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This step is once again our first. 
We set our feet upon a virgin land. 

We hold the promise of the earth in our hands… 
 

Now at this dawn so green and glad 
we pray that we may long remember 

how lovely was the world we had in the beginning… 
 

Of all the gifts we have received, 
one, is most precious and most terrible. 

The will in each of us is free; it's in our hands… 
 

Our hands can choose to drop the knife. 
Our hearts can choose to stop the hating. 

For ev'ry moment of our life is a beginning… 
 

There is no journey gone so far. 
So far, we cannot stop and change direction. 

No doom is written in the stars; it's in our hands… 
 

We cannot know what will occur. 
Just make the journey worth the taking 

And pray we're wiser than we were in the beginning… 
 

It's the beginning… 
Now we begin… 

 
Excerpts of “In the Beginning” from Children of Eden by Stephen Schwartz 



 

 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
Un nuevo paso habrá que dar. 
La tierra virgen es, un nuevo hogar  
y su destino se nos da para elegir… 
 
Las tierras verdes hoy están. 
Pedimos por que recordemos 
qué bello mundo se nos dio, en el principio… 
 
Es un regalo y bendición. 
El más sublime y terrible es. 
Nuestro albedrío libre es para elegir… 
 
Podemos elegir amar, 
y el corazón vaciar de odios. 
Pues cada instante de vivir, es un principio.. 
 
En este viaje sin final 
jamás es tarde para un nuevo rumbo. 
En las estrellas nada está, hay que elegir… 
 
Así lo que sucederá 
depende que ruta tomemos 
y te rogamos sea mejor que en el principio… 
 
Es el principio… 
Comenzamos… 
 
Fragmentos de “En el Principio” de Hijos del Edén de Stephen Schwartz 
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1 
INTRODUCTION 

 
 
 
 

Among all biotechnological products and because of their wide range of applications, 

proteins are probably, from a technological and commercial point of view, the most important 

molecules available to humans. These natural polymers are involved in basically every single 

process within the cell. With their discovery and the technological advances in science the use of 

proteins has become a common procedure in many fields including medicine, agriculture and 

engineering by exploiting their original biological functions in new purposes.  

However, in most cases where proteins are removed and further processed from their 

natural environment, a series of problems like the decrease or loss of biological activity due to 

structural changes caused by factors like temperature and pH may appear. Their delicate folding 

behavior tightly related to their precisely defined primary sequence makes them susceptible to 

enzyme degradation and affects their solubility in organic solvents limiting their use in applications 

where their possible toxicity and undesired immune response might become an issue.1 This 

situation results in the need to find ways to preserve, assure or even increase their functionality for 

the final desired application. Among the tools designed to achieve this we can find techniques such 

as protein engineering modification (where certain amino acids or sequences from the original 

protein structure are changed, added and/or deleted) and different chemical modifications such as 

protein crosslinking, chemical introduction of small moieties, atom replacement, cofactor 

introduction and modification with monofunctional polymers.2 

Among these polymers used to modify and provide proteins with certain improved 

characteristics we can find polyethylene glycol (PEG). The chemical modification of a protein, 

peptide or molecule by attaching at least one chain of this polymer to its structure is widely known 

as PEGylation.3 Abuchowski and collaborators were the first to successfully apply this technique in 

1977 using bovine serum albumin (BSA) as a model protein. They observed that BSA could be 

synthetically modified via PEGylation without losing its properties opening the opportunity to 
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investigate new possible applications for this technique, which have made their most important 

contributions in the pharmaceutical field.4 

It is now known that PEGylated therapeutic proteins, among other things, are less 

susceptible to destruction by proteolytic enzymes, present larger body circulating half times, larger 

shelf – lives and have better solubility and lower kidney clearance.5 In fact, the attachment of PEG 

chains also allows the alteration and control of the drug’s biodistribution, pharmacokinetics and 

occasionally its toxicity.6 On the other hand, for non–therapeutic applications, the coupled 

amphiphilic PEG chains in a protein have been used to solubilize them in both, aqueous solutions 

and organic solvents allowing their use for catalytic reactions.7 Besides this, the polymer chains 

provide conformational flexibility, stability and resistance to harsh environmental conditions often 

used in bioprocessing.8, 9 Figure 1.1 presents a simplified scheme of a PEGylation reaction and the 

advantages it confers to a modified protein. 

 
Figure 1.1: Property advantages of a PEGylated protein. 

 
1.1  

ISSUES AND CHARACTERISTICS OF 
PEGYLATION REACTIONS 

 
PEG is a linear or branched polyether with a hydroxyl group in each of its ends available in 

a wide range of molecular weights. Being obtained by chemical synthesis, it is usually polydisperse, 

which means that the bulk of the polymer is formed by molecules with different amounts of 

monomers. This natural distribution generates a population of different conjugates once the reaction 

has finished. Even when today is possible to acquire PEGs with lower polydispersibilities in the 
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market, the appearance of different conjugates must always be taken into consideration.3 

For PEGylation reactions the most commonly used activated polyethylene glycol is mono–

methoxy PEG (mPEG) that presents important properties which make it ideal for pharmaceutical 

applications such as its lack of toxicity and ease of elimination from the body by a combination of 

renal and hepatic processes.10 mPEG has only one available hydroxyl group which guarantees its 

coupling to one single protein molecule avoiding the appearance of crossed linked products. 

There are also different chemistries used to attach activated PEG molecules to 

polypeptides. The most common reactive groups involved in the coupling to proteins are 

nucleophiles, with the following moieties ranked in decreasing order of reactivity: thiol, α–amino,   

ε–amino, carboxylate and hydroxylate. However, this order also depends on the reaction pH and 

steric accessibility. Furthermore, other residues, such as the imidazole group of histidine, may react 

under special conditions.11 The composition of the product will then be dependent on the number 

and local reactivity of the available attachment sites (amino and sometimes other nucleophilic 

groups), on the starting polypeptide, on the reactivity of the activated PEG reagent and on the 

conditions of the modification reaction, which include among others: pH, PEG – protein molar 

relation, protein concentration, time of reaction and temperature.6 Thus, polymer coupling may 

result in the generation of a family of species characterized by a distribution in number and position 

of attached PEG groups. However, by controlling one or more of the parameters involved, 

PEGylation reactions can be directed to produce specific PEGylated conjugates and minimize the 

appearance of native or unmodified protein.12 

Commonly, the preferred sites to PEGylate a protein are the ε–amino groups in the lysine 

residues. Lysines account for approximately 10% of the amino acids in a typical protein giving the 

molecules of interest several sites in which the reaction can take place. However, this generates the 

appearance of conjugate mixtures that must be separated later. The control of the PEGylation 

reaction sites reduces this randomized appearance of isomers and can be manipulated by 

controlling the reaction pH so that coupling takes place in the α–amino group of the N–terminus .13 

PEGylation reactions are made preferably in single step unidirectional batch systems. 

These systems are ideal to guarantee that all the products have followed similar processes by 

easily tracing them to their respective sources. On the other side, they allow the use of mild reaction 

conditions and provide, when needed, sterilized reaction environments. Implicitly, it is desired to 

maximize the efficiency and specificity of every reaction while minimizing costs. For this reason only 

pure protein samples are PEGylated. The use of crude protein extracts requires additional 

operations, which elevate the cost of the process. Besides, if the final destiny of the conjugate is for 

pharmaceutical applications the use of pure preparations facilitates its validation.  
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1.2  
SEPARATION AND ANALYSIS OF PEGYLATED 

PROTEINS 

  
During the first years of PEGylation, efforts where mainly focused in the use of amino 

groups as the main sites to couple PEG chains to a protein. Even though these groups are still the 

main targets in PEGylation projects several limitations exist due to the wide number of isomers that 

are obtained and because not all of them present the optimal biological properties that are sought in 

the final application. This results in the need to purify these mixtures for their validation and 

approval.3 

The purification of PEGylated proteins consists in removing from the obtained mixture all 

the species that because of their characteristics are not desired in it. Isolation of PEGylated proteins 

implies to main challenges: 1) the separation of the PEGylated proteins from the remaining reaction 

products and 2) the fractionation of these proteins according to their PEGylation degree and their 

positional isomerism. This involves factors related to the nature of PEG polymers and the fact that 

PEGylated molecules are hybrid and their properties do not necessarily imitate those of the proteins 

or the PEG molecules where they come from.13 

Most of the methods to purify PEGylated proteins, such as Size Exclusion Chromatography 

(SEC), are based in molecular size. SEC is favored by the increment in the hydrodynamic radius 

caused by the grafted PEG chains, which reduces protein accessibility through the porous media 

altering its elution times. It has been reported however, that the differences in size are not enough 

to separate positional isomers.14 Other methods based in molecular size are ultrafiltration and 

diafiltration, which are mainly used to concentrate the molecules 13 but can also be used to separate 

PEGylated species from the unreacted proteins.15 

After reaction, besides a change in size or molecular mass an alteration in the net charge of 

the protein can be expected. For this reason, Ion Exchange Chromatography (IEC) is able to 

separate these proteins. In fact, the most commonly used method is cationic exchange because 

PEGylated proteins contain one less positive charge for each PEG molecule grafted to an amino 

group. However, PEG chains sterically interfere with the charged residues of the polypeptide and 

the ion exchange support or can also mask the charges.16 

 Few works have reported the use of hydrophobicity in PEGylated conjugates to separate 

them. Hydrophobic Interaction Chromatography (HIC) and Reverse Phase Chromatography (RPC) 

have not been fully investigated. These methods are interesting because PEGylation affects the 
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hydrophobicity of a protein. For RPC low resolutions have been obtained while trying to separate 

conjugates and it has been proven that the technique might produce structural changes in the 

separated species. HIC, on its part, presents as well a d iminished capacity and low discrimination 

between adjacent peaks.16 

 Together with membrane separations that exploit molecular size to separate PEGylated 

conjugates there are several non – chromatographic techniques that can be used to accomplish 

this. For instance, Aqueous Two Phase Systems (ATPS) is a liquid – liquid partition method where 

the separation is based in the differences in the solutes partition coefficients (KP). To obtain good 

separations, this partition coefficient must be optimized for each of the components by an adequate 

selection of the system composition.17 Even though there are only a few works that report the 

fractionation of PEGylated proteins using ATPS, it is known that their recovery using this technique 

is possible.18 Other examples of non – chromatographic techniques used for the same purposes are 

Polyacrylamide Gel Electrophoresis (PAGE) and Capillary Electrophoresis (CE). Both techniques 

are widely used to separate PEGylated proteins in small scales, but are mainly used to analyze 

them.19 

 Along with the purification strategies used to separate the polymer – protein conjugates, 

several analytical techniques need to be used to validate a PEGylation reaction either during the 

reaction or separation process or after these are finished. These analyses can sometimes become 

complicated because PEGylation can change certain properties of the proteins to be analyzed like 

UV light absorption patterns, which complicate their proper quantification using spectrophotometry.  

On the same context and together with UV spectrophotometry, PAGE and CE, Mass 

Spectrometry (MS) and Circular Dichroism (CD) are techniques that help in characterizing the mass 

and structure of PEGylated proteins and are of great importance in areas such as manufacturing 

and quality control.20, 21 Current technological advances are allowing their use for the optimization of 

different manufacturing process parameters such as product yields and heterogeneity giving great 

advantages over time consuming chromatographic techniques. 

 In general, the main challenge in the separation of PEGylated proteins is to establish 

compact analysis, fractionation and purification technologies with low operating costs and without 

compromising efficiency. However, since to date it is not possible to conclude which type of 

chromatographic, non – chromatographic or combination of techniques has better separation yields 

or analytical resolutions, each separation strategy must be designed on a case – to – case basis 

assisted by the designed or available analytical techniques to accomplish it.19 
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1.3  
OTHER APPLICATIONS OF PEGYLATED 

PROTEINS 
 

Because of the important therapeutic attributes PEGylation confers to proteins, most 

PEGylation projects have as a main target the production of pharmaceuticals destined for the 

treatment of multiple diseases. Certain efforts are currently being made in the use of PEGylated 

proteins for industrial applications. The use of immobilized enzymes as industrial catalysts was the 

first example of a bioconjugation strategy aimed towards these purposes. Since then, 

bioconjugation has been used in the food and chemical industries besides the synthesis of drugs.22 
For example, PEGylation has proven to be useful in allowing enzyme catalysis in organic 

solvents. PEG was very efficient in maintaining the protein structure and enantioselectivity of         

α–chymotrypsin while increasing its activity up to more than 400 – fold in organic solvents 

compared to that of the powder lyophilized from the buffer alone 8. On their part, PEGylated lipase 

and catalase have also been able to catalyze their respective reactions in organic solvents showing 

high enzymatic activities.7, 23 This is very important because the use of enzymes in organic solvents 

is usually difficult for factors like reduced conformational stability, unfavorable substrate desolvation 

energetics and conformational changes. Being able to use these catalysts in organic solvents 

results interesting because of their enormous selectivity, which can be used to introduce chirality to 

organic molecules, resolve racemic mixtures and functionalize molecules regioselectively.8 

The use of PEGylated enzymes has also been reported for applications in the textile 

industry. Fully active PEG – protease conjugates have been used to restrict the hydrolysis of wool 

fibers to its cuticles preserving strength and weight while giving the fabric the desired felting 

tendency, shrink resistance and dyeing characteristics needed.24 Furthermore, these same 

conjugates have been used in detergent formulations that have proven to have excellent stain 

removal properties at low temperatures, color and fabric protection when compared to detergents 

where the unmodified enzymes were used.24 

The possibilities of using PEGylated molecules in bioprocessing are many. From the 

examples mentioned it is easy to anticipate that PEG – modified proteins, such as enzymes, are 

suitable for bioreactor systems. Furthermore, PEGylation can actually be extrapolated to any 

application that involves the use proteins like the case of affinity chromatography (AC). For 

instance, PEG conjugation has been performed to immobilized Concanavalin A in AC media giving 

it a higher stability at stressful conditions such as exposure to organic solvents and high 
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temperatures while preserving its adsorption capacity.9 It has also been used in immobilized Protein 

A from Staphylococcus aureus (SPA) where it has increased the product yields while preserving 

selectivity and binding capacity. In fact, the results obtained for PEGylated SPA in AC media will be 

presented and explained as part of this work. 

 
1.4  

EXPERIMENTAL MODELS 
 

Three proteins are used as models for the experimental work in this thesis: Ribonuclease A, 

α–Lactalbumin, and Staphylococcal Protein A. Proteins like Ribonuclease A and α–Lactalbumin 

have been previously used as PEGylation models and therefore the reaction products and their 

characteristics are now fully investigated. These two proteins have similar properties, which make 

them ideal for the study of their partition behavior in ATPS. On the other hand, Staphylococcal 

Protein A has never been PEGylated but it presents biological functions that make it an interesting 

model to explore new applications. A brief and concise description of each one of these proteins is 

presented in the following sections:   

 
1.4.1  
Ribonuclease A 
 

Ribonuclease A (RNase A) is a small protein with a molecular weight of 13,686 Da. It is 

formed by 124 amino acid residues that lack tryptophan and has an isoelectric point of 9.3.25 RNase 

A is one of the most commonly used proteic models and it has been tested as a therapeutic agent 

because of its aspermatogenic and antitumoral activity. It is also now known that with PEGylation 

the protein improves its therapeutic effect. 

In its native form, RNase A is a protein of low biological activity but after PEGylation the 

grafted PEG chains protect it from Ribonuclease Inhibitor Factors (RIFs). The polymer chains 

convert it into a cytotoxically active substance and increase its circulation times allowing it to reach 

its action sites in larger quantities. It has also been found that PEGylated RNase A binds less 

antibodies that its native form thus allowing and increase of its cytotoxical activity.26 

For the PEGylation reaction of RNase A three resulting species are reported: free 

unreacted RNase A; mono–PEG RNase A that presents the optimal biological properties and where 

PEGylation has occurred in the N–terminal lysine of the protein; and di–PEG RNase A that appears 

once the mono–PEG RNase A has appeared and PEG chains continue to graft in other available 
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lysine of the structure. The appearance of di–PEGylated species can be controlled to certain extent 

by keeping the reaction time between 17 and 19 hours.27 

 
1.4.2  
α–Lactalbumin  
 
 α–Lactalbumin  (αLac) is also a small 14,200 Da protein that contains 123 amino acids with 

an isoelectric point between 4.2 and 4.5. The protein has the ability to strongly bind to calcium and 

zinc ions giving it bactericidal potential and it has been found that some forms of αLac can induce 

apoptosis in tumor cells. This protein has also shown applications such as inhibition of 

inflammation, writhing and nociception in mice. Therefore, it might be considered a good candidate 

for pharmacological applications in humans.28 As in the case of RNase A three main species result 

after the PEGylation reaction: the mono and di–PEGylated conjugates and the residual unmodified 

protein.  

 
1.4.3  
Staphylococcal Protein A 
 

Staphylococcal Protein A (SPA) is a 42,000 Da single chained protein of 450 amino acids 

and a major constituent in the cell walls of most Staphylococcus aureus strains.29 Ongoing research 

on SPA has found that this protein has the ability to bind tightly and reversibly with IgG from most 

species of mammals and with some IgA and IgM of some other species as well.30 SPA can be 

conjugated with fluorescent dyes, enzyme markers, biotin and colloidal gold or can be immobilized 

in solid supports such as agarose or acrylic beads without affecting the antibody binding site 

allowing its current use in many biotechnological applications such as the detection and purification 

of antibodies. 

The SPA molecule has at least two accessible sites for binding IgG.29 Structurally, it has a 

very extended shape and consists of three different regions: a signal sequence processed during 

secretion (S), five homologous IgG binding domains (E, D, A, B and C) and a cell wall anchoring 

region (domains X and M). The five IgG binding domains are arranged in antiparallel three α–helical 

bundles of about 58 amino acids and the whole three–dimensional structure is stabilized via a 

hydrophobic core. Each of the E, D, A, B and C domains bind to the Fc part of the IgG molecule 

trough 11 residues in helixes 1 and 2. However, they can also interact with the antigen binding 

(Fab) regions of antibodies by interaction with 11 residues located distinctively apart in helixes 2 

and 3.31 

 

8 



INTRODUCTION 

 

1.5  
DISSERTATION STRUCTURE 

 
Using the three previously described protein models as experimental vehicles, this work 

attempts to describe different scenarios for the production, recovery and potential new applications 

of PEGylated proteins. In order to achieve these goals, this dissertation is divided into 4 chapters. 

The first chapter gives a general background of protein PEGylation, reactions, separation, analysis 

and uses of polymer – protein conjugates. Chapters 2 and 3 present all the results of the 

experiments in published or submitted scientific papers as well as published reviews that present a 

state of the art analysis on the subjects each chapter covers. Finally, the general conclusions on the 

research reported in this document and the suggestions for further work are presented in Chapter 4. 

Chapter 2 is entitled “Non–chromatographic techniques for the primary recovery and 

analysis of PEGylated proteins: The potential of aqueous two–phase systems”. It encompasses a 

review titled “Current advances in the non–chromatographic fractionation and characterization of 

PEGylated proteins” and  two full–research articles called “Quantification of RNase A and its 

PEGylated conjugates on polymer – salt rich environments using UV spectrophotometry” and 

“Potential application of aqueous two – phase systems for the fractionation of RNase A and             

α–Lactalbumin from their PEGylated conjugates”. This chapter shows the results of the fractionation 

and characterization of the partition behavior of RNase A and αLac in ATPS, describes a 

methodology developed as part of this thesis to quantify PEGylated RNase A via UV 

spectrophotometry and reviews the use of non–chromatographic techniques to analyse and 

separate PEGylated conjugates. 

Chapter 3, on its part, is named “Novel uses of PEGylated proteins in bioseparations”. It is 

formed by a review titled “Advances and trends in the analysis and characterization of protein – 

polymer conjugates for “PEGylaided” bioprocesses” and a full–research article called “Towards 

improving selectivity in affinity chromatography with PEGylated affinity ligands: The performance of 

PEGylated Protein A”. This chapter aims to give a description of other non–therapeutic uses 

PEGylated proteins might have by using the example of PEGylated SPA for affinity chromatography 

separations. 

It should be noted that since each of the articles presented in this dissertation represents 

works that have or will be published in scientific journals, each section is accompanied by its own 

introduction list of references and acknowledgements. Figure numbers and formats were edited 

accordingly for the purposes of this document.  
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1.6  

HYPOTHESIS  

 
Because of the multiple advantages that PEGylation gives to proteins and its relatively easiness 

and economical feasibility, this technique has gained in the course of several decades an incredible 

momentum all around the world. Due to the same reasons, important research work has been 

performed in order to find new strategies to optimize the production and purification of                

PEG – protein conjugates. Along with this, there is also a great interest in finding novel applications 

for these molecules since many biotechnological processes involve the use of proteins and present 

important challenges where PEGylation might become a possible solution. 

RNase A, αLac and SPA were chosen as protein models to demonstrate that: 1) There are 

alternative non–chromatographic analysis and separation techniques like ATPS that allow the 

characterization and recovery of these molecules in an efficient and robust manner; and 2) 

PEGylation has applications beyond the pharmaceutical field in areas like bioprocessing. 

From these points, the experimental work presented in this document revolves around three 

main hypotheses: 

 

I. RNase A and its PEGylated conjugates interact non–linearly with the phase forming 

chemicals in ATPS and, in the case of the conjugates, with the grafted polymer chains 

complicating its quantification with UV spectrophotometry. However, it might be possible to 

generate a quantification method that allows the study of their partition behavior in ATPS 

environments. 

 

II. ATPS are an attractive alternative for the primary recovery and purification of the polymer – 

protein conjugates obtained from the PEGylation reactions of RNase A and αLac.  

 

III. Covalent modification of macromolecular affinity chromatography ligands by attachment of 

polyethylene glycol chains will improve selectivity by decreasing non–specific binding 

interactions with the ligand without sacrificing binding capacity.  
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1.7 
DISSERTATION OBJECTIVES 

  
 

The previously mentioned hypotheses set a series of objectives that can be stated for the 

present work: 

1. Generate an easy to implement quantification method for RNase A and its 

PEGylated conjugates by absorbance at 280 nm that considers: 

a. The effects of the different PEG and phosphate salt concentrations as well as 

the different PEG molecular weights in ATPS 

b. The effect of the PEG chains covalently linked to the protein in each of the 

conjugates. 

2. Study the partition behavior of RNase A and αLac and their PEGylated conjugates in 

PEG – potassium phosphate ATPS by evaluating the effects of the polymer 

molecular weights and tie–line lengths to identify the conditions in which a selective 

fractionation of the native protein from its conjugates occurs in different phases. 

3. Propose a methodology for the partial purification of these species using             

PEG – potassium phosphate ATPS. 

4. Study the effect of PEGylation on Protein A chromatographic supports in order to 

elucidate if an improvement of specificity occurs reducing non–specific binding 

interactions and thus improving the overall performance of the chromatographic 

separation. 

 

By fulfilling these objectives it will be possible to establish the basis for new scenarios 

where the use of techniques such as UV spectrophotometry and ATPS can be used to analyze and 

recover PEGylated proteins and where these proteins can be used in other applications such as 

affinity chromatography in bioprocessing. Therefore, the general objective of this thesis is to present 

alternatives to the current protocols and techniques used to analyze and separate PEG – protein 

conjugates and to propose new possible uses for these molecules in areas that have not been fully 

investigated yet.  
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2 
NON–CHROMATOGRAPHIC TECHNIQUES 

FOR THE PRIMARY RECOVERY AND 
ANALYSIS OF PEGYLATED PROTEINS:          

THE POTENTIAL OF AQUEOUS           
TWO–PHASE SYSTEMS 

 
 
 
 

The separation of PEGylated proteins from their unreacted precursors and according to the 

position where the coupling of the polymeric chains has occurred relies heavily in the use of 

chromatographic operations. As mentioned earlier, purifying PEGylated conjugates is an important 

task since not all of the generated species present the optimal biological activity for which they are 

intended. This aspect becomes extremely relevant when working with molecules designed for 

pharmaceutical use since it is desired that the final formulation presents an optimal activity taking 

advantage of all the characteristics that PEGylation confers to the starting biomolecules.  

The use of chromatographic steps in the downstream processing of such conjugates has 

proven to be efficient and reliable in both the separation and analysis of PEGylated proteins. 

However, several non–chromatographic approaches can be applied to achieve similar recovery 

yields simplifying the processes and giving them a noticeable economical advantage. In this 

context, polymer – salt ATPS provide a platfrom in which PEGylated proteins can be separated from 

their unreacted counterparts by means of a proper selection of system parameters. On their part, 

membrane–based separations are another important tool that may be used in separating 

conjugates from native unreacted species. Other techniques such as PAGE, CE, MS and CD are 

tools that may be applied in the analysis and characterization of polymer – protein conjugates or in 

lab–scale separations. 

The first article in this chapter reviews the different non–chromatographic techniques 

available for the recovery and analysis of PEGylated proteins. It discusses the current and future 
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trends in such unitary operations with a special focus on membrane separations, ATPS, PAGE and 

CE. As an example of how one of these techniques can be applied, the separation of the PEGylated 

RNase A and αLac conjugates from their unmodified counterparts using ATPS is presented. To 

accomplish this, the development of a UV spectrophotometry methodology for the quantification of 

RNase A in polymer – salt rich environments to overcome the different difficulties in quantifying this 

enzyme in ATPS is presented in the second article of this section. Finally, the study of the partition 

behavior of RNase A and αLac and their PEGylated conjugates in polymer – salt biphasic systems 

and the advantages that this technique presents over traditional chromatographic operations is 

discussed in a third article. 

Both RNase A and αLac were chosen because besides being commonly used model 

enzymes in biotechnology, they both present important biological enhanced properties suitable for 

the treatment of diseases such as cancer once they are PEGylated. With the proper application of 

the quantification methodology developed for this purpose, it was found that in polymer – salt ATPS 

both native proteins can be fractionated mainly to the bottom phase of high polymer molecular 

weight systems while the PEGylated species have a marked preference for the top phase. With 

these results it is possible to establish a potential strategy to recover polymer conjugates from 

unreacted native protein in each reaction mixture. It should be noted that the analytical methodology 

developed to quantify protein concentration in ATPS environments greatly simplifies the 

characterization process of the partition behavior of PEGylated proteins. When the determination of 

protein concentration is difficult to determine by simpler techniques, this rapid and easy to 

implement procedure that does not require sophisticated equipment or sample preparations, 

complements the benefits that ATPS present over other separation strategies.  

  

  

   

 

 

 

 

 

 

 

 

16 



         
PRIMARY RECOVERY AND ANALYSIS OF PEGYLATED PROTEINS 

 

2.1 
CURRENT ADVANCES IN THE              

NON–CHROMATOGRAPHIC FRACTIONATION 
AND CHARACTERIZATION OF           

PEGYLATED PROTEINS 
 
 
 
ABSTRACT 
 
For more than 30 years, PEGylation has been used to improve the physicochemical properties of 

several proteins and therapeutic drugs having a major impact in the biopharmaceutical industry. 

The purification of PEGylated proteins usually involves two basic challenges: 1) the separation of 

PEG – proteins from other reaction products and 2) the sub–fractionation of PEG – proteins on the 

basis of their degree of PEGylation and positional isomerism. Currently, most of the purification 

processes of PEGylated proteins are based on chromatographic techniques, especially Size 

Exclusion Chromatography (SEC) and Ion Exchange Chromatography (IEC). Nonetheless, other 

less frequently used strategies based on non–chromatographic techniques such as ultrafiltration, 

electrophoresis, capillary electrophoresis, and aqueous two–phase systems have been developed 

in order to fractionate and analyze PEGylated derivates. This review presents the current advances 

in some of the most used non–chromatographic strategies for the fractionation and analysis of           

PEG – protein conjugates. 
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2.1.1  
INTRODUCTION 
 

The use of peptides and proteins in the pharmaceutical industry has increased significantly 

during the last few years. Therefore, the development of strategies oriented towards the 

improvement of the pharmacological function and kinetics of therapeutic bioactives once inside the 

human body has draw attention from research groups in industry and academia. In this context, 

PEGylation has been playing a major role in the new proposed strategies. PEGylation consists in 

the modification of a molecule or protein attaching at least one chain of polyethylene glycol (PEG).1 

Nowadays, the PEGylation of proteins or certain groups in the membranes of different organelles 

and cells has been reported, increasing the application range of this novel technique.2, 3 

After the reaction, the coupled PEG chains improve the properties of the modified 

molecules, and once administered, slow down their degradation by proteolytic enzymes, reduce 

their clearance by the kidneys improving their circulation times, lower the production of antibodies 

towards them and increase their solubility.4 However, during the PEGylation reaction the formation 

of several conjugated forms varying in the number of grafted chains, their length and their grafting 

site usually occurs.1 It must be noted that during the early years of PEGylation, the optimization 

efforts were focused in the directed grafting of PEG chains mainly using residual amino groups as 

objective sites. Nevertheless, problems exist due to the large number of derivates produced as 

consequence of the PEGylation reaction. This results in the need of purifying these mixtures for 

their commercial approval.1 

The purification of PEGylated conjugates consists in removing from the obtained mixture, all 

the species that because of their characteristics are not desired (contaminants). This implies two 

main challenges: 1) the separation of the PEGylated proteins from the rest of the reaction products, 

and 2) the sub fractionation of these proteins according to their degree of PEGylation and their 

positional isomerism.5 These challenges are not a trivial task, due to the nature of PEG polymers 

and the fact that PEGylated molecules are hybrid and have properties that do not necessarily 

imitate the properties of the protein or the PEG from which they come from. The fractionation and 

characterization of the positional isomers becomes of great importance due to the fact that usually 

only one or very few species exhibit optimal biological properties.6, 7 

Individual and combined chromatographic approaches are currently used to separate 

PEGylated proteins. Because of the increment in the hydrodynamic radius, Size Exclusion 

Chromatography (SEC) separates these molecules reducing their accessibility through the porous 

support and altering their elution times. However, the differences between the species sizes are not 

enough to achieve positional isomer separation.8 On its part, Ion Exchange Chromatography (IEX)  
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is capable of separating these proteins because for each PEG molecule grafted to an amino group 

a PEGylated protein has one less positive charge. However, PEG chains sterically interfere in the 

interaction of the charged residues in the polypeptide and the ionic exchange support or can 

produce a masking effect of the charges.9 Together, both SEC and IEX are the most commonly 

used chromatographic techniques in the separation of polymer conjugates.5 Hydrophobic Interaction 

Chromatography (HIC) and Reversed Phase Chromatography (RPC) have also been studied, 

although not extensively, for this purpose. These methods result interesting because PEGylation 

may also affect hydrophobicity in the protein. For RPC low resolutions have been reported while 

trying to separate conjugates and it has been proved that this technique can produce structural 

changes in the separated species. HIC on its part presents a low capacity and poor resolution 

between adjacent peaks.9    

To date, it is not possible to conclude which type of chromatography or which combination 

of techniques has better separation yields or analytical resolutions. Furthermore, there is no 

generalized chromatographic protocol to study the different PEGylated molecules making it 

necessary to empirically describe the separation strategies on a case–by–case basis. An extensive 

analysis of chromatographic methods for separation and purification of PEGylated proteins has 

been reported before.5 Additionally, non–chromatographic methods have been used and developed 

in order to fractionate and analyze PEGylated conjugates. These methodologies represent an 

attractive alternative to chromatographic strategies due to economical and technical reasons. 

However, many of these non–chromatographic strategies have not been fully characterized for the 

fractionation and analysis of PEGylated conjugates. 

Figure 2.1.1 presents a simplified diagram depicting the main differences between a fully 

chromatographic and a non–chromatographic approach to fractionate PEGylated proteins. It 

becomes evident that in the chromatographic strategy at least two different types of 

chromatography must be used while the more robust non–chromatographic techniques offer the 

potential to reduce or even eliminate these time consuming steps. For example, exploiting the 

differences in molecular size, membrane separations (i.e. ultrafiltration, diafiltration, and dialysis) 

have been used to separate different PEGylated species from their unmodified precursors.5, 10 New 

advances have also been reported in the use of aqueous two–phase systems (ATPS) to separate 

native from PEGylated proteins. Regarding this liquid – liquid fractionation strategy it has been 

reported that one single grafted chain is enough to promote a selective fractionation towards a 

specific system phase.11 Also, the use of Polyacrylamide Gel Electrophoresis (PAGE) and Capillary 

Electrophoresis (CE) has been reported for the analysis and separation of PEGylated proteins.12-15 

PAGE has been widely used for the characterization of the PEGylation reaction. By its part, CE has 

19 
 



   
CHAPTER 2 

applications that include monitoring and optimization of the PEGylation reaction and the separation 

and purification of products. In addition to PAGE and CE, analysis techniques such as Mass 

Spectrometry (MS) and Circular Dichroism (CD) are used to evaluate the impact of PEGylation on 

the secondary and tertiary structure of proteins.  

The aim of this review is to present current advances and future trends available on the 

non–chromatographic fractionation and analysis strategies for PEGylated conjugates, including 

membrane operations, aqueous two–phase systems, electrophoresis and capillary electrophoresis. 

The advantages, disadvantages and the impact of the selected strategies on the efficiency of 

PEGylated conjugate purification processes are discussed. 

 
Figure 2.1.1: Simplified representation of a comparison between chromatographic and                    

non–chromatographic separation processes of PEGylated proteins. The chromatographic approach is 

presented in a) while the non–chromatographic approach is shown in b). It can be noted that several 

techniques or a mixture of these can be used in a non–chromatographic separation strategy. Secondary steps 

refer to additional unitary operations needed for the final release of the PEGylated products considering that 

these steps may include an additional chromatographic step for both cases. For the analysis of these proteins 

in both cases techniques such as mass spectrometry, circular dichroism or electrophoresis or a mixture of 

these can be used.  
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2.1.2  
MEMBRANE SEPARATIONS 
 

The membrane separation techniques are the simplest non–chromatographic methods 

currently used for PEGylated conjugate preparative or large–scale fractionation and processing 

based on their molecular weight and hydrodynamic radius. It was reported by Fee and Van Alstine5 

that unit operations such as ultrafiltration, diafiltration, and dialysis may be used for the removal of 

low molecular weight species, buffer exchange and concentration.5 Additionally, the authors also 

mention that in some instances the use of ultrafiltration may generate unacceptable product losses, 

particularly when using membranes with pores considerable smaller than the PEGylated protein 

hydrodynamic radius.5 This problem specifically refers to a report regarding the concentration of 

mono–PEGylated tumor necrosis factor receptor type I (~85 kDa) using 10 kDa molecular weight 

cut–off membranes.16 However, current research regarding the different uses and characteristics of 

ultrafiltration membranes and PEGylated proteins performed mainly by the research group directed 

by Dr. Andrew L. Zydney10, 17-19 confirms that such technique can be used to separate the native 

from the PEGylated proteins in a reaction mixture (see Table 2.1.1) and explain the reasons why 

this was not achieved previously.10, 17-19 For example, PEGylated α–Lactalbumin (αLac) was 

separated from its precursor and other byproducts using a two–stage ultrafiltration strategy that 

exploits the differences in molecular size and electrical charge between the conjugates and the 

other molecules in the reaction mixture. This was achieved using a regenerated cellulose 

membrane to remove the native protein followed by a negatively charged membrane to remove 

PEG.10 Additionally, their reports indicate that the hydrodynamic volume cannot be used to predict 

the sieving coefficients for PEGylated proteins, since these values depend not only on the total 

molecular weight of the specie but also on the number and length of the grafted polymer 

branches.17 Furthermore, it has been proved that due to the presence of the grafted PEG chains the 

conjugates exhibit a significant flexibility that cannot be described using rigid sphere models and 

that this flexibility is responsible for molecular elongation during ultrafiltration processes.18 In fact, 

this elongation increases as filtrate flux and grafted PEG chain length increases, indicating a higher 

hydrodynamic drag through the membrane pores as can be deducted from the increments in the 

sieving coefficients.18 At low filtration fluxes PEGylated proteins behave as spherical molecules and 

therefore present lower sieving through different membranes.18 The effects of using surface–

modified membranes to achieve a larger retention of PEGylated products, has been also explained 

with models that take into consideration the increments in the effective protein size, the increase of 

the net negative charge and the alterations in the electrostatic potential field of a PEGylated 

protein.19 The simple use of charged composite regenerated cellulose membranes presents a 
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reduction in the sieving coefficients. However, a higher reduction in sieving coefficients is observed 

when decreasing the ionic strength of the ultrafiltration buffer. This behavior is attributed to the 

increment in the effective size of the protein and the effect of strong electrostatic interactions due to 

the displacement of the effective protein charge to the outer surface of the PEGylated species.19 

Overall results show that PEGylated species can be fractionated and recovered efficiently using 

ultrafiltration and diafiltration achieving high yields and purification factors.10 Even though 

membrane separation techniques cannot separate conjugates according to their positional 

isomerism, these unit operations seem to present certain advantages over SEC and IEX where 

proteins of the same molecular size but different polymer lengths and number of grafting sites 

cannot be separated or fully resolved18 and the grafted PEG layer apparently shields or blocks the 

electrostatic binding interactions, respectively.19 A summary of recent scientific reports addressing 

the fractionation of protein PEGylated conjugates using membrane unit operations is presented in 

Table 2.1.1.  No current work known by the authors to separate protein – polymer conjugates using 

dialysis has been reported. As mentioned earlier, Fee and Van Alstine reported different projects 

that used this technique to stop the PEGylation reaction by buffer exchange, concentration and 

removal of byproducts rather than analytical separations.5  

 
Table 2.1.1: Selected reports exploiting the use of membrane unit for PEGylated proteins separations. 
 

Protein 

(MW, kDa) 

PEG MW 

(kDa) 
Process Conditions Goals Reference 

a-Lactalbumin (14.2) 

Ovalbumin (42.8) 

BSA (69.3) 

5, 10, 30 Ultrafiltration 30 kDa membranes 

Evaluate the effects of 

the number and size of 

PEG chains 

17 

a-Lactalbumin (14.2) 20 
Ultrafiltration 

Diafiltration 

30 and 100 kDa 

membranes 

Purification of a single 

PEGylated specie 
10 

a-Lactalbumin (14.2) 5, 10, 20 Ultrafiltration 
30, 100 and 300 kDa 

membranes 

Evaluate the influence 

of the grafted PEG 

properties upon sieving 

18 

a-Lactalbumin (14.2) 
2, 5, 

10, 20, 30 
Ultrafiltration 

100 kDa unmodified 

and charged 

membranes 

Evaluate the effect of 

electrostatic interactions 

on protein retention 

19 

 

MW, molecular weight; BSA, bovine serum albumin. 

22 



PRIMARY RECOVERY AND ANALYSIS OF PEGYLATED PROTEINS 

2.1.3  
AQUEOUS TWO–PHASE SYSTEMS 
 

Aqueous Two–Phase Systems (ATPS) is a well-known and useful technique for the 

fractionation, recovery and partial purification of several biological products, particularly proteins.5, 20-

23 Chemical compounds such as salts (phosphates, sulfates, citrates, etc.) and polymers (PEG, 

dextran and other copolymers) are used for the construction of ATPS. In this liquid – liquid 

fractionation technique, due to the electrostatic repulsion and hydrophobicity differences between 

the phase forming chemicals two immiscible phases are formed.5, 21 Biomolecules fractionate due to 

the differences in their physicochemical properties such as molecular weight, superficial 

electrochemical charge and relative hydrophobicity. ATPS provide favorable conditions to 

manipulate fractionation in a cost effective and non–denaturing manner due the high contents of 

water in the system.24 Additionally, the use of ATPS may service as a preliminary purification 

strategy of PEGylated proteins in a reaction mixture.5 Table 2.1.2 presents information regarding 

reports addressing the fractionation, recovery and partial purification of PEGylated conjugates using 

ATPS. 
 

Table 2.1.2: Reports of PEGylated protein processing using Aqueous Two–Phase Systems (ATPS). 

 

Protein 
PEGylated 

Protein MW (kDa) 

Degree of 

modification (n) 
Goals Reference 

GM-CSF 14.4 0-2.5 

Correlation of log K vs. n and 

purification of protein-conjugates from 

unreacted protein and PEG 

25 

BSA 

IgG 

66.2 

160.0 

0-46 

0-43 

Use of NaCl enriched ATPS for the 

quantification and purification of 

conjugates 

26 

α-Lactalbumin 

RNase A 

13.6 

14.1 

0-2 

0-2 

Fractionation of conjugates depending 

on their n and separation from 

unreacted protein 

11 

 

MW, molecular weight; GM-CSF, granulocyte macrophage colony-stimulating factor; BSA, bovine serum albumin; IgG, 

Immunoglobulin G; RNase A, Ribonuclease A. 

 

Delgado et al.25 used PEG / dextran ATPS as a feasible technique for the characterization 

of PEG in PEGylated bovine serum albumin (PEG–BSA) and PEGylated granulocyte–macrophage 
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colony stimulating factor (PEG–GM–CSF) in mixtures of PEG – protein conjugates. They reported a 

progressive increase in partition coefficient (K, defined as the ratio of the concentration of a target 

molecule at the top and bottom phase)20 with the increase in concentration of the grafted PEG 

molecule due to the increments on the degrees of substitution of the species present in the resulting 

mixtures. However, at high grafted polymer concentrations a precipitation of a fraction of the 

conjugates to the bottom phase was observed, resulting in a decrease in log K. This is attributed to 

the exclusion of bulky molecules from the PEG rich phase. The authors determined a correlation 

between the partition behavior of the protein derivates and the degree of modification (n). As a 

result, evidence that supported that ATPS could be used for the quantitative measure for the degree 

of modification of PEG – protein conjugates at low concentrations and in mixtures with carrier 

proteins was stated. 

A similar approach to conjugate purification using ATPS, was also used by Delgado et al. 26 

who identified a simple correlation between the number of grafted polymer chains and the partition 

coefficient in three different proteins: granulocyte–macrophage colony stimulator factor (GM-CSF), 

bovine serum albumin (BSA) and immunoglobulin G (IgG) (see Table 2). They used NaCl enriched 

PEG – dextran ATPS to assess a minimal electrostatic chemical potential and to increase sensitivity 

to polymer grafting. Despite using slightly different polymers, it was proved that the interfacial region 

of the conjugates would be favored to be polymer–enriched as the polymer–grafting ratio increased. 

Furthermore, it was stated that log K varies directly with n as function of the interfacial properties of 

the conjugate. However, this relationship reached a plateau at high n values (> 20). The authors 

concluded that further studies were needed to obtain specific data regarding the influence of the 

protein molecular weight, phase system composition and system parameters to develop an 

accurate model of PEG – protein partition. 

In this context, González–Valdez et al. 11 evaluated the effect of PEG molecular weight 

(PEG MW), tie–line length (TLL) and volume ratio (VR) of PEG – phosphate ATPS on the partition of 

native RNase A and native αLac and their PEGylated conjugates to establish the optimal conditions 

for their fractionation in a single stage.  The use of ATPS constructed with high PEG molecular 

weight (8,000 g/mol), tie–line lengths of 25 and 35% w/w, and VR values of 1 and 3 allowed a single 

step selective fractionation of native RNase A and α–Lactalbumin, respectively, from their 

PEGylated conjugates on opposite phases. Such conditions resulted in an RNase A bottom phase 

recovery of 99%, while a top phase recovery greater than 88% was achieved for both conjugates. 

On its part, αLac had a bottom phase recovery of 92% while its mono and di–PEGylated conjugates 

were recovered at the top phase with yields superior to 76%. The results presented by the authors 

demonstrate the potential application of ATPS for the fractionation of PEGylated conjugates from 
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their unreacted precursors.  

The extended application of ATPS for PEGylated protein separation was reported by 

Sookkumnerd and Hsu.27 This report documented the successful separation of unmodified, mono 

and di–PEGylated lysozymes using Counter Current Distribution Aqueous Two–Phase Systems 

(CCD–ATPS). CCD–ATPS is a technique that allows the separation of proteins that like PEGylated 

conjugates, present minor differences in their partition behaviors or are structurally close related.28 

Their experiments were conducted manually using PEG – potassium phosphate systems and as a 

result three peaks corresponding to each of the species were clearly identified. However, no 

complete separation between the native and the mono–PEGylated lysozyme was achieved. 

Furthermore, the authors suggested the use of high–speed countercurrent chromatography or thin 

layer countercurrent distribution to achieve higher purities of each conjugate at preparative scale.27  

Despite the studies presented above, it is actually not possible to create a generic separation 

process for the purification of PEGylated conjugates using ATPS fractionation. A better 

understanding of the mechanisms related to the partition of protein conjugates is needed to optimize 

this technique. Therefore, even when the great potential of ATPS to separate PEGylated proteins 

according to the number of grafting sites has been demonstrated, more experimental studies must 

be conducted in order to generate partition behavior data to elucidate a robust predictive model for 

the fractionation of PEGylated conjugates on ATPS.   

 
2.1.4  
ELECTROPHORESIS  
 

Polyacrylamide Gel Electrophoresis (PAGE) is used mainly in the analysis of PEGylated 

proteins29 (see Table 2.1.3). However, unlike the case of native proteins where standard protein 

ladders can be used to make quantitative determinations of molecular weight, no current correlation 

exists to determine PEGylated protein molecular weight by this method. Since the migration rates of 

PEGylated proteins through porous gels are slowed by the large, heavily hydrated and uncharged 

PEG chains attached to the proteins, their molecular masses cannot be determined from their 

positions relative to standard protein ladders.29 On the other hand, PAGE has been used to analyze 

the extent of PEG conjugation, to characterize the PEGylated products and to indirectly estimate the 

molecular weight of some PEGylated proteins.14, 15, 30, 31  

It was reported by Na et al. that PEG moieties in PEGylated conjugates may be specifically 

stained with a barium iodide solution facilitating the visualization of free PEG and PEGylated 

derivates on SDS–PAGE.13 Jeng et al. reported the use of SDS–PAGE to evaluate the efficiency of 

conjugation in the PEGylation reaction of Horseradish peroxidase (HRP).32 The authors followed the 
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PEG conjugation of HRP with stepwise addition of activated PEG in order to determine the molar 

ratio leading to an optimal conversion of HRP to PEGylated HRP. In this case, conversion was 

assayed using SDS–PAGE (12% polyacrylamide gel stained with Commassie Blue) and 

quantification was carried out in a densitometer.31 
 

Table 2.1.3:  Recent advances in the analysis of PEGylated proteins using Polyacrylamide Gel Electrophoresis 

(PAGE). 
 

Protein Conditions Goal Reference 

hG-CSF SDS-PAGE and silver stain Molecular weight determination 44 

Recombinant 

protein 
SDS-PAGE and silver stain Characterization 34 

Horseradish 

peroxidase 
SDS-PAGE and Commassie blue stain 

Evaluation of the efficiency of PEG 

conjugation 
31 

Laccase 
SDS-PAGE, Commassie Blue and silver 

stain 
Molecular weight determination 45 

Insulin 
Non-denaturized PAGE and Commassie 

blue stain 

Observation of differences between mono 

and di–PEGylated proteins 
30 

Interferon α2b 
Imidazole-SDS-zinc reverse staining, 

Commassie Blue and I2 stain 

Detection of PEGylated proteins with 

minimal risk of modification 
32 

rhG-CSF 
SDS-PAGE, silver stain for protein and 

barium iodine method for PEGs 

Characterization and modification extent 

of protein 
15 

Human Serum 

Albumin 
SDS-PAGE, and Commassie Blue stain Characterization of PEGylated products 14 

Staphylokinase SDS-PAGE, and Commassie Blue stain Characterization of PEGylated products 14 

 

MW, molecular weight; PEG, poly (ethylene glycol); rhG-CSF, recombinant human granulocyte colony-stimulating factor 

 

As mentioned before, protein–bound and free PEG in PAGE may be visualized with barium 

iodine staining, whereas the protein component either free or conjugated is dyed with Commassie 

Blue. Unfortunately, the barium iodine and Commassie Blue stains are not suitable to isolate 

specific conjugate species from gels for subsequent experimentation.  Therefore, different 

techniques of detection of PEGylated proteins in polyacrylamide gels have been developed. For 
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example, it has been shown that a reverse staining technique using zinc and imidazol salts is 

applicable for detecting gel–separated PEGylated proteins with minimal risk of modification.32 Hardy 

and coworkers demonstrated that PEGylated proteins (i.e. interferon α2b) could be straightforwardly 

reverse stained in analytical (<1 mm) gels. Furthermore, they additionally proved that the properties 

of PEG–interferon conjugates recovered from gels remain unchanged.32 SDS–PAGE has been used 

to analyze and characterize the PEGylation reaction of recombinant human granulocyte colony 

stimulating factor (rhG–CSF) and its purification with size exclusion and cation exchange 

chromatography.  In this case, Zhai et al. silver stained the proteins and used barium iodine for 

PEGs. Their results were consistent with the results obtained with chromatographic techniques.15 

Recently, microchip–based electrophoresis, has successfully demonstrated its capabilities 

as a high–performance analytical technique for PEGylated proteins. This technique provides 

several advantages, including high speed (10 samples within 25 min), small sample volumes (only 

4µL of protein sample required) and reduced reagent consumption.33 In 2006, Yu and collaborators 

reported the application of microchip electrophoresis for measuring the extent of PEGylation of 

proteins.34 Lately, Park and Na used the microchip electrophoretic method to monitor and 

characterize the PEGylation reaction of αLac and BSA with several grafted PEG chains of different 

molecular weights. They demonstrated that this method is indeed a very useful tool for protein 

PEGylation studies that involve reaction monitoring, purity checks, and characterization of polymer 

conjugates.33 

As seen, SDS–PAGE has been mainly used in the analysis and characterization of 

PEGylated proteins. The versatility of this technique allows the visualization of both, the reaction 

products and the ungrafted PEG in several reaction mixtures through different stains. Additionally, it 

has proved to be extremely useful for the separation of PEGylated conjugates for subsequent mass 

spectrometry (MS) analysis. 

 
2.1.5  
CAPILLARY ELECTROPHORESIS 
 

Although capillary electrophoresis (CE) has been little used for separation of PEGylated 

proteins, there are reports where this technique has been successfully applied for this purpose in 

small–scale separations.  CE has proved to be a powerful technique for the high resolution 

separation of biomolecules such as peptides and proteins.35 The sodium dodecyl sulfate–capillary 

gel electrophoresis (SDS–CE) method using a hydrophilic replaceable polymer network matrix, 

which combines the principles of SDS–PAGE with the instrumentation and small–diameter 

capillaries of CE, provides faster and more efficient separations than SDS–PAGE in the slab–gel 
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format36 allowing its use mainly in polymer conjugate analysis and characterizations. Table 2.1.4 

shows recent studies for the separation and analysis of PEGylated proteins using CE. 

Na and coworkers13 used the SDS–CE method to characterize the PEGylated interferon α 

(IFN) conjugates. The authors demonstrated the capability of this methodology to completely 

resolve PEGylated IFNs of different sizes and to monitor the reaction. Advantages of this technique 

regarding speed, automation capability and sample consumption were visualized by the authors 

when comparing CE with other available techniques.13 

In PEGylation, the size and structure of the grafted PEG plays a major role in determining 

the pharmacokinetic and pharmacodynamic properties of the resulting protein conjugates.37, 38 The 

enlargement of the molecular size of the conjugates after PEGylation slows renal elimination and 

prolongs the residence time of these protein drugs in the bloodstream extending dosage times. 37 

Therefore, the current PEGylation technology frequently uses high molecular weight PEG reagents 

to obtain favorable pharmacokinetic profiles.38 SDS–CGE has been used to separate               

mono–PEGylated IFNs modified with different high molecular weight PEGs with branched and 

trimeric structures. The SDS-CGE method showed high separation capacity by differentiating 

PEGylated IFN conjugates with small differences in molecular size and structure, while useful for 

checking the purity of each mono–PEGylated molecule.38 

 
Table 2.1.4:  Current selected research using Capillary Electrophoresis (CE) for the characterization and 

separation of PEG-modified proteins. 

Protein Process Goal Reference 

Ribonuclease A and 

Lysozyme 

Semi-aqueous Capillary 

Electrophoresis 
Characterization of PEGylated derivates 39 

Interferon α SDS-CGE Characterization of PEGylated IFN alpha 13 

Human parathyroid 

hormone 
Capillary Electrophoresis 

Simultaneous analysis of the PEGylation 

site and the extent of positional isomers in 

the mono-PEG-PTH 

12 

Interferon α-2a SDS-CGE 
Separation and purification of mono-

PEGylated IFN 
38 

G-CSF CZE and SDS-CGE 
Optimization of the PEGylation reaction, as 

well as purity and stability tests 
40 

 

MW, molecular weight; SDS-CGE, sodium dodecyl sulfate-capillary gel electrophoresis; G-CSF, granulocyte-colony 

stimulating factor, CZE; capillary zone electrophoresis. 
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Semi–aqueous capillary electrophoresis has been used to separate and characterize 

PEGylated ribonuclease and lysozyme molecules. The use of a semi–aqueous acetonitrile – water 

buffer (1:1 v/v) resulted in the enhancement on the resolution of PEGylated proteins, while the total 

analysis time was reduced compared with other reported methods.39 

Lee and Na 40 used both capillary zone electrophoresis (CZE) and SDS–CGE methods for 

the analysis of PEGylated granulocyte colony stimulation factor (G–CSF) produced by a reaction 

with aldehyde activated PEG (5 and 20 kDa). The separation methods were also compared with 

High–Performance Size Exclusion Chromatography (HP–SEC). In this work, CE methods showed a 

better separation capacity than HP–SEC for the resolution of different PEGylated G–CSF 

conjugates. The CZE method could separate successfully both the 5 and the 20 kDa conjugates. In 

the other hand, SDS–CGE method was useful just for the separation of the low molecular weight 

PEGylated G–CSFs. The authors attributed this to the long migration times and low peak efficiency 

achieved using SDS–CGE. The sensitivity of the CZE method was higher than the one in            

SDS–CGE.40 

Other proteins, such as the PEGylated human parathyroid hormone 1 – 34 (PTH), have 

been characterized and separated using this technique.12 CE was used to optimize the PEGylation 

of PTH through control of the reaction pH and the molar ratio of reactants.  Additionally, it is 

possible to determine the extent of positional isomers present in the mono–PEG–PTH by 

quantifying PEGylated fragments in the same CE electropherogram.12 

CE has not been extensively exploited for the recovery and purification of PEGylated 

proteins even though its large–scale implementation may not be feasible. However, it has been 

possible to analyze, characterize and often separate PEGylated proteins by CE, with results that 

are comparable to those obtained with chromatographic techniques. The experimental conditions of 

this technique are specific for each protein and there is not enough information to generate an 

empirical correlation to facilitate the selection of parameter values for optimal resolution of 

PEGylated conjugates. Nevertheless, the versatility of CE may allow the extension of this technique 

for the fractionation and purification of different PEGylated proteins and peptides in the nearby 

future. 

 
2.1.6  
FUTURE TRENDS AND CONCLUSIONS 
 

It is clear that the increment of PEGylated proteins with therapeutic properties in clinical 

trials and the presence of PEGylated drugs already in the market are proofs of the potential of this 

promising chemical modification on the pharmaceutical industry. However, although the chemical 
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modification of proteins and other bioactives via PEGylation has been optimized during the past two 

decades, improvements on the purification of PEGylated conjugates are still needed. Therefore, a 

better characterization of the overall structural properties of the conjugated protein complexes is 

needed for the development of robust non–chromatographic techniques.41  

It is believed that the membrane separations area will continue the characterization of novel 

membrane modifications towards the separation of specific proteins. Besides, promising filtration 

techniques such as Tangential Flow Filtration and Centrifugal Diafiltration, which were not used 

before for the separation of PEGylated products, are currently being studied for the separation of 

PEGylated nanoparticles.42, 43 On the other hand, it is necessary to fully characterize the behavior of 

protein – polymer conjugates in ATPS based operations, either for batch or continuous processing. 

In this context, a promising alternative to establish a continuous system for PEGylated derivates is 

using countercurrent distribution. In situ product recovery through continuous operation of ATPS will 

be one of the main focuses in the future. PAGE, which has been used mainly for the analysis of the 

PEGylated products during and after reaction, is probably the most widely used non–

chromatographic technique in this moment. Although advances have been made regarding the 

characterization of PEGylated derivates using this technique,14, 15, 44, 45 it becomes necessary to 

explore alternative staining techniques to distinguish free PEG and PEGylated proteins in one step. 

On the other hand, no reports have been found that indicate the use of electrophoresis in two 

dimensions for the analysis and characterization of PEGylated products, so it may be interesting to 

carry out research in this area in order to determine the potential of this technique for the present 

application. CE is a very versatile technique with promising results in the purification and analysis of 

PEGylated derivates. Nevertheless, further investigation is needed to fully characterize the effect of 

process parameters such as length and diameter of capillary tube, chemical nature and number of 

grafted PEG chains, and solvent chemical identity, among others, on the separation of modified 

bioactives of commercial interest. 

The on–line coupling of analytical techniques such as MS and CD to biotechnological 

processes is increasingly becoming of great importance in areas such as manufacturing and quality 

control.46, 47 Technological advances are allowing their use for the optimization of different 

manufacturing process parameters as product yields and heterogeneity giving great advantages 

over time–consuming chromatographic techniques.46 This becomes important when fast process–

related decisions must be made when working on greater production scales. Even though there is 

no current industrial PEGylation process where these techniques are used routinely, their 

importance on laboratory scale analysis of PEG–protein conjugates indicates the need to consider 

their implementation on both chromatographic and non–chromatographic separation approaches of 
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such molecules.     

As discussed, the main challenge in the separation of PEGylated proteins is to establish 

compact analysis, fractionation and purification technologies with low operation costs without 

compromising efficiency. It is believed that the non–chromatographic techniques described herein 

offer the characteristics needed for this purpose as different investigation groups have seen their 

potential and are currently directing their efforts to fully characterize and optimize them. 
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2.2 

QUANTIFICATION OF RNASE A AND ITS 
PEGYLATED CONJUGATES ON          

POLYMER – SALT RICH ENVIRONMENTS 
USING UV SPECTROPHOTOMETRY 

 
 
ABSTRACT 
 
Ribonuclease A (RNase A) from bovine pancreas and its PEGylated conjugates has proven to have 

potential therapeutic applications. Aqueous Two–Phase Systems (ATPS) is a promising primary 

recovery strategy for the fractionation of proteins and their PEGylated conjugates. However, in order 

to characterize the partition behavior of these molecules in ATPS, an easy to implement method is 

needed to estimate protein concentration in each phase. This paper presents a novel methodology 

based on UV absorbance to quantify RNase A and its PEGylated conjugates on polymer 

(polyethylene glycol) and salt (potassium phosphate) rich environments, simulating conditions found 

on polymer – salt ATPS.  
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2.2.1  
INTRODUCTION 
 

Ribonuclease A (RNase A) from bovine pancreas is a small enzyme formed by 124 amino 

acids and a molecular weight of 13,686 Da.1 This enzyme has therapeutic applications as an 

aspermatogenic and antitumoral agent and it has been shown that the PEGylation of this protein 

greatly improves its therapeutic effects.2 PEGylation consists in the modification of a peptidic or 

non–peptidic molecule by attaching at least one chain of polyethylene glycol (PEG) of certain 

molecular weight, hence the name of the process.3 Described initially in 1977 by Abuchowski and 

collaborators, the discovery of this technique became a milestone because for the first time in 

history an enzyme was being synthetically modified without losing its properties,4 characteristic that 

can be exploited in proteins with pharmaceutical applications. Protein PEGylation allows a milder 

attack by proteolytic enzymes to the modified molecule once it has been administrated. Grafted 

PEG chains lower the absorption rate of the protein in the kidneys, increasing its circulation lifetime 

and biodistribution due to the increase in molecular weight. PEGylation also reduces the generation 

of specific antibodies to this molecule, decreasing its reticuloendothelial elimination and increasing 

its solubility. Additionally, the shelf life of the product is also noticeably improved.5, 6 

The PEGylation reaction of RNase A results in 3 main reported species: the residual native 

RNase A, mono–PEG RNase A (which exhibits the best therapeutic effects and where a single PEG 

chain is attached to the N–terminal lysine of the protein), and di–PEG RNase A (that appears once 

the mono–PEG RNase A is synthesized and continues reacting by adding another PEG molecule to 

one of lysine residues (situated on positions 31, 37, 61, 66, 91 and 98) exposed to the reaction.7  

In the field of PEGylated proteins separation, there are several chromatographic 

approaches that have been used to separate such protein–polymer conjugates. Size exclusion 

chromatography (SEC) separates these molecules based in the increase of the hydrodynamic 

radius of the conjugates.8 On its part, ion exchange chromatography (IEX) is used because 

PEGylated proteins lose one positive charge for each PEG molecule grafted to the protein.9 And 

because hydrophobicity is also altered in PEGylated molecules it is possible to separate them 

through hydrophobic interaction chromatography (HIC) or reversed–phase high performance liquid 

chromatography (RP–HPLC).9 After SEC, other non–chromatographic methods based in molecular 

size are ultrafiltration and diafiltration used mainly to concentrate molecules.10 In this context, 

Aqueous Two–Phase Systems (ATPS) represent an interesting alternative for the separation of 

PEGylated proteins. 

ATPS constitute a liquid – liquid fractionation technique based in the differences between 

the partition coefficients (KP) of the different species that are being separated.11 This technique has 
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been used for the primary recovery and partial purification of biological compounds like proteins, 

genetic material, low molecular weight products, cells and organelles.12 There are some works that 

document the characterization of the partition behavior of PEGylated proteins in ATPS, 

demonstrating that their fractionation and recovery is feasible.13, 14 Even more, compared to 

chromatographic techniques ATPS are cheaper to implement and are able to generate more 

biocompatible, robust and scalable processes.12  

Typically, the quantification of PEGylated proteins using techniques based in colorimetric 

assays is preferred.15 Nevertheless, the selection of an assay depends on the needs of the user 

and the particular protein that is being analyzed. In the particular case of RNase A and its polymer 

conjugates, previous experience in our research group has demonstrated that the quantification of 

these compounds is difficult when colorimetric methods (i.e. Bradford and Biuret assays) are used. 

Such findings are explained due to the lack of tryptophan and the considerable low molecular 

weight of RNase A. The application of such colorimetric assays resulted in extremely low 

absorbance readings (< 0.1) even at high protein concentration (> 10 mg/mL). Additionally, high 

noise/signal ratios were observed, increasing experimental variability beyond acceptance. On the 

other hand, it is well known that UV spectrophotometry (λ = 280 nm) can be used for the 

quantification of proteins based on their content of aromatic residues and disulfide bonds. Thus, it 

would be practical to develop an assay based on UV spectrophotometry to quantify RNase A and its 

polymer conjugates. Protein quantification using UV absorbance is one of the most used methods 

due mainly to its wide availability, simplicity and rapidness. Additionally, since the sample is not 

destroyed during the assay it may be subsequently utilized. However, it was found by our research 

group that RNase A and its polymer conjugate concentration on the top and the bottom phases of 

selected polyethylene glycol – potassium phosphate systems could not be adequately quantified 

through UV spectrophotometry at 280 nm on preliminary fractionation studies. As known, the 

absorption coefficient of a solute may be highly dependent on the nature of the solvent 

(hydrophobicity, ionic force, pH, etc.) in which it is dissolved.16 Therefore, to outcome these 

quantification inconsistencies, the effect of the forming phase chemicals on UV absorbance must be 

studied. Furthermore, considering the fact that the native protein interacts with the polymer diluted 

in the system, it could be expected that the linked PEG chains in the conjugates may also interact 

with the protein generating an absorbance deviation that must be characterized to be taken into 

consideration during quantification. 

The main purpose of this study was to evaluate the effect of PEG (of four different 

molecular weights) and potassium phosphate concentrations upon the absorbance at 280 nm of 

RNase A. The effect of the polymer chains grafted to the protein through PEGylation on absorbance 
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at 280 nm of mono–PEG RNase A and di–PEG RNase A was also evaluated. The characterization 

of the effects of the forming phase chemicals and the presence of polymer chains upon this 

parameter were then used to establish an easy–to–implement quantification methodology for 

RNase A and its PEGylated conjugates on polymer – salt ATPS environments.  

 
2.2.2  
MATERIALS AND METHODS 
 
2.2.2.1  
PEGylation of RNase A 
 

The PEGylation reaction was made according to the procedure reported by Cisneros–Ruiz 

et al.17 Briefly, 2.0 mL of an RNase A (Sigma, MO, USA) solution at 3.0 mg/mL in a pH 5.1, 100 mM 

phosphate buffer with 20 mM sodium cyanoborohydride (Fluka, Switzerland) was added to a flask 

containing 30 mg of 20 kDa mPEG propionaldehyde  (Jen Kem Technologies, China). Sodium 

cyanoborohydride reduces the imine formed between the mPEG propionaldehyde and the amino 

group in the enzyme to a secondary amine, thus completing the PEGylation process.18 This mixture 

was vigorously stirred for 17 – 19 hr at 4 °C with a magnetic stirrer. The reaction mixture was then 

stored at 4 °C for further separation of the conjugates by size exclusion chromatography. 

 
2.2.2.2  
Recovery and purification of the PEGylated conjugates by size exclusion 
chromatography 
 

The PEGylation reaction mixture was injected into an Äkta Explorer 100 (GE Healthcare, 

United Kingdom) size exclusion chromatographer equipped with a HiPrep™ 16/60 chromatographic 

column prepacked with Sephacryl™ S–300 High Resolution resin (GE Healthcare, United Kingdom) 

in order to separate each conjugate and the unreacted RNase A. Each SEC peak had been 

previously analyzed by Cisneros–Ruiz et al.17 through matrix–assisted laser desorption/ionization 

time–of–flight mass spectrometry (MALDI–TOF/MS) to identify and assure the purity of               

di–PEGylated, mono–PEGylated and native RNase A species.17 Fractions collected for each 

PEGylated conjugate were pooled and concentrated by ultrafiltration under nitrogen atmosphere 

using an Amicon® ultrafiltration cell 8050 (Amicon INC., MA, USA) with a 10 kDa Diaflo® 

ultrafiltration membrane (Amicon INC., MA, USA) until 25 mL of concentrated fractions were 

obtained. Concentrated fractions were frozen at –80 °C in a REVCO Ultima II ultra low freezer 

(Thermo Fisher Scientific, MA, USA). Finally, frozen fractions were transferred to a Sentry 2.0 

lyophilizer (Virtis, NY, USA) at –80 °C and less than 100 mTorr until all water was removed. Purified 
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fractions of mono and di–PEGylated RNase A were stored at –20 °C until used. 
 
2.2.2.3  
Effect of polyethylene glycol and potassium phosphate concentration and 
polyethylene glycol molecular weight upon absorbance of native RNase A at 
280 nm 
 

In order to study the effect of PEG and potassium phosphate concentrations and the effects 

of different PEG molecular weights upon RNase A absorbance, a set of 16 PEG – phosphate 

biphasic systems (1 – 16, Table 2.2.1) were constructed on a mass basis (50 g total weight) using 

the corresponding binodal curves, from which the top and bottom phase compositions were also 

estimated.19 PEG (Sigma, MO, USA) of nominal molecular weights of 400, 1000, 3350 and 8000 

g/mol (50% w/w stock solution, except PEG 400 which is liquid at room temperature and was used 

at 100% w/w) and a dipotassium hydrogen orthophosphate / potassium di–hydrogen 

orthophosphate (18:7) solution (40% w/w stock solution, pH 7) were used to construct the ATPS. 

Volume ratio (VR, defined as the volume ratio between the top and bottom phases) and pH were 

kept constant at 1 and 7, respectively. Systems were vigorously mixed for 10 min using a Glas–Col 

099A–RD4512 Tissue Culture Rotator (Glas–Col LLC, IN, USA) in order to assure contact of all 

components. ATPS were then centrifuged at 5,000 g for 10 min at 25 ºC using an Eppendorf 5804R 

centrifuge (Eppendorf, Germany) to address phase equilibrium. Top and bottom phases from each 

system were then carefully separated, stored and used to prepare 0.15, 0.25, 0.50, 1.0, 1.5, 2.0, 2.5 

and 3.0 mg/mL solutions of RNase A (Sigma, MO, USA) to obtain a standard curve for each phase 

at 280 nm. Phases without protein were used as blanks.  

 
2.2.2.4  
Effect of PEGylation upon absorbance of RNase A at 280 nm 
 

Considering molecular weights of native RNase A (13,686 Da), mono–PEG RNase A 

(33,686 Da) and di–PEG RNase A (53,686 Da), the protein fraction of mono–PEGylated and           

di–PEGylated RNase A (defined as the RNase A molecular weight / PEGylated conjugate molecular 

weight ratio) was estimated to be 0.4062 and 0.2549, respectively. In order to determine the effect 

of grafted PEG chains on RNase A UV absorbance at 280 nm, separate readings of different 

solutions of native RNase A and its PEGylated conjugates at equal total protein concentrations were 

compared. Using the protein fraction values of each conjugate, absorbance at 280 nm was 

measured to RNase A, mono–PEG RNase A and di–PEG RNase A solutions with a total protein 

concentration of 0.50, 0.75, 1.00, 1.50 and 2.00 mg/mL (being the equivalent conjugate 
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concentrations 1.23, 1.84, 2.46, 3.69 and 4.92 mg/mL of mono–PEGylated RNase A and 1.96, 2.94, 

3.92, 5,88 and 7.84 mg/mL of di–PEGylated RNase A). High enzyme concentrations were chosen 

since ATPS are regarded as a technique capable of conducting bioprocess integration and 

intensification. Therefore, several studies have reported the recovery and purification of biological 

products at such concentrations.12 Enzymes were diluted in a 20 mM pH 7 dipotassium hydrogen 

orthophosphate / potassium di–hydrogen orthophosphate (18:7) buffer (DEQ, Mexico). Buffer 

without protein was used as blank. A correction factor ζ, defined as the ratio between absorbance 

readings of the PEGylated conjugate and the absorbance readings of native RNase A at the same 

concentration (ζ = Abs @ 280 nm of PEGylated protein / Abs @ 280 nm of native protein), was 

calculated. 

 
2.2.2.5  
Validation of the quantification methodology 
 

To validate the concentration data obtained through the proposed methodology the DC 

Protein Assay (Bio–Rad, CA, USA) was used. Separate standard solutions of RNase A,             

mono–PEGylated RNase A and di–PEGylated RNase A at 0.25, 0.50, 0.75, 1.00, 1.50 and 2.00 

mg/mL were prepared in a 20 mM pH 7 dipotassium hydrogen orthophosphate / potassium               

di–hydrogen orthophosphate (18:7) buffer (DEQ, Mexico), and read at 750 nm. These readings 

were correlated to the readings obtained at 280 nm for the same protein concentrations. 

 
2.2.2.6  
Analytical and statistical procedures 
 

All absorbance measurements were made in a Beckman Coulter DU800 

Spectrophotometer (Beckman Instruments, CA, USA) using 1.5 mL PMMA cuvettes (VWR 

International, PA, USA). Protein was weighted in a Mettler–Toledo X564 analytical balance 

(Mettler–Toledo International, OH, USA). All experiments were carried out at least by triplicate. 

Results presented are the mean value of the independent replicas, and the standard error was 

calculated as the standard deviation divided by the square root of the number of replicas. Statistical 

calculations and data analysis were made using JMP™ Statistical Discovery™ Software Version 7 

(SAS Institute Inc., NC, USA). 
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Table 2.2.1: System characterization by polymer molecular weight and Tie Line Length (TLL) with global and 

phase PEG and phosphate compositions. 
 

System PEG MW 
(g/mol) TLL 

Global Top Phase Bottom Phase 

PEG PO4 PEG PO4 PEG PO4 

1 

400 

15 16.5 16.0 20.5 11.5 9.0 21.6 

2 25 17.2 15.5 24.2 9.0 6.5 26.0 

3 35 21.0 16.9 29.0 7.0 5.3 31.8 

4 45 22.0 17.0 33.9 6.0 2.0 36.0 

5 

1000 

15 12.0 19.6 20.0 9.2 7.0 17.8 

6 25 13.3 15.0 29.0 8.5 3.0 21.6 

7 35 16.0 16.0 30.0 5.4 1.0 25.5 

8 45 19.2 17.1 36.2 4.0 0.7 31.0 

9 

3350 

15 10.0 10.8 16.2 7.6 5.2 14.0 

10 25 16.9 11.8 23.0 5.5 1.8 17.0 

11 35 15.0 13.2 31.0 4.0 0.8 21.8 

12 45 18.8 15.0 38.0 3.0 0.2 26.9 

13 

8000 

15 10.2 8.8 17.5 5.6 5.2 12.0 

14 25 13.0 10.4 29.0 4.8 2.0 15.8 

15 35 16.1 12.3 31.5 3.6 1.5 21.4 

16 45 20.2 14.8 39.2 2.2 1.0 27.3 
 

Systems were designed as described in section 2. TLL and compositions for each system were estimated using the binodal 

curves presented by Zaslavsky.19 All values are expressed in % w/w except when noted. 

 
2.2.3  
RESULTS AND DISCUSSION 
 
2.2.3.1  
Effect of polyethylene glycol and potassium phosphate concentration and 
polyethylene glycol molecular weight upon absorbance of native RNase A  
 

Absorbance of protein solutions above 275 nm depends on the tryptophan, tyrosine and 

cysteine side chains in the involved molecules, which are greatly affected by their environment.16 

Therefore, top PEG–rich and bottom phosphate–rich phases of selected ATPS (Table 2.2.1) were 

used to evaluate the effect of PEG and potassium phosphate concentration and the effect of 

polymer molecular weight (PEG MW) on the absorbance of RNase A at 280 nm. Standard curves 

for RNase A at 280 nm on the different top and bottom phases studied are presented in Figure 

2.2.1 (A, B, C and D for ATPS constructed using PEG 400, 1000, 3350 and 8000 g/mol, 

respectively). This wide range of different PEG MW were chosen in order to fully determine and 
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adequately characterize the effect of this parameter upon UV absorbance. PEG and potassium 

phosphate concentrations (% w/w) in each phase are described in Table 2.2.1. The absorption 

coefficients (a; mL mg-1 cm-1) calculated from the equations in the standard curves on Figure 2.2.1 

are presented in Table 2.2.2 along with the R2 value for each curve. The absorption coefficient for 

RNase A on a 20 mM potassium phosphate pH 7 buffer was calculated to be 0.5271 mL mg-1 cm-1 

at 280 nm. Based on this graphical analysis it becomes evident that not only PEG and potassium 

phosphate concentrations but also PEG MW has an effect upon light absorbance of RNase A. The 

differences in the absorption coefficients are caused in part by the changes in hydrophobicity 

related to the molecular weight of the polymer. As PEG MW increases also does the hydrophobicity 

of the system.20 Systems constructed with PEG 400, 1000 and 3350 g/mol (Figure 2.2.1 A, B and 

C, respectively) present a significant effect of TLL on RNase A absorbance. For these systems, in 

most of the cases, a decrement on the absorption coefficients is observed as the TLL increases 

(Table 2.2.2). Since an increase on TLL is directly related to a higher concentration of either PEG or 

phosphate on the top and bottom phases (Table 2.2.1), the changes on the absorption coefficients 

may be attributed to these differences in concentration. In the case of systems constructed with 

PEG 8000 (Figure 2.2.1 D) a significant effect of TLL on RNase A absorbance is also observed. 

However in this particular case, no specific relation may be established between TLL and change in 

absorbance at 280 nm. As PEG MW and TLL increases, saturation effects may occur because of 

the increment in the concentrations of PEG and potassium phosphate in each phase and the 

increase in size of the polymer. The magnitude of the interactions between PEG and RNase A will 

then depend on the concentration of polymer and the length of its chains. On their part, phosphate 

salts in solution in the ATPS environment can change by charge means the secondary structure of 

the protein. RNase A has three α–helixes1, which like any of these structures have an hypochromic 

effect that alters light absorbance patterns depending on their space orientation.21 These structural 

modifications, together with the relatively high water content in ATPS, which changes the 

water/protein weight ratio, can cause by means of different interactions and available free volume 

more conformational shifts in the protein, which again alter its light absorbance patterns.22 Although 

a significant effect of TLL and PEG MW on the absorbance of RNase A at 280 nm is observed, no 

clear tendency can be observed on changing these parameters. Proteins can assume a large 

number of conformational sub–states depending on the bulk solvent in which they are diluted (i.e. 

the phase) hampering the prediction of their spectrophotometric properties.22 Furthermore, due to its 

lack of tryptophan, RNase A UV absorbance comes mainly from 6 tyrosine residues and 4 cysteine 

groups, which unlike tryptophan, are very sensible to the environment in which the protein is 

diluted.16 These findings demonstrate that phase–specific RNase A standard curves must be 
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constructed in order to account the effect of TLL (PEG and potassium phosphate concentration) and 

PEG MW on RNase A quantification. 
 

Table 2.2.2: Calculated extinction coefficients (a) of the standard curves for each phase in the 16 designed 

ATPS.  

 

System PEG MW 
(g/mol) 

TLL % 
(w/w) 

Top phase Bottom phase 

a (mL mg-1 cm-1) R2 a (mL mg-1 cm-1) R2 

1 

400 

15 0.7899 0.9975 0.5483 0.9907 
2 25 0.7598 0.9947 0.5877 0.9794 
3 35 0.5950 0.9868 0.5512 0.9617 
4 45 0.5934 0.9939 1.3273 0.9400 

5 

1000 

15 0.5512 0.9971 0.5163 0.9953 
6 25 0.5363 0.9920 0.5243 0.9954 

7 35 0.8141 0.9935 0.5392 0.9852 
8 45 0.4157 0.9649 0.2553 0.9903 

9 

3350 

15 0.6241 0.9822 0.6345 0.9977 
10 25 0.6224 0.9838 0.5998 0.9950 
11 35 0.2893 0.9846 0.6011 0.9941 

12 45 0.4998 0.9676 0.6006 0.9760 

13 

8000 

15 0.7182 0.9846 0.4266 0.9584 
14 25 0.4860 0.9932 0.5234 0.9863 
15 35 0.5758 0.9651 0.4983 0.9944 
16 45 0.8321 0.8942 0.5741 0.9678 

 

R2 values were obtained by linear regression. The extinction coefficient of RNase A on 20 mM potassium phosphate pH 7 

buffer was found to be 0.5271 with an R2 value of 0.9996 

 
2.2.3.2  
Effect of PEGylation upon absorbance of RNase A at 280 nm 
 

The polymer used for conjugation, mPEG, is usually chosen for this reaction because it has 

only one hydroxyl reactive group in one of its ends that avoids the formation of crossed–linked 

products, and because of the way the body metabolizes it.23 PEG by its part, has a hydroxyl group 

in each end, which could trigger the production of other non–desired molecules. mPEG does not 

absorb UV light at 280 nm by itself. However, once linked to the protein it may induce 

conformational shifts due to hydrophobic interactions and steric effects that may affect the 

absorbance patterns of the enzyme. Figure 2.2.2 presents the absorbance spectra of equivalent 

concentrations of 0.75 and 1.50 mg/mL of RNase A, mono–PEG RNase A and di–PEG RNase A 

where a clear UV absorbance difference between each protein is observed.  
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Figure 2.2.1: Effect of Polyethylene glycol molecular weight (PEG MW) and Tie–Line Length (TLL) on 

the absorbance of RNase A at 280 nm on top and bottom phases of selected Polyethylene glycol – 

potassium phosphate ATPS. For every PEG MW and each phase curves for TLL 15% ( ), TLL 25% ( ), 

TLL 35% ( ) and TLL 45% ( ) are shown.  A. Standard curves for PEG 400 systems are presented. B. 

Standard curves for PEG 1 000 systems are presented. C. Standard curves for PEG 3 350 systems are 

presented D. Standard curves for PEG 8000 systems are presented. Curves were calculated measuring 

absorbance at 280 nm to solutions of 0.25, 0.5, 0.75, 1.00, 1.50 and 2.00 mg/mL of RNase A using the 

separated phases of each system as solvent.  
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In order to determine the effect of PEGylation on RNase A absorbance at 280 nm a 

correction factor (ζ) can be calculated for each equivalent protein concentration. Both PEGylated 

conjugates (mono and di–PEGylated RNase A) generate lower absorbance readings than native 

RNase A, generating ζ factor values below 1 (data not shown). The ζ correction factors calculated 

for different protein concentrations (0.5 – 2.0 mg/mL) remained constant (deviation < 5%) and 

therefore an average correction factor can be adequately used in order to separately quantify the 

PEGylated species. The estimated ζ value for the mono–PEG RNase A is 0.32 ± 0.01 while the ζ 

value of di–PEG RNase A is 0.46 ± 0.02. From the calculated ζ factors it becomes evident that 

grafted PEGylated chains have indeed an effect on RNase A UV absorbance. PEG chains attached 

to the protein hinder the absorbance response of amino acid residues that are responsible for 

protein absorbance at 280 nm like tyrosine and phenylalanine. Since mPEG used for PEGylation 

has a higher molecular weight (20 kDa) when compared with the molecular weight of native RNase 

A (≈13.7 kDa), it is possible for the polymer chain to hinder, at least partially, the protein fraction of 

the conjugate, responsible for the UV absorbance. This may explain the reduction on UV 

absorbance observed.  

 

    
 

 

Figure 2.2.2: Absorbance spectra of RNase A and its polymer conjugates at equivalent concentrations 

of 0.75 and 1.50 mg/mL of protein. The absorbance spectra for RNase A ( ), mono–PEGylated RNase A     

( ) and di–PEGylated RNase A ( ) are shown for equivalent concentrations of 0.75 and 1.50 mg/mL of 

protein. 

 

Grafted PEG chains and the different amino acid residues in the polypeptide interact 

generating a hydrophobic microenvironment. Concerning mono and di–PEGylated RNase A, as the 

number of polymer chains increases absorption at 280 nm also increases. These results may be 

explained in terms of an induced exposition of aromatic amino acid residues normally oriented 

towards the hydrophobic core of the enzyme. Nevertheless, when it comes to a net balance the 
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hindering effect of grafted PEG chains on UV absorbance prevails. The calculated ζ allow the 

correction of the absorbance readings to correctly estimate conjugate concentration in a sample 

based on standard curves constructed using native RNase A. 

 
2.2.3.3  
Quantification of mono–PEG RNase A and di–PEG RNase A in ATPS 
environments through absorbance at 280 nm 
 

Once the effect of grafted PEG chains on the UV absorbance of mono and di–PEGylated 

RNase A has been characterized, a series of calculations can lead to the correct quantification of 

these species in ATPS environments. Additionally, the effect of PEG and potassium phosphate 

concentration must also be considered by means of specific standard curves considering phase 

composition. The concentration of the PEGylated conjugates of RNase A in a phase of a particular 

ATPS can be obtained by: 

 

1. Dividing the absorbance value read experimentally of a sample of unknown concentration of 

the conjugate by its corresponding ζ factor.  

2. Using this corrected absorbance value in the phase–specific standard curves designed for 

native RNase A to take into consideration the interactions between the protein and the 

phase in which it is dissolved. 

3. Dividing the estimated concentration obtained from the used curve by the specific protein 

mass fraction of each conjugate (0.4062 for mono–PEG RNase A and 0.2549 for di–PEG 

RNase A) in order to obtain the real concentration of the conjugate based on the protein 

fraction concentration.  

Figure 2.2.3 graphically resumes the described methodology in which the ζ correction 

factor and the phase–specific standard curves for RNase A jointly allow a correct quantification of 

mono–PEG RNase A and di–PEG RNase A in ATPS environments. However, it must be remarked 

that this procedure, although easy to implement with widely available laboratory equipment          

(UV–visible spectrophotometer) can only be used for quantifying pure species, rather than a 

combination of native RNase A and its PEGylated conjugates. Quantification of pure species allows 

further study of the partition behavior of such enzymes in ATPS. 
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Figure 2.2.3: Flow diagram of the proposed methodology to quantify RNase A and its polymer 

conjugates considering the effects of solvent interactions and PEGylation upon UV absorbance. 

Standard curve preparation for each phase with               
known amounts of native protein"

ζ	  Factor calculation for each of the separated            
conjugates at known concentration                                                         

ζ = Abs @ 280 nm of PEGylated protein /                                     
Abs @ 280 nm of native protein%

Absorbance readings of samples with unknown 
concentrations of PEGylated protein"

Absorbance correction by dividing by ζ Factor                
Corrected Abs = Abs @ 280 nm of sample / ζ%

Use of standard curves to obtain total protein 
concentration                                                     

[Protein] = Corrected Abs / a%

Conjugate concentration correction with protein                  
fraction in the molecule                                                

[Conjugate] = [Protein] / Protein Fraction in 
Conjugate%
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2.2.3.4  

Validation of the quantification methodology 
 

Absorbance readings of samples with protein concentrations of 0.25, 0.50, 0.75, 1.00, 1.50 

and 2.00 mg/mL for each of the involved species using the proposed methodology at 280 nm were 

plotted against absorbance readings of the same samples at 750 nm using the commercially 

available DC Protein Assay Kit (Bio–Rad, CA, USA) colorimetric method. It can be noted in       

Figure 2.2.4 that a clear linear correlation (R2 > 0.9) exists between both methods. This validates 

the results obtained from the proposed strategy and makes it possible to translate the concentration 

results obtained to concentrations with a commercially available methodology. Furthermore,       

Figure 2.2.5 presents the average error percentages comparing the readings obtained with the DC 

Protein Assay and the proposed methodology. Average RSD values calculated using the DC 

Protein Assay are 1.40, 0.98 and 1.01 for native, mono–PEG and di–PEG RNase A respectively 

while using the proposed strategy, the average RSD values are 0.79, 1.06 and 0.70 again for 

native, mono–PEG and di–PEG RNase A respectively.  

    

    
 
Figure 2.2.4: Absorbance correlation between the proposed methodology at 280 nm and the DC 

Protein Assay at 750 nm. Concentrations of 0.25 ( ), 0.50 ( ), 0.75 ( ), 1.00 ( ), 1.50 (  ) and 2.00 (  ) 

mg/mL were used for each of the species. The R2 values for the linear regressions are 0.9718, 0.9021 and 

0.9721 for the native, mono–PEGylated and di–PEGylated RNase A respectively. DC Protein Assay was 

purchased from Bio–Rad, CA, USA.  

0.00%

0.10%

0.20%

0.30%

0.40%

0.50%

0.00% 0.20% 0.40% 0.60% 0.80% 1.00% 1.20% 1.40%
0.00%

0.05%

0.10%

0.15%

0.20%

0.25%

0.00% 0.05% 0.10% 0.15% 0.20% 0.25% 0.30% 0.35% 0.40%

0.00%

0.01%

0.02%

0.03%

0.04%

0.05%

0.06%

0.00% 0.10% 0.20% 0.30% 0.40% 0.50% 0.60% 0.70%

m
ono-PEG

 R
N

ase A
 

 

A
bs

 @
 7

50
 n

m
 

A
bs

 @
 7

50
 n

m
 

Abs @ 280 nm Abs @ 280 nm 

R2
 = 0.97185 R2

 = 0.90212 

N
at

iv
e 

R
N

as
e 

A
 

 

48 

R2
 = 0.97209 

A
bs

 @
 7

50
 n

m
 

Abs @ 280 nm 

di
-P

EG
 R

N
as

e 
A

 
 

 



PRIMARY RECOVERY AND ANALYSIS OF PEGYLATED PROTEINS 

 

 
 

Figure 2.2.5: Average error percentages obtained in the quantification of Native, mono–PEGylated and 

di–PEGylated RNase A. The average error percentages obtained for each specie using the DC Protein Assay 

( ) and the proposed methodology ( ) are shown. 

 
2.2.4  
CONCLUSIONS 
 

In order to establish the potential of Aqueous Two–Phase Systems for the fractionation of 

RNase A and its PEGylated conjugates, an easy–to–implement quantification method based on UV 

absorbance at 280 nm was developed. The effect of PEG and potassium phosphate concentration 

together with PEG MW upon RNase A absorbance was determined and the need to obtain standard 

curves specific for each phase from the biphasic aqueous systems was demonstrated. Furthermore, 

the effect of grafted PEG chains on protein absorbance was established, and correction factors to 

account for such effects were calculated. These calculations become important due to the lack of 

the information in previous works on how PEGylation affects the spectrophotometric behavior of 

modified proteins. The developed method allows the individual quantification of native RNase A, 

mono and di–PEGylated RNase A conjugates but not a mixture of these. However, it is believed 

that the methodology can be applied to fully characterize the fractionation and purification of these 

species in ATPS and furthermore be extrapolated and used in other spectrophotometers, microplate 

readers and photodiode arrays in chromatography. 
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2.3 

POTENTIAL APPLICATION OF ATPS FOR THE 
FRACTIONATION OF RNASE A AND αLAC 
FROM THEIR PEGYLATED CONJUGATES 

 
 

ABSTRACT 
 
PEGylation reactions often result in a heterogeneous population of conjugated species and 

unmodified proteins that presents a protein separations challenge. Aqueous Two–Phase Systems 

(ATPS) represents an attractive alternative for the potential fractionation of native proteins from their 

PEGylated conjugates. The present study characterizes the partition behaviors of native RNase A 

and αLac and their mono and di–PEGylated conjugates on polyethylene glycol (PEG) – potassium 

phosphate ATPS. A potential strategy to separate unreacted native protein from its PEGylated 

species was established based upon the partition behavior of the species. The effect of PEG 

molecular weight (400 – 8000 g/mol), tie –line length (15 – 45% w/w) and volume ratio (VR; 0.33, 

1.00 and 3.00) on native and PEGylated proteins partition behavior was studied. The use of ATPS 

constructed with high PEG molecular weight (8000 g/mol), tie–line lengths of 25 and 35% w/w, and 

VR values of 1.0 and 3.0 allowed the selective fractionation of native RNase A and α–Lactalbumin 

from their PEGylated conjugates on opposite phases respectively. Such conditions resulted in an 

RNase A bottom phase recovery of 99%, while a 98% and 88% of mono and di–PEGylated 

conjugates, respectively were recovered at the top phase. On its part, αLac had a bottom phase 

recovery of 92% while its mono and di–PEGylated conjugates were recovered at the top phase with 

yields of 77% and 76% respectively. The results reported here demonstrate the potential application 

of ATPS for the fractionation of PEGylated conjugates from their unreacted precursors. 
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2.3.1  
INTRODUCTION 
 

PEGylation was initially described in 19771 and it is defined as the modification with at least 

one polyethylene glycol (PEG) chain of a peptidic or non–peptidic molecule without having this 

molecule losing its properties.2 PEGylation enhances the therapeutic properties of the modified 

molecules improving the pharmacokinetic parameters inside the human body.3,4 In fact, over the last 

decades, new drugs developed using “PEGnology” have reached the market.5  

PEGylation of therapeutic proteins is usually carried out using mono–methoxy PEG (mPEG) 

that has only one reactive hydroxile group (which avoids the formation of crossed linked products) 

and has been approved for its use in pharmaceutical preparations.6 But even when PEGylation 

reactions are made under conditions that minimize coupled PEG interference with functional amino 

acid residues in the protein7 multiple reactive sites result in a population of conjugate species and 

residual unmodified protein which may exhibit differences in biological activity.8  Therefore, after 

reaction, purification of PEGylated proteins implies two main challenges: the separation of 

PEGylated conjugates from the rest of the reaction species and the subsequent fractionation of the 

PEGylated conjugates according to the number of PEG chains grafted to them and their positional 

isomerism.9 

Ribonuclease A (RNase A) is a small (13,686 Da) model enzyme10 that has proven to have 

several potential therapeutical applications in vivo as an antitumoral agent mainly in its PEGylated 

form.11 PEGylated RNase A becomes protected from Ribonuclease Inhibitor (RI) factors once it has 

been administrated due to the presence of polymer chains grafted to its surface. These chains 

increase RNase A circulation time inside the body, greatly enhancing their utilization due to their 

extended half–life time. Additionally, it has been found that PEGylated RNase A binds fewer 

antibodies than its native form allowing it to increase its therapeutic effects.11 On its part, bovine 

serum α–Lactalbumin (αLac) has an average molecular mass of 14,178 Da and has shown 

applications such as inhibition of inflammation, writhing and nociception in mice, therefore, it might 

be considered a good candidate for pharmacological applications in humans.12 

For the particular case of RNase A and αLac, three main species result after PEGylation: 

the mono and di–PEGylated conjugates and the residual native polypeptides. It has been found that 

the biological activity exhibited by the PEGylated conjugates is related with the number of grafted 

polymer chains as well as their relative position.13 For most proteins, an excess on the number of 

grafted polymer chains generates a steric hindrance for its biological receptor, decreasing their 

specific activity.13 In the particular case of PEGylated RNase A it has been found that the        

mono–PEGylated conjugate presents the highest biological activity.11 
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Most purification methods for PEGylated proteins are based on molecular size. For 

example, size exclusion chromatography (SEC) fractionation is favored by the increment in the 

hydrodynamic radius of the PEGylated proteins that alters their elution times. However, this 

technique is incapable of separating positional isomers.14 PEGylated proteins also present altered 

surface electrochemical charge, hydrophobicity, and affinity interactions.9 Therefore other 

preparative and analytical separation methods like reversed–phase (RP), hydrophobic interaction 

(HI), ion exchange (IEX) and immobilized metal affinity (IMA) chromatographies, and even gel 

electrophoresis may be exploited to separate these molecules.9, 15 Although these methods can be 

use to fractionate PEGylated proteins they also present some disadvantages. For RP 

chromatography low resolution has been obtained while trying to separate the conjugates, 

producing at the same time structural changes due to the extreme hydrophobic environment.13 HI 

chromatography presents as well a low processing capacity and little discrimination between 

adjacent peaks.16 On its part, IEX chromatography separates PEGylated species due to the fact 

that a net charge change occurs on with almost all PEGylation methods. In fact, cationic 

interchange is a commonly used method because PEGylated proteins have one less positive 

charge for each PEG chain linked to an amino group. However, PEG chains sterically interfere in 

the interactions of the charged residues producing a charge masking effect.16 Currently, ion 

exchange and size exclusion chromatography are the predominant separation methods used. 

Regardless the approach for the potential separation of the protein – polymer conjugates derived 

from a PEGylation reaction, a first step involves the initial separation of the unreacted proteins from 

its conjugates. For this purpose, aqueous two–phase systems (ATPS) represent an attractive 

alternative. 

ATPS is a liquid – liquid fractionation technique that has proved to have potential for the 

fractionation, recovery and partial purification of biological products, organelles and even whole 

cells.17-22 ATPS are formed when two polymers (polyethylene glycol (PEG), dextran, polypropylene 

glycol, etc.) or one polymer and one salt (phosphate, sulfate, citrate, etc.) are combined over a 

certain critic concentration forming two phases whose main component is water. The use of 

polymer – salt systems is preferred over polymer – polymer systems mainly due to economical 

constraints. The main advantages of ATPS over other primary recovery and partial purification 

techniques include scaling up feasibility, process integration and intensification, capability and 

biocompatibility. System parameters such as polymer molecular weight, tie–line length (TLL, which 

represents the length of the line that connects the composition of the top and bottom phases in a 

phase diagram18) usually have a significant effect on the partition behavior of solutes and 

particles.19  
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Some works involving PEGylated proteins and their fractionation in polymer – polymer 

ATPS have been published. Delgado et al.23, 24 compare the results of different studies on the 

partitioning of three PEGylated proteins (granulocyte–macrophage colony stimulation factor, bovine 

serum albumin and immunoglobulin G) using NaCl – enriched PEG – Dextran ATPS. Their findings 

correlate log KP values (where KP, the partition coefficient, is defined as the ratio of the 

concentration of the molecule at the top and bottom phase) with the number of grafted polymer 

chains in each protein suggesting that a direct relation exists between log KP and the polymer 

weight fraction in each PEGylated species. Sookkumnerd and Hsu25 report the purification of       

PEG–lysozyme conjugates in PEG – potassium phosphate countercurrent distribution ATPS 

showing that it is possible to separate a mixture of unmodified, mono–PEGylated and di–PEGylated 

lysozymes through this technique under a multi–step approach. 

The objective of the present study was to evaluate the effect of PEG–potassium phosphate 

ATPS parameters such as PEG molecular weight (PEG MW) and tie–line length (TLL) on the 

partition behavior of native RNase A and native αLac and their PEGylated conjugates. Additionally, 

system parameter conditions that allow a selective partition of native proteins and their 

corresponding PEGylated conjugates in opposite phases were identified. A potential methodology 

regarding the recovery and partial purification of the PEGylated species of each model protein 

exploiting one single step ATPS is proposed. 

 
2.3.2  
MATERIALS AND METHODS 
 
2.3.2.1  
PEGylation reactions of RNase A and αLac  
 

The PEGylation reactions were conducted and separated according to the procedure 

reported by Cisneros–Ruiz et al.26 Briefly, 2.0 mL of an RNase A (Sigma, MO, USA) or αLac 

(Sigma, MO, USA) solution (3.0 mg/mL) in a 100 mM phosphate pH 5.1 buffer with 20 mM sodium 

cyanoborohydride (Fluka, Switzerland) were added to a flask containing 30 g of 20 kDa mPEG 

propionaldehyde (Jen Kem Technologies, China) for RNase A or mPEG butyraldehyde (Nektar 

Therapeutics, AB, USA) for αLac. The mixtures were vigorously stirred for 17 – 19 hr at 4 °C with a 

magnetic stirrer and then stored at the same temperature for up to 3 days before chromatographic 

separation. PEGylation reaction mixtures were injected into an Äkta Explorer 100 (GE Healthcare, 

United Kingdom) size exclusion chromatographer equipped with a HiPrep™ 16/60 chromatographic 

column prepacked with Sephacryl™ S–300 High Resolution resin (GE Healthcare, United Kingdom) 

in order to separate each conjugate and the unreacted proteins. Identification of the di–PEGylated, 
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mono–PEGylated and native RNase A and αLac species from each SEC peak, obtained under the 

same chromatographic conditions, was previously conducted and reported by Cisneros–Ruiz et 

al.13, 26 using matrix–assisted laser desorption/ionization time–of–flight mass spectrometry     

(MALDI–TOF/MS). Fractions collected for each PEGylated conjugate were pooled and concentrated 

by ultrafiltration under nitrogen atmosphere using an Amicon® ultrafiltration cell 8050 (Amicon INC., 

MA, USA) with a 10 kDa Diaflo® ultrafiltration membrane (Amicon INC., MA, USA) until 25 mL of 

each concentrated fraction (retentive) was obtained. Concentrated fractions were frozen at –80°C in 

a REVCO Ultima II Ultra Low Freezer (Thermo Fisher Scientific, MA, USA) and then transferred to a 

Sentry 2.0 lyophilizer (Virtis, NY, USA) at –80 °C and less than 100 mTorr until all water was 

removed. Dry purified fractions of mono and di–PEGylated RNase A and αLac were stored at          

–20 °C until used on the partition behavior experimental stages. 

 
2.3.2.2  
Partition behavior of PEGylated and native RNase A and αLac on aqueous 
two–phase systems. 
 

Selected PEG – potassium phosphate ATPS (sixteen systems identified in Table 2.3.1) 

were constructed in order to study the effect of PEG MW and TLL upon the partition behavior of 

native, mono–PEGylated and di–PEGylated RNase A and αLac. Predetermined quantities of stock 

solutions of PEG (Sigma, MO, USA) of nominal molecular weights of 400, 1000, 3350 and 8000 

g/mol (50% w/w, except for PEG 400 which is liquid at room temperature and therefore was used 

100% w/w), and a dipotassium hydrogen orthophosphate / potassium di–hydrogen orthophosphate 

(18:7, 40% w/w pH 7) solution (DEQ, Mexico) were mixed with bi–distilled water and 0.20 g of 10 

mg/mL solutions of either native, mono–PEGylated or di–PEGylated RNase A or αLac to give a final 

total weight of 2.0 g per system. The partition behavior of each native and PEGylated conjugates 

was characterized by separate. The stock solutions were mixed and the phases were dispersed by 

mixing for 10 min. Complete phase separation was achieved by centrifugation at 5,000 g for 10 min 

at 25 °C using an Eppendorf 5804R centrifuge (Eppendorf, Germany). TLL values of 15, 25, 35 and 

45 % w/w were tested in the systems. VR (volume ratio, defined as the relation between the volume 

of the top and bottom phases) and pH were kept constant at 1.00 and 7 respectively. In the case of 

αLac and their PEGylated conjugates further optimization of the system parameters to achieve 

selective fractionation of the species was conducted varying the VR (0.33, 1.00 and 3.00) of system 

15 (Table 2.3.1). Visual estimates of the volumes of the top and bottom phases were made in 

graduated tubes. Samples were carefully extracted from the phases for protein quantification. In 

order to characterize the protein recovery yield for each system, the interphase was considered as 
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part of the bottom phase. Recovery yield at the top and bottom phase was estimated as the amount 

of native protein or conjugate present in the phase (volume of the phase x protein concentration) 

and expressed relative to the original amount loaded into the system. Partition coefficient (KP) was 

calculated as the protein concentration ratio between both phases. 

 
Table 2.3.1: Composition of selected polyethylene glycol (PEG) – potassium phosphate (PO4) ATPS for the 

fractionation of native RNase A, native αLac and their PEGylated conjugates.  

System PEG MW 
(g/mol) 

TLL 
(%, w/w) 

PEG 
(%, w/w) 

PO4 
(%, w/w) 

1 

400 

15 16.5 16.0 
2 25 17.2 15.5 
3 35 21.0 16.9 
4 45 22.0 17.0 

5 
1000 

15 12.0 19.6 
6 25 13.3 15.0 

7 
 

35 16.0 16.0 
8 45 19.2 17.1 

9 

3350 

15 10.0 10.8 
10 25 16.9 11.8 

11 35 15.0 13.2 
12 45 18.8 15.0 

13 

8000 

15 10.2 8.8 
14 25 13.0 10.4 

    15 a,b 35 16.1 12.3 

16 45 20.2 14.8 
 

Systems were designed as described in Materials and methods section. For all systems, VR was kept constant at 1 except 

for system 15 where additional VR values of 0.33 and 3.00 were tested for the αLac species. TLL, VR and the composition of 

each system were estimated using the binodal curves presented by Zaslavsky.27 
a For VR 0.33: PEG 8.0 % w/w; PO4 17.2 % w/w. 
b For VR 3.00: PEG 25.0 % w/w; PO4 7.5 % w/w. 

 
2.3.2.3  
Analytical procedures 
 

Quantification of native RNase A, mono–PEGylated RNase A and di–PEGylated RNase A 

from the ATPS was carried out spectrophotometrically using an UV absorbance–based method 

previously developed.28 This method considers the effect of grafted PEG chains on UV absorbance 

of the RNase A PEGylated conjugates and it involves the use of phase–specific standard curves for 

native RNase A. Total protein concentration of αLac and its polymer conjugates was estimated 
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using the Bradford method.29 All absorbance measurements were conducted using a Beckman 

Coulter DU800 Spectrophotometer (Beckman Instruments, CA, USA) using 1.5 mL PMMA cuvettes 

(VWR International, PA, USA). All experiments were carried out at least by triplicate. Results 

presented are the mean value of the independent replicas, and the standard error was calculated as 

the standard deviation divided for the square root of the number of replicas. 

 
2.3.3  
RESULTS AND DISCUSSION 
 

In order to establish an ATPS strategy for the fractionation of PEGylated from unmodified 

proteins, the influence of system parameters upon the partition behavior of these biomolecules was 

studied using purified species. The systems were characterized measuring concentrations of either 

unmodified, mono or di–PEGylated RNase A or αLac by separate at the top and bottom phases of 

each system in order to obtain specific recovery yields related to a KP value.  

The partition behavior of native RNase A and native αLac on the selected ATPS is depicted 

in Table 2.3.2. It is clear that RNase A exhibited a top phase preference when the lowest molecular 

weight of PEG (i.e. PEG MW 400) was used. An increase in TLL in PEG 400 – potassium 

phosphate systems increased the top phase preference of the native RNase A. As a result the top 

phase protein recovery yield increases from 69% to 95%. As TLL increases, PEG concentration in 

the top phase and potassium phosphate concentration in the bottom phase increase. These 

changes alter the free volume available in each phase for protein partition, alter the surface tension 

at the interface and the density of the phases.17 These effects change the partition behavior of 

native RNase A specifically promoting it to the top phase. αLac on its part exhibits a high recovery 

yield (> 91%) in PEG 400 systems. However, as for RNase A, a significant increase in this yield is 

observed in the PEG 400 TLL 45% system where a top phase recovery of 97% is obtained. 

As PEG MW increases, the partition of native RNase A and native αLac towards the bottom 

phase is favored (see Table 2.3.2). The length of the PEG chain is directly related to the 

hydrophobicity of the phases (particularly that of the top phase). Since both RNase A and αLac are 

highly hydrophilic proteins, 10, 12 it is then expected to find greater protein affinity towards the bottom 

phase. This behavior may also be explained in terms of the free volume available in each phase. As 

PEG chain lengths increase, free volume decreases generating steric effects that change protein 

partition towards the bottom phase. RNase A exhibited bottom phase preference when ATPS of 

PEG molecular weight of 1000 g/mol or higher were used (see systems 5 to 16 in Table 2.3.2) while 

αLac presented a bottom phase preference in systems with PEG MW 3350 and 8000 g/mol (see 

systems 9 to 16 in Table 2.3.2).  In the systems where native protein partitioned towards the bottom 
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phase an increase in TLL did not change the phase preference of the protein. In fact, only for the 

systems in which both native proteins were recovered at the top phase (PEG MW 400 g/mol 

systems for RNase A and PEG MW 400 and 1000 g/mol systems for αLac) an increment in the 

recovery yields on this phase were observed as TLL increased. For the rest of the systems as TLL 

increased, a mixed effect was observed probably due to the mixture of hydrophobic, ionic charge 

and free volume interactions with the proteins. In the particular case of the partition of RNase A in 

system 8 (PEG 1000 g/mol, TLL 45% w/w), interestingly, a high top phase recovery yield (75.3%) 

was obtained. This behavior may indicate that salt concentration at the bottom phase is high 

enough to counteract the effect of excluded volume in the top phase, shifting the protein partition. 

However, this behavior was not observed for αLac due probably to the effect of the higher molecular 

weight on the occupied volume. 

The protein recovery and the natural logarithm of the partition coefficients (ln KP) of the 

mono and di–PEGylated conjugates of RNase A and αLac are presented in Table 2.3.3 and Table 

2.3.4, respectively. In almost all of the systems studied, the PEGylated conjugates exhibited a top 

phase preference. Since ATPS are highly hydrophilic, the increment in hydrophobicity granted by 

the grafted PEG chains promotes the partition of the conjugates towards the polymer rich phase.30 

Additionally, the grafted 20 kDa mPEG chains in both mono and di–PEGylated conjugates 

significantly increase their molecular size when compared with their native unreacted forms. 

Therefore, this observed behavior might be also explained considering the available free volume in 

each phase. The top phase preference of these PEGylated conjugates allows their selective 

fractionation from unreacted precursors, in systems where native proteins partition towards the 

bottom phase. 

As it can be noted in Table 2.3.3, PEG MW increments do not seem to have an extensive 

effect on mono–PEGylated αLac recoveries in the top phase. However, on most PEG MW 3350 and 

8000 g/mol systems mono–PEGylated RNase A presented a decrease in top phase recovery yields. 

This same behavior can be observed in Table 2.3.4 for RNase A and α–Lac di–PEGylated 

conjugates, even when presenting relatively lower recovery yields at the top phase than their 

mono–PEGylated counterparts. No clear comparative effect can be observed with TLL increments. 

However, for the mono–PEGylated RNase in PEG MW 400 and 3350 g/mol systems and the           

di–PEGylated αLac in PEG MW 8000 g/mol systems, as TLL increased, a protein partition 

increment towards the top phase was observed as presented in Table 2.3.3 and Table 2.3.4, 

respectively. Once again, this partition behavior of the conjugates may be explained in terms of 

phase hydrophobicity and available free volume, as well as salting out effects. 
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(%, w/w) 
ttom Phase 
.13 ± 0.70 
.48 ± 0.28 
.66 ± 0.32 
.83 ± 0.25 

.33 ± 2.07 

.91 ± 2.31 

.71 ± 1.78 

.89 ± 0.05 

.06 ± 1.13 

.24 ± 2.16 

.33 ± 0.43 

.53 ± 2.78 

.91 ± 0.67 

.49 ± 0.36 

.94 ± 8.61 

.61 ± 0.58 
 

                            

 

 

 

 

Table 2.3.2: Effect of polyethylene glycol molecular weight (PEG MW) and tie–line length (TLL) upon the partition coefficient and re

and αLac in polyethylene glycol – potassium phosphate Aqueous Two–Phase Systems. 
 

System PEG MW 
(g/mol) 

TLL 
(%, w/w) 

RNase A αLac 

ln (KP) Recovery yield (%, w/w) ln (KP) Recovery yield 
Top Phase Bottom Phase Top Phase Bo

1 

400 

15 -0.57 ± 0.02 69.65 ± 3.55 30.35 ± 0.44 2.57 ± 0.02 92.87 ± 0.94 07
2 25 -0.58 ± 0.01 72.54 ± 2.60 27.46 ± 1.01 2.41 ± 0.01 91.52 ± 1.43 08
3 35 -2.43 ± 0.01 94.29 ± 1.11 05.71 ± 0.34 2.49 ± 0.02 92.34 ± 0.92 07
4 45 -2.58 ± 0.00 94.94 ± 0.70 05.06 ± 1.03 3.54 ± 0.04 97.17 ± 0.77 02

5 

1000 

15 -0.56 ± 0.02 35.19 ± 0.71 64.29 ± 3.26 0.23 ± 0.01 55.67 ± 1.84 44
6 25 -0.40 ± 0.03 40.52 ± 0.07 59.48 ± 0.84 0.41 ± 0.01 60.09 ± 2.05 39
7 35 -0.84 ± 0.01 38.29 ± 0.36 61.71 ± 1.15 1.47 ± 0.02 81.29 ± 1.98 18
8 45 -1.13 ± 0.01 75.30 ± 1.03 24.70 ± 1.04 2.77 ± 0.03 94.11 ± 0.71 05

9 

3350 

15 -1.71 ± 0.01 12.26 ± 1.89 87.74 ± 0.59 -0.85 ± 0.03 29.94 ± 4.16 70
10 25 -2.66 ± 0.00 16.80 ± 0.83 83.20 ± 0.69 -1.34 ±0.04 20.76 ± 2.90 79
11 35 -1.71 ± 0.00 14.91 ± 1.28 85.09 ± 0.91 -1.41 ± 0.01 19.67 ± 1.16 80
12 45 -2.41 ± 0.01 16.09 ± 1.29 83.91 ± 0.73 -0.34 ± 0.03 41.47 ± 3.69 58

13 

8000 

15 -2.99 ± 0.01 04.95 ± 0.71 95.05 ± 1.74 -1.09 ± 0.04 25.09 ± 0.74 74
14 25 -4.61 ± 0.01 01.43 ± 0.42 98.57 ± 1.57 -2.51 ± 0.05 07.51 ± 1.55 92
15 35 -3.51 ± 0.00 07.44 ± 0.56 92.56 ± 0.92 -2.44 ± 0.04 08.06 ± 1.12 91
16 45 -2.12 ± 0.01 09.75 ± 1.68 90.25 ± 6.73 -1.70 ± 0.01 15.39 ± 3.88 84

 
For all systems, VR and pH were kept constant at 1.0 and 7.0 respectively. 
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Table 2.3.3: Effect of polyethylene glycol molecular weight (PEG MW) and tie–line length (TLL) upon the partition 

mono–PEGylated RNase A and mono–PEGylated αLac in polyethylene glycol – potassium phosphate Aqueous Two–Phas

 
System PEG MW 

(g/mol) 
TLL 

(%, w/w) 

mono–PEGylated RNase A mono–PEGyl

ln (KP) Recovery yield (%, w/w) ln (KP) Recov
Top Phase Bottom Phase Top Pha

1 

400 

15 -0.88 ± 0.00 74.15 ± 0.86 25.85 ± 0.60 -0.19 ± 0.02 54.81 ± 0
2 25 -1.57 ± 0.01 85.59 ± 3.08 14.41 ± 1.14 -0.21 ± 0.02 55.25 ± 0
3 35 -3.68 ± 0.00 97.98 ± 0.61 02.02 ± 0.43 -0.11 ± 0.06 52.82 ± 0
4 45 -5.86 ± 0.03 99.77 ± 1.95 00.23 ± 0.10 -0.02 ± 0.05 50.57 ± 0

5 

1 000 

15 -1.13 ± 0.03 74.51 ± 2.52 25.44 ± 0.11 -0.20 ± 0.04 55.04 ± 0
6 25 -1.23 ± 0.01 76.66 ± 1.47 23.34 ± 0.48 -0.11 ± 0.04 52.81 ± 0
7 35 -0.22 ± 0.04 54.68 ± 6.27 45.32 ± 0.09 -0.12 ± 0.06 52.99 ± 0
8 45 -3.53 ± 0.04 97.32 ± 6.36 02.68 ± 0.19 -0.10 ± 0.05 52.55 ± 0

9 

3 350 

15 -0.34 ± 0.02 40.14 ± 3.87 59.86 ± 0.44 -0.10 ± 0.02 52.47 ± 0
10 25 -0.01 ± 0.02 46.34 ± 1.58 53.66 ± 0.20 -0.15 ± 0.04 53.73 ± 0
11 35 -4.53 ± 0.00 48.86 ± 1.00 51.14 ± 1.12 -0.14 ± 0.04 53.50 ± 0
12 45 -0.05 ± 0.00 52.10 ± 0.42 47.90 ± 0.26 -0.07 ± 0.04 51.89 ± 0

13 

8 000 

15 -0.52 ± 0.01 65.39 ± 0.91 34.61 ± 2.41 -0.01 ± 0.03 50.24 ± 0
14 25 -4.10 ± 0.01 98.34 ± 0.38 01.66 ± 0.40 -0.25 ± 0.03 56.23 ± 0
15 35 -0.54 ± 0.01 62.26 ± 1.80 37.74 ± 0.34 -0.18 ± 0.05 54.73 ± 0
16 45 -0.42 ± 0.01 62.55 ± 1.39 37.45 ± 4.75 -0.11 ± 0.04 52.46 ± 1

 
For all systems, VR and pH were kept constant at 1.0 and 7.0 respectively.  
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 (%, w/w) 
ttom Phase 
5.49 ± 1.67 
6.28 ± 2.32 
2.07 ± 2,87 
1.65 ± 1.38 

3.02 ± 0.97 

0.39 ± 2.12 
3.32 ± 0.34 
7.91 ± 0.34 

3.58 ± 3.54 
8.36 ± 3.67 

6.82 ± 0.23 
8.65 ± 1.31 

1.53 ± 1.23 
0.58 ± 3.86 
8.62 ± 2.82 
7.52 ± 0.47 
 

                            

 

 

 

 

Table 2.3.4: Effect of polyethylene glycol molecular weight (PEG MW) and tie–line length (TLL) upon the partition coefficient a

PEGylated RNase A and di–PEGylated αLac in polyethylene glycol – potassium phosphate Aqueous Two–Phase Systems. 

 

System PEG MW 
(g/mol) 

TLL 
(%, w/w) 

di–PEGylated RNase A di–PEGylated αLac 

ln (KP) Recovery yield (%, w/w) ln (KP) Recovery yield
Top Phase Bottom Phase Top Phase Bo

1 

400 

15 -0.81 ± 0.01 67.62 ± 0.72 32.38 ± 2.85 -0.18 ± 0.04 54.51 ± 0.31 4
2 25 -0.57 ± 0.00 63.27 ± 2.16 36.73 ± 2.77 -0.25 ± 0.03 43.72 ± 0.57 5
3 35 -2.39 ± 0.00 90.46 ± 2.99 09.54 ± 1.85 -0.08 ± 0.02 47.93 ± 0.68 5
4 45 -3.55 ± 0.01 96.97 ± 2.95 03.03 ± 1.21 -0.47 ± 0.02 38.35 ± 0.76 6

5 

1 000 

15 -1.07 ± 0.01 73.05 ± 1.01 26.95 ± 1.68 -0.53 ± 0.00 36.98 ± 1.13 6
6 25 -1.37 ± 0.01 79.67 ± 2.17 20.33 ± 0.70 -0.42 ± 0.01 39.61 ± 0.89 6
7 35 -0.21 ± 0.01 57.50 ± 1.09 42.50 ± 0.35 -0.27 ± 0.01 56.68 ± 0.77 4
8 45 -3.55 ± 0.02 97.10 ± 7.33 02.90 ± 0.84 -0.32 ± 0.02 42.09 ± 1.72 5

9 

3 350 

15 -0.54 ± 0.02 36.65 ± 0.31 63.35 ± 0.06 -0.56 ± 0.02 36.42 ± 2.35 6
10 25 -0.24 ± 0.00 43.35 ± 2.79 56.65 ± 0.00 -0.34 ± 0.03 41.64 ± 0.28 5
11 35 -4.16 ± 0.03 98.50 ± 6.80 01.50 ± 0.33 -0.13 ± 0.01 53.18 ± 2.75 4
12 45 -0.13 ± 0.00 55.38 ± 1.62 44.62 ± 0.00 -0.05 ± 0.01 51.35 ± 0.43 4

13 

8 000 

15 -0.36 ± 0.01 62.33 ± 4.94 37.67 ± 2.76 -0.05 ± 0.02 38.47 ± 0.21 6
14 25 -1.94 ± 0.01 87.87 ± 1.72 12.13 ± 1.28 -0.43 ± 0.05 39.42 ± 0.86 6
15 35 -1.75 ± 0.01 84.76 ± 1.80 15.24 ± 6.46 -0.06 ± 0.01 51.38 ± 1.15 4
16 45 -0.25 ± 0.00 43.89 ± 2.74 56.11 ± 1.90 -0.10 ± 0.01 52.48 ± 0.34 4

 
For all systems, VR and pH were kept constant at 1.0 and 7.0 respectively
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It must be noted that as the number of chains linked to the protein increase, it is expected 

that partition behavior on ATPS may be influenced by free energy considerations that involve net 

interactions with the polymer rich regions in the system and within the conjugate. These interactions 

vary depending on the characteristics of the polymer and its concentration.24 Previous PEGylated 

protein partition studies in PEG – dextran ATPS show that partition coefficients increase 

exponentially with the amount of PEG bound to the protein and that a linear relationship between 

log KP values and the number of grafted PEG chains is preserved.31 For these previously reported 

studies, an increase in partition towards the top phase is observed as the number of PEG chains 

increases accounting the modified amino groups in each protein. The proteins tested in these 

previous reports are granulocyte–macrophage colony stimulation factor, bovine serum albumin and 

immunoglobulin G (all with a large amount of PEGylation sites). The authors found that the 

correlation between log KP and the number of PEG molecules attached is only compromised for 

conjugates having relatively large number of grafted PEG molecules in biphasic systems of high 

concentration of polymers, where a partial precipitation of the conjugates towards the dextran rich 

phase is observed.31 It must also be noted that grafted PEG chains in proteins may interact with one 

another, with water molecules, ions and might as well form hydrogen bonds.24 All these possible 

interactions as the kind of ATPS involved (i.e. polymer – polymer or polymer – salt) may also have 

an impact on the fractionation of each of the conjugates. 

The particular effect of PEG MW on ln KP of each studied RNase A species at TLL 25% w/w 

is depicted in Figure 2.3.1. As it is seen, at PEG MW 8000 g/mol, the ln KP value for native RNase 

A has the largest negative value (i.e. –4.61) indicating its preference for the bottom phase, while the 

conjugates present both the highest positive ln KP values (i.e. 4.10 and 1.94 for the mono and         

di–PEGylated conjugates respectively), showing a preference towards the top phase. On the other 

hand, for the studied αLac species, Figure 2.3.2 presents the effect of PEG MW on ln KP for all TLL 

35% w/w systems. Again, it can be seen that at the PEG 8000 g/mol system, native αLac presents 

the largest negative ln KP value (i.e. –2.44). However, in this particular case the obtained ln KP 

values of the PEGylated conjugates at different PEG MW indicate an even fractionation towards 

both phases. Figures 1 and 2 were deliberately constructed in order to present the systems in which 

the best separation conditions between the native and PEGylated species is achieved for systems 

with VR equal to one. In the case of αLac and their PEGylated conjugates further optimization of the 

system parameters to achieve selective fractionation of the species was conducted varying the VR 

(0.33, 1.00 and 3.00) of system 15 (Table 2.3.1). Figure 2.3.3 compares the top phase recovery 

yields of native, mono and di–PEGylated αLac after partitioning in this system where VR was 

modified. It is clear that VR has a significant impact upon the recovery of the αLac PEGylated 
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conjugates. An increment in VR causes an increase in the top phase recovery yields, making it 

possible to obtain highly purified PEGylated species after an ATPS stage. As the VR of the system 

increases, the free volume available at the top phase for the partition of solutes also increases. 

 
 

Figure 2.3.1: Effect of PEG MW on ln KP of RNase A, mono–PEGylated RNase A and di–PEGylated 

RNase fractionation in TLL 25% w/w PEG – potassium phosphate Aqueous Two–Phase Systems. ln KP 

values for native RNase A ( ), mono–PEGylated RNase A ( ) and di–PEGylated RNase A ( ) are shown for 

PEG MW 400, 1000, 3350 and 8000 g/mol systems with TLL 25% w/w. VR and pH were kept at 1 and 7 

respectively.  

 

 
 

Figure 2.3.2: Effect of PEG MW on ln KP of αLac , mono–PEGylated αLac  and di–PEGylated αLac 

fractionation in TLL 35% w/w PEG – potassium phosphate Aqueous Two–Phase Systems. ln KP values 

for native αLac ( ), mono–PEGylated αLac ( ) and di–PEGylated αLac ( ) are shown for PEG MW 400, 

1000, 3350 and 8000 g/mol systems with TLL 35% w/w. VR and pH were kept at 1 and 7 respectively.  
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Figure 2.3.3: Effect of VR upon top phase recovery yields of native, mono and di–PEGylated αLac in 

PEG 8000 g/mol, TLL 35% w/w systems. Top phase recovery percentages for native αLac ( ),               

mono–PEGylated αLac ( ) and di–PEGylated αLac ( ) are shown for VR values of 0.33, 1.00 and 3.00. 

 

It is then clear that in order to achieve a selective partition of both native proteins from their 

PEGylated conjugates, high PEG MW (8000 g/mol) systems must be selected. A PEG MW 8000 

g/mol, TLL 25% w/w and VR 1.00 PEG – potassium phosphate system allows the recovery of most 

of the native RNase A at the bottom phase (i.e. 99%), while at the top phase mono and                 

di–PEGylated conjugates are recovered with yields superior to 87%. For the αLac species a PEG 

MW 8000 g/mol, TLL 35% w/w and VR 3.00 system permits the recovery of 92% of the native 

protein at the bottom phase and 77 and 76% of the mono and di–PEGylated conjugates at the top 

phase respectively. A practical approach to fractionate native RNase A and native αLac from their 

mono and di–PEGylated conjugates may involve the use of ATPS of high PEG MW and medium 

TLL values (systems 14 and 15b in Table 2.3.1). Figure 2.3.4 presents a simplified scheme of the 

proposed strategy where the expected final top and bottom phase recovery yields of each of the 

three species for both protein families are reported. The results reported here highlight the 

advantages of the potential application of an ATPS approach to establish the conditions for a single 

stage separation of RNase A and αLac and their polymer conjugates. To date, no previous studies 

known by the authors have been reported that exploit the potential use of ATPS for this purpose. 
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Figure 2.3.4: Simplified schemes for the ATPS strategy to selectively fractionate native RNase A and 

native αLac from their PEGylated conjugates.  The proposed strategy suggest that after the PEGylation 

reactions of both RNase A and αLac, the mixtures of native, mono and di–PEGylated proteins could be 

separated as shown. a) The scheme of a one step PEG MW 8000 g/mol, TLL 25% w/w, VR 1.00 and pH 7 PEG 

– potassium phosphate ATPS that could separate at opposite phases the native from the PEGylated RNase 

A’s is shown with the theoretical recovery yields. b) The scheme of a one step PEG MW 8000 g/mol, TLL 35% 

w/w, VR 3.00 and pH 7 PEG – potassium phosphate ATPS that could separate at opposite phases the native 

from the PEGylated αLac is shown with the theoretical recovery yields. 

 
2.3.4  
CONCLUSIONS 
 

The molecular weight (MW) of PEG and tie–line length (TLL) have a significant effect on the 

partition behavior of native RNase A, native αLac and their PEGylated conjugates on polymer – salt 

ATPS. Both native proteins can be predominantly recovered from the bottom phase of high PEG 

MW ATPS while their mono and di–PEGylated conjugates have a larger preference to partition 
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towards the top phase at these same systems. The characterization of the partition behavior of 

these species on ATPS resulted in the establishment of a potential strategy to fractionate unreacted 

native protein from its polymer conjugates in a PEGylation reaction mixture. A PEG MW 8000 g/mol, 

TLL 25% w/w, VR 1.00 and pH 7 system facilitates the recovery of 98.57% of the total native RNase 

A from the bottom phase while showing top phase recovery yields of 98.34% and 87.87% for the 

total mono and di–PEGylated RNase A, respectively. On its part, a PEG MW 8000 g/mol, TLL 35% 

w/w, VR 3.00 and pH 7 system allows the recovery of 92.17% of the native αLac at the bottom 

phase and recoveries of 76.92% and 75.89% of mono and di–PEGylated αLac at the top phase. 

The potential of PEG – potassium phosphate ATPS for the selective fractionation of native 

unreacted proteins from its PEGylated conjugates after a conjugation reaction was demonstrated.  

 
ACKNOWLEDGEMENTS 
 

The authors would like to acknowledge the financial support of CONACyT (Grant 53654 

and Postdoctoral Fellowship 290523) and ITESM Research Chair (Grant CAT161). They would also 

like to thank Karla Mayolo – Deloisa for her invaluable technical support. 

 
REFERENCES  
 
1. Abuchowski A, Van Es T, Palczuk NC and Davis FF, Alteration of immunological properties 

of bovine serum albumin by covalent attachment of polyethylene glycol. The Journal of 

Biological Chemistry 252: 3578-3581 (1977). 

2. Veronese FM and Pasut G, PEGylation, successful approach to drug delivery. Drug 

Discovery Today 10: 1451-1458 (2005). 

3. Harris JM and Chess RB, Effect of PEGylation on pharmaceuticals. Nature Reviews Drug 

Discovery 2: 214-221 (2003). 

4. Roberts MJ, Bentley MD and Harris JM, Chemistry for peptide and protein PEGylation. 

Advanced Drug Delivery Reviews 54: 459-476 (2002). 

5. Thanou M and Duncan R, Polymer-protein and polymer-drug conjugates in cancer therapy. 

Current Opinion in Investigational Drugs 4: 701-709 (2003). 

6. Zalipsky S, Functionalized poly(ethylene glycol) for preparation of biologically relevant 

conjugates. Bioconjugate Chemistry 6: 150-165 (1995). 

7. Lee H and Park T, Preparation and characterization of mono-PEGylated epidermal growth 

factor: Evaluation of in vitro biologic activity. Pharmaceutical Research 19: 845-851 (2002). 

8. Morar AS, Schrimsher JL and Chavez MD, PEGylation of Proteins a Structural Approach. 

BioPharm International 19: 34-48 (2006). 

68 



PRIMARY RECOVERY AND ANALYSIS OF PEGYLATED PROTEINS 
 

 

9. Fee CJ and Van Alstine JM, PEG-proteins: Reaction engineering and separation issues. 

Chemical Engineering Science 61: 924-939 (2006).  
10. Raines RT, Ribonuclease A. Chemical Reviews 98: 1045-1066 (1998). 

11. Matousek J, Poucková P, Soucek J and Skvor J, PEG chains increase aspermatogenic and 

antitumor activity of RNase A and BS-RNase enzymes. Journal of Controlled Release 82: 

29-37 (2002). 

12. Permyakov EA and Berliner LJ, α-Lactalbumin: structure and function. FEBS Letters 473: 

269-274 (2000). 

13. Wang Y, Youngster S, Grace M, Bausch J, Bordens R and Wyss D, Structural and 

biological characterization of pegylated recombinant interferon alpha-2b and its therapeutic 

implications. Advanced Drug Delivery Reviews 54: 547-570 (2002). 

14. Pesek JJ, Matyska MT and Krishnamoorthi V, Separation of polyethylene glycol-modified 

proteins by open tubular capillary electrochromatography. Journal of Chromatography A 

1044: 317-322 (2004). 

15. Gaberc-Porekar V, Zore I, Podobnik B and Menart V, Obstacles and pitfalls in the 

PEGylation of therapeutic proteins. Current Opinion in Drug Discovery & Development 11: 

242-250 (2008). 

16. Snider J, Neville C, Yuan LC and Bullock J, Characterization of the heterogeneity of 

polyethylene glycol-modified superoxide dismutase by chromatographic and electrophoretic 

techniques. Journal of Chromatography A 599: 141-155 (1992). 

17. Rito-Palomares MA and Lyddiatt A, Process integration using aqueous two-phase partition 

for the recovery of intracellular proteins. Chemical Engineering Journal 87: 313-319 (2002). 

18. Benavides JA and Rito-Palomares MA, Bioprocess intensification: a potential aqueous two-

phase process for the primary recovery of B-phycoerythrin from Porphyridium cruentum. 

Journal of Chromatography B 807: 33-38 (2004). 

19. Rito-Palomares MA, Practical application of aqueous two-phase partition to process 

development for the recovery of biological products. Journal of Chromatography B 807: 3-

11 (2004). 

20. Benavides JA, Aguilar OA, Lapizco-Encinas BH and Rito-Palomares MA, Extraction and 

purification of bioproducts and nanoparticles using aqueous two-phase systems strategies. 

Chemical Engineering & Technology 31: 838-845 (2008). 

21. Benavides JA and Rito-Palomares MA, Practical experiences from the development of 

aqueous two-phase processes for the recovery of high value biological products. Journal of 

Chemical Technology & Biotechnology 83: 133-142 (2008). 

69 



CHAPTER 2 

 

22. Rito-Palomares M, Dale C and Lyddiatt A, Generic application of an aqueous two-phase 

process for protein recovery from animal blood. Process Biochemistry 35: 665-673 (2000).  

23. Delgado C, Patel J, Francis G and Fisher D, Coupling of poly(ethylene glycol) to albumin 

under very mild conditions by activation with tresyl chloride: characterization of the 

conjugate by partitioning in aqueous two-phase systems. Biotechnology and Applied 

Biochemistry 12: 119-128 (1990). 

24. Delgado C, Malmsten M and Van Alstine JM, Analytical partitioning of poly(ethylene glycol)-

modified proteins. Journal of Chromatography B 692: 263-272 (1997). 

25. Sookkumnerd T and Hsu JT, Purification of PEG-protein conjugates by countercurrent 

distribution in aqueous two-phase systems. Journal of Liquid Chromatography & Related 

Technologies 23: 497-503 (2000). 

26. Cisneros-Ruiz M, Mayolo-Deloisa K, Przybycien TM and Rito-Palomares MA, Separation of 

PEGylated from unmodified ribonuclease A using sepharose media. Separation & 

Purification Technology 65: 105-109 (2009). 

27. Zaslavsky B, Aqueous two-phase partitioning: physical chemistry and bioanalytical 

applications. Marcel Dekker, Inc., New York, New York, USA (1995). 

28. González-Valdez J, Rito-Palomares MA and Benavides JA, Quantification of RNase A and 

Its PEGylated conjugates on polymer-salt rich environments using UV spectrophotometry. 

Analytical Letters 44: 800-814 (2011). 

29. Bradford M, A rapid and sensitive method for the quantitation of microgram quantities of 

protein utilizing the principle of protein-dye binding. Analytical Biochemistry 72: 248-254 

(1976). 

30. Rogers R and Zhang J, Effects of increasing polymer hydrophobicity on distribution ratios of 

TcO4
− in polyethylene/poly(propylene glycol)-based aqueous biphasic systems. Journal of 

Chromatography B: Biomedical Sciences and Applications 680: 231-236 (1996). 

31. Delgado C, Malik F, Selisko B, Fisher D and Francis GE, Quantitative analysis of 

polyethylene glycol (PEG) in PEG-modified proteins/cytokines by aqueous two-phase 

systems. Journal of Biochemical & Biophysical Methods 29: 237-250 (1994) 

70 



 
 

3 
NOVEL USES OF PEGYLATED PROTEINS IN 

BIOSEPARATIONS 
 
 
 

 
PEGylation has for years been traditionally, and mainly, used in the pharmaceutical field to 

enhance the properties and physical characteristics of therapeutic proteins. However, the multiple 

advantages that this chemical modification confers to proteins, may be extrapolated to other areas 

such as bioprocessing. Considering the fact that the covalent attachment of PEG chains to a 

molecule enhances its solubility, stability and sometimes even its activity, it becomes interresting to 

study the effects that such modification can exert on unitary operations where proteins play an 

important role. Such is the case of bioreactors or affinity separation techniques like affinity 

chromatography where a specific protein is exploited in the process to state only a few examples.  

The experience in the separation, analysis and characterization of polymer – protein 

conjugates gained in the development of pharmaceutical formulations becomes important in the 

development of “PEGylaided” bioprocess. It is known for a fact that the PEGylation reaction should 

be designed carfully to obtain functional conjugates and that these conjugates need to be separated 

and characterized structurally and in terms of activity in order to identify the potential candidates 

that can be used in the final application. In this way, the tools developed in the pharmaceutical field 

come in handy in analyzing the polymer – protein conjugates obtained by adapting the different 

techniques for the desired purpose and to obtain a succesful “PEGylaided” unitary operation. 

This chapter reviews the analytical and characterization trends currently used in the 

development of polymer – protein conjugates intended for use in bioprocessing operations. In a first 

article,  the common steps that must be followed to obtain succesful applications are discussed as 

well as specific examples where PEGylation has been and could be employed to enhance the 

characteristics of a regular unitary operation where a protein is used. It should be noted that even 

when the analytical tools need to be adapted in a case–to–case basis, the elucidation of common 
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steps towards this specific goal becomes important when considering the design of a “PEGylaided” 

unitary operation. 

Following this line, and as an exaple to the potential that PEGylation may have in 

bioprocessing, the results for the PEGylation of Staphylococcal Protein A for its use in affinity 

chromatography are discussed in a second article. After testing different PEGylation strategies and 

selecting the most promising conjugates in terms of selectivity and decreased non–specific binding 

interactions, two Protein A affinity chromatography columns were PEGylated in situ. Results 

suggest that PEGylated media are capable of eliminating an amount up to 5% larger of contaminant 

proteins during the binding step while incrementing average antibody recovery yields up to 15% 

when compared to unmodified supports.  

These results add to other successful examples were PEGylated proteins have been used 

in bioprocessing. In fact, the development of “PEGylaided” bioprocess operations may become 

important in the near future, as the governing mechanisms involved in each modified process 

become clearer, promoting the adoption of such technology at industrial scale. Furthermore, 

PEGylation has the potential to be applied in any application where a protein is used exponentially 

increasing the opportunities for this technique.  
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3.1 
ADVANCES AND TRENDS IN THE DESIGN, 

ANALYSIS AND CHARACTERIZATION OF 
POLYMER – PROTEIN CONJUGATES FOR 

“PEGYLAIDED” BIOPROCESSES 
 
 
 
ABSTRACT 
 
Additionally to their use as therapeutics and due to their enhanced properties, PEGylated proteins 

have a potential application in fields such as bioprocessing. However, the use of PEGylated 

conjugates to improve bioprocess performance has not been widely explored. This limited additional 

industrial use of PEG – protein conjugates can be attributed to the fact that PEGylation reactions, 

their separation and the final structure and activity characterization of the resulting species is not a 

trivial task. The development of bioprocessing operations based in PEGylated proteins relies 

heavily in the use of analytical tools that need to be adapted, in some cases, from the strategies 

used in pharmaceutical conjugate development. For instance, to evaluate conjugate performance in 

bioprocessing operations, both chromatographic and non–chromatographic steps need to be used 

to separate and quantify the resulting reaction species. Afterwards, the characterization of the 

conjugates by mass spectrometry, circular dichroism and specific activity assays among other 

adapted techniques is required to evaluate the feasibility of using the conjugates in a unitary 

operation. The correct selection of the technical and analytical methodologies in each of the steps 

from the design of the PEGylation reaction to its final engineering application will ensure success in 

implementing a “PEGylaided” unitary operation.  
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3.1.1 
INTRODUCTION 
 

Proteins are considered one of the most versatile biotechnological materials due to the 

variety of the source of origin and their application in different fields. In this context, great 

technological and scientific efforts have been made to find ways to use, in different ways, the 

biological functions that proteins exert in vivo. These efforts have resulted in a wide variety of 

products that include personal care products, pharmaceuticals, cloth detergents and industrial 

catalysts, among others. 

However, the biological origin of proteins confers them certain limitations that need to be 

addressed in order to optimize their performance in their final application. Once a protein is 

removed from its natural environment, it is possible to observe a decrease or loss in biological 

activity due to structural changes that might as well make them susceptible to enzyme degradation 

or affect their physicochemical properties such as electrochemical charge or solubility.1 This has led 

to the development of technologies that seek to overcome these problems to preserve, assure and 

even increase protein functionality. Among these techniques we can find protein engineering (where 

certain amino acids or sequences from the original protein structure are changed, added and/or 

deleted) and different chemical modifications such as protein crosslinking, chemical introduction of 

small moieties, atom replacement, cofactor introduction and modification with monofunctional 

polymers.2 

PEGylation is a technique in which at least one chain of polyethylene glycol (PEG) is 

grafted to the structure of a protein, peptide or molecule.3 Depending on the number, molecular 

weights and locations of the attached PEG chains, the covalent modification can occur without 

negatively affecting the biological activity of the protein. In fact, this technique has been extensively 

used in the pharmaceutical field where PEGylation of therapeutic proteins has shown the most 

important breakthroughs. It is known that these polymer – protein conjugates are less susceptible to 

destruction by proteolytic enzymes, present larger body circulating times, larger shelf–lives and 

have better solubility and lower kidney clearance.4 All this is due to the fact that in solution, PEG 

chains become highly hydrated increasing the hydrodynamic volume of the protein and become a 

steric barrier to other molecules.5 The attachment of PEG chains to therapeutic proteins allows as 

well the alteration and control of the biodistribution, pharmacokinetics and occasionally the toxicity 

of the modified molecule.6 These improved characteristics become significant in pharmacology 

since they allow the design of therapies that require fewer doses and a better efficiency to a multiple 

array of diseases like cancer, hepatitis C and AIDS.  For these reasons, the interest in these 

compounds has also led to the development of analytical tools and techniques that allow their 
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characterization. Since PEGylation reactions yield mixtures of modified and unmodified species that 

may present differences in their activity, the separation and analysis of these conjugates has been 

the key point in understanding their behavior to allow their commercialization.  

In this context, the separation of PEG – polymer conjugates from reaction mixtures relies 

heavily in the use of chromatographic steps that exploit one or more of the properties that change in 

the molecule due to PEGylation (e.g. molecular size, superficial charge, hydrophobicity, etc.) or 

alternative non–chromatographic steps that are currently under development (e.g. Gel 

Electrophoresis, Capillary Electrophoresis, Ultrafiltration, Diafiltration, Aqueous Two–Phase 

Systems, etc.). The subsequent structural, mass and activity analysis needed to understand the 

performance of these species is mostly dominated by techniques such as Mass Spectrometry, 

Circular Dichroism, and specific activity assays designed for each of the modified proteins which 

exploit fluorescence, absorbance or a specific reaction that the enzyme catalyzes. However, each of 

these techniques presents proper advantages or disadvantages that need to be considered in 

designing a functional conjugate.   

The knowledge generated from pharmaceutical formulations of PEGylated proteins, 

facilitates the application of PEGylation to non–therapeutic applications, particularly in the 

bioprocessing field. Thanks to their enhanced characteristics, polymer – protein conjugates can be 

an attractive addition to traditional unitary operations. In this way, “PEGylaided” bioprocessing can 

be defined as the use of PEGylated proteins in engineering operations to improve their overall 

throughput and performance. However, the use of PEGylated proteins for biotechnological 

processes has not been deeply investigated. Most past efforts have been centered in improving 

enzyme solubility to enhance biocatalytical reactions, but a number of recent successful 

approaches outside this field has started to gain the attention of a number of investigation groups 

around the world.    

In general, ”PEGylaided” bioprocesses need to be designed on a case–by–case basis and 

a series of common steps are required to characterize the resulting unitary operation. Figure 3.1.1 

presents a schematized flow diagram of these technical and analytical steps; from the selection of 

the appropriate PEGylation reaction to the design of the unit operations where the PEGylated 

conjugates will be used. This review presents some of the recent efforts being made in the 

“PEGylaided” bioprocessing field describing the series of analytical steps needed to fully 

characterize their final application. First, a general background on PEGylation reactions and the 

different considerations that need to be made to obtain functional conjugates is given. The state of 

the art in chromatographic and non–chromatographic techniques used to separate PEGylation 

reaction mixtures prior to the analysis of the resulting species is discussed afterwards. Common 
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analytical tools and novel ones currently used in the study of PEGylated proteins and the way in 

which they can be implemented in bioprocess applications and their impact on the different unitary 

operations are also reviewed. 

 

                                         
 

 
Figure 3.1.1: Design and analytical steps in the development of a “PEGylaided” bioprocess. After the 

PEGylation reaction is designed, the resulting species need to be separated to analyze and characterize their 

properties and activity. The selection of the techniques used to achieve this depends on the properties and 

characteritics of the protein being used. Once a conjugate is identified and selected as a potential candidate to 

be used in a bioprocessing operation, the step needs to be designed and studied in order to evaluate the 

advantages of implementing this modified operation in the process.  
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3.1.2 
REACTION DESIGN AND CONSIDERATIONS 
 

Selecting the appropriate chemistry in the design of polymer – protein conjugates is the first 

step into obtaining a successful PEGylated product. Many of the final properties of the conjugate 

are directly related to the physical and chemical characteristics of the PEG selected which are then 

combined with those of the starting molecule. Therefore, the reaction design must be tailored to the 

protein of interest depending on its physicochemical properties and its final application. 

PEG is a linear or branched polyether with a hydroxyl group in each of its ends available in 

a wide range of molecular weights. The hydroxyl groups in its structure are generally available for 

their derivatization through a wide variety of chemical reactions that can be used to “activate” 

polymer reactive groups for subsequent conjugation to proteins.7 These derivatizations are usually 

obtained from the reaction of monomethoxypolyethylene glycol (mPEG) and cyanuric chloride or  

N–hydroxysuccinimide.8 In fact, most PEGylation reactions are designed using mPEG which has 

only one available hydroxyl group which guarantees its coupling to one single protein molecule 

avoiding the appearance of crossed linked products.6 Table 3.1.1 summarizes the characteristics of 

the most important available activated PEGs that can be used in PEGylation reactions. It should be 

noted that both structure and size of the selected PEG are variables that have a significant effect on 

the PEGylation process. As an example, branched PEGs increase the molecular weight of the 

PEGylated conjugate but can also limit the sterical availability of the PEGylation site, which might 

become an issue during the final application of the modified protein.11 Besides this, being produced 

by chemical synthesis, PEG polymers are usually polydisperse and may present different degrees 

of functionalization. This can generate a population of different conjugates or even compromise the 

efficiency of the PEGylation reaction. Therefore, the quality of PEG reagents is an important issue 

that may be analyzed via Nuclear Magnetic Resonance Spectroscopy (NMR) or chromatographic 

techniques to qualitatively and quantitatively determinate the characteristics of the reagents being 

used prior to start a PEGylation reaction.12  

PEGylation reactions and the different chemistries used to perform them have been 

extensively reviewed in literature.12-15 In general, the most common reactive groups involved in the 

coupling of activated PEG molecules to proteins are nucleophiles, with the following moieties 

ranked in decreasing order of reactivity: thiol, α–amino, ε–amino, carboxylate and hydroxylate. 

However, this order also depends on the reaction pH and steric accessibility. Furthermore, other 

residues, such as the imidazole group of histidine, may react under special conditions.16 The 

composition of the product will then be dependent on the number and local reactivity of the available 

attachment sites (amino and sometimes other nucleophilic groups), on the starting polypeptide, on 
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the reactivity of the activated PEG reagent and on the conditions of the modification reaction. These 

conditions include among others: pH, PEG – protein molar relation, protein concentration, time of 

reaction and temperature.6 Thus, polymer coupling may result in the generation of a family of 

species characterized by a distribution in number and position of attached PEG groups. However, 

by controlling one or more of the parameters involved, PEGylation reactions can be directed to 

produce specific PEGylated conjugates while increasing their efficiency. 

 
Table 3.1.1: Characteristics of available activated PEGs for protein PEGylation. Modified from [6, 9, 10]. 
 

Kind of                         
Activated PEG               Molecular Structure Recommended                     

Molecular Sizes 
Available                                

Functional Groups 

Linear 
 

1 – 40 kDa 
-OH 
-OCH3 

-Cl 
-Br 
-I 
-N3 

-NH2 

-NHCO2C(CH3)3 

-SH 
-O(C=O)CH2NHCO2C(CH3)3 

-OCH2CH(O)CH2 
-OC6H4CHO 
-OSO2C6H4CH3 

-OSO2CH2CF3 

-O(C=O)CH2CH2(C=O)OSu 
-O(C=O)OSu 
-O(C=O)OC6H4NO2 

-OCH2CO2H 
-O(C=O)NHCH2CO2H 
-O(C=O)NHCH2CO2CH2CH3 
-O(C=O)NHCH2(C=O)NHNH2 
-O(C=O)NHCH2CH2(C=O)NHNH2 

-O(C=S)SCH2CONH2 

-OCH2(C=S)SCH2CO2H 

Bifunctional 

 

1 – 40 kDa 

Y – Shaped 

 

5 – 40 kDa 

Highly 
Branched 

 

n = 5 – 40 kDa 
m = 0.5 – 2 KDa 

Multifunctional 

 

5 – 50 kDa 

        

It should be noted that PEGylation reactions are made preferably in single step 

unidirectional batch systems. These systems are ideal to guarantee that all products have followed 

similar processes by easily tracing them to their respective sources to facilitate the validation, 

reproduction and optimization of the reaction. Additionally, they allow the use of subtle reaction 

conditions and provide, when needed, sterilized reaction environments. On the other hand, since it 

is also desired to maximize the efficiency and specificity of every reaction while minimizing costs 

only pure protein samples are PEGylated. The use of crude protein extracts results in low reaction 
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yields and complex product mixtures that require additional reaction and/or separation steps, which 

may have a significant impact in the cost of the process.  

 
3.1.3 
SEPARATION AND PURIFICATION OF PEGYLATED CONJUGATES 
 

PEGylation reactions usually render mixtures of isomers or “PEGamers” that may present 

different biological activities depending on the number of grafted polymer chains, their length and 

their position within the conjugate. Most of the times only one of these PEGamers presents the 

optimal physicochemical characteristics that make it suitable for a specific application. Nonetheless, 

in some cases PEG – protein conjugate mixtures may present a synergistic performance in terms of 

activity. The use of PEGamer mixtures represents a process simplification from the purification point 

of view (separation of the conjugates is not required). However, a closer control of the PEGylation 

reaction is needed in order to assure reproducibility of the mixture (resultant species and their 

relative concentration).13  

In any case, in order to know the different activities of each of the PEGamers when studying 

the effects of PEGylation on a certain protein for the first time, these isomers need to be separated 

and purified. If only one of these conjugates presents the characteristics needed, this first 

separation approach may serve as a template for a more specific purification strategy. In this 

context, separating PEGylated conjugate mixtures involves removing all molecular species that are 

not part of the target product (i.e. unreacted protein and PEG, undesired PEGamers, etc.) and 

fractionating these proteins according to their PEGylation degree and their positional isomerism.13 

However, separating these mixtures is not a trivial task. The amphipathic nature of PEG and the 

hybrid PEG – protein properties acquired by the conjugates usually complicate the separation 

strategy. Therefore, a combination of chromatographic and non–chromatographic techniques must 

be used and designed for each PEGylation process exploiting the physicochemical properties of the 

molecules in the mixture. 

Most of the methods used to purify PEGylated proteins are based in molecular size. One of 

these is Size Exclusion Chromatography (SEC). This technique is favored by the increment in the 

hydrodynamic radius caused by the grafted PEG chains, which reduces protein accessibility 

through the porous media altering its elution times. As mentioned earlier, PEG chains become 

highly hydrated in solution. In fact, these chains are capable of binding approximately 16 water 

molecules per ethoxy group, which adds much more to the molecular radius of the conjugates and 

gives good resolutions in preparative–scale SEC. However, as the extent of PEGylation increases, 

SEC is less effective in discriminating among species that differ by a single grafted polymer chain 
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being di and tri–PEGylated species the upper limit for good resolutions even for 40 kDa adducts.13 It 

has also been reported that in SEC, the differences in size are not enough to separate positional 

isomers since they all behave as a globular protein core surrounded by a shell of random coil 

polymers.17 Other methods based in molecular size are ultrafiltration and diafiltration, which are 

mainly used to concentrate the molecules13 but can also be used to separate PEGylated species 

from the unreacted proteins with high yields in purification factors.18 In fact, these                   

non–chromatographic strategies are capable of discriminating between conjugates of the same 

molecular size that differ in polymer chain lengths and the number of grafting sites.19 

After reaction, besides a change in size or molecular mass, an alteration in the net charge 

of the protein can be expected. For this reason, Ion Exchange Chromatography (IEC) is able to 

separate these proteins. In fact, the most commonly used method is cationic exchange since 

PEGylated proteins contain one less positive charge for each PEG molecule grafted to an amino 

group. However, PEG chains may sterically interfere with the charged residues of the polypeptide 

hampering their proper interaction with the ion exchange support.20 For IEC, chromatograms 

increase in complexity as the degree of modification of the conjugates becomes higher. Under the 

proper chromatographic conditions, single peaks can sometimes be observed for each of the 

conjugates. However, as the heterogeneity of the reaction mixture increases, shorter elution times 

and a number of possible PEGamers in each peak are observed. To partially overcome these 

difficulties, the use of non–porous supports that provide better mass transfer kinetics and low pH 

elution that maximize the net positive charge on the modified protein are encouraged to enable 

retention on a cation exchanger. When properly characterized, IEC can also be used to establish 

lot–to–lot product consistency.20  

On the other hand, few works have reported the use of hydrophobicity to separate 

PEGylated conjugates. Hydrophobic Interaction Chromatography (HIC) and Reverse Phase 

Chromatography (RPC) have not been fully investigated. These methods are interesting since 

PEGylation affects the hydrophobicity of a protein. For RPC low resolutions have been obtained 

while trying to separate conjugates and it has been proven that the technique might produce 

undesired structural changes in the separated species. Previous studies have shown that HIC, on 

its part, presents as well a diminished capacity and low discrimination between adjacent peaks.20 

However, recent studies suggest that good selectivity and PEGamer separation and resolution can 

be obtained in HIC by selecting appropriate separation conditions. This has been achieved by using 

buffers where PEGylated proteins can be fully solubilized. For instance, good PEGamer resolution 

was obtained when separating PEG–lysozyme conjugates in sodium chloride by a still unknown 

supporting mechanism compared to the separation obtained in ammonium sulfate where a 
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decreased solubility of the same proteins was observed.21 Since the changes in the hydrophobic 

properties of PEGylated proteins are difficult to predict and chain lengths have also an impact in 

column binding capacities due to the apparent increase in molecular weight conferred by solubilized 

conjugates, separation conditions for this technique need to be determined empirically.  

Together with membrane separations that exploit molecular size to separate PEGylated 

conjugates, there are other non–chromatographic techniques that can be used to accomplish this. 

For instance, Aqueous Two Phase Systems (ATPS) is a liquid – liquid partition method where the 

separation is based in the differences in the solutes partition coefficients (KP, defined as the ratio of 

the concentrations of a target molecule on the top and bottom phases of the system). In order to 

achieve a selective fractionation the partition coefficient must be optimized for each of the 

components by an adequate selection of the system parameters.22 Even though there are only few 

works that report the fractionation of PEGylated proteins using ATPS, it is known that their recovery 

using this technique is an attractive alternative to the traditional chromatographic approaches.23-25 In 

this context, it has been reported that in polymer – polymer ATPS the value of KP increases 

proportionally as the number of grafted PEG chains in the conjugate increase23 and that in polymer 

– salt ATPS a single PEG chain attached to a protein is enough to separate PEGylated conjugates 

from unreacted species.24 Furthermore, since PEGylated conjugates are structurally related and 

usually present small differences in their partition coefficients, counter current distribution ATPS 

(CCD–ATPS) has been successfully employed to separate native, mono and di–PEGylated 

enzymes.25 However, no reports exist that demonstrate the capability of this technique in 

discriminating among PEGamers. 

Other examples of non–chromatographic techniques used for the same purposes are 

Polyacrylamide Gel Electrophoresis (PAGE) and Capillary Electrophoresis (CE). Both techniques 

are widely used to separate PEGylated proteins at lab scale, but are mainly used for analytical 

purposes.26 On its part, PAGE has been previously used to analyze and characterize PEGylation 

reactions using mixtures of stains to visualize reaction products and unreacted PEG.27-29 The 

technique has been extremely useful in the separation of conjugates for subsequent mass and 

structure analysis. However, no current correlations exist to quantitative determinate molecular 

weights since standard protein ladders cannot be used with this purpose.26 On the other hand, CE 

has been used to optimize PEGylation reactions, to assess purity and stability,30 to analyze the 

PEGylation site, and to identify positional isomers.31 CE presents the advantage of providing faster 

and more efficient separations than PAGE in the slab–gel format32 and providing results that are 

comparable with chromatographic techniques. Despite this, due to scale–up incapability, both 

techniques have not been implemented industrially.  
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 3.1.4 
MASS AND STRUCTURE ANALYSIS OF PEG – PROTEINS  
 

In order to validate a PEGylation reaction as well as to characterize and quantify PEGylated 

derivates, several analytical techniques need to be used along with the purification strategies 

aforementioned. These techniques need to be properly adapted to be used for polymer – protein 

conjugates since PEGylation may change properties such as UV–visible absorption spectra and 

electrophoretic mobility, which complicate their proper characterization and quantification.33 An 

important parameter in determining the total mass of PEG – protein conjugates is the number of 

bound polymer chains since according to their length and number these molecules are responsible 

for the increase in molecular mass. The quantification of these grafted PEG chains in a conjugate is 

usually measured indirectly from the decrease in unreacted amino groups by fluorimetric or 

colorimetric methods. These methods are based in the reaction of either PEG with substances like 

iodine16 or the amino groups in the protein with reactants such as 2,4,6–trinitrobenzenesulfonic acid 

(TNBS)34 or ninhidrin.35 However the results obtained with these methods are not always reliable 

since they possess low sensitivity due to their variability and the need for a separate evaluation of 

protein concentration using protein standards.16  

Together with UV–Visible Spectrophotometry and Electrophoresis, Mass Spectrometry 

(MS) and Circular Dichroism (CD) are the most common techniques used to characterize the mass 

and structure of PEGylated proteins and are of great importance in areas such as manufacturing 

and quality control.36, 37 In fact, current protocols for the characterization of purified PEGylated 

proteins use as a first step PAGE, Silver Staining and/or Western Blotting to confirm the identity of 

the PEGylated proteins. The following step uses MS to confirm the PEGylated protein’s mass and 

polydispersity of the reactive PEG. And finally, CD is used to confirm the secondary structure of the 

protein.38 Current technological advances are allowing the use of these techniques for the 

optimization of different manufacturing process parameters such as product yields and 

heterogeneity giving great advantages over time consuming chromatographic steps. 

On its part, MS is probably the most powerful technique used in analyzing PEGylated 

proteins. MS yields a complete picture of the components of the conjugation reaction based on their 

mass. In this context, Matrix–Assisted Laser Desorption / Ionization MS (MALDI–MS) and 

Electrospray MS (ES–MS) have been used to evaluate the mass of PEGylated species present in 

reaction mixtures since both methods can be used with any of the different PEG coupling methods 

available. In the case of MALDI–MS, ionization of the PEGylated species in the matrix gives 

different extraction yields due to their differences in molecular weight causing the method to be not 

quantitative and causing difficulties in the analysis.16 In any case, interpretation of MS spectra 
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should be carried out carefully to avoid ambiguous identifications of PEGylated proteins since the 

signals obtained depend entirely on the intrinsic properties of the peptide.12 

MS is also capable of identifying the localization of the PEGylation site in the primary amino 

acid sequence and the number of attached polymer chains by digesting the polymer – protein 

derivative when used together with Amino Acid Analysis (AAA). This can be achieved by comparing 

the fingerprints of the conjugate and the native protein to understand the region where PEGylation 

occurred based on the observed missing residues. However, AAA is a lengthy procedure and it 

might be hampered since proteolytic enzymes might not adequately cleave the protein due to the 

steric hindrance of PEG chains.9 Additionally, MS can also be aided by techniques such as 

Dynamic Light Scattering (DLS) to measure the hydrodynamic diameters of the resulting species. 

DLS is the industrial method of choice for the determination and characterization of submicral 

particles. In the PEGylation field, it has been found that the diameters of the conjugates correspond 

approximately to the sums of those from the native protein and the PEG chains in mono and          

di–PEGylated molecules.39 Furthermore, DLS has aided in determining the position of the PEG 

chains in respect to the protein. For lowly PEGylated species (1 or 2 grafted PEG chains), polymer 

chains behave as a relatively random coil adjacent to the globular protein (Dumbbell Model); 

whereas in higher PEGylated conjugates polymer chains tend to wrap the protein increasing its 

apparent molecular size (Shroud Model).40 The final conformation of the PEG – protein conjugate is 

an important parameter to consider while designing a unitary operation based in its functionality. 

In the same line, Asymmetrical Flow Field–Flow Fractionation (AF4) is an emerging 

technology that has been successfully employed to quantify the mass of PEG bound to gelatin 

nanoparticles.41 This chromatography–like method separates samples in a liquid phase on a 

channel with a single permeable wall by applying an external field perpendicular to the sample 

flow.42 Even if this technique is mainly used to concentrate and separate biological samples, it can 

be combined with other analytical techniques like Refractive Index Detection (RI) and microscopic 

analysis to assess the degree of modification by a comparison of RI peak areas.41 AF4 has not 

been used to characterize non–aggregated PEGylated proteins, but its use could be easily 

implemented in analyzing separate species of PEGylated proteins in solution. A drawback of this 

method is that it is considered difficult to validate and therefore is not used as a routine analytical 

tool.43 

Even though PEGylation does not induce significant conformational changes in the protein 

by itself,44, 45 it has been found that slight alterations on the α–helical structures of the protein may 

occur. These changes in secondary structure may have an impact in the activity of the conjugates. 

The most commonly employed method in the quantification of the overall structure (secondary and 
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tertiary) content of proteins is CD. The spectra obtained in the different spectral regions provide 

valuable information on the structural relationship between native and modified proteins and can 

provide quantitative estimates of stability under temperature or other denaturing stress conditions. 

This is done by monitoring the content of the different secondary structures in the analyzed species. 

In this context, CD can measure the rates on which these structural changes occur under a wide 

variety of experimental conditions.46  

With this same purpose of obtaining structural information, we can find other spectroscopic 

methods like Fluorescence, Light Scattering and Calorimetry. X–ray Crystallography and NMR 

Spectroscopy on their part, can also provide structural information with an atomic level resolution. 

However, CD is a much less demanding in terms of sample and time requirements. In this sense, 

X–ray Crystallography requires suitable diffracting protein crystals which are not always easy to 

generate. By its part, NMR Spectroscopy need high protein concentrations (typically 0.5 mM) and is 

limited to relatively small protein fragments (≤ 40 kDa).46 Nonetheless, X–ray Crystallography and 

NMR Spectroscopy can also be of assistance along with separation techniques like SEC, Native 

Gel Electrophoresis and Analytical Centrifugation to analyze higher order structures within the 

conjugates.37  

In general, the data obtained from some of these techniques can be very limited and lack 

both sensitivity and specificity, or the analysis methods and the required materials may be 

complicated. Therefore, assessment of protein structure should be carried out with special care and 

according to the characteristics of the protein being studied to select the best options. Table 3.1.2 

presents examples of some of the available techniques that have been used to structurally and 

molecularly characterize PEGylated proteins in non–therapeutical applications. 

 
3.1.5 
ACTIVITY ANALYSIS OF PEGYLATED PROTEINS 
 

One of the most important steps in characterizing PEGylated proteins for any application is 

the assessment of their activity after the reaction. Once the conjugates have been separated and 

analyzed a series of assays should be performed to confirm the biological activity of the protein.38 

The selection of these assays depends entirely on the activity that the protein presents in its native 

form and the characteristics sought to improve by PEGylation for its intended application.   

Most methods currently used to quantify biological activity involve bioassays, 

immunoassays and radioassays by measuring the activity of the compound in a specific biological 

process. However, the amino acid sites that are important for binding to other molecules are 

frequently masked by PEG, which affects binding with its specific bioligand.12 In this context,  
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numerous techniques can be adapted to quantify the activity of PEGylated conjugates. Such is the 

case of Bio–Layer Interferometry (BLI) where the binding of a molecule to a ligand in a biosensor tip 

surface is measured via the increase in optical thickness in the biosensor tip.51 This becomes 

relevant on proteins destined to affinity applications since it is known that PEGylation might 

increase the binding constant logarithms or entirely eliminate binding depending on the reaction 

site.13 In fact, optical biosensing techniques such as BLI are emerging with these purposes because 

besides measuring interactions in real time they present many advantages over equilibrium 

techniques such as saturation and competition binding or kinetic assays involving isotopes or other 

labels.52 However, optical biosensor assays are usually used for direct binding studies since they 

cannot tell weather the studied molecule inhibits or activates a particular target. Therefore          

activity–based assays are continued to be used as screening tools.51  

In this sense, it is also possible to quantify activity selecting an appropriate reaction and 

comparing the transformation rates between the unmodified protein and the conjugates. Examples 

of this can be extensively found in literature where fluorescence usually serves as the most 

common way to measure these rates. That is the case of enzymatic activity of PEGylated 

Ribonuclease A towards a fluorescent RNA oligomer.39 The assessment of binding affinity of the 

PEGylated antimicrobial tachyplesin on membranes based on changes in tryptophan fluorescence 

upon binding is another example of these measurements.45 However, examples where fluorescence 

is not used are also reported. Such is the case of the measurement of lytic activity of modified 

lysozyme towards different microorganisms47 and the rate of hydrolysis towards a specific substrate 

for PEG–α–chymotrypsin conjugates.48 The assays employed to measure the activity of the 

PEGylated proteins in the previously described examples are summarized as well in Table 3.1.2.  

In general, efficiency studies of PEGylated proteins are performed using laboratory based 

model systems that might not be completely representative of the in vivo biological activity of 

PEGylated molecules and should, therefore, be adapted adequately.53 As noted, all assays should 

be designed in a case–by–case basis and compared, when possible, with other assays. This 

becomes important due to the fact that all activity assays available are designed for unmodified 

proteins and might not be always suitable for the PEGylated counterparts. The design of these 

assays is an opportunity area by itself and may represent also an area where PEGylated proteins 

could be employed. It should also be mentioned that once the conjugates with the optimal activity 

have been identified and selected, the unit operations in which they will be involved should be 

characterized in order to determine whether or not the “PEGylaided” bioprocess presents a 

technical and/or economical advantage in comparison to its unmodified counterpart. 
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Table 3.1.2: Mass, structure and activity analysis employed in different non–therapeutic polymer – protein 

conjugates. 

 

PEGylated 
Protein           

(PEG MW) 
Technique or Assay Analysis Results Reference 

Ribonuclease A 
(20 kDa) 

 
MS 
DLS 
Fluorescence 
 

Molecular weights, hydrodynamic diameters and intrinsic 
solution phase activities of the native, mono and di-PEGylated 
species. 

39 

Tachyplesin I      
(5 kDa) 

 
CD 
Fluorescence 
 

Protein conformation and activity monitoring by leakage of a 
dye from liposomes that mimic bacterial and mammalian cell 
membranes. 

45 

Lysozyme* 

 
SEC 
SDS-PAGE 
Turbidity 
Fluorescence 
 

Extent of polymer modification and assessment of lytic activity 
towards several microorganisms. 

47 

α-Chymotrypsin 
(5 kDa) 

 
TNBSA Assay 
Spectrophotometry 
 

Extent of PEGylation measuring unreacted amino groups and 
activity and residual activity rates by monitoring product 
formation after hydrolysis of the substrate. 

48 

Cytochrome C     
(5 kDa) 

 
MS 
SDS-PAGE 
CD 
Fluorescence 
RP-HPLC 
 

Molecular weights and extent of PEGylation of modified 
species. Determination of structure, protein unfolding patterns 
and thermal stability showing the distortion effects on the 
active site. Measurements on the effect of temperature upon 
activity. 

49 

Bovine Serum 
Albumin        
(5kDa) 

 
Differential Scanning 
Calorimetry 
DLS 
Microscopy 
 

Measurement of the effective diameter, morphological 
character, secondary structure, thermal melting behavior and 
co-localization of PEG-BSA complexes in different organic 
solvents. 

50 

 

* The enzyme was modified with poly(N-isopropylacrylamide) 

 
3.1.6 
CURRENT TRENDS IN THE USE OF PEGYLATED PROTEINS IN 
BIOPROCESSES 
 
 To date, few efforts have been reported concerning the potential application of PEGylated 

proteins in bioprocess applications. The use of immobilized PEGylated enzymes as industrial 

catalysts was the first example of a bioconjugation strategy aimed towards this approach. Since 

then, bioconjugation has been used in the food, chemical and textile industries but not in great 

extent.54 

For example, PEGylation has proven to be useful in allowing enzyme catalysis in organic 
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solvents. As known, most enzymes present a low dispersion degree in non–aqueous media, which 

is a critical factor for catalytic activity [55]. PEGylation has been found to be very efficient in 

maintaining the protein structure and enantioselectivity of α–chymotrypsin while increasing its 

activity up to more than 400 – fold in organic media (i.e. cyclohexane, toluene and octane) 

compared to that of the powder lyophilized from the buffer alone.56 On their part, PEGylated lipase 

and catalase have also been able to catalyze their respective reactions in organic media showing 

high enzymatic activities.57, 58 As mentioned before, the use of enzymes in non–aqueous media is 

usually difficult due to factors such as reduced conformational stability, unfavorable substrate 

desolvation energetics and conformational changes. Therefore, being able to use these PEGylated 

catalysts in organic solvents results interesting due to their enormous selectivity, which can be used 

to introduce chirality to organic molecules, resolve racemic mixtures and functionalize molecules 

regioselectively.56 PEGylation can also reduce diffusion of an enzyme entrapped in a hydrogel by 

increasing its size. Such a case was reported by entrapping PEGylated lipase in polyvinyl alcohol 

conserving its catalytic activity and regioselectivity in the hydrolysis of water insoluble 

acetoxycoumarines.59 Furthermore, increments in the activity of enzymes in ionic liquids have also 

been reported like the case of the PEG–lipase complex that exhibited a 14 – fold increased activity 

in 1–octyl–3– methylimidazoliumhexafluorophosphate.60 

The use of PEGylated enzymes has also been reported for applications in the textile 

industry. Fully active PEG–protease conjugates have been used to restrict the hydrolysis of wool 

fibers to its cuticles preserving strength and weight while giving the fabric its felting tendency, shrink 

resistance and dyeing characteristics.61 Furthermore, these same conjugates have been used in 

detergent formulations that have proven to have excellent stain removal properties at low 

temperatures, color and fabric protection when compared to detergents where the unmodified 

enzymes were used.62 Thermal stability is another exploitable advantage obtained with PEGylation. 

For example, cytochrome C has a maximal peroxidase activity between 70 °C and 80 °C. With 

PEGylation, it showed activity at temperatures higher than 100 °C stabilizing its kinetics on 

hydrophobic substrates where potential industrial applications exist.49 This thermal stability was also 

observed in a PEGylated lipase–installed gold colloid where the enzyme retained most of its activity 

after repeated treatments at 58 °C and where the PEG condensed layer between the immobilized 

enzyme in the gold colloid is believed to prevent its denaturation at high temperatures.63  

The selected examples discussed here show some of the potential applications for 

PEGylated molecules in the bioprocessing field. It is easy to anticipate that PEG–modified proteins, 

such as enzymes, are suitable for bioreactor systems and biosensors due to their increased 

stability, solubility and resistance in different solvents.64 For instance, this enhanced solubility 
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makes PEGylated proteins suitable for affinity liquid – liquid extractions. In this way, more than 20 

years ago, PEGylated antibodies were used for the selective fractionation of human red blood cells 

towards the top phase in PEG – dextran ATPS.65, 66 The applications in this technique where further 

improved with similar results by PEGylating protein A and thus eliminating the need to conjugate 

specific antibodies to certain cell types via in situ coupling of this modified protein with the native 

antibodies in the systems.67   

As noted, PEGylation can actually be extrapolated to any application that involves the use 

proteins like the case of affinity chromatography (AC). For instance, PEG conjugation has been 

performed to immobilized Concanavalin A in AC media giving it a higher stability at extreme 

conditions such as exposure to organic solvents and high temperatures while preserving its 

adsorption capacity.35 Our research group on its part is working with Carnegie Mellon University on 

using immobilized PEGylated protein A from Staphylococcus aureus in AC media where an 

increment in the product yield and preservation of selectivity and binding capacity have been 

observed.  

The use of polymer – protein conjugates in “PEGylaided” bioprocess is a promising strategy 

since any unitary operation based in the use of proteins represents an opportunity window where 

these conjugates could be potentially used. To illustrate this point, Figure 3.1.2 depicts some of the 

areas where PEGylated proteins could impact the bioprocessing field. As noted by the properties 

that are improved by the reaction in each of the cases presented, other applications could be easily 

found for these proteins. This includes analytical technologies such as microarrays, ELISA assays, 

and biomedical detection devices based on enzyme activity. Furthermore, PEGylated proteins could 

be used on the generation of biofoams and the production of biofuels (bioreactors with immobilized 

PEGylated enzymes), just to state some other examples. For this reason, the characterization and 

exploration for novel uses of PEGylated conjugates results of high importance. It is clear that the 

identified advantages of using PEGylated proteins in bioprocessing will result in the extended 

application of PEGylation to improve bioprocess performance. 
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Figure 3.1.2: Potential bioprocessing areas where PEGylated proteins could be implemented. The 

diagram shows examples of upstream, downstream and analysis operations that could significantly be 

improved by the use of polymer – protein conjugates.  

 
3.1.7 
CONCLUSIONS 
 

PEG – protein conjugates are an attractive and potential alternative to optimize and further 

develop traditional bioprocessing operations where proteins are actively used. The experience 

obtained from the development of therapeutic applications for PEGylated proteins and from those 

cases seeking to use them in bioprocessing has given the scientific community the necessary tools 

and technology to develop and exploit the versatility of these conjugates in unitary operations. 

Current efforts are being made to use PEGylated proteins in bioprocessing applications in both 

upstream and downstream operations. These successful examples take into consideration a series 

of steps that start with the selection of the appropriate PEGylation reagents and chemistries. After 

the reaction and separation of the conjugates, the complete structural and activity characterization 

of the resulting species is analyzed. Finally, the application where the proteins are going to be used 

is designed. On their part, these steps are all supported by a group of techniques like 

chromatographic and non–chromatographic separations to isolate each of the conjugates to 

completely analyze them. In this way, the selection of the appropriate methodologies to characterize 

the PEGylated conjugates is the center point in designing a successful application. With this 

purpose, analysis strategies currently used for the characterization of therapeutic PEGylated 

proteins like Chromatography, MS and CD, to cite just a few examples, are of great support in 

achieving this. However, as technology and further applications are envisioned for PEG – protein 

conjugates in the bioprocessing field, new methodologies should be created or adapted to meet the 

analytical needs. These needs will require a full structural, physical, and chemical description of the 

conjugates that should be as accurate as possible. It is also true that some limitations might be 
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encountered in the use of these methodologies. These constraints are associated to the physical 

and chemical properties obtained by the conjugates after reaction and the fact that the original 

technologies are not designed for PEGylated proteins. Therefore, further understanding of the ways 

to overcome these limitations will accelerate the development of analytical tools that can be applied 

robustly in “PEGylaided” bioprocessing. Additionally, a complete analysis of the technological and 

economical benefits that using such technologies could have on ordinary bioprocess operations 

may result in more efficient strategies that may be attractive to many industries.  
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3.2 
TOWARDS IMPROVING SELECTIVITY IN 

AFFINITY CHROMATOGRAPHY WITH 
PEGYLATED AFFINITY LIGANDS: THE 

PERFORMANCE OF PEGYLATED PROTEIN A 
 

 

ABSTRACT 
The chemical modification of macromolecular affinity chromatography ligands by the attachment of 

polyethylene glycol chains or “PEGylation” can improve selectivity by decreasing non–specific 

binding interactions without sacrificing binding capacity. These advantages may be seen in 

applications such as Protein A Affinity Chromatography, which has for years been one of the 

methods of choice in purifying monoclonal antibodies. In this study, Protein A affinity media were 

PEGylated in situ using aldehyde–activated mono–methoxy polyethylene glycols with molecular 

weights of 5.0 and 20.7 kDa in order to determine their effect on media selectivity and binding 

capacity, using IgG as a model protein. IgG binding capacities, selectivities and overall performance 

of the modified media were compared with those with unmodified Protein A media using 

biomolecular interaction screening platform technology and column–based measurements.          

Non–specific binding studies of rabbit IgG were conducted in yeast extract and fetal bovine serum 

mixtures. Results suggest that PEGylated media are capable of eliminating an amount up to 5.0% 

larger of contaminant proteins during the binding step without affecting IgG specificity or increasing 

the contaminant levels in the IgG elution pool. In fact, an increment of up to 15.0% on the average 

recovery yields was observed while using the PEGylated media being the 20.0 kDa PEGylated 

medium the one that presented the best results with IgG recovery yields of 98.0%. The general 

advantages that PEGylation confers to Protein A Affinity Chromatography are presented in this 

work. 
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PEGylation; Protein A; Affinity Chromatography 
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3.2.1 
INTRODUCTION 
 

The promising advantages of the use of native or engineered antibodies as therapeutic 

pharmaceuticals has lead to the development of highly efficient mammalian cell processes that can 

achieve antibody concentrations greater than 5 g/L using recombinant DNA and hybridoma 

technologies.1 Nowadays, more than 200 new antibody–based therapies are currently in 

development or in different stages of clinical trials for which monoclonal antibody (mAb) global 

production will soon surpass the 20 metric tons.2 The expected increment in this market and the 

economical pressure it creates has led to major scientific and industrial efforts to technically meet 

with future demands of these products by improving the standardized approaches currently used for 

their production. 

As mentioned before, cell engineering has allowed great throughputs in the large – scale 

production of antibodies in different CHO, murine lymphoid, hybridoma and other mammalian cell 

lines. However, the use of mammalian cell culture media generates highly complex mixtures that 

must be processed in order to obtain a pure product. For this, a series of various chromatographic 

and at least two virus removal/inactivation steps are used to obtain highly pure and safe products 

with final yields in the range of 60% – 80%.1 Usually, affinity chromatography (AC) is the first step in 

the downstream process to purify mAbs followed by ion exchange chromatography to remove host 

cell proteins, DNA, endotoxins, and leached protein from previous steps.3     

In AC the protein to be purified is passed through a column containing a resin to which a 

specific ligand or competitive inhibitor has been covalently attached. The protein of interest, that 

exhibits appreciable affinity for the ligand, is retarded to an extent related to the affinity constant 

whereas the rest of the proteins simply pass through.4 The most common ligand used in this 

technique, specifically for the purification of antibodies, is Staphylococcal Protein A (SPA). SPA is a 

42 kDa protein which contains little or no carbohydrate found in the cell walls of Staphylococcus 

aureus.5 This molecule has the ability to tightly but reversibly bind with the constant (Fc) region of 

antibodies like γ–Immunoglobulin (IgG) from most mammal species.6 This binding mechanism is 

governed by hydrophobic and electrochemical (particularly hydrogen bond and salt bridge) 

interactions.7 In fact, it is suggested that S. aureus uses SPA to coat its cell surface by binding IgG 

molecules by their Fc regions as a stealth mechanism from the Fc receptors of its host leucocytes.8          

The SPA molecule has at least two accessible sites for binding IgG5 and consists of three 

different regions: a signal sequence processed during secretion (S), five homologous IgG binding 

domains (E, D, A, B and C) and a cell wall anchoring region (domains X and M). The five IgG 

binding domains are arranged in antiparallel three α–helical bundles of about 58 amino acids and 
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the whole three–dimensional structure is stabilized via a hydrophobic core. Each of the E, D, A, B 

and C domains bind to the Fc part of the IgG molecule trough 11 residues in helixes 1 and 2. 

However, they can also interact with the antigen binding (Fab) regions of antibodies by interaction 

with 11 residues located distinctively apart in helixes 2 and 3.9 A scheme for the different SPA 

binding domains and the residues involved in α–helix formation and thus in IgG recognition is 

presented in Figure 3.2.1. 

 

 
 
Figure 3.2.1: Comparative structures and aminoacid sequences of Staphylococcal Protein A (SPA) and 

recombinant Staphylococcal Protein A (rSPA). The approximate aminoacid sequences of each of the IgG 

binding domains is presented showing the residues that form α–helix structures. The top sequence 

corresponds to the ancestral consensus for the homologous domains E, D, A, B and C. The sequence for the 

truncated anchoring X domain of rSPA is shown at the bottom. Lysine (K) residues available for PEGylation are 

highlighted. 

 

Even though several affinity ligands exist to initially purify antibodies from crude protein 

mixtures, Protein A AC has become during the last two decades the method of choice by most 

manufacturers to achieve this. Besides being well characterized, SPA has advantageous properties 

including stability over a wide range of pH (pH 2.0 – 11.0), ability to refold after treatment with some 

denaturing solutions (i.e. urea and guanidinium salts), and resistance to 0.5 M NaOH for clean up 

with only a minor decrease in functional capacity.10 SPA has since then been improved to withstand 

 
 
 
 
 
 
 

  AQHDEA QQNAFYQVL NMPNLNA DQRNGFIQSLKD DPSQSANVLGEAQKLNDSQAPK 

ADAQQNNFNKD QQSAFYEIL NMPNLNE AQRNGFIQSLKD DPSQSTNVLGEAKKLNESQAPK 

ADNNFNKE QQNAFYEIL NMPNLNE EQRNGFIQSLKD DPSQSANLLSEAKKLNESQAPK	   

ADNKFNKE QQNAFYEIL HLPNLNE EQRNGFIQSLKD DPSQSANLLAEAKKLNDAQAPK  

ADNKFNKE QQNAFYEIL HLPNLTE EQRNGFIQSLKD DPSVSKEILAEAKKLNDAQAP  

S 

E 

D 

A 

B 

C 

 

 
 
 
 
 

E 

D 

A 

B 

C 

X 

SPA rSPA 

ADNKFNKE QQNAFYEIL NMPNLNE EQRNGFIQSLKD DPSQSANVLAEAKKLNDSQAPK 

Consensus Domain Sequence 

Binding Domain 
Sequences 

Truncated X Domain Sequence for rSPA 

EEDNNKPGKEDNNKPGKEDNNKPGKEDN

NKPGKEDNNKPGKEDNNKPGKEDGNKPG

KEDNKKPGKEDGNKPGKEDNKKPGKEDG

NKPGKEDGNKPGKEDGNGVHVVKPGDTN

DIAKANGTTADKIAADNK 

α-Helixes X 

M 

99 



CHAPTER 3 

 

the harsh environments employed in industrial applications and is commercially available from 

different manufacturers immobilized on materials like cross–linked agarose, porous glass and 

polystyrene divinyl benzene.3 However, the rise in cell culture titers and the need to process larger 

masses of antibodies indicate that further improvements in the current range of Protein A resins 

available are needed in order to meet the market future demands. In this context, several protein 

engineering strategies like site directed mutagenesis in one of the SPA domains have been used to 

improve its specificity to the Fc region.9 Other examples of these strategies can be found in 

recombinant Staphylococcal Protein A (rSPA). As it can also be seen in Figure 3.2.1, in rSPA, the 

signal sequence processed during secretion has been eliminated to improve its ability to be 

immobilized for its use as an affinity chromatography ligand. Additionally, a part of the cell wall 

anchoring region has been truncated to allow its production in non–pathogenic bacteria like 

Escherichia coli.11  

A major advantage of SPA is that it can be conjugated with fluorescent dyes, enzyme 

markers, biotin and colloidal gold or can be immobilized in solid supports such as agarose or acrylic 

beads without affecting the antibody binding site allowing its current use in many other 

biotechnological applications. In this context, chemical modifications such as PEGylation can be 

performed on SPA to enhance its properties once it has been immobilized in a chromatographic 

resin. PEGylation is defined as the modification with at least one polyethylene glycol (PEG) chain of 

a peptidic or non–peptidic molecule without losing its properties.12 The covalent attachment of PEG 

chains to a protein, synergistically combines the properties of both molecules creating an hybrid 

where the protein imparts the biological properties while the polymer improves its stability, solubility 

and biocompatibility.13  

As an amphiphilic polymer, PEG has many useful properties like the wide range of 

solubilities in organic and aqueous media, lack of toxicity and immunogenicity, non–biodegradability 

and ease of excretion from living organisms that have made it the polymer of choice for trying to 

alter one or more properties of a substrate of interest to make it suitable for a particular 

application.14 However, the final properties of the conjugate will be affected by several factors like 

the number, weight and structure of the PEG chains grafted, the location of these chains and the 

chemistry used for the reaction.15 

Successful examples of PEGylated AC ligands like Concanavalin A can be found in literature 

where higher stability at extreme conditions like exposure to organic solvents and high 

temperatures have been achieved while preserving the binding capacity of the resins.16 The 

objective of this work is to design a proper PEGylation SPA reaction to apply it in situ to AC media 

in order to determine the effect of this modification on selectivity via a decrease of non–specific 
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binding interactions with the ligand. The binding capacities, selectivities and overall performance of 

the modified media are compared with those of unmodified SPA columns using both a biomolecular 

interaction screening platform technology and column–based measurements under a standard (bind 

/ wash / elute / regenerate) mAb purification protocol. 

 

3.2.2 
MATERIALS AND METHODS 
 
3.2.2.1 
Materials 
 

Recombinant Staphylococcal Protein A (rSPA) and immobilized rSPA media were donated by 

RepliGen, Inc (Waltham, MA). rSPA contains 422 amino acids, giving a molecular weight of 46.7 

kDa, and consists of the five Fc binding domains of wild type SPA (E, D, A, B and C) together with a 

truncated form of the lysine–rich anchoring domain (X)11; the primary structure of rSPA is shown in 

Figure 3.2.1. The immobilized rSPA media was provided in the form of 5.0 mL pre–packed CaptivA 

PriMAB columns. The base matrix for this media is Sepharose 4 FF from GE Healthcare. 

Sepharose CL–4B, used as a base matrix mimic for Sepharose 4 FF, was obtained from              

GE Healthcare (Piscataway, NJ). The target species was reagent grade rabbit serum IgG obtained 

from Sigma (Catalog No. I5006, St. Louis, MO). Mock contaminant species for spiking studies 

comprised yeast extract from Fisher Scientific (Pittsburgh, PA) and Gibco fetal bovine serum from 

Life Technologies Corp. (Grand Island, NY). Methoxy–PEG–propionaldehyde (mPEG–PA), with 5.0 

kDa and 20.7 kDa molecular weights as determined by matrix–assisted laser desorption/ionization 

mass spectrometry, was donated by Dr. Reddy’s Laboratories (Cambridge, United Kingdom). All 

other PEGylation reaction buffer, chromatography buffer and assay components were of reagent 

grade or better and obtained from Sigma–Aldrich (St. Louis, MO). All water was purified by reverse 

osmosis followed by treatment to 18.0 MΩ/cm resistivity using a Barnstead NANOpure Diamond 

system from Barnstead International (Dubuque, IA). 

 
3.2.2.2 
Preparation and structural characterization of free PEGylated rSPA 
 

When searching to lower non–specific binding interactions while preserving binding of 

target species, one major decision in PEGylation is choosing an appropriate molecular weight for 

the activated PEG that will be covalently attached to the protein. For PEGylated protein drugs, 

where the objective of PEGylation is to increase circulating half–life by increasing size to reduce 
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glomerular filtration and to provide a steric barrier to reduce proteolytic attack, effective PEG 

molecular weights have ranged from 5.0 kDa to 40.0 kDa.17, 18 Other parameters such as polymer 

structure (linear or branched), polymer–protein molar ratios, and coupling chemistry are also 

important and need to be optimized for each application.12 We chose aldehyde-activated PEGs of 

5.0 kDa and 20.7 kDa for PEGylation and first modified rSPA in solution for use in subsequent 

structural and functional characterization studies. Aldehyde–activated PEG species like mPEG–PA 

target surface–accessible primary amino groups on the protein, with reductive alkylation in the 

presence of sodium cyanoborohydride at lower pH’s favoring of those amino groups with lower pKa 

values such as the N–terminus19; we conducted reactions at pH 5.1 to limit the extent of PEGylation 

due to the large number of primary amino groups in rSPA.20 In particular, the RepliGen rSPA 

contains 56 lysine residues and one N–terminus. The truncated X anchoring domain contains 30 of 

these lysine residues while, as seen in Figure 3.2.1, the α–helix structures in each of the Fc binding 

domains, A through E, contain one lysine residue that could react during PEGylation and could 

therefore negatively affect the ability to specifically bind IgGs. Therefore, in addition to using a low 

reaction pH, we explored the use of IgG as a binding site mask by simply adding rabbit IgG during 

the PEGylation process. IgG binding affinity at pH 5.1 was assumed to be sufficient to provide 

substantial rSPA–IgG complexation during the reaction.  

In total, four different rSPA PEGylation strategies were explored: PEGylation with 5.0 kDa 

mPEG–PA in the absence and presence of IgG, and PEGylation with 20.7 kDa mPEG–PA in the 

absence and presence of IgG. The reaction methodology was modified from that reported by 

Cisneros–Ruiz et al.21 For each conjugation reaction, 2.0 mL of an rSPA solution at 3.0 mg/mL in 

pH 5.1, 100.0 mM phosphate buffer with 20.0 mM sodium cyanoborohydride were added to flasks 

containing 3.9 mg of 5.0 kDa or 15.4 mg of 20.7 kDa mPEG–PA. Flasks for reactions conducted 

with the IgG mask also contained 24.0 mg of rabbit serum IgG. Each mixture was vigorously stirred 

for 19 hours at 4 °C with a magnetic stirrer and stored for further processing. The mask complexes 

were disrupted after reaction by adjusting the pH to 3.0 by adding appropriate quantities of 0.01 M 

HCl. The de–masked mixtures were then ultrafiltered in 100.0 kDa nominal molecular weight cutoff 

Amicon Ultra–4 Centrifugal Filter Units (Millipore, Billerica, MA) at 4,000 × g for 20 min; it was 

expected that the majority of the free IgG would be retained. Separation of modified and unmodified 

rSPA was performed using size exclusion chromatography (SEC) with a HiPrep 16/60 

chromatographic column prepacked with Sephacryl S–300 High Resolution size exclusion resin (GE 

Healthcare, Piscataway, NJ) in an Äkta Explorer 100 (GE Healthcare, United Kingdom) 

chromatography system. The mobile phase used for all size exclusion separations was a 10.0 mM 

sodium phosphate and 150.0 mM potassium chloride pH 7.2 buffer at a flow rate of 0.5 mL/min and 
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samples of 0.5 mL were processed in each run.  While the resolution of modified and unmodified 

forms in the 20.7 kDa PEG reaction mixture was facile, that for the 5.0 kDa PEG reaction mixture 

was not.  Prior to SEC processing, thee 5.0 kDa reaction mixture was subjected to an additional 

ultrafiltration step in 50 kDa nominal molecular weight cut-off Amicon Ultra-4 centrifugal filter units 

for 15 min at 4,000 × g to provide a modest enrichment of the modified form. Fractions 

corresponding to PEGylated rSPA species were pooled and concentrated using 10.0 kDa nominal 

molecular weight cutoff Amicon Ultra–4 centrifugal filter units until a retentate concentration of 1.0 

mg/mL was achieved. Concentrations of rSPA were measured via UV absorbance at 280 nm in a 

Spectramax M2 microplate reader (Molecular Devices, CA); previously prepared rSPA calibration 

curves gave an extinction coefficient of 0.0507 mL/(mg•cm). To determine if the IgG masks were 

also becoming PEGylated, recovered IgG fractions were also analyzed under the same conditions 

by SEC. All peak quantifications were made using the Äkta Explorer Unicorn Evaluation software. 

The chromatograms obtained from the separation of the PEGylated rSPA species from 

each reaction are shown in Figure 3.2.2. As noted, at least two peaks are obtained for the rSPA 

fractions processed from each reaction with earlier eluting peaks corresponding to higher molecular 

weight species. Figure 3.2.2 A and 3.2.2 B show the chromatograms the PEGylation reactions with 

5.0 kDa mPEG–PA in the absence and presence of masking IgG, respectively.  This confirms that 

the ultrafiltration–SEC separation strategy used in these cases is capable of overcoming the 

difficulty of distinguishing both species from the crude reaction mixture. Figure 3.2.2 C shows the 

chromatogram from the PEGylation reaction with 20.7 kDa mPEG–PA without masking IgG: SEC 

alone can discriminate between the generated conjugate and the unmodified rSPA. For the case of 

the 20.7 mPEG–PA PEGylation reaction in the presence of masking IgG, Figure 3.2.2 D, an 

incomplete separation of the PEG – rSPA conjugates from the unmodified protein can be observed 

probably caused by protein losses during the ultracentrifugation used to separate the masking IgG 

from the rSPA species. However, the peak does correspond to the elution profile of the PEGylated 

conjugates seen in the other reactions.  

After peak analysis for each reaction separation and considering the total protein injected in 

each run, yields for the obtained PEGylated proteins were 30.5 ± 1.1 and 8.2 ± 0.4 % for the 

PEGylation reactions with 5.0 kDa mPEG–PA in the absence and presence of masking IgG 

respectively, and 67.1 ± 1.2 and 6.8 ± 0.8 % for reactions with 20.7 kDa mPEG–PA in the absence 

and presence of masking IgG. Reaction yields were lower for those reactions where masking IgG 

was incorporated. The size exclusion chromatograms corresponding to the separated IgG obtained 

by ultracentrifugation from these reactions are shown in Figure 3.2.3. Both of the chromatograms 

presented show a large peak at approximately 40.0 mL while rabbit IgG has an elution peak at 

103 



CHAPTER 3 

approximately 45.0 mL. This suggests that PEGylation is occurring mostly over the antibody instead 

of the bound rSPA. This is understandable due to the fact that an IgG molecule has approximately 

124 lysine residues and is about 150% larger than the rSPA molecule and can therefore be more 

available for reaction; this is also consistent with the reduced PEGylation yields in the presence of 

IgG. 

 

    

     
 

Figure 3.2.2: rSPA species obtained from PEGylation reactions separated by SEC. Chromatograms for 

the reactions with 5.0 kDA mPEG–PA in the absence (A) and presence (B) of masking IgG and 

chromatograms for reactions with 20.7 kDa mPEG–PA in the absence (C) and presence (D) of masking IgG 

are shown. Masking IgG used to protect binding sites in reactions was previously removed by ultrafiltration in 

100.0 kDa MWCO filter units after lowering the pH of the reaction mixtures to 3.0. Aditionally, reactions where 

5.0 kDa was used (A and B) were ultrafiltrated in 50.0 kDa MWCO filter units to generate streams that would 

aid their identification by SEC, the obtained fractions from the retentate ( ) and the filtrate (  ) are shown in 

separate chromatograms. For each reaction, the first peak in the elution profile corresponds to the PEGylated 

specie. The chromatogram for the rSPA standard at a concentration of 1.0 mg/ml is shown in each plot as a 

gray dashed line with comparative purposes.    
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Figure 3.2.3: Masking IgG chromatograms of the fractions obtained from the ultrafiltration of reactions 

where 5.0 (A) and 20.7 (B) kDa mPEG–PA was used. The pH in both reaction mixtures was reduced to 3.0 

to separate IgG from the rSPA species prior to ultrafiltration in 100 kDa MWCO filter units and SEC analysis. 

As it can be seen from the retention volume of the chromatograms of unmodified IgG at a concentration of 1.0 

mg/ml shown in each plot ( , dashed) the increase in molecular size of the IgG species indicates that they are 

being PEGylated. 

 

Once enough purified PEG – rSPA conjugate material was collected from the SEC fractions of 

the four reaction mixtures, the secondary structure of the unmodified and conjugated rSPA was 

assessed to determine if PEGylation perturbed the structure of this protein. Far–UV circular 

dichroism (CD) spectra were recorded using a Jasco J–810 spectropolarimeter (Easton, MD). 

Spectra were collected in the 190 – 240 nm wavelength range at room temperature using a quartz 1 

cm path length cell. Samples of unmodified rSPA and the concentrated PEGylated species from 

each of the reactions were adjusted to obtain a final concentration of 1.25 μg/mL prior to analysis in 

pH 7.2, 20.0 mM phosphate buffer. In all spectral acquisitions the scan speed was 100 nm/min, the 

bandwidth was 1 nm, and at least 10 scans were accumulated per spectrum. A protein–free 

background spectrum was recorded for each condition and substracted from the protein spectra. 

Secondary structures of the protein samples were estimated with the CDPro software.22 The CD 

spectra of the PEG – rSPA conjugates from each reaction were similar to those of the unmodified 

protein as it can be seen in Figure 3.2.4 A and were also close to those reported in literature for 

SPA.23, 24 The calculated secondary structure contents among the tested species, as estimated 

using the CD Pro software are also in good agreement with the expected highly–helical structure 

reported for SPA6 as shown in Figure 3.2.4. However, when analyzing closely the secondary 

structure content in the conjugates, a slight increase in the α–helical content is evident when 

compared to the unmodified protein. This is significant since the helical regions are responsible of 

IgG binding9, 25 and a slight change in structure may impact binding kinetics and/or affinity.  
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Figure 3.2.4: Secondary structure analysis of the resulting purified PEGylated rSPA species from 

reactions where 5.0 kDa mPEG–PA was used in the absence ( ) of masking IgG and where 20.7 kDa 

mPEG–PA was used in the absence ( ) of masking IgG compared with native rSPA ( ). A) Circular 

Dichroism Far – UV spectra of native rSPA and the PEGylated rSPA species obtained. B) Secondary structure 

content analysis of native rSPA and the PEGylated rSPA species obtained using CD Pro software. 

 
3.2.2.3 
Functional characterization of free PEGylated rSPA 
 

IgG binding assays of unmodified and conjugated rSPA were conducted to determine if 

PEGylation adversely impacted function. The IgG binding kinetics of rSPA species were assessed 

by biolayer interferometry (BLI) using a FortéBio (Menlo Park, CA) Octet Red label–free biosensor 

after immobilization of the rSPA species on amine–reactive biosensor tips.26 A multistep sensor 

preparation and binding analysis protocol was developed to take advantage of the plate format of 

the Octet Red system: eight sample tips may be exposed and interrogated in parallel in up to twelve 

different solutions, making use of the rows of an opaque, 96 – well plate.  First, the sensor tips were 

hydrated in the first row of wells in pH 5.0, 100.0 mM 2–(N–morpholino)ethanesulfonic acid (MES) 

buffer for 300 s. After hydration, the tips were transferred to the second row of wells containing a 
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1:1 mixture of 0.1 M n-hydroxysucc in im ide and 0.4 M 1 -e thy l - 3 - (3 -d ime thy lam inop ropy l ) 

carbodi imide solut ions and incubated for 300 s to act ivate the sur face of the amine react ive 

b iosensor t ips. O n c e the b iosensor t ips were act ivated, they were t ransferred to the third row wel ls 

conta in ing a 25.0 ug /mL solut ion of either unmodi f ied or puri f ied PEGyla ted rSPA in pH 7.0 

phosphate buffered sal ine (PBS) . Th is protein immobi l izat ion step was conducted for 600 s. I t 

should be noted that two of the t ips in each e igh t - t ip run were not loaded and served as controls. 

The remain ing react ive groups on the t ips where then quenched in the wel ls of the fourth co lumn for 

300 s in a 1.0 M pH 8.5 e thano lamine buffer. After that, a basel ine response w a s read with pH 7.0 

PBS for 600 s for each of the t ips in the fifth row of wel ls . Assoc ia t ion kinetics were then assessed 

in the sixth row by submerg ing the t ips in 5.0, 10.0 or 15.0 mM solut ions of rabbit se rum IgG for 

1800 s. The t ips were next t ransferred to the seventh row of wel ls that conta ined a pH 3.0, 100.0 

mM glycine buffer with 50.0 mM NaCl and incubated for 5400 s for d issociat ion measurements . The 

associat ion and dissociat ion solut ion condi t ions were chosen to emula te chromatograph ic 

condi t ions recommended for use of the Capt ivA Pr iMAB chromatography co lumns. The eighth row 

of wel ls was used for t ip wash ing with the s a m e pH 3.0 dissociat ion buffer for 600 s. The 

basel ine/assoc iat ion/d issoc iat ion/washing procedure was repeated twice more in the subsequent 

plate rows for the s a m e amount of t ime reusing the wel ls in the fifth and eighth rows to measure the 

basel ine and to wash the t ips. Dissociat ion in 100.0 mM glyc ine and 500 mM NaCl solut ions with pH 

values adjusted to 4.0, 5.0 and 6.0 with NaOH were also tes ted in separate runs for each of the 

rSPA spec ies to determine i f PEGylat ion al tered the pH profi le of the b inding interact ion. Kinetic 

parameters were determined f rom the raw data obta ined using the bu i l t - in data analys is sof tware 

prov ided by FortéBio. Exper imenta l response va lues were f i t ted to a saturat ion model equat ion: 

where Rmax represents the m a x i m u m response obta ined by the instrument, [Protein] is l igand 

protein concentrat ion and K the kinetic constant . 

3.2.2.4 
In situ preparation of immobil ized PEGylated rSPA 

The rSPA affinity l igands in two 5.0 mL, 1.0 cm diameter Capt ivA Pr iMab co lumns were 

PEGylated in situ with 5.0 and 20.7 kDa mPEG-PA . The PEG: rSPA ratios used in the f ree rSPA 

PEGylat ion strategies above were mainta ined in the c o l u m n - b a s e d PEGylat ions. Given that the 
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columns have 10.0 mg of immobilized rSPA per resin mL, per Repligen product literature, 214.0 and 

856.0 mg of 5.0 and 20.7 kDa mPEG–PA, respectively, were diluted in 100.0 mL of a pH 5.1, 100.0 

mM phosphate buffer solution with 20.0 mM sodium cyanoborohydride. Each column was installed 

and subjected to an initial wash with deionized water in an Äkta Prime Plus (GE Healthcare, 

Piscataway, NJ) chromatography system in a refrigerated room at 4 °C. The mPEG–PA solutions 

were then recirculated through the columns at a flow rate of 0.5 mL/min for 17 hours and 1.0 mL 

samples of these solutions were taken each hour during the entire length of the conjugation reaction 

to determine the extent of reaction via a PEG depletion assay. The PEG depletion assay was based 

on the formation of a colored complex with barium chloride and iodine in solution.27 Briefly, a 5.0% 

BaCl2 solution in 1.0 M HCl and a 1.3% I2 solution (prepared from a 0.5 M I2 solution) in deionized 

water were prepared. Calibration curves for optical absorbance were then made by taking 176.0 μL 

aliquots of 5.0 kDa or 20.7 kDa mPEG–PA solutions with concentrations ranging from 1.0 to 45.0 

μg/mL and mixing them with 44.0 μL of the BaCl2 and 22.0 μL of the I2 solutions in clear 96 well 

plates. After incubation for 15 minutes, absorbance was read at 535 nm in a Spectramax M2 

microplate reader (Molecular Devices, Sunnyvale, CA). The samples obtained from the column 

PEGylation reactions were properly diluted and mixed in the same proportion to obtain residual 

mPEG–PA concentration values. These values where then correlated by mass balance with the 

PEGylation extent in the columns supposing that PEGylation was uniform across the length of the 

column. 

 
3.2.2.5 
Evaluation of chromatographic performance of PEGylated rSPA media 
 

A standard SPA–based affinity chromatography mAb purification protocol was used to 

evaluate the performance of the unmodified and the PEGylated columns.  All chromatography was 

conducted with the Äkta Prime Plus system maintained in a refrigerated room at 4 °C. The columns 

were washed thoroughly with deionized water and equilibrated with a pH 7.0 PBS buffer. Then, 0.5 

mL of the sample solution to be tested was injected. Columns were loaded with 6.0 column volumes 

of the pH 7.0 PBS buffer and IgG elution was performed with 10.0 column volumes of a pH 3.0, 

100.0 mM glycine buffer with 50.0 mM NaCl. The columns were stringently washed and 

regenerated by passing 6.0 column volumes of the same pH 3.0 glycine buffer and were next       

re–equilibrated with 3.0 column volumes of the PBS buffer. The flow rate during the entire 

chromatographic process remained constant at 0.5 mL/min. All samples contained rabbit serum IgG 

as the target protein at a concentration of 1.0 mg/mL in pH 7.0 PBS buffer.  
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Spiking studies with yeast extract (YE) or fetal bovine serum (FBS) were performed to evaluate 

non–specific binding interactions and to emulate the clarified extracts obtained in mAb production 

culture broths. YE was added to the IgG samples to achieve final YE concentrations of 0.33, 1.0, 

3.0, 10.0 and 30.0 mg/mL; similarly, FBS was added to achieve 1.0, 2.5, 5.0, 7.5 and 10.0 % v/v 

solutions. As a control for non–specific binding to the chromatographic support matrix, 

chromatographic runs in a column packed with unfunctionalized Sepharose CL–4B were made 

under the same conditions. This resin was chosen because it shares the same matrix chemistry 

(4% cross–linked agarose), particle size distribution (45 – 165 μm) and pore size distribution 

(minimum excluded diameter, 42 nm) as the CaptivA PriMab columns used in this work. All 

experiments were performed in triplicate or more and the data is presented as the average of those 

results. UV detector calibration curves were prepared for YE, BFS and IgG by separately running 

samples with concentrations of 0.15, 0.25, 0.50, 0.75, 1.0 and 1.5 mg/mL of each species under the 

same chromatographic conditions; this enabled peak areas to be reckoned in terms of species 

masses. Chromatographic data was analyzed using the PrimeView software that accompanies the 

Äkta Prime Plus chromatography system. 

 
3.2.3 
RESULTS AND DISCUSSION  
 
3.2.3.1 
Significance of immobilized rSPA in non–specific retention of contaminants 
 

The role of the immobilized rSPA ligand relative to the supporting matrix in the non–specific 

retention of contaminants was determined by comparing chromatograms for yeast extract (YE) at 

several concentrations on rSPA media to those on unfunctionalized Sepharose CL–4B.  Five 

hundred microliter samples of 30.0, 10.0, 3.0, 1.0 and 0.3 mg/mL YE solutions in PBS buffer were 

injected on both columns and processed using the standard mAb affinity chromatography protocol.  

The resulting chromatograms are compared in Figure 3.2.5; where the UV detector output is shown 

on a logarithmic scale on the first y–axis.  The measured mobile phase conductivity is also shown in 

Figure 3.2.5 on the second y–axis. The load/wash step employs pH 7.0 PBS buffer and the 

conductivity has a value of around 14 mS/cm. Next, the pH is lowered using pH 3.0 glycine buffer, 

resulting in a conductivity of about 6 mS/cm, to elute and recover the target protein and is 

maintained for several column volumes to regenerate the resin. Finally the column is re–equilibrated 

with the load/wash buffer, returning the conductivity to its original value, and completing the 

chromatographic run.  
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Figure 3.2.5: Elution profiles of YE mixtures in A) unfunctionalized sepharose CL–4B column and B) 

unmodified rSPA AC column. Tested YE samples had concentrations of   0.33,  1.0,  3.0,  10.0 and   

30.0 mg/ml. Conductivity ( , dashed) is shown to follow the changes in the steps of the standard 

chromatographic mAb purification protocol used in the experiments. The average buffer background signal 

from the detector for the unmodified rSPA AC column is shown in C).  
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The chromatograms for the support matrix control column contain four sets of peaks: a 

large, non–retained peak of YE that elutes at roughly 5.0 mL, corresponding to the void volume of 

the column; a peak at about 33.0 mL on the switchover to the elution/regeneration buffer; a peak at 

about 78.0 mL on the switch back to re–equilibrate in the load/wash buffer; and a final peak at about 

125.0 mL. The peak areas (and heights) scale with the YE concentration loaded, indicating that 

these are indeed due to contaminant rather than to refractive index gradients or pressure 

fluctuations at mobile phase changeovers. Given the resolution of the detector and the background 

signal due to buffer alone, as shown in Figure 6C, the absorbance data are significant down to 

about 1.0 mAu. The second, third and fourth peaks represent YE species that have bound         

non–specifically to the support matrix. Figure 3.2.6 reports the amount of YE in each peak at each 

injected concentration as determined from the calibration of the UV detector. Similar 

chromatograms and YE mass data are shown in Figures 3.2.5 and 3.2.6 for the rSPA column. Note 

that the non–retained YE peaks from the rSPA column are smaller, containing less material, than 

the corresponding non–retained peaks from the matrix control column. The second and third YE 

peaks occur at the buffer changeovers, as for the control column, but the fourth YE peak occurs 

earlier in the re–equilibration step. Each of the retained YE peaks is larger on the rSPA column than 

on the support matrix control column. This indicates that the rSPA grafted to the chromatographic 

support matrix is responsible for retaining a significant portion of the contaminant species in the 

different steps used in the AC protocol. The second peak on the rSPA media represents 

contaminant species that may appear in a mAb product; the third and fourth peaks represent 

contaminants that must be removed prior to the re–use of the column. These results suggest that if 

it is possible to establish a steric barrier to non–specific binding by PEGylating the immobilized 

rSPA without decreasing mAb binding affinity or dynamic capacity, eluted target species purity may 

be improved, regeneration steps may be shortened and/or reduced in stringency, and re–

equilibration steps may be shortened. 

 

 

 

 

 

 

 

 

 

111 



CHAPTER 3 

 

    
 

Figure 3.2.6: Protein recovery in contaminant peaks that elute at aproximately 5.0, 33.0, 78.0 and 125.0 

mL  (1 to 4 respectively) for YE sample concentrations of 30.0 ( ), 10.0 ( ), 3.0 ( , dashed), 1.0 ( ) 

and 0.33 ( , dashed) mg/ml as determined by calibration of the UV detector using: A) a control column 

packed with unfunctionalized Sepharose CL–4B, and B) an unmodified rSPA AC column.   

 
3.2.3.2 
PEGylated conjugate characterization 
 

The effects of PEGylation upon the binding kinetics and static affinity of rSPA to IgG were 

next determined to assess whether our initial PEGylation approach would result in a 

chromatographically viable affinity ligand. Binding kinetics were measured using the standard 

binding pH 7.0 PBS and elution pH 3.0 glycine buffers used in the AC protocol to emulate 

chromatographic conditions. The pH profile of the IgG elution behavior was also determined using 

solutions with pH values adjusted between 4.0 and 6.0. The association, kon, and dissociation, koff, 

constants in each experiment and the R2 value for each fit are shown in Table 3.2.1. Figure 3.2.7, 

on its part, presents graphically the affinity constant (KD) correlated from those experiments. 

Considering 1:1 binding for the interaction between an rSPA specie and IgG, the protein and the 

antibody bind one another with a rate constant kon and dissociate with a rate constant koff. KD can 

then be defined as koff / kon or [protein][antibody]/[protein–antibody] and can help in comparing 

similar interactions [26]. For all of the conjugates and unmodified rSPA, KD values between 4.3 and 

4.8 x 10-6 M were calculated for the pH 3.0 elution buffer. This is consistent with equilibrium 

constants of the interaction between SPA and free human and rabbit IgG at dissociations at pH 3.0 

that range from 5 x 10-6 to 2.5 x 10-5 M [6,26]. Interestingly, as pH is increased KD values decrease 

and commensurate with the expected stronger binding affinity at neutral pH, but the decrement is 

not as pronounced for the PEGylated conjugates as for the unmodified protein. Furthermore, this 

decrease is smaller in the conjugates PEGylated with the 20.0 kDa polymer than in those 
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PEGylated with the 5.0 kDa PEG. Also, when comparing KD values between the species PEGylated 

with and without the IgG mask, it can be observed that at pH 5.0 and above, the affinity is slightly 

higher for the conjugates from the masked reactions. Several inferences can be made from these 

results. First, in general the grafted PEG chains cause the affinity of the rSPA for IgG to decrease 

slightly at pH values of 4.0 and above, with the 20.7 kDa PEG conjugates having less affinity than 

the 5.0 kDa PEG conjugates while changes in affinity at pH 3.0, the elution pH, were very slight. 

Second, that the PEGylation site or sites of the proteins from the reactions where IgG masking was 

used could well be different from those where no mask was used, resulting in slightly different 

affinity constants. And third, that the masking approach was not effective in preserving binding 

affinity as implemented here. Even if the best IgG recoveries are obtained when elution is made at 

pH 3.0, it should be considered that better recoveries could be achieved using PEGylated rSPA 

while operating at higher pH values when compared to the unmodified counterpart. This could 

benefit separations by Protein A AC where the target mAb is highly sensitive to acidic 

environments. 

 

 
 

Figure 3.2.7: Affinity constant (KD) for binding interactions between rSPA and the generated PEGylated 

conjugates with IgG at pH values of 3.0, 4.0, 5.0 and 6.0 in BLI experiments. KD values for rSPA 

PEGylated species with 5.0 kDa mPEG–PA in the presence ( ) and absence ( , dashed) of masking IgG and 

for species PEGylated with 20.7 kDa mPEG–PA in the presence ( ) and absence ( , dashed) or masking IgG 

are compared with those of unmodified rSPA ( ). 
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Table 3.2.1: Affinity constants (KD) for binding interactions between rSPA and the generated PEG–rSPA conjugates obtain

BLI experiments for reactions where 5.0 kDa mPEG–PA was used in the absence (Reaction 1) and presence (Reaction 2

PEGylated with 20.7 kDa mPEG–PA in the absence (Reaction 3) and presence (Reaction 4) or masking IgG. Experi

obtained fit R2 values are shown in each case. The standard error obtained from the triplicate measurements is also shown

 

pH  rSPA Reaction 1 Reaction 2 Reaction 3 

3.0 

KD (M) 0.0000048 ± 2.4 x 10-7 0.0000045 ± 2.9 x 10-7 0.0000045 ± 2.8 x 10-7 0.0000043 ± 9.7 x 1

R2 0.9964 0.9917 0.9934 0.9219 

kon (M-1s-1) 890.0 ± 4.5 110.0 ± 3.3 170.0 ± 9.7 81.0 ± 7.6 

koff (s-1) 0.00043 ± 3.3 x 10-6 0.00048 ± 3.8 x 10-6 0.00078 ± 6.1 x 10-6 0.00035 ± 4.2 x 10

4.0 

KD (M) 0.0000016 ± 1.7 x 10-7 0.000002 ± 3.0 x 10-7 0.000002 ± 1.2 x 10-7 0.0000025 ± 2.1 x 1

R2 0.9707 0.9282 0.9880 0.9852 

kon (M-1s-1) 130.0 ± 2.4 110.0 ± 1.6 110.0 ± 6.3 76.0 ± 1.9 

koff (s-1) 0.00021 ± 1.3 x 10-6 0.00021 ± 1.3 x 10-6 0.00021 ± 1.3 x 10-6 0.00019 ± 1.8 x 10

5.0 

KD (M) 0.0000013 ± 1.4 x 10-7 0.0000014 ± 1.2 x 10-7 0.0000019 ± 5.8 x 10-8 0.0000021 ± 1.7 x 1

R2 0.9538 0.9699 0.9419 0.9674 

kon (M-1s-1) 490.0 ± 1.3 490.0 ± 1.0 120.0 ± 3.7 320.0 ± 6.3 

koff (s-1) 0.000064 ± 4.4 x 10-7 0.000069 ± 4.6 x 10-7 0.000022 ± 5.5 x 10-7 0.000067 ± 4.5 x 10

6.0 

KD (M) 0.0000013 ± 1.4 x 10-8 0.0000014 ± 2.0 x 10-7 0.0000017 ± 3.9 x 10-8 0.000002 ± 3.0 x 10

R2 0.9624 0.8884 0.9557 0.9973 

kon (M-1s-1) 21.0  ± 6.0 21.0 ± 4.4 14.0 ± 3.2 14.0 ± 3.6 

koff (s-1) 0.000026 ± 3.6 x 10-7 0.00003 ± 3.9 x 10-7 0.000023 ± 4.9 x 10-7 0.000028 ± 3.8 x 10
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3.2.3.3 
In situ column PEGylation 
 

Two rSPA AC columns were PEGylated with 5.0 and 20.7 kDa PEG chains, respectively, by 

recirculating the activated PEGs in the PEGylation reaction buffer as described previously. As 

expected, the assayed PEG concentration decreased as the reaction progressed, as shown in 

Figure 3.2.8, indicating that PEG molecules were becoming attached to the immobilized rSPA 

ligands. It should be noted that the reductive alkylation chemistry used with the mPEG–PA reagents 

was not expected to modify the cross–linked agarose support matrix. Assuming that on average, 

each rSPA molecule was equally likely to become modified and that the rSPA ligand concentration 

in the resin was 10.0 mg/mL as stated by the manufacturer, which translates into 1.1 x 10-6 moles 

for each column, the extent of reaction expressed as a percentage from the total protein in the 

column was calculated. A total modification of 75.01 ± 0.22 % and 90.1 ± 1.0 % for the columns 

PEGylated with 5.0 and 20.7 kDa mPEG–PA, respectively, was achieved after 17 hours of reaction. 

In the reaction with 5.0 kDa mPEG–PA, three stages can be easily identified from hours 0 to 3, 

hours 3 to 4 and hours 4 to 17. The reaction starts and a dramatic increase in the extent of 

PEGylation is observed between hours 3 and 4 as noted by the reduction in free polymer 

concentration. From there on, the decrease in the concentration of polymer decelerates. In the case 

of the column PEGylated with 20.7 kDa mPEG, only two stages can be observed from hour 0 to 2 

and from hour 2 to 17. In this column the reaction starts rapidly in the first two hours and then 

decelerates. Even though the reaction conditions were exactly the same in both cases, the 

differences in the extent of modification achieved in each of the columns can be explained in terms 

of the MW of the used polymers. It would be expected that once in the column, 5.0 kDa polymer 

chains would partition to a greater extent and would spend more time on average in the pores of the 

media than the 20.7 kDa molecules. This can explain the faster rates observed in the reaction 

where 5.0 kDa mPEG–PA was used, since for this reaction, a modification of approximately 70% is 

achieved after 4 hours while for the reaction with 20.7 kDa mPEG–PA the same yield is obtained 

approximately after 10 hours of reaction. Additionally, it is possible that the faster reaction with the 

smaller mPEG–PA reagent occurs primarily at the mouth of the pores leading to a less extensive 

overall modification.  After both in situ PEGylation reactions were terminated, the columns were 

flushed with re-equilibration buffer and used for chromatographic performance evaluation without 

further modification. 
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Figure 3.2.8: Decrease of polymer molecules in the PEGylation reaction buffers employed in the in situ 

modification of 5.0 ml rSPA affinity chromatography columns using: A) 5.0 kDa MW mPEG–PA and B) 

20.7 kDa MW mPEG–PA.  

 
3.2.3.4 
Column performance 
 

Column performance was evaluated using 1.0 mg/mL samples of rabbit IgG spiked with 

different concentrations of YE or FBS, each serving as mock contaminants, and processed using a 

standard rSPA affinity chromatography protocol as described previously. Column performance for 

both columns was evaluated before and after PEGylation. Figure 3.2.9 presents the average 

chromatograms obtained from each of these runs in each of the columns tested.  The IgG was 

consistently recovered in each run in a peak with an elution volume of about 37.0 mL during the 

elution step. For the IgG–YE mixtures, four different contaminant peaks corresponding to the 

bind/wash, elution/regeneration and re–equilibration steps were observed at elution volumes of 

approximately 5.0, 33.0, 78.0 and 125.0 mL. This behavior matched that observed in the base 

matrix non–specific binding control study described above.  The IgG–FBS mixtures had significantly 

less contaminant binding than the IgG–YE mixtures.  A main contaminant peak eluted in the         

flow–through of the bind/wash step at approximately 4.0 mL. The remaining peaks in the IgG-FBS 

mixtures occurred in a cluster around the switch from elution/regeneration to equilibration and were 

quantified together by mass balance to simplify calculations. 

In general, PEGylation had no effect on the elution volume of contaminant or IgG peaks, but 

did result in a slight increase in the size of the contaminant flow–through peaks and correspondingly 

modest decreases in the size of the various retained contaminant peaks. These modest peak size 

effects were quantified by integrating each contaminant peak and applying the YE and FBS detector 

calibration curves. The results of this quantitative analysis are reported in Figure 3.2.10. From 

Figures 3.2.9 and 3.2.10, it can be seen that the vast majority of the contaminant protein exits in 

0.000%

0.010%

0.020%

0.030%

0.040%

0.050%

0% 1% 2% 3% 4% 5% 6% 7% 8% 9% 10% 11% 12% 13% 14% 15% 16% 17%
0.000%

0.010%

0.020%

0.030%

0.040%

0.050%

0% 1% 2% 3% 4% 5% 6% 7% 8% 9% 10% 11% 12% 13% 14% 15% 16% 17%

m
PE

G
-P

A
 (m

m
ol

) 

m
PE

G
-P

A
 (m

m
ol

) 

Time (h) Time (h) 

A B 

116 
 



NOVEL USES OF PEGYLATED PROTEINS IN BIOSEPARATIONS 

the flow–through in all cases, as expected for a well–designed media. However, there was a 

consistent slight increase in the amount of YE and FBS contaminant exiting in the flow–through for 

the PEGylated media, indicative of a reduction in the amount of non–specific binding of contaminant 

species. For the YE spiking studies, this reduction in non–specific binding amount was distributed 

over the three retained contaminant peaks. The reductions in contaminant amounts in the various 

retained peaks ranged from a factor of two to negligible amounts, depending on conditions with 

generally greater reductions seen at the lower spiked YE concentrations.  For the FBS spiking 

studies, the lumped non–specific binding amount decreased uniformly. In this case, the amount of 

FBS contaminant binding decreased by factors ranging from two to one hundred.  While the 

performances of the 5.0 kDa PEGylated and 20.7 kDa PEGylated columns were similar, the 20.7 

kDa PEGylated column tended to have less non–specific binding than the 5.0 kDa PEGylated 

column. Considering the greater molecular mass and extent of PEGylation of the 20.7 kDa PEG 

media versus the 5.0 kDa PEG media, this result makes sense.  

The recovered masses of IgG were also quantitated from the chromatograms in         

Figure 3.2.9 and are reported in Figure 3.2.10 as a function of contaminant concentration. 

Surprisingly, IgG recoveries achieved in the PEGylated columns were greater than those for the 

unmodified control columns. On average, for the IgG–YE mixtures, IgG recovery yields increased 

from 83.17 ± 0.58 % in the unmodified columns to 91.90 ± 0.49 % and 98.35 ± 0.47 % in the 5.0 

and 20.7 kDa mPEG PEGylated columns, respectively. In the case of the IgG–FBS mixtures, the 

average IgG recovery was 95.18 ± 0.45 % in the unmodified column while the 5.0 and 20.7 kDa 

PEGylated columns had recoveries of 96.13 ± 0.71 % and 98.11 ± 0.41 % respectively. While 

breakthrough experiments were not performed, the similarity of the eluted IgG peak shapes 

between the modified and unmodified columns and the IgG enhanced recoveries on the modified 

columns strongly suggest that dynamic binding affinity was largely preserved on modification. This 

result is similar to that of Wen and Niemeyer16 who studied the impact of PEGylation on the stability 

of an immobilized Concanavalin A media and found a small reduction of the binding capacity and a 

lower adsorption rate of glucose oxidase on PEGylation. The interparticle mass transfer resistance 

is expected to increase for PEGylated ligands due to the additional steric mass introduced in the 

media pores by the polymer chains. The extent of these changes should be directly related to the 

extent of PEGylation in the column. The low extent of PEGylation used in this study led to little 

apparent increase in this resistance. 
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Figure 3.2.9: Comparison of the average chromatograms of YE (Column 1;  0.33 mg/ml,   1.0 mg/ml, 

 3.0 mg/ml,  10.0 mg/ml,  30.0 mg/ml) and FBS (Column 2;  1.0 % v/v,  2.5 % v/v,  5.0 % v/v,  7.5 

% v/v,  10.0% v/v) mixtures with 1.0 mg/ml rabbit IgG in: A) unmodified media, B) 5.0 kDa MW mPEG 

PEGylated media and C) 20.7 kDa MW mPEG PEGylated media. The steps in the chromatography protocol 

(bind/wash, elute/regenerate and re–equilibrate) can be clearly identified by the mobile phase conductivity 

trace ( , dashed) corresponding to the right axis of the graphs. 
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Figure 3.2.10: Mass YE (top) and FBS (bottom) product contaminant recoveries with the respective IgG 

mass yields obtained in the AC mAb purification protocol from the different spiked concentrations 

tested using:  unmodified rSPA AC columns ( ), 5.0 kDa mPEG PEGylated columns ( ) and  20.0 kDa 

mPEG PEGylated columns ( ).   

 
3.2.4 
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covalent modification, this had little apparent impact on the binding affinity. Beyond preservation of 

the IgG bind–release behavior of rSPA on PEGylation, the modified media provided increases of up 

to 15% in IgG recoveries relative to the unmodified media. We found that PEGylation enhanced the 

ability of rSPA media to reject the non–specific binding of yeast extract and fetal bovine serum 

components. The amount of non–specifically bound YE species was reduced on average by a third, 

from ~15% to ~9.5% retention for both modified columns over the range of concentrations studied; 

the reduction for FBS species was similar, from ~5% retention to ~3% retention. With these results, 

we suggest that PEGylation improves the selectivity of the columns and decreases non–specific 

interactions with contaminant proteins. We attribute these positive effects to the steric hindrance 

that the grafted PEG chains present to would–be non–specific binding species.    

The PEGylation of macromolecular affinity ligands to improve specificity by reducing     

non–specific binding is promising. While the reductions in contaminant masses in some of the 

retained contaminant peaks were modest, the amounts retained in these peaks were modest to 

begin with; the aim is to reduce already low levels of contamination to negligible levels. Further, the 

extent of PEGylation was not optimized in this study.  Our initial extent of PEGylation were low, less 

than one PEG chain per immobilized rSPA ligand, in order to limit adverse effects on interparticle 

mass transfer. Our future work will examine increased extents of PEGylation on rSPA and will 

explicitly examine the corresponding impact on IgG binding affinity, dynamic binding capacity and 

pore diffusion. 

With this work, it was demonstrated that the use of PEGylated rSPA affinity 

chromatography columns allows a better throughput and general performance of this unitary 

operation in antibody purification strategies. This becomes important due to the need to improve the 

performance of this unitary operation to diminish costs, reduce product losses and in general, 

update this strategy so that it may compete with other mAb purification techniques. Additionally, 

since positive results have also been seen with other ligands (i.e. Concanavalin A), PEGylation 

might be an alternative to improve the performance of other AC ligands like Protein G, or specific 

antibodies.         
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4 
CONCLUSIONS AND RECOMMENDATIONS 

 
 
 
 

 The PEGylation of proteins with industrial or pharmaceutical ends has proven an enormous 

potential in enhancing the biological properties of the modified molecules making them suitable 

candidates to cover a specific need. The increasing number of PEGylated proteins in the 

pharmaceutical market and the different industrial applications that have been developed with       

PEG – protein conjugates can provide an idea of how this technology is becoming more and more 

important in these fields. However, the development of simpler and more robust separation and 

analytical strategies to allow a better understanding of each PEGylation strategy and process 

intensification is fundamental in the production and implementation of these particular molecules in 

the application intended for them. From the pharmaceutical point of view, non–chromatographic 

separation techniques could provide a valuable economical and time advantage that could increase 

the competitiveness of PEGylated molecules against other kinds of therapies benefiting both the 

industry and the final consumers. In the same way, a similar trend could be envisioned for the use 

of PEGylated proteins in unitary operations where the associated costs in producing a specific 

product could be reduced in terms of the process intensification that could be achieved.  

 As it has been presented in this work, the successful implementation of PEGylation 

strategies requires a complete characterization of the conjugates and one of the main challenges in 

achieving this is, in fact, the separation of the modified species. In this context, the correct 

measurement of protein concentration may represent a challenging task since PEGylated 

conjugates may interact structurally with the grafted polymer chains and should be approached with 

this consideration. Furthermore, in the case of ATPS, certain interactions with the phase forming 

chemicals may as well change the parameters under which the species are being measured. For 

instance, it was found that in ATPS environments, PEG and potassium phosphates, at particularly 

high concentrations, have a significant effect upon RNase A UV absorbance causing certain 

limitations in its correct quantification since interactions between the amount of protein dissolved 
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and the concentration of the polymer and the salt in each system have a direct impact on the 

spectrophotometric readings. With RNase A as an example, the development of an                    

easy–to–implement UV spectrophotometry methodology to quantify the concentrations of the native 

and the modified species in polymer – salt rich environments has proven to be effective in achieving 

this and therefore allows the correct characterization of protein partition in ATPS. This technique 

becomes highly relevant with proteins like RNase A that present this behavior and which cannot be 

measured correctly. In fact, recent work in our research group has required the adaptation of this 

methodology to counter – current distribution ATPS proving its relevance over time consuming 

techniques and when no other mean to accurately determine PEGylated protein concentration is 

available. 

 With the implementation of the aforementioned methodology, it was demonstrated that 

ATPS, on their part, are an attractive alternative for the partial purification of the mono and            

di–PEGylated conjugates of RNase A and αLac from their native counterparts. For both model 

proteins, it was found that with the correct selection of system parameters (i.e. PEG MW, TLL and 

VR) the unmodified forms of both molecules could be recovered respectively with yields of up to 

98% and 92% at the bottom phase of the most appropriate selected system. On the other hand, the 

mono and di–PEGylated species presented, respectively in these same systems, recovery yields at 

the top phase of 98% and 88% for the RNase A conjugates and of 77% and 76% for the αLac 

conjugates. The fact that the PEGylated conjugates and the native proteins show a preference for 

opposite system phases represents an opportunity for the large–scale implementation of ATPS for 

the effective purification of PEGylated species in a competitive manner with traditional 

chromatographic approaches. Weather the conjugates are being separated for their use as a 

commercial product or with the purpose of making further characterization studies, ATPS could 

certainly be implemented in the primary separation of other PEGylated proteins besides the ones 

used in this study with similar results.         

It is believed that further studies involving size exclusion chromatography will allow the 

validation of the recovery yields reported in this work by reproducing and quantifying potential 

selected systems trough this technique. This approach would prove that the systems chosen to 

separate native RNase A and αLac from their PEGylated conjugates have indeed the best selection 

of parameters to achieve this. On the other hand, the potential of using polymer – polymer systems 

such as PEG – dextran ATPS or countercurrent distribution ATPS in order to fully separate each of 

the PEGylated species should be studied to achieve better primary separations and explore the 

possibility of separating each of the conjugates according to their degree of modification. In the 

same line, a better understanding of the governing mechanisms behind the partition behavior in 
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ATPS of PEGylated proteins is needed. To achieve this, we are currently working in studying the 

partition behavior of different RNase A species that have been modified with dyes with different 

chemical and physical characteristics. It is believed that the comparison of the fractionation of these 

novel species with those of the PEGylated ones will help in developing a better partition theory in 

terms of the properties that are changed after each modification. The comparison between the 

partition behaviors in polymer – salt ATPS of other PEGylated protein models will allow a fuller 

comprehension of the interactions between the system parameters and the solutes in the systems. 

In fact, the study and comprehension of how PEGylation affects partition of molecules in ATPS 

could be extrapolated to use PEGylated proteins in affinity ATPS to recover specific molecules and 

giving this strategy further possibilities in its implementation as a “PEGylaided” unitary operation. In 

the same line, process integration could be taken one step further by using biphasic systems as 

reactors. For reactions catalyzed by enzymes, the correct selection of parameters and chemicals 

could provide an environment where the PEGylated enzymes could synthetize certain compounds 

while the system is agitated. After stabilization, the reaction products could be recovered at a 

different phase since it has been shown that polymer – protein conjugates have a preference for the 

polymeric phase. Furthermore, since many biological reactions require the use of organic solvents 

to take place, PEGylation could enhance the solubility and activity of enzymes in these solvents 

opening opportunities for reactive ATPS in case these solvents are capable of forming biphasic 

systems.    

In this same field of implementing PEGylated proteins in bioprocessing, the use of 

PEGylated SPA as a modified ligand in affinity chromatography was developed to show an example 

of the multiple advantages that PEGylation could confer to ordinary unitary operations. To show 

how this modification improves selectivity by decreasing non–specific binding interactions in affinity 

chromatography two SPA columns were modified in situ with 5.0 and 20.7 kDa PEGs and             

non–specific binding studies of IgG were conducted in yeast extract and bovine fetal serum 

mixtures. It was found that the PEGylated media are capable of eliminating up to 5% more 

contaminant proteins during the binding step of a standard antibody purification protocol without 

affecting IgG specificity and, in fact, increasing the target protein recovery yields up to 98%. Further 

understanding of the mass transfer mechanisms involved in antibody purification using PEGylated 

affinity ligands is required. It would be expected that after PEGylation, pore diffusivity of antibodies 

would be reduced due to the additional mass packed in the pore space. To do so, breakthrough 

curve analysis is required in the columns under the same chromatographic conditions used to 

determine the dynamic binding capacity and the mass transport kinetics of the PEGylated versus 

the unmodified media columns. Another important aspect to consider is the stability of the resins 
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after being conjugated. It would also be expected that with PEGylation the ligand stability would be 

enhanced and it is also possible that modified media would present lower SPA leaching in each 

chromatographic run. These characteristics need to be evaluated by running chromatographic 

cycles with more stringent conditions to accelerate media degradation and by measuring leached 

protein to finally compare the performance of the PEGylated columns against the unmodified ones.  

Since the advantages that could be obtained by PEGylation are generic to all affinity 

chromatography resins with immobilized macromolecular ligands, the chemical modification with 

PEG of other commercially available resins would be interesting. This would allow the comparison 

of the similarities and differences between the performances of the different chromatographic 

ligands to demonstrate the broader generalizability of using PEGylation strategies to enhance the 

performance of this unitary operation. It would also help in validating the aforementioned strategies 

used in the PEGylation of the SPA media used in this work.  

In the same line, the use of PEGylated ligands in chromatography could even be extended 

to mixed chromatography modes. For example, affinity ligands could be PEGylated and then bound 

to different kinds of support matrixes to achieve this. It would be interesting to explore the 

possibilities of having, for instance, a mixed affinity – size exclusion chromatography support where 

target proteins would be linked to the ligands while the rest of the contaminant proteins would elute 

and separate according to their molecular size. Furthermore, in case that several proteins present 

affinity for the linked PEGylated ligands these would also be eluted and separated based on their 

molecular size once the chromatographic conditions are changed. The same could be applied to ion 

exchange or hydrophobic interaction matrixes since it could be expected that with PEGylation linked 

proteins could withstand harsher process conditions. To our knowledge, these approaches have not 

been studied and could really have and impact in traditional chromatographic processes. Even 

when the characterization of these mixed supports could represent a challenge the possibilities from 

the process point of view are interesting and worth trying.   

We believe that the exploration of novel applications of PEGylated proteins in bioprocesses 

would greatly enrich the field. Potentially, any unitary operation where a protein is used with a 

certain purpose represents an opportunity where a PEGylation strategy can be used. In this 

manner, we are currently exploring the advantages that this modification could confer to                 

B-Phycoerythrin, a protein used as a molecular marker that exhibits a great tendency to be photo 

degraded. We expect that PEGylation would improve the stability of the protein towards light 

exposure while preserving its ability to be bound to other molecules. 
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While all model proteins selected in this work represent good examples of how PEGylation 

improves the desired characteristics of a molecule in their final application, this modification is 

available to many other compounds, proteic or not, used in diverse fields. The development of 

easy–to–implement separation strategies that provide additional advantages over traditional 

processes will improve the use of such molecules in a greater scale. Better purification trains could 

translate into cheaper processes for the purification of pharmaceuticals or easier means of 

obtaining purified PEGylated products for their use in other applications. Once these species are 

obtained the subsequent steps in finding these novel uses for the PEGylated proteins could be 

simplified allowing a faster characterization and implementation of these conjugates in their 

intended application.    
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