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General Introduction 

The entrapment of proteins on a wide range of solid substrates has emerged as one of the most active 

field in (bio)chemical research. Materials with incorporated proteins are currently used for a variety of 

applications in medicine, biochemistry and industrial processes (e.g. catalysis). For each application, 

other drivers and constrains are present and different underlying mechanism and reasons determine 

the type of material that is being selected. Among all, (electro)sensing represents the most 

investigated area and the widest application field of protein adsorbed solid materials. 

The principle of an electrochemical biosensor is based on the electrochemical response from an 

analyte interacting with a biosensing element, such as proteins, antibodies and molecularly imprinted 

polymers. The biomolecules stability and the signal transfer are the key issues in the applicability of 

biosensors. Despite intensive research performed on electrochemical biosensors, little is known about 

how to (better) control the immobilization of proteins and how to maximally preserve the activity of 

proteins upon adsorption. The adsorption of proteins on a solid surface is a challenging phenomenon 

as it depends on the experimental conditions, the properties of the solid surface and the biomolecule 

itself. Firstly, the adsorption kinetics, as well as the total amount of adsorbed proteins, are highly 

dependent on both the experimental set up, e.g. buffer and pH, and the properties of the solid 

substrate, such as surface charge and chemistry. Secondly, the protein structure usually undergoes 

several changes upon adsorption on a solid surface. Different aspects have to be carefully evaluated in 

order to preserve the protein 3-D conformation and, thus, its activity. Encapsulation of proteins in 

mesoporous materials is a common strategy to increase the protein’s stability. However, divergent 

results have been reported on the effect of confinement on the stability and activity of proteins upon 

adsorption in a mesoporous matrix. Furthermore, several aspects playing a key role on the protein 

adsorption and stability, e.g. hydration and surface chemistry, have been often overlooked or totally 

ignored. In this PhD thesis, I focus on the different aspects concerning the adsorption of proteins in 

mesoporous material. The aim of this study is the investigation of several experimental parameters, 

such as buffer and pH, and material properties, e.g. pore size and surface chemistry, in order to 

optimize the protein’s adsorption and stability.  

In addition, the effect of the material properties on the protein structure, as well as on the protein 

activity, upon adsorption is evaluated. Mesoporous titanium dioxide (MT) is used as substrate for the 

protein adsorption. In fact, MT is very promising regarding its properties to encapsulate a protein 

aiming at the formation of robust biosensors. However, the controlled synthesis of titanium dioxide is 

a challenging step due to the fast hydrolysis of the precursor, often leading to disordered mesoporous 
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structures and non-uniform pore networks. In this PhD thesis, the possibility to synthetize mesoporous 

TiO2 with uniform pores of different size will be investigated. 

Afterwards, the adsorption of two different globins, horse heart myoglobin (hhMb) and human 

neuroglobin (NGB), into mesoporous TiO2 is discussed. Myoglobin (commercially available) is used as 

a model protein to study the impact of the experimental parameters and the material properties on 

both the adsorption efficiency and the protein structure/activity. Human neuroglobin has been 

recently discovered and its biological function is still unclear. Here, focus is put on the peculiar effect 

of the MT pore size and surface chemistry on the structure and activity of NGB upon adsorption.   

In conclusion, this thesis addresses the different problems concerning the development of 

electrochemical biosensors based on globins incorporated in mesoporous TiO2, showing the beneficial 

effect of the incorporation in the pore network on protein stability as well as on electrode activity.  

The different aspects studied in this PhD are described in the following chapters: 

Chapter 1: Introduction to electrochemical biosensors and protein film voltammetry based 

on mesoporous TiO2 with adsorbed globins.  

The first chapter gives an overview of the problems and perspectives of developing electrochemical 

biosensors based on proteins adsorbed on mesoporous materials. The different aspects concerning 

the adsorption of proteins on a solid surface, as well as the different strategies for protein 

incorporation, are discussed. In addition, this chapter provides an overview about the proteins studied 

in this thesis and the mesoporous substrate (TiO2) used for the adsorption.  

Chapter 2: The influence of acids on tuning the pore size of mesoporous TiO2 templated by 

non-ionic block copolymers.  

This chapter reports on a new approach to obtain mesoporous TiO2 with uniform pores with different 

size. The approach is based on the modification of a templated synthesis by simply adding different 

inorganic acids.  An in-depth characterization of the textural properties of the synthetized material is 

provided. 

Chapter 3: The effect of buffer solution on the adsorption and stability of horse heart 

myoglobin on commercial mesoporous titanium dioxide: a matter of the right choice. 

The influence of the experimental parameters on both the protein adsorption and the protein 

structure upon incorporation in mesoporous TiO2 is investigated. The interaction between three 

different buffers and the mesoporous TiO2, as well as the impact of the buffer on the protein’s stability 
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in solution and the protein structure upon adsorption, are carefully evaluated. Special attention is 

given to the heme structure upon incorporation in the mesoporous material. In addition, the influence 

of the buffer choice on the protein activity is investigated.  

Chapter 4: Hydration and confinement effect on horse heart myoglobin adsorption in 

mesoporous TiO2.  

In this part, the effect of the drying time and pore size on the stability and activity of hhMb upon 

adsorption in mesoporous TiO2 are studied. The focus is put on the possible changes in the protein 

secondary structure and in the heme center due to differences in hydration and confinement. 

Chapter 5: The case of human neuroglobin and its peculiar response to different pore sizes 

and surface chemistry of mesoporous TiO2. 

Different parameters influencing the NGB adsorption in MT (e.g. buffer and pH) are investigated. In 

the optimal conditions of buffer and pH, the effect of different pore sizes and surface chemistry of MT 

are studied. Surprisingly, a strong effect of both surface chemistry and pore size is observed on the 

structure and activity of NGB upon incorporation. This chapter describes the adsorption of NGB on a 

solid substrate for the first time.   

Appendix I: Characterization methods 

Appendix I briefly describes the different techniques used in this PhD to characterize the mesoporous 

TiO2, to monitor the protein adsorption and to study the protein structure upon incorporation. Since 

the aim of this thesis is investigating the protein structure and activity upon adsorption, attention is 

focused on the techniques used for protein analysis and how those techniques provide information on 

protein structure/activity. 

Appendix II: Experimental details 

Appendix II gives details of the materials of interest and an overview of the experimental conditions 

used for the protein adsorption, characterization and catalytic activity (evaluation and determination). 

In addition, a brief explanation on the MT post synthesis surface modification is given.  

Appendix III: Surface modification of mesoporous TiO2 

In appendix III the details about the surface modification of MT with propyl phosphonic acids can be 

found. In addition, in this part the characterization of the modified MT is presented. 
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Chapter 1 
Introduction to electrochemical biosensors and protein 

film voltammetry based on mesoporous TiO2 with 

adsorbed globins. 
 

“The science of today is the  

technology of tomorrow” 

Edward Teller 
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As this PhD has been performed in the frame of a project on bio-electrochemical sensors, the 

introduction will focus mainly on electrochemical biosensors. Nevertheless, the insights obtained in 

this PhD, on adsorption of proteins on solid (porous) materials, are also of value to the other fields of 

application. 

1.1 Introduction to electrochemical biosensors  

In 1991 the IUPAC Commission on General Aspect of Analytical Chemistry gave the first official 

definition of a chemical sensor1: 

“A chemical sensor is a device that transforms chemical information, ranging from the concentration 

of a specific sample component to total composition analysis, into an analytically useful signal.” 

On the basis of this definition, the whole sensor can be simplified in two main components. The 

receptor part, where the chemical information is transformed in measurable energy, and the 

transducer, the part of the sensor in which the energy carrying the chemical information is converted 

into an analytical signal. Chemical sensors may be further classified according to the principles on 

which the receptor is based and the operating principles of the transducers. Sensors in which a 

biochemical process is the source of chemical information and the interaction analyte-receptor is 

transformed in an electric signal are called electrochemical biosensors (Figure 1.1).  

 

Fig. 1.1. Illustration of an electrochemical biosensor. 

However, only in 1997 the IUPAC Commission gave the specific official definition of an electrochemical 

biosensor (EB)2: 

“An electrochemical biosensor is a self-contained integrated device, which is capable of providing 

specific quantitative or semi-quantitative analytical information using a biological recognition element 

(biochemical receptor) which is retained in direct spatial contact with an electrochemical transduction 

element.” 

Therefore, an electrochemical biosensor can be considered as a biochemically modified electrode3, 

where a conducting, a semiconducting or an ionic conducting material is coated with a biochemical 

active layer. 
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1.1.1 Generations of electrochemical biosensors 

The development of EB may be divided into three generations according to the interrelationship of the 

working steps (Figure 1.2): receptor-analyte interaction, generation and processing of the analytical 

signal4. 

In 1962 the first EB was described by Prof. L. C. Clark5. He showed the possibility to entrap the enzyme 

Glucose Oxidase (GO) in a dialysis membrane over an oxygen electrode to detect β-D-glucose in 

solution in the presence of gaseous oxygen. In this first EB generation, sequentially coupled enzymes 

are used to convert the analyte in an electrochemical active substance producing the analytical signal. 

In the glucose sensor described by Clark, the trapped GO oxidizes β-D-glucose to β-D-gluconolactone 

reducing FAD to FADH2. Afterwards, the FAD is regenerated using gaseous O2 to produce H2O2. Finally, 

H2O2 is oxidized by an applied potential at the electric surface producing an electric signal. 

 

Fig. 1.2.Illustration of the working mechanism of the three EB generations. 

Unfortunately, the 1st generation of EB presents several weak points. The main problem arises from 

the detection of H2O2 which requires high applied potential6. At this potential, reducing species present 

in the body fluid, such as ascorbic and uric acids, are also electroactive. This contribution can seriously 

diminish the selectivity and the overall accuracy of the electrode7.  

In addition, the use of gaseous O2 leads to further complications due to the low solubility of oxygen in 

aqueous media and the challenging control of the partial pressure, leading to variable amounts of 

reagent in the biosensor`s surrounding. These implicate errors in the biosensor`s response and a 

reduced upper limit of linearity7. 

These issues were addressed by the 2nd
 generation of EB in which oxygen is replaced by a non-

physiological electron transfer (mediator)8. A redox mediator is a small, soluble molecule capable, by 

rapid and reversible redox reactions, of shuttling the electrons from the redox center of the receptor 
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to the electrode producing the analytical signal9. In addition, the mediators are rapidly regenerated at 

low over-potential, eliminating the interferences of other reducing species with an enormous 

beneficial effect on the selectivity of the sensor10. Organometallic redox compounds, e.g. ferrocene 

and ruthenium complexes, are the most commonly used mediators8,11.  

However these EB suffered from leaching of the mediator over time. As a consequence, their 

application for in vivo detection was strongly limited10. Therefore, co-immobilization of enzymes and 

mediators on the electrode has been used to prevent the mediator form leaching out the 

biosensors12,13. Nevertheless, the mediators are general redox catalysts, facilitating not only the 

electron transfer (ET) between electrode and receptor, but also different interfering reactions, leading 

to a lack of selectivity of the biosensors in complex matrices14.  

The absence of the mediators is the main feature of the 3rd generations EB, where the ET occurs directly 

between the target molecule and the electrode via the redox center of the receptor protein7. The main 

challenge in the 3rd generation EB is achieving an intimate contact between the protein/enzyme and 

the transducer, without blocking the active site of the enzyme or dramatically altering its structure11. 

EB in which the direct connection between the protein (enzyme) and the electrode is achieved are able 

to work in a narrow potential range, close to the potential of the enzyme it-self14. As a consequence, 

these biosensors are less susceptible to interfering reactions, leading to a superior accuracy and 

applicability in the in vivo detection15.  

Unfortunately, only few proteins/enzymes exhibit a direct electrochemistry at normal electrode 

surfaces, due to the deeply buried redox center and/or passivation of the enzymes after adsorption on 

the conventional electrode surface16. Thus, the direct ET between the protein and the electrode has 

been the “bottleneck” in the development of third generation EB14. Consequently, one of the key goals 

of this PhD project is a better understanding of the immobilization of proteins onto electrodes and the 

parameters affecting it. 

1.1.2 The electron transfer process  

According to the Marcus theory17, there are mainly three factors regulating the direct ET process: 1) 

the molecular structure, 2) the distance between the active center and the electrode and 3) the 

potential difference between the involved species. In particular, the probability of ET exponentially 

decays with the increase of the distance between the electrode surface and the active redox center of 

the protein. As a consequence, when the redox center is deeply buried inside the protein, the ET rates 

might become prohibitively slow.  
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In light of this strong correlation between the ET process and the molecular structure, the interest is 

increasingly focusing on how the mechanism of ET is linked to conformational changes and ligand (solid 

substrate) binding. 

Protein film voltammetry offers a powerful tool to investigate the adsorption of biomolecules on the 

surface, how the ET occurs at the active site of a protein and the parameters controlling the ET 

mechanism18. 

1.1.3 Protein film voltammetry 

Voltammetry is an electroanalytical method where information about the analyte is obtained by 

measuring the current as the potential is varied (see Appendix II for more detailed information). In 

protein film voltammetry the protein under investigation is immobilized on a (suitable) electrode 

surface instead of being free in solution. This leads to several advantages in the study of the ET process 

between the protein and the electrode19. First, the redox centers of the adsorbed proteins on the 

electrode surface are controlled by tuning the electrode potential. Second, in protein film voltammetry 

the electrode is coated with a small amount of the protein sample leading to a local extremely high 

concentration with an obvious beneficial effect on the sensitivity and stoichiometry of the electrode.  

Protein film voltammetry has been successfully applied to define the catalytic behavior of enzymes20,21 

and the parameters influencing the catalytic activity22,23. Furthermore, this method has been used to 

study the kinetics of enzymatic reactions24 and to identify the mechanism of proton transfer for deeply 

buried catalytic centers25. In addition, it has been shown that the protein film voltammetry is a suitable 

way to investigate the redox properties of heme containing proteins26–28.  

However, the applicability of protein film voltammetry presents a strong limitation: upon adsorption 

on the electrode, the native structure of the protein has to be preserved to a large extent to preserve 

the accessibility of the catalytic center19,29.   

The adsorption of proteins in a porous material and the functionalization of the electrode surface with 

the porous material with incorporated proteins is a general strategy to preserve the native structure30 

and protect them from denaturation31.  

In this context, protein film voltammetry has been widely used to investigate the ET between the 

proteins immobilized in a porous material and the electrode32–36, to study the effect of the 

semiconductor band gap on the incorporated proteins37 and to confirm the successful incorporation 

inside the pore network38. Thus, it is clear that this method can be extensively used for many different 

applications based on adsorbed proteins on a solid surface. 
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In chapter 3 and 5 of this thesis, the protein film voltammetry was used to study the electrochemical 

behavior of hhMb and NGB upon adsorption in mesoporous TiO2.  

1.1.4 Porous materials for protein immobilization 

The expression “porous materials” indicates a material with pores; i.e. cavities, channels or interstices, 

which are deeper than they are wide39. According to the IUPAC commission, a possible classification of 

the pores is based on their availability to an external fluid (Figure 1.3)39. In view of this criterion, it is 

possible to distinguish between two types of porosity, i.e. closed and open pores. The closed pores (a) 

are totally isolated from the environment. Although they influence macroscopic properties such as 

density, thermal and electric conductivity and mechanical strength, they are inactive in processes 

involving mass transport or molecule adsorption. The open pores (b-f) have a continuous channel of 

communications with the external surface of the material. Those pores can be further classified 

according to their shape: they may be cylindrical (c, f, e), ink-bottle shaped (b), having a narrow pore 

opening and a wider pore volume, funnel shaped (d) or slit shaped (2-dimensional character). 

Irregularities of the surface which are wider than they are deeper (g) contribute to the roughness of 

the surface and not to the porosity of the material. 

 

Fig. 1.3. Schematic cross section of a porous solid39. 

An important additional classification of porous materials, with respect to the incorporation of 

biomolecules, is based on the pore size40. According to this classification, porous materials can be 

divided in: 1) macroporous materials, with pore size larger than 50 nm, 2) microporous materials, with 

pores smaller than 2 nm and 3) mesoporous material, with pores of intermediate size. 

As the majority of proteins and enzymes range between 2 and 50 nm, mesoporous materials are the 

most attractive substrate for biomolecule incorporation. The first attempt to incorporate proteins in 

ordered mesoporous materials was made by Diaz and Balkus in 199641. Hundreds of reports about the 

adsorption of biomolecules in mesoporous materials and their related applications have been 

published since then. In particular, porous metal oxide represent one of the most interesting 
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substrates due to their biomimetic architecture, fast electron communication, high surface reactivity 

and catalytic activity42. 

Mesoporous silica is the most applied substrate for protein incorporation because of its ease of 

synthesis, resulting in a highly ordered and tunable mesopore structure, with high pore volume and 

surface area43–47. Nevertheless, the use of silica is limited by the electronic properties of this material48. 

Moreover, an important additional concern in the applicability of silica based EB in case of in vivo 

detection is the accumulation of silica in liver and spleen which may result in injuries to these organs 

depending on the dose49,50. To solve these issues, different mesoporous metal oxide have been studied 

to replace silica. Porous ZrO2
51, ZnO52,53, Nb2O5

54,55, WO3
56, Al2O3

57–59, SnO2
60–62 and TiO2

63,64 have been 

successfully applies at EB interface. In particular, porous semiconductor metal oxides have attracted 

great attention due to their unique electric properties, which allow to achieve higher sensibility and a 

faster detection16,65,66.  

Irrespective of its benefits, still some issues remain. One of the constant challenges in the applicability 

of mesoporous materials is the immobilization technique used to conjugate the receptor protein with 

the material67. As a consequence, the approach used to immobilize the biomolecule into the porous 

material is one of the key issue in porous material based biosensors development. The optimization of 

the adsorption of proteins on mesoporous TiO2 is one of the main goal of this PhD project. 

1.1.5 Application of nanomaterials for electrochemical biosensors 

Today`s EB applications are dominated by the glucose detection. According to the report by 9Dimen 

Group68, the global market for glucose biosensors accounted for $ 13 billion USD in 2016 and it is 

projected to reach $ 17 billion USD in 2021. In addition, EB are used for several different purposes in 

medical science, e.g. cancer diagnosis69,70, cholesterol detection53, DNA biosensors71, quantification of 

proteins in blood stream72, detection of cardiac biomarkers73,74. Moreover, also in biomedical R&D, the 

electrochemistry of proteins attached on the electrode surface is a useful tool to understand the 

biological function of new discovered proteins75–77. Therefore, it is not surprising that the medicine and 

health applications of EB represent more than 70% of the total EB market78.  

The second most important application of EB is in the field of food safety and control79. EB based on 

xanthine oxidase have been used for the evaluation of food spoilage80,81, while tyrosinase and oxidases 

based electrodes have been successfully applied to reveal the organoleptic properties of beer82 and 

wine83,84. EB based on acetylcholine esterase have been used for the detection of neurotoxic pesticides 

in water and food85,86. The latter is continuously increasing due to the high toxicity of pesticides and 

their large use in modern agriculture87. 



  Chapter 1 
Introduction to electrochemical biosensors and protein film voltammetry based on mesoporous TiO2 with adsorbed globins. 

 

 

12 
 

Nowadays, also the application of EB in forensic analysis is emerging as a powerful tool to detect drugs 

and drug metabolites in biological samples88. Although their use is still limited, EB have already shown 

their potential in detecting drugs and their metabolites with high sensibility and reproducibility. 

Cytochrome P450 and L-asparginase entrapped on the electrode surface have been successfully used 

for the detection of cocaine89 and cannabis metabolites90 respectively.  

1.2 Adsorption of proteins on a solid surface 

In 2001 Nakanishi addressed the adsorption of proteins as “…a common but very complicated 

phenomenon.”91. This is indeed a common phenomenon as proteins are likely to adsorb on whatever 

solid surface they approach92. On the other hand, it is a very complicated phenomenon as it depends 

on external factors next to those of both proteins and support surface properties. 

Protein sorption on a solid surface is a dynamic process consisting of different interchangeable steps93. 

Firstly, proteins have to come in contact with the solid surface either due to diffusion or electric field. 

Secondly, the approaching protein interacts with the surface. The strength and type of the protein-

surface interaction determine whether the protein will stay on the surface or not. In fact, depending 

on the relative strength of such interaction, the adsorbed protein might be displaced by another type 

of protein, as it is observed in the Vroman effect94. Finally, the adsorbed proteins undergo 

conformational changes and reorientation to minimize the interaction energy95. 

Nonetheless, despite the different parameters and steps influencing the process, protein adsorption 

can be summarized by a single thermodynamic condition96. In a regime of constant temperature and 

pressure, the adsorption takes place only if the free Gibbs energy of the system decreases. 

Therefore, the condition for protein adsorption can be realized by a decrease in the enthalpy H and/or 

an increase in the entropy S. However, it is extremely difficult to estimate the different entropic and 

enthalpic contributions to the free energy change93. It is generally accepted that the enthalpic term is 

dominated by the electrostatic interactions, which can be attractive or repulsive depending on the 

experimental conditions, e.g. ionic strength of the solution. The conformational changes and 

reorientation of proteins upon adsorption are the most relevant part of the entropic contribution.  

Thus, it is clear that protein-surface interactions are highly dependent on the experimental conditions 

and the specific properties of the system under evaluation97. 

1.2.1 Factors influencing protein adsorption 

1.2.1.1 External factors 

The main external parameters influencing the adsorption process of proteins are pH, buffer 

composition, temperature and ionic strength98.  
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The pH determines not only the electrostatic state of the proteins but also that of the surface, 

depending on its point of zero charge (PZC). Normally, proteins carry both positive and negatively 

charged groups; the number of the two groups is in balance at the isoelectric point (IP) of the protein. 

Therefore, when the pH=IP, the protein exhibits a null total net charge. On the contrary, when the pH 

is above or below the IP the protein will be negatively or positively charged respectively. Nonetheless, 

it has to be noted that at pH = IP the proteins still have electrostatic interaction, although only in 

preferential orientation according to the position of the oppositely charged residues. 

On the one hand, the protein-protein electrostatic repulsion are minimized when pH = IP, allowing 

higher density packing at the surface. On the other hand, electrostatic attraction between the solid 

surface and the charged proteins leads to higher adsorption rates, increasing the migration speed of 

the proteins toward the surface. Normally, a higher amount of adsorbed proteins is observed when pH 

= IP99–101. 

Therefore, it is crucial to control the pH of the protein solution during the adsorption process. To 

achieve this, the buffer plays a dual role in protein incorporation: it should ensure the optimal protein 

stability and allow for an optimal sorption capacity and kinetics. However, it has been observed that, 

for a fixed pH, the buffer choice greatly affects the rate of adsorption and the total adsorbed 

amount102,103. Furthermore, the buffer medium influences the reversibility of the adsorption and the 

properties of the adsorbed layers104. The effect of the buffer medium on the protein incorporation is 

related to the ability of the buffer molecules/ions to bind to the surface of the solid substrate. As a 

consequence of such interaction, the potential, as well as the charge, of the surface might change 

leading to very different interactions with the adsorbing proteins. Hence, the influence of the buffer 

choice on the protein adsorption is strictly related to the solid material used as substrate. The influence 

of the buffer medium on the protein adsorption on mesoporous TiO2 is investigated in chapter 3. 

Temperature has two distinct effects on the adsorption of proteins. Firstly, an increase in temperature 

leads to a faster protein diffusion toward the solid surface, and thus an increased adsorption rate is 

expected. Secondly, the driving force of the adsorption of proteins is the entropy gain arising from 

protein rearrangements upon interaction with the solid surface105–107. Therefore, an elevated amount 

of adsorbed proteins is usually observed at higher temperature108,109. Obviously, the experimental 

temperature cannot exceed the stability range of the protein considered. Therefore, experiments on 

protein adsorption are normally performed at room temperature (20-250C). 

Variations in the ionic strength of the solution can greatly affect the overall protein adsorption process 

as well as the protein stability in solution. In fact, ions interact with proteins in a variety of ways often 

related to the properties of the protein and to the particular conditions employed110. Generally, the 
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effect of the ionic strength is more relevant when studying the adsorption of proteins bearing a net 

charge on a charged surface111. Therefore, the effect of the salt concentration is strictly dependent on 

the operative pH with a minimal influence when pH=IP. When increasing the ionic strength, adsorption 

of charged proteins enhances on an oppositely charged surface, due to the shielding effect of the 

repulsive charges between the adsorbing molecules112. Moreover, a higher adsorption is expected for 

charged proteins on an equally charged surface, because of a bridging-ion effect between the two 

charged entities113. When the pH is close to the IP, increasing the salt concentration leads to a slight 

less efficient adsorption. In fact, the increased ionic strength shields part of the intramolecular 

attractive electrostatic interactions expanding the molecule and thus reducing the adsorption to some 

degree112–114. 

In addition, the concentration of salts in a solution determines the Debye length of a charged entity11; 

the higher the ionic strength the shorter are the electrostatic interactions. In other words, the ionic 

strength strongly influences the protein-protein electrostatic interactions115. High ionic strengths thus 

increase the tendency of proteins to aggregate116,117. 

Moreover, the presence of particular ions in solution has a great impact on the protein stability. In the 

1880s Franz Hofmeister presented a classification of cations/anions based on their ability to precipitate 

white-egg proteins118. This classification was named after him: “the Hofmeister series”. The typical 

order of anions and cations in the Hofmeister series is shown in Figure 1.4.  

 

Fig. 1.4. The Hofmeister series. 

Anions on the right side of Cl- are the so called kosmotropes, while the ones on the left side are labeled 

as chaotropes. In an oversimplified approach, the effect of different ions on protein stability was 

explained through their ability to alter the hydrogen bonding network of water119. The kosmotropes 

species are strongly hydrated (they “organize” the water molecule) thus the “effective” concentration 

of proteins increases (in the “free bulk water”) and they precipitate. This effect is known as salting out. 

On the contrary, the chaotropes are weakly hydrated species which in turn increase the protein 

solubility (salting in). Although it is generally accepted that ions influence the water structure, this 

effect alone cannot explain the trend of the Hofmeister series120. Consequently, the effect of salts on 

protein adsorption needs to be understood also in terms of ion-biomolecule interactions121. More 
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specifically, the effect of different electrolytes on protein-surface interactions might be related to the 

ability of salts to change the hydration shell of the protein.  

Firstly, cations and anions can interact with the charged groups of the protein, e.g. amino or carboxyl 

groups, screening the electrostatic interaction between proteins122. Moreover, the ion screening 

changes the hydrogen donor/acceptor equilibrium, deeply affecting the protein’s secondary 

structure123. This effect is generally more relevant at low ionic strength124. Secondly, molecular 

simulation shows that the trend of the anions of the Hofmeister series follows their ability to penetrate 

a lipid layer125. Large chaotropic anions are more hydrophobic and hence they prefer the bilayer 

interior. The electrostatic interactions between the anion and the headgroup of the lipid lead to a 

change in the headgroup tilt, altering the alkyl chain packaging121. As a consequence of the interaction 

with the  uncharged protein regions, chaotropic anions reduce the flexibility and the structural 

heterogeneity of the proteins124. 

To sum up, the effect of different electrolytes on protein-surface interaction might be related to the 

effect of ions on both the water structure and the hydration and structure of the protein126. 

Nevertheless, several protein behaviors divergent from the Hofmeister series have been observed127–

129. Despite several computational and thermodynamic models developed to further understand the 

effect of salts on protein adsorption, an exhaustive model explaining the behavior of the Hofmeister 

series is still lacking130. 

1.2.1.2 Protein properties 

Proteins have a heterogeneous surface presenting hydrophobic and hydrophilic groups and, normally, 

exposing positively and negatively charged residues. Therefore, each protein can interact with a solid 

surface in a variety of ways131, e.g. ionic and acid-base interactions, hydrogen and covalent bonding, 

and through Van der Waals forces.  

Moreover, the adsorption process depends on the intramolecular forces within the protein molecule 

that might lead to conformational changes upon adsorption132. 

It is generally accepted that the majority of the proteins undergo conformational changes to some 

extend when adsorbing on a solid surface. In fact, the protein conformation in solution corresponds to 

the energy minimum which is often different from the minimum when the protein is in contact with a 

solid surface95. 

Protein conformation upon adsorption and thus the part of the molecule exposed to the solution 

(orientation) is a crucial step in the incorporation of bioactive proteins133,134. In fact, the 

physicochemical surface properties of the protein are influenced by the nature of the amino acids 
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residues present at the interface135. For instance, proteins adsorbing on a hydrophilic surface, expose 

their hydrophobic patches toward the solution, while on hydrophobic surface they orient those 

patches toward the surface. Obviously, the ability of adsorbed proteins to interact with other 

molecules/ions in solution is strongly related to the domains present at the interface. 

In addition, protein orientation and configuration on a solid surface depends on the lateral interactions 

between the adsorbed proteins98 (Figure 1.5). Lateral interactions refer to the possibility of two 

proteins to interact with one another upon adsorption on a solid surface. Those interactions can be 

repulsive or attractive and weak or strong depending on the specific protein and the environment they 

are in. The density of packaging and the possible multilayer formation are other parameters strongly 

influenced by the interaction between adsorbed proteins136,137. 

 

 Fig. 1.5. Schematic presentation of surface reorientation and conformational changes of β-lactoglobulin upon adsorption on 
a solid surface98. 

1.2.1.3 Surface chemistry 

Obviously, the protein-surface interaction is strongly dependent on the properties of the solid surface, 

e.g. hydration, charge and morphology,138,139 which, will have a high impact on the conformation of 

the adsorbed molecules100.  

Firstly, the surface chemistry has a strong influence on the protein loading140. In general, higher 

amounts of adsorbed proteins are observed on hydrophobic surfaces139,141–144. However, the effect of 

the surface properties on the protein uptake is dependent on the type of protein and it might be 

different for each surface functional group145. In fact, Sivaraman et al. have reported very different 

quantities of adsorbed fibrinogen and albumin on a gold surface functionalized with trifluoromethyl 

groups when compared with the same surface presenting methyl groups, although they are both 
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strongly hydrophobic142. Similarly, Fried et al. observed a higher loading of glucose-6-phosphate 

dehydrogenase on hydrophilic rather than on hydrophobic functionalized SBA-15146.  

A second effect that has to be evaluated is the strong impact of the surface functional end groups on 

the protein conformation upon adsorption. In particular, several studies suggest that hydrophobic 

surfaces strongly denature adsorbed proteins142,147–150. This is due to the fact that the hydrophobic 

interactions between the protein and the surface are more likely to cause a significant breakdown in 

the secondary structure143. Once again, it has to be considered that the effect on the conformation of 

the adsorbed proteins might depend on the type of protein and functional end group. In fact, it has 

been observed that the -COOH terminal group preserve the native protein conformation upon 

adsorption much less than -OH groups147,148, although they have comparable hydrophilicity (but 

different acidity). Similarly, the -NH2 terminal group preserves the conformation of the adsorbed 

proteins to a larger extent than the -COOH group, even if the amino group is more hydrophobic142. 

Moreover, the same effect of -COOH and -CH3 groups has been reported on the conformation of 

fibronectin upon adsorption on a germanium surface151. This topic will be discussed in the 5th chapter 

of this thesis, where the effect of different functional surface groups on the adsorption of human 

neuroglobin into mesoporous TiO2 is studied. 

In addition, theoretical and experimental studies have pointed out the influence of the surface charge 

on the overall process of the protein adsorption152–154. As it is expected, this effect depends on the pH 

as it is due to the attractive-repulsive interactions between the protein (net charge when pH ≠ IP and, 

thus, preferred orientation, see above) and the surface (charged when pH ≠ PZC).  

1.2.2 Strategies for protein incorporation in mesoporous material 

It is of fundamental importance for the successful incorporation of enzymes in mesoporous materials 

that the tertiary structure (the 3-D shape of the protein) and the accessibility of the active center is 

preserved155. As the incorporation depends, as discussed above, on the interaction between two 

species (the mesoporous support and the protein), the surface properties of both have to be 

considered. It is commonly accepted that a suitable incorporation method has to represent the best 

compromise between stability and activity of the protein in combination with easy handling and cost.  

Therefore, due to the variety of proteins/enzymes and mesoporous materials, different immobilization 

techniques, tailored to the specific enzyme/application, are required156. In fact, a general methodology 

applicable for the encapsulation of any protein in a mesoporous support does not exist.  

Normally, the most applied techniques fall in five categories based on the difference in interaction 

between the support and the protein, each with advantages and disadvantages. However, one should 
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keep in mind that this classification is artificial to some extend and alternative categories can be found 

in literature.  

1.2.2.1 Physical adsorption 

This is the easiest approach for protein immobilization as it only involves weak interaction, e.g. Van 

der Waals or hydrogen bonding, between the protein and the mesoporous material. As the interaction 

is weak, the structure and the active site of the adsorbed protein are normally preserved. On the down 

side, the interactions are usually too weak to prevent the leaching of the enzyme even with minor 

changes in the reaction conditions, e.g. pH or ionic strength113. 

1.2.2.2 Electrostatic interactions 

This is an easy way to obtain adsorption of proteins into the mesoporous material modulating the 

electric charge of the pore walls and/or the net charge of the proteins. The optimum conditions for 

the protein incorporation can be achieved by changing the pH of the solution with respect to the IP of 

the protein and/or the point of zero charge (PZC) of the material157. However, this also means that the 

amount of immobilized and leached proteins is highly dependent on the pH of the solution. 

Furthermore, as ions can shield the electric charge on the surface158, this method is strongly affected 

by variation in the ionic strength of the solution. 

1.2.2.3 Covalent bonding 

The covalent bonding of proteins on a solid surface is normally achieved via modification of the surface 

properties of mesoporous materials with nucleophilic (amine and thiol) or electrophilic (carboxylic 

acids) organic groups159,160. In fact, each amino acid of the protein structure contains a N-terminal α 

amine which is able to covalently bind a specific organic group to the surface in several ways. In 

addition, if cysteine or methionine residues are present on the external portion of the protein, the thiol 

groups are also able to bind to different organic groups.  

The covalent bonding of proteins on the surface of mesoporous material generally leads to a better 

stability of the adsorbed molecules against leaching161. Therefore, the material with incorporated 

proteins is supposed to remain stable after several filtering/washing cycles.  

However, the strong covalent bonds involved during the immobilization may affect the electronic 

structure and the conformation of the protein, leading to a different catalytic activity. In addition, the 

strong interaction between the protein and surface may also prevent the diffusion of the molecules 

into the pore network. In fact, in order to be able to diffuse in the inner part of the pore channel, a 

protein has to displace the previously adsorbed protein breaking its bond with the surface. As a 

consequence, lower loading capacities have been observed160. 
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1.2.2.4 Metal affinity (His6-tag proteins) 

According to this approach, proteins are labelled with an amino acid motive which consists of six 

histidine residues (the His6-tag). The His6-tag sequence can selectively and strongly coordinate metal 

ions such as nickel or copper162. Since the His6-tag is normally inserted on the terminal amino acids of 

the peptide chain, binding through the His6-tag does not affect the active site and conformation of the 

proteins upon adsorption163. Therefore, the main advantages of this approach are the high stability 

and activity of the adsorbed proteins. In addition, the possibility of removing the adsorbed molecules 

by using a competitive metal ligand offers the possibility of reusing the solid support156. Thus, this 

immobilization approach is of particular interest for protein separation and enzyme recycling. 

1.2.2.5 Cross-linking 

This is a simple procedure for enzyme immobilization inside the pores without involving strong 

interaction with the surface that may affect the activity/structure of the protein. This method consists 

of two different steps. First, the proteins are adsorbed in the pores by physical adsorption. Then the 

proteins are cross-linked by adding glutaraldehyde164,165 or chitosan166 to form highly loaded, stable 

and active protein aggregates. Thus, protein leaching is avoided and the stronger confinement effect 

on the protein aggregate may increase their stability and activity. The main disadvantages in the use 

of this approach are the lack of control over the size of the aggregates and the poor accessibility of the 

catalytic centers upon aggregation, influencing the activity negatively. 

1.2.3 Effect of confinement in mesoporous networks 

The protein 3-D conformation is characterized by an adaptable response to the surrounding, enabled 

by the possible torsion of the polypeptide chain, which allows folding in different structures from a 

large ensemble of energetically low-lying and kinetically accessible states167. Therefore, when shifting 

from the solution to the reduced space of a pore network, proteins undergo conformational 

modifications leading to a functional structure appropriate for the volume limitation inside the 

pores168. Several studies have stressed a strong influence of the pore size on the activity and stability 

of the adsorbed proteins, as well as on the protein uptake31. However, it is important to notice that 

the effect of confinement on the stability and activity of proteins upon immobilization can be 

divergent. In fact, these two requirements are not necessarily optimal under the same conditions156. 

On the contrary, the conditions for achieving high stability and high activity are sometimes even 

conflicting to each-others. 

Although in the last decades great advances in experimental studies and computational models have 

provided important insights on the confinement effect on protein stability and activity, a clear 

understanding of this phenomena is still lacking. Nevertheless, this is of fundamental importance in 



  Chapter 1 
Introduction to electrochemical biosensors and protein film voltammetry based on mesoporous TiO2 with adsorbed globins. 

 

 

20 
 

order to gain control over the catalytic activity and achieve biocatalyst improvements by design on 

different length scales.169  

1.2.3.1 Protein stability 

The stability of a protein is its ability to retain the native folded conformation, for example upon 

adsorption in a mesoporous material. In 2001 Egger and Valentine identified two main factors 

determining the stability of the proteins upon adsorption into pores: the space constriction and the 

water structure changes170,171. These studies showed that protein confinement inside the porous 

network does not necessarily improve the stability of the proteins.  

It is generally accepted that the excluded volume inside the pores promotes the folded state of a 

protein172. The improved protein stability in confined space arises from the reduction of possible 

configuration available to a macromolecule due to the presence of static barriers (the pore walls). 

However, it has to be noticed that only protein conformations having a shape complementary to the 

shape of the confining volume are promoted. Therefore, the magnitude of the confinement effect on 

the protein stability is strongly dependent on the structure of both the macromolecule and the porous 

network173. When optimal, the encapsulation of proteins in mesoporous materials is an efficient tool 

to increase their stability against harsh conditions of temperature and pH, and in organic solvents48. 

With regards to the water effect: changes of protein hydration inside the pores may stabilize or de-

stabilize the native state174. The hydrophobic effect, which results in burial of the hydrophobic segment 

of the protein inside the structure, is considered to be the major driving force for protein folding175. 

This effect is dependent on the number and orientation of the hydrogen bonds of the water molecules 

(the water structure) surrounding the protein. The water structure is normally perturbed when 

interacting with a solid surface and several studies have evidenced that many water properties are 

different under confinement in the pore cavity176. The effect of the “solvent confinement” has a key 

role in determining whether the proteins are stabilized or not under confinement and it is strongly 

dependent on the surface and protein properties174,177. The effect of both hydration and confinement 

on the protein stability upon adsorption in mesoporous TiO2 is studied in chapter 4. 

1.2.3.2 Protein activity 

The protein activity is not only connected to the structural integrity of the active center but also to its 

accessibility.  

Divergent results have been reported regarding the effect of the pore size on the catalytic activity of 

the adsorbed proteins178. On the one hand, pores larger than the protein dimension are mentioned to 

preserve the catalytic activity of the adsorbed protein overcoming diffusion and mobility limitation, 
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which may result in inaccessibility of the catalytic center179,180. On the other hand, pores matching the 

protein size are reported to increase the activity as a consequence of the better accessibility of the 

enzyme, which is not able to diffuse in the inner part of the pore channel181,182.  

Furthermore, the accessibility of the active site is highly dependent on the orientation of the proteins 

upon adsorption183, which is in turn dependent on the specific protein-surface interactions and the 

experimental conditions (pH, electrolyte strength and type, temperature, etc.). 

1.3 Globins 

The globin superfamily is composed of proteins exhibiting a typical 3-D folding of a small number of α 

helices (the globin fold) protecting a non-covalently bound heme group184. Good packing interactions 

between helices and between helices and the heme are critical for protein activity and stability185. 

Globins are present in all the three kingdoms of life and they are involved in many different biological 

processes among which the binding of gaseous ligands (O2, CO2 and NO), scavenging of free-oxidant 

species and oxido-reductions186.  

The best-known globin function is the capture, transport and storage of O2 and CO2 in vertebrates184. 

In addition, the vertebrate globins are involved in cytoprotection against reactive oxygen species and 

in NO detoxification187. The interaction with NO for its reduction and nitrogen fixation is the most 

important globin role in bacteria188. In addition, it has been reported that globins in some invertebrates 

are involved in the oxidation of hydrogen sufide189. However, it is generally accepted that the function 

repertory of globins is only partially understood and many biological processes involving globins are 

still unknown185.  

1.3.1 The heme unit 

The heme is a chemically highly active cofactor containing an iron atom situated in the center of a 

hetero-macrocycle composed of four pyrrole subunits interconnected via methine bridges (the 

porphyrin ring). The iron ion exists in both the ferric (Fe3+) and ferrous (Fe2+) state and shows an 

octahedral coordination geometry with six potential binding site (Figure 1.6).  
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Fig. 1.6. Coordination of iron in the heme group with axial histidine bonded. 

In all globins, the four porphyrin nitrogens coordinate the four equatorial binding sites of the iron ion 

and a conserved histidine residue (the proximal His) occupies one of the two axial positions. The 

proximal His provides the fifth ligand to the iron ion, anchoring the heme into the hydrophobic pocket 

and slightly displacing the iron out of the heme ring. 

Primary ligands such as O2 and CO bind the sixth and axial iron coordination position. With respect to 

the occupation of the last binding site, globins are divided in two main groups: penta-coordinated and 

hexa-coordinated globins190. The penta-coordination of the heme iron in absence of external ligands is 

a common feature of the most studied oxygen binding globins, e.g. hemoglobin and myoglobin.  

In recently discovered proteins, e.g. NGB191 and cytoglobin192, the iron atom is coordinated in the sixth 

position by a local amino acid residue. As a consequence, the ligand binding in hexa-coordinate globins 

involves a competition between the external ligand and intramolecular coordination. 

1.3.2 Myoglobin 

Myoglobin (Mb) is a small water soluble cytoplasmic hemoprotein consisting of a single polypeptide 

(MW 17 kDa) composed by 154 amino acids. It is expressed solely in the cardiac myocites and in the 

skeletal muscles of vertebrates and it is responsible for the red color of the muscle tissue193. Mb is the 

primary oxygen carrier of muscles; high Mb concentrations allow the organism to hold his breath for a 

longer time. Therefore, diving mammals such as whales and seals have muscles with high abundance 

of Mb194.  

The atomic structure of Mb has been known since 1957, when for the first time the structure of a 

protein was determined by X-ray analysis195. Its protein fold consists of eight α-helices that are 

organized in a canonical 3-over-3 sandwich and that are labelled with letters A to H from the N- to the 

C- terminus. The polypeptide chain is folded around the heme pocket providing a rigid hydrophobic 

structural framework (Figure 1.7). The heme iron of the deoxy form of Mb is penta-coordinated. 
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Fig. 1.7. Structure of deoxy horse heart Mb. The heme, the distal and the proximal histidines are shown in the red ball-and-
stick representation. Adapted from K. Chu et al.196 

The structure and dynamics of the heme determine the ability of Mb to reversibly bind oxygen and 

resist carbon monoxide binding. This is crucial since heme naturally binds carbon monoxide 25.000 

times stronger than it binds oxygen197. It is believed that the distal histidine (His64) interacts with the 

ligand (both O2 and CO) forcing a peculiar geometry of the heme-ligand complex that reduces the 

affinity between heme and carbon monoxide by two orders of magnitude198.  

Although the structure and the oxygen bonding activity of Mb have been well characterized, different 

studies have shown that Mb might have different functions beyond those related to oxygen binding. 

In 2001 Brunori and coworkers199 have proposed that Mb is involved in the scavenging of NO; the 

assumption has later been strengthened by Flögel et al.200. Furthermore, recent studies have 

hypothesized that Mb serves as a physiological carriers of fatty acids201 and has a role in protecting 

against oxygen deprivation (hypoxia)202. Although further studies are required to elucidate all the 

possible functions of this protein, Garry & Ordway193 addressed myoglobin as “nice to have and 

necessary”. 

1.3.3 Human neuroglobin 

NGB is a recently discovered (2000)191 small monomeric globin (MW 17kDa) composed of 151 amino 

acids. Although NGB clearly belongs to the globin family, it shares very little amino acids sequences in 

similarity with the other vertebrate globins, e.g. myoglobin and hemoglobin, suggesting a different 

function and evolution191. This protein is predominantly expressed in the brain (therefore it is called 

neuroglobin)191, but the retina is the site of the highest concentration of NGB203. NGB is the first 

example of hexa-coordinated hemoglobins in vertebrates in which there is a competition for bonding 

to the iron between the external ligands and the internal protein ligand204205. In fact, in the 
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deoxygenated form of NGB, the iron atom is coordinated with the two axials bonding sites to the 

nitrogen of the proximal (His96) and distal (His64) histidine residues (Figure 1.8)206.  

 

Fig. 1.8. Model of the wild type NGB structure with the indicated reduced cysteines Cys-46, Cys-55 and Cys-120. The heme is 
represented with red sticks. The distal and the proximal histidines are shown with green sticks representation.207 

In addition, NGB shows other peculiar features unusual for the globin family. First, unlike most other 

globins, NGB contains three cysteine residues. Two of these residues are involved in a intramolecular 

disulfide bond whereas the third remains free208. It has been shown that the formation and the 

cleavage of the disulfide bond influences the functional characteristic of NGB208. In particular, breaking 

of the disulfide bond by reduction lowers the affinity for O2 by a factor of 10. Therefore, NGB exists in 

two different configurations with and without the disulfide bond. 

Secondly, NGB shows enhanced thermal (melting temperature of 100OC) and acid resistance (only 

partially unfolded at pH 2), in terms of both protein folding and heme retention capability, compared 

to that of other globins209. This unusual resistance is not ascribed to the cysteine residues, instead it is 

likely dependent on the intrinsic stability of the amino acid sequence and on the hexa-coordination of 

the heme209.  

In view of these peculiar characteristics, it seems impossible for NGB to a be a normal oxygen 

transporter like hemoglobin and Mb210. Although the real functions of NGB are still under debate, 

various suggestions have been made concerning the in vivo roles of this protein. Y. Sun et al.211,212 have 

exhibited strong evidence that NGB is a protective molecule against stroke, suppling O2 to neural cells 

in conditions of hypoxia. In general, several studies have suggested a protective role of NGB in a wide 

range of situations involving apoptotic cell death213. Moreover, the activity of NGB on nitrogen oxide214 

and nitrite207 has been confirmed, these findings indicate a possible role of NGB in nitrite-dependent-

NO signaling210.  

1.4 Titanium dioxide 

Titanium dioxide (TiO2 or titania) is the most common natural state in which titanium is found on Earth. 

TiO2 naturally exists in four different crystalline forms: anatase, rutile, brookite and TiO2 (B), with rutile 
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being the most abundant. The metastable brookite and anatase phases convert irreversibly to rutile 

upon heating above the temperature range 600-800oC215. TiO2 (B) is the least dense polymorph of 

titania and it was first discovered in nature only in 1991216. In addition, three synthetic metastable 

forms can be produced217–219 and five high-pressure forms also exist220–224. However, anatase and rutile 

are the most studied as they can be easily and economically synthetized in laboratory225. Brookite is 

much less used for applications of TiO2 due to the difficulty in obtaining brookite based material having 

high purity and large surface area226. 

Anatase, rutile and brookite all consist of basic unit of a titanium atom surrounded by six oxygens with 

each oxygen coordinated to three titanium atoms in a more or less distorted octahedral configuration 

(Figure 1.9). 

 

Fig. 1.9. Anatase (a), rutile (b) and brookite (c) crystal structure227. 

Titanium dioxide is a n-type semiconductor due to oxygen deficiency with band gaps of 3 and 3.2eV 

for rutile and anatase respectively228. TiO2 is the most widely investigated and applied semiconductor, 

due its high photocatalytic activity,229 since 1972 when Fujishima and Honda discovered the 

photoelectrochemical splitting of H2O using a TiO2 anode and a Pt counter electrode230.  

When TiO2 is irradiated with UV light (in case of anatase, the band gap is 3.2 eV, therefore λ˂387 nm) 

an electron from the valence band is excited to the conduction band (e-
CB) generating a hole in the 

valence band (h+
VB). 

TiO2 + hν  h+
VB + e-

CB 

Upon irradiation, both positive holes (h+
VB) and negative electrons (e-

CB) can migrate to the surface and 

initiate redox reaction with adsorbed species (Figure 1.10)231. Positive holes can oxidize OH- or H2O 

producing ●OH radicals, which are extremely powerful oxidants and can subsequently oxidize organic 

adsorbates producing mineral salts, CO2 and H2O. The electrons in the conduction bands can reduce 
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the molecular oxygen on the TiO2 surface to a superoxide radical anion (●O2
-), which may further react 

with H+ generating a hydroperoxyl radical (●OOH). These reactive oxygen species may also oxidize 

adsorbed species on the titania surface. Unfortunately, the photocatalytic efficiency of TiO2 is strongly 

limited by the recombination of the charge carriers, when the electrons revert to the valence band 

without reacting with adsorbed species, dissipating energy as light or heat. 

 

Fig. 1.10. Schematic presentation of the typical light-induced excitation of electrons from the valence band to the conduction 
band with generation of active species on the TiO2 surface. 

However, the high activity of TiO2 under UV irradiation has attracted much attention for many 

emerging applications, including solar energy harvesting. Its use in photoelectrochemistry, as well as 

many other applications, often requires TiO2 with high surface area, crystallinity and large porosity to 

accomplish high efficiency. These requirements can be achieved using titania nanoparticles or 

obtaining mesoporous TiO2 (MT), with the latter being the most promising and interesting material 

due to the toxicity (suspected of causing cancer when inhaled) of TiO2 nanoparticles232.  

1.5 Synthesis of mesoporous TiO2 

In order to characterize the effect of confinement and hydration discussed above (see 1.2.3.1 and 

1.2.3.2), it is of fundamental importance that the mesoporous material exhibits a uniform pore size. 

MT was the first ordered mesoporous non-siliceous metal oxide to be synthetized in 1995 by Antonelli 

and Ying233. Since then, many efforts have been made to synthetize MT with different mesostructures, 

pore-wall parameters, morphology and crystallinity. However, the applications of MT are strongly 

limited by the difficulties in making it as an ordered material and in controlling the pore size234. 

Therefore, the development of a facile route to obtain MT with tailored pore sizes and an ordered 

mesostructure as easy as silica is a required fundamental step for its future applicability235. 

Various routes to synthesize MT have been developed with or without the use of a template. 
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1.5.1 The template-free method 

In a template-free method, the mesoporosity is obtained through condensation of a metal precursor 

in solution into a sol of controlled size particles, which are then cross-linked in the gel phase forming 

the porous network. 

The sol-gel process (Figure 1.11) is the most used template-free approach for the synthesis of 

mesoporous oxides.  

 

 

Fig. 1.11. Schematic representation of the sol-gel process. 

This method involves the dissolution of the molecular metal precursor (organic or inorganic) in a 

suitable solvent together with additives and well-chosen synthesis conditions to control the formation 

of stable sol dispersions, formed by a controlled series of chemical reactions; i.e. hydrolysis and 

condensation. Subsequently, these preformed sol-particles further aggregate into a 3D network of 

metal-oxo or metal-hydroxo polymers called the gel236. The controlled evaporation of the solvent leads 

to a further cross-linking and, finally, to the formation of the mesoporous structure resulting from the 

space between the molecular aggregates. Depending on the solvent evaporation, the formation of an 

aerogel (solvent evaporated as gas phase at critical conditions) with extremely low density and high 

porosity or a xerogel (solvent evaporated by heating at ambient pressure) with small pore size and high 

surface area can be observed237. Although the sol-gel process represents an easy and cost efficient 

approach to synthetize MT, several issues have to be addressed. 

First, the final mesopore network is mainly obtained by random cross-linking of the controlled sol 

particles during the gelation and the solvent evaporation. Therefore, even small changes in the 

experimental condition can lead to considerable differences in the final mesostructure. Moreover, the 

absence of the template often leads to a collapse of the mesostructure upon calcination at high 

temperature (required to increase the degree of crystallinity). 
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As a consequence, the template-free approach often leads to the presence of macropores238 and low 

mesostructure ordering239,240. The lack of reproducibility and impossibility to obtain uniform pores 

have been often observed when using a template-free synthesis pathway241.    

1.5.2 The template method 

On the contrary, the template assisted method is easy to reproduce and implement. Moreover, as the 

template can be altered in morphology and size in different ways (e.g. type of template and synthesis 

conditions), it allows control over the structure, the morphology and the pore size. A template is a 

structure-directing agents used to organize the network formation of TiO2 in solution242. The template 

approach is usually divided into soft (ST) and hard template (HT) (or nanocasting) methods243. 

The HT is a rigid material presenting a stable and highly ordered structure that determines the size and 

morphology of the MT particles and pores. The HT process normally involves 4 steps (Figure 1.12): 1) 

preparation of the HT; 2) filling the template pore system with the metal precursor; 3) transforming 

the precursor into the target product via thermal treatment around or inside the HT; 4) removing of 

the template. It has to be noticed that the product shows a mesoscopic phase having an inverse 

structure to that of the template. 

 

Fig. 1.12. Schematic presentation of the hard template method.  

The HT approach leads to well-ordered pore structures, high crystallinity and thermal stability due to 

the growth of the precursor in a confined space. However, the synthesis and the removal of the HT are 

expensive and often involve the use of strong acids244 or high temperature245, influencing the textural 

properties of the final product. In addition, the limited availability of suitable templates greatly restricts 

the applicability of the HT approach243.  
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The ST method is a direct adaptation of the pathways that have been successfully applied for the 

synthesis of mesoporous silica. There are different types of ST that can be classified depending upon 

functionality or charge (Figure 1.13), all of them exhibiting a non-rigid structure. The essential features 

in a ST molecule is the coexistence of chemically bonded hydrophobic (non-polar) hydrocarbon “tail” 

and  hydrophilic (polar) “head” group.  As a consequence, the ST aggregate in solution to form 

supramolecular assemblies by means of intra and intermolecular forces, around which the meatal 

precursor condenses. The ST can be easily removed by extraction or calcination, forming the porous 

structure. 

 

Fig. 1.13. Schematic representation of the different categories of soft template. 

In the ST approach, there are usually three steps in the formation of the mesoporous solid (Figure 

1.14): in a simplified representation it involves the self-assembly of the ST (A), the organization and 

condensation of the TiO2 inorganic precursor over the ST self-assembly (B-C) forming a stable organic-

inorganic hybrid upon further condensation (D-E). Finally, the removal of the organic ST opens the 

pores in the mesoporous material (G). 
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Fig. 1.14. Mechanism of the soft template method243. 

The hydrophobic and the hydrophilic components of the ST molecule behave different in polar and 

non-polar solvent. In aqueous media, the hydrophilic part interacts with the water molecules, while 

the hydrophobic region repulses them. At low concentrations, the ST molecules arranges on the water 

surface with the hydrophilic part in contact with the water and the hydrophobic held above the surface 

(this conformation lowers the surface tension, thus these molecules are called surfactants). With 

increasing concentration, the surface becomes crowded and the molecules start to form aggregates in 

solution where the hydrophilic parts are exposed to the solvent and the hydrophobic part are oriented 

towards within the cluster. Those aggregates are called micelles.  At a certain concentration, the so-

called Critical Micelle Concentration (CMC), the surface is completely loaded and any further addition 

of ST results in micelles formation. Beyond this value, micelles are self-assembled forming 3-D spherical 

or 2-D rod like conformations bonded through weak forces, e.g. Van der Waals forces or hydrogen 

bonding. The micelles will become the void space to produce the porosity and they allow to control 

the pore size and shape246. The conformation of the micelles is strongly influenced by the presence of 

ions in solution. In fact, it has been observed that the presence of small hydrated anions in solution 

leads to a transition from spherical to rod like conformation (the anion effect follows the trend 

observed in the Hofmeister series)247. On the other hand, high concentration of salts might lead to a 

transition from spherical to lamellar micelle conformation246. 

The inorganic-organic framework is formed by a co-assembly process between the ST micelles and the 

TiO2 precursor driven by non-covalent interactions such as hydrogen and electrostatic bonds. The 

cooperative assembly is generally involved simultaneously with the hydrolysis-condensation of the 

inorganic precursor and the micelles formation. However, this implies that the kinetics of both 
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processes need to coincide. That is the main reason for the much less organized nature of mesoporous 

titania materials, and by extension metal oxides in general, in comparison to silica, as it is not easy to 

control the hydrolysis of the TiO2 precursors compared to silicates, because of their high reactivity with 

water or even moisture. As a consequence, they tend to hydrolyze fast, forming precipitates prior to 

controlled assembly with the template micelles. Therefore, different approaches have been 

investigated to reach control over the hydrolysis and condensation reactions allowing the formation 

of defined porous structures248. It has to be noted that also the formation of the inorganic-organic 

framework might be greatly influenced by the presence of ions and anions in solution246. The effect of 

acids with different anions on the textural properties of mesoporous TiO2 are discussed in chapter 2. 

After the formation of the organic-inorganic nanocomposite and its further condensation, the 

template is removed by extraction or calcination. In case of mesoporous TiO2, calcination is preferred 

as it increases the degree of crystallinity.  

The key factor in the use of a ST is to generate a uniform pore size which is correlated with the shape 

and size of the ST micelles. The pore size and organization can thus be tuned by controlling the 

characteristic of the ST and the micelle formation in the reaction environment. However, the ST 

approach requires a very slow condensation and hydrolysis of the precursor and a very good 

interaction with the ST in order to form the organic-inorganic nanocomposite249. As a consequence, a 

variety of different methods have been investigated to synthetize MT250. In particular, the sol-gel ST 

assisted approach, combing the advantages of the sol controlled formation of metal oligomers from 

the metal precursor and of the use of a template to control the pore size and morphology, allows the 

synthesis of MT with ordered structure and different pore size. 

1.5.3 The sol-gel ST assisted synthesis of MT 

In the sol-gel ST assisted synthesis MT is obtained from controlled inorganic polymerization reactions 

of the precursor around the template in solution. Those reactions involve, as explained above, the 

hydrolysis of the precursor, forming Ti-OH bonds, and the subsequent condensation leading to the 

formation of Ti-O-Ti bonds251, leading to a colloidal suspension, the sol, of TiO2 oligomers. The gel is 

obtained by further polymerization and the formation of the organic-inorganic framework with the 

template. Finally, the template is removed by calcination and MT with free pores is obtained. The use 

of a ST in the sol-gel synthesis has several advantages when compared with other synthesis 

procedures. First, high purity-material can be synthetized at low temperature. Secondly, the textural 

properties of the synthetized MT can be easily adjusted varying the synthesis parameters and the type 

of template. In addition, the presence of the ST allows the calcination of the material while limiting the 

destruction of the mesopore structure. 
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As already discussed, the high reactivity of the TiO2 precursors makes the controlled formation of the 

sol and interaction with the template the most challenging step in the sol-gel synthesis of mesoporous 

titanium dioxide. 

1.5.3.1 The titanium precursors 

The suitable Ti precursors for the soft template synthesis is quite limited. Mainly anhydrous TiCl4, 

TiOSO4, peroxytitanates and titanium alkoxides, e.g. titanium butoxide (Ti(OBu)4) and titanium 

isopropoxide (Ti(O-iPr)4), have been used235. However the use of the anhydrous salts is strongly limited 

by their extremely high reactivity. Furthermore, the hydrolysis of TICl4 leads to a large amount of in-

situ produced HCl, which can destroy the structural order of the final material235, while the mechanism 

of synthesis with TiOSO4 is not entirely understood252. Similarly, the use of peroxytitanates is strongly 

limited by the difficulty in obtaining the precursor and controlling the crystal phase of the MT253,254. 

Thus, the titanium alkoxides are the most used precursor to synthetize the MT. Nevertheless, the 

reactivity of these precursors towards water is still extremely high. This is due to the low 

electronegativity of titanium and its ability to exhibit several coordination states, resulting in a 

spontaneous coordination expansion upon reaction with water or even moisture. In fact, titanium 

alkoxides are Lewis acids and they vigorously interact with compounds like water having a lone pair of 

electrons. Therefore, different strategies have been investigated to reduce the hydrolysis rate of the 

alkoxides, enhancing the interaction between the TiO2 oligomers and the template scaffolds. 

The most applied solutions to moderate the reactivity of the titanium alkoxides is the use of organic 

solvent (e.g. ethanol and isopropanol), complexing molecules (e.g. chelating agents) and/or acids as 

stabilizing agents255. Low pH is an efficient way to reduce the hydrolysis and condensation of the TiO2 

alkoxides due to the formation of positively charged oligomers241. However, the acidity of the solution 

has revealed to have a strong impact on the crystal structure of the final material256,257.  

As indicated, the use of a non-aqueous organic solvent is an alternative way to control the rate of the 

hydrolysis of the titanium precursor, although samples synthetized in organic solvents show a lower 

order than those synthetized in water based sol-gel processes due to the impact of the solvent on the 

template assembly process235.  

Alternatively, bidentate complexing ligands are often used to obtain control over the hydrolysis of the 

titanium precursors258. In fact, when an alkoxide reacts with a bidentate ligand, a new molecular 

precursor with a lower reactivity is obtained due to the higher coordination number of the titanium 

atoms259. Acetic acid is one of the bidentate ligands commonly used to modify the titanium alkoxides. 

Figure 1.15 shows the mechanism of the condensation of the titanium precursor (Ti(OBu)4) in presence 
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of acetic acid. It has to be noted that the hydrolysis only takes place in the third step of the 

condensation forming a controlled oligomer and, thus, there is no direct (uncontrolled) hydrolysis of 

the titania precursor.  

 

Fig 1.15. Mechanism of the condensation of titanium butoxide in acetic acid solution (adapted from references 258, 259. 

1.5.3.2 The soft template 

Surfactants and high polymers are normally used as ST. A surfactant is an amphiphilic molecule 

classified in non-ionic (A), cationic (B), anionic (C) and zwitterionic (D) according to the nature of the 

hydrophilic head group (Figure 1.16A). Examples of surfactant ST are quaternary ammonium salts, 

heterocyclic, carboxylic acids and sulfonate salts. The high polymers used as ST are non-ionic 

amphiphilic poly(alkylene oxide) block copolymers (Figure 1.16B). The precursor of this series of 

copolymers is the poly(ethylene oxide) named PEG or PEO (A). However, the PEO-based diblock (e.g. 

the Brij series) (B) and triblock copolymers (Pluronic series in particular) (C) have been the most widely 

used as templates235. 

 

Fig. 1.16. Schematic presentation of A) surfactants and B) high polymers used in the sol-gel process. 

A B 
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The block copolymers are usually preferred over the ionic surfactants as they have weaker interactions 

with the TiO2 precursors, since the driving forces are only hydrophilic and hydrogen bond 

interactions255. Moreover, their assembly in solution is relatively more stable allowing tunable 

mesostructures of TiO2 to be obtained by changing their molecular weight and composition. 

It is important to notice that the choice of the template and the ratio between template and precursor 

amount have a strong impact on the textural properties of MT260. The crystallinity261, the final 

mesostructure262 and the pore size235 are the main parameters influenced by the use of different 

templates and template/precursor/water ratios.  

1.5.3.3 The hydrothermal treatment  

The hydrothermal treatment is one of the most common process in the sol-gel method to 

obtain/increase the crystallinity of the sample263. During the hydrothermal treatment, the sol solution 

is sealed in a Teflon lined stainless steel pressure vessel (the autoclave) at elevated temperature and, 

thus, exposed to high vapor pressures and temperature for several hours. Both the duration and the 

temperature (and its gradients) of the hydrothermal treatment have to be carefully selected as they 

have a strong impact on the crystal phase of MT264,265. 

1.5.3.4 Removal of the template 

The ST used in different synthesis methods is normally removed by extraction or calcination. Extraction 

is mainly performed when surfactant templates were used as structure directing agents. However, this 

procedure leads to less thermal stability and lower mesostructure ordering266,267. Calcination is the 

most applied method for removing the template but the process has a strong impact on the textural 

properties of the material. It has been showed that increasing temperature and duration of the 

calcination process leads to samples showing higher crystallinity, larger crystallite size and more 

ordered final mesostructures268–270. Although, many other reports indicate a loss of structural order 

upon calcination above temperatures where the template has been removed. Indeed, MT experiences 

phase transformation from amorphous to anatase and from anatase to rutile when calcined at high 

temperature. This phase transformation from amorphous to anatase occurs in the range 350-450oC271, 

while the conversion of anatase into rutile takes place in the range 600-11000C272, depending on the 

synthesis conditions. Additionally, the phase transformations have a strong impact on the surface area 

and porosity of the as-calcined MT, due to collapse of the pores during the crystal transition273.  

In order to obtain anatase, the calcination is normally performed at temperature below 5000C with 

slow heating rate to control the crystal growth and maintain sufficient porosity. In fact, higher 

mechanical stability, porosity and surface area are observed for MT calcined at slow heating rates270. 
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1.6 Mesoporous TiO2 as substrate for protein adsorption 

MT is one of the most attractive semiconductors due to its photocatalytic properties, charge transfer 

and possible optical transparency48. In addition, its eco and biocompatibility274,275 make it an excellent 

substrate for biomedical in vivo detection. Moreover, MT is a suitable substrate to study the role of 

surface electric charge on protein adsorption due to its PZC at physiological pH (~6)276. In fact, the 

surface charge of MT can be tuned from positive to neutral to negative within the stability range of the 

majority of proteins allowing to bind proteins via different interactions, e.g. hydrogen bonding, 

electrostatic interaction277.  The adsorption of different proteins on MT has been used as a model to 

test the effect of differences in surface charge and textural properties on the features of the adsorbed 

proteins278–281. In addition, the electron/hole pairs generated upon irradiation of this semiconductor 

might interact with adsorbed proteins, enhancing the current response in a TiO2/protein based EB66,282. 

Due to the high biocompatibility, the adsorption of proteins on mesoporous TiO2 has mainly been 

investigated for the possibility to realize drug delivery systems275,283 or glucose biosensors32,64, with the 

latter being the most important application284. In fact, MT have been introduced to improve the 

catalytic activity of enzymes in different application of the third generation EB285–287. 

However, the possible applications of TiO2 as substrate for electrochemical biosensors are still in the 

early stage due to the difficulties (see above) in obtaining this material as a controlled ordered 

mesoporous structure. In fact, tunable porosity and textural properties are required in order to gain 

control over the protein adsorptive behavior279,281. 

1.7 Aim of this PhD 

This PhD aims to reveal the correlation between the structural modification and the activity of proteins 

adsorbed into mesoporous metal oxides. In the first part of this chapter, the different issues concerning 

the protein adsorption on a solid substrate and the impact of the adsorption on the protein structure 

and activity have been discussed. In addition, a strong effort has been made to reveal the influence of 

the adsorption in a porous material on the protein structure and activity. This is of fundamental 

importance as porous materials are a widely used tool for the development of EB. The research to find 

the optimal parameters for the protein adsorption and for preserving the protein structure and activity 

is one of the most active field in analytical chemistry. Nonetheless, several aspects on protein 

adsorption on a solid surface are still unclear and an in-depth knowledge of the effect of the 

confinement and hydration on the protein structure and activity upon adsorption in a mesoporous 

material is still lacking.  
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In this introductive chapter the obstacles regarding the use of mesoporous TiO2 as substrate for the 

protein adsorption caused by the difficulties in obtaining an order mesoporous structure have been 

presented. For this reason, this PhD project started with the research of an easy and reliable approach 

to obtain mesoporous TiO2 with different pore size, high surface area, pore volume and crystallinity. 

In the following chapter this approach is presented. 

In this PhD the different aspects concerning the protein adsorption on mesoporous TiO2 have been 

studied using two different globins, hhMb and NGB. The influence of the experimental conditions on 

the protein stability is discussed in chapter 3 (hhMb) and 5 (NGB). In the same chapters the impact of 

the experimental conditions on the protein structure and activity is studied in-depth. In chapter 4, the 

influence of hydration and confinement in different pores on the hhMb structure and activity is 

presented. This represents an innovative approach as the simultaneous effect of both hydration and 

confinement has not been shown before. Finally, the effect of confinement on the NGB structure and 

activity is discussed in chapter 5.  

In conclusion, the work presented in this PhD aims to an in-depth characterization of the several factors 

influencing the adsorption of globins in mesoporous titanium dioxide. The synthesis of mesoporous 

TiO2 with tunable pores in a narrow pore size distribution allowed to study of the effect of confinement 

and hydration on the structure and activity of the adsorbed proteins. This PhD and its different 

chapters will contribute to improve and control the protein stability and activity upon adsorption on a 

mesoporous substrate, advancing several applications such as EB and others (e.g. biocatalysis). 
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2.1  Introduction 

Tuning pore sizes and surface area of mesoporous TiO2 is of great importance for its application as 

filters, adsorbents, catalysts, etc.1 Nevertheless, controlling the pore size of mesoporous TiO2  is a 

challenging step due to the fast hydrolysis of the precursors hampering an easy control over the 

mesopores diameter2. Therefore, the development of a facile route to obtain mesoporous TiO2 with 

tailored pore size as easy as silica is required for its future applicability3.  

Similar to the synthesis of mesoporous silica, the most applied pathway for the synthesis of 

mesoporous TiO2 is the soft-template approach3. This method usually undergoes a co-assembly 

process of the titanium precursor with the surfactant template. Non-ionic block copolymer templates 

have been increasingly used for this purpose as they lead to more robust structure, larger pores, easier 

control over the wall thickness and higher reproducibility than the ionic surfactants4–8.  

It is widely accepted that the pore size of mesoporous TiO2 depends on the hydrophobic volume of the 

surfactant templates3,9. The strong effect of inorganic anions on the structure of porous materials 

template by non-ionic block copolymers has been already investigated10–13. However, the attention 

has been limited to the impact of such interaction on the order of the mesostructure of single crystal 

and polycrystalline silica materials.  

In this chapter I show that different pores with narrow pore size distribution (PSD) can be achieved by 

simply using inorganic acids at well-chosen concentration in presence of the same block copolymers. 

In literature on block copolymer templated mesoporous TiO2, the use of different inorganic acids to 

tune the pore sizes has not been reported before.  

2.2  Experimental Section 

2.2.1  Materials 

For details about the materials used see Appendix II (II.a.i). 

2.2.2  Synthesis 

The mesoporous materials were synthetized by using EO20PO70EO20 [denoted P123; EO is poly(ethylene 

oxide) and PO indicates poly(propylene oxide)] as template and tetrabutyl titanate (TBT) as inorganic 

precursor. The method was adapted from the reported dual template synthesis of mesoporous TiO2
14. 

The synthesis was altered by adding 1 mL of different concentrations (X = 1, 0.1 and 0.01M) of HCl 

(TiO2HAX), HClO4 (TiO2PAX), HNO3 (TiO2NAX) or H2SO4 (TiO2SAX) solution to the final mixed solution 

after 2h. For comparison, a material without adding acids (TiO2) was also synthetized. Afterwards, the 

samples were transferred to autoclaves for hydrothermal treatment (120oC for 48 h) and the 

precipitate was collected, washed with distilled water and dried at 80oC. The as-prepared samples 
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were calcined at 450oC (1oC/min) for 4 h in a Lenton chamber furnace under ambient atmosphere to 

remove the template. 

2.2.3  Characterization methods 

For the details of N2-sorption, XRD, HAADF STEM and FT-IR analysis see Appendix I. 

2.3  Results and Discussion 

Because of the strong influence of the pH on the crystal phase of TiO2
15,16, wide angle (WAXRD) and 

small angle (SAXRD) XRD analysis were used to investigate the crystal phase and the meso-structural 

ordering of the calcined samples. The WAXRD patterns (Figure 2.1A) reveal that all samples are pure 

anatase, irrespective of the use of different acid. This shows that the crystal phase of the calcined 

samples is not influenced by the variation in pH in the acidic range investigated in this work. The pure 

anatase phase suggests negligible effect of Cl-, NO3
- and ClO4

- anions on the TiO2 phase formation even 

though these species are known to stabilize rutile and brookite16–18. The SAXRD of TiO2 and TiO2HA1M 

(Figure 2.1B) shows a broad intense peak centered at 1.5o. Although the Bragg reflections of the space 

group are not resolved, the presence of a low angle diffraction peak suggests that the samples possess 

a semi-organized mesoporous structure with relative uniform pores, but without long range 

ordering19,20. The small shift, toward smaller value of 2θ, in TiO2PA1M and TiO2NA1M reveals an 

expansion of the unit cell21. Moreover, the diffraction peak of TiO2NA1M is somewhat broader. The 

HAADF-STEM images (Figure 2.2) show the lattice fringes corresponding to (101)(d101=0.35 nm) 

crystallographic planes of anatase, which confirm the high crystallinity of the pore walls and the crystal 

size of about 10 nm (Figure 2.2 and Table 2.1). 

 
Fig. 2.1. A) WAXRD pattern of TiO2 (a), TiO2SA1M (b), TiO2HA1M (c), TiO2PA1M (d) and TiO2NA1M. B) SAXRD pattern of 

TiO2PA1M (a), TiO2 (b), TiO2HA1M (c), TiO2NA1M (d), TiO2SA1M (e). The XRD analysis was performed on samples after 

calcination at 450OC for 4h. 
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Fig. 2.2.HAADF-STEM images (a) and an integrated line profile (b) of TiO2 within the white rectangle. (Anatase d101= 0.35 
nm). 

The absence of reflections in the SAXRD of TiO2SA1M might indicate that the mesostructure semi-

ordering is lost if H2SO4 is used, even though the large pore size of this sample (see Table 2.1) falls 

outside the measuring range. However, the SAXRD of TiO2SA0.1M and TiO2SA0.01M (Figure 2.3) seems 

to confirm the effect of the sulfate anions on the ordering of the mesostructure. 

 

Fig. 2.3.SAXRD pattern of TiO2 (a), TiO2SA0.01M (b), TiO2SA0.1M (c) and TiO2SA1M (d) after calcination at 450OC for 4h. 

With regard to the mesoporous structure, the N2 sorption analysis (Figure 2.4 A) shows for all samples 

a type IV(a) isotherm with a H1 hysteresis loop, indicating mesoporous materials. There is one 

exception being TiO2PA1M with ink bottle type pores (H2 hysteresis, see Figure 2.4A) with a large bulk 

pore size and a narrower pore opening22. Similar surface areas and pore volumes are observed for all 

samples except for TiO2PA1M that has a slightly lower surface area and half of the pore volume of the 

other TiO2 materials (Table 2.1). This difference fully correlates to the smaller bulk pores (8.4 nm) and 

pore openings (6.5 nm) of TiO2PA1M. On the other hand, TiO2SA1M has a much higher pore volume 

induced by the much larger pore sizes. Although the porous structure seems to be quite uniform in 

surface area, the use of different inorganic acids has a strong impact on the size of both the bulk pores 

and the pore openings (Figure 2.4 B and 2.4 C).  

0 1 2 3 4 5

In
te

n
si

ty
 (

a.
u

.)

2 theta (degree)

a 

b 

c 

d 



Chapter 2  
 The influence of acids in tuning the pore size of mesoporous TiO2 templated by non-ionic block copolymers  

 

 

49 
 

Fig. 2.4.  A) Nitrogen desorption-adsorption isotherms of TiO2 (green), TiO2HA1M (orange), TiO2NA1M (gray), TiO2PA1M (yellow) 
and TiO2SA1M (black). B) PSD (BJH adsorption branch). C) PSD (desorption branch). The analysis was performed on samples after 

calcination at 450OC for 4h. All samples were degassed for 16h at 150OC before the analysis. 

 

 

                               

 

Tab. 2.1. Summary of XRD and N2 sorption analysis of mesoporous TiO2 synthetized with different inorganic acid after 

calcination at 450OC for 4h.  

 SBET (m2/g) Total VP (cc/g) DP BJH des (nm)** DP BJH ads (nm)** 
Crystal 

phase 

Crystallite size 

(nm)* 

TiO2 127 0.4 9.6 12.2  anatase 10.4 

TiO2SA1M 142 0.6 16.8 17.8 anatase 10.7 

TiO2NA1M 136 0.4 9.6 12.6 anatase 9.4 

TiO2HA1M 146 0.4 9.6 12.6 anatase 10.3 

TiO2PA1M 118 0.2 6.5 8.4 anatase 10.1 

* Calculated using the Sherrer equation 

**Estimated from the maximum of the PSD 

In particular, except for H2SO4, the use of inorganic acids leads to sharper PSD (Figure 2.4 B, C and Table 

2.2), meaning more uniform pores. This is enhanced for TiO2PA1M and is even visible at concentrations 

as low as 0.01M. The existence of a porous matrix is further confirmed by the TEM analysis (Figure 

2.5). Additionally, the TEM confirms that only local order of relatively uniform mesopores is present 
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and no long range ordering can be observed, as indicated by the broad reflection peak in the SAXRD 

analysis (see Figure 2.1 B). 

 

Tab. 2.2. Full width at half maximum (FWHM) of the PSD from the N2  adsorption/desorption branch of the isotherm of TiO2 
samples synthetized using different acids in different concentrations. 

Sample FWHM (nm) PSDdes FWHM (nm) PSDads 

TiO2 4.7 12.3 

TiO2SA1M 10.2 17.6 

TiO2SA0.1M 6.5 16.5 

TiO2SA0.01M 5.0 8.2 

TiO2NA1M 3.3 10.6 

TiO2NA0.1M 1.5 7.0 

TiO2NA0.01M 4.8 12.3 

TiO2HA1M 3.2 7.1 

TiO2HA0.1M 1.8 9.8 

TiO2HA0.01M 5.9 12.3 

TiO2PA1M 1.8 5.9 

TiO2PA0.1M 2.3 6.5 

TiO2PA0.01M 

 

3.0 8.3 

 

 

Fig. 2.5. HAADF-STEM projection images of the pore structure of TiO2 (a), TiO2HA1M (b), TiO2NA1M (c), TiO2PA1M (d) and 
TiO2SA1M (e). 
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The strong influence of the pH on the micelle diameter of the triblock copolymer P123, i.e. a decreased 

mean diameter upon increasing acidity due to enhanced protonation of the PEO chains pointing out 

of the hydrophobic core, has already been shown11,23. However, because the pH is the same for all of 

the synthesis solutions (TiO2HA1M, TiO2NA1M, TiO2PA1M and TiO2SA1M), the role of the inorganic 

anions has to be considered to explain the observed differences in the PSD.  

Interactions between inorganic anions and non-ionic10,11 and ionic24 surfactants have been already 

described. The inorganic anions show peculiar interactions with the different surfactants leading to 

divergent effect on the surfactant micelles; various series of anions inducing structural changes in silica 

materials have been reported11,24. 

The N2 sorption analysis of mesoporous TiO2 synthetized by varying the concentration of the inorganic 

acids (Figure 2.6) shows different effect on the pores (Figure 2.7 A, B, Figure 2.8 A, B and Tab. 2.3) 

depending on the concentration and the acid used. TiO2NA0.1M and TiO2SA0.1M present smaller pore 

size than TiO2NA1M and TiO2SA1M. On the contrary, a larger pore size is observed for TiO2PA0.1M 

than for TiO2PA1M, which coincides with the expected behavior upon increasing acidity11,23. The N2 

sorption analysis shows only weak differences between TiO2HA0.1M and TiO2HA1M. It has to be 

noticed that the effect of the acid concentration discussed above is observed for both the bulk pores 

and the pore openings. As the pH variation due to the different acid concentrations is the same for all 

the solutions, the divergent effect on the pores further confirms the important role of the inorganic 

anions. 

Tab. 2.3. Summary of the N2 sorption analysis of mesoporous TiO2 synthetized using different inorganic acids with different 
concentration after calcination at 450OC for 4h. 

 SBET (m2/g) Total VP (cc/g) DP BJH des (nm) DP BJH ads (nm) 

TiO2 127 0.4 9.6 12.2 

TiO2SA0.1M 128 0.4 10.1 12.6 

TiO2SA0.01M 137 0.4 9.6 12.6 

TiO2NA0.1M 133 0.3 8.0 9.0 

TiO2NA0.01M 127 0.4 9.6 12.4 

TiO2HA0.1M 137 0.4 9.8 12.4 

TiO2HA0.01M 131 0.4 9.6 12.6 

TiO2PA0.1M 130 0.3 8.7 10.1 

TiO2PA0.01M 137 0.4 9.8 12.3 
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Fig. 2.6.Nitrogen adsorption-desorption isotherms of TiO2 material synthetized using A) 0.1M acid concentration and B) 
0.01M acid concentration. 

 

 

 

Fig. 2.7.A) PSD (BJH desorption branch) of TiO2 (green), TiO2HA0.1M (orange), TiO2NA0.1M (gray), TiO2PA0.1M (yellow) and 
TiO2SA0.1M (black). B) PSD (BJH adsorption branch). 

  

Fig. 2.8. A) PSD (BJH desorption branch) of TiO2 (green), TiO2HA0.01M (orange), TiO2NA0.01M (gray), TiO2PA0.01M (yellow) 
and TiO2SA0.01M (black). B) PSD (BJH adsorption branch). 
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The trend we observe for mesoporous TiO2 is in agreement with the anion sequence proposed by Tang 

et al. (SO4
2- > NO3

- > Br- > Cl-) for their influence on the phase transformation of silica mesostructures 

templated by non-ionic copolymers11. 

In this sequence the dual effect of the anion radius and hydration is considered to explain the effect 

on the silica phase transformation. In particular, it is proposed that highly hydrated ions lead to 

dehydration of the EO group of P123, causing them to withdraw more into the hydrophobic core, 

decreasing the packing parameter (Vhydrophilic/Vhydrophobic) of the copolymer and enlarging the pore mean 

diameter.  

 

Fig. 2.9. Simplified representation of the effect of the hydration of the inorganic anions on non-ionic block copolymers 
micelle size. 

Perchlorate anions (A) show one of the lowest known hydration energy, thus they show only a weak 

dehydration effect upon interaction with the copolymers keeping a relatively small impact on the 

packing parameter. Therefore, only at high concentration of perchloric acid (TiO2PA1M) the 

dehydration effect of the anion itself is appreciable and, together with the acidity, hydrates the PEO 

more, causing a contraction of the P123 polymers cores and thus a smaller pore size. On the other 

hand, the presence of nitrate (only at defined concentrations, see below) and sulfate anions leads to 

a stronger dehydration effect of the PEO and a dilation of the copolymer due to the withdrawal of the 

EO in the polymer core (C), resulting in larger pores when the concentration increases. Chlorine anions 

are known to represent a border line in the proposed anions sequence, thus their effect on the 

copolymer may be the weakest resulting in little changes in the pore size (B).  

However, interactions between the inorganic anions and the titanium dioxide clusters cannot be 

excluded and they have to be considered to fully explain the experimental results. In fact, although 

there are no examples where only the kind of acid has been varied among all the synthesis parameters, 

it is reasonable to expect a substantial influence of the type of acid on the TiO2 cluster formation25 
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Sulfate anions are involved in the formation process of TiO2 as they strongly interact with the Ti2O6
2- 

octahedra influencing their orientation and, thus, accelerating the anatase nucleus growth 26,27. This 

may result in a faster but more disorderly condensation, leading to loss of mesostructure ordering and 

broader PSD of both (see Figure 2.1 B, Figure 2.2 B, C and Table 2.2) indicating less homogeneous bulk 

pore and pore opening sizes. The DRIFT spectrum of TiO2SA1M (Figure 2.10) shows the three peaks 

characteristic of the HSO4
- (1210 cm-1) and SO4

2- (1130 and 1040 cm-1) vibrations28,29, confirming the 

strong interactions between these anions and the TiO2.  

 

Fig. 2.10. FT-IR spectra (offset 0.1) of TiO2 (a, blue), TiO2SA1M (b, yellow), TiO2HA1M (c, black), TiO2NA1M (d, red) and 
TiO2PA (e, green) after calcination at 450OC for 4h.The stars indicate the peaks due to the vibrations of HSO4- and SO42- in 

TiO2SA1M. 

The sulfate anions probably interact with the TiO2 surface via the Ti+4 sites displacing the physisorbed 

water molecules. This results in the disappearance of the IR band at 1560 cm-1 due to the vibration of 

H2O coordinated to the Ti4+ sites30, which is observed in the DRIFT spectra of all the other samples 

(Figure 2.9). 

On the contrary, perchlorate anions show the lowest affinity for titanium dioxide31 and the complex 

they form in solution with Ti (IV) is not stable32, thus when HClO4 is added, the clusters have the 

minimum repulsion. As a consequence, the clusters condensation might be faster leading to the very 

narrow PSD (see Table 2.2) and the broader hysteresis (see Figure 2.2 A). Moreover, as explained in 

1.2.1.1, chaotropic anions are less hydrated (more hydrophobic) and thus prefer to “penetrate” the 

more hydrophobic core to some extent, resulting in a more closely packed inorganic-organic hybrid 

structure and thus a smaller pore size, narrower pore size distribution and smaller pore entrance. 

A peculiar response to the use of HNO3 is observed as the effect of this acid strongly depends on the 

concentration. In fact, TiO2NA0.1M shows bulk pores and pore openings smaller than TiO2 while an 

increase in concentration leads to the above discussed reverse effect of a small dilation of the pore 

size in comparison to TiO2. Different studies have reported that the use of nitric acid in the synthesis 
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of titanium dioxide has a strong impact on the a stabilization of the inorganic frameworks33,34. The dual 

effect of the HNO3 on the hydration of the P123 polymer and on the stabilization of the TiO2 

frameworks might be related to the concentration of NO3
- in solution. In particular, the dilatation of 

the P123 micelles leading to larger pores may predominate at higher concentration (TiO2NA1M), while 

the stabilization of the TiO2 frameworks leading to smaller pores may prevail at low acid concentration 

(TiO2NA0.1M). 

The weak effect of Cl- anions is further explained by the low affinity between these anions and the 

titanium dioxide35. 

It has to be remarked that the effect of all the investigated inorganic anions on the size of both the 

bulk pores and the pore openings of mesoporous TiO2 is negligible at 0.01M concentration (Figure 2.8 

A, B).  

In conclusion, I show a new and easy approach to achieve tunable bulk pore and pore opening sizes in 

mesoporous TiO2 templated by non-ionic copolymers by addition of inorganic acids at a well-chosen 

concentration during the synthesis. Furthermore, the mesoporous TiO2 synthetized at high acid 

concentration shows more uniform pores than the TiO2 where no acid was used, with the exception of 

the H2SO4 material. Although the effect of the acid treatment might vary with the synthesis route, the 

observed effect represent a fundamental improvement in controlling the pore size of mesoporous 

TiO2. This is of great importance for this PhD thesis as the possibility of obtaining mesoporous TiO2 with 

tunable pore sizes allows an in-depth study on the effect of differences in confinement on the adsorbed 

proteins. Therefore, two samples were selected for the incorporation of hhMb (chapter 4) and NGB 

(chapter5): TiO2NA0.1M, with a pore size of 8 nm (further denoted as MT8), and TiO2SA1M, with an 

average pore size of 17 nm (MT17). 
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The effect of buffer solution on the adsorption and 

stability of horse heart myoglobin on commercial 

mesoporous titanium dioxide: a matter of the right 

choice. 
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Chem. Chem. Phys., 2017, 19, 13503-13514 

 

 

“Just one ingredient can  

make the difference” 

Andrew Lloyd Webber 



Chapter 3  
The effect of the buffer solution on the adsorption and stability of horse heart myoglobin on commercial mesoporous 

titanium dioxide: a matter of the right choice. 

58 
 

3.1 Introduction 

In the last few decades the interest towards the adsorption of proteins on a solid surface has 

tremendously increased1–6. The use of porous materials to incorporate biomolecules has attracted 

great attention because of their large surface area and tunable textural properties such as their pore 

size and volume. This permits to vary the amount of immobilized proteins and enzymes in a wide range 

of molecular sizes, making these materials suitable in the field of biosensors7,8, bio(electro)catalysis9–

11, bioelectrochemistry12 and drug delivery13–17. Among all these materials, mesoporous silica is 

frequently used for the incorporation of proteins in a wide range of applications because of its ease of 

synthesis resulting in materials with a highly ordered and tunable mesoporous structure, narrow pore-

size distribution, high pore volume and surface area18–25. Nevertheless, the electronic properties of 

silica, considerably limit its applicability in (bio)electrochemistry26. The development of well-structured 

non siliceous metal oxides27,28 such as Nb2O5
7, ZrO2

29,30, ZnO31, and TiO2
32,33 has led to a huge increase 

in the use of these materials. Mesoporous TiO2 is a promising substrate for the adsorption of 

biomolecules because of its bio and eco compatibility34–36. Its applications in electrochemistry37 and 

biochemistry38 are therefore continuously increasing. Despite the many investigations performed on 

the encapsulation of proteins and biomolecules onto mesoporous metal oxide, there are only few 

studies describing the effect of the buffer solution on the adsorption. Parkes et al.39 studied the effect 

of different buffers on the adsorption of bovine serum albumin (BSA), showing how the pH greatly 

affects the tribofilm formation. Wei et al.40 and Moulton et al.41 characterized the effect of the 

phosphate buffer (phosphate buffer saline, PBS) on the adsorption of proteins (Immunoglobulin, BSA, 

fibrinogen and lysosome) on a germanium crystal surface and TiO2 films respectively. They both 

concluded that the use of PBS decreases the adsorption of proteins. B. Fubini and co-workers42 

compared the use of 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES) and PBS for the 

adsorption of BSA on commercial non-porous TiO2. The results clearly indicate a great influence of the 

buffer choice on the surface properties of the titanium dioxide. To the best of our knowledge, there 

are no previous systematic studies on the impact of buffer choice on the adsorption of proteins on 

mesoporous TiO2 (adsorption capacity and kinetics). This is, however, important as many applications 

involving the immobilization of biomolecules imply their encapsulation in porous systems. On the one 

hand, the stability of the biomolecule itself is largely dependent on the buffer solution. On the other 

hand, the control of the pH of the protein solution plays a key role in the adsorption process39 and it is 

a crucial step in their incorporation. In fact, a higher amount of proteins can be adsorbed if the solution 

pH is close to the IP of the proteins and when the proteins and the mesoporous surface are 

electrostatically attractive43. Furthermore, one can also imagine that the interaction of the buffer 
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solution with the surface will alter the surface properties of the mesoporous materials, influencing the 

protein adsorption and its correlated performance in application44. 

Buffers play a dual role in protein incorporation: they should ensure protein stability and allow for an 

optimal sorption capacity and kinetics. In order to gain understanding in this role, I have investigated 

the impact of the interaction between a commercial mesoporous titanium dioxide (Millennium PC 500) 

and three of the most applied buffers in protein incorporation: HEPES, 2-amino-2-hydroxymethyl-

propane-1,3-diol (Tris) and PBS.  

Although those three buffers are being applied for the same intent, they have large differences in 

chemical structure. Therefore, they may interact in a different way with the TiO2 surface, forming 

bonds with different stability and altering the surface properties to some extent. As a consequence, 

they may have different degrees of impact on the rate of protein adsorption in the mesoporous 

material as well as on the total capacity of protein loading and on the protein structure upon 

adsorption. To evaluate the impact of the buffer on the mesoporous TiO2 surface, infrared (FT-IR) and 

X-ray fluorescence (XRF) spectroscopy, thermogravimetric analysis (TGA) and N2 sorption have been 

employed. Horse heart myoglobin (hhMb) has been used as model protein to examine the influence 

of the three buffer solutions on protein adsorption. The protein incorporation has been monitored by 

UV-vis spectroscopy of the supernatant and the successful incorporation into the pores has been 

confirmed by nitrogen sorption. The fate of the proteins after incorporation has been analyzed by FT-

IR spectroscopy and TGA. Electron paramagnetic (EPR) spectroscopy was performed to monitor 

changes in the heme pocket of hhMb upon the adsorption of the protein. The electrochemical activity 

of hhMb adsorbed in the three buffers has been tested by cyclic voltammetry (CV). A better 

understanding of the interaction between biomolecules-buffer-titania, and thus a better control of the 

immobilization of proteins onto surfaces, is envisioned. In addition, knowledge of structural 

modification and activity changes due to such interactions, will avoid misinterpretation of 

biomolecule-adsorption results. 

3.2 Experimental Section 

3.2.1 Materials 

Commercial mesoporous (Millennium PC500) and non-porous (P25) TiO2 were used to test the protein 

adsorption (Appendix II.a.ii). Commercial MT was used instead of the titania materials synthetized in 

the previous chapter to avoid differences in the experimental results caused by the use of different 

MT samples. Indeed, as the goal of this chapter is studying the interaction between buffers/hhMb and 
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MT, the MT has been kept constant. The influence of differences in pore size is studied in-depth in the 

next chapter.  

All buffers used in this work are aqueous solutions of the three buffers discussed above. Considering 

the PZC of titanium dioxide (~6.2)45 and the isoelectric points of hhMb (7.2)43, the pH of all the solution 

was adjusted to 7 by adding NaOH in order to maximize the adsorption43. Buffer solutions without 

proteins are denoted in the text as “(buffer) solutions”, while the buffer solution with proteins added 

is denoted as “protein solution”. For details about the materials used see Appendix II (II.a.ii and II.a.iii). 

3.2.2 Study of the interaction between the buffers and TiO2 

In a typical experiment 10 mg of mesoporous TiO2 was dissolved in 4 mL of the buffer solution. Then, 

the mixture was left shaking for 2h at 300 rpm on a VWR ADV 3500 shaker. Unless stated otherwise, 

the buffer concentration is 10 mM. After shaking, the solution was centrifuged at 4000 rpm for 5 min 

and the precipitate washed and filtrated under vacuum with distilled water in order to remove the 

physisorbed molecules. Finally, the washed samples were dried at ambient conditions for 1 day. The 

dried powders were analyzed using FT-IR spectroscopy and TGA/DTG analysis. 

3.2.3 Measurement of protein adsorption 

See Appendix II (II.c). 

3.2.4 Characterization methods 

For the details of N2-sorption, FT-IR, TGA/DTG, EPR, XRF and CV analysis see Appendix I. 

3.3 Results and discussions 

3.3.1 Characterization of calcined Millennium PC500 

Millennium PC500 is a porous, industrially produced titanium-dioxide powder. It has a high surface 

area (Table 3.1) and consists of both micro and mesopores. As hhMb is a globular protein with a mean 

diameter of 4 nm22, the pores of the non-calcined Millennium are not large enough to host this protein. 

Nevertheless, the pores can be enlarged by calcinations. As shown in Table 3.1, the calcination at 350oC 

for 6h leads to a dramatic reduction of the surface area, which is nonetheless still significant 

comparable to non-porous materials. The obtained pore size (5.6 nm) is suitable for hhMb 

incorporation. Furthermore, as shown elsewhere46, the thermal process increases the crystallinity of 

the Millennium PC500. From now on I will refer only to the mesoporous Millennium PC500 as the 

material calcined at 350oC with an average pore size of 5.6 nm (Mil) 
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Tab. 3.1: Results of nitrogen-sorption analysis of Millennium PC500 as received (non-calcined) and after calcination at 350oC. 

  Calc. Temp. (oC) SBET (m2/g) Tot. Vp (cc/g) Dp meso (nm) 

Non-calcined Millennium PC500  350 0.38 3.4 

Calcined Millennium PC500 350 122 0.31 5.6 

 

3.3.2 Buffer effect on protein stability in solution 

As stability is one of the key issues in the use of biomolecules, the protein stability has been evaluated 

for the three different buffers. HhMb (1 mg) has been dissolved in 4 mL of each of the three buffers, 

and the solutions were left shaking at room temperature for 14 days. Every 24 hours, an UV-vis analysis 

of the supernatant, obtained after centrifugation (see Experimental section) was performed to 

determine the protein stability over time. Figure 3.1 A and B represent the amount of hhMb still in 

solution as a function of time. Only 6 % of the initial concentration is lost after two weeks of shaking 

in Tris solution, this value is even smaller in the case of PBS (4%). In contrast, the concentration of 

hhMb decreases dramatically in the HEPES solution; more than half of the initial amount of proteins is 

lost after two weeks through denaturation and/or precipitation.  

It has been shown that the presence of specific ligands47 or ions48 increases protein stability in solution. 

As a consequence of their different chemical structure, the three applied buffers may interact 

differently with hhMb leading to a higher or lower stability than the native protein. Both PBS49 and Tris 

buffer50 are known to stabilize and protect the native structure of the proteins against thermal 

denaturation, as also confirmed by our experiments in solution (Figure 3.1 A and B).  

 

Fig.3.1 (A. UV-vis absorption spectra of 1 mg of hhMb in solution at time 0 (black) and after shaking 14 days in PBS (green), 
Tris (orange) and HEPES (blue) buffer 10mM at pH 7. 
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Fig. 3.1 (B. Amount (%) of hhMb in HEPES (solid line), Tris (dashed line) and PBS (solid fill) solution versus time of shaking 
based on UV-vis analysis of the supernatant. 

Non-native forms, which may arise in HEPES, have a tendency to agglomerate51, forming protein 

agglomerates with larger size and higher molecular weight than the folded proteins. Therefore the 

centrifugation process will remove those aggregates (a precipitate has been observed after this 

process) leading to a decrease in the amount of proteins in solution detectable by UV-vis spectroscopy. 

The position of the Soret band (410 nm), typical of the ferric aquomet form of hhMb, was identical for 

all buffer system and remained unchanged throughout the whole stability test. 

As mentioned, the heme iron of the lyophilized hhMb used here is in its ferric (Fe(III)) state, with the 

heme iron binding a His residue at position 8 of the F helix from the proximal side and water from the 

distal side of the heme (so-called aquomet form). This results in a paramagnetic high spin (HS) state of 

the heme iron with a very typical EPR spectrum. Changes in the heme pocket and heme iron ligation 

will have an immediate impact on the EPR spectra. 

The EPR spectra of frozen solutions of hhMb in the three different buffers (Figure 3.2) show the 

expected feature of the HS heme iron with effective g values (geff,x = 5.98 ± 0.02, geff,y = 5.87 ± 0.02 and 

geff,z = 1.997 ± 0.002).  

 

Fig. 3.2. CW-EPR spectra of a frozen solution of 0.5 mM hhMb in HEPES buffer (blue, (a)), PBS buffer (grey, (b)) and Tris 
buffer (orange, (c)). A shows the full spectrum and B is a detailed view in the range 95-136 mT. The feature stemming from 
the high-spin (HS) iron heme center is indicated in the spectra in A, as well as the contribution of a non-heme iron, which is 
indicated with an asterisk. All spectra are rescaled to the same microwave frequency and normalized to equal intensity for 

facile comparison. 
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Furthermore, a (rather small) signal at g = 4.28, which is ascribed to non-heme iron and observed in 

most heme-protein solutions and a background signal due to a Cu(II) cavity impurity are observed. 

Additionally, the EPR spectrum of hhMb in Tris buffer (Figure 3.3) shows a contribution of a low-spin 

(LS) Fe(III) heme center (gx = 1.84 ± 0.01, gy = 2.16 ± 0.01 and gz = 2.60 ± 0.001). This change in the 

heme iron from a high to a low spin state indicates a change in distal ligand. 

 

 

Fig. 3.3.CW-EPR spectra of a frozen solution of 0.5mM hhMb in 10mM Tris pH7 (solid line (a)). The simulated spectrum 
(dotted line (b)) shows the contributions of the HS and LS forms respectively. In (a), the contribution of non-heme iron is 

indicated with an asterisk and the Cu(II) background signal is indicated with a hash. 

More specific, the here observed LS signal can be ascribed to hydroxide coordinated hhMb, i.e. a low-

spin form produced by the ionization of the distal water52. This form tends to become more prominent 

as pH increases. The EPR results thus show that, for none of the investigated buffers, major changes 

occur in the heme-pocket region, apart from the known deprotonation of the heme-ligating water 

occurring at pH>7. 

Nevertheless, the UV-vis results clearly show that HEPES is not a very good buffer to preserve hhMb in 

solution over time. 

3.3.3 Interaction between the different buffers and mesoporous TiO2 

The interaction between the TiO2 surface and the buffer solution can be monitored by FT-IR.  Figure 

3.4 shows the FT-IR spectra of dried TiO2 samples after dissolution in distilled water (Mil-H2O), HEPES 

(Mil-HEPES), Tris (Mil-Tris) and PBS (Mil-PBS) solution, followed by rinsing with distilled water. Weakly 

interacting molecules will be removed from the surface by washing. All four spectra show two broad 

intense bands in the region 3800 and 2600 cm-1 and at 1630 cm-1 assigned to adsorbed water53, and a 

strong absorption band below 1000 cm-1 due to the bulk TiO2
54. Furthermore, all spectra show a sharp 

peak at 3690 cm-1 assigned to the OH group of the upmost adsorbed water layer53. The change in the 

shape of the broad band in the region between 3800 and 2600 cm-1 in Mil-PBS can be ascribed to 
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differences in the amount and structural features of the adsorbed water.55 This might be induced by 

the presence of phosphonic acid or phosphoryl groups present in PBS. 

 

Fig. 3.4. FT- IR spectra (offset 0.01) of Mil-PBS (a), Mil-Tris (b), Mil-H20 (c) and Mil-HEPES (d). 

A magnification in the region 900-1800 cm-1 of the IR spectra is shown in Figure 3.5. The weak bands 

at 1550 and 1140 cm-1 are ascribed to impurities of the bulk material (presumably carbonate and 

sulfate according to the producer). A small broad peak centered at 1300 cm-1, assigned to the C-N 

stretching56, is visible in the case of the sample dissolved in Tris solution. Two bands, associated with 

the symmetric and asymmetric vibrations of the PO4 groups55,56, appear at 1130 and 1066 cm-1 in the 

spectrum of calcined Millennium treated with the PBS solution. The IR results thus show that, washing 

with distilled water is not able to remove phosphate anions of the PBS solution or Tris molecules from 

the TiO2 surface. In contrast, there is no evidence for the presence of HEPES molecules on the sample, 

at least not at concentrations detectable in IR. Indeed, the typical vibrations between 1050 and 1130 

cm-1 59 of the sulfate group are not detected, confirming that if anything is present, the amount is small. 

 

 

Fig. 3.5. Magnification of the FT-IR spectra (offset 0.1) in the region 900-1800 cm-1 of Mil-PBS (a), Mil-Tris (b), Mil-H2O (c) 
and Mil-HEPES (d) after washing and drying. 
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To highlight the presence of buffer molecules on the Millennium surface, a TGA/DTG analysis of 

Millennium treated with different buffer solutions has been performed (Figure 3.6). In all three TGA 

curves the weight loss occurs in two main steps. A first step, below 200oC, due to the adsorbed water60, 

and a second one, between 200oC and 500oC, related to the burning or desorption of organic 

molecules61. Samples dissolved in PBS or HEPES show high weight losses below 200oC (3.8% and 3%, 

respectively) although less than Mil-H2O (4.5%). The weight loss in Mil-Tris is even less (2.2%). 

Furthermore, the DTG profile of Mil-PBS indicates a shift toward higher temperature, when compared 

with the Millennium dissolved in distilled water. The shift in the DTG peak can be ascribed to water 

molecules linked to the phosphate group62. On the other hand, the weight loss of Mil-HEPES and Mil-

Tris below 200oC occurs at lower temperature compared to Mil-H2O or PBS. Mil-Tris has the most 

prominent (1.8%) weight loss above 200oC, with a clear, broad DTG peak centered at 260oC and a small 

shoulder up to 400oC. Both samples treated with HEPES and PBS have weight losses above 200oC 

comparable to Mil-H2O, indicating the absence of a large amount of surface adsorbed species that can 

burn and/or desorb. This suggests, like the IR spectrum, that no HEPES molecules are bound to the 

surface, or at least not in significant concentration. In contrast, the difference in weight loss at high 

temperatures observed for Mil-Tris (1.8%) versus Mil-H2O (0.7%) indicates the presence of buffer 

molecules bound to the surface in the former case. 

 

Fig. 3.6. TGA and DTG profiles of Mil-H2O (dashed dotted black line), Mil-HEPES (short-dashed blue line), Mil-Tris (solid 
orange line), Mil-PBS (dashed green line) after washing and drying. 

The XRF analysis (Table 3.2) performed on Mil-H2O and Mil-PBS confirms the hypothesis that 

phosphate groups are bound on the surface. Additionally, other ions (mainly potassium and chloride) 

from the PBS buffer solution are detected in elevated amounts. A strong presence of chloride anions, 

one of the component of the Tris buffer solution, is also detected in Mil-Tris. This suggests, once again, 

interactions between the Tris buffer and the TiO2 surface. The results for Mil-HEPES (element dosed: 

S) confirm that no or very few HEPES molecules are bound to the surface.  
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Tab. 3.2. Intensities ratio obtained from the XRF analysis of Mil-H2O, Mil-PBS, Mil-Tris and Mil-HEPES. 

 
X-Ray Intensities Ratio 

 P S K Cl Al Ca 

Mil/Mil-H2O 0.9 1 1 1 1 1 

Mil-HEPES/Mil-H2O 0,9 0,5 1 1,6 1 1,5 

Mil-PBS/Mil-H2O 5,5 0,3 51 631 0,8 1,9 

Mil-Tris/Mil-H2O 0.9 0.5 1 16.5 1 1 

All the observations discussed above are confirmed by N2 sorption analysis (Figure 3.7). Samples 

dissolved in Tris and phosphate buffer show a remarkable decrease in free pore volume when 

compared with Mil-H2O dissolved in water and degassed at the same temperature (25oC). The volume 

reduction is much less prominent in samples treated with HEPES buffer. This observation confirms the 

presence of Tris molecules and phosphate anions, together with possible residual adsorbed water, in 

high concentration on the TiO2 surface. The presence of water cannot be excluded as degassing was 

only done at 25oC. Nevertheless, TGA below 200oC shows that water adsorption alone is not 

responsible for these differences (Figure 3.6). In all the samples the effect is more prominent in pores 

with larger pore size (higher P/P0). 

 

Fig. 3.7. N2 sorption isotherms of Mil-H2O (black, dashed dotted line), Mil-HEPES (blue, dotted line), Mil-Tris (yellow, solid 
line) and Mil-PBS (green, dashed line) after degassing 16h at 25OC. 

The different behavior observed can be explained considering the distinct differences in chemical 

structure of the three buffers. It is well known that phosphate anions can strongly interact with 

titanium dioxide63. With respect to the presence of anions on the surface, our current results are 

consistent with the XRF analysis reported by A. Marucco et al.42 for TiO2 nanoparticles dissolved in PBS 

buffer. The Tris molecule has three OH groups that can bind to the TiO2 on top of a possible interaction 

via its amino function. It is thus not surprising that Tris has a strong and clear interaction with the 
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surface. HEPES is only able to interact via the single OH group or via the sulfate group, which has a 

chelating effect as well although much weaker than the phosphate group64. The results of the thermal 

analysis and IR spectroscopy clearly show different interactions between the three buffers and the 

surface. Therefore, it is expected that the use of different buffers will also induce differences in the 

interaction of hhMb with Millennium, possibly influencing the protein adsorption rate and loading 

capacity. 

3.3.4 Buffer effect on the adsorption of horse heart myoglobin  

Figure 3.8 presents the time evolution of the adsorption of 1 mg (5.7 X 10-8 mol) of hhMb on 10 mg of 

Millennium PC 500 in the three different buffers (hhMb-Mil-HEPES, Tris or PBS).  

 

Fig. 3.8. Adsorption of hhMb on the mesoporous Millennium in HEPES (dotted blue line), Tris (solid orange line) and PBS 
(dashed green line) solution. The concentration of the buffer is 10 mM. The results are expressed as amount of proteins (in 

µmol) per m2 of TiO2 versus shaking time. Error bars are calculated on a set of three measurements. 

The plot of ln C/C0 versus time (Figure 3.9) allows an assessment of the initial adsorption rate (within 

1h of shaking) of hhMb on the mesoporous Millennium.  

 

Fig. 3.9. Time evolution of Ln(C/C0) in HEPES (orange, Δ), Tris (blue, ●) and PBS (green, x) solution during the first 6 hours of 
shaking. The error bars are calculated on a set of three measurements. 

The graphs clearly illustrate a different trend in adsorption capacity and adsorption rate of hhMb on 

TiO2 due to the nature of the buffer solution. Proteins in HEPES solution are most efficiently adsorbed 
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on titania, reaching a maximal capacity after 6 hours. The encapsulation of proteins in Tris buffer differs 

basically in the initial rate of incorporation but reaches a similar protein loading, albeit after a much 

longer adsorption time (factor of 5). The adsorption from PBS shows a completely different behavior; 

only a small amount of proteins are able to bind to the surface, within the first 24 h of incorporation, 

with a very slow initial adsorption rate. In both hhMb-Mil-HEPES and hhMb-Mil-Tris it is possible to 

incorporate the same amount of proteins within a time frame of 24 h, therefore the use of these two 

buffers only seems to have an impact on the kinetics of the process. However, phosphate anions 

dramatically affect the loading capacity. In fact, the total amount of incorporated proteins in hhMb-

Mil-PBS is about four times smaller than the one adsorbed for hhMb-Mil-HEPES or hhMb-Mil-Tris. 

Therefore, it is reasonable to suggest an inhibiting effect. 

I have already shown that both Tris molecules and phosphate anions have a clear interaction with the 

TiO2 surface, suggesting that the buffer-dependent protein-incorporation arises from these differences 

in interaction of the buffer molecules/ions with the mesoporous material. In order to evaluate the 

effect of the different buffer-TiO2 interactions on hhMb adsorption, leaching tests with the three 

different buffers have been performed. After the incorporation of 1 mg of hhMb in HEPES and Tris 

solution, samples have been collected and dissolved again in a fresh buffer solution to study the 

displacement of hhMb by the added buffer. The results (Figure 3.10) clearly indicate a different effect 

of the PBS in relations to the other buffers.  

 

Fig. 3.10. Leaching tests performed by first incorporating hhMb-Mil-HEPES and Tris (subsequent washing and drying) and 
then dissolving the hhMb-Mil-HEPES in a new HEPES (yellow line, Δ), Tris (blue line, ◊) and PBS (gray line, ●) solution and the 

hhMb-Mil-Tris in PBS (green line, □). The amount of leached proteins was estimated by UV-vis spectroscopy. 

In fact, the phosphate anions and Tris molecules interact with the surface as also derived using FT-IR 

and/or XRF, but in contrast to Tris, the phosphate interaction is stronger as the phosphate molecules 

have the ability to displace part of the adsorbed proteins. This indicates a higher affinity of the PBS for 

the mesoporous Millennium than the globin and a competitive adsorption between anions and 

proteins inducing a partial desorption of hhMb. The ability of the phosphate anions to displace proteins 
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from the surface was observed also in previous studies on TiO2 thin films41. Even though, leaching was 

observed in the presence of the phosphate anions, not all the proteins (37%) have been removed from 

the surface and a stable equilibrium is obtained after 5 hours.  

As revealed by FT-IR and TGA, the interaction of Tris molecules with the surface seems to be less 

competitive as no displacement is observed for hhMb-Mil-HEPES when dissolved in Tris buffer. 

However, hhMb-Mil-Tris appears to be more strongly bonded since the leaching by phosphate anions 

is weaker than in hhMb-Mil-HEPES (factor of 3 (Figure 3.10)). It may be possible that part of adsorbed 

hhMb interacts with the Tris molecules bonded to the Millennium (see Figure 3.5 and 3.6) via the 

amino function of the buffer molecules. As a consequence of such interaction, the displacement of the 

adsorbed hhMb by phosphate anions is more difficult and less proteins are leached out of the surface. 

This may explain the slower adsorption observed for hhMb-Mil-Tris (Figure 3.8) as the diffusion of 

hhMb inside the pores would be more challenging due to the stronger interaction to the surface (via 

the amino group of the Tris molecule), diminishing desorption from the surface and thus slowing down 

surface diffusion.  

This is confirmed by hhMb incorporation (Figure 3.11) performed using HEPES and Tris buffers at 

higher concentration (0.1M). HhMb-Mil-HEPES(0.1M) and hhMb-Mil-Tris(0.1M) follow a different 

trend upon increase of the buffer concentration. On the one side, increase of HEPES concentration 

leads to a less efficient hhMb uptake, although the same amount of adsorbed proteins is observed 

after 24h. On the other side, with an increase of Tris concentration a reduced hhMb adsorption is 

accomplished. 

 

Fig. 3.11. Adsorption isotherms of hhMb-Mil-HEPES(0.01M) (dotted blue line, Δ), hhMb-Mil-HEPES(0.1M) (dotted dashed 
black line, ◊), hhMb-Mil-Tris(0.01M) (solid orange line, x) and hhMb-Mil-Tris(0.1M) (dashed red line, ●). The results are 

expressed as amount of proteins (in µmol) per m2 of TiO2. Error bars are calculated on a set of three measures. 

Again I explain this difference by differences in buffer-surface interactions influencing adsorption and 

diffusion. The slower uptake for hhMb-Mil-HEPES(0.1M) points to interactions also between HEPES 
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and the mesoporous TiO2, although this interaction seems to be the weakest as it only influences the 

adsorption rate (and not the adsorption capacity) at high buffer concentration. The finding for hhMb-

Mil-Tris(0.1M) confirms the previous hypothesis about hhMb strongly interacting with Tris molecules 

adsorbed on the surface. As I already discussed, the diffusion inside the pores is more challenging in 

the presence of strong interactions between hhMb and the surface. It is straightforward to assume 

that multiple interaction between hhMb and different adsorbed Tris molecules are possible when the 

buffer concentration is increased by a factor of 10. As a consequence, hhMb diffusion in hhMb-Mil-

Tris(0.1M) is more difficult (if not even prohibited) resulting in a lower adsorption capacity. 

3.3.5 Structural stability of horse heart myoglobin upon adsorption in different buffers 

In order to investigate the structural stability of the proteins after adsorption, the IR spectra of the 

samples have been recorded after protein incorporation (Figure 3.12). The peaks at 1660 and 1542 cm-

1 have been assigned to the amide band I (C=O stretching mode) and to the amide band II (N-H 

deformation) of hhMb respectively65. The intensity ratio between these two band is 1.2±0.1 in the case 

of proteins adsorbed from HEPES or Tris solution, and 1.1±0.1 in the case of pure hhMb, indicating that 

no important denaturation affects the secondary structure after the adsorption66. This ratio is quite 

different in hhMb-Mil-PBS (1.6), suggesting a structural change of hhMb as a result of the interaction 

with the surface and/or phosphate group. This result is consistent with the changes in the amino acids 

chain observed in bovine and human serum albumin upon adsorption on TiO2 surface in PBS67. 

Notwithstanding this conclusion, an influence of the adsorbed water (peak at 1630 cm-1 see Figure 3.4 

and 3.7) on the ratio between the two amino bands in hhMb-Mil-PBS cannot be excluded. 

Again, in the IR spectra depicted in Figure 3.12, the clear interaction of the phosphate groups with the 

surface is indicated by the peaks at 1130 and 1066 cm-1 (compare with Figure 3.5). 



Chapter 3  
The effect of the buffer solution on the adsorption and stability of horse heart myoglobin on commercial mesoporous 

titanium dioxide: a matter of the right choice. 

71 
 

 

Fig. 3.12. FT-IR spectra of hhMb-Mil-PBS (a), hhMb-Mil-HEPES (b) and hhMb-Mil-Tris (c) after washing and drying. 

Furthermore, the TGA/DTG curve (Figure 3.13) evidences differences in the deposition of the proteins 

on the surface. As already discussed earlier (Figure 3.6), the first weight loss below 200oC is due to 

adsorbed water and it occurs at higher temperature for hhMb-Mil-PBS. The subsequent weight losses 

above 200oC are due to the degradation of the hhMb and in the case of Tris also due to the loss of 

buffer. Samples hhMb-Mil-Tris and hhMb-Mil-HEPES show the same weight loss (5.8%) in the region 

200-600oC. This is consistent with the UV-vis results, showing a similar amount of adsorbed proteins in 

the two buffers after 24 hours. The TGA curve of hhMb-Mil-PBS shows a smaller weight loss (4.6%), 

again pointing to its lower efficiency in adsorption. The thermal degradation of proteins is a complex 

process taking place in different steps, leading to broad DTG peaks, in both in vitro68 and in vivo69 

experiments. The DTG profiles of samples with hhMb adsorbed to Millennium in the three buffers 

differ from each other, pointing to changes in their local structure and/or environment. The 

degradation of the proteins in hhMb-Mil-Tris and HEPES starts at lower temperature and clearly shows 

two different steps at 260oC and a shoulder at 310oC. HhMb-Mil-Tris presents a slightly more intense 

shoulder at 310oC; a possible consequence of the interaction between hhMb and Tris molecules 

adsorbed on the surface as discussed above. However, hhMb-Mil-PBS presents a different degradation 

mechanism as can be deduced from the shift of the DTG peak and TGA curve to higher temperature 

with a maximum at 280oC and a small weight loss above 400oC. The shifts in the DTG peaks usually 

reflect the existence of competing steps in polymer degradation70. 

The thermal analysis of non-porous titanium dioxide (P25) with hhMb adsorbed in HEPES buffer 

(hhMb-P25-HEPES) has also been performed to further elucidate the observed differences for the 

Millennium case (Figure 3.13) and to look in more detail to the role of the pores. Of course, differences 
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induced by divergent surface topology and chemistry cannot be excluded. Nevertheless, the use of 

non-porous TiO2 may reveal possible correlations between the different degradation steps observed 

and the position of the proteins on the surface, i.e. on the external surface or confined in the pores. 

Again the two weight losses due to 1) the adsorbed water and 2) the proteins are observed. The DTG 

profile, with the maximum degradation rate centered at 280oC, resembles the DTG of hhMb-Mil-PBS. 

As P25 is a non-porous titanium dioxide, the proteins are adsorbed only on the external surface. 

Therefore, I assume that the use of PBS mainly leads to the adsorption of proteins on the external 

surface of the samples rather than into the pores. This would explain the lower hhMb adsorption 

capacity (Figure 3.8). The different hhMb degradation observed for hhMb-Mil-Tris and HEPES may arise 

from differences in protein structure and conformation due to the pore confinement. 

 

Fig. 3.13. TGA and DTG profiles pf hhMb-Mil-HEPES (dotted blue line), hhMb-Mil-Tris (solid orange line), hhMb-Mil-PBS 
(dashed green line) and hhMb-P25-HEPES (dashed dotted black line) after washing and drying. The concentration of the 

three buffers was 10 mM. 

The N2 sorption analysis (Figure 3.14) of Millennium with incorporated hhMb shows similar values for 

the free pore volume irrespective of the buffer. The pore volume reduction of the incorporated 

samples (0.08 cc/g) is comparable with the volume of 1 mg of hhMb (0.07 cc/g23).  

 

Fig. 3.14.N2-sorption isotherms of calcined Millennium (black, dashed dotted line), hhMb-Mil-HEPES (blue, dotted line), 
hhMb-Mil-Tris (orange, solid line) and hhMb-Mil-PBS (green, dashed line) after degassing for 16h at 25oC. 
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Therefore, on one side, this result strengthens the hypothesis that hhMb has diffused into the pores, 

when the incorporation takes place in Tris or HEPES solution. On the other side, the adsorption studies 

(Figure 3.8) showed that the amount of adsorbed proteins in hhMb-Mil-PBS is too small to be causing 

such a large volume decrease. A possible explanation might be the blocking effect of the pores by 

hhMb proteins, or there may be a stronger water adsorption in case of the phosphate buffer due to 

the presence of phosphate groups on the TiO2 surface (compare with Figure 3.7). 

As discussed above PBS stabilizes the native structure of the protein preventing hhMb from unfolding 

and subsequent aggregation. Thus, the diverging behavior observed for this buffer cannot be ascribed 

to full denaturation of the proteins inside the solution, as proved by the stability test shown above. As 

discussed earlier, the phosphate anions and hhMb seem to have a competitive adsorption, which 

causes a strong decrease of the surface coverage. In addition, some modifications on the secondary 

structure of the protein occur when the adsorption is performed in phosphate buffer, as shown by the 

IR spectrum (Figure 3.12). This is in agreement with structural rearrangements of hhMb observed upon 

adsorption on zirconia nanoparticles due to the phosphate anions71. 

I propose that the phosphate anions (HPO4
2- and H2PO4

- at pH 7) are responsible for the divergent 

incorporation behavior observed when PBS is used, generating on the TiO2 surface (which tends to be 

slightly positively charged at pH 745) a net negative charge. This may have two main effects, in addition 

to the competition for the binding sites on the mesoporous TiO2 already discussed. On the one hand 

the negative amino acids residues can be repulsed by the negative charge on the surface, as a 

consequence, only a small amount of proteins is able to approach the surface. This is confirmed by the 

adsorption of hhMb on the non-porous P25 (Figure 3.15).  

 

Fig. 3.15. Adsorption of hhMb on the non-porous P25 in HEPES (dotted line), Tris (solid line) and PBS (dashed line) solution. 
The concentration of the buffer is 10 mM. The results are expressed as amount of proteins (in µmol) per m2 of TiO2 versus 

shaking time. Error bars are calculated on a set of three measurements. 

The electrostatic repulsion between the negative charges may account for the difference observed in 

the amount of hhMb adsorbed in HEPES and Tris and the one in PBS. The adsorption behavior is in 
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agreement with the results reported for BSA on P25 in PBS and HEPES42. On the other hand, similar to 

what is observed for the Tris case, the hhMb may have stronger interaction with the phosphate groups 

(possibly via the positively charged residues). Therefore the diffusion of the proteins on the surface 

and inside the pores might be strongly limited. In particular, proteins adsorbed strongly on the edge 

of the pore channel that are unable to diffuse further inside the pore may induce pore blocking that 

would explain the observed reduction in the pore volume. This hypothesis is strengthened by the 

TGA/DTG curves, according to which hhMb-Mil-PBS shows the same DTG profile of hhMb-P25-HEPES 

(Figure 3.13), suggesting adsorption of hhMb mainly on the external surface. 

3.3.6 Heme pocket structure upon adsorption in different buffers 

As discussed above, the EPR analysis gives information on the stability and the conformation of the 

heme center of proteins. Figure 3.16 shows the EPR spectra of a frozen solution of hhMb in HEPES 

buffer and of hhMb-Mil-HEPES, before and after drying. All spectra show the EPR feature, typical for 

the HS aquomet form of hhMb (see also Figure 3.3).  

 

Fig. 3.16. CW-EPR spectra of a frozen solutions of hhMb (a) and hhMb-Mil-HEPES (before (b) and after (c) drying of the final 
powder). (d) Simulation of the dried Millennium in 10 mM HEPES. (e) CW-EPR spectrum of frozen solution of 0.5 mM hhMb 

in HEPES after addition of SDS to a final concentration of 9.5 x 10-4 M. (f) shows the corresponding simulation. The 
contributions of high-spin features (HS), non-heme iron (*) and a Cu(II) background signal (#) are shown. All spectra are 

rescaled to the same microwave frequency and normalized to equal intensity for facile comparison. 

After incorporation of the hhMb in Millennium, this EPR spectrum (both for dried and wet materials) 

changes slightly when compared with the spectrum of hhMb in a frozen HEPES buffer solution (Figure 

3.17), indicating a local change/pressure on the heme-pocket structure (inducing a change in zero-field 

splitting parameters).  
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Fig. 3.17. Low-field part of the CW-EPR spectra of frozen solution of hhMb (solid line) and hhMb incorporated in Millennium 
before (dashed line) and after (dotted line) drying of the final powder. The incorporation was done in HEPES buffer (blue, 

(a)), PBS buffer (grey, (b)) and Tris buffer (orange, (c)). All spectra are rescaled to the same microwave frequency and 
normalize to equal intensity for facile comparison. 

Additionally, in all spectra the non-heme iron (*) and the Cu (II) background (#) signal are also present 

(see also Figure 3.3). There are no clear differences in the HS feature of dry and wet incorporated TiO2, 

which indicates that hhMb is remaining strongly inside the pores, and not redissolving after addition 

of buffer (as already showed by the leaching tests) and that the here applied drying procedure does 

not cause a major loss of the water molecule axially ligating to the heme-iron. 

The EPR spectrum of hhMb incorporated in phosphate buffer (Figure 3.18) shows a large non-heme 

iron signal and a worse signal to noise ratio when compared to the other buffers. This indicates that a 

smaller amount of hhMb is present in the pores, confirming the previous observations (see Figure 3.8). 

 

Fig. 3.18. CW-EPR spectra of frozen solution of hhMb (solid line) and hhMb incorporated in PBS buffer in Millennium before 
(dashed line) and after (dotted line) drying of the final powder. The contribution of high-spin feature (HS), a small radical (x) 

and a non-heme iron are indicated.  All spectra are rescaled to the same microwave frequency and normalized to equal 
intensity for facile comparison. 

When using HEPES (Figure 3.16) or Tris buffer (Figure 3.19) for the protein incorporation, the EPR 

spectra of the hhMb incorporated in mesoporous TiO2 show a low-spin contribution with gz = 2.97 

±0.01 and gy = 2.265 ± 0.005 (Figure 3.16).  
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Fig. 3.19. CW-EPR spectra of frozen solution of hhMb (solid line) and hhMb-Mil-Tris before (dashed line) and after (dotted 
line) drying of the final powder. The contribution of a high-spin feature (HS) and a non-heme iron are indicated. All spectra 
are rescaled to the same microwave and normalized to equal intensity for facile comparison. The LS form with gx=2.60 and 

gy=2.16, present in hhMb, can be ascribed to hydroxide-coordinated hhMb, while a weak LS form with gx=2.97 and gy=2.265 
is visible in the hhMb-Mil-Tris spectra. 

This is in contrast with hhMb-Mil-PBS, where no such contribution arises (Figure 3.18). This again 

suggests that only a small amount of hhMb is able to enter the pores of mesoporous TiO2 in the 

presence of PBS; agreeing with earlier results. The extra low-spin component spectrum has similar g-

values as found for the imidazole complex of Mb and other heme systems with bis-imidazole ligation 

of the heme iron72. 

Tofani at al.73 showed using UV-vis absorption spectroscopy that, upon addition of a low concentration 

of sodium dodecyl sulfate (SDS), hhMb forms hexacoordinated LS species through binding of the distal 

histidine (His-64) to the central iron atom. It is suggested that this occurs trough breaking of important 

salt bridges, which renders the α helix structure more flexible. Figure 3.16 (e) shows the EPR spectrum 

of a frozen solution of hhMb in HEPES buffer where SDS was added to a final concentration of 9.5 x 10-

4 M. This spectrum also shows a LS contribution with gz = 2.95 ± 0.02 and gy = 2.265 ± 0.005 which are 

similar values to those found for the LS contribution in incorporated mesoporous TiO2 incorporated 

with hhMb. This indicates that, upon incorporation into the pores, there is a strain on hhMb resulting 

in a shift of the E-helix of the protein and subsequent coordination of the distal histidine to the central 

heme iron, possibly related to similar breaking of the salt bridges as when SDS is added. 

The apparent strong difference in the intensity of the HS and LS EPR contributions is mainly due to the 

larger magnetization of the HS iron center. In fact, simulations reveal that about 30-35% of the 

spectrum can be ascribed to the LS form. This indicates a changed strained conformational for a 

significant fraction of the adsorbed hhMb.  
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3.3.7 Electrochemical activity of proteins incorporated in different buffers 

As already discussed in the first chapter of this thesis (see 1.1.3), protein film voltammetry is a useful 

tool to investigate the microenvironment surrounding the heme center through evaluation of the 

redox activity. Differences in the electrochemical response may arise from the pores confinement 

and/or different interaction with the TiO2 surface. 

Figure 3.20 shows the cyclic voltammograms at scan rate of 0.15 V/s of mesoporous TiO2 with 

incorporated hhMb prepared in the three different buffers and drop casted on a graphite electrode 

(for details about the electrode preparation see Appendix II.e).  

 

Fig. 3.20. Cyclic voltammograms in PBS 0.1M at pH 7 of hhMb-Mil-HEPES (dotted blue line), Tris (solid orange line) and PBS 
(dashed green line) buffer at scan rate of 0.15 V/s. 

The voltammogram of hhMb-Mil-HEPES shows a couple of stable and well-defined redox peaks at -

0.39 and -0.33 V vs SCE, with an average middle point potential (
𝐸𝑎+𝐸𝑐

2
) of -0.36 V. The value is in good 

agreement with the results obtained for myoglobin deposited in gold nanoparticles74 and polymer 

matrix75, suggesting that mesoporous titanium dioxide provides a friendly environment for the 

adsorbed proteins. The midpoint potential in proteins adsorbed in Tris and PBS shifts toward more 

positive potential (-0.33 V). It is important to note that the voltammograms are stable for all samples 

after five consecutive scans (Figure 3.21), confirming the stability of the immobilized protein layer on 

the electrode. 
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Fig. 3.21. Cyclic voltammograms (5 consecutive scans) in PBS 0.1M at pH 7 of hhMb-Mil-HEPES (A), hhMb-Mil-Tris (B) and 
hhMb-Mil-PBS (C) at a scan rate of 0.15 V/s 

The cathodic and the anodic peak are nearly symmetric in all the three samples, indicating a thin layer 

electrochemical behavior76 with equal reduction and oxidation peak height. This confirms that the 

electroactive hhMb-Fe(III) is reduced to hhMb-Fe(II) during the forward scan and then fully reoxidized 

to Fe(III) during the back scan (when scanning from 0.2V to -0.7V and back).  

From the integration of the reduction peak (see Appendix I.e), the surface concentration of active 

molecules is calculated to be 7.9±0.8 x10-11 mol/cm2 for hhMb-Mil-HEPES, 5.3±0.7x10-11 mol/cm2 for 

hhMb-Mil-Tris and 1.2±0.4x10-11 mol/cm2 for hhMb-Mil-PBS. 

With the increase of the scan rate, an increase of ΔE is observed in all the three samples (Figure 3.22). 
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Fig. 3.22. Cyclic Voltammograms of hhMb-Mil-HEPES (A), hhMb-Mil-Tris (B) and hhMb-Mil-PBS (C) at 0.075, 0.1, 0.15, 0.2, 
0.3, 0.4, 0.5, 0.75 and 1 V/s in PBS 0.1M at pH 7. 

The peak current is proportional to the scan rate (Figure 3.23) indicating a surface controlled thin layer 

process.  

    

Fig. 3.23. Dependence of the reduction peak current from the scan rate  for hhMb-Mil-HEPES (A), hhMb-Mil-Tris (B) and 
hhMb-Mil-PBS (C) at pH 7 in PBS 0.1M. The error bars were calculated on a set of three measurements. 

This observation is confirmed by plotting the current logarithm versus the logarithm of the scan rate, 

the linear relationship gives a slope of ca 1.02 for all the three solution, close to theoretical value of 1 

for surface controlled electrochemical process76.  

The electrochemical parameters of the redox process, the charge transfer coefficient α and the 

electron transfer rate constant ks of the encapsulated hhMb were calculated using the Laviron`s 

equations77 in which the cathodic peak potential versus the logarithm of the scan rate (at scan rate > 

0.2 V/s) is plotted (Fig. 3.24) (see Appendix I.e).  
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Fig. 3.24. Influence of the scan rate (logarithmic scale) on the peak potential of hhMb-Mil-HEPES at pH 7 in PBS buffer in PBS 
0.1M. 

For hhMb-Mil-HEPES and Tris ks (electron transfer rate constant) was calculated to be (2 ± 0.1)s-1, a 

value larger than the one observed for hhMb adsorbed on carbon coated Fe2O3
78, on graphene-SnO2

79, 

on ZnO80 and on mesoporous silica81. This indicates a faster electron transfer rate in case of hhMb 

encapsulated in mesoporous TiO2 in HEPES and Tris buffer. In case of hhMb-Mil-PBS the value of ks is 

(0.7 ± 0.1)s-1, confirming the different situation for proteins adsorbed in phosphate buffer.  

It has been reported that the electrochemical activity of hhMb is highly influenced by the presence of 

inorganic anions82. Thus, is reasonable that the reduced electrochemical activity for hhMb-Mil-PBS is 

due to the presence of phosphate anions adsorbed on the TiO2 surface. 

The CV experiments confirm the strong influence of the buffer solution during incorporation on the 

structure of the adsorbed proteins, influencing their electrochemical behavior. Since the amount of 

proteins in hhMb-Mil-HEPES and Tris is similar (Figure 3.8), the lower peak current and concentration 

of active molecules for hhMb-Mil-Tris probably arises from the strong interaction between the 

adsorbed buffer molecules and the proteins.  

In addition, the values of ks show a much faster electron transfer for samples with hhMb incorporated 

in HEPES and Tris solution than in PBS buffer. Those results suggest, once again, that very different 

outcomes can be achieved depending on the choice of the buffer solution used for the incorporation. 

3.4 Conclusion 

The impact of the choice of the buffer medium on the stability and the adsorption of hhMb on a 

commercial mesoporous titanium dioxide was evaluated. Tris and PBS were revealed to be a good 

choice to preserve the proteins in solution while a strong decrease of the concentration was observed 

after two weeks in HEPES solution. Nevertheless, the benefit or drawback of the buffer is quite 

different when incorporating hhMb in mesoporous TiO2. Very different interaction between the three 
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buffers and the titania surface were observed. All the results indicate a much stronger interaction 

between mesoporous titanium, phosphate anions and Tris molecules than for the HEPES molecules (in 

sequence of interaction strength).  

This results in a large impact of the medium choice on proteins incorporation. The same hhMb 

adsorption capacity for Millennium TiO2 has been observed using Tris and HEPES buffer. Nevertheless 

the use of Tris leads to a slower adsorption, probably due to the strong interaction between hhMb and 

the adsorbed buffer molecules resulting in a slow protein diffusion inside the pores. As it is reasonable 

to expect, the effect is amplified by an increase in the buffer concentration. 

The adsorption from PBS solution exhibits a slower kinetic with a much lower adsorption capacity, 

which inhibits the incorporation of a high amount of proteins. Additionally, it has been shown how the 

different interaction (hhMb-Mil-Tris) and the adsorption mainly on the external surface (hhMb-Mil-

PBS) create correlated changes in electrochemical activity of the adsorbed proteins. It is important to 

note that irrespective of the buffer, the adsorption of the hhMb induces changes in its heme-pocket 

structure. 

As this results clearly indicate, the choice of the buffer medium is a crucial step in protein 

incorporation. Protein stability in solution, adsorption kinetic, structural modification and activity of 

the adsorbed proteins are all parameters strictly connected to the selected buffer. Moreover, a clear 

impact specific for mesoporous materials was observed. Therefore in this chapter, I have shown that 

special attention in the choice of the buffer medium is indispensable in order to avoid 

misunderstanding of the results about adsorption of biomolecules on mesoporous TiO2. 
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Chapter 4 
Hydration and confinement effects on horse heart 

myoglobin adsorption in mesoporous TiO2. 

Adapted from: S. Loreto, Z. Hafideddine, B. Cuypers, R. Carleer, S. Van Doorslaer and V. Meynen, 

(submitted). 

 

 

“If we knew what  

we were doing  

it wouldn`t be research” 

Albert Einstein (?) 
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4.1  Introduction  

Immobilization of proteins and enzymes (catalytic active proteins) in mesoporous material is a well-

known strategy to improve their stability in different applications1–3. The protein stability is in this 

context defined as the protein ability to retain its native folded conformation upon adsorption in the 

mesoporous material. In 2001 Egger and Valentine identified two main factors responsible for 

enhanced protein stability upon adsorption in a porous network: the space constriction and the water 

structure changes4,5.  

It is widely accepted that the reduced volume inside the pores stabilizes the native folded state of the 

proteins. The magnitude of this stabilization is strongly dependent on the ratio between the protein 

dimension and the pore size6. In fact, the mobility and the 3-dimensional structure of the incorporated 

biomolecule depends on the number of contact points and strengths of interaction with the pore walls, 

and thus on the space availability inside the pores1. However, conflicting reports exist whether the 

pores should be much larger than the protein dimensions or of similar size to achieve the highest 

protein stability upon adsorption, although recent work indicates that a 4-5 ratio between the pore 

size and the protein diameter is optimal if one wants full coverage of the inner surface in a reasonable 

time7. 

On the other hand, very little is known about how hydration influences the stability of proteins 

confined in a porous network. Nevertheless, this is of fundamental importance as the total 

confinement effect on the protein stability may be dependent on changes of protein hydration inside 

the pores8,9. Furthermore, it has been shown that the hydration and the availability of water in the 

proximity of enzymes have a large effect on both their structure and activity10. 

Zhang described it as follows, “proteins are like fish in that they need water to survive, without they 

lose vitality and become unable to carry out their functions”11. Hence, any attempt toward 

incorporation of proteins in a porous material should be carried out with attention for the hydration 

of the biomolecule12. This assumption has been confirmed by Ravindra et al., who identified both 

hydration and space confinement as factors determining the stability of proteins upon adsorption in 

mesoporous silica13.  

Nevertheless, in the field of protein immobilization, with the exception of few papers, the hydration 

effect is mostly ignored and only the impact of the volume reduction has been considered.  

Even though it has been reported that the magnitude of the confinement effect is strongly dependent 

on the structure of the pore network6,14, the attention has mostly been focused on proteins 

incorporated in silica supports. This is a clear hiatus since much more promising mesoporous materials 
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have been proposed as supports for protein incorporation in applications like e.g. biosensors to avoid 

the limited electric properties of silica15. Titanium dioxide (titania) is one of the most used non-silica 

substrates for biomolecules incorporation16–22. The physicochemical properties of this semiconductor 

(e.g. charge transfer and photocatalytic activity) and its biomechanical stability make it a suitable 

substrate for innovative applications23–25. Moreover, our recently reported approach to tune the pore-

size of mesoporous TiO2 with a narrow pore size distribution26 allows adsorption of proteins in a 

designed confined space  

Therefore, to obtain a deeper understanding on the impact of protein confinement in mesoporous 

titania, I describe in this chapter the effect of confinement and hydration on protein stability and 

activity after incorporation of horse heart myoglobin (hhMb) in mesoporous TiO2 with pore size of 8 

(MT8) and 17 nm (MT17), as mentioned in chapter 2.3. HhMb is a relatively small globin with a 

maximum diameter of ca 5 nm27.For details about the hhMb structure see chapter 1 (1.3.2). I chose 

hhMb as a test protein because of its high stability and solubility in water and its commercial 

availability. 

The stability and activity of the hhMb upon adsorption and after different drying times are thoroughly 

studied using standard and advanced characterization tools. Specific attention was given to the 

changes in the structure of hhMb by using spectroscopic techniques (Infrared (DRIFT) and UV-vis 

diffuse reflectance (UV-vis DR)) in combination with thermal analysis (TGA) coupled to a quadrupole 

mass spectrometer (TGA-MS). In-depth information about the effect of hydration and confinement on 

the heme center will be provided by electron paramagnetic resonance spectroscopy (EPR). Moreover, 

the chemical activity of the hhMb upon incorporation and its possible correlation with the pore size 

and drying time has been evaluated through its peroxidase activity toward 2,2’-azino-bis(3-

ethylbenzthiazoline-6-sulfonic acid) (ABTS)28. We aim at clarifying the dual effect of space confinement 

and hydration on the protein stability upon adsorption in a (designed) porous titania network. A better 

understanding of the effect of the water content and the pore size on the protein structure is 

envisioned. In addition, we intend to reveal the effect of the incorporation-induced structural 

rearrangements on the protein activity and relate it to the differences in hydration and confinement.   

4.2  Experimental 

4.2.1 Materials  

For details about the materials used see Appendix II (II.a.i and II.a.iii). 
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4.2.2  Synthesis of mesoporous TiO2 

Two mesoporous titania materials (MT) with pore size of 8 (MT8) and 17 nm (MT17) were synthesized 

using HNO3 0.1M and H2SO4 1M, corresponding to TiO2NA0.1M and TiO2SA1M in chapter 2, 

respectively. For the details about the synthesis see Chapter 2. 

4.2.3 Immobilization of hhMb 

The incorporation of hhMb in mesoporous TiO2 with pores of 8 (MT8) and 17 nm (MT17) was 

performed and studied as described in Appendix II. 

After incorporation, samples (hhMb-MT8 and hhMb-MT17) were filtrated and washed three times 

with fresh buffer solution to remove non-adsorbed molecules. In order to evaluate the hydration 

effect, the mesoporous TiO2 with adsorbed hhMb was dried for 15 min (hhMb-MT8_15 and hhMb-

MT17_15) and 2h (hhMb-MT8_120 and hhMb-MT17_120) in oven at 20oC. In this chapter, the naming 

of the samples is as follows: MTx is mesoporous titania with pore diameter x nm, hhMb-MTx_y 

indicates incorporation of hhMb in MTx titania and drying for y minutes in an oven at 20oC. 

4.2.4 Catalytic assay 

See Appendix II.f. 

4.2.5 Characterization methods 

For the details of N2-sorption, FT-IR, TGA/DTG, TGA-MS and EPR analysis see Appendix I. 

4.3 Results and discussion 

4.3.1  Adsorption of hhMb onto MT: formation of hhMb-MT8 and hhMb-MT17 

Figure 4.1 shows the adsorption isotherms representing the adsorption of hhMb on MT8 and MT17 

(µmol of hhMb per m2 of mesoporous TiO2) as a function of time. 

 

Fig. 4.1. Adsorption isotherm of hhMb- MT17 (●) and, hhMb-MT8 (Δ) in HEPES buffer 10mM pH 7. The error bars were 

calculated on a set of three measurements. 
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MT17 shows the most efficient protein adsorption (about 90% of proteins are incorporated within 6 

h). The MT8 sample shows a less efficient uptake, although still 80% of the hhMb proteins are adsorbed 

over 72 h. The enhanced loading capacity for samples with larger pores has been previously reported 

to originate from a more efficient protein diffusion into the pores29,30.  

The successful incorporation of hhMb into the mesoporous TiO2 is confirmed by the N2 sorption data 

(Table 4.1). The pore volume (VP) reduction upon adsorption can be compared to the volume of the 

incorporated hhMb (assuming a molar volume of hhMb of ca 1.3x104 cc/mol)31. Nevertheless, it has to 

be noted that some volume is also taken by differences in the remaining water and HEPES that is left 

in the samples (HEPES-MT17 and HEPES-MT8), as degassing was only performed at 25⁰C. The 

difference in volume reduction (HEPES compared to hhMb), in addition to the small decrease of the 

BET surface area (SBET), suggests that hhMb diffuses and adsorbs inside the pore network32. 

Tab. 4.1. Results of the N2 sorption analysis of MT8 and MT17 after being dissolved in free (no hhMb) buffer solution (HEPES-

MT) and upon adsorption of hhMb (hhMb-MT17 and hhMb-MT8). All samples were degassed at 25OC for 16h. 

 

 

 

 

 

When varying the amount of the mesoporous TiO2 relative to the concentration of hhMb, Langmuir 

isotherm-like curve is observed for both hhMb-MT8 and hhMb-MT17 (Figure 4.2) suggesting a 

monolayer coverage. However, as shown by Latour, most of the protein adsorption processes do not 

fulfill the prerequisites for a Langmuir adsorption process33, as changes in the conformation and 

reorientation, as well as the interaction between the adsorbed proteins, significantly deviate from the 

dynamic equilibrium process. 

Sample SBET (m2/g) Total VP (cc/g) 

MT17 140 0.60 

HEPES-MT17 125  0.58  

hhMb-MT17 108  0.48  

MT8 133 0.31 

HEPES-MT8 121 0.3 

hhMb-MT8 108  0.22  
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Fig 4.2.Experimental (dots) and calculated adsorption isotherms (solid lines) for hhMb-MT17 (●) and hhMb-MT8 (Δ) in 
HEPES buffer 10mM at pH 7. 

4.3.2 Effect of hydration and confinement on the hhMb structure. 

 FT-IR spectroscopy is a valuable tool for the investigation of the secondary structure of the protein34, 

and it has been previously used to detect conformational changes of proteins upon adsorption in 

mesoporous TiO2
35,36. The amide band I and II of the DRIFT spectra of the different samples are shown 

in Figure 4.3. The amide band I (mainly due to the C=O stretching mode) and the amide band II 

(combination of NH in-plane bending and CN stretching) of hhMb are located at 1660 cm-1 and 1542 

cm-1
, respectively37. The intensity ratio between the maxima of the amide band I and II in lyophilized 

hhMb powder is 1.1. The enhanced intensity ratio (1.3) of the two bands for hhMb-MT8_15 and hhMb-

MT17_15 is an indication of differences in the structure of the adsorbed proteins when compared with 

the frozen hhMb38. In addition, the ratio of the amide I/II band increases further for hhMb-MT8_120 

(1.5) and hhMb-MT17_120 (1.6), suggesting more extended deformation when the drying time 

increases. However, a simultaneous influence of the spectral contribution of adsorbed water (peak at 

1630 cm-1) on the ratio between the amide band I and II in the different samples cannot be excluded. 
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Fig. 4.3. Magnification of the DRIFT spectra in the region of the amide bands I and II (offset 0.05) of lyophilized hhMb 

powder (a), hhMb-MT17_15 (b), hhMb-MT17_120 (c), hhMb-MT8_15 (d) and hhMb-MT8_120 (e) after washing and drying 

at 20oC. 

The deconvolution of the amide band I allows a more detailed analysis of the protein structure. In fact, 

the IR region of the amide band I is more sensitive to conformational changes due to the C=O stretching 

mode, which is dependent on the strength of the hydrogen bonds between the carboxyl and the amino 

groups of the peptide structure. Therefore, this band is composed of a superposition of signals 

originating from the different contributions of α-helices, β-sheets and random coils. Hence, its 

deconvolution has been described as a valid tool to monitor the folding/unfolding of a protein38–40. 

Curve fitting and taking the second derivative of the IR spectrum are the most commonly applied 

techniques to resolve the amide band I. The latter is preferred as no arbitrary deconvolution 

parameters have to be used41. 

We calculated the second derivative of the amide I band (Figure 4.4) to further investigate possible 

structural changes of hhMb caused by the differences in confinement and hydration.  
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Fig. 4.4. Second derivative DRIFT spectra of the amide band I of lyophilized hhMb powder (dotted line) and of hhMb-MT8_15 

(A, solid line), hhMb-MT8_120 (B, solid line), hhMb-MT17_15 (C, solid line) and hhMb-MT17_120 (D, solid line) after 

washing and drying at 20oC. 

The second derivative of the amide band I of lyophilized hhMb reveals the two secondary structural 

features of this protein: α-helices (band at 1657 cm-1) and peaks in the region 1670-1720 cm-1 

attributed to the random-coils42. As the structure of hhMb is composed of 70-80% α-helix and 20-30% 

of random coil, with no β-sheet structure43, the α-helical band at 1657 cm-1 is of particular interest. 

This minimum appears in the same position for all the four samples with incorporated proteins, 

although distorted in hhMb-MT8_120 (where a small shift is also detected) and hhMb-MT17_120. This 

suggests an important influence of the (de)hydration on the structure of the adsorbed hhMb since the 

α-helical structure is better preserved for shorter drying times. 

However, all samples present remarkable spectral changes in the range assigned to the random-coil 

structure. In particular, the second derivative analysis of the amide band I evidences structural changes 

as a consequence of the adsorption into the mesoporous TiO2. In addition, the changes in the region 

1690-1696 cm-1 and 1620-1640 cm-1 indicate the formation of β-sheets similarly to what is observed 

for hhMb adsorbed on silica40. This is expected as the majority of the proteins undergoes 

conformational changes to some extend when adsorbing on a solid surface44.  

Therefore, the second derivative IR analysis evidences changes in the secondary structure, particularly 

in the random-coil portion, of hhMb due to the confinement inside the pores regardless of the pore 

size but resulting in different final structural rearrangements depending on the pore size and 

hydration. In addition, important differences are observed between samples dried for different times 

with hhMb-MT8_15 and hhMb-MT17_15 presenting better preserved α-helix structures. This suggests 

an important effect of the water content inside the pores on the hhMb secondary structure which is 

in line with earlier observations on the effect of surface hydration on the structure of apomyoglobin 

in nanoporous organosilica sol-gel glasses45. 
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As the protein stability can also be determined by studying its disruption46, we performed TGA-MS to 

further investigate the effect of hydration and confinement on the hhMb structure. The results indicate 

that the thermal degradation of hhMb adsorbed into mesoporous TiO2 depends on both the pore size 

and the drying time.   

 

Fig. 4.5.TGA/DTG profiles of hhMb-MT8_15 (solid, yellow line), hhMb-MT8_120 (green, dashed line), hhMb-MT17_15 (red, 
dotted line) and hhMb-MT17_120 (black, dashed dotted line). All samples were analyzed after washing and drying at 20OC. 

Four different weight losses are observed in the DTG-TGA profiles of all samples (Figure 4.5). The mass 

spectroscopic analysis (Fig. 4.6-4.9) attributes the two weight losses below 200oC to the adsorbed 

water (characteristic mass-to-charge ratio (m/e) 17 and 18 in TGA-MS). The shift and low intensity 

observed in the second DTG peak maximum (158oC and 170oC for hhMb-MT8 and hhMb-MT17, 

respectively) is likely due to the difference in water confinement in the different pore sizes.  

 

Fig. 4.6. Temperature dependence of the ion currents for mass ion fragments containing hetero atoms produced during the 
thermal degradation of hhMb-MT8_15. 

-0,04

-0,03

-0,02

-0,01

0,00

90

92

94

96

98

100

30 80 130 180 230 280 330 380 430 480 530 580

dw/dT 
[mg/°C]

Weight %Temperature 
[°C]

0

0,1

0,2

0,3

0,4

0,5

0 100 200 300 400 500 600

io
n

 c
u

rr
en

t 
(n

A
)

T (oC)

m/e 17

m/e 18

m/e 44

m/e 30

0

0,002

0,004

0,006

0,008

0 100 200 300 400 500 600

Io
n

 c
u

rr
en

t 
(n

A
)

T (oC)

m/e 27

m/e 39

m/e 41

m/e 42

m/e 43

m/e 45



Chapter 4  
Hydration and confinement effect on horse heart myoglobin adsorption in mesoporous TiO2 

94 
 

 

Fig. 4.7. Temperature dependence of the ion currents for mass ion fragments containing hetero atoms produced during the 
thermal degradation of hhMb-MT8_120. 

  

Fig. 4.8. Temperature dependence of the ion currents for mass ion fragments containing hetero atoms produced during the 
thermal degradation of hhMb-MT17_15. Inset: magnification of the kinematograms of ions with m/e > 30. 

 

Fig. 4.9. Temperature dependence of the ion currents for mass ion fragments containing hetero atoms produced during the 
thermal degradation of hhMb-MT17_120. Inset: magnification of the kinematograms of ions with m/e > 30. 
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to 328oC to hhMb-MT8-15/120. 
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Even though 20% less proteins were absorbed in the 8 nm pore size material (hhMb-MT8), the weight 

loss in the range 200-400oC is similar for hhMb-MT8_15 and hhMb-MT17_15 (2%). On the other hand, 

higher weight loss values are observed for hhMb-MT8_120 (2.3%) and hhMb-MT17_120 (3%) despite 

the fact that the only difference is a longer drying time and thus the same amount of proteins are 

present in the material as in case of the short drying time. This suggests that depending on the drying 

time, different degradation pathways occur induced by the differences in hydration of the adsorbed 

hhMb. The main products observed in the mass kinematograms of all samples in this temperature 

range are H2O (m/e 17 and 18), CO2 (m/e 44) and CH2O (m/e 30). Water at enhanced temperature has 

to be considered as a result of thermal degradation, e.g. elimination reactions.  

In addition, clear differences in the relative amount of different side products are observed in the 

region between 200 and 400oC, depending on both the pore size and the drying time. In particular, the 

most abundant side products detected in the kinematograms of hhMb-MT8_15 and hhMb-MT8_120 

are small hydrocarbons with m/e 27, 39 and 41 (probably C2 and C3 fragments) and C2H5O (m/e 45). 

The amount of those fragments is different between hhMb-MT8_15 and hhMb-MT8_120, suggesting 

an influence of the drying time on the hhMb degradation. The same side products are observed for 

hhMb-MT17_120 (Figure 4.9), although in lower concentration. On the contrary, fragment ions with 

m/e 41 and 45 are only detected in the kinematogram of hhMb-MT17_15 (Figure 4.8).  

A second weight loss is observed for all samples in the range 400-600oC. Again, the TGA curve shows 

similar weight losses for hhMb-MT8_15 and hhMb-MT17_15 (1.5%), while more prominent weight 

losses are observed for hhMb-MT8_120 (2.3%) and hhMb-MT17_120 (2.8%).  

The mass spectroscopic analysis reveals that the main residues for all samples are CO2 and CH2O. In 

addition, other side products (m/e 27 up to m/e 64) similar to those discussed previously are still 

detected. It is important to note that fragment ions with higher mass (m/e > 70) are observed for all 

samples. Those ions probably arise from partial fragmentation of the peptide chain and strongly 

contribute to the weight losses shown in the TGA profiles. 

Of particular interest are the two ions with m/e 48 and 64 detected in the kinematograms assigned to 

SO and CH3SOH arising from the fragmentation of the two methionine of hhMb48. They are visible in 

different temperature ranges for the different materials. In case of hhMb-MT8_120 they only appear 

below 400oC (328oC), while in case of hhMb-MT17_15 and hhMb-MT17_120 they are solely observed 

above 400oC. Moreover, in hhMb-MT8_15 these signals are absent. 

The differences observed in the TGA-MS are a valuable proof of the influence of both hydration and 

confinement on the structural rearrangement of hhMb49. In particular, the smaller weight losses 

observed for hhMb-MT8_15 and hhMb-MT17_15 above 250oC suggest a different degradation and, 
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thus, a different folding and/or interaction with titania of the hhMb after drying for shorter time. 

Similarly, the different products detected for these two samples indicate different mechanisms of 

thermal degradation of hhMb upon incorporation in pores with different sizes. This agrees with NMR 

findings that water (hydration and internal water molecules) and hydrogen bonds play an essential 

role in the different routes through which protein (un)folding occurs50. Furthermore, Monte Carlo 

simulations show that confinement reduces the entropy of the unfolded state by limiting the 

conformational space available to the unfolded ensemble51, explaining the different unfolding 

pathways and hence thermal degradation pathways that will occur in MT8 and MT17. 

The interplay of confinement and hydration effects in the stability of hhMb is also confirmed by the 

second derivative FT-IR analysis, showing that the partial loss of ordered α-helical content of hhMb 

upon longer drying times occurs to a different extent and via formation of other types of structures in 

hhMb-MT8_120 and hhMb-MT17_120 (see Figure 4.4).  

As stated above, the protein unfolding upon incorporation in a porous substrate depends also on the 

interactions between the protein and the pore wall. In its native state, hhMb has a hydrophilic surface 

with the hydrophobic segments buried inside the globular structure. As a consequence of the 

adsorption inside the pores the external hydrophilic residues might interact with the OH groups of the 

TiO2 surface, leading to a partial rearrangement of the external amino-acid residues of hhMb 

accountable for the differences observed in the FT-IR spectra of lyophilized hhMb powder and of hhMb 

incorporated samples.  

Clearly, such rearrangement is expected to be strongly prevented by the space constriction upon 

adsorption in MT8. However, hhMb has a maximum diameter of 5 nm, smaller than the pore diameter 

of MT8. Therefore, the differences in hydration of hhMb-MT8_15 and hhMb-MT8_120 can play a key 

role in local changes and resulting differences in thermal behavior. In large pore materials, such as 

MT17, more extensive deformations of the protein can take place upon drying as more “space” is 

present in the porous structure. Hence, small changes in the D- and/or H-helix orientations, on which 

the two methionine residues are situated, might be at the basis of the altered thermal degradation in 

the MT17 irrespective of the hydration. The small D-helix is positioned next to the flexible CD-loop at 

the surface of the protein and may be one of the domains that is easily influenced by contact with the 

titania surface. Furthermore, although both hydration and confinement clearly play a role, their impact 

seems to be different. 

To further investigate the effect of confinement and hydration on the hhMb structure, we performed 

UV-vis DR. The absorption spectrum of hhMb in the range 350-700 nm is sensitive to the configuration 

of the heme-iron and its interactions with the surrounding and the porphyrin ring52. In particular, the 
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Soret band at 408 nm typical of the aquo-met form of hhMb in the ferric state is due entirely to the 

heme53. No changes are observed in the Soret band position of hhMb-MT8_15 (Figure 4.10). In 

contrast, a small blue shift of this band is observed for hhMb-MT17_15 and hhMb-MT8_120 (both λmax 

= 406 nm) and hhMb-MT17_120 (λmax = 404 nm).  

The blue shift, and the magnitude of such shift, of the Soret peak may point to changes in the physical 

environment of the heme, resulting from unfolding of the hhMb structure54,55. However, we need to 

interpret these data with care, since there is overlap with the tail of the absorption peak of the MT8 

and MT17 materials, which could lead to an apparent shift. In none of the spectra the Q-bands (490-

650 nm) are resolved, preventing a thrust-wordy analysis. 

 

 

Fig. 4.10. UV-vis DR spectra of lyophilized hhMb powder (a), hhMb-MT8_15 (b), hhMb-MT17_15(c), hhMb-MT8_120 (d) and 

hhMb-MT17_120 (e) after washing and drying at 20OC. 

A much better insight in the heme pocket region can be obtained from EPR. This technique provides a 

sensitive measure to changes in the heme group and heme coordination. The aquo-met form of hhMb 

consists of a high-spin (HS) ferric heme iron atom which is six-coordinated by the proximal F8His and 

a distal water molecule. The aquo-met form of hhMb can be described by an effective S = 1/2 system 

with g-values 𝑔𝑥,𝑦
𝑒𝑓𝑓

 = 5.92 and 𝑔𝑧
𝑒𝑓𝑓

 = 1.997.56 Removal of the heme-bound water molecule or a change 

in the heme environment leads to shifts, splitting or broadening of the HS component in the low-field 

part of the EPR spectrum. Replacement of the distal water by a strong base, such as hydroxide or 

imidazole, gives rise to a low-spin (LS) ferric state with a different EPR signature. 

Figure 4.11 represents the EPR spectra of the powders hhMb-MT8_15/120 and hhMb-MT17_15/120. 

All spectra show the main characteristic features of the HS (S = 5/2) ferric heme in the aquo-met form 

and those of a LS form.  
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The spectra shown in Figure 4.11 are very similar, indicating that the incorporated protein molecules 

exhibit no major differences in protein structure near the heme center for the different hybrid 

materials. Nevertheless, hhMb-MT17_15/120 shows a slightly broader signal in the low-field part of 

the HS contribution than hhMb-MT8_15/120 (Figure 4.12). The latter in turn exhibits somewhat more 

broadening EPR spectrum as found for a frozen solution of hhMb (Figure 4.12).   

 

 

 

 

 

 

 

 

 

The broadening of the EPR signal points to a larger variation of the zero-field splitting parameters that 

stems from an increased local variability in the heme environment and thus subtle local changes in the 

protein structure. The line width follows the confinement trend: more peak broadening for the titania 

with larger pore size (larger conformational space). Furthermore, drying for two hours does not cause 

loss of the axially bound water molecule on the heme iron, since this would lead to much more severe 

line deformation and splitting of the lines. The mild drying conditions probably prevent the loss of the 

Fig. 4.11: Normalized CW-EPR spectra of the incorporated TiO2 powders hhMb-MT8_15 (a), hhMb-MT8_120 (b), hhMb-
MT17_15 (c) and hhMb-MT17_15 (d). * indicates the non-heme iron Fe3+ and ** the Cu (II) background signal. 

 

Figuur 3Low-field area of the normalized CW-EPR spectra of 
a frozen hhMb solution in 10mM HEPES buffer (red) 
compared with hhMb-MT8_15 (black) and hhMb-MT17_15 
(cyan). 

 

Figuur 4 

 

Fig. 4.12 Low-field area of the normalized CW-EPR spectra of a frozen hhMb solution in 10mM HEPES buffer (red) 
compared with hhMb-MT8_15 (black) and hhMb-MT17_15 (cyan).The arrow indicates a broadening of the signal at the 

low-field side. 
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bound axial water ligand. Even though the FT-IR spectra indicate structural changes for both drying 

times (Figure 4.4), EPR shows that these changes do not affect the heme-pocket. The decrease and 

alteration of the random coil-structure appear to be occurring far enough from the heme to not 

influence the heme-pocket region of the HS form. The loop areas in hhMb are shown in Figure 4.13. 

 

Fig. 4.13. The protein structure of hhMb whereby the loops are indicated in red. [PDB:1WLA] 

Furthermore, a clear EPR signal due to a low-spin (LS) ferric heme center is detected at gz ~ 2.97 and 

gy ~ 2.254 in all samples (Figure 4.11, Figure 4.14 for simulation). We have shown earlier that this 

indicates that in a fraction of the proteins, the heme-bound water molecule is replaced by ligation of 

the distal His-64 located on helix E to the heme iron atom57.  

 

 

 

 

 

 

 

 

The formation of this bis-histidine ligated form is promoted by the interaction of the protein with the 

titania material57. Via spectral simulations the relative contribution of the HS and LS heme forms to the 

EPR spectra can be determined (Figure 4.14). The contribution of the LS heme iron form comprises 

about 39% of the spectrum for all powders in spite of the apparent weak intensities of these LS signals. 

The LS form is not found in the EPR spectra of the frozen solution and is related to confinement effects 

 

Fig. 4.14. Normalized CW-EPR spectra of hhMb_MT8_15 (black) and the corresponding simulation (red) to calculate the 
contribution of Fe3+ in the HS and LS form.*indicates the non-heme iron Fe3+ and ** the Cu (II) background signal. 
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as showed earlier57. The shift of the E-helix may be related to particular altered structure observed in 

the FT-IR spectra. 

In the high-field part of the EPR spectra of Figure 4.11, extra signals are observed, that are also found 

in pure titania MT8 (Figure 4.15). This part mainly contains contributions of oxygen-containing radical, 

like O2
- (g > 2) and of Ti3+ (g < 2) in the mesoporous titania generated from the calcination at high 

temperature (>300oC)58. 

 

 

 

 

 

                        

                      

     

 

4.3.3 Peroxidase activity of incorporated hhMb 

As the preservation of the protein activity upon adsorption is a key issue in protein incorporation, it is 

of fundamental importance to investigate the possible effect of confinement and hydration on the 

activity of the adsorbed hhMb. 

The one-electron oxidation of ABTS into the radical-cation ABTS•+ by hhMb in presence of hydrogen 

peroxide has already been used to test the catalytic activity of incorporated proteins28,59. The reaction 

occurs via the heme edge in three different steps60, starting with oxidation of iron (III) to an oxoiron(IV)-

porphyrin π-cation by hydrogen peroxide and the subsequent two-step reduction to the oxoiron(IV) 

(1st step) and Fe(III) (2nd step) , forming two molecules of ABTS•+ (Fig. 4.16). The blank tests performed 

with titania materials without adsorbed proteins (MT8 and MT17) show no ABTS conversion in absence 

of proteins. 

 

Fig. 4.15. Normalized CW-EPR spectra of MT8. MT17 gives a similar EPR spectrum and is therefore not shown. The inset 
shows the comparison with MT8 (black) and hhMb-MT8_15 (blue). * indicates the non-heme iron Fe3+ and ** the Cu (II) 

background signal. It is important to note that the non-heme iron contamination is already present in the titania 
materials before incorporation. 
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Fig.4.16. UV-vis absorption spectra for the ABTS catalytic assay of hhMb-MT8_15. The spectra shows the amount of ABTS (λ 
= 340 nm) and ABTS●+ (λmax = 41a nm) in solution after 1 (blue), 5 (yellow), 10 (orange), 30 (gray) and 120 (green) minutes 

shaking.  

The values for the turnover number Kcat (µmol ABTS•+ produced per second per µmol of hhMb) show 

differences in activity for hhMb depending on both the pore size and the drying time (Figure 4.17). 

 

Fig. 4.17. Plot of Kcat as a function of the pore size and the drying time. The error bars were calculated on a set of three 
measures. 

As the catalytic constant was calculated per mass of hhMb, the different values cannot be related to 

differences in the amount of adsorbed hhMb. However, it has to be noted that the hhMb activity in all 

samples is strongly reduced when compared with the activity of the proteins in solution (Kcat ≈ 10-2 s-1, 

data not shown). The decrease of the catalytic activity is a common phenomenon for incorporated 

proteins due to inaccessibility of part of the proteins inside the pores61,62 or partially deactivation upon 

adsorption on the solid surface63. Therefore, the substantially different values of Kcat observed must be 

connected to the differences in hydration and confinement experienced by the proteins. In fact, the 

differences between hhMb-MT8_15 (3x10-4 s-1) and hhMb-MT17_15 (8x10-5 s-1) and between hhMb-

MT8_120 (2x10-4 s-1) and hhMb-MT17_120 (5x10-5 s-1) are expected to be due to the different 

confinement. This is in agreement with previous results showing enhanced activity for proteins 

encapsulated in small pores64–66. In fact, the better catalytic activity observed for hhMb adsorbed in 
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smaller pores (hhMb-MT8_15 and hhMb-MT8_120) might be due to the better accessibility of the 

hhMb, which is not able to diffuse in the inner part of the pore network65,66. This is in agreement with 

the lower protein loading in MT8 materials (Figure 4.1). 

On the other hand, the somewhat smaller differences between the catalytic activity of hhMb-MT8_15 

and hhMb-MT8_120 and between hhMb-MT17_15 and hhMb-MT17_120 are likely due to the 

structural differences induced by the changes in hydration. It shows that drying-induced structural 

changes are not reversible. Indeed, for the catalytic assay, the samples are dissolved in HEPES buffer. 

If the dehydration effect would be reversible upon rehydration, the same activity would be found for 

the materials with 15 min or 2 h drying.  The here observed importance of hydration is in agreement 

with the reported improved protein activity and enhanced resistance to extreme pH values when 

proteins are entrapped in strongly hydrated material67. Possibly, the drying-induced structural changes 

in hhMb affect the diffusion pathways and overall accessibility of the heme center, since EPR results 

indicate that the active heme center seems to be less affected (see EPR analysis). 

4.4  Conclusion 

Changes in conformation are expected when a protein adsorbs into a porous network. To gain more 

in-depth knowledge, the impact of both confinement as well as hydration on the conformation of 

proteins adsorbed in mesoporous TiO2 with different pore sizes was investigated with a 

complementary set of techniques.  

The different techniques evidence that both hydration and confinement induce changes in the 

proteins. However, their impact is different (TGA an FTIR) and only minorly affects the heme center of 

the protein (EPR) but rather influences more its peripheral structural features. The FT-IR spectra 

indicate that upon incorporation, the α-helical content of the hhMb is somewhat changing in 

comparison to the lyophilized hhMb but the strongest impact is found in random-coil reorganization 

causing β-sheets formation. Drying induces further changes in the protein structure. TGA-MS shows 

that the drying time after protein incorporation as well as the pore size of the titania has an influence 

on the decomposition products (i.e. protein degradation pathways), indicating differences in 

conformation and/or interaction with the titania surface. Since the heme region is essential for the 

catalytic function, the observed differences in peroxidase activity will be primarily due to a change in 

the accessibility of the proteins to the substrate, caused by the peripheral structural changes. Earlier 

studies suggested that smaller pore sizes lead to less deep penetration of the proteins in the pore 

network of the material and, hence, a better accessibility of the proteins to substrates. This is 

confirmed in our study, the smaller pore size, loaded with less proteins, shows higher activity. 
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Furthermore, it is clear that more extensive drying reduces the activity of the protein irreversibly, 

probably due to the higher substrate hindrance due to partial de-folding in the pore. 

In conclusion, even if the hydration effect has been mostly ignored, our results clearly show its impact 

on the properties of the adsorbed hhMb. Further studies are required to fully understand this 

phenomenon and different mesoporous substrate and proteins have to be investigated to asses to 

which extent the effect is depending on the type of host material and biomolecule. This chapter clearly 

proves that the effect of both hydration and confinement has to be considered for the future 

applicability of the immobilized biomolecules, since they affect activity and structure of the 

biomolecule. 
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Chapter 5 
The case of human neuroglobin and its peculiar 

response to different pore sizes and surface chemistry 

of mesoporous TiO2. 

Adapted from: S. Loreto, Z. Hafideddine, S. Dewilde, S. Van Doorslaer, K. De Wael, and V. Meynen, (in 

preparation). 

 

 

“Science never solves a problem 

without creating ten more” 

George Bernard Shaw 
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5.1  Introduction 

Human neuroglobin (NGB) is a recently discovered member of the globin family1. Despite the extensive 

research performed in the last 15 years, the physiological activity of NGB is not yet clearly understood. 

As already explained in chapter 1 (see 1.3.3), NGB presents two important features that are unusual 

to the members of the globin family. First, the heme shows a hexa-coordination leading to a 

competition for bonding the heme iron between the external (O2, CO2 and NO) and the internal (the 

distal histidine residues) ligands2. The hexa-coordinated structure of the heme iron suggests that NGB 

is not constructed to transport nor store O2
3

. Secondly, NGB contains three cysteine residues, two of 

them can be involved in a disulfide bridge (reduced at physiological conditions) while the third remains 

free4. Several studies have observed a strong influence of the disulfide bridge on the structure of the 

heme center in NGB4–6. These studies suggest that the formation of the sulfur bridge in NGB promotes 

the dissociation of the distal histidine leading to the penta-coordinated form of NGB that promotes 

the bonding of exogenous ligands. As a consequence, the NGB affinity for exogenous ligands, e.g. O2 

and NO, can be greatly influenced by the reduction of the disulfide bridge. Different reactivity against 

quinones7, NO2
- 8, NO9 and H2O2

8,10, depending on the pH and thus in presence or after reduction of 

the disulfide bridge, have already been reported. These observations suggest that the affinity of NGB 

for exogenous ligands is directly related to the redox state of the cell9,11. For this reason, a protective 

role has been proposed for NGB for a wide range of situations: oxygen supplier in nerve cells to protect 

them in case of hypoxia or ischemia12, free radical scavenger10, nitrite metabolism8,13, intracellular 

signaling to protect cells against apoptosis14 and tumor proliferation15. 

The comprehension of the functionality of NGB could represent a milestone in both biology and 

medicine as several highly conserved heme-proteins exist in equilibrium between the six-coordinated 

and the less frequent five-coordinated form16. As stated in chapter 1 (see 1.1.5), the nanomaterial-

based EB represent a useful tool to study the biological activity of newly discovered proteins. 

Therefore, the study of the adsorption of NGB on a mesoporous substrate and the development of an 

EB based on such NGB incorporated material could improve our knowledge of the correlation between 

structure and activity of NGB. In addition, this protein shows an unusual stability at high temperature 

(boiling point around 100oC) and low pH (the pH of half-transition for releasing the heme is 3.3)17. This 

high stability would obviously represent a great advantage for EB based on adsorbed NGB as it 

increases the range of applicability of the EB. Nevertheless, although the immobilization of NGB on an 

electrode surface has been performed13,18–20, the attention has mainly been focused on the NGB 

deposition on a gold electrode to study the ET process and the redox activity. However, the adsorption 

of this protein in a mesoporous substrate have not yet been reported. In this chapter, the different 

aspects of NGB incorporation in MT are evaluated. In particular, attention is given in finding the optimal 



Chapter 5 
The case of human neuroglobin and its peculiar response to different pore sizes and surface chemistry of mesoporous TiO2 

 

 

109 
 

conditions of buffer and pH for the NGB adsorption in mesoporous material, as well as to reveal the 

impact of pore size and surface hydrophilicity. While studying the effect of different pore sizes and 

surface chemistry, a strong influence of these two parameters on the NGB activity has been observed.  

5.2 Experimental Section 

5.2.1  Materials 

See Appendix II for details about the materials (II.a.i and II.a.iii) and appendix II.b for the NGB 

expression and purification. 

5.2.2 Synthesis of mesoporous TiO2 

As already discussed in chapter 4, MT8 and MT17 were synthetized as described in chapter 2. 

5.2.3 Surface modification of mesoporous TiO2 

The main purpose of performing the surface modification in this thesis is to identify the effect of 

differences in the MT surface chemistry on the protein adsorption and structure. Details on the 

synthesis and materials characterization can be found in Appendix III. It is important to note that the 

porous properties before and after modification are similar (see Tab. III.I) but the surface hydrophilicity 

changes with the amount of propyl groups that have been grafted (see Figure III.II). 

5.2.4 Immobilization of human neuroglobin 

The incorporation of NGB in mesoporous TiO2 with pores of 8 (MT8) and 17 nm (MT17) was performed 

and studied as described in Appendix II. MT modified with propylphosphonic acid are denoted as PMTx 

with P indicating propylphosphonic acid modification and x representing the pore size. 

After incorporation, samples with incorporated proteins (NGB-MT8, NGB-PMT8, NGB-MT17 and NGB-

PMT17) were filtrated and washed three times with fresh buffer solution to remove non-adsorbed and 

loosely adsorbed molecules. Finally, the protein incorporated powders were dried for 15 min in an 

oven at 20oC.  

5.2.5 Catalytic assay 

See Appendix II.f. 

5.2.6 Characterization methods 

For the details of FT-IR, TGA/DTG and CV see Appendix I. 

5.3  Results and Discussion 

5.3.1  Effect of buffer and pH on the stability of NGB in solution 

In chapter 3, I showed that special attention has to be given to the buffer choice when immobilizing 

proteins. In particular, the use of mesoporous TiO2 as substrate precludes the use of Tris and PBS 
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buffers because of their interaction with the TiO2 surface, leading to a less efficient protein adsorption. 

Thus, the stability of NGB was studied in HEPES buffer solution at pH 7. However, as discussed in 

chapter 1, higher amounts of adsorbed proteins are observed when working at pH=IP. Therefore, since 

the IPNGB = 5.54, the stability of NGB in solution was analyzed at pH 5.5. As the buffering effect of HEPES 

at pH 5.5 is weaker, the stability of NGB at pH 5.5 was also studied in piperazine, methyl piperazine 

and in 2-(N-morpholino)ethanesulfonic acid (MES) buffer. The UV-vis spectra of NGB in solution after 

96 h (Figure 5.1) and the amount of NGB in solution (% of the initial solution) versus the shaking time 

(Figure 5.2) clearly show the effect of both pH and buffer on the protein stability. 

 

Fig. 5.1. UV-vis spectra of 1 mg of NGB in solution at time 0 (black) and after shaking for 96 h in HEPES (blue) buffer 10 mM 
at pH 7 and in Piperazine (orange), MES (gray) and Methyl Piperazine (yellow) buffer 10 mM at pH 5.5. 

 

Fig. 5.2. Amount (%) of the initial concentration of NGB in HEPES pH 7 (blue), piperazine pH 5.5 (orange), MES pH 5.5 (gray) 
and Methyl piperazine pH 5.5  (yellow) solution versus time of shaking based on the UV analysis of the supernatant. The 

error bars were calculated on a set of three measurements. 
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The results show that the NGB stability in HEPES buffer at pH 7 is relatively high and comparable to the 

stability observed for hhMb in the same buffer solution (see chapter 3, figure 3.1). On the contrary, 

NGB results much less stable at pH 5.5. This is in agreement with previous observation on the reduced 

stability of proteins at pH=IP due to their tendency to aggregate21. However, it has to be noted that 

the NGB stability at pH 5.5 is strongly dependent on the buffer. In particular, a remarkable decrease of 

the protein amount in solution is observed in methyl piperazine and MES solution. Due to the very 

similar chemical structure of piperazine and methyl piperazine, the most likely reason for the very 

different stability is the difference in ionic strength of the two solutions. In fact a higher amount of HCl 

is required to set the methyl piperazine solution a pH 5.5. The influence of the ionic strength on the 

protein stability is thoroughly discussed in chapter 1 (see 1.2.1.1). On the other hand, only very limited 

acid addition is needed to set the MES solution at pH 5.5. The interaction between the buffer molecules 

and the proteins is a possible explanation for the low NGB stability observed. Interactions between the 

buffer molecules and the proteins in solution leading to protein agglomeration have been previously 

reported22 and discussed in chapter 3 (see 3.3.2). Although more in-depth measurements and different 

techniques are required to fully understand the different stabilities observed, it is beyond the scope of 

this PhD project. The study is nearly done to be able to select the best fit buffer for the immobilization 

of NGB on mesoporous titania. 

However, in order to highlight the effect of the ionic strength and the buffer on the protein stability, 

the stability of NGB was tested in piperazine and HEPES at both pH 5.5 and 7 (Figure 5.3).  

 

Fig. 5.3. Amount (%) of the initial concentration of NGB in HEPES pH 7 (blue), piperazine pH 7 (green), piperazine pH 5.5 
(orange) and HEPES pH 5.5  (red) solution versus time of shaking based on the UV analysis of the supernatant. Inset: 

magnification of the observed differences in the NGB stability. 
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The same NGB stability is observed at pH 7 for both the piperazine and HEPES buffer and a slightly 

lower stability at pH 5.5 for piperazine and to a lesser extent also for HEPES, due to changes in ionic 

strength. The difference in stability between piperazine and HEPES buffer at pH 5.5 might be due to 

differences in ionic strength and/or the type of charged species in solution (NaOH is required to fix the 

pH of the HEPES solution, while HCl has to be used to tune the pH of piperazine).  

As the buffering effect of HEPES and piperazine is maximum at pH 7 and 5.5 respectively, HEPES 

solution at pH 7 and piperazine solution at pH 5.5 were selected to study and optimize the adsorption 

of NGB on mesoporous TiO2.   

In the next paragraphs, the effect of different pore sizes and surface chemistry of MT on the adsorption 

rate (5.3.2), the secondary structure (5.3.3) and on the activity, thus the heme, (5.3.4) of NGB will be 

discussed. 

5.3.2  Effect of buffer and pH on the adsorption of NGB in MT 

Similar to chapter 4, mesoporous TiO2 with a pore size of 8 (MT8) and 17 nm (MT17) were used as 

substrate for the protein adsorption in order to study the effect of confinement in different pores. The 

adsorption of NGB in the MT8 and MT17 in HEPES buffer at pH 7 and piperazine at pH 5.5 versus the 

shaking time is shown in Figure 5.4.  

 

Fig. 5.4. Adsorption of NGB on MT8 (black line) and MT17 (yellow line) in 10mM piperazine buffer at pH 5.5. The blue dots 
indicate the absence of adsorption in 10 mM HEPES buffer for both M8 and MT17. The results are expressed as the amount 

of proteins (in µmol) per m2 of TiO2 versus the shaking time. Error bars are calculated on a set of three measurements. 

No NGB adsorption is observed in HEPES buffer at pH 7. This can be explained considering the PZC of 

TiO2 (PZC < 6 for both MT8 and MT17, see appendix III.b) and the IP of NGB (5.5)4. At pH 7, the surface 

of the MT is slightly negatively charged and the protein carries a negative net charge. Therefore, it is 

straightforward to assume that the repulsive electrostatic interactions between the surface and the 

protein are preventing the NGB adsorption. This behavior has already been reported for different 
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proteins23. It has to be noted that also in PBS, Tris and piperazine buffer at pH 7 (data not shown) no 

protein adsorption could be observed, making it less likely that the buffer itself is preventing the NGB 

adsorption.  

On the contrary, the adsorption of NGB is observed in both MT8 (NGB-MT8) and MT17 (NGB-MT17) in 

piperazine buffer at pH 5.5. At this pH the TiO2 surface is slightly positive while NGB shows a zero net 

charge. The successful adsorption at this pH strengthens the hypothesis of the repulsive electrostatic 

interactions, preventing the adsorption at pH 7. Additionally, this was confirmed by the sorption 

experiment in HEPES, MES (90% of the amount of NGB adsorbed in piperazine) and histidine buffer at 

pH 5.5 where the adsorption of NGB was observed. Nevertheless, these three buffers were not used 

due to the weak buffer capacity at pH 5.5 (HEPES), low protein stability (MES) and lower protein uptake 

(histidine, less than 50 % of NGB adsorbed in piperazine, data not shown). 

As no protein adsorption was observed in HEPES buffer at pH 7, from now on all the samples with 

adsorbed NGB are prepared in piperazine buffer at pH 5.5. 

Although adsorption occurs on both materials, very different adsorption capacities are observed 

between NGB-MT8 and NGB-MT17. Moreover, despite the similar molecular weight and size of NGB 

compared to hhMb, the amount of NGB adsorbed in the two samples appears different from those 

observed for hhMb as discussed in chapter 4 (see 4.3.1). In particular, a higher amount of adsorbed 

proteins is observed for NGB-MT17 when compared with hhMb-MT17 (20% more NGB adsorbed) 

while a lower amount is observed for NGB-MT8 when compared with hhMb-MT8 (about 30% less NGB 

adsorbed). This hints to a strong influence of the pore size on the NGB adsorption in mesoporous TiO2. 

Moreover, slower adsorption kinetics can be clearly observed for NGB-MT17 and NGB-MT8 compared 

to hhMb sorption. 

Due to the similar molecular diameter between hhMb (3.5 nm)24 and NGB (3.8 nm)25, the strong effect 

of the pore size on the NGB adsorption must be related to interactions between the protein and the 

MT surface, preventing/limiting the diffusion inside the pores. In fact, the diffusion inside the pores 

requires the approaching protein to displace the previously adsorbed protein breaking its bond with 

the surface. In case of smaller pores (NGB-MT8), and thus more contact points between the protein 

and the surface, the diffusion will thus be much more hindered. Moreover, also the possibility for 

contact between the proteins itself enhances upon confinement, which can decrease diffusion. To 

prove the hypothesis on the impact of the surface chemistry, the adsorption of NGB was performed in 

piperazine buffer at pH 5.5, using as substrate MT modified with propyl phosphonic acid (PMT8 and 

PMT17). The presence of the propylphosphonic acid grafting diminishes the surface hydrophilicity (see 
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Appendix III, Figure III.II) and highlights the influence of the hydrophilic interactions between the -OH 

groups on the MT surface and the NGB upon sorption (Figure 5.5).  

 

Fig. 5.5. Adsorption of NGB on MT8 (black line), PMT8 (red line), MT17 (yellow line) and PMT17 (green line) in 10mM 
piperazine buffer at pH 5.5. The results are expressed as the amount of proteins (in µmol) per m2 of TiO2 versus the shaking 

time. The error bars are calculated on a set of three measurements. 

The results clearly show the beneficial effect of the surface propyl groups on the adsorption of NGB. 

As strong interactions between the propyl groups and the protein are diminished, this confirms the 

hypothesis of diffusion limiting interactions between the protein and the surface OH groups of the 

unmodified MT. To prove this further, the adsorption of NGB was performed on PMT8 materials 

modified with varying surface coverage of propyl groups (Figure 5.6 and 5.7). The surface coverage 

was varied between 2.4 propyl groups per nm2 (PMT8) down to 1.8 (PMT_0.01) and 1 (PMT8_0.003) 

propyl group per nm2 26. Figure III.II in appendix III shows a gradual decrease in water sorption capacity, 

as a measure for their hydrophobic nature, with increasing number of propyl groups. 

 

Fig. 5.6. UV-vis absorption spectra of 1 mg NGB in solution at time 0 (black line), and after shaking for 72 h in solution with 
MT8 (blue line), PMT8_0.003 (green line), PMT8_0.01 (yellow line) and PMT8 (red line) in piperazine buffer 10 mM at pH 5.5. 
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Fig. 5.7. Adsorption of NGB on MT8 (blue line), PMT8_0.003 (green line), PMT8_0.01 (yellow line) and PMT8 (red line) in 
10mM piperazine buffer at pH 5.5. The results are expressed as the amount of proteins (in µmol) per m2 of TiO2 versus the 

shaking time. The error bars are calculated on a set of three measurements.  

The adsorption kinetics show the correlation between the concentration of the surface propyl groups 

and the amount of adsorbed NGB.  

The strong influence of the surface chemistry on the NGB adsorption might be due to the peculiar 

characteristic of this protein showing three exposed cysteines. In order to reveal the possible influence 

of the cysteines on the protein adsorption on MT, three different mutated forms of NGB were used. In 

the mutated forms, only two cysteines are replaced by serine (CSS and SSC) or all the three cysteines 

are substituted with serine and glycine (GSS). The adsorption of the three mutants on MT with different 

pore size and surface chemistry is shown in Figure 5.8.  
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Fig. 5.8. Adsorption of A) NGB wild type, B)  CSS mutant, C) SSC mutant and D) GSS mutant on MT8 (blue), PMT8 (orange), 
MT17 (gray) and PMT17 (yellow) after shaking at room temperature for 72h in 10mM piperazine buffer at pH 5.5. The 

results are expressed in µmol of mutant per m2of TiO2. The error bars are calculate on a set of three measurements. 

Generally, all the titania materials show reduced sorption capacity for all the mutated NGBs. This might 

be due to the presence of different amino acids in the mutated NGBs (when compared to the wild 

NGB) leading to possible changes in shape, hydrophilicity, IP and/or affinity for the titania surface to 

some extent. The possible multi or dimerization of the mutated NGB`s in solution might also be a factor 

influencing the protein adsorption. 

Adsorption on the MT17 material is much less in case of both CSS and SSC mutants, but the underlying 

reason is not yet clear and could be related to the above mentioned changes. However, when 

comparing MT versus PMT materials, increased amounts of adsorbed CSS and SSC mutated NGBs are 

shown when adsorbing on PMT8 and PMT17 compared to the unmodified material, similarly to the 

wild type of NGB. On the contrary, the presence of surface propyl groups does not improve the   

adsorption of the GSS mutant. As discussed in chapter 1 (see 1.3.3), the wild type of NGB presents 

three cysteines, with Cys 46 on the inter-helix region between helices C and D being the most flexible 

fragment28. The divergent behavior might be explained taking into account interaction between Cys 

46 of the wild and CSS mutated NGB or the Ser 46 of the SSC mutated form and the OH groups on the 

surface of MT8 and MT17. In fact, the structure of serine is very similar to that of cysteine with only an 

alcohol function replacing the thiol group. Due to their very similar chemical nature, both the thiol and 

the alcohol group are able to bind the hydroxyl groups on the titania surface and both cysteine and 

serine are known to strongly bind to the hydroxyl groups on anatase surface27,28. Hence, a similar 

response to more hydrophobic surfaces (PMT8 and PMT17) can be expected. The sorption 
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experiments performed with wild, CSS and SSC mutated NGBs seem to confirm the strong interaction 

between the NGB and the OH groups as major limiting factor of the protein diffusion inside the pores. 

This is in agreement with the model of contact points derived by Köppen et al. according to which 

protein are adsorbed on the titania surface by the specific interaction of few charged side chains with 

oppositely charged surface hydroxyl groups, whereas on non-hydroxylated surface (PMT8 and PMT17) 

the interaction is very small27. 

In contrast, glycine (Gly 46 in the GSS mutant) is the simplest possible amino acid without any chemical 

groups available for interaction with the MT surface. This might suggest that the impact of surface 

chemistry, and thus surface interaction, takes place mainly through the residue Cys 46. Nevertheless, 

although Cys 46 (or Ser 46) has been replaced by Gly 46, lowering the interaction possibility of this 

flexible segment, it doesn`t cause enhanced adsorption on the non-modified MT8 and MT17 either. 

Thus, other reasons that cause diffusion limitations might be at play. One of the possibilities is the 

interaction of the other cysteines (or serines) with the surface, although in that case one would expect 

also a difference when adsorbing in PMT8 and PMT17 due to the difference in surface chemistry. Also 

other coinciding effect that have not yet been taken into account, could play a role. Surface wetting, 

and thus water resistance in the pores, might influence the diffusion behavior. In fact, the modification 

with propyl phosphonic acid strongly decreases the hydrophilicity of the surface29 (see Figure III.II in 

appendix III). The use of PMT materials with different propyl coverage degree might help to understand 

the complex interplay between reducing the surface-protein interaction and increasing the surface 

hydrophobicity, thus reducing the protein diffusion. Other possible reasons for the divergent behavior 

of the GSS mutant might be related to stronger protein-protein interactions that limit diffusion, 

different shapes or orientation of the protein in the pores, changes in the IP, etc. 

Therefore, the analysis of the protein structure upon adsorption might help to clarify the role of the 

MT surface chemistry on the (mutated) NGB adsorption.  

Nevertheless, it is clear that both the pore size (see chapter 4) and the surface chemistry (see chapter 

1, 1.2.1.3) might influence the protein structure and activity. For this reason, further analysis has been 

done to elucidate the influence of the pore size and the surface chemistry on the protein structure and 

activity upon adsorption by characterization of NGB-MT8 and NGB-PMT8, and NGB-MT17 and NGB-

PMT17.  
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5.3.3  Structural information of NGB upon adsorption in MT with different pore size and surface 

chemistry  

The analysis of the FT-IR spectra in the amide band I and II region of NGB upon adsorption in the 

different samples of mesoporous TiO2, shows remarkable differences between each spectrum (Figure 

5.9). 

 

Fig. 5.9. Magnification of the FT-IR spectra (offset 0.02) in the region 1450-1900 cm-1 of NGB-MT8 (black), NGB-PMT8 (red), 
NGB-MT17 (yellow) and NGB-PMT17 (green) after washing and drying at 20oC for 15 min. 

The important blue shift of the amide band I of NGB-MT8 (1630 cm-1) when compared with all the 

other samples (1660 cm-1) indicates an important denaturation of the protein upon incorporation in 

MT830. In addition, the different ratios of the amide band I/amide band II observed between PMT8 and 

MT17 (1.1) in comparison to PMT17 (1.4) suggest different structural rearrangements of NGB adsorbed 

in the three samples31. Similar to the previous chapters it has to be noted that the influence of the 

adsorbed water (peak at 1630 cm-1) on the ratio between the amide band I and II in the different 

samples cannot be excluded. Moreover, clear differences can be observed in the different materials 

with respect to the asymmetry of the amide II band, being composed of several differently contributing 

signals. 

The more detailed second derivative analysis of the amide band I region (Figure 5.10) allows a more 

in-depth study of the protein structure after the adsorption in the different samples of MT. 
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Fig. 5.10. Second derivative DRIFT spectra of the amide band I of NGB-MT8 (black line), NGB-PMT8 (red line), NGB-MT17 
(yellow line) and NGB-PMT17 (green line) after washing and drying at 200C for 15 min. 

The shift and small intensity of the band at 1660 cm-1 (α-helices), in combination with the two intense 

bands at 1645 and 1616 cm-1 (β-sheets)32, confirms the strong denaturation in NGB-MT8. In fact, the 

protein structure undergoes a rearrangement leading to a transition from α-helices to β-sheets, which 

are not detected in the native structure of NGB33. A similar mechanism was found by Pavlidis et al. 

where an increase of the β-sheet content was observed in the structure of lipase and esterase 

interacting with carbon nanomaterials34. The strong interaction of the NGB with the MT8 as suggested 

based on the sorption experiments might thus induce such rearrangement. 

The thermal analysis of the adsorbed NGB (Figure 5.11) reveals different patterns depending on the 

sample. First, the weight losses detected in all the TGA curves confirm the different amounts of 

adsorbed proteins observed with the UV-vis analysis (see Figure 5.5). Secondly, the DTG profiles show 

different steps occurring at different temperatures originating from the combustion of the protein and 

the oxidation of the propyl groups of the phosphonic acid (see reference TGA curve of the PMT material 

in figure III.I in appendix III). A weight loss in the range 200-350oC is observed for all samples. This 

weight loss occurs at 302oC for NGB-MT8 while the other samples have two contributions in this region 

(visible by the asymmetric peak in NGB-MT17 and NGB-PMT8) with a maximum at 290oC and a 

shoulder at 302oC. In case of NGB-PMT17, both weight losses are no longer resolved, leading to one 

weight loss over this temperature range. This might confirm the differences in interactions between 

NGB and the MT surface in NGB-MT8. In addition, a second weight loss is observed for NGB-PMT8, 

NGB-MT17 and NGB-PMT17 in the range 350-500oC. According to the results shown in chapter 4 (see 

4.3.2), this second weight loss might indicate a different NGB combustion in those samples. However, 

it has to be noted that also the contribution of the propyl groups’ combustion to the weight loss in this 

range cannot be ignored. Once again, the different interaction between the protein and the surface 

might account for the different degradation pathways. 
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Fig. 5.11. TGA/DTG profile of NGB-MT8 (black line), NGB-PMT8 (red line), NGB-MT17 (yellow line) and NGB-PMT17 (green 
line) after washing and drying at 200C for 15 min. The TGA analysis was performed in air flow. 

In general, the analysis performed with FT-IR and TGA/DTG point to an effect of the pore sizes and 

surface chemistry on the rearrangement of the secondary structure of NGB after adsorption. Thus, it 

is straightforward to also expect differences in the protein activity induced by the differences in the 

protein structure and/or accessibility upon adsorption. 

5.3.4  Protein film voltammetry of NGB adsorbed on the different titania materials 

As discussed in the introduction of this thesis (see 1.1.3) and in chapter 3 (3.3.7), protein film 

voltammetry is a powerful tool to investigate the protein structure upon adsorption on a solid surface. 

The cyclic voltammograms of the four samples with adsorbed NGB are presented in Figure 5.12. 

 

Fig. 5.12. Cyclic Voltammograms of NGB-MT8 (black), NGB-MT17 (yellow), NGB-PMT8 (red) and NGB-PMT17 (green) drop 
casted graphite electrode in 0.1 M PBS buffer at pH 7 in the presence of 0.1M NaCl at a scan rate of 0.2 V/s. 

All samples shows a couple of nearly symmetric, stable redox peaks indicating a thin layer 

electrochemical behavior35. The average formal potential (
𝐸𝑎+𝐸𝑐

2
) of -0.35 V is observed for NGB-MT17 

and -0.34 V for NGB-PMT8 and NGB-PM17. These values are smaller than the formal potential of NGB 

in solution (-0.37 V)20. More positive formal potential for proteins under confinement in mesoporous 
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matrices have been previously reported36. On the other hand, a much more positive value (-0.31 V) is 

observed for NGB-MT8. All samples show stable voltammograms after 5 consecutive scans (Figure 

5.13) confirming that the NGB-TiO2 layer is stable on the electrode.  

 

 

Fig. 5.13. Cyclic voltammograms (5 consecutive scans) in PBS 0.1M NaCl 0.1M at pH 7 of NGB-MT8 (A), NGB-PMT8 (B), NGB-
MT17 (C) and NGB-PMT17 (D) at a scan rate of 0.2 V/s. 

The peak potentials are virtually independent from the scan rate (Figure 5.14) indicating a fast electron 

transfer process20.  
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Fig. 5.14. Cyclic voltammograms of NGB-MT8 (A), NGB-PMT8 (B), NGB-MT17 (C) and NGB-PMT17 (D) at 0.1, 0.2, 0.3, 0.4, 
0.5, 0.75 and 1 V/s in PBS0.1M NaCl 0.1M at pH 7. 

The peak current is proportional to the scan rate (Figure 5.15), indicating an adsorption controlled 

process. This is confirmed by the plot of the current logarithm versus the logarithm of the scan rate 

giving a linear relationship (R2= 0.999) with a slope of 1.06 ± 0.8 indicating in all samples a surface 

controlled electrochemical process35.  

   

   

Fig. 5.15. Dependence of the peak current from the scan rate for NGB-MT8 (A), NGB-PMT8 (B), NGB-MT17 (C) and NGB-
PMT17 (D) at pH 7 in PBS 0.1M NaCl 0.1M. 

Similarly to chapter 3 (see 3.3.7), the amount of deposited proteins interacting with the electrode 

surface can be calculated. From the integration of the reduction peak the value of 1.3 ± 0.4x 10-11 mol 

cm-2 for NGB-MT8, 1.8 ± 0.8 x 10-11 mol cm-2 for NGB-MT17, 3.6 ± 0.6x 10-11 mol cm-2 for NGB-PMT8 

and 2.9 ± 0.7x 10-11 mol cm-2 for NGB-PMT17 can be obtained.  
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However, it has to be noted, that the modification of TiO2 with phosphonic acid leads to a different 

surface potential of the material37. This might also influence the voltammetry of NGB in case of NGB-

PMT8 and NGB-PMT17 leading to an over/under estimation of the ET process. In addition, it has to be 

taken into account that the electrochemical response observed for NGB-MT8 might arise from a 

denaturated form of the protein (as shown in Fig. 5.9 and 5.10) and not form the intact fraction of 

NGB.  

5.3.5  Effect of different pore size and surface chemistry on the activity of NGB 

As already discussed in the introduction of this chapter, the activity of NGB is not yet fully understood, 

partially due to the unusual hexa-coordination of the heme. As shown in chapter 4 (see 4.3.3), the 

oxidation of ABTS in presence of hydrogen peroxide is a valid tool to test the peroxidase like activity 

common to many members of the globin family. However, NGB does not show peroxidase activity due 

to the hexa-coordination, preventing the formation of the ferryl form upon reaction with hydrogen 

peroxide38. This was confirmed by UV-vis analysis (Fig. 5.16) where no red shift of the Soret band was 

observed upon addition of hydrogen peroxide and no ABTS reduction was detected.  

 

 

Fig. 5.16. UV-vis absorption spectra of NGB in piperazine buffer 10 mM pH 5.5 (green) and in the same solution upon 
addition of H2O2 (orange) and after addition of ABTS (blue). 

Surprisingly, peroxidase like activity towards the ABTS substrate was observed for all samples with 

adsorbed NGB (Figure 5.17).  
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Fig. 5.17. Plot of Kcat for different samples of MT with adsorbed NGB. The error bars were calculated on a set of three 
measurements. 

 As stated above, the hexa-coordination of the heme prevents the formation of the ferryl form of NGB 

required to oxidize the ABTS into its radical cation. However, a strong correlation between the 

presence of the sulfur bridge (involving Cys 46 and Cys 55) and the coordination of the heme iron has 

been suggested 5,6,39,40. In particular, the cleavage of the sulfur bridge is proposed to lead to the penta-

coordinated form of NGB and, thus, to the possibility to form the ferryl form in presence of hydrogen 

peroxide. Therefore, the catalytic activity observed for the proteins after incorporation in MT implies 

the reduction of the sulfur bridge and the penta-coordination of the heme iron. Preliminary EPR 

measurements (data not shown) performed on the different titania materials with incorporated 

samples evidence the formation of the HS form of the NGB. The HS compound is responsible for the 

peroxidase activity in globins, e.g. hhMb.  

Although this change in coordination can cause the catalytic activity of NGB in all the titania materials, 

strong differences are observed between the different samples. These differences can however not be 

correlated directly to changes in the secondary structure observed in FT-IR and TGA nor to the sorption 

capacity. However, it is clear that the surface hydrophilicity plays an important role. 

As explained in chapter 4 (4.3.3), the catalytic constant was calculated per mass of adsorbed proteins, 

thus the different values observed are not related to a different amount of adsorbed proteins. In 

contrast to the trend observed for hhMb (see 4.3.3 ), the activity of NGB seems to be only slightly 

affected by the protein confinement in pores with different size. In fact, the very similar turnover 

number Kcat of NGB-MT8 (0.9 x 10-4 s-1) and NGB-MT17 (0.7 x 10-4 s-1) suggest that the protein activity 

upon immobilization is not pore size dependent. It is tempting to explain the low activity of NGB-MT8 

(when compared with hhMb-MT8) as a consequence of the extended structural rearrangement as 

suggested by the differences in sorption, FT-IR and TGA analysis. However, the somewhat preserved 

hexa-coordination of many proteins adsorbed in MT8 might also account for the low catalytic activity 

0,E+00

1,E-04

2,E-04

3,E-04

4,E-04

5,E-04

NGB-MT8 NGB-PMT8 NGB-MT17 NGB-PMT17

K
ca

t
(µ

m
o

l A
B

TS
+ /

µ
m

o
l N

G
B

 x
 s

)



Chapter 5 
The case of human neuroglobin and its peculiar response to different pore sizes and surface chemistry of mesoporous TiO2 

 

 

125 
 

and further analysis are required to fully understand the difference in activity between NGB-MT8 and 

NGB-MT17.  

Concerning the effect of the different tail functional groups, a strong impact of the titania surface 

chemistry on the catalytic activity of NGB is observed. As discussed in chapter 1 (see 1.2.1.3), the 

hydrophobic substrate like NGB-PMT17 and NGB-PMT8 are normally reported to reduce the catalytic 

activity of enzymes due to their strong denaturation. However, the effect of the surface chemistry on 

the protein activity is strictly dependent on the particular protein considered and the tail groups 

presented on the surface41. In fact, increased activity for proteins adsorbed on hydrophobic surfaces 

has been reported before34. Although FT-IR and TGA analysis (see Figure 5.8, 5.9 and 5.10) suggest that 

no substantial structural rearrangements occur in NGB-PMT8 and NGB-PMT17, there seems to be a 

subtle influence causing the heme to become active. Due to the hydrophobic nature of the surface, 

the weaker interactions between the protein and the titania surface and/or differences in hydration 

are expected to be responsible. In addition, it has to be noted that this protein presents a small fraction 

of dimers (≈10%)4. The dimers fraction of NGB is reported to increase upon addition of H2O2
42. The 

beneficial effect of the adsorption on hydrophobic surfaces leading to a dispersed monomeric form, 

cleaving the dimers, has been presented43,44 as a possible explanation for the increased activity of 

lipase when adsorbing on hydrophobic substartes45. 

The scenario of a random hyperactivation of enzymes after adsorption on specified substrate has been 

proposed before43. In particular, the higher activity observed for NGB adsorbed on propyl modified 

titania might arise from a very favorable molecular orientation in NGB-PMT8 and NGB-PMT1746. In 

case of cytochrome c, it has been showed that, depending on the surface chemistry and thus on the 

interactions protein-surface, the protein can assume an optimum geometry reducing the distance 

between the electrode and the heme and therefore increasing the ET rate19,47. It is interesting to note 

that the values calculated for the catalytic constant in the ABTS assay follow the same trend observed 

for the concentration of active molecules on the electrode surface as derived from the cyclic 

voltammetry. 

However, additional experiments and an in-depth analysis have to be performed in order to confirm 

the activity of human neuroglobin. 

5.4  Conclusion 

Several aspects concerning the adsorption of NGB in MT were evaluated in this chapter. The choice of 

the buffer greatly influenced the protein adsorption as well as the stability of NGB in solution. The 

protein shows a good stability in solution at pH 7 regardless of the buffer. A much lower NGB stability 
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is observed at pH 5.5, probably due to the effects of the ionic strength and the protein aggregation at 

their IP. However, the stability at pH 5.5 is strongly dependent on the buffer, suggesting a predominant 

effect of the ionic strength on the protein stability together with differences induced by the type of 

buffer interactions. Piperazine and HEPES were identified as the best choices to preserve the stability 

of NGB. The protein adsorption in MT8 and MT17 in the two buffers at pH 5.5 and 7 reveals the strong 

effect of the pH on the protein loading. In fact, no NGB is adsorbed at pH 7 regardless of the buffer. 

This is probably due to the electrostatic repulsion between the proteins and the titania surface. 

In light of these results, piperazine buffer solution at pH 5.5 was chosen to study the effect of pore size 

and surface chemistry of MT on the adsorption, secondary structure and activity of NGB. 

The peculiar impact of the pore size on the amount of adsorbed NGB in contrast to hhMb is likely due 

to strong interactions between NGB and the titania surface. This is supported by the improved 

adsorption when using propyl modified MT. The use of mutants suggest that the strong interactions, 

preventing the diffusion of the proteins inside the pores, might arise from the presence of the cysteine 

residues exposed on the protein surface, in particular Cys 46. The FT-IR and TGA analysis evidence 

differences in the NGB structure upon adsorption depending on both the pore size and the surface 

chemistry. The magnitude of the structural rearrangement is higher for the smaller hydrophilic pores 

(MT8).  

The differences in the secondary structure rearrangements and/or hydration effects induced by the 

pore size and surface chemistry reflect in an unexpected peroxidase activity of NGB upon adsorption 

in the titania materials. The reported results on the protein activity and the preliminary EPR 

measurements suggest that the activity is due to the cleavage of the sulfur bridge and the formation 

of a HS form of NGB after interaction with the titania support. In addition, a clear influence of the 

surface chemistry on the protein activity is observed. In particular, the propyl modified samples (PMT8 

and PMT17) show much higher activities when compared with the unmodified samples (MT8 and 

MT17). This might be due to a more favorable orientation of NGB in the modified samples and/or a 

reorganization of the hydration water. The protein film voltammetry seems to confirm this assumption 

showing higher amount of electrochemically active molecules in NGB-PMT8 and NGB-PMT17.  

In conclusion, this chapter clearly show the strong impact of the experimental conditions and the 

properties of the solid substrate on the structure and the activity of NGB. Although more analyses are 

required in order to understand the correlation between the structure rearrangements (induced by 

the adsorption) and the activity of this protein in catalysis and electrochemistry, it is clear that special 

attention has to be given to the parameters chosen for the adsorption of NGB. In addition, the complex 



Chapter 5 
The case of human neuroglobin and its peculiar response to different pore sizes and surface chemistry of mesoporous TiO2 

 

 

127 
 

structural changes following the NGB adsorption might represent a useful tool to understand the 

biological function of this protein and the uncertain relation between its structure and its activity. 
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General Summary 

The development of electrochemical biosensors represents one of the most active fields in chemical 

research. In the last decades mesoporous materials have emerged as a viable substrate for protein-

adsorbed devices. In particular, mesoporous titanium dioxide is one of the most promising substrates 

due its excellent electrical properties and biocompatibility. However, the use of this material is strongly 

limited by the difficulties in obtaining an ordered mesoporous structure.  

In addition, the adsorption of proteins on a solid surface is strongly dependent on the textural and 

physico-chemical properties of the substrate. Furthermore, also the experimental parameters, e.g. 

buffer and pH, might have a great influence on the protein loading and activity. 

The aim of this PhD is exploring the possibility to adsorb globins in mesoporous titanium dioxide for 

the future possible development of protein based (electro)sensors.   

The starting point of this PhD project was the synthesis of MT with different pore size. The use of 

inorganic acids during the sol-gel soft templated synthesis of MT was revealed as an easy route to tune 

the pore size without altering the textural properties of MT. In particular, with the acid modified 

approach two titania materials, MT8 and MT17, with an average pore diameter of 8 and 17 nm were 

obtained respectively. This was a fundamental step to study the effect of the confinement in different 

pore sizes on protein structure and activity.      

However, in order to fully characterize the effect of confinement, the optimal experimental conditions 

for protein adsorption have to be found. For this reason, HEPES, Tris and PBS buffer were compared 

for their effect on hhMb stability in solution and adsorption on commercial Millennium PC500. The 

study clearly reveals a divergent effect of the three buffers on hhMb stability in solution (preserved 

when using PBS and Tris) and adsorption on Millennium (maximum and faster in HEPES solution). This, 

combined with the effect of the buffer on the hhMb structure and electrochemical activity upon 

adsorption, points to the HEPES buffer as the best choice for hhMb adsorption on MT. 

Continuing on these results, hhMb was adsorbed in MT8 and MT17 to study the effect of confinement 

and hydration in different pore sizes. As it was expected, the sorption study shows faster kinetic and 

higher uptake for hhMb adsorbing in MT17. However, the detailed analysis of the protein secondary 

structure reveals a strong effect of both hydration and pore size on the hhMb structural 

rearrangements upon adsorption in MT. In addition, the catalytic assay performed with ABTS in 

presence of H2O2 shows effects of drying time and confinement on the catalytic activity of hhMb. The 
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results clearly show the beneficial effect of confinement in smaller pores and drying for shorter times 

with hhMb-MT8_15 having a preserved secondary structure and the highest peroxidase like activity. 

In order to investigate the effect of protein properties, the adsorption of NGB on MT was studied. In 

addition, NGB adsorption was tested to characterize the effect of MT surface chemistry and pore size 

on the protein adsorption and structure. The sorption experiments performed in different buffer 

solution show strong dependence of NGB stability on both the pH and buffer, and thus on the ionic 

strength of the solution. According to these results and considering the IP of NGB (pH 5.5), piperazine 

and HEPES buffer were selected to work at pH 5.5 and 7 respectively. As for hhMb, MT17 and MT8 

were used to study the effect of confinement in different pore sizes. Surprisingly, no proteins were 

adsorbed on both samples when working at pH 7, suggesting a strong effect of the surface charge on 

NGB adsorption. On the contrary, NGB adsorbs on MT8 and MT17 when working at pH 5.5, although 

with very different uptakes, suggesting a strong interaction between NGB and MT surface hampering 

the diffusion in the smaller pores. This was confirmed by using propyl modified PMT8 and PMT17, 

showing improved adsorption capacity, with the smaller pores having the most beneficial effect of the 

surface modification. Experiments performed with mutated forms of NGB point to the possible 

interaction between the residues Cys 46 and the MT surface, resulting in strong interaction between 

NGB and MT. The analysis of the secondary structure of NGB upon adsorption reveals the preserved 

structure for NGB-PMT8, NGB-PMT17 and NGB-MT17, suggesting that no major structural 

rearrangements due to the different surface chemistry occur. On the contrary, the profound 

differences in the structure of NGB-MT8 point out significant denaturation in NGB adsorbed in smaller 

pore. Moreover, the ABTS catalytic assay and the protein voltammetry show a strong impact of the 

surface chemistry on the protein activity for all (P)MT materials. However, as NGB doesn`t show 

peroxidase activity in solution due to the hexa-coordination of the heme, the ABTS assay results 

indicate the presence of a different conformation, or at least a different heme configuration, for NGB 

adsorbed in (P)MT when compared to the native form. 

Overall, the research performed in this PhD shows that MT can be successfully used as substrate for 

globin adsorption. In particular, together with a good choice of buffer, the possibility of tuning the pore 

size and the surface chemistry of MT might represent a valid strategy to control the globin adsorption 

and suppress/enhance the protein activity. However, it has to be noted that the entire setting of the 

experimental parameters has to be carefully modulated in function of the proteins used. In fact, as 

shown in the table below, the impact of the buffer depends on the particular globin studied, as the 

best condition for hhMb and NGB adsorption differ from each other. 
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hhMb pH 7 

 HEPES Tris PBS 

Stability in solution a - + + + + 

Adsorption efficiency a + + + - - 

Structural preservation b + + - 

Activity c + + + - - 

 

NGB pH 7 

 HEPES Tris PBS Piperazine 

Stability in solution a + + + + + + + 

Adsorption efficiency a - - - - - - - - - - - - 

 

NGB pH 5.5 

 HEPES Piperazine MES Methyl Piperazine Histidine 

Stability in solution a + +  - - - - - - - 

Adsorption efficiency a +   +  +  + - - 

Structural preservation b + + Not determined Not determined Not determined 

Activity c,d + + + + Not determined Not determined Not determined 

a As determined by UV-vis analysis. For the stability in solution, the + and – indicates the percentage of proteins in solution 
after shaking for 7 days at room temperature: ++ (≥ 98%), + (98% > x ≥ 90%), - (90% > x ≥ 80%), - - - (<50%). For the 
adsorption efficiency, the + and – indicate the percentage of adsorbed proteins (considering 1 mg of proteins in solution) 
after shaking at room temperature for 6 h: ++ (≥ 98%), + (98% > x ≥ 50%), - - (40% > x ≥ 20%), - - - (<20%). 

b As determined by FT IR, TGA and EPR spectroscopy. 

 c As determined by protein film voltammetry. 

d As determined by ABTS assay. 

It has to be noted that different buffers have to be used depending on the application. Even more, he 

results shown in this PhD work point out divergent effects on the protein stability in solution compared 

to the protein adsorption on MT and protein structure/activity upon adsorption.  

In conclusion, in this thesis several aspects concerning the adsorption of globins on MT and their 

activity and stability upon adsorption were studied in-depth. The optimal conditions for the adsorption 

of hhMb and NGB on MT were identified. In addition, the in-depth study of the effect of pore size and 

surface chemistry on the sorption process, the protein structure and activity revealed the ability to 

control the amount of adsorbed proteins and unraveled new insight on the activity of NGB.
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Algemene Samenvatting 

De ontwikkeling van elektrochemische biosensoren is een zeer actief domein in chemisch onderzoek. 

In de laatste decennia worden mesoporeuze materialen meer en meer aanzien als waardevol substraat 

voor eiwit-geadsorbeerde toepassingen. Specifiek is mesoporeuze titaniumdioxide één van de 

veelbelovende substraten vanwege de uitstekende elektrische eigenschappen en biocompatibiliteit. 

Het gebruik van dit materiaal wordt echter sterk beperkt door de moeilijkheden bij het vormen van 

een geordende mesoporeuze structuren. 

Bovendien is de adsorptie van eiwitten op een vast oppervlak sterk afhankelijk van de  texturele en 

fysisch-chemische eigenschappen van het substraat. Verder kunnen ook de experimentele 

parameters, b.v. buffer en pH, een grote invloed hebben op het eiwit en het adsorptieproces. 

Het doel van dit doctoraat is het onderzoeken van de mogelijkheid om globinen te adsorberen in 

mesoporeuze titaniumdioxide (MT) met het oog op de toekomstige potentiële ontwikkeling van op 

eiwit gebaseerde (elektro)sensoren. 

Het uitgangspunt van dit doctoraatsproject was de synthese van MT met verschillende poriegrootte. 

Het gebruik van anorganische zuren tijdens de sol-gel soft-templated synthese of MT werd aangetoond 

als een gemakkelijke manier om de poriegrootte aan te passen zonder de textuureigenschappen van 

MT te veranderen. In het bijzonder werden titaanoxidematerialen, MT8 en MT17, met gemiddelde 

poriediameter van 8 en 17 nm, verkregen. Dit was een fundamentele stap om het effect van de 

confinement  (ruimte restrictie) in verschillende poriegroottes op de eiwitstructuur en activiteit na te 

gaan. 

Om echter het effect van confinement volledig te karakteriseren, moeten de optimale experimentele 

omstandigheden voor eiwitadsorptie worden gevonden. Om deze reden werden HEPES, Tris en PBS-

buffer vergeleken op basis van hun effect op de hhMb-stabiliteit in oplossing en adsorptie op 

commercieel mesoporeus titania (Millennium PC500). De studie onthult duidelijk een divergerend 

effect van de drie buffers op de hhMb-stabiliteit in oplossing (bewaard bij gebruik van PBS en Tris) en 

adsorptie op Millennium (maximum en sneller in HEPES-oplossing). Dit, gecombineerd met het effect 

van de buffer op de hhMb-structuur en elektrochemische activiteit na adsorptie, wijst erop dat HEPES-

buffer de beste keuze is voor hhMb-adsorptie op MT. 

Verder gaand op deze resultaten werd hhMb geadsorbeerd in MT8 en MT17 om het effect van 

confinement en hydratatie in verschillende poriëngrootten te bestuderen. Zoals verwacht, vertoonde 

de sorptie-studie een snellere kinetiek en hogere opname voor hhMb-adsorptie in MT17. De 

gedetailleerde analyse van de secundaire eiwitstructuur onthult echter een sterk effect van zowel 

hydratatie als poriegrootte op de structurele herschikkingen van hhMb na adsorptie in MT. Bovendien 

vertoont de katalytische assay uitgevoerd met ABTS in aanwezigheid van H202 een effect van droogtijd 
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en confinement op de katalytische activiteit van hhMb. De resultaten tonen duidelijk het gunstige 

effect van confinement in kleinere poriën en korte droogtijden bij hhMb-MT8_15 met een 

geconserveerde secundaire structuur en de hoogste peroxidase-achtige activiteit. 

Om het effect van eiwiteigenschappen te onderzoeken, werd de adsorptie van NGB op MT bestudeerd. 

Bovendien werd NGB-adsorptie getest om het effect van oppervlakchemie en poriegrootte van MT op 

de eiwitadsorptie en -structuur te karakteriseren. De sorptie-experimenten, uitgevoerd in 

verschillende bufferoplossingen, tonen sterke afhankelijkheid van de NGB-stabiliteit aan zowel de pH 

als de buffer aan, en dus aan de ionsterkte van de oplossing. Volgens deze resultaten en gelet op het 

IP van NGB (pH 5,5), werden piperazine en HEPES-buffer geselecteerd om respectievelijk bij pH 5,5 en 

7 te werken. Wat hhMb betreft, werden MT17 en MT8 gebruikt om het effect van confinement in 

verschillende poriegroottes te bestuderen. Verrassend genoeg werden er geen eiwitten geadsorbeerd 

op beide monsters bij het werken bij pH 7, hetgeen een sterk effect suggereert van de oppervlaklading 

op NGB-adsorptie. Integendeel, NGB adsorbeert op MT8 en MT17 bij pH 5,5, hoewel met zeer 

verschillende geadsorbeerde hoeveelheden, wat een sterke interactie tussen NGB en het MT 

oppervlak suggereert welke de diffusie in de kleinere poriën belemmert. Dit werd bevestigd door het 

gebruik van de met propyl gemodificeerde PMT8 en PMT17 die verbeterde adsorptiecapaciteit 

vertoonden, waarbij de kleinere poriën het gunstigste effect van de oppervlakmodificatie vertoonden. 

Experimenten uitgevoerd met gemuteerde vormen van NGB wijzen op de mogelijke sterke interactie 

tussen de residuen Cys 46 en het MT-oppervlak. De analyse van de secundaire structuur van NGB na 

adsorptie onthult een geconserveerde structuur voor NGB-PMT8, NGB-PMT17 en NGB-MT17, wat 

suggereert dat er geen grote structurele herschikkingen zijn vanwege de verschillen in 

oppervlakchemie. Daarentegen zijn er wel belangrijke verschillen in de structuur van NGB-MT8, welke 

wijzen op significante denaturatie van NGB geadsorbeerd in kleinere porie. Daarnaast vertonen de 

ABTS katalytische testen en de eiwit voltammetrie een sterke invloed van de oppervlakchemie op de 

eiwitactiviteit voor alle materialen. Omdat NGB echter geen peroxidase-activiteit in oplossing vertoont 

als gevolg van de hexa-coördinatie van de heem, geeft de ABTS-assay een andere conformatie aan, of 

ten minste een andere heemconfiguratie, voor NGB geadsorbeerd in (P)MT in vergelijking met de 

natieve vorm. 

 

Over het algemeen laat het onderzoek in dit doctoraat zien dat MT met succes kan worden gebruikt 

als substraat voor globine-adsorptie.  Het geeft de mogelijkheid om de poriegrootte en de 

oppervlakchemie van MT aan te passen, wat een goede strategie is, om samen met de keuze van een 

geschikte buffer, de globine-adsorptie te reguleren en de eiwitactiviteit te onderdrukken / versterken. 

Er moet echter worden opgemerkt dat de gehele instelling van de experimentele parameters 

zorgvuldig moet worden gemoduleerd in functie van de gebruikte eiwitten. In feite is de impact van de 
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buffer, zoals weergegeven in de onderstaande tabel, afhankelijk van het bestudeerde globine, zoals 

duidelijk blijkt voor hhMb en NGB-adsorptie. 

hhMb pH 7 

 HEPES Tris PBS 

Stabiliteit in oplossinga - + + + + 

Adsorptie efficiëntiea + + + - - 

Structureel behoudb + + - 

Activiteitc + + + - - 

 

NGB pH 7 

 HEPES Tris PBS Piperazine 

Stabiliteit in oplossinga + + + + + + + 

Adsorptie efficiëntiea - - - - - - - - - - - - 

 

NGB pH 5.5 

 HEPES Piperazine MES Methyl Piperazine Histidine 

Stabiliteit in oplossinga + +  - - - - - - - 

Adsorptie efficiëntiea  +  +  +  + - - 

Structureel behoudb + + Niet bepaald Niet bepaald Niet bepaald 

Activiteitc,d + + + + Niet bepaald Niet bepaald Niet bepaald 

aBepaald door UV-vis analyse. Voor de stabiliteit in de oplossing geven + en – het percentage eiwitten in oplossing na 
schudden gedurende 7 dagen bij kamertemperatuur: ++ (≥ 98%), + (98% > x ≥ 90%), - (90% > x ≥ 80%), - - - (<50%). Voor de 
adsorptie-efficiëntie geven de + en – het percentage geadsorbeerde eiwitten (1 mg eiwitten in oplossing) na schudden bij 
kamertemperatuur gedurende 6 uur: ++ (≥ 98%), + (98% > x ≥ 50%), - - (40% > x ≥ 20%), - - - (<20%). 

 b Bepaald door FT IT, TGA en EPR spectroscopie. 

c Bepaald door eiwit laag voltammetrie. 

d Bepaald door ABTS assay. 

Er moet worden opgemerkt dat afhankelijk van de toepassing verschillende buffers moeten worden 

gebruikt. In feite toonden de resultaten in dit doctoraatswerk een divergent effect aan op de 

eiwitstabiliteit in oplossing en op de eiwitadsorptie op MT en eiwitstructuur / activiteit na adsorptie. 

Concluderend werden, in dit proefschrift, verschillende aspecten met betrekking tot de adsorptie van 

globine aan MT en hun activiteit en stabiliteit na adsorptie diepgaand bestudeerd. De optimale 

omstandigheden voor de adsorptie van hhMb en NGB op MT werden geïdentificeerd. Daarnaast 

toonde de diepgaande studie van het effect van poriegrootte en oppervlakchemie op het 
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sorptieproces, de eiwitstructuur en activiteit aan hoe de hoeveelheid geadsorbeerde eiwitten 

gereguleerd kunnen worden en werden nieuwe inzichten bekomen over de activiteit van NGB. 
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Future Perspectives 

In this thesis, several issues concerning the optimization of the adsorption of proteins on MT have been 

studied. However, in case of NGB, many problems still have to be solved and many questions arising 

from the use of this proteins and its mutated forms have to be addressed. In chapter 5, I have shown 

how the incorporation of NGB in MT with different pore sizes and surface chemistry results in new 

capabilities (peroxidase like activity) and seems to have a strong impact on the electrochemical 

behavior of this protein (CV). These effects suggest a strong relation between the structural 

modifications of the protein upon adsorption on different surfaces and confinement in different pore 

size and its activity. Due to the already proven impact of the sulfur bridge formation between Cys 46 

and 55 on the heme configuration (in particular on the heme iron coordination) in literature, the use 

of mutated forms of NGB could be of great help in investigating the properties of NGB. In chapter 5, 

PMT and MT with 8 and 17 nm pores were used as substrates for the adsorption of mutated forms of 

NGB, allowing a partial interpretation of the sorption behavior of the wild type NGB. In addition, 

preliminary stability test in different buffers and pH and the ABTS assays have been performed using 

samples with the adsorbed mutants (not reported in this PhD). However, due to the peculiar response 

of each mutant to different experimental conditions and substrate properties, a clear interpretation 

of the experimental results is still lacking. Therefore, EPR measurements must be performed to 

understand the impact of the different factors (e.g. surface chemistry, pore size, pH, buffer) on the 

heme of NGB (wild type and mutants) and thus on the activity. In addition, an in-depth electrochemical 

characterization of the different forms of NGB could give insights in the possible effects of the 

molecular orientation on the catalytic activity and electrochemical behavior of these proteins. Still, a 

full understanding of the NGB behavior would require the use of different substrates, e.g. silica, to 

highlight the impact of surface chemistry and pore size. As already stated, this study represent the first 

attempt to study the incorporation of NGB on a mesoporous material for which no information are 

available in literature. The journey has just begun….. 
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“If you get stuck,  

draw with a different pen.  

Change your tools; 

 it may free your thinking” 

Paul Arden 
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Preface 

The activity of a protein is closely related to its secondary structure and to the folding of the different 

segments in a 3-D conformation. Detailed structural information can be obtained by high-resolution 

technique, e.g. X-ray crystallography and high-resolution NMR, or molecular modelling. However, all 

these techniques can only be applied to proteins in solution (molecular modelling) or protein crystals 

(X-ray crystallography) or they require protein labelling (NMR) and, thus, cannot be used for the 

structural determination of proteins adsorbed on a mesoporous material. In this case, a direct 

determination of the protein conformation cannot be obtained. Nevertheless, features of the 

adsorbed protein structure are accessible by using calorimetric technique (derivative scanning 

calorimetry, DSC), spectroscopy methods such as circular dichroism (CD) and fluorescence microscopy. 

Unfortunately, the substrate used in this PhD project (TiO2) is not suitable for analysis using those 

approaches. In fact, TiO2 is not soluble enough to allow the use of DSC and its fluorescence covers the 

signal of the amino acids used in fluorescence microscopy. In addition, the high pressure required to 

create pellets for CD analysis leads to changes in the protein structure not related with the adsorption 

process. As a consequence, in this thesis the structural analysis of the adsorbed hhMb and NGB was 

performed combining different spectroscopies, calorimetric methods and electrochemical analysis.  

For this reason, after a brief introduction, a detailed explanation of the structural features that can be 

investigated with each technique is given. 
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I.a Ultra Violet and visible (UV-vis) spectroscopy 

The ultra violet and visible (UV-vis) spectroscopy is an absorption spectroscopy in the UV (190-380 nm) 

and visible (380-750 nm) range of the light spectrum. The photon energies in the UV-vis region are 

sufficiently high to promote electronic transitions (promotion of electrons from the ground state to a 

high energy state, see Figure I.I) in the irradiated sample.  

 

Fig. I.I. Energy level diagram with electronic transition observable (green) and non-observable (red) upon irradiation in the 
UV-vis range. 

However, due to the high energy of the σ-σ*, σ-π* and n-σ* transitions, only the n-π* and π-π* occur 

in the UV-vis region. When the sample molecules are irradiated with energy matching the possible 

electronic transitions, part of the energy is absorbed as the electron is promoted to the higher energy 

level. Therefore, molecules having π-electrons and non-bonding electrons (n) can absorb light in the 

UV and visible range. A spectrophotometer records the wavelength at which the transition occurs 

together with the degree of absorption, the absorbance (A). The absorbance is related to the 

concentration of the absorbing molecules and to the properties of the sample by the Lambert-Beer 

law: 

A(λ) =  ε(λ)cl 

where ε is the molar extinction coefficient and it is characteristic of the sample, c is the sample molarity 

and l is the length of the light path through the sample in cm. It has to be noted that the value of ε, 

and thus of absorbance, depends on the wavelength λ of the irradiation source. 

I.a.i UV-vis spectroscopy applied to globin analysis 

Globins absorb light in both the UV and visible range due to the conjugated bonds of the amino acids 

structure and to the heme respectively. In particular, the visible absorption spectrum provides 
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important information about the coordination and the ligands of the heme-iron. The visible absorption 

spectra of porphyrin systems have been explained by Gouterman with the 4-orbital model1. According 

to this model, the absorption in the visible range arises from transitions between 2 HOMOs and 2 

LUMOs, which, in a porphyrin system, are π-π* transitions. The orbital mixing splits the excited state 

in two different levels and, thus, 4 electronic transitions are observable (Figure I.II). 

 

Fig. I.II. Energy level diagram of a porphyrin ring according to the 4-orbital model. 

The transitions between the ground state S0 and the higher energy state S2 generate the absorption 

band in the near UV region (380-500 nm), the so-called Soret band (or B band). The transitions between 

the S0 and S1 states are responsible for 4 absorption bands (the Q bands) in the visible region (500-700 

nm). However, in the heme the porphyrin nitrogens coordinate the central iron atom, increasing the 

symmetry. As a consequence, only two Q bands (α and β) are observed in the visible region of globin 

absorption spectra2 (Figure I.III). In penta-coordinated globins, the broadening and the partial 

overlapping of the Q bands is due to the presence of different iron conformational population 

(octahedral and pyramidal)3.  

 

Fig. I.III. UV-vis absorption spectrum of hhMb in HEPES buffer solution at pH 7. The band in the UV region is due to the 
aromatic amino acids (mainly tryptophan and tyrosine)4. In the visible region the Soret band (408 nm) is visible and the less 

intense and partially overlapped Q bands in the range 500-700 nm.  

In the study of globins, the analysis of the Soret and Q bands provides information about the 

coordination, the oxidation state and the ligands of the heme-iron. In fact, the sixth ligand of the heme 
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iron determines the high or low-spin status of the complex and the symmetry of the iron complex. The 

presence of the sixth ligand forces the iron inside the heme ring, and thus leads to an higher symmetry. 

As a consequence, a red shift of the Soret band (decrease of energy required for the electronic 

transition) is observed. In case of the high-spin Fe (III), the Fe (III) is too big to fit inside the ring and a 

blue shift (due to the lower symmetry) is observed in the presence of weak-field ligands, e.g. OH; on 

the contrary, a red shift is expected in presence of strong-field ligands, e.g. CO.2 

In this thesis, the UV-vis analysis of hhMb and NGB was performed to study the adsorption of the two 

proteins in MT by monitoring their concentration in solution. The UV-vis spectra were recorded using 

a Thermo Electron Evolution 500 UV-vis spectrophotometer with 1 mL cuvette. Pure buffer solution 

was set as background. 

I.a.ii UV-vis Diffuse Reflectance spectroscopy (UV-vis DR) 

When studying solid samples, a different setup has to be used as powders are too opaque to transmit 

the light trough. In the diffuse reflectance spectroscopy, the light reflected from the samples is 

detected.  

In this work, the UV-vis DR analysis was used to study the heme-iron oxidation state upon 

incorporation in MT. The measurements were performed using a Thermo Electron Evolution 500 UV-

vis spectrophotometer equipped with a Thermo Electron RSA-UC40 Diffuse Reflectance cell. The 

average of 3 scanning cycles was taken with a scanning speed of 120 nm/min and a bandwidth of 4 

nm. BaSO4 was used as a reference. The samples were diluted with KBr (2% w/w) and pure KBr was set 

as background. 

I.b Electron Paramagnetic Resonance (EPR) spectroscopy5 

Electron paramagnetic spectroscopy (EPR) is a remarkably useful form of spectroscopy used to study 

atoms or molecule with unpaired electrons. EPR studies the behavior of the electron spins in a 

magnetic field, similarly to the study of the nuclear spins in a magnetic field performed by nuclear 

paramagnetic resonance (NMR).  

When a magnetic field is applied, the two energy levels associated with the electron spin of an 

unpaired electron (normally degenerated) assume different energies as the electron spin can be only 

parallel or anti parallel with the magnetic field vector. The splitting between the two energy levels is 

called the electron Zeeman interaction. When an electromagnetic radiation matching the energy gap 

between the two levels is applied to the system, a transition between the two spin states may occur 

(Figure I.IV). Therefore, the transition is observed as the absorption of a small fraction of the 

microwave intensity (continuous wave EPR, CW-EPR) 
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Fig. I.IV. Energy level diagram for the transition between the two spin states of a single unpaired electron in a magnetic field 
and the corresponding EPR signal. 

The energy gap between the two spin states can be expressed as: 

 𝛥𝐸 = 𝑔𝛽𝑒𝐵0 

where B is the magnetic field, βe is the Bohr magneton (9.27x10-24 J T-1) and g factor is a constant of 

proportionality, whose value is determined by the electronic structure of the sample (for a free 

electron in vacuum g = 2.0023). 

In addition, the unpaired electron experiences a small local magnetic field produced by the nearby 

magnetic nuclei. As a consequence, more energy levels become available for the electron spin (Figure 

I.V). This interactions is called hyperfine (HF) interaction and it is the most important source of 

information in EPR spectroscopy. In fact, it provides information about the direct magnetic 

environment of the spin.  

 

Fig. I.V. Energy level diagram for an unpaired electron (S = ½) in interaction with a proton (l = 1/2). The allowed EPR 
transitions (|Δms|= 1 and (|Δml|= 0) are indicated with arrows. 

For paramagnetic molecules in non-viscous solution g and the hyperfine values are scalar, in solids 

their true tensorial nature becomes apparent. 
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I.b.i EPR spectroscopy applied to globin analysis6 

In the study of globins, EPR can provide a clear picture of the local geometry and electronic structure 

of the heme-iron (the paramagnetic center). The heme-iron exists in ferrous (Fe+2), ferric (Fe+3) and 

ferryl (Fe+4) forms but only the ferric heme-iron is paramagnetic ([Ar] 3d5) in low-spin complexes. As a 

consequence, only the ferric heme-iron can be directly studied by EPR spectroscopy at low microwave 

frequency, while the ferrous and ferryl forms (paramagnetic only in high-spin complexes) can be 

detected only at high microwave frequency. Therefore, the ferrous heme-iron is normally studied via 

complexation with NO (one unpaired electrons and, thus paramagnetic at low microwave frequency). 

The spin state of the ferric heme-iron varies from low spin (LS, S= +1/2) to high-spin (HS, S= +3/2 and 

5/2). The shift between the two states is governed by the strength of the distal ligands. Strong distant 

ligands, e.g. distal histidine, induce the LS state, whereby weak ligands, such as exogenous water, 

promote the HS form. In addition, the transition between the HS and LS form is sensible to the pH as 

H3O+ promotes the LS form (low pH) and OH- induces the HS form (high pH).  

In this thesis, the CW-EPR spectroscopy was used to evaluate the effect of confinement, surface 

chemistry and hydration on the iron-heme configuration of ferric hhMb and NGB. The CW-EPR 

experiments were carried out in collaboration with the department of Physics of the University of 

Antwerp (Bert Cuypers, Zainab Hafideddine and Prof. Sabine Van Doorslaer) 

The CW-EPR measurements were performed on a Bruker ESP300E spectrometer (microwave 

frequency ~9.45GHz) equipped with a gas-flow cryogenic system (Oxford Inc.), allowing for operation 

from room temperature down to 2.5K. The magnetic field was measured with a Bruker ER035M NMR 

Gauss meter. During the experiments, a vacuum pump was attached to the EPR tube in order to 

remove paramagnetic oxygen from the sample. The spectra of heme proteins are typically measured 

with a microwave power of 0.5mW, a modulation amplitude of 0.5mT, and a modulation frequency of 

100 kHz at a temperature of 10K. Simulation of the spectra was performed using Easyspin7, a toolbox 

for MATLAB (Mathworks, Natick, Massachusetts, USA).   

I.c Infrared Spectroscopy (IR) 

Infrared spectroscopy is an absorption spectroscopy involving the interaction of IR light (2500-25000 

nm) with matter. Photon energies associated with the IR radiation are not large enough to excite 

electrons, however, they might induce vibrational excitation of covalently bounded atoms and groups. 

Absorption of IR radiation occurs when it generates a change in the electric dipole moment of a 

molecule. Vibrations leading to changes in the electric dipole can involve either a change in the bond 

length (stretching) or in the bond angle (bending). Bonds can stretch in-phase (symmetric stretch) or 
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out-of-phase (asymmetric stretching) (Figure I.VI). Several bending vibrations can be observed in 

simple molecules. However, in the IR analysis of complex molecules only the in-plane and out-of-plane 

bending vibrations are of importance.  

 

Fig.I.VI. Stretching and bending vibrations.  

I.c.i Fourier-Transform IR spectroscopy (FT-IR) 

Fourier-Transform IR (FT-IR) spectroscopy was developed to increase the resolution and the speed of 

the scanning process. In a FT-IR spectrometer, the light beam passes through an interferometer where 

a beam splitter sends the light in two different directions at right angle. One beam is reflected on a 

stationary mirror, the other on a moving mirror. Both beams are reflected back to the beam splitter 

where they recombine again. The difference in path length creates constructive and destructive 

interferences. The resulting signal is called interferogram and it contains all the IR frequencies 

produced form the source. This means that the entire IR spectrum is measured at the same time (high 

speed) and all the IR radiation reaches the sample (high resolution). However, the interferogram 

cannot be interpreted directly as it gives the intensity in function of time. The Fourier transformation 

converts the time domain in a frequency domain, allowing interpretation of the IR spectrum (Figure 

I.VII). For simplicity reason, the frequency (ν) is measured in wavenumber (the number of wave cycles 

in one centimeter) instead of Hertz (the number of wave cycles in 3x1010 cm).  

              

Fig. I.VII. Interferogram (A) and FT-IR spectrum (B) of commercial mesoporous TiO2 (Millennium PC500). 
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I.c.ii FT-IR spectroscopy applied to globin analysis 

The position of an IR absorption band, and thus the vibrational frequency, depends on the strength 

and polarity of the vibrating bond. Therefore, the position of the IR bands in a spectrum is influenced 

by both intra- and inter-molecular effects. In the case of protein IR analysis, the vibrations of the amino 

acids side chains are of particular interest as changes in their frequencies reflect changes in the protein 

secondary structure8. As a consequence, the most common application of FT-IR spectroscopy in 

protein studies is the analysis of the secondary structure9. The amide band I (≈1650 cm-1) and the amide 

band II (≈ 1550 cm-1) are the most important bands for structural analysis as they depend on the 

secondary structure but they are hardly affected by the nature of the back bone9. Changes in the 

intensity ratio between those two bands reflect unfolding of the protein secondary structure10. In 

particular, the amide band I (C=O stretching with minor contributions of CN stretching and NH in-plane 

bending) is composed of α-helices, β-sheets and random coils contributions. Therefore, the 

deconvolution of this band provides information on the conformational composition of the protein’s 

secondary structure. The most common techniques used for deconvolution of the amide band I are 

the curve-fitting and the second derivative analysis8. The latter is preferred as it can be performed 

objectively without arbitrarily choosing deconvolutional parameters11. 

The FT-IR spectroscopy was used in this work to evaluate the impact of pore size, drying time and 

surface chemistry on the secondary structure of hhMb and NGB upon adsorption in MT. Furthermore, 

the FT-IR analysis was performed to characterize the surface groups of different MT samples. All the 

spectra were acquired in diffuse reflectance mode (DRIFT), the most used technique for the analysis 

of powders. In this technique, the IR radiation penetrating the sample is reflected in all directions and 

this component is called diffuse reflectance. The DRIFT cell reflects the radiation to the powder and 

collects the energy reflected back over a large angle. 

The DRIFT spectra were acquired using a Nicolette 6700 FT-IR spectrophotometer; taking 200 scans 

per each sample and 4 cm-1 resolution. The samples were mixed (2 wt %) with dry KBr and pure KBr 

was used as a reference. The second derivative of the spectra was calculated using the Savitsky-Golay 

algorithm for a 13 data points window using the spectra analysis software OMNIC11.  

I.d Cyclic Voltammetry (CV)  

Cyclic voltammetry (CV) is the most extensively used technique for acquiring qualitative information 

on electrochemical reactions. CV consists of varying the potential applied at the working electrode in 

both forward and reverse directions while monitoring the current (Figure I.VIII A). The rate at which 

the potential is switched from E1 to E2 is the voltammetric scan rate (V/s). The plot of current vs the 

applied potential is the voltammogram (Figure I.VIII B).  
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Fig. I.VIII. A) Potential time profile used to perform CV. B) A typical cyclic voltammogram depicting the peak positions. 

I.d.i Cyclic voltammetry applied to globin analysis 

The most intuitive feature of CV is the rapid identification of the redox formal potential (E0) distinctive 

to the electroactive species under investigation: the heme-iron. In case of hhMb adsorbed into 

mesoporous TiO2, the electrochemical reaction follows the scheme:  

hhMb-Fe(III) + e- ↔ hhMb-Fe(II) 

A shift of E0 toward more positive value indicates a thermodynamically more difficult oxidation of the 

active species12. Furthermore, CV provides considerable important information about the kinetics of 

the electron-transfer reactions and the surface coverage of active species. Firstly, the rate of the 

electrochemical process can be estimated by the values of the charge transfer coefficient α and of the 

electron transfer rate ks. The values of αn and ks can be calculated using the Laviron`s equation13: 

 𝛥𝐸𝑐𝑎𝑡 =
2.3𝑅𝑇

𝛼𝑛𝐹
log(

𝑅𝑇𝑘𝑠

𝛼𝑛𝐹
) − 

2.3𝑅𝑇

𝛼𝑛𝐹
log(𝑣)  

Where ΔEcat is the difference between the cathodic peak potential and E0, F is the Faraday constant 

(96846 C/mol), R is the gas constant, T the absolute temperature, n the number of electrons involved 

(for hhMb and NGB n=1) and v is the scan rate. Therefore, the plot of ΔEcat vs log(v) allows the 

calculation of the charge transfer coefficient α and of the electron transfer rate ks. 

In addition, the surface coverage of electroactive species can be estimated using the Butler-Volmer 

equation12: 

𝑄 = 𝑛𝐹𝐴𝛤  

Where Q is the area of the cathodic peak (integrated in this thesis using the software NOVA), A is the 

area of the electrode (0.072 cm2), Γ is the surface coverage of active molecules (mol/cm2) and all the 

other terms have the meaning explained above. 

In this PhD, CV was used to compare the redox process for hhMb and NGB before (in solution) and 

upon incorporation in MT. Differences in the CV results were related to the protein accessibility 

A B 
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(inside/outside pores) and to changes in the secondary structure, as well as in the heme configuration, 

upon adsorption.  

The CV was performed in a 10 mL three-electrode electrochemical cell with a standard calomel 

reference electrode (SCE) connected to an Autolab potentiostat. A graphite disk electrode prepared 

from spectroscopic pure graphite rods with the side wall isolated by epoxy resin was used as working 

electrode and a glassy carbon rod counter electrode was used as auxiliary electrode. All experiments 

were carried out in phosphate buffer 0.1 M at pH 7 purged by pure N2 gas for 30 min before the 

measurement and the solutions were maintained under nitrogen atmosphere during the whole 

electrochemical experiment. All samples were analyzed at room temperature. 

I.e Thermo-Gravimetric Analysis (TGA) 

Thermo-gravimetric analysis is a technique in which the mass of a substance is monitored in function 

of temperature (scanning mode) or time (isothermal mode) as the sample is subjected to a controlled 

temperature program in a controlled atmosphere. TGA provides information about physical 

phenomena, such as phase transition and desorption, as well as chemical phenomena that cause losses 

of weight, e.g. chemisorption and thermal decomposition. The mass losses (usually expressed as 

percentages of the initial mass) are plotted vs the temperature, this plot is referred to as the TGA curve. 

The first derivative of the TGA curve (DTG) is often plotted to determine the inflection point useful for 

in-depth data analysis.  

In this thesis, TGA/DTG analysis was performed to study the effect of both confinement and hydration 

on the thermal decomposition of NGB and hhMb. In addition, the TGA/DTG analysis was used to 

characterize the interaction between different buffers and the MT, as well as the surface of MT upon 

modification with phosphonic acids.  

The TGA/DTG analysis was performed using a Mettler Toledo TGA/SDTA 851. All the curves were 

acquired in O2 flow in the temperature range 25-600oC with a heating rate of 5oC/min. 

I.e.i TGA coupled with mass spectroscopy (TGA-MS) 

TGA is often combined with other processes or in line with different analytical methods. In this thesis, 

TGA in line with a mass spectrometer was used to investigate the various components arising from the 

thermal degradation of the adsorbed hhMb. 

The measurements were performed in collaboration with the department of chemistry of the 

University of Hasselt (Guy Reggers and Prof. Robert Carleer). In this thesis, a high resolution vertical 

thermobalance Q5000IR (TA instrument) coupled to a ThermostarTM GSD 301T quadrupole mass 

spectrometer (Pfeiffer Vacuum) was used for TGA-MS analysis. The HRTGA-MS coupling is featured 

with a temperature-controlled gas line (quartz capillary, length= 1.2 m, 250oC). 
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The outlet port of thermobalance and the inlet port of the mass spectrometer are separately heated 

to avoid cold spots. TGA-MS analysis is performed in a He atmosphere (60 mL/min) at a heating rate 

of 20oC/min from 25oC to 625oC. Mass spectra are continuously collected (3 mass spectra/min) in El 

mode, full scan mode, within a mass range of 10-200 amu. 

I.f Nitrogen Sorption  

Nitrogen sorption is the most applied technique for the characterization of mesoporous materials as 

it allows assessing of the surface area, the pore volume and the pore size distribution.  It is based on 

the physisorption of N2 at the liquid nitrogen temperature (77K) and its reversibility. The amount of 

adsorbed gas is measured volumetrically as a function of the relative pressure P/P0 (where P0 is the 

saturated pressure of N2 at 77K). Physisorption in porous materials is governed by the interplay 

between the strength of the fluid-wall and fluid-fluid interactions as well as the effect of the confined 

pore space on the fluid state and thermodynamic stability14. This is reflected in the shape or type of 

the adsorption isotherm. According to the latest report, IUPAC classifies the adsorption isotherms in 8 

different types (Figure I.IX)15. 

 

Fig. I.IX. IUPAC classification of sorption isotherms15.(B=monolayer capacity). 

In case of mesopores (isotherms type IV and V), multilayer adsorption and capillary condensation (at 

P/P0 ≥ 0.2) occur. Pore condensation is the phenomenon whereby a gas condenses into liquid-like 

phase at pressures lower than P0. The liquid-like phase is a thermodynamically lower energy state than 

the gas phase. As a consequence, a higher gradient of chemical potential (or equivalently pressure 

drop) is required to desorb the N2 molecules out of the pores. From this gap between equilibrium 

adsorption and desorption originates the hysteresis loop. IUPAC officially recognize six different 

hysteresis loops (Figure I.X), each one closely related to particular features of the mesoporous 

structure. 
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Fig. I.X. IUPAC classification of hysteresis loops15. 

The type H1 is associated to materials with a narrow range of uniform mesopores. The type H2 is given 

by more complex pore network, mainly ink bottle pores, associated with pore-blocking. Type H3 is 

normally found for non-rigid aggregates and plate-like particles. The H4 type is similar to H3 and it is 

found for aggregated crystals of zeolite or meso-microporous carbons. Type H5 is unusual and 

indicates partially blocked mesopores (also denoted as plugged materials).  

The specific surface area of the mesoporous material is normally calculated using the method 

proposed by Brunauer, Emmett and Teller (BET). The BET equation is used to calculate the monolayer 

capacity (nm) from the adsorption isotherm in the range P/P0 0.05-0.3. The specific surface are (SBET) is 

than obtained from: 

𝑆𝐵𝐸𝑇 = 𝑛𝑚𝑁𝐴𝜎 

where N is the Avogadro constant and σ is the cross-sectional area (the area occupied by an adsorbed 

molecule in a complete monolayer, for N2 at 77K σ = 0.162 nm2). 

The determination of the mesopore size and volume is more straight-forward. The total pore volume 

(VP) is derived from the amount of adsorbed N2 at P/P0 = 0.95 (if the pore filling is complete at this 

relative pressure). The most used method to calculate the pore size is the BJH (Barett, Joyner and 

Halenda) method using the modified Kelvin equation:  

ln
𝑃

𝑃0
=

−2γ𝑉𝑚

𝑅𝑇(𝑟𝑝 − 𝑡𝑐)
 

where γ is the surface tension of the fluid, Vm is the molar fluid volume, rP is the pore radius and tc is 

the thickness of the monolayer, formed prior to the pore condensation. The Kelvin equation relates 

the pore diameter to the pore condensation pressure, and predicts that the pressure of condensation 

shifts to higher P/P0 with increasing pore diameter and temperature.  
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In this thesis, the nitrogen sorption analysis was used to characterize the different samples of MT and 

provide additional proof of the successful adsorption of NGB and hhMb inside the pores. The analysis 

was carried out on a Quantachrome Quadrasorb SI automated gas adsorption system. Before starting 

the measurement the samples were degassed using an AS-6 degasser for 16 h at 1500C and 200C 

(samples with protein adsorbed), then the analysis was performed at 77K. The SBET was calculated via 

a multipoint BET method. The pore diameter (DP) was determined via the BJH method on the 

desorption branch of the isotherm, while the Vp was derived from the adsorption at P/P0 0.95.         

I.g X-ray diffraction (XRD) 

X-ray diffraction (XRD) is a powerful technique primary used for phase identification of crystalline 

materials and for the study of the crystal structure and atomic spacing. This technique is based on the 

constructive interferences between X-rays and a crystalline sample. The X-ray radiation has a 

wavelength ranging from 0.01 nm to 10 nm, therefore in the range of the space distance in a crystalline 

lattice. As a consequence, X-rays scattered by the electrons of the atoms interfere constructively or 

destructively. The interaction of the incident X-ray with the sample produce a constructive 

interference, and thus a diffraction peak, when Bragg`s law is satisfied: 

2dsinθ =  nλ 

with d being the spacing between the atomic planes, θ the incident angle, n an integer and λ the 

wavelength of the incident X-ray (Figure I.XI). 

 

Fig. I.XI. The principle of X-ray diffraction. 

Every crystal phase of a specific material gives a specific XRD pattern, allowing the identification of 

every crystalline materials. However, most of the materials are not single crystal but are composed of 

many tiny crystallites (polycrystalline material). The dimension of the crystallite (Ϯ) can be determined 

using the Scherrer equation: 
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Ϯ =
𝐾𝜆

𝛽𝑐𝑜𝑠𝜃
 

where K is a dimensional shape factor (value close to unit) and β is the line broadening at half of the 

maximum intensity (FWHM). 

In this thesis, XRD was used to identify the crystal phase and the crystallinity of the TiO2 samples. A 

Panalytical X’Pert PRO MPD diffractometer generating monochromatic Cu Kα radiation (λ= 0.15418 

nm) with a continuous scanning mode of 0.04⁰/4 s in the 2θ mode was used to acquire the XRD pattern. 

The measurement were performed at VITO (Myrjam Mertens). 

I.h X-ray Fluorescence (XRF)  

X-ray fluorescence (XRF) is a widely used analytical technique for the elemental analysis of surfaces. 

As a result of the irradiation of a material with X-ray radiation, photoelectrons are ejected leaving an 

electronic hole in the inner shells of the atoms. After a brief period, the atomic electrons rearrange 

with an electron from a higher energy shell filling the vacancy. As a consequence of this rearrangement, 

the atom undergoes fluorescence ejecting an X-ray photon with energy equal to the energy difference 

between the excited and relaxed states of the atom. Those energies are characteristic of the emitting 

atoms and, thus, allow the identification of elements. As many electrons can be ejected from the inner 

shells and many electrons can fill the vacancies, there are multiple types of allowed transition (Figure 

I.XII).  

 

Fig. I.XII. Principle of XRF expressed as Bohr model. 

The three main types of transitions are labelled as K, L and M (depending of the shell from which the 

electron is ejected), where K is the higher energy transition, followed by L and M. Within the series, 

the specific transitions are denoted with the subscript α, β or γ (depending of the upper energy shell 

involved in the relaxation). 

In this work, XRF was used to quantify the buffer molecules/ions on the surface of MT. The XRF 

experiments were performed in collaboration with AXES (Gert Nuyts and Prof. Karolien De Wael). The 
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measurements were carried out on an Epsilon 5 XRF from Panalytical. Titanium was used as secondary 

target with a tube anode voltage and current of 25 kV and 24 mA respectively. The lifetime used was 

1500 s. 

I.i Transmission Electron Microscopy (TEM) 

Transmission electron microscopy (TEM) is a microscopy technique in which a beam of electrons is 

transmitted through a sample to form an image. The small wavelength of electrons allows to capture 

images at significantly higher resolution than the normal light microscopy (in the order of 10-10 m). As 

the images are formed by electrons passing through the sample, TEM provides information about the 

internal structure of materials.  

I.i.i Scanning transmission electron microscopy (STEM) 

Scanning transmission electron microscopy (STEM) is a type of TEM in which the electron beam is 

focused to form a small, convergent beam on the sample surface. The images is then acquired by raster 

scanning the beam on the surface specimen. The main advantage of using STEM instead of the classical 

TEM is the enabling the use of other signals in addition to the transmitted electrons. In particular, the 

use of high-angle annular dark-field (HAADF) imaging allows the detection of the transmitted electrons 

scattered by the sample atoms. The high inner angle of the detector is made high to ensure that no 

Bragg diffracted electrons are collected. As a consequence, the image is formed only by elastically 

scattered electrons which have passed very close to the atomic nuclei in the sample. Therefore, 

HAADF-STEM signal is influenced by the thickness and the density (bright field mode) of a sample, but 

also by the atomic number (dark field mode) of the elements present in the sample. 

In this PhD project, the HAADF-STEM analysis was performed to investigate the porosity and the crystal 

structure of different samples of MT. The measurements were carried out in collaboration with EMAT 

(Hans Vanrompay and Prof. Sara Bals). The HAADF-STEM images were acquired on a FEI Tecnai Osiris 

electron microscopy operated at 200 kV. 
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II.a Materials 

II.a.i  Synthesis of MT with tunable pore size  

Titanium (IV) n-butoxide (99%), hydrochloric acid (37%), sulfuric acids (96%), perchloric acid (70%) and 

nitric acids (65%) were purchased form Acros. Acetic acid (≥ 99.8%) and Pluronic® P123 were 

purchased from Sigma Aldrich. All chemicals were used without further purifications. 

II.a.ii  Commercial titanium dioxide materials 

Non–porous titanium dioxide P25 was purchased from Degussa-Hüls Gmbh. Porous titanium dioxide 

Millennium PC500 was obtained from Cristal Global. Prior to use, the Millennium PC500 was 

pretreated to enhance its pore size1, required for protein adsorption. It was calcined as received at 

350oC for 6h (1oC/min) in a Lenton chamber furnace in order to obtain an enlarged pore size1.  

II.a.iii  Protein incorporation 

Myoglobin from equine heart (≥90%, essentially salt-free, lyophilized powder), 4-(2-

hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES buffer, ≥99%), 2-amino-2-hydroxymethyl-

propane-1,3-diol (Tris buffer, ≥99.9%), phosphate buffer saline (PBS), piperazine (99%), L-Histidine 

monohydrochloride monohydrate (≥ 99.8%) and 2-morpholinoethanesulfonic acid (MES, ≥ 99.5%)  

were all purchased from Sigma Aldrich and used without further purification. 

II.b Expression and purification of NGB (wild type and mutants) 

The expression plasmids: NGB mutant E7L and B10L cloned in a pet3a vector and transformed into 

BL21(DE3)pLysS. The cells were grown at 25 °C in TB medium (1.2% bactotryptone, 2.4% yeast extract, 

0.4% glycerol, 72 mM PBS at pH 7.5) containing 200 μg/ml ampicillin, 30 μg/ml chloramphenicol, and 

1 mM δ-amino-levulinic acid. The culture was induced at A 550 nm = 0.8 by the addition of isopropyl-

1-thio-D-galactopyranoside to a final concentration of 0.4 mM, and expression was continued 

overnight. The cells were harvested and re-suspended in lysis buffer (50 mM Tris-HCl, pH 8.0, 2 mM 

EDTA, 0.5 mM dithiotreitol, 1mM PMSF). The cells were then exposed to three freeze-thaw steps and 

were sonicated until completely lysed. The extract was clarified by low (10 min at 10.000 × g) and high 

(60 min at 105.000 × g) speed centrifugation and fractionated by ammonium sulfate precipitation. The 

60% ammonium sulfate pellet containing the crude NGB was dissolved in 50 mM Tris-HCl, pH 8.5, 

dialyzed, and loaded onto a DEAE-Sepharose Fast Flow column equilibrated in the same buffer. After 

washing of the unbound material, the NGB was eluted with 300 mM NaCl. The NGB fractions were 

concentrated by Amicon filtration (PM10) and passed through a Sephacryl S 200 column. The NGB 

fractions were pooled, concentrated, dialyzed in 50 mM Tris-HCl, pH 8.5 and loaded onto a ProteinPak 

Q column equilibrated in the same buffer. After washing of the unbound material, the NGB was eluted 
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with a linear gradient (200 mM NaCl in 15min). The NGB fraction was concentrated by Amicon filtration 

and stored at -80°C. Purification was assessed by SDS-Page. 

The expression and purification of NGB (wild type and mutants) used in this thesis was performed by 

Herald Berghmans from the Laboratory of Proteinchemistry, Proteomics and Epigenetic Signalling 

(PPES, Prof. Sylvia Dewilde) of the Department of Biomedical Sciences of the University of Antwerp. 

 

II.c Measurements of protein adsorption 

The protein adsorption was achieved by dissolving 10 mg of mesoporous TiO2 in 4 mL of buffered 

protein solution (0.25 mg protein/mL), then the mixture was left shaking for 24 h (chapter 4) or more. 

Unless stated otherwise, the buffer concentration is 10 mM. The amount of adsorbed proteins was 

measured by transferring 1 mL of the solution in an Eppendorf tube and centrifuging it at 4000 rpm for 

5 min. The concentration of the proteins was calculated analyzing this supernatant by UV-vis 

spectroscopy at the wavelength maximum of the Soret band of hhMb (λ= 408 nm) and NGB (λ= 412 

nm). As different values are reported in literature2,3, the absorption extinction coefficient ε for hhMb 

at 408 nm was calculated by the calibration line at different concentrations in the different buffers. 

The average values of 129.000 M-1cm-1 (hhMb) was used for all the UV-vis measurements. The 

extinction coefficient of 122.000 M-1cm-1 at 412 nm for NGB was taken from literature4. The amount 

of proteins loaded on the mesoporous TiO2 was calculated by subtracting the concentration of proteins 

still in solution from the initial concentration of the solution. Protein solutions without the mesoporous 

material were also analyzed to exclude concentration decreases due to precipitation or degradation 

of proteins out of solution in a similar time frame as he adsorption experiments.  

II.d Analysis of samples with adsorbed proteins 

After shaking, the solution with protein and mesoporous TiO2 was centrifuged at 4000 rpm for 5 min 

and the precipitate was washed three times with 4 mL of fresh buffer solution and filtrated under 

vacuum (filter papers, MN 640 d, ᴓ 150 mm for slow filtration) in order to remove the non-adsorbed 

molecules. Finally, the washed samples were dried in an oven at 200C for 15 min. In Chapter 4, samples 

were also dried for 2 h to study the effect of hydration. Subsequently, the protein incorporated 

powders were analyzed by the different techniques described in Appendix I. Each measurement was 

repeated at least three times.  

II.e Electrode preparation for protein voltammetry 

The graphite disk electrodes were polished first with wet fine (P200) and ultrafine (P800) emery paper. 

After this polishing step, the electrodes were sonicated in ethanol and distilled water, and dried in air. 
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The MT with incorporated proteins was dissolved in 100 µL of HEPES (hhMb) and piperazine (NGB) 

buffer (10 mM) and drop casted on the electrode surface. Afterward, the modified electrode was dried 

overnight at + 40C. 

II.f Catalytic assay 

The catalytic activity of hhMb and NGB is evaluated through the peroxidase activity toward ABTS, 

attributed to the heme group, in the presence of H2O2. 

The assay solution was prepared by dissolving 10 mg of sample with incorporated proteins in 2 mL 

HEPES solution at pH 7. Afterwards, 1.5 mL of 1 mM H2O2 and 0.5 mL of 0.5 mM ABTS were added. 

Then, the final solution was shacked at 300 rpm at room temperature for 24h. The interconversion of 

ABTS (λmax= 340 nm) into its radical cation ABTS•+ (λmax= 414 nm)5 was followed in different time 

intervals by UV-vis spectroscopy on the supernatant after centrifugation of a sample volume. The 

catalytic assay was validated via blank tests dissolving titania samples without adsorbed proteins in 

the solution assay as described. 
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Surface modification of mesoporous TiO2 
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III.a Surface modification of mesoporous TiO2 

The propyl modified MT8 (PMT8) and MT17 (PMT17) were obtained as described in the work of 

Annelore Roevens1. Briefly, 1 g of the calcined MT was stirred for 4 hours in a 20 mL aqueous 0.02M 

phosphonic acid solution. To obtain samples with different surface loadings of propyl groups, 2 

different concentrations of the propyl phosphonic acid solution were used: 0.01M (PMT8_0.01) and 

0.003M (PMT8_0.003). The samples were then filtered, washed with water and acetone and dried 

overnight at 60oC.  

III.b Characterization of PMT8 and PMT17 

The main purpose of doing the surface modification in this thesis is to identify the effect of surface 

chemistry on protein adsorption and structure.  

The TGA/DTG analysis (Figure III.I) shows the weight loss due to the propyl groups1 in the range 200-

500OC, confirming the presence of those groups on the MT surfaces upon modification. From the TGA 

profiles the modification degree (propyl groups/nm2) is calculated to be 1 for PMT8_0.003, 1.8 for 

PMT8_0.01 and 2.4 for PMT8 and PMT17. 

 

Fig. III.I. TGA curves (dotted lines) and DTG profiles (full lines) of PMT8 (yellow), PMT17 (blue), PMT8_0.01 (red) and 
PMT8_0.003 (green). 

In order to exclude differences in the protein loading due to differences in pore size and/or volume, 

N2 sorption analysis was performed on the modified MT. The results (Table III.I) indicate similar surface 

area and porosity for the titania materials before and after the modification. Only a slight decrease in 

the total pore volume and pore diameters can be observed, which are within the experimental error 

of the equipment (5-10%). 
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Tab.III.I. Results of nitrogen-sorption analysis of titania materials before and after modification with propyl phosphonic acid. 

 SBET (m2/g) Pore diameter BJH des (nm) Total Pore Volume (cc/g) 

MT8 140 8.0 0.38 

PMT8 120 7.8 0.35 

MT17 138 17.0 0.65 

PMT17 115 16.6 0.58 

 

The hydrophilic/hydrophobic properties of the modified titania surface are expected to vary when 

compared with the unmodified MT. The water sorption analysis (Figure III.II) shows a strong decrease 

in the monolayer formation during water sorption at low P/P0 for PMT8 and PMT17. This indicates a 

strong decrease in the hydrophilic character of the modified surface. As it is expected, the water 

coverage shows an inverse proportionality with the surface concentration of propyl groups, observed 

via the increase in water monolayer adsorption in the order PMT8 < PMT8_0.01 < PMT8_0.003. 

 

Fig. III.II. Adsorption isotherms of water vapor at 22oC on MT before and after the modification with propyl phosphonic acid 
in water at 90oC. Prior the analysis the samples were degassed at 150oC for 16h. 

The zeta potential measurements show the impact of the surface modification on the surface charge 

at different pH (Figure III.III). The measurements were performed on a Zetasizer Nano ZS in a folded 

capillary cell (polycarbonate, sample volume 0.7 mL) with gold coated electrodes at VITO (Nick Gys). 
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Fig.III.III. Zero potential measurements (at 25oC) of titania materials with different surface chemistry. The measurements 
were performed using a sample concentration of 1g/L and a solution of NaCl 10 mM as background electrolyte. The zero 

potential value is the average of three different measurements. 

Overall, the surface analysis confirms the presence of the propyl groups on the surface of MT8 and 

MT17 with similar (PMT17 and PMT8) or different (PMT8_0.01 and PMT8_0.003) coverage. The 

modification has impact on the surface hydrophilicity as it was expected, while no significant 

differences are detected in the porosity of the three samples. Therefore, possible differences in the 

protein adsorption have to be related to the differences in surface chemistry. 

III.c  References 

1 A. Roevens, J. G. Van Dijck, M. Tassi, J. D’Haen, R. Carleer, P. Adriaensens, F. Blockhuys and V. Meynen, Mater. Chem. Phys., 2016, 
184, 324–334. 

 

-30

-20

-10

0

10

20

30

1 2 3 4 5 6 7 8 9

Ze
ta

 p
o

te
n

ti
al

 (
m

V
)

pH

MT8 PMT8 MT17 PMT17



Publications List 
 
 

 
 

167 
 

Publications List 

 

1. S. Loreto, B. Cuypers, J. Brokken, S. Van Doorslaer, K. De Wael and V. Meynen “The effect of buffer 

solution on the adsorption of horse heart myoglobin on commercial mesoporous titanium dioxide: 

a matter of the right choice”, Phys. Chem. Chem. Phys., 19, 2017, 13503-13514. 

 

2. S. Loreto, H. Vanrompay, M. Mertens, S. Bals and V. Meynen “The influence of acids on tuning the 

pore size of mesoporous TiO2 templated by non-ionic block copolymers”, European Journal of 

Inorganic Chemistry, 2018, 2018, 62-65. 

 

3. S. Loreto, Z. Hafideddine, B. Cuypers, R. Carleer S. Van Doorslaer and V. Meynen “Hydration and 

confinement effect on horse heart myoglobin adsorption in mesoporous TiO2”, (submitted) 

 

4. S. Loreto, Z. Hafideddine, S. Dewilde, S. Van Doorslaer, K. De Wael and V. Meynen “The case of 

human neuroglobin and its peculiar response to different pore size and surface chemistry of 

mesoporous TiO2.” (In preparation) 

 

Oral contributions at conferences 

 

1. S. Loreto, K. De Wael and V. Meynen “Incorporation of globin proteins in mesoporous designed 

titania”, IMMS-9, 17-20/08/2015, Brisbane, Australia. 

2. S. Loreto, K. De Wael and V. Meynen “Incorporation of horse heart myoglobin in mesoporous 

designed titania for biochemical applications”, Balard Conference, 4-8/04/2016, Montpellier, 

France. 

3. S. Loreto, K. De Wael and V. Meynen “Effect of the buffer choice and pore size on the 

electrochemical activity of globin proteins incorporated in mesoporous TiO2. A comparative study.”, 

SMOBE 2016, 17-19/08/2016, Antwerp, Belgium. 

4. S. Loreto, K. De Wael and V. Meynen “Adsorption of globin proteins in mesoporous designed titania 

for biosensors development.”, ANNIC 2016, 9-11/11/2016, Barcelona, Spain. 

 

Scientific awards 

Article 1 in Publications List has been selected form the editor as part of the 2017 HOT articles 

selection. 


