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Abstract 

 

Monoclonal antibodies are proteins with a high target specifity, which enable their use of 

treating various diseases, such as cancer and autoimmune disorders. In a liquid antibody 

solution all solution components such as the antibody, water and salts or buffers, are 

interacting. The interaction between the antibody and the cosolutes is assumed to affect the 

protein-protein interactions and thereby influences the stability and the phase behavior of 

the protein solution.  

The aim of the thesis was  

• to identify one or more model excipients, which are attractively interacting with the 

antibody 

• to identify approaches to detect and to quantify attractive interactions between 

excipients and the antibody 

• to find a rationale behind the effects of pH, presence and concentration of 

excipients, ionic strength and temperature on the phase boundaries  

• find a rationale behind the effect of pH, presence and concentration of excipients 

and ionic strength the diffusion of an antibody in solution 

Different antibody binding excipients were found. These are citrate, butane-1,2,3,4-

tetracarboxylate, benzene-1,2,4,5-tetracarboxylate, benzene-1,2,3,4,5-pentacarboxylate and 

mellitate. These negatively charged oligovalent ions are assumed to bind to the positively 

charged antibody by electrostatic interaction.  

The interaction between the antibody and the citrate molecules manifested by three 

experimental approaches:  

• Comparison of phase bounderies as a function of pH in the absence and in the 

presence of citrate 

• Mapping of the ion atmosphere after equilibrium dialysis against a mixture of ions 

competing for the solvation shell 
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• Accelerated diffusion of the mAb at infinite dilution in the presence of 2 mM and 

5 mM citrate, which would not be expected neither based on a two-component nor 

on a three-component diffusion model 

The occurrence of phase separation and the width of the miscibility gap were examined as 

a function of pH, excipient species and concentration as well as ionic strength and 

temperature. A rationale was found to explain the phase behaviour and therewith the 

protein-protein interactions in the solutions of different composition. This rationale is based 

on the concept that the charge of an antibody increases with increasing distance from pI. In 

addition to the overall net charge, which induces repulsive electrostatic protein-protein 

interactions the concept also includes the assumption of an anisotropic charge distribution 

over the protein surface resulting in attractive protein-protein interaction, which is 

weakening upon increasing ionic strength. Finally, electrostatic binding between 

oligovalent ions and the protein resulting in charge neutralization is completing the concept. 

An upper critical solution temperature was observed for the liquid-liquid phase separation 

in the presence of citrate, which signifies that the formation of the two liquid phases is 

exothermic and the entropy decreases upon clustering of the antibodies.  

The measurement of diffusion by DLS was giving a deeper understanding into the effects, 

which are induced by different excipients and excipient concentrations. The simplified two 

component model of kD in the traditional sense was shown to be unsuitable for the charged 

mAb at low ionic strengths where at least 3 components with varying concentration need 

to be taken into account. Therefore, the classical interpretation of low kD values 

representing more attractive PPIs and higher kD values representing more repulsive 

interactions is not valid under these circumstances. Instead the theory of coupled protein 

counterion diffusion was confirmed. This theory is taking into account isotropic 

electrostatic ion-ion interactions between the antibodies, between the coions as well as 

between antibodies and coions. As the diffusion of the protein and the counterion is coupled, 

DLS can reveal information on the counterion diffusion and thereby on the interplay 

between both, the mAb and the counterion.  
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Kurzdarstellung 

 

Monoklonale Antikörper sind Proteine, die mit hoher Spezifität ans pharmakologische 

Zielprotein binden. Das ermöglicht die Behandlung verschiedener Krankheiten, wie z.B. 

Krebs oder Autoimmunerkrankungen. In einer flüssigen Antikörperlösung wechselwirken 

alle Lösungskomponenten, wie das Protein, Wasser und alle weiteren gelösten Stoffe 

miteinander. Es wird davon ausgegangen, dass die Wechselwirkung zwischen dem 

Antikörper und den weiteren gelösten Stoffen die Protein-Protein Wechselwirkungen und 

folglich auch die Stabilität und das Phasenverhalten der Antikörperlösung beeinflussen. 

 

Das Ziel der Arbeit war es: 

• Ein oder mehrere Modellhilfsstoffe zu identifizieren, welche eine anziehende 

Wechselwirkung zum Antikörper aufweisen 

• Methoden zur Detektion und zur Quantifizierung anziehender Hilfsstoff-

Antikörperwechselwirkungen zu identifizieren 

• Begründungen zu finden, welche den Einfluss des pH-Wertes, der Anwesenheit 

und Konzentration von bestimmten Hilfsstoffen, der Ionenstärke sowie der 

Temperatur auf die Phasengrenzen beschreiben 

• Begründungen zu finden, welche die Auswirkungen des pH-Wertes, der 

Anwesenheit und Konzentration von Excipients sowie der Ionenstärke auf die 

Diffusion einer Antikörperlösung beschreiben 

Verschiedene Hilfsstoffe konnten identifziert werden, welche an den Antikörper binden. 

Diese sind Citrat, Butan-1,2,3,4-tetracarboxylat, Benzol-1,2,4,5-tetracarboxylat, Benzol-

1,2,3,4,5-pentacarboxylat und Mellitat. Es ist anzunehmen, dass diese negativ geladenen 

oligovalenten Ionen durch elektrostatische Wechselwirkung mit dem positiv geladenen 

Antikörper interagieren. 
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Die Wechselwirkung zwischen dem Antikörper und den Citratmolekülen zeigte sich 

mittels drei verschiedener experimenteller Herangehensweisen: 

• Vergleich der Phasengrenzen in Abhängigkeit des pH-Wertes in An- und 

Abwesenheit von Citrat 

• Darstellung der Ionenatmosphere nach Gleichgewichtsdialyse gegen eine 

Mischung aus verschiedenen Ionen, die um die Solvathülle konkurieren 

• Beschleunigte Diffusion des Antikörpers bei unendlicher Verdünnung in der 

Anwesenheit von 2 mM und 5 mM Citrat, welche sich weder mittels 

Zweikomponenten noch mittels Dreikomponenten Diffusionsmodell erklären lässt 

Das Auftreten der Phasentrennung und das Ausmaß der Mischungslücke wurden in 

Abhängigkeit des pH-Wertes, der Hilfsstoffspezies und Hilfsstoffkonzentration sowie der 

Ionenstärke und der Temperatur untersucht. Es wurden Erklärungen gefunden, die das 

Phasenverhalten und damit die Protein-Protein Wechselwirkungen in Lösungen 

unterschiedlicher Zusammensetzung beschreiben können. Diese Erklärungen basieren auf 

dem Konzept, dass die Ladung des Antikörpers mit steigendem Abstand zum 

isoelektrischen Punkt ansteigt. Zusätzlich zur Gesamtnettoladung, die abstoßende, 

elektrostatische Protein-Protein Interaktionen induziert, basiert das Konzept auch auf der 

Annahme einer anisotropen Ladunsverteilung über der Proteinoberfläche, welche zu 

anziehenden Protein-Protein Wechselwirkungen führt. Diese anziehenden 

Wechselwirkungen werden durch Erhöhung der Ionenstärke abgeschwächt. Schließlich 

wird das Konzept durch elektrostatische Bindungen zwischen oligovalenten Anionen und 

dem Protein vervollständigt, welche zur Ladungsneutralität des Antikörpers führen können. 

Für die Flüssig-Flüssigphasentrennung einer Antikörperlösung in Anwesenheit von Citrat 

wurde eine obere, kritische Lösungstemperatur beobachtet. Dies bedeutet, dass es sich bei 

der Bildung der zwei flüssigen Phasen um einen exothermen Vorgang handelt und dass die 

Entropie durch Zusammenlagerung der Antikörpermoleküle sinkt.  

Die Messung der Diffusion mittels dynamischer Lichtstreuung vermittelte ein tieferes 

Verständnis darüber, wie sich verschiedene Hilfsstoffe und Hilfsstoffkonzentrationen auf 

die Diffusion auswirken. Es wurde gezeigt, dass das herkömmliche, vereinfachende kD-

Zweikomponentenmodell bei niedriger Ionenstärke ungeeignet für den geladenen 
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Antikörper ist. Dies lässt sich dadurch begründen, dass für geladene Teilchen bei niedriger 

Ionenstärke mindestens 3 Komponenten mit sich ändernden Konzentrationen betrachten 

werden müssen. Daher ist die herkömmliche Interpretation, nach der niedrige kD Werte 

anziehende Protein-Protein Wechselwirkungen und hohe kD Werte abstoßende 

Wechselwirkungen repräsentieren, unter diesen Bedingungen niedriger Ionenstärken nicht 

gültig. Stattdessen konnte die Theorie, nach der die Diffusion des Proteins mit der Diffusion 

des Gegenions gekoppelt ist, bestätigt werden. Diese Theorie berücksichtigt isotrope 

elektrostatische Ion-Ion Wechselwirkungen zwischen Antikörpern, zwischen Gegenionen, 

sowie zwischen Antikörpern und Gegenionen. Da die Diffusion des Proteins mit der 

Diffusion des Gegenions gekoppelt ist, können mittels dynamischer Lichtstreuung 

Informationen über die Diffusion der Gegenionen und somit über das Wechselspiel 

zwischen Antikörper und Gegenion erlangt werden. 
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Acronyms and Abbreviations 

 

2 (subscript 2) Relating the parameter to component 2 (protein) 

3 (subscript 3) Relating the parameter to component 3  

4 (subscript 4) Relating the parameter to component 4  

I (superscript I) Relating the parameter to compartment I (protein solution) 

II (superscript II) Relating the parameter to compartment II (outer dialysis 

medium without protein) 

a Radius of an ideal hard sphere 

B22 Second virial coefficient of osmotic pressure 

BCA Bicinchoninic acid 

BE IC Measurement of the ion content via ion chromatography 

subsequent to buffer equilibration 

C Coulomb (unit of electric charge) 

c Weight concentration  

𝑐0̅  Average concentration of mellitate adjusted by sample 

preparation 

c' Molar concentration 

cc Critical concentration (protein concentration at the critical 

point) 

Citric acid 2-Hydroxy-1,2,3-propanetricarboxylic acid 

D Diffusion constant, diffusion coefficient 

D22, D23, D33, D32 Diffusion coefficents of a ternary system (system consisting 

of three different components) 

D0 Diffusion coefficient at inifite dilution (Brownian diffusion 

coefficient) 

D2 Limiting diffusion coefficient of the protein in ideal solution 

neglecting influences of protein-protein interactions or 

coupled protein-counterion diffusion 

D3 Limiting diffusion coefficient of the counterion in ideal 

solution neglecting influences of protein-protein interactions 

or coupled protein-counterion diffusion 

Dc Diffusion coefficient at finite concentration 

Ds Self-diffusion coefficient 

Da Dalton (atomic mass unit) 

DLS Dynamic light scattering 

DLVO Derjaguin-Landau-Verwey-Overbeek 

DNA Deoxyribonucleic acid 

DSC Differential scanning calorimetry 

e Elementary charge 

equ  Equation 

f Frictional coefficient 

f0 Frictional coefficient at infinite dilution 

fc Concentration dependent frictional coefficient 
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f-t Flow-through 

IEF Isoelectric focusing 

J Flux 

K Equilibrium constant 

Kc Constant: ratio of molar counterion concentration to molar 

protein concentration 

KD Diffusion interaction parameter (expressed as a function of 

the volume fraction) 

k Boltzmann constant 

kD Diffusion interaction parameter (expressed as a function of 

the weight concentration) 

kf Parameter which is equal to ks 

ks Parameter obtained by sedimentation velocity experiments 

LCST Lower critical solution temperature 

LLPS Liquid liquid phase separation 

LSPS Liquid solid phase separation 

[M] Titrated free citrate concentration of BE IC experiments 

[M1/2] Competition constant 

Mellitic acid Benzene-1,2,3,4,5,6-hexacarboxylic acid 

Mw Relative molecular mass of the protein 

MWCO Molecular weight cut-off 

N Number of associated ions (BE IC experiments) 

N0 Number of associated chloride ions at the beginning of buffer 

equilibration (BE IC experiments) 

N1 Number of associated chloride ions at the end of buffer 

equilibration (BE IC experiments) 

NA Avogadro constant 

n Hill coefficient (BE IC experiments) 

PALS Phase analysis light scattering 

PDI Polydispersity index 

PEG Polyethylene glycol 

pI Isoelectric point 

pKa Ionization constant 

R Universal gas constant 

rh Stokes radius, hydrodynamic radius 

rh(0) Stokes radius at infinite dilution 

s0 Sedimentation coefficient at infinite dilution 

sc Sedimentation coefficient at finite concentration 

SI International system of units 

T Temperature in K 

Tc Critical temperature (temperature at the critical point) 

TCA Trichloroacetic acid 

Trans-aconitic acid Trans-prop-1-ene-1,2,3-tricarboxylic acid 

Tricarballylic acid Propane-1,2,3-tricarboxylic acid 

Trimesic acid Benzene-1,3,5-tricarboxylic acid 

UCST Upper critical solution temperature 



 

XIII 

 

UV Ultraviolet 

w Width as defined by equation 38 

x Distance 

ZP Valence 

z Ionic net charge 

zDHH Debye-Hückel-Henry charge 

zeff Effective charge 

𝛾2  Activity coefficient of component 2 

η Dynamic viscosity 

𝜓  Electrostatic potential 

Π Osmotic pressure 

�̅�  Partial specific volume of the protein 

𝜐𝑠  "Swollen" specific volume 

ϕ Volume fraction 
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1. INTRODUCTION 

Monoclonal antibodies are proteins with a high target specifity, which enable their use of 

treating various diseases, such as cancer and autoimmune disorders. Their high target 

specificity is usually accompanied by low unintended side effects (1-4).  

The insufficient stability of monoclonal antibodies in the gastrointestinal tract is limiting 

the route of administration for monoclonal antibodies to parenteral administration, such as 

intraveneous, subcutaneous or intravitreal administration. These types of administration 

almost exclusively require a liquid formulation which may, in certain cases, be lyophilized 

in the course of production and reconstituted immediatetely before administration to 

achieve an adequate stability.  

 

Figure 1: Illustration of the surface charge potential of an antibody. A positive potential is marked in 

blue and a negative potential is marked in red. The surface charge depends on the pH in solution. The 

antibody forms an extended Y-like shape (Figure taken from (5)) 

 

In a liquid formulation all solution components such as the hydrated protein, water and salts 

or buffers, are interacting. The physical-chemical properties of the protein and of the 

cosolutes (salts, buffers and others) may specifically influence the interaction between 

these different solution components. The interaction between the protein and the cosolutes 

is assumed to affect the protein-protein interactions and thereby influences the stability and 

the phase behavior of the protein solution. The latter properties are decisive factors with 

respect to the suitability of a protein to be used as an active pharmaceutical ingredient.  
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Overall aim of the study 

The classical work of formulation development focuses on selecting an individual 

formulation for an individual protein molecule to guarantee longterm stability and enable 

a good processability. There, the focus is the outcome (i.e. a stable and processable 

formulation) and not as much the mechanism behind stabilization.  

The following study focuses on the mechanism behind protein stabilization. Therefore, the 

thesis statement is formulated as follows: 

“The protein-protein interaction potential results from the sum of repulsive and attractive 

protein-protein interactions. The modification of the protein-protein interaction potential 

by excipients is caused by interactions between the excipients and the protein.” 

Therefore, the aim of the present study is to: 

• Identify one or more model excipients, which are attractively interacting with the 

antibody 

• Identify approaches to detect and to quantify attractive interactions between 

excipients and the antibody 

• Find a rationale behind the effects of pH, presence and concentration of excipients, 

ionic strength and temperature on the phase boundaries of an antibody solution  

• Find a rationale behind the effect of pH, presence and concentration of excipients 

and ionic strength on the diffusion of an antibody in solution 

Relevance of liquid-liquid phase separation (LLPS) 

Liquid-liquid phase separation (LLPS) due to reversible self-association of antibody 

molecules is a complex phenomenon already observed by several groups (6-13). The 

present work focuses on solution conditions that induce LLPS at low ionic strength (< 150 

mM) in the absence of polyethylene glycol (PEG) or other molecular crowding substances 

such as ammonium sulfate. Phase separation observed in the presence of high salt 

concentrations in the molar range or in the presence of PEG should be regarded separately 

as these additives induce phase separation via a different mechanism, namely the 

competition for water of hydration, or salting-out (12, 14, 15). 
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The importance of LLPS in biotechnology and production ranges from unwanted phase 

separation during antibody production and storage to a systematic application as 

membrane-free concentration technique or column-free approaches for protein purification 

(16, 17). In detail, the purification process ends after the last process step, namely the ultra-

/diafiltration step with the aim of conditioning the protein into a specific formulation and/or 

increase protein concentration. This solution is called bulk drug substance and is often 

stored in large stainless steel tanks. These tanks are then stored up to few days at 2-8 °C 

prior to the fill and finish process. During this storage time, the potential occurrence of 

LLPS may induce a protein concentration gradient in the tank. It is avoided to stir the 

protein solution in the tank in order to reduce potential protein aggregation induced by 

mechanical stress. Because of the protein gradient in the tank, fill and finish into e.g. 

pharmaceutical vials, would induce a batch inhomogeneity with vials having different 

protein concentrations. This has strictly to be avoided in order to meet batch consistency. 

This work deals with factors associated with the phenomenon of LLPS (lower temperature, 

pH close to the isoelectric point (pI), higher valency of counterions and lower salt 

concentration) and with solution properties such as high turbidity, which precedes LLPS. 

Medically, certain immunoproliferative and autoimmune diseases such as 

cryoglobulinemia are associated to reversible precipitation of immunoglobulins upon 

cooling below 37°C (18, 19). Some types of cataract are associated to opacity of crystallins, 

a protein class that is performing liquid-liquid phase separation (20-23). In certain cases, 

LLPS is metastable with respect to crystal formation (24-33). For such cases the exact 

position of the phase boundary in the phase diagram (excipient concentration vs. protein 

concentration) can be used to predict and optimize conditions for protein crystallization at 

specific environmental conditions (33). 
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Relevance of liquid-solid phase separation (LSPS) 

Complexation of proteins by oppositely charged ions may stabilize the protein against 

dehydration by lyophilization and against elevated temperature (34). The electrostatic 

interactions between charged proteins and oppositely charged ions can be used for 

encapsulation and delivery (34-36). Complexation of proteins can also be used for protein 

separation and purification (37). Several studies indicate proteins immobilized in 

electrostatic complexes to remain intact and active (37-39). 

Electrostatic interactions are of high importance in the purification process of 

biopharmaceuticals. Negatively charged DNA molecules and negatively charged host-cell 

proteins may electrostatically interact with the positively charged protein. The findings 

from this work give insight of how to influence these interactions, e.g. by changing pH or 

ionic strength. In addition, a column-free fractionated protein precipitation with mellitic 

acid or mellitate ions could support or replace the cation exchange chromatography step in 

the purification process of a monoclonal antibody. After the purification step, mellitate 

could be removed by a diafiltration step at higher ionic strength.  

Understanding electrostatic interactions between proteins and excipients as well as between 

two protein molecules are also of high importance for understanding formulation dependent 

effects in formulation development. The tendency of a protein to clustering or self-

association may be strongly affected by electrostatic interactions. Therefore, physical 

properties of the protein solution such as its turbidity, its viscosity or the formation of 

proteinaceous subvisible and visible particles are assumed to be affected by electrostatic 

interactions. Even though the highly charged anions used in this part of the work are not 

used in formulation development, there are well suitable to study the effect of negatively 

charged ions on the solubility of positively charge proteins over a large variety of 

influencing factors. Understanding protein-excipient interactions may lead to more rational 

formulation decisions. 

Relevance of the diffusion coefficient 

Measurement of the diffusion coefficient by Dynamic Light Scattering (DLS) is a 

commonly used method to determine the hydrodynamic radius of a protein. Size 

measurement can be used to detect changes in the size distribution of proteins subsequent 
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to accelerated stress or long-term stability studies (40, 41). In addition to the size, the 

polydispersity index (PDI) obtained by DLS is a useful parameter to sensitively 

characterize changes in the size distribution after stressing the protein solution (42, 43). For 

these types of experiments, the high sensitivity to higher molecular weight species, such as 

aggregates, is one of the advantages of DLS. 

Furthermore, protein concentration dependence of the measured diffusion coefficient and 

the stability parameter kD is assumed to provide information about intermolecular protein 

interactions. A lower value of kD is considered to represent more attractive colloidal 

interactions, whereas a positive value is connected to repulsive protein-protein interactions. 

((5, 44-64)) 

The stability parameter kD has been exhaustively used to study the influence of specific 

solution conditions on the colloidal stability of monoclonal antibodies. Most of the 

published data describe the effect of pH and ionic strength on kD (5, 44-60). However, 

certain studies also examined the influence of defined buffers (5, 52), sugars and polyols 

(54, 63) or cyclodextrins (62) on kD. Differences in kD of various antibodies or antibody 

mutants have also been studied (46, 49, 51, 53, 54, 57, 59-61, 64). 

Attractive protein-protein interactions in protein solutions lead to higher opalescence (7, 9, 

10, 65, 66), higher viscosities (51, 53, 57-61) and enhanced aggregation kinetics of the 

proteins in solution (53, 54, 67-75).  

In previous studies which were measuring kD, a pseudobinary system was the basis of data 

analysis. In this work, the diffusion coefficients will be examined based on the assumption 

of a three-component system. In particular, the coupled diffusion of the charged protein 

and its counterions will be pointed out.  
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2. THEORETICAL BACKGROUND 

2.1. LIQUID-LIQUID PHASE SEPARATION 

2.1.1. Solution conditions that favor LLPS 

LLPS occurs spontaneously upon changing the solution conditions such as temperature (7-

9, 11, 13, 65), pressure (76), pH (7, 8, 11, 65), the presence of cosolutes or their 

concentration (8, 65). Thereby a homogeneous protein solution separates into a lower phase 

with high protein concentration and high density and an upper phase with low protein 

concentration and lower density. Points on the phase boundary, called coexistence curve, 

describe the concentrations of the two coexisting protein solutions. At temperatures above 

the maximum of the coexistence curve, termed upper critical point or upper critical solution 

temperature (UCST), no phase separation takes place and a single phase is formed. The 

protein concentration at the critical temperature is termed critical concentration. In 

currently published studies, the critical concentration is similar for most investigated 

antibodies (approximately 90 mg/ml) (7, 8, 13) whereas the critical temperature strongly 

depends on the unique antibody and the solution composition. Published data of the critical 

temperature of monoclonal antibodies vary from -3°C to  25°C (7, 8, 13). 

Even though not yet systematically described in the literature, it has been shown in several 

studies that LLPS often occurs at conditions close to the pI (6-11, 65). To my knowledge, 

up to now just two studies have been published in which LLPS in antibody solutions was 

also observed more than one pH unit distant from pI at low ionic strength and in the absence 

of polyethylene glycol (8, 46). In general, LLPS has been shown to be more pronounced at 

lower temperature (upper critical solution temperature: UCST phase behavior) and lower 

ionic strength (7-10, 12, 13, 19). A strong correlation between LLPS and opalescence of 

antibody solutions has been found, probably due to attractive protein-protein interactions 

which form the basis for both phenomena (7-10). 

2.1.2. Definition and properties of complex coacervates 

A well-studied sub-type of LLPS is complex coacervation. Complex coacervation was first 

mentioned by Tiebackx in 1911, naming a liquid-liquid phase separation as a result of 

electrical interaction between opposite charges on polyelectrolytes (77, 78). Later, in 1938 
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Bungenberg de Jong studied the phase behavior of protein solutions (79). Complex 

coacervation was observed for isolabile globular proteins at the isoelectric point and for 

biocolloids that interact with oppositely charged ions, such as ferrycyanide or picrate (79). 

These days, complex coacervation is defined as a spontaneous liquid-liquid phase 

separation that occurs in solution of oppositely charged macromolecules, including both 

polyelectrolytes and charged colloidal particles (17, 80).  

 

Figure 2: Chemical structures of the oligovalent acids used in this work: A) propane-1,2,3-tricarboxylic 

acid (tricarballylic acid), B) trans-prop-1-ene-1,2,3-tricarboxylic acid (trans-aconitic acid), C) 2-

hydroxy-1,2,3-propanetricarboxylic acid (citric acid), D) butane-1,2,3,4-tetracarboxylic acid, E) 

benzene-1,3,5-tricarboxylic acid (trimesic acid), F) benzene-1,2,4,5-tetracarboxylic acid, G) benzene-

1,2,3,4,5-pentacarboxylic acid, and H) benzene-1,2,3,4,5,6-hexacarboxylic acid (mellitic acid)  

 

By current definition (17, 80), the formation of LLPS by an antibody (charged colloidal 

particle) interacting with oligovalent anions as shown in Figure 2 is not explicitly a complex 

coacervate, as the interacting ions are not exclusively macromolecules. However, the large 

number of similarities between complex coacervates and LLPS will be pointed out in the 

following study.  

Complex coacervates have some properties in common: An optimum mixing ratio between 

the oppositely charged molecules exists, at which the formed complex is electrically neutral 

and phase separation is most pronounced (17, 77, 79, 81-84). The presence of salt has a 

dissociating effect on the complex of oppositely charged molecules and coacervation is 

extenuated or even suppressed (77, 79, 84, 85). Finally, the charge density of the interacting 
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partners has an influence on the physical appearance of the complex. Weak neutralizing 

interactions between the involved macromolecules result in liquid-liquid phase separation. 

When the interacting partners are more densely charged, liquid-solid phase separation 

(LSPS) i.e. precipitation might occur (77, 86). 

Another concept that describes the effect of citrate-varied interactions of the antibodies is 

the concept of LLPS of effective particles (87, 88). Effective protein-protein interactions 

are strongly dependent on the presence of other additives in solution, such as salts, buffers, 

sugars etc. If an additive interacts with the protein, the formed particle is called “effective 

particle” (88). By changing the solvent composition, effective protein-protein interactions 

are modified and the phase behavior can thereby be adjusted (88). 

2.2. MAPPING THE ION ATMOSPHERE 

Binding between anions and monoclonal antibodies (positively charged below pI) has an 

impact on intermolecular antibody-antibody interactions (52, 89-91). In the mentioned 

studies (52, 89-91), anion binding was assumed due to differences in the electrophoretic 

mobility of the antibody in different ion environments. In the following work, a direct 

quantitative approach is presented to measure the competition of different ions for the 

composition of the ion atmosphere. The ion atmosphere, i.e. the mobile sheath of ions 

surrounding the protein, has no discrete structure and interactions between ions and proteins 

follow complex thermodynamic behaviour, which cannot be described by simple binding 

isotherms (92, 93). Therefore Bai and co-workers (92) suggest the determination of a 

competition constant of competing ions rather than a dissociation constant. The method of 

Bai et al. (92), originally developed for DNA, was adopted in the present study to antibodies 

by measuring the anion content via ion chromatography subsequent to buffer equilibration 

(BE IC). The results in the present study confirm that citrate ions preferentially bind to the 

protein compared to chloride ions. 

2.3. DIFFUSION COEFFICIENT 

Proteins in solution collide with thermally fluctuating water molecules resulting in random 

motion of the protein molecules, called Brownian motion. Brownian motion is the origin 

of diffusion (94).  
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One-dimensional diffusion is described by Fick’s first law of diffusion: 

𝐽2 = −𝐷 (
𝜕𝑐2

𝜕𝑥
)       (1) 

The flux 𝐽2 is the rate of mass transport across a surface of unit area of component 2, 𝑐2 is 

the weight concentration and 𝑥  is the distance. The gradient in protein concentration is 

related to the flux 𝐽2  by the diffusion constant 𝐷  (94). The diffusion constant is 

synonymously termed diffusion coefficient (95). The subscript 2 denotes these quantities 

to relate to component 2, a dissolved species that diffuses in component 1. In the present 

study component 1 refers to water, component 2 refers to the (positively charged) antibody 

molecule and in the following sections component 3 refers to lower molecular weight 

anions such as chloride, or buffer ions.  

2.3.1. Factors affecting the diffusion coefficient 

2.3.1.1. Binary diffusion model neglecting protein-protein interactions 

The diffusion coefficient D0 describes Brownian motion for an ideal hard sphere of radius 

a in a liquid medium of viscosity η at infinite dilution (c(c0) → 0):  

𝐷0 =
𝑘𝑇

6𝜋𝜂𝑎
         (2) 

Here, 𝑘 is the Boltzmann constant and 𝑇 is the absolute temperature in K.  

Hydration and irregular shape of the proteins have damping effects on the random motion 

of the protein compared to a hard sphere of the same volume (94). The measured diffusion 

is lower. The Stokes radius or hydrodynamic radius, 𝑟ℎ, of a non-spherical hydrated protein 

is defined as the radius of a hard sphere that has the same diffusion coefficient as the protein.  

𝐷 =
𝑘𝑇

6𝜋𝜂𝑟ℎ
        (3) 

2.3.1.2. Binary diffusion model taking into account protein-protein 

interactions 

In real solutions at finite dilution, proteins interact with each other. In this case the mutual 

diffusion coefficient Dc is a function of the protein concentration and is defined by (94): 

𝐷𝑐 = (𝑘𝑇 𝑓𝑐⁄ )[1 + 𝜕(𝑙𝑛 𝛾2) 𝜕(𝑙𝑛𝑐2)⁄ ]    (4) 
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where 𝛾2 is the activity coefficient and c2 is the weight concentration of the protein. The 

frictional coefficient fc is assumed to be concentration dependent (96): 

𝑓𝑐 = 𝑓0(1 + 𝑘𝑠𝑐2)       (5) 

whereby ks can be determined by sedimentation velocity experiments (96): 

𝑠𝑐 = 𝑠0(1 − 𝑘𝑠𝑐2)       (6) 

Here, sc is the sedimentation coefficient at finite concentration and s0 is the infinite dilution 

value.  

Taking into account the Gibbs-Duhem equation and introducing a relation to osmotic 

pressure 𝛱, equ (4) can be written as (96): 

𝐷𝑐 =
𝑅𝑇

𝑁𝐴𝑓𝑐
(

𝑀𝑤(1−�̅�𝑐2)

𝑅𝑇

𝜕𝛱

𝜕𝑐2
)      (7) 

With the universal gas constant R, the Avogadro constant NA, the relative molecular mass 

of the protein Mw and the partial specific volume of the protein �̅� (96).  

Inserting the expression for osmotic pressure 
𝜕𝛱

𝜕𝑐2
=

𝑅𝑇

𝑀
[1 + 2𝐵22𝑀𝑤𝑐2 + ⋯ ]  with B22 

being the second virial coefficient and inserting the expression of the frictional coefficient 

fc from equ (5), the final equation is derived: 

𝐷𝑐 =
𝑅𝑇

𝑁𝐴𝑓0

(1−�̅�𝑐2)[1+2𝐵22𝑀𝑤𝑐2+⋯ ]

1+𝑘𝑠𝑐2
     (8) 

An approximation to equ (8) can be performed by power series expansion of concentration 

and by neglecting square terms of low values: 

𝐷𝑐 ≈
𝑅𝑇

𝑁𝐴𝑓0
[1 + 𝑐2(2𝐵22𝑀𝑤 − �̅� − 𝑘𝑠)]    (9) 

This approximated expression is in accordance with the empirical equation 

𝐷𝑐 = 𝐷0(1 + 𝑘𝐷𝑐2)       (10) 

with 

𝐷0 =
𝑅𝑇

𝑁𝑓0
        (11) 
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and 

𝑘𝐷 = 2𝐵22𝑀𝑤 − �̅� − 𝑘𝑠      (12). 

At infinite dilution, the diffusion coefficient Dc (also called mutual diffusion coefficient), 

measured by DLS is equivalent to the the self-diffusion coefficient, Ds, and the Brownian 

diffusion coefficient, D0 (97). 

According to equ (12), kD is influenced by thermodynamic contributions (B22), i.e. the 

interaction potential between two proteins as well as hydrodynamic contributions (�̅� and ks) 

which generally lower kD, therefore also termed hydrodynamic drag (98). Hence, a positive 

kD always represents net repulsive interactions between the proteins whereas a largely 

negative kD represents attractive interactions. A slightly negative kD could account for 

attractive as well as repulsive net interactions (98). The kD of monoclonal antibodies for 

vanishing thermodynamic contribution (B22 = 0) was estimated to -5.34 ml·g-1 (59).  

A slightly different form of equ (12) has been reported in the literature (99, 100), which 

reads as follows:  

𝑘𝐷 = 2𝐵22𝑀𝑤 − 2�̅� − 𝑘𝑓      (13) 

kf in equ (13) corresponds to ks in equ (12). The difference between equ (12) and equ (13), 

i.e. the partial specific volume contributing by a factor of 2 to the hydrodynamic drag can 

be explained with backflow of solvent, which is only taken into account in equ (13) (101). 

The concentration dependence of the diffusion coefficient can be expressed as a function 

of the weight concentration c2 (equ (10)) or as a function of the volume fraction 𝜙 (96): 

𝐷𝑐 = 𝐷0(1 + 𝐾𝐷𝜙)       (14) 

where 𝐾𝐷 =
𝑘𝐷

𝜐𝑠
 and 𝜐𝑠 is the ‘swollen’ specific volume, which is the volume of the protein 

in solution per unit anhydrous mass of the protein, including the volume of solvent 

associated with the protein (96, 102). 

Studies published in the context of colloidal stability of monoclonal antibodies usually use 

the concentration dependence in terms of mass concentration (46, 49, 51, 53, 54, 57, 59-61, 

64). Theoretical studies rather focus on the volume fraction dependence of D. A study 
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modeling the diffusion coefficient of hard neutral non-interacting spheres finds a value of 

1.45 for the volume fraction dependent parameter KD (96).  

The relation between kD, D0 and D as defined in equ (10) can also be expressed as a relation 

between kD and the protein size in terms of the hydrodynamic radius rh of the protein.  

By combining equ (10) with equ (3) the following relation is obtained: 

𝑟ℎ(𝑐2) =
𝑟ℎ(0)

1+𝑘𝐷𝑐2
       (15) 

Here, rh(c2) is the hydrodynamic radius at a defined protein concentration c2 and rh(0) is 

the hydrodynamic radius obtained by extrapolation of the protein concentration to infinite 

dilution. rh(0) is obtained by converting the diffusion coefficient at infinite dilution D0 by 

equ (3).  

2.3.1.3. Diffusion model in ternary systems 

The theory of kD is based on a pseudobinary concept accounting only for interactions 

between the proteins (component 2) and the surrounding “homogenous” medium 

(component 1). However, protein solutions often contain buffer salts, additional non-

buffering salts, and other cosolutes. Hence, a protein solution is a multicomponent system. 

However, the two-component model still applies as a pseudobinary model if the 

concentrations of buffers, salts and various cosolutes stay constant with changing protein 

concentration and can be defined to be a constant pseudo-homogeneous surrounding 

medium (component 1).  

Charged molecules, such as antibodies, however, are present in solution together with their 

counterions. At least some of the counterions are not tightly bound to the protein, so they 

do not belong to component 2. As the concentration of the unbound counterions can change 

with increasing protein concentration, they are not part of the constant homogeneous 

surrounding medium and therefore need to be defined as component 3.  

A diffusion model for ternary systems includes this dependency. To describe the ternary 

system an extended form of Fick’s first law of diffusion has been proposed (94, 103-105):  
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𝐽2 = −𝐷22𝛻𝑐2 − 𝐷23𝛻𝑐3      (16) 

𝐽3 = −𝐷33𝛻𝑐3 − 𝐷32𝛻𝑐2      (17) 

with the gradient of the protein concentration ∇𝑐2 =
𝜕𝑐2

𝜕𝑥
 and the gradient of the counterion 

concentration ∇𝑐3 =
𝜕𝑐3

𝜕𝑥
. In equ (16) the flux of the protein J2 is depending on the protein 

main-term diffusion coefficient D22 which relates the diffusion to the gradient of the protein 

concentration 
𝜕𝑐2

𝜕𝑥
 as well as the crossterm diffusion coefficient D23 which relates the 

diffusion of the protein to the gradient of the counterion concentration 
𝜕𝑐3

𝜕𝑥
 (104, 105). 

Likewise, the flux of the counterions is described by the main-term diffusion coefficient 

D33 and the cross-term diffusion coefficient D32 (104, 105). 

Electrostatic interactions between the three components are specifically influencing the 

diffusion in a ternary system. The diffusion of the protein and of its counterions is coupled 

due to long-range electrostatic forces. This effect, also termed common-ion effect (106), 

does not vanish at lower protein concentration (94). In many cases the protein in solution 

is charged and the solution contains a defined number of counter ions. Due to electrostatic 

forces the diffusion of a protein will impact the diffusion of the counter ions and vice versa. 

The flux of the protein J2 and its respective counterion J3 is not only influenced by 

thermodynamic forces which occur as a consequence of the protein or counterion 

concentration gradient, but also by electrostatic forces between proteins and counterions 

(95).  

𝐽2 = −𝐷2 (𝛻𝑐2 + 𝑐2
′ 𝑧2

𝑒𝑁𝛻𝜓

𝑅𝑇
)     (18) 

𝐽3 = −𝐷3 (𝛻𝑐3 + 𝑐3
′ 𝑧3

𝑒𝑁𝛻𝜓

𝑅𝑇
)     (19) 

Here, D2 is the limiting diffusion coefficient of the protein in ideal solution neglecting 

influences of protein-protein interactions or protein-counterion coupled diffusion. Likewise, 

D3 is the limiting diffusion coefficient of the counterion. z denotes the ionic net charge of 

the respective ion, e is the elementary charge, and 𝜓 is the electrostatic potential. The 

concentrations 𝑐2
′  and 𝑐3

′  are molar concentrations of the protein and the counterions, 

respectively. In contrast to equ (16) and equ (17), equ (18) and equ (19) do not account for 
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chemical cross-diffusion, i.e. chemical forces resulting from the concentration gradient of 

the dissolved species whose flux is not considered. For DLS measurement of charged 

species the chemical cross-diffusion forces are assumed to be much lower compared to 

electric forces. The electrostatic potential is stated to be equal in equ (18) and equ (19). 

This condition is only valid assuming the potential to result from a point charge or 

spherically symmetric distributed charge quantities. Therefore, the following derived 

equations only account for ion-ion interactions neglecting dipole-dipole or ion-dipole 

interactions.  

Assuming no macroscopic charge separation the flux of the protein and the flux of the 

counterion are related by:  

𝑧2𝐽2 + 𝑧3𝐽3 = 0       (20) 

Additionally assuming the protein concentration gradient and the counterion concentration 

gradient to be related by: 

𝑧2𝛻𝑐2
′ + 𝑧3𝛻𝑐3

′ = 0       (21) 

The flux of the protein can be expressed as follows:  

𝐽2 = −𝐷𝛻𝑐2
′ = − [

𝐷2𝐷3(𝑧2
2𝑐2

′+𝑧3
2𝑐3

′)

𝐷2𝑧2
2𝑐2

′+𝐷3𝑧3
2𝑐3

′ ] 𝛻𝑐2
′     (22) 

with the diffusion coefficient  

𝐷 =
𝐷2𝐷3(𝑧2

2𝑐2
′ +𝑧3

2𝑐3
′ )

𝐷2𝑧2
2𝑐2

′ +𝐷3𝑧3
2𝑐3

′        (23) 

The experimentally measurable diffusion constant D is thus related to the limiting diffusion 

constants of the protein D2 and of the counter ions D3 (94). The ionic net charge of the 

protein z2 corresponds to the Debye-Hückel-Henry charge zDHH as introduced in section 

2.4.2. 

A special case of diffusion in a ternary system can be described if the couterion to protein 

ratio is constant, with 𝐾𝐶 =
𝑐3

′

𝑐2
′: 

𝐷 =
𝐷2𝐷3(𝑧2

2+𝑧3
2𝐾𝐶)

𝑧2
2𝐷2+𝑧3

2𝐾𝐶𝐷3
       (24) 
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This special case occurs if dilution of the protein solution is performed with water, 

independent from the initial composition of the protein solution. For this special case the 

calculated diffusion coefficient is independent of the protein concentration.  

Assuming no additional salt to be present in solution, the effective counterions and the 

protein counterbalance each other (𝑧2𝑐2
′ + 𝑧3𝑐3

′ = 0).  

By assuming charge counterbalance between all couterions and the protein and by setting 

z3 = -1 for monovalent anions, equ (23) can be simplified to  

𝐷 =
(𝑧2+1)𝐷2𝐷3

𝑧2𝐷2+𝐷3
       (25) 

The last three equations illustrate that the diffusion coefficient varies with the charge of the 

protein. As the diffusion of the counter ions D3 is higher compared to that of the protein D2, 

the experimental measured diffusion of the protein will be faster than expected and the 

corresponding hydrodynamic radius obtained by Stokes-Einstein relation will be smaller 

than expected (94).  

However, if an excess of low-molecular weight electrolyte is present, the entire electrolyte 

of right charge acts as effective counter ions. If 𝑐3
′  is much higher than c2

′  equ (23) 

simplifies to 𝐷 ≈ 𝐷2 (94). 

Hence, if the ionic strength is sufficiently high, the diffusion and therefore the 

hydrodynamic radius of the antibody approach values which would be expected from the 

real spatial properties of the protein (size, shape, hydration) (94).  

2.3.2. Measurement of the diffusion coefficient 

Diffusion can be measured on the microscopic and macroscopic length scale. DLS detects 

the motions of a protein in a small volume element and thereby measures microscopic 

fluctuations in the protein concentration (94, 107). To study the net transport over a 

macroscopic distance, various approaches such as Rayleigh interferometry or Schlieren 

optics are used (94, 103). A lot of studies examining diffusion of ternary protein systems 

have been performed on the macroscopic length scale (103-105, 107-110).  
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Up to now, limited effort has been done on studying diffusion in ternary systems by DLS 

(104, 106, 107, 111). As far as I know, only one single study examines the effect of coupled 

diffusion of proteins and counterions on diffusion coefficients measured by DLS (106). 

Experimental challenges of free diffusion measurement on the macroscopic length scale 

are the very slow motion of bigger proteins, as indicated by very low diffusion coefficients. 

E.g. a monoclonal antibody with a diffusion coefficient of 46.5 µm²/s moves on average 

2.8 mm in 24 hours (calculated by: 〈𝑥2〉 = 2𝐷𝑡 , where 〈𝑥2〉  is the mean square 

displacement (112)) In addition, potentially occurring thermal gradients will induce 

convective mixing. Vibrations from thermostatic control devices may also disturb the 

measurement (94). However, DLS measurements are more affected by high molecular 

weight impurities due to their higher scattering intensity. Rayleigh interferometry is rather 

insensitive to these impurities, because high molecular weight aggregates are expected to 

diffuse very slowly (104). Another advantage of the experimental approaches detecting the 

net transport over a macroscopic distance is the suitability of determining the whole 

diffusion coefficient matrix of the multicomponent system as given in equ (16) and equ (17) 

(107).  

The relevance of DLS for measuring protein-protein interactions and protein-counterion 

interactions in biopharmaceutical development is the short measurement time, a low protein 

demand and the potential of high throughput screening. In contrast to other techniques for 

detecting protein-protein interaction or protein interactions with counterions, the system is 

matrix-free and no additional labeled probes are needed. However, the sensitivity of DLS 

towards high molecular weight species, limits its application to solutions with a low level 

of protein aggregates.  

2.4. NET CHARGE OF A PROTEIN IN THE PRESENCE OF IONS 

2.4.1. Bound counterions, freely diffusing protein-related counterions and 

effective counterions 

To specify the type of charge on a protein, a classification of counterions with different 

diffusion properties is performed. In solutions of a charged protein (as induced by charged 

amino acid side chains and terminal charged groups), the same charge concentration of 

counterions is present in solution for charge counterbalance and electroneutrality. Either 
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these counterions can bind to the protein or they can freely diffuse in solution. If they are 

bound to the protein, they move with the protein and thus will diffuse with the same velocity 

as the protein (113). The counterions which counterbalance the charge of the protein but 

which are not bound to the protein will be termed “freely diffusing protein-related 

counterions”. In contrast to bound counterions, the diffusion of freely diffusing protein-

related counterions is assumed to be coupled with the diffusion of the protein resulting in 

accelerated diffusion of the protein and decelerated diffusion of the counterions (94). If 

additional salt is added to the protein solution, all freely diffusing ions with the opposite 

charge of the protein will have an impact on protein diffusion. These ions together with the 

freely diffusing protein-related counterions will be termed “effective counterions” (94). 

Coions, carrying the same charge sign as the protein, might as well influence the diffusion 

of the protein, either by direct binding to the protein or by being part of a counterion cloud 

with a lowered concentration of coion compared to the surrounding medium. However, for 

the sake of simplicity these ions are neglected in the simple model of protein-ion interaction 

used in the following work.  

The counterions as defined in equ (23) to equ (25) are effective counterions. Bound 

counterions are not assumed to contribute to the effect described by equ (23) to equ (25) as 

they are not freely diffusing but move with the protein.  

2.4.2. Valence, Debye-Hückel-Henry charge zDHH and effective charge zeff 

Two different convertible units systems are generally used to quantify the charge of a 

protein. The SI (international system of units) unit of electric charge is Coulomb (C). One 

Coulomb is defined as the charge, which is transported by a constant current of one Ampere 

in one second. The second quantity of charge, sometimes also termed valence or charge 

number, is the charge related to the charge of a proton, which is 1.602 * 10-19 C. The 

valence/ charge number is unitless and gives information about the number of charged 

groups on a protein. 

The three types of charges as defined below can be given in both unit systems. In the 

following work charge will be given in the unitless quantity.  
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Valence 

The valence of a protein is entirely determined by ionizable amino acid side chains as well 

as amino- and carboxy- terminal groups. The degree of dissociation is assumed to be 

influenced by equilibrium with free H+ and OH- in solution. Even though potential binding 

of other charged ions is assumed to have an indirect impact on the valence, binding of 

charged ions to the protein is not directly considered by the valence. The valence is 

determined by pH titration in combination with the knowledge of the isoelectric point. The 

total number of charged groups (with positive and with negative sign) on the protein is 

higher than the valence. The valence results by summing up all the charged groups of a 

protein. 

Bound counterions (as defined in section 4.2.1) and freely diffusing protein-related 

counterions counterbalance the valence of the protein. In the following work the term 

"charge counterbalance" will be used for all counterions which compensate the charge of 

the protein, independent from a binding event.  

Debye-Hückel-Henry charge zDHH 

The actual net charge of a protein is not only influenced by equilibrium with free H+ and 

OH-ions but also by binding of other ions, such as sodium, chloride, citrate, carbonate or 

hydrocarbonate. The Debye-Hückel-Henry charge zDHH includes bound ions but excludes 

effects of the solvent ion cloud (113). 

The Debye-Hückel-Henry charge is assumed to be counterbalanced by freely diffusing 

protein-related counterions but not by bound counterions. The charge z2 as defined in 

equ (23) to equ (25) is assumed to correspond to the Debye-Hückel-Henry charge zDHH. In 

the following work, the term "charge neutralization" will be used, if the counterions bind 

to the protein and thereby decrease the zDHH of the protein.  
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Figure 3: Exemplary depiction of a protein (yellow) with bound counterions (dark blue) and freely 

diffusing protein-related counterions (light blue). Each circle (red, dark blue, light blue) represents one 

point charge. The valence of the protein is 5 (5 positive charges on the protein as depicted by red circles). 

The valence of 5 is counterbalanced by the 5 negatively charged counterions (dark and light blue circles). 

The zDHH of the protein is 3, as 2 of the 5 positive charges are neutralized by the two bound counterions. 

The zDHH of 3 is counterbalanced by the 3 freely diffusing protein-related counterions (light blue circles). 

 

Effective charge zeff:  

A charged particle is interacting with the surrounding medium. An ion cloud or ionic 

atmosphere forms with an accumulation of oppositely charged ions and a depletion of likely 

charged ions in the vicinity of the protein. As a result the charge is screened, which means 

it is lower at a certain distance from the particle surface. zeff is determined by electrophoretic 

measurements and represents the charge at the shear plane. It is the ratio between the 

electrophoretic mobility and the frictional coefficient f, with f = 6𝜋𝜂𝑟ℎ . zeff does not 

differentiate between bound ions and the Debye-Hückel cloud at the shear plane (113). 

The theory of the ion cloud and electric double layer is well established for particles of 

isotropic charge distribution and high charge density. The low net charge of a protein, 

which is distributed in patches over the large protein surface (thus not isotropic distributed), 

should be considered if the concept of ion cloud and electric double layer is used to discuss 

the electrophoretic behavior of a protein.  

2.4.3. The Gibbs-Donnan equilibrium condition 

Dialysis of a charged protein (here: positively charged) against buffers results in higher 

counterion concentrations (here: molar anion concentration c3
I) and lower coion 
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concentrations (here: molar cation concentration c4
I) in the protein solution (compartment 

I) compared to molar concentration cII in the outer dialysis medium (compartment II). In 

the current view, the protein is assumed to be positively charged. The concentration of 

effective counterions in a protein solution after dialysis is defined by two conditions (114): 

The Donnan ratio 

𝑐𝐼𝐼

𝑐3
𝐼 =

𝑐4
𝐼

𝑐𝐼𝐼
        (26) 

and the principle of electrical neutrality in both compartments 

𝑐4
𝐼 − 𝑐3

𝐼 + 𝑧𝐷𝐻𝐻𝑐2
′ = 0      (27) 

where concentrations of the cation (component 4), the anion (component 3) and the 

positively charged protein (component 2) are given as molar concentrations. Equ (26) and 

equ (27) are only valid for a monovalent 1:1 salt. For a salt of higher valence, the equations 

need to be adjusted as described by Pintauro and Bonta (115). 

These relations can be used to calculate the concentration of effective counterions if the 

Debye-Hückel-Henry charge zDHH of the protein is known. The total concentration of 

counterions after dialysis (bound and freely diffusing counterions) will be the sum of bound 

counterions and effective counterions. 
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3. MATERIALS AND METHODS 

3.1. MATERIALS 

The monoclonal antibody was produced by mammalian cell culture technology (116) by 

Boehringer Ingelheim Pharma GmbH & Co KG. The antibody has a molecular weight of 

145 kDa and a theoretical isoelectric point (pI) of 8.3 (117). The antibody of a concentration 

of 100 mg/ml was provided in 25 mM citrate buffer pH 6.0 and 115 mM NaCl.  
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3.1.1. Consumables 

Table 1: Consumables  

Product Supplier 

UV-cuvettes semi-micro, disposable Brand GmbH & Co KG, Wertheim, Germany 

UVette® cuvettes Eppendorf, Hamburg, Germany 

Plastibrand ® micro UV cuvettes, 

disposable 
Brand GmbH & Co KG, Wertheim, Germany 

UV-Star Micro plate, 96 well, half 

area well profile with clear film F-

bottom, flat 

Greiner Bio-one, Frickenhausen, Germany 

optical tape iCycler iQ  BIO-RAD Laboratories Inc. , Hercules, CA, USA 

Slide-A-LyzerTM dialysis cassettes 

G2, 20.000 Molecular Weight Cut-

Off (MWCO), 70 ml nominal volume 

Thermo Scientific, Rockford, USA 

Sterivex-GV Filter units, sterile Millipore Corporation, Billerica, USA 

Amicon centrifugal filter units, 15 ml 

nominal volume, 30 kD MWCO 
Millipore, Cork, Ireland 

regenerated cellulose tubing Spectra 

Por 7, 25 kDa MWCO, 18 mm flat 

width,  

Spectrumlabs, Inc., Rancho Dominguez, USA 

Slide-A-Lyzer dialysis cassettes G2, 

10.000 kDa Molecular Weight Cut-

Off (MWCO), 30 ml nominal volume 

Thermo Scientific, Rockford, USA 

Whatman® FP30 / 0.2 Ca-S filter 

units 
GE Healthcare UK Limited, Buckinghamshire, UK 

Eppendorf safe-lock tubes, 

0.5/1.5/2/5 ml 
Eppendorf AG, Hamburg, Germany 

Falcon R 15 / 50 ml polystyrene 

tubes 
Corning Inc., Corning, NY, USA 

Nalgene R sterile square media bottles Thermo Scientific, Waltham, MA, USA 

EpT.I.P.S.® Reloads Eppendorf AG, Hamburg, Germany 
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3.1.2. Chemicals 

Table 2: Chemicals 

Product Supplier 

The BCA TM Protein Assay Kit 

including BCA Reagent A (Cat. 

23223) and BCA Reagent B 

(Cat.23224) 

Thermo Scientific (IL, USA) 

Trichloroacetic Acid Sigma-Aldrich, Steinheim, Germany 

Sodium sulfate Sigma-Aldrich, Steinheim, Germany 

Urea GE healthcare 

glycerol GE healthcare 

3-[(3-

Cholamidopropyl)dimethylammonio]-

1-propanesulfonate) 

GE healthcare 

3.8 % (V/V) Pharmalyte 8 - 10.5 

ampholyte solution 
GE healthcare 

3 % (V/V) servalyt 7 - 9 ampholyte 

solution  
Serva electrophoresis 

0.7 % (V/V) servalyte 3 - 10 

ampholyte solution (Serva 

electrophoresis) 

Serva electrophoresis 

HCl Carl Roth GmbH & Co. KG, Karlsruhe, Germany 

NaOH Carl Roth GmbH & Co. KG, Karsruhe, Germany 

NaCl Akzo Nobel GmbH, amsterdam, Netherlands 

Na3 citrate Dihydrate Jungbunzlauer GmbH, Ladenburg, Germany 

Citric Acid Monohydrate Jungbunzlauer GmbH, Ladenburg, Germany 

propane-1,2,3-tricarboxylic acid 

(tricarballylic acid) 
Sigma Aldrich (Steinheim, Germany) 

trans-prop-1-ene-1,2,3-tricarboxylic 

acid (trans-aconitic acid) 
Sigma Aldrich (Steinheim, Germany) 
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2-hydroxy-1,2,3-propanetricarboxylic 

acid monohydrate (citric acid 

monohydrate) 

Sigma Aldrich (Steinheim, Germany) 

benzene-1,3,5-tricarboxylic acid 

(trimesic acid) 
Sigma Aldrich (Steinheim, Germany) 

butane-1,2,3,4-tetracarboxylic acid Sigma Aldrich (Steinheim, Germany) 

benzene-1,2,4,5-tetracarboxylic acid 

(pyromellitic acid),  
Sigma Aldrich (Steinheim, Germany) 

benzene-1,2,3,4,5-pentacarboxylic 

acid 
Sigma Aldrich (Steinheim, Germany) 

benzene-1,2,3,4,5,6-hexacarboxylic 

acid (mellitic acid) 
Sigma Aldrich (Steinheim, Germany) 

Histidine 
S.A. Ajonomoto OmniChem. N.V., Wetteren, 

Belgium 

Histidine hydrochloride monohydrate 
S.A. Ajonomoto OmniChem. N.V., Wetteren, 

Belgium 

Sodium acetate trihydrate Sigma Aldrich (Steinheim, Germany) 

Acetic acid, 100 % Merck KGaA, Darmstadt, Germany 

Na2 succinate hexahydrate Sigma Aldrich (Steinheim, Germany) 

Succinic acid Sigma Aldrich (Steinheim, Germany) 
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Instumentation and Software 

Table 3: Instrumentation and Software 

Product Supplier 

UV/Vis Spectrometer, Lambda35 Perkin Elmer, CT, USA 

Microman 25 µl positive 

displacement pipette 
Gilson S.A.S., Villiers-le-Bel, France 

InLab Micro glass electrode Mettler-Toledo AG, Schwerzenbach, Switzerland 

Seven Easy pH voltmeter Mettler-Toledo AG, Schwerzenbach, Switzerland 

ZetaPALS Brookhaven, NY, USA 

Dionex ICS 300 Ion Chromatography 

system with Dionex IonPacTM 

AS11-HC, 2 x 250 mm column 

Thermo Fisher Scientific, Inc., Sunnyvale, USA 

VP-DSC Microcal calorimeter (S/N: 

10.02.312) 
MicroCal, MA, USA 

Phast electrophoresis system GE Healthcare Life Sciences, NJ, USA 

Zetasizer NanoZS ZEN3600 Malvern Instruments Ltd, Worcestershire, UK 

Malvern Zetasizer 7.03 software Malvern Instruments Ltd, Worcestershire, UK 

DynaPro® Plate Reader II Wyatt technology, Santa Barbara, CA, USA 

Dynamics 7.1.8  Wyatt technology, Santa Barbara, CA, USA 

 

3.2. METHODS 

3.2.1. Analytics 

3.2.1.1. Determination of the antibody concentration by UV spectroscopy 

The antibody concentration was determined by UV absorbance at 280 nm (Perkin Elmer 

UV/Vis Spectrometer, Lambda35) in plastic disposable UV-cuvettes semi-micro of 1 cm 

path length (Brand, Wertheim, Germany). According to the manufacturer UV cuvettes 

made of polyolefines are suitable for measurements in the range from 230 nm to 900 nm. 

A Microman 25 µl positive displacement pipette (Gilson S.A.S., Villiers-le-Bel, France) 

was used to dilute the protein solution in water. The extinction coefficient at 280 nm of the 
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antibody was 1.4 mL·mg−1·cm−1. Dilutions and measurements were performed at room 

temperature (approximately 22°C). 

3.2.1.2. Determination of the antibody concentration by using the BCA 

Assay 

25 µl of protein solution or supernatant were mixed with 200 µl of BCA working reagent 

inside a well of a 96-well microtiter plate. The BCA working reagent was prepared as 

described by the manufacturer (Thermo Scientific, IL, USA) by mixing 49 parts of BCA 

Reagent A with 1 part of BCA Reagent B. The BCA working reagent contains sodium 

carbonate, sodium bicarbonate, bicinchoninic acid ([2,2'-Biquinoline]-4,4'-dicarboxylic 

acid), sodium tartrate and cupric sulfate in 0.1M sodium hydroxide. A standard series of 

known concentration of the mAb was prepared and measured simultaneously to align the 

method in a measuring range between 5 µg/ml and 150 µg/ml. After 30 minutes of 

incubation at 37°C, the absorption of the BCA-copper-protein complex was measured at 

562 nm. Each solution was diluted and measured in duplicate. If the measured absorbance 

was higher than the calibration range, dilutions with water were performed and the sample 

preparation and the measurement were repeated. Measurements were performed at room 

temperature (approximately 22°C). 

3.2.1.3. pH measurement 

pH measurements were performed with an InLab Micro glass electrode (Mettler-Toledo 

AG, Schwerzenbach, Switzerland) connected to a Seven Easy pH voltmeter (Mettler-

Toledo AG, Schwerzenbach, Switzerland), which was calibrated with buffer solutions pH 

4.01 and pH 7.00 (Mettler Toledo, Schwerzenbach, Switzerland). Measurements were 

performed at room temperature (approximately 22°C).  

3.2.1.4. Opalescence 

Opalescence was quantified by measuring the extinction of the sample at 320 nm (Perkin 

Elmer UV/Vis Spectrometer, Lambda35), in disposable UVette® cuvettes (Eppendorf, 

Hamburg, Germany) with a path length of 2 mm. According to the manufacturer, UVette® 

cuvettes are suitable for measurements in the range from 220 nm to 1600 nm (118). 

Measurements were performed at room temperature (approximately 22°C). 
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3.2.1.5. Zetapotential measurement 

Zetapotential measurements were performed with a ZetaPALS (Brookhaven, NY, USA). 

PALS is an acronym for phase analysis light scattering, measuring the phase shift of 

scattered light. If available, a protein concentration of 7.5 mg/ml was used for the 

measurements. In solutions in which phase separation was observed, the supernatant with 

protein concentrations < 7.5 mg/ml was used. The electrophoretic mobility was measured 

at 25°C by using the automatic field modus. An emersion electrode with an electrode length 

of 3.5 mm was used. The applied voltage was between 4V and 8V. The zetapotential was 

converted from the measured electrophoretic mobility by using the approximation of 

Smoluchowsky. 

3.2.1.6. Citrate and chloride quantification 

For citrate and chloride quantification, the protein was separated by precipitation after 

addition of an equal volume of 50 g/l TCA (trichloroacetic acid). The supernatant was 

diluted 1:24 (v:v) in Milli Q and finally diluted 1:0.25 (v:v) in 5 mM sodium sulfate as 

internal standard. 10 µl were injected to a Dionex ICS 300 Ion Chromatography system 

(Thermo Fisher Scientific, Inc., Sunnyvale, USA), equipped with a Dionex IonPacTM 

AS11-HC, 2 x 250 mm column (Thermo Fisher Scientific, Inc., Sunnyvale, USA). The 

method was calibrated for citrate concentrations between 0.25 nM and 50 nM and for 

chloride concentrations between 1 nM and 1000 nM.  

3.2.1.7. Differential Scanning Calorimetry (DSC) 

The melting temperature of the protein denaturation was determined using the VP-DSC 

Microcal calorimeter (S/N: 10.02.312) by MicroCal (MA, USA). The sample with a protein 

concentration of 2 mg/mL was heated from 13°C to 95°C with a heating rate of 60°C/h. 

Origin 7.0 software was used to determine the melting temperature. The pH of the citrate 

free protein solution with reduced salt (see section 3.2.2.2) was adjusted by either adding 

HCl or NaOH. The reference cell was filled with NaCl solution of the same ionic strength 

as the sample by considering the ionic strength of the protein and the counterions.  
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3.2.1.8. Isoelectric focusing (IEF) 

IEF was performed using a Phast electrophoresis system (GE Healthcare Life Sciences, NJ, 

USA). Before usage, the dry gel was hydrated using a solution containing 180 g/l urea, 85 

g/l glycerin, 20 g/l CHAPS (3-[(3-Cholamidopropyl)dimethylammonio]-1-

propanesulfonate), 3.8 % (V/V) Pharmalyte 8 - 10.5 ampholyte solution (GE healthcare), 

3 % (V/V) servalyt 7 - 9 ampholyte solution (Serva electrophoresis) and 0.7 % (V/V) 

servalyte 3 - 10 ampholyte solution (Serva electrophoresis). 

The antibody and an “IEF marker pH 3 - pH 10” (GE Healthcare) were loaded to the gel. 

The electrophoresis was performed at a temperature of 13°C. The electric voltage was 

adjusted from 700 V (prefocussing), to 200 V (sample entrance), to 1000 V (isoelectric 

focusing) to 1500 V (band sharpening). After a total voltage duration of 745 Vh, the 

electrophoresis was stopped and silver staining was performed. 

3.2.1.9. Dynamic light scattering (Zetasizer NanoZS ZEN3600) 

DLS measurements were performed using the Zetasizer NanoZS ZEN3600 (Malvern 

Instruments Ltd, Worcestershire, UK). The solutions were measured in disposable micro 

UV cuvettes (Plastibrand ®Brand GmbH & Co KG, Wertheim, Germany). Scattered light 

of 633 nm wavelength was detected at an angle of 173° at 20 °C. Three measurements of 

10 cycles lasting 10 seconds each were performed. Malvern Zetasizer 7.03 software was 

used to determine the z-average hydrodynamic particle diameter by cumulant method. 

Hydrodynamic diameters were calculated with equ (3) by setting the viscosity constant to 

1.002 mPas (viscosity of water at 20°C (119)), neglecting slight increases in viscosity 

induced by the proteins in solution.  

3.2.1.10. Dynamic light scattering (DynaPro® Plate Reader II) 

For the determination of the interaction parameter kD the DynaPro® Plate Reader II (Wyatt 

technology, Santa Barbara, CA, USA) was used. Measurements were performed in a UV-

Star Micro plate, 96 well, half area well profile with clear film F-bottom, flat (Greiner Bio-

one, Frickenhausen, Germany) which was covered with an optical tape iCycler iQ (BIO-

RAD Laboratories Inc. , Hercules, CA, USA). Each well was measured 20 times with an 

acquisition time of 3 s. Three wells were filled with each of the samples to be tested. 
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Scattered light of 589 nm wavelength was detected at 158° at 25°C. Data analysis was 

conducted with Dynamics 7.1.8 (Wyatt technology, Santa Barbara, CA, USA) providing z-

average and PDI by cumulant fit.  

3.2.2. Sample preparation – citrate ion removal and NaCl reduction 

3.2.2.1. Citrate ion removal and NaCl reduction near the proteins’ 

isoelectric point (pI) 

To remove citrate ions from the antibody solution, the antibody was dialyzed against 300 

mM NaCl. Three dialysis steps were performed, each step provided a volume excess of 

NaCl solution of 100 and was lasting 24 hours. The dialysis was carried out in Slide-A-

LyzerTM dialysis cassettes G2 (Thermo Scientific, Rockford, USA), 20.000 Molecular 

Weight Cut-Off (MWCO), 70 ml nominal volume. After dialysis into 300 mM NaCl the 

solutions’ pH was adjusted to pH 8.7 with 1 M NaOH and the antibody was dialyzed against 

10 µM NaOH under nitrogen atmosphere (Figure 4). All dialysis steps were performed at 

room temperature. 6 Dialysis steps lasting 24 hours each were performed with a volume 

excess of 100 times each. The solution was filtered through sterile Sterivex-GV Filter units 

(Millipore Corporation, Billerica, USA) and stored at 4°C. The final protein concentration 

was about 46 mg/ml and the pH of the solution was 8.5. 
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Figure 4: Citrate ion removal and NaCl reduction near the isoelectric point: The protein solution at pH 

8.7 (A) was dialyzed against 10 µM NaOH (B). A constant nitrogen stream (C) was supplied to keep 

carbon dioxide out of solution. Sodium hydroxide pellets (NaOH) were provided at the top of the beaker 

to bind carbon dioxide. The dialysis beaker was sealed with Parafilm® (D) and was stored under 

nitrogen atmosphere in a box. The figure is not drawn to scale.  

 

3.2.2.2. Citrate ion removal and NaCl reduction at pH 6.0 

To remove the citrate ions from the antibody solution, dialyses against 300 mM NaCl was 

performed. Three dialysis steps were performed, each step provided a volume excess of 

NaCl solution of 100 and was lasting 24 hours. The dialysis was carried out in Slide-A-

Lyzer dialysis cassettes G2 (Thermo Scientific, Rockford, USA), 20.000 Molecular Weight 

Cut-Off (MWCO), 70 ml nominal volume. Afterwards the same dialysis cassette with the 

protein was dialysed 6 times against water, for 24 hours each. All dialysis steps were 

performed at room temperature. The solution was filtered through sterile Sterivex-GV 

Filter units (Millipore Corporation, Billerica, USA) and stored at 4°C. The final solution 

had a protein concentration of 25 mg/ml (± 3 mg/ml) and a pH of 5.9 (± 0.1). In the 

following work this solution will be termed citrate free antibody solution.  

N2

NaOH

A 

B 
C 

D 
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3.2.3. Experimental procedures 

3.2.3.1. Valence determination 

Valence titration is based on a concept as described by Filoti et al. (113) and Tanford et al. 

(120) and applied by Xia et al (23). A titration curve of the antibody at a final mAb 

concentration of 13 mg/ml was generated by adding either HCl or NaOH standard solutions 

(Sigma-Aldrich, Steinheim, Germany) to the citrate-free antibody solution (obtained as 

described in 3.2.2.2). Each system was mixed and pH as well as protein concentration were 

measured immediately. At pH 5.8 (corresponding to the initial pH: pH0) the citrate free 

antibody solution that had been exhaustively dialyzed against MilliQ water contained 18 

(+/-1) chloride ions per antibody (n0(Cl-)/n0(mAb)) for charge counterbalance as measured 

by ion chromatography (3.2.1.6). Taking a mAb valence of +18 at pH 5.8 the added amount 

of NaOH (n(NaOH)) or HCl (n(HCl)) was assumed to be needed for (de-)protonation of 

the antibody (n(mAb)) and pH adjustment of the surrounding water. The valence of the 

protein ZP can then be calculated using the following equations: 

𝑍𝑃 =
𝑛0(𝐶𝑙−)

𝑛0(𝑚𝐴𝑏)
+

𝑛(𝐻𝐶𝑙)−(10−𝑝𝐻−10−𝑝𝐻0)∙𝑉

𝑛(𝑚𝐴𝑏)
    (28) 

𝑍𝑃 =
𝑛0(𝐶𝑙−)

𝑛0(𝑚𝐴𝑏)
−

𝑛(𝑁𝑎𝑂𝐻)−(10𝑝𝐻−14−10𝑝𝐻0−14)∙𝑉

𝑛(𝑚𝐴𝑏)
   (29) 

where V corresponds to the final volume of the solution.  

It is assumed that the valence of the protein is entirely determined by ionizable amino acid 

side chains as well as amino- and carboxy- terminal groups. The degree of dissociation is 

assumed to be exclusively influenced by equilibrium with free H+ and OH- in solution and 

binding of other charged ions is not considered. Hence, the valence determined by pH 

titration can be different to the actual Debye-Hückel Henry charge zDHH that takes into 

account binding of ions such as sodium, chloride, citrate, carbonate or hydrocarbonate (113) 

(see section 2.4.2). 

In addition, pKa values of ionizable groups and therefore also titration data depend on the 

ionic strength. With increasing ionic strength the pH titration curve is getting steeper (120). 

Hence, the obtained results are only applicable for a given ionic strength.  
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3.2.3.2. pH dependent opalescence and LLPS 

Citrate free antibody solutions (obtained as described in 3.2.2.2) were concentrated to a 

final concentration of approximately 100 mg/ml with Amicon centrifugal filter units 

(Millipore, Cork, Ireland) of 15 ml nominal volume and 30 kD MWCO. Thereafter, they 

were titrated to defined pH values using HCl or NaOH standard solutions and aliquots were 

taken to examine protein concentration, opalescence and the occurrence of phase separation 

after a storage time of 7 days at 5°C (phase behavior via visual inspection). Another aliquot 

of the pH adjusted solution was dialyzed against 1 mM citrate solution of the same pH. 

Dialysis was performed 5 times with a 200-fold volume excess each in pre-treated 

regenerated cellulose tubing (Spectra Por 7, 25 kDa MWCO, 18 mm flat width, 

Spectrumlabs, Inc., Rancho Dominguez, USA). Each dialysis step took at least 24 hours at 

room temperature. After dialysis the sample was (temporarily) homogenized by slightly 

mixing the protein solution in the dialysis tube and immediately thereafter it was analyzed 

regarding the protein concentration, pH, opalescence (apparent absorbance at 320 nm, 2 

mm path length). The phase behavior after a storage time of 7 days at 0°C, 5°C, 10°C, 15°C 

and room temperature (22°C) was visually observed and if phase separation occurred, the 

concentration of the dilute upper phase and the concentrated lower phase were determined 

by UV spectroscopy.  

3.2.3.3. Phase behaviour in variable citrate and NaCl concentrations 

The influence of the citrate concentration and of the NaCl concentration on the phase 

behavior was also examined. 200 µl of the lower concentrated phase from the experiment 

described above (1 mM citrate, varying pH, and 5 °C) were mixed with either 150 µl buffer 

of different citrate concentrations (0 – 10 mM) adjusted to the corresponding pH, or 150 µl 

of various (0, 5 mM and 20 mM) NaCl solutions. The solution obtained thereby was 

homogenized and stored at 5 °C for 7 days to allow a new phase equilibrium to adjust. The 

protein concentration in the upper dilute phase and the denser lower phase were analyzed.  

3.2.3.4. Impact of anion charge on phase separation 

The following acids purchased from Sigma Aldrich (Steinheim, Germany) were diluted to 

1 mM: propane-1,2,3-tricarboxylic acid (tricarballylic acid), trans-prop-1-ene-1,2,3-

tricarboxylic acid (trans-aconitic acid), 2-hydroxy-1,2,3-propanetricarboxylic acid 
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monohydrate (citric acid monohydrate), benzene-1,3,5-tricarboxylic acid (trimesic acid), 

butane-1,2,3,4-tetracarboxylic acid, benzene-1,2,4,5-tetracarboxylic acid (pyromellitic 

acid), benzene-1,2,3,4,5-pentacarboxylic acid, and benzene-1,2,3,4,5,6-hexacarboxylic 

acid (mellitic acid). The solution was adjusted to pH 7.0 by using NaOH solution. The 

added amount of NaOH was utilized to estimate the protonation state and thereby the 

charge of the corresponding anion at pH 7.0. At pH 7.0 the main part of the acid is assumed 

to exist in its anionic states and therefore the excipients will be termed by their anionic 

form in the following work. Citrate free antibody solution with a concentration of 100 

mg/mL (obtained as described in section 3.2.2.2, thereafter concentrated to a concentration 

of 100 mg/mL) was dialyzed against the above mentioned buffers, with 100-fold volume 

excess of the buffer. Three dialysis steps at room temperature were performed, each of them 

lasting 24 hours. Dialysis was conducted with pre-treated regenerated cellulose tubing 

(Spectra Por 7, 25 kD MWCO, 18 mm flat width, Spectrumlabs, Inc., Rancho Dominguez, 

USA) 

3.2.3.5. Mapping the ion atmosphere 

Amicon centrifugal filter units (Millipore, Cork, Ireland) of 15 ml nominal volume and 30 

kDa MWCO were used to adjust an ion equilibrium around the antibody of the two 

competing ions citrate and chloride. 4 ml of citrate free antibody solution (obtained as 

described in section 3.2.2.2) were mixed with 6 ml buffer pH 6.0 with varying citrate 

concentrations from 0 to 2 mM, and a constant chloride concentration of 4 mM. After 

centrifugation at 5000 x g from a volume of 10 ml to a volume of approximately 4 ml, the 

process was repeated another 5 – 7 times to obtain a protein solution equilibrated with the 

desired buffer. The last centrifugation step was completed when a retentate volume of 1 ml 

was reached, corresponding to a protein concentration of about 100 mg/ml. The last flow-

through was collected representing the bulk solution. The centrifugation was performed at 

room temperature.  

After equilibration, the protein concentration cprotein, ion concentration (cion) and pH of the 

protein sample and the flow-through (f-t) were measured. The number N of anions 

associated with the protein was calculated as follows (92): 
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𝑁#𝑖𝑜𝑛/𝑝𝑟𝑜𝑡𝑒𝑖𝑛 =
𝑐𝑖𝑜𝑛

𝑝𝑟𝑜𝑡𝑒𝑖𝑛
−𝑐𝑖𝑜𝑛

𝑓−𝑡

𝑐𝑝𝑟𝑜𝑡𝑒𝑖𝑛
      (30) 

Associated anions consist of specifically bound ions, unspecifically bound ions and freely 

diffusing protein-related counterions.  

The number of associated ions, N, was plotted against the titrated free citrate concentration 

[M] in the bulk solution and the data were fitted as proposed by Bai et al., (92). 

𝑁 = 𝑁1 +
𝑁0−𝑁1

1+(
[𝑀]

[𝑀1/2]
)

𝑛       (31) 

Here, N0 and N1 correspond to the number of associated chloride ions at the beginning and 

at the end of the buffer equilibration, respectively. Two parameters are derived from the fit, 

namely the competition constant [M1/2] and the Hill coefficient n. The competition constant 

is the midpoint of chloride association, i.e. it is the free citrate concentration at which half 

of the number of associated chloride ions are displaced by citrate. The Hill coefficient is a 

measure of the steepness of the competition curve. The underlying fitting function is used 

to phenomenologically describe the curve. No physical model of ion association is 

represented by this function (92). 

Intermolecular protein-protein self-association of the antibodies is not assumed to critically 

affect protein-ion association. By calculating the number of associated ions (equ (30)), the 

exact excluded volume of the protein is not considered. Carbonate and hydrocarbonate 

could not be detected by ion chromatography and were therefore not considered. The only 

competing ions considered in this study are chloride and citrate. The valence is assumed 

constant over the course of experiment, as the pH was measured and shown to be constant.  

3.2.3.6. Phase separation determined by adjusting the concentration of 

oligovalent anions by spiking 

750 µl of pH-adjusted citrate-free antibody solution were mixed with 750 µl of pH adjusted 

solution of the respective acid. The different parameters, which were examined, are 

depicted in Table 4. If not otherwise stated, the standard protein concentration was 15 

mg/ml before mixing. Phase separations were noted if they were taking place. The resulting 

system was first mixed and was then stored at room temperature for 30 minutes. Thereafter 
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the system was centrifuged at 10.000 rpm for 15 minutes. Independently from the 

occurrence of phase separation, the protein concentration at the top of the tube was 

determined. After mixing, the pH was measured again. The measured pH was used for 

charge calculations. Due to the absorbing properties of the aromatic moiety of the tested 

carboxylates at 280 nm, the protein concentration was not determined by UV spectroscopy 

but by a different approach, the BCA assay as described in section 3.2.1.2. 

Table 4: Table of the investigated parameters and conditions. The mellitate concentration (or oligovalent 

anion concentration) was a parameter which was additionally tested for all the listed conditions. The 

NaCl was added as part of the mellitate spiking solution. For the dependence of phase separation on 

protein concentration, the mellitate concentration was adjusted for each protein concentrations to keep 

the molar ratio of both binding partners constant. In this case, the protein concentrations adjusted after 

mixing were between 2.5 mg/ml and 22.5 mg/ml. 

 Investigated parameters and conditions 

Oligovalent anion Pyromellitate Benzene 

Pentacarboxylate 

Mellitate 

pH pH 2.9 pH 3.8 pH 5.3 pH 7.6 pH 9.3 

NaCl concentration 0 mM 10 mM 30 mM 50 mM 

n(Mellitate)/n(mAb) 1.9 9.7 97 290 

 

3.2.3.7. Dynamic light scattering of protein solutions at different pH values 

The pH of the citrate-free protein solution (obtained as described in section 3.2.2.1) was 

adjusted to values between pH 4 and pH 8.5 with 0.1 M HCl. Afterwards the solutions were 

diluted to a final concentration of 25 mg/ml (± 3 mg/ml). Thereafter, the pH was measured 

again.  

DLS measurements were performed using the Zetasizer NanoZS ZEN3600 (section 3.2.1.9)  

3.2.3.8. Determination of kD of different antibody formulations 

The interaction parameter kD was determined for the formulations listed in Table 5. To 

examine the pH dependence in buffer-free formulations (as indicated by the notation H2O), 

the citrate-free antibody solution (obtained as described in 3.2.2.2) was titrated to pH 3.2, 

pH 5.5, pH 6.5 and 7.0 by adding either 0.1 M NaOH or 0.1 M HCl. For the NaCl 

dependence in buffer-free formulations, the citrate-free antibody solution (obtained as 
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described in 3.2.2.2) was mixed with NaCl stock solutions to receive protein solutions with 

a protein concentration of 20 mg/ml and sodium concentrations as indicated. All other 

formulations were obtained by dialysis of the citrate-free antibody solution (obtained as 

described in 3.2.2.2) against the respective buffer. Three dialysis steps were performed, 

each providing a volume excess of 100 and lasting 24 hours at room temperature. The 

dialysis was carried out in Slide-A-Lyzer dialysis cassettes G2 (Thermo Scientific, 

Rockford, USA), 10.000 kDa Molecular Weight Cut-Off (MWCO), 30 ml nominal volume. 

All solutions were filtered through Whatman® FP30 / 0.2 Ca-S filter units (GE Healthcare 

UK Limited, Buckinghamshire, UK). The solutions were diluted with appropriate buffer, 

NaCl solution or water to final concentrations of 20 mg/ml, 15 mg/ ml, 10 mg/ml, 7.5 

mg/ml, 5 mg/ml and 2.5 mg/ml.  
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Table 5: Scheme of the investigated protein formulations using Dynamic Light Scattering (DynaPro® 

Plate Reader II). The notation H2O indicates that the formulation is buffer-free and contains a minimal 

amount of chloride (and sodium at pH 6.5 and pH 7.0), which was added upon pH adjustment. 

 Investigated parameters and conditions 

pH (buffer-

free) 

H2O pH 3.2 H2O pH 5.5 H2O pH 6.0 H2O pH 6.5 H2O pH 7.0 

NaCl 

concentration 

(buffer-free, 

pH 6.0) 

+ 0 

mM 

NaCl 

+ 1 

mM 

NaCl 

+ 2 

mM 

NaCl 

+ 5 

mM 

NaCl 

+ 

10mM 

NaCl 

+ 50 

mM 

NaCl 

+ 100 

mM 

NaCl 

+ 150 

mM 

NaCl 

pH in 10 mM 

histidine 

pH 5.0 pH 6.0 pH 6.5 pH 7.0 pH 7.5 

pH in 10 mM 

citrate 

pH 5.0 pH 5.5 pH 6.0 pH 6.5 pH 7.5 

NaCl 

concentration 

in 10 mM 

citrate 

+ 0 mM 

NaCl 

+ 10 mM 

NaCl 

+ 50 mM 

NaCl 

+ 100 mM 

NaCl 

+ 150 mM 

NaCl 

citrate 

concentration 

at pH 6.0 

2 mM 5 mM 10 mM 25 mM 40 mM 

buffer 

species at pH 

6.0 

H2O pH 6.0 10 mM 

acetate, 

10 mM 

histidine 

10 mM 

succinate 

10 mM 

citrate 

 

For the determination of the diffusion constant the DynaPro® Plate Reader II was used 

(section 3.2.1.10). kD and D0 were determined by linear regression of diffusion coefficients 

plotted against the protein concentration of values up to 10 mg/ml (equ (10)). The linear fit 

was limited to a maximal protein concentration of 10 mg/ml as in certain cases a deviation 

from linearity was observed for higher protein concentrations. Hydrodynamic diameters 

were calculated with equ (3) by setting the viscosity to 0.890 mPas (viscosity of water at 

25°C (119)), neglecting slight increases in viscosity induced by the proteins in solution.  
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3.2.4. Determination of anion charges 

3.2.4.1. Anion charge determined by titration 

The experimental charge of the anions used in this work was determined by titration with 

NaOH solution. The charge was calculated by dividing the molar amount of NaOH required 

to reach a specific pH by the molar amount of oligovalent acid dissolved in solution.  

3.2.4.2. Anion charge determined using theoretical pKa values 

3.2.4.2.1. Pyromellitic acid, benzene pentacarboxylic acid and mellitic 

acid 

Dissociation of benzene-1,2,4,5-tetracarboxylic acid (pyromellitic acid), benzene-

1,2,3,4,5-pentacarboxylic acid (benzene pentacarboxylic acid) and benzene-1,2,3,4,5,6-

hexacarboxylic acid (mellitic acid) occurs over a broad pH range between ~ pH 2.0 and the 

pKa of the last dissociation step (121-123). The titration curves show a smooth almost 

straight line without any distinct steps indicating the different pKa-values (121-123). The 

pKa values of these acids were taken from Maxwell (124) and are listed in Table 6. 

Table 6: pKa values taken from Maxwell (124) determined at a temperature of 25°C and an ionic strength 

of 30 mM. 

 Benzene-1,2,4,5-

tetracarboxylic acid 

Benzene-1,2,3,4,5-

pentacarboxylic acid 

Mellitic acid 

pKa1 1.92 1.80 1.40 

pKa2 2.87 2.73 2.19 

pKa3 4.49 3.97 3.31 

pKa4 5.63 5.25 4.78 

pKa5  6.46 5.69 

pKa6   6.96 

 

For the calculation of the anion charge based on published pKa values, Henderson 

Hasselbalchs equation was used: 

𝑝𝐻 = 𝑝𝐾𝑎 + 𝑙𝑜𝑔10 (
[𝐴−]

[𝐻𝐴]
)      (32) 
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Here [A-] is the concentration of conjugate base and [HA] is the concentration of conjugate 

acid of an individual protonation step. For each dissociation step, a degree of dissociation 

α can be calculated: 

α =
[A−]

[A−]+[HA]
        (33) 

The negative charge of the anion resulting from an individual protonation step corresponds 

to the degree of dissociation α. Therefore, the charge resulting from a specific dissociation 

step can be calculated as follows: 

𝑧𝐶(𝑤𝑒𝑎𝑘 𝑎𝑐𝑖𝑑) = −
10𝑝𝐻−𝑝𝐾𝑎

1+ 10𝑝𝐻−𝑝𝐾𝑎
     (34) 

To calculate the total charge of the anion, not only for a specific dissociation step, the 

following procedure was performed. The pKa value of the carboxylic group most proximate 

to the pH was used in combination with equ (34). The remaining carboxylic groups of lower 

or higher pKa were assumed to be completely dissociated or protonated, respectively. The 

negative charges resulting from completely dissociated carboxylic groups were added to 

the charge calculated by equ (34).  

3.2.4.2.2. Citric acid, succinic acid, acetic acid and histidine 

hydrochloride 

The pKa values of citric acid, succinic acid, acetic acid and histidine hydrochloride were 

taken from Lide (119) and are listed in Table 7. 

Table 7: pKa values taken from Lide (119) determined at a temperature of 25°C  

 Citric acid Succinic acid Acetic acid Histidine*HCl 

pKa1 3.13 4.21 4.756 1.80 

pKa2 4.76 5.64  6.04 

pKa3 6.40   9.33 

 

The charge of the corresponding anions zC as a function of pH was determined by the 

Henderson Hasselbalch equation and the degree of dissociation. For the acetate buffer the 

net charge was calculated with equ (34). 
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For citrate and succinate buffer, the pKa value of the carboxylic group most proximate to 

the pH (here pH 6.0) was used in combination with equ (34). The remaining carboxylic 

groups of lower pKa were assumed to be completely dissociated. The negative charges 

resulting were added to the charge calculated by equ (34). 

In histidine - histidine hydrochloride buffer, chloride ions with a charge of -1 were acting 

as counterions to the protein. The average positive charge of the histidine molecule was 

calculated by:  

𝑧 (𝑤𝑒𝑎𝑘 𝑏𝑎𝑠𝑒) =
1

1+ 10𝑝𝐻−𝑝𝐾𝑎
     (35) 

The dissociation step of the imidazole side chain with a pKa of 6.04 (119) was the only 

protonation equilibrium considered for the calculation. The concentration of chloride ions 

in histidine buffer was calculated as the product of the histidine charge as determined in 

equ (35) and the total histidine concentration.  

pKa values were corrected for effects of ionic strength using a relation derived from the 

Debye Hückel theory which is valid for ionic strengths < 100 mM (117, 125) 

𝑝𝐾𝑎
′ = 𝑝𝐾𝑎 −

0.51𝑧𝑎
2√𝐼

1+√𝐼
      (36) 

Here, za is the charge of the acidic form of the buffer of the considered dissociation step, I 

is the ionic strength in solution and pKa´ is the corrected pKa value. The ionic strength I 

was calculated by (125):  

𝐼 =
1

2
∑ 𝑐𝑖𝑧𝑖

2𝑛
𝑖=1        (37) 

Here, i is the ionic species number, n is the total number of different ions and c is the molar 

concentration of each ion species(125). z is the charge of the buffer or chloride ion which 

was calculated as mentioned above. As the ionic strength is itself influenced by the 

dissociation of the buffer, three iterative cycles were performed to gain the corrected pKa´ 

value. The ionic strength of the protein solutions was not calculated due to the unknown 

actual charge zDHH of the protein at specific conditions.  
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3.2.5. Calculation of diffusion coefficients, D0 and kD by the model of diffusion in 

ternary systems 

Diffusion coefficients were calculated using equ (23) to equ (25). These equations account 

for electrostatic Coulomb interactions between proteins and their counterions as well as 

protein-protein interactions and counterion-counterion interactions. The model is not 

accounting for the extended irregular shape of the protein and the uneven charge 

distribution on the protein. 

The charge of the counterion zC as a function of pH was determined as described above in 

section 3.2.4.2.2. 

Influences of the Donnan potential and the electrical neutrality condition as described in 

2.4.3 were disregarded for the calculation of the effective counterion concentration. Due to 

the lower protein concentration and the lower zDHH, differences between the anion 

concentration in the dialysis buffer and the anion concentration in the protein compartment 

were considered to be minimal.  

D0 and kD were derived from the calculated data of diffusion coefficients for protein 

concentrations between 2.5 and 10 mg/ml by linear regression to equ (10). This protein 

concentration range was selected to allow for comparison with experimental values, which 

were also fitted between 2.5 mg/ml and 10 mg/ml.  
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4. RESULTS AND DISCUSSION 

In a first part, the phase behaviour of a protein solution in the presence of oligovalent anions, 

whose concentration was adjusted by dialysis, will be described. This first part of the work 

is focused on the influence of citrate on macroscopic phase separation in a protein solution. 

In the second part of this work the phase behaviour in the presence of oligovalent anions, 

whose concentration was adjusted by spiking these ions to the protein solution, will be 

considered. The focus in this part will be on phase separation in the presence of mellitate. 

The last part of this work describes the diffusion of the monoclonal antibody in different 

buffer-free and buffered solutions of varying composition. A comparison between 

measured diffusion coefficents and calculated diffusion coefficients will be made using a 

diffusion model, which is taking into account ternary interactions between water, the 

protein and counterions. 

4.1. PROTEIN PHASE BEHAVIOUR IN THE PRESENCE OF OLIGOVALENT 

ANIONS - DIALYSIS EXPERIMENTS 

4.1.1. pH-induced opalescence  

Protein-protein interactions depend on the net charge of the proteins (126, 127). The net 

charge is pH dependent, as the pH determines the number of amino acid side chains that 

are ionized. In the current study, a pH titration was performed to determine the valence of 

the antibody in solution (Figure 5). 
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Figure 5: Valence ZP of the antibody determined by titration with HCl or NaOH calculated using equ (28) 

or equ (29) as described in section 3.2.3.1. The theoretical pI of the antibody is 8.3. The protein 

concentration was kept constant at 13 mg/mL. 

 

The antibody was positively charged up to pH 8. Above pH 9 negative charges dominated 

over the entire protein. The X-axis intercept of the titration curve agrees with the theoretical 

isoelectric point at pH 8.3 (Figure 5).  
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Figure 6: Opalescence (apparent absorbance at 320 nm) of antibody solutions at 22 °C. Citrate-free 

solutions (open symbols) and those dialysed against 1 mM citrate (filled symbols). The maximum in 

opalescence of citrate-free solutions was observed around pH 8.7. The presence of citrate induced higher 

opalescent solutions from pH 7.0 to pH 8.7 probably due to neutralizing the positive charges of the 

protein and thus increasing protein-protein interactions. The protein concentration of the citrate-free 

samples was between 90 mg/mL and 102 mg/mL (exception: protein concentration of 28 mg/mL at pH 

8.7). The protein concentration of the samples dialysed against 1 mM citrate was between 74 mg/mL 

and 98 mg/mL. 

 

To study the opalescence and the phase behavior of the “citrate-free” antibody solution, it 

was titrated to different pH values and opalescence and potential phase separation after a 

storage time of seven days at 5°C were observed. The experimental procedure is described 

in detail in section 3.2.3.2. As can be seen from Figure 6, with increasing pH, the 

opalescence of the protein solution increased. It had a maximum at pH 8.7 and with further 

addition of NaOH it decreased again (Figure 6). Consequently, the high opalescence at pH 

8.7 was reversible. The maximum opalescence observed at pH 8.7 indicates the 

experimental isoelectric point. 
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A high opalescence in protein solutions at the respective isoelectric point is a common 

observation (7, 10, 49, 128-133). Approaching the pI of a protein in solution its net charge 

decreases and electrostatic protein-protein repulsion forces due to likely charges are 

reduced (52, 128, 134, 135). Attractive protein-protein interactions such as hydrophobic 

interaction or electrostatic di- and multipolar interactions may then dominate and an 

“assembly” of protein molecules can take place. The high opalescence can either indicate 

the formation of particles (associates, aggregates or precipitates) or the formation of liquid-

liquid phase separation. The connection between opalescence and onset of phase separation 

is commonly used in cloud point experiments (22, 136). The nature of high opalescence 

observed in this experiment will be discussed later. 

A deviation between the isoelectric point determined by pH titration (Figure 5) and 

opalescence titration (Figure 6) can be explained with the starting point of pH titration. The 

positive charge of the antibody at the starting point of pH titration was assumed to be 

completely counterbalanced by chloride ions. However, other ions such as carbonate and 

hydrocarbonate might have been present in the sample and were not detected. An actual 

experimental pI of the antibody of 8.7 is in good agreement with data from isoelectric 

focusing (data shown in Appendix 1). pH titration revealed a net charge of about minus 

four (-4) at pH 8.7 (Figure 5). Therefore it may be concluded, that the pH titration curve 

shown in Figure 5 is shifted on the y-axis by minus four charges.  

After dialyses against 1 mM citrate, solutions of pH values between pH 7.0 and pH 8.8 

showed a significant opalescence (Figure 6), which was not observed for the citrate-free 

solution. Negatively charged citrate molecules might interact with the positively charged 

protein and form neutral protein-citrate complexes. Due to a lack of net charge of the 

complex, the protein-citrate solution might show similar opalescence as the pure protein 

solution at its isoelectric point.  

4.1.2. pH induced LLPS 

After a storage time of 7 days at 5 °C, the potential occurrence of phase separation was 

visually observed and protein concentrations in upper and lower phase were measured. The 

results are shown in Figure 7.  
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Figure 7: Protein concentration of antibody solutions at 5°C undergoing no phase separation (squares) 

and those undergoing phase separation into lower phase with high protein concentration (triangles 

pointing downwards) and upper protein-depleted phase (triangles pointing upwards) . “Citrate-free” 

solutions are represented by red open symbols and solutions which were dialyzed against 1 mM citrate 

(cit) are represented by blue filled symbols. The phenomenon of phase separation occured for initially 

opalescent solutions. The pH of the supernatant of the citrate-free protein solution at pH 8.5 was shifted 

to a lower pH of 8.3, whereas the pH of the lower phase was shifted to a pH of 8.6. 

 

 

Figure 8: a) Dialysis of antibody solution (100 mg/ml) against 1 mM citrate buffer. b) Opalescence of 

the antibody solution after dialysis against 1 mM citrate pH 7.2 and c) liquid-liquid phase separation 

after 7 days at 5°C, with I: protein-depleted upper phase and II: protein-enriched lower phase.  
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After a storage time of 7 days at 5 °C, the citrate-free antibody solution with an initial 

concentration of 100 mg/ml showed the phenomenon of liquid-liquid phase separation 

close to the isoelectric point of the protein at pH 8.5 (Figure 7). A protein-rich phase with 

234 mg/ml and a dilute phase with 11 mg/ml were formed. In the presence of citrate, these 

solutions of high opalescence between pH 7.0 and pH 8.8 underwent a liquid-liquid phase 

separation at 5°C (Figure 7 and Figure 8). The lower dense phases had protein 

concentrations between 200 mg/ml and 250 mg/ml and the upper phases consisted of 

protein solutions with 6 mg/ml - 14 mg/ml. The high opalescence was thus indicating that 

formation of two liquid phases would occur.  
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Figure 9: Opalescence (apparent absorbance at 320 nm) of antibody solutions in 1 mM citrate at pH 7.2 

(orange squares), pH 7.4 (green circles), pH 7.6 (magenta triangles pointing upwards), pH 7.8 (blue 

triangles pointing downwards), and pH 8.1 (red rhombs). The protein solution showed higher 

opalescence close to the critical concentration of about 90 mg/ml compared to the opalescence at higher 

(> 200 mg/ml) or lower (< 20 mg/ml) protein concentrations.  
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After demixing the two separated liquid phases with low and high protein concentration 

showed lower opalescence compared to the original mixed antibody solution of 

intermediate (approximately 90 mg/ml) protein concentration (Figure 8 and Figure 9). 

Close to the critical point, the system is unstable with respect to the formation of the two 

coexisting liquid phases and large scale fluctuations occur (137). These fluctuations of the 

antibody concentration lead to an increase in light scattering, a phenomenon termed critical 

opalescence. Thus, opalescence is not necessarily indicating the formation of protein 

particles or aggregates but can be considered as precursor for liquid-liquid phase separation 

(7, 9, 66).  

Liquid-liquid phase separation observed at the isoelectric point in the absence of citrate is 

to be expected, as most of the studies reported on LLPS at low ionic strength in the absence 

of PEG or ammonium sulfate were conducted at conditions close to the pI (6-11, 65). 

According to Bungenberg de Jong (79) proteins can be classified concerning the phase 

behavior at the isoelectric point into isostable and isolabile. Solutions of isolabile proteins 

undergo liquid-liquid phase separation or liquid-solid phase separation at the isoelectric 

point. Solutions of isostable proteins do not phase separate at the pI (79). 

The overall protein-protein interaction is an interplay between attractive and repulsive 

interactions. A theoretical description of the interaction potential between colloids was first 

given by Derjaguin-Landau-Verwey-Overbeek DLVO theory (138-140) which takes into 

account attractive van der Waals’ interaction and repulsive electrostatic interactions. 

Depending on the net charge of the particle, electrostatic repulsion is to some extent 

predominating attractive interactions. For proteins, the attractive interactions close the 

isoelectric point are besides van der Waals interactions electrostatic di- and multipolar 

interactions, as well as non-fundamental forces such as hydration-related interactions. A 

schematic protein-protein interaction potential in the absence and in the presence of citrate 

(1mM adjusted by dialysis) can be derived from the data presented in Figure 7 and is 

depicted in Figure 10.  
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Figure 10: Schematic presentation of the protein-protein interaction potential as a function of pH. The 

position of the pI of the mAb is depicted by a blue star. The blue solid line represents the protein-protein 

interaction potential of the mAb in the absence of any excipients (except counterions) as a function of 

pH. The two green dashed lines represent two possible protein-protein interaction potentials as a function 

of pH in the presence of citrate (1 mM adjusted by dialysis). The extent of maximal attractive net 

interactions in the absence of citrate is depicted by a blue arrow of size A. Maximal net attraction in the 

absence of citrate (or other binding excipients) is by theory expected at the pI. The size of A is assumed 

to either stay constant (case I) or to increase (case II) in the presence of citrate (1 mM adjusted by 

dialysis), as depicted by the green dashed arrows Acit_1mM. Experimental data (presented in Figure 7) do 

not clearly indicate, which case applies, as no data are available exactly at the isoelectric point in the 

absence of citrate (discussion below in the text). Case I would apply if citrate only neutralizes the net 

charge of the antibody neglecting an impact of citrate on the protein surface charge distribution or citrate 

induced protein-protein cross-linking. Case II would apply if either citrate mediated protein-protein 

cross-linking takes place or citrate introduces a disturbance of the protein hydration or a higher charge 

anisotropy to the protein. The pH at which repulsive balance attractivs PPIs (neutral protein-protein 

interaction potential) is marked by a red circle. The distance between this specific pH and the pI in the 

absence of any excipients (except counterions) is depicted by the blue arrow of length B. The presence 

of citrate (1mM adjusted by dialysis) leads to a larger distance between the pH of neutral protein-protein 

interaction potential and pI as depicted by a longer arrow Bcit_1mM compared to B. The sizes A and B are 

assumed to be protein specific values. The figure is a schematic presentation of the protein-protein 

interaction potential as a function of pH and the presence of citrate. 

 

In addition to the loss in repulsive Coulomb interaction at the pI, reversible conformational 

changes could potentially induce LLPS. Larger conformational changes would appear in 

differences in DSC (differential scanning calorimetry) curves. The DSC curves of the 

antibody are similar over the pH range from pH 6.5 to pH 8.5 with a first transition peak 
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between 69 °C and 71 °C and a second transition peak between 78 °C and 81°C (data shown 

in Appendix 2). It can be concluded, that changes in the protein charge in the observed pH 

range are not accompanied by significant conformational changes that could be detected by 

calorimetry. 

As LLPS for monoclonal antibodies has often been observed near the isoelectric point (6-

11, 65), most antibodies are assumed to be least stable with respect to phase separation at 

the isoelectric point. However, not all antibodies are assumed to undergo macroscopic 

LLPS at the isoelectric point. Some antibodies might stay in a homogeneous liquid solution 

in the observed temperature range (data not shown) whereas other antibody solutions might 

undergo reversible or irreversible liquid solid phase separation (i.e. association or 

aggregation) or undergo gelation close to the isoelectric point (Boehringer Ingelheim 

internal communication, data not shown). The differences in phase behavior are attributed 

to differences in the charge distribution of the protein (different dipole moments), 

differences in the overall hydrophobicity of the protein, as well as differences in specific 

local patchyness. 

Phase separation occurring between pH 7.0 and pH 8.8 can be explained with a complex 

formation between negatively charged citrate and positively charged protein. This 

observation is consistent to statements made by Bungenberg de Jong and Kruyt in 1929 (79, 

141) who observed coacervation by mixing positively charged gelatin with K4Fe(CN)6, a 

salt made up of an inorganic oligovalent anion and a monovalent cation. Bungenberg de 

Jong proposed a classification of complex coacervation (79). If only one biocolloid takes 

part in complex coacervation (instead of two biocolloids) the system was called auto-

complex coacervate. Auto-complex coavervate systems were again divided into two groups: 

The first one including isolabile proteins at their isoelectric point. The second group 

includes systems of one biocolloid interacting with oppositely charged ions. Phase 

separation in citrate buffer at pH values distant from pI can therefore be classified into the 

second group of auto-complex systems (79).  

According to the results of this study and to the theory postulated by Bungenberg de Jong 

(79) it should be sufficient to neutralize the protein, either by citrate binding or by 

(de-)protonation, to induce LLPS. However, certain studies propose a cross-linking 

mechanism between antibodies mediated by citrate molecules (52, 142-144) resulting in 
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mAb self-assembly. The occurrence of LLPS in the absence of citrate at the isoelectric 

point demonstrates that no cross-linking additive is required to induce LLPS. However, the 

width of the miscibility gap at 5°C was larger in citrate solutions at pH 8.1 compared to the 

width of the miscibility gap at 5°C in the absence of citrate at pH 8.5. The latter experiment 

was not performed exactly at the isoelectric point of the antibody. This possibly results in 

a smaller miscibility gap which was expected for conditions exactly at the isoelectric point. 

Therefore, a cross-linking mechanism is claimed to be a possible but not a mandatory 

mechanism. 

Citrate-binding can not only neutralize the protein net charge but might introduce a 

disturbance of protein hydration or a higher charge anisotropy. Attractive protein-protein 

interactions are generally believed to result from charge anisotropy resulting in attractive 

dipole-dipole interactions (46, 58). The dipole moment, a measure of the overall charge 

anisotropy, can be measured by dielectric relaxation spectroscopy. It has been shown to 

moderately correlate with colloidal stability parameters (46, 58). Smaller local regions or 

patches on the protein surface are assumed to specifically be important in protein-protein 

interactions as well (87, 145, 146). E.g. oppositely chared patches on different proteins 

could induce attractive protein-protein interactions. The resulting so called patchy 

interactions could also be modified by citrate-binding. However, no direct measurement 

technique currently exists that can measure these specific interactions (147). For theoretical 

considerations, detailed knowledge about the protein surface would be necessary (147). 

Roosen-Runge et al. (87) propose a model to account for attractive patchy interactions as 

induced by ion bridging between proteins. However, in the present thesis LLPS also 

occured in the absence of oppositely charged ions at the isoelectric point. Therefore, the 

model proposed by Roosen-Runge et al., (87) does not go far enough to account for all the 

effects observed here. Patches in the studied system might not only result from ion-bridging 

but also from the intrinsic positively and negatively charged regions of the protein due to 

charged amino acid side chains. 

The phase diagram (Figure 7) does not provide the width of the miscibility gap in the 

absence and in the presence of citrate exactly at the isoelectric point. Therefore, it cannot 

be clarified if the extent of maximal net attractive interactions (size A in Figure 10) is the 

same in the absence and in the presence of citrate (1mM adjusted by dialysis). If the width 
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of the miscibility gap in the absence of citrate at the isoelectric point would be equal to the 

maximal width of the miscibility gap in the presence of citrate at any pH, case I would 

apply (as depicted in Figure 10). If the width of the miscibility gap in the absence of citrate 

at the pI would be smaller than the maximal width of the misicilbity gap in the presence of 

citrate at any pH, case II would apply (as depicted in Figure 10). As the data are not 

available, all the above-mentioned citrate-specific mechanism (citrate-mediated cross-

linking, impact on protein hydration and anisotropy and induction of patchy interactions) 

are possible but not mandatorily taking place.  

At pH 6.5 and pH 9 no phase separation was observed (Figure 7). At pH 6.5 the positive 

charge of the protein has increased and the citrate concentration or the citrate-protein 

interaction strength might not be sufficient to completely neutralize the protein. 

Additionally, citric acid has its third pKa value of 6.4 (52), which means that the negative 

charge of the citrate molecule decreases with decreasing pH from -3 to -2 at pH 6.4. 

Therefore the protein-citrate interaction is likely to be reduced. At pH 9, the protein bears 

a negative net charge, which cannot be neutralized by citrate binding. Apparently, sodium 

ions in the solution do not seem to be binding to the protein and thereby fully neutralizing 

the net charge of the protein. 

Fukuda et al. (6) observed LLPS of an antibody in citrate buffer at pH 6 whose pI was 6.6 

indicating binding between the positively charged antibody and citrate. However, solutions 

of another antibody which was formulated more closely to its pI (5.7) in citrate but which 

was negatively charged at pH 6 did not show LLPS, but only opalescent appearance. Hence, 

LLPS has been induced by citrate at pH values lower than the pI but not at pH values above 

the pI of a protein. This observation is consistent with the pH dependence examined here.  

It is not clear if citrate is generally inducing LLPS of antibody solutions. However, two 

studies have been reported in which LLPS was observed in citrate formulated antibody 

solutions (6, 46). In addition, citrate has been shown to reduce the protein-protein 

interaction parameter kD and therefore induce attractive protein-protein interactions (52). 

Hence, citrate in suitable concentrations might enhance the probability of an antibody 

solution to undergo LLPS but not all antibodies will form two liquid phases upon citrate 

addition. In general, trivalent ions might have the potential to trigger LLPS in protein 
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solutions, if they are oppositely charged to the respective protein. This thesis is supported 

by results of Zhang et al. (148), who studied the phase behavior of one positively and 4 

negatively charged proteins upon addition of trivalent ions. Phase separation was observed 

if the ions were oppositely charged to the protein (148). 

 

4.1.3. Dependence of the miscibility gap on citrate concentration 

The influence of the citrate concentration on the width of the miscibility gap at 5°C was 

studied by replacing the original upper phase with low protein concentration by water or 

citrate buffers of various buffer concentrations (see section 3.2.3.3). The thereby obtained 

solution was homogenized and stored at 5 °C for 7 days to allow for adjustment of the new 

phase equilibrium. It should be noted that the added citrate concentration is different 

compared to the total citrate concentration in the sample, which is the average of the citrate 

concentration of the dense highly concentrated phase (approximately 5 mM – 7 mM) and 

the citrate concentration of the added buffer. However, this experimental setup is suitable 

to demonstrate the overall trend of the citrate dependence of the LLPS.  
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Figure 11: The upper protein-depleted phase of low protein concentration was replaced by water and 

citrate solutions of various concentrations at pH 7.2 (orange symbols) and pH 7.8 (blue symbols). Protein 

concentrations are depicted of antibody solutions undergoing no phase separation (square) at 5°C and 

those leading to phase separation after 7 days at 5°C: concentration in the protein rich lower phase 

(triangles pointing downwards) and upper protein-depleted phase (triangles pointing upwards). 

 

The influence of citrate concentration on liquid-liquid phase separation was dependent on 

the pH (Figure 11). By replacing the upper phase of an antibody solution at pH 7.2 in 1 mM 

citrate by water, no phase separation occured after 7 days at 5°C. According to the 

preparation procedure of the sample, a (charge) equivalent amount of citrate to protein is 

assumed to be present, as the sample arised from the lower, protein-rich phase which is 

stated to consist of a protein-citrate complex. Apparently, not all the present citrate 

molecules were necessarily binding to the antibody. The binding strength might have been 

not high enough. This observation is consistent with a dissociation constant around 1 mM 

for citrate to antibody binding (142, 149). By increasing the citrate concentration to 5 mM 
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the formation of an antibody-citrate complex was assumed to be enhanced and more and 

more antibody molecules were assumed to be neutralized by citrate binding.  

Table 8: Calculated molar concentration of positive charges in the antibody solution resulting from the 

net charge of the antibody at pH 7.2 and pH 7.8. The valence was obtained by pH titration. The titrated 

value obtained at pH 7.2 and 7.8 was corrected by adding a value of 4 to the experimental value (for 

explanation please refer to section 4.1.1) 

 Antibody 

concentration / 

mM 

Corrected 

valence 

Molar concentration of 

positive charges / mM 

Calculated citrate 

concentration to 

counterbalance charge of the 

antibody/ mM 

pH 7.2 0.79 12 9.6 3.2 

pH 7.8 0.95 7 6.9 2.3 

 

LLPS at pH 7.2 showed a maximal miscibility gap at 5°C if 5 mM citrate were added to 

the lower protein-rich phase. However, at pH 7.8 the optimal citrate concentration was 

lower with 2 mM citrate. The protein bears a higher positive net charge at pH 7.2 compared 

to pH 7.8 (Table 8). Therefore a higher citrate concentration (about 3.2 mM – assuming all 

citrate molecules are binding) is necessary to neutralize the positive charges at pH 7.2. With 

higher citrate concentrations, i.e. 10 mM, the miscibility gap at 5°C narrowed indicating 

decreasing attractive forces acting between the proteins (136). This could be due to either 

charge reversal of the protein-citrate complex or due to an increase in ionic strength. As the 

effect was more pronounced at pH 7.8 and it turned up with lower citrate concentrations at 

pH 7.8 compared to pH 7.2, charge reversal is the more probable explanation.  

The width of the miscibility gap at 5°C was highest for pH 7.8 with 2 mM citrate added. 

This extent of separation was not obtained at pH 7.2 by adding any of the citrate 

concentrations. It may be deduced from these results that the ionic strength, which is 

increasing concomitantly with citrate concentration, weakens the attractive forces between 

the antibody-citrate complexes as discussed later.  
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Summing up, the interplay between three factors influences the extent of liquid-liquid phase 

separation:  

• the ratio between oppositely charged species ideally leading to charge neutralization.  

• the degree of binding between the interacting partners.  

• ionic strength concomitantly increasing with increasing ion and protein 

concentration. Increasing the ionic strength leads to a reduction of the electrostatic 

interactions between citrate and the antibody.  

Several studies suggest the optimal proportion between oppositely charged species to be a 

typical property of complex coacervates, indicating a similarity between the antibody-

citrate system and complex coacervation (17, 77, 79, 81-84, 150).  

A nonlinear dependence between anion concentration and critical temperature Tc of LLPS 

has been reported by Mason et al., in 2010 (8). In mAb solutions at pH values below the pI 

of 7.2, the critical temperature was reported to decrease with decreasing pH. However, 

addition of KSCN led to an initial increase of the critical temperature with an optimal 

KSCN concentration. The optimal KSCN concentration was pH dependent and increased 

with decreasing pH (8). This behavior is similar to the citrate dependence observed here. 

However, a difference to the present work is the higher optimal concentration of KSCN of 

up to 100 mM (8). 

When the citrate concentration increased to 10 mM at pH 7.2 or 5 mM at pH 7.8 negatively 

charged protein-citrate complexes may have formed. However as described in the literature, 

measurements of zeta-potential have not yet detected a clear charge reversal from positive 

to negative values for antibodies in citrate buffers (52, 90). Merely, a reduction of the zeta-

potential from higher to lower positive values or to zero has been reported (52, 90). The 

missing results for charge reversal by citrate could indicate that charge reversal does not 

take place or it could indicate that the charge reversal is not detectable by the measuring 

principle of zetapotential measurement. The binding interaction between the antibody and 

the citrate molecules could have been broken by the applied voltage during the 

measurement. Likewise, complex coacervate droplets are known to perform disintegration 

if electric current is applied (151). 
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The optimum citrate concentration observed at pH 7.2 and pH 7.8 can be interpreted in 

terms of reentrant condensation. Reentrant condensation, i.e., enhanced phase separation 

by slightly increasing the ion concentration and redissolution on further increasing the ion 

concentration, has been observed for negatively charged proteins upon addition of trivalent 

cations (33, 148). According to Zhang et al., (33, 148) the phenomenon is due to an 

effective charge inversion which is induced by binding of these cations to the negatively 

charged proteins. However, the present study deals with organic trivalent anions. These 

anions bear a much lower charge density than trivalent metal ions. Therefore, the 

interaction between the protein and the anion might be weaker compared to the interaction 

between proteins and trivalent cations. Hence, a charge inversion is not necessarily 

occurring here.  

Esue at al., already observed the assembly of monoclonal antibodies by citrate 

phenomenologically resulting in gelation (149). No answer was found to the question if the 

citrate-protein interaction was due to neutralizing charges or if citrate interacts with a 

specific binding site on the protein as observed for calmodulin (152) potentially involving 

a conformational change of the antibody (142). In the specific case in the present thesis, 

the assembly of antibody molecules is most probably due to the neutralizing effect of citrate 

binding. However, conformational changes of the antibody cannot entirely be excluded.  

4.1.4. Dependence of the miscibility gap on ionic strength 

The effect of increasing ionic strength was examined at pH 7.8 by replacing the original 

dilute upper phase by NaCl solutions of increasing concentrations between 0 to 20 mM (see 

section 3.2.3.3).  
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Figure 12: The original protein-depleted upper phase of the antibody solution at pH 7.8 was replaced by 

NaCl solution of various concentrations. The protein concentration of the coexisting phases was 

measured after 7 days storage at 5°C. Concentrations in the lower protein rich phase are represented by 

triangles pointing downwards and concentrations in the dilute upper phase are represented by triangles 

pointing upwards. The miscibility gap was narrowing with increasing ionic strength. 

A decreasing width of the miscibility gap at 5°C was observed with increasing ionic 

strength (Figure 12). This result indicates that overall attractive antibody-antibody 

interactions were reduced (136). The electrostatic attraction between citrate and the 

antibody might be reduced due to charge screening effects resulting in a higher actual 

charge (Debye-Hückel Henry valence zDHH) of the antibody (113) and higher 

intermolecular electric double layer repulsion between the antibodies. In addition, attractive 

antibody-antibody interactions, dominant close to pI, e.g. charge-dipole or electrostatic di- 

and multipolar interactions, might also be screened and thus reduced (10). By considering 

the overall trend of the miscibility gap as a function of ionic strength, LLPS is assumed to 

vanish at higher salt concentration in the range of 100 mM NaCl. The dissociative effect of 

ionic strength on LLPS of antibodies has been reported before (8, 9, 19). Furthermore, 

complex coacervates typically dissolve by increasing ionic strength (77, 79, 84, 85). A 
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closely related phenomenon is “salting-in”, i.e. an increase in solubility of a protein upon 

addition of salt concentrations < 500 mM (126). However, the effects of salts in the 

millimolar range on protein-protein interactions seem to be depending on the pH related to 

the pI (126, 153), on the intrinsic properties of the protein (126, 154) and on specific 

additional cosolutes such as buffers or oligovalent ions present in solution (65, 155). Sule 

et al.,(153) claim self-association to be reduced by increasing ionic strength close to the pI 

but to be enhanced by increasing ionic strength away from pI as schematically depicted in 

Figure 13. This theory is strengthened by the results of the present thesis as reduced self-

association was observed by increasing ionic strength close to the pI. 

 

Figure 13: Schematic presentation of the influence of ionic strength on the protein-protein interaction 

potential as a function of pH. The position of the pI of the mAb is depicted by a blue star. The blue solid 

line represents the protein-protein interaction potential of the mAb in the absence of any excipients 

(except counterions) as a function of pH. The orange dotted line represents the protein-protein 

interaction potential at elevated (but moderate) ionic strength (Theory taken from Sule et al., (153)). The 

extent of maximal attractive net interactions in the absence of citrate is depicted by a blue arrow of size 

A. Maximal net attraction is by theory expected at the pI. A is assumed to decrease with increasing ionic 

strength as shown by the shorter orange arrow AIS (153). The pH at which repulsive balance attractivs 

PPIs (neutral protein-protein interaction potential) is marked by a red circle. The distance between this 

specific pH and the pI is depicted by a blue arrow of size B. The size of B at higher ionic strength (BIS) 

is not nessesarily equal to the size of B, but it was not more precisely plotted here (insufficient data 

situation). The sizes A and B are assumed to be protein specific values. The figure is a schematic 

presentation of the protein-protein interaction potential as a function of pH and ionic strength. 
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According to Dumetz (154) the intrinsic property of a protein typically related to salting-in 

behavior is a high dipole moment. As the antibody studied in the present work undergoes 

LLPS at the isoelectric point it likely exhibits a certain charge inhomogeneity and therefore 

possibly a high dipole moment. Raut and Kalonia (65) observed different effects for a dual 

variable domain immunoglobulin protein (pI = 7.5) upon increasing the ionic strength. 

Depending on the buffer (histidine or phosphate buffer) the cloud temperature representing 

the onset of LLPS, was shifted to different directions (65). At pH 6.1 in histidine buffer, 

the cloud temperature was increased from 10.3 °C to 16.8 °C by adding NaCl to a final 

ionic strength of 50 mM. However, at pH 6.5 in phosphate buffer, the cloud point was 

decreasing from ≥ 37 °C to 24.5 °C with increasing ionic strength to 50 mM (65). Thus, 

attractive protein-protein interactions were enhanced upon NaCl addition in histidine buffer, 

but reduced in phosphate buffer. In this work (65), specific binding between histidine and 

the protein e.g. via cation-pi interaction is proposed. This would result in a higher positive 

net charge of the protein resulting in lowered attractive protein-protein interactions and thus 

lowered cloud temperature (65). Increasing ionic strength in histidine buffered solutions 

could reduce protein-histidine interactions and therefore lead to an increase of cloud 

temperature and stronger protein-protein interaction.  

Jordan et al. (155), studied the phase behavior of negatively charged human serum albumin 

(HSA), in the presence of yttrium chloride (YCl3) and NaCl. In this particular case, the 

impact of NaCl on the protein concentration in the supernatant was depending on the 

concentration of YCl3. For lower YCl3 concentrations, increasing the NaCl concentration 

was resulting in higher protein concentration in the supernatant and thus reduced propensity 

to LLPS. For higher YCl3 concentrations, opposite effects were observed. This can be 

explained with a shift in the optimum YCl3 concentration upon addition of NaCl to higher 

YCl3 concentration. NaCl might weaken the interaction of Y3+ with HSA so that higher 

concentrations of Y3+ are required to enter the turbid regime but also to exit this regime 

again. However, this study was performed with HSA, an isostable protein. In addition, the 

trivalent cation Y3+ has a higher charge density compared to citrate3- and is probably 

stronger interacting with the protein. It is not clear however, if this phenomenon is only 

observed for trivalent cations of high charge density or if the results are transferable to 

citrate induced LLPS, too. 
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4.1.5. Dependence of the miscibility gap on the temperature 

The antibody solution in 1 mM citrate pH 7.2, pH 7.4 and pH 8.1 was stored for 7 days at 

0°C, 5°C, 10°C, 15°C, and at room temperature (22°C) (see section 3.2.3.2). For samples 

stored at 22°C, no phase separation was observed at pH 7.2 (Figure 14 a). At this pH, phase 

separation occured for samples stored at 15°C and below and the width of the miscibility 

gap increased with decreasing temperature (Figure 14 a). To compare the coexistence curve 

with published data of γII-crystallin, lysozyme and two different monoclonal antibody, the 

data points near the critical point were fitted using the following equation proposed by 

Thomson (22) and Wang (13) derived from mean-field theory 

[(𝑐 − 𝑐𝑐)/𝑐𝑐]2 = 𝑤(𝑇𝑐 − 𝑇)/𝑇𝑐     (38) 

where c is the concentration of the protein at a given temperature T in the upper dilute phase 

and in the lower concentrated phase, respectively, w is a parameter determining the width 

of the miscibility gap, and cc and Tc correspond to the critical concentration and the critical 

temperature, respectively. If data for cc and Tc were given in the literature, only the width 

w was fitted. The fitting results for the coexistence curves of data published by Thomson 

(22), Taratuta (156), Mason(8), Wang (13) and own data of the mAb at pH 7.2 are shown 

in Table 9. To visually compare different coexistence curves, data of concentration and 

temperature were scaled relative to their critical parameters (Figure 14 b). 

 



 

65 

 

0 50 100 150 200 250 300 350 400 450 500 550 600
260

270

280

290

300

310

 
II
-crystallin, Thomson, 1987

 
IIIb

-crystallin, Broide, 1991

 
IVa

-crystallin, Broide, 1991

 lysozyme, Taratuta, 1990

 mAb, Wang, 2011

 mAb, Mason, 2010

 mAb, this work, pH 7.2

 mAb, this work, pH 7.4

 mAb, this work, pH 8.1

 

 

T
e

m
p

e
ra

tu
re

 /
 K

Protein Concentration / mgml
-1

 

0.0 0.5 1.0 1.5 2.0 2.5 3.0
0.94

0.95

0.96

0.97

0.98

0.99

1.00

1.01

 

 

T
/T

c

c/c
c

 

Figure 14 a): Concentration of coexisting protein solutions as a function of temperature. Monoclonal 

antibody examined in this work (green squares), in 1 mM citrate at pH 7.2 (filled), at pH 7.4 (half-filled) 

and pH 8.1 (open), monoclonal antibody examined by Wang et al.,(13)(blue rhombs), monoclonal 

antibody examined by Mason et al.,(8) (orange triangle), γII-crystallin examined by Thomson et al.,(22) 

(red filled circles), γIIIb-crystallin (open red circles) and γIVa-crystallin (half-filled red circles) both 

examined by Broide et al.,(20) and lyosozyme (magenta stars) examined by Taratuta et al.,(156). The 

width w was fitted according to equ (38). The lines refer to the fitted function with parameters as 

depicted in Table 9. Fitting was not performed with equ (38) for γIIIb-crystallin and γIVa-crystallin as 

another exponent would be necessary according to Broide et al.(20). 

b): Normalized depiction of coexisting protein solutions. Fitting and normalization was not performed 

for the mAb examined in this work at pH 7.4 and pH 8.1 due to insufficient data close to the critical 

point. 
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Table 9: Comparison of the coexistence curve of different proteins concerning their position and shape. 

 Critical 

concentration cc  / 

mg/ml 

Critical 

temperature Tc / 

K 

Width w  

(as described by 

equ (38)) 

Asymmetry 

γII-crystallin (22) 244 279 27 (?) 

Lysozyme (156) 230 276 37 (?) 

mAb (13), Wang 90 273 120 ++ 

mAb (8), Mason 90 271 46 ++ 

mAb this work 93 289 26 + 

 

The coexistence curve of the antibody in 1 mM citrate pH 7.2 shows the following 

properties: i) an upper critical solution temperature (Figure 14); ii) a critical concentration 

of 93 mg/ml, a critical temperature of 289 K (16 °C), a width w (defined by equ 38) of 26 

(Table 9) and iii) an asymmetry with respect to c = cc (Figure 14). The coexistence curve 

is steeper on the low concentration side than on the high concentration side.  
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Table 10: Four cases of thermodynamic parameters potentially resulting in clustering (clust) of the 

protein. The only case (case 4) for which phase separation is observed and the reaction is endothermic 

(ΔHclust pos. → fourth case) shows LCST phase behavior. Hence, if UCST phase behavior is observed, 

the third case applies and ΔHclust is negative, hence the reaction is exothermic. (Boundary condition: 

ΔHclust and ΔSclust are independent from the temperature)  

Case  Phase 

separation 

UCST / 

LCST 

Explanation 

1 ΔHclust > 0, ΔSclust < 0 no  ΔGclust pos. 

2 ΔHclust < 0., ΔSclust > 0 yes insoluble in 

all 

proportions 

ΔGclust neg. 

3 ΔHclust < 0, ΔSclust < 0 possible1 UCST (if 

phase 

separation is 

is temperatue 

dependent1) 

With decreasing temperature 

clustering is 

• enthalpically favored 

(as ΔHclust < 0) 

• entropically favored 

(as -TΔSclust > 0) 

4 ΔHclust > 0, ΔSclust > 0 possible LCST (if 

phase 

separation is 

is temperatue 

dependent) 

With increasing temperature 

clustering is 

• enthalpically favored  

(as ΔHclust > 0) 

• entropically favored    

(as -TΔSclust < 0) 
1 the occurence of phase separation as a function |ΔHclust|, |-TΔSclust| and the temperature is described in 

Table 11. 

An upper critical solution temperature transition signifies that clustering or agglomeration 

of the proteins to form the lower concentrated phase is exothermic (Table 10) (157, 158). 

All reported studies of antibody solutions undergoing LLPS and most of the proteins 

studied show UCST phase behavior (7-10, 12, 13). Exceptions are hemoglobin, resilin, 

tropoelastin and certain polypeptides which show lower critical solution temperature 

transition (LCST) (52, 159-161). 
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Table 11: Three cases of |ΔHclust| in relation to |-TΔSclust| and their impact on the occurrence of phase 

separation as well as their impact on a potential temperature dependence of phase separation. The 

present table only applies to case 3 as described in Table 10 (ΔHclust < 0, ΔSclust < 0). (Boundary 

condition: ΔHclust and ΔSclust are independent from the temperature) 

Case  Phase separation Explanation 

1 |ΔHclust| >> |-TΔSclust| Yes  

(Protein insoluble over the 

whole temperature range) 

ΔGclust neg. 

2 |ΔHclust| << |-TΔSclust| No 

(Protein soluble over the whole 

temperature range) 

ΔGclust pos. 

3 |ΔHclust| ≈ |-TΔSclust| Possible, depending on the 

temperature 

(Phase separation only at lower 

temperature) 

At higher temperature: 

ΔGclust pos. 

At lower temperature: 

ΔGclust neg. 

 

Phase separation was not observed at higher but at lower temperature. This indicates that 

case 3 of Table 10 applies. However, the occurrence of phase separation is possible but not 

mandatory if ΔHclust < 0 and ΔSclust < 0 (Case 3 in Table 10). As clustering in case 3 (Table 

10) is accompagnied with a loss in entropy, clustering does not takes place if the entropy 

term (-TΔSclust) strongly dominates over the enthalpy term (ΔHclust) (case 2 in Table 11). If, 

however, the enthalpy term (ΔHclust) strongly dominates the entropy term (-TΔSclust), phase 

separation would take place independent from the temperature (case 1 in Table 11). 

Conclusively, the temperature dependent occurrence of phase separation indicates that case 

3 applies to the observed clustering reaction (Table 11). At higher temperature, the entropy 

term (-TΔSclust) dominates over the enthalpy term (ΔHclust) and clustering does not take place. 

At lower temperature, the entropy term (-TΔSclust) decreases and the enthalpy dominates, 

resulting in clustering. Thus, for the observed clustering reaction |ΔHclust| and |-TΔSclust| are 

of similar size.  

The critical concentration of 93 mg/ml found for the antibody in this study is similar to 

values reported for other monoclonal antibodies (molecular weight of approximately 150 

kDa) which range from 87.4 mg/ml (7) to 90.1 mg/ml (8). Smaller proteins like γ-crystallins 
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showed higher critical concentrations, e.g. bovine γII-crystallin (molecular weight of 

approximately 21 kDa) showed a critical concentration of 244 mg/ml (22) and lysozyme 

(molecular weight of 14.4 kDa) showed a critical concentration of 230 mg/ml (156). 

Converting these data into volume fractions, by using a partial specific volume of 0.728 

mL/g (9), the critical volume fraction is about 6.8 %, 17.8 % and 16.7 % for antibody in 

the present work, γII-crystallin and lysozyme, respectively. 

According to Bianchi et al. (162), the critical volume fraction is a function of "sticky" sites 

on the protein surface. Grand-canonical Monte Carlo (GCMC) simulations revealed the 

critical packing fraction to shift to lower values on decreasing the number of "sticky" spots. 

If the range of interaction decreases for spherically symmetric attraction, larger critical 

packing fractions do result (162). Hence, a small critical volume fraction can either be due 

to an increase in the range of isotropic attraction or due to a decrease in the number of 

"sticky" sites(162). Which model applies depends on the strength of the interactions (163). 

For weak patchy interactions the fluid behaves rather like an isotropically short-ranged 

attractive fluid, whereas stronger patchy interactions result in patchy hard sphere fluids 

(163).  

Based on the data in the present work, the model of patchy interactions is proposed to better 

fit to this protein system than a model assuming only isotropic attractions. The critical 

volume fraction of 6.8 % observed for the antibody in the present work is lower than the 

van der Waals limit of the critical volume fraction of 8.3 % (164). Therefore, attractions 

present between antibody molecules cannot be solely isotropical. Anisotropic interactions, 

such as ion-dipole interactions, which belong to the category of patchy interactions, need 

to be taken into account. According to Bianchi et al. (162), the critical volume fraction of 

6.8 % results from particles with approximately 3 patches. Due to the Y-like shape of the 

antibody, the three patches could arise from the two Fab regions and one Fc region. Studies 

published by the group of Benedek also claim that the low critical volume fraction observed 

for antibodies result from their extended Y-like shape (13, 165). 

The critical temperature was pH-dependent (Figure 14 a). At pH 7.2, the critical 

temperature of 16°C was lower compared to pH 7.4 or pH 8.1 with critical temperatures ≥ 

22°C. The coexisting points at pH 7.4 and 8.1 were not fitted due to missing data nearby 
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the critical concentration. An increasing critical temperature indicates enhanced attractive 

protein-protein interactions (136). A correlation between the critical temperature and the 

width of the miscibility gap at 5°C exists, which signifies that the width of the miscibility 

gap is an indicator of attractive protein-protein interactions as well. The critical temperature 

of proteins is known to be strongly dependent on the solution conditions such as pH, ionic 

strength and presence of various ionic species and their concentration (9, 65, 156).  

The width w of the coexistence curve of the examined antibody as obtained by fitting with 

equ (38) is 26 (Table 9). This value is much lower than the width w of 120 observed for a 

monoclonal antibody by Wang et al. (13) and slightly lower that the width w of 46 observed 

for a monoclonal antibody by Mason et al. (8) (Figure 14 b). It is similar to the width w of 

17 of bovine γII-crystallin (22) but it is larger than the theoretical width w of 6.15 calculated 

for spherical particles using mean field theory of attraction and Carnaham-Starling 

expression for entropy (13).  

Data of bovine γII-crystallin were generated similar to the approach used in the present 

work by macroscopic phase separation also termed temperature-quench method (22). 

However, data presented by Wang et al., (13) were obtained by cloud point measurements. 

Thereby, the opalescence of a protein solution at a given protein concentration is measured 

while first lowering and later raising the temperature. Differences in the width of 120 

reported for a monoclonal antibody by Wang et al., (13) and data of the present work could 

be due to the differences in the measuring principle and possibly due to the lower absolute 

value in Tc. For the temperature-quench method, phase separation was observed after 

conditioning the samples by various methods, e.g., centrifugation at different speeds and 

different durations. Therefore the width w obtained for the different samples is not 

comparable. The larger width observed for bovine γII-crystallin and the monoclonal 

antibody in the present study, compared to the theoretical value of 6.15, reveals the theory 

to be unsufficient (165). Additional interparticle interactions such as electrostatic or 

hydrophobic interaction not considered by mean field theory can influence the interaction 

potential. Anisotropy in the interaction potential can have an impact on the width of the 

coexistence curve as well (165).  
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The asymmetry of the coexistence curve observed for the antibody solutions in the present 

study is less pronounced compared to the asymmetry of the curve reported by Wang et al. 

(13) and Mason et al.(8) (Figure 14 b). The coexistence curve of bovine γII-crystallin is not 

asymmetric at first glance. However, this curve ranges over a smaller temperature interval 

at which asymmetry is not observed in the present study either. Asymmetry can be 

explained with the nonspherical shape of the antibody and with its high flexibility (13, 166). 

However, even spherically symmetric particles may have an asymmetric phase diagram 

(167). The real cause of asymmetry is unknown.  

4.1.6. Dependence of phase separation on anion charge 

Different oligovalent anions (Figure 2) were tested with regards to their effects on the 

induction of phase separation and in order to evaluate, whether induced phase separation is 

a citrate specific phenomenon or if other charged species are able to induce phase 

separation as well. Therefore, a dialysis of the citrate free antibody solution with a 

concentration of approximately 100 mg/ml into buffers of the anions with a concentration 

of 1 mM and pH 7.0 was performed (see section 3.2.3.4). 
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Table 12: Phase behaviour of a 100 mg/ml antibody solution dialyzed against 1 mM buffer, pH 7.0 of 

the oligovalent anions at room temperature. The anion charge was calculated from titration data as 

described in section 3.2.4.1.  

 Anion Charge at pH 7.0 Appearance  

tricarballylitate -2.8 opalescent solution 

trans-aconitate -2.9 opalescent solution 

citrate -2.9 opalescent solution 

trimesitate -3.0 opalescent solution 

butane-1,2,3,4-

tetracarboxylate 

-3.5 two liquid phases 

benzene-1,2,4,5-

tetracarboxylate 

-3.9 two liquid phases 

benzene-1,2,3,4,5-

pentacarboxylate 

-4.0 two liquid phases 

mellitate -5.2 flocculent white precipitate 

 

(a)                                         (b) 

 

 

 

 

 

 

 

 

Figure 15: Macroscopic appearance of LLPS (a) and LSPS (b). In the case of LLPS a highly viscous 

lower phase is formed whereas for LSPS the lower phase is a fluffy suspension. 
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Those anions, carrying a net negative charge of -3 or less (e.g. -2, -1) did not induce phase 

separation at pH 7.0. Only opalescent solutions at room temperature were observed (Table 

12). If the charge of the anion was between -3.5 and -4.0 LLPS was observed (Table 12 

and Figure 15 a). The anion of mellitic acid (mellitate) with a net charge of -5.2 induced 

liquid-solid phase separation (precipitation) (Table 12 and Figure 15 b). The precipitate 

could be dissolved again in 400 mM sodium chloride solution.  

The effective charge of the anion has a strong impact on the phase behaviour of the antibody 

solution. For charged anions up to a charge of -3, soluble complexes may form, as indicated 

by the opalescent appearance of the solutions. If the charge of the anion increases, 

interaction between the positively charged antibody and the anion gets stronger and charge 

neutralization leads to LLPS. Mellitate even induced a protein precipitate, indicating a 

cross-linking between the antibody molecules as observed before when oppositely charged 

polyelectrolytes were mixed (168).  

The spatial arrangement of the carboxyl groups seemed to play a minor role compared to 

the number of actual charges. However, as the number of charges of the molecules 

increases, the charge density is concomitantly increasing. Results of Zhang et al.(148) 

imply the charge density to play a more significant role than the actual net charge of 

oppositely charged ions.  

Even though the interaction partners here are oligovalent anions and proteins, similar 

properties to polyelectrolyte-protein complexes as summarized by Cooper et al. (86) can 

be seen. Depending on the stoichiometry and on the interaction strength, three 

phenomenological degrees of solvation were deduced: highly hydrated soluble complexes, 

less hydrated complexes leading to coexisting liquid phases, and poorly hydrated 

precipitates (86). The main differences between the complexes described by Cooper and 

those observed by us, is the total charge of the anion compared to the charge of the protein 

and the general size of the oligovalent anions compared to polyelectrolytes. Chain-like 

polyelectrolytes bear a total charge usually much higher than the protein. The monomeric 

oligovalent anions of the here presented experiments have much lower charge numbers 

than the protein, but the phenomenological behaviour is similar.  
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If LLPS or LSPS occurs, the interaction between the protein molecules themselves is 

predominating over the interaction between protein and water. Therefore, these states are 

claimed to be less hydrated. First of all, this is a phenomenological observation, which does 

not provide direct information about the mechanism and cause of phase separation. 

Conclusively, the less hydrated states (i.e. the lower phase observed in a system undergoing 

LLPS and the precipitate in a system undergoing LSPS) can either result from enhanced 

protein-protein interactions and/ or can result from reduced interaction of the protein with 

water, if oligovalent anions are present. Enhanced protein-protein interaction could be due 

to reduced electrostatic repulsion if the net charge decreases caused by protein-anion 

interaction and possibly from anion induced protein cross-linking. Reduced interaction of 

the protein with water induced by oligovalent anions could also result from protein-anion 

interaction if the formed complex is less hydrophilic. Both proposed mechanism might go 

hand in hand and are not mutually exclusive. In the next section the experimental proof of 

protein-anion interaction will be given to verify the first part of the proposed mechanisms.  

4.1.7. Mapping the ion atmosphere 

To directly test and prove that citrate binds to the antibody, an experimental approach 

reported by Bai and coworkers (92) was adapted to antibody solutions. The antibody 

solution was equilibrated with solutions containing citrate buffer of varying concentration 

at pH 6.0 together with sodium chloride of a constant concentration of 4 mM (arbitrarily 

chosen). NaCl was used as a background salt as it is assumed to not specifically interact 

with proteins and simply act as a screening salt (52). The final concentration of anions was 

detected via ion chromatography and the number of associated citrate and chloride ions was 

calculated by equ (30) and is reported in Figure 16. Associated ions are counterions and 

those binding more specifically, both constituting the ion atmosphere (93).  
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Figure 16: Number of associated ions per antibody as a function of the free citrate concentration at a 

constant NaCl concentration of 4 mM, at pH 6.0 and an antibody concentration of approximately 

100 mg/ml (conditions arbitrarily chosen). The number of associated chloride ions is represented by 

filled symbols and the number of associated citrate ions is represented by open symbols. Data were fitted 

with equ (31) (see section 3.2.3.5). 

 

The number of chloride ions associated to the protein in the absence of citrate was 17.3 

(± 1) (Figure 16). With increasing citrate concentration and a constant chloride 

concentration of 4 mM, the chloride ions were displaced by citrate ions. The competition 

constant was obtained by fitting data of associated chloride ions to equ (31). A0 and A1 

were set constant to values of 17.3 and zero, respectively. A competition constant of 82 µM 

± 3 µM and a Hill coefficient of 0.83 ± 0.03 were derived from the fit.  

A citrate concentration of 82 µM was needed to replace half of the chloride ions from the 

protein at a protein concentration of 100 mg/ml and a background chloride ion 

concentration of 4 mM. In competition with chloride ions citrate ions associated 

preferentially with the protein. E.g., with an excess of chloride ions (4 mM) over citrate 
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ions (1 mM) in the bulk solution the ion atmosphere still had twice the amount of citrate 

(4 ions associated) compared to chloride (2 ions associated). When the citrate concentration 

reached a concentration of 2 mM, together with 4 mM chloride, only 1 chloride ion 

remained associated to the antibody (Figure 16).  

Preferential association of citrate over chloride can be expected due to the total charge of 

citrate of - 2.8 at pH 7.0. A higher ionic charge leads to stronger Coulomb interactions with 

the protein. A smaller number of citrate ions compared to chloride ions is required to 

neutralize the positive charges of the protein. Therefore, the loss in entropy is smaller for 

binding of citrate compared to anions having only one negative charge (92, 169).  

The approach presented here has the potential to sensitively detect differences in the 

interaction between various ions with antibodies. Therefore, it is a useful complementary 

tool to explain phenomenological differences in physicochemical properties of antibodies 

in different solution conditions. Furthermore, it can be used to screen for specific ion 

association potentially occurring during ultrafiltration and diafiltration in 

biopharmaceutical production (170, 171).  

The results suggest that LLPS is induced by binding of the anion to the protein. However, 

not all cosolutes which are binding to the protein are necessarily inducing LLPS. The 

overall solubility of the formed complex is of critical importance. Histidine or human serum 

albumin, possibly binding to monoclonal antibodies, have been shown to diminish or 

prevent LLPS (13, 65). In each case it would be necessary to directly prove binding between 

the cosolute and the antibody.  

4.1.8. Summary and conclusions  

In this part of the work the solution conditions which favour LLPS in monoclonal antibody 

solutions were investigated. First of all, LLPS was observed at the isoelectric point of the 

mAb. Secondly, LLPS did occur at pH below the pI if citrate or other oligovalent anions, 

such as butane-1,2,3,4-tetracarboxylate, benzene-1,2,4,5-tetracarboxylate or benzene-

1,2,3,4,5-pentacarboxylate were present. These oligovalent anions are proposed to bind to 

the positively charged protein and thereby neutralize the protein in a limited pH region, 

resulting in LLPS. A non-monotonic dependence of the width of the miscibility gap at 5°C 
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on the citrate concentration was observed. Therefore an optimal citrate concentration is 

proposed to exist, at which charge neutralization is reached. In addition to that, ionic 

strength attenuated phase separation. Furthermore, the extent of phase separation was 

shown to increase with anion charge. Depending on the anion charge, different states of 

hydration of the antibody-anion complex have been deduced. The coexistence curve of the 

antibody in 1 mM citrate pH 7.2 showed the following properties: i) an upper critical 

solution temperature ii) a critical protein concentration of 93 mg/ml, a critical temperature 

of 289 K (16 °C) and a width w of 26 (Table 9) (obtained by fitting with equ 38) and iii) an 

asymmetry with respect to c = cc (Figure 14). The coexistence curve was steeper on the low 

concentration side than on the high concentration side. The critical temperature in 1 mM 

citrate buffer was pH-dependent with a higher critical temperature observed at pH 7.4 and 

pH 8.1 compared to pH 7.2. The effects observed here and conclusions made for one single 

antibody might also occur and apply for other protein classes or other antibody molecules 

(87, 148). A new approach was introduced to measure weak binding between ions and 

antibodies. The identified characteristics for the solution conditions inducing LLPS in 

antibody solutions, together with this new approach, may enable us to rationally modify 

the use of ionic excipients and their concentration, to either reduce opalescence or to induce 

or avoid phase separation.  

Summing up, a rationale can be found to explain the phase behaviour and therewith the 

protein-protein interactions in the protein solution as a function of pH, excipient species 

and concentration, as well as ionic strengths. This rationale is based on the concept, that 

the charge of an antibody increases with increasing distance from pI. In addition to the 

overall net charge, which induces repulsive protein-protein interactions, the concept also 

includes the assumption of an anisotropic charge distribution over the protein surface 

resulting in attractive protein-protein interactions, which become weaker with increasing 

ionic strength. Finally, electrostatic binding between oligovalent ions and the protein, 

resulting in charge neutralization, is completing the concept.  
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4.2. PROTEIN PHASE BEHAVIOR IN THE PRESENCE OF OLIGOVALENT 

ANIONS - SPIKING EXPERIMENTS 

As described in section 4.1.6, a protein solution containing oligovalent anions showed the 

phenomenon of liquid-liquid or liquid-solid phase separation at specific conditions, i.e. in 

1 mM oligovalent anion solution, pH 7.0. The occurrence and the type of phase separation 

were depending on the charge of the oligovalent anion.  

In further experiments the effect of pH, anion charge, anion concentration and protein 

concentration as well as ionic strength will be examined. In contrast to the experiment 

described in section 4.1.6, in this part of the work, the concentration of anions (of 1,2,4,5-

tetracarboxylate, benzene-1,2,3,4,5-pentacarboxylate, and mellitate) was adjusted by 

spiking and not by dialysis. This experimental procedure has the advantage that the 

concentration of the anions can be adjusted more precisely and is well known after spiking. 

A disadvantage of the spiking procedure is the presence of additional chloride ions in the 

solution which would be removed during dialysis. The chloride ions may weaken the 

effects of protein-anion interaction and the resulting phase separation phenomena. 

4.2.1. Influence of anion charge and anion concentration on phase separation 

The influence of the anion concentration on phase separation was investigated for protein 

solutions containing benzene-1,2,4,5-tetracarboxylate (pyromellitate), benzene-1,2,3,4,5-

pentacarboxylate (benzene pentacarboxylate) and benzene-1,2,3,4,5,6-hexacarboxylate 

(mellitate). The concentration of the oligovalent benzene carboxylates, ranging from 

0.05 mM to 15 mM was adjusted by spiking (see section 3.2.3.6). The results are listed in 

Table 13 and displayed in Figure 17. The pH dependent net charge of the oligovalent anion 

as given in Table 13 was estimated from titration data (see section 3.2.4.1). The net charge 

was also calculated on the basis of the Henderson Hasselbalch equation using pKa values 

published by Maxwell (124) (see section 3.2.4.2.1). 
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Figure 17: Influence of anion concentration on phase separation at pH 5.3 (± 0.3). The concentration on 

the X-axis corresponds to the excipient concentration after mixing both solutions. The protein 

concentrations measured in the mixed solution or in the supernatant, if phase separation occurred, is 

plotted on the Y-axis. The addition of pyromellitate (blue triangle) did not induce phase separation. The 

addition of benzene pentacarboxyliate (black rhomb) resulted in LSPS (empty symbols) between 0.35 

mM and 2 mM and resulted in LLPS (half-filled symbols) at a concentration of 5 mM. The addition of 

mellitate induced LSPS (empty red squares) at concentrations between 0.2 mM and 5 mM.  
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Figure 18: The zetapotential of protein solutions containing mellitate (red squares) and benzene 

pentacarboxylate (blue circles) as a function of anion concentration at pH 5.3. The concentration on the 

X-axis corresponds to the anion concentration after mixing both solutions.  

 

Phase separation was induced in systems containing benzene pentacarboxylate and 

mellitate. It was not induced under these conditions in the presence of pyromellitate. 

However, turbidity was observed in solutions containing 0.35 mM to 0.75 mM of 

pyromellitate indicating microscopic phase separation (172). For systems containing 

mellitate and benzene pentacarboxylate a non-monotonic trend was observed for the protein 

concentration in the supernatant as a function of excipient concentration. By increasing the 

mellitate concentrations between 0.1 mM and 0.5 mM the protein concentration in the 

supernatant was decreasing, whereas it was increasing at mellitate concentrations above 0.5 

mM up to 15 mM. In the presence of benzene pentacarboxylate, the trend was the same, 

however higher concentrations of benzene pentacarboxylate were required to induce phase 

separation and the minimal protein concentration was observed at a slightly higher 

excipient concentration of 0.75 mM. The curve shows an asymmetry with a steeper 
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decrease of protein concentration at lower anion concentrations compared to the increase 

of protein concentration at higher anion concentrations (Figure 17).  

A benzene pentacarboxylate concentration of 5 mM was inducing the formation of LLPS 

instead of LSPS, in contrast to all other examined benzene pentacarboxylate concentrations 

and to phase separations induced by mellitate.  

The protein concentration in the upper phase was lower in solutions containing mellitate, 

compared to those systems containing benzene pentacarboxylate, independent of the 

concentration of benzene carboxylates. 

The zeta potential was positive at lower anion concentrations up to 0.2 mM for mellitate 

and up to 0.35 mM for benzene pentacarboxylate. At higher anion concentrations the 

zetapotential was negative (Figure 18). Charge reversal was estimated by interpolation to 

occur at 0.3 mM (± 0.2 mM) mellitate and 0.6 mM (± 0.2 mM) benzene pentacarboxylate. 

Charge of the different ions 

The number of carboxylic groups and the maximal possible charge of the three tested 

excipients increases in the following order: pyromellitate < benzene pentacarboxylate < 

mellitate. The experimentally determined charge of the oligovalent anions at pH 5.3 is listed 

in Table 13. The experimentally determined negative charge is lower than the charge that 

would be expected based on pKa values published by Maxwell (124). The negative charge 

was calculated on the basis of Henderson Hasselbalchs equation. pKa values reported by 

Maxwell are listed for an ionic strength of 30 mM. pKa values of the dissociation steps are 

influenced by the ionic strength in solution (equ (36)). This influence is enhanced if the 

charged species bears a higher number of charges as found for benzene oligocarboxylates 

(equ (36)). Differences in pKa values will result in differences in the calculated charge of 

the benzene carboxylate ions. The experimentally derived charge of pyromellitate and 

benzene pentacarboxylate were the same. This may be caused by the measuring uncertainty 

of about 0.2 pH units. The charge of benzene pentracarboxylate is probably slightly higher.  
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Comparison of phase separation in the presence of the three tested oligocarboxylates  

The capacity of inducing phase separation increased with increasing charge of the added 

anion (Figure 17, Table 13). 

The macroscopic formation of a protein precipitate could be explained with the microscopic 

formation of a protein network. One oligovalent anion could bind to positively charged 

regions of two or more proteins and thereby act as a cross-linking agent. If the protein has 

more than one potential binding site for the oligovalent anions and if these binding sites are 

pointing into different directions, the formation of a protein-protein-anion network via 

cross-linking may occur. A higher negative charge leads to stronger binding to the protein 

and a higher propensity for cross-linking. Assuming cross-linking to take place, the 

network is assumed to be stronger if protein-excipient binding is stronger. 

Enhanced propensity of phase separation in mellitate is most easily explained with 

enhanced protein cross-linking. However, another scenario may contribute as well. As 

described before in section 4.1 phase separation could also result from charge neutralization 

of the protein. Assuming mellitate to bind stronger to the protein compared to benzene 

pentacarboxylate, the concentration of the free anions is assumed to be lower in systems 

containing mellitate compared to systems with benzene pentacarboxylates at constant 

degree of charge neutralization of the protein. The presence of free anions is increasing the 

ionic strength. As calculated and listed in Table 15, the ionic strength in systems containing 

benzene pentacarboxylate is higher compared to mellitate at the condition of charge 

neutralization of the protein. Assuming ionic strength to weaken the intermolecular 

attractive protein-protein interactions (induced for example by multipolar electrostatic 

interactions), the lower propensity of phase separation in benzene pentacarboxylate could 

also be due to the higher ionic strength in that system at constant protein net charge. 

However, from a steric point of view, anion induced protein cross-linking is strongly 

expected, due to the negative charges on the oligovalent anions pointing in different 

directions. Therefore, both effects may contribute to the different extent of phase separation 

observed for solutions containing either mellitate or benzene pentacarboxylate. 

In a previous section (section 4.1.6) phase separation was observed for the same anions as 

examined here. Previous experiments in section 4.1.6 were performed at pH 7.0 using 
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dialysis instead of spiking sample preparation and the only excipient concentration tested 

was 1 mM. In opposite to the observations in this section, in the previous experiments, 

LLPS was observed for pyromellitate at a concentration of 1 mM. The reasons that could 

explain, that phase separation was not observed in the spiking experiments are the different 

experimental procedure with chloride ions remaining in the sample, the different pH-value 

and therefore different charges on the protein and the benzene oligocarboxylate and the 

lower protein concentration. It is possible that the miscibility gap under these conditions is 

narrow and phase separation would only be detected at higher protein concentrations.  

Non-monotonic dependence of the protein concentration in the supernatant as a function 

of the anion concentration  

Higher concentrations of benzene pentacarboxylate are required compared to mellitate to 

induce phase separation and reach the excipient concentration at which the protein 

concentration in the supernatant is minimal. This could be due to the lower negative charge 

of benzene pentacarboxylate. For stoichiometric reasons, charge neutralization is expected 

to occur at higher anion concentration for lower charged anions. In addition, the degree of 

binding between the positively charged protein and the negatively charged anion is 

assumed to be stronger for higher charged binding partners. Therefore, charge 

neutralization is also expected to occur at lower concentrations of mellitate compared to 

benzene pentacarboxylate. 
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By determining the charges of the oligovalent anions (see section 3.2.4.1) and of the 

polyvalent positively charged protein from titration data (see section 3.2.3.1), the ratio 

which is assumed to induce charge counterbalance can be estimated (Table 14). The 

calculated anion concentration which is expected to induce charge counterbalance is 

0.45 mM for benzene pentacarboxylate and 0.35 mM for mellitate.  

These calculated anion concentrations are higher than the minimal anion concentration at 

which phase separation was observed (0.35 mM for benzene pentacarboxylate and 0.2 mM 

for mellitate) but lower than the anion concentration at which the minimal protein 

concentration in the supernatant was observed (0.75 mM for benzene pentacarboxylate and 

0.5 mM for mellitate).  

The proximity of the calculated and experimental values confirms the theory of charge 

neutralization induced by oligovalent anions and potential charge reversal at higher anion 

concentrations.  

The lowest anion concentration where phase separation occurs can be interpreted as the 

anion concentration where a defined degree of binding and therefore also a defined degree 

of protein charge neutralization occurs. The protein concentration at the lowest anion 

concentration where phase separation occurs is rather high with values of 3.03 mg/ml and 

3.36 mg/ml compared to the minimum values of 0.3 mg/ml and 0.01 mg/ml at higher anion 

concentrations for benzene pentacarboxylate and mellitate, respectively. These higher 

protein concentrations indicate that charge neutralization is not completely achieved and 

the proteins net charge is still positive.  

The calculated anion concentrations required for charge counterbalance are lower than the 

anion concentrations at which the protein concentration in the supernatant is minimal. This 

could be due to an adapted charge of the benzene carboxylate ion and/or the protein, or due 

to incomplete binding or due to enhanced protein cross-linking at anion concentrations 

higher than those at which charge neutralization occurs.  

Estimating the charges of the benzene carboxylate ion and the protein in the mixture to be 

different to the assumptions in Table 14, the lower calculated anion concentration compared 

to the actual anion concentration of minimal protein concentration in the supernatant could 
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either be due to a lower negative charge of the respective anion or a higher valence of the 

protein. The valence of the protein could be expected to be modified by the binding of the 

anions. As a result, the zDHH of the protein is assumed to decrease, however the valence of 

the protein may increase as a consequence of introducing negative charges by mellitate and 

benzene pentacarboxylate and thereby changing pKa values of specific amino acid residues. 

This phenomenon has been described earlier and was termed induced charging (34) or 

charge regulation (173). 

Incomplete binding could contribute to the difference between the calculated anion 

concentration required for charge counterbalance and the anion concentration at which the 

protein concentration in the supernatant is minimal. This would be expected if the 

interaction between both binding partners is weak and therefore the concentration of free 

anion is in the order of magnitude as the concentration of the protein anion complex. A 

higher total anion concentration would be required for charge neutralization as part of the 

anions would not be binding to the protein.  

Finally, cross-linking may be enhanced at anion concentrations higher than those at which 

charge neutralization occurs, as cross-linking may not only be affected by the overall 

charge of the protein but also by the availability of potential binding sites. The number of 

positive patches and structural location on the protein surface representing potential binding 

sites for the oligovalent benzene carboxylates is assumed to be larger than the overall 

positive net charge of the antibody. The net charge (valence) of an antibody is resulting 

from the composition of acidic and basic amino acids and the pH of the surrounding 

solution. The net charge (valence) results by summing up all the charged groups of a protein. 

In most cases, the total number of charged groups with positive and with negative sign of 

the protein is higher than the valence. In contrast to the proteins net charge, the surface 

charge distribution is defined by the position of the acidic and basic amino acids on the 

protein surface and on the pH. The charged groups can either be evenly distributed over the 

surface of the protein or an accumulation of likely charged groups can form charged patches 

(44, 174). Even if mellitate binding results in charge neutralization or charge reversal of 

the protein-mellitate complex, some positive patches may remain on the protein surface, 

which are potential binding sites for mellitate. Therefore cross-linking could be enhanced 

at higher mellitate concentrations, independently from the actual charge of the protein-
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mellitate complex, as long as sufficient positive patches are present on the surface of the 

antibody.  

Zetapotential measurements also confirm the theory of charge neutralization and charge 

reversal induced by oligovalent anion binding (Figure 18). Charge reversal was observed 

by zetapotential measurements at 0.3 mM (± 0.2 mM) mellitate and 0.6 mM (± 0.2 mM) 

benzene pentacarboxylate. These concentrations are similar to the calculated anion 

concentration required for charge counterbalance as well as the anion concentration of 

minimal protein concentration in the supernatant as listed in Table 14. The poor precision 

and the high uncertainty of the zetapotenital measurement make it impossible to clarify if 

charge neutralization occurs at the calculated anion concentration required for charge 

counterbalance or at the anion concentration of the lowest protein concentration in the 

supernatant. The knowledge about the experimental anion concentration where the protein 

is neutral could clarify the reasons behind the deviation between the theoretical anion 

concentration of charge counterbalance and the anion concentration of minimal protein 

concentration in the supernatant. 

The onset of phase separation and the anion concentration of minimal protein concentration 

were observed at lower mellitate concentrations compared to benzene pentacarboxylate 

concentration (Figure 17). This shift was not clearly observed for the second part of the 

curve, where the protein concentrations in the supernatant increase upon increasing the 

anion concentration. The missing shift of the second part of the curve could indicate that 

charge reversal does not take place at higher mellitate concentration, or that the general 

enhanced propensity of phase separation in mellitate levels out the effect. The second 

explanation is the more likely explanation, as the zeta potential in protein solutions 

containing mellitate has been shown to become negative at mellitate concentrations higher 

than approximately 0.3 mM (Figure 18).  

The values in Figure 17 show an asymmetry with a steeper decrease of protein 

concentration at lower anion concentrations compared to the increase of protein 

concentration at higher anion concentrations. This may be due to the different net charges 

of the protein in both anion regions. The degree of binding of oligovalent anions to the 

protein is higher at a higher positive net charge of the protein, i.e. lower anion concentration.  
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The non-monotonic trend of the protein concentration in the supernatant has been observed 

before in protein solutions containing citrate (see section 4.1.3). The decrease of the protein 

concentration in the supernatant with increasing anion concentration at low anion 

concentrations was explained with decreasing net charge of the protein upon citrate binding 

resulting in protein self-association. The increase of the protein concentration in the 

supernatant at higher anion concentration was explained with weakening of the protein-

citrate complex and weakening attractive protein-protein interactions by higher ionic 

strength and potential charge reversal upon citrate binding. The effect of charge reversal is 

assumed to play a minor role for the non-monotonic trend in citrate but it may play a larger 

role in systems containing anions of higher valence such as benzene pentacarboxyliate or 

mellitate.  

A direct comparison of effective anion concentrations where LLPS was observed in citrate 

solutions as depicted in section 4.1.3 is not allowed due to the different procedure of sample 

preparation, i.e. dialysis vs. spiking experiment. 

4.2.2. Influence of pH and mellitate concentration on phase behavior 

The influence of the pH on phase separation was investigated for protein solutions 

containing mellitate (as described in detail in section 3.2.3.6). The examined anion 

concentrations were varyied depending on the pH tested. The results are listed in Table 16 

and displayed in Figure 19.
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Figure 19: Influence of pH and mellitate concentration on phase separation. The concentration on the 

X-axis corresponds to the excipient concentration after mixing both solutions. The protein 

concentrations measured in the mixed solution or in the supernatant, if phase separation occurred, is 

plotted on the Y-axis. If the protein concentration in the supernatant was below the limit of quantification 

(LOQ) of 0.005 mg/ml an arrow was inserted into arbitrarily positioned squares. The limit of 

quantification is depicted by a dotted line. The symbols are defined as follows: black squares: pH 2.8 – 

pH 3.0, blue rhoms: pH 3.6 – pH 3.9, red circles: pH 5.0 – pH 5.6, green triangles: pH 7.4 – pH 7.8, 

orange stars: pH 9.0 – pH 9.5. Filled symbols represents that no phase separation was observed. Empty 

symbols represent that LSPS was observed and half-filled symbols represent that LLPS was observed. 

The pH was measured after mixing. 

 

LSPS was observed in solutions containing protein and mellitate with pH values between 

pH 2.9 and pH 5.3 in a limited anion concentration range. LLPS was observed at pH 7.6 

between 0.03 mM and 1.0 mM mellitate. No phase separation was observed at pH 9.3 in 

an anion concentration range between 0.05 mM and 15 mM. If phase separation occurred, 

the minimal anion concentration at which phase separation occurred was increasing with 

decreasing pH. The same trend was observed for the anion concentration where the protein 

concentration in the supernatant had its minimal value (apparent only between pH 3.8 and 

pH 7.6) and the maximal anion concentration at which phase separation was observed 
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(apparent only at pH 5.3 and 7.6). Despite difficulties in determining the protein 

concentrations in the supernatant at pH 2.9 and pH 3.8 due to the limit of quantification 

(LOQ) of the BCA assay, it seems that the protein concentrations in the supernatant were 

generally lower in solutions of lower pH. On the linear scale, the anion concentration range 

at which phase separation was observed is wider with decreasing pH. At pH 2.9 the 

phenomenon of LSPS was observed up to a mellitate concentration of 2000 mM. Between 

pH 3.8 and pH 7.6 a non-monotonic trend of protein concentration in the supernatant as a 

function of anion concentration was observed. The asymmetry at pH 5.3, mentioned already 

in the previous section (section 4.2.1), was also observed at pH 7.6. No sufficient data were 

collected to determine the possible asymmetry at pH 2.9 and pH 3.8. 

The precipitate of certain samples (pH 2.8 - 3.0: 2 mM - 50 mM mellitate) was examined 

with regards to reversibility, by first removing the supernatant and than adding NaCl 

solution of different concentrations. The higher the mellitate concentration (excempt 2000 

mM, which was not examined here), the higher was the NaCl concentration needed to 

dissolve the precipitate. The influence of ionic strength on phase separation and 

explanations will be discussed in more detail in the following section (0).  

pH dependence of phase separation 

No phase separation was observed at pH 9.3 for anion concentrations between 0.05 mM 

and 15 mM. At pH 9.3 the protein with an experimental isoelectric point of 8.7 is negatively 

charged (see section 4.1.1 and Appendix 1). Therefore electrostatic interactions between 

the protein and the anions are repulsive. Remaining positive patches on the protein surface 

may be present and could result in binding of the oligovalent anion to the protein. However, 

protein-anion interaction seems to be not strong enough to induce protein-protein cross-

linking resulting in phase separation at the given conditions.  

Phase separation was enhanced at lower pH. This can be seen in the formation of LSPS 

instead of LLPS at pH 5.3 and lower, the generally lower protein concentrations in the 

supernatant at lower pH, and the wider anion concentration range at which phase separation 

was observed. The lower protein concentrations in the supernatant indicate an increase in 

the width of the miscibility gap at lower pH, indicating enhanced attractive protein-protein 

interactions induced by mellitate. At lower pH the positive net charge of the protein 
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increases whereas the negative charge of the oligovalent anion mellitate decreases. The 

increasing positive net charge of the protein could result in enhanced protein-mellitate 

interaction resulting in enhanced protein-protein cross-linking and therefore in enhanced 

phase separation. Higher charges of the interacting binding partners in a protein-

polyelectrolyte complex are related to enhanced phase separation (86). The decreasing net 

charge of mellitate with decreasing pH would be expected to result in reduced protein-

mellitate interaction and therefore reduced phase separation. The experimental results 

indicate that the increase in protein net charge has a stronger impact on phase separation 

compared to the decreasing negative charge of mellitate.  

Different possible reasons can be found for this experimental result: First, the changes in 

net charge resulting from a pH change are higher for the antibody (a difference of 54 charge 

units between pH 3.8 and pH 9.3) compared to mellitate (a difference of 3.2 charge units 

between pH 3.8 and pH 9.3). Second, even though induced charging (see section 4.2.1) 

may occur for both binding partners (mellitate and the protein), cross-linking may be 

stronger influenced by induced charging of mellitate compared to the protein. This could 

be due to the lower spatial expansion of the mellitate ion. Induced charging is assumed to 

occur in the immediate vicinity of the charged group which is involved in binding. The 

carboxylic groups (potential negative charges) of the mellitate ion are close together 

whereas the basic amino acids side chains (potential positive charges) of the protein are 

widely distributed over the protein. Induced charging may therefore be enhanced for 

mellitate. In addition, the precondition for mellitate induced protein cross-linking is the 

presence of positive charges pointing into different directions of the protein. However, 

induced charging of a protein may rather take place close to the positive patch where the 

mellitate binds. Therefore, even if it occurs, it may not enhance the formation of positive 

patches on the protein distant from the positive patch where binding occurs. 

The pH-dependent charges of the protein and of the mellitate ion (determined as described 

in section 3.2.3.1 and 3.2.4.1) can be used to calculate the anion concentration required for 

charge counterbalance. The results are listed in Table 17. 
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Table 17: Calculation of the theoretical anion concentration required to counterbalance the net charge 

of the mAb. The anion charge was determined from titration data at an anion concentration of 1 mM. 

The mAb charge was estimated from valence titration in combination with the knowledge of the 

experimental isoelectric point of 8.7. Calculations are based on a mAb concentration of 7.5 mg/mL 

(0.052 mM) and a molecular weight of Mw = 145.000 g/mol. The abbreviation n.d. stands for not 

determined. 

 Experi-

mental 

anion 

charge 

Calculated 

anion 

charge 

(Maxwell 

(124)) 

mAb 

charge 

Anion 

concentration 

required to 

counterba-

lance mAb 

(calculated 

using the 

experimental 

charge) / mM 

Minimal 

anion 

concentrat

ion at 

which 

phase 

separation 

is 

observed / 

mM 

Anion 

concentration 

at which 

protein 

concentration 

in the 

supernatant is 

minimal / 

mM 

pH 2.9 - 2.3 - 2.3 n.d.  2  

pH 3.8 - 2.7 - 2.8 + 48 0.92 0.75 5 

pH 5.3 - 3.8 - 4.3 + 26 0.35 0.2 0.5 

pH 7.6 - 5.8 - 5.8 + 8 0.07 0.03 0.1  

pH 9.3 n.d. - 6.0 - 6 - - - 

 

The calculated anion concentration required to counterbalance the positive charge of the 

protein and the experimental anion concentration of minimal protein concentration in the 

supernatant follow the same trend. They are increasing with decreasing pH. Similar to the 

results in section 4.2.1, the calculated anion concentration required for charge 

counterbalance is higher than the minimal anion concentration at which phase separation 

was observed but lower than the anion concentration at which the protein concentration in 

the supernatant was minimal. The protein concentration in the supernatant at minimal anion 

concentrations where phase separation was observed is again rather high (between 3.36 

mg/ml and 6 mg/ml, see Table 16). One can therefore deduce that charge neutralization is 

not fully achieved at these anion concentrations. 

The deviation between the calculated anion concentration required for charge neutralization 

and the anion concentration of minimal protein concentration in the supernatant is maximal 

at pH 3.8. The potential reasons for these deviations were discussed in detail in section 

4.2.1.  
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As shown in section 4.2.1, solutions containing pyromellitate were not undergoing phase 

separation at pH 5.3. This was explained with the lower negative charge of pyromellitate 

(calculated: -3.3, experimental: -3.0). The results presented as a function of pH show a 

different trend where phase separation was even enhanced in solutions of lower anion 

charge, with phase separation still occurring at an experimentally determined anion charge 

of only -2.7 or -2.3 at pH 3.8 or pH 2.9. The negative charge of the oligovalent anion which 

is assumed to be affected by protein-binding (induced charging see section 4.2.1), can reach 

higher values for anions of higher maximum possible charge. This indicates a high impact 

of the maximum possible charge of an anion on phase separation. However, by comparing 

these two experiments one should keep in mind that the pH does not only affect the charge 

of the mellitate but of the protein as well. A higher positive net charge of the protein could 

enhance the effect of induced charging of the oligovalent anion, with a stronger effect on 

phase separation if the oligovalent anion bears a high number of carboxylic groups.  

At first glance, enhanced phase separation in mellitate solutions at lower pH could also be 

due to enhanced hydrophobic interactions or pronounced “salting-out”. Conformational 

changes could occur at lower pH caused by repulsive intramolecular interactions. These 

conformational changes could result in enhanced exposure of hydrophobic patches to the 

surrounding hydrophilic medium, which could enhance phase separation by introducing 

additional attractive hydrophobic protein-protein interactions. The antibody’s melting 

temperature of the first transition peak (Tm1) determined by DSC is increasing from 54.1°C 

to 69.3°C by increasing the pH from 3.5 to 6.5 indicating a lower conformational stability 

at lower pH (see Appendix 2). 

Hydrophobic interactions and “salting-out” should be enhanced at higher ionic strength. 

However, the solid phase which was resulting from precipitation at pH 2.9 and mellitate 

concentrations of 2 mM - 50 mM was observed to be soluble in NaCl solution. If the 

attractive protein-protein interactions were mainly caused by hydrophobic interactions or 

salting-out, the precipitate would not dissolve in NaCl solution. Therefore, precipitation in 

mellitate may not mainly be driven by hydrophobic interaction but by electrostatic 

attractive protein-protein interactions induced by mellitate.  
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However, no experiments on dissolution in NaCl solution were performed with the 

precipitate formed in 2000 mM mellitate at pH 2.9. Therefore, the mechanism behind 

precipitation under these conditions could be “salting-out”. At higher salt concentrations 

the solubility of the positively charged model protein lysozyme has been reported to 

decrease with decreasing pH (175). Salting-out could therefore be enhanced at lower pH. 

In contrast to the pH dependence of phase separation observed here, the maximal width of 

the miscibility gap at 5°C in citrate buffer (LLPS) was decreasing with decreasing pH 

(section 4.1.3). This can be explained with the higher maximum negative charge of 

mellitate, which may enable enhanced cross-linking at lower pH. Binding between the 

protein and mellitate is supposed to results in higher valences of the mellitate ion. This 

phenomenon of induced charging may be enhanced at lower pH, where the net charge of 

the protein increases.  

4.2.3. Influence of ionic strength on phase separation 

The influence of the ionic strength on phase separation was investigated for protein 

solutions with mellitate concentrations of 0.2 mM, 0.5 mM and 2 mM. Ionic strength was 

adjusted by NaCl which was added as part of the mellitate spike solution (see section 

3.2.3.6). The results are listed in Table 18 and displayed in Figure 20.  

Table 18: Influence of ionic strength (NaCl) on phase separation at pH 5.3. The mellitate and NaCl 

concentrations correspond to the concentrations after mixing both solutions. The protein concentrations 

measured in the mixed solution or in the supernatant, if phase separation occurred, are listed in the cells 

in units of mg/ml. The cells colored in grey indicate that no phase separation was observed after mixing. 

The cells colored yellow indicate that liquid-solid phase separation was observed and the cell colored 

purple indicate that liquid-liquid phase separation was observed. The protein concentration was 

measured using the BCA assay. 

c(mellitate) / mM 0.2 0.5 2 

0 mM NaCl 3.72 0.01 0.09 

10 mM NaCl 7.90 0.34 0.30 

30 mM NaCl 7.75 6.91 1.80 

50 mM NaCl 7.90 7.68 8.00 
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Figure 20: Influence of NaCl and mellitate concentration on phase separation at pH 5.3. The 

concentration on the X-axis corresponds to the mellitate concentration after mixing both solutions. The 

protein concentrations measured in the mixed solution or in the supernatant, if phase separation occurred, 

is plotted on the Y-axis. The symbols are defined as follows: black square: 0 mM NaCl, red circle: 10 

mM NaCl, greed triangle: 30 mM NaCl, blue rhomb: 50 mM NaCl. Filled symbols represents that no 

phase separation was observed. Empty symbols represent that LSPS was observed and half-filled 

symbols represent that LLPS was observed.  

In mixed solutions containing 0.2 mM, 0.5 mM and 2 mM mellitate, LSPS was observed. 

The lowest protein concentration was measured in the supernatant of the solution 

containing 0.5 mM mellitate.  

At a concentration of 0.2 mM mellitate, the addition of 10 mM NaCl lead to a homogeneous 

solution. The same concentration of NaCl leads to LSPS in the presence of 0.5 mM and 2 

mM mellitate. At a concentration of 0.5 mM mellitate, two liquid phases were observed 

upon addition of 30 mM NaCl. The same concentration of NaCl resulted in LSPS in the 

presence of 2 mM mellitate. Upon addition of 50 mM NaCl, phase separation was no more 

observed in any of the 3 tested mellitate concentrations.  
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The lower the concentration of mellitate, the lower was the NaCl concentration which led 

to a homogeneous solution. The influence of the mellitate concentration on phase 

separation was depending on the presence of NaCl. In the absence of NaCl, the protein 

concentration in the supernatant was increasing upon increasing the mellitate concentration 

from 0.5 mM to 2 mM. However, in the presence of 30 mM NaCl, the protein concentration 

in the supernatant was decreasing upon increasing the mellitate concentration from 0.5 mM 

to 2 mM.  

Higher tendency to homogeneous solution upon increasing ionic strength at lower mellitate 

concentration 

The lower the concentration of mellitate, the lower was the NaCl concentration leading to 

a homogenous solution. Applying the model of charge neutralization up to mellitate 

concentrations of 0.5 mM and charge reversal at higher mellitate concentrations, the 

protein-protein-mellitate complex would be expected to be most stable at 0.5 mM mellitate 

with the highest resistance against dissolution caused by ionic strength (150). However, the 

results indicate the protein-protein mellitate network to be more stable against NaCl 

addition at 2 mM mellitiate. 

According to the theory in the present thesis, mellitate binding to the protein has two 

opposite effects: at lower anion concentrations it forms the protein-protein-mellitate 

precipitate whereas at higher anion concentrations precipitation does not occur due to 

charge reversal and the formation of negatively charged soluble protein-mellitate 

complexes. NaCl is assumed to weaken mellitate binding to the protein by specific and 

unspecific effects. Specific effects are the competition for anion binding sites on the protein 

surface whereas unspecific effects are weakening of the electrostatic interaction through 

enhanced ionic strength.  

In solutions containing 0.5 mM mellitate, protein-mellitate interaction is enhancing 

network formation by two effects: the charge of the protein is neutralized resulting in 

decreasing repulsive protein-protein interactions and cross-linking is enhanced. In solutions 

containing 2 mM mellitate, protein-mellitate interaction has two opposite effects on 

network formation: charge reversal is taking place thereby increasing repulsive protein-

protein interaction and cross-linking is probably enhanced. The addition of NaCl is 
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weakening the protein-mellitate interaction. Therefore, at 0.5 mM mellitate, the two effects 

which are enhancing the protein-protein mellitate network are weakened upon NaCl 

addition. At 2 mM mellitate, charge reversal is reduced and mellitate induced protein-

protein cross-linking is reduced upon NaCl addition. The first event is assumed to 

consolidate the protein-protein-mellitate network whereas the second event is assumed to 

weaken the protein-protein- mellitate network. The experimental results indicate the second 

event to dominate as the protein concentration in the supernatant increases upon increasing 

ionic strength. However, the first event seems to contribute as well, as the effect of 

increasing protein concentrations in the supernatant by increasing ionic strength is less 

pronounced at a mellitate concentration of 2 mM compared to 0.5 mM.  

Influence of mellitate concentration on phase separation  

This mechanism can also explain the increase and the decrease of the protein concentration 

in the supernatant as a function of the mellitate concentration (≥ 0.5 mM) in the absence 

and in the presence of 30 mM NaCl, respectively. In the absence of NaCl the protein 

network is destabilized at mellitate concentrations higher than 0.5 mM due to charge 

reversal resulting in repulsive protein-protein interactions. In the presence of 30 mM 

sodium chloride mellitate binding to the protein is reduced at 0.5 mM and at 2 mM mellitate. 

However, at a concentration of 0.5 mM mellitate and lower the reduced binding only results 

in weakening of the protein-protein-mellitate-network. At a concentration of 2 mM 

mellitate the reduced protein-mellitate binding is assumed to result in weakening of the 

network and weakening of repulsive protein-protein interactions which are resulting from 

charge reversal. The reduced repulsive protein-protein interactions may result in lower 

protein concentrations in the supernatant at higher mellitate concentration (2 mM). 

In the field of empirical pharmaceutical formulation development, it is sometimes observed 

that excipients can have different effects on a defined parameter, such as turbidity or 

viscosity. The effect of one excipient is depending on the excipients and concentration of 

excipients which are additionally part of the formulation. One potential reason for such an 

observation is described here.  
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4.2.4. Influence of the overall protein concentration on phase behaviour 

The influence of the overall protein concentration on phase separation was investigated for 

mixtures of protein and mellitate. The results are listed in Table 19 and displayed in 

Figure 21. 

Table 19: Influence of the overall protein concentration on phase separation at pH 5.3. The mellitate 

concentration was adjusted for each protein concentration to keep the molar ratio of mellitate to protein 

constant. The concentrations of mellitate in the dark blue cells correspond to the concentrations after 

mixing both solutions. The protein concentrations measured in the mixed solution or in the supernatant, 

if phase separation occurred, are listed in the cells in units of mg/ml. The cells colored in grey indicate 

that no phase separation was observed after mixing. The cells colored yellow indicate that liquid-solid 

phase separation was observed and the cells colored purple indicate that liquid-liquid phase separation 

was observed. The acronym n.d. indicates that no mixing experiment was performed for this 

experimental condition. The protein concentration of 26.3 mg/mL measured for a molar ratio of mellitate 

to protein of 1.9 and a mAb concentration of 22.5 mg/mL may result from a large measurement 

uncertainity of the BCA assay.  

Molar ratio of 

mellitate to protein 
1.9  9.7  97  290  

c(mellitate) / mM 0.03 0.17  5 

c(mAb) = 2.5 mg/ml 2.54 0.02 n.d. 0.56 

c(mellitate) / mM 0.1 0.5 5 15 

c(mAb) = 7.5 mg/ml 7.54 0.02 0.79 7.27 

c(mellitate) / mM 0.3 1.5 15 45 

c(mAb) = 22.5 mg/ml 26.3 0.15 11.8 23.0 
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Figure 21: Influence of the overall protein concentration and mellitate concentration on phase separation 

at pH 5.3. The concentration on the X-axis corresponds to the molar ratio of mellitate to antibody (A) 

or the mellitate concentration (B) after mixing both solutions. The protein concentrations measured in 

the mixed solution or in the supernatant, if phase separation occurred, is plotted on the Y-axis. The 

symbols are defined as follows: black square: c(mAb) = 2.5 mg/ml after mixing, red circle: c(mAb) = 

7.5 mg/ml after mixing, blue triangle: c(mAb) = 22.5 mg/ml after mixing. Filled symbols indicate that 

no phase separation was observed. Empty symbols indicate that LSPS was observed and half-filled 

symbols indicate that LLPS was observed.  

 

Phase separation was not observed for mixed solutions containing a molar ratio of mellitate 

to protein of 1.9. In contrast, liquid solid phase separation was observed for all solutions 

containing a molar ratio of mellitate to protein of 9.7. At a higher ratio of mellitate to mAb, 

the occurrence of phase separation and the protein concentration in the supernatant was not 

depending on that ratio but on the absolute mellitate concentration. The similar protein 

concentrations in the supernatant of 0.56 mg/ml and 0.79 mg/ml in solutions containing 5 

mM mellitate and either 2.5 mg/ml or 7.5 mg/ml monoclonal antibody are underlining the 

dependence of the protein concentration in the supernatant on the total and not the relative 

mellitate concentration at higher mellitate concentrations. 

Theory of the dependence of phase separation on the ratio of mellitate to protein and on 

the total mellitate concentration  

In a previous section, the protein concentration in the supernatant as a function of the 

mellitate concentration was discussed. The decrease in the protein concentration at lower 

anion concentrations was steeper than the increase in protein concentration at higher 

mellitate concentrations. It was concluded, that this asymmetry was due to stronger anion 

A B 
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binding to the protein at lower anion concentrations. At higher anion concentration the 

binding to the protein becomes weaker because of charge reversal. 

This assumption can also explain the two different mellitate concentration dependencies 

here.  

At lower anion concentration, strong protein-mellitate binding leading to phase separation 

is assumed. This can be formally written as: 

7 mellitate4- + protein28+ → [protein-mellitate7]↓  (39) 

The higher the initial total protein concentration, the higher is the mellitate concentration 

required for reaching charge neutrality. The occurrence of phase separation at lower 

mellitate concentrations which is assumed to depend on the degree of protein neutralization 

would therefore depend on the ratio of mellitate to protein.  

The absence of phase separation at higher mellitate concentrations is stated to result from 

charge reversal. Even though not directly observed by the experimental procedure in this 

part, the precipitate is assumed to dissolve upon further mellitate addition. For higher anion 

concentrations, mellitate binding to the protein is assumed to become weaker and the 

dissolution of the precipitated complex [protein-mellitate7]↓ can be described by the 

following equilibrium: 

[protein-mellitate7]↓ + m·mellitate4- ⇌ [protein-mellitate(7+m)]
-4m  

        (40) 

Here m is the number of mellitate ions required to provide sufficient negative charge to the 

protein-mellitate complex [protein-mellitate(7+m)]
-4m to dissolve one protein molecule from 

the neutral precipitate complex on a molecular level.  

Law of mass action of the equilibrium yields: 

𝐾 =  
𝑐([𝑝𝑟𝑜𝑡𝑒𝑖𝑛−𝑚𝑒𝑙𝑙𝑖𝑡𝑎𝑡𝑒(7+𝑚)]

−4𝑚
)

𝑐𝑚(𝑚𝑒𝑙𝑙𝑖𝑡𝑎𝑡𝑒4−)·𝑐([𝑝𝑟𝑜𝑡𝑒𝑖𝑛−𝑚𝑒𝑙𝑙𝑖𝑡𝑎𝑡𝑒7])
    (41) 

Based on that equation, a strong dependence of the concentration of the soluble complex 

[protein-mellitate(7+m)]
-4m on the free mellitate concentration would be assumed, if m is 

assumed to be significantly higher than 1.  
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The concentration of the precipitate as a solid phase is by convention a constant. This leads 

to equ (42): 

𝐾′ =  
𝑐([𝑝𝑟𝑜𝑡𝑒𝑖𝑛−𝑚𝑒𝑙𝑙𝑖𝑡𝑎𝑡𝑒(7+𝑚)]

−4𝑚
)

𝑐𝑚(𝑚𝑒𝑙𝑙𝑖𝑡𝑎𝑡𝑒4−)
    (42) 

Consequently, the concentration of the soluble species in the supernatant 

[protein-mellitate(7+m)]
-4m only depends on the free mellitate concentration in the 

supernatant and the constant K’.  

The total average concentration of mellitate 𝑐0̅ which is adjusted by sample preparation is 

the sum of all species formed by mellitate: 

𝑐0̅ = 7·𝑐̅([𝑝𝑟𝑜𝑡𝑒𝑖𝑛 − 𝑚𝑒𝑙𝑙𝑖𝑡𝑎𝑡𝑒7] ↓) + 𝑐̅(𝑚𝑒𝑙𝑙𝑖𝑡𝑎𝑡𝑒4−) + 𝑚·𝑐̅ ([𝑝𝑟𝑜𝑡𝑒𝑖𝑛 −

𝑚𝑒𝑙𝑙𝑖𝑡𝑎𝑡𝑒(7+𝑚)]
−4𝑚

)  

        (43) 

The concentrations listed here are average concentrations over the total volume of 1.5 ml, 

without considering that local concentrations in individual phases may be higher or lower. 

7·𝑐̅([𝑝𝑟𝑜𝑡𝑒𝑖𝑛 − 𝑚𝑒𝑙𝑙𝑖𝑡𝑎𝑡𝑒7] ↓)  is by definition the amount of mellitate in the neutral 

precipitated complex at that total mellitate concentration (𝑐0̅) where mellitate binding is 

resulting in a neutral protein-mellitate complex (condition of charge neutralization) and not 

the amount of mellitate in the complex in equilibrium when part of the insoluble complex 

has already been disappeared by charge reversal. 

The following calculations are based on the assumption that the amount of mellitate as part 

of the precipitate reaches its maximum at a total mellitate concentration where the protein 

concentration of the supernatant is minimal. In addition, it is assumed that the amount of 

mellitate as part of the precipitate is lower or equal to the total amount of mellitate added. 

Under these assumptions, experimental values of the total mellitate concentrations where 

the protein concentration in the supernatant is minimal can be used to estimate the maximal 

mellitate amount bound in the precipitated complex. The actual mellitate amount bound in 

the neutral complex may be slightly lower assuming charge neutralization to occur at 

slightly lower mellitate concentrations (see section 4.2.1) and assuming a small part of 
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mellitate to be soluble in the supernatant and not bound in the precipitate. The minimal 

protein concentration in the supernatant at pH 5.3 was observed between mellitate 

concentrations of 0.17 mM and 1.5 mM for protein concentrations between 2.5 mg/ml and 

22.5 mg/ml (Table 17). These mellitate concentrations (0.17 mM – 1.5 mM), corresponding 

to the maximal mellitate amounts in the neutral complex, are low compared to the total 

concentration of mellitate required to obtain a homogeneous solution without phase 

separation. The total anion concentration required to increase the protein concentration in 

the supernatant above 7.5 mg/ml (0.052 mM) is about 15 mM for the protein concentrations 

of 7.5 mg/ml and 22.5 mg/ml. For higher total mellitate concentrations where the 

precipitate is about to disappear, the mellitate amounts bound in the neutral complex can 

therefore be neglected.  

Equ (43) then simplifies: 

𝑐0̅ ≈ 𝑐̅(𝑚𝑒𝑙𝑙𝑖𝑡𝑎𝑡𝑒4−) + 𝑚·𝑐̅ ([𝑝𝑟𝑜𝑡𝑒𝑖𝑛 − 𝑚𝑒𝑙𝑙𝑖𝑡𝑎𝑡𝑒(7+𝑚)]
−4𝑚

)  

   (44) 

The maximal volume of the precipitate can be estimated by the maximal volume of 

precipitated protein. Assuming the partial specific volume of the protein (0.728 ml/g, see 

section 4.1.5) to remain approximately constant upon precipitation and assuming the 

protein to contribute much stronger to the precipitated volume than the mellitate, the 

maximal volume fraction of the precipitate is 1.64 % (0.728 mlprotein/g x 22.5 g/ltotal = 16.4 

mlprotein/ltotal). Therefore, the average concentrations 𝑐̅(𝑚𝑒𝑙𝑙𝑖𝑡𝑎𝑡𝑒4−) and 𝑐̅ ([𝑝𝑟𝑜𝑡𝑒𝑖𝑛 −

𝑚𝑒𝑙𝑙𝑖𝑡𝑎𝑡𝑒(7+𝑚)]
−4𝑚

)  are almost equal to the concentrations c (𝑚𝑒𝑙𝑙𝑖𝑡𝑎𝑡𝑒4−)  and 

c([𝑝𝑟𝑜𝑡𝑒𝑖𝑛 − 𝑚𝑒𝑙𝑙𝑖𝑡𝑎𝑡𝑒(7+𝑚)]
−4𝑚

) in the supernatant. 

Therefore, inserting equ (42) into equ (44) yields: 

𝑐0̅ ≈ √𝑐([𝑝𝑟𝑜𝑡𝑒𝑖𝑛−𝑚𝑒𝑙𝑙𝑖𝑡𝑎𝑡𝑒(7+𝑚)]
−4𝑚

)

𝐾′

𝑚

+ 𝑚·𝑐 ([𝑝𝑟𝑜𝑡𝑒𝑖𝑛 − 𝑚𝑒𝑙𝑙𝑖𝑡𝑎𝑡𝑒(7+𝑚)]
−4𝑚

)  

        (45) 
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Consequently, the concentration of the soluble protein-mellitate complex 

[protein-mellitate(7+m)]
-4m is only dependent on the total concentration of mellitate. At anion 

concentrations higher than the anion concentration of minimal protein concentration in the 

supernatant, the protein concentration measured in the supernatant is supposed to be mainly 

composed of the soluble overcharged protein-mellitate complex [protein-mellitate(7+m)]
-4m. 

Under the given assumptions and for sufficiently high anion concentrations, these 

calculations can explain why the protein concentration in the supernatant and likewise the 

width of the miscibility gap depends on the total mellitate concentration but not on the total 

protein concentration as experimentally observed.  

The occurrence of phase separation as a function of protein concentration depends on the 

width of the miscibility gap but just as well on the position of the total protein concentration 

in relation to the width of the miscibility gap. Therefore, phase separation can be observed 

for an overall protein concentration of 22.5 mg/ml for a mellitate concentration of 15 mM, 

which would not be detectable for an overall protein concentration of 7.5 mg/ml (Table 19). 

As the concentration of the protein in the supernatant was measured, one can distinguish 

between an effect of the total protein concentration on the miscibility gap and an effect of 

the total protein concentration on the relative position to the miscibility gap. The results as 

listed in Table 19 indicate the occurrence of phase separation at higher anion concentrations 

to be mainly depending on the overall protein concentration due to the different positions 

related to the position of the miscibility gap and to a lesser extent due a change of the width 

of the miscibility gap.  

Calculation of the variable constants m and K’ 

For the calculation of K’ equ (42) and equ (43) are combined using the total mellitate 

concentration of minimal protein concentration in the supernatant 𝑐(𝑚𝑒𝑙𝑙𝑖𝑡𝑎𝑡𝑒 − 𝑝𝑟𝑒𝑐) 

instead of 7·𝑐([𝑝𝑟𝑜𝑡𝑒𝑖𝑛 − 𝑚𝑒𝑙𝑙𝑖𝑡𝑎𝑡𝑒7] ↓) for estimating the amount of mellitate bound in 

the precipitate at the condition of charge neutralization. In addition, as derived above, the 

average total concentrations of the individual soluble species are again assumed to be 

approximately equal to the concentrations of the individual soluble species in the 

supernatant. 
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𝐾′ =  
𝑐([𝑝𝑟𝑜𝑡𝑒𝑖𝑛−𝑚𝑒𝑙𝑙𝑖𝑡𝑎𝑡𝑒(7+𝑚)]

−4𝑚
)

(𝑐0̅̅ ̅−𝑐(𝑚𝑒𝑙𝑙𝑖𝑡𝑎𝑡𝑒−𝑝𝑟𝑒𝑐)−𝑚𝑐([𝑝𝑟𝑜𝑡𝑒𝑖𝑛−𝑚𝑒𝑙𝑙𝑖𝑡𝑎𝑡𝑒(7+𝑚)]
−4𝑚

))
𝑚   

        (46) 

The protein concentration in the supernatant corresponding to c([protein-mellitate(7+m)]
-4m) 

is a function of the known total mellitate concentration 𝑐0̅  and the estimated mellitate 

concentration bound in the neutral complex c(mellitate-prec). Therefore, an equation with 

the two unknown variables K’ and m is resulting. Assuming K’ and m to be constant for a 

higher range of anion and overall protein concentrations, more than one equation with two 

unknown variables can be developed and K’ and m can be determined. 

The values underlying the calculation of K’ and m are listed in Table 20.  

Table 20: Concentrations of different species formed by mellitate required for calculating K‘ and m. 

𝑐̅(𝑚𝑒𝑙𝑙𝑖𝑡𝑎𝑡𝑒 − 𝑝𝑟𝑒𝑐)  corresponds to the mellitate concentration complexed in the neutral protein-

mellitate complex at that total mellitate concentration 𝑐0̅, where mellitate binding is resulting in a neutral 

protein-mellitate complex . This value was estimated from the mellitate concentration 𝑐0̅, where the 

protein concentration in the supernatant is minimal. 𝑐0̅ corresponds to the total mellitate concentration 

in the whole system. The concentration of the soluble protein-mellitate complex 

[protein-mellitate(7+m)]
-4m corresponds to the measured protein concentration in the supernatant. The 

soluble protein-mellitate complex is assumed to dissolve from the insoluble complex at a defined but 

unknown value of m.  

  𝑐̅  (mellitate-

prec) 

𝑐0̅ - 𝑐̅  (mellitate-

prec) 

c([protein-mel-

litate(7+m)]
-4m) 

1) 
5 mM mellitate, 

c(mAb) = 2.5 mg/ml 
0.17 mM  4.83 mM 0.004 mM 

2) 
5 mM mellitate, 

c(mAb) = 7.5 mg/ml 
0.5 mM 4.5 mM 0.005 mM 

3) 
15 mM mellitate, 

c(mAb) =22.5 mg/ml 
1.5 mM 13.5 mM 0.081 mM 

 

m was determined by equating K’ from equ (46) for two experimental data sets. The 

experimental data set 1 and 3 as well as 2 and 3 were combined. The experimental data sets 
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1 and 2 were not combined due to the similarity of their values. m was then calculated using 

a numerical approach provided in the internet (176). The algorithm behind the numerical 

approach is an extension of the Newton's approach for the approximation of roots of various 

dimensions (176). Finally, K’ was calculated from equ (46). The results of m and K’ are 

listed in Table 21.  

Table 21: Results of m and K’ as defined by equ (46), calculated with values as listed in Table 20. 

 m K’ 

1) + 3) (from Table 20) 3.0 37 M-2.0 

2) + 3) (from Table 20) 2.5 3.8 M-1.5 

 

The number of binding mellitate ions m required to dissolve the negatively charged 

complex [protein-mellitate(7+m)]
-4m out of the neutral protein-mellitate precipitate is similar 

for both combinations, with values between 2.5 and 3.0. The values of K’ strongly deviate 

between 3.8 M-1.5 and 37 M-2.0. The differences could occur due to the influence of m on 

K’. Smaller measurement errors in the determination of 𝑐̅  (mellitate-prec) or 

c([protein-mellitate(7+m)]
-4m) could result in high differences in K’. In addition the deviation 

could be due to a simplified model. As mentioned in section 4.2.1 the mellitate 

concentration where the lowest protein concentration in the supernatant is measured may 

not precisely correspond to the mellitate concentration where the insoluble complex is 

neutral, as cross-linking may affect the protein concentration in the supernatant. Finally, 

the effect of ionic strength which increases with the overall protein concentrations is not 

covered by the theory. 

In equilibrium, the mellitate is assumed to be distributed in different species: As part of the 

solid complex, as part of the soluble complex [protein-mellitatex]
-y and free and 

uncomplexed. Three mellitate ions are assumed to be needed to dissolve a negatively 

charged protein-mellitate complex from the neutral precipitated complex. The neutral 

precipitated complex may contain about 9.7 mellitate ions per protein. Therefore, in sum, 

the soluble protein-mellitate complex [protein-mellitatex]
-y may contain 3 + 9.7 = 12.7 

mellitate ions per protein. However, the actual charge of this complex is not known. 

Assuming three mellitate ions to be binding to the protein as part of the neutral protein-



 

109 

 

mellitate precipitate resulting in dissolution (m = 3), the three species would be distributed 

as listed in Table 22.  

Table 22: Calculated equilibrium of species containing mellitate in the mellitate concentration region, 

where the occurrence of phase separation is not depending on the ratio but on the absolute mellitate 

concentration. Mellitate is assumed to occur in the remaining precipitated complex, in the soluble 

negatively charged complex [protein-mellitatex]
-y and as part of the unbound free mellitate. For the 

calculations it is assumed that the negatively charged complex dissolves from the insoluble neutral 

protein-mellitate complex if three mellitate ions are binding to a protein of the neutral protein-mellitate 

complex. The mellitate concentration remaining in the precipitated complex was calculated as product 

of �̅� (mellitate-prec) and the protein fraction which is remaining in the precipitated complex (1-c(mab-

supernatant)/c(mab-total). The concentration of mellitate in the complex [protein-mellitatex]
-y is 

calculated as the sum of the mellitate binding to the neutral protein-mellitate complex (3 x c(mab-

supernatant)) and the fraction of mellitate as part of the neutral protein-mellitate complex which has 

dissolved (c(mab-supernatant) x �̅� (mellitate-prec)/c(mab-total)). The free mellitate was calculated as 

the difference between the total mellitate concentration and the mellitate as part of soluble and 

precipitated protein-mellitate complexes. 

 c(mAb-

supernatant) 

c(mellitate) in the 

soluble complex 

[protein-mellitatex]
-y 

𝑐̅ (mellitate) 

remaining in the 

precipitated 

complex  

c(mellitate) 

- free 

5 mM 

mellitate, 

c(mAb-

total) = 2.5 

mg/ml 

0.004 mM 

(0.56 mg/ml) 
0.05 mM 0.13 mM 4.82 mM 

5 mM 

mellitate, 

c(mAb-

total) = 7.5 

mg/ml 

0.005 mM 

(0.79 mg/ml) 
0.07 mM 0.45 mM 4.48 mM 

15 mM 

mellitate, 

c(mAb-

total) =22.5 

mg/ml 

0.081 mM 

(11.8 mg/ml) 
1.03 mM 0.71 mM 13.26 mM 
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The amount of free melliltate in equilibrium is much higher than the amount of mellitate 

complexed in the soluble negatively charged protein-mellitate complexes. Hence, high 

amounts of free mellitate are required to dissolve part of the protein from the precipitated 

complex.  

Calculation of the mellitate concentration required to dissolve the complex  

The total mellitate concentration required to increase the protein concentration in the 

supernatant above 2.5 mg/ml, 7.5 mg/ml or 22.5 mg/ml can be calculated using equ (46). 

A numeric solution of equ (46) was found by using a free website (176). Thus, the mellitate 

concentration required for forming a homogeneous solution without phase separation in a 

protein solution containing 2.5 mg/ml, 7.5 mg/ml or 22.5 mg/ml protein can be calculated. 

The calculated values are listed in Table 23. 

Table 23: Calculated (equ (46)) maximal mellitate concentrations at which precipitation would be 

expected. Values of K' and m were taken as presented in Table 21.  

  Maximal calculated 

mellitate concentration 

at which phase 

separation is expected / 

mM 

Experimentally 

determined mellitate 

concentration at which 

phase separation 

disappears 

2.5 mg/ml = 

0.017 mM 
1) + 3) 

K' = 37 M-2.0 

m = 3.0 

8.24 > 5 mM 

7.5 mg/ml = 

0.052 mM 
12.1 > 5 mM; < 15 mM 

22.5 mg/ml = 

0.155 mM 
18.1 > 15 mM; < 45 mM 

2.5 mg/ml = 

0.017 mM 
2) + 3)  

K' = 3.8 M-1.5 

m = 2.5 

7.37 > 5 mM 

7.5 mg/ml = 

0.052 mM 
11.6 > 5 mM; < 15 mM 

22.5 mg/ml = 

0.155 mM 
18.7 > 15 mM; < 45 mM 
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All the calculated mellitate concentrations confirm with the experimentally determined 

phase boundaries. However, the large intervals in the tested mellitate concentration of the 

experimentally determined phase bounderies prevent more accurate conclusions.  

Instead of large differences in K’ for both approaches, the calculated mellitate concentration 

which is required to dissolve the lower phase is similar for both fittings. Higher values of 

K’ indicate enhanced binding between mellitate and the neutral complex [Protein-

mellitate7]↓, resulting in enhanced dissolution of the precipitate and higher protein 

concentrations in the supernatant. The first approach with higher K’ and higher m values 

seems to reveal in similar mellitate concentrations, required to dissolve the precipitate as 

the approach with lower K’ and lower values of m. If a higher negative charge, related to 

the value of the variable m, is required to dissolve the precipitate, a higher binding constant 

K' is required to result in dissolution under the same conditions. 

Estimating the influence of ionic strength on phase separation 

A protein solution with proteins of either positive or negative net charge with higher overall 

protein concentration is generally assumed to have a higher ionic strength. The 

experimental design of spiking instead of dialysis additionally results in higher 

concentrations of counterions and therefore enhanced ionic strength in protein solutions of 

higher overall protein concentration, even if all of the proteins are neutralized by mellitate 

binding and would therefore not themselves contribute to ionic strength. As shown in 

section 0 increasing ionic strength is resulting in dissolution of the precipitate.  

By considering these results the protein concentrations in the supernatant would be 

expected to increase with increasing overall protein concentration. A higher protein 

concentration of 0.15 mg/ml in the supernatant of the sample containing 22.5 mg/ml 

compared to the lower protein concentration of 0.02 mg/ml in the supernatant of samples 

containing 2.5 and 7.5 mg/ml protein was observed. This difference could be due to the 

higher ionic strength in mixed systems of higher protein concentrations. 
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4.2.5. Summary and conclusions  

The occurrence of phase separation in antibody solutions upon addition of oligovalent 

anions depends on the charge of the added anion, the pH, ionic strength, the concentration 

of the oligovalent anion and the overall protein concentration. 

The maximum possible charge of the oligovalent anion (charge after complete dissociation) 

seems to have a stronger influence on phase separation than the charge that would be 

expected at a given pH (incomplete dissociation of the weak acid). Phase separation in the 

presence of mellitate was enhanced at lower pH where the protein net charge increases. 

Ionic strength had a dissolving effect on the precipitate. Phase separation followed a non-

monotonic trend upon increasing the anion concentration. The protein concentration in the 

supernatant first decreased with increasing anion concentration but increased with 

increasing anion concentration at larger anion concentrations. At anion concentrations 

lower than the anion concentration of minimal protein concentration in the supernatant, a 

dependence of the occurrence of phase separation on the ratio between anion and protein 

was observed. At anion concentrations higher than the concentration of minimal protein 

concentration in the supernatant, the protein concentration in the supernatant was observed 

to depend on the total anion concentration and not on the protein concentration. A 

theoretical model was applied and the number of mellitate ions required to dissolve the 

neutral protein-mellitate precipitate m as well as the equilibrium constant K’ for mellitate 

binding were calculated. The experimental results indicate that dissolution of individual 

proteins from the neutral protein-mellitate precipitate occurs upon binding of additional 2.5 

– 3 mellitate ions.  

The non-monotonic trend of the protein concentration in the supernatant as a function of 

anion concentration was observed before in section 4.1 for antibody solutions upon citrate 

addition. In addition to the difference of the state of the lower phase, i.e. LLPS in citrate 

instead of LSPS predominating in mellitate, two major differences between phase 

separation induced by either citrate or mellitate were seen: First, phase separation was 

enhanced at lower pH in the presence of mellitate whereas it was reduced at lower pH in 

the presence of citrate. Second, the disappearance of LLPS in the presence of higher 

concentrations of citrate may be mainly caused by concomitantly increasing ionic strength, 
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whereas the disappearance of LSPS in the presence of higher concentrations of mellitate is 

assumed to be mainly induced by protein charge reversal, resulting from binding of 

mellitate to the protein.  

4.3. PROTEIN DIFFUSION 

Measurements of the diffusion of proteins in pure water by DLS have been shown to result 

in much higher diffusion coefficients for the protein than would be expected from the size 

of the protein (48, 103). In the following section this effect will be investigated at different 

pH values and therefore with differently charged proteins. A theoretical explanation is 

presented for comparison. 

4.3.1. Hydrodynamic diameter of pH-dependent protein solutions 

In the following part the influence of the protein net charge on its diffusion coefficient and 

its hydrodynamic diameter is described. The net charge of a protein is pH dependent. The 

protein solution was first dialyzed against a NaCl solution and later against water to first 

remove electrostatically interacting ions such as citrate from the protein solution and later 

remove NaCl. (See section 3.2.2.1). The procedure was performed at pH 8.5 near the 

experimental isoelectric point of the protein (pI ~ 8.7) (determined as described in section 

4.1.1, results shown in Appendix 1). At pH 8.5 the positive net charge of the protein is low 

and therefore the amount of negatively charged counterions remaining in solution is 

reduced compared to a dialysis at e.g. pH 6.0. The pH of the solution was then adjusted to 

values between pH 8.5 and pH 4.1 using hydrochloric acid. The protons added by adjusting 

the pH were partly binding to the protein and partly changing the pH. The major part of the 

protons is assumed to be binding to the protein resulting in a higher valence of the protein. 

The chloride ions added concomitantly were acting as counterions but they could, to some 

extent, also bind to the protein and thereby reduce the actual charge (Debye-Hückel-Henry 

charge zDHH as defined by Filoti et al. (113)) of the protein. The valence of the antibody at 

the respective pH was derived from pH titration data as reported elsewhere (23, 113, 177) 

(see section 4.1.1). If some of the chloride ions bind to the protein, the valence determined 

by pH-titration is higher than the actual Debye-Hückel-Henry charge as defined by Filot et 

al. (113) and described in detail in section 2.4.2.  
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The diffusion coefficient of the protein of pH-adjusted solutions was determined by DLS 

(see section 3.2.1.9). Measured diffusion coefficients were converted to apparent diameters 

by equ (3). The results are depicted in Figure 22. The theoretical curve as calculated from 

equ (25) is depicted in Figure 22 as well. The curve describes the theoretical size of the 

protein which is expected due to coupled diffusion between the protein and its counterions 

assuming only proteins and counterions without additional salt to be present and excluding 

attractive protein-protein interactions. For the calculation the hydrodynamic diameter of 

the protein was assumed to be 10.6 nm, corresponding to a diffusion coefficient D2 of 40.4 

µm²/s at 20°C. This value was estimated from measurements of the protein at different 

concentration and an extrapolation to infinite dilution in 10 mM citrate buffer pH 6.0 at 

various ionic strengths (see section 4.3.2.3.1, as the value did not change with ionic strength, 

it was regarded to be mainly independent from the solution conditions and therefore 

suitable to be used as a molecule specific value). The value shall account for size, shape 

and hydration of the protein at pH 6.0 but it does not account for interactions between 

proteins or interactions between the protein and its counterions.  

The diffusion coefficient D3 of the chloride ion was reported at 25°C (D3 = 2032 µm²/s at 

25°C) (119). Therefore a conversion was performed to the measurement temperature of 

20°C by correcting for viscosity and temperature effects as described in (94) resulting in 

D3 of 1775 µm²/s at 20°C. For the conversion the viscosity of water instead of the viscosity 

of the protein solutions was taken, neglecting slight increases in viscosity induced by the 

proteins in solution (1.002 mPas at 20°C and 0.890 mPas at 25°C) (119). 
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Figure 22: Calculated (solid line) and experimental (squares) diameters of a monoclonal antibody with 

chloride counterions in water depending on the net charge, z2, of the antibody. The diffusion coefficient 

D was calculated by equ (25) taking D2 = 4.04·10-11 m²/s and D3 = 1.775·10-9 m²/s as parameters. The 

calculated diameter was derived from the apparent diffusion coefficient D by the Stokes-Einstein 

equation (equ (3)). Experimental data correspond to the value of the z-average at different pH values for 

an antibody concentration of 25 mg/ml at 20°C (Malvern Zetasizer NanoZS ZEN3600).  

 

The experimental apparent diameter of the protein decreased from 9.5 nm at pH 8.5 to 2.1 

nm at pH 4.1. The observed trend is consistent with the calculated diameter obtained by 

equ (25). The calculated curve describes the theoretical size which is expected due to 

coupled diffusion of the protein and its counterions. According to equ (25), the apparent 

size of the protein is assumed to be independent of the protein concentration. However, 

actual experimental values were higher than the calculated diameters depicted by the solid 

curve in Figure 22. This could be due to attractive protein-protein interactions which are 

assumed to decrease the experimental diffusion coefficient D with increasing protein 

concentration. Attractive protein-protein interactions are not considered by equ (25). In 

addition, deviations in solution viscosity induced by the proteins not considered here could 

result in lower diffusion and thus larger apparent protein diameters. Furthermore, the value 
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of D2 corresponding to a hydrodynamic diameter of 10.6 nm which should account for the 

protein size, shape and hydration could not appropriately wrongly chosen not accounting 

for the overall hydrodynamic drag. In addition, cross-term diffusion caused by chemical 

gradients influencing the diffusion of the oppositely charged species may take place. 

Besides this, impurities such as aggregates, foreign particles or traces of NaCl could result 

in larger values of z-average. This hypothesis is supported by PDI values in the range 

between 0.17 and 0.37 indicating midrange polydispersity (178). And finally, if part of the 

chloride counterions are not freely diffusing but binding to the protein, the actual charge 

zDHH might be lower compared to the charge determined by pH valence titration. This would 

also result in higher experimental diameters than expected by equ (25). Factors affecting 

the apparent diameter of a protein are summarized in Table 24. Thus, quite a few factors 

are potentially increasing the apparent diameter of a protein, but explicit reasons for lower 

apparent diameters are limited to repulsive Coulomb protein-protein interactions and the 

phenomenon of mutual electrostatic interaction and resulting coupled diffusion between 

counterions and the protein. Both effects which would result in lower apparent diameters 

are covered by equ (25). To further elucidate the latter phenomenon, the following 

experiments were conducted at different protein concentrations and diffusion coefficients 

were extrapolated to zero concentration. Thereby effects occurring due to additional 

attractive protein-protein interactions which are assumed to vanish at infinite dilution can 

be excluded with greater confidence.  

Table 24: Factors that influence the apparent diameter measured by DLS of a protein of constant size.  

Factors affecting the hydrodynamic diameter 

to larger values than expected 

Factors affecting the hydrodynamic diameter 

to lower values than expected 

Attractive protein-protein interactions 

(equ (10)) 

Repulsive protein-protein interactions 

(equ (23) and equ (25)) 

Viscosity of the protein solution (if changes are 

not considered) 

Coupled diffusion of freely diffusing 

counterions and the protein at low 

concentration of effective counterions 

(equ (23) and equ (25)) 

Hydration  

Deviation in shape from a sphere  

Impurities of larger particles in solution  

Hard-sphere crowding (179)  
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4.3.2. D0 and kD values as a function of buffer species and concentration, pH and salt 

In the following section diffusion coefficients are examined in the absence of buffer and in 

the presence of different buffers. The influence of the pH, the presence of salt and the buffer 

concentration on diffusion coefficients is investigated. 

4.3.2.1. Diffusion coefficients in the absence of buffer 

4.3.2.1.1. Dependence of the diffusion coefficient on the pH in the 

absence of buffer 

Experimental data 

Assuming small amounts of buffers to strongly influence the colloidal interactions of 

proteins in solution, the diffusion of the antibody in buffer-free conditions was first 

examined. Through the concept of kD, the diffusion is assumed to be strongly related to 

colloidal interactions of the proteins (equ (8) - equ (10)). The citrate-free protein solution 

at pH 6.0 with a protein concentration of 25 (± 2) mg/ml was titrated with HCl and NaOH 

to pH 3.2, pH 5.5, pH 6.5 and pH 7.0. Dilutions to protein concentrations between 2.5 and 

20 mg/ml were performed with MilliQ water. The pH was assumed to stay approximately 

constant upon dilution due to the buffer capacity of the protein (117). The results of DLS 

measurements performed as described in section 3.2.1.10 are displayed in Figure 23. 
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Figure 23: Influence of the pH on the hydrodynamic diameter, the kD and on D0 of the mAb diluted with 

pure water as measured by DLS (Wyatt, Plate Reader, 25°C). The hydrodynamic diameters shown in 

Figure 23A were converted from the measured diffusion coefficients with equ (3). kD and D0 were 

obtained as described in section 3.2.3.8 by fitting data of the diffusion coefficient to equ (10) (plot not 

shown here). The solid lines in Figure 23A show the results of the curve fitting converted to diameters 

by equ (3) and equ (15) as described in section 2.3.1.2. kD and D0 values as a function of pH are 

separately depicted in Figure 23B. The linear fit was limited to data between 2.5 and 10 mg/mL. For 

higher protein concentrations a deviation from linearity (plot of the diffusion coefficient vs mAb 

concentration, not shown here) was often observed. In the presented figure (plot of apparent diameter 

vs mAb concentration), this deviation appears in the deviation between the fitted curve and the measured 

values.  

 

The hydrodynamic diameter extrapolated to zero concentration increased with increasing 

pH from 0.9 nm at pH 3.2 to 3.1 nm at pH 7.0. The apparent inverse trend of the protein 

solutions at pH 5.5 and pH 6.0 is within the range of the measuring uncertainty. The kD as 

defined by equ (10) was negative in all cases, with values ranging from -29.8 ml/g to -13.8 

ml/g. Excluding the value of -27.1 ml/g at pH 3.2, the kD was decreasing with increasing 

pH. 

Infinite-dilution diameters 

Assuming the protein to form a compact sphere without hydration shell the minimal radius 

can be calculated as follows (94): 

𝑟 = √
3𝑀�̅�

4𝜋𝑁𝐴

3
        (47) 

Here M is the molecular weight of the protein, �̅� is the partial specific volume of the protein 

and NA is Avogadro’s number (94). Supposing a partial specific volume of 0.728 cm³g-1 (9) 

and a molecular weight of 145,000 Da, the minimal diameter of the antibody is 6.9 nm. 

A B 
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Lower values as determined here are most likely not due to the actual physical size of the 

particle itself as fragmentation upon dialysis against water or 300 mM NaCl is very unlikely. 

Repulsive protein-protein interactions may result in lower diameters. Even at very low 

protein concentrations these interactions may influence diffusion due to the long range of 

electrostatic interactions at very low ionic strength. In combination with repulsive protein-

protein interactions electrostatic coupled diffusion between the charged protein and its 

counterions is proposed to be the origin of these low values for the radius. Electrostatic 

interaction between the protein and its counterions is assumed to depend on the actual 

charge zDHH of the protein as well as the effective counterion concentration (94).  

The charge of the antibody increases with decreasing pH as the experimental pI of the 

protein is 8.7 (as shown in section 4.1.1). This assumption is in accordance with the 

observation of decreasing values of infinite-dilution diameter with decreasing pH (Figure 

23). However, data obtained by titrating the protein solution with NaOH to more basic pH 

values (pH 6.5 and pH 7.0) should be considered with some caution as small amounts of 

NaCl (0.5 mM at pH 6.5 and 1 mM at pH 7.0 at 20 mg/ml as calculated from titration data) 

were formed by neutralizing the protein solution with NaOH. The observation of increasing 

infinite-dilution diameter values with increasing pH between pH 6.0 and 7.0 might be due 

to the reduced charge of the protein and due to the presence of NaCl in solution at higher 

pH. 

The infinite-dilution diameter reported here are much lower than the experimental 

diameters of monoclonal antibodies reported in the literature with values ranging from 9.7 

nm to 11.8 nm (49, 180). Experimental smaller diameters than expected have been 

determined for several proteins at very low ionic strength. For BSA (Mw = 66 kDa (181)) 

with an estimated hydrodynamic diameter of 10.2 nm (value is the infinite dilution diameter 

at pH 3.65 and various ionic strengths (10 mM - 200 mM)), a diameter of 5.2 nm has been 

reported at 10 mM ionic strength at pH 3.1 (182). Lysozyme (Mw = 14.3 kDa (181)) with 

a hydrodynamic diameter of 4.1 nm at 150 mM ionic strength was apparently 4-times 

smaller (0.9 nm) at 0 mM ionic strength (and a protein concentration of 0.45 % for both 

values, pH 3.3 – 3.6) (103). For a dual-variable domain immunoglobulin (Mw = 200 kDa 

(183)) a hydrodynamic diameter of 13.1 nm was reported, which significantly decreased to 

values smaller than 3.3 nm in water at protein concentrations > 2 mg/ml (48). The latter 
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study suggests that the unrealistically small diameters vanish at protein concentration 

below 2 mg/ml (48). In the present study, no measurements were performed to examine the 

diffusion in this concentration regime, due to bad data quality, as the scattering density of 

the protein decreased.  

kD values 

The diffusion coefficient decreased with increasing protein concentration for all tested pH 

values and the protein diameters converted by using equ (3) were therefore increasing with 

increasing protein concentration. The kD as defined by equ (10) was negative in all cases, 

with values ranging from -29.8 ml/g to -13.8 ml/g. Excluding the value of -27.1 ml/g at 

pH 3.2, the kD was decreasing with increasing pH. This trend is to be expected assuming 

the positive net charge of the protein to decrease with increasing pH up to the isoelectric 

point of pH 8.7 where the net charge becomes zero. A decreasing net charge is accompanied 

by decreasing Coulomb repulsive interactions. The unexpected low kD at pH 3.2 could be 

due to unfolding or structural changes which are more likely at extreme pH values. 

Structural changes could result in different protein-protein interactions.  

However, for this experimental setup, the surrounding medium, composed of water and 

chloride counterions or even additional NaCl at pH 6.5 and pH 7.0, changes its composition 

by diluting the protein solution with water. Therefore, a pseudobinary concept, as the 

concept of kD should be interpreted with caution.  

Calculating diffusion coefficients in a three-component system on the basis of valence data 

For more accurate statements, equ (23) was used to calculate diffusion coefficients 

assuming a three-component system. The results are shown in Figure 24. The charge was 

taken from valence titration data and a differentiation between bound and freely diffusing 

counterions was neglected. All counterions were considered to be freely diffusing. The 

counterion and coion concentration required for calculating using equ (23), were estimated 

from titration data as presented before in chapter 4.1.1. The calculated diameter of the 

antibody increases from 0.37 nm at pH 3.2 (in the absence of NaCl) to 1.59 nm at pH 7.0 

(in the presence of small amounts of NaCl: 0.5 mM at pH 6.5 and 1 mM at pH 7.0, both at 

20 mg/ml). The diameter does not change with the antibody concentration. At pH 3.2, pH 
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5.5 and pH 6.0 the chloride ions are exclusively protein-related counterions assumed to be 

freely diffusing. Therefore, in principle equ (25) could also be used, in which D is 

independent of the protein concentration. According to the model described in section 

2.3.1.3, the diameter is not depending on the protein concentration if no additional 

excipients except component 2 and protein related counterions are present.  

Effects of NaCl in the protein solution on the calculated diffusion coefficients 

At pH 6.5 and pH 7.0, where the pH was adjusted by titration with NaOH, the formed NaCl 

diluted with decreasing protein concentration as the dilution was performed with MilliQ 

and not with NaCl solution. The consequence of the dilution with water is a constant ratio 

of effective counterions (here chloride) to protein over the range of the protein 

concentrations, assuming the charge of the protein to be not affected by dilution. Therefore, 

equ (24) applies and the calculated diameter does not depend on the protein concentration. 

The NaCl formed by neutralization does not affect the slope of the calculated diffusion 

coefficient as a function of protein concentration but it does affect the magnitude of the 

calculated diffusion coefficient and the resulting diameter (Figure 24). The actual value of 

the calculated diameter is increased compared to the calculated diameter expected in the 

absence of NaCl. For example, at pH 7.0 the calculated diameter in the absence of 

additional salt is 1.25 nm whereas the NaCl that formed by pH titration increases the 

calculated diameter to 1.94 nm (Figure 24).  
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Figure 24: Calculation of hydrodynamic diameters of the mAb of defined charge using equ (23) and 

equ (3). Assumption of a three-component system consisting of water, charged mAbs and counterions 

with coupled protein counterion diffusion. All ions in solution are assumed to be freely diffusing but 

their diffusion is assumed to be coupled. Attractive interactions between the antibodies are not covered 

by this model. Titration to pH 6.5 and pH 7.0 was performed with NaOH, resulting in small amounts of 

NaCl formed (1 mM at pH 7.0 and 0.5 mM at pH 6.5, both at 20 mg/ml). The dilution of NaCl formed 

at pH 6.5 and pH 7.0 upon protein dilution with MilliQ was covered by the model. For comparison, the 

hypothetic diameter in protein solutions without formed NaCl were also calculated (without additional 

salt, only chloride counterions, open symbols). 

 

Comparison of calculated with experimental data 

Apparent diameter at infinite dilution 

The experimental diameter at infinite dilution is larger than expected by the model of three-

component effects. Possible explanations for this discrepancy are a lower actual charge of 

the protein, a certain degree of polydispersity of the sample, sodium or other additional ions 

in the protein solution, an incorrect estimate of the diffusion coefficient of the protein D2 

or transient and local charge separations which invalidate equ (20). 
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The charge of the protein used for calculating diffusion coefficients was derived from 

valence pH-titration and does not account for ion binding which could reduce the actual 

charge zDHH of the protein. The experimental diffusion coefficient at infinite dilution could 

therefore be used to calculate the actual charge zDHH by neglecting effects of polydispersity 

and transient and local charge separations and assuming a correct estimate of D2. For 

estimating z2, D0 determined for each pH condition was taken for D in equ (24) and in 

equ (25) to exclude effects of potential protein-protein interactions on D. The total amount 

of counterions (bound and effective counterions) is known from valence data and sample 

preparation. The counterion concentration c3 however, is defined as the amount of effective 

counterions. As the counterion concentration c3 is not a priori known, as some of the 

counterions are assumed to be binding to the protein, an iterative approach was used to 

receive values for z2. For the approach the whole amount of counterions present in solution 

(bound and effective counterions) was first used to calculate a first starting value for z2. 

Using this first value for z2, the amount of bound counterions was calculated and subtracted 

from the total amount of couterions. This procedure was repeated and after 10 of these 

iterative cycles the values converged. The resulting values of z2 are shown in Table 25. 
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The results obtained by either applying equ (25) or equ (24) coincide for all samples 

prepared by addition of HCl. Consequently, the iterative approach is suited to estimate the 

actual net charge of the protein. In the presence of additional NaCl, which may occur if the 

pH is adjusted by using NaOH, the iterative approach is the only suitable way to calculate 

the actual net charge zDHH as equ (25) is not accounting for additional salt. The results 

shown in Table 25 are only valid for a protein concentration extrapolated to c = 0. At higher 

protein concentration the equilibrium between freely diffusing and bound counterions 

might readjust. As shown in Table 25, the ratio of bound counterions to freely diffusing 

protein-related counterions is decreasing with increasing pH. Hence a higher net charge of 

the protein seems to result in a higher affinity of counterions binding to the protein.  

Dependence of D on protein concentration 

Experimental data of diffusion coefficients decreased with increasing protein concentration. 

According to the three-component model, diffusion coefficients should be constant with 

varying protein concentration, if the effective counterion concentration was proportional to 

the protein concentration, the net charge was constant and no attractive protein-protein 

interactions would occur. Therefore, the decrease in diffusion coefficient could be either 

due to a relative (with regards to the protein concentration) decrease in net charge with 

increasing protein concentration or due to attractive protein-protein interactions.  

Excluding values at pH 3.2, the effect of decreasing diffusion coefficients with increasing 

protein concentrations was enhanced at elevated pH as indicated by the decreasing trend of 

kD with increasing pH (Figure 23). Even though the pseudobinary model of kD does not 

apply under the given experimental setup, values of kD are reflecting the slope of the 

diffusion coefficient as a function of protein concentration and will therefore be discussed 

here. The experimental kD values can be compared with those values that would be expected 

by calculation with equ (23) as depicted in Figure 24. 

Analysis of causes of negative kD 

The negative kD could either be due to a decreasing net charge with increasing protein 

concentration or due to attractive protein-protein interactions. It is not possible to 
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theoretically estimate the trend of the net charge with increasing protein concentration as a 

function of pH. 

However, attractive protein-protein interactions that may be induced by ion-dipole and 

dipole-dipole interactions are assumed to increase at pH values approaching the pI as the 

dipole moment of the protein is assumed to increase in the vicinity of the pI (5). To 

differentiate between the two possible causes of decreasing diffusion coefficients with 

increasing protein concentration, alternative techniques to DLS could be used.  

Attractive protein-protein interactions could be measured by self-interaction 

chromatography (as described by LeBrun et al. (75)), even though accelerated diffusion, as 

induced by electrostatic interaction of the mAb with counterions, could influence the 

retention time as well. Another alternative approach is the measurement of the activity of 

the counterions by ion selective electrodes. The dependence of the chloride activity as a 

function of protein concentration could render information about the activity of effective 

counterions at various protein concentrations. The determination of diffusion coefficients 

of individual ions by conductivity measurements is another alternative approach (119). 

However, the electric field applied for the measurement, could influence the actual charge 

of the protein by either influencing the valence of the protein or by modifying the number 

of bound ions and thereby the Debye-Hückel-Henry charge zDHH. To measure the dipole 

moment of the protein as a function of pH or as a function of the protein concentration 

dielectric spectroscopy could be used. Hence, measureing attractive protein-protein 

interactions independent from coupled protein counterion diffusion may be difficult to 

measure and boundary conditions always have to be taken into account. 

Hence, attractive protein-protein interactions might additionally influence the diffusion of 

the proteins. However, the interpretation of exact kD values as a function of pH in the 

absence of buffer is not reliable as the assumption of a two-component system does not 

apply. In particular, the kD of zero in this experimental setup is stated to correspond to 

repulsive protein-protein interactions as the model behind the present calculation includes 

repulsive ion-ion interactions. This is due to electrostatic interactions between the diffusion 

of charged protein and counterions. The interactions do not vanish at infinite dilution, 

phenomenological appearing by larger values of D0, as described before. 
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4.3.2.1.2. Dependence of the diffusion coefficient on the NaCl 

concentration in the absence of buffer 

The protein solution obtained by dialysis against water (prepared as described in 

section 3.2.2.2, c(Protein) = 23.6 mg/ml) was adjusted to a protein concentration of 

20 mg/ml by adding NaCl stock solutions or water. The sodium concentration of the 

resulting solution was adjusted as indicated between 0 mM and 150 mM. The chloride 

concentration in the protein solutions was higher than indicated, due to chloride counterions 

already present in the protein solution before mixing with the NaCl stock solution. The 

solution with a protein concentration of 20 mg/ml was diluted with NaCl solution as 

indicated. The results of DLS measurements performed as described in section 3.2.1.10 are 

displayed in Figure 25.  

Experimental data 
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Figure 25: Influence of the NaCl concentration on the hydrodynamic diameter, the kD and on D0 of the 

mAb in pure water as measured by DLS (Wyatt, Plate Reader, 25°C). The hydrodynamic diameters 

shown in Figure 25A were converted from the measured diffusion coefficients with equ (3). kD and D0 

were obtained as described in section 3.2.3.8 by fitting data of the diffusion coefficient to equ (10) (plot 

not shown here). The solid lines in Figure 25A show the results of the curve fitting converted to 

diameters by equ (3) and equ (15) as described in section 2.3.1.2. kD and D0 values as a function of the 

NaCl concentration are separately depicted in Figure 25B. Diffusion coefficients larger than 71 µm²/s 

(as depicted by the dotted red line in Figure 25B) correspond to diameters lower than 6.9 nm (equ 3). 

This diameter is considered to be the minimal real diameter of the mAb as described in section 4.3.2.1.1. 

 

Apparent diameter at infinite dilution 

The apparent diameter of the antibody at infinite dilution in pure water was 1.5 nm. It was 

increasing with increasing NaCl concentration from 8.0 nm at 1 mM NaCl to 10.4 nm at 5 
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mM NaCl. A further increase in NaCl concentration to 150 mM did not significantly affect 

the apparent diameter at infinite dilution. Between 5 mM NaCl and 150 mM NaCl the 

infinite dilution diameter was between 10.3 nm and 10.6 nm. 

Taking the model of coupled protein counterion diffusion, the increase of the infinite-

dilution diameter could either be due to a decrease in actual net charge and/or due to the 

increasing amount of effective counterions.  

It is obvious, that the increasing NaCl concentration results in an increasing amount of 

effective counterions. The effect of NaCl on the actual net charge is difficult to estimate, 

as an increase in ionic strength would result in a higher net charge whereas the higher 

concentration of available chloride ions might result in enhanced protein-chloride binding 

an thus a lower net charge. The problem will be discussed below, by comparison of 

calculated data with experimental data.  

Dependence of D on protein concentration 

In the absence of Na+ the diffusion coefficient of the antibody was decreasing with 

increasing protein concentration indicating a negative kD. The kD was positive between 1 

mM and 5 mM NaCl, it decreased to a relative minimum roughly between 50 mM and 100 

mM Na+ and then slightly increased in the presence of 150 mM NaCl, still with slightly 

negative values.  

The preparation of the samples resulted in a changing chloride to protein ratio upon protein 

dilution. The chloride ions as introduced into solution as protein-related counterions were 

proportionally decreasing with decreasing protein concentration. The chloride ions as 

introduced into solution by diluting with solutions containing a constant NaCl 

concentration were not changing with protein concentration. Therefore, the chloride to 

protein ratio was increasing upon dilution. The effect was most pronounced at lower NaCl 

concentrations. However, it did not occur, if the dilution was performed with water. Due to 

the changing chloride to protein ratio, the effect of coupled protein counterion diffusion is 

assumed to be smaller at lower protein concentration and to be enhanced at higher protein 

concentration. 
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Due to the changing composition of the surrounding medium an interpretation of kD values 

should again be considered with caution. The sign of kD does not necessarily point out the 

transition between protein-protein attraction and repulsion.  

Calculation of hydrodynamic diameters on the basis of valence data and estimated charge 

data 

The theoretical diameter of the protein was calculated applying equ (23) and equ (3) by 

either using the valence of the antibody at pH 6.0 of 16.7 (see section 4.1.1) or using the 

zDHH of 7.4 which was estimated by extrapolating diffusion coefficients in the absence of 

salt to a protein concentration of zero (see chapter 4.3.2.1.1). The results are displayed in 

Figure 26.  
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Figure 26: Calculation of hydrodynamic diameters as determined by equ (23) and equ (3). Assumption 

of three-component system consisting of water, charged mAbs and counterions with coupled protein 

counterion diffusion. Attractive interactions between the antibodies are not covered by this model. The 

chloride concentration in the solutions is assumed to be slightly higher than the declared Na+ 

concentration (by: c(mAb)*Mw(mAb)-1*z(mAb)) due to protein-related counterions additionally 

present in the solution. The valence z of the antibody is assumed to be 16.7 as measured by valence 

titration (4.1.1). The zDHH of 7.4 is estimated from the experimental D0 of the antibody in water and 

equ (25), assuming the actual charge to solely influence the diffusion coefficient of the protein at infinite 

dilution (and not protein-protein interactions or protein aggregates) (see 4.3.2.1.1).  

 

The accelerating effect on the diffusion coefficient of coupled protein counterion diffusion 

is enhanced at higher protein concentrations compared to lower protein concentrations. 

This phenomenon is most pronounced in an intermediate NaCl range which varies with the 

net charge of the protein. At very low NaCl concentrations this dependence is not very 

pronounced in the protein concentration range between 2.5 and 20 mg/ml. However, in this 

NaCl region the linearity of the diameter as a function of protein concentration is rather 
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low. The dependence of coupled protein counterion diffusion on protein concentration is 

shifted to lower protein concentrations (< 2.5 mg/ml), which are not depicted in Figure 26. 

The dependence of the effect of coupled protein counterion diffusion on the protein 

concentration can be explained with the lower effective counterion to protein ratio present 

at higher protein concentrations. Therefore a slope in D, equal to a positive kD, is estimated. 

The effect is more pronounced by estimating a higher net charge of the antibody of 16.7 

compared to the lower charge of 7.4. The latter charge was assumed to result from protein-

chloride binding resulting in partial charge neutralization. The exact value of 7.4 was 

derived from equ (25) by taking D = D0 in water at pH 6.0 = 336 µm²/s, DmAb = 46.5 µm²/s and 

Dchloride = 2032 µm²/s.  

Even though the calculated slope of diffusion coefficient as a function of protein 

concentration is positive at lower NaCl concentrations whereas it is zero in the absence of 

NaCl in water, this does not indicate the repulsive protein-protein interactions to be 

enhanced in NaCl. As the system is multicomponent the interpretation of the pseudobinary 

model behind kD is not suitable. The positive slope can be explained with a lower counterion 

to protein ratio and thereby enhanced coupled protein counterion diffusion at higher protein 

concentrations. Coupled protein counterion diffusion is including repulsive protein-protein 

interactions, repulsive counterion counterion interactions and attractive protein-counterion 

interactions. 

Hence, for experimental data, the size of kD does not necessarily quantify the magnitude of 

protein-protein interactions. However, the comparison between calculated data and 

experimental data could render information about the magnitude of attractive protein-

protein interactions. 

Comparison of calculated data with experimental data 

Comparison of theoretical values with experimental data reveals information about the 

origin of positive kD values. Therefore D0 and kD were derived from the calculated data 

presented in Figure 26 for protein concentrations between 2.5 and 10 mg/ml. This protein 

concentration range was selected to allow for comparison with experimental values, which 

were also fitted between 2.5 mg/ml and 10 mg/ml. The results are listed in Table 26. 
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Table 26: Results of calculated D0 and kD values for protein solutions in pure water and in NaCl solutions 

with different concentrations. The values were obtained as described in section 3.2.5. Data were derived 

from calculations of diffusion coefficients by using equ (23). Calculations were performed with D2(mAb) 

= 46.5 µm²/s and D3(chloride) = 2032 µm²/s. Experimental data are displayed for comparison. 

 Calculated data, with 

an estimated charge 

of +16.7 

Calculated data, with 

an estimated charge 

of +7.4 

Experimental data Difference 

in kD 

between 

experim. 

data and 

calcul. data 

(charge: 

+7.4) 

 D0 

[µm²/s] 

kD [ml/g] D0 

[µm²/s] 

kD [ml/g] D0 

[µm²/s] 

kD [ml/g] kD  

[ml/g] 

0 mM 

NaCl 

595 0 336 0 336 -20 -20 

1 mM 

NaCl 

156 154 63 149 61 101 -48 

2 mM 

NaCl 

94 216 52 119 52 73 -46 

5 mM 

NaCl 

58 211 48 63 47 20 -43 

10 mM 

NaCl 

50 145 47 35 46 -1 -36 

50 mM 

NaCl 

47 36 47 7 48 -10 -17 

100 mM 

NaCl 

47 18 47 4 48 -10 -14 

150 mM 

NaCl 

47 12 47 3 47 -2 -5 

 

D0 at infinite dilution 

Comparison of D0 values of calculated with experimentally derived data (Figure 25, Figure 

26 and Table 26), shows larger differences if a charge of 16.7 is estimated than a charge of 

7.4. The similar values of D0 of either calculated (charge of 7.4) or experimental origin, 

confirm the validity of the theory of coupled protein counterion diffusion as given in 

equ (23). In addition, the measurement of diffusion coefficients as a function of protein 

concentration and NaCl could therefore be used to measure the actual charge (zDHH) of a 

protein at low ionic strength, taking into account binding of ions.  
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The matching values of D0 for calculated data in the presence of NaCl also indicate the net 

charge of 7.4 to be approximately constant between 0 mM and 2 mM NaCl. At higher NaCl 

concentrations the net charge has a vanishing impact on the diffusion as the effective 

counterion concentration dominates the influence on the diffusion coefficient. At higher 

NaCl concentrations estimates of the protein net charge through D0 are not possible. 

Dependence of D on protein concentration 

The trend and value of kD of calculated data is depending on the assumed net charge. 

Assuming a net charge of 16.7, kD has a maximum at 2 mM ionic NaCl with a value of 

216 ml/g. The maximum in kD occurs at lower NaCl concentration of 1 mM if a net charge 

of 7.4 is presumed. The maximum seems to be lower (149 ml/g) compared to the maximum 

of kD of 16.7 net charge. For smaller NaCl concentrations than 1 mM and a net charge of 

7.4 the kD for protein concentrations ranging from 2.5 mg/ml to 10 mg/ml does not exceed 

the value of 150 ml/g (calculated data not shown).  

As D0 values of calculated data, assuming an actual charge of 7.4, and experimental data 

of D0 values correspond well, a comparison between kD values can render information on 

additional protein-protein interactions which are not considered by the model of coupled 

protein counterion diffusion. For all NaCl concentrations observed, the experimental kD is 

smaller than the kD derived from the calculations. This indicates attractive protein-protein 

interactions to additionally occur at pH 6.0. Another indication for attractive protein-protein 

interactions at pH 6.0 is the negative experimental value at 0 mM NaCl. According to the 

calculations, the diffusion coefficient would be expected to be independent from the protein 

concentration, if only ion-ion three component interactions and no attractive protein-

protein interactions would occur.  

However, lower experimentally derived kD values compared to calculated kD values could 

also be due to the hydrodynamic drag, i.e. the partial specific volume �̅�  and the 

concentration dependence of the frictional coefficient ks as given in equ (11) and equ (12). 

For all NaCl concentrations up to 100 mM the difference in kD is much higher than 

5.34 ml/g, which should account for the hydrodynamic drag (59). Therefore attractive 

protein-protein interactions can still be assumed to influence the diffusion of the protein.  
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The overall interaction between the proteins is the sum of all attractive and repulsive 

interactions. Attractive interactions can be estimated by the difference between calculated 

and experimental kD values. Repulsive interactions cannot be determined as easily. 

Especially at very low NaCl concentrations the calculated and experimental kD is rather low 

even though strong repulsion would be expected under these conditions.  

Attractive protein-protein interactions could be hydrophobic interactions, van-der-Waals 

interactions and / or di- and multipolar electrostatic interactions. The protein-protein 

attraction (as presented by the difference between experimental kD and calculated kD) seems 

to decrease with increasing NaCl concentration (excluding the value in the absence of 

NaCl). Hence, the attraction between the antibody molecules seems to be screened by 

increasing the ionic strength. Therefore, in addition to potential hydrophobic interactions, 

van-der-Waals and di-and multipolar electrostatic interactions might contribute to the 

overall protein-protein interaction profile.  

The impact of coupled protein counterion diffusion reaches over a broader range of NaCl 

concentrations regarding the kD compared to the value of D0. That means a “correct” or 

realistic value of D0 (which does not change by increasing the NaCl or effective counterion 

concentration) does not mean that data are not influenced by the effect of coupled protein 

counterion diffusion. An impact of the effect on kD needs to be considered over a wider 

NaCl or counterion concentration range.  

Another two buffer systems were tested to examine the effect of coupled protein counterion 

diffusion as a function of pH in different conditions. In addition to pH adjustment, buffers 

are known to interact with the protein and thereby modify molecular and macroscopic 

properties of the protein solution (184, 185).  

4.3.2.2. Dependence of the diffusion coefficient on the pH in 10 mM 

histidine buffer 

The pH dependence of D0 and kD on the pH was determined in histidine buffer, with a 

histidine concentration of 10 mM and pH values between pH 5.0 and pH 7.5. The samples 

were obtained by dialysis and subsequent dilution with histidine buffer of respective pH. 

Histidine has a buffering effect due to the partial protonated imidazole side chain in a pH 
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range between pH 5.0 and pH 7.0 with a pKa of 6.04 (119). The results of DLS 

measurements performed as described in section 3.2.1.10 are displayed in Figure 27.  

Experimental data 
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Figure 27: Influence of the pH on the hydrodynamic diameter, the kD and on D0 of the mAb in 10 mM 

histidine buffer as measured by DLS (Wyatt, Plate Reader, 25°C). The hydrodynamic diameters shown 

in Figure 27A were converted from the measured diffusion coefficients with equ (3). kD and D0 were 

obtained as described in section 3.2.3.8 by fitting data of the diffusion coefficient to equ (10) (plot not 

shown here). The solid lines in Figure 27A show the results of the curve fitting converted to diameters 

by equ (3) and equ (15) as described in section 2.3.1.2. kD and D0 values as a function of pH are 

separately depicted in Figure 27B. Diffusion coefficients larger than 71 µm²/s (as depicted by the dotted 

red line in Figure 27B) correspond to diameters lower than 6.9 nm (equ 3). This diameter is considered 

to be the minimal real diameter of the mAb as described in section 4.3.2.1.1. 

 

Experimentally determined diameter at infinite dilution of the protein in 10 mM histidine 

buffer between pH 5.0 and pH 7.5 

The experimental diameter of the protein at infinite dilution varied between 9.5 nm and 

10.5 nm in the pH range between pH 5.0 and pH 7.0 (Figure 27). It was much smaller at 

pH 7.5 with a value of 3.9 nm. Histidine is an amino acid with an imidazole side chain with 

a pKa of 6.04 (119). At pH 7.5 only 3 % of the histidine molecules are positively charged, 

whereas 97 % are neutral (zwitterionic) (calculated as described in section 3.2.4.2.2). At 

lower pH values a larger fraction of the histidine is positively charged and counterions (here: 

chloride ions) will therefore be present at higher concentrations as well. The chloride ions 

can act as effective counterions to the protein. The low apparent diameter at infinite dilution 

at pH 7.5 is probably due to the very small amount of chloride counterions (calculated 

concentration of 0.3 mM, calculated as described in section 3.2.4.2.2). From pH 5.0 to pH 

A B 
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7.0 the net charge of the protein is assumed to be higher, but the chloride ions in solution 

from the histidine buffer may be sufficient to prevent the effect of coupled protein 

counterion diffusion at infinite dilution.  

These data point out the huge impact of effective counterions on the effect of coupled 

protein counterion diffusion compared to the impact of the protein net charge. The smallest 

diameter was observed at pH 7.5 which is closest to the isoelectric point. At these 

conditions, repulsive electrostatic protein-protein interactions are supposed to be minimal 

but the effect of coupled protein-counterion diffusion seems to be maximal. 

Dependence of D on protein concentration 

The diffusion coefficient increased with increasing protein concentration for all pH values 

tested which is synonymous with a positive kD. The value of kD was highest for pH 5.0 and 

pH 7.0. The kD at pH 7.5 bears a great uncertainty due to poor data quality and should 

therefore not be compared with other data. The positive kD in histidine buffer could be due 

to repulsive protein-protein interactions and due to the decreasing chloride to protein ratio 

with increasing protein concentration. The highest values of kD at pH 5.0 and pH 7.0 could 

be due to the increasing net charge of the protein at pH 5.0 and the decreasing chloride 

concentration of the histidine buffer at pH 7.0. Therefore, the effect of coupled protein 

counterion diffusion could be enhanced at these conditions.  

Comparison of the curve progression of the diffusion coefficient in histidine buffer with 

buffer-free conditions  

By preparing the protein solution in histidine buffer by dialysis, an unknown amount of 

chloride ions was introduced into the sample. This amount depends on the ratio of histidine 

hydrochloride to histidine in the buffer, which is well known, but it also depends on the 

charge of the antibody. The higher the net charge of the antibody and the higher the protein 

concentration, the more counterions were accumulated in the samples and the more coions 

were depleted from the sample (dialysis procedure described in section 3.2.3.8. Theoretical 

background on ion distribution after dialysis: 2.4.3). The sum of accumulated counterions 

and depleted coions guarantees electrical neutrality in solution (114). By diluting the 

solution obtained by dialysis with respective buffer, the chloride concentrations in the 
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protein solution and in the buffer mixed. Therefore, the concentration of chloride was not 

constant in solutions at specific pH. Similar to the conditions in NaCl-dependent buffer-

free solutions, the anion to protein ratio is assumed to decrease with increasing protein 

concentration.  

The protein solution containing 10 mM histidine buffer at pH 6.0 may be compared with 

the buffer-free protein solution in 5 mM NaCl pH 6.0 assuming a similar protein charge 

and a similar chloride concentration. For the histidine buffered solutions a chloride 

concentration of 6.2 mM is calculated (as described in section 3.2.4.2.2). The data are 

selectively displayed in Figure 28. 
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Figure 28: Comparison of measured mAb diameters in 10 mM histidine, pH 6.0 and 5 mM NaCl, pH 

6.0 (Wyatt, Plate Reader, 25°C). The hydrodynamic diameters were converted from the measured 

diffusion coefficients with equ (3). kD and D0 were obtained as described in section 3.2.3.8 by fitting 

data of the diffusion coefficient to equ (10) (plot not shown here). The solid line (10 mM histidine, pH 

6.0) and the dotted line (5 mM NaCl, pH 6.0) show the results of the curve fitting converted to diameters 

by equ (3) and equ (15) as described in section 2.3.1.2. 

A similar curve progression was observed for the protein in 5 mM NaCl solution, pH 6.0 

and the protein in 10 mM histidine buffer, pH 6.0. The infinite-diffusion coefficient was 
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equal for both cases; the kD was slightly larger in 5 mM NaCl solution, pH 6.0. Either 

attractive protein-protein interactions are enhanced in 10 mM histidine buffer or the effect 

of coupled protein counterion diffusion is enhanced in 5 mM NaCl solution. Enhanced 

coupled protein counterion diffusion in 5 mM NaCl solution could be due to the slightly 

lower chloride concentration in 5 mM NaCl solution compared to the calculated chloride 

concentration of 6.2 mM in the histidine buffer and due to the difference in sample 

preparation. The histidine buffered protein solution was prepared by dialysis whereas the 

protein solution containing NaCl was prepared by spiking a NaCl stock solution to a “salt-

free” protein solution. The dialysis procedure enables anions and cations to permeate 

through the semipermeable dialysis membrane and the charge of the protein is 

counterbalanced by accumulated counterions (here chloride) and depleted coions (here 

positively charged histidine ions) (see section 2.4.3). By spiking a NaCl stock solution to 

the “salt-free” protein solution, the charge is counterbalanced exclusively by accumulated 

counterions. Therefore the counterion concentration in the protein solutions of like protein 

charge is higher for the solution prepared by spiking than a solution prepared by dialysis. 

This means the difference in the counterion to protein ratio as a function of protein 

concentration is higher for the protein solutions containing NaCl which was prepared by 

spiking. This is a second reason to expect enhanced coupled protein counterion diffusion 

as a function of the protein concentration in the solution containing NaCl.  

Summing up, the similar curve progression of diffusion coefficients in 10 mM histidine 

buffer pH 6.0 and 5 mM NaCl solution indicates the diffusion of the protein in 10 mM 

histidine buffer, with an estimated chloride concentration of 6.2 mM to be similar to the 

diffusion of the protein in 5 mM NaCl solution. The coupled protein counterion diffusion 

which was observed in a protein solution containing 5 mM NaCl also seems to influence 

the diffusion of the protein in 10 mM histidine buffer. The lower anion to protein ratio at 

higher protein concentration is a suitable explanation for increasing diffusion coefficients 

with increasing protein concentration. 

No calculations were performed for the histidine buffered protein solutions as the exact 

amount of chloride in solution was not measured and cannot exactly be deduced from the 

sample preparation. The concentration of chloride ions in the protein solution after dialysis 
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against 10 mM histidine buffer may be affected by the pH and the positive net charge of 

the protein.  

4.3.2.3. Diffusion coefficients in citrate buffer 

4.3.2.3.1. Dependence of the diffusion coefficient on the NaCl 

concentration in 10 mM citrate buffer pH 6.0 

The diffusion coefficients of the antibody dissolved in 10 mM citrate buffer pH 6.0 with 

varying NaCl concentration were measured using DLS as described in section 3.2.1.10. 

The protein solutions were obtained by dialysis and subsequent dilution with respective 

buffer. The results are displayed in Figure 29.  
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Figure 29: Influence of the NaCl concentration on the hydrodynamic diameter, the kD and on D0 of the 

mAb in 10 mM citrate buffer as measured by DLS (Wyatt, Plate Reader, 25°C). The hydrodynamic 

diameters shown in Figure 29A were converted from the measured diffusion coefficients with equ (3). 

kD and D0 were obtained as described in section 3.2.3.8 by fitting data of the diffusion coefficient to 

equ (10) (plot not shown here). The solid lines in Figure 29A show the results of the curve fitting 

converted to diameters by equ (3) and equ (15) as described in section 2.3.1.2. kD and D0 values as a 

function of the NaCl concentration are separately depicted in Figure 29B.  

 

Apparent diameter at infinite dilution 

The diffusion coefficients at infinite dilution and the apparent diameters at infinite dilution 

(Figure 29) were almost constant over the entire range of ionic strengths investigated. 

Extrapolated diameters were between 10.5 nm and 10.7 nm.  

Most probably the citrate concentration of 10 mM at pH 6.0 is sufficient to mask the effect 

of coupled protein counterion diffusion at infinite dilution. The citrate ion may either 

neutralize the actual net charge of the protein or the effective counterion concentration of 

A B 
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10 mM citrate buffer is sufficient to overrule the effect of coupled protein counterion 

diffusion on the apparent diameter at infinite dilution. In the absence of citrate buffer, a 

NaCl concentration of 5 mM was sufficient to mask the effect of coupled protein counterion 

diffusion on the infinite dilution diameter (Figure 25). As the citrate buffer concentration 

of 10 mM in this section is higher than 5 mM the constant apparent diameters at infinite 

dilution would be expected. The diameters extrapolated to zero protein concentration in 

solutions containing 5 mM – 150 mM NaCl in the absence of citrate buffer were 10.3 nm 

– 10.6 nm (4.3.2.1.2). They agree well with the diameters of 10.5 nm - 10.7 nm obtained in 

the presence of 10 mM citrate buffer and various ionic strengths. 

 

Dependence of kD on protein concentration 

The kD was negative for all examined formulations. The lowest value of kD of -23.3 ml·g-1 

was observed for the antibody in 10 mM citrate buffer pH 6.0 in the absence of NaCl. Upon 

addition of NaCl, kD was monotonically increasing to a value of – 3.1 ml·g-1 in the presence 

of 150 mM NaCl (Figure 29). 

Arzensek et al. (44), examined the influence of ionic strength on kD values between 15 mM 

ionic strength and 175 mM ionic strength. The ionic strength of 15 mM was adjusted with 

different buffers and the higher ionic strengths up to 175 mM were adjusted by adding NaCl 

to the buffer. They observed increasing kD values with increasing ionic strength at pH 

values more than one pH unit away from pI (44). This observation supports the data 

obtained here. 

As will be shown in section 4.3.2.3.2 the strongly negative value of kD in 10 mM citrate 

buffer pH 6.0 is expected to mainly result from attractive protein-protein interactions. The 

increase in kD as induced by NaCl might indicate lowered attractive protein-protein 

interactions with increasing NaCl concentration. This could be due to screening of 

attractive protein-protein interactions such as dipole-dipole, ion-dipole or electrostatic 

multipolar interactions. This trend of reduced attractive interactions with increasing ionic 

strength is typically termed “salting-in”. As discussed in detail in section 4.1.4 the 

occurrence of salting-in depends on the difference between pH and isoelectric point (126, 

153), on the intrinsic properties of the protein (126, 154), and on specific additional 

cosolutes, such as buffers or oligovalent ions present in solution (65, 155).  
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In addition to potential screening of attractive protein-protein interactions by NaCl, 

chloride counterions could also influence protein-citrate binding which is assumed to 

induce attractive protein-protein interactions e.g. via cross-linking. The electrostatic 

protein-citrate binding could be reduced due to screening caused by the higher ionic 

strength or due to competition between citrate and chloride ions for the potential binding 

sites.  

In section 4.1.4 the occurrence of liquid-liquid phase separation was examined in different 

solution compositions at pH 7.8 for the same antibody in the presence of citrate buffer. 

NaCl was narrowing the width of the miscibility gap at 5°C, also indicating decreasing 

attractive protein-protein interactions. 

Comparison of the NaCl dependence of kD in citrate buffer with buffer-free conditions 

A comparison of kD values obtained for citrate-free and 10 mM citrate buffered protein 

solutions is only meaningful for NaCl concentrations of at least 10 mM NaCl. Values of kD 

for solutions in buffer-free NaCl solutions decreased from -0.6 ml·g-1 in 10 mM NaCl 

to -10.4 ml·g-1 in 100 mM NaCl solution and then increased to -1.7 ml·g-1 in 150 mM NaCl 

solution (4.3.2.1.2).  

As shown before in section 4.3.2.1.2, the kD obtained for buffer-free solutions was strongly 

influenced by the effect of coupled protein counterion diffusion and the decreasing chloride 

to protein ratio with increasing protein concentration. The difference between the 

experimental kD values and the calculated values accounting for the effect induced by 

coupled protein counterion diffusion (for an estimated net charge of 7.4) was negative for 

all NaCl concentrations and its extent was decreasing with increasing NaCl concentrations 

in a NaCl concentration range from 1 mM to 150 mM (Table 26). Hence, the trend of 

reduced protein-protein attraction with increasing NaCl concentration can also be 

concluded in a buffer-free system. However, a quantitative comparison is not allowed as 

the system is multicomponent (94). 

Event though reduced protein-protein attraction with increasing NaCl can be deduced in 

the presence and in the absence of 10 mM citrate, the absolute kD values strongly differ for 

both conditions. In the absence of citrate, the kD is between -10.4 ml·g-1 and -0.6 ml·g-1 

following a non monotonic trend with increasing NaCl concentration, wherease in the 

presence of 10 mM citrate, the kD is between -23.3 ml·g-1 and -3.1 ml·g-1 and is 
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monotonically increasing with increasing NaCl concentration. The positive contribution on 

kD (as specified in section 4.3.2.1.2) which is resulting from the effect of coupled protein 

counterion diffusion seems to be missing in the presence of 10 mM citrate. As mentioned 

before, this could be due to the different limiting diffusion coefficient of the citrate 

molecule compared to the chloride ion. In addition, this could be due to differences in 

protein-counterion interaction resulting from a modified net charge of the protein or from 

the higher valence of the citrate counterion. Finally, it could be due to differences in 

attractive protein-protein interaction.  

Regarding absolute values of diffusion coefficients, kD was inversely affected by NaCl 

comparing the buffer-free system in a NaCl concentration range from 10 mM – 100 mM 

and the system buffered by 10 mM citrate in the NaCl concentration range from 10 – 150 

mM. The decreasing trend in kD in buffer-free conditions is assumed to result from a 

reduced effect of coupled protein counterion diffusion at higher NaCl concentration as the 

ratio between protein and counterion is less affected by the protein concentration at higher 

NaCl concentration. In 10 mM citrate buffer, this effect is assumed to be reduced and the 

protein-protein interactions are assumed to be more attractive. A similar trend in two 

different buffer systems has been reported by Raut and Kalonia (65). They observed the 

phase behavior of a dual variable domain immunoglobulin. The phenomenon observed, i.e. 

the phenomenon of liquid-liquid phase separation is assumed to be related to lowered 

diffusion of the protein. In histidine buffer at pH 6.1, the cloud temperature increased from 

10.3°C to 16.8°C by adding NaCl to a final ionic strength of 50 mM. This increase in cloud 

temperature is simultaneous to lowered diffusion upon NaCl addition. In phosphate buffer 

at pH 6.5, the cloud point was decreasing from ≥ 37 °C to 24.5 °C with increasing ionic 

strength to 50 mM. This trend is synonymous for an increase in diffusion in of the 

antibodies in solution. As shown before in section 4.2.2, the histidine buffered protein 

solutions show similar diffusion coefficients as systems containing NaCl, most probably 

due to the same type of counterion, i.e. chloride. The phosphate buffer may be comparable 

to the citrate buffer due to its higher number of protonation sites and the higher molecular 

weight (which is related to the limiting diffusion coefficient) compared to chloride. The 

lowered diffusion upon NaCl addition observed in the histidine buffer by Raut and Kalonia 

(65) could be due to weakening of the effect of coupled protein counterion diffusion upon 
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increasing the effective counterion concentration as expected for histidine buffered protein 

solutions (4.3.2.2).  

4.3.2.3.2. Dependence of the diffusion coefficient on the pH-profile in 

10 mM citrate buffer 

The pH dependence of D0 and kD was determined in 10 mM citrate buffer between pH 5.0 

and pH 7.0. The samples were obtained by dialysis and subsequent dilution with citrate 

buffer of respective pH. A citrate solution has a buffering effect due to the three carboxylic 

groups with pKa1 = 3.13, pKa2 = 4.76 and pKa3 = 6.40 at 25°C (119). The results of DLS 

measurements performed as described in section 3.2.1.10 are displayed in Figure 30. 

Experimental data 
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Figure 30: Influence of the pH on the hydrodynamic diameter, the kD and on D0 of the mAb in 10 mM 

citrate buffer as measured by DLS (Wyatt, Plate Reader, 25°C). The hydrodynamic diameters shown in 

Figure 30A were converted from the measured diffusion coefficients with equ (3). kD and D0 were 

obtained as described in section 3.2.3.8 by fitting data of the diffusion coefficient to equ (10) (plot not 

shown here). The solid lines in Figure 30A show the results of the curve fitting converted to diameters 

by equ (3) and equ (15) as described in section 2.3.1.2. kD and D0 values as a function of pH are 

separately depicted in Figure 30B. 

 

Apparent diameter at infinite dilution 

The apparent diameter at infinite dilution increased with increasing pH from 8.6 nm at pH 

5.0 to 11.5 nm at pH 7.0. The higher net charge at lower pH could result in an enhanced 

effect of coupled protein counterion diffusion and thereby lower diameters. If the pH had 

an effect on the protein structure and the extended three-dimensional shape, a reverse trend 
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would be expected as a higher protein net charge would result in intramolecular charge-

charge repulsion and therefore (partial) unfolding and a less compact protein structure. An 

effect of the pH on the protein structure cannot be excluded but the results of increasing 

diameters with increasing pH indicate the effect of coupled protein counterion diffusion to 

be dominating over the effect of the pH on the three-dimensional structure of the protein. 

Dependence of D on protein concentration 

The diffusion coefficient decreased with increasing protein concentration for all pH values 

tested which is synonymous with a negative kD. The kD was approximately constant with 

values of -23.0 ml·g-1 (+/- 1.3 ml·g-1) between pH 5.5 and pH 7.0 with a slightly higher 

value at pH 5.0 of -19.6 ml·g-1.  

A negative kD indicates attractive protein-protein interactions. The effect of coupled protein 

counterion diffusion could also contribute to the value of kD. Negative values could result 

if the actual net charge of the protein decreases with increasing protein concentration or if 

the counterion to protein ratio is lower at smaller protein concentration.  

According to the sample preparation, the counterion to protein ratio is assumed to be higher 

at lower protein concentration. This fact would rather result in positive kD values as 

observed for the protein dissolved in solutions containing NaCl or histidine.  

The actual net charge of the protein is assumed to depend on the equilibrium between freely 

diffusing and bound citrate molecules.  

The reversible reaction of citrate antibody binding may be exemplarily written as follows: 

7 Citrate2- + Protein16+ ⇌ [Protein-citrate7]
2+  

        (48) 

Considering the law of mass action: 

𝐾 =  
𝑐([𝑃𝑟𝑜𝑡𝑒𝑖𝑛−𝑐𝑖𝑡𝑟𝑎𝑡𝑒7]2+)

𝑐(𝐶𝑖𝑡𝑟𝑎𝑡𝑒2−)7𝑐(𝑃𝑟𝑜𝑡𝑒𝑖𝑛16+)
     (49) 

with K being constant, the dependence of the net charge on the protein concentration as 

influenced by citrate binding can be deduced.  
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The citrate concentration of the initial sample (c = 23 mg/mL) was adjusted by dialysis 

against 10 mM citrate. The dilutions to lower protein concentrations were performed with 

10 mM citrate. The absolute citrate concentration in the initial protein sample is assumed 

to be higher than 10 mM if citrate binding is assumed. However, the concentration 

c(Citrate2-) in equ (23) is defined by the effective citrate concentration, i.e. the 

concentration of freely diffusing citrate molecules. This concentration is assumed to be 

slightly higher than 10 mM, if the protein bears a positive net charge zDHH, as the 

requirement of electrical neutrality results in an accumulation of counterions (citrate) and 

a depletion of co-ions (Na+) (see section 2.4.3). This effect is more pronounced for a higher 

protein actual charge, zDHH. By diluting the protein solution with 10 mM citrate buffer, the 

concentration of freely diffusing citrate is lowered.  

In citrate buffer, the actual charge zDHH is expected to be reduced due to citrate binding. 

Consequently, the effect of decreasing citrate concentration with decreasing protein 

concentration may be negligible. Assuming the free citrate buffer concentration c(Citrate2-) 

to be constant over the range of protein concentrations, the Protein16+ to [Protein-citrate7]
2+ 

ratio is constant. Hence, the net charge of the protein is unaffected by the protein 

concentration, if the effective citrate concentration is constant. 

The effective citrate concentration however might have a strong influence on the binding 

equilibrium if the net charge zDHH of the protein is positive and the effective citrate 

concentration is decreasing with decreasing protein concentration. In this case, the 

equilibrium is strongly influenced by the effective citrate concentrations and small changes 

in the citrate concentration could strongly influence the [Protein-citrate7]
2+ to Protein16+ 

ratio and therefore the net charge of the protein. Assuming the effective citrate 

concentration to increase with the protein concentration, the [Protein-citrate7]
2+ to 

Protein16+ ratio is assumed to increase with increasing protein concentration. Consequently 

the net charge is assumed to decrease with increasing protein concentration. A lower net 

charge would result in lower diffusion coefficients and the phenomenon could influence kD 

with a negative contribution. 

In general, if coupled protein counterion diffusion takes place, the diffusion coefficients of 

the proteins will always be larger than diffusion coefficients of proteins whose diffusion is 
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not affected by coupled protein counterion diffusion. The converted diameters will be 

smaller than expected in the absence of coupled protein counterion diffusion. The effect on 

kD, i.e. the dependence of coupled protein counterion diffusion on the protein concentration 

can in theory be either positive or negative, if the counterion to protein ratio or if the protein 

net charge zDHH depends on the protein concentration (Table 27). 

Table 27: Effects that potentially influence kD 

 Positive contribution to kD Negative contribution to kD 

Protein-protein interaction repulsive attractive 

Effective counterion to 

protein ratio, if it changes 

with the protein 

concentration 

The ratio decreases with 

increasing protein 

concentration 

 

zDHH of the protein, if it 

changes with the protein 

concentration 

 The charge decreases with 

increasing protein 

concentration (only for 

binding excipients) 

 

The data presented in Figure 30 show that the experimental diameters at pH 6.0 for all 

protein concentrations were larger than the infinite-dilution value of 10.6 nm. As shown in 

section 4.3.2.3.1 the apparent diameter at infinite dilution was constant (10.6 nm) 

independently from the NaCl concentration in addition to the background buffer of 10 mM 

citrate, pH 6.0 (Figure 29). Consequently, the larger experimental diameters in 10 mM 

citrate, pH 6.0 were not occurring due to coupled protein counterion diffusion but due to 

attractive protein-protein interactions. However, the effects explained above and listed in 

Table 27 may still have an impact on kD, even if attractive protein-protein interactions are 

dominant.  

At pH 5.0 the experimental diameters were lower than 10.6 nm for protein concentrations 

between 2.5 mg/ml and 7.5 mg/ml and larger than 10.6 nm for protein concentrations of 

15 mg/ml and 20 mg/ml. As no estimate can be made on the size of the protein which would 

be expected in the absence of coupled protein counterion diffusion, but which may be 
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affected by the larger net charge at pH 5.0 compared to pH 6.0, the negative kD may be 

either due to attractive protein-protein interactions or due to a decreasing net charge with 

increasing protein concentration. 

At pH 6.5 and pH 7.0 all experimental diameters were larger than 10.6 nm and the diameter 

in the absence of coupled protein counterion diffusion is assumed to be approximately 10.6 

nm or smaller. The larger diameters indicate the negative kD to result from attractive 

protein-protein interaction rather than from a decreasing net charge with increasing protein 

concentration. 

The pH dependence of kD showed a plateau of -23.0 ml·g-1 (+/- 1.3 ml·g-1) between pH 5.5 

and pH 7.0 and a slightly higher value of -19.6 ml·g-1 at pH 5.0. 

The pH-dependence of attractive protein-protein interactions is not easily predictable as 

citrate is assumed to bind to the protein resulting in potential neutralization or even reversal 

of the protein net charge or potential cross-linking of various antibody molecules. The 

remaining net charge might depend on the pH but the pH dependency is not predictable. 

However, as an effect of pH on the apparent diameter at infinite dilution was observed, a 

remaining net charge is expected at least for the protein formulated in citrate buffer at pH 

5.0 and pH 5.5.  

The impact of pH on coupled protein counterion diffusion cannot simply be estimated as 

the net charge of the citrate molecule and the net charge of the protein are both contributing 

to the effect. In general, the lower the pH, the higher the net charge of the protein. However, 

citrate binding might influence the actual net charge and the extent of citrate binding as a 

function of pH is not predictable. In addition, the citrate molecule bears a lower net charge 

at lower pH. The influence of the net charge of the counterion on the effect of coupled 

protein-counterion diffusion will be discussed in the next section. 

Hence, effects of attractive protein-protein interaction and effects of coupled protein 

counterion diffusion might superimpose and the influence of pH on these two effects is 

unpredictable. Summing up, the negative kD might indicate a strong impact of attractive 

protein-protein interactions. Smaller contributions to kD might be due to a decreasing net 
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charge with increasing protein concentration resulting from citrate binding or due a 

decreasing counterion to protein ratio with increasing protein concentration.  

Comparison of hydrodynamic diameters in citrate buffer with diameters in 50 mM NaCl 

solution  

The 10 mM citrate buffer at pH 6.0 has an ionic strength of 44 mM. A NaCl concentration 

of 44 mM has the same ionic strength. As no measurements were performed with a NaCl 

concentration of 44 mM, the most proximate NaCl concentration of 50 mM was used for 

comparison (Figure 31).  
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Figure 31: Hydrodynamic diameters of the antibody dissolved in 10 mM citrate buffer pH 6.0 and in 

50 mM NaCl solution without buffer as measured by DLS (Wyatt, Plate Reader, 25°C). The 

hydrodynamic diameters were converted from the measured diffusion coefficients with equ (3). kD and 

D0 were obtained as described in section 3.2.3.8 by fitting data of the diffusion coefficient to equ (10) 

(plot not shown here). The solid lines show the results of the curve fitting converted to diameters by 

equ (3) and equ (15) as described in section 2.3.1.2.  
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The apparent diameter at infinite dilution was 10.5 nm in 10 mM citrate buffer and 10.3 

nm in 50 mM NaCl solution. The difference may be due to measuring uncertainties. The 

kD value was negative for both cases. However, the value was more negative in 10 mM 

citrate buffer, pH 6.0 with a kD of -23.3 ml·g-1 compared to the value of -10.2 ml·g-1 in 50 

mM NaCl solution. For all NaCl concentrations examined, the kD did not decrease below -

10.4 ml·g-1 (Table 26). 

The difference between kD values in 10 mM citrate buffer and 50 mM NaCl solution can 

be explained with a different limiting diffusion coefficient of the citrate molecule, or with 

differences in coupled protein counterion diffusion either due to different actual net charges 

of the protein or due to the higher valence of the citrate counterion, or with differences in 

protein-protein interaction.  

As the limiting diffusion coefficient of citrate has been published (119), the influence of 

the limiting diffusion coefficient in combination with the higher valence of the citrate ion 

compared to chloride ion on the diffusion coefficients and the resulting hydrodynamic 

diameter can be calculated by equ (23). The results are displayed in Figure 32. 
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Figure 32: Calculated diameters of the protein in 10 mM citrate buffer, pH 6.0 and in buffer-free 

solutions containing 50 mM NaCl. The underlying parameters for the calculation with equ (23) are: 

zDHH2 = 7.4, z3 (chloride) = -1, z3 (citrate) = -2.5, pKa3´ (citrate at an ionic strength of 44 mM) = 6.01, 

D3 (chloride) = 2.032 10-9 m2 s-1, D3 (citrate) = 0.623 10-5 cm2 s-1, D2 (mAb) = 46.5 µm²/s, c3 (Citrate) 

= 10 mM. The values of D3 were taken from (119).The chloride concentration in the solutions containing 

NaCl is assumed to be slightly higher than the declared NaCl concentration (by: c(mAb)*Mw(mAb)-

1*z(mAb)) due to protein-related counterions additionally present in the protein solutions. 

 

The net charge of +7.4 as obtained in section 4.3.2.1.1 is only estimated for the conditions 

here. In 10 mM citrate buffer or in 50 mM NaCl solution, the net charge may differ. 

However, the correct net charge is assumed to be lower than +7.4 as citrate anions are 

stronger binding to the antibody than chloride ions (see section 4.1.7). A concentration of 

50 mM NaCl is most probably saturating more positive charges than the lower chloride 

concentration used for the experiments described in section 4.3.2.1.1. 

The calculated kD is slightly positive for both conditions with values of 7 ml/g in 50 mM 

NaCl solution and 6 ml/g in 10 mM citrate buffer, pH 6.0.  



 

150 

 

The similar value of kD for both conditions occurring in spite of the different counterion 

concentration is not directly due to the similar ionic strength but due to the higher valence 

of the citrate molecule and to a much lower contribution due to the lower limiting diffusion 

coefficient of the citrate molecule (equ (23)).  

Experimental kD values were negative with a value of -23.3 ml/g for the protein solutions 

containing citrate and a value of -10.2 ml/g for the protein solutions containing NaCl. The 

negative values are most probably not resulting from the effect of coupled protein 

counterion diffusion as the effect always results in smaller diameters than expected for the 

uncharged protein. Therefore, the negative kD indicates attractive protein-protein 

interactions in both solution conditions. 

The difference between the experimental kD of the protein in citrate buffer and the kD of the 

protein in NaCl solution could be due to enhanced protein-protein attraction in the citrate 

bufferd formulation or due to a missing or reduced positive contribution of coupled protein 

counterion diffusion on kD due to a lower net charge of the protein in citrate buffer. For the 

calculation of the values displayed in Figure 32, the same net charge was assumed. 

However, as shown before, by using the approach of buffer equilibration (4.1.7), the citrate 

ion is assumed to bind more strongly to the antibody compared to chloride. Therefore the 

positive net charge of the protein is assumed to be lower comparing the two counterion 

systems with the same concentration of counterion. However, no data are available 

enabling a comparison of the actual net charge zDHH of protein in 10 mM citrate buffer pH 

6.0 or in 50 mM NaCl solution. If the net charge is lower in 10 mM citrate buffer, the 

difference in kD between 10 mM citrate buffer and 50 mM NaCl solution could be (partly) 

due to the effect of coupled protein counterion diffusion. The actual extent of this effect is 

difficult to estimate due to the large uncertainty in protein net charge at higher counterion 

concentrations. 

In addition to the potential of charge neutralization, the citrate ion could potentially 

crosslink two antibody molecules (52, 142-144) or it could introduce a higher charge 

anisotropy to the protein thereby enhancing attractive protein-protein interactions (5, 46, 

58).  



 

151 

 

Similar to the results shown here, various studies in the literature report about attractive 

protein-protein interactions in citrate buffer (52, 149, 186). The attractive interactions were 

either detected by kD measurements (52, 186) or by mechanical rheometry (149). 

According to previous results of this thesis, attractive protein-protein interactions of the 

antibody in citrate buffer are to be expected as the molecule showed the phenomenon of 

LLPS at higher pH (pH > 7) in 1 mM citrate buffer (see section 4.1.2). However, the 

absence of LLPS at pH 7.0 in the presence of chloride counterions could also be due to the 

accelerating effect of coupled protein counterion diffusion which may be more pronounced 

in the presence of chloride compared to citrate. 

The effect of coupled protein counterion diffusion should be considered for all experiments 

at lower ionic strength which are influenced by the diffusion of the protein. These are phase 

equilibrium experiments or all types of light scattering experiments, such as turbidity 

measurements or electrophoretic light scattering experiments (113, 187).  

4.3.2.3.3. Dependence of the diffusion coefficient on the citrate buffer 

concentration at pH 6.0 

The citrate concentration dependence of D0 and kD was determined citrate buffer pH 6.0 for 

citrate concentrations ranging between 0 and 40 mM. The samples were obtained by 

dialysis and subsequent dilution with citrate buffer of respective concentration. The results 

of the DLS measurements performed as described in section 3.2.1.10 are displayed in 

Figure 33. 
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Figure 33: Influence of the citrate buffer concentration on the hydrodynamic diameter, the kD and on D0 

of the mAb as measured by DLS (Wyatt, Plate Reader, 25°C). The hydrodynamic diameters shown in 

Figure 33A were converted from the measured diffusion coefficients with equ (3). kD and D0 were 

obtained as described in section 3.2.3.8 by fitting data of the diffusion coefficient to equ (10) (plot not 

shown here). The solid lines in Figure 33A show the results of the curve fitting converted to diameters 

by equ (3) and equ (15) as described in section 2.3.1.2. kD and D0 values as a function of pH are 

separately depicted in Figure 33B. Diffusion coefficients larger than 71 µm²/s (as depicted by the dotted 

red line in Figure 33B) correspond to diameters lower than 6.9 nm (equ (3)). This diameter is considered 

to be the minimal real diameter of the mAb as described in section 4.3.2.1.1. 

 

Apparent diameter at infinite dilution 

The apparent diameter at infinite dilution was 1.5 nm in the absence of citrate buffer. It 

increased with increasing citrate concentration from 8.2 nm in 2 mM citrate to 10.5 nm in 

10 mM citrate buffer. Between 10 mM and 40 mM citrate buffer, the apparent diameter at 

infinite dilution was approximately constant (10.5 – 10.8 nm).  

The effect of coupled protein counterion diffusion might result in lower hydrodynamic 

diameters between 0 mM and 5 mM citrate buffer. At a citrate buffer concentration of 10 

mM the effect of coupled protein counterion diffusion disappears. This could either be due 

to citrate-protein binding and thereby decreasing the actual net charge or due to the higher 

effective counterion concentration.  

In the absence of buffer, a NaCl concentration of 5 mM was sufficient to abolish the effect 

of coupled protein counterion diffusion (Figure 25). Therefore, for both types of anions the 

impact of coupled protein counterion diffusion on infinite dilution diameters disappears at 

a similar concentration.  

A 
B 
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The diameters extrapolated to zero protein concentrations obtained in 5 mM – 150 mM 

NaCl solutions in the absence of buffer of 10.3 nm – 10.6 nm (see section 4.3.2.1.2) were 

slightly lower than the infinite dilution diameters of 10.5 nm – 10.8 nm between 10 mM 

and 40 mM citrate buffer. However, this difference is assumed to be not significant. 

The infinite dilution diameters of 10.5 nm – 10.7 nm obtained in the presence of 10 mM 

citrate buffer and various NaCl concentrations (see section 4.3.2.3.1) agree well with 

diameters of 10.5 nm – 10.8 nm between 10 mM citrate buffer and 40 mM citrate buffer.  

The agreement between values for the apparent diameter at infinite dilution obtained under 

various experimental conditions at a minimum citrate concentration of 10 mM and a 

minimum NaCl concentration of 5 mM allows us to calculate the limiting diffusion 

coefficient of the protein. For a diameter of 10.6 nm the limiting diffusion coefficient is 

46.5 µm²/s at 25°C.  

Dependence of D on protein concentration 

kD decreased from -19.6 ml·g-1 to -34.2 ml·g-1 by increasing the citrate buffer concentration 

from 0 mM to 5 mM and then increased again to a value of -10.7 ml·g-1 at a citrate buffer 

concentration of 40 mM.  

The less negative values of kD in the solutions of 0 mM and 2 mM citrate buffer compared 

to the value at 5 mM citrate buffer may be due to coupled protein couterion diffusion and 

the varying counterion to protein ratio with increasing protein concentration. With 

increasing citrate buffer concentration this effect is assumed to vanish and attractive 

protein-protein interactions may superimpose the effect of protein-counterion diffusion 

interaction on kD. As shown before in section 4.3.2.1.2 and section 4.3.2.3.1, attractive 

protein-protein interactions are assumed to be lowered with increasing ionic strength. 

Therefore, the kD may increase with increasing citrate buffer concentration for citrate buffer 

concentrations larger than 5 mM.  

Another possible explanation for the non-monotonic trend of kD as a function of citrate 

concentration could be a charge reversal of the protein at higher citrate buffer 

concentrations. A citrate buffer concentration of 5 mM could neutralize the protein by 

protein-citrate binding. The missing net charge would result in minimal electrostatic 
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repulsion. Larger citrate buffer concentrations of > 5 mM could result in charge reversal of 

the protein-citrate complex to a negative net charge and therefore enhanced repulsive 

Coulomb interactions and reduced attractive interactions due to reduced charge anisotropy 

of the protein. The missing effect of the negative net charge on the diffusion coefficient D0 

could be due to the larger concentration of effective counterions. 

The dependence of kD on ionic strength 

In Figure 34 kD -values are plotted as a function of ionic strength adjusted by citrate or 

NaCl in the presence of 10 mM citrate. 
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Figure 34: Comparison of kD values as a function of ionic strength. The minimal ionic strength of 38 

mM arose from the citrate buffer concentration of 10 mM. Ionic strength was either adjusted by 

increasing the citrate buffer concentration or by adding NaCl.  

 

kD values in citrate buffer were approximately 4 ml·g-1 lower than in solutions adjusted with 

NaCl to the given ionic strength. Due to the lower number of measurements, the difference 

may not be significant.  
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Screening attractive protein-protein interactions is supposed to depend on the ionic strength 

and not on the effective counterion concentration. If screening was the only effect 

appearing here, NaCl and citrate buffer should have the same effect on kD. However, in 

addition to screening, specific effects of the citrate molecule, such as protein net charge 

neutralization or protein-protein cross-linking could take place. Protein-citrate binding 

could therefore result in enhanced protein-protein attraction.  

If the increasing values of kD as a function of citrate buffer concentration for 

concentrations > 5 mM (Figure 33) would be due to charge reversal at higher citrate buffer 

concentrations, the addition of NaCl would be expected to electrostatically screen the 

protein-citrate interaction and thereby increase the charge anisotropy as well as decrease 

the protein net charge. Therefore, the kD should be lower if ionic strength is adjusted with 

NaCl compared to adjustment with citrate buffer (Table 28). The results obtained as shown 

in Figure 34 with higher kD values for NaCl compared to citrate buffer do not support the 

scenario of charge reversal by citrate buffer concentrations > 5 mM. Therefore, the 

increasing values of kD with increasing citrate buffer concentration are most probably due 

to screening of electrostatic multipolar attractive interactions, which are slightly influenced 

by citrate-specific effects. 
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Table 28: Verification table of a potential charge reversal by citrate: Expectations for the dependence of 

additional NaCl or citrate buffer on dipole-dipole interactions or ion-ion interactions assuming an initial 

protein solution containing 10 mM citrate buffer pH 6.0 where citrate-induced charge reversal occurs. 

Factors with an increasing effect on kD are labelled in blue, factors with a decreasing effect on kD are 

labelled in red. An increasing net charge is assumed to result in a lowered dipole moment (5).  

  Citrate NaCl 

Dipole-

dipole 

Citrate 

binding 

Citrate-binding is enhanced  

→ Dipole moment decreases 

Reduced attractive 

interactions 

Citrate-binding is reduced  

→ dipole moment increases 

Enhanced attractive interactions 

Unspecific 

screening 

Dipole-dipole interactions 

are screened 

Dipole-dipole interactions are 

screened 

Ion-Ion Citrate-

binding 

Citrate-binding is enhanced  

→ Protein net charge 

increases 

Ion-Ion repulsion increases 

Citrate-binding is reduced → 

Protein net charge decreases 

Ion-ion repulsion decreases 

Unspecific 

screening 

Ion-ion repulsion is screened Ion-ion repulsion is screened 

 

Comparison of the citrate buffer concentration dependence on kD with the buffer-free NaCl 

dependence  

A non-monotonic change in kD as a function of anion concentration was observed after 

addition of NaCl or citrate. The kD was decreasing to a minimum of -10.4 ml/g in 100 mM 

NaCl, whereas the minimal kD -value was much lower (-34.2 ml/g) in 5 mM citrate. The 

decrease in kD at low anion concentrations seems to be influenced by the effect of coupled 

protein counterion interaction, which is decreasing with increasing effective counterion 

concentration. Likewise, the electrostatic protein-protein repulsions are screened and 

thereby decreasing with increasing ionic strength. The second part of the curve is assumed 

to be dominated by attractive protein-protein interactions of dipole-dipole or ion-dipole 

nature which are decreasing with increasing ionic strength, leading to an increase in kD.  

This scenario can only apply if dipolar and multipolar attractions are considered to be less 

shielded than electrostatic ion-ion repulsion. Several studies indicate the validity of this 
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assumption (188, 189). The specific excipient concentration at the minimum of kD marks 

the point where attractive protein-protein interactions decrease stronger with increasing 

ionic strength than repulsive protein-protein interactions increase. In such buffers that 

induce enhanced protein-protein attraction, such as citrate buffer, the minimal kD is 

expected to occur at a lower excipient concentration. 

Another theory postulated by Paunov et al.(190), claims the second part of the curve to be 

dominated by non-DLVO repulsion, also termed hydration repulsion. At higher salt 

concentrations an exchange of H+ against Na+ on the hydroxylate groups of the protein is 

postulated. These sodium ions are supposed to form the Stern layer. According to Paunov 

et al., non-DLVO repulsion is caused by these overlapping Stern layers (190).  

As shown in section 4.1.3 LLPS of the same antibody also shows a non-monotonic 

dependence on the citrate buffer concentration. The maximal width of the miscibility gap 

at 5°C was observed at 5 mM citrate buffer at pH 7.2 and at 2 mM citrate buffer at pH 7.8. 

The maximal width of the miscibility gap indicates overall protein-protein interactions to 

be most attractive. The mechanism behind the maximum may be the same as the 

mechanism behind the lowest kD values at a specific citrate buffer concentration.  

4.3.2.4. Dependence of the diffusion coefficient of the antibody on the 

buffer species with a buffer concentration of 10 mM at pH 6.0 

The diffusion coefficients of the monoclonal antibody buffered in acetate, histidine, citrate 

or succinate at a buffer concentration of 10 mM and pH 6.0 were measured between protein 

concentrations of 2.5 mg/mL and 20 mg/mL. The results of DLS measurements performed 

as described in section 3.2.1.10 are displayed in Figure 35. For comparison, data of the 

protein in water at pH 6.0 are also displayed. 
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Figure 35: Influence of the buffer species on the hydrodynamic diameter, the kD and on D0 of the mAb 

as measured by DLS (Wyatt, Plate Reader, 25°C). The hydrodynamic diameters shown in Figure 35A 

were converted from the measured diffusion coefficients with equ (3). kD and D0 were obtained as 

described in section 3.2.3.8 by fitting data of the diffusion coefficient to equ (10) (plot not shown here). 

The solid lines in Figure 35A show the results of the curve fitting converted to diameters by equ (3) and 

equ (15) as described in section 2.3.1.2. kD and D0 values as a function of pH are separately depicted in 

Figure 35B. Diffusion coefficients larger than 71 µm²/s (as depicted by the dotted red line in Figure 35B) 

correspond to diameters lower than 6.9 nm (equ 3). This diameter is considered to be the minimal real 

diameter of the mAb as described in section 4.3.2.1.1. 

 

At infinite dilution, the lowest value for the protein apparent diameter with 1.5 nm was 

observed for the antibody dissolved in water. The respective values for the infinite dilution 

diameter for the antibody dissolved in buffers were: 6.1 nm in 10 mM acetate buffer pH 

6.0, 10.5 nm in 10 mM citrate buffer and 10 mM histidine buffer pH 6.0 and 11.0 nm in 10 

mM succinate buffer pH 6.0 

For the antibody dissolved in acetate buffer the diameter was smaller than 6.9 nm, which 

is the minimal diameter of the protein expected to form a compact sphere (see section 

4.3.2.1.1). The low diameter is assumed to result from coupled protein counterion diffusion 

and repulsive Coulomb protein-protein interactions. The infinite-dilution diameter found 

for the protein in 10 mM histidine seems to be less affected by the two effects compared to 

acetate buffer. However, the positive kD observed in histidine buffer, which likely results 

from the effect of coupled protein counterion diffusion and a varying effective counterion 

to protein ratio, was not observed in 10 mM acetate buffer.  

The effective counterion concentration was lower in 10 mM histidine buffer, compared to 

10 mM acetate buffer (Table 29). Therefore, the effects of coupled protein counterion 

diffusion should be more pronounced in 10 mM histidine buffer. However, the effect of 

A B 
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coupled protein counterion diffusion does not solely depend on the effective counterion 

concentration, but on the actual protein charge and limiting diffusion coefficients of the 

counterions. Therefore, a calculation based on equ (23) will be performed to quantify these 

effects. The occurrence of the lower infinite dilution diameter in 10 mM acetate will be 

discussed in section 4.3.2.5.  

The kD was negative in all buffer systems except histidine. The kD of the antibody in 

succinate (-10.6 ml·g-1) was less negative compared to the kD of the antibody in acetate 

buffer (-25.4 ml·g-1) or citrate buffer (-23.3 ml·g-1). No explanation is found for this 

observation.  

Table 29: Effective counterion concentration and ionic strength of the buffers of a concentration of 

10 mM  

 Charge of the 

counterion at 

pH 6.0 

Counterion of the 

antibody 

Effective 

counterion 

concentration 

Calculated ionic 

strength of the 

buffer/ mM 

Histidine +0.5 chloride 5 mM 4 

Acetate -0.9 acetate 9 mM 9 

Succinate -1.7 succinate 10 mM 23 

Citrate -2.3 citrate 10 mM 38 

 

Comparison of calculated and experimental data 

The influence of the different limiting diffusion coefficients and the higher valence of some 

of the counterions on diffusion coefficients and resulting hydrodynamic diameters of the 

mAb can be calculated by equ (23). The results are displayed in Figure 36 and are listed in 

Table 30 and Table 31.  
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Figure 36: Comparison of calculated diffusion coefficients (dashed lines) with experimental values 

(squares). The parameters for the calculation using equ (23) are zDHH2 = 7.4, D2 (mAb) = 46.5 µm²/s, 

z3 (10 mM citrate) = -2.5, pKa3´ (10 mM citrate) = 6.01, D3 (citrate) = 0.623 10-5 cm2 s-1, z3 (10 mM 

succinate) = -1.78, pKa2´ (10 mM succinate) = 5.45, D3 (succinate) = 0.783 10-5 cm2 s-1, z3 (10 mM 

acetate) = -0.95, pKa´ (10 mM acetate) = 4.71, D3 (acetate) = 1.089 10-5 cm2 s-1, z (10 mM histidine) = 

0.54, pKa´ (10 mM histidine) = 6.07, z3 (chloride) = -1, D3 (chloride) = 2.032 10-9 m2 s-1. The values of 

D3 were taken from (119). Accumulation of counterions and depletion of coions according to the Donnan 

theory were not considered for the calculation (except for data in water). 
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Table 30: Comparison of calculated infinite-dilution diameters with experimental values. The calculated 

infinite-dilution diffusion coefficients were obtained as described in section 3.2.5, using parameters as 

presented in the description of Figure 36. The infinite-dilution diffusion coefficients were converted to 

infinite-dilution diameters by equ (3).  

Buffer Concentration / 

mM 

Protein charge 

(unitless) 

Calculated 

diameter d0 / 

nm  

Experimental 

diameter d0 / nm 

citrate 10  +7.4 10.5 10.5 

acetate 10  
+7.4 10.5 

6.1 
+16.7 10.0 

histidine 10  +7.4 10.5 10.5 

succinate 10  +7.4 10.5 11.0 

water 0  +7.4 1.5 1.5 

 

Table 31: Comparison of calculated kD values with experimental values. The calculated kD values were 

obtained as described in section 3.2.5, using parameters as presented in the description of Figure 36. 

Buffer Concentration / 

mM 

Protein charge 

(unitless) 

Calculated kD / 

ml·g-1 

Experimental 

kD / ml·g-1 

citrate 10  +7.4 5.6 -23.3 

acetate 10  
+7.4 39.1 

-25.4 
+16.7 174.3  

histidine 10  +7.4 66.9 14.4 

succinate 10  +7.4 11.1 -10.6 

water 0  +7.4 0 -19.6 

 

The majority of calculated diameters at infinite dilution are well fitting to the experimental 

data. The only value which does not coincide at all is the infinite-dilution diameter in 

acetate buffer.  

A variation of the calculations with a net charge of 16.7 instead of 7.4 was performed to 

test whether the low experimental diameter of 6.1 nm in 10 mM acetate could be due to a 

higher actual protein net charge. The valence of 16.7 would account for the protonation 
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state of the antibody without considering bound counterions. However, calculations 

assuming a net charge of 16.7 would result in an infinite-dilution diameter of 10.0 nm. 

Therefore, a higher net charge is most probably not a suitable explanation for the low 

experimental infinite-dilution diameter of 6.1 nm in acetate buffer. The dependence of 

diffusion coefficients on the protein concentration in 10 mM acetate has some similarity 

with values in 2 mM citrate buffer pH 6.0. This similarity will be discussed in detail in 

section 4.3.2.5. 

All experimental kD values were lower than the calculated data. The only positive kD value 

was measured in histidine buffer. Calculated kD data were all positive due to the decreasing 

counterion to protein ratio with increasing protein concentration which results in decreasing 

coupled protein counterion diffusion with increasing protein concentration.  

The lower experimental kD values may be due to attractive protein-protein interactions 

which may occur independently from the used formulation. Attractive protein-protein 

interactions could be due to a large dipole moment of the antibody and resulting di- and 

multipolar interactions or due to hydrophobic patches resulting in hydrophobic interactions. 

These interactions are not considered by the model described by eq. 22.  

A negative contribution to kD of the phenomenon of coupled protein counterion diffusion 

is possible if the counterions are only weakly binding to the protein (see section 4.3.2.3.2). 

This effect was not considered by equ (23).  

Even though the results of calculations do not well coincide with experimental results, the 

trend of diffusion coefficients of the different buffers is the same at protein concentrations 

≥ 15 mg/ml. In this concentration range, the ranking of calculated and experimental 

diffusion coefficients is: water ≥ histidine-chloride ≥ acetate ≥ succinate ≥ citrate. This 

ranking is also the inverse trend of ionic strengths of the buffers (Table 29).  

At lower protein concentrations (c ≤ 10 mg/ml), the diffusion coefficient of the antibody in 

acetate buffer was larger than the diffusion coefficient of the antibody in histidine. Similar 

to the unexpected low experimental diameter at infinite dilution, the experimental 

diameters were lower in acetate buffer compared to histidine buffer at protein 

concentrations up to 10 mg/ml.  
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The ranking at protein concentrations ≥ 15 mg/ml could have two reasons which go hand 

in hand. First, repulsive Coulomb protein-protein interactions are assumed to be screened 

with increasing ionic strength. This would result in lower diffusion coefficients and larger 

protein diameters at higher ionic strengths. Second, the effect of coupled protein counterion 

diffusion is assumed to be weakened at higher effective counterion concentration and 

higher valence of the counterions. Therefore, higher diffusion coefficients and lower 

protein diameters are expected for the protein in water and histidine buffer due to their 

lower effective counterion concentration. Oppositely lower diffusion coefficients and 

larger protein diameters are expected for the antibody buffered in succinate and citrate, due 

to their higher valence. Equ (23) accounts for both effects. The analogy in ranking between 

experimental and calculated data underlines the significance of simple electrostatic effects 

in solutions of complex biomolecules.  

4.3.2.5. Comparison of protein diffusion coefficients in aqueous solutions 

containing 2 mM citrate buffer, 10 mM acetate buffer or 2 mM NaCl  

As described in detail in section 4.3.2.4 in 10 mM acetate buffer pH 6.0 the proteins 

experimental infinite-dilution diameter and diameters of the protein at protein 

concentrations up to 10 mg/ml showed lower values than expected in comparison to 

experimental diameters of the protein in other buffer systems. The diameters of the protein 

as a function of the protein concentration in 10 mM acetate pH 6.0 were similar to the 

experimental protein diameters in 2 mM citrate buffer pH 6.0 (see section 4.3.2.3.3). In 

both buffer systems the infinite-dilution diameter of the protein was lower than 9 nm and 

the proteins kD was negative. To further examine the effect, the diameters of the protein in 

10 mM acetate pH 6.0, 2 mM citrate buffer pH 6.0 and 2 mM NaCl solution are plotted as 

a function of protein concentration. The results are displayed in Figure 37 and are listed in 

Table 32 and Table 33. 
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Figure 37: Comparison of calculated diffusion coefficients (dashed lines) with experimental values 

(squares). The parameters for the calculations using equ (23) are zDHH2 = 7.4, D2 (mAb) = 46.5 µm²/s, 

z3 (2 mM citrate) = -2.38, pKa3´ (2 mM citrate) = 6.20, D3 (citrate) = 0.623 10-5 cm2 s-1, z3 (10 mM 

acetate) = -0.95, pKa´ (10 mM acetate) = 4.71, D3 (acetate) = 1.089 10-5 cm2 s-1, z3 (chloride) = -1, 

D3 (chloride) = 2.032 10-9 m2 s-1. The values of D3 were taken from (119). Accumulation of counterions 

and depletion of coions according to the Donnan theory were not considered for the calculation (except 

for data in 2 mM NaCl solution). 
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Table 32: Comparison of calculated infinite-dilution diameters with experimental values. The calculated 

infinite-dilution diffusion coefficients were obtained as described in section 3.2.5, using parameters as 

presented in the description of Figure 37. The infinite-dilution diffusion coefficients were converted to 

infinite-dilution diameters by equ (3).  

Buffer Concentration / 

mM 

Protein charge 

(unitless) 

Calculated 

diameter d0 / 

nm 

Experimental 

diameter d0 / nm 

Citrate 2  
+7.4 10.5  

8.2  
+16.7 10.0  

Acetate 10  
+7.4 10.5  

6.1  
+16.7 10.0  

NaCl 2  
+7.4 9.4  

9.4  
+16.7 5.2  

 

Table 33: Comparison of calculated kD values with experimental values. The calculated kD values were 

obtained as described in section 3.2.5, using parameters as presented in the description of Figure 37. 

Buffer Concentration / 

mM 

Protein charge 

(unitless) 

Calculated kD / 

ml·g-1 

Experimental 

kD / ml·g-1 

Citrate 2  
+7.4 29.9 

-31.5 
+16.7 128.6 

Acetate 10  
+7.4 39.1 

-25.4 
+16.7 174.3 

NaCl 2  
+7.4 118.2 

73.3 
+16.7 215.6 

 

The experimental diameter at infinite dilution of the protein dissolved in the three 

formulations was increasing with the following ranking: acetate < citrate < NaCl. 

Comparison of the infinite-dilution diameter of the protein in 2 mM citrate buffer and in 2 

mM NaCl solution leads one to expect a higher protein diameter in citrate buffer, due to 

the higher valence of the citrate ion. The infinite dilution diameter in 10 mM acetate would 

be expected to be higher than the diameter in NaCl solution, due to the similar charge of 

the counterion but the higher counterion concentration in acetate. Hence, in both organic 
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buffers the infinite dilution diameter of the protein is smaller than expected by using the 

theory of coupled protein counterion diffusion. However, for proteins dissolved in water 

and in NaCl solution, this theory is valid (see section 4.3.2.1).  

The lower diameter could result from a higher net charge of the protein. However, an 

increase in net charge from 7.4 to 16.7 (corresponding to the valence of the protein at pH 

6.0) results in a calculated infinite-dilution diameter of 10.0 nm. This increase in net charge 

is not sufficient to result in diameters as small as experimentally obtained. However, an 

even higher increase is not very probable. Comparison of kD values of experimental and 

calculated data indicates that the smaller diameter of the protein dissolved in acetate and 

citrate buffer is not due to a higher net charge. Experimental kD values of the protein 

dissolved in 10 mM acetate and 2 mM citrate buffer were relatively low. An increasing net 

charge should result in very high kD values (Table 33). A higher net charge would enhance 

Coulomb protein-protein repulsion and coupled protein counterion diffusion and should 

thereby increase the value of kD.  

The theory resulting in equ (23) seems not to be correct to explain the low diameters in 

2 mM citrate buffer and 10 mM acetate. A potential theory to explain this deviation is an 

enhanced coupling between counterions and the protein if the interactions between both 

species are attractive but binding does not yet occur. These results would than indicate in 

another manner an attractive interaction between the organic anions (citrate and acetate) 

and the protein. 

Summing up, more specific protein excipient interactions may take place in the organic 

buffer systems whereas the diffusion in the presence of chloride counterions is mainly 

predictable by equ (23) taking into account simple electrostatics. This observation is in 

accordance with assumption that chloride ions do not specifically interact with the protein 

but simply act by electrostatic screening (52).  

4.3.3. Summary and conclusions  

The model introduced here which relates diffusion coefficients for charged proteins in 

aqueous solutions to the charge of the protein is well suited to calculate the Debye-Hückel-

Henry charge of a protein in protein solutions by using the diffusion coefficient at infinite 
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dilution in the absence of additional salt. The apparent diameter of the protein at infinite 

dilution as a function of NaCl concentration could be predicted by the established model. 

Experimental kD values were generally lower than calculated kD values probably due to 

attractive protein-protein interactions not considered by the model. These attractive 

interactions can therefore be quantitatively estimated by taking the difference between 

experimental and calculated kD values. The diffusion coefficients of the antibody in various 

buffer systems at pH 6.0 were markedly different. In histidine buffer, the diffusion 

coefficients were comparable to those observed in unbuffered NaCl solution. For the 

antibody in citrate buffer low kD values were observed, probably caused by strong attractive 

interactions. These were weakened with increasing ionic strength, either by addition of 

NaCl or additional citrate. The protein diffusion coefficients in succinate buffer were 

similar to the diffusion coefficients measured using citrate buffer, even though kD values 

were less negative. In acetate buffer at pH 6.0, up to a protein concentration of 15 mg/ml, 

the diffusion coefficient was higher than expected with a concomitant much lower apparent 

diameter at infinite dilution. A similar observation was made for the protein diffusion 

coefficient in 2 mM citrate buffer at pH 6.0.  

The diffusion behavior of the protein is well described by equ (23) in the case when the 

counterions are chloride ions. However, if the solution contains organic counterions 

(acetate and citrate) at low ionic strength, equ (23) fails. This failure could be due to 

attractive interactions between the organic counterions and the protein resulting in 

enhanced coupling of the diffusion of both interacting partners. Even thoug further 

experiments would be needed to confirm this theory the measurement of diffusion by DLS 

could be used as an additional method to detect and quantify protein-excipient interaction.  

As shown with equ (23), a kD of zero was calculated for a protein-counterion solution, if 

only Coulomb interactions between the proteins, between the counterions and between the 

proteins and the counterions are taking place. In the classical concept of kD a large repulsion 

and therefore a positive kD would be expected for such a scenario. Furthermore, a largely 

positive kD was observed and determined by equ (23) in solutions containing small, 

constant amounts of NaCl, but varying protein concentrations. It was shown, that this 

largely positive kD was resulting from the decreasing ratio of counterions to protein with 
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increasing protein concentration and therefore enhanced coupled protein counterion 

diffusion with increasing protein concentration and not directly from repulsive PPIs. 

Conclusively, the simplified model of kD of a two component system in the traditional sense 

was shown not to be applicable for the charged mAb at low ionic strengths where at least 

3 components with varying concentration need to be taken into account. Therefore, the 

classical interpretation of low kD values representing more attractive PPIs and higher kD 

values representing more repulsive interactions is not valid under these circumstances. 

Even though a correlation between the kD and the protein-protein interaction potential is 

not given, a number of experimental studies have found empirical correlations between the 

kD and the opalescence (10, 65), the viscosity (51, 53, 57-61) and the aggregation kinetics 

(53, 54, 70, 74) of a protein solution. Although the protein-protein interaction potential is 

not the origin of the sign and size of kD, a non-causal correlation might exist. This 

correlation could be limited to a defined range of pH or excipient concentration or ionic 

strength. At very low ionic strength, where the calculated kD (by the three component model 

as described in section 3.2.5) is zero and the diffusion coefficient at infinite dilution is 

larger than expected from the real size of the protein, large protein-protein repulsions would 

be expected and a correlation between the kD and the protein-protein interaction potential 

does likely not exist. However, at higher ionic strengths, where the diffusion coefficient at 

infinite dilution approaches values, which stay constant upon further increase of ionic 

strength, a (non-causal) correlation between the kD and the protein-protein interaction 

potential might exist. Further experimental and theoretical work is necessary, to elucidate 

a potential non-causal correlation with statistical significance and to define the valid range.  

DLS measurements for size determinations should be interpreted with care, as the measured 

size is strongly depending on the solution composition. However, a comparison in the 

protein size and size distribution is meaningful, if the formulation of the protein solution is 

the same. This could be used for example for accelerated stress tests, where a non-stressed 

and a stressed solution (of the same formulation) are measured.  

Implications of the observed effects of protein-counterion diffusion interaction do not only 

cover DLS measurements but all methods affected by the diffusion of a protein. Different 

studies report about apparently lower measured molecular weights by SLS at very low ionic 
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strength (191) or lower turbidities (187, 191). Electrophoretic light scattering has been 

reported to be challenging at salt concentrations below 10 mM – 20 mM (113). Diffusion 

also influences the Sorret coefficient measured by thermophoresis and should therefore be 

taken into account (192). And finally, the phenomenon of LLPS is closely related to 

diffusion (193). 
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5. SUMMARY, CONCLUSION AND OUTLOOK 

Summary 

In the first part of the work, the phenomenon of LLPS of an antibody solution in the 

presence of citrate was examined in detail. In the second part of the work, the focus was 

LSPS induced by oligovalent anions such as mellitate. And the last part of the work dealt 

with protein diffusion measured by DLS in solutions with different compositions.  

In part I and part II, solution conditions which (dis-)favour LLPS or LSPS in monoclonal 

antibody solutions were investigated. These are:  

1. pH  

2. (maximum) charge of the added anion 

3. ionic strength 

4. concentration of the oligovalent anion  

5. overall protein concentration 

6. temperature 

1: pH 

LLPS was observed at the isoelectric point of the mAb in the absence of excipients. LLPS 

or LSPS were observed at pH below the pI if citrate or other oligovalent anions, such as 

butane-1,2,3,4-tetracarboxylate, benzene-1,2,4,5-tetracarboxylate, benzene-1,2,3,4,5-

pentacarboxylate or benzene-1,2,3,4,5,6-hexacarboxylate were present. 

These oligovalent anions are proposed to bind to the positively charged protein and thereby 

neutralize the protein in a limited pH region, resulting in LLPS. An additional cross-linking 

mechanism may strengthen the attractive protein-protein interactions resulting in LSPS as 

observed for benzene-1,2,3,4,5-pentacarboxylate or benzene-1,2,3,4,5,6-hexacarboxylate. 

Regarding the pH range below the pI, phase separation was enhanced at lower pH in the 

presence of mellitate whereas it was reduced at lower pH in the presence of citrate. At lower 

pH the protein net charge increases and the negative charge of citrate and mellitate 

decreases. The remaining net charge of the citrate ion might not be sufficient to neutralize 
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the net charge of the mAb at sufficiently low ionic strengths. In contrast, the remaining net 

charge of the mellitate ion seems to be sufficient to neutralize the positive net charge of the 

mAb and cross-linking might even be enhanced caused by the higher positive charge of the 

mAb. 

2: (Maximum) charge of the added anion 

The extent of phase separation was shown to increase with anion charge. Depending on the 

anion charge, different states of hydration of the antibody-anion complex were deduced. At 

lower anion charge, turbid solutions were observed (highly hydrated antibody molecules), 

at intermediate anion charge, LLPS was observed (medium hydrated antibody molecules) 

and at higher anion charge, LSPS was observed (least hydrated antibody molecules). 

Depending on the experimental parameters (pH, ionic strengths) LLPS was observed for 

citrate, butane-1,2,3,4-tetracarboxylate, benzene-1,2,4,5-tetracarboxylate, benzene-

1,2,3,4,5-pentacarboxylate and mellitate as anions. In contrast LSPS was only observed for 

benzene-1,2,3,4,5-pentacarboxylate and benzene-1,2,3,4,5,6-hexacarboxylate. This could 

be due to enhanced binding of these higher charged excipients and enhanced steric capacity 

to protein-protein cross-linking. 

The maximum possible charge of the oligovalent anion (charge after complete dissociation) 

seems to have a stronger influence on phase separation than the charge that would be 

expected at a given pH (incomplete dissociation of the weak acid). This indicates that the 

phenomenon of "induced charging", i.e. the dissociation of protons from protonated 

carboxyl groups after binding, affects the actual charge of the oligovalent anion when 

binding to the protein.  

3: Ionic strength 

Phase separation was reduced by increasing ionic strength in the presence of citrate (4.1.4) 

and in the presence of mellitate (4.2.3). It was shown in all three parts of the present work 

that ionic strength adjusted by adding NaCl resulted in reduced attractive protein-protein 

interactions. The addition of NaCl is assumed to weaken the protein-anion interactions via 

electrostatic shielding and thereby reduce anion induced attractive protein-protein 
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interactions. In addition, attractive protein-protein interactions resulting from ion-dipole or 

dipole-dipole interactions may also be diminished.  

 

4: Concentration of the oligovalent anion 

A non-monotonic trend was observed for the width of the miscibility gap as a function of 

the citrate or mellitate concentration. For very low citrate or mellitate concentrations the 

width of the miscibility gap was increasing with increasing anion concentration. At higher 

citrate or mellitate concentrations the width of the miscibility gap was decreasing with 

increasing anion concentration. The maximal width of the miscibility gap is assumed to be 

observed at a defined oligovalent anion concentration, where the overall attractive protein-

protein interactions are maximal. Therefore, an optimal citrate and mellitate concentration 

is proposed to exist, at which charge neutralization is reached and repulsive Coulomb 

interactions between the proteins vanish. The disappearance of LLPS in the presence of 

higher concentrations of citrate may be mainly caused by concomitantly increasing ionic 

strength, whereas the disappearance of LSPS in the presence of higher concentrations of 

mellitate is assumed to be mainly induced by protein charge reversal, resulting from further 

binding of mellitate to the protein.  

The citrate or mellitate concentration, where the maximal width of the miscibility gap was 

observed, was: 

• increasing with increasing distance of pH from pI 

• depending on the way of sample preparation, i.e. dialysis or spiking 

• depending on the type and (maximum) charge of excipient. 

This maximal width of the miscibility gap and therewith the maximum of attractive protein-

protein interactions at a specific anion concentration can also be explained with a net charge 

neutralization of the positively charged protein upon anion binding. Depending on the pH 

(and thereby the charge of the protein) and the charge of the excipient, different amounts 

of excipients would be needed to neutralize the charge of the protein.  
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5: Overall protein concentration 

In the first part of this work, the influence of the protein concentration on the phase 

behaviour was not explicitely examined. As the citrate concentrations were adjusted by 

dialysis and not by a spiking procedure, the protein concentration and the excipient 

concentration after dialysis was not precisely adjustable.  

In contrast, the spiking procedure performed in the second part of this work, opened the 

possibility to examine the influence of the protein concentration on the phase behaviour in 

the presence of different mellitate concentrations. At anion concentrations lower than the 

anion concentration of minimal protein concentration in the supernatant, a dependence of 

the occurrence of phase separation on the ratio between anion and protein was observed. 

At anion concentrations higher than the concentration of minimal protein concentration in 

the supernatant, the protein concentration in the supernatant was observed to depend on the 

total anion concentration and not on the protein concentration. A theoretical model was 

applied and the number of mellitate ions required to dissolve the neutral protein-mellitate 

precipitate m as well as the equilibrium constant K’ for mellitate binding were calculated. 

The experimental results indicate that dissolution of individual proteins from the neutral 

protein-mellitate precipitate occurs upon binding of additional 2.5 – 3 mellitate ions.  

6: Temperature 

The influence of the temperature on phase separation was only observed in the first part of 

this work in solutions containing 1 mM citrate adjusted by dialysis. The coexistence curve 

of the antibody in 1 mM citrate pH 7.2 showed the following properties: i) an upper critical 

solution temperature ii) a critical protein concentration of 93 mg/ml, a critical temperature 

of 289 K (16 °C) and a width w (defined by equ (38)) of 26 and iii) an asymmetry with 

respect to the critical protein concentration. The critical temperature in 1mM citrate buffer 

was pH-dependent with a higher critical temperature observed at pH 7.4 and pH 8.1 

compared to pH 7.2. An upper critical solution temperature transition signifies that 

clustering or agglomeration of the proteins to form the lower concentrated phase is 

exothermic. 
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In part I of this work, the citrate ion was indirectly shown to be binding to the mAb by the 

comparison of the phase diagram as a function of pH in the absence and in the presence of 

citrate. In addition, a more direct approach was introduced in the first part of this work to 

measure weak binding between ions and antibodies. This new approach was yielding a 

competition constant for citrate of 82µM for a background concentration of 4 mM NaCl. 

In part III of the present work, the protein diffusion in solutions containing different buffer 

salts and non-buffering salts at various pH-values was examined. A model was introduced 

which relates diffusion coefficients for charged proteins in aqueous solutions to the charge 

of the protein. The model is taking into account Coulomb interactions between the proteins 

and between protein and counterions. The model introduced here was well suited to 

calculate the Debye-Hückel-Henry charge of a protein in solution by using the diffusion 

coefficient at infinite dilution in the absence of additional salt.  

The apparent diameter of the protein at infinite dilution as a function of NaCl concentration 

could be predicted by the established model. Experimental kD values were generally lower 

than calculated kD values probably due to attractive protein-protein interactions not 

considered by the model. These attractive interactions can therefore be quantitatively 

estimated by taking the difference between experimental and calculated kD values. The 

diffusion coefficients of the antibody in various buffer systems at pH 6.0 were markedly 

different. In histidine-hydrochloride buffer, the diffusion coefficients were comparable to 

those observed in unbuffered NaCl solution. For the antibody in citrate buffer, low kD 

values were observed, probably caused by strong attractive interactions. These were 

weakened with increasing ionic strength, either by addition of NaCl or additional citrate. 

The protein diffusion coefficients in succinate buffer were similar to the diffusion 

coefficients measured for the antibody in citrate buffer, even though kD values were less 

negative. In acetate buffer at pH 6.0, up to a protein concentration of 15 mg/ml, the 

diffusion coefficient was higher than expected with a concomitant much lower diameter at 

infinite dilution. A similar observation was made for the protein diffusion coefficient in 2 

mM citrate buffer at pH 6.0.  

The diffusion behavior of the protein was well described by the introduced model of 

coupled protein counterion diffusion in the case when the counterions were chloride ions. 
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However, if the solution contained organic counterions such as acetate and citrate at low 

ionic strength (< 38 mM), the model failed. 

Conclusion  

Summing up all the results, a rationale can be found to explain the phase behaviour and 

therewith the protein-protein interactions in the protein solution as a function of pH, 

excipient species and concentration, as well as ionic strengths. This rationale is based on 

the concept, that the charge of an antibody increases with increasing distance from pI. In 

addition to the overall net charge, which induces repulsive electrostatic protein-protein 

interactions, the concept also includes the assumption of an anisotropic charge distribution 

over the protein surface resulting in attractive protein-protein interactions, which become 

weaker with increasing ionic strength. Finally, electrostatic binding between oligovalent 

ions and the protein, resulting in charge neutralization, is completing the concept. 

In order to justify the rationale stated above, the monoclonal antibody is considered as a 

colloidal particle with a non-uniform surface composed of 

• positively charged patches 

• negatively charged patches 

• hydrophobic patches 

• hydrophilic patches  

The protein-protein interactions and thus the colloidal stability are assumed to be 

influenced by the  

• net charge of the mAb  

• dipole moment of the mAb 

• number, size and distribution of specific charged and hydrophobic patches 

These properties are assumed to be influenced by the 

• pH 

• ionic strength  

• presence and concentration of binding excipients 
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The concept, which describes the influence of pH, ionic strength and the presence of citrate 

on the protein-protein interaction potential, is visualized in Figure 38.  

 

Figure 38: Schematic presentation of the influence of pH, ionic strength and a binding anionic excipient 

(citrate) on the protein-protein interaction potential. The position of the pI of the mAb is depicted by a 

blue star. The blue solid line represents the protein-protein interaction potential of the mAb in the 

absence of any excipients (except counterions) as a function of pH. The two green dashed lines represent 

two possible protein-protein interaction potentials as a function of pH in the presence of citrate (1 mM 

adjusted by dialysis). The orange dotted line represents the protein-protein interaction potential at 

elevated (but moderate) ionic strength (Theory taken from Sule et al., (153)). The extent of maximal 

attractive net interactions in the absence of citrate is depicted by a blue arrow of size A. Maximal net 

attraction in the absence of citrate (or other binding excipients) is by theory expected at the pI. In the 

presence of citrate (1 mM adjusted by dialysis) the size of A (quantifying maximal net attraction) is 

assumed to either stay constant (case I) or to increase (case II), as depicted by the green dashed arrows 

of size Acit_1mM. With increasing ionic strength A is assumed to decrease as shown by the shorter orange 

arrow AIS (153). The pH at which repulsive balance attractivs PPIs (neutral protein-protein interaction 

potential) is marked by a red circle. The distance between this specific pH and the pI in the absence of 

any excipients (except counterions) is depicted by the blue arrow of lenght B. The presence of citrate 

(1mM adjusted by dialysis) leads to a larger distance between the pH of neutral protein-protein 

interaction potential and pI as depicted by a longer arrow Bcit_1mM compared to B. The size of B at higher 

ionic strength (BIS) is not nessesarily equal to the size of B, but it was not more precisely plotted here 

(insufficient data situation). The sizes A and B are assumed to be protein specific values. The figure is 

a schematic presentation of the protein-protein interaction potential as a function of pH, ionic strength 

and presence of citrate. 

 

The sizes A and B in Figure 38 characterize the intrinsic colloidal stability of the mAb 

independent from most environmental factors (such as pH, ionic strength or presence of 
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excipients). They could be used to compare different antibodies with respect to their 

molecule specific protein-protein interaction potential or self-association potential.  

The measurement of diffusion was giving a deeper understanding into the effects, which 

are induced by different excipients and excipient concentrations. The simplified two 

component model of kD in the traditional sense was shown to be unsuitable for the charged 

mAb at low ionic strengths where at least 3 components with varying concentration need 

to be taken into account. Therefore, the classical interpretation of low kD values 

representing more attractive PPIs and higher kD values representing more repulsive 

interactions is not valid under these circumstances. 

The comparison between measured and calculated diffusion coefficients allows to 

differentiate between effects which are covered by the theory of coupled protein counterion 

diffusion (isotropic electrostatic ion-ion interactions) and effects which are not covered by 

the theory of coupled protein counterion diffusion (charge-dipole, dipole-dipole, v.d. Waals, 

hydrophobic interactions, non-fundamental forces such as hydration related interactions or 

patchy interaction). Thereby, the causes of the effects that excipients have on protein 

diffusion can be elucidated. As the diffusion of the protein and the counterion is coupled, 

DLS can also reveal information on the counterion diffusion and thereby on the interplay 

between both, the mAb and the counterion.  

Summing up, three different experimental approaches demonstrate an attractive interaction 

between citrate (representing a negatively charged model excipient) and the antibody used 

in this work: 

• Comparison of phase bounderies as a function of pH in the absence and in the 

presence of citrate 

• Mapping of the ion atmosphere after equilibrium dialysis against a mixture of ions 

competing for the solvation shell 

• Accelerated diffusion of the mAb at infinite dilution in the presence of 2 mM and 

5 mM citrate, which would not be expected neither based on a two-component nor 

on a three-component diffusion model  
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Outlook 

The knowledge obtained in this work about solution conditions inducing LLPS or LSPS in 

antibody solutions may enable us to rationally modify the use of ionic excipients and their 

concentration, to either reduce opalescence or to induce or avoid phase separation. In 

addition, parameters such as viscosity or aggregation kinetics, which are closely related to 

the protein-protein interaction potential may be better understood with the knowledge 

obtained in this work.  

The introduced approach to map the ion atmosphere after equilibrium dialysis, and thus 

measure weak protein-ion interactions, could be used to compare individual formulation 

excipients with regards to their protein binding affinity. A correlation between binding 

affinitiy and the stability and or processability (e.g. long term stability, viscosity or LLPS) 

of the protein solution could get examined. In addition, investigations of the binding affinity 

of defined excipients to different mAbs are important.  

Comparing individual proteins with regards to their intrinsic tendency to self-association 

or aggregation, the colloidal interaction has often been measured in a defined formulation 

buffer at defined pH (46, 49, 57, 64). However, as most proteins have different pIs and the 

formulation buffer may stabilize one protein, but destabilize the other protein, such a 

comparison is not advisable. A comparison between individual proteins may be more 

meaningful by developing a diagram as shown in Figure 38, not schematic but scaled, for 

each individual protein. A large value of A (as depicted in Figure 38) is related to a protein 

of a high intrinsic tendency to self-association or aggregation. This could be caused by a 

strong dipole moment or a pronounced hydrophobicity of the protein. Even though the size 

of A is the most direct value to characterize the tendency of the protein to self-association 

or aggregation, this value might be difficult to be measured, as most attractive protein-

protein interactions (indicating the size of A in Figure 38) might be limited to a very narrow 

pH range. Instead, the distance between the pI and the pH, where attractive and repulsive 

PPIs balance to a certain degree (size of B in Figure 38), may be more easily detectable. 

The size of B quantifies the pH difference to the pI which is needed to increase repulsive 

Coulomb PPIs to a certain value balancing out the attractive protein-protein interactions. It 

is assumed that for proteins with stronger attractions at the pI, a higher zDHH is needed to 
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balance the strong attractive interations by equally stronger repulsive protein-protein 

interactions. The zDHH is increased by increasing the distance between pH and pI. For 

proteins with equal buffer capacity (i.e. pH changes are resulting in equal increase in net 

charge), the size of B could be directly compared. If proteins with different buffer capacity 

should be compared, the valence at the specific pH would need to be determined first and, 

instead of plotting the protein-protein interaction potential (or a related value) against the 

pH, the protein-protein interaction potential (or a related value) would need to be plotted 

against the protein net charge. The size of B (pH or charge that is needed to increase the 

protein-protein interaction potential above zero or above an arbitrarily chosen threshold) 

may be more easily accessible by experimental approaches than the size of A. The scheme 

could thus be used to characterize proteins regarding their intrinsic tendency to self-

association or aggregation independent from their formulation. It would be important to 

study whether there exists a correlation between the values of A or B and the stability and 

/ or processability (e.g. long term stability, viscosity, or LLPS) of a protein solution 

comparing different antibodies. 

The comparison of A and AIS or B and BIS could be used to elucidate the nature of attractive 

PPIs. If attractive PPIs were mainly caused by hydrophobic interactions, increasing ionic 

strength would change the size of A only marginally. The nature of attractive interactions 

resulting in protein self-association is a commonly discussed issue (50, 194-196). 

Depending on the nature of molecular interaction, different excipients could be 

recommended for the formulation of a specific protein solution. 

The results of the present study indicate, that there is no direct correlation between the kD 

and the protein-protein interaction potential. However, a potential non-causal correlation 

between the kD and parameters such as viscosity or aggregation rates could be examined in 

a future study. This correlation might probably only exist in a defined range of e.g. ionic 

strength or excipient concentration. 

The great potential of diffusion measurement could be further used, for example, to 

understand the different effects of different buffer species on protein stability. The diffusion 

of proteins in aqueous solutions containing organic buffer systems, which could not be well 

explained with the established three-component model, needs to be further examined. In 
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addition to the microscopic diffusion coefficient measurement by DLS, macroscopic 

diffusion measurements such as Rayleigh interferometry or Schlieren optics could lead to 

values of the the individual diffusion coefficients D22, D23, D32 and D33 (94, 103). Likewise, 

conductivity measurements would be a suitable orthogonal approach. These measurements 

could underline and extend the knowledge obtained by DLS and could also extend the 

knowledge of diffusion of proteins at very low ionic strength in organic buffer systems. For 

the sake of simplicity, the model presented in this thesis only accounts for a three-

component system composed of water, the protein and effective counterions. In future 

research, a model for a four component system should be developed, which would also 

account for coions. 
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7. APPENDICES: 

 

Appendix 1: Results obtained by isoelectric focussing 

 

 

Figure A1: Isoelectric focussing gel obtained by IEF as described in section 3.2.1.8. Five charge 

variants were observed with pIs between pH 8.6 and pH 8.9. The main peak was observed at ~ pH 8.7. 

Therefore, the experimental isoelectric point of the protein was defined to be 8.7.  

 

 

Appendix 2: pH dependent DSC curves  
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Figure A2: DSC curves of citrate-free antibody solutions between pH 3.5 and pH 9.5, c = 2 mg/mL.  
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