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ABSTRACT 
Proteins are a substantial, and integral matter for life on earth since they are required, e.g. 

to transport nutrients, to regulate body functions, and to form the building blocks of 

muscles, skin, and hair. Depending on their structure and function, proteins can be divided 

into four groups: fibrous, globular, disordered, and membrane proteins. Globular proteins 

are water-soluble, spherical proteins and can show a rich phase behaviour featuring 

aggregation, liquid-liquid phase separation (LLPS), re-entrant condensation, and 

crystallisation in the presence of multivalent salts. Consequently, the dominant interactions 

are electrostatic forces. The knowledge about the driving force of the bulk phase behaviour 

is crucial to guide and manipulate the phase behaviour since certain aggregations are 

desired, whereas for example the formation of amyloid fibrils contribute to diseases such 

as Alzheimer. 

In this dissertation, the rich phase diagram of globular proteins with multivalent salt is 

utilised to investigate protein adsorption. Protein adsorption, meaning the accumulation 

or aggregation of proteins at a solid interface, occurs in numerous areas from medicine to 

food processing. Especially in the context of biomaterials, protein adsorption can be both 

an advantage and disadvantage since it facilitates biocompatibility, but can also induce a 

foreign body response, which leads to the rejection of an implant. While the general 

functions of proteins are well understood, less is known about underlying dominant 

molecular interactions which drive protein adsorption. The aim of this dissertation is to 

shed light on the dominant interactions driving and parameters influencing the adsorption 

behaviour such as protein type, cation and anion type, solvent, temperature, and surface 

properties. The main findings are summarised in the subsequent paragraphs. 

In the first results chapter, the correlation between bulk phase behaviour and protein 

adsorption at a net negatively charged surface as a function of the salt concentration is 

established. Re-entrant adsorption at the interface is observed, which reflects the bulk        

re-entrant condensation behaviour in an intriguing way measured by a reduced second 

virial coefficient (measure for dominant bulk interactions). The experimental findings can 

be described by the multivalent-ion-activated patchy particle model within the framework 

of classical density functional theory, which reduces the adsorption trend found to 

dominant electrostatic interactions between proteins and with the surface.  

In the second part, the effects of temperature and protein concentration on the protein 

adsorption are investigated, which induce simple adsorption or (diverging) wetting layer 

formation upon approaching bulk phase separation. Approaching LLPS increases 

attractive short-ranged interactions in the system facilitating the onset of a wetting 

transition. Through variations in protein concentration and temperature, LLPS formation 

can be promoted or prevented in the bulk solution. The wetting layer contains significantly 
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more water trapped within the (protein) layer compared to a simple adsorption layer 

illustrating different layer morphologies between an adsorption and wetting layer. The 

experimental findings are in good agreement with the theoretical descriptions of                    

ion-activated attractive patches experiencing an attractive wall potential within the 

framework of classical density functional theory. 

In the third part, the role of anions and cations on bovine serum albumin (BSA) in the bulk 

and at the interface are investigated. The bulk phase behaviour not only depends on the 

cation type used, but also on the anion type, which leads to different phase behaviours for 

different salts. Chloride is found to be ‘neutral’ in the sense that it neither affects the bulk 

nor interface behaviour of proteins, whereas for weakly hydrated anions (iodide salts), the 

established ion-activated patchy model is not valid since it neglects anion interactions. 

These anion interactions are assumed to consist of an interplay of electrostatic and 

hydrophobic interactions due to the different BSA binding sites for iodide. The phase 

transitions at the interface can also be induced by specific interface properties, whether 

these behaviours are reflected in bulk or not (i.e. bulk-independent adsorption), which 

emphasises the interplay of the substrate and bulk properties relating to protein adsorption. 

In the fourth part, the influence of anion type and solvents (includes different isotopes) on 

β-lactoglobulin (BLG) in the bulk and at the interface are investigated. The bulk and 

interface behaviour of BLG is not influenced by the anion used due to BLG’s weak affinity 

to anions and its preference for cation binding. In addition, BLG does not show an isotope 

effect. This could be explained with its predominant β-sheet structure, in which isotope 

substitution does not occur. At the interface, a much denser packing of the adsorption layer 

for BLG compared to BSA is found, which could explain why BLG crystallises and BSA 

does not.  

In the fifth part, preliminary results on surface modifications and their influence on protein 

adsorption are discussed. The parameters investigated include the surface charge, 

roughness (topography), and hydrophobicity, as well as substrates with implant coatings 

and protein-repellent properties and should be viewed as an outlook and starting point for 

future endeavours.  

A striking comparison between the bulk and interface behaviours of BLG and BSA is drawn 

in the conclusions summarising previous and current findings to explain the system behind 

protein adsorption and its underlying mechanisms. The knowledge of the mechanisms 

behind protein adsorption allows the targeted manipulation of parameters influencing 

protein adsorption such as temperature, salt type and concentration, and surface 

properties. This presents new prospects in the investigation of protein crystallisation 

through controlled nucleation at interfaces, which is particularly of relevance in the fields 

of pharmacology and biomaterials.  
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DEUTSCHE ZUSAMMENFASSUNG 
Proteine sind ein substanzieller und integraler Bestandteil für Leben auf der Welt. Sie 

werden unter anderem benötigt, um Nährstoffe zu transportieren, Körperfunktionen zu 

steuern und Grundbausteine für Muskeln, Haare und Haut zu formen. Je nach Struktur 

und Funktion können Proteine in vier Gruppen unterteilt werden: Faserförmige, 

kugelförmige, ungeordnete und Membranproteine. Kugelförmige Proteine sind 

wasserlöslich. Sie zeigen in Gegenwart von mehrfach geladenen Ionen ein komplexes 

Phasenverhalten, welches Aggregation, Flüssig-Flüssig-Phasentrennung (FFPT),              

“re-entrant condensation“ (durch erhöhte Salzkonzentration induziertes Auflösen der 

kondensierten Phase), und Kristallisation aufweisen kann. Folglich sind die dominanten 

Wechselwirkungen elektrostatischer Natur. Das Verständnis über die treibende Kraft des 

Phasenverhaltens der Proteine in Lösung ist wichtig für dessen gezielte Steuerung und 

Manipulation. Hierbei können bestimmte Aggregationen erwünscht sein, wohingegen 

beispielsweise die Bildung von Amyloidfibrillen zu Krankheiten wie Alzheimer beitragen 

kann. 

In dieser Dissertation wird von dem komplexen Phasendiagramm von kugelförmigen 

Proteinen mit mehrfach geladenen Salzen Gebrauch gemacht, um Proteinadsorption zu 

untersuchen. Proteinadsorption, im Sinne von Akkumulation and Aggregation von 

Proteinen an einer festen Oberfläche, tritt in vielen Bereichen von Medizin bis hin zur 

Lebensmittelindustrie auf. Besonders im Bereich der Biomaterialien kann 

Proteinadsorption Vor- und Nachteil zugleich sein, da es einerseits die Biokompatibilität 

ermöglicht, zum anderen jedoch auch die Fremdkörperantwort einleiten kann, die zur 

Abstoßung des Implantats führt. Während die allgemeinen Funktionen von Proteinen gut 

verstanden sind, ist wesentlich weniger über die zugrundeliegenden dominanten 

molekularen Wechselwirkungen bekannt, welche Proteinadsorption steuern. Das Ziel 

dieser Dissertation ist Aufschluss über die dominanten Wechselwirkungen und Parameter, 

welche das Adsorptionsverhalten beeinflussen, zu geben. Dazu gehören unter anderem der 

Proteintyp, der Anionen- und Kationentyp, das Lösungsmittel, die Temperatur und die 

Substrateigenschaften. Die Hauptergebnisse werden im Folgenden zusammengefasst. 

Im ersten Ergebnisteil dieser Arbeit wird der Zusammenhang zwischen dem 

Phasenverhalten in Lösung und Proteinadsorption an einer netto negativ geladenen 

Oberfläche in Abhängigkeit von der Salzkonzentration hergestellt. “Re-entrant adsorption“ 

(ein nicht-monotoner Anstieg der Adsorption) an der Oberfläche wird beobachtet, welche 

das “re-entrant condensation“-Verhalten in der Lösung wiederspiegelt und durch 

Messungen des reduzierten zweiten Virialkoeffizienten (Maß der dominanten 

Wechselwirkungen in Lösung) bestimmt wurde. Die experimentellen Erkenntnisse 

können im Rahmen der Dichtefunktionaltheorie mit einem durch mehrfach geladene 
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Ionen aktiviertem Teilchenmodell (engl. multivalent-ion-activated attractive patchy 

particle adsorption model) beschrieben werden. Dieses Modell reduziert das beobachtete 

Adsorptionsverhalten auf dominante elektrostatische Wechselwirkungen zwischen den 

Proteinen untereinander und mit dem Substrat. 

Im zweiten Teil wird der Effekt von Temperatur und Proteinkonzentration auf den 

Proteinadsorptionsprozess untersucht. Diese können entweder einfache Adsorption oder 

die Bildung einer Benetzungsschicht (engl. wetting layer) bei Annäherung an den Bereich 

der Phasentrennung induzieren. Bei Annäherung an den FFPT-Bereich steigen die 

attraktiven kurzreichweitigen Wechselwirkungen in dem System, welche die Entstehung 

eines Benetzungsübergangs ermöglichen. Durch die Variation der Proteinkonzentration 

und Temperatur kann die FFPT-Bildung in der Lösung begünstigt oder verhindert werden. 

Die Morphologien der Adsorptions- und Benetzungsschicht unterscheiden sich 

voneinander. Die Benetzungsschicht hat signifikant mehr Wasser in sich gebunden im 

Vergleich zu der Adsorptionsschicht. Die experimentellen Ergebnisse sind in guter 

Übereinstimmung mit der theoretischen Beschreibung des Systems durch mehrfach 

geladene Ionen aktivierten Bereiche, welche einem attraktiven Wandpotential ausgesetzt 

sind. 

Im dritten Teil wird die Rolle des Anionentyps und Kationentyps auf Rinderserumalbumin 

(BSA) in Lösung und an Oberflächen untersucht. Das Phasenverhalten in Lösung hängt 

hierbei nicht nur von dem verwendeten Kationentyp ab, sondern auch von dem 

Anionentyp, welcher zu unterschiedlichem Phasenverhalten bei Verwendung von 

verschiedenen Salzen führt. Für Chlorid wurde ein neutrales Verhalten beobachtet im 

Sinne, dass es weder das Verhalten in Lösung noch an der Oberfläche beeinflusst. Für 

schwach hydrierte Anionen (wie z.B. Jodidsalze), hingegen kann das eingeführte, durch 

mehrfach geladene Ionen aktivierte Teilchenmodell nicht angewandt werden, da es keine 

Wechselwirkungen mit Anionen berücksichtigt. Diese Anionenwechselwirkungen 

bestehen vermutlich aus einem Wechselspiel von elektrostatischen und hydrophoben 

Wechselwirkungen verursacht durch die unterschiedlichen Bindestellen von Jodid an BSA. 

Die Phasenübergänge an der Oberfläche können durch spezifische Substrateigenschaften 

ausgelöst werden, egal ob sich das Verhalten in Lösung widerspiegelt oder nicht. Dies 

betont das Wechselspiel der Eigenschaften des Substrats und der Lösung in Bezug auf 

Proteinadsorption. 

Im vierten Teil wird der Einfluss des Anionentyps und des Lösungsmittels (beinhaltet 

verschiedene Isotope) auf β-Lactoglobulin (BLG) in Lösung und an Oberflächen 

untersucht. Weder das Verhalten von BLG in Lösung noch an der Oberfläche, wird durch 

die verwendeten Anionen beeinflusst. BLG bevorzugt die Bindung von Kationen und hat 

nur eine geringe Affinität zu Anionen. Zudem zeigt BLG keinen Isotopeneffekt. Dies kann 

mithilfe der dominierenden β-Faltblattstruktur von BLG erklärt werden, da in dieser kein 

Isotopenaustausch stattfindet. An der Oberfläche bildet BLG eine wesentlich dichter 

gepackte Adsorptionsschicht im Vergleich zu BSA. Dies könnte erklären, warum BLG 

kristallisiert, wohingegen BSA das nicht macht.  
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Der fünfte Teil widmet sich vorläufigen Ergebnissen von Oberflächenmodifikationen und 

deren Einfluss auf Proteinadsorption. Die untersuchten Parameter beinhalten 

Oberflächenladung, Topografie (Rauigkeit), und Hydrophobie, sowie Substrate mit 

Implantatbeschichtungen und proteinabweisende Oberflächen. Dieser Teil sollte als 

Ausblick und Anknüpfungspunkt für zukünftige Untersuchungen betrachtet werden.  

In diesem Zusammenhang wird ein eindrucksvoller Vergleich zwischen dem Phasen- und 

Oberflächenverhalten von BSA und BLG im Diskussionskapitel gezogen, welcher bisherige 

und aktuelle Erkenntnisse zusammenfasst, um das System und die zugrundeliegenden 

Mechanismen hinter Proteinadsorption zu erklären. Die Kenntnis von den 

zugrundeliegenden Mechanismen in Proteinadsorption ermöglicht dessen gezielte 

Manipulation durch beeinflussende Parameter wie zum Beispiel Temperatur, Salztyp und 

-konzentration, und Oberflächeneigenschaften. Dies eröffnet neue Möglichkeiten der 

Untersuchung von Proteinkristallisation durch kontrollierte Nukleation an Oberflächen, 

was von besonderer Relevanz in Bereichen der Pharmazie und Biomaterialien ist.
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1 INTRODUCTION 
What do milk production, antiarthritic drugs, and surgical instruments have in common? 

In all these applications, proteins play an important role, more specifically, the process of 

protein adsorption. In the past decades, this topic was under investigation in numerous 

research fields ranging from biology to medicine to material science [1]. In the following, a 

brief overview of accomplishments and applications is given, which should further 

motivate this topic and emphasise its relevance.  

In food processing, proteins can form emulsions, foams or food colloids [2–4]. Those can 

be used for protein-based microparticulation to facilitate texture modification in low-fat 

yoghurt or as fat replacers in ice cream or cheese [5–7]. For healthy balanced diets in       

non-fat foods and clear beverages, milk protein-based nanovesicles allow 

nanoencapsulation of hydrophobic nutraceuticals, which are otherwise unstable in solution 

[8]. Furthermore, edible whey protein coatings are found to improve the storage life of 

groceries such as sunflower oil, peanuts, fruits and vegetables by providing an oxygen 

barrier [9–11]. Nevertheless, unwanted reactions and by-products can be induced through 

protein fouling [2,12] on containers in the production chain. A special case is membrane 

fouling [13,14], which occurs often in beverages and cheese manufacturing [15], when 

ultrafiltration is an essential step in its production. Contamination through bacteria, fungi 

etc. must be prevented. Thus, a sanitary and sterile production of food must be achieved 

[16], e.g. through stabilisers such as ionic surfactants forming complexes with protein, and 

thus, lowering protein adsorption on surfaces [17]. 

Roughly 16 % of the human body is composed of proteins [18,19], which facilitate essential 

body functions and come with a wide range of properties. Subsequently, proteins (in their 

crystalline form) are crucial for drug production, either to treat the deficits of the body’s 

own protein or suppress the body’s immune response to a drug [20–22]. In pharmacology, 

bovine serum albumin (BSA) is added to anticancer drugs in pH (lat. potentia hydrogenii) 

-responsive release systems [23] to improve the water solubility and provide reactive sites 

for multivalent coupling of bioactive molecules [24–26]. BSA is also used as a carrier for 

multiple drugs such as antiarthritic drugs [27] or in the treatment of drug overdoses 

through the use of albumin-containing dialysates to allow extracorporeal removal of 

endogenous toxins [28,29].  

In tissue engineering [30], proteins can be incorporated into the scaffolds via 

electrospinning [31] facilitating controlled drug delivery and release of bioactive agents, 

such as BSA, to produce bio-functional tissue scaffolds [32–37]. Even protein-based tissue 

adhesives (BSA-glutaraldehyde/’Bioglue’) have been developed, which find application in 

cardiovascular surgery for, e.g., haemostasis [38–40]. Successful cell adhesion on 

biomaterials depends on the combination of different proteins adsorbing to the interface 
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[41]. Serum albumin is the fastest protein to adsorb on any solid surface [42] (Figure 1.1)  

and can prevent the adhesion of platelets, thus forming a hemocompatible surface, whereas 

fibrinogen adsorption initiates blood coagulation [43,44].  

 

Figure 1.1: The foreign body response to a biomaterial. The initial interaction of the substrate is primarily 
with proteins and depends on the implant’s surface properties. After successful protein adsorption, different 
reactions can be initiated depending on the specific protein adsorbed, e.g. platelet adhesion through 
fibronectin binding, which is followed by platelet activation for fibrous encapsulation (wound healing). From 
Ref. [45]. 

Depending on the function of the implant, specific protein adsorption is desired or 

undesired. For all implants, such as bypass, heart valves, or stents, blood clotting must be 

prevented by suppressing the binding of fibrinogen, while maintaining hemocompatibility 

[46–48]. This can be achieved either by precoating of albumin for arterial protheses, thus 

diminishing coagulation activation [49,50] and improving blood compatibility [51,52] or 

through protein-resistant surfaces [53]. In contact lenses (hydrogels), protein adsorption 

to the lens prevents the initiation of the foreign body response (Figure 1.1) [54], but also 

induces the risk of allergic reactions [55]. Hence, body’s own proteins can also be toxic      

by-products influencing cell viability and function e.g. in 3D organ/tissue printing [56]. 

Biocompatibility and osseointegration are two important properties of prosthetics and 

artificial joints. These favour protein adsorption, but could also facilitate unfavourable 

interactions with bacteria etc. that could lead to apoptosis or biofilm formation, and thus, 

infections [57]. Here, the understanding of protein adsorption is essential to produce 

blood-compatible surfaces [58] on the one hand,  but prevent inflammatory response of 

the body [59] on the other. UV-light treatment of dental implants is one method to destroy 

formed biofilms on the surface, while improving albumin adsorption and osteoblast 

attachment. It was found that specific surface properties can tune and control protein 

adsorption. A hydrophilic surface is better for the hemocompatibility [60,61]. Negatively 

charged surface sites induce protein adsorption and platelets adhesion [60,62], as well as, 

activate other blood plasma proteolytic systems such as leukocyte adhesion, blood 

coagulation, fibrinolysis, and thrombus formation [63–65]. In addition to surface 

properties, bulk properties can also stimulate adsorption. Ions present in the body fluids 

can mineralise on the surface of bioglass implants and stimulate osteoblast adhesion, 
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differentiation, and bone growth [66]. In hydrogels, protein patterning [67] allows the 

development of artificial cytoskeletal or extracellular matrix mimics, which can be 

regulated by the concentration of crosslinking proteins or divalent cations [68]. 

The above paragraphs illustrate how complex protein adsorption is and how it depends on 

numerous different parameters such as protein charge, polarity, protein shape, as well as 

temperature, ionic strength, and substrate properties. So far, protein adsorption to           

non-biological substrates is well investigated [1,42,69–75]. Yet not much research is 

conducted on the influence of multivalent ions on protein adsorption at the solid-liquid 

interface [76,77], which induce complex protein phase transitions (e.g. liquid-liquid phase 

separation (LLPS), re-entrant condensation (RC), crystallisation) [78–80], and thus, allow 

the tailoring of interactions in a controlled manner. The broadness and variety in the 

occurrence of protein adsorption, as well as the complexity, and diversity of its structure, 

demand the search for universal mechanisms on a molecular level, and thus, facilitate a 

potent research topic. Its relevance makes it always current.  

On these grounds, this dissertation focuses on understanding effects underlying the protein 

adsorption behaviour, its correlation with the bulk protein phase behaviour, as well as 

interactions dominating and parameters tuning protein adsorption such as temperature, 

(multivalent) salt, solvent, and surface properties. Fundamental differences in phase and 

adsorption behaviour are found depending on protein type, salt type, and substrate type, 

and thus, the driving force and underlying physical properties are understood, which guide 

protein adsorption and bulk phase behaviour, thus enabling the control, prediction and 

manipulation of protein adsorption and adsorption phenomena. In Chapter 2, intra- and 

intermolecular interactions are introduced that contribute to protein adsorption such as 

protein-protein, protein-salt and protein-interface interactions, which are defined by the 

properties of the proteins and interface, as well as external parameters such as salt 

concentration and temperature. This chapter serves as a background on the topic of protein 

adsorption and outlines past research. The above mentioned examples highlight two 

globular proteins, bovine serum albumin (BSA) [81] and β-lactoglobulin (BLG) [82], 

which are the most abundant proteins in blood and in milk, respectively, and the main 

proteins used in this dissertation. In Chapter 3, these proteins, as well as the salts and 

substrates used are described and their preparation explained. Complementary methods 

such as ellipsometry, quartz-crystal microbalance with dissipation monitoring (QCM-D), 

neutron reflectivity (NR), ultraviolet-visible spectroscopy (UV-Vis), and infrared 

spectroscopy (ATR-FTIR) are used to determine the thickness, density, viscosity, 

hydration, and structure of the adsorbed protein layer, which are explained in Chapter 4 in 

combination with further experimental methods. These chapters sum up and highlight the 

fundamentals needed to understand the results presented in Chapters 5 to Chapter 9 of this 

dissertation. The result sections are divided by topic and focus on different aspect and 

properties, which guide and define protein adsorption. 

In the first result chapter, the correlation between bulk and adsorption behaviour is 

established, which is supported by a theoretical patchy particle model (Chapter 5).                  
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In the second part, bulk-instability-induced wetting transition is theoretically and 

experimentally explained (Chapter 6). In the third part, anion- and cation-induced BSA 

bulk and adsorption behaviour are established (Chapter 7). In the fourth part, the role of 

anions and isotopes on BLG bulk and interface behaviour is investigated (Chapter 8). In 

the last result chapter, different surface properties generated by metal coatings, self-

assembled monolayer (SAM) coatings, and electrochemical manipulation of the substrate 

are tested and their effect on protein adsorption (Chapter 9). Chapter 10 provides a 

comparison between BSA and BLG, which summarises essential differences and 

similarities between the two proteins and the main findings of this dissertation. In Chapter 

11, an outlook is given discussing open questions and their implications for future research.  
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2 BACKGROUND 
In this chapter, the fundamentals, theories, and concepts related to protein adsorption are 

introduced. The determination of the adsorption properties of a protein on a substrate is 

only possible if the interaction of the components of the systems are known (Figure 2.1). 

Subsequently, the chapter is organised according to interaction groups such as               

protein-protein, protein-salt, and protein-interface interactions. Hence, intra-, and 

intermolecular interactions of proteins have to be considered, as well as their interactions 

with the solvent and substrate. Natural occurring forces in and between proteins and their 

environment (i.e. hydrogen bonds, van der Waals, hydrophobic and electrostatic 

interactions) are explained, as well as the artificial manipulation of these forces through 

variations in internal (i.e. within the system) and external parameters such as pH, pressure, 

temperature, or salt (Figure 2.1). In the last section, theoretical descriptions of proteins and 

protein adsorption are introduced based on these concepts. 

 

Figure 2.1:Protein adsorption depends on numerous interaction forces introduced by the different 
components. The setup with the least components consists of one type of protein in a solvent adsorbing onto 
an interface. These three components induce different interactions within a system and depend on external 
parameters e.g. salt, pH, pressure, and temperature. 
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 INTRAMOLECULAR INTERACTIONS IN PROTEINS 

Interactions in and between molecules can be organised in different groups, i.e., 

attractive/repulsive, or intramolecular/intermolecular forces. Here, the structure and 

interaction forces within a protein are discussed leading to its spatial structure. 

Proteins have a highly complex structure, which can be rationalised in four complexity 

levels: the primary structure, the secondary structure, the tertiary structure, and the 

quaternary structure [83]. The primary structure is the sequence of amino acids connected 

through peptide bonds (i.e. covalent bonds). Covalent bonds describe intramolecular forces 

(within the molecule) meaning amino acids are chemically bond and share an electron pair 

[84].  

The secondary structure is constructed by hydrogen bonds, which can lead to α-helix and 

β-sheet formations of the amino acid sequence (Figure 2.2).  Hydrogen bonds are formed 

between a hydrogen and an electronegative atom such as oxygen, sulphur or nitrogen. 

These hydrogen bonds can either be within one protein (intramolecular interactions or also 

interact with the solvent e.g. water and thus induce solvent-protein interactions (Figure 

2.2). Hydrogen bonds in general are found to increase thermal stability within proteins 

[85].  

The tertiary structure leads to the spatial form of the protein with different types of 

contributing forces. These forces are disulphide bonds, which are a form of covalent bonds 

and link sulfhydryl groups (-SH) (Figure 2.2). Another attractive force is hydrophobic 

interactions experienced by non-polar atoms/groups, which do not mix well with water 

[86]. Thus, they form hydrophobic patches within the protein to exclude water also known 

as ‘burying’ of non-polar groups (Figure 2.2).  

 

Figure 2.2: Molecular forces leading to the 3D structure of protein with hydrogen bonds forming the 
secondary structure and disulphide bonds, hydrophobic interactions, and electrostatic (salt bridges) 
interactions contributing to the tertiary structure. From Ref. [87]. 
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Without hydrophobic interactions counterbalancing the hydrophilic interactions within 

the protein and its solvent, the protein would unfold. Thus, a combination of hydrogen and 

hydrophobic interactions is needed for a stable, globular protein structure [88]. In the 

presence of charges, Coulomb interactions, also known as electrostatic forces, are induced 

as an attractive force between two oppositely charged atoms/ions illustrated as a salt bridge 

in Figure 2.2 [89]. Those can also be repulsive if the amino acid residues carry the same 

charge.  

Forces, which are not depict in the sketch, but also contribute to the tertiary protein 

structure are e.g. van der Waals (vdW) interactions. The vdW forces define the interactions 

between dipoles. One type of vdW force is dispersion, which describes the attractive force 

between two molecules due to temporarily induced dipole moments through fluctuating 

charge distributions [90]. Dispersion forces are found to enhance the thermal stability of 

helical structures within a protein [91]. Other types of vdW interactions are Keesom force 

between dipole and dipole and Debye interactions between dipole and induced dipole [92]. 

The closest distance between overlapping non-binding amino acid branches is defined by 

steric repulsion, which describes a repulsive force between overlapping electron clouds. 

The driving force behind all other interaction forces could be argued to be entropic 

interactions [93]. All molecules try to increase their entropy since this is energetically 

favoured and maximises their accessible configurations. Side-chain entropy in native 

proteins is found to increase thermostability [94], but also account for the distribution of 

side chains on the protein surface and rationalise α-helix propensities [95], while 

conformational entropy regulates protein binding activity [96].  

Table 2.1: Typical noncovalent interactions and their energy dependence on distance. There are different 
types of van der Waals interactions: dipole-induced dipole (Debye force), dipole-dipole (Keesom force), two 
induced dipoles (dispersion). r: distance of interactions. From Ref. [97]. 
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If a protein consists of multiple subunits, which is not applicable to all proteins, its spatial 

arrangement is described by the quaternary structure and depends on the above-

mentioned interactions, e.g. hydrogen bonds, vdW and electrostatic interactions [90]. A 

prominent example is haemoglobin. 

All these different interactions have different ranges (Table 2.1) and strengths with the 

weakest being steric repulsion and Debye interactions (2-10 kJ/mol). Thus, their 

contributions to the overall protein structure are not as strong and compete with e.g. 

hydrogen bonds (10-40 kJ/mol). Electrostatic interactions (400-4000 kJ/mol) are 

stronger than most covalent bonds (150-1100 kJ/mol) [89], hence have a crucial influence 

not only on the protein structure itself, but also on its interactions with other molecules. 

Consequently, the role of electrostatic interactions must be understood and is one focus of 

this dissertation. Through the use of multivalent ions, additional electrostatic interactions 

are induced to the systems investigated, which are further discussed in Chapter 2.3. 

 PROTEIN-PROTEIN INTERACTIONS 

After introducing the relevant intramolecular interactions, the next complexity level is 

intermolecular interactions. Intermolecular interactions incorporate protein-solvent, 

protein-protein, protein-substrate interactions. In this section, the focus is on possible 

protein-protein interactions and their phase behaviour. 

 DLVO Theory 

Considering all interactions within a protein that lead to its final globular structure, the 

solvent-exposed groups can be charged/uncharged, polar/non-polar, and 

hydrophilic/hydrophobic. 

Depending on the protein surface and its dominant interactions, it interacts differently with 

other proteins in solution. The interaction potential V(Dpp) between two (charged) proteins 

can be described with the DLVO (Derjaguin-Landau-Verwey-Overbeek) theory              

(Figure 2.3) [98,99]. The classical DLVO theory only considers attractive vdW and 

repulsive electrostatic interactions between two charged particles and how these result in 

a net repulsive or attractive force depending on the protein-protein distance Dpp                  

(Figure 2.3). This leads to either a fast approach or separation of the two proteins meaning 

the binding or repulsion of two molecules [86]. The DLVO theory can be used to estimate 

protein-protein interactions for appropriate systems, yet, it is important to bear in mind 

that the theory fails to account for further underlying competing interactions, such as 

hydrophobic, steric repulsion, entropic repulsion or depletion interactions and short-range,              

protein-specific processes e.g. lock-and-key, ligand-receptor mechanisms between 

proteins (Figure 2.3). 

A parameter for the strength of the overall protein-protein interactions is the (osmotic) 

reduced second virial coefficient B2/B2HS [100–103] obtained via small-angle X-ray 

scattering (SAXS) measurements (for more information see Chapter 4.3). 
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Figure 2.3: DLVO theory describing the interaction potential (dashed line) between two macromolecules 
with complex, interfering repulsive electrostatic and attractive vdW interactions (solid lines). Other 
contributing forces (dotted lines) such as depletion, hydrophobic interactions are also depicted in the plot, 
which are not considered in the DLVO theory. ES: electrostatic interactions. Oscil.: Oscillation based on 
solvation forces. Modified from Ref. [86].  

 Phase Diagram 

Proteins give rise to a phase diagram, in which only two stable phases exist, i.e. gas and 

crystal, since short-range attractions dominate in the temperature-protein concentration 

plane (Figure 2.4) [104]. The phase diagram consists of four prominent phase boundaries: 

the solidus line, the solubility line, the liquid-liquid coexistence line (binodal), and the glass 

line [105]. The solidus and solubility lines define the temperature and protein 

concentration, above which only a solid crystal or gas phase occurs. In between these lines, 

a gas-crystal phase exists. The gas-crystal spinodal, in turn, confines a metastable region 

up to the solubility line, in which decomposition sets in for a coexistence of crystal and gas 

phase. Below the critical point, the total free energy of the system is minimised, if the 

system separates into two phases [106]. This leads to metastable liquid-liquid phase 

separation into a dilute and dense protein phase. The liquid-liquid binodal defines the area, 

below which phase separation is thermodynamically favourable and the system goes from 

a one-phase state to a two-phase state (Figure 2.4). Phase separation can occur in two ways 

either by nucleation or by spinodal decomposition. For nucleation (between the binodal 

and spinodal), the system needs an increase in free energy, which is not needed for spinodal 
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decomposition (below the spinodal) [106,107]. At sufficiently high volume fractions, a 

glass line may impose a slow-down of mobility, and thus creates an arrested state of the 

dense phase interrupting LLPS formation, which is described in literature as arrested 

spinodal decomposition [108–111]. In a more general approach, the phase diagram could 

also be expressed in terms of the second virial coefficient B2 instead of temperature [101]. 

This phase diagram helps to understand the formation of protein aggregation, gels, and 

especially protein crystallisation. The presence of LLPS promotes a two-step nucleation 

pathway. Through the formation of small dense droplets, the formation of nuclei is 

supported [112,113]. In addition, the formation of the dense droplets can accelerate 

crystallisation due to the reduction of the free energy barrier near the critical point and 

below [114,115]. This two-step crystallisation deviates from the classical nucleation theory 

(CNT) through the formation of an intermediate phase before crystallisation [116,117]. 

For more information on the fundamentals of protein crystallisation see Refs. 

[113,118,119]. 

 

Figure 2.4: Protein phase diagram of the temperature plotted against the protein concentration. Due to 
dominating short-range attractive forces, only the crystal and gas phase are stable defined by the solidus 
and solubility line. Below the liquid-liquid binodal, the system forms two metastable liquid phases either by 
nucleation or spinodal decomposition. The phase separation pathway depends on its position between the 
binodal and spinodal or below the liquid-liquid spinodal, which can promote protein crystallisation. Below 
the glass line, the dense phase forms an arrested state. Modified from Ref. [120]. 
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 PROTEIN-SALT INTERACTIONS 

The protein-protein interactions established in the chapter above can be manipulated 

through e.g. the addition of salt. This is a precise tool to control and guide the dominant 

interactions in the protein system. According to the DLVO theory, the interaction potential 

between two charged proteins becomes more attractive by increasing the salt concentration 

in solution (from curve 1 to 5) in Figure 2.5 [121]. Thus, the DLVO theory can be used and 

is successfully applied to predict pH and ionic strength trends of protein-protein 

interactions [102,122,123]. Nevertheless, the DLVO theory has its limitations. One major 

drawback is its use of the Poisson-Boltzmann theory, which simplifies salt ions to point 

charges and consequently, does not account for ion-ion interactions, non-electrostatic 

interactions (e.g. hydrophobic interactions), properties of the salt type used (e.g. valency), 

or inhomogeneity of charge distribution [123–125]. 

 

Figure 2.5: DLVO theory. Through the increasing addition of salt (1-5), the net interaction potential 
experienced between two proteins changes dramatically. Modified from Ref. [121]. 

 Hofmeister Series 

Besides the DLVO theory, other theories and series are established describing ion-specific 

effects on globular proteins. The Hofmeister series, for example, is an empirical series 

ranking cations and anions according to their ability to ‘salt-out’ and ‘salt-in’ proteins 

(Figure 2.6) [126]. ‘Salting-out’ describes the formation of aggregates due to the addition 

of salt, which increases the protein stability, and surface tension of the protein, while 

decreasing the risk of denaturation (for denaturation see Chapter 2.6.1). ‘Salting-in’ 

describes the opposite ion-induced effect of solubilised proteins with decreased protein 

stability and increased risk of denaturation [127]. For the past century, numerous 

publications have looked into the behaviour of ions and proteins in relation to the 

Hofmeister series, yet not all agree on the same order of ions [128–136].      
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In Figure 2.6, the colour bars around some ions indicate the variations in ranking positions 

in different publications. Specific protein properties, protein/salt concentrations, or pH are 

found to invert the direct Hofmeister series partially or completely, known as the partially 

altered and reverse Hofmeister series for anions and cations (Figure 2.7) [137,138]. With 

these determining factors, the behaviour of ions with proteins can be well predicted and 

subsequently their phase behaviour. 

 Lyotropic Series 

Another series, which sometimes can be used interchangeably with the Hofmeister series 

[139,140], but not exclusively is the lyotropic series [102,132,141]. The lyotropic series 

ranks ions according to their interactions with water (solvent-protein interactions)   

(Figure 2.6). Here, the terms kosmotropic and chaotropic are established. Kosmotropes are 

strongly hydrated ions with a structured water layer, thus are ‘structure-markers’ [86].  

 

Figure 2.6: Hofmeister and lyotropic series. According to the Hofmeister series, ions can be ordered by their 
ability to ‘salting-out’ globular proteins. The lyotropic series organises cations and anions according to their 
interaction with water (kosmotropic/chaotropic). The colour bars around some anions or cations indicate 
an uncertainty about the accurate ranking position due to contradictory literature, as well as the grey-
coloured haloacetates (anions) illustrate uncertainties of positioning compared to the traditional anions.  
From Ref. [132]. 
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Figure 2.7: Depending on the surface hydrophobicity, surface charge and pH, the cation, and anion 
behaviour deviates from the classical direct Hofmeister series. From Ref. [137]. 

In comparison to chaotropes, these ions are ‘structure-breakers’ and are defined by their 

weak hydration and structureless water layer. In Figure 2.6, the similarities and differences 

in the order of cations and anions between the Hofmeister und lyotropic series are 

visualised. Consequently, different ion-specific effects arise in protein solutions depending 

on the salts added leading to the manipulation of the phase behaviour. 

 Salt-Induced Protein Phase Behaviour 

Some proteins, such as the proteins investigated (BSA and BLG), do not show any complex 

phase behaviour unless salts are added. Through the addition of monovalent salt, gel 

formation and aggregation of BLG can be promoted and be modulated with changes in 

temperature and pH [142]. At high ionic strength, the aggregation process can lead to 

sedimentation through phase separation [143]. The aggregation is increased with divalent 

salts compared to monovalent salt [3,144], which is also reflected in the strength of the gel. 

Both salts (monovalent and divalent) induce gelation by non-specific charge screening 

effects, but divalent salts (here: calcium) also contribute to gel formation by a specific   

cross-linking (ion bridging) effect [5,145]. This ion bridging effect occurs only, if the 

attractive interactions between ion and protein are sufficiently strong, which is not the case 

for monovalent salts. 

Ion bridging enhances cluster formation, and thus promotes protein crystallisation [146], 

which is found for BLG with divalent salts (CdCl2 [147] and ZnCl2 [78]), as well as trivalent 

salts (YCl3) [148]. Another special phase feature found only for higher valent salts,                

i.e. trivalent salt such as YCl3, LaCl3, HoCl3, CeCl3, La(NO3)3, FeCl3, and AlCl3, is called          

re-entrant condensation (RC) [79,80,149–152]. Re-entrant condensation is induced at 

high salt concentrations by charge inversion of the protein due to ion binding and bridging 

and a subsequent non-monotonous reduction in attractive protein-protein interactions 

[79,150,153]. This illustrates not only how multivalent salts can induce a rich and complex 

protein phase behaviour by changing the electrostatic protein and solvent interactions 

leading to RC, LLPS, and protein crystallisation, but also how the knowledge about these 

mechanisms can help to control and guide protein phase behaviours and correlated 

phenomena. In this context, specific isotope-, anion-, and cation-dependent effects are 

found [152,154,155].  
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More information on the bulk phase behaviour and influencing parameters are found in 

the respective result chapters. A detailed review about effects of multivalent ions on 

biomolecules can be found in Ref. [156].  

 SOLVENT-SURFACE INTERACTIONS 

By introducing an interface to a solution, two scenarios can occur: wetting and spreading. 

Those depend on the surface tension and surface energy of the respective substrate and 

solvent used. In solids, the surface free energy G is defined by the work spent in forming a 

unit area of a solid surface [157]. They can be divided into two major groups: high-energy 

(G = 200–5000 mJ/m2) and low-energy surfaces (G = 10–50 mJ/m2) [158]. In high 

energy surfaces, usually strong chemical bonds stabilise the substrate and the substrate is 

hydrophilic e.g. silicon dioxide with G = 287 mJ/m2 [159]. In low energy surfaces, 

however, van der Waals interactions stabilise the structure [157] and the substrates are 

hydrophobic e.g. OTS-coated substrate with G = 19.8 mJ/m2 [160]. Thus, typically van 

der Waals and hydrogen interactions guide and induce different intermolecular interaction 

depending on the substrate properties [161]. 

In liquids, the surface free energy results from the work that is be needed to bring the 

molecules from the bulk phase to its surface to form a new surface with a solid material. 

Liquids tend to minimise their number of interface molecules to decrease the surface energy 

[157]. When a solution droplet is placed on a solid substrate, three wetting states are 

possible: complete wetting, partial wetting, and complete de-wetting/dryness (Figure 2.8) 

[162]. These different states can be expressed in terms of the spreading parameter S 

(Equation 2.1). Note that the surface free energies G  are equivalent to the interfacial surface 

tensions between the three components (G =γ), if the surface is flat [158]. 

𝑆 = 𝛾SV − (𝛾SL + 𝛾)                                                    (2.1) 

 

Figure 2.8: Three possible wetting states. (A) Partial wetting for S < 0. The droplet has a contact angle θY 
with the substrate. (B) Complete wetting for S > 0. (C) Complete de-wetting for S = -2γ. Modified from Ref. 
[157].  
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𝛾SV describes the surface tension between the solid and air, 𝛾SL is the surface tension 

between the solid and liquid and 𝛾 is the surface tension between the liquid and air. If the 

liquid spreads on an interface (S > 0), it reduces its surface energy. However, if the 

difference between surface energies between the liquid and substrate is too wide, it does 

not spread since this is not energetically favoured. Hexane (G = 18.4 mJ/m2) [159], for 

example, is a good solvent for trichloro(octadecyl)silane (OTS) (G = 19.8 mJ/m2) [160] 

since their surface energies are similar to each other leading to mixing and complete 

wetting on an OTS-coated silicon wafer. In the case of partial wetting (S < 0), the droplet 

forms a specific contact angle θY with the interface, which facilitates the determination of 

material-specific surface tensions via contact angle measurements (explained in Chapter 

4.11), and thus, can proof e.g. the success of a coating procedure.  

Additionally, desired solvent-surface interactions can be achieved through surface 

modifications, which can be permanent through e.g. coatings, and functionalisation 

[46,58,163,164] or temporary through e.g. plasma treatment inducing hydrophilicity 

[165]. The surface modifications applied in this dissertation are explained in Chapter 3.3.2. 

Further surface properties, i.e. surface roughness, surface heterogeneity, and surface 

morphology, influence the wetting behaviour and increase the complexity of the interaction 

properties. Detailed information on this topic can be found in Refs. [157,162]. Note that 

the term wetting has two definitions in this dissertation. In the context of contact angle 

measurements and surface free energies, it describes the ability of a liquid to maintain 

contact with a solid substrate [157], whereas wetting discussed in the context of protein 

adsorption (Chapter 6) defines an excess surface adsorption of an adsorbate (e.g. proteins) 

due to long-range interactions [166]. 

 PROTEIN-SURFACE INTERACTIONS 

All of the above introduced bulk interactions are relevant in the context of protein-surface 

interactions illustrating the numerous parameters influencing protein adsorption. On the 

one hand, intramolecular interactions control the shape and state (i.e. folded/unfolded) of 

the proteins and intermolecular interactions lead to a specific protein phase behaviour. On 

the other hand, depending on the substrate properties, different protein-surface 

interactions can occur and determine whether the proteins adsorb to the surface (dominant 

attractive interactions) or not (dominant repulsive interactions). In the following 

paragraph, some examples are given on how certain surface properties influence protein 

adsorption. For further information see Refs. [1,42,69–73,167].  

Surface modifications showed that when wetting is decreased (i.e. surface becomes more 

hydrophobic) through e.g. SAM coatings, protein adsorption increases for BSA and 

decreases for collagen [168,169], which is due to the strong hydrophobic nature of BSA 

compared to collagen. Plasma treatment of the substrate increases wettability temporarily 

and increases protein adsorption of plasma proteins, but reduces blood platelet adhesion 

[170].  
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Furthermore, the surface charge is found to change the adsorption behaviour. In blood 

coagulation, negatively charged surface charges activate the plasmatic coagulation system 

starting with the adsorption of BSA, whereas positively charged surfaces stimulate blood 

platelet adhesion and activation [171]. Most proteins are net negatively charged at neutral 

pH. A negatively charged interface can induce electrostatic repulsion of proteins from the 

interface creating a steric barrier [172–174]. This illustrates the interplay of protein and 

interface properties [175] leading to surface-protein interactions. 

Protein adsorption is a dynamic process with a multitude of interfering interactions. 

Depending on the surface tension and the strength of dominant interactions, the protein 

can partially or completely unfold (i.e. denature) and/or adsorb in a different orientation 

(Figure 2.9) [176,177]. The tendency of a protein to unfold or undergo conformational 

changes upon adsorption also depends on its thermodynamic stability and can be 

organised into three groups: ‘hard’ proteins with a high thermodynamic stability                

(e.g. lysozyme), ‘soft’ proteins with low thermodynamic stability (e.g. BSA) and a ‘middle’ 

group with intermediate stability (e.g. BLG) [72,178]. Upon adsorption, proteins induce 

lateral interactions, which can enhance adsorption or desorption and lead to a dense or 

loose packing (Figure 2.9) [1]. In a protein mixture, the Vroman effect describes a 

competitive dynamic process, in which first the proteins with the highest mobility adsorb 

and later being replaced by slower proteins with higher affinity, also known as 

overshooting adsorption (Figure 2.9)  [43,73,179]. In overshooting adsorption, partial 

desorption of the adsorbed proteins leads to unique features in the adsorption kinetics 

(growth curve) [1]. The dynamic adsorption process can be described via kinetic models, 

which are based on mathematical approaches to protein adsorption and are further 

discussed in Chapter 2.7. 

 

Figure 2.9: Different surface-induced effects occur in protein adsorption from orientation changes, to 
conformation changes, to cooperative adsorption, aggregation, and overshooting adsorption leading to 
desorption. Cooperative adsorption describes the pre-adsorption of one protein, which promotes the 
adsorption of another protein. These effects influence and change the adsorption kinetics and protein layer 
resulting. Modified from Ref. [180]. 
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 EXTERNAL PARAMETERS 

Protein adsorption and bulk behaviour also depend on external parameters such as salt, 

temperature, pH, pressure, and composition. The manipulation through salt/ionic strength 

is thoroughly discussed in Chapter 2.3. Here, the focus is on other parameters and general 

effects associated with them. 

 Temperature 

The protein phase behaviours investigated in this dissertation are highly temperature 

sensitive meaning their bulk phase behaviour shifts and changes with temperature [181]. 

Two types of temperature-dependent mechanism can lead to the formation of LLPS. Either 

LLPS forms below a critical solution temperature defined as the upper critical solution 

temperature (UCST) [182] (illustrated in Figure 2.4) or above a critical temperature known 

as the lower critical solution temperature (LSCT) resulting in an inverted LLPS binodal 

[155]. UCST-LLPS is guided by the framework of entropy and enthalpy of                

mixing/de-mixing with a positive value of the enthalpy of mixing, whereas the LCST-LLPS 

is thermodynamically driven resulting in a gain in entropy caused by the release of bound 

water molecules and a negative enthalpy of mixing [183]. The investigated proteins show 

a dependence on salt concentration and temperature (LCST-LLPS or UCST-LLPS)  

[155,183]. 

 

Figure 2.10: Protein folding (blue arrows) and denaturation (green arrow). The energy landscape 
illustrates the dependence of the protein confirmation on the free energy. In protein folding, the aim is to 
reach the global minimum in free energy since the native structure is thermodynamically stable at this point. 
In denaturation, the protein starts with an intact native structure and unfolds in multiple intermediates, 
called molten globule states, leading to the complete unfolding of the protein. Modified from Ref. [184]. 
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The temperature range is limited by thermal denaturation. The denaturation temperature 

of proteins defines their melting point. The melting point of BSA is at 65 °C [153] and for 

BLG at 78 °C [185,186]. Denaturation occurs in two-steps for proteins existing as dimers 

(e.g. BLG), first, the dissociation of dimers leading to conformation changes in the protein 

from native to molten globule structure and in the next step to the loss of secondary 

structures, thus complete unfolding (Figure 2.10) [185,187]. The definition of 

denaturation is: ‘simply a major change from the original native structure, without 

alteration of the amino acid sequence, i.e., without severance of any of the primary chemical 

bonds which join one amino acid to another’ [188]. Thus, denaturation [178] can not only 

be caused by heat, but also through pH changes (Chapter 2.6.2) [188], pressure changes 

[189] or adsorption on an interface (i.e. unfolding of soft proteins) [190]. 

At the interface, temperature changes lead to adsorption or desorption of proteins, as well 

as denaturation at high temperatures [153,191], which correlates with changes in entropy 

and kinetics. 

 pH 

Depending on the pH in solution, proteins carry different charges. The isoelectric point (pI) 

defines the pH of neutral net charge of a protein (Table 3.1). Below the pI, proteins are 

positively charged and above negatively charged [192]. Besides the net charge of the 

protein, the pH also determines the protein structure/conformation. For example, BSA 

exists in four forms: basic form (B) above pH 9, normal form (N) from pH 9 to 4.5, fast 

form (F) from pH 4.0 to 3.5, and extended form (E) from pH < 3.5 (Figure 2.11) [81,193]. 

Consequently, the pH also correlates with the stability of the globular protein structure. 

The E form can be assumed to be denatured and not functional (Figure 2.10). 

In bulk, pH values far from the pI promote gel formation and, close to the pI, phase 

separation [143]. Protein adsorption of most proteins, for instance bovine serum albumin  

and whey proteins, is diminished when the pH deviates from the pI due to increasing 

repulsive protein-protein interactions [75,194,195]. Additionally, changes in the pH can 

lead to different orientation of the protein on the interface [196]. 

 

Figure 2.11: Three of the pH-dependent BSA conformations. In most systems, BSA has its normal (N) form, 
but below its pI changes its shape to the fast (F) form. The extended (E) form can be argued to be not 
functional anymore. From Ref. [197]. 
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 Pressure  

The atmospheric pressure on earth is 1 bar. With a high pressure cell, values up to 2500 

bar can be achieved [198]. An increase in pressure is found to induce enhanced adsorption 

for lysozyme, which becomes a ‘soft’ protein under these conditions [198,199], yet it also 

increases the risk of denaturation [200–202]. 

 Composition 

Besides salt, also other molecules can be added to modify the bulk interactions. One option 

is the addition of polymers. Due to the addition of a non-adsorbing polymer such as 

polyethylene glycol (PEG), tuneable depletion interactions can be introduced to induce 

LLPS formation and/or crystallisation, and thus, can be used to modulate the attractive 

intermolecular interactions [182,203]. 

 THEORETICAL DESCRIPTIONS OF PROTEINS AND PROTEIN 

ADSORPTION 

Theoretical descriptions, including modelling and simulations, can help to describe and 

investigate phenomena not feasible in experiments, e.g. via molecular dynamic 

simulations, or provide the supporting model explaining the driving force behind protein 

adsorption and bulk behaviour, e.g. patchy model for proteins. 

 

Figure 2.12: Depending on theoretical model, the application range allows the investigation of different 
phenomena at different time and length scales. From Ref. [204]. 

While the above-mentioned, empirical series and forces portrait all existing interactions 

within the system investigated, theoretical models and simulations are needed for the 

description of the dominating interactions underlying certain assumptions and 

simplifications.  



 
2.7 Theoretical Descriptions of Proteins and Protein Adsorption   

32 
 

These simplifications can be expressed amongst others with different resolution ranges 

from quantum to mesoscale (Figure 2.12). In the following paragraphs, some theoretical 

descriptions are introduced, which are relevant in this dissertation.  

 

Figure 2.13: Overview of different kinetic models describing protein adsorption on a solid interface. On the 
left side, the name of the model and a brief description are written. In the middle, a sketch illustrates the 
binding mechanism. On the right side, the underlying real-time adsorption growth curve are plotted. Here, 
the dashed lines illustrate the curve change if desorption occurs in the system. From Ref. [1]. 
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Proteins are often described with coarse-grained models to investigate protein dynamics 

and interactions [204]. The protein phase behaviour can be described with a patchy particle 

model for some globular proteins [205–207]. It hereby simplifies proteins to hard spheres 

with attractive patches to account for the protein-protein interactions [208]. For globular 

protein with trivalent salt, the ion-activated attractive patchy particle model was 

established by Roosen-Runge et al. [209] describing the complex phase behaviour. The 

dominant intermolecular interactions are hereby electrostatic, other interactions may 

slightly influence the phase behaviour, but can be neglected. This model is the basis for the 

theoretical description of the protein adsorption trends founds and more information is 

provided in the corresponding result sections (Chapter 5 & 6). 

Protein adsorption can be described via kinetic models to account for the adsorption 

growth curve [1] (Figure 2.13) or via the density functional theory (DFT), which defines 

the protein density profile on the interface protruding into the bulk solution [210]. The 

most well-known adsorption model is the Langmuir model describing the adsorption of a 

monolayer via a desorption and adsorption rate [211]. This is the starting point for most, 

more complex, kinetic models, which consider cooperative adsorption, overshooting 

adsorption, aggregation or conformational changes (Figure 2.13) [153,212–215]. The 

DFT allows the investigation of inhomogeneous density distribution such as 

intermolecular interactions at the liquid-vapor interface or spinodal decomposition 

[216,217]. In this dissertation, DFT is applied to obtain the density profile of adsorbed 

proteins to an attractive wall (for more information see Chapter 5 & 6). 

Computational approaches [218] to simulate larger systems and all-atom systems include 

molecular dynamics (MD) simulations and Monte Carlo (MC) simulations. MC 

simulations can be used to investigate systems with certain probability distributions such 

as intermolecular (i.e. ion-protein, protein-protein) interactions [219] and protein 

denaturation on interfaces [220]. MD simulations allow the investigation of dynamic 

processes in the nanosecond time range [221] such as protein aggregation and unfolding 

[222], as well as protein adsorption (Figure 2.14) [223–225]. 

 

Figure 2.14: Molecular dynamic simulations of an adsorbed BSA molecule on a hydrophobic interface. MD 
simulations provide information on an atomic level. From Ref. [226]. 
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3 MATERIALS 
In this chapter, the materials used in this dissertation are introduced and their fundamental 

properties and function explained and compared within one material class. The emphasis 

is on the different types of proteins, salts, substrates, and coatings utilised, as well as the 

sample and substrate preparation. 

 GLOBULAR PROTEINS 

Depending on their structure and function, proteins can be divided into four groups: 

fibrous, globular, disordered, and membrane proteins [227,228]. Globular proteins define 

spherical, water-soluble proteins and can be divided into four structural classes, namely 

all-α, all-β, α+β and α/β, depending on their secondary structure [229]. In this dissertation, 

the focus is on BSA and BLG. They belong, respectively, to the group of all-α and all-β 

proteins (Figure 3.1) [230], thus, provide information on proteins of the opposite structure 

spectrum.  

 Bovine Serum Albumin (BSA) 

Bovine serum albumin (BSA) is the most abundant blood protein in the circulatory system. 

It contributes to the regulation of the blood pressure, blood pH [231], and the circulation 

of plasma, as well as functions as an carrier for fatty acids and ligands [81]. BSA is net 

negatively charged at pH 7 (Figure 3.1 (A) & (C)) and consists of 583 amino acids. It is 

obtained from Sigma Aldrich/Merck (Germany) in form of a lyophilised powder                  

(No. A7906) with a purity of ≥ 98 % and produced with heat shock fractionation. More 

properties are listed in Table 3.1. 

 

Figure 3.1: Globular structure of BSA (PDB ID: 3V03) and BLG (PDB ID: 1BEB). In (A) and (B), the 
secondary structure of BSA [232] and BLG [233] are illustrated, and in (C) and (D), their surface charge 
distributions induced by the amino acid residues (red: negatively charged, blue: positively charged,               
grey: non-polar) [234,235]. 
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Table 3.1: Relevant properties of BSA and BLG are listed below. The information is obtained from the 
following Refs. [195,235–245].  

 Beta-Lactoglobulin (BLG)  

Beta-lactoglobulin (BLG) is the dominant whey protein in milk [82]. It contributes to the 

transport of hydrophobic ligands such as vitamin D and cholesterol [233,246,247]. BLG is 

net negatively charged at pH 7 (Figure 3.1 (B) & (D)) and consists of 162 amino acids. It 

is obtained from Sigma Aldrich/Merck (Germany) in form of a lyophilised powder              

(No. L3908) with a purity of ≥ 90 % via chromatography. More properties are listed in 

Table 3.1.  

All protein stock solutions are prepared with degassed Milli-Q water at 20 °C and need two 

days for complete dissolution of the protein powder, followed by the determination of the 

final protein concentration (cp) with UV-Vis absorbance measurements (see Chapter 4.4). 

The Milli-Q water has a total organic carbon value of 1.7 ppb or μg/l and a resistivity of 

18.2 MΩ*cm at 25 °C. Degassing via a vacuum pump removes dissolved gases within 

water e.g. oxygen, which can cause bubble formation on interface and disrupt 

measurements [248]. Another precaution is to seal the solution with Parafilm to slow down 

the dissolution of gas. Due to the risk of bacteria and fungi growth [249], a stock solution 

is only used for up to three weeks, depending on the protein type, and is stored in the fridge. 

The working protein concentration is either 5, 20, or 50 mg/ml depending on the system 

investigated. 

Properties  BSA 
(MONOMER) 

BLG 
(DIMER) 

Molar mass Mw (kDa) 66.7 36.6 (18.3) 

Extinction coefficient 𝜀0.1 %
279 𝑛𝑚 (ml/(mg*cm)) 0.667 0.96 

Radius Rp (nm) (Monomer) 3.5 2.35 

Gibbs free energy of transfer from water (kcal\mol) -5.1 -1.7 

Anion binding index  ∑(NH+)/|∑(COO−) − ∑(OH)| 29 4.6 

Secondary structure (%) 
α-helices 
β-sheets 
 

 
66 
21 

 
15 
54 

Charge at pH 7 (e) -10 -10 

Isoelectric point pI (pH) 4.6 5.2 

LLPS LCST UCST 
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Table 3.2: Relevant ion properties taken from Refs. [250–257]. Note that nitrate (NO3
-) is included in this 

table for comparison reasons discussed in Chapter 7. 

Properties Y3+ La3+ Cl- NO3- I- 

Molar mass (10-3 kg/mol) 88.91 138.91 35.45 62.01 126.91 

Charge (e) 3 3 -1 -1 -1 

Effective radius (Å) 1.019 1.216 1.81 2.0 2.2 

Ionisation potential (kJ/mol) 3795 3474 - - - 

Electron affinity (kJ/mol) - - 349 378 295 

Refraction (10-6 m3/mol) 2.4 2.74 8.63 10.43 18.95 

Structural entropy (J/(K*mol)) - - 58 66 117 

Enthalpy aq. (kJ/mol) -723.4 -707.1 -167.2 -205 -55.19 

Gibbs energy aq. (kJ/mol) -693.8 -683.7 -131.2 -108.7 -51.57 

Volume aq. (cm3/mol) -57.3 -55.6 23.3 34.5 41.7 

Hydration number  12 10.3 2.0 2.0 1.6 

Softness -0.69 -0.75 -0.09 0.03 0.5 

Polarisability (Å3/atom) 22.7 31.1 2.18 - 4.7 

Electronegativity  1.11 1.04 2.82 - 2.27 

Water structure 0.77 0.78 -0.61 -0.68 -1.09 

Ionic aqueous surface tension 

(nm/(m*M)) 

- - 0.90 0.15 -0.05 

Heat capacity (J/(K*mol)) - - -237 -234 -288 

B-coefficient (dm3/mol) - 0.576 -0.007 -0.046 -0.068 

Number of ions bound to BSA1 at pH 5 - - 8 19 48 

1 The concentration of added anion was 0.1 mol/kg and the protein concentration 0.3 mM/l, which is 

equivalent to the protein concentration used of 20 mg/ml. 

 SALTS 

Salts are a natural component in the human body and food [258] and can change the 

charge distribution in systems, consequently, modify the interactions and possible 
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functions. All salts are purchased from Sigma Aldrich/Merck (Germany), namely, sodium 

chloride (NaCl) anhydrous beads with a purity of 99.99 % (product No. 450014),  yttrium 

chloride (YCl3) anhydrous powder with a purity of 99.99 % (product No. 451363), 

lanthanum chloride (LaCl3) anhydrous beads with a purity of ≥ 99.99 %                                 

(product No. 449830), yttrium iodide (YI3) anhydrous flakes with a purity of 99.9 % 

(product No. 413011), and lanthanum iodide (LaI3) anhydrous beads with a purity of          

99.9 % (product No. 413674). The different combinations of cation and anion types 

facilitated a detailed investigation on ion-specific effects, e.g. on proteins 

[126,137,259,260], which depend on their properties listed in Table 3.2. 

All salt stock solutions are prepared with degassed Milli-Q water with a final salt 

concentration (cs) of 100 mM or 200 mM. The stock solutions are sealed with Parafilm to 

slow down the dissolution of gas.   

 SUBSTRATES AND COATINGS 

 Silicon Dioxide (SiO2) 

SiO2 is a cornerstone component used in fixation of implants in the skeletal system/ bone 

replacement [261–263]. Its well-defined and characterised surface makes it a great model 

surface for solid-liquid protein adsorption investigations. SiO2 is negatively charged and 

hydrophilic, once submerged under water [264,265]. For ellipsometer measurements, 

standard p-doped (boron) Si wafer are used with an (111) orientation, a resistivity of             

1-10 Ω*cm, and a thickness of 475 nm ± 15 nm with a native oxide layer of roughly 1.7 

nm. Before use, the Si wafers are cleaned in the ultrasonic bath with acetone, isopropanol, 

and water for 5 min in each solution at 50 °C. Depending on the experimental method and 

type of substrate, slightly different cleaning procedures are applied ex situ and in situ. 

For QCM-D measurements, quartz sensors with SiO2 coating are purchased from Biolin 

Scientific (Sweden) (product No. QS-QSX303). Depending on ex-situ and in-situ cleaning, 

the cleaning procedures differed. Ex-situ cleaning is performed in an ultrasonic bath with 

acetone, isopropanol, and water for 5 min in each solution. The in-situ cleaning within the 

QCM-D flow cell allowed the re-use of the same samples and is done with 10 ml of 

Hellmanex (2 %), isopropanol, and water each pumped through the cell with a flow rate of 

0.5 ml/min. 

For ATR-FTIR measurements, a trapezoidal polished silicon crystal with a SiO2 layer is 

provided by ISIS (Rutherford Appleton Laboratory, UK). Depending on ex-situ and in-situ 

cleaning, the cleaning procedures differs. Ex-situ cleaning is performed in an ultrasonic 

bath with acetone, isopropanol, and water for 5 min in each solution followed by 15 min of 

ozone treatment (O3). Ozone is formed by UV-C rays of 184.9 nm wavelength, which are 

absorbed by oxygen, and gets rid of organic residues on surfaces by the reduction of organic 

contaminants into harmless H2O, CO2 and NOx [266–268]. The in-situ cleaning within the 

ATR flow cell allowed the re-use of the same sample and is done with 5 ml of Hellmanex 

(2 %), isopropanol, and water, each pushed through the cell with a syringe. 
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For NR measurements, silicon crystals (dimensions: 50 × 80 × 15 mm) with a polished 80 

× 50 mm face and a (111) orientation from Siltronix (France) are provided with a native 

oxide layer. The surface roughness (σ) is roughly 3 Å. The ex-situ cleaning started with a 

quick rinse with water followed by 15 min of ozone treatment. Afterwards, the blocks are 

cleaned in piranha acid (water: sulfuric acid: hydrogen peroxide; ratio 5:4:1) for 20 min at 

80 °C. Immediately before the solid-liquid cell assembly under water, the blocks are put in 

the ozone cleaner again for another 15 min to obtain a perfectly hydrophilic, dust-free 

surface. The in-situ cleaning within the NR flow cell allowed the re-use of the same sample.  

A syringe pump is used to push first 15 ml of Hellmanex (2 %) and then water through the 

cell. 

 Coatings 

A well-characterised and defined surface such as Si wafers can be the basis for surface 

modifications. Depending on the method applied, the specific Si samples described in 

Chapter 3.3.1 are coated with other materials changing their surface properties. One 

approach is the coating of solid (metal) materials through e.g. sputtering [269]. Another is 

the liquid deposition of self-assembled monolayers (SAMs) [270], which come in a big 

variety of chemical modifications/ functional groups and self-adsorb on an interface 

forming a monolayer. In the following sections, the surface modifications used in this 

dissertation are introduced and the preparation procedure is explained. 

 TiO2 (Anatase) 

Anatase is used in dental implants. It is known for its decomposition of organic material 

under UV light (photocatalysis) and UV-induced superhydrophilicity, thus improving 

osseointegration and the formation of a basal layer [165,271,272]. For these samples, the 

(crystalline) anatase coating are produced by tempering amorphous TiO2 at 450 °C for 3 h 

by Medentis medical GmbH (Bad Neuenahr-Ahrweiler, Germany) in collaboration with 

Prof. Geis-Gerstorfer (Universitätsklinikum Tübingen) [273,274]. Anatase has a (101) 

orientation and is roughly 500 μm thick. More information on its characterisation and 

properties can be found in Refs. [274–276]. Before use, the anatase-coated samples are 

cleaned in the ultrasonic bath with isopropanol and water for 5 min in each solution. After 

protein adsorption experiments, to allow re-use, an additional cleaning step in Hellmanex 

(2 %) is necessary prior to the general cleaning procedure to get rid of adsorbed organic 

material. 

 Gold (Au) 

Gold is a common substrate, yet by itself, it is hard to clean and to obtain a defined surface 

[277]. Thus, these substrates are used as the basis for thiol-coated surfaces described in 

Chapter 3.3.2.3. For QCM-D measurements, quartz sensors with Au coating are purchased 

from Biolin Scientific (Sweden) (product No. QS-QSX301). For NR measurements, the 

blocks described above (Chapter 3.3.1) are sputter-coated with gold in a Denton Discovery 

550 sputtering chamber at NIST centre for Nanoscience and Technology (USA) provided 

by ISIS (Rutherford Appleton Laboratory, UK).  



 
3.3 Substrates and Coatings   

40 
 

 Self-assembled Monolayers (SAMs) 

Self-assembled monolayers (SAMs) are ordered molecular assemblies of organic 

molecules, which are defined by a specific head and end group [270,278].                              

Through exposition of these molecules in solution to a solid interface, the self-assembly 

process and growth mechanism on substrate is initiated [279,280]. In Figure 3.2, the 

adsorption process illustrated is a simplification ignoring present solvent molecules and 

parallel occurring events. The SAM molecules start to distribute themselves randomly on 

the interface in a lying-down orientation (Figure 3.2 (A)) forming a complete lying-down 

monolayer (Figure 3.2 (B)). Over time, the number of molecules on the surface increases, 

and thus, the pair interactions between molecules increase as well [281]. The tails start to 

rise vertically allowing the formation of dense islands (Figure 3.2 (C)). In the last step, the 

molecules undergo conformational changes from a gauche to all-trans formation to form a 

densely packed, highly ordered monolayer (Figure 3.2 (D)) [279]. Depending on their 

composition, different surface materials are favoured for self-organisation and adsorption 

on an interface, e.g. gold or silicon [270,280,282]. The tails can be chemically modified 

depending on the desired properties of the coated substrate. The two specific molecules 

used for SAM formation in this dissertation are described in the following paragraphs. 

 

Figure 3.2: Self-assembled monolayer formation on solid substrate. In (A) and (B), initially low coverage 
and lying-down orientation of the molecules can be observed. (C) At higher coverage, the tails start to rise 
from interface in gauche formation. (D) The molecules undergo conformational change to all-trans 
conformation to form the final vertically bound monolayer. Modified from Ref. [279]. 

Thiols are known to bind to gold surfaces with the sulfanyl group (head) [280,283]. 

Triethylene glycol mono-11-mercaptoundecyl ether (TEG) (HS(CH2)11(OCH2CH3)3OH) 

shown in Figure 3.3 belongs to the group of thiols and is purchased from ProChimia 

Surfaces (Poland) (Product No. TH 001-m11.n3-0.2). Its molecular weight (MW) is  

336.53 g/mol and has a purity of > 95 % and a density of 1.03 g/ml. For the thiol coating 

process, 500 μM of TEG is dissolved in ethanol (HPLC 99 %) under argon atmosphere to 

prevent interactions with oxygen and water. The gold substrates are cleaned with 

isopropanol and water in the ultrasonic bath for 10 min in each solution and ozone treated 

for 15 min prior to functionalisation to create a defined and clean surface for adsorption. 

The samples are then incubated for 18 hours in the TEG/ethanol solution and afterwards 

rinsed with ethanol and dried with argon. After functionalisation, the substrates are 

hydrophilic and negatively charged due to the hydroxyl termination. The contact angle 

should be 31 ± 2° and the SAM layer is 1.8 ± 0.3 nm thick [284]. The samples are sealed 
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from air and light and stored in the fridge to slow down degradation. This specific thiol is 

known for its protein-repellent properties [285]. More information on thiol-specific 

properties can be found in the Refs. [286–288]. 

 

 

Figure 3.3:  Structural formula of triethylene glycol mono-11-mercaptoundecyl ether belonging to the group 
of thiols with its characteristic head sulfanyl group and three ethylene glycol groups.  Image is generated 
with software ACD/ChemSketch. 

Silanes are known to bind to silicon surfaces with its silane group (head) [289]. 

Trichloro(octadecyl)silane (OTS) (CH3(CH2)17SiCl3) shown in Figure 3.4 belong to the 

organosilane and is obtained from Sigma Aldrich/Merck (Germany) with a purity of              

≥ 90 % (product No. 104817). It has a Mw of 387.93 g/mol and a density of 0.984 g/ml. 

For the silane coating process, 1.5 mM of OTS is dissolved in hexane (98.29 %) under 

argon atmosphere to prevent interactions with oxygen and water. Prior to SAM solution 

preparation, hexane is dried with calcium chloride (CaCl2) to minimise SAM exposure to 

water since this hinders the SAM formation [290]. The silicon substrates are cleaned as 

described in Chapter 3.3.1 and with an additional cleaning step with ozone for 15 min prior 

to functionalisation to create a defined and clean surface for adsorption. The samples are 

then incubated for 180 min in the OTS/hexane solution and afterwards rinsed with hexane 

and dried with argon. After functionalisation, the substrates are neutrally charged and 

hydrophobic due to the methyl termination [291,292]. The value of the contact angle from 

literature is around 98.2° and the SAM layer is roughly 2.3 nm thick [279,293]. The 

samples are sealed from air and light to slow down degradation. More information on 

properties and growth of OTS can be found in the Refs. [160,291,292,294–296]. 

 

Figure 3.4: Structural formula of trichloro(octadecyl)silane belonging to the group of silanes. Image is 
generated with software ACD/ChemSketch. 
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4 EXPERIMENTAL METHODS 
In this chapter, the experimental methods utilised to investigate protein adsorption at a 

solid-liquid interface are introduced and explained. Hereby, the emphasis is on scattering 

methods, which are powerful tools to analyse and investigate both solid and liquid samples. 

The full electromagnetic spectrum consists of a multitude of radiation types such as X-rays, 

ultraviolet, visible or infrared light (Figure 4.1), which are defined by their wavelength. 

With a single radiation type or the combination of selected radiation, different parameters 

can be measured. In the following sections, the individual methods and underlying 

radiation types are presented, as well as their specific purpose for this dissertation. 

Furthermore, complementary methods are described, which are used to determine and 

characterise protein bulk and phase behaviours. This chapter focuses on the operation 

mode and underlying physical mechanism of the experimental methods, thus providing 

the basic knowledge needed for the analysis and interpretation of the presented data in the 

result section.  

 

Figure 4.1: The electromagnetic spectrum can be divided into different radiation types. Each radiation type 
is defined by a specific wavelength range. In addition, the neutron wavelength is indicated in the spectrum 
for a complete overview. Modified from EM spectrum, by Macmillan Learning, 2008 
(https://sites.google.com/site/chempendix/em-spectrum). Copyright 2008 by Sapling Learning. 
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 ELLIPSOMETRY  

Ellipsometry is used for the determination of optical properties, namely the refractive index 

n and the extinction coefficient ε,  or the thickness d of thin films [297]. It hereby measures 

the polarisation ρ of an incident (polarised) beam after reflection from a substrate. The 

polarised light contains two polarisation directions - a perpendicular (s) and parallel (p) 

component with respect to the substrate plane of incidence (sample). The incident light is 

(usually) linearly polarised and hits the sample at an incident angle θ0. Depending on the 

material(s) investigated, the beam undergoes a polarisation change to elliptically polarised 

light upon reflection on the substrate as depicted in Figure 4.2. The polarisation ρ of 

elliptically polarised light can be described for spectroscopic ellipsometry with two 

parameters: the amplitude ratio ψ and the phase shift Δ between the s- and p-component 

in Equation 4.1, which originate from the reflection, transmission and superposition of the 

beam components on and through the individual substrate layers [298]. 

𝜌 ≡ tan(𝜓) 𝑒𝑖∆ ≡
𝑟p

𝑟s
≡

(
𝐸rp

𝐸ip
)

(
𝐸rs
𝐸is

)
                                             (4.1) 

 

Figure 4.2: Basic principle of ellipsometry. Incident, linearly polarised light is reflected, transmitted, and 
superimposed at the individual substrate layers leading to a polarisation change, which can be measured in 
the form of a phase change ∆ and amplitude ratio 𝜓. From Ref. [299]. 

According to Maxwell’s theory [300], the Fresnel reflection coefficients, rs and rp, describe 

the relative contributions of each component x, y to electric field Eyx [301]. For multiple 

interfaces (substrate (2) – film (1) - ambient material (0)), this leads to Equation 4.2, from 

which the complex refractive index �̃� and film thickness d can be derived (Equation 4.3) 

[301]. Since these two parameters are intertwined, the thickness of the individual layers or 

the optical properties need to be known for successful data fitting and analysis. Fresnel 

coefficients of the p-component at the substrate-film interface and at the film-ambient 

interface are denoted 𝑟12p and  𝑟01p, respectively. 
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𝑟p =
𝑟01p+𝑟12p𝑒−𝑖2𝛽

1+𝑟01p𝑟12p𝑒−𝑖2𝛽
                                                     (4.2) 

𝛽 = 2𝜋 (
𝑑

𝜆
) �̃� cos 𝜃0                                                  (4.3) 

A M-2000 ellipsometer by J.A. Woollam (USA) is operated with the CompleteEASE and 

WVASE 32 software for data collection and analysis. A white xenon-arc lamp is used as 

the light source in the variable-angle spectroscopic ellipsometer (VASE). The rotating 

compensator provides another polarisation change to circularly polarised light, thus, 

cancelling out source and detector polarisation and facilitating the determination of all 

Stokes parameters [302]. This type of ellipsometer measures beam intensity and translates 

them into the parameters 𝜓 and ∆. For more information on the ellipsometer type and data 

collection see Refs. [298,301–303]. 

The ellipsometer can be used for different kinds of samples. On the one hand, it is used in 

air to determine layer thicknesses of solid substrates, e.g. OTS-coated substrates. For this 

purpose, spectroscopic scans from 40° to 75° at 300 revs/meas over the complete spectrum 

from 245 to 1697 nm are taken. For data analysis and fitting, the Cauchy model 

[298,299,303] is applied, see Equation 4.4. 

𝑛(𝜆) = 𝐴 +
𝐵

𝜆2
+

𝐶

𝜆4
                                                (4.4) 

For OTS, the fitting parameters used are A = 1.45, B = 0.01 nm2, and C = 0 nm4 [279] and 

for anatase the ‘tiO2_tl`model of the WVASE software [304]. On the other hand, real-time 

solid-liquid measurements are performed to investigate protein adsorption to obtain the 

adsorbed protein layer thickness [305–307]. Due to absorbance of the proteins at certain 

wavelengths, the area of interest is limited from 500 to 900 nm and measurements are 

performed in a home-made measurement cell [308] at the Brewster angle of the substrate 

(here: 68° for SiO2 in water) [302,309,310]. At the Brewster angle, the p-polarised beam 

transmits through the sample without reflection, thus the sensitivity for the substrate is 

increased and the difference between rp and rs is maximised [299,301]. Dynamic scans 

allow for real-time data collection, thus providing adsorption kinetics. The adsorption time 

is set to 1 h, which is sufficiently close to equilibrium conditions. The optical constants of 

the individual layers are taken from the following references for model fitting: Si [311], 

SiO2 [311], H2O [312]. Specifically for BSA, a Cauchy layer with A = 1.43, B = 0.01 nm2 

and C = 0 nm4 is chosen (in literature the value of A varies from 1.42 to 1.45 for BSA) 

[313–316]. Through the step-by-step construction of a fitting model, the final adsorption 

layer d can be determined very precisely (Figure 4.3). The effective thickness d assumes a 

volume fraction of 1, which is laterally averaged over the measured surface. All 

measurements are repeated at least three times to ensure their reproducibility and to 

estimate real standard deviations as statistical error bars. The systematic errors (e.g. 

wavelength and angle calibration of the ellipsometer) are substantially smaller. For more 

information on measurement procedure and model fitting see Ref. [308].  
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Another type of ellipsometry is the single-wavelength ellipsometry or phase-modulated 

ellipsometry (PME). Here, the light source is a He/Ne laser, and the setup contains a 

photoelastic birefringence modulator instead of a compensator, which achieves higher 

sensitivity and less noise in the collected data. The measured parameters (x and y) are 

correlated with the real and imaginary part of the measured polarisation change and thus 

with Ψ and Δ [317]. In collaboration with the Oxford University (UK), the Picometer 

ellipsometer of Beaglehole Instruments (New Zealand) is operated with the IgorPro 6 

software. More information on this ellipsometer type can be found in Refs. [303,318,319]. 

 

Figure 4.3: Illustration of the model used for the analysis of the ellipsometry data consisting of the optical 
constants of the individual layers, namely silicon, silicon dioxide, BSA, and water. 

 NEUTRON REFLECTIVITY (NR) 

Neutron reflectivity (NR) is a powerful method to investigate soft matter such as the 

surface chemistry of surfactants, polymers, lipids [288] or proteins, as well as solid films, 

e.g. Langmuir-Blodgett films, multilayers, bacterial membranes [320] or surface 

magnetism of magnetic multilayers or superconductors [321]. Depending on the sample, 

NR allows investigations on the solid-liquid, solid-solid, solid-air or liquid-liquid interfaces 

with external variable parameters such as shear, pressure, temperature, applied magnetic 

field or electric field [322].  

Similar to the ellipsometer (Chapter 4.1), neutron reflectivity is based on the principle of 

transmission through and reflection on media. Thus, Snell’s law and the Fresnel equations 

can be applied, and Equations 4.2 & 4.3 are also valid for NR. One difference, due to the 

different radiation type, is the definition of the refractive index 𝑛 for neutrons in         

Equation 4.5. It depends on the (neutron) wavelength 𝜆 and the scattering length density 

(SLD) 𝜌SLD of the medium [322]. 

𝑛 = 1 −
𝜆2𝜌SLD

2𝜋
                                                      (4.5) 

𝜌SLD is defined by the number of atoms per unit volume and coherent scattering length 

[323], which results in material-specific SLD values due to different atomic compositions. 

Typical SLDs for materials used in this dissertation can be found in Table 4.1. 
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One advantage of neutrons is the possibility of solvent contrast variation meaning the H/D 

substitution within one sample. Nuclei scatter neutrons with different amplitudes [321]. 

For hydrogen and deuterium, this results in opposite phases and thus vastly different 𝜌SLD 

(Table 4.1). This benefits the data quality and analysis without changing the chemical 

structure or disrupting the sample [321]. 

Table 4.1: Scattering length densities of different materials used in this dissertation for model fitting from 
Refs. [321,324–328]. 

Material 𝝆𝐒𝐋𝐃 (10-6 Å-2) 

H2O -0.56 

D2O 6.35 

Si 2.07 

SiO2 3.5 

Au 4.41 

Hydrated thiol  0.15 

Deuterated thiol  0.77 

BLG in H2O 1.72 

BLG in D2O 1.84 

BSA in H2O 1.8 

BSA in D2O 3.0 

 

For specular reflectivity, the magnitude of the wavevectors 𝑘i = 𝑘r (Figure 4.4), thus, the 

magnitude of the scattering vector or the momentum transfer q can be described by 

Equation 4.6 [323].  

𝑞 = 𝑘r − 𝑘i =
4𝜋

𝜆
sin 𝜃0                                             (4.6) 

The reflectivity R(q) only depends on q and can be described by the kinematic 

approximation (for q >> qc, critical scattering vector) for samples with more than one 

inhomogeneous layer by Equation 4.7 [329]. 

𝑅(𝑞) ≈
16𝜋2

𝑞4 (Δ𝜌
𝑆𝐿𝐷

)
2
                                                   (4.7) 

Δ𝜌𝑆𝐿𝐷 denotes the difference in SLD between the materials. Total reflectance occurs at a 

material-specific critical angle 𝜃c defined by Equation 4.8 [323]. The critical angle 

correlates with the critical scattering vector 𝑞𝑐 (Equation 4.9). To check for proper sample 

alignment, the control of 𝑞𝐶 is valuable, which is known as the critical edge in reflectivity 

curves. For Si, the critical angle is at 0.047 deg/Å [329]. 

sin 𝜃𝑐 = √
𝜆2∗𝜌SLD

𝜋
                                                   (4.8) 
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𝑞c = √16𝜋∆𝜌
SLD

                                                   (4.9) 

 

Figure 4.4: Specular reflection is defined by an incident beam with a wave vector 𝑘𝑖
⃗⃗  ⃗ entering at an incident 

angle of θi. It is reflected and transmitted at the interface according to Snell’s law. The magnitude of the 
scattering vector is defined by q. Modified from Ref. [323]. 

Surface roughness 𝜎 can modify the specular reflectivity curve and add another momentum 

transfer 𝑞x in x-direction known as diffuse scattering (not illustrated in the image). It can 

be accounted for either with the Debye-Waller factor or the Nevot-Croce factor [330]. The 

measured reflectivity data as a function of 𝑞 can be analysed with a one-layer model for the 

adsorbed protein layer as illustrated in Figure 4.5. Hereby, the layer thickness, density, 

roughness, and hydration, as well as kinetics, can be extracted. For more information on 

the fundamentals of neutron reflectivity, see Refs. [321–324,329,331–334]. 

 

Figure 4.5: Sample structure and model composition. Each layer has its specific SLD with an unknown 
thickness and roughness. Prior substrate characterisation can help to determine as many parameters as 
possible to have fewer fitting parameters in the final model. The adsorbed proteins with the interfacial water 
are considered as one layer in this model. Modified from Ref. [335]. 



 
4 Experimental Methods 

49 
 

In this dissertation, protein adsorption at the solid-liquid interface is investigated with a 

solid-liquid flow cell [321] to obtain information about the kinetics and adsorption 

structure (hydration, thickness, roughness, density). For surface charge manipulation of 

the substrate, an electrochemical three-electrode solid-liquid NR cell consisting of a 

platinum grid as a counter electrode and a platinum wire at the reference electrode is 

utilised. The working electrode is the substrate, which is a p-doped Si NR block (see 

Chapter 9.3). Beam times were granted at the beamlines INTER and POLREF at 

ISIS/Rutherford-Appleton laboratory (UK) and at the beamline D17 at the Institute Laue-

Langevin (ILL, Grenoble) (for data see Chapter 8 & 9 and Appendix A and C). For more 

information on the setup and characteristics of the different beamlines see the following 

Refs. for INTER [336,337], for POLREF [337–339], and for D17 [329,340]. 

In the measurement procedure, first, the salt/protein mixture in D2O is injected into the 

solid-liquid cell at a flow rate of 2 mL/min using an Aladdin programmable syringe pump 

(model AL1000-220) and after 20 min of equilibration time, the first neutron reflectivity 

measurement is started. The inlet to the liquid cell is connected to a valve pump with 

connections to the syringe pumps and a liquid chromatography pump (L7100 HPLC 

pump, Merck, Hitachi), which allows for easy exchange of the solution within the (3 mL 

volume) solid-liquid sample cell. For solvent contrast, D2O is exchanged with H2O int the 

next step. A total of 10 ml solution is pumped through the cell at a speed of 1.5 ml/min and 

given at least 20 min for isotope substitution. After roughly 1 h of real-time protein 

adsorption, the cell is flushed with pure water to estimate the amount of irreversibly 

adsorbed proteins. A detailed description of the experimental setup can be found in Ref. 

[308]. A broad band neutron beam with wavelengths from 1 to 12 Å is used. The reflected 

intensity is measured as a function of the momentum transfer q. The collimated neutron 

beam is reflected from the silicon-liquid interface at different glancing angles of                         

θ0 = 0.6, 1.2, and 2.3°. For data recording, different institute-specific software packages 

(Nomad, mantid etc.) are used at the different beamlines.  

For data analysis, the RasCAL2019 software package is used, which employs an optical 

matrix formalism (described in detail by Born and Wolf [341]) to fit layer models 

representing the interfacial out-of-plane structure. In this approach, the interface is 

described as a series of layers, each characterised by its scattering length density (SLD) 

listed in Table 4.1, thickness, and roughness. Interfacial roughness is implemented in 

terms of an error function, according to the approach by Nevot and Croce [342]. The 

reflectivity for an initial model is calculated based on known sample parameters, such as 

substrate, its oxide layer, and the solvent, and compared with the experimental data. A least 

squares minimisation is used to adjust the fit parameters and to reduce the differences 

between the model reflectivity and the data. In all cases, the simplest possible model (i.e. 

least number of layers, which is usually a one-layer model), which adequately describes the 

data, is selected. Error analysis of the fitted parameters is carried out using Rascal's 

Bayesian error algorithm [343,344]. The resulting plots contain fits and corresponding real 

space structure of the sample layer system, as well as 95 % confidence intervals (see 

Chapter 8 and Appendix C). 
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Another similar method based on the same mechanisms and principles is X-ray reflectivity 

(XRR). With X-rays, the electron density is measured instead of the neutron density  [345]. 

The benefits of XRR are better q resolution and higher q values, whereas disadvantages are 

the induced radiation damage and less contrast variation options compared to NR 

[329,346,347]. Examples of XRR data are given in Appendix A. 

 SMALL-ANGLE X-RAY SCATTERING (SAXS) 

Small-angle X-ray scattering (SAXS) is another scattering method used to investigate 

protein-protein interactions in solution [348]. In this dissertation, the focus is on elastic 

scattering (kin = kout). The X-ray beam hereby hits the sample perpendicular to its 

orientation and leads to a deflection of the beam due to scattering at the proteins in solution 

(Figure 4.6). The deflection can be expressed with the momentum transfer q                

(Equation 4.6), which is directly correlated to the beam angle 2θ. In contrast to NR, θ 

describes half of the scattering angle (for SAXS) compared to the incident and scattering 

angle according to the law of reflection (for NR). 

 

Figure 4.6: Schematic of a SAXS experiment. The incident beam hits the protein solution and depending on 
the bulk properties, a certain fraction of the beam is transmitted and scattered leading to a sample-specific 
interference pattern. The deflection of the beam due to scattering can be expressed with the momentum 
transfer q. From Ref. [348]. 

The measured scattering intensity I(q) as a function of q is defined in Equation 4.10 for 

spherical particles [349,350]. 

𝐼(𝑞) =  𝛷𝑉  𝑉Particle (𝛥𝜌)2𝑃(𝑞)𝑆(𝑞)                              (4.10) 

𝛷𝑉 denotes the volume fraction of the particles in solution, VParticle the partial volume of the 

particle investigated, Δρ the difference in scattering cross section between particle and 

solvent, P(q) the form factor of the particles and S(q) the structure factor. S(q) is 

proportional to the osmotic compressibility of the system and can be expressed by a series 

of virial coefficients. These coefficients are related to the second virial coefficient B2 and 

depend on the interaction pair potential U(r) between particles in solution [351]. 

Depending on the phase diagram, U(r) can be approximated as a screened Coulomb, hard 
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sphere, or sticky hard sphere potential [352–355]. Below 3 mM YCl3, a screened Coulomb 

potential is assumed and above 4 mM a sticky hard sphere potential [349]. B2 defines the 

second viral coefficient of the bulk solution (Equation 4.11) [355]. 

𝐵2 = 2𝜋 ∫ 𝑑𝑟 𝑟2[1 − 𝑒−𝑈(𝑟)/𝑘B𝑇]
∞

0
                              (4.11) 

The effective interactions between proteins are reflected in the behaviour of the reduced 

second virial coefficient B2/B2HS. The second viral coefficient of hard spheres is defined by 

B2HS = 16πRp3/3, where Rp is the radius of the protein [152]. In the scope of this 

dissertation, experimental B2/B2HS values were determined using SAXS at the beamline 

ID02 of the European Synchrotron Radiation Facility (Grenoble, France) [154]. For more 

information on the theoretical background of the method and derivation of the equations, 

the reader is referred to Refs. [349–351,356].  

 ULTRAVIOLET-VISIBLE (UV-VIS) SPECTROSCOPY  

Ultraviolet-visible (UV-Vis) spectroscopy allows the determination of the protein stock 

solution concentration via absorbance measurements and solution turbidity determination 

by transmittance measurements [357,358]. The UV-Vis spectrophotometer measures the 

ratio of the transmitted intensity I through the sample to the intensity of the incident light 

I0, to calculate the absorbance A of the solution (Equation 4.12) [359]. 

𝐴(𝜆) = log10
𝐼0

𝐼
 =  − log 𝑇UV                                       (4.12) 

The term I/I0 is defined as transmittance TUV and can be used to determine the turbidity of 

the solution and consequently the phase transitions c* and c** [360,361]. The solution is 

scanned from 400 to 800 nm and the average transmittance value from 700 to 800 nm is 

used to calculate the solution turbidity in percentage.  

Most proteins, containing aromatic amino acids, show an absorbance maximum at 279 

nm, thus, a range from 200 to 400 nm is scanned for each concentration determination 

[358].  

𝐴(𝜆) = 𝜀 𝑐 𝑑UV                                                      (4.13) 

Via the Beer-Lambert law [362] (Equation 4.13), the protein-specific extinction coefficient 

ε0.1 %279nm (Table 3.1), as well as, the optical path length of the light beam through the 

sample dUV and the concentration c of the absorbing molecule in the solution can be 

determined. To account for deviations in mixing and pipetting, a dilution series of 1:500, 

1:250, and 1:200 samples is prepared, and the average value is defined as the final stock 

protein concentration. For all measurements, a quartz cuvette with a path length of 1 cm 

and a volume of 1 ml is used. For UV-Vis spectroscopy measurements, the Cary 50            

UV-Vis spectrometer from Varian Technologies (USA) is used, which is operated with the 

software Cary WinUV.  



 
4.5 Fourier Transform Infrared Spectroscopy (FTIR)   

52 
 

 FOURIER TRANSFORM INFRARED SPECTROSCOPY (FTIR) 

Fourier transform infrared spectroscopy (FTIR) allows the determination of molecule 

structures [363]. It measures how much infrared light is absorbed by the sample at each 

wavenumber. This depends on the possible molecular vibration and rotation modes. The 

dipole moment of bonds changes, if the bond length or angle in a certain vibration mode 

changes, which leads to the adsorption of IR light and an infrared-active mode. Depending 

on the composition of the molecule, the infrared-active modes and their contributions differ 

from each other. These translate to a signal at a specific wavenumber 𝜈 (Equation 4.14) 

and depend on the force constant between the atoms κ and the reduced mass 𝜇. 

𝜈 =
1

2𝜋
√

𝜅

𝜇
                                                            (4.14) 

Typical infrared-active modes and their designated wavenumber in proteins can be found 

in Table 4.2.  

 
Table 4.2: Table of typical infrared bands of proteins and their corresponding vibrations from Ref. [364]. 

Designation Frequency (cm-1) Description 

Amide A 3300 NH stretching 

Amide B 3100 NH stretching 

Amide I 1600-1690 C=O stretching 

Amide II 1480-1575 CN stretching, NH bending 

Amide III 1229-1301 CN stretching, NH bending 

Amide IV 625-767 OCN bending 

Amide V 640-800 Out-of-plane NH bending 

Amide VI 537-606 Out-of-plane C=O bending 

Amide VII 200 Skeletal torsion 

 

The core piece of FTIR is the Michelson interferometer [365]. Depending on the position 

of the moving mirror x, different interference patterns are created between two beams, 

which originate from a light source (Figure 4.7). The detector measures the intensity of the 

signal I(x)  in form of an interferogram and via a Fourier transform, the measured intensity 

is converted into a wavenumber-dependent absorbance signal A(𝜈) in Equation 4.15 [366]. 

𝐴(𝜈) = ∫ 𝐼(𝑥) cos 2𝜋𝜈𝑥  𝑑𝑥
∞

0
                                  (4.15) 

FTIR measurements are performed with a Vertex 70 Fourier transform infrared 

spectrometer by Bruker (USA) and conducted with the software OPUS.   

The measurements covered a wavenumber range from 800 to 4000 cm-1 and are performed 

in transmission mode with a liquid cell. For each measurement, the integrated background 

subtraction tool in OPUS is used to automatically subtract the background from the sample 

measurement. Prior to each measurement, the sample chamber is flushed with nitrogen 
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for 20 min and each measurement contains 256 scans. The area of interest is the amide-I 

region from 1600 to 1690 cm-1, which correlates with the secondary structure of proteins 

[364,367]. 

 

Figure 4.7: The Michelson interferometer consists of a beam splitter, a moving and fixed mirror, and a 
detector. The beam splitter splits the beam into two beams, which interfere with each other after reflecting 
on the mirrors. The moving mirror can vary its position, thus, altering the beam path length for one beam 
leading different interference patterns, which are recorded in the form of an interferogram by the detector. 
The sample is being inserted between the beam splitter and detector. A laser is included in the setup to 
visualise the trajectory of the IR beam and to measure the mirror position. Modified from Ref. [368]. 

 ATTENUATED TOTAL REFLECTION-FOURIER TRANSFORM 

INFRARED SPECTROSCOPY  

The attenuated total reflection Fourier transform infrared spectroscopy (ATR-FTIR) is a 

modification of the classical FTIR explained in Chapter 4.5 and allows the structure 

determination of molecules adsorbed to a solid interface [365]. Thus, the basic principle 

and main concept of a Michelson interferometer and Fourier transformation of the 

measured signal are identical, but the extended setup differs. 

In this setup, the infrared beam enters through the solid and optically transparent 

substrate. At the solid-liquid or solid-air interface (depending on the sample conditions), 
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the beam undergoes total internal reflection due to the chosen, specific angle of incidence 

θ0 illustrated in Figure 4.8. A photon has an electromagnetic field perpendicular to its 

moving direction, which extends into the optically rare medium and decays there 

exponentially [369]. This field is called evanescent wave [370] and is the main principle 

behind ATR. This evanescent wave penetrates a few microns, typically 0.5 to 2 μm [371], 

into the solution depending on its properties. The penetration depth dp can be calculated 

by Equation 4.16 and depends on the wavelength 𝜆, angle of incidence θ0, and the refractive 

indices of the crystal 𝑛1 and the medium 𝑛2.  

𝑑p =
𝜆

2𝜋𝑛1√sin2 𝜃0−(
𝑛2
𝑛1

)
2
                                                  (4.16) 

 

Figure 4.8: Through the total reflection of the IR beam on the substrate interface, an evanescent wave is 
created, which penetrates a few microns (dp) into the bulk sample. Image is modified from Ref. [372]. 

The information contained in the evanescent wave sheds light on the infrared-active modes 

of the proteins adsorbed to an interface. For this dissertation, the structure of adsorbed 

proteins is investigated in real-time onto a silicon crystal submerged in water. ATR-FTIR 

measurements are conducted with the Thermo Nicolet iS50 with Specac Gateway ATR 

insert of ThermoFisher Scientific (USA) in collaboration with the Rutherford Laboratory 

(Didcot, UK). A solid-liquid flow cell allows quick solution exchanges and real-time 

structure analysis. The measurement software is Omnic and the following settings are 

chosen for the absorbance measurements on a Si block: gain: 1, aperture: 10, Scan No. 294, 

resolution: 4 cm-1. The integrated background subtraction tool in Omnic is used to subtract 

the measured H2O background from the sample measurement. To evaluate the influence 

of the bulk signal on the measured signal, after each measurement, the cell is flushed with 

water and the structure of the irreversibly adsorbed proteins is compared to the bulk data. 
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For more information on the method and literature on protein adsorption investigated with 

ATR-FTIR see Refs. [197,373–376]. 

 OPTICAL MICROSCOPY 

Optical microscopy is used to visualise and capture structures in the bulk and at interfaces, 

which is based on the refraction of optical light and the consequent magnification of an 

object [377,378]. In this dissertation, optical microscopy allows the determination of 

protein phases (i.e. LLPS, aggregation), as well as dynamic processes such as protein 

crystallisation on a microscopic level. Images and videos are taken with the Axio-Cam ICc5, 

usually with a magnification lens of 20x, in combination with an Axio Scope.A1 microscope 

by Carl Zeiss AG, which is operated with the software ZEN Lite 2012. 

 ATOMIC FORCE MICROSCOPY (AFM) 

Another method to visualise the surface topography and to determine surface roughness 

and layer formation at the air-solid interface is atomic force microscopy (AFM) [379,380]. 

The microscope can be operated in different modes. For the experiments, the intermittent 

(tapping) contact mode is applied under ambient conditions, which means that the 

cantilever oscillates while scanning the surface (Figure 4.9 (A)). In this mode compared to 

the direct contact mode, the contact time and force is minimised, thus reducing sample 

damage and lateral drag, which is ideal for loosely bound molecules, i.e. proteins [381]. The 

cantilever is affected by repulsive and attractive forces (Figure 4.9 (B)) [381].  

(A) (B)  

Figure 4.9: AFM imaging mode. (A) Sketch of the cantilever tip in intermittent contact mode. (B) Force-
against-distance curve approaching the substrate (blue) and the interaction range of the different AFM    
(non-)contact modes. From Ref. [381]. 

At its lowest point, it experiences the strongest repulsion and can get in contact with the 

sample depending on the chosen set point. The deflection of the cantilever induced by the 

surface topography is detected via laser reflection on the backside of the cantilever to a 

photodiode, which translates to a height profile dependent on the cantilever’s position on 

the sample.  
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For AFM measurements, the JPK NanoWizard II from JPK BioAFM/Bruker Nano GmbH 

(Germany) is used with the software JPK Nanowizard Control. A silicon cantilever with a 

tip 10 nm in diameter from AppNano (USA) is mounted on the microscope. Image analysis 

is performed with the software Gwyddion [382]. AFM enables the visualisation of surface-

modified substrates and their qualities, which can be expressed by the surface roughness 

and topography. 

 QUARTZ-CRYSTAL MICROBALANCE WITH DISSIPATION 

MONITORING  

The quartz-crystal microbalance with dissipation monitoring (QCM-D) is a method used 

for investigating the interactions and adsorption of molecules, cells, or bacteria at solid 

interfaces, as well as their viscoelastic properties.  

The classical QCM substrate consists of a thickness-shear mode (AT-cut) quartz crystal 

between two metal (gold) electrodes [383,384]. By applying a voltage, mechanical 

deformations are induced, which lead to the oscillation of the crystal (Figure 4.10 (A)). This 

is known as the inverse piezoelectric effect meaning the transformation of electric energy 

into mechanical energy [385]. If the frequency of the applied voltage matches the resonance 

frequency F of the crystal, a standing wave within the crystal is created. F depends on the 

total oscillating mass including coupled water [386]. This means by the addition of mass 

e.g. through adsorption, a change in F (∆𝐹) can be detected as shown in Figure 4.10 (B), 

which directly correlates with the mass uptake Δm according to the Sauerbrey relation 

(Equation 4.17) [387]. 

∆𝑚 = −
𝐶∆𝐹Sauerbrey

𝑛𝑓
                                                   (4.17) 

C is the mass sensitivity constant of the quartz crystal and nf the frequency overtone. The 

QCM measures ΔF  for different odd harmonics/overtones (3rd, 5th, 7th, 9th, 11th, and 13th) 

of the resonance frequency, which have different sensitivities to the mass uptake [388]. The 

even overtones are multiple of the eigenfrequency of the crystal, thus only resonate in the 

sensor and depend on the thickness of the crystal instead of the mass and are consequently 

not of interest. In a QCM-D setup, besides the frequency, also the dissipation D is 

measured. The QCM-D works in a ring-down scheme meaning the external potential is 

turned down intermittently and the oscillations can decay freely leading to a measurable 

voltage through the decaying mechanical oscillations and thus to the two measured 

parameters: ΔF and the dissipation (decay of voltage) ΔD [389,390]. The pulsed 

oscillations dissipate at a rate depending on the crystal structure, material, and adsorbed 

layer.  
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Figure 4.10: Sample-dependent QCM-D modes. (A) Bare oscillating substrate. (B) Solid-like material 
adsorbed to quartz leads to slow dissipation of the energy (Sauerbrey). (C) Soft material adsorbed to the 
substrate leads to a rapid damping/dissipation of the energy (Voigt). From Ref. [391]. 

Depending on the properties of the adsorbed material, it can induce strong damping of the 

oscillations and a high ΔD value known for viscoelastic materials [392] as illustrated in            

Figure 4.10 (C). The Sauerbrey relation is only valid for rigid, solid-like materials with a 

small ΔD  (ΔD  < 10-6) since it fails to account for this parameter [393]. Therefore, the Voigt 

model is introduced for viscoelastic, solid materials [392,394–396], which proteins are 

known to be. In this model, the change in frequency and dissipation are correlated with 

each other and defined in Equations 4.18 & 4.19 [395]. 

∆𝐹Voigt ≈ −
1

2𝜋𝜌0𝑑0
{
𝜂3

𝛿3
+ 𝑑1𝜌1𝜔 − 2𝑑1 (

𝜂3

𝛿3
)
2 𝜂1𝜔

2

𝜇1
2+𝜔2𝜂1

2}                      (4.18) 

∆𝐷Voigt ≈
1

𝜋𝑓𝜌0𝑑0
{
𝜂3

𝛿3
+ 2𝑑1 (

𝜂3

𝛿3
)
2 𝜂1𝜔

𝜇1
2+𝜔2𝜂1

2}                             (4.19) 

The Voigt model depends on the density ρ0 and thickness d0 of the crystal, the viscosity η3, 

penetration depth of the shear wave δ3, and the density ρ3 of the bulk liquid, as well as the 

adsorbed thickness d1, the density ρ1, the shear elasticity 𝜇1, and the viscosity η1 of 

adsorbed layer. ω is the angular frequency of oscillation. Thus, with the Voigt model the 

thickness, density, shear elasticity, and shear viscosity of the adsorbed layer can be 

determined. Another model used for liquid-like viscoelastic materials is the Maxwell model 

(not applied in this dissertation) [392,397]. Typical ΔD  values for biopolymers are between 

3x10-6 and 1.1x10-5 [391]. For more information on the fundamentals of QCM-D, see Refs. 

[385,398–401]. 

For this dissertation, the QCM-D is utilised for real-time protein adsorption investigations 

in form of adsorbed thickness and viscoelastic properties of the adsorbed layer. The              

Q-Sense Analyser, as well as the Q-Sense Explorer of Biolin Scientific (Sweden) are used 

in combination with the standard solid-liquid flow cells in collaboration with Rutherford 

Laboratory (Didcot, UK). The only difference between these two devices is the number of 

samples, which can simultaneously be measured. The data collection is done with the QSoft 
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software and data analysis with the QTools software provided by Biolin Scientific. The cells 

are inverted to avoid sedimentation effects (i.e. substrate on top of the solution). All 

measurements are repeated at least three times to ensure reproducibility and to estimate 

real standard deviations as statistical error bars. For data analysis, the Voigt model is 

applied since ΔD > 1 [402,403]. The used fitting parameters for the individual layers are 

taken from the following references for water [404,405], BSA [406–409] and BLG 

[410,411] (Table 4.3).  

Table 4.3: Material properties. Fitting constants for QCM-D data modelling from Refs.  [404–406,408,410].   

Material Density 

(g/L) 

Viscosity 

(kg/(m*s)) 

H2O (25 °C) 997 0.00089 

H2O (40 °C) 992 0.00065 

BSA (20 mg/ml) 1003.4 0.0011 

BSA (50 mg/ml) 1013.2 0.0013 

BSA (powder) 1320 - 

Adsorbed monolayer for BSA (1 ML) 1192.5 - 

BLG (5 mg/ml) in H2O 998 0.00101 

BLG (5 mg/ml) in D2O 1106 0.00125 

Adsorbed monolayer for BLG (1 ML) in H2O 1200 - 

Adsorbed monolayer for BLG (1 ML) in D2O 1250 - 

 

The QCM-D cannot distinguish between adsorbed proteins and associated water. The 

associated water defines the water bound to the substrate, the hydration layer around the 

proteins, and the water trapped in the gaps of the adsorption layer [412,413]. On the one 

hand, this means it overestimates the adsorbed mass/thickness, on the other hand it allows 

the determination of the associated water through the combination with complementary 

methods such as ellipsometry [414], reflectometry [413], surface plasmon resonance 

(SPR) [415] or dual polarisation interferometry [416]. In combination with the 

ellipsometer, the determination of the associated water within the adsorption layer is 

facilitated [412,417].  

 PH METER 

A pH meter allows the determination of hydronium ions (H3O+) in solution                

(Equation 4.20) [418]. The pH scale defines solution with a pH below 7 as acidic and above 

pH 7 as alkaline. The pH sensor consists of two electrodes, in which the working electrode 

measures the diffusion of H3O+ (H3O+ gradient between the inner and outer layer of the 

working electrode) as shown in Figure 4.11 and its ratio to the reference electrode                 

(i.e. internal buffer with constant pH value) to determine the H3O+ concentration [418]. If 

a solution is acidic or alkaline, an excess of hydronium ions or hydroxyl ions (OH-), 

respectively, is present [419]. 
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      pH =  − log[H3O
+]                                                  (4.20) 

 

Figure 4.11: Cross-section of a pH electrode illustrating the diffusion of hydronium ions in and out of the 
glass membrane depending on the pH of the sample. Modified from Ref.  [418]. 

pH measurements are performed with the pH/Ion meter S220 of the Seven Compact series 

from Mettler-Toledo (Switzerland). The error can be estimated to be around ±0.1 due to 

deviations in pipetting, concentration determination, and electrode precision. Before each 

measurement series, the pH meter is calibrated with buffer solutions of pH 4, 7, and 10 for 

maximum precision. In this dissertation, the influence of salts in protein solutions on the 

pH of the solutions is determined with pH meter measurements. 

 CONTACT ANGLE MEASUREMENTS 

The wettability of a surface, which is correlated to its surface energy/tension, as well as its 

roughness, can be determined with contact angle measurements [158,420–423]. More on 

the fundamentals of wetting of surfaces can be found in Chapter 2.4. To determine the 

contact angle, a liquid droplet is put on the interface, which is usually water, but also other 

solvents can be used [424]. Depending on its spreading or contracting behaviour, the 

droplet has a different angle with the interface for different surfaces.  

𝛾lv cos 𝜃Y = 𝛾sv − 𝛾sl                                             (4.21) 

 

Figure 4.12: Determination of the contact angle θY with a liquid droplet on a solid interface depending on 
three interfacial tensions. Modified from Ref. [423]. 

The Young equation (Equation 4.21) [425] describes the dependence of the contact angle 

ƟY on three interfacial tensions, namely the liquid-vapor γlv, solid-vapor γsv, and                
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solid-liquid γsl interfacial tensions (Figure 4.12). Here, the solid-liquid interfacial tension 

γsl is of special interest, from which the substrate properties (e.g. roughness, surface energy 

etc.) can be determined. Contact angle measurements are utilised to check the quality of 

the SAM coatings and of the ozone cleaning. Ozone cleaning makes the surface (here: Si or 

Au) super-hydrophilic [426], thus should lead to total wetting and SAM-coated surfaces 

should exhibit a SAM-specific contact angle (listed in Chapter 3.3.2.3), if the SAM growth 

was successful. Note that the term wetting has two definitions in this dissertation. In the 

context of contact angle measurements and surface free energies, it describes the ability of 

a liquid to maintain contact with a solid substrate [157], whereas wetting discussed in the 

context of protein adsorption (Chapter 6) defines an excess surface adsorption of an 

adsorbate (e.g. proteins) due to long-range interactions [166]. 
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5 PROTEIN ADSORPTION REFLECTING BULK 

RE-ENTRANT BEHAVIOUR 
The following chapter is based on Ref. [427] and was conducted in collaboration with Dr. 

Daniel Stopper and Prof. Dr. Roland Roth of the Institute of Theoretical Physics (University 

of Tuebingen), who performed the theoretical calculations presented in this chapter. 

B2/B2HS measurements were conducted and analysed by Dr. Michal Braun. 

 BACKGROUND 

The interactions of proteins, with their inherent heterogeneity and differently charged 

patches, in addition to hydrophilic and hydrophobic regions and dispersion forces, are very 

complex [1]. While obviously required for their biological function, this complexity of the 

interactions is very demanding for a quantitative physical understanding. Particularly 

difficult is the connection to the associated mesoscopic and macroscopic behaviour, with 

enormous implications for a range of rather diverse fields. These include the understanding 

of protein crystallisation [115,428,429], as well as various forms of aggregation [430,431], 

whether biologically desired [432–434] or related to diseases such as Alzheimer’s [435], 

Huntington’s, or prion diseases (e.g., Creutzfeldt-Jakob disease) [436]. A further level of 

complexity is added by the frequently heterogeneous environment in soft and biological 

systems, often with internal interfaces, at which adsorption might take place, co-existing 

with fluid (bulk-like) regions. While in numerous investigations the phase behaviour of 

proteins has been investigated [430,437,438], it remains an important challenge to 

understand protein-protein interactions in a microscopic picture and to predict the 

resulting macroscopic thermodynamic behaviour of proteins in a solution and at interfaces 

and how these behaviours correspond or differ. 

For the manipulation of the bulk phase behaviour, different strategies have been 

demonstrated. On the one hand, cosolvents such as glycerol can help to avoid protein 

aggregation and cluster formation by stabilisation of the protein solution [439]. On the 

other hand, enzymatic crosslinking [440] or the use of trivalent ions such as yttrium cations 

can be employed to trigger bridge formation between globular proteins, which can lead to 

cluster formation, re-entrant condensation (RC), and liquid-liquid phase separation 

(Figure 5.1) [80,181]. An aggregation regime II occurs in between two salt concentrations 

c* and c** as illustrated in Figure 5.1. The physical mechanisms behind the observed RC 

behaviour are the effective inversion of protein charge (Figure 5.1 (a)) and a cation-

mediated anisotropic attraction [80,209]. 

Protein adsorption at solid-liquid interfaces occurs in many natural processes, and its 

understanding is crucial in many fields, ranging from biotechnology, biology, 
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pharmacology, and medicine to environmental science and food processing with relevance 

in many applications [1]. In particular, it is the first step in numerous biological processes, 

such as the blood coagulation cascade, transmembrane signalling, and adhesion of particles  

bacteria or cells) [1], and therefore plays a key role in biomedical devices, including 

biosensors, biochips, soft contact lenses, and biomaterials for implants [53].  Bovine serum 

albumin (BSA) is considered as one of the model proteins for adsorption investigations 

[441]. In solution, BSA is a globular protein with well-characterised physicochemical 

properties [75]. Serum albumin is the most abundant blood protein in mammals, and its 

adsorption has been intensely investigated with different methods under various 

conditions [1,74,442]. For complementary investigations on BSA adsorption on solid 

surfaces without multivalent ions, the reader is referred to the following references on total 

internal reflection fluorescence (TIRF) [443], fluorescence recovery after pattern photo 

bleaching (FRAPP) [444], Förster resonance energy transfer (FRET) [445], neutron 

reflectivity (NR) [74,326,446], non-invasive supercritical angle fluorescence (SAFM) 

[215], mass spectroscopy (MS) [447], differential scanning calorimetry (DSC) [187,447], 

circular dichroism (CD) [187], infrared reflectivity (IR, such as FTIR-ATR [448] and GA-

FTIR [449]), optical waveguide light mode spectroscopy (OWLS) [442], scanning force 

microscopy [450], quartz crystal microbalance (QCM) [449] and ellipsometry [316,451]. 

Nevertheless, controlling the interactions and connecting them to the bulk behaviour 

remains a challenge. In this context, the use of multivalent ions [76,77,452] offers a viable 

path, with the unique opportunity to tailor and even invert the charge state of proteins as 

well as surfaces by overcompensation [80,147,181], which has been demonstrated to be a 

rather universal approach [150].  

  

Figure 5.1: (a) Charge inversion of BSA as a consequence of adding trivalent yttrium ions. (b) Schematic of 
the bulk phase diagram of BSA and YCl3 (modified from Ref. [79]) showing a liquid-liquid phase separation 
(LLPS) and re-entrant condensation. The dashed red arrow indicates the path taken in the experiments. 
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In this chapter, the use of multivalent ions (Y3+) to control the interaction of BSA with SiO2 

interfaces is demonstrated. Re-entrant interface adsorption behaviour is found, reflecting 

in an intriguing way the bulk phase behaviour (Figure 5.1 (b)). Furthermore, both bulk 

and interface adsorption behaviour can be modelled consistently by the statistical 

mechanics of ion-activated patches [209]. 

 PROTEIN ADSORPTION  

 Ellipsometry Measurements 

Based on real-time ellipsometry data of the adsorption kinetics, the adsorption layer 

thickness d is extracted in the long-time limit (saturation after ~ 60 min) and plotted in 

Figure 5.2 as a function of cs/cp. Both BSA and SiO2 surfaces are net negatively charged in 

water (no added salt). Under these conditions, the electrostatic repulsion among the 

proteins dominates the solution compared to the repulsion between the proteins and the 

solid surface leading to a minimum of the protein adsorption. An evaluation of the 

ellipsometry data shows that under these conditions only a d of 1.2 ± 0.25 nm is adsorbed. 

Upon increasing cs to 1.3 mM (still in the clear regime I as illustrated in Figure 5.1 (b)), d 

increases to 6.29 ± 1.03 nm (solid triangles in Figure 5.2). 

 

Figure 5.2: Individual symbols: adsorbed protein layer thickness d extracted from ellipsometry as a function 
of cs/cp. c*  and c**  denote the phase transitions of the bulk solution [80] (Figure 5.1 (b)]) Note that, around 
c**, there is an experimental difference between the data in regime III vs regime II. The centrifuged samples 
in regime II reflect the adsorption trend for overall lower adsorption values due to the removal of big clusters 
in bulk solution but still follow the same adsorption trend. In addition, the top cs axis is included showing the 
absolute cs in the system (at cp = 20 mg/ml). The blue-shaded area shows the approximate range of the bulk 
turbidity. Solid and dashed lines: protein adsorption based on DFT calculations as bore out by the ion-
activated attractive patch model, while neglecting long-range forces, as a function of cs/cp for two different 
values of βε. Inset: B2/B2

HS is the reduced second virial coefficient obtained via SAXS measurements. 

In this system, a Rp of ~3.5 nm is assumed [453] and one monolayer (ML) is defined to be 

equivalent to d ≈ 4 nm, corresponding in regime I at 1.3 mM to the formation of d > 1 ML.   
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Note that depending on the experimental technique different values are reported;                   

Rp ~ 3.5 nm is a reasonable number in the present context [209,453]. Here, d is defined as 

an effective measured layer thickness by assuming the protein density profile to be a step 

function. It is clear from other methods that this is not the case but the ellipsometric 

measurement is not sufficient to determine the full profile, which decays into the bulk. 

Thus, the working definition of a monolayer equivalent in this system is helpful to 

introduce. The single layer area per molecule measured by Su et al. was 4400 Å2 [446]. By 

assuming a volume fraction of 1, a monolayer equivalent of d ~ 4 nm can be defined. 

In regime II, d increases towards a maximum value of 9.59 ± 2.5 nm (> 1 ML) at                       

cs = 4 mM (open diamonds, Figure 5.2). At still higher cs, d decreases down to ∼6 nm, 

approaching the upper boundary of regime II at c**. Note that in regime II (open 

diamonds) the bulk solution is centrifuged before the adsorption experiments, which 

explains the jump of d in the transition region between regimes II and III. This is done 

because the solution in regime II is too turbid due to extensive protein cluster formation, 

which causes massive bulk light scattering and a lack of sensitivity of the ellipsometer. Both 

data sets at cs/cp = 40 (centrifuged and non-centrifuged) are shown to account for the 

experimental difference, which, importantly, does not affect the overall adsorption trend. 

In regime III close to c**, d is 7.28 ± 0.87 nm at cs = 12 mM, but with increasing cs, d 

decreases down to a plateau value of 4.5 nm above 30 mM (solid squares in Figure 5.2). d 

then corresponds to slightly less than one full ML. These experimental results are 

supported by complementary NR and QCM-D measurements (Table 5.1).  

Table 5.1: Effective adsorption layer thickness d as deduced from NR and QCM-D. Note that, while 
technically NR is more sensitive to thickness and density of the protein layer independently and QCM-D to 
the thickness-dependent surface coverage and hydration, for mutual comparability of the techniques 
including ellipsometry, d is normalised to a layer of pure protein. Importantly, while there are certain 
differences in the effective thickness, as expected from experiments using rather different methods, the 
overall trend of an adsorption maximum in regime II and thus a re-entrant adsorption behaviour is 
confirmed. Note also that data of drinsed are taken against pure water (as opposed to protein solution) which 
corresponds to a rinsing step. In this case, regime II still exhibits a maximum consistent with ellipsometry 
and QCM, but not quite as high, which implies that the 2nd ML is (partly) rinsed away and is to be considered 
reversibly bound. 

   QCM-D NR 

cs (mM) cs/cp Regime d (nm) drinsed (nm) drinsed (nm) 
0 0 I 3.19 1.08 1.81 

4 13.33 II 17.40 7.93 3.47 

40 133.33 III 7.02 6.39 2.31 

 

 QCM-D measurements 

For the QCM-D measurements as for the ellipsometry measurements, cp is set to                    

20 mg/mL and T = 20 °C. cs is varied such that regime I, II and III are entered. d is extracted 

by using a Voigt-Kelvin model fit (more information in Chapter 4.9) [396], which describes 

the adsorption of BSA on the silicon dioxide well. In terms of direct comparison (absolute 
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values of d) of the QCM-D data to the ellipsometry data, one has to bear in mind that from 

the QCM-D data the calculated protein thickness adsorbed to the interface also includes its 

hydration layer (trapped water molecules) [402] which explains why QCM-D gives slightly 

higher values for d. An additional rinsing step with H2O (see next column in Table 5.1) 

illustrates that the first protein monolayer seems to be irreversibly attached to the surface, 

whereas adsorbed proteins above one ML are reversibly bound and mostly rinsed away. 

Even after rinsing the surface with pure water, a much weaker but still obvious re-entrant 

adsorption behaviour can be observed. 

 NR Measurements 

Specular neutron reflectometry (NR) measurements are carried out using the INTER 

reflectometer at the Rutherford Appleton Laboratory (Oxfordshire, UK), using neutron 

wavelengths from 1.5 to 16 Å. The reflected intensity is measured at two angles of 0.7° and 

2.3° as a function of the momentum transfer, qz = (4πsinθ0)/λ, where λ denotes the 

wavelength and θ0 is the incident angle.     

The measurements are performed at cp = 20 mg/mL and T = 20 °C by varying cs in          

Table 5.1. In terms of direct comparison (absolute values of d) of the NR data to the 

ellipsometry data (Figure 5.2), one has to bear in mind that the NR data shown is obtained 

after rinsing with pure water. Due to weak contrast, a direct extraction of d from the data 

against protein solution is not possible, thus only drinsed (i.e. measured against pure water) 

is presented in Table 5.1. The calculated effective protein thickness is the product of the 

thickness and volume fraction, which makes it comparable to ellipsometry data. Both 

QCM-D and NR data show a similar much weaker, but still detectable, re-entrant 

adsorption behaviour after rinsing. The slightly increased d obtained via QCM-D compared 

to NR can be explained by the QCM-D inability to distinguish between the BSA molecules 

adsorbed and their hydration shell, but this does not influence the overall adsorption trend 

or the general conclusion. 

 BULK INTERACTIONS 

The effective interactions Veff(r) between proteins are reflected in the behaviour of the 

reduced second virial coefficient B2/B2HS. B2 defines the second viral coefficient of the bulk 

solution. Experimental B2/B2HS values (inset, Figure 5.2) are determined using small-angle 

X-ray scattering (SAXS) on the beamline ID02 (ESRF, France) similar to Ref. [154]. To 

understand the adsorption behaviour, it is important to realise that the behaviour of d is 

closely related to that of B2/B2HS of the bulk solution (inset, Figure 5.2).  In regime II, the 

value of B2/B2HS is clearly negative, indicating a strong overall attraction between proteins 

compared to regimes I and III. Note that this is not the definition of the regimes nor its 

boundaries but rather is an important observation. The net attraction between proteins is 

reflected by a sharp adsorption maximum.  
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 THEORETICAL RESULTS 

This observation indicates that the protein adsorption in this system is closely related to 

the bulk behaviour, which can successfully be accounted for by the model for ion-activated 

attractive patches as a mechanism for interactions in protein-salt mixtures [209]. This 

model is formulated within the Wertheim theory for associating fluids [208,454–461] and 

treats proteins as hard spheres with radius Rp and M distinct and independent binding sites 

(patches) [208]. These sites can be occupied by salt ions, thereby activating a given patch 

(ion binding). The occupation probability of a site is given by Θ = [1 + exp(βεb-βμs)]-1, 

where μs denotes the salt chemical potential, β = (kBT)-1, and εb the binding energy [209]. A 

bond between two patches of distinct proteins is possible only if an activated patch meets 

a deactivated one (ion bridge). As a result, cs controls the protein-protein interactions. Note, 

however, that only the proteins are represented explicitly in this model. This implies that 

cs as a function of μs cannot be predicted self-consistently within this approach. The location 

of the minimum of the experimentally determined B2/B2HS is used in order to calibrate 

cs(μs).   

The resulting phase diagram of the model accounts for key features of the rather rich 

experimental phase diagram, such as re-entrant condensation and a closed-loop LLPS 

binodal schematically, which is shown in Figure 5.1 (b) [209]. The model also allows 

predictions of regions in the phase diagram, which are populated by protein clusters. A 

quantitative measure for this is Φ, the fraction of proteins in clusters. In the present 

investigation, it is assumed that in region II at least 20 % of the proteins are part of clusters, 

i.e., Φ = 0.2 to define c* and c**. While the experimental results presented here suggest that 

the bulk behaviour dominates the adsorption trend, the key point is the protein adsorption 

at a charged planar wall, which implies breaking the translational symmetry of the system. 

To this end, the classical density functional theory (DFT) is employed [217], which 

provides a powerful and well-established framework to investigate inhomogeneous density 

distributions. 

Within the DFT, one can show rigorously [217] that a functional  

Ω[𝜌] =  ℱ[𝜌] + ∫𝑑𝑟 𝜌(𝑟)[𝑉ext(𝑟) −  𝜇]                      (5.1) 

of the inhomogeneous density profile ρ(r) exists and takes its minimum, the grand 

potential, at the equilibrium density distribution. Using a DFT formulation of the 

Wertheim theory [462] based on the fundamental measure theory (FMT) for hard spheres 

[463,464], d is calculated at the SiO2-water interface. This interface is charged and strongly 

attracts yttrium ions, which in turn attract proteins towards the wall (Figure 5.3 (a)). 

Effectively, this can be described by a short-ranged external potential Vext(z) acting on the 

proteins, where z is the distance normal to the SiO2 wall. βVext(z) = 0 is set for z < 0 in order 

to represent a steric repulsion between proteins and the substrate and βVext(z) = -βεMθξ(z) 

for z ≥ 0. ξ(z) accounts for the rather short-ranged attraction induced by the yttrium ions 

condensed on the wall—which is in line with recent experimental observations [452].  
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Here, a Gaussian form ξ(z) = exp [-0.5(z/Rp)2] is employed with the range of attraction 

being roughly one protein diameter, which effectively accounts for the range of the screened 

electrostatic interactions between ions and the wall and between ions and proteins.  

 

Figure 5.3 (a) Illustration of the different interaction mechanisms of the proteins, salt, and interface. (b) 
Sketch of protein adsorption on the attractive surface by increasing cs/cp. 

The strength of the external potential depends on μs via the occupation probability Θ of the 

protein binding sites. This form can be motivated by the following arguments. A sketch is 

presented in Figure 5.3. At low cs, when Θ → 0, only a few proteins are subjected to the 

attraction of the wall induced by the ions. As cs increases, more ions mediate the attractions 

between the wall and the proteins. At the same time, the protein-protein attraction 

increases accordingly, which leads in turn to an increase in d. At very high cs (Θ → 1), the 

mechanism for the wall attraction remains, while the protein-protein interaction becomes 

weak, since a majority of the binding sites are occupied so that salt ions can no longer cause 

a patchy attraction between the proteins. Therefore, one expects from the model ∼1 ML of 

proteins to be adsorbed on the wall in the limit of Θ → 1.   

In Figure 5.2 (solid and dashed lines), the value of d in nanometres is shown as a function 

of cs/cp  for a volume packing fraction η = (4π/3)ρpRp3 = 0.0078, corresponding to                     

cp = 20 mg/ml along the path indicated by the red dashed arrow in Figure 5.1 (b). M = 4 

and εb = −5 are chosen [209]. The protein adsorption is computed from the inhomogeneous 

density profile ρp (z), obtained via DFT for the activated patch model.  
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In order to compare to experiments, d is defined as the distance from the wall where ρp (z) 

is at least 50 % higher than the bulk density ρp. For suitable values of βε [1.8 (solid curve) 

and 1.7 (dashed curve)], very good, semiquantitative agreement between theory and 

experiment is found. For high values of cs, a finite d assigned to ∼1 ML is found in 

agreement with the experiments. Note that the fraction Φ of proteins in clusters in the bulk 

system is directly related to the behaviour of the layer thickness d of proteins at the wall.  

The theoretical results confirm that ion binding at the protein surface drives the 

experimentally observed non-monotonic adsorption behaviour, thereby reflecting the 

underlying bulk interactions. In particular, the remarkable agreement between the 

experiment and theory (considering, in particular, the few parameters involved) 

emphasises that the presented model of ion-activated attractive patchy particles, subjected 

to an effective external wall potential, captures the essential effects of the protein adsorption 

at a charged surface in the presence of multivalent salt ions.  

 

Figure 5.4: Theoretical calculations showing changes in d upon increasing cp from 15 mg/ml up to 35 
mg/ml. The green curve diverges to infinity due a wetting transition. 

The model is kept intentionally simple with a minimum number of parameters, which 

helps to identify the key mechanism responsible for the behaviour of the system, namely, 

the ion-activated patchy interactions of the proteins. Importantly, using this model allows 

the exploration of the adsorption behaviour of the system in different parts of the bulk 

phase diagram. Increasing the protein concentration approaching the LLPS region, the 

adsorbed film thickness d increases. A complete wetting regime, in which d becomes even 

macroscopically thick, is found (Figure 5.4). Qualitatively, a similar behaviour as shown in 

Figure 5.2 for the experimental data is observed with a maximum for c*< cs < c**. 
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 SUMMARY 

In conclusion, it is demonstrated that multivalent ions can be employed to control not only 

the bulk interactions and bulk phase behaviour of proteins such as BSA, but also its 

adsorption behaviour at a charged interface such as water-SiO2. Re-entrant effects at the 

interface are observed, which reflects the bulk behaviour, measured by B2/B2HS, in an 

intriguing way. Furthermore, the experimental data can be explained and understood by 

theoretical calculations within the framework of classical DFT based on a model of               

ion-activated patchy interactions and their associated statistics. In addition to the 

fundamental implications of the first-time demonstration of this ion-activated patch model 

in the context of the symmetry break brought about by an interface, this approach may 

pave the way to controlled nucleation at interfaces in regime II and possibly protein 

crystallisation under new conditions. 
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6 WETTING TRANSITION AT BULK 

INSTABILITY 
The following chapter is based on Ref. [465] and was conducted in collaboration with Dr. 

Daniel Stopper and Prof. Dr. Roland Roth of the Institute of Theoretical Physics (University 

of Tuebingen), who performed the theoretical calculations presented in this chapter. 

 BACKGROUND 

Controlling and understanding protein adsorption is key to a number of phenomena in 

biomaterial science and medical devices such as biocompatibility, osseointegration, 

inflammation and contamination [42,165,466]. One way to systematically investigate the 

underlying interaction mechanisms between proteins and solid surfaces is to alter the 

surface chemistry and topography e.g. through the use of alloys of different composition, 

self-assembled monolayers (SAMs), membrane bilayers, polymer brushes, smart 

biomaterials or tissue engineering [53,153,163,220,466]. An interesting, and in fact 

efficient, alternative to modifying the surface properties would be to tune protein 

adsorption by exploiting suitable thermodynamic conditions, i.e. conditions that favour a 

certain level of adsorption driven by the underlying bulk phase behaviour. 

Adsorption at solid-liquid interfaces is the result of sufficiently attractive substrate-fluid 

and intermolecular fluid interactions. Strongly enhanced or macroscopic adsorption may 

in particular result in the vicinity of bulk instability regions, a phenomenon called ‘wetting’ 

that is mostly explored in statistical physics of ‘simple liquids’ [467–469]. Although the 

bulk phase behaviour of protein solutions shares intriguing similarities with that of 

suspensions of spherical colloids [430,470–472], it is not clear a priori to what extent 

surface phenomena such as wetting can be transferred to solutions of proteins, in view of 

their significant complexity and patchy nature [209,219,428,429,437,438,473,474]. 

Furthermore, the tailoring of adsorption beyond the monolayer would be of significant 

importance for the understanding of e.g. heterogeneous nucleation of crystals or for 

improving the biocompatibility of implants by pre-adsorption, which makes this 

investigation not only important fundamentally, but also for applications. 

Salts provide a versatile way to manipulate the interactions. Specifically, multivalent ions 

can induce novel effects at interfaces, going well beyond mean-field behaviour [156], such 

as strong coupling through ion-ion correlations [452,475], micelle formation at                      

liquid-liquid interface transitions [476], elemental selectivity at interfaces [477] and charge 

inversion in phospholipids [478], in polyelectrolytes [479], and DNA complexes [475]. In 

polyelectrolyte brushes, multivalent ion bridging is found to cause diminishing lubrication 

properties [480] illustrating the versatile role multivalent ions can have.                                              
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For proteins, multivalent ions have proven to be a powerful tool in inducing a broad variety 

of interactions and associated phase behaviour [80,149]. In order to provide a basis for the 

adsorption investigations, first, the bulk behaviour of protein solutions is explained. The 

phase diagram of bovine serum albumin (BSA) and yttrium chloride (YCl3) in water is 

shown in Figure 6.1. BSA in aqueous solution is net negatively charged at neutral pH [481]. 

YCl3 is particularly suitable as a model salt since it has relatively weak effects on the pH 

compared to other multivalent salts. The addition of multivalent salts, such as YCl3, to the 

BSA solution screens repulsive electrostatic forces due to binding of multivalent cations to 

the protein surfaces. At the same time, this ion-binding process induces highly directional 

attractive protein-protein interactions resulting in the formation of protein bridges 

mediated by cations [209]. At sufficiently low salt concentrations, the solution remains 

clear (regime I). If cs is increased, protein clusters give rise to a transition from a clear to a 

turbid solution (regime II) after crossing a boundary denoted c*. Importantly, regime II 

also features a (metastable) closed-loop liquid-liquid phase separation (LLPS) into a 

protein-poor and protein-rich phase, which is exploited here, and can also facilitate protein 

crystallisation [147,149,181]. Upon further increasing cs, the system undergoes charge 

inversion causing the protein clusters to dissolve. This process is known as re-entrant 

condensation (RC), which is defined by a second transition (c**) from a turbid to a clear 

solution (regime III) [80,150]. Note that the concept of charge inversion is not unique to 

BSA, but has been shown for several proteins, e.g. BLG [482,483]. The LLPS phase 

boundaries depend on the solution temperature T, as indicated in Figure 6.1 (a). 

Several aspects of the phase behaviour of proteins in solution can be understood with 

statistical physics of colloidal fluids [470,471]. In particular, models that treat proteins as 

patchy particles, interacting via highly-directional forces, turned out to be very successful 

[428,429,437,438,473,474,484,485]. Anisotropy in protein-protein interactions is the 

result of, inter alia, non-uniformly distributed surface charges, presence of hydrophobic 

and hydrophilic zones on the protein surface, or the formation of hydrogen bonds. The 

behaviour of proteins in the presence of multivalent salt can be successfully modelled as 

patchy colloids, where the patches are activated by cations [209]: in addition to a                     

hard-sphere-like core repulsion, a patch-patch interaction is mediated by ions which can 

activate the sites by chemically binding to the protein surface; a bond between two distinct 

proteins is then only possible if an activated patch meets a deactivated one. The resulting 

phase diagrams, which can be obtained from Wertheim’s perturbation theory for 

associating particles [454,456–459], are in excellent qualitative agreement with the 

experiments considering the coarse-grained nature of the model. This includes RC in terms 

of protein clusters and a closed-loop LLPS region. In line with experiments [181], critical 

protein volume fractions are predicted to occur at values below 10 %, and volume fractions 

of the high-density protein phase around 20 %. This is indeed a prominent feature of patchy 

fluids [206] and cannot be understood with fluids interacting via isotropic forces where 

liquid densities often reach volume fractions of 40 % or beyond [469]. 
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Figure 6.1: Phase diagram. (a) Experimental phase diagram of BSA (cp) and YCl3 (cs) for various 
temperatures T. The lines c* and c** determine the boundaries of the region where the solution is turbid and 
dominated by large protein clusters (blue area, regime II). It broadens slightly with increasing T. The vertical 
arrows indicate the paths taken in the adsorption experiments. The LLPS region (grey-shaded areas) starts 
to occur at 20 °C and quickly broadens with increasing temperature. Note that the grey-shaded areas do 
not display the coexisting densities but the regions at which LLPS is observed. The experimentally measured 
values of the phase boundaries can be found in Table 6.1. (b) Theoretical phase diagram of BSA (cp) and YCl3 
(cs) based on theoretical DFT calculations in Ref. [209]. The obtained phase diagram does not contain an 
explicit temperature dependence but can be compared to the experimental 20 °C data. The vertical arrows 
indicate the paths taken in the calculations for Figure 6.6. Note that due to the intentionally simplified nature 
of the model with only few parameters the agreement with experiment is only semi-quantitative.  

In this chapter, the control of enhanced adsorption beyond a monolayer is demonstrated 

and it is explored if the wetting phenomena, known from simple fluids, can also be 

exploited in the rather complex system of a protein solution exhibiting LLPS in the presence 

of multivalent salts in order to induce enhanced protein adsorption at a planar interface. 
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Wetting is driven by a combination of underlying bulk thermodynamics and sufficiently 

strong salt-induced wall-protein attractions. The experimental and theoretical implications 

and potential applications are discussed in a broader context of wetting by patchy particles, 

for which the present system is an interesting realisation. 

 BULK BEHAVIOUR 

The general bulk behaviour of globular proteins and multivalent ions has been extensively 

investigated over the past decade [80,149,150,153,241,486]. As a first step, the bulk phase 

behaviour of this specific system and its temperature dependence is determined. This is an 

essential key in order to draw meaningful conclusions regarding the connection between 

adsorption and bulk thermodynamics. The temperature-dependent phase diagram shown 

in Figure 6.1 (a) is generated with the Thermostat C from Eppendorf for a stable 

temperature control. The experimental results are summarised in Figure 6.1 (a), while the 

theoretical phase diagram calculated within the model of ion-activated patchy particles 

[209] is shown in Figure 6.1 (b). Based on the Wertheim perturbation theory for fluids of 

patchy particles [454–459], the present model considers proteins as hard spheres with 

radius Rp and M distinct and independent binding sites (patches). These sites can be 

occupied by salt ions (Y3+), thereby activating a given patch (ion binding). The occupation 

probability of a site reads [209]   

Ɵ(𝜇s) = (1 + exp(𝛽𝜀b − 𝛽𝜇s)
−1,                                    (6.1) 

where μs denotes the salt chemical potential, β = (kBT)−1 the inverse thermal energy, and εb 

the binding energy between the site and the ion. A bond between two patches of distinct 

proteins is possible only if an activated patch meets a de-activated one (and thus forms an 

ion bridge). The energy of a protein-protein bond is given by [209] 

𝛽𝜀pp(𝜇s) =  𝛽𝜀uoƟ(𝜇s)(1 − Ɵ(𝜇s))                               (6.2) 

in which εuo defines an energy scale for the interaction between the occupied and 

unoccupied site. The longer-ranged electrostatic repulsion which dominates in the system 

without salt (regime I) and very high salt concentrations (regime III) is effectively described 

via the hard-sphere repulsion between proteins. Note that the model accounts for the salt 

ions implicitly via the chemical potential μs, which implies that the total salt concentration 

cs as a function of μs cannot be predicted self-consistently within this approach. Therefore, 

the location of the minimum of the experimentally determined second virial coefficient 

B2/B2HS at cp = 20 mg/ml is used in order to calibrate cs (μs) [427] and consequently 

generate the theoretical phase diagram (Figure 6.1 (b)). 

In the experimental phase diagram, regime II is defined by cluster formation, thus its 

physical appearance changes from a clear to turbid solution. This transition from clear to 

turbid and turbid to clear can be detected by eye in Figure 6.2, if the protein concentration 

cp is high enough.  
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Hereby, c* has an abrupt change, whereas c** is smeared out and thus is determined 

through taking the median of the last turbid to the first clear solution. LLPS is also 

detectable by eye since over time a dense yellowish liquid is separating from the dilute 

phase (clear) [80]. 

 

Figure 6.2: Dilution series. Images of BSA/YCl3 solutions at 20 °C and at different cp of (a) 20 mg/ml and 
(b) 50 mg/ml BSA at varying cs of 0-30 mM. The orange circles mark c* and the green ones c**, respectively. 

In the case of cp = 5 mg/ml, c* and c** are determined via UV-Vis spectroscopy 

transmittance measurements for more quantitative results. Here, c* and c** are defined by 

the drop and rise in transmittance and an example is given in Figure 6.3. The absolute 

numbers to those transitions can be found in Table 6.1 and Figure 6.1. 

 

Figure 6.3: Phase transition at low cp. UV-Vis transmittance measurement at 5 mg/ml cp (BSA) in the 
presence of YCl3 at 20 °C. The phase transition c* and c** are defined by the decrease and increase in 
transmittance. 

 



 
6.2 Bulk Behaviour   

78 
 

Table 6.1: Phase behaviour of BSA and YCl3. Phase transition c*, c**, and LLPS salt concentrations (in mM) 
at different protein concentrations and temperatures.   

Temperature 10 °C 20 °C 30 °C 40 °C  
cp 

[mg/ml] 

c* c** c* c** lower 

LLPS 

upper 

LLPS 

c* c** lower 

LLPS 

upper 

LLPS 

c* c** lower 

LLPS 

upper 

LLPS 

20 1.33 9.33 1.37 12.5 - - 1.33 11.17 - - 1.13 10.67 - - 

30 2 14 1.8 14.7 - - 1.73 14.17 3.33 4 1.87 15.17 3.33 5.33 

50 3.67 18.5 3.53 21 6.5 9 3.53 20.17 5 10 3.07 19.5 4.33 9.67 

 

For 10 °C, which is below the lower solution critical temperature (LCST), no coexistence of 

protein-poor and protein-rich phase is found (Figure 6.1). At higher temperatures (20 °C, 

30 °C, and 40 °C), the LLPS region (grey areas) broadens strongly. Interestingly, the lines 

c* and c**, defining regime II, do not show such a strong temperature dependency. While 

there are also pH-related effects (see Figure 6.4), pH is not driving the rich phase behaviour 

for the salts employed here since the trends found do not match the pH changes in solution. 

This is consistent with previous results [481]. 

 

Figure 6.4: Bulk properties. pH-meter measurements of the bulk protein solution of 20 mg/ml BSA at 20 °C 
by varying YCl3 concentration. 

In the following sections, the adsorption of an aqueous BSA solution to a silicon dioxide 

(SiO2) interface is presented in the presence of YCl3 [427] as a function of cs experimentally 

by means of ellipsometry and quartz-crystal microbalance with dissipation (QCM-D) and 

theoretically within the framework of classical density functional theory (DFT). In the 

adsorption experiment, the LLPS region can be approached from low protein 
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concentrations cp by either increasing cp, or increasing T. The latter procedure is achievable 

as the LLPS region for the present system is bounded by LCST and broadens with 

increasing T  [155]. By comparing the experimental data with the theoretical predictions 

in a simplified model system, a clearer insight into the behaviour of the complex protein 

system is obtained. 

 ADSORPTION UPON APPROACHING LLPS BY VARYING CP 

The most intuitive way to approach the LLPS region experimentally is to change cp. The 

adsorption behaviour is investigated at three different values of cp, namely 5 mg/ml, 20 

mg/ml and 50 mg/ml at fixed T = 20 °C, while varying cs as indicated by the arrows in 

Figure 6.1 (a) (the path for cp = 5 mg/ml is far below the LLPS and not shown). The 

resulting effective adsorbed protein layer thickness d in nm is displayed in Figure 6.5 (a) 

as a function of cs/cp. The turbid regime II is indicated by the shaded area. The normalised 

abscissas show the adsorption profiles for different values of cp in one figure, although c* 

and c** increase with increasing cp (see Figure 6.1 (a)). 

 
Figure 6.5: Ellipsometric protein adsorption measurements. (a) Protein layer thickness d versus cs/cp upon 
approaching the LLPS by changing the protein concentration (cp = 5 mg/ml, 20 mg/ml and 50 mg/ml) 
obtained from ellipsometry measurements at 20 °C. (b) Protein adsorption as function of cs/cp upon 
approaching the LLPS by changing T (10 °C, 20 °C and 40 °C) via ellipsometry at 20 mg/ml cp. The 
adsorption curves show an increase in d by increasing cp or T in regime II (blue-shaded). Regimes I and III 
are essentially unaffected by the change in cp or T. 
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SiO2 in contact with water is negatively charged. Therefore, without added salt, only few 

proteins are adsorbed at the interface due to dominating repulsive electrostatic forces 

between the negatively charged surface, and the net negatively charged BSA molecules at 

neutral pH [225,487,488]. This results in adsorption limited to sub-monolayers [446]. 

Ellipsometry measurements show a fitted effective thickness of d ≈ 1 nm (BSA has an 

effective sphere radius of Rp ≈ 3.5 nm, i.e. the coverage is below 1 full monolayer). 

When increasing cs, the repulsive electrostatic forces are screened, and attractive 

interactions dominate in regime II. The ions adsorbed at the interface exert a strongly 

attractive force on the proteins [427]. The attractive protein-protein interaction in addition 

to the attractive substrate causes d to exhibit a prominent maximum at cs/cp ≈ 10. For 

higher cs entering regime III, cs > c**, the adsorption curves feature a re-entrant effect for 

all cp. Here, the dominating protein-protein interactions become again more repulsive [80], 

while the interaction of proteins to the substrate remains attractive. As a consequence, d 

decreases down to a plateau with a value of ~5 nm corresponding to roughly 1 ML of 

proteins that remain adsorbed at the wall (1 ML: d = 4 nm). Remarkably, this appears to 

be insensitive to cp.  

Importantly, the maximum adsorption layer thickness dmax increases strongly from                  

d = 6.8 ± 0.51 nm at cp = 5 mg/ml, to d = 9.6 ± 2.5 nm at 20 mg/ml, and to d = 23.5 ± 

2.55 nm at cp = 50 mg/ml. Note that for cp = 50 mg/ml the system is already phase-

separated, and only the dilute (protein-poor) phase is used for the adsorption 

measurement, to avoid interfacial effects between the dilute and dense protein phase, or 

density gradients influencing the measurement. The non-linear increase of dmax indicates 

that this is not simply the result of more proteins being present in the system, but rather is 

related to the bulk phase behaviour. Therefore, the strong adsorption peak at cp = 50 mg/ml 

may be the precursor of a ‘wetting’ transition. 

Using the model of activated patchy particles, the re-entrant adsorption trend can be 

explained within the framework of DFT [216,217], where the re-entrant behaviour is 

shown to be a direct consequence of the underlying bulk interactions of the proteins [427]. 

The classical density functional theory (DFT) [217] provides a powerful and well-

established framework to investigate inhomogeneous density distributions in any external 

potential. The key statement of DFT is the theorem that a functional 

Ω[𝜌] =  ℱ[𝜌] + ∫𝑑𝑟 𝜌(𝑟)[𝑉ext(𝑟) −  𝜇]                              (6.3) 

of the inhomogeneous density profile ρ(r) exists and takes its minimum, the grand 

potential, at the equilibrium density distribution [217]. A DFT formulation of the 

Wertheim theory [462] based on fundamental measure theory (FMT) for hard spheres is 

employed [216,464], to calculate d at the SiO2-water interface. Effectively, this is described 

by a salt-dependent short-ranged wall-protein potential Vwp(z) where z is the distance 

normal to the substrate. The model predicts a non-monotonic, re-entrant adsorption layer 

at the substrate depending on cs in excellent accordance with experiments [154,427].         
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For more details on the underlying bulk model and the ion-activated attractive protein 

adsorption model, the reader is referred to Refs. [209,427]. 

This model is employed to investigate the behaviour of protein adsorption upon 

approaching the LLPS region. The theoretical predictions for d, as a function of cs/cp, are 

displayed in Figure 6.6 for several fixed cp  (corresponding to the arrows in Figure 6.1 (b)). 

In excellent agreement with the experimental results, the model predicts that the 

adsorption in regime II is enhanced strongly upon approaching the LLPS region. For the 

path crossing the LLPS region (dark green arrow), the attractive substrate becomes 

covered by a macroscopic film of the coexisting high-density protein phases, i.e. d diverges. 

The corresponding protein density profiles ρ(z) at the maxima of d obtained from DFT 

shown in the inset of Figure 6.6 are evidence for the divergence of the dark green curve       

(ρ = ρliquid for z → ∞). Note that the curves are normalised with respect to the bulk value of 

the protein-poor phase. For the path that misses the LLPS region slightly, the maximum 

of d corresponds to a film with the density of the protein-rich phase that is a few protein 

diameters thick. When the chosen path crosses the LLPS region at the protein-poor phase, 

wetting theory of simple liquids [467] would predict that if the substrate is sufficiently 

attractive, d can diverge, i.e. a macroscopically thick film of the coexisting protein-rich 

phase can be adsorbed at the substrate. This DFT model treating proteins as ion-activated 

patchy particles predicts a wetting behaviour which, interestingly, does not differ 

significantly from results for wetting of fluids with isotropic potentials despite the much 

higher complexity and the fundamentally different interactions. 

 
Figure 6.6: DFT calculations. Protein layer thickness d versus cs/cp as obtained within DFT for different 
paths through the theoretically calculated phase diagram (Figure 6.1 (b)). The theoretical predictions of d 
agree qualitatively very well with those from experiments shown in Figure 6.5 (a), except for the path 
crossing the LLPS region. The divergence in the theory is due to the grand canonical ensemble. Note that due 
to the complexity of the system the canonical ensemble does not quantitatively describe the experiment. 
(inset) Protein density ρ(z) normalised to its value for z → ∞ corresponding to the adsorption maxima. When 
the LLPS region is crossed on the protein poor side, a macroscopically thick film of the protein rich phase 
adsorbed at the attractive substrate can be found (dark green line, cp = 9.3 mg/ml). 
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 ADSORPTION UPON APPROACHING LLPS BY VARYING T 

This system offers an interesting, independent way to experimentally demonstrate the 

increase of d and relate this to the onset of a wetting transition: the LLPS regime can be 

entered at constant cp by changing T  [155]. Due to the LCST behaviour, increasing T up 

to 40 °C leads to a significant expansion of the region where LLPS is found                                  

(cf. Figure 6.1 (a)). Ellipsometric measurements of the adsorption layer are performed at 

10 °C, 20 °C and 40 °C at cp = 20 mg/ml. The resulting adsorption profiles shown in     

Figure 6.5 (b) exhibit a similar behaviour as those in Figure 6.5 (a): by increasing T, d 

clearly increases in regime II. Note that the increase is not as strong as for the previous 

path varying cp, which most likely is related to the fact that for T = 40 °C the path at                              

cp = 20 mg/ml is still located far from the LLPS boundary. Nevertheless, these results 

strongly suggest that the observed protein adsorption is connected to the underlying bulk 

phase diagram. This is further supported by considering the adsorption behaviour in 

regime I and III relative to that in regime II. Here, the values of d are virtually unaffected 

when changing T, even on an absolute scale. In regime I (up to cs/cp ≈ 5), the data is nearly 

indistinguishable, and in regime III, all curves simultaneously converge to a plateau of           

d ≈ 5 nm (as in the previous measurements where cp is varied). Thus, the adsorption 

behaviour in regime I and III seems to be mainly guided by surface properties and is 

independent of (temperature-dependent) bulk conditions. In contrast, in regime II, 

adsorption is enhanced due to the combination of the ion-activated-attractive interface and 

the bulk instability. 

 COMPLEMENTARY MEASUREMENTS AND PROPERTIES OF 

ADSORBED LAYER 

The adsorption investigation is extended with complementary QCM-D. The measured raw 

data consists of two parameters: frequency F and dissipation D. An example is plotted in 

Figure 6.7. The microbalance is calibrated in water prior to the adsorption measurement. 

Afterwards, the cell is exchanged with the prepared protein/salt solution and the 

adsorption process is measured for one hour. Then, the cell is flushed with water to check 

for the reversibility of the adsorption process. Already from those two parameters, one can 

obtain information about the properties of the adsorbed layer. The higher F, the more 

proteins are adsorbed at the interface. The higher D, the more diffuse and viscoelastic is the 

adsorbed layer. D values below 2E-6 Hz are assumed to belong to a rather stiff layer and 

above to a more diffuse layer [402]. During adsorption, a more diffuse layer is formed in 

regime II than in the other regimes. Thus, the thicker the adsorbed layer, the more diffuse 

it is. After rinsing with H2O, all adsorbed films lose all their mass up to a critical value, as 

well as decrease in dissipation. A stiffer and much thinner layer is left at the interface. This 

observation can also be visualised by plotting the absolute values of D and F in Figure 6.8. 

Through the fitting of the data with a viscoelastic model, the thickness of the adsorbed 

proteins, as well as its viscosity and elasticity can be extracted. In Figure 6.10, dQCM-D for  

T = 40 °C and in Figure 6.9 dQCM-D for 20 °C are illustrated. The trends mentioned above 
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are also reflected in the extracted viscosity parameter in Figure 6.9. While the viscosity 

parameter is not very reliable on an absolute scale, it is an interesting and useful quantity 

to compare on a relative scale. Diffuse layers are accompanied by a higher viscosity. 

 

Figure 6.7: Real-time protein adsorption. 9th overtone of the raw QCM-D data showing the change in 
frequency (blue) and dissipation (red) upon (step 1) the addition of protein/salt solution and (step 2) rinsing 
with water at different salt concentrations at 20 mg/ml cp and 40 °C. Note: during solution exchanges the 
pump creates spikes in the data during turning-on and switching off. 

Importantly, the QCM-D data exhibits the same trend as the previous results: the 

adsorption maximum in regime II increases with increasing temperature and the curves 

approach a plateau value in regime III. The difference in absolute values of dQCM−D obtained 

from QCM-D relative to that of ellipsometry arises since the QCM-D measures in addition 
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to the protein in a relatively open (sponge-like) morphology, also the water directly 

associated to the adsorbed proteins. Ellipsometry however measures an effective thickness 

d resulting from a step function included in the fitting model for the protein density profile 

with a volume fraction of 1, which is laterally averaged over the measured surface. This 

associated water includes the hydration layer, hydro-dynamically bound water, and 

trapped water in a presumably sponge-like morphology of the adsorbed protein layer. 

Through the subtraction of dEM from dQCM−D, the amount of associated water dassoc within 

dQCM−D surrounding the proteins can be calculated in Figure 6.10 (d). 

 

Figure 6.8: Absolute values of frequency (blue) and dissipation (red) of the 9th overtone of BSA/YCl3 at                    
40 °C. 

This provides valuable insight into the density and the structure of the formed layer. It 

turns out that in regime II the amount of water contained in the layers is roughly two times 

higher at T = 20 °C (Figure 6.9), and four times higher at 40 °C, respectively compared to 

regimes I and III indicating the formation of a diffuse layer in the dense-liquid regime II. 

This information extends the picture of enhanced adsorption. In regime II, there are indeed 

more proteins adsorbed, thus “enhanced adsorption”, but at the same time this layer has 

significantly more water associated to it. This means that this enhanced protein layer is 

more diffuse than a “normal” (densely packed) adsorption layer due to the water uptake, 

while also having more proteins incorporated leading to a different layer morphology. The 

different configuration of the adsorption layer vs. wetting layer is illustrated in                       

Figure 6.10 (a & b). Interestingly, this is consistent with the trend of the dissipation 

parameter D (see Figure 6.7 and Figure 6.8) obtained from the QCM-D measurements. D 

is a measure for the viscoelastic properties of the adsorbed layer, where a higher value of D 

means that the layer is ‘softer’ and more diffuse [402] and a small value of D assumes a 

solid-like, rather stiff adsorbed layer. 
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Figure 6.9: Temperature-dependent adsorption behaviour. QCM-D measurements of the adsorbed amount 
of proteins at the solid liquid interface at 20 mg/ml and 20 °C. The top image illustrates the adsorption 
behaviour and its dependence on cs. The black data points show d after flushing the cell with H2O, thus, the 
irreversibly bound proteins, which show no re-entrant adsorption. The correlated viscosity is plotted in the 
bottom image. 

The reversibility of the adsorption process can be investigated from the QCM-D results. 

When the system is rinsed with water after the adsorption measurements, roughly 1 ML 

(≈12 nm including its coupled water for QCM-D) remains adsorbed at the substrate          

(black solid data points in Figure 6.10). In addition, a decrease of the value of D is observed, 

corresponding to a ‘stiff’ layer [402]. Furthermore, for cs corresponding to regime II, no 

increase in adsorption is observed anymore. This observation indicates that a layer of 

proteins is irreversibly bound at the substrate with stronger interaction than the excess 

proteins above with the substrate. 

 SUMMARY 

The experimental and theoretical results suggest that the enhanced protein adsorption 

upon approaching LLPS features the onset of a ‘wetting’ transition (i.e. the formation of a 

macroscopically thick protein layer) caused by dominatingly attractive protein-protein and 

protein-substrate interactions mediated by the multivalent ions. In experiments with 

independent complementary methods (ellipsometry and QCM-D), it is demonstrated that 

this effect can be achieved via two independent pathways, namely approaching the LLPS 

region by varying cp and by varying T. 
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Figure 6.10: Properties of differently adsorbed layers.  (Top) Sketch illustrating the different layer formation 
of (a) a (monolayer) adsorption layer compared to (b) a thicker (wetting) layer. (c) QCM-D measurements 
of the amount of adsorbed proteins at the solid-liquid interface at cp = 20 mg/ml and 40 °C. It illustrates the 
adsorption behaviour and its dependence on cs. The black data points (drinsed) show dQCM−D after flushing the 
cell with H2O, thus, the irreversibly bound proteins. (d) Associated water (dassoc). Since the QCM-D detects 
the adsorbed proteins plus its associated water, whereas ellipsometry fits the data to a volume fraction of 1, 
which is laterally averaged over the measured surface. Through the subtraction of dEM from dQCM−D, the 
associated water surrounding the proteins can be determined (usually this is rather illustrated with the 
difference in mass than thickness). 

The observation of strongly enhanced adsorption is particularly striking, since it underlines 

that interfacial phenomena such as wetting, which are known from the statistical physics 

of simple liquids, may also be found in rather complex solutions of proteins. This provides 

promising new perspectives for controlling protein adsorption at interfaces. In fact, 

exploiting the underlying bulk phase behaviour and thermodynamic conditions offers a 

particularly efficient tool for tailoring a desired protein density at substrates in a controlled 
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manner (not limited to BSA), which is relevant for many biological or medical applications 

such as biosensors or better biocompatibility in dental implants, lenses and joints [42,272] 

and might be extended to other biological systems such as DNA nano-stars used in hydro-

gels [489]. The consequences are important for the control and tailoring of protein 

adsorption and possibly at some stage (heterogeneous) nucleation of protein crystals or 

other high-density phases at the solid-liquid interface. In particular the use of multivalent 

ions represents a versatile tool for experimentally tuning substrate-protein interactions to 

achieve a desired level of protein adsorption. Moreover, adsorption phenomena only rarely 

seem to be investigated from the perspective of patchy colloids [490] for which proteins are 

a promising experimental realisation. 
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7 BULK PHASE BEHAVIOUR VS INTERFACE 

ADSORPTION: SPECIFIC MULTIVALENT 

CATION AND ANION EFFECTS ON BSA 

INTERACTIONS 
The following chapter is based on Ref. [491]. Additional complementary measurements 

collected with neutron reflectivity and X-ray reflectivity are discussed in Appendix A. 

 BACKGROUND 

Salts are essential for life as we know it. Humans need to ingest adequate amounts of salts 

via their diet [492] in order to maintain biological and physiological functions in the body 

[493]. The absence or excess of salts can ensue diseases such as renal oedema, Addison's 

disease, congestive heart failure [493], Parkinson's disease [494], Alzheimer's [495] or 

hypertension [492]. For certain bacteria - called halo bacteria - a high salt concentration is 

required for survival [496], while in plants it can induce cell death due to abiotic stress 

[497].  

Salts consist of cations and anions, which have different properties and promote ion-

specific interactions, thus facilitating different functions in biomolecules, such as proteins, 

e.g. via ion-protein interactions [156]. To decode their role and more specifically their 

binding mechanisms to proteins, numerous investigations were conducted in the past 

decades [129,237,498]. Nevertheless, there are still contradictory opinions and open 

questions concerning the interplay of electrostatic, hydrophobic, van der Waals, and 

entropic interactions between proteins and salts in bulk and at solid interfaces. 

The chloride anion (Cl-) plays a central role in the human body as its principal anion and 

the second main contributor to blood plasma tonicity [499] and has a key role in the 

regulation of body fluids, the preservation of electrical neutrality, acid-base balance [500], 

muscular activity and osmotic pressure  [499]. In the human body, a chloride imbalance 

can induce diseases such as dystrophia myotonica, cystic fibrosis, chronic pancreatitis, 

epilepsy, cataract or Barter's disease [499,501]. In addition, it is used to diagnose other 

diseases and deficiencies [502]. In biopharmaceutical drugs, chloride is, e.g., added to 

liquid antibody solutions for long-term stability [503] or used to investigate alcohol 

degradation in the liver [504]. 

Another essential anion, which is primarily ingested through fish and dairy products, is 

iodide (I-) [505]. I- is, amongst others such as I2, I3, IO-, HIO, and HI2O-, one form of iodine 
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(potentially) present in the human body [506]. Here, the focus is on I-. It is most 

prominently known due to its role in thyroid hormone production [507], but is also found 

in saliva, stomach, intestines, kidneys, ovaries and in the blood stream [506].  An iodide 

deficiency can lead to goitre and hypothyroidism [506]. Especially during pregnancy, an 

adequate level of iodide is crucial to prevent mental retardation and cretinism in new-borns 

[506]. In medicine, the antioxidant nature of iodide is used to combat free radicals and 

peroxides. While it is known for its disinfection/antimicrobial properties [508], another 

important aspect is its positive effect in the treatment of cardio-vascular diseases [509], 

respiratory disorders [510], inflammatory skin diseases, and especially degenerative eye 

diseases  [505]. 

All of these aspects illustrate the importance of investigating protein-ion interactions. Some 

important aspects of these interactions are summarised in the so-called Hofmeister series 

[126,128,511]. Anions are hereby ordered according to their propensity from salting-in 

(stabilising) to salting-out (destabilising) the protein: 

SO4
2− > PO4H

2− > F− > CH3COO− > Cl− > Br− ≈ NO3
− > I− > ClO4

− > SCN− 

For cations, the corresponding series reads [511]: 

Na+ > K+ > Rb2+ > Ca2+ > Ni2+ > Mg2+ > Fe2+ > Zn2+ > Al3+ > Fe3+, Cr3+ > NH4+ 

Typical physiologically relevant cations are mostly metal ions and have valences from 

monovalent (e.g. Na+) to trivalent (e.g. Al3+) [512]. The trivalent lanthanum cation (La3+), 

which is less known in the physiological context, can be used on the one hand as a model 

cation due to its similar size to calcium to investigate e.g. muscle contraction [513].  On the 

other hand, it can block unwanted bindings of physiological cations with similar size. For 

example, La3+ is found to inhibit the growth of cancerous cells in colon cancer [514], 

leukaemia [515] and skin cancer [516] and is thus a component in anticancer drugs already 

tested in vivo and in vitro [514]. In the same sense, it can act either as a neurotoxin [517] 

or trigger the release of neurotransmitters [518]. In plants, La3+ acts as a chemical fertiliser 

[519] and relieves the plant of salinity-induced oxidative stress [520]. 

Yttrium (Y) belongs to the group of transition metals, but its chemistry is similar to that of 

lanthanides [349]. Y3+ is used in chemotherapy as a treatment for liver cancer [521] and in 

radioimmunotherapy as part of yttrium-labelled antibodies [522]. In dentistry, elementary 

yttrium is incorporated into dental implants for better osteoblast adhesion [523]. For a 

further discussion of selected properties and application of multivalent ions, see Ref. [156]. 

Due to the interaction between opposite charges, cations can bind to negatively charged 

molecules. Under certain conditions, cations can thereby induce attractive forces e.g. 

between macro-anions [524] and bridge particles of equal charge, such as polyelectrolytes 

[480], surfactants [525] or actin filaments [526]. Cations can induce charge inversion in 

biological membranes [527], anionic liposomes [528] and globular proteins [80].                          
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A complex phase behaviour for globular proteins (human and bovine serum albumins, 

beta-lactoglobulin, ovalbumin) in the presence of multivalent cations such as Cd2+, Zn2+, 

La3+, Al3+, Y3+, Ho3+ and Fe3+ is observed [79,147,150,151,241,349]. The phase diagram 

features phenomena such as liquid-liquid phase separation (LLPS), protein crystallisation, 

and re-entrant condensation (RC) due to cation-induced charge inversion 

[79,147,150,151,241,349].  

In this chapter, the focus is on the effect of anions (Cl- vs I-) and cations (La3+ vs Y3+) on the 

bulk behaviour of bovine serum albumin (BSA), as well as on its adsorption behaviour on 

a negatively charged, hydrophilic surface (SiO2). Serum albumin is often the first protein 

to adsorb to a solid interface [42] in contact with blood serum. It is the most abundant 

blood protein and has a well-known structure [232] making it an ideal and important 

protein to investigate. In terms of substrate properties, hydrophilic surfaces are highly 

hemocompatible [60,61]. Negatively charged surfaces are important for initiating blood 

clotting [46] by inducing protein adsorption and platelet adhesion [60], besides activating 

further proteolytic systems in the blood plasma [63,64]. Thus, SiO2 is a good model surface 

to investigate protein adsorption in addition due to its well-defined properties and smooth 

surface. 

In the following, insight into the dominant interactions guiding protein cluster formation 

and protein adsorption is given and the influence of multivalent salts on these behaviours. 

The aim is to obtain a comprehensive picture of the underlying mechanisms and 

interactions driving these phase behaviours via UV-Vis spectroscopy, optical microscopy, 

FTIR, and pH measurements. Depending on the ion type, composition, and valency, 

different protein behaviours are observed due to varying type and strength of interactions. 

Second, protein adsorption is investigated by ATR-FTIR, ellipsometry, and QCM-D 

measurements.  

 PHASE BEHAVIOUR 

The phase behaviour of BSA in the presence of YCl3, LaCl3, YI3 and LaI3 is presented, which 

differs depending on the anion and cation type in the bulk solution. The phase diagrams in 

the presence of chloride salts were already established in previous publications by 

Matsarskaia et al. [349] and Braun et al. [152] and are used as a reference for the protein 

adsorption measurements. 

First, the focus is on the anion iodide and its influence on the protein bulk phase behaviour. 

The phase behaviour of BSA with YI3 and LaI3 at room temperature is established          

(Figure 7.3 (a & b)). The phase transitions in the phase diagrams shown in Figure 7.3 are 

determined by eye, UV-Vis measurements and optical microscopy [80]. For low cp, due to 

faint visual turbidity determination via UV-Vis transmittance measurements is necessary. 

Previous investigations have shown that the determination by eye is sufficient and 

comparable to laser transmittance measurements [80].  
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The first phase transition from regime I to II at the specific salt concentration c* is defined 

by the onset of turbidity (Figure 7.1). Examples are given in Figure 7.1 (a & b) for each salt. 

At 1, 2, and 5 mg/ml cp, additional UV-Vis measurements are performed to determine c*, 

when detection by eye is not possible due to only faint changes in turbidity. The 

corresponding transmittance measurements for BSA with LaI3 and YI3 are given in         

Figure 7.2 and the respective values of c* are listed in Table 7.1. In the transmittance 

measurements, c* is defined by the first drop in the transmittance signal. The method of 

choice to investigate LLPS formation is optical microscopy to see the droplet and network 

formations with examples given in Figure 7.1 (c).  

 

Figure 7.1: Phase transitions. Determination of phase transition by eye at 50 mg/ml BSA and room 
temperature of (a) YI3 and (b) LaI3 one day after preparation. The bottles are labelled with the respective cs 
and with the respective cp (only in (a)). The occurrence of LLPS is determined by optical microscopy. An 
example is given for 50 mg/ml BSA and LaI3 with cs between 10 to 13 mM in (c). 

Both phase diagrams show a first phase transition from regime I (transparent) into regime 

II (turbid) at a given salt concentration c* and a metastable liquid-liquid phase separation 

(LLPS) region (square symbols in Figure 7.3), which starts to occur at cp ~ 5 mg/ml, i.e., 

within regime II. This phase behaviour of globular proteins mixed with multivalent ions 

has been first established by Zhang et al. [80] and can be rationalised as follows. The 

initially net negative charge of the proteins is neutralised by the addition of salt in regime I 

[79,80]. At a specific salt concentration c*, the dominant force changes from repulsive to 

attractive due to the binding of trivalent cations to negatively charged patches of the 

protein. The cations can even bridge proteins, thus promoting protein aggregation (regime 

II) [209]. The binding mechanism between cations and proteins can be rationalised by 

electrostatic interactions. 
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Figure 7.2: Transmittance measurements. UV-Vis measurements of (a-c) YI3 at 1, 2, and 5 mg/ml BSA and 
(d-f) for LaI3 at 1, 2, and 5 mg/ml BSA. The values of c* determined from the UV-Vis transmittance 
measurements are listed in Table 7.1. 

 

Table 7.1: Phase transitions. c* values determined from UV-Vis transmittance measurement shown in 
Figure 7.2. 

cp 

 (mg/ml) 

cs (YI3) 

(mM) 

cs (LaI3) 

(mM) 

1 1 5 

2 0.2 0.3 

5 0.4 0.5 
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Figure 7.3: Phase diagrams. BSA phase diagrams at room temperature with (a) YI3, (b) LaI3, (c) YCl3, and 
(d) LaCl3. The data in (c) & (d) are modified from Ref. [152]. Depending on the salt type, BSA undergoes 
different phase transitions. All salts, except LaCl3, induce LLPS (square markers). Only the chloride salts lead 
to re-entrant condensation, whereas BSA in the presence of iodide salts remains in regime II even at high cs. 
Note that c* deviates from a linear slope at very low cp (1 mg/ml). At low cp, the intermolecular distances 
between proteins become very large, thus prohibiting cluster formation until an excessive amount of salt is 
added. 

In colloid-like systems, including protein solutions, LLPS can occur depending on the 

interaction strength between particles. One parameter to determine the interaction 

strength and type is the reduced second virial coefficient B2/B2HS, where B2HS is the second 

virial coefficient of hard spheres [529]. A threshold value of B2/B2HS determined for LLPS 

formation in colloid theory is -1.5 [154,529]. LLPS forms at lower cs and extends to higher 

cs for BSA with YI3 than with LaI3. In addition, c* is lower in the presence of YI3 than LaI3. 

These differences in BSA phase behaviour induced by Y3+ and La3+ can be rationalised by 

weaker protein-protein interactions and cation-protein binding properties of La3+. The 

cation radius [530,531] and hydration effects [532,533] contribute to the effective    

protein-protein interactions. While other mechanisms may also play a role, it is reasonable 
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to assume that the bigger the cation (lower charge density), the weaker are the attractive 

interactions it can induce. A detailed investigation on the role of cations on the BSA phase 

behaviour has been performed by Matsarskaia et al. [349]. These findings are consistent 

with the previous results on chloride salts illustrated in Figure 7.3 (c & d). 

Interestingly, no re-entrant condensation occurs with either iodide salt. Thus, no transition 

into regime III is observed and at high cs, the protein-salt solution remains in regime II. 

Additionally, in the case of the iodide salts, LLPS begins at lower cp compared to BSA in the 

presence of chloride salts (Figure 7.3 (c & d)). This indicates much stronger BSA-BSA 

attractive forces in the presence of iodide salts, for which protein-protein interactions are 

attractive even at very high cs. The behaviour found is in good agreement with the 

behaviour found for BSA with nitrate salts. Braun et al. [152] has already observed 

attractive interactions of BSA at very high cs, in their case with nitrate salts (La(NO3)3 &       

Y(NO3)3), indicated by the phase diagram and measured B2/B2HS values. A systematic 

change in phase behaviour of BSA with Cl-, NO3- and I- can be observed: c* shifts to higher 

cs, LLPS occurs at lower cp and RC vanishes. Thus, ranking the anions from inducing strong 

attractive interactions from weakest to strongest: Cl- < NO3- < I-. Multiple factors contribute 

to this behaviour, which are explained in the following sections and supported by relevant 

anion properties in Table 3.2.  

 Hydration and Protein Stability 

According to the Hofmeister series, iodide is more prone to cause destabilisation of the 

protein (denaturation) than chloride [127], which could prevent re-entrant condensation 

(c**). Yet, at low and moderate ionic strengths (< 0.1 M), weakly hydrated anions such as 

iodide neutralise the electrostatic repulsive forces and thermostabilise BSA more efficiently 

than strongly hydrated anions and are thus more effective stabilisers leading to the reverse 

Hofmeister series [134,534,535]: 

SCN− > I− > NO3
− > Br− > Cl− > SO4

2− 

This order is based on the hydration of an ion, which is linked to its ion radius, heat capacity 

Cp, str, ionic B coefficient, and structural entropy Sstr listed in Table 3.2. These properties 

also determine whether the ion is making or breaking the water structure around itself 

according to Marcus [250,254,255] and can be expressed with the water structure 

parameter ΔGHB [257]. Thus, in this cs range (<0.1 M), iodide stabilises the BSA structure 

better than nitrate and nitrate does so better than chloride. In fact, Cl- is known to have 

little effect on the water structure or protein stability [133,536] and thus has a passive role 

in this context. 

In order to assess the influence of iodide on the secondary structure of BSA, FTIR 

measurements are performed (see Figure 7.4). The measurements are performed in D2O 

due to the overlapping absorbance peaks of H2O with the amide-I band, which are an 

indicator of the integrity of the secondary structure of proteins. Although Braun et al. have 

found different phase behaviours for protein/salt systems in D2O vs H2O [154], in the 
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present context D2O is an appropriate solvent to use since it strengthens protein-protein 

interactions meaning that since no structural changes in D2O are observed, the weaker 

interactions in H2O do not induce changes either. The slight difference between pD and pH 

values of 0.41 does not influence the overall trend of the results found [537]. 

 

Figure 7.4: Secondary structure of BSA. FTIR measurements of the BSA/LaI3 system at cp = 20 mg/ml and 
20 °C in D2O. The measurements cover all regimes showing no significant changes in the amide-I band  
(1600 to 1700 cm-1) at cs of 0, 0.4, 3, and 20 mM salt. Note that the slight differences in peak intensity and 
position in amide-II are due to incomplete D2O subtraction from the measurements.  

The secondary structure of BSA is stable over a LaI3 concentration range of 0 to 20 mM 

with a prominent peak around 1650 nm-1 in D2O (amide-I). This peak is associated with 

α-helices, which make up roughly 66 % of BSA in its native shape [245] and indicates an 

intact globular structure. Performing multiple measurements at different cs of 0, 0.4, 3, and 

20 mM does not show any significant structural changes in the amide-I band due to salt 

type or concentration. Thus, denaturation or strong structural changes in the protein 

structure can be excluded to be the cause for the suppression of re-entrant condensation, 

i.e. the absence of regime III. 

 pH Changes 

The addition of salt and subsequent salt-induced water hydrolysis and ionisation of 

hydrophilic protein residues [481] can change pH and thus, in principle, protein behaviour. 

Importantly, though, previous findings have shown that the trivalent cations used here do 

not induce significant pH changes [481]. To determine the effect of anions on the pH, pH 

of BSA-LaI3 samples is measured after preparing the protein/salt mixtures (Figure 7.5). 

The pH decreases slightly with increasing salt concentration, yet the drop in pH does not 

correlate with the phase transitions seen in the bulk. The pH does not change significantly 

with time or cp either. This pH trend of LaI3 is similar to that found for YCl3 in our previous 

publication [465], as well as similar to the pH variations of pH-neutral salts [481]. 

Subsequently, while pH effects may contribute to the protein phase behaviour in some 
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form, they do not qualitatively change the bulk behaviour and are not primarily responsible 

for the absence of regime III observed with iodide salts as opposed to the chloride salts.  

 

 

Figure 7.5: Bulk pH measurements of the BSA/LaI3 system. Measurements are performed at                                      
cp = (a) 5, (b) 20, and (c) 100 mg/ml with varying cs. The precision of this method can be estimated around 
pH ± 0.1. 

 Number of Anions Bound to BSA 

Literature consistently reports that more iodide anions are bound to BSA per molecule than 

nitrate ions and even less chloride anions (see Table 3.2) [256,538]. If the number of anions 

bound depend on the anion type, it can explain why a certain anion type has a stronger 

influence on the protein phase diagram than another, which results e.g. in the 

disappearance of re-entrant condensation. The number of anions bound increases from    

Cl- < NO3- < I-, which reflects the order of ion-induced attractive interactions in the phase 

diagram. Thus, it is reasonable to assume that iodide has a stronger influence on protein-

protein interactions, which again emphasises the general weak effect of Cl- on the protein 

stability or water structure [133,536]. The binding affinity of anions to BSA depends on 

the properties described in the following Chapters 7.2.4 to 7.2.6. 

 Strength of Protein-Ion Interaction 

Weakly hydrated anions bind directly to proteins causing the protein to maximise its 

solvent accessible surface area and the bulk solution to become a better solvent [135]. In 

turn, strongly hydrated anions interact indirectly through bound water molecules with the 

protein, thus reducing the proteins surface area by making it more compact and the bulk 

solution to become a bad solvent [135]. Anions with a lower charge density bind more 

tightly to the protein. This implies that iodide binds more tightly to BSA than nitrate and 

nitrate stronger than chloride (see Table 3.2 for anion radius and surface charge) [135]. In 

other (positively charged) proteins, it is found that iodide can bridge proteins, thus 

promoting anion-induced cluster formation [539,540]. One indicator for iodide-mediated 

protein-protein bridging, as well as cation bridging of BSA molecules in solution, is that at 

high cs for both LaI3 and YI3, the protein cluster sizes increase until they start to sediment 

at cs > cs,LLPS. This is also inversely reflected in the cp values of the 'dilute' (upper) phase, 
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which decreases with increasing cp (Figure 7.6). cp of the dilute phases of all samples at       

20 mg/ml BSA with LaI3 and YI3 are determined via UV-Vis spectroscopy by applying the 

Beer-Lambert law and are plotted in Figure 7.6. This method is used because cp of the dense 

phase is difficult to determine due to its high viscosity making its extraction impossible. 

Since a specific protein concentration is used and because of mass conservation, the lower 

cp is in the dilute phase, the more aggregates are formed in the dense phase. The 

combination of increased cp and volume of the sedimented dense phase shown in                  

Figure 7.1 (a & b) indicates consistently attractive interactions between proteins even at 

high cs preventing re-entrant condensation. This is consistent with results by Braun et al. 

[152] for BSA/La(NO3)3, which found stable B2/B2HS values at -2.25 for high cs and cp, at 

which re-entrant condensation vanished. In systems, in which re-entrant condensation is 

always present (i.e. LaCl3 and YCl3), the B2/B2HS values start to increase at high cs 

illustrating the decreasing attractive force due to cation-induced overcharging effects of the 

proteins. The decreased cp of the dilute phase of YI3 compared to LaI3 further supports the 

finding of stronger BSA-BSA interactions in the presence of Y3+. 

 

 

Figure 7.6: Dilute phase protein concentration. The samples are prepared at a BSA concentration of                    
20 mg/ml and only the dilute phase is measured by UV-vis spectroscopy. For YI3, cp decreases faster with 
increasing cs, which illustrates stronger protein aggregate formation in the dense phase compared to LaI3. 

 Binding Sites 

Literature distinguishes between specific and non-specific, high and low affinity, polar and 

non-polar ion-binding sites on proteins. It appears to be established that chloride binds to 

cationic/basic binding sites of BSA [534,541] and HSA [141,542,543], which are specific 

and high-affinity binding sites, whereas there are numerous and contradictory opinions on 

the binding of iodide. Some investigations do not discriminate between anion type and thus 

assume the same binding mechanism for iodide to positively charged protein groups of 

BSA [534,541], while others find a different (non-specific) binding mechanism for iodide 

to non-polar groups of HSA [141], lysozyme [539,544,545], human carbonic anhydrase II 
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[259] and peptide [546]. The same applies to the binding of other anions such as anionic 

dyes [547], anionic amphiphiles [548] or anionic ligands [549] to BSA, all of which bind 

preferentially to hydrophobic groups. In some cases, an interplay of electrostatic and 

hydrophobic interactions is needed, in which the proximity of positive and non-polar 

groups has a favourable effect on anion binding [141,548,550]. BSA has numerous binding 

sites with different binding affinities due to specific and non-specific binding mechanisms. 

In any case, the binding mechanism of iodide is much more complex than the binding of 

chloride [542]. Chloride binds only to positively charged sites, whereas, depending on the 

bulk properties (i.e. charge and polarity of protein), iodide binds specifically to positively 

charge sites and/or non-specific to hydrophobic sites with different affinities 

[259,541,551]. 

 Competing Interactions 

Beside the properties of the anion, the trivalent cations have to be considered as well. 

Anion-cation chloro-complex formation can be excluded since those start to form at 0.2 M 

for yttrium salts and 0.4 M for lanthanum salts, respectively [552–555], as well as nitrato-

complexes start to form at 0.12 M for lanthanum salts and 0.18 M for yttrium salts [555]. 

Iodo-complexes start to form at lower cs than chloro-complexes yet should not influence 

the measurements [556]. Thus, anion-cation complexes do almost certainly not contribute 

to the effects investigated. However, anions could assist and amplify the effect of cations 

on protein-protein interactions [546,557]. Depending on the cation type and charge of the 

protein in system, the anion can support the destabilising or stabilising role of the cation 

on the protein structure [546,557]. 

Overall, electrostatic (and hydrophobic) ion-protein and protein-protein interactions and 

the special role of multivalent ions are key for the understanding of the observed (bulk) 

behaviour. The increasing role and effect of anions from Cl- < NO3- < I- on the phase 

diagram can be explained with the combination of an increasing number of ions bound to 

BSA, stronger binding, increasing protein-stabilising role of ions, potentially anion bridge 

formation and increasing role of non-specific protein-protein interactions, as well as cation 

bridges. These properties appear to be responsible for preventing the system from 

undergoing re-entrant condensation triggered by trivalent cations, which means that it 

remains in regime II with dominant attractive forces between protein molecules, for the 

iodide salts and partially for nitrate salts. 

 PROTEIN ADSORPTION 

In this section, it is discussed how the presence of different salts (LaCl3, YCl3, LaI3, YI3) in 

BSA solutions (cp = 20 mg/ml) influences the adsorption behaviour of BSA to a net 

negatively charged, hydrophilic substrate and to which extent this is related to the bulk 

protein phase behaviour. 
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 Salt-dependent Protein Adsorption (Ellipsometry) 

The thickness of the adsorbed amount of BSA on SiO2, d, is plotted as a function of ratio of 

salt/protein concentration (cs/cp) in Figure 7.7. The effective measured d with ellipsometry 

assumes a volume fraction of 1, which is laterally averaged over the measured surface. 

Different aspects need to be considered when comparing the different adsorption trends. 

These include the position of the adsorption maximum, the amount of protein adsorbed, 

and the overall shape of the curve. Without salt, adsorption of d ~ 1 nm can be observed. 

This can be attributed to positively charged side chains of the protein interacting with the 

negatively charged substrate, as well as contributing hydrophobic and hydrogen bond 

interactions [225], leading to sparse adsorption at the interface. 

The initial increase of adsorption can be ordered according to LaI3 < LaCl3 < YI3 < YCl3 

shown in the inset of Figure 7.7 meaning that the smallest amount of YCl3 is needed to 

achieve the thickest adsorption layer at low cs. This behaviour reflects the bulk phase 

transition c* from regime I to regime II at 2 > 1.5 ≈ 1.5 > 1.3 mM salt, respectively, which 

occurs at lower cs for the yttrium salts than for the lanthanum salts due to the stronger 

attractive intermolecular forces induced by Y3+ (see Fig. 1).  

For iodide salts, more salt has to be added to the protein solution to observe the transition 

from regime I to II at c* than for chloride salts. This is due to the fact that iodide has a 

dominant role in the protein behaviour hindering 'simple' charge screening through 

multivalent cations in bulk and at the interface. 

 

Figure 7.7: Ion effect on protein adsorption. Ellipsometric measurements of the adsorbed protein layer 
thickness d as a function of cs/cp at 20 mg/ml BSA and room temperature for LaCl3 (light green), YCl3 
(orange), YI3 (blue), and LaI3 (dark green). The data for YCl3 is taken from Ref. [427]. The absolute value of 
d increases as LaCl3 < YCl3 < YI3 < LaI3. For better visibility, the inset shows a magnification of the initial 
adsorption increase from 0 to 5 cs/cp together with a guide to the eye. 
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The shape of the adsorption curve maximum is similar to the bulk interactions. In bulk, 

regime II of the BSA-LaCl3 system is very narrow compared to YCl3 (Figure 7.3 (c)), which 

is reflected in the width of the maximum. For the iodide salts, the LLPS regime starts at 

lower cs (3 mM) for YI3 than for LaI3 (5 mM) (Figure 7.3 (a & b)). This bulk instability 

induces stronger adsorption explaining the position of the curve maximum (Figure 7.7). 

Another interesting observable is the maximum adsorbed amount, which follows the order 

LaCl3 < YCl3 < YI3 < LaI3. The weaker adsorption for LaCl3 in comparison with YCl3 is due 

to weaker attractive protein-protein and subsequently protein-substrate interactions, 

which can be explained using the ion-activated attractive adsorption model [427]. It 

assumes negatively charged patches on the protein and the substrate to which cations can 

bind and also form ion bridges between protein molecules and between protein and 

substrate. In this model, the chloride anions are neglected since they have no strong impact 

on the overall bulk [209,481] or adsorption behaviour (as explained in Chapter 7.2). 

Adsorption is guided by the number of multivalent cations bound to the proteins and the 

substrate and an attractive wall potential experienced by the proteins [427]. This obviously 

applies for both LaCl3 and YCl3. 

The iodide salts show higher maximum adsorption in comparison to the chloride salts. It 

is important to bear in mind that the iodide salts induce strong LLPS in regime II in the 

bulk solution (Figure 7.3). In Chapter 6, the correlation of metastable LLPS formation (bulk 

instability) in bulk with enhanced protein adsorption [465] is investigated and a wetting 

transition induced by LLPS at the solid interface for BSA with YCl3 is found. These results 

are in good agreement with the findings in this section and further support the wetting 

layer transition at bulk instability also for iodide salts. Here, LaI3 leads to more pronounced 

adsorption compared to YI3, which appears counter-intuitive at first. Even though yttrium 

induces stronger interprotein attraction, it appears that this trend is reversed if the 

counterion is iodide. This shows that the ion-activated adsorption model cannot be applied 

to the iodide salts since the iodide anions compared to chloride ions have a strong impact 

on the phase behaviour, as well as on adsorption, and the model does not account for the 

anions in solution. Note that in regime II only the dilute phase can be used for ellipsometry 

measurements. The dilute phase shows a cs -dependent decrease in cp (see Figure 7.6). This 

effect may contribute in some form to the smaller amount of adsorbed protein in the 

presence of YI3 compared to LaI3 but does not alter the dominant interaction and 

interaction strength of the bulk solution. It seems that a 'stronger' cation such as Y3+ induces 

interactions, which interfere with and diminish the effect of iodide. However, with a 

'weaker' cation such as La3+, iodide has a more prominent effect on the amount of protein 

adsorbed, indicating a pronounced formation of anion bridges and non-specific          

protein-protein binding. 

At high cs, re-entrant adsorption is observed for all salts. For the chloride salts, this is 

expected since these salts undergo re-entrant condensation at c**  from regime II to             

regime III in bulk, which is defined by charge inversion of the proteins due to trivalent 

cation binding [150] and thus a decrease in attractive forces leading to smaller clusters and 
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to a decrease in adsorption. These results are consistent with previous findings in 

polyelectrolytes [558] and proteins [465] and can be explained with the ion-activated 

adsorption model [427]. For the iodide salts, re-entrant condensation in the bulk is not 

observed. Re-entrant adsorption on a solid interface, however, is observed. For a 

hypothesis rationalising this behaviour, it helps to consider the possible protein-protein vs 

protein-surface interactions. Due to the surface being negatively charged and hydrophilic, 

anions are not likely to bind to the substrate with high surface excess since iodide prefers 

to adsorb to non-polar and/or positively charged surfaces [141,534,539,541,545]. This 

means that in the vicinity of the substrate with restricted properties, charge inversion 

mediated by trivalent cations can and does occur. In the bulk, in contrast, this is not the 

case due to the complex protein surface of BSA containing nonpolar, polar, negatively and 

positively charged areas. Consequently, the variety of possible protein-protein and    

protein-salt interactions hinder re-entrant condensation. 

 Global Protein Structure on Substrate (ATR-FTIR) 

To exclude denaturation at the interface as the primary source for re-entrant adsorption at 

high cs, ATR-FTIR measurements with BSA are performed in the presence of LaCl3 and 

LaI3 on a Si block (Figure 7.8), which showed essentially intact secondary protein 

structures. To determine the influence of the bulk proteins on the absorbance data, the cell 

is flushed and checked if the signal of the reversibly adsorbed proteins in water is changing 

compared to the adsorption layer in bulk. The intensity might change, yet the overall shape 

of the curve is the same (Figure 7.9). Thus, the difference between protein structure in bulk 

and at the interface is non-existent.  

 

Figure 7.8: Structure of adsorption layer. ATR-FTIR measurements of 5 mg/ml BSA in H2O on SiO2 
substrates for (a) LaCl3 and (b) LaI3 at no salt, 1.2, and 10 mM, respectively. 
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The ATR-FTIR spectra in protein solution can be used for analysis and interpretation. The 

measurements are conducted in H2O, but checks are made in D2O (data not shown), to 

ensure the background subtraction is sufficient even though the H2O and amide-I signals 

are overlapping. The data are corrected for the background, but not for the baseline, which 

explains the small offset at 0 absorbance of the individual curves (Figure 7.8). 

 

Figure 7.9: Protein interface signal vs bulk signal. Protein adsorption measurements are investigated by 
ATR-FTIR at RT for 5 mg/ml BSA and LaCl3 at (a) 1.2 mM, (b) 10 mM, and LaI3 at (c) 1.2 mM and                    
(d) 10 mM. The solid lines depict the measured absorbance signal in the protein solution containing bulk and 
interface signal. The dotted lines show the sample rinsed with water, thus, only depict the signal of the 
irreversibly adsorbed proteins. 
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 Protein Layer Structure and Kinetics (QCM-D) 

Complementary measurements are conducted with QCM-D, which on the one hand 

confirm the results of the presented ellipsometry data, and on the other hand provide 

additional insights into the structure and properties of the adsorption layer [559,560].  For 

data analysis, the Voigt viscoelastic model [392,394–396] is used to calculate the thickness 

of the adsorbed layer from the measured frequency and dissipation changes (for examples 

of raw data see Figure 7.10 & Figure 7.11). Already from the raw data, the difference 

between LaCl3 and LaI3 is obvious. For all samples in the presence of the respective salt, the 

frequency drop is lower in the presence of LaI3.  

 

Figure 7.10: Real-time adsorption data. QCM-D frequency and dissipation changes during protein 
adsorption of 20 mg/ml BSA at room temperature with LaCl3 at different cs reflecting the adsorption 
behaviour in the different regimes. Note that only the 9th overtone of each measurement is shown for better 
clarity. Initially, the cell is filled with water, then the protein/salt solution is pumped in and measured for 1h, 
after which the cell is flushed with water to check for irreversible protein adsorption. 
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This means that more proteins are adsorbed to the substrate leading to a stronger damping 

of the oscillating substrate compared to the same cs of LaCl3. In addition, the dissipation is 

higher in the LLPS regime indicating a more diffuse layer formation. Similar to the 

ellipsometry data (Figure 7.7), re-entrant adsorption is observed for both data sets. The 

calculated adsorbed protein layer thickness dQCM-D is plotted in Figure 7.12 (a). The overall 

adsorbed dQCM-D of BSA/LaI3 is enhanced compared to LaCl3, which is in good agreement 

with the results shown in Figure 7.7. By rinsing the QCM-D cell with water, the amount of 

irreversibly adsorbed proteins is determined (Figure 7.12, black symbols). These make up 

only a small portion of the full adsorption layer of roughly 10 nm and can be assumed to 

be the first monolayer of proteins directly in contact with the substrate.  

 

Figure 7.11: Real-time adsorption data. QCM-D frequency and dissipation changes during protein 
adsorption of 20 mg/ml BSA at room temperature with LaI3 at different cs reflecting the adsorption 
behaviour in the different regimes. Note that only the 9th overtone of each measurement is shown for better 
clarity. Initially, the cell is filled with water, then the protein/salt solution is pumped in and measured for 1h, 
after which the cell is flushed with water to check for irreversible protein adsorption. 
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A big advantage of QCM-D in combination with ellipsometry is that the associated water 

dassoc within the adsorption model can be determined (Figure 7.12 (b)) [412,417]. The 

associated water consists of a hydration layer around the proteins, hydro-dynamically 

bound water to the substrate and water trapped within the adsorption layer [413]. With 

the information on the water content in the adsorption layer, the layer morphology can be 

better understood. In Chapter 6 (based on Ref. [465]), experimentally and theoretically the 

correlation between the formation of a wetting layer at the bulk instability induced by LLPS 

is established, which exceeded simple 'stronger adsorption'. Here, only LaI3 leads to LLPS 

in regime II and thus induces enhanced adsorption. The calculated associated water 

content is massively enhanced at cs/cp = 20, which reflects the onset of enhanced 

adsorption (wetting transition) compared to a 'normal' adsorption layer in regime I and III 

and therefore is consistent with previous findings of BSA/YCl3 [465].  

 

Figure 7.12: BSA adsorption with associated water content. (a) dQCM-D as a function of salt concentration at 
20 mg/ml BSA and room temperature for LaCl3 (light green), LaI3 (dark green), and rinsed LaI3 with water 
(black). (b) Associated water dassoc reflects the water content within the adsorption layer, which is calculated 
by subtracting the ellipsometer data from the QCM-D data. The enhanced adsorption of LaI3 is due to a bulk 
instability (LLPS) and the subsequent formation of a wetting layer. Note that the offset between the two 
maxima is due to the different positions of regime II in the bulk. 

This is also reflected in the changed viscoelastic properties and higher water content in the 

adsorbed protein layer in regime II. Besides this concentration, the water content in the 
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adsorbed layer is comparable between these two salts assuming the same layer 

morphologies and only enhanced adsorption in the presence of iodide salts. 

 SUMMARY 

In this chapter, the focus is on the effect of anions and cations on the protein bulk behaviour 

and adsorption behaviour of BSA. Interestingly, it is revealed that the co-ion (anion) 

changes the balance and weakens the effect of trivalent cations in the bulk, making                 

re-entrant condensation disappear and liquid-liquid phase separation appear. Chloride 

does not appear to significantly affect the phase diagram of BSA with either cation, whereas 

iodide promotes stronger attractive protein-protein interactions. This illustrates a 

dominant role of anions on the phase behaviour of globular proteins in the presence of 

multivalent cations. 

 

Figure 7.13: Graphic illustration of the results found. The cations can bind to the interface and to the protein, 
whereas the anions are bound by the protein, but not to the interface due to the specific interface properties. 
This leads to different interface behaviour and bulk behaviour depending on the salt used. The induced 
protein-protein and protein-substrate interactions increase from Cl- < NO3

- < I- and La3+< Y3+. 

By choosing specific substrate properties (here: imitating the bulk properties), the influence 

of ions on protein adsorption can be controlled. In the BSA-YCl3 system investigated in Ref. 

[427], the bulk and adsorption behaviour are highly similar due to the negative charge of 

the proteins, as well as the substrate, and the passive role of chloride. By extending this 

investigation to salts with different cations and anions, it is shown that the adsorption 

behaviour is not solely guided by the dominant electrostatic bulk interactions but can also 

be triggered by surface parameters (Figure 7.13). This explains the observations presented 

here: re-entrant adsorption in the absence of re-entrant condensation in bulk. The higher 

adsorbed amount supports the dominant role of iodide and the hypothesis of anion 

bridging and non-specific binding in bulk. 
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Through the use of suitable anions and cations, the dominant interactions in bulk can be 

tuned, while in the adsorption process substrate properties can effectively reduce or even 

uncouple those interactions. The regulation of interactions on a molecular level opens up 

new avenues for drug design and biomaterials. In addition to its medical relevance, the use 

of iodide is potentially very useful for investigations of these kind of systems using X-rays 

due to its high scattering power and contrast with light elements (i.e. water and proteins). 
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8 BULK PHASE BEHAVIOUR VS INTERFACE 

ADSORPTION: EFFECTS OF ANIONS AND 

ISOTOPES ON BLG INTERACTIONS 
The following chapter is based on Ref. [561] and was conducted in collaboration with         

Dr. Maximilian W. A. Skoda from ISIS (Rutherford Appleton Laboratory, UK), who 

analysed the neutron data presented in this chapter. Additional complementary neutron 

and X-ray measurements are discussed in Appendix A and complementary measurements 

of BLG in the presence of YCl3 in Appendix B. 

 BACKGROUND 

The human body is composed of roughly 16% of proteins [19] and has to ingest ideally  

180 g per day of dietary proteins to allow proper body function [562,563]. In Central 

European countries, these dietary proteins originate to 28% from meat and meat products, 

28% from milk and dairy products, 3% from fish, 3% from eggs and the rest are of plant 

origin [564,565]. 

The major protein component of bovine whey is beta-lactoglobulin (BLG) [82]. The 

physiological concentration of BLG in cow milk varies between 4 to 20 mg/ml [246]. The 

(main) function of BLG is (not yet) fully established, but it is found to transport and bind 

small hydrophobic ligands e.g. vitamin D, cholesterol, retinol and fatty acids 

[82,233,246,247,566]. Consequently, it contributes to the milk fatty acid metabolism 

[246], enzyme regulation, and neonatal acquisition of passive immunity [82]. Its 

antioxidant properties are a health benefit especially for milk consumers [567]. 

On the one hand BLG does not occur in human milk [568] and as a consequence it is the 

most common source for food allergies and (milk) intolerances in humans [569]. On the 

other it can be used as a natural carrier for e.g. nutraceuticals due to its naturally 

abundance, biodegradability, and biocompatibility [570]. It allows the enrichment of food 

with nutrients through protein encapsulation, protein-based emulsions, or cross-linked 

hydrogels [411,570,571]. 

Due to its resistance to acid proteases [572] and gastric digestion in vivo [573], BLG stays 

intact after passing the stomach. This property is not only utilised for incorporation and 

delivery of nutraceuticals [411], but also for drug delivery [570,574]. Protein-based drug 

delivery systems enable lipophilic drugs to be absorbed more rapidly and to transport 

otherwise poorly water-soluble drugs such as Fenofibrate, Theophylline or 

Sulfamethoxazole [571,575]. Importantly in this context, BLG can crystallise under certain 
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conditions [576]. This facilitates new possibilities for drug production in terms of 

purification and stabilisation of drugs through proteins [577]. One approach to control 

protein crystallisation is through the addition of salt [78,147,148,482]. 

In food processing, salt is an important ingredient for preservation, stabilisation, and 

flavour enhancement [258,578]. BLG is known to naturally bind calcium (Ca2+) [579], 

which can induce a variety of phase behaviours e.g. salt-induced gelation of BLG based on 

hydrophobic interactions [579], which finds application in cosmetics [571]. Other 

multivalent salts such as YCl3, NdCl3, CdCl2 and ZnCl2 are found to induce a rich phase 

behaviour for BLG featuring re-entrant condensation, liquid-liquid phase separation and 

protein crystallisation [78,147–149,482,580]. This illustrates the complexity and variety 

of interactions guiding the BLG bulk phase behaviour of competing (electrostatic and 

hydrophobic) interactions. 

Yet not only the bulk interactions have to be considered, but also possible interactions with 

interfaces. The interactions of proteins such as BLG with the steel containers and other 

'milk' components must be understood to allow sterile and contamination-free food 

processing. The cleaning and processing of these products are based on the idea of 

desorption of proteins and anti-fouling surfaces [581,582]. Certain interface properties can 

be favoured e.g. charged membranes in filtration systems allow better separation of 

proteins [14]. In this context, the interplay of bulk and adsorption properties is important 

to understand and to control. 

In this chapter, the focus is on the behaviour of BLG and the influence of different salts 

(LaCl3, LaI3) and solvents (H2O, D2O) on its bulk phase via UV-Vis spectroscopy 

measurements, pH measurements and optical microscopy and adsorption behaviour on a 

solid, net negatively charged, hydrophilic surface (SiO2) with NR, QCM-D, and ATR-FTIR. 

Thus, insight is obtained into the adsorbed layer thickness (d), hydration, roughness, and 

secondary structure. In addition, through the use of lanthanum (La3+) as a multivalent 

cation, new phase diagrams of BLG are established. This chapter focuses on the primary 

stage of protein crystallisation, namely nucleation at interfaces or protein adsorption. 

 BULK PHASE BEHAVIOUR 

The focus is on two different salts, namely lanthanum chloride (LaCl3) and lanthanum 

iodide (LaI3), and their influences on the BLG phase behaviour in H2O as shown in        

Figure 8.1 (a & b). The respective phase diagrams in D2O can be found in Figure 8.5. Both 

salts in either solvent exhibit the same general trend showing two phase transitions, c* and 

c**, as well as protein crystals. 

 Phase Diagrams 

BLG is net negatively charged (10 e-) at neutral pH [78,195]. This means repulsive forces 

dominate and the samples of regime I are clear (see Figure 8.2). 
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Figure 8.1: Phase diagrams. BLG in H2O (a) with LaCl3 and (b) with LaI3. The solid triangles define c*, which 
separates regime I from regime II. The hollow triangles define c**, which separates regime II from regime 
III. The phase diagrams are nearly identical when comparing the different lanthanum salts. All samples in 
regime II and around c*/c** crystallise over time. Note that the black star refers to the sample condition 
shown in Figure 8.3. 

The first phase transition, defined by the specific salt concentration c*, is reached, if the 

dominant interactions convert from repulsive to attractive due to multivalent cation 

binding and bridging [148,155,209]. Through the addition and increase in salt 

concentration (cs), protein aggregates start to form in regime II, which can be confirmed 

by the turbidity of the solution [80]. If cs is further increased, the proteins undergo charge 

inversion from net negatively to net positively charged resulting in a decrease in attractive 

forces and the break-up of protein aggregates (clear solution in regime III, Figure 8.2).  
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Figure 8.2: Phase transitions. Dilution series at 5 mg/ml BLG and room temperature with (a) LaCl3 and (b) 
LaI3 in H2O. The bottles are labelled with the respective cs in mM. 

This behaviour is called re-entrant condensation (RC) and defined by another transition 

point c**. Certain samples in regime II and around the phase transitions initially form 

aggregates and undergo a (two-step) liquid-liquid phase separation in a dilute and dense 

liquid phase over time (Figure 8.3 (b)), if the dominant attractive forces are sufficiently 

strong. This behaviour is similar to the phase behaviour found for other multivalent salts 

such as YCl3 with BLG [148].  

In comparison with the phase diagram of BLG/YCl3, the lanthanum salts show a narrower 

regime II, which indicates weaker attractive forces induced by lanthanum (La3+), which is 

consistent with trends found for other globular proteins such as BSA and can be explained 

with differences in surface charge density and polarisation of the individual cations 

[152,349]. 

 

Figure 8.3: Crystallisation pathway. Microscopy images of a sample containing 20 mg/ml BLG and 2 mM 
LaI3 in H2O. (a) Aggregation. (b) Liquid-liquid phase separation (LLPS) into dilute and dense phase after 
1h. (c) Nucleation and crystal growth after 8 hours consuming the dense phase. (d) Crystalline sample with 
sea-urchin-like structure after 2 days. 
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 Protein Crystallisation 

The samples in regime II and around the phase transitions are of special interest since those 

can crystallise over time. Initially, due to the attractive forces in the system, protein 

aggregates are formed (Figure 8.3 (a)). Those aggregates undergo liquid-liquid phase 

separation (LLPS) resulting in a dilute and dense liquid phase (Figure 8.3 (b)). Over time, 

nuclei start to form, and protein crystallisation begins forming sea-urchin-like structures 

and consuming the dense liquid phase shown by gas/bubble formation in                                 

Figure 8.3 (c & d), which is typical for a two-step crystallisation pathway. Interestingly, 

BLG (PDB: 3PH6) [148] shows the same crystal structure/space groups with different 

trivalent salts, namely P212121, even though the crystallisation pathways may differ 

[148,482]. From the protein crystal, the binding sites of the multivalent cations could be 

determined, which are exclusively negatively charged protein domains [148] meaning 

electrostatic interactions guide the binding of cations, which is consistent with the 

established theoretical ion-activated attractive patchy model describing the bulk phase 

behaviour [209]. Yet, no bound anions are found within the crystal structure, which could 

explain the anion-independent phase behaviour of BLG. The crystallisation time is 

significantly longer in D2O than H2O (days vs hours), which could be due to stronger 

solvent-solvent interactions in D2O than in H2O, which stabilise the protein in its cluster 

formation [154], as well as hinder protein flexibility [583] and thus slow down the 

crystallisation process. 

 

Figure 8.4: UV-Vis transmittance measurements. The phase transitions at 5 mg/ml BLG with LaCl3 (a) in 
H2O, (c) in D2O, and BLG with LaI3 (b) in H2O, (d) in D2O are depicted dependent on its transmittance                     
(λ = 400 to 800 nm). c* is defined as the cs, at which transmittance starts to decrease. c** is defined as cs at 
which 50 % of transmittance is restored. The absolute numbers are listed in Table 8.1. 
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Table 8.1: Phase transitions. This list contains the determined phase transitions, c* and c**, of BLG at                 
5 mg/ml with LaCl3 and LaI3 in H2O and D2O from Figure 8.4. 

 LaCl3 LaI3 

Solvent c* [mM] c** [mM] c* [mM] c** [mM] 

H2O 0.25 1.4 0.3 1.5 

D2O 0.25 1.2 0.3 1.4 

 

 Bulk Behaviour for Adsorption Measurements 

The protein concentration of interest for the adsorption investigation is set to 5 mg/ml, 

which is high enough to observe the complete rich phase behaviour and to be 

physiologically relevant, but low enough to minimise the bulk signal, and thus, bulk 

scattering in the neutron reflectivity measurements. The phase behaviour at cp = 5 mg/ml 

is illustrated in Figure 8.4 which shows the measured transmittance runs via UV-Vis 

spectroscopy since detecting by eye at this concentration is not precise enough. The 

determined values of c* and c** from Figure 8.4 are listed in Table 8.1.  

 

Figure 8.5: Phase diagrams in D2O. The phase behaviour of BLG in D2O in presence of (a) LaCl3 and (b) LaI3 
at room temperature is determined via dilution series and UV-Vis transmittance measurements. 
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The phase diagrams of BLG, as well as the transmittance measurements, with the 

individual salts and solvents in Figure 8.1, Figure 8.4 and Figure 8.5 are quite similar to 

each other, yet small differences in trends can be seen. For LaI3, the phase transitions occur 

at slightly higher cs compared to LaCl3, as well as in H2O compared to D2O. These 

differences are within the statistical error of the measurements at 5 mg/ml but become 

more pronounced at higher cp.  

In order to assess and estimate the change in pH induced by the addition of multivalent 

salts, pH measurements are conducted and presented in Figure 8.6. Initially for both 

systems, the pH slightly decreases due to the salt-induced water hydrolysis upon the 

addition of salts [481], yet these changes do not correlate with the phase behaviour and 

cannot explain phenomena such as re-entrant condensation at high cs. Consequently, pH 

can be excluded as the dominant force driving the bulk phase behaviour. This is in good 

agreement with past pH measurements with BLG and other globular, net negatively 

charged proteins  [481,491]. 

 

Figure 8.6: Bulk pH measurements at 5 mg/ml BLG with (a) LaCl3 and (b) LaI3 in H2O and room 
temperature. No salt-type-dependent differences in pH can be observed. 

Importantly, the known isotope effect of BSA [154], meaning significantly stronger 

attractive forces in D2O compared to H2O and thus a strong shift in phase transitions, 

cannot be observed for BLG, if even, slightly the opposite effect can be detected. This is 

important to mention since this means there are more fundamental differences between 

BSA and BLG, both belonging to the group of net negatively charged globular proteins, as 

initially obvious. In addition, in the case of BLG, the use of the solvent contrast for the 

neutron reflectivity measurements is feasible since the differences in phase behaviour are 

marginal between the two solvents (more details can be found in the neutron reflectivity 

section). 
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 Isotope Effect in the Bulk 

The absence of the isotope effect in BLG may be rationalised by its secondary structure and 

amino acid sequence. It is found that β-sheets show little to no isotope substitution, thus 

affect, whereas α-helices contribute to the isotope effect [584]. BSA mainly consists of           

α-helices showing a strong isotope effect and BLG having dominantly β-sheets (54 %) 

[244] showing no isotope effect. The helix formation substantially benefits if the side chain 

hydrophobic surface buried against the side of the helix since it facilitates stability [585] 

explaining the dominant hydrophobic amino acids contribution to α-helix formation and 

the correlation between hydrophobic interactions and secondary structure (formation). 

With the Gibbs free energy ΔG of transfer from water, the hydrophobicity of a molecular 

can be expressed and defines BSA (ΔG = -5.1 kcal/mol) to be more hydrophobic than BLG 

(ΔG = -1.7 kcal/mol) [238]. It is found that hydrophobic interactions are enhanced in D2O 

due to stronger solvent-solvent hydrogen bonds [154,583,586,587], consequently BSA 

feels a stronger impact of D2O. Hence, the combination of less α-helices and less 

hydrophobic interactions could explain the absence of the isotope effect for BLG. 

 Anion Effect in the Bulk 

At last, the absence of an anion effect on the BLG phase diagrams is discussed. Literature 

shows consistently that BLG binds only a few to none small anions e.g. chloride [588,589]. 

The ability to bind small anions can be expressed in form of the binding index 

'∑(NH+)/|∑(COO−) − ∑(OH)|', which is 4.6 for BLG, but 29 for BSA in comparison [237]. 

This is supported by Longsworth et al. [538], who found lower anion binding by a factor 

of 2 for chloride and iodide to BLG, yet the number of bound anions increases from Cl- to 

I-. In this context, it is useful to have a look at the conformation and structure of BLG. The 

amount of free cationic vs anionic side chains in BLG is 48 (12,9 %) to 64 (17,9 %), which 

illustrates the protein's stronger tendency to bind cations e.g. Ca2+. In fact, BLG binds twice 

as many Ca2+ as BSA [590]. In addition, BLG tends to bind hydrophobic molecules via 

hydrophobic interactions [233,591–593]. This is further supported by the absence of fixed 

anions in the protein crystal structure [148]. 

 PROTEIN ADSORPTION 

In this section, the focus is on the adsorption behaviour of BLG (cp = 5 mg/ml) at the       

solid-liquid interface. For the characterisation of the adsorption layer, QCM-D, ATR-FTIR 

and NR is used. Through the use of complementary methods, information of the thickness, 

density and hydration of the adsorption layer, as well as general trends introduced by the 

different bulk regimes are gathered. SiO2 is used as the substrate material, which is net 

negatively charged and hydrophilic in contact with H2O and D2O [264,265]. 

 Layer Morphology and Adsorption Kinetics 

Protein adsorption at the solid-liquid interface (SiO2) is measured in real-time in a flow cell 

with a quartz-crystal microbalance with dissipation (QCM-D). QCM-D allows to get 

insight into the adsorbed thickness d including the trapped water within in the layer and 
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its viscoelastic properties [387,398,399,594]. In addition, neutron reflectivity (NR) 

measurements are performed in-situ at POLREF (ISIS, Rutherford Laboratory, UK) on 

large Si/SiO2 substrates to provide information about the thickness, density, roughness, 

hydration, and morphology of the adsorption layer. In Figure 8.11, an overview of the 

reflectivity curves of BLG with different salt concentrations and types in D2O is given. 

 

Figure 8.7: Raw QCM-D adsorption data. Frequency (blue) and dissipation (red) of the 9th overtone of BLG 
at 5 mg/ml in H2O with LaCl3 at 0, 0.1, 0.8 and 5 mM cs adsorbed on SiO2 quartz sensor. These cs cover the 
whole phase diagrams and the individual regimes. The measurements start in H2O and after a few minutes 
the salt/water mixtures is pump into the cell inducing protein adsorption. After roughly 1 h, the cell is flushed 
with H2O to check for the reversibility of protein adsorption. Note that spikes in the raw data are induced by 
turning the pump on and off for solution exchange. 
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Figure 8.8: Raw QCM-D adsorption data. Frequency (blue) and dissipation (red) of the 9th overtone of BLG 
at 5 mg/ml in H2O with LaI3 at 0, 0.1, 0.8 and 5 mM cs adsorbed on SiO2 quartz sensor. These cs cover the 
whole phase diagrams and the individual regimes. The measurements start in H2O and after a few minutes 
the salt/water mixtures is pump into the cell inducing protein adsorption. After roughly 1 h, the cell is flushed 
with H2O to check for the reversibility of protein adsorption. Note that spikes in the raw data are induced by 
turning the pump on and off for solution exchange. 

From the raw QCM-D data, which consists of the measured frequency F and dissipation D, 

one can deduce general trends and behaviours. Examples are given in Figure 8.7,                

Figure 8.8 and Figure 8.9 for BLG with LaCl3 and LaI3 in H2O and D2O, respectively. The 

weakest adsorption (smallest ΔF) is measured without salt and the strongest adsorption in 

regime II (strongest ΔF) at 0.8 mM for both salts and solvents. The change in D varies from 

1 to 4x10-6. For D ≈ 0, the adsorbate behaves solid-like and stiff. Since D is a measure for 

the viscoelastic properties, one can conclude that the protein layer formation is rather dense 

and stiff compared to e.g. free BSA in solution [427,465]. In the rinsing step only in regime 

II, a significant amount of proteins is flushed from the surface. Under all other conditions, 
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most of the adsorbed proteins are irreversibly adsorbed, which implies strong              

protein-surface interactions. The adsorption process happens on a time scale of seconds 

(which is not measurable in this system by NR), except in regime II, where the layer 

continues to grow even after 1 h. 

 

Figure 8.9: Raw QCM-D data. Frequency (blue) and dissipation (red) of the 9th overtone of BLG at 5 mg/ml 
with LaCl3 in D2O at 0, 0.1, 0.8, and 5 mM cs. These cs cover the whole phase diagrams and the individual 
regimes. The measurements start with the substrate being submerged in D2O. After a few minutes, the 
salt/solvent mixture is pumped into the cell inducing protein adsorption. After roughly 1 h, the cell is flushed 
with D2O, to check for the reversibility of protein adsorption. Note that spikes in the raw data are induced 
by turning the pump on and off for solution exchange. 

By applying a viscoelastic Kelvin-Voigt model [394,395,595] in Figure 8.10, the averaged 

adsorbed protein layer thickness d over a cross-section of the substrate can be measured 

and calculated. Without salt, there is very little adsorption observable                                           

(𝑑𝐿𝑎𝐶𝑙3
= 1.8 ± 0.9 nm) in Figure 8.10 (blue). Adding trivalent salt causes an enhancement 
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in adsorption. At cs = 0.1 mM (regime I), a slight increase of 𝑑𝐿𝑎𝐶𝑙3
 = 6.9 ± 2.6 nm can be 

seen, then, by further increasing cs to 0.8 mM (regime II), thus crossing the first bulk phase 

transition, strongly enhanced adsorption of 𝑑𝐿𝑎𝐶𝑙3
= 60.1 ± 11.2 nm. This is in good 

agreement with enhanced adsorption found for BSA with multivalent ions, which is 

correlated with bulk instability due to LLPS formation [465]. From the bulk phase 

behaviour, it is known that also BLG undergoes LLPS formation, which gives rise to 

strongly increased adsorption (wetting transition). This can be theoretically explained with 

the ion-activated-attractive protein adsorption model established in this context [427]. At 

high cs of 5 mM (regime III), 𝑑𝐿𝑎𝐶𝑙3
decreases to 11.6 ± 3.3 nm showing re-entrant 

adsorption caused by an overcharging effect of the substrate at high cs. 

 

Figure 8.10: Solid-liquid BLG adsorption. Adsorbed layer thickness d calculated with a viscoelastic model 
from QCM-D data for 5 mg/ml BLG on SiO2 at room temperature. (a) Anion comparison of LaCl3 (blue) and 
LaI3 (orange) in H2O. (b) Solvent comparison of LaCl3 in D2O (grey) and H2O (blue). The solid markers are 
samples with the salt/protein mixtures and the hollow markers label the samples after flushing the cell with 
H2O to check the reversibility of the adsorption process. 

For both salts in Figure 8.10 (a), the found adsorption curves lie within the error bars of 

each other meaning there is no salt-induced (anion-induced) adsorption change. In other 

words, both have exactly the same adsorption behaviour, which is in accordance with their 
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similar protein bulk phase behaviour. No anion-induced bulk or adsorption effect could be 

found. Concerning the isotope effect (solvent exchange), the raw data can be found in 

Figure 8.7 and Figure 8.9 and the analysed data is shown in Figure 8.10 (b). The D2O data 

of LaCl3 follows the same trend as the H2O data with little adsorption in regime I, enhanced 

adsorption in regime II and re-entrant adsorption in regime III. Yet in regime II, it deviates 

from the identical behaviour. Here, adsorption is decreased by a factor of 0.5. In regime II, 

the dominant interactions are attractive. One explanation could be the stronger                    

solvent-solvent interactions in D2O [257], which diminish/compete with the attractive              

protein-protein interactions. In addition, the protein stability and rigidity in bulk in D2O 

[584] may hinder excessive adsorption and rather keeps the proteins stable in the bulk 

solution. Nevertheless, the differences in regime I and III are marginal and the solvent 

contrast can be used for NR measurements. 

The NR measurements are in good agreement with the QCM-D and ATR-FTIR data (cf. 

next section) and reveal additional structural features of the adsorbed layer. By applying a 

one-layer model, the scattering length density (SLD) of the sample used in Figure 8.11 

could be fitted, from which one can extract the adsorbed protein layer thickness dNR, the 

adsorption layer roughness σ and the hydration of the adsorbed layer in Table 8.2. BLG is 

a rather small protein (Rp = 2.35 nm) and has a high charge density, which leads to strong 

repulsive forces, thus the NR fits show a highly hydrated protein layer with thickness of 

28.2 Å and hydration of 91 %. At low cs, a small bump is measured at qz = 0.1 Å-1, indicating 

the formation of a distinct and denser layer of 38.0 Å with a hydration of 49 %. In both 

cases (no salt and 0.1 mM), a two-layer model is also tested, but it is discarded, since the 

error analysis does not support the presence of two layers. Thus, in regime I, BLG forms a 

single monolayer, the density (or volume fraction) of which increases, when salt is added. 

The roughness of the layer at 0.1 mM salt concentration is 12.1 Å, which indicates a rather 

ordered layer. 

Table 8.2: NR adsorption. Fitting results of NR reflectivity data of BLG at 5 mg/ml with LaCl3 and LaI3. dNR 
defines the adsorbed protein layer thickness, σ defines the layer roughness. Sub- and superscript values are 
parameter limits at the 95 % confidence interval (CI). Examples for data and fits are shown in the insets of 
Figure 8.11 . 

 LaCl3 (±95 % CI) LaI3 (±95 % CI) 

cs dNR (Å) σ (Å) Hydr. (%) dNR (Å) σ (Å) Hydr. (%) 

No salt 

 

28.21.4
44.9 14.08.8

21.5 9179
99 28.21.4

44.9 14.08.8
21.5 9179

99 

Regime I 

 (0.1 mM) 

38.031.2
45.0 8.93.1

13.5 4935
70 39.230.5

47.8 12.23.2
18.0 5137

70 

Regime II 

(0.8 mM) 

280.8254.2
311.5 78.758.3

97.9 4740
53 256.7233.8

287.8 74.140.9
90.9 5346

59 

Regime III 

(5 mM) 

60.652.1
68.7 15.725.0

10.4 3616
59 64.657.8

71.5 16.111.0
24.7 3514

56 
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Figure 8.11: NR reflectivity and SLD data. Neutron reflectivity data (insets) and derived scattering length 
density (real space) profiles of 5 mg/ml BLG adsorbed to SiO2 in the presence of (a) LaCl3 and (b) LaI3 in 
D2O. 
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In regime II, enhanced adsorption is observable (see Figure 8.11 and Figure 8.13). For 

regime II, the NR best fits yield a two-layer configuration, with the first layer being            

280.8 Å at a lower hydration of 47 %, and a second, much sparser layer having a thickness 

of 98.1 Å with a hydration of 92 %. The roughness of the first layer is rather high (46.7 Å) 

suggesting a much more disordered layer, possibly caused by the adsorption of aggregates 

from solution, rather than growth arising from adsorption of individual proteins. It is 

interesting to note, that the hydration of the first layer does not suggest any significant 

denaturation of protein at the interface, which is also in agreement with the ATR-FTIR 

analysis. In agreement with ellipsometry and ATR-FTIR, re-entrant adsorption and 

diverging thickness is detected in regime II. In absolute numbers, the overall trend is very 

clear. There is nearly no difference between protein adsorption in the presence of LaCl3 and 

LaI3 and their behaviour can be described as identical. The thicker the adsorption layer gets, 

the rougher (and more diffuse) it becomes, while the hydration is around 50 % for regimes 

I and II, but drops to about 35 % in regime III (although the error bars a quite large). This 

reduced hydration is below that of a minimally solvated protein layer and suggests some 

potential denaturation. This however is a small effect and could not be confirmed in the 

ATR measurements. 

 

Figure 8.12: Bayesian error analysis. Fit quality of model showing 95 % confidence intervals (shaded 
regions). Data shown is the bare substrate (blue and red, dashed) and another sample of 5 mg/ml BLG with 
0.1 mM LaI3 (yellow and purple, solid), in D2O and H2O, respectively. 

A hydration of around 50 % means that the protein layer is densely packed. This can be 

explained with BLG naturally occurring as a dimer [236], as well as, its ability to crystallise. 

Sufficiently close proximity between proteins might be needed to start the nucleation 

process. 
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In order to assess the accuracy and precision of the created fitting model, Bayesian error 

analysis is performed. The error intervals given in Table 8.2 are obtained from this analysis 

and denote 95 % confidence intervals. An example is shown in Figure 8.12 of 5 mg/ml BLG 

with no salt and 5 mM LaCl3 (further plots are presented in Appendix C). The shaded areas 

depict the possible fit and real space profile ranges within the 95 % confidence interval. 

Although the 95 % confidence interval is broader than usual, the adsorption trend and 

structural changes can be clearly determined. 

Here, one can see the benefit of using the solvent contrast of D2O and H2O due to the 

different shape in reflectivity curve and D2O having a critical edge. This is based on their 

different scattering length densities (SLD) and allows tailored data analysis. Note that the 

QCM-D data showed reduced protein adsorption in regime II with D2O, which should be 

kept in mind, yet, due to the strongly enhanced adsorption compared to the other regimes 

does not falsify the overall adsorption trend. In Figure 8.13, the LaCl3 sample in regime II 

is measured for more than 2 h in order to observe the kinetics of the enhanced adsorption 

layer (wetting layer) in order to get insight into the morphology changes occurring. As can 

be seen, the data in D2O shows a fringe and peak at relatively low q, corresponding to a 

layer thickness of 200 Å. After 2 h, the layer thickness increases up to approximately         

300 Å. 

 

Figure 8.13: Wetting layer growth in regime II. Time-dependent reflectivity curves of BLG 5 mg/ml at         
0.8 mM LaCl3 in D2O. The adsorption layer continuously keeps on growing (red after injection, blue after 
2h). 
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 Layer stability via ATR-FTIR 

ATR-FTIR is used to investigate the layer stability and structural arrangement after protein 

adsorption on the solid-liquid SiO2 interface. One concern is that iodide due to its protein-

destabilising properties may cause denaturation [596]. Thus, infrared absorbance 

measurements are able to provide insight into the secondary structure, which can be 

extracted from the amide-I band at 1600 to 1700 cm-1. In Figure 8.14, the ATR-FTIR 

spectra of BLG with LaCl3 and LaI3 are plotted in H2O. The peak maxima correlate with the 

formation of β-sheets at 1632 cm-1, which make up 54 % of the BLG structure [244,597]. 

Thus, it can be concluded that the main protein structure seems to be intact and is not 

affected by the addition of multivalent salts or adsorption to a solid interface. 

 

Figure 8.14: Secondary BLG structure. ATR-FTIR absorbance measurements of BLG at 5 mg/ml in H2O 
with (a) LaCl3 and (b) LaI3 at different cs adsorbed on SiO2. The shapes of the curves are similar to each other 
under all conditions meaning the same intact protein structure can be assumed. 

Comparing the LaCl3 to LaI3 data in Figure 8.14 show the same intensities in absorbance 

and curve shapes in the individual regimes. No salt-dependent structural changes could be 

found. Another interesting observation is the change in absorbance over the different 

regimes, which does directly correlate with the amount of proteins adsorbed to the 

interface. Again, re-entrant adsorption (red curve) and enhanced adsorption (black curve) 

in regime II can be observed, which reflect the findings of the QCM-D data in                           

Figure 8.10 (a). 
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 SUMMARY 

In this chapter, the focus is on the role of anions and isotopes on the BLG phase behaviour 

in bulk and at interfaces. BLG is found to be less influenced by anion type or solvent than 

BSA, which can be explained with its secondary structure (mainly β-sheets) and the 

properties of its amino acids. All established phase diagrams show re-entrant condensation 

and LLPS formation, which is induced by the binding and bridging of multivalent cations. 

Through the addition of multivalent salts to the protein solution, protein adsorption 

increases at the interface up to a critical cs, after which re-entrant adsorption occurs. The 

enhanced adsorption in regime II has been previously established for BSA [465] and 

illustrates the universality of the "wetting" transition at bulk instability induced by LLPS 

formation. In the future, the combination of neutron and X-ray reflectivity may pave the 

way to investigate the transition from adsorption to crystallisation, i.e. nucleation at 

interfaces. 
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9 EFFECT OF SURFACE PROPERTIES ON 

PROTEIN ADSORPTION 
This chapter is devoted to surface properties and their effect on protein adsorption. There 

are still open questions on the influence of the substrate properties, such as surface charge, 

hydrophobicity, and roughness, on protein adsorption. Compared to the previous chapters, 

the results presented in this chapter are rather complementary studies testing the influence 

of specific surface parameters on protein adsorption and should be viewed as a point of 

contact and outlook for future research giving first impressions on underlying mechanisms. 

For a systematic investigation on the role of certain surface properties on protein 

adsorption, different approaches are discussed, which include coating of the substrate with 

a self-assembled monolayer, electrochemical manipulation of the surface charge, and the 

use of possible implant materials to establish ties to more application-oriented systems. 

 PROTEIN ADSORPTION ON A HYDROPHOBIC SURFACE 

This section focuses on the influence of a hydrophobic surface on protein adsorption. In 

the scope of this dissertation, so far, only silicon wafers were used as a substrate, which are 

hydrophilic and negatively charged. Self-assembled monolayers are one option to modify 

surface properties and are offered in a variety of chemical terminations and chain lengths 

(for more information on SAMs, see Chapter 3.3.2.3). In this section, Si wafers are coated 

with trichloro(octadecyl)silane (OTS), which changes the surface properties of a Si wafer 

to a neutral and hydrophobic interface (Figure 9.1). The OTS samples are prepared 

according to the description in Chapter 3.3.2.3. The quality of the OTS samples is first 

checked via contact angle measurements, which should be around 98° for a successful 

monolayer formation (Figure 9.1) [293]. Via AFM, a visual image of the OTS coating is 

obtained and the quality of the monolayer is further evaluated, which shows monolayer 

and cluster formation (white spots in Figure 9.2 (a)). The surface roughness extracted is 

on average 0.72 ± 0.5 nm and after masking the clusters 0.35 ± 0.11 nm (Figure 9.2 (b)), 

which is consistent with literature values [279].  

 

Figure 9.1: Image illustrating the surface tension of a water droplet on (a) a bare Si substrate (θy < 10°) and 
(b) a silane-coated (OTS) substrate (θy = 98°).  
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Figure 9.2: AFM measurements of an OTS-coated silicon wafer. (a) Image of an OTS-coated substrate with 
visible (white) clusters. (b) Height profile of the surface giving an indication on the topography of the sample. 
The roughness determined for this sample is 0.52 nm, and after masking the clusters 0.27 nm. Image is 
provided by Christian Exner. 

 

Figure 9.3: Ellipsometry measurements of protein adsorption of 20 mg/ml BSA in the presence of YCl3 at 
different molar concentrations on SiO2 (grey) and OTS-coated substrate (orange). 

In addition, the thickness of the OTS layer is determined by ellipsometry and on average 

2.6 nm, which is slightly higher than the literature value of 2.33 nm, but can be rationalised 

by considering the cluster formation on top of the monolayer [279]. Only samples with an 

appropriate roughness and OTS layer thickness are used for the adsorption measurements 

to minimise sources of error and to guarantee a certain sample quality. In Figure 9.3, the 

ellipsometry results of BSA adsorption are presented and compared to the adsorbed layer 

thickness on SiO2. The adsorption curve follows the same trend as on SiO2, yet the overall 

adsorbed amount is slightly larger on OTS. Subsequently, it seems as if the overall 

adsorption trend is affected by the salt concentration of YCl3, yet the adsorbed amount is 

influenced by the surface properties. The adsorbed BSA layer thickness without salt on OTS 
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leads to an adsorbed layer of roughly 1 nm, which is comparable with findings by                    

Hähl et al. [598]. These findings support on one hand the successful substrate preparation 

and on the other hand can also be used as a comparison system to the results presented. 

Hähl et al. [598] found that hydrophobic interfaces promote denaturation of proteins upon 

adsorption, especially of soft proteins such as BSA, and lead to a denser packing of proteins 

at the interface compared to the adsorbed layer on SiO2. The effective measured d assumes 

a volume fraction of 1, which is laterally averaged over the measured surface. Thus, 

ellipsometry cannot distinguish between layer density and thickness, instead it accounts 

for the amount of adsorbed protein to the interface. At this juncture, it cannot be said if the 

increased adsorption on OTS is hence due to denser protein packing and/or a thicker 

adsorbed protein layer. Complementary methods such as neutron reflectivity could be used 

to shed light onto this question. 

The hydrophobicity of proteins can be expressed with its surface hydrophobicity S0 [599]. 

BSA (S0 = 2322) is compared to other proteins, e.g. lysozyme (S0 = 25), highly hydrophobic 

[599]. Due to the strongly hydrophobic nature of BSA, one could assume even stronger 

adsorption on OTS compared to SiO2, which is not found in the present results. 

Nevertheless, the addition of multivalent salts increases adsorption significantly and can 

be used to control protein adsorption. 

 PROTEIN ADSORPTION ON PROTEIN-REPELLENT SURFACE 

Protein resistance of surfaces is highly relevant in biocompatible materials, e.g. for 

biosensors or stents, to prevent blood clotting [53,164,600,601]. Depending on the 

application, the regulation of the adsorbing amount can be useful. SAMs with oligoethylene 

glycol (OEG) groups are unique in the sense that they not only allow the tuning of substrate 

properties in the classical sense, but also directly influence protein adsorption due to their 

protein-repellent property. Protein-repellent SAMs are usually hydrophilic, contain groups 

that are hydrogen bond acceptors, but not hydrogen bond donors, and are overall 

electrically neutral [285]. 

 

Figure 9.4: Contact angle measurement of (a) a bare gold substrate and (b) of a thiol-coated (TEG) 
substrate. Image is provided by Lara Reichart. 

The mechanism behind the protein resistance is not completely understood, but it is found 

that the resistance of these surfaces increases with the increasing number of OEGs in the 

functional group [285]. Harder et al. [602] speculated that the protein resistance is 

connected to the molecular conformation of the OEG units. If the OEG has a helical 

structure, interfacial water is strongly bonded and creates a stable solvation shell.                
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The direct contact between the surface and the protein is prevented by forming a stable 

solid-liquid interphase involving tightly bound water [602,603]. 

 

Figure 9.5: Neutron reflectivity data on protein adsorption of 5 mg/ml BLG on a protein-repellent                 
TEG-coated gold block tuned by LaCl3 at 0.1 mM (blue), 0.8 mM (light blue), and 5 mM (pink) in D2O.               
At 0.8 mM, the strongest change in the reflectivity curve and fringes can be observed. 

In this section, triethylene glycol mono-11-mercaptoundecyl ether (TEG) is used to create 

a protein-repellent interface. Since thiol formation can be difficult and prone to defects 

[604,605], the samples prepared are tested for their quality before use. A first estimate of 

the quality of the thiol formation is provided by contact angle measurements (Figure 9.4). 

The contact angle should be around 31 ± 2° [284]. Complementary methods are AFM and 

polarisation-modulation infrared reflection-absorption spectroscopy (PMIRRAS) 

measurements (data not shown) to evaluate the film topography, roughness, and chemical 

composition.  

The TEG-coated substrates are used to investigate BLG adsorption in the presence of 

multivalent salts (LaCl3) as shown in Figure 9.5 and Figure 9.7 via NR and QCM-D. The 

measurements without salt (Figure 9.7) show that the protein-repellent property is present 

for the samples investigated and no adsorption is detected. With the addition of multivalent 

salts, this property can be overturned. After a critical amount of multivalent salt added          

(0.8 mM LaCl3) to the protein solution, protein adsorption starts to massively increase 

(Figure 9.5 and Figure 9.7). Salt concentrations of 0.1 mM are not sufficient to induce a 

change (i.e. induce protein adsorption). Interestingly, increasing cs further up to 5 mM 

leads to a decrease in adsorption (known as re-entrant adsorption), which correlates with 

the dominant bulk interactions in regime III (see bulk phase transitions in Figure 8.4).  
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Figure 9.6: Neutron reflectivity data on protein adsorption of 5 mg/ml BLG on a protein-repellent                 
TEG-coated gold block tuned by LaCl3 at 0.8 mM (green) and by NaCl at 4.8 mM (red) in D2O. The 
measurement with a monovalent salt is performed to prove that the trends found are solely induced by the 
valency of the ion. 

Since for QCM-D measurements a flow cell is used, the reversibility of the protein 

adsorption can be investigated by flushing the cell with water (rinsing step after 1:10 h in 

Figure 9.7). In the initial measurements presented in Figure 9.7, it seems that the addition 

of a critical concentration of multivalent ions changes the surface properties irreversibly, 

since the protein-repellent properties are lost and proteins bind irreversibly. As a control 

measurement, the equivalent in ionic strength of a monovalent salt (here: 4.8 mM NaCl) 

compared to the multivalent salt (0.8 mM LaCl3) is added to the BLG solution (Figure 9.6). 

The monovalent salt has no effect on the protein resistance of TEG (green curve in              

Figure 9.6). Thus, the disruption of the protein-repellent property is caused by a unique 

property of the multivalent ions. More measurements must be performed to prove the 

results found and their reproducibility. In this context, questions arise on the reversibility 

of this process, which might be of relevance for hydrogel formation, as well as on the role 

of multivalent ions on the interfacial water stability within the TEG layer or the orientation 

of the TEG molecules, which seem to facilitate the protein resistance of the TEG layer. 
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Figure 9.7: Initial QCM-D measurements. Protein adsorption of 5 mg/ml BLG in the presence of LaCl3            
(0, 0.1, 0.8 and 5 mM) in H2O to a TEG-coated substrate.  The protein solution is pumped into the cell after 
5 min and is rinsed with water after roughly 1:10 h. 

 PROTEIN ADSORPTION ON CHARGE-MODIFIED SURFACE 

All of the results presented in Chapters 5, 6, 7 and 8 are dependent on a net negatively 

charged, hydrophilic surface. The adsorption model introduced in Chapter 5 is based on 

the concept of a charged interface inducing an attractive wall potential, which promotes 

protein adsorption. These mechanisms are mainly dominated by electrostatic forces. If the 

surface charge within the same system is changed, it might lead to other dominating forces.  
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Thus, the question on the role of surface charge on protein adsorption (in the presence of 

multivalent salts) must be understood to obtain a universal understanding of the 

underlying forces.  

One approach, which facilitates the manipulation of charges within a system over time and 

without additional sources of interference, is electrochemical manipulation of the surface 

charge. Electrochemical surface manipulation on BSA adsorption has already been 

investigated with ellipsometry, QCM-D, and electrochemical impedance spectroscopy on 

different surfaces, mostly gold due to its high conductivity [307,606–609]. For the 

measurements presented in this section, a three-electrode cell is used to perform NR 

measurements. All samples in Figure 9.8 are measured at the same conditions of 5 mg/ml 

BLG with 0.8 mM LaCl3 in D2O adsorbed on p-doped SiO2. Without the potential applied, 

these conditions show the strongest adsorption (regime II), hence the conclusion is that 

the strongest impact of potential applied is detected at this concentration. The neutron 

reflectivity measurements in Figure 9.8 show that only the application of a negative 

potential (-0.5 V) induces a change (decrease) in adsorption behaviour compared to the 

system without applied potential.  

 

Figure 9.8: Surface charge modification in a three-electrode NR cell investigating protein adsorption of                    
5 mg/ml BLG with 0.8 mM LaCl3 in D2O without any applied voltage (red), with +0.5 V (blue) and -0.5 V 
(orange) on SiO2. The application of a negative potential decreases adsorption massively. 

These results are at first glance counterintuitive.  This observation could be rationalised as 

follows: the surface is negatively charged, and the proteins are also net negatively charged 

(without salt) at neutral pH. Under the conditions investigated (at 0.8 mM LaCl3), the 
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proteins experience now short-ranged attractive interactions and might be close to charge 

neutrality or even positively charged due to cation binding. The substrate also might have 

bound cations changing its surface charge. Through the application of a negative potential, 

repulsive forces might be introduced, which would lead to reduced adsorption. A positive 

potential, however, does not change anything since 0.8 mM is close to the point of charge 

neutrality, at which the attractive forces between proteins and the interface are the 

strongest (i.e. repulsive forces are at their weakest) and a further increase in adsorption 

might not be possible since it is already at maximum adsorption. 

This hypothesis is in good agreement with Beykal et al. [609], who have demonstrated 

increased adsorption for increasing magnitude of applied potential, if the protein and the 

surface carry opposite charges. The potential-dependent adsorption trends in Figure 9.8 

perfectly match their found potential-dependent BSA adsorption on gold. The only 

difference is that no salt is added to their system. Since no difference between a positive 

applied potential and multivalent salt (regime II) can be detected in NR measurements, 

this might indicate that multivalent salts induce the same effect in proteins than a positive 

potential does in the sense of ‘increased adsorption’. To assess and understand the 

adsorption mechanism, measurements must be repeated under further conditions e.g. 

without salt, to estimate the salt’s contribution and role, as well as extend it to other 

complementary methods. 

Benavidez et al. [607] found that the applied potential polarised the layer and induced 

dipole-dipole interactions between the adsorbed and incoming proteins, thus interfering 

protein-proteins interactions have to be kept in mind and considered for the adsorption 

process.  

 PROTEIN ADSORPTION ON IMPLANT SURFACES  

Up to the present chapter, the system investigated are model-like and simplified to 

understand specific correlations and mechanisms. In this chapter, the focus is on a first 

approach to establish a connection between fundamental research and application. The 

substrate of interest is anatase, which is crystalline TiO2, and used in dental implants for 

better osseointegration [165]. Anatase has a valuable property of decomposing organic 

material upon UVA treatment by photocatalysis, which decreases the risk of bacterial 

infections after implantation [271]. Due to the UV treatment, the surface also becomes 

super-hydrophilic [271].  

First, the quality of substrates is determined, which were provided by the group of Prof. Dr. 

Jürgen Geis-Gerstorfer (University Hospital Tübingen) (for more information see Chapter 

3.3.2.1). The surface roughness is determined by AFM (data not shown), the layer 

thickness is determined by ellipsometry and listed with other typical surface properties of 

anatase in comparison to SiO2 in Table 9.1. Due to the production of the anatase via heat 

treatment, the anatase layer is rather thick and rough compared to standard Si wafers. 
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Table 9.1: Overview of surface properties of SiO2 and anatase (TiO2) obtained from Refs. 
[264,293,610,611]. The surface roughness is determined from AFM images (not shown). 

Properties SiO2 (amorphous) TiO2 (anatase) 

Crystal structure  Si [111] [101] 

Surface tension (mN/m) 143.5 210 

Contact angle (°) <10° 24° 

Surface roughness (nm) <1  ~7 

Thickness (nm) ~ 1.5  ~ 400 

Charge density (mC/m2) -0.5 -50 

 

 

Figure 9.9: Thickness of adsorbed protein layer of 20 mg/ml BSA in the presence of YCl3 in H2O adsorbed 
to SiO2 (grey) and anatase TiO2 (purple). Adsorption is significantly increased for anatase. 

The adsorption investigation with BSA and YCl3 on anatase illustrated in Figure 9.9 shows 

an overall increased adsorption compared to SiO2, while the adsorption trend itself is 

mirrored. Anatase is negatively charged in water. This indicates (again) that the general 

adsorption trend seems to be guided by the electrostatic protein-protein and protein-

interface interactions (also seen for hydrophobicity in Chapter 9.1), whereas the absolute 

adsorbed amount is solely guided by changes in the interface-protein interactions. So far, 

it cannot be said whether the increase in adsorption is due to the different surface properties 

of anatase (itself) compared to SiO2 or the higher surface roughness of the substrate. In 

literature, an increase in surface roughness usually correlates with an increase in protein 

adsorption [412,414]. Thus, one challenge present is the control of the surface roughness. 

Either a rougher SiO2 substrate or a smoother anatase substrate is needed to estimate the 

contribution of surface roughness to protein adsorption and to obtain a clearer picture of 

the real material-specific effect of anatase on adsorption. Furthermore, anatase will allow 

the investigation of the effect of super-hydrophilicity on the adsorption process.
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10 DISCUSSION AND CONCLUSIONS  
The aim of this dissertation is to gain a deeper understanding on protein-protein and 

protein-surface interactions with the focus on the role of multivalent ions. In the following, 

a comparison between BSA and BLG is given illustrating fundamental similarities and 

differences between the two proteins and how those affect their behaviours in bulk and at 

solid interfaces. This highlights the main results established and discussed individually in 

the result chapters in this dissertation (Refs. [427,465,491,561]) and relate them to prior 

results and literature. This overview is based on Ref. [561] and is summarised in                  

Table 10.1.  

 
Table 10.1: Protein phase and adsorption behaviour. Collection of protein-specific properties and effects of 
BLG and BSA established in this dissertation and previous investigations. 

Protein behaviour BLG BSA 

LLPS Two-step One-step 

Re-entrant condensation √ X 

Crystallisation √ X 

Temperature dependency [183] UCST (LCST) LCST (UCST) 

Isotope effect X √ 

Anion effect X √ 

Cation effect √ √ 

Adsorption amount low high 

Re-entrant adsorption √ √ 

Wetting transition √ √ 

 

First, similarities and differences in bulk phase behaviour of BSA and BLG are discussed: 

• Role of cations. Here, the focus is on two multivalent cations, La3+ and Y3+, and their 

role in the BSA and BLG phase behaviour. In previous publications,                    

Matsarskaia et al. [349] have established the influence of La3+, Y3+, and Ho3+  on the 

BSA phase behaviour and Zhang et al. [148] the phase behaviour of BLG with YCl3. 

Based on the results presented in this dissertation and the previous publications, a 

universal trend can be observed. Depending on the cation size, thus surface charge 

density, and polarisibility, their influence on the dominant bulk interactions can be 

estimated. The higher the surface charge density of the cation, the stronger protein-

protein forces are expected, but there are also non-trivalent entropic contributions, 

which are difficult to estimate. Cation binding and bridging are electrostatically 

driven [155] and their respective protein binding sites are solely negatively charged 

[148,612]. 
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• Liquid-liquid phase separation. LLPS is formed for BSA in one step and for BLG 

within two steps (first aggregates in Figure 8.3 (a)). LLPS formation is            

temperature-driven. The different behaviours are influenced by the entropy and 

enthalpy of mixing and de-mixing [613], which is guided by a lower critical solution 

temperature (LCST) in BSA [155] and a upper critical solution temperature (UCST) 

in BLG [148] depending on the position in the phase diagram [183]. The only 

exception is BSA with LaCl3, in which no LLPS occurs at the conditions investigated. 

Here, the attractive forces are the weakest compared to the other systems and do 

not become strong enough to form LLPS meaning B2/B2HS does not reach values 

below -1.5 [152]. 

 

• Role of solvent (isotope). A strong isotope effect is observed for BSA, which is also 

the conclusion of a previous publication by Braun et al. [154], whereas, for BLG, the 

isotope effect is absent as shown in Figure 8.4. Due to the exchange of solvent, the 

strength of solvent-solvent hydrogen bonds with D2O is increased compared to H2O 

[257], which lead to enhanced hydrophobic interactions within the protein, which 

stabilises and stiffens the protein structure [584,586,587,614].  The hydrophobicity 

of a protein can be determined and expressed in multiple ways [615,616]. One way 

is the Gibbs free energy ΔG of transfer from water, which is a direct method and 

was determined by Pérez-Fuentes et al. [238] for BSA and BLG (see Table 3.1). 

Thereby, BSA is more hydrophobic than BLG [592,599,617,618] meaning BSA 

feels a stronger impact by D2O. Furthermore, the hydrophobicity of a protein 

depends on its amino acid sequence, as well as its secondary structure. It was found 

that for α-helix formation hydrophobic amino acids are essential since those provide 

stabilisation to the structure [585].  

 

 

Figure 10.1: Hydrophobicity and 3D structure of proteins. These protein images of (a) BLG (PDB ID: 3PH6) 
[148] and (b) BSA (PDB ID: 4F5S) [234] were created with Mol* [619] on the RCSB PDB website (rcsb.org). 
The differences in secondary structure (α-helices and β-sheets) are prominent (see also Table 3.1) and the 
colour code illustrates the hydrophobicity of different amino acids based on the work of Wimley & White 
[620]. 
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Thus, the nature of α-helices contributes strongly to the hydrophobicity of a protein 

and consequently to the amide isotope effect, whereas no isotope substitution occurs 

within β-sheets, which mainly define the BLG structure (Figure 10.1) [583]. BLG 

belonging to the protein class of all-β, therefore, does not undergo D/H isotope 

substitution for most of its structure compared to BSA belonging to the class of         

all-α (see Table 3.1) [230].  Thus, the discrepancy between a strong isotope effect in 

BSA and the absence in BLG systems can be explained based on their secondary 

structure/amino acid sequence and hydrophobicity illustrated in Figure 10.1. 

 

• Role of anion. There seems to be a fundamental difference in BSA and BLG ability 

to bind anions. For BSA, the anion effect on its bulk behaviour increases from            

Cl- < NO3- < I- [491], whereas for BLG all anions induce the same behaviour     

(Figure 8.1 & Figure 8.5). The behaviour for BSA is in good agreement with 

literature from Carr et al. [256] and Longsworth et al. [538], which found that the 

amount of anions bound increases from Cl- < Br- < NO3- < I- = CNS-. Carr et al. [590] 

determined that 8 Cl- anions are bound to BSA at pH 5, but 12 I- ions. For BLG, this 

anion-type-specific binding to the protein is similar to BSA (i.e. more iodide is 

bound than chloride), but the absolute number of anions bound are reduced by a 

factor of 2 according to Longsworth et al. [538]. Klotz et al. [237] coined the 

parameter 'anion binding index' illustrating the proteins’ affinity to bind anions, 

which is 29 for serum albumin and 4.6 for beta-lactoglobulin (Table 3.1). This is 

further supported by Tanford et al. [589] and the amount of chloride bound by each 

protein. Chloride, in general, has a passive role [536,585,589] and is also not 

traceable in the BLG crystal structure [148,612]. A recent publication by               

Maier et al. [612] evaluated the surface coverage of cations on proteins after cation 

binding (here: Y3+). In BLG, 30 % of its surface is covered with cations in 

comparison to only 15 % coverage for BSA meaning less space is available for anions 

to bind to BLG. Another explanation might be the difference in binding 

mechanisms. BSA has a high affinity for anionic binding [548], whereas BLG 

prefers binding of hydrophobic molecules via hydrophobic interactions [591]. 

 

• Re-entrant condensation. Re-entrant condensation is driven by protein charge 

inversion and the consequently decreasing attractive protein-protein interactions, 

which cause the cation-bridged protein cluster to break apart [241]. In the presence 

of chloride salts, both BSA and BLG undergo re-entrant condensation (Figure 6.1), 

as well as in the presence of iodide salts for BLG (Figure 8.1). For BSA with iodide 

salts, the samples stay in regime II showing no re-entrant condensation (i.e. absence 

of regime III) (Figure 7.3 (a & b)). Chloride has a passive role [536] and thus cations 

dominate and determine the phase behaviour in those systems. Since BLG has in 

general a low anion binding affinity (for both chloride and iodide) [237,538], the 

phase behaviour is unaffected by any anion and the occurrence of re-entrant 

condensation can be explained by the binding of multivalent cations. This behaviour 

changes for BSA with iodide salts. Iodide has a prominent role due to its protein 
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stabilising properties [534,535], stronger binding to BSA [135] and higher quantity 

bound to BSA [256,538] than chloride. Additionally, an interplay between 

hydrophobic and charged amino acids improve anion binding to BSA [547,548]. 

Thus, iodide induces stronger attractive interactions and might facilitate anion-

mediated and non-specific protein cluster formation, which hinder re-entrant 

condensation and stabilise BSA in bulk. 

In the next section, similarities and differences in protein adsorption of BSA and BLG at a 

solid-liquid, net negatively charged, and hydrophilic interface is discussed: 

• Role of cations and anions. The role of ions on the protein adsorption behaviour is 

reflected by its bulk properties. The stronger interactions an ion induces in bulk 

(Figure 7.3), the stronger is its effect on protein adsorption, in the sense that it 

enhances adsorption (Figure 7.7). One exception is BSA/YI3, in which the 

combination of a strong cation with a strong anion seems to diminish each other. 

 

• Role of protein. Adsorption is also regulated by the protein type. BLG is smaller in 

size than BSA (Table 3.1), which is reflected in its overall reduced adsorption 

(Figure B.1, Appendix B). In addition, BLG also forms denser packed adsorption 

layer reflected in the strong difference in dissipation measured by QCM-D         

(Figure 7.10 & Figure 7.11 & Figure 8.7 & Figure 8.8). The adsorption trend 

(meaning its increase and decrease) is connected to the bulk phase transitions of the 

respective protein, which are reflected at the interface due to their similar properties. 

 

• Adsorption without salt. Numerous investigations have shown that adsorption for 

BLG is reduced compared to BSA without salt [239,242,621], which is consistent 

with the presented findings in Table 8.2. BLG has a smaller size (Table 3.1) and a 

higher surface charge density, which could induce stronger repulsion in a system 

with negatively charged surfaces (of the proteins and the substrate) and thus 

limiting surface adsorption. 

 

• Re-entrant adsorption. The non-linear behaviour in adsorption at high cs can be 

observed with both proteins and all salts and either solvent as illustrated in        

Figure 7.7 and Figure 8.10. Thus, it can be concluded that re-entrant adsorption is 

related to the surface properties and not the bulk re-entrant condensation behaviour 

(which is absent for BSA/iodide system). Due to surface properties being 

hydrophilic and net negatively charged, anion binding is hindered and solely the 

cations and solvent molecules are interacting with the interface. In the vicinity of 

the substrate (here: substrate and proteins are negatively charged), local charge 

inversion due to multivalent cation binding can be induced leading to re-entrant 

adsorption independent of the bulk properties. 
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• Enhanced adsorption / wetting transition. In regime II, attractive interactions 

dominate the system, which induces enhanced adsorption compared to regime I 

and III in all systems investigated (see Figure 7.7 and Figure 8.13). The maximum 

adsorbed amount d is limited by the strength of the cations and anions in the system 

and subsequently LLPS formation. In systems with LLPS formation, continuous 

adsorption of proteins is observed and the formation of a wetting layer at the bulk 

instability [465]. The general mechanism is explained in Chapter 6. This wetting 

transition appears to be general, yet, the morphology differs for BSA and BLG. In 

BSA, the wetting layer is diffuse with a high portion of associated water trapped 

within [465] In BLG, a densely packed layer formation can be observed (50 % 

hydration in Table 8.2). This difference could be the determining factor for 

nucleation of protein crystals at interfaces for BLG and the absence of those in BSA, 

as well one has to bear in mind that BLG in its natural state forms dimers at neutral 

pH [236]. 

An external parameter, which influence the adsorption and bulk behaviour as well, is e.g. 

temperature. Depending on the formation of LLPS via LCST or UCST, the attractive 

interactions increase or decrease in bulk upon increase in temperature. Through the 

external manipulation of the phase behaviour, the bulk phase transitions and consequently 

the adsorption behaviour can be controlled e.g. though the introduction of a bulk instability 

(i.e. LLPS formation in bulk) and wetting transition at the interface (Figure 6.5). 

All in all, comprehensive understanding of the relevant protein-protein, protein-salt, und 

protein-surface interactions and consequential protein behaviour connecting bulk and 

adsorption phenomena is developed in this dissertation.  In the following chapter, possible 

next steps, open questions, and implications for application are discussed.
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11 OUTLOOK AND OPEN QUESTIONS 
There are still open questions, which need to be addressed and answered, especially in the 

context of surface modifications, which are summarised in this chapter. 

The presence and absence of an anion-type dependence on BSA and BLG, respectively, can 

be understood and supported by literature, yet the investigation of these mechanisms on a 

molecular level, e.g. via molecular dynamic simulations, could provide information on if 

and where those anions bind or interact with the protein to prove the proposed hypotheses. 

Furthermore, it might be of interest to see if the temperature-dependent adsorption 

behaviour found for BSA in Chapter 5 (LCST-LLPS) is also reflected in BLG since BLG and 

BSA show a different temperature dependency (UCST vs LCST) in different areas of the 

phase diagram [183]. 

The use of QCM-D and NR on systems showing LLPS formation and protein crystallisation 

in bulk might be a first step in solving the question on the location of nucleation origin in 

protein crystals. This is still unknown and highly relevant e.g. in drug production. If the 

nucleation starts at the interface, these methods should be able to detect the change in 

density and mass of the adsorbed protein layer. 

First implications and starting points for future research topics in the context of surface 

modifications are given in Chapter 9. There are different aspects, which are of interest. To 

understand the effect of hydrophobicity on protein adsorption, NR could provide the 

required insight into the protein layer morphology and possibly denaturation of systems 

suitable for H/D.  

To investigate the effect of surface charge on adsorption, SAMs with different terminations 

could be employed, especially positively charged SAMs. In this context, questions arise on 

which interactions guide the adsorption behaviour and if the ion-activated model can also 

be applied to a positively charged interface. Another possibility to investigate the role of 

surface charges on protein adsorption is through an applied potential, which would have 

the benefit of investigating the same sample under different conditions.  

Preliminary measurements show that protein-resistant surfaces can be manipulated 

through the application of multivalent ions.  Here, questions arise on the reversibility of 

this process, which might be of relevance for hydrogel formation, as well as on the role of 

multivalent ions on the interfacial water stability within the TEG layer. 
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Implant coatings could be a viable tool to establish ties between (so far) more 

fundamentally oriented research to application-oriented research. One challenge currently 

is the control of the surface roughness and the unknown role of super-hydrophilicity on 

protein adsorption. 

These results could pave the way for the manipulation of biomaterials and hydrogels for 

controlled protein adsorption and consequently regulated foreign body response and better 

biocompatibility, as well extend the comprehensive understanding of protein adsorption.  
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APPENDICES 

APPENDIX A: COMPLEMENTARY NEUTRON AND X-RAY REFLECTIVITY 

DATA 

In this section, additional information to Chapter 7 and Chapter 8 is provided. Over the 

PhD period, several beam times were granted to perform X-ray and neutron reflectivity 

measurements. An overview of the beam times executed is given in Table A.1.  

Table A.1: Overview of allotted and carried out beam times at different facilities and beamlines. 

Facility Beamline Method Experimental No. 

ISIS INTER NR RB1700010 

ISIS INTER NR RB1900001 

ISIS INTER NR RB1820534 

ISIS POLREF NR RB1910571 

ILL D17 NR 9-13-686 

Diamond I07 XRR SI19032-1 

 

An example for successful data collection is given in Chapter 8 (Figure 8.11 & Figure 8.12). 

Before identifying the ideal measurements conditions, a substantial amount of 

troubleshooting had to be conducted, which is discussed in the following. The protein used 

first for neutron reflectivity (NR) measurements was BSA. BSA is used as a model protein, 

yet it formed rather diffuse adsorption layers, which lead to strong scattering and 

featureless reflectivity curves (Figure A.1 (b) inset). Consequently, data analysis is rather 

difficult.  

In addition, the solvent used (H2O) has no critical edge since it is outside of the detection 

limit. The critical edge can also be used as a feature to check the sample alignment, solution 

exchange, and fitting feature. Its absence further complicates the analysis. Another 

disadvantage of BSA is that it does not allow the use of solvent contrast since the phase 

transitions in H2O compared to D2O are at different salt concentrations. The                    

isotope-dependent phase behaviour is known as the isotope effect in BSA and was 

investigated by Braun et al. [154]. Using different contrasts for the same system can usually 

compensate for the lack of features in the reflectivity curve and increase the chances to find 

an appropriate model, which is not applicable for BSA. Nevertheless, the Gompertz model 

[622] is found to describe the measured reflectivity curves well leading to density and 

adsorption profiles depending on the salt concentration in solution (Figure A.1). 
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Figure A.1:  Density profiles of (a) 5 mg/ml BLG at 20 °C and (b) 5 mg/ml BSA at 40 °C in the presence of 
YCl3 (at 0, 0.8, 6, 15 mM) in H2O analysed with the Gompertz model. The insets show the neutron reflectivity 
curves normalised by q4measurd at D17 (ILL). Plots are provided by Maximilian Skoda. 
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However, Bayesian error analysis with a confidence interval of 95 % (Figure A.2) illustrated 

that the precision of the model applied is not enough since all found trends fall within the 

confidence interval (Figure A.2 (b)). Variations in salt type and temperature also do not 

lead to sufficiently strong changes in the obtained data to improve data analysis (Figure 

A.3), thus BSA is categorised as not analysable under the given circumstances. 

 

Figure A.2:  Bayesian error analysis (grey-shaded area) of the fitted curve (solid line) via the Gompertz 
model to (a) the neutron reflectivity data and (b) SLD of BSA 5 mg/ml at 40 °C no salt adsorbed to SiO2 with 
a confidence interval of 95 %. Plots are provided by Maximilian Skoda. 

In another attempt, the protein used is changed to BLG, which is smaller in size and packs 

denser since it naturally occurs as a dimer [572]. This leads to a more defined adsorption 

layer and thus to a stronger change in the reflectivity data (Figure A.1 (a) inset) compared 

to BSA (Figure A.1 (b) inset). However, the use of only one solvent is also not sufficient for 

BLG (Figure A.1 (a)). Only with a second contrast, data analysis is distinct. The results are 

shown and discussed in Chapter 8.  
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Another method used to investigate protein adsorption is X-ray reflectivity (XRR). In 

combination with NR, it should provide the needed contrast to analyse the NR and XRR 

data. However, the measured signals are very noisy, and the experimental setup needed to 

be optimised several times (Figure A.4). In addition, X-rays can lead to beam damage in 

organic materials, which relates to denaturation of proteins [346]. The amount of beam 

damage in the samples cannot be accounted for. The changes for BLG (Figure A.4 (b)) 

compared to BSA (Figure A.4 (a)) are again more pronounced, yet not enough to allow 

successful data analysis. 

 

Figure A.3:  Neutron reflectivity curves of 5 mg/ml BSA (a) with YCl3 (0, 0.8, and 6 mM) at 40 °C and              
(b) with LaCl3 (0, 0.8, and 15 mM) at 20 °C in H2O normalised by q4measurd at D17 (ILL). Plots are provided 
by Simon Schönberg. 
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Figure A.4: X-ray reflectivity curves normalised by q4. (a) 5 mg/ml BSA with YCl3 at 40 °C and (b) with             
5 mg/ml BLG with YCl3 at 40 °C in H2O measured at I07 (Diamond). The salt concentrations are set to 0, 
0.8, 6, and 15 mM, which correlate with the increase in regimes e.g. regime I relates to 0 mM. Plots are 
provided by Simon Schönberg.
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APPENDIX B: COMPLEMENTARY BLG ADSORPTION MEASUREMENTS 

In addition to the BLG data presented in Chapter 8, additional ellipsometry measurements 

of BLG at 20 mg/ml in the presence of YCl3 at 20 °C adsorbed to SiO2 are conducted. The 

protein concentration used is four times higher than the concentration used in Chapter 8, 

thus a direct comparison with this data is not possible, instead a comparison between BSA 

and BLG can be done. The BLG adsorption behaviour initially increases and reaches a 

maximum value around cs/cp = 5, after which it starts to decrease until it stagnates around 

d = 4 nm at high cs, known as re-entrant adsorption (Figure B.1, red triangle). In 

comparison to BSA adsorption (grey triangles in Figure B.1), maximum adsorption is 

reached at lower cs/cp values and can be described as a “quenched” version of the BSA data, 

as well adsorption in overall reduced compared to BSA. The reduced adsorption could be 

explained with the smaller size of BLG (Rp = 2.35 nm) compared to BSA (Rp = 3.5 nm).  

 

 
Figure B.1: Protein adsorption of BSA (grey) and BLG (red) at cp = 20 mg/ml plotted against cs/cp in the 
presence of YCl3 on SiO2 at 20 °C. Adsorption of BLG is overall much smaller than BSA under the same 
conditions. 

The salt-concentration-dependent adsorption trend of BLG seems to correlate with the 

dominant bulk interactions reflected in the bulk phase behaviour (Figure B.2). As explained 

in Chapter 5, the adsorption trend (for BSA) can be described through ion-activated 

attractive patchy interactions between proteins and proteins with the interface. In a system 

with chloride anions, only the cations influence the bulk behaviour and adsorption 

behaviour. If the surface properties mirror the bulk properties (here: net negatively charged 

and hydrophilic), the cations bind and bridge proteins to proteins in the same manner as 

proteins to the interface. The adsorption behaviour consequently not only depends on the 

bulk properties, but also on the substrate properties.  
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Figure B.2: Protein phase behaviour of BSA (blue) and BLG (red) in the presence of YCl3. The shaded area 
illustrates samples, which are turbid and in regime II. Below this area, the samples are clear and in regime 
I and above, the samples are clear and in regime III. 
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APPENDIX C: FURTHER BAYESIAN ERROR ANALYSIS PLOTS OF BLG 

NEUTRON DATA 

 

Figure C.1: Bayesian error analysis. Fit quality of model showing 95 % confidence intervals (shaded 
regions). Data shown is the bare sample (blue and red, dashed) and another sample of 5 mg/ml BLG in no 
salt (yellow and purple, solid), in D2O and H2O, respectively. Plots are provided by Maximilian Skoda. 

 

Figure C.2: Bayesian error analysis. Fit quality of model showing 95 % confidence intervals (shaded 
regions). Data shown is the bare substrate (blue and red, dashed) and another sample of 5 mg/ml BLG with 
0.8 mM LaCl3 (yellow and purple, solid), in D2O and H2O, respectively. Plots are provided by Maximilian 
Skoda. 
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Figure C.3: Bayesian error analysis. Fit quality of model showing 95 % confidence intervals (shaded 
regions). Data shown is the bare substrate (blue and red, dashed) and another sample of 5 mg/ml BLG with 
5 mM LaCl3 (yellow and purple, solid), in D2O and H2O, respectively. Plots are provided by Maximilian 
Skoda. 
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LIST OF ABBREVIATIONS 
 

LIST OF LATIN ABBREVIATIONS 

A Absorbance 

AlCl3 Aluminium chloride 

AFM Atomic force microscopy 

ATR-FTIR Attenuated total reflectance Fourier transform infrared spectroscopy 

Au Gold 

B Jones-Dole ionic B coefficient 

B2 Second virial coefficient of bulk solution 

B2/B2HS Reduced second virial coefficient 

B2HS Second virial coefficient of hard spheres 

BLG Beta lactoglobulin (engl.) / β-Lactoglobulin (dt.) 

BSA Bovine serum albumin (engl.) / Rinderserumalbumin (dt.) 

c concentration 

C Mass sensitivity constant 

c* First phase transition from regime I to regime II 

c** Second phase transition from regime II to regime III 

CdCl2 Cadmium chloride 

CeCl3 Caesium chloride 

CI Confidence interval 

CNT Classical nucleation theory  

cp Protein concentration 

Cp,str Heat capacity 

cs Salt concentration 

cs,LLPS Salt concentration, at which LLPS occurs 

d or d(cs) Thickness of adsorbed protein layer  

D Dissipation  

d0 Thickness of crystal 

d1 Thickness of adsorbed layer; equivalent to dQMC-D 

dassoc Thickness/amount of associated water within protein layer 

dEM Equivalent to d; thickness of adsorbed proteins determined with 

ellipsometry 

dp Penetration depth 

Dpp Protein-protein distance 

dQMC-D Thickness of adsorbed proteins with associated water 
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drinsed Thickness of irreversibly bound proteins 

duv Optical path length  

DFT Classical density functional theory 

DLVO Derjaguin-Landau-Verwey-Overbeek theory 

Eyx Electric field of two variable components (x,y) 

F Resonance frequency 

FeCl3 Iron chloride 

FFPT Flüssig-Flüssig-Phasentrennung 

FMT Fundamental measure theory 

F(q) Form factor 

FTIR Fourier transform infrared spectroscopy 

G Surface free energy 

H3O+ Hydronium ions 

HoCl3 Holmium chloride 

I Transmitted intensity  

I0 Incident intensity 

I(q) Scattering intensity 

I(x) Intensity of measured signal (interferogram) 

ki,r Magnitude of the wavevector of incident or reflected beam 

LaCl3 Lanthanum chloride 

LaI3 Lanthanum iodide 

La(NO3)3 Lanthanum nitrate 

LCST Lower critical solution temperature 

LLPS Liquid-liquid phase separation 

M Number of patches on hard sphere 

MC Monte Carlo simulations 

MD Molecular dynamics simulations 

ML Monolayer  

MW  Molecular weight 

NaCl Sodium chloride 

n Refractive index 

�̃� Complex refractive index 

nf Frequency overtone 

nion Number of bound ions  

NR Neutron reflectivity 

O3 Ozone 

OTS Trichloro(octadecyl)silane 

PEG Polyethylene glycol 

pH Lat. potentia Hydrogenii 

pI Isoelectric point 

PME Phase-modulated ellipsometry 
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q Momentum transfer/ scattering vector 

qc Critical scattering vector 

QCM-D Quartz crystal microbalance with dissipation monitoring 

qx Momentum transfer in x-direction 

qz Momentum transfer in z-direction 

r Distance of interactions 

RC Re-entrant condensation 

rion Effective (an)ion radius 

rp Fresnel reflection coefficient of p-component of polarised light 

Rp Radius of protein (hard sphere) 

R(q) Reflectivity 

rs Fresnel reflection coefficient of s-component of polarised light 

S Spreading parameter 

S0 Surface hydrophobicity 

Sstr Structural entropy 

SAM Self-assembled monolayer 

SAXS Small-angle X-ray scattering 

SI Supporting/supplementary information 

SiO2 Silicon dioxide 

SLD Scattering length density 

SM Supporting material 

S(q) Structure factor 

T Temperature 

TEG Triethylene glycol mono-11-mercaptoundecyl ether 

TUV Transmittance 

UCST Upper critical solution temperature 

U(r) Interaction pair potential 

UV-Vis Ultraviolet-visible spectroscopy 

VASE Variable-angle spectroscopic ellipsometry 

vdW Van der Waals interactions 

V(Dpp) Interaction potential between two macromolecules (proteins) 

VParticle Volume of the particle 

Vext (r) Arbitrary external potential 

Veff(r) Effective bulk interactions 

Vwp(z) Short-ranged wall-potential potential 

x Mirror position 

XRR X-ray reflectivity 

YCl3 Yttrium chloride 

YI3 Yttrium iodide 

z Distance normal to the wall/ height of adsorbed layer 

ZnCl2 Zinc chloride 
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LIST OF GREEK ABBREVIATIONS 

A(ν) Wavenumber-dependent absorbance signal 

δ3 Penetration depth of shear wave of bulk liquid 

Δ Relative phase shift between the s-and p-component of polarised light 

ΔD Change in dissipation 

ΔF Change in resonance frequency 

ΔGHB Water structure parameter 

Δm Mass uptake 

Δρ Scattering cross section between particle and solvent 

dγ/dci Ionic aqueous surface tension 

ε  Extinction coefficient 

ε = ε0.1 %279nm Extinction coefficient of proteins 

εb Binding energy between patch and ion 

εPP Binding energy between protein/patch and protein/patch 

εuo Binding energy between occupied patch and unoccupied patch 

ℱ[ρ] Functional of the intrinsic free energy 

γ Interfacial surface tension between liquid and air (vapor) 

γSL Interfacial surface tension between solid and liquid 

γSV Interfacial surface tension between solid and air (vapor) 

κ Force constant between atoms 

λ Wavelength 

μ Reduced mass 

μ1 Shear elasticity of adsorbed layer 

μs Salt chemical potential 

η Volume packing fraction 

η1 Viscosity of adsorbed layer 

η3 Viscosity of bulk liquid 

ν Specific wavenumber 

ω Angular frequency of oscillation 

Ω[ρ] Functional of the grand potential 

Φ Fraction of proteins in cluster 

ΦV Volume fraction of the particle in solution 

Ψ Relative amplitude change between the s-and p-component of polarised 

light 

ρ Polarisation  

ρ0 Density of crystal 

ρ1 Density of bulk liquid 

ρ3 Density of adsorbed protein 

ρ(r) Inhomogeneous density profile 

ρp Bulk/protein density profile 

ρp (z) Computed inhomogeneous density profile 
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ρSLD Scattering length density 

σ Surface roughness 

Θ Occupation probability of a patch 

θ0 Incident angle 

θc Critical angle 

θY Young contact angle 

ξ(z) Short-ranged attraction induced by the yttrium ions condensed on the 

wall 
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