 

J"(l) _ y(2) _ _ y(7i) (2.10) 

n® - n® - ... - (2.11) 

a = 1, 2, 3, ... N 
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Where P is pressure, T is temperature, and /i®„ is the chemical potential of component 

"a" in phase "j". These equations are consequence of mechanical, diffuse and thermal 

equilibrium. And as is well known any phase equilibrium calculation involves the 

utilization of the principle of equality of the chemical potentials. 

The chemical potential of any non dissociating component "a" can be written in 

terms of the thermodynamic activity: 

Ha(T,Pjt) = |x°a(TJ>) + R T In aa(TJ>j£) (2-12) 

where /x°a is the standard state chemical potential of the component "a", a« is the activity 

and x is the vector of mole fractions defined by: 

V 

x = 

\"/ 

(2.13) 

Now, if we consider two phases then equation (2.11) converts to 

and substituting equation (2.12) into (2.14) 

(2.14) 

V-°a\T,P) + R T In a\ (T,P& = v.™(T,P) + R T In al(TJ>£ (2.15) 

Therefore, 
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=  nf(Tf)  -  t i \T ,F)  

R T R T 
(2.16) 

and in terms of concentration ratios with a^C' f j :  

\L°a(TJ>) - y.°a\T,P) 

R T 
(2.17) 

Now, if we consider sufficiently dilute solutions that f1
a(T,P)=l and f2

01(T,P) = l the 

second term on the right hand side vanishes. Solving for the partition coefficient 

Hence, the partition coefficient of a neutral molecule depends exponentially on its 

standard state chemical potential difference. Equation (2.18) is similar to equation (2.8) 

described by Albertsson (1971). Although equation (2.8) is very simple, it does not 

describe the partition coefficient in a proper way. However, there are more sophisticated 

models for the chemical potentials such as the one developed by Kabiri-Badr (1990) for 

a polymer salt system. 

For electrolytic solutions, the activity of an electrolyte "a" that ionizes into v+ 

and v. anions is defined by 

K„=C VC2
a : 

Ka = eXP — 
(2.18) 
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aa = (a*0 (<*_") = al (2*19) 

where a+ and a. are single ion activities and P=P+ + v. (Kabiri-Badr M., 1990). Hence, 

for an electrolytic solution equation (2.15) becomes: 

\ia(TJ>jd = vlXTJ) + v R T In a± (2-20) 

In this case the mean activity defines a mean activity coefficient, y ± ,  which is given by: 

a± = y± mt (2.21) 

where: 

1 v. v. 
Y± = (Y+*Y-~) 

(2.22) 

v* v—i"v" _ A,v* „v-sv (2.23) mt = (m/ m_-)v = (v+* v.)v m 

Now, the standard state chemical potential must be determined by extrapolation to infinite 

dilution, so that 7±->l; that is /na° is defined by 

V-a = o [Pa ~  RTla .m ± ]  (2.24) 

Using equations (2.20) to (2.24) the partition coefficient can be defined for a polymer-

salt system in terms of the chemical potential (Kabiri-Badr, 1990). 

2-4 Aqueous Two Phase Affinity Partitioning 

The previous section dealt with molecular partitioning determined by the 
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compatibility of the material being partitioned. However, there is another important type 

of interaction which can be utilized to vary partition coefficients, by means of affinity 

ligands. The first part of this section deals with affinity partitioning due to ligands similar 

to those used in affinity chromatography, while the second part will deal with ligands 

traditionally used in metal affinity chromatography and that have been incorporated to 

aqueous two phase systems, specifically imino diacetic acid (IDA). 

Affinity Partitioning 

Affinity ligands can be utilized to vary the partition coefficient in an aqueous two 

phase system. 

Consider a macromolecule with n equivalent (the macroscopic dissociation 

constant is the same for all the sites), independent (the binding to vacant sites is 

independent of the number of sites already occupied), binding sites for a ligand (Walter 

H. et al. 1985). The binding of ligand to macromolecule can be analyzed by considering 

the sequential addition of ligand first to the empty macromolecule, then to the single 

occupied species. Next, to the doubly occupied complex, and so on until all n sites are 

occupied. Except for extremely high or low ligand concentrations there will be a 

distribution of degrees of occupancy present in a solution of ligand and binding 

macromolecule. Some molecules bearing few ligands, some many, and most bearing 

about the average number for these conditions. Hence, the higher the ligand 

concentration, the more the distribution will shift to the higher occupancy numbers. If 
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we define Mt as the concentration of macromolecules which have i of their n sites 

occupied by bound ligand, the total concentration of macromolecules MT0T is just 

M7or = EMi (2*25) 

i-0 

Now, the partition coefficient of the macromolecule in the presence of ligand is 

K„ = ^ <2.2® 
\4B 
Mj0 T  

Applying the binomial theorem to equation (2.25) we get the following equation 

i>, - "o (i + K LT (2'27) 

i-0 

and the partition coefficient at any stage in the binding process is given by 

MQ (1 + ATj L7)" ^ 
K = — = - (2.28) 

m 
j , M B M 0

B  (1  +  K» L*? 

i-0 

Therefore, 

Ka (1 + kl L7)" 
K = (2.29) 

(1 + k? Lf 

where K0—MQ/M0
B is the partition coefficient of empty macromolecules; kf and ka

B are 

microscopic association constants for binding of ligands to sites when the reaction occurs 
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in the top and bottom phases; while LT and LB are the equilibrium concentrations of 

ligand in the top and bottom phases. Now, If the ligand concentration in both phases is 

very high, then kj?; kjl > > 1 and equation (2.29) becomes 

which is the equation derived by Flanagan and Borondes (Walter H. et al., 1985). This 

equation can be expressed in terms of the average ligand concentration L, equal to the 

total amount of ligand added per unit volume of phase system, and assuming that the 

concentration ratio of free to bound ligand is much greater than one and that the upper 

and lower-phase volumes are equal: 

*o (*J LV 

<*? LV 
(2.30) 

or 

K -B 
(2.31) 

2L = LT + Lb (2.32) 

Expressing 17 and LB in terms of L and KL using equation (2.31) 
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(2.33) 

jB _ L' 
~ (Kl + 1) 
= 2 L 

(2.34) 

Substituting equation (2.29) gives: 

1 + K l  + 2 L k l  KjT 

1 + KL + 2 L kg 
(2.35) 

The equations above can predict very strong effects of ligand binding on the 

partition coefficient, assuming KL is different from one. However, if KL=1, it is likely 

that ka
T=ka

a, and the value of Km=K0 and no affinity partitioning effect will be observed, 

regardless of the value of the association constant (Walter H. et al., 1985). 

Cordes et al. (1986) derived a more general expression than the equation obtained 

by Flanagan and Borondes (Walter H. et a., 1985), to describe the interaction of one 

macromolecule with n ligand molecules. Cordes et al. (1986) assumed that 

macromolecules and ligands exist in solution as free and bound forms. They also 

assumed that there are n!/(i!(n-l)!) kinds of bound complexes possible, where i is the 

number of bound ligand molecules and n the number of binding sites of the 

macromolecule. Cordes et al. (1986) end up with the following equation, which describes 

the partition coefficient of a macromolecule in an aqueous two phase system: 

Where KE is the partition coefficient of the macromolecule, KL is the relation of 
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Ke = Ke0 
^  + Ltgf j  I  KpT 

1 + L. 'tot,T ! KDB KL/ 

(2.36) 

concentrations of free ligand at the top and bottom phases, Ka is the relation of 

concentrations of the free macromolecule at the top and bottom phases, Llol T 

is the number of free ligands at the top phase. 

Metal Affinity Partitioning 

Immobilized metal ion affinity partitioning is one of the techniques evolving from 

the generic concept of immobilized metal ion affinity (IMA) systems which include 

immobilized metal affinity chromatography. Recently immobilized metal ion affinity 

partitioning was reported as a powerful method for extraction of proteins in aqueous two 

phase systems (Birkenmeier G. et al., 1991; Suh S-S. et al., 1990). 

In the figure below it is illustrated a complex formed between a copper atom 

bound polyethylene glycol-iminodiacetic acid (PEG-IDA-Cu) and the e-nitrogen from the 

imidazole ring of a histidine on the protein. 
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Figure 2.4 Complex formed between PEG-IDA-Cu anc 
Protein. 

A mathematical model describing the partition coefficient in PEG-Dextran 

systems, using PEG-IDA-Cu as ligand, was recently published by Suh and Arnold 

(1990). 

The metal affinity partitioning process is a good model system for the theoretical 

study of affinity partitioning since the ligand binding sites are relatively small and well 

defined and vary in number over a wide range. 

Suh and Arnold (1990), extended the theoretical development of Cordes et al. 

(1986) to account for inhibition of the protein-ligand interaction, which in the case of 

metal affinity partitioning is the effect of increased hydrogen ion concentration. In this 

model Suh and Arnold assumed the following: 1) The protein has n independent binding 

sites; 2) The association constant for the binding of metal-chelates to surface-exposed 

histidines is the same for each of the sites, 3) Hydrogen ions bind to the free base from 

of the imidazole ring to yield a noncoordinated protonated imidazole; 4) The pKa values 
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of the accessible imidazole rings are identical, and 5) The metallated PEG-Chelate 

contains one metal affinity ligand per molecule. They obtained the following relationship 

for the logarithm of the ratio of the partition coefficients with and without metal affinity 

ligand: 

Where, Ku is the partition coefficient of the polymer-metal affinity ligand, R is the 

volume ratio of the top and bottom phases, [MTOT] is the overall concentration of the 

metal affinity ligand, K0 is the partition coefficient of the protein in a system without 

ligand, K'a and K"a are the association constants for metal at top and bottom phase 

respectively, and K„ is the association constant for hydrogen ion. 

Equation (2.37) has been found to predict very well the partition coefficient of 

proteins in PEG-Dextran systems using PEG-IDA-Cu as ligand (Suh S-S. et al., 1990; 

Plunkett S.D. et al., 1990; Wuenschell G.E. et al., 1990). 

1 ,<R * PM - K« M 

1 K) 1 In — = n In 
(2.37) 
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CHAPTER 3 

SYNTHESES OF METAL-POLYMER-CHELATORS 

As mentioned previously, several polymer-chelates were synthesized in this work. 

The most relevant characteristics of the syntheses are presented in this chapter. 

3-1 Preparation of M-PEG-IDA 

The polymer chelate IDA-M-PEG (Figure 3.1) was prepared by reacting 

bromoacetic acid with amino-monomethoxy-polyethylene-glycol (Amino-M-PEG) of 

average molecular weight 5000. Amino-M-PEG was prepared according to Birkenmeier 

G. et al. (1991), and some suggestions for the same synthesis were taken from Buckman 

A.F. et al. (1987). 

60 grams of monomethoxy-polyethylene-glycol (5000) were melted at 65 °C and 

moisture was removed under vacuum. After addition of 3 milliliters of recently distilled 

thionylchloride the sample was rotated for 8 hours under a nitrogen atmosphere to 

exclude moisture. After removing excess of thionylchloride by evaporation and under 

vacuum; the sample, still melted, was dissolved in 2.5 liters of absolute ethanol and left 

overnight at 4 °C to crystallize. The solid was filtered out and dried at low temperature 

and under vacuum into a desiccator. The dried Cl-M-PEG was dissolved in 150 milliliter 

of water, and 150 milliliter of ammonia solution (30 %) were added. The solution was 

placed in sealed plastic tubes and left for 120 hours at 55 °C in an oven. After 120 hours 
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at 55 °C the solution was placed in a rotary evaporator and 100 milliliter of absolute 

ethanol were added in order to facilitate evaporation of the solvent. The solution was 

rotated at 60 °C for 8 hours and eventually absolute ethanol was added to facilitate 

evaporation. After evaporation of the solvent the melted Amino-M-PEG was let to 

solidify and 50 gram of Amino-M-PEG were obtained. Amino groups were confirmed 

by the TNBS test (Snyder L.S. et al., 1975). 

For the carboxymethylation of Amino-M-PEG, 40 grams of it were dissolved in 

340 milliliters of water and reacted with 40 grams of bromoacetic acid. Before adding 

the bromoacetic acid the pH was adjusted to 9 with NaOH 1M or 4M, depending of the 

requirements. Then the solution of bromoacetic acid was added while maintaining thepH 

at 9. After addition of the bromoacetic acid; 70 milliliter of buffer (NaHC03/Na2C03 pH 

9, 1M) were added to the system and the solution was left reacting at room temperature 

for 12 hours. 

After carboxymethylation 250 milliliters of water were incorporated to the 

solution and the IDA-M-PEG was extracted five times with 350 milliliter of chloroform, 

avoiding shaking abruptly in order to avoid formation of an emulsion. The combined 

chloroform phases were dried over anhydrous sodium sulfate and the solvent was 

removed by distillation. After crystallization in absolute ethanol 40 gram of IDA-M-PEG 

were obtained. The chemical structure of IDA-M-PEG is shown in figure 3.1 



jch2cooh 
CH3CHpH5C>{CH2CH^-nCH2CH2<cH COOH 

Figure 3.1 Chemical structure of IDA-M-PEG 

The synthesis of IDA-M-PEG is schematically shown in figure 3.2. 
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Figure 3.2 Synthesis of IDA-M-PEG 
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The chemical structure of IDA-M-PEG was confirmed by Infrared Spectrometry. 

Figure 1 in appendix A shows the infrared spectrum obtained for IDA-M-PEG. In the 

same figure we can observe a peak at 3415 cm"1 which is the characteristic region for 

absorption of O-H groups from alcohols or carboxylic acids, although group N-H from 

amines also absorbs in this region. The peak near 2880 cm"1 corresponds to absorption 

arising from C-H groups. Another important region is that located between 1600 and 

1700 cm'1, this absorption comes from C=0 groups. Although C-0 interaction is not 

well defined in the zone from 1000 to 1400 we could speculate with the existence of this 

group in the molecule. Perhaps the most important region for the characterization of the 

molecule is that located 1600 cm"1 for C=0 groups. 

From the analysis above we can conclude that we have C=0, O-H and C-O 

groups in our molecule. Hence we can be sure that we certainly have IDA-M-PEG. 

3-2 Preparation of M-PEG-TED 

The polymer chelate TED-M-PEG was prepared according to Buckman et al. 

(Buckman A.F. et al., 1981; 1987). 

Monomethoxy polyethylene glycol (5000) was melted at 65 °C and moisture was 

removed under vacuum. After addition of distilled thionylchloride the sample was rotated 

for 8 hours in order to incorporate the "CI" group to the PEG molecule. Then, rotation 

of the material was continued at the same temperature and under vacuum to remove 

excess of thionylchloride. Next, the sample was dissolved in 2500 milliliters of absolute 
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ethanol and left overnight at 4 °C to crystallize Cl-M-PEG. The liquid was filtered out 

and the solid was dried into a desiccator under vacuum and at low temperature. 60 

grams of Cl-M-PEG were dissolved in 850 milliliters of absolute ethanol, then 16 

milliliters of ethylene diamine (NH2CH2CH2NH2) were incorporated to the solution. The 

solution was gently refluxed for 45 hours. After treatment of the solution with 9 grams 

of active carbon, for 7 hours, the solution was filtered out and left overnight at 4 °C to 

crystallize ethylenediamine-M-PEG. The crystals were filtered out and washed with cold 

ethanol and ether. The solid material was dried in a vacuum desiccator and 50 grams of 

ethylenediamine-M-PEG were obtained. Amino groups were confirmed by the TNBS test 

(Snyder L.S. et al., 1975). 

50 grams of Ethylenediamine-M-PEG (NH2CH2CH2NH-PEG) were dissolved in 

340 ml of water and were reacted with 74.37 grams of bromoacetic acid, the solution 

was previously at pH 9. After addition of bromoacetic acid the pH of the reacting 

solution was kept at 9 with NaOH 1M and 4M, depending of the requirements. 45 ml 

of buffer (NaHC03/Na2C03) pH 9 were added to the solution while reacting for 12 hours 

at room temperature. After reaction, 250 milliliters of water were added to the solution 

and TED-M-PEG was extracted five times with 350 milliliters of chloroform, in this step 

is-very important to shake the solution gently in order to avoid formation of a 

suspension. The combined chloroform phases were dried over anhydrous sodium sulphate 

and the solvent was removed by distillation. After crystallization in absolute alcohol 35 

grams of TED-M-PEG were obtained. An schematic diagram of the synthesis is presented 



CH-COOH 
CH3CHfHsO+OHPHptrpH2CH^OH^^ooH 

Figure 3.3 Chemical structure of TED-M-PEG 

The synthesis of TED-M-PEG is shown in the following diagram 
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The structure of TED-M-PEG was confirmed by Infrared Spectrometry. Figure 

2 in appendix A shows the infrared spectrum for TED-M-PEG. From this figure we can 

observe three important peaks that confirm the structure of the molecule. One peak is 

located near 3400 cm"1 which is characteristic for O-H groups. Another important peak 

is located at 1630 cm'1 and this corresponds to C=0 groups, while the third peak 

corresponding to C-O groups is not clearly defined between 1000 and 1400 cm"1. 

However from this information we can make sure that the molecule is certainly TED-M

PEG. 

3-3 Preparation of M-PEG-Cm-TREN 

For the synthesis of the polymer-chelate Cm-TREN-M-PEG 100 grams of 

monomethoxy polyethylene glycol (5000) were dissolved in 200 milliliters of water. 

Then, 50 milliliters of NaOH 0.5 M were added to the solution and the mixture was left 

stirring. Fifteen minutes later 50 milliliters of 1,4 Butane diglycidil ether were added to 

the solution. Then, the solution was left reacting overnight at room temperature. After 

reaction the solution was rotated under vacuum to evaporate water. After evaporation of 

the solvent, the solution was dissolved in 600 milliliters of absolute ethanol to separate 

the glycidil ether and the Oxirane-M-PEG was crystallized and filtered out from the 

solution. The dried crystals of Oxirane-M-PEG were dissolved in 50 milliliters of 

NaHC03 0.5M pH 9.3 and 15 milliliters of Tris(2-Aminoethyl)amine were incorporated 

to the solution. The mixture was left reacting for 48 hours at room temperature. Amino 
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solution was dissolved in 300 milliliter of deionized water and let react with 115 grams 

of bromoacetic acid, dissolved in NaOH 4 M, at pH 9 for 12 hours at room temperature. 

At the end of the reaction 200 milliliters of water were added and the Cm-TREN-M-PEG 

was extracted five times with 350 milliliter of chloroform. The combined chloroform 

phases were dried over anhydrous sodium sulfate and the solvent was removed by 

distillation. After crystallization of the product in absolute ethanol between 30 and 32 

grams of Cm-TREN-M-PEG were obtained. 

The synthesis of Cm-TREN-M-PEG was performed according to the procedure used by 

Porath for synthesis of Cm-TREN-Agarose (Personal Communication) and according to 

Elling L. et al. (1991). The schematic diagram for the synthesis of the polymer-chelate 

Cm-TREN-M-PEG is given in figure 3.6. 

CH,pOOH 

Figure 3.5 Chemical structure of Cm-TREN-M-PEG 
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Figure 3.6 Synthesis of Cm-TREN-M-PEG. 

The structure of Cm-TREN-M-PEG was confirmed by Infrared Spectrometry 

using for this purpose the spectrum shown in figure 3 of appendix A. The chemical 
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structure was confirmed by the peaks located at 3200 cm'1, 1650 cm"1 and the peaks 

located between 1000 and 1400 cm'1, corresponding to absorptions of O-H, C=0 and 

C-O groups respectively. 

3-4 Preparation of M-PEG-L-ASP 

The synthesis of L-ASP-M-PEG was achieved following the procedures used by 

Wuenschell, G.E. et al. (1991), and Mantovaara T. et al. (1991). 

Monomethoxy polyethylene glycol (5000) was chlorinated as recommended by 

Buckman et al. (1987) according to the following procedure. Monomethoxy polyethylene 

glycol was melted at 65 °C and moisture was removed under vacuum. After addition of 

distilled thionylchloride the sample was rotated for 8 hours at 60 °C. Then, excess of 

thionylchloride was removed by evaporation and under vacuum; the sample was dissolved 

in absolute ethanol and left overnight at 4 °C to crystallize Cl-M-PEG. The crystals were 

filtered out and dried. Next, 75 grams of Cl-M-PEG ,11.5 grams of potassium carbonate 

and 11.5 grams of iminodiacetic acid were dissolved in 675 milliliter of water and gently 

refluxed for 70 hours. After the reaction was completed the solution was treated with 

active carbon (10 grams), and later it was filtered out. The product (L-ASP-M-PEG) 

was extracted, after addition of 250 milliliters of water, five times with 350 milliliters 

of chloroform. The combined chloroform phases were dried over anhydrous sodium 

sulfate and the solvent was removed by distillation. After crystallization in absolute 

ethanol 40 grams of L-ASP-M-PEG were obtained. The structure of L-ASP-M-PEG is 
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H 
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Ci 
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Figure 3.7 Chemical structure of L-ASP-M-PEG. 

The amino groups in the final product were confirmed by the TNBS test ( Snyder 

L.S. et al., 1975). 

A schematic diagram for the synthesis of L-ASP-M-PEG is presented in figure 

3.8. 
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Figure 3.8 Synthesis of L-ASP-M-PEG 



3-5 Chelator-M-PEG Testing 

In order to test the chelating capacity and phase partitioning of polymer chelates 

several experiments were performed in aqueous two-phase systems. Four aqueous two 

phase-systems were prepared as follows: 0.14 grams of each modified PEG were 

dissolved, separately, in 10 milliliter of a stock solution of PEG (800) 40% w/v and 

placed in a plastic tube. After adding 9 milliliter of sodium sulfate 16% w/v to each tube 

along with 1 milliliter of copper solution (2000 ppm), the tubes were inverted 50 times 

and were let to reach equilibrium. A control system was prepared in the same manner 

as described above but with no modified PEG present. To speed up phase separation all 

five tubes were centrifuged at 1600 r.p.m. for 3 minutes, and 2 milliliters samples were 

withdrawn from each phase/system. The samples were treated with 0.4 ml. of EDTA 0.2 

M as well as sodium citrate 1 M. Next, 2 ml of water were added to each tube and 

absorbances were measured at 733.5 nm in a UV-Visible spectrophotometer (Shimadzu 

UV160 U), using water as blank. The wave length for measuring absorbance was chosen 

based on a previous spectrogram performed with copper present. The results obtained are 

shown in the following table. 
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Table 3.1 

Distribution of copper in aqueous two phase systems in presence of metal-chelators. 

POLYMER ABSORBANCE TOP 

PHASE 

ABSORBANCE 

BOTTOM PHASE 

PEG 0.008 0.103 

IDA-PEG 0.073 0.061 

TED-PEG 0.059 0.069 

Cm-TREN-PEG 0.032 0.071 

L-ASP-PEG 0.046 0.051 

The data above confirm that there is a metal chelator present on each modified PEG, 

otherwise the absorbance of each sample would be similar to the absorbance obtained for 

PEG-Salt system in the first row. 

3-6 Metal Charging of Chelator-PEG 

Metal charging of chelator-PEG was performed by dissolving 6 grams of each 

chelator-PEG (IDA-PEG, TED-PEG, L-ASP-PEG and Cm-TREN-PEG) in 30 ml of 50 

mM sodium acetate, pH 4.0, containing the respective metal ions (Cu+2, Ni+2, Co+2 and 

Zn+2) as sulfate salt in 15 to 20 molar excess over the corresponding Chelator-PEG. The 



65 

solutions were stirred for five hours and then extracted five times with 150 ml of 

chloroform. The combined phases were dried over anhydrous sodium sulfate and the 

solvent evaporated, yielding between 4.5 and 5.3 grams of Metal-Chelator-PEG. 

The metal ion content was determined by flame photometry and the results are 

shown in the following table. 

Table 3.2 

Metal ion content of Chelator-PEG after charging with Cu+2, Ni+2, Co+2 and Zn+2. 

METAL IDA TED Cm-TREN L-ASP 

Cu+2 0.7565 0.685 0.6644 0.5684 

Ni+2 0.8763 0.765 0.4952 0.4282 

Co+2 0.7171 0.7175 0.8750 0.2742 

Zn+2 0.6234 0.6165 0.7016 0.2483 
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CHAPTER 4 

EXTRACTION OF METALS 

The polymer-chelates described in previous chapters were used to assess the 

feasibility of removing metal ions from solution using aqueous two-phase systems made 

of PEG and sodium sulfate at constant pH and room temperature. 

Increasing industrialization brings with it the double problem of more thorough 

removal of unwanted and possible toxic metals from chemical and nuclear process 

effluent, and the need to obtain some metals from progressively leaner initial sources or 

dilute recycle liquor. Legislation and economics link the two, but whatever the 

motivation, the chemical principles are the same. 

When dealing with low metal ion concentrations, in the range of parts per million 

and large volumes of low concentrated solutions, traditional methods such as precipitation 

by liming, cementation or electrodeposition become less effective. Alternative methods 

such as ion exchange and solvent extraction procedures are usually employed, but resin 

degradation and evaporation losses can render these approaches ineffective as recovery 

methods. 

Alternative methods based on biological systems, with the complexation abilities 

of large molecules, the use of novel membranes, selective precipitants and more effective 

solvent extraction methods are under development (Thompson R., 1986). Metal removal 

from aqueous solutions, using Chelator-PEG compounds for metal sequestering, can be 
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classified among the attempts to improve the traditional solvent extraction methods. 

Application of extraction systems without usual organic solvents, such as is the case of 

extraction with Chelator-PEG and salt systems, is of obvious practical interest as the 

solvents are often volatile, flammable, or explosive that lay obstacles to their wide use 

in industry. Another advantage of using aqueous affinity partitioning, using Chelator-PEG 

as sequestering agents, may be the recirculation for reuse of the Chelator-PEG itself. 

That is, the chelator-PEG can be used to extract metals in one stage at certain pH and 

downstream the metal can be released from the sequestering agent by simply changing 

the pH and in this way the Chelator-PEG can be recirculated and reused. 

To the best of our knowledge aqueous two phase affinity partitioning of metals 

has not been used for the recovery of metals, at least with chelating agents such as IDA, 

TED, L-ASP and Cm-TREN. Zvarova T.I. et al. (1984) used two phase systems with 

PEG (2000) and salt (Ammonium Sulfate) to recover metals from aqueous solutions. The 

results reported by the same authors show that metals partitioned unequally between the 

PEG phase and the salt phase. However, the partition coefficients for all the cations 

studied were lower than unit. 

Klepac J. et al. (1991) used a cationic surfactant with N-n-dodecyliminodiacetic 

acid to form micelles along with the ligand in order to separate some ions from 

contaminated water. The result was that micelles containing a high fraction of the ligand 

can be used for effective removal of ions. 

Sengupta A.K. et al. (1991) reported the capacity of five different synthetic 
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chelating exchangers attached to a solid matrix of polystyrene. Among the functionalities 

used in that study were aminophosphonate, iminodiacetate and carboxylate. Although in 

this work iminodiacetate (IDA) was used, it was fixed to a solid matrix. Hence, no use 

of aqueous two phase affinity partitioning of metals systems were used. 

4-1 Partition of Metals with Polymer-Chelators 

Stock solutions of PEG (8000), PEG/IDA-PEG, PEG/TED-PEG, PEG/L-ASP-

PEG, PEG/Cm-TREN-PEG and salt (Na2S04) were prepared as follows: 120 grams of 

PEG (8000) were weighed and dissolved in 180 grams of deionized water to give a final 

concentration of 40% (w/w) of PEG. IDA-PEG stock solution was prepared dissolving 

6 grams of IDA-PEG along with 114 grams of PEG (8000) in 180 grams of deionized 

water to give a final concentration of 40% (w/w) in total polymer and 2% (w/w) in IDA-

PEG. Stock solutions of TED-PEG, L-ASP and Cm-TREN-PEG were prepared in the 

same manner as IDA-PEG to give to give final concentration of 40% (w/w) in total 

polymer and 2% (w/w) in Chelator-PEG, each solution. For the preparation of salt stock 

solution 80 grams of anhydrous sodium sulphate, reagent grade, were dissolved in 420 

grams of deionized water to give a final concentration of 16% (w/w) in salt. 

Solutions of metal were prepared using CuS04 5H20, ZnS04 7H20, C0SO4 7H20 

and NiS04 6H20 from Fisher Chemicals, all metal salts were reagent grade. For the 

copper solution 5.8931 grams of CuS04 5H20 were weighed and dissolved in 500 ml 

of deionized water to give a final concentration of 3000 ppm in copper. For preparation 



of nickel 6.7171 grams of NiS04 6HaO were dissolved in 500 ml of deionized water to 

give a final concentration of 3000 ppm in nickel. For the zinc and cobalt solution 6.5968 

and 7.1549 grams of ZnS04 7HzO and CoS04 7H20, were weighed respectively and 

dissolved in 500 ml of deionized water to give solutions of zinc and cobalt with final 

concentration of 3000 ppm, each. 

Dilutions of the metal solutions were prepared to give concentrations of 2000 

ppm, 1400 ppm, 1000 ppm and 400 ppm of metals in our working formulations. 

Two-Phase Formation 

Aqueous two phase systems were prepared according to the following procedure. 

3.5 grams of polymer stock solutions were mixed with 5.0 grams of sodium sulfate 

(stock solution) and phases were formed in plastic test tubes. Then, 1 gram of metal 

solution (with different concentration of metal for each case) were added to the recently 

formed two-phase system. Next, 0.5 grams of deionized water were incorporated to give 

a total weight of the system of 10 grams. After preparation of the systems the plastic test 

tubes were inverted 50 times and left for 20 minutes to reach equilibrium. To speed up 

phase separation the systems were centrifuged at 1600 rpm for 2 minutes. The final 

concentration of the systems prepared in this manner are 8% (w/w) in salt, 14% (w/w) 

in total polymer and the metal concentration depends of the dilution added to the system. 

Metal dilutions of 3000 ppm, 2000 ppm, 1400 ppm 1000 ppm and 400 ppm will produce 

solutions of metal concentration of 0.326 gm/ml, 0.217 gm/ml, 0.152 gm/ml, 0.109 
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gm/ml and 0.043 gm/ml respectively. 

After phase separation the combined volume of top and bottom phases was 9.2 

ml. The top phase volume was 4.3 ml and the bottom phase was 4.9 ml. 

The pH of top and bottom phases was measured after addition of metal solution 

for each system prepared. The pH measured was 6.0 for both top and bottom phases. 

For analysis of metal concentration in top and bottom phases the next procedure 

was followed. One milliliter of the top phase (polymer phase) was withdrawn with a 

pipette. It was dissolved in 10 ml of deionized water to give a total volume of 11 ml. 

The same procedure was used for the sample of bottom phase. The samples were 

analyzed using flame emission spectrometry with appropriate standards. 

4-2 Metal-Enhanced Partitioning Results 

In the following tables the results of the partitioning of the metals used in the 

experiments (Cu+2, Ni+2 and Co+2) are presented along with the calculated partition 

coefficient for each metal. 

Tables 4.1 to 4.5 describe the results of experiments with the metals copper, 

nickel and cobalt and the polymer chelates PEG/salt, PEG-IDA/salt, PEG-TED/salt, 

PEG-Cm-TREN/salt and PEG-L-ASP/salt respectively. The same results are presented 

in figures 4.1 to 4.13 to provide with a more clear perspective of the influence of the 

metal concentration and chelator on the partitioning of metal in the two phases. 
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Table 4.1 
Partition coefficient of metals in PEG/Salt systems. 

CONC. OF 
METAL IN 
SYSTEM (gm/ml) 

CONC. OF 
METAL IN TOP 
PHASE (gm/ml) 

CONC. OF 
METAL IN B. 
PHASE (gm/ml) 

PARTITION 
COEFFICIENT 

COPPER 

0 0 0 

0.043 0.011 0.072 0.1527 

0.109 0.033 0.175 0.1885 

0.152 0.044 0.247 0.1781 

0.217 0.066 0.350 0.1885 

0.326 0.088 0.535 0.1644 

NICKEL 

0 0 0 

0.043 0.011 0.072 0.1527 

0.109 0.033 0.175 0.1885 

0.152 0.044 0.247 0.1781 

0.217 0.066 0.350 0.1885 

0.326 0.088 0.535 0.1644 

COBALT 

0 0 0 

0.043 0.011 0.072 0.1527 

0.109 0.022 0.185 0.1189 

0.152 0.033 0.257 0.1284 

0.217 0.044 0.370 0.1189 

0.326 0.044 0.574 0.0766 
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Table 4.2 
Partition coefficient of metals in PEG-IDA/Salt systems. 

CONC. OF 
METAL IN 
SYSTEM (gm/ml) 

CONC. OF 
METAL IN TOP 
PHASE (gm/ml) 

CONC. OF 
METAL IN B. 
PHASE (gm/ml) 

PARTTTTON 
COEFFICIENT 

COPPER 

0 0 0 

0.043 0.091 0.002 45.5 

0.109 0.209 0.021 9.95 

0.152 0.22 0.093 2.36 

0.217 0.242 0.196 1.23 

0.326 0.275 0.371 0.741 

NICKEL 

0 0 0 

0.043 0.088 0.004 22 

0.109 0.11 0.108 1.0185 

0.152 0.132 0.17 0.7764 

0.217 0.165 0.263 0.6273 

0.326 0.198 0.438 0.452 

COBALT 

0 0 0 

0.043 0.066 0.024 2.75 

0.109 0.077 0.137 0.562 

0.152 0.088 0.208 0.423 

0.217 0.099 0.321 0.3084 

0.326 0.121 0.506 0.2391 



73 

Table 4.3 
Partition coefficient of metals in PEG-TED/Salt systems. 

CONC. OF 
METAL IN 
SYSTEM (gm/ml) 

CONC. OF 
METAL IN TOP 
PHASE (gm/ml) 

CONC. OF 
METAL IN B. 
PHASE (gm/ml) 

PARTITION 
COEFFICIENT 

COPPER 

0 0 0 

0.043 0.091 0.002 45.5 

0.109 0.165 0.059 2.796 

0.152 0.176 0.131 1.343 

0.217 0.198 0.234 0.846 

0.326 0.231 0.41 0.563 

NICKEL 

0 0 0 

0.043 .09 .002 45 

0.109 0.132 0.088 1.5 

0.152 0.143 0.16 0.8937 

0.217 0.165 0.263 0.627 

0.326 0.187 0.448 0.417 

COBALT 

0 0 0 

0.043 0.077 0.014 5.5 

0.109 0.099 0.117 0.8461 

0.152 0.11 0.189 0.582 

0.217 0.11 0.312 0.3525 

0.326 0.132 0.496 0.2261 
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Table 4.4 
Partition coefficient of metals in PEG-Cm-TREN/Salt systems. 

CONC. OF 
METAL IN 
SYSTEM (gm/ml) 

CONC. OF 
METAL IN TOP 
PHASE (gm/ml) 

CONC. OF 
METAL IN B. 
PHASE (gm/ml) 

PARTITION 
COEFFICIENT 

COPPER 

0 0 0 

0.043 0.077 0.014 5.5 

0.109 0.099 0.117 0.846 

0.152 0.11 0.189 0.5820 

0.217 0.132 0.292 0.4520 

0.326 0.165 0.467 0.3533 

NICKEL 

0 0 0 

0.043 0.055 0.033 1.666 

0.109 0.077 0.137 0.5620 

0.152 0.088 0.208 0.4230 

0.217 0.11 0.312 0.3525 

0.326 0.132 0.496 0.2661 

COBALT 

0 0 0 

0.043 0.044 0.043 1.0235 

0.109 0.066 0.146 0.4520 

0.152 0.066 0.228 0.2894 

0.217 0.066 0.35 0.1885 

0.326 0.099 0.525 0.1885 
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Table 4.5 
Partition coefficient of metals in PEG-L-ASP/Salt systems. 

CONC. OF 
METAL IN 
SYSTEM (gm/ml) 

CONC. OF 
METAL IN TOP 
PHASE (gm/ml) 

CONC. OF 
METAL IN B. 
PHASE (gm/ml) 

PARTITION 
COEFFICIENT 

COPPER 

0 0 0 

0.043 0.088 0.004 2.2 

0.109 0.121 0.098 1.234 

0.152 0.154 0.151 1.0198 

0.217 0.176 0.254 0.6929 

0.326 0.209 0.429 0.4871 

NICKEL 

0 0 0 

0.043 0.044 0.043 1.0232 

0.109 0.066 0.146 0.4520 

0.152 0.066 0.228 0.2631 

0.217 0.099 0.321 0.3084 

0.326 0.132 0.496 0.2661 

COBALT 

0 0 0 

0.043 0.022 0.062 0.3548 

0.109 0.033 0.175 0.1885 

0.152 0..055 0.237 0.2321 

0.217 0.066 0.35 0.1885 

0.326 0.088 0.535 0.1645 
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Figure 4.1 Effect of Chelator-PEG on partition of copper in PEG/Salt systems. 
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Figure 4.5 Effect of TED-PEG on partition of metals in PEG/Salt sytems. 
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Figure 4.6 Effect of Cm-TREN-PEG on partition of metals in PEG/Salt systems. 
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Figure 4.9 Effect of Metal-Chelator on top phase concentration of nickel in PEG/Salt 
systems. 
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Figure 4.11 Effect of Metal-Chelator on bottom phase concentration of copper in 
PEG/Salt systems. 
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4-3 Discussion 

Based on the experiments performed, unlike nickel and cobalt, copper is highly 

retained by PEG-IDA at high concentrations of metal in the system (above 0.1 mg/ml). 

This can be noticed in figures 4.1 to 4.3. The difference of the logarithm of partition 

coefficients for Chelator-PEG and PEG systems (AIn K = In K - In KQ) is higher at lower 

concentrations of metal in the system. This may be due to the saturation of the chelating 

sites available in the polymer. That is, at low concentrations of metal in the systems there 

are enough chelating sites available in the polymer phase to bind the metal ions in 

solution, which by the way are less than the metal binding sites for this case. However, 

as we increase the metal concentration (the number of metal ions in solution) in the 

system, less and less metal binding sites are available, since the affinity for the metal 

decreases as we increase the metal concentration. In other words, the metal binding sites 

get saturated as we increase the metal concentration. This is confirmed by the asymptotic 

curves in figures 4.8 to 4.10. The same behavior can be noticed in figures 4.11 to 4.13. 

We can speculate about the relative value of the association constants of copper, 

cobalt and nickel with IDA-PEG, TED-PEG, Cm-TREN-PEG and L-ASP-PEG from 

figures 4.4 to 4.6. That is, we can notice that the association constants of nickel and 

cobalt may be very close in their values. In fact, an analysis of the association constants 

of nickel and cobalt for different chelating agents free in solution is very similar 

(Chabarek S. et al., 1959). Thus, the graphs shown in this work let us speculate that the 

association constant for nickel and cobalt with Chelator-PEG (for those chelators used 
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in this work) are very similar. Another observation from this work is that the association 

constant for copper with the Chelator-PEG's used is always superior to nickel and cobalt. 

Chaberek S. et al. (1959) report the following values of the log of the association 

constant: for EDA-Cu, IDA-Ni and IDA-Co, free in solution, reported values for the 

association constant of 10.55, 8.30 y 7.02 respectively. For ASP-Cu, ASP-Ni and ASP-

Co the same authors report values for the association constant of 8.57, 7.12 and 5.90 

respectively. 

The partition coefficients for metals in PEG-Sodium sulfate systems in presence 

of Chelator-PEG resulted higher than unity. In other words, this method of separation 

is much more effective than the similar method reported by Zvarova T.I. et al., (1986). 

However, further experiments should be performed with more metals and at different 

pH's in order to optimize and characterize this extraction technique. 

Although some experiments were done using zinc in the phase systems, it was not 

possible to determine the metal concentration in the phases due to technical problems 

with the flame emission spectrometer. 
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CHAPTERS 

EXTRACTION OF PROTEINS 

The polymer-chelates synthesized were used to asses the feasibility of recovering 

proteins from aqueous solutions using aqueous two phase systems at three different pH's 

and at room temperature. 

5-1 Partition of Proteins with Polymer Chelators 

Phase systems were prepared on a weight basis from stock solutions of PEG 

(Sigma Chemicals P-2139, Lot 71H0999, M.W. 8000), PEG/PEG-IDA-Metal, 

PEG/PEG-TED-Metal, PEG/PEG-Cm-TREN-Metal, PEG/PEG-L-ASP-Metal, sodium 

sulfate and phosphate buffer. Four metals (Cu+2, Ni+2, Co+2 and Zn+2) were used to 

charge the different Chelator-PEG as described previously in last section of chapter 3. 

Three different concentrations of PEG/PEG-Chelator-Metal were prepared to give 

a total of 48 stock solutions and one PEG (8000) stock solution. Thus, 4% (w/w), 2% 

(w/w) and 1% (w/w) Polymer-Chelator-Metal compositions and 40% (w/w) total 

polymer, along with 40% (w/w) PEG (8000) stock solutions were prepared. The systems 

contained 0.84, 0.42 and 0.21 grams of PEG-Chelator-Metal along with 7.56, 7.42 and 

8.21 grams, of PEG (8000), respectively. These formulations were dissolved in 12.6 

grams of deionized water to give 16 stock solutions of concentrations 4% (w/w), 2% 

(w/w) and 1% (w/w) of PEG-Chelator-Metal. For the preparation of PEG (8000), 40% 
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(w/w), 120 grams of PEG (8000) were dissolved in 180 grams of deionized water. 

For preparation of stock solutions of sodium sulfate 16% (w/w), 48 grams of 

anhydrous sodium sulfate (J.T. Baker Chemicals), were dissolved in 252 grams of 

deionized water. In a similar manner, phosphate buffer at three different pH's (7.8, 6.9 

and 5.4), were prepared from monobasic and dibasic potassium phosphate (J.T. Baker 

Chemicals). 

The partition of ten different proteins in different PEG-Chelator-Metal polymers 

and at different pH's was investigated. For preparation of protein solutions 0.0875 grams 

of each protein were dissolved in 25 ml of deionized water to give a final concentration 

of protein in solution 0.0035 gm/ml. 

The following proteins were used as purchased for the preparation of protein 

solutions: Human Hemoglobin, which has 24 exposed histidine groups (Sigma Chemicals, 

lot 40H9312); Horse Hemoglobin with 24 exposed histidine groups (Sigma Chemicals, 

lot 29F9310); Porcine Hemoglobin with 24 exposed histidine groups (Sigma Chemicals, 

lot 66C-8151); Bovine Hemoglobin, which has 20 exposed histidine groups (Sigma 

Chemicals, lot 110H9315); Sperm Whale Myoglobin with 5 exposed histidine groups 

(United States Biochemical Corporation, lot 9825); Sheep Myoglobin with 5 exposed 

histidine groups (Sigma Chemicals, lot 28F9645); Horse Myoglobin with 4 exposed 

histidine groups (Sigma Chemicals, lot 69F7170); Ribonuclease A from bovine, which 

has 2 exposed histidine groups (Sigma Chemicals, lot 77F0340); Cytochrome C from 

horse with 1 exposed histidine (Sigma Chemicals, lot 124F7155) and Cytochrome C from 
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bovine with 2 exposed histidines (Sigma Chemicals, lot 89F7391). 

Two-phase systems were prepared to provide a 2 gram total weight basis were 

prepared according to the following procedure: 0.7 grams of polymer stock solution, 

prepared as described previously, was placed in a plastic tube along with 1 gram of 

sodium sulfate stock solution, then 0.15 grams of potassium phosphate buffer 0.2 molar 

was added. Next, 0.15 grams of protein solution were added to the system to give a 2 

gram total weight system. The systems were inverted 50 times and allowed to reach 

equilibrium for one hour. To speed up phase separations the systems were centrifiiged 

at 1600 revolutions per minute for 3 minutes. 

To avoid contamination of samples for analysis of protein concentration, a syringe 

and needle were used to withdraw aliquots from the bottom phase. This was done by 

passing the needle through the bottom plastic base of the tube, then 0.5 ml of sample 

were aspirated, from the bottom phase, into the syringe. Samples from top phase were 

taken by aspirating 0.5 ml of top phase solution with a pipette. 

Top and bottom samples were, each, dissolved in 5 milliliters of deionized water 

and analyzed absorbance at 409 nm with a U.V.-Visible spectrophotometer SHIMADZU 

model UV 160 U. The U.V.-Visible spectra for the different proteins are reported in 

appendix B. 

Partition coefficient for each protein/system were obtained by the relation of top 

phase and bottom phase absorbance. All experiments were performed at room 

temperature. 
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5-2 Protein Enhanced Partitioning Results 

In the following tables the results of the partitioning of proteins used in the 

experiments are presented along with the calculated partition coefficient for each protein. 

Table 5.1 describes the results of the partition coefficient of proteins in aqueous 

two-phase systems with no metal chelator present. On the other hand, tables 5.2 to 5.5 

describe the results of the partition coefficients of proteins when copper-chelator's are 

present in the systems. 

Tables 5.6 to 5.9 present the results for the partition coefficient of proteins when 

nickel-chelator's are present in the systems, while tables 5.10 to 5.13 present the 

influence of the concentration of the copper-chelator's, present in the systems, on the 

partition coefficient of the proteins. Finally, tables 5.14 and 5.15 present the results 

obtained for the partition coefficient of proteins when using cobalt-chelator's and zinc-

chelator's, respectively. 

The same results are presented in figures 5.1 to 5.16 to provide with a more clear 

perspective of the influence of metal-chelator concentration and metal-chelator itself on 

partition of proteins in aqueous two-phase systems. 



Table 5.1 

Partition coefficient of proteins in PEG-Na2S04 systems at different pH. 

PROTEINS pH 7.8 
Ko 

pH 6.9 
Ko 

pH 5.4 
Ko 

EXPOSED 
fflSTIDINES 

HUMAN 
HEMOGLOBIN 

0.1137 0.1094 0.0541 24 

HORSE 
HEMOGLOBIN 

0.0934 0.0500 0.0417 24 

PORCINE 
HEMOGLOBIN 

0.0968 0.0508 0.1056 24 

BOVINE 
HEMOGLOBIN 

0.0364 0.0284 0.0255 20 

WHALE 
MYOGLOBIN 

0.0214 0.0080 0.0126 5 

SHEEP 
MYOGLOBIN 

0.0179 0.0039 0.01987 5 

HORSE 
MYOGLOBIN 

0.0101 0.0033 0.019073 4 

RIBONUCLEAS 
E A 

1.227 1.227 1.227 2 

CYTOCHROME 
C (B. H.) 

0.0047 0.0049 0.0097 2 

CYTOCHROME 
C (H. H.) 

0.0048 0.0053 0.0101 1 
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Table 5.2 

Partition coefficient of proteins in PEG-IDA-Cu (2.1866*10"3 M) Na2S04 systems at 
different pH. 

PROTEINS pH 7.8 
K 

pH 6.9 
K 

pH 5.4 
K 

EXPOSED 
HISTIDINES 

HUMAN 
HEMOGLOBIN 

244.173 209.817 1.472 24 

HORSE 
HEMOGLOBIN 

256.443 203.682 1.2277 24 

PORCINE 
HEMOGLOBIN 

244.173 52.352 0.8052 24 

BOVINE 
HEMOGLOBIN 

265.032 41.309 0.1265 20 

WHALE 
MYOGLOBIN 

31.4418 0.5223 0.2359 5 

SHEEP 
MYOGLOBIN 

34.2026 0.6261 0.1712 5 

HORSE 
MYOGLOBIN 

2.0037 0.1063 0.3621 4 

RIBONUCLEAS 
E A 

2.454 0.8764 6.135 2 

CYTOCHROME 
C (B. H.) 

0.1198 0.0448 0.0233 2 

CYTOCHROME 
C (H. H.) 

0.1232 0.0359 0.0291 1 
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Table 5.3 

Partition coefficient of proteins in PEG-TED-Cu (1.9374*10"3 M) Na2S04 systems at 
different pH. 

PROTEINS 

*
 K

 
-j

 
00

 

pH 6.9 
K 

pH 5.4 
K 

EXPOSED 
HISTIDINES 

HUMAN 
HEMOGLOBIN 

8.7253 0.5977 1.1815 24 

HORSE 
HEMOGLOBIN 

11.861 0.7055 0.2887 24 

PORCINE 
HEMOGLOBIN 

5.5686 0.5191 0.5644 24 

BOVINE 
HEMOGLOBIN 

1.3053 0.1664 0.2407 20 

WHALE 
MYOGLOBIN 

0.07983 0.0708 0.53988 5 

SHEEP 
MYOGLOBIN 

0.06741 0.060406 0.39041 5 

HORSE 
MYOGLOBIN 

0.04480 0.05680 0.35354 4 

RIBONUCLEAS 
E A 

3.272 3.272 2.454 2 

CYTOCHROME 
C (B. H.) 

0.004495 0.07413 0.02122 2 

CYTOCHROME 
C (H. H.) 

0.014665 0.10754 0.03635 1 
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Table 5.4 

Partition coefficient of proteins in PEG-Cm-TREN-Cu (9.1909*104 M) Na2S04 systems 
at different pH. 

PROTEINS pH 7.8 
K 

pH 6.9 
K 

pH 5.4 
K 

EXPOSED 
HISTTDINES 

HUMAN 
HEMOGLOBIN 

19.0185 5.9597 1.9706 24 

HORSE 
HEMOGLOBIN 

19.1061 7.2974 0.7232 24 

PORCINE 
HEMOGLOBIN 

9.1148 3.4607 1.3725 24 

BOVINE 
HEMOGLOBIN 

6.135 0.8049 0.1492 20 

WHALE 
MYOGLOBIN 

0.09772 0.1675 1.636 5 

SHEEP 
MYOGLOBIN 

0.1304 0.1549 1.3696 5 

HORSE 
MYOGLOBIN 

0.06353 0.1227 3.3304 4 

RIBONUCLEAS 
E A 

7.362 15.3375 4.499 2 

CYTOCHROME 
C (B. H.) 

0.04478 0.07749 0.040011 2 

CYTOCHROME 
C (H. H.) 

0.02387 0.08966 0.073805 1 



Table 5.5 

Partition coefficient of proteins in PEG-L-ASP-Cu (1.6435*10 3 M) Na2S04 systems at 
different pH. 

PROTEINS pH 7.8 
K 

pH 6.9 
K 

pH 5.4 
K 

EXPOSED 
HISTIDINES 

HUMAN 
HEMOGLOBIN 

16.1263 1.227 0.5368 24 

HORSE 
HEMOGLOBIN 

20.859 0.7362 0.3964 24 

PORCINE 
HEMOGLOBIN 

7.2676 0.76687 0.2157 24 

BOVINE 
HEMOGLOBIN 

1.04917 0.1206 0.1022 20 

WHALE 
MYOGLOBIN 

0.08112 0.0318 0.2064 5 

SHEEP 
MYOGLOBIN 

0.09975 0.07246 0.1766 5 

HORSE 
MYOGLOBIN 

0.04368 0.02952 0.05032 4 

RIBONUCLEAS 
E A 

1.227 1.4022 1.0517 2 

CYTOCHROME 
C (B. H.) 

0.036221 0.02601 0.03582 2 

CYTOCHROME 
C (H. H.) 

0.04742 0.03346 0.02933 1 
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Table 5.6 

Partition coefficient of proteins in PEG-ID A-Ni (2.5175*103 M) Na2S04 systems at 
different pH. 

PROTEINS <1
 

oo
 

pH 6.9 
K 

pH 5.4 
K 

EXPOSED 
HISTIDINES 

HUMAN 
HEMOGLOBIN 

0.4057 0.1475 0.1524 24 

HORSE 
HEMOGLOBIN 

0.4367 0.10964 0.0689 24 

PORCINE 
HEMOGLOBIN 

0.3388 0.17528 0.1496 24 

BOVINE 
HEMOGLOBIN 

0.07636 0.06097 0.054453 20 

WHALE 
MYOGLOBIN 

0.06260 0.05352 0.08216 5 

SHEEP 
MYOGLOBIN 

0.05519 0.03920 0.07436 5 

HORSE 
MYOGLOBIN 

0.02853 0.03162 0.107214 4 

RIBONUCLEAS 
E A 

3.272 8.589 1.636 2 

CYTOCHROME 
C (B. H.) 

0.22807 0.02887 0.02368 2 

CYTOCHROME 
C (H. H.) 

0.02799 0.02956 0.02454 1 



Table 5.7 

Partition coefficient of proteins in PEG-TED-Ni (2.156*10"3 M) Na2S04 systems at 
different pH. 

PROTEINS 

00 i.
*
 

pH 6.9 
K 

pH 5.4 
K 

EXPOSED 
HISTIDINES 

HUMAN 
HEMOGLOBIN 

0.2027 0.06714 0.0737 24 

HORSE 
HEMOGLOBIN 

0.1049 0.03635 0.0636 24 

PORCINE 
HEMOGLOBIN 

0.1336 0.06052 0.0684 24 

BOVINE 
HEMOGLOBIN 

0.0485 0.03361 0.0239 20 

WHALE 
MYOGLOBIN 

0.03920 0.09295 0.08764 5 

SHEEP 
MYOGLOBIN 

0.04117 0.02872 0.06816 5 

HORSE 
MYOGLOBIN 

0.03022 0.030074 0.105171 4 

RIBONUCLEAS 
E A 

3.681 3.681 1.5337 2 

CYTOCHROME 
C (B. H.) 

0.2332 0.02323 0.027066 2 

CYTOCHROME 
C (H. H.) 

0.04869 0.02463 0.019097 1 
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Table 5.8 

Partition coefficient of proteins in PEG-Cm-TREN-Ni (6.9319*10"4 M) Na2S04 systems 
at different pH. 

PROTEINS pH 7.8 
K 

pH 6.9 
K 

pH 5.4 
K 

EXPOSED 
HISTTDINES 

HUMAN 
HEMOGLOBIN 

0.6504 0.1623 0.12105 24 

HORSE 
HEMOGLOBIN 

0.3681 0.0826 0.09603 24 

PORCINE 
HEMOGLOBIN 

0.20631 0.10534 0.1457 24 

BOVINE 
HEMOGLOBIN 

0.07022 0.04964 0.05593 20 

WHALE 
MYOGLOBIN 

0.03597 0.03763 0.07722 5 

SHEEP 
MYOGLOBIN 

0.03895 0.03706 0.05162 5 

HORSE 
MYOGLOBIN 

0.04048 0.02992 0.07425 4 

RIBONUCLEAS 
E A 

3.272 2.7607 4.09 2 

CYTOCHROME 
C (B. H.) 

0.03704 0.04471 0.04511 2 

CYTOCHROME 
C (H. H.) 

0.038047 0.04445 0.04578 1 
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Table 5.9 

Partition coefficient of proteins in PEG-L-ASP-Ni (1.2262*10"3 M) Na2S04 systems at 
different pH. 

PROTEINS pH 7.8 
K 

pH 6.9 
K 

pH 5.4 
K 

EXPOSED 
HISTIDINES 

HUMAN 
HEMOGLOBIN 

0.09738 0.05614 0.0409 24 

HORSE 
HEMOGLOBIN 

0.07668 0.0388 0.03247 24 

PORCINE 
HEMOGLOBIN 

0.09543 0.03864 0.05237 24 

BOVINE 
HEMOGLOBIN 

0.05523 0.03289 0.030815 20 

WHALE 
MYOGLOBIN 

0.03048 0.03787 0.04131 5 

SHEEP 
MYOGLOBIN 

0.03662 0.04446 0.02504 5 

HORSE 
MYOGLOBIN 

0.05481 0.03 0.03298 4 

RIBONUCLEAS 
E A 

3.0675 3.0675 3.0675 2 

CYTOCHROME 
C (B. H.) 

0.04351 0.04947 0.01669 2 

CYTOCHROME 
C (H. H.) 

0.0409 0.058004 0.05616 1 
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Table 5.10 

Partition coefficient of proteins at pH 7.8 and different concentrations of PEG-ID A-Cu 
in PEG/Na2S04 systems. 

PROTEINS 2.18*10"3M 
K 

1.093*10"3M 
K 

5.466*104M 
K 

EXPOSED 
HISTIDINES 

HUMAN 
HEMOGLOBIN 

244.173 244.173 44.7855 24 

HORSE 
HEMOGLOBIN 

256.443 246.627 45.09225 24 

PORCINE 
HEMOGLOBIN 

244.173 225.768 46.626 24 

BOVINE 
HEMOGLOBIN 

265.032 234.35 33.435 20 

WHALE 
MYOGLOBIN 

31.4418 0.8346 0.1488 5 

SHEEP 
MYOGLOBIN 

34.2026 1.2366 0.19508 5 

HORSE 
MYOGLOBIN 

2.0037 0.309933 0.08366 4 

RIBONUCLEAS 
E A 

2.454 3.681 0.818 2 

CYTOCHROME 
C (B. H.) 

0.1198 0.03093 0.009402 2 

CYTOCHROME 
C (H. H.) 

0.1232 0.03804 0.016074 1 
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Table 5.11 

Partition coefficient of proteins at pH 7.8 and different concentrations of PEG-TED-Cu 
in PEG/Na2S04 systems. 

PROTEINS 1.93*10'3M 
K 

9.68*10"^ 
K 

4.84*10'4M 
K 

EXPOSED 
HISTIDINES 

HUMAN 
HEMOGLOBIN 

8.7253 19.93 9.816 24 

HORSE 
HEMOGLOBIN 

11.861 52.76 15.2148 24 

PORCINE 
HEMOGLOBIN 

5.5686 4.826 1.4187 24 

BOVINE 
HEMOGLOBIN 

1.3053 2.3096 2.454 20 

WHALE 
MYOGLOBIN 

0.07983 0.095081 0.04974 5 

SHEEP 
MYOGLOBIN 

0.06742 0.10569 0.09268 5 

HORSE 
MYOGLOBIN 

0.04481 0.0896 0.04733 4 

RIBONUCLEAS 
E A 

3.272 1.9632 0.4908 2 

CYTOCHROME 
C (B. H.) 

0.004495 0.01939 0.03342 2 

CYTOCHROME 
C (H. H.) 

0.01466 0.030803 0.030675 1 
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Table 5.12 

Partition coefficient of proteins at pH 7.8 and different concentrations of PEG-Cm-
TREN-Cu in PEG/Na2S04 systems. 

PROTEINS 9.19*10^ 
K 

4.59*WM 
K 

2.29*10"4M 
K 

EXPOSED 
HISTIDINES 

HUMAN 
HEMOGLOBIN 

19.0185 23.313 16.6872 24 

HORSE 
HEMOGLOBIN 

19.1061 41.309 18.405 24 

PORCINE 
HEMOGLOBIN 

9.1148 12.7958 4.1581 24 

BOVINE 
HEMOGLOBIN 

6.135 3.8855 3.9264 20 

WHALE 
MYOGLOBIN 

0.09772 0.1253 0.1200 5 

SHEEP 
MYOGLOBIN 

0.1304 0.25097 0.1838 5 

HORSE 
MYOGLOBIN 

0.06353 0.15287 0.1016 4 

RIBONUCLEAS 
E A 

7.362 2.454 3.1902 2 

CYTOCHROME 
C (B. H.) 

0.04478 0.05531 0.0966 2 

CYTOCHROME 
C (H. H.) 

0.02387 0.03639 0.06845 1 
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Table 5.13 

Partition coefficient of proteins at pH 7.8 and different concentrations of PEG-L-ASP-Cu 
in PEG/Na2S04 systems. 

PROTEINS 1.64*10"3M 
K 

8.22*10"4M 
K 

4.11*10^M 
K 

EXPOSED 
HISTIDINES 

HUMAN 
HEMOGLOBIN 

16.1263 19.632 9.1148 24 

HORSE 
HEMOGLOBIN 

20.859 30.675 12.7608 24 

PORCINE 
HEMOGLOBIN 

7.2676 9.6407 3.8446 24 

BOVINE 
HEMOGLOBIN 

1.0491 1.87806 1.1533 20 

WHALE 
MYOGLOBIN 

0.08112 0.2007 0.11517 5 

SHEEP 
MYOGLOBIN 

0.09975 0.17196 0.09548 5 

HORSE 
MYOGLOBIN 

0.04368 0.1008 0.04280 4 

RIBONUCLEAS 
E A 

1.227 3.1902 0.818 2 

CYTOCHROME 
C (B. H.) 

0.03622 0.12812 0.039108 2 

CYTOCHROME 
C (H. H.) 

0.04742 0.10647 0.03173 1 



108 

Table 5.14 

Partition coefficient of proteins in PEG-CHELATOR-Co and PEG/Na2S04 systems at 
pH 7.8. 

PROTEINS PEG-IDACo 
2.06*10"3M 

PEGTED-Co 
2.01*10"3M 

PEGTRENCo 
1.21*10'3M 

PEG-ASP-Co 
7.97*10^M 

HUMAN 
HEMOGLOBIN 

0.18207 0.09063 0.075957 0.07182 

HORSE 
HEMOGLOBIN 

0.09933 0.064297 0.099937 0.06265 

PORCINE 
HEMOGLOBIN 

0.15115 0.10225 0.091816 0.08130 

BOVINE 
HEMOGLOBIN 

0.04454 0.03294 0.037948 0.04117 

WHALE 
MYOGLOBIN 

0.040562 0.026014 0.017479 0.02094 

SHEEP 
MYOGLOBIN 

0.038344 0.01972 0.020797 0.02101 

HORSE 
MYOGLOBIN 

0.017579 0.018359 0.016901 0.018044 

RIBONUCLEAS 
E A 

4.908 6.135 6.135 6.135 

CYTOCHROME 
C (B. H.) 

0.030548 0.024838 0.020115 0.02464 

CYTOCHROME 
C (H. H.) 

0.054053 0.019632 0.021621 0.009855 
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Table 5.15 

Partition coefficient of proteins in PEG-CHELATOR-Zn and PEG/Na2S04 systems at 
pH 7.8. 

PROTEINS PEG-IDAZn 
1.78*10"3M 

PEG-TEDZn 
1.72*10'3M 

PEG-TRENZn 
9.51*10^M 

PEG-ASP-Co 
7.13*104M 

HUMAN 
HEMOGLOBIN 

0.08033 0.05577 0.063247 0.045444 

HORSE 
HEMOGLOBIN 

0.23639 0.23006 0.10851 0.075508 

PORCINE 
HEMOGLOBIN 

0.15832 0.12748 0.08923 0.060344 

BOVINE 
HEMOGLOBIN 

0.02565 0.03024 0.032611 0.021082 

WHALE 
MYOGLOBIN 

0.011874 0.00399 0.021678 0.02844 

SHEEP 
MYOGLOBIN 

0.004869 0.00409 0.028822 0.008521 

HORSE 
MYOGLOBIN 

0.005155 0.00461 0.018733 0.009226 

RIBONUCLEAS 
E A 

0.6135 1.227 2.045 3.0675 

CYTOCHROME 
C (B. H.) 

0.004928 0.004596 0.021064 0.009661 

CYTOCHROME 
C (H. H.) 

0.010016 0.004888 0.010443 0.004928 
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Figure 5.1 Effect of PEG-IDA-Cu on partition coefficient of proteins in PEG/Sodium 
sulfate systems at different pH. 
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Figure 5.2 Effect of PEG-Cm-TREN-Cu on partition coefficient of proteins in 
PEG/Sodium sulfate systems at different pH. 
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Figure 5.3 Effect pH PEG-TED-Cu on partition coefficient of proteins in PEG/Sodium 
sulfate systems at different pH. 
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Figure 5.4 Effect of PEG-L-ASP-Cu on partition coefficient of proteins in PEG/Sodium 
sulfate systems at different pH. 
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Figure 5.5 Effect of PEG-IDA-Ni on partition coefficient of proteins in PEG/Sodium 
sulfate systems at different pH. 
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Figure 5.6 Effect of PEG-Cm-TREN-Ni on partition coefficient of proteins in 
PEG/Sodium sulfate systems at different pH. 
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Figure 5.7 Effect of PEG-TED-Ni on partition coefficient of proteins in PEG/Sodium 
sulfate systems at different pH. 



117 

PEG-L-ASP-Ni 
0.0012 Molar 

3.0 

O pH 7.8 
• pH 6.9 
v pH 5.4 

2.5 

2.0 

0.5 

0.0 

-0.5 
25 20 15 10 5 0 

ACCESSIBLE HISTIDINES ON 
SURFACE OF PROTEIN 

Figure 5.8 Effect of PEG-L-ASP-Ni on partition coefficient of proteins in PEG/Sodium 
sulfate systems at different pH. 
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Figure 5.9 Effect of concentration of PEG-IDA-Cu on partition coefficient of proteins 
in PEG/Sodium sulfate systems at pH 7.8. 
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Figure 5.10 Effect of concentration of PEG-Cm-TREN-Cu on partition coefficient of 
proteins in PEG/Sodium sulfate systems at pH 7.8. 
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Figure 5.11 Effect of concentration of PEG-TED-Cu on partition coefficient of proteins 
in PEG/Sodium sulfate systems at pH 7.8. 
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Figure 5.12 Effect of concentration of PEG-L-ASP-Cu on partition coefficient of 
proteins in PEG/Sodium sulfate systems at pH 7.8. 
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Figure 5.13 Effect of metal on partition coefficient of proteins in PEG/Sodium sulfate 
systems using PEG-IDA as chelator at pH 7.8. 
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Figure 5.14 Effect of metal on partition coefficient of proteins in PEG/Sodium sulfate 
systems using PEG-Cm-TREN as chelator at pH 7.8. 
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Figure 5.15 Effect of metal on partition coefficient of proteins in PEG/Sodium sulfate 
systems using PEG-L-ASP as chelator at pH 7.8. 
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Figure 5.16 Effect of metal on partition coefficient of proteins in PEG/Sodium sulfate 
systems using PEG-TED as chelator at pH 7.8. 
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5-3 Discussion 

From figure 5.1 we can see that in fact the affinity contribution to partitioning 

of proteins is proportional to the number of exposed histidines in the protein. For 5 

exposed histidine groups or less the proportionality is linear. However, for higher 

number of exposed histidines the proportionality changes. Suh, S-S. and Arnold, F.H. 

(1989) reported a linear relation between the partition coefficient and the number of 

exposed histidines, for proteins with less than 5 histidines accessible on the surface, in 

PEG/PEG-IDA-Cu Dextran systems. The results obtained in this work are in good 

agreement with those reported before for PEG-IDA-Cu (Suh, S-S. et al., 1989). Also 

from figure 5.1 we can notice that the pH affects the partition of the proteins tested. 

Thus, the lower the pH the lower the partition coefficient for a protein. This can be 

explained because of the protonation of the imidazole ring in the protein at low pH. 

In figures 5.2 to 5.4 we can observe a rare behavior of the partition of the 

proteins tested. This behavior can be explained by the fact that the metal binding sites 

on the proteins tested have different affinity for hydrogen ion and for chelated metal ions. 

In addition, we have to consider the steric hindrance of the chelator-metal attached to the 

polymer. In fact, steric hindrance plays an important role, as can be confirmed in the 

figures mentioned above, thus it appears that the chelator with a larger bulk volume 

presents less affinity for the protein. 

The results obtained in this work differ from the prediction of the mathematical 

model reported by Suh and Arnold (1989). The model fails to predict the behavior of the 
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proteins when a different chelator-metal, other than IDA-Cu, is used as ligand. This may 

be explained considering that the model by Suh and Arnold assumes that the protein's 

binding sites have the same affinity for hydrogen and chelated metal ions. Another 

important point to consider is that among the four chelators tested, IDA-Cu presents the 

less steric hindrance and as explained above this is an important point to take into 

consideration. In other words, for a small complex chelator-metal, it will be easier to 

reach the binding sites on the proteins than for the bulky chelator-metal complexes. 

The metal chelated present in the complex also plays an important role, as can 

be confirmed from figures 5.5, 5.6, 5.7, and 5.8. From these figures it can be seen that 

contrary to copper, the optimum pH for nickel is 6.9. This, again, suggests that some 

interaction that affects the partition of proteins must be present between metal and 

hydrogen ion in solution. 

When different metals, other than copper, are used as ligands; the partition of 

proteins with less than five histidine groups is better than the partition of proteins with 

more than five histidine groups accessible. 

The concentration of metal-chelator was found to play an important role in the 

partition of proteins. Thus, at high chelator-metal concentration the partition of proteins 

is higher. However, for metal chelators other than IDA-Cu such a behavior is not 

completely clear. 

From the results shown in figures 5.13 to 5.16 it can be concluded that, among 

the metals tested, copper chelated with any of the chelators has the best affinity for the 
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proteins; followed in efficiency by nickel, cobalt and the less effective resulted with zinc. 
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CHAPTER 6 

CONCLUSIONS AND RECOMMENDATIONS 

6-1 Conclusions 

Metal Partitioning 

From the results obtained we can conclude that the use of monomethoxy-

polyethylene-glycol modified with chelators, such as the ones used in this work, in 

aqueous two phase systems conformed with polyethylene glycol (8000) and sodium 

sulfate have a good potential for the recovery of metals from aqueous solutions. 

Among the metals tested, copper result to have higher partition coefficient than 

nickel and cobalt for any of the metal chelators used. It was noticed that at low metal 

concentration in the system, the metal partitioned better to the top phase than at high 

metal concentration. This suggests that this technique may be a good alternative for the 

recovery of metals in aqueous solutions at very low concentrations. 

As suspected from the chemical structure, the metal chelator IDA result to be the 

most effective sequestering agent, when attached to the polymer chain than TED, Cm-

TREN and L-ASP. However, for the specific case of Nickel, TED is as good as IDA 

under the conditions established before in this work. 

The bottom phase of the systems prepared was always more concentrated in 

metal, when no chelator was present, than when any chelator was present in the top 
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phase. This, in fact, confirms that the presence of chelating agents influence the 

preference of the metal for the top phase. 

Protein Partitioning 

The logarithm of the partition coefficient, for proteins with less than five histidine 

groups exposed on the surface of the protein, results to be follow a linear behavior with 

respect to the number of accessible histidine groups for all the concentrations of PEG-

IDA-Cu tested. However, when a different metal-chelator-PEG was used, the partition 

coefficient for the same proteins seems to be difficult to predict. This may be due to the 

steric hindrances present in all the metal-chelator-PEG, other than PEG-IDA-Cu. Another 

possibility for this behavior may be the strength of the metal chelator bond. That is, the 

stronger the metal chelator bond the less attraction exists between the metal-chelator 

complex and the protein. These results also confirm that although the number of histidine 

groups, accessible in the surface of the protein, plays an important role on the partition 

coefficient of the latter, some other factors may become important when using a stronger 

metal-chelator-PEG complex, such as the metal-chelator volume and strength. 

On the average, the partition coefficient for proteins with more than five histidine 

groups was higher than for proteins with less than five histidine groups accessible, when 

using any of the PEG-Chelator complexes with copper. However, such a behavior was 

reverted when using nickel instead of copper. 

The pH has a strong effect on the partition coefficient of proteins in aqueous 
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metal affinity partitioning. In general, for proteins with high number of histidine groups 

available, a pH increase in the system favored the partition of the protein toward the top 

phase (polymer phase). However, for proteins with a low number of histidine groups 

such a behavior is not clear. 

The concentration of PEG-Chelator-Metal is another important factor to consider. 

From the results it can be observed that as the concentration of PEG-Chelator-Cu is 

increased, the partition coefficient of the protein increases. However, for proteins with 

less than five histidine groups and when using chelators other than IDA such a behavior 

is not completely clear. 

The results revealed that the type and concentration of the chelated metal ions as 

well as the type of chelator used are important parameters influencing the partition 

coefficient of the protein. The strong effect exerted by Cu+2 on the partition of proteins 

in comparison with other metal ions parallels its strong tendency to coordinate 

predominantly with histidine residues on the protein surface. 

It is seems clear that the accessibility of surface exposed histidine groups is the 

dominating factor governing the binding strength of metal chelates to proteins only when 

using PEG-IDA-Cu but for other metal-chelators it is unclear the influence of the 

exposed histidines. 

6-2 Recommendations 

Although the use of metal chelators attached to PEG in aqueous two phase 
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systems, might be a good alternative for the recovery of metals from aqueous solutions, 

optimum conditions should be investigated to make the approach more effective and 

efficient. 

Important parameters to investigate include the influence of the pH as well as 

ionic strength in the partition of metals. 

For the case of proteins, the influence of the number of exposed histidines is not 

clear when using PEG-Chelator-Metal other than PEG-ID A-Cu. Hence, it should be 

investigated the influence of other factors, such as the aminoacids close to the binding 

site of the protein as well as the molecular weight of the proteins. 

The influence of Metal-Chelator-PEG on the partition coefficient of the proteins 

is not completely clear when dealing with TED, ASP or Cm-TREN. Hence, more work 

should be done in order to find a relationship between the structure of the chelator and 

the partition of the protein. 

The partition coefficients of Metal-Chelator-PEG may be of great importance in 

order to compare the experimental results obtained with existing mathematical models for 

PEG-ID A-Cu in PEG/Dextran systems (Suh S-S., et al., 1989) and develop other 

mathematical models to explain the behavior of different polymer-chelates and metals. 

Other important parameters to consider are the association constants of the different 

complexes (PEG-Chelator-Metal) with the histidine groups present on the surface of 

protein. 

The influence of salts (ionic strength of the system) in the partition coefficient of 
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proteins may be of great importance. Hence, experiments at different concentrations of 

salts in the systems should be performed. 



APPENDIX A 

INFRARED SPECTRA OF PEG-M-CHELATOR 

Figure A.l Infrared spectrum of PEG-M-IDA. 
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Figure A.2 Infrared spectrum of PEG-M-TED. 
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APPENDIX B 

U.V.-VISIBLE SPECTRA OF PROTEINS 
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Figure B.l U.V.-Visible spectrum of Human Hemoglobin. 
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Figure B.2 U.V.-Visible spectrum of Horse Hemoglobin. 
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Figure B.3 U.V.-Visible spectrum of Porcine Hemoglobin. 



0  . 0 5 0  
<  A / D I U  .  >  

+  0  •  0  0  A  
N  r* 

8 0 0  . £  1 0 0  . 0 <  N M / D I U . >  2 0 0  . 0  

Figure B.4 U.V.-Visible spectrum of Bovine Hemoglobin. 
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Figure B.5 U.V.-Visible spectrum ofWhale Myoglobin 



142 

+  1  . 0 8 A  

0  . 2 0 0  
<  A / D I U  .  )  

+ 0 . 0 0 A  N M  
8 0 0  . 0  1 0 0  . 0 <  N M / D I U  .  >  2 0 0  . 0  

Figure B.6 U.V.-Visible spectrum of Sheep Myoglobin. 
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Figure B.7 U.V.-Visible spectrum of Horse Myoglobin. 
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Figure B.8 U.V.-Visible spectrum of Ribonuclease A. 
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Figure B.9 U.V.-Visible spectrum of Cytochrome C from horse. 
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