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Summary 

The interactions between implantable medical devices and human tissues 

depend upon a large number of factors, which determine their successful integration 

or failure. One of the main players is the serum protein layer, which forms on the 

surface of every biomaterials in few minutes after the contact with biological fluids. 

Hydrophobic and electrostatic interactions are the main driving forces of protein 

adsorption, heavily depending on surface properties surfaces. Topography, 

chemistry, surface free energy, wettability, and functional groups determine which 

proteins are adsorbed, how many of them and their conformation in the transient 

matrix: all fundamental factors for the host response to the implant. The possibility 

of controlling the formation of the protein layer will open new horizons for the 

design and development of new biomaterials. A lot of work has been done to unveil 

this matter, in particular by investigating simple systems, involving single protein 

adsorption on model cases, such as flat surfaces with a well-known chemistry. 

Unfortunately, adsorption mechanisms are still quite mysterious, due to the extreme 

complexity of protein-surface interactions, which relate not only on the properties 

of the single protein or the particular surface, but also on the surrounding 

environment (composition of the solution, pH, temperature). In addition, the surface 

of biomaterials is far from ideality, being rough, with complex chemistry and 

properties. All of these not being enough, there is a lack of suitable techniques to 

characterize events at the nanoscale that take place on surfaces with micro or even 

millimetric features. 

The main idea of this PhD thesis is to investigate protein adsorption on 

biomaterials of clinical interest, in particular for orthopedic and dental applications, 

in conditions as close as possible to the physiological environment. Therefore, the 

focus was put on seven different substrates for bone contact, which include: pure 

titanium and Ti6Al4V alloy, polished and with three different chemical treatments; 

a silica-based bioactive glass with and without silver doping; polystyrene, as a 

model hydrophobic surface. 

At first, the samples were thoroughly characterized, with particular attention on 

the topography, surface chemistry, exposed OH groups, surface energy, wettability, 

and ζ potential. Then, adsorption of albumin and fibronectin at near physiological 



 

 

 

concentration was investigated. The first goal was to find a set of techniques 

suitable for such a task. Conventional analysis, such as XPS or micro ATR-FTIR, 

were coupled with innovative approaches, such as solid surface ζ potential and 

Kelvin probe force microscopy. In the end, seven techniques have been merged to 

obtain novel and interesting insight on protein-material interactions. Noticeably, 

surface topography has a central role in determining the amount of proteins 

adsorbed, both albumin and fibronectin, while protein denaturation is more related 

to acidic hydroxyl groups on titanium substrates and to silver on bioactive glasses. 

On them, the adsorption mechanism is further complicated by the glass reactivity, 

involving the incorporation of proteins inside the silica gel layer. Then, the 

competition for the surface was evaluated, exploiting sequential adsorptions and 

co-adsorption. Effect of proteins on titanium bioactivity was also assessed.  

The second focus of this work was about the osteoimmunomodulation effect of 

different surface treatments on Ti6Al4V alloy. Osteogenic cells are intimately 

related to immune cells, and implant osseointegration cannot succeed without a 

proper inflammatory response. The foreign body reaction was evaluated by 

culturing macrophages on the titanium surfaces, measuring their viability and 

quantifying 27 different factors and chemokines released.  
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Introduction 

An enormous number of biomedical devices are implanted in patients on a daily 

basis, in all shapes, materials, and for different purposes. The positive outcome of 

an implant is determined by the complex cascade of events that takes place as soon 

as the biomaterial gets in contact with biological fluids, such as blood, saliva or 

serum. In the context of orthopedic and dental implants, the osseointegration 

depends as first upon the formation of a transient matrix (serum proteins, activated 

complement and platelets), secondary by the material-mediated osteoimmune 

response. These events can lead to the formation of a fibrous capsule and implant 

failure or to a successful activation of osteoprogenitor cells and the formation of 

new healthy bone around the implant.  

The adsorbed protein layer, which forms long before the attachment of cells on 

the implant surface, is the actual interface between the biomaterial and the human 

body. Thus, its properties mediate the cellular response, depending on the type and 

amount of proteins adherent to the material, and whether or not they maintain their 

native structure and biological activity upon adsorption. Those factors certainly 

depend on the physical-chemical properties of the biomaterials, such as wettability, 

surface energy and charge, functional groups and topography.  

In the past decades lots of efforts have been spent by researchers trying to unveil 

the correlation between the properties of many different materials (metals, ceramics 

and polymers) and the final protein layer. Unfortunately, due to the extreme 

complexity of the systems involved and the incredible numbers of influent factors, 

the mechanisms driving protein adsorption from physiological fluids on implant 

surfaces are still quite a mystery. The possibility to control protein adsorption will 

open new horizon in biomaterial design. 

Furthermore, protein adsorption takes place at the nanoscale, while biosurfaces 

of clinical interest have features ranging from the nano- to the microscale and even 

to the milliscale. As consequence, it is also hard to find characterization techniques 

that are suitable to investigate phenomena happening on substrates with such 

different dimensional scale. In fact, the majority of the studies have been conducted 

on flat model surfaces, in what can be called the world of flatland, borrowing and 

daring to expand the concept invented by Norde in 2008. 
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This PhD thesis aims to understand the adsorption of proteins in roughland, on 

biomaterials relevant for osseointegration, which are usually rough and far from 

model surfaces, searching for correlation between surface properties and the 

features of the adsorbed protein layer, and to develop new characterization 

techniques suitable to investigate adsorption on actual biomaterial surfaces. This 

was done by focusing on the adsorption of two proteins abundant in blood serum 

and with paramount biological roles, albumin and fibronectin, on common 

implantable materials. In particular, titanium and titanium Ti6Al4V alloy were 

chosen since they are the gold standard for metallic implant in clinical use. Three 

different surface treatments were employed to enhance and promote 

osseointegration, which can be interesting for future clinical application. A 

bioactive glass composition was also used, since such class of materials is also 

promising as bone substitutes. Polystyrene was included as reference for non-polar, 

hydrophobic material. 

After a preliminary and thorough characterization of the selected biosurfaces, 

protein adsorption was investigated at first from single protein solution, in order to 

obtain a set of experimental techniques suitable for being applied on rough and 

complex surfaces. Then the competition between albumin and fibronectin was 

studied by sequential adsorption and adsorption from protein binary solutions. The 

effect of proteins in in vitro bioactivity of modified Ti6Al4V alloy was also 

assessed. In the end, it was evaluated the first step of the osteoimmunomodulation 

process of titanium alloys, by macrophages cultures. 

In order to describe the work performed, this thesis has been organized with the 

following structure. 

Chapter 1: a brief description of proteins, their composition, structure and 

properties, with a focus on albumin and fibronectin.  

Chapter 2: the matter of protein adsorption on surfaces is introduced, 

discussing the physical principles that governs protein-material interactions and the 

factors influencing the adsorption process, in terms of surface properties, protein 

solution characteristic and environmental effect. The literature regarding adsorption 

on titanium based materials and bioactive glasses has also been reported, with a 

deepening on the characterization techniques employed. 

Chapter 3: the concept of osteoimmunomodulation is here presented, 

illustrating the interplay between immune and osteoprogenitor cells and how the 

inflammatory reaction to the implant must be tuned and controlled in order to 

achieve a proper integration of the implant. 

Chapter 4: the experimental methodology is detailed, starting from the 

depiction of the sample preparation with the several surface treatment and protein 

solution used. The characterization techniques used for characterizing both the 

substrate surface and protein adsorption are summarized, along with the cellular 

culture methodology and biological assay. 

Chapter 5: the results obtained are reported and discussed in this chapter. 

Substrate surface physiochemical properties are deeply described, as the adsorption 

results, in terms of protein amount on the surface, their distribution, conformation 

and orientation. Correlation between surface properties and protein-material 



Introduction 

3 

 

interactions have been observed. Also, the results of competitive adsorption and 

cellular culture are reported and discussed. 

Chapter 6: the final conclusions are drawn in this chapter, and some suggestion 

for future research are also proposed.  

 



 

 

4 

 

 

 

  



Chapter 1: Proteins 

5 

 

Chapter 1  

Proteins 

What do rhinoceros’ horn, spider web and our hair have in common? They are 

all made of the same kind of biological structure: proteins.  

Proteins are the most common macromolecule that can be found in all living 

being. They constitute the most part of cells, accounting for about 50% of vertebrate 

tissue dry weight[1]. Proteins are biological macromolecules that have an enormous 

variety of structures, dimensions and functions. They range from very small 

molecules up to structures weighting some hundreds of kDa and can exploit an 

incredible range of different functions, from structural support (keratin) to immunes 

response (antibody) to in-cell reactions catalysis (enzymes). Regardless of their 

incredible diversity, all proteins are made of few different atoms, in particular C 

(50-55%), O (20-23%), H (6-7%), N (12-19%) and a bit of S (0.2-0.3%) (w/w)[2]. 

These elements combine in just 20 protein precursors called amino acids. They 

covalently bond one another forming chains of specific sequences. Those chains 

will form the building block for proteins by folding and arranging into three 

dimensional hierarchical structures. 

1.1.  Amino Acids: monomers of proteins 

Amino acids are small molecules that bond one another, via peptide bonds, to 

form polymeric chains of different length. If the sequence contains less than 50 

residues (as are called amino acid after bonding), it is called a polypeptide; if the 

molecule is larger, it is a protein[1]. The discovery and classification of the amino 

acids lasts over a century, starting by the finding of asparagine (1806) till the 

identification of threonine (1938)[3].  

All of amino acids have a similar structure, with a common primary chain, 

differing from each other by the side group. They are α-amino acids, which means 

that they present an amino and a carboxyl group bonded to an α-C. To the same 

atom is also bonded a side group, called R group, which is typical for each amino 

acid. The amino acid general structure is shown in Figure 1.1. 
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Figure 1.1 Structural scheme of common amino acid. The α-C is in blue, with attached the carboxyl 

and amino groups, in black. The side group R is represented in red [3] 

Amino acids, both in their crystalline form or dissolute in water, are in their 

ionized form, as shown in Figure 1.1. Both the carboxyl group and the amine group 

are ionized as follows: 

-COOH → -COO- + H+ 

-NH2 + H+ → NH3
+ 

Thus, every amino acid presents contemporary a negative and a positive charge, 

at least. For their dipolar nature, amino acids are referred as zwitterion.  

It is interesting to notice that the αC is bound to four different groups. 

Therefore, the α-carbon is chiral and all the amino acid are optically active. This is 

true for all amino acids, but not for glycine, since its R-group is just a hydrogen 

atom. According to the spatial arrangement of the chemical groups around the αC 

(stereoisomery), amino acids can present different optical effect, exploiting the 

ability of change light polarization. The different stereoisomers are called 

enantiomers. If the light is rotated clockwise, so to the right, the molecule is 

referred as dextrorotatory and the isomer is in the D-form. On the other side, a 

molecule that rotates a polarized photon beam counter-clockwise, or to the left, it 

is referred as levorotatory and it is the L-isomer. Cells are sensible to 

stereoisomers and proteins present only L-amino acids. 

The R group is typical for each of the 20 basic amino acid and it presents 

different complexity levels, from being a simple -H atom for glycine, to more 

complex indol for tryptophan (Figure 1.2). The most common amino acids are 

known as follows, with their abbreviated notation: glycine (Gly), alanine (Ala), 

proline (Pro), valine (Val), leucine (Leu), isoleucine (Ile), methionine (Met), 

phenylalanine (Phe), tyrosine (Tyr), tryptophan (Trp), serine (Ser), threonine (Thr), 

cysteine (Cys), asparagine (Asn), glutamine (Gln), lysine (Lys), arginine (Arg), 

histidine (His), aspartatic acid (aspartate in its deprotonated form)(Asp), glutamatic 

acid (glutamate in its deprotonated form)(Glu) 
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Figure 1.2 Classification and structure of the 20 most common amino acids. The R groups are 

highlighted in pink [3] 

Based on the properties of the R group, amino acids present different properties 

and can be divided into different classes. One of the first differences is the type of 

R groups, aliphatic or aromatic. Other classification can be made on the 

polarizability or net charge of side groups: 

• Nonpolar: this group contains hydrophobic and nonpolar amino acids. 

Some of them, such as valine, alanine, leucine and isoleucine, tend to 

stabilize protein structures through hydrophobic interactions. Proline 

reduces the flexibility of the peptide chain due to its cyclic side chains. 

• Aromatic: R groups containing aromatic rings are usually non polar and 

hydrophobic, such as phenylalanine and tryptophan. Tyrosine, instead, 

presents a polar OH groups, that can deprotonate at high pH (>10). This 

amino acids represents the fluorophore residues in proteins, and can be 

analyzed during characterization studies [4,5]. 

• Polar: these amino acids present an uncharged R group, but with polar 

moieties. They are hydrophilic. The polarity is conferred by different 

groups: hydroxyl in serine and threonine; in cysteine there are 

sulfhydryls groups, responsible for di-sulfide bonds, which are very 

important in protein three-dimensional structure (as it will be discussed 

later in this chapter); and asparagine and glutamine have amide groups. 

• Basic: in this group are present those amino acid that are positively 

charged at neutral pH, thanks to their N-containing R groups: lysine 

contains a second amino group; histidine an imidazole group and 

arginine presents a guanidino one.  
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• Acid: in the opposite way with respect to basic amino acids, R groups 

of aspartate and glutamate presents a carboxyl group which is 

negatively charged at physiological pH. Basic and acid amino acid are 

the most hydrophilic. 

In addition to the basic set of 20 amino acids, many more have been found in 

proteins. Those are the product of modifications of residues already incorporated 

into polypeptides[1]. 

A consequence of acid/basic behavior of R groups, amino acid electric 

properties may change. If amino acids are dissolved in a medium, the pH of the 

solution can influence the net charge of the molecules, since in acid or alkaline 

condition amino or carboxyl groups can become neutral by protonation or 

deprotonation. The charge of amino acids is also influenced by means of secondary 

carboxyl or amino groups that might be present in the R group. Those groups exploit 

an acid or basic behavior, acting as proton donor or acceptor in dependence of 

solution pH. Acid-basic properties of amino acid can be studied by titration curves 

and pKa values for different groups can be defined (Figure 1.3). At a certain pH, 

there is an equilibrium between positive and negative charge. This point is called 

the isoelectric point (IEP) and it is represented by the point of inflection between 

the acid and basic part of the curve. Titration curves are also useful to predict net 

charges of amino acids. 

 
Figure 1.3 Typical titration curve of an amino acid [2] 

1.2. Peptides and peptide bond 

Amino acids can act as monomers to form chains of residues in a theoretically 

infinite number of combinations, by sequences and length. A chain formed by two 

residues is called dipeptide, if three residues are linked then it is a tripeptide and so 

on. If the overall weight is below 6000 Da, the molecule is called peptide, larger 

macromolecules are considered proteins[1].  

The typical bond that connects two amino acid in a protein chain is the so-called 

peptide bond. It is a covalent bond formed between the carboxyl end of one amino 

acid and the amino end of another one. A water molecule is removed during the 

bond formation. Due to this process, each peptide present an amino groups, called 

N-terminus, at one end, and a carboxyl group, called C-terminus, at the other one 

[6,7]. The atoms involved in the peptide bond can be schematized as follow: -αC-
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CO-NH-αC-. The peptide bonds are planar and rigid, in fact the N-C bond presents 

a partial double-bond nature avoiding twisting. This is due to amido-imido 

tautomerization and resonance of electrons between the C-O and N-C bonds[8]. 

This fact has several implications. First of all, all the six atoms involved in the 

peptide bond lie in the same plane, while R groups and amine H reach out of it. A 

polypeptide chain can be represented by a series of planes connected through a 

single point, which is the αC (Figure 1.4-a). This provide a certain rigidity to the 

chain. As second, binding-electron resonance generates a dipole in the bond, by 

providing a partial positive charge to the amino group and a partial negative charge 

to the O of the carboxyl one. As consequences, dipole-dipole interactions may 

occur. Furthermore, cis and trans configurations of the bond are possible, but 

usually only trans geometry is present in proteins (Figure 1.4-b)[2].  

 
Figure 1.4 a) peptide chain, the planar nature of the peptide bond is shown [3] b) scheme of dipoles 

generated by electron delocalization and representation of cis and trans form [2] 

Regardless the rigid planar structure of the peptide bond, peptide chains still 

present a certain degree of flexibility, thanks to rotation around the axes of N-αC 

and αC-C pure single bonds. These bond angles, referred as φ for the former and ψ 

for the latter bond, can theoretically assume any value between -180° and 180°. 

However, steric interferences limit those ranges and possible configurations can be 

displayed in the so called Ramachandran plot, which provides insight on protein 

structures [9]. 

 
Figure 1.5 Example of Ramachandran plot. α and β region defined the possible combination of ψ 

and φ values that can be find in those secondary structures. Modified from [10] 
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1.3. Proteins Structure 

All proteins present a three-level hierarchical structure. The first level is known as 

primary structure and it is represented by the amino acid sequence that constitutes 

the polypeptide chain. It is responsible for protein functions and spatial 

architectures. Folding of separate chain segments into several 3D structure, the most 

common ones are helical (α-helix) or in a more planar conformation (β-sheet), 

constitutes protein secondary structure. The last architectural levels of protein 

structure, the tertiary structure, is the configuration in space of different chain 

domains. Most of proteins are constituted by only one peptide chain, but some 

others can be formed by more than one component. These particular proteins 

present also a quaternary structures, which is the arrangement of various parts [1]. 

Protein conformation in physiological condition is called native configuration. It 

can be modified and destroyed at several different degrees, in a process called 

denaturation, if proteins are subjected to environmental stimuli such as temperature, 

pH and ionic strength of liquid medium variation and mechanical stresses [2]. 

1.3.1. Primary structure 

The first level of proteins structure refers to the amino acid sequences in the 

protein chain. Each protein has a very well-defined residues composition arranged 

in a specific manner. Amino acid sequence determines protein conformation, 

properties and functions. In order to exploit their biological role in an appropriate 

manner, proteins must fulfill very stringent requirements. The exact residues 

compositions and their precise position in the chain are fundamental, since every 

alteration can lead to functionality loss. The instructions for protein synthesis are 

recorded within the genetic code, in the DNA.  

A strict correlation between structure and protein function is confirmed by the 

fact that within individuals of the same species, proteins with specific roles are 

identical. While they differs from same kind of protein among different species[1]. 

1.3.2. Secondary structure 

Polypeptide chains can fold into ordered structures, due to different kind of 

weak bonds. Among them, the most influent are hydrogen bonds. Those structure 

are referred as secondary structure of proteins. There are three common ordinate 

secondary structure that can be present within proteins: α-helix, β-sheets and β-

turns. Chain portions without a specific pattern can be also found, they are referred 

as random coil. Protein can show different secondary structures at the same time, 

even though usually there is a predominance of one of them, as listed in Table 1.1.  
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Table 1.1 Secondary structure composition of different proteins. Percentages are referred to the 

portion of chains involved in the structures with respect to the total number of residues. Adapted from 

ref. [2,11] 

Protein % α-helix % β-sheet % β-turns % random coil 

Deoxyhemoglobin 85.7 0 8.8 5.5 

Bovine Serum Albumin 67.0 0 0 33.0 

αs1-Casein 15.0 12.0 19.0 54.0 

β-Casein 12.0 14.0 17.0 57.0 

Chymotrypsinogen 11.0 49.4 21.2 18.4 

Immuboglobulin G 2.5 67.2 17.8 12.5 

Insulin (dimer) 60.8 14.7 10.8 15.7 

Ribonuclease A 22.6 46.0 18.5 12.9 

Egg lysozyme 45.7 19.4 22.5 12.4 

Ovalbumin 49.0 13.0 14.0 24.0 

Papain 27.8 29.2 24.5 18.5 

α-Lactalbumin 26.0 14.0 0 60.0 

Β-Lactoglobulin 6.8 51.2 10.5 31.5 

Soy 11S 8.5 64.5 0 27.0 

Soy 7S 6.0 62.5 2.0 29.5 

Phaseolin 10.5 50.5 11.5 27.5 

Myoglobin 79.0 0 5.0 16.0 

Fibronectin 0 35.0 0 65.0 

α-helix 

During late 40s, Pauling and Corey confirmed the planar geometry and rigid 

structure of the peptide bonds by means of X-ray diffraction (XRD). Furthermore, 

they proposed a simple structure for polypeptide chain folding, based on H-bonds: 

the α-helix [12]. According to their studies, this was the only model, among the 

ones previously proposed, to well represent the structure of some fibrous proteins. 

In α-helix, polypeptide chain is wrapped around a central axis (Figure 1.7). Protein 

coiling is possible thanks to H-bonds between the hydrogen of the amino group of 

the first residue with the carbonyl oxygen of the fourth one. In this manner, each 

residue of the chain participates to one bond, providing stability to the structure. 

This is possible only in case of great amount of H-bonds. In fact, short peptides 

show no similar structure to the α-helix [9]. Each turn of the helix is composed by 

3.6 amino acid, with an height of 0.15 nm and a length of 0.54 [13]. Both right-

handed and left-handed α-helix conformation are possible, according to the coiling 

direction of the chain, but the latter is less stable as result of steric interaction 

between R groups. This kind of secondary structure is the most common to be found 

in proteins, nevertheless not all the amino acid sequences allow this folding. For 

instance, α-helix formation is prevented by electrostatic repulsion between side 

groups or presence of proline, in which the α-carbon is not able to rotate since it is 

included in the pyrrolidine ring.  
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Figure 1.7 Representation of a right-handed α-helix. H-bonds are represented by red dotted lines 

[1] 

β-sheet 

Peptide chains can arrange also in a more extended configuration than in α-

helix. Each amino acid residue has a length of 0.35 nm, while in helical structure it 

was of 0.15 nm. Astbury proposed this conformation in 1933, but the correct 

description was made only about 20 year later by Pauling and Corey [14]. In β-

sheet, protein backbone is in the extended conformation and paired. This allows the 

formation of inter-chain H-bonds, involving amino groups of one chain and 

carboxyl groups of the other one. β-sheet presents a so-called pleated structure, 

meaning that α-carbons do not lie all in the same plane, but they are little above or 

below it, alternately. This fact confers them a zig-zag fashion folding. As 

consequence of the direction of the chains involved, β-sheet can be parallel (both 

chains go from N-terminal to C-terminal) or antiparallel. Protein chains direction 

affects the angle and the distances between hydrogen bonds of β-sheets. A scheme 

of parallel and antiparallel β-sheet is represented in Figure 1.8. 

 
Figure 1.8 Sphere and rods scheme (top and side view) of antiparallel (left) and parallel (right) 

pleated β-sheet. Color legend: C green; N blue; O red; H white; R groups purple. Inter-chain H-bonds 

are represented as blue dotted lines. Arrows refer to N-terminal to C-terminal direction. Modified from 

ref [3] 

β-turns 

A third type of common structure in proteins is β-turn. Differently from helices 

and sheets, β-turns are non-repetitive [14]. They are usually connecting segments 
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between ordered chain parts, such as two adjacent segments of antiparallel β-sheets. 

β-turn are formed by four amino acid residues, linked by a hydrogen bond between 

the first and the fourth. Glycine and proline are common residues to be found in    

β-turn. Some different types of β-turn have been reported, but the most common 

ones are Type I and Type II (Figure 1.8)[3,14]. 

 
Figure 1.9 Type I and II β-turn [14] 

Random coil 

Protein regions without any repeated pattern are defined as random coil. This 

arrangement is a consequence of energy minimization resulting from protein 

primary structure. Random coils are often the connecting segments between ordered 

parts in globular proteins, due to the absence of a predominant axis [3]. 

1.3.3. Tertiary structure 

Various segments, ordered or random, of the protein chain are spatially 

arranged in a precise architecture. This overall 3D conformation is referred as 

tertiary structure, as shown in Figure 1.10 [15]. 

 
Figure 1.10 Representation of a protein tertiary structure containing different secondary structures 

(α-helix light blue; β-sheet green; random coils and β-turn blue)[16] 

  



Chapter 1: Proteins 

14 

 

Proteins can be classified according to their shape. Based on their tertiary 

structure, they are globular or fibrous proteins [1,17]: 

• Globular: proteins in this class present all types of secondary structure, 

forming compact spheroid or ovoid, with similar length of the three 

axes. Usually they possess a hydrophobic core and hydrophilic groups 

lie on the surface, thus proteins in this group are water soluble. 

Functional proteins, such as enzymes, antibodies, hormones and 

hemoglobin, belong to this class; 

• Fibrous or fibrillary: this type of proteins present parallel peptide 

chains, forming extended fibers or sheets. Inter-chain disulfide bonds 

confer stability and strength and proteins in this group are insoluble. 

Fibrillary proteins exploit structural functions. Keratin and collagen 

present fibrous conformation, for instance. 

The spatial configuration of a protein is due to interaction between R groups of 

amino acid residues. They can bind one another via strong or weak interactions 

both[1,18,19]: 

• Electrostatic interaction: attractive or repulsive forces affect the 

position of charged side groups that may present ionic parts, such as     

-NH3
+ or -COO-; 

• Hydrogen bonds: some residues, for instance aspartate or histidine, can 

attract some others, like threonine or serine. However, these bonds are 

different from ones responsible of secondary structure formation; 

• Disulfide bridges: free sulfhydryl groups (-SH) of cysteine can 

covalently bind forming a bridge (-S-S-), connecting two distant regions 

of a proteins. This kind of interaction is very common, for instance 

albumin presents several disulfide bridges [20]; 

• Hydrophobic and hydrophilic interactions: if proteins are dissolved 

within a solvent, polar and nonpolar R groups of amino acid residues 

play a fundamental role in defining protein structure. For instance, in 

polar solvent such as water, hydrophobic groups cluster together to 

avoid contact with liquid medium, while hydrophilic residues will be 

exposed on the surface of the protein. This hydrophobic effect is the 

main driving forces in protein folding [18] In nonpolar solvents the 

revers happens.  

• Van der Waals interactions: electronic clouds of very close atom can 

interact when temporary dipoles are formed. If a large number of atoms 

are involved, this kind of weak interaction might become significant. 

1.3.4. Quaternary structure 

Even though some proteins are composed by just one polypeptide chains, others 

are constituted by two or more of them, called subunits. Those can be identical or 

different. Hemoglobin, as an example, is composed by four subunits (Figure 1.11). 

The quaternary structure describes how subunits arrange in the space, held together 
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by noncovalent force [21]. Proteins composed by one single peptide chain cannot 

exhibit a quaternary structure. 

 
Figure 1.11 Hemoglobine quaternay structure. Different subuinits are shown in different colors [22] 

1.4. Protein denaturation 

In order to fully exploit their biological functions, proteins conformation need 

to be strictly defined. In other words, they must be in their native state. In non-

physiological environment, some of the forces that held protein conformation may 

change, leading to denaturation. This is a process where there some portions of the 

peptide chain loss their spatial arrangements. Nevertheless, covalent bonds are not 

cleaved. Usually denaturation is not complete, proteins are not in a fully random 

conformation, retaining some ordered portions.  

Denaturation process can be described from a thermodynamic point of view. 

The stability of a protein is proportional to the difference between native and 

denatured states free energy. Therefore, the activation energy for the process, 

denaturation free energy ΔGd, can be express as follows: 

ΔGd= ΔGH-bond + ΔGele + ΔGHy + ΔGvdW -T ΔSconf 

Where: 

- ΔGH-bond: free energy changes for hydrogen bonding 

- ΔGele: free energy changes for electrostatic interactions 

- ΔGHy: free energy changes for hydrophobic interactions 

- ΔGvdW: free energy changes for van der Waals interactions 

- ΔSconf: changes in conformational entropy 

The overall changes in free energy presents contributions by all the forces 

involved in maintaining protein secondary and tertiary structures. Even though the 

number of weak interactions within protein are very large, ΔGd is usually a low 

value, corresponding to a couple of H-bonds. Rupture of just few noncovalent 

bonds can destabilize the whole protein native conformation[2]. This fact reflects 

in the cooperative nature of the denaturation process, which is carried on in a two-

step manner. The transition between native and denature state is abrurtp and sudden 
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with the increase of denaturing agent impact, without a transition state between 

folded and unfolded conformations[23]. 

Different environmental parameters may affect the natural conformation of 

proteins, both physical and chemical. It is interesting to notice how, to some extent, 

when the external stimuli are removed protein chains are able to refold themselves, 

regaining their native structure. Renaturation is a clear proof of how secondary and 

tertiary structures are defined by the amino acid sequence, as found by Anfinsen 

studies about the refolding of ribonuclease [24]. 

The principal causes of denaturation in proteins are [3,19,25]: 

• Temperature: both high and low temperature can affect protein 

structural configuration. High temperature can disrupt atomic patterns 

by increasing the kinetic energy of the system, breaking noncovalent 

bonds and increasing the entropy contribution to free energy. Cold 

temperature can also weaken hydrophobic interaction, therefore 

proteins that are mainly stabilized by them can loss their stability due to 

conformational entropy predominance. Disulfide bonds, on the other 

way, help stabilize native conformation at high and low temperature 

both; 

• High pressure and mechanical stresses: more physical parameters other 

than temperature can provoke denaturation of proteins. Even though 

proteins are compact, some voids are still present in their structure and 

they are flexible. When pressure is applied, those voids are compressed, 

causing a small volume reduction (some tens of ml/mol). Another 

mechanism is the hydration of nonpolar reissued, that became exposed 

to water molecules because of hydrostatic pressure. This result in a loss 

of volume to. Mechanical shear can also lead to protein unfolding and 

precipitation. Vigorous shaking generates air bubbles in the solution 

and, at the air-liquid interface, proteins denature due to excess in free 

energy; 

• pH: values that differs from physiological pH (about 7.4) may cause 

denaturation. Many proteins are stable in a range from pH value of 4-5 

up to 9-10. When pH changes, protonation or deprotonation of charged 

and uncharged groups may occur, affecting electrostatic interactions 

within proteins. These changes are usually abrupt at pH variations, since 

many buried groups can be unmasked simultaneously and interact with 

liquid medium at once; 

• Solvents, detergents and additives: the composition of the liquid 

medium where proteins are dissolved plays a fundamental role in their 

configuration, a part from pH variations. Organic and nonpolar solvents 

change the stability of H-bonds, hydrophobic and electrostatic 

interactions. Certain detergents denature proteins to a large extent since 

they bind preferentially to denature protein, affecting the native-

unfolded state equilibrium. This kind of denaturation is irreversible due 

to the strength of bonds. Sodium dodecyl sulfate (SDS) is one of the 
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most common detergent. Small molecules or organic additives affect 

protein stability in both ways, by decreasing or increasing it. Addition 

of polyols and sugar tend to stabilize native protein conformations, 

while others, in particular urea and guanidinium hydrochloride, act as 

denaturants. Some of these compounds can act both ways, in 

dependence of their concentration within the solutions.  

One more aspect of protein denaturation exists, which is of great interest within 

the frame of this work. Loss of native configuration can occur also after adsorption 

on solid surfaces. Proteins can change their conformation upon interaction, of 

different kinds (covalent, electrostatic, hydrophilic, hydrophobic) with materials 

interfaces and also by interaction with neighbor proteins. These aspects will be 

further discussed later on, in Chapter 2. 

1.5. Albumin, fibronectin and fetal bovine serum 

1.5.1. Albumin 

Albumin is among the first proteins ever studies. Early observation of albumin 

effects on human body were reported to happen in antique Greek, by Hippocrates 

of Cos, who connected foamy urines to chronic kidney disease, in the fifth century 

[26]. Since then, human serum albumin (HSA) and its homologous from other 

animal species have been largely investigated, due to albumin extensive use in 

therapeutic applications and as protein model for researchers  [27–30]. 

Along with globulins, albumin is the most abundant protein that can be found 

in blood plasma, with a typical concentration of about 3.5-5 g/dl (≈60% of total 

proteins)[31]. Albumin is a globular protein synthesized in the liver then released 

into the portal circulation, and it covers a wide range of biological functions: it is 

responsible for 80% of plasma osmotic pressure, it regulates blood pH and it is a 

transporter of several compounds, such as metals, fatty acids, amino acids and drugs 

[28].  

As protein, HSA is relatively small, with a weight of 69 kDa. It is composed by 

a single peptide chain, containing 585 residues. HAS contains almost all the 20 

common amino acids: Lys (10.1%), His (2.7%), Arg (4.1%), Asp (9.0%), Thr 

(4.7%), Ser (4.1%), Glu (14.0%), Pro (4.1%), Gly (2.0%), Ala (10.0%), Cys (6.0%), 

Val (7.0%), Ile (1.4%), Leu (10.4%), Try (3.1%), Phe (5.3%), Trp (one 

residue)(percentages are referred to the number of each residues with respect to the 

total number within the protein)[32]. Noticeably, it has 17 pairs of disulfide bridges 

and one free cysteine residue (Cys-34), exhibiting a free sulfhydryl group. Even 

though some differences in amino acid sequences exist between albumin of 

different species, mammalian albumins share a similar structure. Disulfide bridges 

form nine double loops, repeated as triplets. This looped structure can be divided 

into three homologous domains (I, II, III), each containing three loops. Each 

albumin domain is further subdivided in subdomains A and B, where the former 

contains the first two loops of each domains, of equal length, and the latter the last 

one, the sorter. Albumins are mainly composed by α-helix (67%), without β-sheets). 
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Remaining portions of peptide chain are in random coil or turn conformations. Each 

subdomains A presents six helices, divided into one cluster of four (a-h1 to a-h4) 

and two more (a-h5 and a-h6), antiparallel and connected by a pair of disulfide 

bridges. Subdomains B are constituted by a single cluster of four helices (b-H1 to 

b-h4). Connection between each domain is achieved through fusion of helices b-

h10 C-terminal and a-h1 N-terminal of domains I-II and II-III respectively [33]. 

Domain I differs from the others due to lack of disulfide bridges connecting helices 

a-h1 and a-h3[26,29,30,32,34,35]. HSA secondary structure is displayed in Figure 

1.10. 

 
Figure 1.12 Scheme and features of HSA secondary structures. α-helices are drawn as rectangle, 

peptide chains an loops as thin lines and disulfide bridges as thick ones. Position of S-S bridges is also 

listed [34] 

Native configuration of albumin, the so-called N-form, has a peculiar heart-

shape conformation. Domain I and II dispose almost perpendicularly one with 

respect to the other, in a T-shaped assembly. Domain III interacts only with domain 

II, and forms an angle about 45° with its B subdomain[34].  

 
Figure 1.13 HSA N-form. Subdomains are colored as follow: pink, IA; red, IB; purple, IIA; blue, 

IIB; green, IIIA; cyan, IIIB. Modified from ref [36]. 

Serum albumin has appeared long time ago, in early vertebrate, so all mammals 

blood plasma is rich with this protein. Evolution stages carried along with them also 
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modification to albumin structures and sequences, so albumin of different species 

differs in some manner. Beside HAS, also bovine serum albumin (BSA) is of great 

interest for researches, mainly due to its wide availability and low cost. Overall 

conformation of HSA and BSA are similar, but they share just the 75.8% of the 

amino acid residues sequence [27]. Still, BSA is widely used as protein model for 

adsorption studies on biomaterials. 

Albumin peptide chain has residues with acid/basic and polar or non-polar 

properties both. This confers to different regions of albumin hydrophilicity or 

hydrophobicity, according to the position in the peptide chain. It has been shown 

that most of HSA surface in physiological condition is hydrophilic, with some 

hydrophobic regions [37]. This fact, coupled with albumin easiness to undergo 

conformational changes, allows albumin to interact with hydrophobic and 

hydrophilic surfaces both. According to surface polarity, albumin will expose to 

them proper residues groups [38]. Due to acid/basic behavior of different amino 

acids residues, pH value of the solution has a strong influence on albumin net 

surface charge. BSA IEP is at pH equal to 4.7. Below this value, in more acidic 

medium, albumin surface potential is positive, while BSA is negatively charged at 

pH above the IEP [39]. 

BSA, as well as HSA, undergoes conformational modification in dependence 

of the pH of the solution. Several studies have investigated the possible isomers that 

albumin can form at different pH. In dependence of pH values, BSA and HSA 

exhibit four different isomers (Figure 1.12) [4,26,40]: 

• N-form: it is the native state of albumin and it is present at pH between 

4 and 8; 

• Basic conformation: it is stable at pH > 8. Its conformation has not been 

well characterized yet; 

• F-form: this conformation is known as the fast form, which is stable in 

a pH range between 3.5 and 4. It is a transition conformation, between 

the N-form and the expanded configuration, stable at lower pH: 

• E-form: it is the conformation stable at lower pH. Albumin loses part of 

its helical structure and disulfide bridges. 

 
Figure 1.14 Albumin conformation and their stability according to pH values [40] 

Heating also causes albumin denaturation, which can be reversible or 

irreversible, depending on temperatures reached and heating time. With rising 

temperature, first changes in structure are detected above 30 °C. There, helical 
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content decreases, while β-structures and random coils increase. At 65 °C, α-helix 

percentage drop from 67 to 44, while β-structures increases greatly from 3 to 13 %. 

It has been shown that BSA structure can be recovered upon cooling. Changes 

became irreversible when a critical temperature region is reached, which is around 

55 °C Protein unfolding in solution provokes also aggregation and precipitation 

[41–43]. 

1.5.2. Fibronectin 

Fibronectin (FN) is a single-gene protein (meaning that its sequence is encoded 

in a single gene in the DNA), expressed by several cell types, and it takes part in 

cell-extracellular matrix (ECM) interactions and it affects cells adhesion, growth, 

migration and differentiation. It acts as ligand for important biomolecules such as 

integrins, fibrin, heparin and collagen [44]. Also, it plays a fundamental role in 

vertebrate fetal development. FN is quite a large fibrous protein and exists in several 

different conformation due to pre-mRNA splicing. Changes in protein sequence 

results into generation of 20 different polypeptides [45]. FN can be found in blood 

plasma and within ECM both, in two different form referred as plasma or cellular 

FN respectively. The main difference is the solubility: the former is highly soluble 

in plasma, where it is one of the most abundant protein showing a concentration of 

300 μg/ml in human plasma; the latter is almost insoluble. Plasma FN is shorter 

than cellular FN due to splicing [46]. 

FN is usually present as its dimer conformation, with two homologous parts 

connected by a pair of disulfide bridges thanks to cysteine residues in the C-terminal 

region of each monomer. Each subunit weights approximately 250 kDa and in 

primary sequences there are most of basic amino acids. Skorstengaard et al.[47] 

proposed the following composition for bovine FN subunits: Cys (0.1%), half-Cys 

(2.6%), Asp (4.7%), Asn (4.4%), Thr (10.7%), Ser (7.9%), Glu (6.0%), Gln (5.5%), 

Pro (7.8%), Gly (8.2%), Ala (4.2%), Val (8.1%), Met (1.1%), Ile (4.8%), Leu 

(5.4%), Tyr (4.2%), Phe (2.0%), Lys (3.4%), His (2.0%), Arg (5.3%), Try 

(1.7%)(percentages are referred to the number of each residues with respect to the 

total number within one subunit).  

Human and bovine FN share 93% of their structure [47]. For research purposes 

the latter is used. 

FN molecule is a repetition of three structural units, referred as repeats or 

modules:  

• Type I repeat/F1 module: it contains 40-45 residues, along with two 

disulfide bonds. Four cysteine residues are present and generate 

disulfide bridges. It is secondary structure consists into a double-

stranded anti-parallel β-sheet folded over a longer β-sheet segments, 

triple-stranded and anti-parallel as well; 

• Type II repeat/F2 module: its length covers about 60 amino acids and 

it exhibits two intrachain disulfide bonds, due to cysteine residues as 

happens in type I repeats. It presents two short β-sheets, oriented 
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perpendicularly one with respect to the other, and two disordered 

loops; 

• Type III repeat/F3 module: it is the longer repeats, with a chain of 

about 90 amino acids. Typically, seven β-strands are overlapped to 

form a sandwich of anti-parallel β-sheet, composed of three or four β-

strands. In fibronectin F3 module, there are no disulfide bonds and it 

presents a compact hydrophobic core. F3 main role is to mediate 

protein-protein interactions and ensures correct positioning of 

functional sites. 

 
Figure 1.15 Structure of FN monomer. Different features are represented: repeats (type I 

rectangles, type II ovals and type III circles); binding sites for different molecules; splicing sites EDA, 

EDB and V region; terminal cysteine residues acting as dimerization binding site [48]. 

FN includes 12 type I, two type II and 15 to 17 type III repeats. They form 

globular domains, each with specific affinities for biomolecules or cell surfaces. 

These repeats have been found also in several different other proteins. 10% of 

amino acid in the protein sequence is out of repeats [46,49]. FN monomer is 

schematized in Figure 1.13. Fibronectin is classified as a β-protein, since its 

secondary structures shows no α-helix content. β-sheets and β-turns account for the 

79 and 21 percent of FN structure respectively [45]. 

The large variability of FN forms is due to several type of splicing. One type of 

splicing involves the inclusion or exclusion of two type III repeats: extra domain A 

(EDA) and extra domain B (EDB). Another splicing can occur in connecting 

segments of type III repeats (IIICS or V region), which can present variation among 

different FN types or even not being present at all. It happens in case of plasma FN 

[46].  

One of FN functions is to act as ligand of integrins, which are cell-surface 

receptors that bind intracellular cytoskeleton with ECM. FN-integrins interactions 

is important in multimeric fibronectin fibrils assembly, which is a cell-mediated 

process [48]. In order carry on the process, FN needs to be activated: plasma FN 

are usually in a non-active form. In solutions, it exhibits a compact disc-like shape 

(axes length is 13.8, 13.8, and 1.4 nm)[45]. Activation of FN dimers is possible 

thanks to α5β1 integrin receptor, which recognizes RGD-synergy repeats sequence. 

RGD, a trypeptide Arg-Gly-Asp, is the main binding sites for integrins, in the repeat 

III10 of FN. After activation, FN clusters are formed through four FN-binding sites 

within FN itself [48]. Dimeric conformation is crucial for the fibril assembly 

process. For active FN-domains to be exposed, fibronectin has to assume an 

expanded configuration. This is achieved upon integrins interactions. Also, as it 

happens for albumins, structure expansion is also provoked by variations in solution 

pH or ionic strength. High pH turns FN conformation from compact to extended.  

FN surface charged is influenced by the strength of different acid/basic 

residues. It has an IEP between pH 5.6 and 6, while it is negatively charged at higher 
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pH and positively charged at lower [50]. Hydrophobic and hydrophilic regions can 

be found within FN as well. This allows the protein to bind to hydrophobic and 

hydrophilic surfaces both, through conformational changes and re-orientation on 

the surface [51]. 

FN can undergo denaturation if subjected to high temperature or acidic pH. 

Calorimetric studies demonstrated that each module presents its characteristic 

melting temperature and temperatures above 60 °C result in a loss of β-sheet 

content. At acidic pH, below 5.2, α-helix structures appear, substituting some β-

sheet domains [45]. 

1.5.3. Fetal Bovine Serum 

Fetal bovine serum (FBS) has been employed as cell and tissue culture substrate 

since late ‘50s, and nowadays it is still the most widely applied serum type [52,53]. 

It is used also for research purposes, and drugs and vaccines manufacturing, due to 

its low content of antibody[54]. FBS is derived from fetal calf blood and it is 

obtained by removing coagulation proteins, such as fibrin, clotting factors and cells. 

Practically, it is the liquid fraction of clotted blood. It is rich in serum proteins, cell 

nutritional elements and growth factors (Table 1.2)  

Human serum is composed for its 99% of 22 different proteins, such as 

albumin, which alone accounts for about half of total proteins content, fibrinogen 

and globulins. The remaining 1% includes hundreds of different other proteins[54]. 

Despites FBS use is largely widespread, several issues connected with its 

employment have been discussed. Lot-to-lot variability, undesired side reactions 

with biological molecules and ethical concerns about the harvesting method from 

claves led to extensive researches through the employment of serum-free method 

[52]. 

As it concerns the present work, FBS can be employed for protein adsorption 

studies as standard for complex protein mixture. 
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Table 1.2 Fetal bovine serum composition [55] 

Component Averge Range 

Endotoxins (ng/ml) 0.35 0.01 - 10.0 

Glucose (mg/ml) 1.25 0.85 - 1.81 

Protein (mg/ml) 38 32 - 70 

Albumin (mg/ml) 23 20 - 36 

Hemoglobin (µg/ml) 113 24 - 181 

Bilirubin, total (µg/ml) 4 3 - 11 

Bilirubin, direct (µg/ml) 2 0 - 5 

Urea (µg/ml) 160 140 - 200 

Urate (µg/ml) 29 13 - 41 

Creatinine (µg/ml) 31 16 - 43 

Insulin (µU/ml) 10 6 - 14 

Cortisol (ng/ml) 0.5 0.1 - 23 

Growth hormone (ng/ml) 39.0 18.7 - 51.6 

Parathormone (ng/ml) 1.72 0.085 - 6.18 

Triiodothyronine (ng/ml) 1.2 0.56 - 2.23 

Thyroxine (ng/ml) 0.12 0.08 - 0.16 

Thyroid-stimulating hormone (ng/ml) 1.22 0.2 - 4.5 

Follicle-stimulating hormone, (pg/ml) 95 20 - 338 

Testosterone (pg/ml) 400 210 - 990 

Progesterone, P4 (pg/ml) 80 3 - 360 

Prolactin = Luteotropic hormone (pg/ml) 176 20 - 500 

Luteinizing hormone (pg/ml) 8 1,2 - 18 

Prostaglandin E (ng/ml) 5.9 0.5 - 30.5 

Prostaglandin F (ng/ml) 12.3 3.8 - 42.0 

Vitamin A (ng/ml) 90 10 - 350 

Vitamin E (ng/ml) 1.1 1 - 4.2 

Cholesterol (µg/ml) 310 120 - 630 

Lactate-dehydrogenase (mU/ml) 864 260 - 1,215 

Alkaline Phosphatase (mU/ml) 255 110 - 352 

Aspartate-Aminotransferase (mU/ml) 130 20 - 200 

Sodium, Na+ (µeq/ml) 137 125 - 143 

Potassium, K+ (µeq/ml) 11.2 10.0 - 14.0 

Calcium, Ca2+ (µeq/ml) 6.75 6.30 - 7.15 

Chloride, Cl- (µeq/ml) 103 98 - 108 

Phosphate, Pi (µg/ml) 98 43 - 114 

Selen (µg/ml) 0.026 0.014 - 0.038 

pH 7.40 7.20 - 7.60 
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Chapter 2 

Protein adsorption on biomaterials 

2.1. Driving forces in the adsorption process 

As all processes, the protein adsorption on surfaces is ruled by thermodynamic 

laws. In particular, it happens spontaneously when the following relation is 

fulfilled: 

 𝛥𝐺𝑎𝑑𝑠 = 𝛥𝐻𝑎𝑑𝑠 − 𝑇𝛥𝑆𝑎𝑑𝑠 < 0 (2.1) 

Where 𝛥𝐺𝑎𝑑𝑠 is the variation in Gibbs free energy of the adsorption process, 

𝛥𝐻𝑎𝑑𝑠 is the variation in enthalpy, and 𝛥𝑆𝑎𝑑𝑠 is the difference in entropy. T is the 

temperature. Eq. 2.1 is the Gibbs function [1], and it states the principle that 

spontaneous processes are those who minimize the free energy of the systems. 

In spite of Eq 2.1 simple apparency, both enthalpic and entropic terms are the 

results of a large number of contributing factors, which are not of any simple 

explanation. Since long time, several authors have reviewed scientific literature 

about adsorption driving forces [2–8], trying to find a comprehensive explanation 

for this “common but very complicated phenomenon”, as Nakanishi described it 20 

years ago [3].  

The main driving forces in protein adsorption are hydrophobic interactions, 

electrostatic interactions and van der Waals forces. 

2.1.1. Hydrophobic interactions 

As consequence of the Gibbs’ relation, one possibility to decrease the free 

energy of the system is to increase its entropy. Hydrophobic interactions play a 

major role in this picture.  

As discussed in Chapter 1, proteins tertiary structure is maintained mainly 

thanks to hydrophobic interactions between hydrophobic amino acid residues. 
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When a protein comes in close contact with a hydrophobic surface, one of its sides 

is no more interacting with water molecules, thus the balance maintaining protein 

stability, among intra-protein and protein-solvent interactions, might be deranged. 

More, a hydrophobic surface provides a region where hydrophobic residues in the 

peptide chain can be accommodated without interacting with water. As 

consequences, proteins tend to undergo conformational changes upon adsorption 

on hydrophobic sorbent, increasing its entropy. Energy gain due to unfolding of 

adsorbed protein has been regarded as one of the strongest forces that drive 

adsorption [9]. Protein denaturation during adsorption is widely reported, and, as a 

rule of thumb, extent of denaturation is greater on hydrophobic surfaces with 

respect to hydrophilic ones [10,11].  

Further contributions in minimizing the Gibbs’ free energy are to be researched 

in the water component of the system, mainly affecting the entropic part [2]. In fact, 

when a hydrophobic surface is immersed into a water medium, solvent molecules 

close to surface are perturbed. Bulky water molecules tend to self-associate through 

a 3D network of hydrogen bonds [12,13]. This network can be disrupted by the 

presence of a solute or a solvent that shows no ability to form hydrogen bonds.  

Water molecules in the interface will therefore organize and structure themselves 

in order to optimize and maximize hydrogen bonding. The structured water zone 

comprehend some atomic layer in height [14]. Structured water has less entropic 

energy with respect to bulky water molecules, thus, the molecules displacement 

during the adsorption of proteins results in entropy gains, which increases the 

reduction of Gibbs free energy. Since proteins are large molecules, a great number 

of water molecules have to be removed from the sorbent surface. Thus, dehydration 

of hydrophobic surfaces has a strong contribute in spontaneous adsorption of 

proteins [2].  

2.1.2. Electrostatic and van der Waals interactions 

Even though electrostatic forces have a minor role regarding adsorption on non-

polar and/or hydrophobic surfaces, due to great energetic contributions of 

hydrophobic interactions, the relation is reversed considering hydrophilic and/or 

charged surface. These interactions affect mainly the enthalpic part of Gibbs’ 

relation [4].   

When a charged surface is immersed into a liquid solution, positive or negative 

ions gather onto the surface and arrange themselves to form the so called electrical 

double layer (Figure 2.1). A first layer of ions of opposite charge with respect to the 

material form the Stern layer, while the second layer, known as Gouy-Chapman 

diffuse layer, extends through the bulk exhibiting an abundance of ions in order to 

compensate the surface charge. The electrical potential at the shear plane, dividing 

Stern and diffuse layers, is the zeta potential (ζ). A scheme of the double layer is 

reported in Figure 2.1 [15]. 
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Figure 2.1 Double layer representation and electrical potential evolution. Modified from ref. [15]. 

The extension of the diffuse layer determines the distance at which two 

immersed bodies can interact electrostatically. Thickness of the diffuse layer (λ) is 

independent of the material, but it is determined by the ionic strengths of the liquid 

medium. λ is known as the Debye length and is defined by the following equation 

[4]: 

  

λ = √
𝜀𝜀0𝑘𝑇

𝑒2 ∑ c𝑖q𝑖
2

𝑖
 (2.2) 

 

Where: 

ε is the medium dielectric constant 

ε0 is the vacuum permittivity 

k is the Boltzman constant 

T is the temperature in Kelvin degrees 

e is the electron charge 

q and c are the ionic valency and the concertation, of the ith electrolyte in 

solution respectively. 

As two corps in solution approach, their diffuse layers overlap and generate 

attractive or repulsive electrostatic interactions, according to the respective sign of 

the surface charges. The energy of these interactions, Uelectr, are dependent on the 

surface potential (ψS) and on the protein potential (ψP), and it is give by the 

following equation, stating the boundary condition that surface potential is constant 

[4]: 

𝑈𝑒𝑙𝑒𝑐𝑡𝑟 = επR[(𝜓𝑆 + 𝜓𝑃)2 ln(1 + 𝑒−𝑥 𝜆⁄ ) + (𝜓𝑆 − 𝜓𝑃)2 ln(1 − 𝑒−𝑥 𝜆⁄ )] (2.3) 

 

Where: 

   R is the curvature radius of the protein 

   x is the distance between the surface and the protein 

As well as colloidal particles, proteins experience forces due to dipole-dipole 

interactions, commonly referred as van der Waals forces. They are constituted of 

three different contributions: Keesom and Debye interactions and London forces. 

The former two arise from electrostatic interactions, dipole-dipole interaction and 

dipole-dipole induced interaction respectively. They involve polar molecules. 

London forces, on the other hand, arise from induced dipole-induced dipole 

interactions generated by the polarization of interacting non-polar molecules. Van 

der Walls interactions are usually attractive on short distances. In fact, they are 

proportional to 1
𝑟6⁄  [16]. The energy due to overall contributions of van der Waals 

forces is expressed through the Hamaker constant (A), which is empirical and 
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depends on the examined system (materials, particles geometry and liquid 

medium), and it follows the relation [4]: 

 
𝑈𝑣𝑑𝑊𝑎𝑎𝑙𝑠 = −

𝐴𝑅

6𝑥
 (2.4) 

 

The combination of contributions from electrostatic interactions and van der 

Waals forces constitute the well-knonw DLVO (Derjaguin, Landau, Verwey 

Overbeek) theory. This theory can predict whether the resulting force is attractive 

or repulsive depending on the distance and the energy barrier for aggregation of 

particles (Figure 2.2) [16].  

 
Figure 2.2 Graphical representation of the DLVO theory. Total interaction energy is plotted 

versus the distance as sum of electrostatic repulsive interactions and van deer Waals attractive forces 

[16] 

2.2. Factors influencing protein adsorption 

2.2.1. Protein characteristics 

As briefly discussed before, the adsorption process of proteins is deeply 

affected by several features of proteins themselves. Water-protein interactions, 

electrostatic attraction with the sorbent surface and extent of conformational 

modifications are in strict correlation with the peptide chain chemistry and charge 

and protein structure stability. Regarding a protein mixture, as biological fluids are, 

diffusivity of proteins determines which one moves faster in the liquid medium. 

Thus, also protein masses ratios are of interest discussing factors influencing 

adsorption. 

2.2.2. Structural stability 

It is widely reported that proteins can undergo conformational transitions after 

adsorption on hydrophobic or hydrophilic/charged surfaces both [17,18]. In the 

former case, larger structural deformations generate entropy gains. On the second 

kind of surfaces, rearrangements in the protein structure allow optimization of 

electrostatic interactions. Thus, charged amino acid residues can be close to 

oppositely-charged surface. This fact explains the counter-intuitive adsorption of 

protein on likely-charged surfaces. Therefore, proteins with lower structural 

stability are prone to adsorb in greater amount with respect to the more stable ones. 

The concept of soft and hard protein was introduced by Norde [17] to easily 
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visualize this concept. Soft protein family includes intermediate size proteins such 

as albumin, transferrin, immunoglobulins [7]. Albumin configurations after 

adsorption have been intensively researched. BSA was proven to undergo 

conformational modification after adsorption on ceramics and bioceramics 

substrates [19,20], on nanoparticles [21,22], hydrophilic or hydrophobic polymers 

[23,24], and on metals, such as Ti alloys [25,26].  Conformational modifications 

have been reported also for immunoglobulins [27,28] and transferrin [29]. Small 

proteins usually account as the hard ones: β-Lactoglobulin, α-chymotrypsin and 

lysozyme [7]. In these cases, very little structural rearrangements occur upon 

adsorption [30,31].  

Despite wide spread of Norde approach [17], as in many general concepts 

regarding protein adsorption, protein behavior predictions based on soft/hard 

classification shall be intended as a rule of thumb since exceptions to it have been 

reported in literature [32,33]. 

2.2.3. Protein charge 

As discussed in section 1.1, protein-surface electrostatic interaction might 

heavily contribute to the adsorption process, especially regarding adsorption on 

hydrophilic surfaces. Protein charge is defined by acid/basic behavior of surface 

amino acid residues and it is strictly dependent on the pH of the liquid phase [34]. 

Protein overall surface is negatively charged at pH above the IEP and positively 

charged at pH below the IEP. IEP of different proteins varies on a very wide pH 

range. For instance, lysozyme shows an IEP around 11 [35], while fibronectin IEP 

occur at lower pH, about 5.6-6 [36] and the one of BSA is even at the more acidic 

pH of 4.7 [37]. However, it is necessary to keep in mind that surface charge is not 

homogeneous on protein. Depending on the amino acid residues sequence and on 

the secondary and tertiary structures, charge distribution can assume a patch-like 

aspects, with positive and negative regions, as shown in Figure 2.3.  

 
Figure 2.3 BSA molecule charge distribution. Positive domains are represented in blue, negative in 

red and neutral in grey [38] 

The influence of the exposed charge on the adsorption process needs to be 

addressed taking into account also the charge borne by the adsorbent surface. 
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Proteins adsorbs easily on substrates that have opposite net charge due to 

electrostatic attractive interactions [39]. Thanks to charge inhomogeneous 

distribution, proteins are able also to adsorb also on surfaces that have a net charge 

of the same kind. At pH 7, BSA has been proven to adsorb on negative charged 

surfaces, despite its overall negative net charge. Albumin can still interact with the 

surface thanks to its positive residues, if they are close enough to the surface. 

Structural modifications can improve attractive electrostatic interactions [40].  

Furthermore, protein-protein lateral interactions depend on protein charge, too. 

It is accepted and confirmed that the higher amount of protein adsorbed happens in 

correspondence of the IEP of the protein [41,42]. Electrostatic repulsion of 

likewise-charged proteins, as usually are protein of the same kind in solution away 

from the IEP, results in lower adsorption on the surface [43]. Protein-protein 

interactions and their behavior on surfaces will be discussed in more detailed 

manner later in this chapter. 

Molecular weight  

Protein mass influences different aspects of adsorption mechanisms. At first, 

once an interface is created between the protein solution and a sorbent surface, 

diffusion of proteins from the bulk at the interfacial region takes place. As it is 

reasonable, smaller molecules diffuse faster than larger one, therefore they can 

reach the surface faster. In first approximation, proteins in solution can be 

considered as sphere. Thus, considering two proteins i and j , the ratio between their 

diffusion coefficient, D, and their molecular weight, MW, can be expressed as [8]: 

  D𝑖

D𝑗
=

MW𝑗

MW𝑖

1
3⁄

 
(2.5) 

 

The equation 2.5 applies to a wide range of MW, fitting several different 

proteins.  

Differences in diffusion coefficients partially explain why smaller proteins 

adsorb at first, in larger amount than bigger ones [7]. However, time scale and 

distances of protein diffusions towards the surface are too short to explain the 

preliminary selectivity in size of protein adsorption[44]. A complementary effect 

of protein mass is that larger proteins need to displace a larger amount of hydration 

water, from the surface and the proteins themselves both, in order to get in contact 

with the surface. Higher energies are needed for larger molecules to enter the 

interface region, therefore promoting adsorption of smaller ones in first place [44]. 

Nevertheless, larger proteins usually exhibit stronger adhesion forces with the 

surface. Protein adsorption is a dynamic process, proteins with higher MW can 

eventually displace the smallest ones, adsorbing on the surface. This is referred as 

the Vroman effect [7].  
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2.2.4. Surface features 

Protein adsorption is influenced on one side by properties of proteins and liquid 

medium, on the other side by properties of adsorbent surface. Both long- and short-

range protein surface interactions are affected by surface chemistry, wettability, 

charge and topography, also. Surface modifications have been vastly employed by 

researchers to study the different role played by substrates in the adsorption process 

from several different points of view. 

Surface charge and wettability 

As it happens for proteins, chemical groups exposed on sorbent surfaces have 

a role in defining the electrostatic interactions with proteins and hydration energy, 

which contribute heavily and in both ways to the overall variation of Gibbs’ free 

energy. Wettability is one of the main players in determining the interactions 

between proteins and substrates. Hydrophobic or hydrophilic adsorbent can lead to 

a whole different outcome of the adsorption process. It is widely recognized that 

hydrophobic materials adsorbs more proteins that hydrophilic ones [7,45,46]. 

Furthermore, other aspects of protein adsorption are affected by surface wettability. 

Xu and Siedlecki investigated the effect of change in wettability by adsorbing 

different proteins on low density polyethylene (LDPE), treated at different 

intensities with glow discharge plasma. They found that a pivotal water contact 

angle (CA)(θ) for protein behavior is about 65°. Adhesion forces of proteins are 

lager for poorly wettable surface, while they decrease at θ below 65°[47]. This value 

is in agreement with other researchers, who found contact angle values near θ = 65° 

as dividing line between hydrophilic and hydrophobic surfaces [12]. Interestingly, 

a threshold for adhesion of cells on surfaces is also located around 60° as contact 

angle (surface energy equal to 40 mN/m): in this case, cell adhesion is enhanced for 

larger surface energy, that means lower contact angle values. Cell adhesion is larger 

on hydrophilic biomaterials, surfaces with surface energy just around the threshold 

value are biocompatible, but non-adhesive, while highly hydrophobic surfaces are 

usually cytotoxic. 

Hydrophobicity/hydrophilicity of surfaces, combined with structural stability 

of proteins, have influence also on unfolding mechanisms. Usually, higher 

hydrophobicity corresponds to larger structural changes [18]. FN structural changes 

have been investigated after adsorption on surfaces with well-defined properties 

obtained by self-assembled monolayer (SAM). Hydrophobic surfaces induce 

heavier structural changes with respect to the hydrophilic ones [48]. Albumin 

adsorption on CH3- and HO-terminated SAM substrate was investigated as well, 

confirming this general rules [49].  

Hydrophobic materials are usually non-polar, while hydrophilic ones exhibit 

electrical charges on their surfaces. As well as wettability, surface charge has an 

important influence on surface-proteins interactions. Depending on the pH of the 

solution and proteins contained within, surfaces can be charged in the same way as 

proteins or not. Thus, the electrostatic forces between proteins and the surface can 
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be attractive or repulsive [4]. Negatively charged surfaces, such as bioglasses in 

physiological environment, hinder the process and decrease the total amount of 

protein adsorbed [50]. Proteins with net negative charge can still adsorbs on 

surfaces with overall negative charge thanks to positive charged region on the 

protein surfaces, such as in the case of BSA [40], or thanks to positive charged 

groups or molecules on the surface of the sorbent materials, as for example positive 

ions in bioactive glasses[50] or positive portion of copolymers [51]. Whether 

negative charged surfaces usually repel proteins, it has been demonstrated that 

increasing positive charge presence promotes protein adhesion in larger amount. 

Titanium and its alloys are usually negatively charged at pH = 7.4. Recent studies 

demonstrated that positively charged Ti surfaces can be obtained through lithium 

ion-containing coating, and that protein adsorption is enhanced [52].  

Surface topography and chemistry 

Controlling protein adsorption is not only matter of control the surface 

chemistry or charge. It is well established that surface features in the micrometric 

scale impact growth and proliferation of several different types of cells. Less 

understood and investigated is the impact that micro and nanometric topographical 

elements exert on protein adsorption [53]. As it is quite obvious, more proteins 

adsorb on larger surface areas due to increased surface roughness. Surprisingly, 

some proteins adsorb on appreciably larger amount than that expected just for 

increased surface areas. Fibrinogen was observed to exhibit this fact, probably due 

to anisotropy of its structures and changes in protein orientation on the surface. 

BSA, on the other hand, was less affected by nanometric surface roughness [54]. 

As usual, protein adsorption is a complex phenomenon, and it is necessary to bear 

in mind that a single parameter is not the only one acting on it. Several studies 

pointed out that varying surface roughness means also to modify other surface 

property, namely surface wettability. Increased protein uptake had been co-

addressed also to increased hydrophobicity of rough polymeric surfaces [55,56]. 

On bioceramics, such as hydroxyapatite, besides surface roughness, crystallinity 

and grain size have been found crucial in establishing protein-surface interactions 

[36]. 

In order to control protein adsorption, surface can be modified to larger extent 

than with respect to only surface roughness. Protein adsorption can be reduced by 

grafting the surfaces with polymers such as poly(ethylene oxide), poly(ethylene 

glycol) or zwitterionic polymers. It has been reported that adsorption is suppressed 

thanks to steric repulsion [7,57]. Another remarkable way of gaining control on 

protein uptake is to functionalize the surface with a so-called polyelectrolyte brush. 

Grafted brushes may vary the degree of adsorption thanks to use of stimuli 

responsive polymers (Figure 2.4).  
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Figure 2.4 polyelectrolite grafting can modulate protein adsorption on the surface. Brushes can 

uptake a large amount of proteins (red spheres)(left) or they can act as a protein-repellent layer for the 

surface (right). The change in conformation can be achieved by varying temperature, pH or solution 

ionic strength [57] 

If weak polyelectrolytes are used, such as poly(acrylic acid), protein affinity for 

the surface can be modified by varying pH and ionic strength of the solution [36]. 

Fibrinogen adsorption control was obtained thanks to a thermosensitive polymer 

such as poly(N-isopropylacylamide), which has a protective effect at temperatures 

below the lower critical solution temperature whist being adsorbent at T above it 

[58]. 

2.2.5. Temperature 

Protein adsorption is ruled by the Gibbs’ relation (eq. 2.1), where the negative 

contribute is represented by the term -TΔS𝑎𝑑𝑠. Thus, it is clear that temperature has 

a direct role in lowering the free energy of the system. Actually, temperature affects 

the process in other ways, than just being a multiplier of the entropy variation, 

namely, the adsorption rate and the equilibrium state plus increasing protein 

mobility in solution [7]. Several authors claim that both adsorption kinetic [59] and 

equilibrium surface concentration [60,61] increase with higher temperature. A very 

interesting study on the effect of temperature on protein adsorption and desorption 

was carried out by Kiesel et al. [62]. Higher temperatures increase the mobility of 

protein at solid-liquid interface, thus influencing desorption of proteins. Desorption 

is kinetically driven. In this process, structural stability of proteins has a crucial 

role. In fact, hard proteins, such as lysozyme are more mobile at the interface, while 

soft proteins, such as BSA, desorb less due to denaturation and increased contact 

area. The adsorption, on the other hand, is mainly driven by entropy gain due to 

higher mobility of protein chains at higher temperature, causing conformational 

changes. If adsorption is obtained at temperatures above the protein denaturation 

temperature, unfolding can lead to multilayer formation on the surface.  

2.2.6. Solution parameters 

The environment at which the adsorption experiments are conducted is 

fundamental to determine the fate of proteins, almost as much as surfaces and 

protein themselves. Physical properties, namely electrostatic states, of players in 

the process are determined through the liquid medium they are immersed in and 

presence of different elements in solution can affect also other characteristic of 
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proteins (e.g. structural stability). pH, ionic strength, salt ions in solutions and 

protein concentration play important roles in protein adsorption. 

pH and ionic strength 

When it comes to adsorption of proteins onto hydrophilic/polar surfaces, 

electrostatic interactions may overtake the hydrophobic effect as principal driving 

force in the adsorption process. Electrostatic states of proteins and solids are 

determined by the environment in which the adsorption experiment is conducted, 

in particular, they are affected by pH and ionic strength of buffer solutions. 

As already discussed, pH controls whether acidic or basic surface groups are in 

a protonated or deprotonated state. Therefore, pH variations can induce negative, 

positive or neutral net charge on proteins and surfaces, generating attractive or 

repulsive forces between them. It’s well established that the highest adsorption 

degrees can be obtained in solution with a pH values corresponding to the IEP of 

proteins. Usually, proteins of the same type are likewise charged in solution, 

therefore protein-protein electrostatic interactions are repulsive, preventing very 

close packing on the surface. At the IEP, protein surface net charge is null, so 

protein-protein repulsion is at minimum, maximizing the adsorption. This was 

observed for several different protein-surface systems, such as BSA on 

ultrafiltration membranes [41] and titanium dioxide (TiO2) [59]. Kubiak-Ossowska 

et al. [42] observed how egg lysozyme absorbs onto silica in dependence of the pH. 

Lysozyme IEP is at pH 10. Below this value, protein and SiO2 are oppositely 

charged and adsorption is favored by electrostatic attraction. This until the negative 

charge on the surface decrease, approaching zero around pH 4, and decreasing 

adsorption. As expected, adsorption is maximal at lysozyme IEP and it decrease at 

higher pH, when protein and surface are negatively charged both and the process is 

driven by hydrophobic interactions. As reported by Demanèche et al. [63], pH has 

also an influence on the conformation of adsorbed layer, as consequence of pH-

induced protein unfolding. Through atomic force microscopy measurements, they 

observed that layer height of BSA adsorbed onto mica decreased at acidic pH, 

corresponding to an extended isomer of the protein. The same effect was not 

observed for a hard protein, such as α-Chymotrypsin. 

Solution pH determines the kind of electrostatic interactions, but it is not 

enough to fully describe their effectiveness. Another important parameter is the 

ionic strength of the solution. In fact, it determines the distance at which 

electrostatic interactions are not negligible, according to the Debye length (eq 2.2). 

Higher ionic strength of the protein containing solution reduces electrostatic 

interactions, by decreasing the thickness of the diffusive layer of counterions [4]. 

This means that repulsive forces that may rise due to likewise charged surface of 

proteins and solids are less relevant in driving the adsorption. Different studies 

agreed that increasing the ionic strength of the solution results into increased protein 

uptake on surfaces [64,65].  
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Influence of solution composition and protein 

concentration 

Overviewing factors influencing protein adsorption, the effects of protein 

solutions are “Not only pH”, as Salis et al. said [66]. In fact, apart from the impact 

on electrostatic interactions due to pH and ionic strength, buffers result in a wider 

range of consequences. At first, different salt compositions and concentration 

within the buffer affect proteins directly in the liquid medium. It is known since 

long time, since pioneering studies by Hofmeister in 1880s’, that salt ions in 

solution can have effects on solubility of proteins, namely, “salt in” if they increase 

the solubility, and “salt out” whenever they decrease it, provoking aggregation and 

precipitation [67]. These effects on solubility are related with the influence of ions 

on protein structural stability. Ions that are water-structure breakers (i.e. SO4
2-, 

Mg2+, Ca2+) are called chaotropic and they destabilize structures of proteins. At 

revers, polar water-structure makers ions that stabilize proteins (i.e. SCN-, NH4
+, 

ClO4
-) are referred as kosmotropic [68]. Hofmeister series for anions and cations, 

with their principal and more common effects, are represented in Figure 2.5. As 

usual, enormous protein variability leads to a number of exceptions to these general 

rules and difficulties in predicting adsorption on a salt type-bias. A reverse order of 

anionic Hofmeister series for positively charged proteins, for instance lysozyme, 

[67] or similar effects of lowered adsorption by chaotropic and kosmotropic salts 

[69] have been found. 

 
Figure 2.5 Hofmeister series of salt ions and cations accompanied by their effects on proteins in 

solutions [67]. 

Over the years, it has been reported that buffer choice affects different aspects 

of protein adsorption, with different results obtained with respect to different 

proteins. Gondim et al. [70] observed how buffers, such as trizma-hydrocloric acid 

(TRIS-HCl) or sodium phosphate, change the amount of HSA and human 

immunoglobulin G (IgG), adsorbed and how an appropriate choice can produce 

selective adsorption of one protein with respect to the other.. Wei et al. [71] 

compared adsorption of different proteins using TIRS-HCl and phosphate buffered 

saline (PBS) buffers. PBS depresses adsorption in a more extensive manner than 

TRIS-HCl, possibly due to competitive adsorption of phosphate ions H2PO4
- and 

HPO4
2-. Interestingly, secondary structures of adsorbed proteins resulted unaltered 
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by buffer choice. Nevertheless, other researchers, in disagreement with before, 

claim a little influence by the buffer on the adsorbed amount, stating that the main 

discriminant factors on adsorption are pH and ionic strength [72].  

Another aspect of solutions employed in adsorption studies is the initial protein 

concentration. Researchers employ solution with different concentrations dictated 

by different reasons: physiological concentration, costs, availability and so on. 

Anyhow it is necessary to keep in mind that protein concentration in solution can 

heavily affect the adsorption process, in particular when comparing different 

experiments or studies. In their paper, Gondim and his group [70] evaluated the 

effect of protein concentration in solution on adsorption isotherms, noticing that 

total adsorbed amount increases with increasing quantity of proteins in solution 

until reaching a plateau. Similar results have been obtained also in other studies 

[73,74]. Furthermore, if there are not enough proteins in solution to saturate the 

surface, higher degree of structural changes of adsorbed biomolecules is to be 

expected. In sub-saturated surfaces there is room for proteins to denature after 

adsorption [8]. 

2.3. Protein adsorption on titanium-based biomaterials 

This paragraph has been published as part of the review article: Titanium and 

protein adsorption: An overview of mechanisms and effects of surface features. J. 

Barberi, S. Spriano, Materials (Basel). 2021, 14, DOI 10.3390/ma14071590. 

2.3.1. General Consideration on Protein Adsorption on Titanium 

Based Materials 

Titanium peculiar properties have made it one of the most world widespread 

biomaterials [75]. With respect to other metals, titanium and its alloys possess 

excellent osseointegration capability, proper mechanical properties, and soft tissue 

compatibility. They have been extensively described elsewhere, therefore here only 

the ones of interest for discussing protein adsorption will be briefly reported [76–

78]. Being a very reactive element, titanium does not exist in its metal form onto its 

surface, but it is immediately passivated by oxygen and its surface is covered by a 

thin native oxide layer, which is mainly amorphous TiO2 about 3–7 nm thick [79]. 

This layer confers chemical stability, biological inertness and corrosion resistance 

to the surface. To understand how this biomaterial interacts with the biological 

environments, it is mandatory to notice that titanium surfaces are highly 

hydroxylated. OH groups can form by dissociation of water molecules at the five-

coordinated Ti sites. Several kinds of hydroxyls can thus form on the surface, 

differing in their position (terminal or bridging) and in their chemical behavior 

(acidic or basic). As a consequence, when the surface gets in contact with water, 

acidic OH groups deprotonate, while basic OH groups protonate themselves, 

forming both positive and negative charges (Figure 2.6).  
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Acidic OH deprotonation: Ti-OH + H2O ↔ [Ti-O]− + H3O
+ 

Basic OH protonation: Ti-OH + H2O ↔ [Ti-OH]+ + OH− 

As consequence of the dissociation constants of both the OH groups, IEP of 

titanium lies around 5 [80].  

 
Figure 2.6 Scheme of hydroxylation of Ti surface and surface charge generation during contact 

with aqueous solutions. 

Titanium affinity for proteins is well acknowledged. A stable protein layer was 

found to form in vivo after just three hours [81]. This was observed to prevent 

precipitation of compound like HA after a week. Ti-based materials can interact 

with many different proteins, such as serum albumin [82,83], FIB [84], or FN [85]. 

Many researchers have tried to unveil the mechanisms of interaction between 

proteins and titanium substrates. By studying the adsorption isotherms of several 

different proteins (such as human serum albumin (HSA), BSA, lysozyme (LYS), 

pepsin, myoglobin, and others) at different pH values, Imamura et al. [86] ascribed 

pseudo-irreversible adsorption of protein to electrostatic interactions between the 

OH2
+ groups on the titanium surface and COO- groups of proteins. Furthermore, 

negatively charged carboxyl groups can also induce protonation of the OH groups 

of the surface around the IEP of titanium. Another research group proposed a 

slightly different interaction mechanism between HSA and titanium [83,87]. They 

proposed that HSA has a similar effect to a local change of the pH, acting like a 

reduction of [H+] and affecting the thickness of the H+ diffusion layer on the Ti 

surface. Interactions between albumin and a titanium surface followed the proposed 

two steps mechanism, which involves a first hydrogen bonding and a subsequent 

proton transfer. 

Hydrogen bonding: 

 

Proton transfer: 
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Even though the interaction mechanisms proposed by Imamura and Camàra are 

different, they underline the importance of the OH groups on driving protein 

adsorption. Molecular dynamic simulations observed that an increased density of 

the OH groups on rutile (1 1 0) means higher affinity for the subdomain IIIb of HSA 

[88]. Electrostatic interactions with the COO- and NH3
+ groups of proteins were 

greatly enhanced. A key role of the local electrostatic interactions between opposite 

charges respectively on TiO2 and organic molecules was also observed for peptides 

[89]. The charge effect of hydroxyls on the strength of protein adsorption was 

investigated in another interesting computational studies by Sun et al. [90]. They 

tuned the hydrophobicity/hydrophilicity of rutile surface by scaling the OH charges 

of different factors. Lower surface charge, related to higher hydrophobicity, turned 

out to adsorb lactoferrin and bone morphogenetic protein-2 (BMP-2) in a stronger 

manner than a hydrophilic surface. Being a soft protein, BMP-2 is also more 

denaturated. At the same time, protein–surface interactions on hydrophilic TiO2 

surfaces are hindered due to water-surface interactions [91]. Thus, spreading and 

denaturation of certain adsorbed proteins are limited. OH groups generated onto 

TiO2 by vacuum annealing can prevent FIB denaturation by avoiding electron 

transfer, from the protein to the surface. In this case, hydrophilic TiO2 surface 

denatures less proteins than the hydrophobic ones [92]. Less FIB denaturation is 

related to lower platelet activity and better blood compatibility of biomaterials. 

In order to predict the biological behavior of biomaterials, alongside the amount 

and type of protein adsorbed, it is necessary to be aware of their spatial 

configuration and orientation with respect to the surface. Proteins can adsorb in a 

“side-on” or “end-on” orientation, according to the positioning of their main axis 

[7].  

Furthermore, denaturation can occur to different extents with different proteins. 

As already mentioned, adsorption on titanium substrates lead to denaturation of 

FIB. Several authors found that FIB can interact with titanium surfaces through αC 

domains. Since they are positively charged at pH = 7.4, electrostatic attraction 

between the surface and the protein can occur [93,94]. The strong protein–surface 

interactions lead to denaturation of FIB. This was confirmed by Zhao et al. [95]. 

Furthermore, even though binding via αC domains shall result in side-on orientation 

of the proteins on the surface, FIB was found with preferred end-on orientation. 

Bimodal adsorption isotherms of immunoglobulin (IgG) suggest that adsorbed 

proteins may undergo structural rearrangements and orientation modification 

according to saturation level of the surface [96]. While in some cases no 

denaturation of BSA was observed upon adsorption on titanium oxide [97], others 

had observed conformational changes of albumin. Hydrophobicity of titanium may 

lead to spreading of adsorbed HSA onto its surface [98]. Conformation and 

adsorption mechanisms are strictly dependent on both surface features and protein 

composition. Different structures were found for proteins that shall be analogous, 

such as chicken and human albumin [99]. Adsorption mechanism was also 

profoundly different: HSA adsorbs as a continuous thin film, while chicken albumin 

forms adherent flakes on the titanium surface. In addition, relevant peptide 
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sequences, such as RGD domains of FN, may change their spatial configuration 

after adsorption on rutile or anatase [100].  

Surface roughness is a parameter that very often is addressed as pivotal in 

determining the outcome of protein adsorption, and more in general, cell behavior 

[101]. It does not only change the effective surface area available for interaction 

with proteins, but it can also affect the wettability of the materials. It has been 

acknowledged that roughness in the micro-range enhanced protein adsorption due 

to increase of specific surface area [102]. Several authors have tried to understand 

the extent of roughness, in particular in the nano-range, influence on the protein 

adsorption on titanium-based surfaces. Roughness variations from few to some tens 

of nm were found not to have a unique effect on all proteins and some results in 

literature may disagree. BSA adsorption is slightly influenced by roughness 

between Ra values of 1.57 and 16.44, while in the same range FIB adsorption is 

increased to a slightly larger extend [103]. Controversially, in a more recent study, 

Rockwell et al. [104] observed that the increment in the surface area ratio (SAR) 

due to increased roughness, in the same range as previously reported [103], along 

sample profile, was not sufficient for explain the increased of normalized 

adsorption of both FIB and BSA (Figure 2.7 a). Increments on proteins and SAR 

were up to 50% and 15%, respectively. Instead, the increment in curvature of 

surface features accounted better for the increment in adsorption (Figure 2.7 b): 

Higher curvature, meaning smaller features radii, favors end-on FIB adsorption and 

stabilizes protein secondary structures. Besides, increased roughness, from less than 

1 nanometer to about 11, resulted in increased surface free energy (SFE) that 

promoted better adsorption of FN and VN from fetal bovine serum [105]. These 

results were confirmed also on TiO2 when other proteins, such as BSA [106] or 

casein [107], were adsorbed. 

 
Figure 2.7 Normalized adsorption profile of bovine serum albumin (BSA) (black) and fibrinogen 

(FIB) (blue) on Ti with roughness gradient (left y-axes). The overlaid red lines are the SAR profile (a) 

and the curvature profile (b) (right y-axes). Adapted from ref [104]. 

Roughness of titanium substrates is also capable of influencing the mechanisms 

of adsorption. While adsorption of BSA, FIB, and streptavidin on flatter substrates 

occurs mainly as protein monolayers, roughness values about Rms = 29.5 nm can 

increase protein–protein interactions, resulting in a multilayer type adsorption 

[108]. Surface features such as protuberances and peaks are not the only 

topographical characteristics that have influence on proteins adsorption. Surface 

pores in the meso- and nano-range need to be accounted when the effect of surface 
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roughness on this matter is discussed. Proteins are not able to enter pores smaller 

than their hydrodynamic radius. In the case of BSA, of which hydrodynamic 

diameter is about 7.2 nm, mesopores need to be at least about 9 nm for albumin to 

enter them [109]. Larger mesopores can accommodate more than one BSA 

molecule, with very little conformational changes, and protein-surface adhesion 

forces were stronger with respect to smaller pores [110]. Singh et al. [111], due to 

protein tendency to aggregate into nanopores, concluded that nanometer scale 

morphology is the main reason for increased protein adsorption, more than the 

modest increase in wettability of surface with different roughness.  

Titanium and its oxide exhibit different adsorption properties with respect to 

other materials, such as other metals or metal oxides clinically used polymers or 

dental enamel. In comparison with other metal surfaces such as Au, Pt, and Ir, 

titanium adsorbs the largest amount of plasma proteins. This is because Ti presents 

the highest SFE and roughness, as a result of the deposition process of metal thin 

films [112]. At the opposite, when TiO2 is compared with other oxides such as ZrOx, 

TaOx, and NbOx, it showed the least adsorption capability [113] and it is also the 

flattest and the least energetic surface. ZrOx interacts the most with albumin being 

a hydrophobic surface, while the amount of adsorbed BSA correlates well with 

roughness and polar component of the SFE on the hydrophilic oxides. Similar 

evidence of different mechanisms of adsorption on hydrophobic or hydrophilic 

surfaces was found with FIB, investigating fibrinogen adsorption on the same set 

of oxides. Titanium shows also different retention capability of the adsorbed 

proteins with respect to the other oxides. Its negative charge makes HSA 

displacement from its surface faster than on positive charged alumina, at pH 7 

[114]. Al2O3 adsorbs more BSA than TiO2 also because of its higher number of OH 

groups that can form H-bonds with proteins [115]. Adsorption of positively charged 

proteins such as lactoferrin was enhanced on titanium with respect to stainless steel, 

ZrO2, and polymethylmethacrylate (PMMA) thanks to the higher negative surface 

charge [116]. Still, stronger interactions were found on hydrophobic substrates. In 

order to better understand why different materials have different behavior during 

their life as implants, titanium was widely compared to other surfaces of interest in 

the dental field. Titanium’s poor adhesion to gingival tissue may be explained by 

the fact that, with respect to dentin, it adsorbs less key basal lamina proteins, such 

as laminin (LAM) α, a protein with a key role in tooth-epithelium adhesion, and 

nidogen-1 [117]. It was also observed that hydrophobic polymeric materials used 

in dental field, such as polytetrafluoroethylene (PTFE), polyethylene (PE), and 

PMMA, adsorb more salivary proteins than Ti, for instance salivary mucins and 

proline-rich proteins [118,119]. This also reflects in higher adhesion forces between 

albumin and polymers as PMMA and PTFE with respect to titanium [120]. 

Interestingly, the interaction force between BSA and Ti is about twofold more than 

on enamel. 
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2.3.2. Effect of Surface Modifications on Titanium: How 

Topography, Roughness and Surface Chemistry Change 

Protein Adsorption 

Surface Modification by Sand Blasting and Acid Etching 

(SLA) 

Surface roughness and wettability are the main parameters influenced by SLA 

treatments, thus changes in protein adsorption are mainly ascribed to these materials 

features. According to our findings in literature, the studies on this kind of surfaces 

are not in complete agreement. Some of them observed that SLA treatments 

increases the total amount of adsorbed proteins [121,122], while, in different 

conditions of adsorption, others observed a neglectable difference [123]. In a 

remarkable work of Kohavi et al. [122], the authors studied the influence of SLA 

and acid treatments on Ti64. Proteins adsorption was carried out in vivo during 

dental implantation surgery. A titanium rod was implanted into the osteotomy and 

removed after 10 min. Albumin, fibronectin, fibrinogen, and immunoglobulin were 

quantified by enzyme-linked immunosorbent assay (ELISA). The SLA surfaces 

adsorbed more than fourfold more of each protein with respect to an untreated 

surface. Acid etched (AE) titanium surfaces adsorbed only twice more. SLA 

surfaces were rougher than both AE and flat surfaces (Ra equal to 287.5, 214.5 and 

26.8 nm, respectively). Roughness was addressed as the main factor influencing in 

vivo protein uptake. Prewetting of surfaces also increases protein adsorption. 

Similar findings on the same surfaces were obtained in vitro [122]. FN resulted the 

major protein found on a surface in case of adsorption both from a single protein 

solution and whole plasma. The effect of roughness and increased surface area on 

protein adsorption was also highlighted by SLA treatment followed by secondary 

etching [124]. Protein adsorption is only increased to a certain time of etching, since 

after about 30 min decreasing in specific surface area is experienced. MC3T3 pre-

osteoblastic cells viability also correlate well with this observation. Kopf and co-

workers [102] put effort in isolate the effect of wettability and roughness. 

Hydrophilic and hydrophobic SLA surfaces were obtained through proper storage 

in air or NaCl solutions. On some samples, the storage in NaCl resulted in further 

nanostructuration of the surface. WCA of hydrophilic and hydrophobic SLA 

surfaces ranged between less than 10° to 120°, respectively. Simply, SLA-treated 

surfaces showed no influence of the WCA on adsorption of both FIB and FN. On 

the contrary, the hydrophilic nanostructured (NS)-SLA samples adsorbed much 

more than the hydrophobic ones. In both cases, they adsorbed more than the SLA 

specimens. Thus, it seems that protein adsorption is mainly driven by roughness at 

the microscale and by a synergistic effect of hydrophilicity and roughness when it 

comes to nanostrcutures. As an interesting fact, in the same study, it is observed 

that blood clotting is more improved by hydrophilicity than surface topography. 

H2O2 hydrothermal treatments on SLA-treated dentals screws can promote 

bioactivity through surface nanostructuration and formation of many OH groups 
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[98]. Better protein adsorption, in particular increased selectivity towards FN, 

resulted from increased wettability of the implants. Hydroxylation of the surface 

does not only account for improved wettability and enhanced protein adsorption. 

SLA-induced OH groups are also responsible for denaturation of proteins, such as 

statherin [125]. Hydroxyls can bond with proteins through hydrogen bonds, 

disrupting the equilibrium of forces that maintains the native conformation of 

proteins. Statherin adsorbed onto polished titanium showed less denaturation. 

Some studies focused on how SFE influences the adsorption of proteins. Simple 

sandblasting of cp-Ti resulted in very different values of surface energy, according 

to dimension of the blasting particles and even to their composition [126]. On rough 

surfaces, the authors found a linear correlation between surface energy and amount 

of adsorbed FN (Figure 2.8 b). Interestingly, the samples treated with SiC particles 

showed higher SFE, in particular the dispersive component, than the ones processed 

with alumina particles. As a consequence, FN adsorbed preferably on SiC-blasted 

samples, regardless of roughness (Figure 2.8 a). The importance of SFE on SLA 

treatments was also observed very recently by Mussano et al. [127]. Adsorption of 

different proteins, namely collagen (COL) I, FN, and BSA, was depressed by 

blasting with alumina if compared with machined surface. SLA treatment restored 

titanium adsorptive properties, though without enhancement with respect to 

untreated surface. Blasted surfaces showed lower SFE, while machined and SLA 

specimens had similar values. This correlates well with the results obtained for 

alumina blasting particles in ref. [126]. 

 
Figure 2.8 Correlation of FN adsorption with roughness (a) and surface free energy (SFE) (b) on 

cp-Ti blasted with different particles: S, SiC particles; A, Al2O3 particels; 3, particles of 212–300 µm; 6, 

425–600 µm. Adapted from ref [126]. 

As previously said, the debate on the effective enhancement of protein 

adsorption by SLA treatments is an open issue. A recent study observed no 

difference in adsorption from FBS on machined or SLA cp-Ti [123]. Still, 

microrough surfaces elicit murine MC3T3-E1 osteoblastic cell spreading and 

adhesion. Similar findings were observed also in adsorption kinetics and total 

amount of adsorbed proteins when FN and BSA are adsorbed from single protein 

solutions, even when wettability was increased by heat treatment [128]. As an 

interesting fact, heat treatment promoted selective adsorption of fibrinogen and 

fibronectin from human serum. Even though hydrophilicity may not increase 

protein adsorption on SLA surfaces, it can promote the formation of a more 
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homogeneous protein layer [129]. SLA did not seem to enhance adsorption of 

salivary proteins neither [130].  

Surface Modification by Chemical and Hydrothermal 

Treatments 

Acid etching is a very simple kind of chemical treatment employed to enhance 

biological response of titanium surfaces [77]. Nanopatterning by acid etching was 

found to affect in different ways adsorption of different proteins [131]. Nanopits, 

generated by simultaneous acid etching and oxidation with H2O2, act as physical 

traps for proteins that can be accommodated within, such as LYS and 

growth/differentiation factor 5. Adsorption of larger proteins, such as FN, is 

hindered due to steric limitations. Acid etching of microgrooved titanium resulted 

in increased hydrophilicity and consequent enhancement of BSA adsorption and 

human osteoblast proliferation [132].  

Hydrothermal treatments are widespread techniques to obtain surfaces with 

enhanced cytocompatibility [77]. Immersion in solutions with different chemicals 

and subsequent heating results in nanostructuration of the surface and modification 

of its chemistry. 

Hydrothermal treatments on Ti64 can also be obtained using simply distilled 

water [133]. In this way, higher hydrophilicity is obtained without changing surface 

roughness. Increased wettability led to higher laminin adsorption and consequent 

improved adhesion of cells through integrins. Hydrogen peroxide is a common 

reactant for hydrothermal modification of titanium surfaces. Nanoporous structures 

can be obtained in this way [134]. The increased roughness and SFE of H2O2-treated 

Ti64 results in evident decrease of the WCA, from 49° to 16°, and in a sixfold 

increase of cytochrome C adsorption. Enhanced serum protein adsorption on this 

kind of surfaces is also due to the generation of OH groups on titanium surfaces 

[135]. BSA adsorbs also in a different conformation on H2O2-treated Ti64 with 

respect to the polished surfaces [80]. The higher amount of OH on the treated 

surface produced adsorption of albumin in a more hydrophilic orientation. FN was 

proven to adsorb in an island-like manner on this kind of surfaces, by positioning 

mainly in the surface valleys and forming multilayered globular structures ranging 

from 55 to 83 nm in diameters [136]. Titanium oxide grown using H2O2 treatment 

adsorbs FN in a more irreversible manner than sputtered TiO2. On the other side, 

adsorbed HSA is more easily exchanged by HSA molecules in solution [137]. 

Bioactive titanium surfaces can be obtained by acid-alkali (AA) treatments, 

which involve a step of acid etching and a subsequent treatment in alkali solution, 

mainly NaOH. Both the steps can be performed at temperatures ranging from 30 °C 

[138] up to 70 °C [139]. These treatments allow to obtain surfaces with 

nanostructures, enhanced wettability, and different charges with respect to 

untreated titanium. Nanoscale topography was found responsible for increased 

protein adsorption of albumin and fibronectin in particular [138]. Treatments in 

NaOH result in a formation of Ti-O-Na layer that changes the surface electrical 

charge further increasing adsorption of negatively charged proteins such as 
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albumin. AA treatments are more effective in promoting protein adsorption when 

compared to other surface treatments, such as alkali-heat (AH) [25] or anodic 

oxidation treatments (AO)[140] and also SLA modification [141]. Better BSA 

adsorption capability of AA-Ti than AH-Ti, where samples are heated at 600 °C for 

1 h after alkali treatment, relied on the higher number of OH groups and on the 

positive surface charge of AA-Ti [25]. Hu and Yang observed that the NH3
+ groups 

of albumin mainly interact with AA and untreated samples, exposing more COO- 

groups while the orientation is different on AH-Ti. Secondary structures of albumin 

are also affected by the charge of the surfaces and OH groups. Interestingly, they 

found that BSA preadsorption elicited higher mouse osteoblast proliferation on 

polished Ti (P-Ti), due to higher content of cell binding α-helices. The same 

research group observed that AA-Ti adsorbs more osseointegration-relevant 

proteins, such as FN and bone morphogenetic protein 2 (BMP-2) than AO- and P-

Ti [139,140]. They observed that morphology was more relevant than wettability 

in determining the amount of protein adsorbed: Nanopits on AO-Ti are not able to 

accommodate large proteins, while grooves on P-Ti and network structure of AA-

Ti offers more interaction sites. The latter can act as reservoir for BMP-2. On the 

other hand, protein conformation on the surface is dictated by hydroxylation of 

surfaces. Thus, proteins retained their native structure better on AO-Ti than on AA-

Ti. Biological activity of BMP-2 is related to its α-helix content, thus AO-Ti 

promoted bone formation to a longer extend than AA-Ti, despite adsorbing less. 

Contrary, adhesive properties of FN are more related to β-sheets, which are 

consistent with the amount of RGD sequences. In this case, AA-Ti can increase FN 

effect thanks to the disruption of α-helices and the formation of β-sheets [140]. AA-

treatments were also found to increase protein adsorption of SLA modified surfaces 

by turning the surface from hydrophobic to super-hydrophilic [141]. On 

hydrophobic samples, air bubbles may be trapped in micropores in a Cassie-Baxter 

regime, hindering solution-surface interactions thus reducing protein adsorption. 

Moreover, AA-treatments increase SFE. Alkali-acid treatments were employed also 

to increase protein adsorption ability of porous titanium scaffolds [142,143]. 

Various morphology can be easily obtained by changing the treatment parameters 

such as temperature, time, and solution compositions. Nanoneedles [144], 

nanopores, or nanoleaves [145] can be obtained on the surfaces. Since nanoneedles 

showed much higher BSA adsorption than the untreated surfaces, Yu et al. [144] 

obtained very specific adsorption patterns by texturing nanostructured titanium 

with laser irradiation (Figure 2.9).  
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Figure 2.9 Fluorescent image of BSA adsorbed onto a patterned nanostructured surface: The 

protein is adsorbed on zones with titanium nanoneedles (red) and not in the zones, which were irradiated 

with laser. Adapted from ref [144].  

Morphology has also effect on adsorption selectivity. They present different 

surface area ratios, SFE, or they can generate physical nanotraps for proteins of 

certain dimensions [145]. Thus, nanoneedles may overall adsorb less proteins from 

FBS than nanoleaf or octahedral structures, but still have an equal if not higher 

number of adhesive proteins such as FN and VN. As result, focal adhesion of human 

osteoblasts turned out to be larger on this kind of nanostructured surface than on 

others. Depending on the kind of protein, adsorption may be mainly driven by the 

contact angle or by roughness. In the case of FIB, adsorption on hydrothermally 

treated cp-Ti and Ti64 resulted affected more by topography than WCA [146]. 

Protein adsorption on different morphologies obtained by hydrothermal treatments 

was also related to their surface potential [147]. High treating temperature, 140 °C, 

allows to obtain nano-wires on the surface, which exhibit the lowest zeta potential, 

about −50 mV at pH 7.4, among other nano-structures, such as a nano-network or 

nano-plate, about −30 and −35 mV at pH 7.4, respectively. Adsorption of BSA and 

FN was higher on nanowires than on all the other surfaces. Moreover, mouse bone 

marrow MSCs (BMSCs) had spread better on this kind of surface.  

Growth of Titania Nanotubes (TNTs) 

A common and easy way to obtain nanotextured titanium surfaces is formation 

of nanotubes by anodic oxidation [76]. TNTs geometrical features such as 

diameters, in the range of 15–300 nm, and length are easily tunable with the process 

parameters. Such surfaces have higher biological response than untreated Ti and 

can induce cellular differentiation.  

At first glance, the enhancement of protein adsorption on TNTs can be ascribed 

to a much larger surface area than a flat sample [148,149]. At the same time, the 

oxidized surfaces have higher wettability and SFE, which are factors that contribute 

to BSA adsorption. The diameters of TNTs further influence the amount of protein 

adsorbed [150,151]. Increasing diameters from 30 to 100 nm increase adsorption of 

both FN and COL [150]. Osteoblast viability is higher on 30 nm TNTs when no 

proteins are adsorbed, while they have the same viability on 30 and 100 nm tubes 
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after adsorption of FN and COL. Computational studies showed that larger 

diameters correspond to higher interaction energy with collagen, thus increasing 

protein adsorption [152]. Conformation of the proteins is not affected by TNT’s 

diameters, and collagen lies across several nanotubes. Changes in the 3D structure 

of other proteins were reported. Smaller diameters correspond to higher α-helix and 

β-turn content of adsorbed BSA and FIB, while β-sheet showed the inverse 

behavior. Since the bigger the diameter, the larger flat area on the top of TNTs is, 

conformation is similar to the proteins adsorbed onto a flat surface. With smaller 

nanotubes, proteins are more likely to interact with the edge of them, generating 

differences [151]. A very interesting study by Kulkarni and co-workers [153] 

defines the synergistic effect of dimensions and charge distribution of TNTs on 

protein adsorption. The surface charge density is affected by radius of curvature, 

therefore there is a difference between the outer convex surface and the inner 

concave surface of TNT. The former presents higher density than the latter. 

Anyway, the points with higher curvature are the edges at the top of TNTs. Small 

proteins like histone and albumin can enter TNT with diameter ranging from 15 to 

100 nm. Being positively charged, histone can adsorb twofold BSA and also 

penetrate the space between nanotubes. Albumin cannot do that because of 

electrostatic repulsion with titanium oxide. Edges at the top of nanotubes are 

preferential adsorption sites for histone due to higher charge density, as shown in 

Figure 2.10. 

 
Figure 2.10 Spatial distribution of albumin and histone adsorbed on titania nanotubes 

reconstructed by different techniques: Time of flight-secondary ion mass spectroscopy (ToF-SIMS) (1–

3 nm depth); X-ray photoelectron spectroscopy (XPS) (3–10 nm depth); Tof-SIMS depth profile (from 

10 nm to bottom). Reprinted from ref[153].  

Adsorption from platelet rich plasma resulted in lower FIB on TNT surfaces 

with respect to flat cp-Ti [154]. This is because on more hydrophilic surfaces, such 

as nanotubes, fibrinogen can be more easily replaced by other proteins, like 

kininogen, through “the Vroman effect”. Adsorption of proteins can be selectively 

controlled by tuning the diameters of the tube. Smaller TNTs, about 27 nm of 

diameter, adsorbed more VN from FBS than larger ones, diameters of about 88 nm 

[155]. Similar effect was obtained for other adhesive proteins such as laminin and 
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fibronectin. Protein adsorption on TNT can be further enhanced by chemical 

modification of the surface. Hydrogenation of the surface can be achieved by 

thermal treatments in hydrogenated atmosphere [156]. This is because 

hydrogenation increase hydrophilicity of TNT and liquid penetration as 

consequence. Since TNTs substrates can be used as drug-carrier materials, 

hydrogenation treatment is intriguing because of its effect in changing the release 

profile of the different proteins.  

 Other Surface Modification Techniques 

SLA, chemical treatments, and growth of TNTs are the most common surface 

modification techniques for Ti-based biomaterials. Beside those, studies regarding 

how other kind of surface modifications affect protein adsorption were found.  

Electrochemical methods such anodic oxidation allows to grow oxide layers 

with different nanostrucutres: nanopores[157], nanonetworks [158], or nanorods 

[159]. By increasing the applied voltage, thickness, micro-roughness, and porosity 

of the oxide layer increase, resulting in higher BSA adsorption[157]. Higher 

anodizing voltages resulted, on the other hand, in a rutile layer, which is less 

biocompatible than anatase. On similar surfaces, no enhancement of adsorbed 

protein was found when high protein concertation solution as FBS was used [160]. 

This is a useful reminder that protein adsorption on surfaces is not only dictated by 

the biomaterials properties but also, and in a significant manner, by the adsorption 

environment. Subsequent hydrothermal modification of the anodized surfaces 

highlighted the effect of the surface charge on protein adsorption [161]. Anatase 

nano-spikes lowered the surface potential of titanium and showed inhomogeneous 

charge distribution (higher negative charge density on titania tips due to higher 

curvature). Thus, adsorption of positively charged histone was increased. Au and 

Ag- nanoparticles (NPs) were successfully embedded into the titanium oxide layer 

by sequential anodization and soaking in NPs precursor solution and it was found 

that their presence further increases BSA adsorption[162]. Increased adsorption 

capability of surfaces with nanonetwork porosity was addressed as result of 

increased surface area, where pores can easily accommodate BSA and FN [158]. 

On nanorods, adsorption was found to be mainly driven by the density of the rods. 

When there are too many or too less structures, adsorption was found to be lower 

than on untreated titanium. Only intermediate rod density was beneficial for protein 

adsorption, MC3T3-E1 cell proliferation, and bone formation in vivo [159]. 

Surface texturing with laser beam is a rather novel way of obtain specific 

surface pattern in order to increase biological response to biomaterials [163]. It is 

possible to obtain very complex surface structures, such as micro-pits with nano-

ripples at the bottom or at the top, selectively. This results in an accelerated 

adhesion of MSCs and in a more enhanced osteogenic behavior of the cells [164]. 

Laser patterning changes surface properties, such as roughness, wettability, 

chemistry, and charge, to a great extent. Thus, its effect on protein adsorption may 

vary largely according to the process parameters. Patterning of Ti64 was 

demonstrated to increase FIB adsorption due to increasing in surface roughness 
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[165]. Furthermore, affinity for FN seemed increased, in particular due to increase 

in the polar component of the SFE [166]. For the same reason, adsorption of HSA 

decreased. Lower affinity of textured Ti64 for albumin was also ascribed to a 

reduction of available binding sites and to chemical modifications and formation of 

less active titanium oxide forms [167]. Controversy, in a series of studies by 

Kuczyńska et al. [163,168], an increased adsorption of both BSA and FN was 

observed. This is the combined result of modified wettability and SFE, morphology, 

and increased negative charge of the treated surfaces. Conformation of proteins was 

also affected. 

2.3.3. Effect of Alloying Elements and Surface Ion Doping 

Despite being the most widespread materials for orthopedic and dental 

implants, properties of pure titanium and Ti6Al4V alloy, such as Young’s modulus, 

are not the optimum for instance to avoid stress shield effect. Thus, titanium 

alloying with several different metals have been developed in order to reduce the 

elastic modulus or to get other interesting mechanical properties. Nickel is one of 

the most common alloying elements, TiNi alloys, such as Nitinol (about 50% Ti 

50% Ni), possess shape memory and super-elastic properties. Nitinol is largely used 

in the manufacturing of vascular stent, for example [169]. 

Alloying elements not only modify the bulk properties of titanium, but also the 

surface ones. This affect adsorption of proteins. Higher Ni content, from 49.5% to 

50.5%, in TiNi alloy results in lower albumin adsorption (from about 90 to 30 

ng/cm2), while FN is quite unaffected. Both resulted in being largely lower than on 

cp-Ti, twofold and almost 4 times, respectively. Albumin adsorption was found to 

be proportionally related to the polar component of surface energy, and Ni can 

reduce it. Fibronectin is more affected by other factors, such as surface charge 

[170]. Regarding albumin, different results were obtained by Clarke at al. [169]y 

modifying the composition of the oxide layer on TiNi alloy. They obtained higher 

adsorption with higher Ni and lower O content in the oxide, regardless of contact 

angle and roughness. According to Bai studies with binary alloy of Ti with Cr, Al, 

or Ni oxide layer composition has a larger control on protein adsorption than the 

bulk ones [171]. In addition, FIB was found to be adsorbed less on Nitinol than on 

cp-Ti [172]. In both cases, it adsorbs with a “side-on” orientation. FN was found to 

adsorb in similar manner on cp-Ti also when Zr is introduced into TiNi alloy [74].  

Niobium is another very common alloying element for titanium. Nb lowers the 

Young’s modulus of titanium, getting closer to the bone value[173]. β-alloys Ti-

Nb-Zr and Ti-Zr showed very little differences in BSA adsorption with cp-Ti and 

Ti64, but a slight increase can be observed thanks to higher Zr content [174]. The 

oxide layer drives interactions with proteins also for this kind of alloys. In fact, 

introduction of boron ions causes a reduction of oxide thickness and hydroxide 

groups, hindering adsorption of proteins from FBS. This is also detrimental for 

MG63 human osteosarcoma cells proliferation [175]. Niobium is a beneficial 

element for proteins also when it is introduced into more complex alloys. The Ti-

Zr-Pd-Si-Nb alloy showed enhanced adsorption of BSA and FN with respect to the 
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Nb-free alloy thanks to improved hydrophilicity [176]. The importance of non-polar 

component in the adsorption of FN was highlighted by Herranz-Diez et al. [177]. 

They observed that very different Ti-based materials, namely cp-Ti, Ti64, and 

Ti25Nb21Hf, adsorbed very similar amount of fibronectin, despite various contact 

angels. Analyzing the components of SFE, they notice different values in the total 

SFE and polar component, cp-Ti showed the lowest ones. Instead, no variations 

were found in the dispersive components. 

Several metallic ions are well known for being able to stimulate different 

biological responses, particularly in the field of bioactive glasses. As an example, 

Ca2+ favors osteoblast proliferation and differentiation, Zn2+ possess anti-bacterial 

and anti-inflammatory properties, and Mg2+ increase bone cell adhesion and new 

bone formation[178]. Thus, surface treatments of titanium materials have been 

developed over past years in order to introduce different ions, in particular within 

the oxide layer [76]. Presence of ions in the surface results in changes of 

biomaterials physio-chemical properties and, obviously, this affects protein 

adsorption. According to several authors, enhancement of protein adsorption is due 

to increased surface charge of ion-doped titanium materials [52,179] or the bridging 

effect of divalent ions. Some of the most common methods to produce ion-

containing titanium surfaces are hydrothermal treatments [179–182], which allows 

to obtain at the same time a nanostructured surface and ionic doping. Higher 

adsorption of albumin was found on treated cp-Ti with Mg2+ or Ca2+ ions with 

respect to Na+. Additionally, increased adsorption was obtained by increasing ions 

concentration [179]. Magnesium bridging effect towards protein was confirmed in 

other studies [181] and treated titanium turned out to be bioactive, inducing 

hydroxyapatite precipitation, and promoting osteoblast attachment and spreading 

[183]. Anyway, cell adhesion can be depressed by too high Mg concentration in the 

TiO2 layer due to much higher content of BSA, which reduces cell focal adhesion 

[184]. Similar results were obtained by lithium ions [52]. Treated surfaces showed 

super-hydrophilicity, ascribed to increase in surface energy, charge, or OH groups 

due to Li+. Maximum adsorption of different proteins was found at different lithium 

concentration, such as FN and BSA. Therefore, it is possible to selectively regulate 

proteins uptake on the surface and, consequently cellular response. Besides 

increased protein adsorption, ion presence in a biomaterial is beneficial due to 

eventual ions release. Co-implantation of Mg and Zn and their release as ions 

improve adhesion, proliferation, and motility of human gingival fibroblasts [185]. 

Bridging effect with proteins was confirmed also for trivalent ions such as Fe3+ 

[186], with benefits both in vitro and in vivo. Calcium ions showed further 

improved protein adsorption, also with respect to other divalent ions such as Mg2+ 

and Sr2+ [179,180,187]. Thanks to specific Ca-binding site on some proteins, such 

as laminin, osteopontin, which is a major non-collagenous bone protein [180], and 

BSA [187], they adsorb in higher amount on Ca-containing surfaces. Protein 

adsorption and, more important regarding implants, osteointegration were enhanced 

also by doping of titanium materials with phosphate ions on TNT[188] or on 

hydrothermal treated cp-Ti [182]. Growth of TNTs on Ti-Zr-Sn-Mo-Nb alloy 

resulted into sparse nanotubes due to alloying elements. Spacing between TNTs 
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increased both protein adsorption and rat primary osteoblasts adhesion, 

proliferation, and activity [189]. 

All the doping treatments result also in morphological modification of the 

surface, which may also have a strong effect on protein adsorption. In fewer cases, 

mainly in the case of doping with monovalent ions such as Na+[190], researchers 

found that morphology had a stronger effect than surface chemistry. Monovalent 

ions do not possess bridging capability towards proteins. Still, many more studies 

showed how ions presence in titanium-based biomaterials improved biological 

properties beyond surface nanostructurations [181,187,188]. 

2.3.4. Grain Size and Crystalline Phase  

Among the factors that influence surface properties such as wettability and 

surface energy, grain size, and crystalline form of the oxide layer on titanium 

surface play a major role. It is known that ultrafine-(UG) and nano-grain (NG) 

metallic surfaces show beneficial behavior with respect to coarse-grain structure. 

On 301LN stainless steel, grain size of a few nanometers was able to improve BSA 

adsorption and murine pre-osteoblast cells response [191]. Similar findings, along 

with improved mechanical properties were obtained on stainless steel 316L[192]. 

The effect of grain size on protein adsorption has been investigated by several 

studies, including several types of titanium-based materials such as cp-Ti [193,194], 

Ti64 [195], and titanium alloy [196,197]. Literature about the effect of 

nanocrystallization on protein adsorption is not in good agreement. Still, it is 

important to keep in mind that different results may arise from very different 

factors, such as surface chemistry, protein concentration in solution, and adsorption 

conditions. NGs on titanium were mainly obtained by surface mechanical attrition 

treatment (SMAT) or severe plastic deformation (SPD). The former treatment 

consists of bombarding the material surface with hardened steel balls [193,196]. 

The latter is obtained by mechanical stresses such as hydrostatic extrusion [170], 

sliding friction treatment [195], or high-pressure torsion [197]. All authors assessed 

that both treatments result in an increased volume of grain boundaries (GBs). They 

are highly defective sites that contributes to increase the surface energy and the 

hydrophilicity of titanium-based materials. Usually this resulted in augmented 

protein adsorption. Bahl et al. [193] applied SMAT to cp-Ti, obtaining nano-grains 

on the surface. Contrary to other studies, nanocrystallization obtained by SMAT 

decreases BSA adsorption due to changes in electronic and physicochemical 

properties of the oxide. Still, this is beneficial for attachment and proliferation of 

human MSCs (hMSCs) and also improved material hemocompatibility thanks to a 

reduced platelets attachment and corrosion resistance. Corrosion of metallic 

implants can be enhanced by proteins in solution [198]. Contrary to the adsorption 

behavior observed by Bahl, Kubacka et al. [194] observed an increase in BSA 

adsorption on cp-Ti after nanocrystallization through SPD. They found that 

adsorption from FBS results in increase of BSA uptake and in reduction of FN. GBs 

are regions where atoms are prone to be charged, resulting in increase of the acid-

base component of the surface energy that is related to adsorption through 
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electrostatic interactions. Thus, authors claimed that in this way non-specific 

protein adsorption, as BSA, is enhanced. Anyway, higher FN adsorption from FBS, 

along with VN was obtained on nano-grained Ti64 and Ti-Nb-Mo-Sn-Zr alloys. 

Huo et al. [195]ascribed enhanced protein adsorption on treated Ti64 to the smaller 

contact angle of NG surface with respect to coarse-grain and to higher surface 

energy. Thanks to a greater amount of RGD-containing proteins, these surfaces 

develop a suitable microenvironment for osteoblasts. β-alloy Ti-Nb-Mo-Sn-Zr 

subjected to SMAT treatment was found to adsorb twofold more FN and VN than 

the untreated surfaces [196]. Interestingly, the authors claimed that enhanced cell 

behavior on these surfaces is also related to proteins being adsorbed in a more active 

state with respect to coarse-grain surface. RGD groups are better exposed for cell 

attachment. Similar results were also obtained on Ti-Ni alloy subjected to high-

pressure torsion [197]. VN adsorption increased more than BSA. Furthermore, Ni 

release was found to be hindered after SPD.  

Along with grain size, the crystalline phase of titanium surface oxide layer also 

plays a fundamental role in determining protein–surface interactions. Different 

titania phases, such as amorphous, rutile, and anatase, and their orientation change 

surface properties and protein adsorption. TiO2 phase is easily controlled through 

heat treatment: By increasing the treating temperature, amorphous titania is 

transformed into anatase at first and then to rutile, at about 600 °C [199]. The effect 

of different crystalline phases of titanium on protein adsorption has been 

investigated largely on TNT substrates [151,199–201]. Native oxide on flat cp-Ti 

was turned from amorphous to mainly anatase by annealing, showing almost no 

differences in the adsorption of BSA and FIB [151]. Nevertheless, the crystalline 

phase has different effects when adsorption from different proteins is investigated. 

Gong et al. [200] and Li et al. [201] agreed on the fact that anatase showed the 

lowest adsorption of COL I and FN compared with amorphous titania and rutile, as 

possible to see in Figure 2.11. The latter has the highest adsorption capability. On 

the other hand, adsorption of BSA or FBS were increased by higher annealing 

temperature [199].  

 
Figure 2.11 Adsorption of different proteins on Titania Nanotube (TNT) substrates with different 

crystalline phase: AM, amorphous; AN, pure anatase; AN/R, mainly anatase with rutile presence; R, 

pure rutile. Statistical difference by ANOVA: **ρ < 0.01 and *ρ < 0.05. Reprinted from ref [177].  

Phase transformation highly affect the number of hydroxyl groups on the 

surface: Anatase has fewer OH groups than amorphous TiO2 and rutile has the 
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highest number of all [199]. OH groups are fundamental to drive protein–surface 

interactions, in particular, basic OH groups can promote protein adsorption, and 

amorphous titania as more of them with respect to anatase [202]. Furthermore, 

anatase phase is more negatively charged than non-crystalline oxide or rutile, thus 

less proteins are adsorbed due to electrostatic repulsion [201]. Raffaini and 

Ganazzoli [203], through molecular modelling, observed that, among titanium 

oxide polymorphs, anatase provided the highest interaction energy for both BSA 

and FN. After initial contact, where the adsorption is driven by dipolar and 

dispersive interactions, both proteins tend to spread on the surface, in order to 

maximize amino acid residues interacting with the surface. BSA was found to do 

that on both anatase and rutile, while FN was more compact onto anatase. Higher 

crystallization obtained by heat treatment was beneficial for protein adsorption also 

on hydrothermally grown rutile nanoneedles [204]. Beside crystalline phase, also 

orientation of crystals may affect how proteins arrange on the surface. Molecular 

dynamic (MD) study allows to investigate protein adsorption by changing crystal’s 

Miller indexes. Myoglobin adsorbs on rutile (1 1 0) or (0 0 1) faces with different 

orientation [205]. Due to electrostatic repulsion, the HEME group is away from the 

oxygen rich (1 1 0) rutile face, while it is closer to the (0 0 1) one. Keller et al. [206] 

proved the effect of anatase orientation on conformation of adsorbed fibrinogen. 

Low SFE facets, such as the {1 0 0} family, behave as hydrophobic surfaces, 

favoring protein–protein interactions and formation of FIB networks. (1 0 1) and (1 

1 0) crystals have higher hydrophilicity, the latter due to higher surface polarity, 

and favor adsorption of proteins in a globular-like shape. Globular conformation of 

FIB may reduce the inflammatory response to a foreign body since it is more similar 

to its native state. 

2.3.5. Surface Activation 

UV-light or plasm activations are very well reported to be a way of improve 

biological activity of biomaterials surfaces [207,208]. Increase of surface activity 

is achieved by a three-step mechanism: Removal of hydrocarbon contaminants; 

induced surface hydrophilicity; change of the surface charge from negative to 

positive. Medical devices would probably be stored for a very long time before 

usage, up to 5 years [209], therefore removal of atmospheric contaminants is a 

priority. This will be discussed deeply later in Section 4.1.  

Protein adsorption on cp-Ti, in particular of BSA and FN was found to be 

strictly correlated to hydrocarbon level [210]. When contaminants are removed by 

UV, Ti4+ sites are exposed, increasing interaction with both protein and cell (Figure 

2.12 a). 
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Figure 2.12 Schematic representation of UV effects on protein adsorption and cell attachment: (a) 

Removal of hydrocarbon contamination results in increased protein adsorption and osteoblast adhesion 

and spreading, adapted from ref [186]; (b) effect of number and type of UV-generated OH groups on 

protein conformation and subsequent mesenchymal stem cell (MSC) proliferation, adapted from ref 

[187].  

Hydrophilicity and positive surface charge of UV-activated surface arise from 

the same physiochemical modifications of TiO2 layer, formation of oxygen 

vacancies, and terminal OH groups. Exposure to UV-light promotes an electron 

from the valence band to the conduction band. This causes a reduction of Ti4+ to 

Ti3+ and, as a consequence, oxygen vacancies are formed [211,212]. Other than 

increasing positive surface charge, Ti3+ are favorable sites for water dissociation, 

leading to generation of terminal OH groups [213]. Positive surface charge is also 

promoted by the basic behavior of UV-generated OH groups [214]. On titania 

nanoparticles, it was proven that basic hydroxyls can form hydrogen bonds with -

NH3
+ groups on proteins [202]. Electrostatic nature of protein adsorption 

enhancement was confirmed by Hori et al. [212]. They observed that more BSA 

adsorbed onto UV-activated surface from solution at pH 7 but a smaller increase 

was found at pH 3, compared with untreated Ti. At pH 7, both BSA and Ti are 

negatively charged. Thus, UV-generated positive charges can attract albumin 

molecules. At pH 3, BSA is below its IEP, as untreated Ti. Therefore, UV-

activation is not as effective. Conformation of proteins is also affected by surface 

UV-activation, in particular by the terminal OH groups. Yu and coworkers [213] 

observed an increase of α-helix and a decrease of β-sheet contents in albumin, with 

respect to adsorption on an untreated surface. They discussed that these 

conformational changes can be related to increased osteogenic differentiation of 

MSCs(Figure 8b). Remarkably, while cell adhesion and proliferation on UV treated 

surfaces are increased, bacteria colonization of surface was hindered [215,216].  

Different plasma system can be used in order to obtain activation of the surface: 

Different kinds of glow discharge plasma, such as atmospheric (APGD)[217], radio 

frequency (RFGD)[218], vacuum [219]; nonthermal atmospheric pressure plasma 
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(NTAPP)[208]; or argon atmospheric pressure dielectric barrier discharge 

(APDBD)[220]. As well as UV treatments, plasma can increase protein adsorption 

thanks to the removal of hydrocarbon contamination [208] but, unlike UV, surface 

charge become more negative [208,218]. Specifically, employing NTAPP creates -

COOH, -OH, and NH2 groups on the surface [221]. Oxygen-containing groups can 

generate reactive oxygen species during plasma treatments [208]. NTAPP 

treatments were found to have analogous effect to UV surface activation in terms 

of reduction of Ti surface negative charge and adsorption of BSA [222]. To the 

authors best knowledge, plasma effect was mostly investigated on fibronectin 

adsorption. Noticeably, FN adsorption was selectively increased in case of single 

protein solution [218,221] and when mixed to other proteins such as BSA [223] or 

even from plasma serum [219,224]. FN, as an adhesive protein, is beneficial for cell 

attachment and spreading per se. On plasma-treated Ti, negative plasma-induced 

charges affect FN conformation, promoting a more bioactive configuration of the 

protein on the surface. Integrin-binding sites on FN, namely the tripeptide sequence 

RGD, are more exposed due to conformational changes of the proteins. Thus, 

interactions with α5β1 integrin on cells are promoted, increasing osteoblast 

spreading and differentiation [218,221]. Controversy, Santos et al. [225] observed 

that low-pressure glow discharge plasma did not affect the total amount of adsorbed 

HSA, IgG, or LAM, nor the adsorption isotherms, when single protein solutions 

were used. Instead, plasma treatments affected the layer composition of proteins 

adsorbed from a mixture of the three of them. Adsorption of HSA and LAM were 

selectively increased and decreased, respectively, while IgG was not changed. 

UV photoactivation and plasma treatments are effective ways to promote 

protein adsorption and surface properties in general. Since surface morphology is 

not modified, these techniques can provide useful information on adsorption 

mechanisms, by isolating the effect of surface charges and functional groups. 

Despite not being addressed as the main adsorption driving force, electrostatic 

interactions have been proved to play an important role, in particular regarding 

selective adsorption of proteins and their biological activity. 

2.3.6. External Parameters Affecting Protein Adsorption on 

Titanium Surfaces 

Aging and Storage: Contamination of Titanium Surfaces 

Biological properties of titanium need to be preserved even through the long-

lasting storage of the biomedical devices, up to five years. Implants and dental 

screw are usually enclosed in a sterile gas-permeable packaging, which keeps the 

contents sterile but allows contamination of the surfaces by the carbonaceous 

organic impurities in the atmosphere [209,226]. Very recent molecular dynamic 

studies performed by Wu et al. [227] demonstrated that carbon contaminants expose 

C-H bonds, thus greatly reducing surface polarity and dipole–dipole interactions 

with proteins. Protein adsorption drastically decreases after four-week storage when 

titanium is placed in sealed container [228]. Proportional correlation between 
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increased WCA and reduced protein adsorption was observed. The same authors 

observed that inclusion of divalent ions like Ca2+ within Ti surface through 

chemical treatments may hinder depression of bio-properties due to aging [229]. 

After four weeks, BSA adsorption, and rat BMCs attachment resulted in being 

higher with respect to untreated surface. Therefore, it is necessary to limit surface 

contamination of implants during their shelf-life. As described in the previous 

paragraph, plasma treatments are an effective way to remove carbon contaminants 

form titanium surface. Despite being very efficient in removal of carbon 

contaminants, UV and plasma might be time-consuming processes and require 

delicate equipment. Miki et al. [230] found that simple cleaning of titanium devices 

with electrolytic reducing ionic water, which has high OH− concentration, led to 

similar results in protein adsorption compared with UV. Bone contact is also much 

higher than the control surfaces. This process can be easily performed in a generic 

dentistry facility, for example. In the past 10 years, great efforts have been made by 

researchers to find a suitable storage method. It shall maintain intact the biological 

properties of a newly manufactured Ti surface and it needs to withstand 

sterilization. Storage in wet conditions seems to be the most promising way [231]. 

Choi and co-workers observed that soaking in distilled water may retain properties 

of titanium surface after UV and plasma activation for periods up to eight weeks 

[232]. UV treatment and wet storage on SLA-modified Ti surface allow to obtain 

the best results, in terms of protein adsorption and murine osteoblast cells adhesion. 

Interestingly, storage in water is not only suitable for avoiding carbon 

contamination, but also it is capable of maintaining the more positive surface charge 

of the UV-treated titanium [226]. Protein adsorption and cell adhesion can be even 

increased upon storage by using ion-containing solution [231]. Ca-containing 

solution can benefit from the protein bridging effects of adsorbed ions and the 

cellular affinity for these ions. Vacuum storage proved to retain biological activity 

of alkali-heat treated titanium eve after one year [209]. Wilhelmi et al. [73] 

confirmed, through time of flight secondary ions mass spectroscopy (Tof-SIMS) 

analysis, that the maximum adsorption of BSA on cp-Ti is obtained for solution at 

pH 5.2, and decrease with increasing pH values. This confirm that protein–protein 

latera interactions play a major role in adsorption mechanisms.  

Influence of the Solution: pH, Temperature and Ions 

As discussed in paragraph 2.4, the parameters of the protein solution have a 

major role in determining various aspect of protein adsorption, such as amount of 

the protein adsorbed, surface–protein interactions, and adsorption kinetic. The pH 

value determines charge distribution on both the surface and protein [4]. As a 

consequence, protein–surface interactions may vary to a great extent by changing 

pH. This fact also reflects to loosely bound proteins. At pH close to the IEP of a 

protein, repulsive interactions between BSA molecules are at the lowest, therefore 

the loosely bound portion of proteins adsorbed is increased [233]. The highest 

adsorption was observed near the IEP of the BSA, as it is possible to see in Figure 

2.13 [234]. The mechanisms that can explain the pH effect on protein adsorption 
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on Ti was proposed by Imamura et al. [235]. At pH around 4, that is below the IEP 

of Ti, acidic residues in the proteins, with COO- groups, are attracted by OH+ groups 

on surface. Above pH = 5, the functional groups on the Ti surface turn negatively 

charged and can interact with -NH2
+/-NH=NH2

+ groups of the amino acids. They 

also observed that thickness of the adsorbed protein layer may vary by changing 

pH. Similar behavior was observed also for titania.  

 
Figure 2.13 BSA adsorption on TiO2 thin film at different pH values: 3.55 (■), 4.60 (●), 5.60 (▲), 

and 7.51 (▼). Reprinted with permission from ref [234]. Copyright 2009 Elsevier B.V. 

Still, due to the high adsorption even under adverse electrostatic condition, 

namely at pH 3.55 and 7.51, the authors claimed that the main driving force for 

albumin adsorption on titania is hydrophobic interaction. LYS adsorption was also 

observed to be strongly dependent on pH [236]: When titania is positively charged, 

at pH lower than 5, almost no adsorption was observed due to electrostatic 

repulsion, as expected, because at this pH value, LYS is positively charged. In this 

study, correlation between protein uptake and temperature was also discussed. 

Increased temperatures lead to higher amount of adsorbed proteins. Combined 

effect of pH and temperature was studied by Kopac et al. [59]. By fitting adsorption 

isotherms with Langmuir or Freundlich curves, they observed that the highest 

adsorption of BSA onto titania can be obtained at 40 °C and pH 4. These data show 

that adsorption from different solution may results in very different protein layer on 

the surface of biomaterials.  

Ions dissolved within the protein solution compete with protein for interacting 

with the surface and hinder or elicit protein adsorption. Phosphate ions can easily 

adsorb on titanium surfaces [82] and they alter BSA adsorption kinetic and 

conformation on TiO2 [237]. Positive mono- and divalent ions are electrostatically 

attracted by the negative charges on titanium, subsequently mediating the 

interaction between the surface and proteins. Monovalent ions, such as K+ and Na+, 

do not influence to a great extend protein adsorption [85] since once their single 

positive charge is attracted by the surface, they have no more for proteins to be 

attracted. On the other hand, divalent ions, Ca2+ and Mg2+ in particular have a 

bridging effect toward proteins thanks to spare positive charges after interaction 
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with titanium [238,239]. Kohavi et al. [85] observed that electrostatic interactions 

may play a major role than surface wettability on protein adsorption. Adsorption of 

HSA and FN was enhanced by prewetting Ti64 surfaces, with solutions containing 

divalent ions or not. Wetted surface were hydrophilic, and non-wetted ones were 

hydrophobic. After being dried, surfaces turned hydrophobic again, and adsorption 

was still enhanced on the samples that were wetted with Ca2+ containing solutions. 

The interplay between pH and ions dissolved in determining the electrostatic 

interactions between proteins and surfaces was well described by Hori et al. [212]. 

Around physiological pH, when both titanium and albumin are negatively charged, 

divalent ions are effective in increasing protein adsorption. At pH 3, below the IEP 

of surface and protein both, ions did not alter amount of adsorbed BSA. In the same 

study, it was also found that anions, as Cl-, can mask UV-generated positive charges 

and annihilate the beneficial effect of UV treatments. The fact that ions co-

adsorption can reduce benefits of positive surface potential on the adsorption of 

proteins was recently confirmed [240]. 

After all these considerations, it is possible to state that attention must be paid 

to the solution parameters, in particular when discussing protein adsorption and 

comparing results from different studies. 

2.3.7. Protein Concentration in Solution 

Human plasma and biological fluids in general contain proteins in a very high 

concentration. The amount of proteins in human plasma is in the range of 60–80 

mg/mL[241]. It is not trivial to reproduce this high concentration in laboratory 

experiment, mainly due to the high cost of proteins and their availability for 

purchase. Thus, researchers investigating protein adsorption used to lower protein 

concentration in solution, from some mg/mL [242] down to small fraction of the 

biological one [170], for example BSA was employed in concentration ranging 

from 0.4 to 4 mg/mL while its biological concentration is reported to be as high as 

33–52 mg/mL [243]. As pointed out by Hemmersam and co-workers [244], 

adsorption of proteins from low concentrated solution has a stronger dependence 

from the substrate than what happens using higher protein concentrations. Using 

quartz crystal microbalance (QCM) analysis, they found that adsorption of FIB 

from 0.03 mg/mL solution to Au-, Ti-, or Ta-sensors showed larger differences, 

both in layer structure and protein amount, than in the case where 1 mg/mL solution 

was used. In the former case, FIB molecules had time to spread on the surface and 

to interact with it using both αC and D domains, adhering more strongly. In the 

latter case, adsorption rate is too fast for this to happen. Strong denaturation of 

proteins adsorbed from low concentrated solution was observed also for FN on Ti64 

[245]. Protein unfolding is also hindered by surface hydrophilicity obtained through 

UV activation. Reducing the amount of proteins used during an experiment, paying 

the price of be further away from real physiological conditions, may be necessary 

to appreciate the influence of the material features on adsorption mechanisms. 

Beneficial effect on protein adsorption obtained by Argon plasma or UV treatments 

of pure titanium turns insignificant when adsorption was carried out using 10% FBS 
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solution instead of 2% one [246]. Researchers need to bear in mind that surface 

effects observed using solution with a very low content of proteins can be reduced, 

different, or, in the worst case, annihilated in case of the real, biological fluids. This 

fact applies also for properties and characteristics of the protein adsorbed layers. 

2.3.8. Protein Co-Adsorption and Competition for the Surface 

Human plasma contains about 3020 distinct proteins [247]. As for protein 

concentration, it is nearly impossible to replicate this enormous complexity on a lab 

scale. In addition, it would be extremely complex to understand adsorption 

mechanisms and the specific role of the biomaterial surface in it. Thus, most of 

researchers conduct their experiments using a single protein solution, as shown 

previously. Unfortunately, it is not possible to predict the adsorption of proteins 

from complex mixture just knowing how it happens from the single protein 

solutions. Researchers tried to expand knowledge of the protein adsorption on 

titanium-based biomaterials by mostly using binary protein mixture or subsequent 

adsorption. 

Adsorption of BSA on cp-Ti was found to be enhanced when obtained from 

BSA-LYS containing solutions [248,249]. BSA—LYS+ agglomerates can form in 

solution and adsorb on the surface, thus increasing the total mass of adsorbed 

proteins (Figure 1.14). Relative amounts of adsorbed proteins are influenced both 

by solution composition and pH, as possible to see in Figure 2.14. Interestingly, 

residual enzymatic activity of LYS is not much influenced on protein content in 

solution [248]. BSA, due to its larger mass, cannot be displaced by LYS in case of 

sequential adsorption, thus limiting LYS amount on the surface [249]. 

 
Figure 2.14 Adsorption on cp-Ti from BSA-LYS mixture: Relative amounts of adsorbed proteins 

form mixtures with different ratios (BSA: LYS 100:0, 75:25, 50:50, 25:75, 0:100) at different pH, 4.5 (a), 

7.0 (b) (amount is expressed as percentage of adsorbed protein from a pure solution); LYS enzymatic 

activity, relative to pure LYS solution, in mixture with BSA and after adsorption from same mixture (c). 

Adapted from ref [248].  

Physiochemical characteristics of surfaces have a strong role in determining 

protein competition for the surface. Hydrophilic titanium surfaces, such as SLA-

treated substrates, have been found to promote FN adsorption during competition 

with albumin, even when a biological BSA:FN ratio of about 100:1 is maintained 

in the solution [250]. The first protein to adsorb on the surface can inhibit sequential 

adsorption of other proteins [251], but higher affinity with the surface can result in 

protein displacement and substitution [251,252]. Felgueiras et al. [251]showed that 

FN and COL I can block sequential albumin adsorption on Ti64 due to their larger 
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mass, and that they are able to displace albumin when adsorbed as second proteins. 

Interaction between FN and COL I are dependent on the kind of the surface. As in 

the case of LYS, albumin can form complexes with COL I in solution resulting in 

higher number of proteins adsorbed with respect to the single protein solutions. 

Contrary to these results, BSA was found to be able to displace larger proteins such 

as FIB or FN on TiO2 surfaces [253] due to higher affinity for the surface. On a pre-

existing BSA layer, FIB and FN forms a layer on the albumin instead of displacing 

it.  

Being quite simple, binary protein solutions are still not very much 

representative of actual biological fluids. Some researchers moved further on in 

complexity of systems by investigating through proteomic analysis the exact 

composition of protein layers adsorbed on several titanium surfaces from real and 

whole biological fluids such as plasma [247,254,255] or saliva [256–258]. Among 

the thousands of proteins present in human plasma, the most adsorbed was FN, 

followed by albumin, alipoprotein, and fibrinogen [247]. From saliva, which 

contains about 750 different proteins, less than half of them were found on titanium 

[258], mainly amylase and lysozyme [256]. The effect of surface modification on 

the protein pellicle composition was also evaluated. In case of adsorption from 

saliva, very low specificity was observed for different titanium surfaces, smooth, 

SLA-treated, and SLA-treated+stored in ionic solution [257]. On the contrary, 

differences were observed between smooth and SLA surfaces by using human 

serum [255]. One hundred and eighty-one and 162 proteins were identified on 

smooth and blasted/acid-etched surfaces, respectively. Proteins adsorbed onto 

smooth Ti are involved in a higher number of biological pathways, such as clotting, 

cytokines-mediated inflammation response, integrin signaling, and glycolysis, the 

latter being absent on SLA-treated titanium. SLA treatments were also found to 

affect the proteome on Ti-Zr alloy, from both plasma and saliva [259]. Adsorption 

from saliva resulted in 389 common adsorbed proteins, 40 adsorbed uniquely on 

the machined samples, and 14 on the SLA treated ones. The proteome from blood 

plasma was much more similar with only three unique proteins, on both machined 

and SLA surfaces, and 145 common proteins. Even though UV activation of the 

surface has been reported to improve adsorption of proteins [212], proteomic 

analyses found that light treatment on cp-Ti, hydrothermally coated with nano-

structured TiO2, depress proteins adsorption from plasma [254]. Much lower 

content of FIB, immunoglobulins, and other proteins were found on pre-activated 

surfaces. Authors addressed this decrease to a mutual combination of surface 

properties: Roughness, charge, intrinsic, and photo-induced wettability. Reduction 

of inflammation-promoting proteins such as immunoglobulins and FIB may be 

beneficial for osseointegration. Even if adsorption from complex biological fluids 

can be more significant than adsorption from a single protein solution for 

understanding the fate of biomaterials, this might not be still enough. Jager et al. 

[260] studied the composition of the protein layer formed onto explanted hip 

implants. They found that proteome formed onto a titanium implants is different 

with respect of the one that forms from plasma. Among the 2802 unique proteins 

founded on the implant, cell-free hemoglobin was the most abundant, almost two-
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fold albumin. Most of them were of intracellular origin and, interestingly, 

fibronectin was absent.  

Adsorption from single protein solution can be useful for a preliminary 

understanding of how the different surface features may interact with biological 

fluids after being implanted. Anyhow, it is evident that this is not sufficient and it 

is quite necessary to test protein-biomaterials interactions using complex solutions.  

2.3.9. Key Concepts 

Protein adsorption is a fundamental step in the interaction of implantable 

biomaterials, such as titanium and titanium alloys, with the biological environment. 

The positive or negative outcome of tissue integration of an implant depends on the 

interplay between the body and the implant surface. How cells and bacteria adhere, 

proliferate, and compete is strongly dictated by the protein layer that forms on the 

device surface within the first minutes after implantation. The understanding of 

these phenomena is necessary to develop always better implants and to reduce 

possible adverse reactions. Thus, in past years, great efforts have been put to gain 

knowledge about the aspects that regulate proteins adsorption on titanium. A large 

variety of different surface–protein combinations have been investigated, including 

different type of titanium, titanium oxide, and titanium alloys, several kinds of 

surface treatments aimed to improve Ti osseointegration and a wide range of 

proteins in a simpler or more complex environment. Due to the enormous variability 

and complexity of the protein adsorption processes, a unique and fully agreed 

explanation of adsorption on titanium was not found in literature, some aspects 

being clearer than others. Impact of surface properties, such as roughness, 

morphology, chemistry, surface energy, wettability, and charge, need further 

investigation. The main effects of titanium surface features are summarized in 

Table 2.1. 
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Table 2.1 Effect of titanium surface properties on protein adsorption (amount of adsorbed proteins, protein conformation on surface, and mechanism of protein–surface interaction) 

and impact of each feature on adsorption. ≈: no clear impact; ↑: mild impact; ↑↑: high impact; n.r.: effect not reported. 

Surface 

Characteristic 

Impact on 

Protein 

Adsorption 

Conformation Mechanism Examples 

Microroughness ↑ n.r. Higher interaction area, physical adsorption 

SLA surfaces adsorb fourfold more of albumin, fibronectin, fibrinogen and immunoglobulin vs. 

untreated surface because of roughness. 

Laser patterning increases adsorption of FIB. 

Nanoroughness  ≈ ↑ 

Dependent on other characteristics. Aspect 

ratio of nanofeatures can influence protein 

conformation. 

BSA aggregates into nanopores larger than its hydrodynamic radius with a strong interaction with 

the surface, while FN is too large. 

BSA/FIB adsorb as multilayer with stronger protein-protein interaction on nano-rough surfaces 

Hydroxylation ↑↑ ↑↑ 

According to the specific adsorbed proteins, 

OH can promote or hinder interaction with the 

surface 

BSA adorbs through hydrogen bonding and proton transfer with interaction with OH surface 

groups.  

FIB adsorbs through positive charged αC domains.  

Rutile adsorbs more COL, FN and BSA than anatase or amorphous titania due to higher OH 

density 

SFE ↑↑ n.r. 
High surface energy, in particular the polar 

component, increases adsorption 

Ti adsorbs larger amount of plasma proteins vs. other metals with lower SFE, but TiO2 adsorbs 

less proteins and in a weaker manner than other oxides with higher SFE. 

Ti adsorbs less basal lamina and salivary proteins than polymers for dentistry. 

Sandblasting with SiC induces higher SFE and preferential adsorption of FN. 

Laser patterning induces higher adsorption of FN by increasing the polar component of SFE. 

Nanograined surfaces have higher volumes of grain boundaries, which increase the SFE and 

adsorption of FN and VN 

Charge ↑↑ ↑ 

Can promote or limit protein adsorption, 

depending on charge of both surface and 

proteins 

BSA is adsorbed in a lower amount on negatively charged surfaces while it is the opposite for 

histone that is positively charged.  

UV-generated positive surface can adsorb more BSA at pH 7, when the protein is negatively 

charged. 

Chemistry  

(alloying metals, 

ions)  

↑ n.r. 
Increase protein adsorption, divalent ions in 

particular 

TiNi alloys results in lower BSA (dependent on Ni content), FIB, and FN adsorption vs. cp-Ti.  

Ion-doped Ti has increased surface charge and protein adsorption because of bridging effect of 

divalent ions or specific chemical bonds (Ag) 
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Increased surface roughness in the micro scale seems to be capable of 

increasing the adsorption due to a greater number of active sites and features such 

as pores, nanotubes, or pits can accommodate proteins. On the other hand, no clear 

effect was found for nano-roughness. In this case, topography effect is mediated by 

other properties, such as charge or wettability. Electrostatic attraction may increase 

protein adsorption, while repulsion seems not enough to completely avoid protein 

binding with the surface. The role of wettability in adsorption is the most 

controversial. As a rule of thumb, proteins prefer to adsorb on hydrophobic 

surfaces, since water is more easily displaced from the surface and hydrophobic 

interactions between amino acid residue and surface can be strong. In fact, this has 

been reported in some cases for adsorption on titanium surfaces. On the other hand, 

hydrophilic surfaces usually present more OH groups, higher surface charge, and 

SFE. These factors can promote surface–protein interactions, making adsorption 

favorable also on wettable surfaces. Furthermore, wettability can enhance solution-

surface contact by turning it from a Cassie-Baxter to a Wenzel regime. These factors 

are able to promote protein adsorption against the generally accepted rule of thumb. 

The ongoing research on development of new and more bioactive surfaces had 

introduced more factors that can influence protein adsorption: The presence of ions 

within the oxide layer or of metals as alloying elements, the control over grain size, 

and surface activation treatments. All these features strongly change surface 

properties, namely wettability, hydroxylation, charge, SFE, roughness, making it 

less trivial to discriminate what features influence proteins adsorption and how. 

Conformation and orientation of adsorbed proteins are also heavily affected by 

surface properties in a non-unique way. Aspect ratio of surface features can change 

how proteins accommodate on the surface, higher hydroxylation may promote 

denaturation and spreading of certain proteins, while in other cases, OH groups 

increase wettability consequently reducing protein–surface interactions. 

Besides, the poor standardization and use of testing protocols among 

researchers led to different conclusions about protein adsorption. The wide variety 

of protein concentrations, solution composition, and experimental methods make it 

very difficult to compare different works and to state if a system is an effective 

representation of the real adsorption process as occurring in vivo, within the human 

body. The complexity level of the system used can completely change how proteins 

interact with a surface, and scaling up from a simple single protein solution seems 

not to be an effective way to understand how materials behave when put in contact 

with biological fluids. 

Today, knowledge about protein adsorption on actual implant surface is also 

limited by the fact that it is not trivial to find characterization techniques that can 

provide information about adsorption mechanisms on real surfaces. In the literature, 

a lot of techniques have been used to investigate protein adsorption on titanium 

materials, but some of them may not be applicable on a bulky and surface treated 

titanium sample because they need specific characteristics, such as surface flatness, 

planar specimen or surfaces need to be grown on the instrument sensors. These 

kinds of model surfaces may not be representative of the surface of a real implant.  
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2.4. Protein adsorption on bioactive glasses 

2.4.1. General Consideration on Protein Adsorption on bioactive 

glasses 

Bioactive glasses (BG) have been the first class of third generation 

biomaterials, meaning that they can express biochemical and biological signal for 

the stimulation of an appropriate host response [261]. From the creation of Hench’s 

45S5 Bioglass more than 50 years ago, those materials have been extensively 

investigated and an unaccountable number of bioactive compositions, based on 

different forming oxides such as silica, phosphate and borate glasses, have been 

developed [262]. The incredible variability of chemical composition, plus the 

different manufacturing possibility, melting of raw precursors or sol-gel synthesis 

[263], results in all kind of different surface properties that may affect protein 

adsorption: for instance surface energy, wettability, and surface charge. According 

to the manufacturing methodology, bulk or meso-porous materials, in the range of 

10-30 nm [264], can also be obtained. Besides, the overall picture is further 

complicated by the high reactivity of such materials, on which is based their 

bioactivity. On silica-based systems, which are the one investigated in this work, 

hydroxyapatite precipitation is obtained through the following steps: Na+/Ca2+ 

cation exchange and formation of Si-OH groups; pH increase and release of soluble 

silica Si(OH)4; repolymerization of silica and formation of a hydrated gel layer; 

precipitation of amorphous CaO-P2O5 layer; hydroxyapatite crystallization [262]. 

Even if those reactions fully occur in hours or even days, they begin as soon as the 

glass get in contact with a solution, including physiological fluids and protein 

solutions used for adsorption experiments. Thus, glass reactivity heavily affects 

protein adsorption and the surface itself is extensively modified during the process, 

leading to a highly dynamic phenomenon.  

Protein adsorption on bioactive glasses has been recently reviewed by Zheng et 

al. [50], where they made a comprehensive report of how glass properties affect 

protein adsorption and vice versa, alongside with an overview of possible surface 

modification for controlling protein adsorption and application of protein-coated 

BG. According to what concerns this thesis, here the influence of BG surface 

properties on the resulting protein layer will be covered. 

2.4.2. Surface properties affecting BG-protein interactions 

Surface chemistry 

The possible compositions of bioactive glasses are virtually infinite, both 

regarding the bulk chemistry and eventual surface modifications. For a better 

development of novel BG, and to understand the in vivo biological activity of the 

ones that already exist, it is mandatory to understand how the presence of different 

chemical elements in the glass surfaces affect protein adsorption. The matter is 

further complicated by the fact that changes in the chemical composition of BGs 
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deeply affect surface reactivity, surface charge and also the structure of sol-gel 

derived mesoporous glasses, and it is not always trivial to discriminate what 

parameters is affecting the protein-surface interactions. 

Calcium is an element practically always present in the composition of BGs, 

being one of the mineral constituents of bones, and it was found to have a great 

effect on protein adsorption. Increasing Ca content at the expenses of Si can reduce 

BSA adsorption, in particular at increasing albumin concentration in solution [265]. 

Calcium can also limit the denaturation of proteins: BG with higher CaO than 45S5 

Bioglass, and no Na2O, denature less methemoglobin with respect to Hench 

composition [266]. The presence of calcium greatly affects the reactivity of the 

bioactive glasses, concurring to create a dynamic environment that change during 

protein adsorption. Albumin adsorbed more on biocomplatible soda-lime glass than 

on a BG with higher Ca content: on the bioactive glass, adsorption is in competition 

with the formation of the calcium-phosphate rich layer, while on unreactive glasses 

proteins can adsorb directly on the SiO2 surface [267]. Similar conclusions were 

drawn also by other authors [265]. Interestingly, if released calcium from BG is 

removed from the solution, allowing only the formation of a silica-gel layer, protein 

uptake is greatly enhanced [268]. The surface specific area and pore volumes of 

mesoporous glasses is reduced by higher Ca/Si ratios, resulting in a consequent 

decrease of albumin adsorption. Furthermore, the presence of calcium reduces Si-

OH groups, which can bond with proteins through hydrogen interactions, due to the 

transformation of silica to CaSiO3 [269]. Similar results can be obtained also when 

Si is increased alongside with potassium oxide [270]. Ca2+ and Na+ release by BG 

network dissolution in solution contributes to build up a more negative charge and 

hydrophilic surface, which can limit adsorption of certain proteins such as 

fibrinogen. This effect is absent on pure silica, where adsorption is higher [271]. As 

well as calcium, also Sr molar content is inversely proportional to the adsorption 

capability of silica glass when normalized with the specific surface. Nevertheless, 

Sr addition greatly increases the specific surface and pore size, resulting in overall 

higher adsorbed albumin amount [272]. 

Incorporation of transition metals in BG composition has been widely 

investigated in order to provide bioactive glasses with other properties such as 

angiogenesis, antibacterial capacity or cellular stimulation [178], with an effect on 

protein adsorption as well. In a series of studies, Krajewski et al. [273,274] 

investigated the effect of small quantities of Ta and La on protein adsorption. The 

presence of La3+ and Ta5+ positive ions results in a positive zeta potential at 

physiological and inflammatory pH, 7.4 and 4.5 respectively. As consequence, the 

amount of adsorbed albumin increased at higher pH thanks to favorable electrostatic 

interactions and decreases at lower pH due to Culombic repulsion. The opposite 

fact happen with an undoped bioactive glass, which has always a negative surface 

potential [275]. Interestingly, the presence of Ta and La do not change the adsorbed 

protein profile, thus the different biological activity of BG containing these 

elements with respect to other BG systems may be related to the amount of adsorbed 

proteins [274]. Molybdenum and zinc can also increase the protein affinity of 
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mesoporous sol-gel derived BG, in particular by increasing the pore volume and the 

specific surface [276,277]. 

Thanks to its antibacterial properties, silver is a very popular doping element 

for bioactive glasses. As demonstrated by Gruian and co-worker, both melt-derived 

and sol-gel Ag-doped glasses shows augmented binding affinity towards different 

proteins [278–280]. Furthermore, the presence of Ag0 and Ag+ increases the 

denaturation of proteins: the thiol groups of protein Cys residues has a high affinity 

for metals, easily bonding with them causing also cleavage of protein disulfide 

bonds. The same happens in case of AuNP-BG composites [281]. 

Structure and crystallinity 

As already mentioned, BG structures highly affect protein adsorption, in 

particular pore dimension and specific surface of mesoporous glasses. Pore 

dimensions detain the main control in increasing protein adsorption. For enhanced 

adsorption, proteins must have the possibility to infiltrate the mesopores, thus they 

shall have a suitable dimension. On the other hand, specific surface area is also 

increased by  pores too small for proteins, not resulting in more proteins adsorbed 

[271,282]. The possibility to load mesoporous BG with bioactive and 

pharmaceutical molecules is also very promising and investigated for in situ drug 

delivery [263], and the selective loading capacity that can be achieved by tuning 

the mesostructured dimension is of great interest. Small proteins, such as lysozyme, 

can be adsorbed into structures that hamper the uptake of bigger molecules, such as 

albumin, achieving also a controlled release over time [283]. 

Pores are not the only topographical features that can affect protein adsorption. 

As in the case of titanium, nanostructures can be obtained on BG with surface 

treatments. Needle-like, with different length, plate-like and flower-like 

hydroxyapatite/carbohydroxyapatite structures can be obtained by soaking BG in 

PBS solution in different conditions. Those structures can influence the adsorption 

from serum supplemented medium of relevant proteins, such as FN, VN, and BSA, 

according to the net charge on the crystalline structures [284]. The surface structure 

changes also the conformation of adsorbed proteins, leading to a different 

attachment of MC3T3-E1 pre-osteoblasts. 

Bioactive glasses can be employed both as fully amorphous material or as glass-

ceramic. The degree of crystallinity can be tuned by thermal treatment or by 

changing manufacturing conditions in order to modulate BG properties such as 

mechanical strength or surface reactivity [264]. As it is obvious, the presence of 

crystalline domains on the BG surface affects protein adsorption as well. In a series 

of studies, El-Ghannam et al. [285,286] investigated the influence of crystallization 

of 45S5 Bioglass on protein adsorption. Crystallization induced by thermal 

treatment provoked an increment of the zeta potential towards more negative values 

and a consequent reduction of adsorbed proteins [285]. Concurrently, protein 

adsorbed on the glass-ceramic surface showed a limited expression of unordered 

structure and an increased presence of β-structure with respect to adsorption on the 

amorphous BG. The higher presence of unordered structure was also related to 
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limited cell spreading [286]. Conversely, other authors suggested that the 

crystallinity of Bioglass did not affect much the total amount of proteins adsorbed, 

but it greatly changes the protein profile: even though in both cases albumin is the 

most abundant proteins in the adsorbed layer, amorphous systems showed also the 

presence of C3 complement and α-antitrypsin, which were much decreased after 

devitrification. On the other hand, sol-gel BG adsorbed a much larger variety of 

proteins [287]. Phase separation has also a determining effect on protein adsorption. 

By changing the casting equilibration temperature, different phase separated 

morphologies on 45S5 Bioglass can be obtained: silica rich spinodal phases or silica 

depleted droplet phase (Figure 2.15). BSA was observed to adsorb more on  

spinodal type than on droplet one, even in case of pre-incubation in PBS and 

consequent formation of a HA layer [288]. β-sheet/β-turns ratio, usually correlated 

to increased biocompatibility, was also increased by adsorption on spinodal 

morphology.  

 
Figure 2.15 Phase separation on 45S5 Bioglass: a) spinodal morphology; b) droplet morphology 

[288]  

Surface reactivity 

The strict correlation between protein adsorption and BG surface reactions have 

been briefly covered in the paragraphs above. Some studies have been specifically 

performed in order to better clarify the modification events that occur during the 

interactions with protein containing solutions.  

As previously discussed, pre-treatment of BG surface, with the formation of the 

silica-rich gel-layer or the deposition of the amorphous Ca-P layer deeply affect 

protein adsorption. These effects were related to the surface charge of the reaction 
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layer. The higher stability of 13-93 glass, compared to S53P4 and phosphate 

glasses, was addressed as the main reason for increased protein adsorption on that 

surface [289]. Silica-gel layer has a negative surface potential, while the presence 

of Ca-P precipitates increases it, providing better electrostatic interactions with 

proteins from FBS supplemented Eagle’s medium, which are usually negatively 

charged at physiological pH [290]. Furthermore, the formation of a protein layer on 

BG surfaces within the first minutes can prevent the dissolution of the glass and 

delay further bioactive reactions. On this matter, there is no unanimous consensus. 

Lobel and Hench have reported that cytochrome c adsorption is limited by the 

nucleation and crystallization of Ca-P on the BG surface [291]. In another study, it 

was observed that glass pre-treatment did not affect the amount of fibronectin 

adsorbed, but it changed the conformation of the proteins towards a more cell 

adhesion simulating structure  [292]. As always, when confronting results from 

different studies, it is necessary to carefully compare the adsorption conditions. In 

this case, it is possible that the changes in surface potential selectively affect uptake 

of different proteins. When BGs react in contact with protein solutions, the resulting 

layer, both the silica-gel and the amorphous Ca-P, may embed inside the adsorbed 

proteins [293,294]. 

2.4.3. Key concepts 

The already complex matter of protein adsorption on biomaterial surfaces it is 

further convolute when bioactive glasses are involved, for several reason. At first, 

it is very intricated to discriminate the effect of the different glass parameters: 

changes in glass composition affect many other surface parameters, such as 

wettability, surface charge and even topography and mesostructure, therefore 

making almost impossible to exactly determine which parameters are mainly 

influencing protein adsorption. Furthermore, the surface of bioactive glasses is a 

dynamic entity, specifically designed to react and transform upon contact with 

biological fluids or simulated solutions. Glass reactions do not only change the 

surface properties, since the products, such as the silica-rich gel layer, the 

amorphous calcium-phosphate precipitates and the later crystalline hydroxyapatite, 

are very different from one another and from the pristine BG, but also because the 

release of ions from the glass affects the protein solution, by changing its pH and/or 

ionic strength.  

Nevertheless, some insight on the mechanisms of protein adsorption on 

bioactive glasses have been obtained thanks to the extensive studies performed on 

the matter in the past 25 years. The main findings are reported in Table 1.2. As in 

the case of adsorption on titanium based substrates, some aspects are more clear 

with higher consensus about scientists, while some others are less understood. It is 

generally accepted that the presence of ions of the first and second groups, such as 

calcium, is detrimental for protein adsorption, as consequence of less Si-OH groups 

and competition between adsorption and HA precipitation process. Conversely, the 

incorporation of transition metals, which have many positive charges, may favor 

the electrostatic interactions with the usually negative protein surface. Furthermore, 
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the presence of metallic ions or NPs, mainly Ag and Au, enhances adsorption thanks 

to the great affinity of proteins for such elements, in particular through the binding 

with thiol groups. Besides surface chemistry, the presence of different elements 

may also affect the morphology of the BG, in particular in case of mesoporous sol-

gel derived materials. The dimensions of the mesopores are fundamental in 

controlling protein uptake: adsorption can be selectively hampered by mesopores 

with reduced dimensions. To achieve control on the adsorbed molecules through 

dimensional screening is a very interesting and promising features, in particular for 

drug release purposes. Bioactive glasses can be produced with a fully amorphous 

structure or as glass-ceramic, usually with improved mechanical strength. 

Crystalline domains have very different properties than the amorphous phase, and 

obviously they affect protein adsorption, even though it is not clear in which terms: 

some authors suggested that crystallinity reduces the amount of protein adsorbed, 

as consequence of more unfavorable Columbic interactions, while some others 

pointed out that the main effect is a change of the protein profile in the adsorbed 

layer. Different processing parameters can also result in phase separation, which a 

different composition for each phase. Different adsorption mechanisms have been 

highlighted for BGs with different microstructures. At last, each step of the reaction 

cascade of bioactive glasses has its own peculiar behavior with respect to proteins. 

The formation of the silica-gel may limit protein adsorption in first place, but as 

calcium and phosphate species precipitate, more favorable interactions may occur. 

In the end, adsorption on crystalline hydroxyapatite shall be the highest. It is still 

necessary and noteworthy to notice that there is not an overall consensus on this. 

On the other hand, it seems confirmed that adsorbed proteins are embedded in the 

growing reaction layer. 
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Table 2.2 Effect of bioactive glass surface properties on protein adsorption (amount of adsorbed proteins, protein conformation on surface, and mechanism of protein–surface 

interaction) and impact of each feature on adsorption. ≈: no clear impact; ↑: mild impact; ↑↑: high impact; n.r.: effect not reported. 

Surface 

Characteristic 

Impact on Protein 

Adsorption 
Conformation Mechanism Examples 

Chemistry ↑↑ ↑↑ 
Ions affect the surface properties, glass 

network structure and reactivity 

Ca increases the glass reactivity, leading to lower amount of BSA adsorbed. 

Ta5+ and La3+ increases the adsorption thanks to favorable electrostatic interactions. 

Ag and Au ions or NPs provoke an extended denaturation of BSA by bonding with the thiol 

group in Cys resides. 

Crystallinity  ↑ ↑ 

Crystalline domains are less reactive and have 

different chemistry and morphology than the 

amorphous phases  

Crystalline BG binds less type of proteins than amorphous BG. Adsorption on amorphous BG 

results in a more unordered conformation of FN. 

Phase separation ↑↑ ↑↑ 
Different phases have different chemistry and 

surface properties 

Spinodal 45S5 Bioglass adsorbs more than droplet phased Bioglass, with a favourable protein 

conformation for cell attachement 

Pore dimension ↑↑ n.r. 
Proteins can adsorb only in pores with 

adequate dimensions 

BSA and LYS selective adsorption on nanorods can be modulated by changing the rod 

dimensions 

Reactivity ↑↑ ↑ 

Surface reactions may be in competition with 

protein adsorption and different stages have 

different properties 

The formation of amorphous calcium phosphates or hydroxyapatite modifies the conformation of 

adsorbed FN, with respect to pristine BG. 

45S5 Bioglass pre-treatment increases protein adsorption in case of formation of Ca-P species 

and not if only the silica-gel is present 
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2.4.4. Methods for Investigating Protein Adsorption 

During the past years, researchers have developed and optimized a huge 

number of experimental techniques in order to overcome the challenges of 

investigating adsorption of proteins on surfaces with very different features. 

Characterization techniques for proteins adsorption, and biomolecules adsorption 

in general, are extensively reviewed elsewhere [295,296]. Here, a brief overview is 

reported of the techniques used in literature with a focus on the characterization of 

adsorption on titanium-based biomaterials and bioactive glasses. There is not a 

unique characterization technique that can provide information on all the aspects of 

protein adsorption, such as protein quantification, conformation after adsorption, 

interaction with the surface, and transient matrix compositions, therefore, different 

analyses shall be performed to address them all. Experimental methodologies that 

have been applied to study protein adsorption on biomaterials will be described 

considering the kind of information provided, alongside with their characteristics, 

advantages and drawbacks, summarized in Table 1.3. 

Protein quantification can be obtained by following mainly two different 

strategies: the use of unlabeled proteins and labeled proteins. Label-free techniques 

involves the use of analytical assay such as the bicinchoninic acid protein assay 

(BCA) or the Bradford method [250,297]. The main drawbacks with these methods 

are that proteins need to be detached from the surface, for example by the use of 

surfactants, leading to possible underestimation of the total amount of protein 

adsorbed. Proteins can be labeled and quantified with radioactive iodine Isotope 125I 

or with fluorophores [102,170,271]. The use of fluorescent marked proteins allows 

also the imaging of the adsorbed layer, by traditional or confocal laser 

microscopy(CLSM) [126,289]. Specific protein quantification may be obtained by 

targeting them with labeled antibodies [133] or by the well-established enzyme-

linked immunosorbent assay (ELISA)[130,153]. The determination of the protein 

profile in the transient matrix is another aspect of interest, and can be investigated 

with common biochemical assay, such as Western blot or sodium dodecyl sulphate- 

polyacrylamide gel electrophoresis (SDS-PAGE)[135,287]. Liquid 

chromatography electrospray ionization tandem mass spectrometry (LC-ESI-

MS/MS) is also employed to identify proteins within a complex layer [117,247]. 

Chemical analysis of the surface may be also used to detect protein on surfaces: 

XPS and ToF-SIMS can be employed on both titanium and bioactive glass to detect 

protein functional groups, identify specific proteins and determine protein-surface 

interactions [25,153,298,299]. Similar information can be obtained also by site-

directed spin labeling combined with electron paramagnetic resonance 

spectroscopy (SDSL-EPR)[20]. X-ray wavelength dispersion spectroscopy (WSD) 

can be effectively employed for detecting adsorbed proteins in a large concentration 

range, from ng/cm2 to µg/cm2 [172,300]. Atomic force microscopy (AFM) can be 

also used for imaging of protein disposition on the surface and eventual 

agglomeration [93,168]. By properly modifying the tip, it is possible to evaluate the 

interaction strength between the surface and the proteins [110,278]. Direct 

visualization of the adsorbed protein layer, or the protein corona on NPs, can be 
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obtained by transmisison electron microscopy (TEM)[204]. Zeta potential 

measurement have been recently applied to obtain titration curves of protein 

adosrbed on bulky samples [80], even though it is usually applied for investigation 

of colloids [222]. The shape of the curve and the IEP may be used to provide 

information on surface coverage and protein three dimensional configuration.  

QCM is a powerfull technique to obtain real-time weighting of proteins adsorption 

on standard materials [138]. According to the insturment set-up, more information 

can be obtained, for example the stifness and water content of the adsorbed layer, 

by QCM with dissipation [152], or electrochemical and impedence measurement 

can be performed with EQCM [94]. Beside quantification and protein detection, it 

is also necessary to understand other aspect of the adsorption mechanisms, such as 

protein denaturation and layer thicnkess: spectroscopic techniques are suitable to 

investigate them. Secondary sturcture, such as α-helix, β-sheet, and random coils, 

have very specific vibrational bands, active both in Fourier transform infrared 

(FTIR) and Raman spectroscopy. The Amide I band (≈1650 cm-1), which arises 

from stretching of C=O bonds, has a direct and straightforward correlation with the 

secondary structure of the proteins; on the other hand, the Amide II band (≈1550 

cm-1) is composed by the in-plane bend of NH and stretching vibration of CN and 

its relation with the protein secondary structure is far less obvious [301]. 

Deconvolution of Amide I band is often used to determine the protein secondary 

structure [148,299], while both Amide I and Amide II may be helpful to obtain 

quantitative information [36]. Raman spectroscopy can be used to investigate 

protein denaturation mainly on nanoparticles [302,303]. The protein denaturation 

can also be investigated by circular dichroism (CD)[213]. Changes in the intrinsic 

fluorescence of certain amino acids, such as tryptophan and tyrosine, which are 

related to mutation in the chemical environment of the residues, can be measured 

by synchronous fluorescent spectroscopy (SFS) for investigating protein 

conformation [139]. The thickness of the protein layer can be measured in real-time 

and in situ by spectroscopic ellipsometry (SE)[235] At last, protein-surface 

interactions can be evaluated by investigating the electrochemical behavior of the 

transient matrix interface with electrochemical impedance spectroscopy 

(EIS)[83,87]. 



Chapter 2: Protein adsorption on biomaterials 

76 

 

Table 2.3 Characterization techniques commonly used for protein investigation on biomaterials. The output about protein adsorption, the kind of substrates that can be analyzed, 

the possibility of in situ (without protein detachment) and real-time measurement, main advantages and drawbacks, and eventual application on titanium or bioactive glasses are 

reported. Adapted and modified from [50,295,296,304]. 

Technique Output Substrate 
In Situ/ 

Real Time 
Advantages  Drawbacks Substrate investigated 

Labeled 

proteins 

125I-labeling Quantification Any  Yes/no Direct quantification  Change of protein properties, handling issues Ti 

Fluorescent 

labeling 

Quantification and 

imaging 
Any Yes/no 

Direct quantification, 

competitive adsorption 

evaluation 

Change of protein properties, expensive reagents Ti/BG  

CLSM 
Imaging, relative 

quantification 
Any Yes/no 

High resolution, 3D 

distribution into surface 

features 

Expensive reagents Ti/BG 

UV-vis 

spectroscopy 

BCA Quantification Any No/no 
Low cost, large range of 

concentrations 
Protein detachment needed Ti/BG 

Bradford 

assay 
Quantification Any No/no Low time consume Protein detachment needed, sensible to surfactant Ti/BG 

Labeled antibodies 
Quantification, protein 

recognition and imaging 
Any  Yes/no 

Targeting of specific 

proteins 
Time consuming, specific reagents Ti 

ELISA 
Quantification and protein 

recognition 
Any Yes/no 

High specificity 

High throughput 
Time consuming, specific reagents Ti/BG 

Gel 

electrophoresis 

Western blot 
Quantification and protein 

recognition 
Any No/no  No toxic chemicals Sample preparation, poor band separation 

Ti/BG 

SDS-PAGE 
Quantification and protein 

recognition 
Any No/no 

High sensitivity, small 

samples needed 
Poor band resolution, toxic chemicals 

LC-EIS-MS/MS Proteomic analysis Any No/no 
High specificity and 

sensitivity 
High costs Ti 

XPS 
Quantification, protein-

surface interaction  
Any Yes/no  

High sensitivity, 

simultaneous evaluation of 

surface chemistry, depth 

profiling  

No absolute quantification, complex data analysis Ti/BG 

Tof-SIMS 
Quantification, protein 

recognition 
Any  Yes/no  

High sensitivity, possible 

orientation and 

conformation analysis, 

depth profiling 

No absolute quantification, complex data analysis Ti/BG 

SDSL-EPR 
Quantification, protein 

recognition 
Any Yes/yes 

Conformation analysis in 

different conditions, 
Complex data analysis, protein labeling needed BG 
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recognition of different 

proteins  

WSD Quantification Any Yes/no 

Sensitive to a wide range of 

protein surface 

concentration 

Thorough calibration needed  Ti 

AFM 
Imaging, adhesion forces, 

conformation 
Flat substrates Yes/no 

High resolution, 

customizable tip  

Low throughput, time consuming, difficult 

imaging of soft films, tip preparation needed 
Ti/BG 

TEM 
Imaging, thickness 

measurement 
Any Yes/no 

Direct visualization of 

protein layer 

Complex sample preparation, possible protein 

damage 
Ti/BG 

Zeta potential 
Adsorption evaluation, 

protein conformation 

Powder or 

planar samples 
Yes/no Simple measurement 

No protein recognition, preliminary information 

needed 
Ti 

QCM 

Quantification, 

viscoelastic properties of 

layer, changes in 

conformation 

Sputtered 

sensors 
Yes/Yes 

High sensitivity, real time 

measurement, possibility to 

change the uptake solution 

Co-adsorbed solvent weighted. mass calculation 

affected by energy dissipation 
Ti/BG 

FTIR (ATR) 
Secondary structure, 

relative quantification 
Planar samples Yes/no Very specific protein band Not highly sensitive, data deconvolution needed Ti/BG 

Raman spectroscopy 
Secondary structure, 

relative quantification 
Any Yes/no Very specific protein band Not highly sensitive, complex data interpretation Ti/BG 

CD Protein conformation Planar samples Yes/no 
Specific bands for 

secondary structures 
Band deconvolution needed, measured in solution Ti/BG 

SFS Protein conformation Any Yes/no 

Sensitive, high selectivity 

towards specific amino 

acids 

Possible instrument artifacts Ti 

SE 
Layer thickness 

measurement 
Flat surfaces  Yes/yes 

High sensitivity, low cost, 

fast measurement 

Difficult optical modeling of rough and structured 

surfaces 
Ti 

EIS 
Layer evolution, protein-

surface interactions 
Planar samples Yes/yes 

High sensitivity, possible to 

study adsorption in different 

condition 

Complex modelling and data interpretation Ti 
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Chapter 3 

Foreign body reaction and 

osteoimmunomodulation 

3.1. Foreign body reaction: the host response to implants 

In case of injury or damages, such as the ones occurring during surgery, our 

body is programmed to immediately react, in order to defend itself from the external 

world and to begin the healing process. In case of absence of external bodies inside 

the injured site, the normal wound repair process takes place. On the other hand, if 

an external body, which can be a medical device as well, is present in the injured 

site, the so-called foreign body reaction (FBR) occurs instead (Figure 3.1)[1]. The 

two processes are constituted by a similar complex cascade of events that involves 

the formation of a blood clot, the recruitment of cells belonging to the immune 

system and the inflammatory response. From this point, the normal healing and the 

FBR take two different paths. During wound healing, the inflammation phase 

rapidly leave place to cell proliferation and the formation of a granulation tissue, 

that lead to wound recovery after remodeling. In the case of FBR, the immune 

system is continuously stimulated, entering a chronic inflammation phase that can 

lead to the formation of a fibrotic capsule around the foreign body [2]. 
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Figure 3.1 Wound repair (a) and FBR (b) phases. They are similar and differs from the formation 

of a provisional extracellular matrix around the implants, the formation of a foreign body gigantic cells 

and the final fibrous capsule formation [2].  

3.1.1. Blood transient matrix formation 

During every surgery, vessels are broken and blood immediately floods into the 

wound through exudations, thus being the first physiological entity encountered by 

the implant. As widely discussed before, this provokes the immediate adsorption of 

plasma proteins, which form a transient matrix on the biomaterial surfaces. Among 

those, there are proteins responsible for the activation of thrombosis, blood 

coagulation and complement systems. 

  The clot formation may proceed through two distinct pathways: the intrinsic 

pathway, which is surface contact-mediated and initiated by the adsorption and the 

formation of active forms of proteins such as factor XII (FXII), prekallikrein and 

kininogen; the extrinsic pathway is activated by tissue factor (TF), collagen and von 

Willebrand factor (vWF) that are released by cells (activated platelets, endothelial 

cells and monocytes) following the damage [3]. The activation of FXII is mainly 

promoted by negatively charged surfaces, which promotes a favorable orientation 

of the proteins and the cleavage necessary for FXII activation [4].  Both pathways 

lead to a cascade of enzymatic events that ends in the cleavage of prothrombin in 

active thrombin. The combination of the two pathways is not enough to provoke 

clot formation, but platelets adhesion and activation is also necessary. Platelets can 

be activated by the thrombin released through the intrinsic pathways, and initiating 

to release themselves pro-coagulation factors, which turn into more thrombin 

production and more platelet activation, forming a loop [5]. Besides, thrombin 

initiated the cleavage of fibrinogen in fibrin, forming the clot structure, known also 

as provisional extracellular matrix, which provides a 3D structure rich in proteins 

that sustain cells adhesion. Fibrinogen has also a major role in mediate platelet 

adhesion and activation on biomaterials, through the αIIbβ3 integrin receptor [6].  
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In concomitance with the clot formation, a foreign body can also activate the 

complement system: it is a defense system comprised of more than twenty proteins 

that are activated by a cascade of enzymatic reactions. The complement system can 

be activated through three different biochemical pathways, namely the classical 

pathway, the alternative pathway and the lectin pathway [7]. Biomaterials can 

trigger the complement system by the alternative pathways, depending also to the 

adsorbed proteins. For instance, OH and NH2 functional groups on the surface 

increase the binding with complement factor C3b, which promotes the assembly of 

C3 convertase that promotes the formation of more C3b and the generation of an 

amplification loop. Adsorbed IgG can trigger the classical pathway, by binding C1q 

and the consequent formation of C1, which is the first enzyme involved in the 

classical pathway [4]. The complement system has an active role in the onset of the 

inflammation response. Anaphylatoxins such as C3a and C5a, released after the 

activation of C3 and C5 factors, are involved in the attraction of leukocytes to the 

injured site by vascular flow and permeability increase, and infiltration and 

chemotaxis of immune cells. Furthermore, complement factors can opsonize 

bacteria and also biomaterials, which can be recognized by monocytes and 

macrophages as consequence [7]. Complements and coagulation cascade are well 

interconnected: FXIIa can cleave C1s and C3, triggering the classical activation 

pathway of the complement system; thrombin can activate C3, C5, and C6 [8].  

All these events result in the formation of a transient ECM rich in proteins, 

chemokines, cytokines and growth factors that are continuously released and 

stimulate the foreign body reaction process. These molecules are also responsible 

for the recruitment of immune cells, such as neutrophils and monocytes that initiate 

the subsequent inflammation response [9]. 

3.1.2. Inflammation 

In the common thinking, inflammation is regarded as something that must be 

avoided, or at least minimized, by all means. This was true also in the field of 

biomaterials, where the quest in the past century was for surfaces the most inert as 

possible in a physiological environment. New knowledge gained in the past decades 

have shown how inflammation plays a pivotal role in the success of an implant. For 

instance, osseointegration is regarded as a FBR without the developing of a chronic 

inflammation [10]. The clinical demand is now on biomaterials that can modulate 

the interactions with the immune cells and stimulate an appropriate inflammation 

response. The inflammatory response may be divided into two distinct phases, the 

acute and the chronic inflammation. The two phases can be distinguished mainly 

by the predominant cell type: neutrophils for the acute inflammation and 

macrophages during the chronic phase (Figure 3.2). 
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Figure 3.2 Temporal variation of cells population around the implant during FBR [9]. 

Acute inflammation 

The acute inflammation is the first part of the immune response in the injury 

events of a tissue, and it may span from hours up to a week, according to the extent 

of the wound. This phase of the inflammation process is characterized by the 

presence of neutrophils (polymorphonuclear leukocytes, PMNs), which are the first 

type of leukocytes that gather at the implantation site. PMNs migrate to the injured 

site from blood vessels, through chemotaxis, induced by exogenous or endogenous 

molecules, or by “adhesion molecules” on the neutrophils or endothelial surfaces. 

The expression of those molecules can be increased by pro-inflammatory 

mediators, such as interleukin (IL)-1 or TNF [11]. At the injury site, the neutrophils 

phagocyte microorganisms and external bodies. Phagocytosis by PMNs and 

macrophages occurs in three steps: the first is the recognition of foreign organisms 

or body via opsonization by IgG or complement C3b; engulfment; killing or 

degradation by the release of reactive oxygen species (ROI), such as hydrogen 

peroxyde, antimicrobial proteins or proteases [1]. Biomaterials are usually too large 

to be ingested and degraded by immune cells, still some of the phagocytosis steps 

may occur. Leukocytes can recognize and adhere to biomaterials through the 

adsorption on their surfaces of IgG and C3b, then, they try to degrade the materials 

by extracellular release of leukocytes products [12]. Adsorbed proteins in the blood 

transient matrix, such as fibrinogen, fibronectin and vitronectin, have been 

demonstrated to play an active role in the activation and adhesion of neutrophils. 

Neutrophils characterize the very first hours of the inflammatory response: in fact, 

these cells live up to just 48 h. After that, the immune response is entrusted to 

macrophages, which can last for months. 

Along with PMNs, also circulating monocytes are attracted to the wound site 

by chemokines and factors released by the blood clot and the complement system, 

but also by factors released by the neutrophils themselves. In fact, PMNs release a 

large amount of immune-regulatory signals and controls the subsequent 
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inflammation phases [13]. At the implant site, monocytes differentiate in 

“classically activated” macrophages. Macrophages are extremely plastic cells and 

they can adapt their physiology in different phenotypes according to external 

stimuli, in order to exert the proper response. Usually, the two extreme phenotypes 

are regarded as M1 and M2 [14]. M1 or classically activated macrophages can 

increase the inflammatory response, by the release of pro-inflammatory factors and 

cytokines, such as IL-1, IL-6 and TNF, that can further recruit leukocytes and foster 

the inflammation process. M2 or alternatively activated macrophages, which are 

more related to the release of anti-inflammatory and wound-healing factors, such 

as IL-1 receptor antagonist and IL-10, appear later in the inflammatory process. 

Macrophage phenotypes are not strictly defined and they can exhibit all the possible 

variation between the two extremes, according to both external stimuli or factors 

secreted by the macrophages themselves [15].  

After about two days, M1 macrophages are the predominant cells at the 

infection site, and at that point they have colonized the implant surfaces. Not being 

able to engulf the implanted device, they undergo “frustrated” phagocytosis, which 

involve the release of degrading species (ROIs, nitrogen radicals, enzymes)[7]. If 

the foreign material can be removed in this way, the FBR ends in the acute phase 

of inflammation, leaving space to the physiological wound healing process; if not, 

the inflammation turns to chronic. This usually happens in about 1 week.  

Chronic inflammation 

The continuous release of inflammatory factors by macrophages, and the tissue 

stimulation by the implanted biomaterial, give birth to the chronic inflammation 

phase, which is usually confined at the implant site. Macrophages are again the 

dominant cells in this phase, with the ongoing switch from the M1 to M2 

polarization [16]. 

A hallmark of the chronic phase of FBR is the presence of foreign body giant 

cells (FBGCs). In order to attempt to engulf big particles (> 10 µm), macrophages 

can fuse together forming FBGCs, which can stay at the implant surface for all its 

life [17]. The surface properties of the biomaterial and the adsorbed proteins have 

an important role in the adhesion, activation and fusion of macrophages. 

Fibronectin, laminin and fibrinogen can increase the adhesion of macrophages, 

while vitronectin can induce the formation of FBGCs [7]. The presence of FBGCs 

and the release of degrading species following frustrated phagocytosis may cause 

damages to biomaterials, such as polymer oxidation or metal corrosion, that can 

result in implant failure at the end [17]. FBCGs will persist on the implant surface 

as long as the foreign body reaction lasts, which can correspond to the whole life of 

the implant [11].  

3.1.3. Fibrous capsule formation 

The presence of M2 macrophages and FBGCs is fundamental in driving the 

final stage of the host response to the implant, which usually consist in the 
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regeneration of the tissue in the injured site. These cells release factors such as 

platelet-derived growth factor (PDGF), vascular endothelial growth factor (VEGF), 

and transforming growth factor-β1 (TGF- β1), which are reported to activate 

fibroblasts and stimulate the production of blood vessels [18]. Activated fibroblasts 

result in development of myofibroblasts, which are characterized by the expression 

of smooth muscle actin (α-SM actin), which generates contractile forces to close 

the wound, and synthesis of proteins in the ECM, such as collagen I [19]. In normal 

wound healing, myofibroblasts undergo apoptosis after the successful remodeling 

of the tissue [1]. The continuous stimulation associated to the presence of an 

implant leads in excessive production, contraction and crosslinking of collagen I by 

myofibroblasts, resulting in the formation of the fibrotic capsules [2]. The capsule 

is a whole new tissue that grows and get vascularized by the continuous deposition 

of new ECM and the release of PDGF and VEGF, which have angiogenic effects. 

Once the macrophage activity is not intense enough to sustain the one of fibroblast, 

the fibrotic capsule reaches a steady state, isolating the FBR site from the rest of 

the host body [16].  Fibrosis poses a threat to biomedical implants, since it can 

provoke the failure of the device by isolating it from the rest of the organism, for 

example avoiding correct tissue-implant contact, drug delivery or osseointegration. 

3.2. Osteoimmunomodulation: a new paradigm 

Cross talking between immune cells and the rest of the body is very intense and 

the right immune response during injury events is fundamental for the correct 

recovery of the wound. When bone trauma are involved, the connection between 

the cells deputed to host defense and bone remodeling cells, osteoblasts and 

osteoclasts, is so intense that a whole new field has been developed: 

“osteoimmunology” [20]. In case of an implant, cells involved in the FBR, such as 

macrophages, but also other immune cells such as lymphocyte T or B cells, must 

achieve the right balance in polarization and factors expression to elicit the activity 

of osteoblast and modulate the bone resorption by osteoclasts (Figure 3.3). The 

capacity of a material to induce the proper immunological response for a correct 

osseointegration is called “osteoimmunomodulation” [21]. Osseointegration can be 

seen as a limited FBR, which does not involve the development of a chronic 

inflammation and fibrotic capsule but instead it results in the growth of new 

functional bone tissue at the interface with the implant. 
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Figure 3.3 Osteoimmunomodulation by immune cells. The released factors that concur to 

osteogenesis and osteoclastogenesis are indicated [21]. 

3.2.1. Regulation of bone remodeling by immune cells 

As discussed in the previous section of this paragraph, the immune system can 

react in different manners. The FBR can be more or less severe, with the perdurance 

in time of a chronic inflammation state, with a predominant M1 macrophages 

polarization, the continuous stimulation of fibroblasts and the development of a 

thick fibrotic capsule. The factors released by the immune cells do not only affect 

the activity of fibroblast, but the activity of bone remodeling cells depends heavily 

on those products.  

The main pathway that controls bone remodeling is the one formed by 

RANKL/RANK/OPG. Receptor activator of nuclear factor kappa-B ligand 

(RANKL), at type II membrane protein, regulates osteoclast differentiation and, 

consequently, bone resorption. It is expressed by both bone cells, such as osteoblast 

and bone marrow stromal cells (BMSC), and immune cells, such as lymphocytes T 

and PMNs. Receptor activator of nuclear factor kappa-B (RANK) is expressed by 

osteoclast precursors and when it bound by RANKL bone resorption processes 

begin [22]. Osteoprogerin (OPG) is the decoy for osteoclastogenesis expressed by 

osteoblasts: it binds to RANKL, interrupting the RANKL/RANK interaction and 

suppressing the activation of osteoclasts [21]. Another indispensable factor for 

osteoglastogenesis is mesenchymal colony stimulating factors (M-CSF), which can 

commit MSCs to osteoclast differentiation by induction of RANKL expression 

[23]. Overexpression of RANKL by T cells is also related to pathological conditions 

such as rheumatoid arthritis. 

Immune cells do not regulate bone metabolism only by through the 

RANKL/RANK pathway, but other cytokines released by lymphocytes and M1 or 

M2 macrophages have a pivotal role in directing osteoclast and osteoblast activity. 

Pro-inflammatory TNF-α and interleukin IL-1α, IL-1β, IL-6, IL-7 can promote 

osteocalstogenesis, while INF-β, INF-γ and anti-inflammatory IL-4 and IL-10 can 

suppress osteoclast activity [24,25].  
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Macrophages, as the predominant cells during the main part of FRB, have a 

strong effect on the osseointegration, largely dependent on their phenotypic 

expression. Classically activated macrophages are well recognized to release pro-

inflammatory factors related to osteoclastogenesis, and it has been shown that they 

can directly differentiate into osteoclasts when stimulated by M-CSF and RANKL 

[26]. On the other hand, M2 macrophages are more often associated to the release 

of anti-inflammatory cytokines and other factors, such as BMP2 and VEGF, which 

can enhance osteogenic differentiation of MSCs. However, some studies have 

highlighted the osteogenic effect of M1 and the fact that a marked M2 polarization 

can correlate with a severe FBR and fibrosis. These facts bring to light that 

osseointegration is a complex process, which relies on balanced and time-depended 

release of factors by immune cells [27]. 

3.2.2. FBR control: tackling osteoimmunomodulation with 

biomaterials 

Due to the strict interplay between host immune response and bone remodeling 

around the implant, it is necessary to design bone-contact biomaterials in order to 

express proper osteoimmunomodulation properties and not only focusing on the 

response of bone cells. Such results can be achieved by using strategies applied for 

tuning biomaterial surface properties in order to control the FBR (Figure 3.4)[7]. 

Surface topography, chemistry, wettability, mechanical properties and the shape of 

the biomaterials are all features that can affect the immune response, therefore 

surface modification are effective to modify material interactions with immune 

cells (Table 3.1)[15].  

 
Figure 3.4 Representation of different anti-inflammatory surface modifications: a) physiochemical 

modification of the biomaterial surface; b) functionalization with anti-inflammatory agents; c) grafting 

of bioactive molecules for immunomodulation of the host response [7]. 

 

Table 3.1 Effec of surface properites of biomaterials on the host immune response. Repoduced 

from [27]. 

Tunable properties Effect of immune cells 
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Surface chemistry 

Wettability 
hydrophobicity: ↑monocyte adhesion  

hydrophilicity: ↓macrophage adhesion 

Charge 
anionic/neutral particles: ↓inflammatory reaction  

cationic species: ↑ inflammation; 

Surface topography 

Roughness 
induces significant immune reactions, influences immune cell 

adhesion; 

Particle size no consensus has been reached on size; 

Porosity/pore size larger pore size: ↓ inflammation, ↑ angiogenic process; 

Delivery of biological molecules elicit immunoregulatory effects 

 

The physiochemical properties of the surface can be modified to obtain anti-

fouling surfaces. At first, surface topography and material size can be modified to 

elicit the proper response [28]. Porous materials, with pore size in the range 30-40 

µm, have been observed to increase the M2 macrophages polarization and elicit a 

healing process with little fibrosis and high vascularization [29]. The presence of 

nano- and micro-grooves and grating have been found to change the morphology 

and cytokine expression of macrophages, with respect to a smooth surface [30].  

The size of particles, from micrometers to millimeters, can also influence the FBR 

and the thickness of the fibrotic capsule [28]. Immune response can be controlled 

also by modulating the adsorption of proteins, such as albumin, fibrinogen, 

fibronectin, immunoglobulins and system complements, in order to reduce the 

adhesion site for cells and the opsonization of the biomaterials, according to the 

surface properties that have been deeply discussed in the previous chapter. 

Hydrophilic polymeric brushes have been found to reduce protein adsorption and 

leukocyte adhesion [31], while anionic materials can limit integrin adsorption, and 

as consequence, macrophage integrin-mediated adhesion, leading them to apoptosis 

[4]. It was further observed that the presence of certain functional groups can 

worsen or improve the inflammatory response: amino groups and hydroxyls 

increase the infiltration of macrophages and the intensity of the fibrotic response, 

the former groups may also increase the M2 polarization; on the other hand, 

carboxyls may induce a more inflammatory M1 phenotype [13]. Coating can be 

obtain also by the use of natural materials, such as chitosan, collagen, hyaluronan 

or dextran [32].  

Functionalization with biomolecules such as adhesion molecules, drugs, 

growth factors, or antibodies is another very investigated strategy. Those active 

elements can be both grafted on the biomaterial surfaces or incorporated into it, 

such as in the case of hydrogels polymeric scaffolds [33]. A possibility for the 

creation of immunomodulatory biomaterials is the use of ECM components, which 

can be combined with other materials, as in case of hip replacement, to create a 

favorable immune environment [34]. ECM elements, such as hyaluronic acid, 

collagen or interleukin can be used as coating on the materials or tissue derived de-

cellularized ECM can be directly used as immunomodulating scaffold [31]. For 

instance, both anti-inflammatory drugs, such as dexamethasone or heparin, and 

cytokines, as TGF-β or IL-10, can be embedded in coatings and hydrogels, for in 

situ releases [31,35]. Growth factors, such as VEGF, PDGF or TGFβ, can be 

delivered to the implant site with the same strategies [36].  

While developing or characterizing materials for osseointegration, the common 

use is to test their interaction with bone cells, such as MSCs or osteoblast. 
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According to the concept of osteoimmunomodulation, it is also of equivalent and 

uttermost importance to investigate the immune response to such biomaterials, even 

though it is rarely done [21]. The strategies to study the osteoimmunomodulation 

properties of materials have been developed to mimic as closely as possible what 

actually happens on the surface of an implant, and are mainly four, accordingly to 

a recent review by Mestres et al. (Figure 3.5)[37]: simplified method; indirect co-

culture by conditioned medium or transwell; direct co-culture.  The first method 

involves the stimulation of bone cells by the use of commercial factors, but lack the 

real-time interplay between biomaterials and bone or immune cells. The 

conditioned medium indirect co-culture is obtained by firstly seeding and culturing 

immune cells on the biomaterial, then the growth medium is withdrawn and 

employed for cultivating bone cells on the biomaterial again or on culture plates. 

The use of a conditioned medium was found effective in evaluating 

osteoimmunomodulation of various materials, such as the effect of titanium surface 

topography on macrophage polarization and MSCs response [38,39].  Still, again 

the real-time crosstalk between cells is hindered and released factor accumulation 

and nutrients depletion in the medium must be accounted for.  

 
Figure 3.5 Main experimental methodologies for evaluating the immunomodulation of 

biomaterials [37]. 

Real-time interaction between immune and bone cells can be achieved by the 

use of transwell or by direct co-culture. These two methods have the advantage of 

a direct interaction between cells, but poses great difficulties in the experimental 

set-up for the proper growth condition of both cell types. Plus, in case of direct co-

culture, the analysis of the cell response and the comprehension of the results is 

more complicated.  
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Chapter 4 

Materials and Methods 

4.1. Substrates 

In the frame of this work, different materials, three titanium-based surfaces with 

different chemical treatments, plus their respective untreated surfaces as control, 

and two bioactive glasses were used as substrates for investigating protein 

adsorption; those surfaces were chosen due to their relevance as innovative 

biomaterials for bone regeneration application. In fact, they have been developed 

by the research groups involved in this work, both at Politecnico di Torino and at 

Chubu University. Polystyrene was employed as model for a hydrophobic material 

without specific functional groups.  

The substrates investigated, with the respective surface treatments, are listed in 

Table 4.1. 

Table 4.1 Substrates employed in this work, with their names, bulk material and surface 

treatment employed (-: sample without surface modification) 

Substrate Bulk material Surface treatment 

Ti Pure titanium - 

Ti64 Ti6Al4V alloy - 

Ti(A-HC-H) Pure titanium Acid, alkali and heat treatment 

Ti64(SrAg) Ti6Al4V alloy Sr ang Ag ionic doping and heat treatment 

Ti64(HF-H2O2) Ti6Al4V alloy HF and H2O2 treatment 

SBA2 Silica glass - 

AgSBA2 Silica glass Ag ionic exchange 

PS Polystyrene - 
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4.1.1. Titanium samples preparation 

Pure titanium, grade 2, (Ti)(ISO5832-2, Nilaco Co., Tokyo, Japan) and 

titanium alloy Ti6Al4V, grade5, (Ti64)(ASTM B348, Titanium Consulting and 

Trading, Buccinasco, Italy)  were subjected to three chemical treatments in order to 

enhance their bioactivity. As control surfaces, polished Ti and Ti64 were used.  

Ti and Ti64 were supplied as plates, 1 mm thick, or as bars, with 10 mm 

diameter, and cut in 10x10 mm square samples or 2 mm thick disks respectively. 

Plates were used for the sample preparation at Chubu University while disks were 

employed at Politecnico di Torino for the preparation of controls and one of the 

three chemical treatments (Figure 4.1). 

 
Figure 4.1 Scheme of the chemical treatments on Ti and Ti64 samples 
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Chemical treatment on pure titanium 

Ti square plates were chemically treated via a mixed acid-alkali solution and a 

subsequent thermal treatment by the group of Prof. Yamaguchi, at the laboratories 

of Chubu university, where this surface have been developed [1,2]. More precisely, 

the samples were treated as follows (all reagents form Kanto chemical Co., Inc, 

Tokyo Japan): 

 Gritted with a #400 SiC polishing paper and washed three times in an 

ultrasonic bath, for 30 min each, with acetone, 2-propanol and MilliQ 

water and dried overnight at 40°C; 

 Soaked for 24 h in a 5 M NaOH solution, in an oil bath at 60°C and 

shaken at 120 rpm; 

 Soaked again for 24 h in a 50 mM HCl solution, in an oil bath at 40°C 

at 120 rpm; 

 Heat treated at 600°C for 1 h, with a heating rate of 5°C/min and leaved 

to cool inside the furnace. 

The samples treated in this way will be referred as Ti(A-HC-H) 

Chemical treatment on titanium alloy 

Two different chemical treatments were performed on Ti64 samples. One was 

performed at Politecnico di Torino, following a registered patent [3], the other was 

made again at Chubu University [4].  

The last type of surface modification, besides the generation of a titanium oxide 

layer with controlled morphology and chemistry, involves also the doping of the 

surface with strontium and silver ions, and it is obtained with the steps listed below: 

 Gritted with a #400 SiC polishing paper and washed three times in an 

ultrasonic bath, for 30 min each, with acetone, 2-propanol and MilliQ 

water and dried overnight at 40°C; 

 Soaked for 24 h in a 5 M NaOH solution (5 ml), in an oil bath at 60°C 

and shaken at 120 rpm; 

 Soaked for 24 h in a mixed solution 50 mM CaCl2 and 50 mM SrCl2, in 

an oil bath at 40°C and shaken at 120 rpm; 

 Washed and dried as before; 

 Heat treated at 600°C for 1 h, with a heating rate of 5°C/min and leaved 

to cool inside the furnace; 

 Immersed in a mixed solution 1M Sr(NO3)2 and 1 mM AgNO3 at 80°C. 

The obtained Ti64 samples will be denoted as Ti64(SrAg). 
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Due to patent restrictions [3], not all details of the treatment can be disclosed 

and the process is generally described here. Ti64 disks were treated as follows: 

 Gritted with a #400 SiC polishing paper and washed in an ultrasonic 

bath once with acetone for 5 min and twice for 10 min in MilliQ water 

and dried under a laminar flow hood; 

 Etching of the native oxide in a HF (Sigma Aldrich, St. Louis, USA) 

solution; 

 Soaked in a H2O2 solution at 60°C (PanReac AppliChem, Darmstadt, 

GE). 

This kind of specimens will be addressed as Ti64(HF-H2O2). 

Preparation of the control surfaces 

Ti and Ti64 disks were used as control after being mirror polished using 

subsequent SiC gritting paper (#320, #600, #800, #1000, #2500 and #4000), washed 

in an ultrasonic bath once with acetone for 5 min and twice for 10 min in MilliQ 

water and dried under a laminar flow hood (Figure 4.2). Control samples will be 

simply labeled as Ti and Ti64 respectively. All the samples were stored in closed 

plastic containers under room conditions. 

 
Figure 4.2 Ti (a) and Ti64 (b) samples 

4.1.2. Bioactive glass samples preparation 

The bioactive glass, called SBA2 and based on silica-systems, was prepared by 

melting and casting of raw reagents with the following composition (%mol)(all 

reagents Sigma Aldrich St. Louis, USA): 48% SiO2, 18% Na2O, 30% CaO, 3% 

P2O5, 0.43% B2O3, 0.57% Al2O3 [5]. Oxides and carbonates were pressed in a Pt 

crucible and melted in a furnace at 1450°C, with an heating rate of 10°C/min and a 

homogenizing temperature hold at 1450°C for 1 h. For obtaining a bar with 

diameter of 1 cm, the glass was poured in a bronze mold, preheated at 500°C, 

annealed at 500°C for 14 h and left cooling naturally in the furnace. The bar was 

then cut by an automatic cutting machine (IsoMet High Speed Precision Cutter; 

Buelher, Lake Bluf, USA) in disks 2 mm thick. A smooth surface was obtained by 

gritting the disks with SiC abrasive disks as follows: #600 for 30 s; #800 for 1 min; 

#1000 for 2 min. Then the samples were washed for 10 min with an ultrasonic bath 

with MilliQ water and dried under a laminar flow hood. The glass disk will be 

referred as SBA2 (Figure 4.3 a). 
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Figure 4.3 SBA2 (a) and AgSBA2 (b) samples 

Silver ionic exchange 

Silver doping the bioactive glass surface was achieved through an ionic 

exchange treatment using a silver nitrate solution [6]. SBA2 disks were modified 

as follows: 

 0.03 AgNO3 (Sigma Aldrich St. Louis, USA) solution was prepared and 

left stabilizing in an orbital shaker at 37°C and 100 rpm for 30 min in a 

beaker covered with aluminum foil; 

 20 ml of silver nitrate solution were poured in dark plastic bottles and 

they are put again in the orbital shaker for 15 min; 

 SBA2 disks are put in the bottles and treated for 30 min in the orbital 

shaker at 37°C and 100 rpm; 

 The samples were rinsed with MilliQ water, dried under a laminar flow 

hood covered with aluminum foil and stored in dark conditions. 

The treated glass disks will be referred as AgSBA2 from here on (Figure 4.3 

b).  

4.1.3. Preparation of the polystyrene samples 

Polystyrene square samples, 10x10 mm, were manually cut with an hacksaw 

from petri dishes for bacterial culture, without any surface activation such as plasma 

treatments. After cutting, they were washed twice with MilliQ water for 10 min in 

an ultrasonic bath. 

4.2. Proteins 

As model proteins for the study of the adsorption mechanisms, albumin and 

fibronectin from bovine serum have been selected thanks to their relevance in many 

physiological processes, in particular for being among the most abundant protein in 

human plasma and being involved in implant osseointegration pathways. 

4.2.1. Protein solutions 

Bovine serum albumin solution was prepared by dissolving crystallized BSA 

powder (Sigma Aldrich St. Louis, USA) in phosphate buffered saline (PBS) 

solution. 0.01 M PBS solution was obtained by dissolving one PBS tablet (Sigma 
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Aldrich St. Louis, USA) in 200 ml of ultrapure water and stirring upon complete 

dissolution of the tablet. The solution has a pH of 7.4. Albumin was dissolved in a 

concertation of 20 mg/ml, which is close to the physiological concentration of the 

human plasma [7], using a magnetic stirrer. BSA solution was then stored at 4°C 

and used within few days. 

Bovine fibronectin (Sigma Aldrich St. Louis, USA) was received lyophilized 

and dissolved in PBS, as well as BSA, with a final concentration of 0.2 mg/ml, 

being similar to the amount of FN in human blood [8]. FN solution was aliquoted 

and stored at -20°C until usage.  

For the adsorption experiments from mixed protein solution, BSA powder was 

dissolved into thawed FN aliquots in order to obtain a final concentration of 20 

mg/ml and 0.2 mg/ml of albumin and fibronectin respectively 

4.2.2. Fluorescent protein solutions 

For fluorescent quantification and imaging, labeled proteins were purchased. 

Albumin was obtained in red, tetramethylrhodamine (TMR)-conjugated, and green, 

Alexa Fluor® 488-conjugated, colour (Invitrogen, Waltham, USA).  Labeled BSA 

was dispersed in PBS to a final concentration of 20 mg/ml, divided into 10 µl 

aliquots and stored in dark at -20°C till use. 

Red colored fibronectin, rodhamine-conjugated (Cytoskeleton, Inc., Denver, 

USA) was also employed. According to manufacturer instruction, it was firstly 

dissolved at a concentration of 2 mg/ml and stored at -80°C in 2 µl aliquots. Prior 

adsorption, the aliquots were thawed and diluted to a final concentration of 0.2 

mg/ml. 

4.3. Protein adsorption  

In order to optimize the adsorption conditions for exploiting at the best all the 

different techniques that have been employed in this thesis, three different 

adsorption methodologies have been used. They have been optimized in order to 

ensure that the adsorption conditions were all the same for the different samples 

and that the adsorption happened in a similar manner despite the different set up. In 

particular, that the surface is wetted by the protein solution during all the adsorption 

and that the amount of proteins in the solution was more than the uptake capacity 

of the surfaces. Independently of the mode, sample after adsorption will be labeled 

according to the protein used. When albumin is adsorbed the surface will be 

addressed with the suffix “_BSA” (e.g. Ti_BSA). In the case of fibronectin, the 

name of the samples will have the suffix “_FN” (e.g. Ti_FN). 

4.3.1. Standard adsorption 

For standard adsorption, the surfaces of the samples were completely covered 

by protein solutions. BSA adsorption was obtained by placing the samples in a 24-

well multiwell and soaking them in 1 ml of solution. Due to less FN availability, 
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for adsorbing fibronectin the samples were put in a humid chamber and a drop of 

125 µl of FN solution was casted on them. This volume ensured that all the surface 

of the different samples was covered and it was enough to avoid evaporation during 

the process. In both cases, the adsorption was carried out at 37°C for 2 h. After that, 

the samples were gently rinsed by immersing them three times in ultrapure water, 

dried under a laminar flow hood and stored at 4°C prior characterization. 

4.3.2. Adsorption for Kelvin probe force microscopy 

Due to intrinsic characteristic of the technique, the Kelvin probe force 

microscopy (KPFM) cannot measure the absolute value of the surface potential and, 

as consequence, the results obtained for two different samples cannot be directly 

compared. In order to effectively visualize the distribution of the protein on a certain 

sample, it is therefore necessary to have both a clean area of the surface and a one 

covered by the protein to be visualized in the same image. This was obtained by 

adsorbing proteins only on a portion of the surface. To do so, a drop of about 50 µl 

was deposited on one side of the samples, avoiding to completely cover it (Figure 

4.4). Then the samples were incubated in a humid chamber at 37°C for 2 h, rinsed 

and stored as described before. 

 

Figure 4.4 Ti64(HF-H2O2) with the protein solution drop for KPFM measurement 

4.3.3. Adsorption with fluorescent proteins 

Fluorescent proteins are available in an extremely limited amount, as 

consequence it was necessary to limit the amount of solution employed. For 

fluorescent experiments, 10 µl of solution were dropped on each sample and the 

surface was covered with a coverslip glass, to ensure the complete spreading of the 

solution and avoid its drying. The incubation followed as usual. Due to the elevate 

sensibility of this kind of experiment, it was necessary to perform a more thorough 

rinse process, in order to eliminate all the loosely bound proteins form the sample 

surface and obtain reliable results. So, the specimens were rinsed thrice with PBS 

and thrice with ultrapure water. For the observation, the samples were prepared 

using a drop aqueous mounting medium (FluoroShield: Sigma-Aldrich, St. Louis, 

USA) and by putting a coverslip on the top.  

4.3.4. Sequential adsorption and co-adsorption from mixed 

solutions 

Sequential adsorptions were obtained by exposing to a protein solution a 

substrate previously adsorbed with the other protein, i.e. a FN solution for samples 
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already covered with BSA or vice versa. According to the techniques that can 

provide information on a layer of mixed proteins, which in our case are the ζ 

potential, the fluorescent quantification and imaging and water contact angle, the 

standard adsorption protocol and the protocol for labeled protein adsorption were 

used. In this case, green BSA and red FN were used. The samples will be referred 

with the suffix “_BSA-FN” (e.g. Ti_BSA-FN), in case the first protein adsorbed is 

albumin and the second fibronectin, or with “_FN-BSA” vice versa (e.g. Ti_FN-

BSA). 

Co-adsorption was investigated only by zeta potential and water contact angle, 

due some experimental issues noticed with fluorescent quantification in this case. 

It was performed with the standard adsorption protocol for fibronectin, using 

instead a mixed protein solution. The suffix used for the samples in this case is 

“_BSA+FN” (e.g. Ti_BSA+FN). 

4.4. Substrate and adsorption characterization 

The surface of all the different materials was carefully characterize in order 

evaluate the different surface properties that may play a role in the formation of the 

protein transient matrix on the biomaterials. Different techniques were employed to 

evaluate the surface topography and morphology, chemistry, wettability, surface 

free energy and its components, the polar and the dispersive ones, and surface 

charge. 

4.4.1. Topography and morphology investigation 

The surface of the samples was observed with a field emission scanning 

electron microscope (FESEM)(SupraTM 40, Zeiss, Oberkochen, Germany). The 

insulating samples were sputtered with Pt or Cr.  

A confocal laser optical profilometer (LSM 900, Zeiss, Oberkochen, Germany) 

was used to investigate the surface morphology. The height maps collected with the 

profilometer were elaborated with the software ConfomapTM (Zeiss, Oberkochen, 

Germany). 3D reconstructions of the surface were obtained with z-stacks acquired 

using a 500x magnification, while morphological parameters were calculated 

according to the ISO 25178 [9] after acquiring the data with a 200x magnification. 

According to the ISO standard, a first low pass Fourier filter with cut off wavelength 

at 2.5 µm was applied to remove the measurement noise and nano-roughness. Then, 

a high pass Fourier filter was applied to remove the waviness. The critical 

wavelength cut off depends on the average roughness (Sa) of the surface, being 0.8 

mm for a Sa value between 0.1 and 2 µm, or 0.25 for a Sa between 0.02 and 0.1 µm. 

The calculation of the roughness parameters was carried out in triplicate for each 

sample, and presented here as average ± standard deviation. 
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4.4.2. Surface chemical composition 

The chemical composition of all the samples was determined with XPS analysis 

(XPS, PHI 5000 Versaprobe II, ULVAC-PHI, Inc., Kanagawa, Japan). The X-ray 

source was of Al-K and the take off angle was set at 45°. The survey spectra were 

collected at an energy step of 1 eV. In order to understand which functional groups 

are bored on the surfaces, high resolution spectra were collected in different energy 

regions, according to the element of interest of the particular sample. C1s, O1s and 

N1s were investigated for all surfaces, being relevant as control for sequent 

adsorption studies, Ti2p was analyzed on titanium based materials and Ag3d on 

Ti64(SrAg) and AgSBA2 surfaces. The high resolution spectra were collected with 

an energy step of 0.1 eV. In order to compensate charging effect, all the spectra 

were corrected by centering the C1s peaks, relative to hydrocarbon C-C and C-H 

bonds, at a binding energy (BE) of 284.8 ± 0.1 eV [2]. Deconvolution of the element 

peaks was performed using the software CasaXPS with mixed Gaussian-Lorentzian 

(70-30%) curves and applying a background calculated by the Shirley methods for 

all elements but nitrogen. For the N1s peaks a linear background was used [10]. 

4.4.3. Wettability and surface free energy 

The calculation of the surface free energy and its polar and dispersive 

components was made by measuring the contact angle of water, hexadecane and 

ethylene glycol (Sigma Aldrich, St. Louis, USA) by the sessile drop technique (FTA 

1000C; First Ten Ångstroms, Newark, USA). The measurement was repeated three 

times on each surface. 

The Owens-Wendt method was employed to calculate the total SFE, γ, and the 

γp and γd components of the different surfaces according to the following equations 

[11]: 

 𝛾 = 𝛾𝑑 + 𝛾𝑝 (4.1) 
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(4.3) 

 

Where 𝛾ℎ, 𝛾ℎ
𝑝
 and 𝛾ℎ

𝑑 are the total SFE, the polar and dispersive components of 

hexadecane respectively; 𝛾𝑤, 𝛾𝑤
𝑝
 and 𝛾𝑤

𝑑 are the total SFE, the polar and dispersive 

components of water respectively; Θℎ is the contact angle of hexadecane on the 

surface; Θ𝑤 is the water contact angle on the surface. 

4.4.4. Solid surface ζ potential 

ζ potential vs pH titration curves were obtained by electrokinetic measurement 

on the surface of bulk samples.  
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The experiments were carried out using an elecrokinetic analyzer (SurPASS, 

Anton Paar, Gratz, Austria) equipped with an adjustable gap cell and an automatic 

titration unit. A pair of specimens are mounted on the cells and the measure is 

performed by fluxing the electrolyte, which is KCl 1 mM, at different pH. Acidic 

and basic titration were achieved using 0.05 M HCl and NaOH respectively, and 15 

point were measured in each range. The two part of the curves were obtained in 

separate measurement. For reactive samples, such as SBA2 and AgSBA2, two 

different pairs were used, one for each range, to avoid changes in the zeta potential 

due to reaction at aggressive pH. 

The ζ potential value is calculated at each pH by measuring the streaming 

current, Istr, at the cell ends and applying the Helmholtz-Smoluchowski equation 

[12]: 

  

ζ =  
𝑑𝐼𝑠𝑡𝑟

𝑑Δ𝑃
∙

𝜂

𝜀 ∙ 𝜀0

∙
𝐿

𝐴
 (4.4) 

 

Where ΔP is the pressure variation at the ends of the cell; η is the viscosity and 

ε⸱ε0 is the dielectric coefficient of the electrolyte; L is the gap in the cell and A the 

area of the samples. 

The IEP of the material is calculated at the intersection of the curve with the X 

axis, while the onsets, basic or acid, were obtained when possible by calculating the 

intersection point between a horizontal line at the value of the plateau and the 

tangent line in the linear range of the curve, around the IEP. 

4.5. Protein adsorption characterization 

Albumin and fibronectin adsorption were investigated on all surfaces, focusing 

on the main properties of the adsorbed layer, such as amount of protein bounded on 

the surface, extension and distribution of the transient matrix and orientation and 

conformation of the proteins after adsorption. In order to do so, methods that are 

well established in literature were combined with techniques adapted for the aim of 

this research or developed during this work. 

4.5.1. Quantification of the adsorbed protein 

Bicinchoninic acid assay 

The BCA test is a colorimetric assay that allows the quantification of proteins 

in solution. The assay is based on the combination of biuret reaction, which is the 

reduction of copper Cu2+ to Cu+ by proteins in alkaline medium, and the subsequent 

chelation of reduced ions by four molecules of bicinchoninic acid, giving birth to 

the intense purple color. The intensity of the color, quantified by its absorbance at 

562 nm, is proportional to the concentration of the protein in solution, which can 

be measured by using a proper calibration curve. Since the number of reduced ions 

for protein is strictly dependent on the primary structure of the polypeptide, in 

particular on the presence of cysteine, cystine, tryptophan and tyrosine residues 

[13], reliable and accurate quantification data can be obtained if the calibration 
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curves is done by using standards of the same protein that would like to be 

quantified. For this reason, BCA assay was performed only after BSA adsorption 

and not after FN adsorption. The manufacturer of the kit provides BSA standard 

solutions to build the calibration curve, but albumin and fibronectin are too different 

to be quantified using the same standard and FN was not available in amount 

sufficient for obtaining a dedicated calibration curve. 

The experimental measures on samples after BSA adsorption were performed 

according to the following protocol. Firstly, the adsorbed proteins were detached 

from the surface with sodium dodecyl phosphate 2% vol (SDS)(Fisher Scientific 

Hampton, USA) by immersing the samples in 300 µl of the surfactant for 2 h at 

37°C. The amount of albumin adsorbed on the surface was expected to range from 

less than 1 µg to few µg [14,15], which is out of the measuring range for the BCA 

kit employed (PierceTM BCA Protein Assay Kit; Thermo Fisher Scientific, 

Waltham, USA), so the standard protocol was properly modified by calculating the 

calibration standard curve in the range 0-80 µg of BSA, with a particular focus on 

the range 0-10 µg. 

Fluorescent protein quantification 

Adsorbed proteins were quantified also by using fluorescent-labeled albumin 

and fibronectin. After being properly mounted, the fluorescent signal of the labeled 

proteins on the different surfaces was quantified using a ChemiDoc MP system 

(Biorad, Hercules, USA). This instrument is capable of exploiting both 

chemiluminescence and fluorescence to perform quantitative analysis. Images were 

taken using the proper filter according to the protein used, by the Rhodamine 

application (excitation source: red epi illumination; emission filter: 602/50 nm) for 

red proteins and by the Alexa488 (excitation source: green epi illumination; 

emission filter: 520/545 nm) for green proteins. The signal was quantified over the 

same area on each sample. Triplicates were used for every substrate. 

Due to the intrinsic nature of this techniques, the obtained results are not 

absolutely quantitative but relatively quantitative, allowing comparison between 

samples analyzed at the same time. Imaging area of the system and technical 

experimental limitations made impossible to observe at the same time all the eight 

surfaces with both albumin and fibronectin. Therefore, it was chosen to quantify 

simultaneously all the surface adsorbed with the same protein. As consequence, it 

is possible to discuss about the amount of BSA or FN adsorbed on the different 

surfaces, but not to compare the amount of the two protein in the same sample. 

4.5.2. XPS analysis of samples after adsorption 

XPS analysis were performed also on surfaces after protein adsorption, as 

described in section 4.4.2. Through the increment of nitrogen, it was possible to 

detect the protein bounded with the surface, since N is highly present in the protein 

composition and almost absent in environmental contamination, contrary with 

respect to carbon. In order to gain information about the functional groups of the 
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proteins after adsorption, deconvolution of the C1s and N1s core peaks was also 

performed. XPS was also performed on BSA powder to obtain reference spectra for 

the C1s, O1s and N1s region. Unfortunately, FN is not available in a suitable form, 

as powder, for performing XPS. Since the type of bonds in proteins are always the 

same, they just change in concentration, BSA peaks were used as reference also for 

FN. 

4.5.3. Imaging of the adsorbed protein layer 

Fluorescent microscopy 

Direct imaging of the protein layer was obtained by fluorescent microscopy. 

Pictures were obtained by using the optical profilometer (LSM900) in the optical 

microscope operation mode. The images were acquired by using a Xe lamp as a 

light source and a red filter (excitation wavelength 540 – 562 nm; beamsplitter 560 

nm; emission wavelength 515 – 565 nm) and a green filter (excitation wavelength 

450 - 490 nm; beamsplitter 510 nm; emission wavelength 515 – 565 nm), for 

imaging TMR-labeled proteins or AlexaFluor-conjugated proteins respectively. 

This kind of analysis is purely qualitative and it wants to show the distribution of 

the proteins on the surface of biomaterials. To obtain the best results, the images 

have been postprocessed. 

Kelvin probe force microscopy 

 The Kelvin probe force microscopy is a technique that belong to the atomic 

force microscopy family and it allows to obtain simultaneously a topographical 

image and a representation of the distribution of the surface potential. The 

measurements were performed in amplitude modulation mode (AM-KPFM), which 

based on a double scansion of the surface: the forward scan, performed in tapping 

mode, is used to acquire the topography of the surface; the backward scan, 

performed in lift mode, adjusted thanks to the topographical information, allows the 

determination of the surface potential. In the KPFM set up, the sample and the 

conductive AFM tip are put in electrical contact: as consequence, when the tip is 

moved close to the surface, an electrostatic potential difference, the contact 

potential difference (CDP), VCPD, and a force are generated between the sample and 

the tip. The VCPD is proportional to the difference between the work function, ϕ, or 

the surface charge for semiconductors and insulators, of the sample and the tip [16]: 

 
𝑉𝐶𝑃𝐷 =  

Φ𝑡𝑖𝑝 − 𝜙𝑠𝑎𝑚𝑝𝑙𝑒

−𝑒
 (4.5) 

 

The VCPD can be measured by nullifying the electrostatic forces between the 

samples and the tip applying a DC external bias, VDC, to the system. When the 

forces are equal to zero, the VDC is equal to the VCPD. In the backward scan, 

oscillating electrostatic forces are generated by applying an AC bias, VAC, to the 

system, caused by the CPD, which can be nullified thanks to a VDC. A lock-in 

amplifier is used to extract the frequency component of the electrostatic force, 
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which is proportional to the VCPD, by measuring the oscillation of the cantilever 

thanks to a laser and a position sensitive detector. A feedback controller applies the 

VDC in order to minimize the lock-in amplifier signal, resulting in the measure of 

the surface potential of the sample [17]. A scheme of the instrument is reported in 

Figure 4.5. 

 

Figure 4.5 Scheme of a KPFM measuring system [17] 

KPFM measurement were performed on samples prepared as described in 

section x.3.2, using a Innova AFM (Bruker, Billerica, USA) and conductive tips, 

made of Sb-doped silicon (SCM-PIT-V2, Bruker, Billerica, USA), or made of 

conductive diamond (AD-2.8-AS, ADAMA, Dublin, Ireland). The measuring 

parameters, such as scanning speed, lift height, KPFM parameters, were adjusted 

each measure to obtain the best results. The BSA and FN layers were imaged at the 

border of the area adsorbed with proteins using large 100x100 µm scans. The 

distribution of the proteins was also investigated at a smaller scale by acquiring 

images in the center of the area covered by the protein solution. All the samples 

were analyzed in air after drying. The acquired data were elaborated with the 

Gwyddion software [18]. It was possible to image all the samples but the 

polystyrene, due to a too elevate accumulation of charges on the surface that 

interfered with the measurement. 

4.5.4. Protein conformation and orientation 

Surface enhanced Raman Scattering by drop casting of 

AgNPs 

Raman spectroscopy was thought to be a suitable candidate for investigating 

protein secondary structure as complementary technique for ATR-FTIR. In order 

to increase the sensibility of the measure and to detect the protein on the surfaces 

of the materials, a new investigation method was developed, exploiting the SERS 

effect of silver nanoparticle colloids deposited by drop casting on the sample 

surfaces. 
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AgNPs preparation 

AgNPs with nominal diameter of 30 nm were prepare using a seeding-growth 

procedure, which consist into synthesize 4 nm particles and then increase their 

dimensions  [19]. Briefly, 20 ml of citrate solution 1% (w/v) were added to 75 ml 

of water and heated at 70°C in an oil bath for 15 min. Then 1.7 ml of AgNO3 

solution 1% (w/v) were added to the solution, with the subsequent quick addition 

of 2 ml of NaBH4 0.1% (w/v) ice-cooled solution. The mixture was kept at 70°C 

for 1 h under vigorous stirring, then cooled down to room temperature and topped 

up to 100 ml with water. These NPs were used as seeds to obtain 30 nm AgNPs as 

follows. 2 ml of 1% citrate solution were added to 70 ml of water and heated to the 

boiling point for 15 min. Then, 10 ml of 4 nm AgNPs solution were added under 

vigorous stirring. 1.7 ml of 1% AgNO3 solution were subsequently added and the 

solution was vigorously stirred for 1 h. After, 2 ml of 1% citrate solution and 1.7 

ml of 1% silver nitrate solution were added to the mixture and kept under stirring 

for another hour. This last step was repeated. At the end, the NPs colloid was cooled 

down and the total volume brought to 100 ml with water. 

SERS measurements 

Samples for SERS analysis were prepared by drop casting 10 µl of AgNPs 

colloid, which was left drying in air. Spectra in the range of 50 cm-1 to 3400 cm-1 

were collected with a Raman imaging DXR-Xi apparel (Thermo Fisher, Waltham, 

USA) equipped with a 532 nm excitation laser operated at 1 mW power and a 

charge-coupled device (CCD) detector. Maps were collected on an area of 500x500 

µm, with a resolution of 25 µm, using a 10x objective, a rectangular aperture of 50 

µm, 0.01 Hz collection frequencies and 10 acquisition on each pixel. The resulting 

spectrum was obtained by averaging all the spectra in the entire map. Reference 

spectra for the native proteins were collected on pure albumin and fibronectin thick 

layer deposited on a microscope glass. Spectra of denatured proteins were also 

collected after thermal denaturation of BSA and FN at 100°C for 1 h. Denatured 

proteins will be labeled as BSA_h and FN_h. 

The interaction between protein and Ag-NPs was also evaluated to avoid 

artifacts and misinterpretation of the results. Albumin was used as protein model 

SERS spectra of 1:1 mixed colloid and BSA solution (20 mg/ml) were obtained 

using an accessory for liquid measurement and a quartz cuvette. UV-Vis 

absorbance was also used to assess the interaction between albumin and 

nanoparticles.  

All the surface after albumin adsorption were investigated and, due to the 

unsatisfactory results on certain substrates, only Ti, Ti64 and Ti64(HF-H2O2) were 

analyzed after FN adsorption. 
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Attenuated Total Reflection FTIR 

ATR micro-FTIR was used to investigate the presence of proteins on the 

surfaces of the samples and their secondary structures. Measurements were 

performed using a micro-FTIR (Nicolet iN10 Infrared Microscope, Thermo Fischer 

Scientific, Waltham USA) equipped with ATR Se/Ge crystal tip and a nitrogen 

cooled MCT (mercury-cadmium-tellurium) detector. The spectra were collected in 

the rage 700-4000 cm-1 with a resolution of 4 cm-1 and the background spectra was 

collected in air before each measurement. 64 scans were performed for each 

spectrum and three spectra were collected for each sample, in different areas. Before 

plotting, the collected spectra were averaged. Secondary structures were determined 

by deconvolution of the Amide I band (1640-1680 cm-1), which is highly 

conformation sensitive [20]. It was performed with Thermo Scientific Peake 

Resolve in the OMNIC software, using the Savitsky-Golay second derivative 

minima identification, using a Voigt function for peak shape. Baseline correction 

was performed using a linear function. The spectral range considered was in the 

range of 1750-1350 cm-1 to include all the protein signal, but bands were assigned 

only for the Amide I peak. ATR-FTIR analysis were performed on all the samples 

after adsorption of BSA and FN but PS, due to intrinsic organic signals that strongly 

interfere with the protein typical peaks. Spectra were collected also on pure and 

denatured proteins  

ζ potential after protein adsorption 

Zeta potential titration curves were obtained on samples after single protein 

adsorption, after sequential adsorption and after adsorption from mixed protein 

solutions as described in paragraph 4.4.4. A new pair of samples was used for each 

titration range, since proteins can detach or be denatured by the flux or the very acid 

or basic pH of the electrolyte solution. In order to better understand and comment 

the potential titration curves, XPS analysis were performed on samples after the 

acidic titration range, which is believed to be the harsher condition for the protein 

layer on the samples, possibly resulting in detachment of the proteins or their 

denaturation.  

ζ potential of protein in solution 

The zeta potential of native proteins in solution was obtained using a dynamic 

light scattering (DLS) instrument (Ltesizer 500, Anton Paar, Gratz, Austria). 

Protein solution were prepared by firstly dissolving BSA and FN in PBS, at 

concentration of 35 mg/ml and 0.2 mg/ml respectively. Then they were further 

diluted in 1 mM KCl until the final concentration of 5 mg/ml for BSA and 0.01 

mg/ml for FN. The zeta potential vs pH curves were obtained by manually titrating 

the solution at pH of 2.5, 3, 3.5, 4, 5, 6, 7, 8, 9 using 0.05 M NaOH and HCl. Zeta 

potential of thermally denatured BSA was also measured by heating the protein 
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solution just below the boiling point for 1 h. Then the measure was performed as in 

the other cases  

4.5.5. Protein effect on surface bioactivity 

Bioactivity of Ti64(HF-H2O2) surface was tested in presence of proteins. 

Samples were immersed in simulated body fluid (SBF) solution prepared using the 

protocol by Kokubo [21], with or without BSA. Albumin was dissolved in SBF 

with a concentration of 20 mg/ml, the modified solution will be addressed as 

SBF+BSA. Prior use, the solutions were filtered with a 0.2 µm. The samples were 

soaked in 25 ml of SBF or SBF+BSA in dark polyethylene bottles, for 1, 3, 7 or 14 

days. For the soaking at 14 d, the solution was refreshed at 7 d. The experiment was 

conducted in triplicate. After being removed from the solutions, the samples were 

gently rinsed, dried and stored at 4°C. 

The precipitation of hydroxyapatite on the samples was investigated by FESEM 

equipped with energy dispersive spectroscopy (EDS). 

4.5.6. Investigation of the osteoimmunomodulation of 

biomaterials 

THP-1 culture and differentiation 

As model for immune cells, monocyte-derived macrophages were chosen. 

Human monocyte cell lines THP-1 (ATCC, Manassas, USA), was grown in 

suspension in T-75 flasks, using RMPI-1640 medium (ATCC, Manassas, USA) 

supplemented with 10% FBS (Sigma Aldrich St. Louis, USA) and 1% of penicillin-

streptomicin (Sigma Aldrich St. Louis, USA). Macrophages differentiation was 

stimulated by phorbol 12-myrisate-13-acetate (PMA)(Sigma Aldrich St. Louis, 

USA). Specifically, 2x105 cells/ml were cultured for 48 h into T-75 flasks with 100 

ng/ml of PMA. Subsequently, the stimulation medium was replaced with fresh 

supplemented RPMI-1640 medium and the differentiated cells were incubated for 

48 h more. Prior seeding on samples, cells were detached by using Acutase (Sigma 

Aldrich St. Louis, USA). 

Cell seeding on titanium samples 

For the evaluation of osteoimmunomodulation properties, three different 

surfaces have been chosen: Ti64, Ti64(SrAg) and Ti64(HF-H2O2). In order to 

allows attachment of differentiated THP-1, 2x105 cells were seeded in 75 µl of 

complete medium on the surface of the samples, placed in a 24-well plate, for 4 h. 

After that, 1 ml of full medium was added.  

MTT viability assay 

Cell viability was assessed by MTT assay (Sigma Aldrich St. Louis, USA) 

performed at 3 and 7 days from the seeding. The test was performed as follows: 
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after medium removal, the samples were incubated for 3 h in 0.5 mg/ml of MTT, 

dissolved in complete medium; subsequently, the reagent was removed and 

formazan salts were dissolved using dimethyl sulfoxide. The optical density (OD) 

was red at a wavelength of 570 nm and 650 nm (reference) using the Synergy. HTX 

Multi-Mode Microplate Reader (BioTek, Winooski, VM, USA). The bottom of a 

plastic well was used as control (CTRL) surface. Each sample was measured in 

triplicate.  

Cell staining 

The morphology of cultured THP-1 derived macrophages was assessed by 

staining the cytoskeleton and the nuclei respectively with phalloidin–

Tetramethylrhodamine B isothiocyanate and 4′,6-Diamidino-2-phenylindole 

dihydrochloride (DAPI)(Sigma Aldrich St. Louis, USA) at 3 and 7 days after cell 

seeding. Samples were washed with PBS and fixed in 4% paraformaldehyde. 

Before staining, samples were washed with PBS and then they were incubated in 

Phalloidin 0.25 µM for 30 minutes. After a further washing with PBS, samples were 

again incubated in DAPI at the concentration of 0.3 µM for 10 minutes. 

Fluorescent microscopy observations on stained samples were performed with 

the LSM-900 in fluorescent configuration.  

Evaluation macrophages response to titanium 

biomaterials 

The inflammatory response of macrophages to the different surfaces was 

evaluated by investigating the growth factors and cytokines released in the culture 

medium after 3 days and 7 days. 27 cytokines and growth factors were detected and 

quantified simultaneously using a multiplex immunoassay, the Bio-Plex Pro 

Human Cytokine 27-plex assay (BioRad, Hercules, USA). The molecules 

investigated were: EOTAXIN; Fibroblast Growth Factor-Basic, FGF-basic; 

Granulocyte colony-stimulating factor/colony-stimulating factor 3, G-CSF; 

Granulocyte-macrophage colony-stimulating factor/colony-stimulating factor 2, 

GM-CSF; IFN-γ; IL-1β; IL-1rα; IL-2; IL-4; IL-5; IL-6; IL-7; IL-8; IL-9; IL-10; IL-

12(p70); IL-13; IL-15; IL-17°; Interferon gamma-induced protein 10, IP-10; 

Monocyte chemotactic protein 1/monocyte chemotatic activating factor, MCP-1 

(MCAF); Macrophage Inflammatory Protein 1α, MIP-1α; MIP-1β; Platelet Derived 

Growth Factor BB, PDGF-BB; RANTES; TNF-α; and Vascular endothelial growth 

factor, VEGF.  

300 µl of conditioned medium were stored at -80°C and delivered to the 

company for performing the analysis with the multiplex assay. The experiment was 

run in duplicate and for each experiment biological triplicate of each surface were 

used. 
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4.5.7. Statistical analysis 

When necessary, the statistical significance between data was calculated by 

applying Student t test and calculating the p-values. Significance was set to a p-

value lower than 0.05. 
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Chapter 5 

Results and Discussion 

5.1. Substrate characterization 

Protein adsorption is deeply affected by the surface properties of the 

biomaterial. Morphology, wettability, zeta potential and surface functional groups 

can completely change the transient protein matrix [1]. The first step of this work 

was to thoroughly characterize the investigated substrates with respect to the 

aforementioned properties. 

5.1.1. Substrate topography 

Surface topography was evaluated by FESEM at different magnification, the 

images are reported in Figure 5.1. Ti and Ti64 have similar featureless surfaces with 

the signs of the polishing process. At low magnification, the samples are flat, while 

at higher magnification the defects induced by the gritting SiC particles are visible. 

The chemical treatments introduce more interesting features on the surface of 

titanium samples. At low magnification (Figure 5.1), all the three modified surfaces 

show a similar topography, mainly characterized by the grooves left by the quite 

rough #400 polishing paper. Their differences can be appreciated at higher 

enlargement. Ti(A-HC-H) and Ti64(SrAg) have a similar oxide layer, that is 

characterized by a very opened structure, with highly interconnected pores formed 

by a web of filamentous-like oxide (Figure 5.1). The pores on the treated pure 

titanium seems larger than on the treated titanium alloy, with the former ranging 

between about 500 and 650 nm and the latter being in the range of about 250 to 450 

nm. The surface of Ti64(HF-H2O2) is more compact and is hierarchically 

structured. At medium magnification, the surface appears covered by globular 

structures, which are the grains of the β-phase. In fact, β-phase Ti is less sensible to 

the HF etching with respect to the α-phase, therefore β-grains can emerge from the 

surface. At higher magnification (Figure 5.1), it is possible to observe the 

nanotopography obtained by this treatment, which is a sort of nano-sponge that 
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covers both α and β-grains, with pores around 100 nm. As published in other works, 

the oxide layer of Ti(a-HC-H) and Ti64(SrAg) maintains its filamentous structure 

through all the thickness, which is about 1 µm, while the Ti64(HF-H2O2) spongeous 

layer is just about 400 nm thick [2,3].  

 
Figure 5.1 FESEM images of the substrates at different magnifications: a) 1000x; b) 20000x; c) 

60000x. 

The bioactive glasses also show a similar topography. The main features are 

the gritting scratches, well visible at low magnification (Figure 5.1). The polishing 

process has caused the formation of some small cracks on the glass surface, as 

shown in high magnification images. On AgSBA2, it was noticed the presence of 
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small silver precipitates, as confirmed by EDS analysis. It is possible that some 

silver particles are formed during the ion-exchange process, giving rise to the 

metallic signal in the XPS spectra of the ASBA2 glass that will be presented in 

paragraph 1.1.3. 

The PS surface is mostly flat and featureless, with some imperfections that are 

visible at high magnification (Figure 5.1). 

5.1.2. Substrate morphology 

The surfaces were studied by evaluating different roughness parameter 

according to the ISO 25178. In Table 5.1 some of the different roughness 

parameters evaluated for the surfaces are reported. In particular, they are: 

 Average roughness, Sa:  arithmetic mean of the distance from the 

average line of the surface; 

 Root mean square roughness, Sp: root mean square value of the distance 

from the average line of the surface; 

 Skewness, Ssk: indicates the asymmetry of the probability density 

function (PDF) of the surface. Values above 0 are typical for asymmetry 

over the average line, meaning a predominance of peaks; values lower 

than 0, on the other hand, are typical of surfaces with more valleys than 

peaks, with a PDF showing a tail below the average line; 

 Kurtosis, Sku: indicates the width of the PDF: Sku over 3 result from a 

narrow PDF, due to surfaces with sharp features; Kurtosis values lower 

than 3 derives form a wide PDF, due to large features on the surface; 

 Developed area, As: is the real area of the samples, as result of the area 

increase due to the surface features with respect to the projected area, 

Ap. 

In Table 5.1, the roughness parameter for Ti64 after gritting with #400 SiC 

paper is also reported, to evaluate the effect on the morphology of the surface 

treatment. Pure titanium disks have the same type of morphology after #400 grit 

and the data are not reported. 

As possible to see, the titanium-based surfaces have very different roughness 

values and the chemical treatments increase the irregularity of the surface. Ti and 

Ti64 polished surfaces have a very low roughness, both Sa and Sq, as expected from 

the gritting process. These surfaces are characterized by the narrow lines left from 

the abrasive papers (Figure 5.2a-b), resulting in a Skewness lower than 0 and Sku > 

3. The PDFs are almost gaussian-shaped, with small tails below the average line 

due to the grooves. Also, the Abbot-Fireston curves, which are the representation 

of the cumulative probability density function (CPDF), are mostly symmetric with 

a narrow range between the minima and the maxima, indicating the flatness of the 

surface themselves. The Sq/Sa ratio correlate with the Sku, in fact a ratio close to 

1.25 corresponds to sharp features on the surfaces [4]. For Ti and Ti64 samples, 

these ratios confirm that the surfaces are very regular. 
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Figure 5.2 3D reconstruction image of titanium surfaces and graph showing the corresponding 

probability density function (black line) and Abbot-Firestone curve (red line), the abscissa 0 is set at 

the highest point of the surface and the axis is directed downward, inside the surface: a) Ti; b) Ti64; c) 

Ti(A-HC-H); d) Ti64(SrAg); e) Ti64(HF-H2O2). The average line of the surface is represented by 

horizontal dashed lines in the graphs.
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Table 5.1 Roughness parameters of all the substrates investigated in this work (reported as average ± standard deviation). 

 
Ti Ti64 Ti64 #400 Ti(A-HC-H) Ti64(SrAg) Ti64(F-H2O2) SBA2 AgSBA2 PS 

Sq (µm) 0.05±0.01 0.05±0.01 0.22±0.04 0.96± 0.21 0.48±0.10 0.25±0.03 0.05±0.01 0.07±0.02 0.03±0.00 

Sa (µm) 0.03±0.01 0.04±0.01 0.17±0.03 0.77± 0.18 0.36±0.08 0.12±0.02 0.07±0.01 0.09±0.03 0.02±0.00 

Ssk -0.76±0.14 -0.49±0.27 -0.79±0.28 0.51± 0.09 -0.83±0.12 -0.56±0.22 -0.51±0.14 -0.48±0.17 - 

Sku 5.99±1.92 3.16±0.46 4.61±0.89 3.236±0.141 5.356±0.387 5.646±2.865 3.67±0.65 3.95±1.28 - 

Sq/Sa 1.36±0.04 1.26±0.01 1.29±0.05 1.26± 0.02 1.35±0.05 1.28±0.03 1.27±0.01 1.27±0.02 1.50±0.00 

As/Ap 1.000±0.000 1.000±0.000 1.003±0.001 1.009± 0.002 1.010±0.002 1.006±0.002 1.001±0.0001 1.000±0.000 1.000±0.000 
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Surface roughness is increased for every sample after surface treatments, with 

respect to titanium gritted with #400 SiC paper. The roughest surface is the Ti(A-

HC-H) one, followed by Ti64(SrAg) and the flattest among the treated samples is 

the Ti64(HF-H2O2). The heat treatments that are performed on Ti(A-HC-H) and 

TI64(SrAg) makes the oxide layer grew more than what happens during the 

hydrothermal treatment on Ti64(HF-H2O2), in fact the thickness of the final oxide 

layer is about 1 µm for the former two surfaces and just 400 nm for the latter [2,3]. 

The difference in the oxide thickness may account for the different roughness in 

first place, with a role in reducing the final roughness played also by the HF etching 

on Ti64(HF-H2O2). The higher roughness of the Ti(A-HC-H) may be due also to 

the formation of bulges, as possible to see on the 3D reconstruction in Figure 5.2 c. 

These bulges may be points where the oxide layer begin to delaminate form the 

surface, resulting in a high mechanical fragility and easy detachment of the oxide 

layer, as shown in Figure 5.3 and  reported in previous work [5].  

 
Figure 5.3 FESEM image of a delamination defect on Ti(A-HC-H) 

Despite being so different, the roughness values for these surfaces are in the 

range considered suitable for osteoblast adhesion and proliferation [6].  After the 

chemical treatments, the surfaces are still deeply characterized by the presence of 

the grooves due to gritting with coarse abrasive paper (Figure 5.2), as well 

represented by the Ssk and Sku values. In fact, the Skewness values are negative 

while the Kurtosis ones are greater than 3. The sharpest features can be found on 

Ti64(SrAg), it has the most negative Sku values and the highest Sq/Sa ratio. The only 

exception is the Ssk of Ti(A-HC-H), which has a positive value probably due to the 

bulges, which elevate many surface points above the average line, therefore 

counting as peaks. The PDF and Abbot-Firestone curves reflect what can be 

observed in the surface reconstruction and agree with the roughness parameter. The 

PDF of Ti(A-HC-H) has a prominent shoulder above the average line, due to the 

bulges, reflected by the shape of the CPDF that increases constantly before the 

average line. On the other hand, the other two kind of surfaces show narrow almost 

symmetrical distributions, with tails in the lower part of the surfaces, as result of 

gritting grooves. The different roughness of the surfaces can also be deduced by the 

different range of the graphs in Figure 5.2, which are the distances between the 

highest and the lowest point: in fact, Ti(A-HC-H) has a range of more than 6 µm, 

Ti64(SrAg) interval is about 4.25 µm, while Ti64(HF-H2O2) has a height spawn of 

only 2.34 µm ca. 
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Figure 5.4 3D reconstruction image of bioactive glass surfaces and polystyrene, with graph 

showing the corresponding probability density function (black line) and Abbot-Firestone curve (red 

line), the abscissa 0 is set at the highest point of the surface and the axis is directed downward, inside 

the surface: a) SBA2; b) AgSBA2; c). The average line of the surface is represented by horizontal 

dashed lines in the graphs. 

While the chemical treatments on Ti and Ti64 deeply change the surface 

topography and morphology, silver ion exchange does not have a similar effect. As 

possible to see in Table 5.1 and Figure 5.4, SBA2 and AgSBA2 have a very similar 

surface. The roughness parameters are practically identical, with a slight but not 

significant increase in the Sa and Sq after the surface treatment. Still, these surfaces 

result very flat, as expected of the polishing procedure. The little increase in 

roughness can be attributed to the silica dissolution and reprecipitation as hydrated 

gel on the glass surface, that is the typical first step of the reaction sequence on 

which the bioactivity of glasses is based on [7]. Skewness and Kurtosis, lower than 

0 and higher than 3 respectively, correlate with the polishing grooves that are 

present on the surfaces, as in the case of Ti64 #400. The ratios Sq/Sa of BGs agree 

with the low values of Sku. The slim tails in the PDF curves are due to the presence 

of some deeper scratches. 

As expected, the polystyrene sample has a featureless surface (Figure 5.4) and 

a very small roughness. The flatness of this surface approach the limit of resolution 

of the optical profilometer, which can result in measurement noise and artifacts, as 

the undulations visible in the 3D reconstruction, that can affect the evaluation of 

parameters such Skewness and Kurtosis. In fact, these values were not reported in 

Table 5.1  since the variation among the measurements were too high. 

The surfaces considered in this work have very different features, from the 

nanoscale, such as the pores of the treated titanium surfaces, to the microscale. This 

can change to a great extent the interaction with protein solutions and shall be 

carefully considered in comparing and discussing the results presented in the rest 

of this thesis. Surface roughness parameters are often obtained also through AFM. 

In this work, it was chosen not to do so, since it is not possible to apply the ISO 

25178 on AFM images because the image size does not allow the correct 

application of the Gaussian filters needed for the height map elaboration. The values 

obtained with the ISO standard are thought to be more representative of the 

investigated surfaces, since they have also quite large features. 
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5.1.3. Surface chemistry 

The surface composition of the samples was evaluated by XPS, using the 

survey spectra. The atomic compositions are reported in Table 5.2. 

On all the samples, a high level of environmental contaminations was observed, 

as highlighted by the high amount of C found on all surfaces. This kind of 

contaminations are inevitable, due to the affinity of the surfaces such as titanium 

for carbon elements in the atmosphere [8]. These atmospheric contaminations may 

account also for nitrogen and sulfur on the surfaces. 

Besides the contaminants, the compositions of the outer layer of the sample 

surfaces reflect what was expected. Ti and Ti(A-HC-H) are composed only by 

titanium and oxygen, as expected for oxide on pure titanium. The small variation in 

the Ti % may be due to different level of contaminations or the different 

stoichiometry of the oxide. On Ti64, the alloying elements, Al and V, are also 

detected. Their amount is less than in the nominal composition because they barely 

enter the oxide layer, which can mask their presence in the bulk. After treatment, 

the surface composition changes accordingly. Ca, Ag and Sr were found on the 

surface of Ti64(SrAg), as result of the formation of the calcium titanate and the 

incorporation of strontium and silver ions during the treatment. On Ti64(HF-H2O2), 

it was noticed a reduction of the vanadium, which was no more detected. It is 

possible that this element is not incorporated in the oxide layer, contrary to what 

happens with Al. The amount of oxygen is the highest among the titanium surfaces 

and it may be due to the particular stoichiometry of the hydrogen titanate and to the 

generation of a high number of OH groups during the treatment in hydrogen 

peroxide, as will be discussed later and as was already observed [2]. 

Regarding the bioactive glass samples, the principal elements of the glass 

network, Si and O in particular, were found on SBA2. Other elements of the glass 

composition were also detected: Ca on both SBA2 and AgSBA2, while Na only on 

AgSBA2.  The remaining elements of the glass recipe, B and Al, were not detected 

probably due to the contaminations and the low presence in the glass. The observed 

composition is a bit different from the nominal one of the glass. Some ion release 

probably occurs during polishing lubricant and ultrasound washes in water, altering 

the glass composition in the first nanometers from the surface. After the ion 

exchange treatment, silver was detected, confirming its incorporation in the SBA2 

surface. As before, the typical elements of the glass resulted in the composition of 

the sample. Si and O may be higher on AgSBA2 than SBA2 due to lower 

contamination, there is less carbon, while Ca% is reduce because it is involved in 

the ionic exchange with silver during the treatment. Nitrogen can also be a residual 

of the reactants used during the treatment. Due to lower contaminations, also P, 

another element of the glass, was detected.  

As expected, PS is composed only by carbon and oxygen.
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Table 5.2 Atomic composition (%) of the investigated surfaces before protein adsorption (-: non-detected). 

 
C N O Ti Si S Ag Al Na P Ca V Sr 

Ti 28.19 4.07 52.12 15.51 - 0.11 - - - - - - - 

Ti64 23.55 3.39 51.84 16.36 - 0.05 - 3.62 - - - 1.19 - 

Ti(A-HC-H) 22.13 1.68 55.32 20.88 - - - - - - - - - 

Ti64(SrAg) 20.92 1.62 50.26 18.13 - - 0.94 1.232 - - 4.85 - 2.06 

Ti64(HF-H2O2) 12.73 2.52 60.78 20.29 - - - 3.7 - - - - - 

SBA2 46.35 - 34.35 - 5.03 - - - - - 7.61 - - 

AgSBA2 33.63 0.71 40.88 - 11.70 - 6.88 - 2.85 1.49 2.84 - - 

PS 72.78 1.82 24.47 - - 0.93 - - 2.88 - - - - 
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The sample surface chemistry was further investigated by analyzing the high-

resolution spectra of selected elements, in order to obtain information about the 

functional groups exposed by the different materials. 

For titanium substrates, the peaks that are interesting to be deconvoluted are the 

C1s, the O1s and the Ti2p (Figure 5.5). For all the samples, the C1s peaks is due 

only to carbonaceous contaminations, as confirmed also by the deconvolution, 

where a main contribute due to C-C (248.8 eV) is found and low contribution comes 

from C=O (286-287 eV) and COO (288-289 eV) (Table 5.3) [9,10]. On Ti64(SrAg) 

a low energy peak, at 279.8 eV, due to Sr 3p1/2 electrons was also detected [11].  

 
Figure 5.5 Deconvolution of the C1s, O1s and Ti2p region for titanium surfaces. 
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Table 5.3 Binding energies and composition of the deconvoluted peaks in the C1s, O1s and Ti2p regions for titanium samples. Theoretical energies for each component are reported 

(-: non-detected). The hydroxylation degree is calculated as the ratio between the total amount of OH and TiO groups.  

 C1s O1s Ti2p 

Binding energy (eV) 

 
CC (248.8) 

C=O (286-

287) 

COO (288-

289) 

TiO 

(529.8) 

OHa 

(530.7) 
OHb (531.6) 

CO (532.3)/ 

H2O (532.8) 

Ti(III) 2p3/2 

(457.1) 

Ti(IV) 2p3/2 

(458.7) 

Ti(III) 2p1/2 

(462.2) 

Ti(IV) 2p1/2 

(464.4) 

Ti 248.7 286.1 288.6 530.2 - 531.6 532.4 457.2 458.7 462.4 464.4 

Ti64 284.7 285.9 289.0 530.1 - 531.3 532.3 457.0 458.8 462.2 464.5 

Ti(A-HC-H) 284.7 285.9 288.4 529.8 530.8 531.6 532.4 457.1 458.6 462.3 464.6 

Ti64(SrAg) 284.8 285.9 288.4 530.2 530.7 531.3 532.5 457.2 458.9 462.4 464.6 

Ti64(HF-H2O2) 284.8 286.5 288.7 530.1 530.7 532.0 532.7 (H2O) 457.0 458.4 457.2 464.2 

Peak composition (%) Hydroxylation  

 CC C=O COO TiO OHa OHb CO /H2O Ti(III) Ti(IV) OHtot/TiO  

Ti 52.3 30.7 17.0 53.0 - 32.6 14.4 3.8 96.2 0.62  

Ti64 52.5 34.4 13.1 61.3 - 26.3 12.4 5.4 94.6 0.43  

Ti(A-HC-H) 63.7 25.0 11.3 81.3 5.9 8.6 4.2 4.4 95.6 0.18  

Ti64(SrAg) 63.2 27.0 9.8 66.8 10.8 17.8 4.6 2.4 97.6 0.43  

Ti64(HF-H2O2) 60.2 22.0 17.8 9.69 26.7 15.4 48.3 (H2O) 1.5 98.5 4.34  

Table 5.4 Binding energies and composition of the deconvoluted peaks in the C1s, O1s and Si2p region for BG samples. Theoretical energies for each component are reported (-: 

non-detected). 

 C1s O1s Si2p 

Binding energy (eV) 

 CC (248.8) C=O (286-287) COO (288/289) CO3 (289.4) C-Me (283.5) Si-O (531.7) n.b. O (≈530) Si-O2 (103) 

SBA2 248.8 286.8 288.3 289.6 283.4 531.4 530.1 102.7 

AgSBA2 284.7 286.5 288.0 289.3 283.2 531.7 - 102.6 

Peak composition (%) 

 CC C=O COO CO3 C-Me Si-O n.b. O Si-O2 

SBA2 62.2 2.05 12.2 4.6 19.0 63.6 36.4 100 

AgSBA2 74.75 5.7 5.8 5.4 8.43 100 - 100 
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More informations about the chemistry of the different titanium substrates can 

be obtained by focusing on the oxigen and titanium peaks. The Ti2p region is 

characterized by two strong peaks, derived from the 3/2 and 1/2  splitting of the 

orbital, with an area ratio of 0.5. The different valence state of Ti, Ti(III) and Ti(IV), 

have a different BE and a precice splitting energy. In particular, Ti(III) 2p3/2 peak 

is centered at 457.1 eV, with a split energy of 5.2 eV, and Ti(IV) 2p3/1 can be found 

at 458.7 eV, with a split energy of 5.7 eV [12]. As reported in Table 5.3, the 

oxidation state of the Ti is mainly as +4 on all samples, but some Ti(III) is also 

observed. Ti64(SrAg) and Ti64(HF-H2O2) have a slighly lower amount of Ti(III) 

with respect to the other samples, probably due to the complex composition of the 

oxide layer, being calcium or hydrogen titanate. The O1s peak can be deconvoluted 

with contribution by Ti-O at 529.8 eV, by OH surface groups, which can be 

distinguished between acidic OH (OHa) and basic OH (OHb) at a BE of 530.7 eV 

and 531.6 eV respectively, and by a final contribuition that can be attributed to CO 

bonds from environmental contaminations, at 532.3 eV, on all samples but 

Ti64(HF-H2O2), where this last peak has higher binding energy (532.7 eV) and is 

due to adsorbed water on the surface, as observed in previous works [10,13,14]. 

Looking at the deconvolution and composition of the O1s peak in Figure 

5.5andTable 5.3, it can be observed that the untreated Ti and Ti64 expose only basic 

OH groups, while the threated surfaces expose also acid OH groups with a different 

hydroxlation degree and ratio of OHa and OHb. The hydroxilation density can be 

compared between the different surfaces by comparing the ratio of the total amount 

of OH against the Ti-O (Table 5.3). This ratio is equal to 0.62 for Ti, 0.43 for Ti64, 

0.17 for Ti(A-HC-H), 0.43 for Ti64(SrAg) and 4.34 for Ti64(HF-H2O2). Pure 

titanium shows a higher amount of OH with respect to Ti64 alloy. The acid-alkali 

treament, Ti(A-HC-H), despite increasing the amount of OHa, which are in a ratio 

with basic OH on this surface of 0.69, results in the lower hydroxylation degrees. It 

is possible that the final heat treament concur to reduce the number of OH groups. 

Ti64(SrAg) has the same total amount of OH compared to Ti64, with a higher 

presence of acidic hyrdoxyls resulting from the chemical treatment, the OHa/OHb 

ratio is 0.61, similar to Ti(A-HC-H). The highest hydroxilated surface is the  

Ti64(HF-H2O2), which is also the only one that has more OHa than OHb groups, in 

fact their ratio is 1.73. This very high hydroxylation with respect to all the other 

titanium surfaces might be related to the fact that this kind of treatment does not 

involve a high temperature step, but the samples are just hydrothermally modified 

at low temperature.  

On bioactive glass surfaces, the deconvolution was performed on the C1s, O1s 

and Si2p regions (Figure 5.6). For both samples, the carbon peak is composed by 

the contribution of carbonaceous contamination, CC, CO and COO as usual, but 

two more peaks were detected, one at high BE and one at BE lower than the CC 

peak. The one at high energy, around 289.6 eV, is related to the presence of 

carbonates on the surface of the glass [15], which can be formed on the glass surface 

during the polishing and cleaning steps in the samples preparation. The other peak, 

around  283.5 eV, may arise from C atoms bonded to metals [14]. This kind of 

contamination may be due to SiC particles detached from the polishing papers that 
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get stuck in the glass surface and cannot be removed during the washing of the 

samples. The C-Me signal is reduced on the AgSBA2 surface (Table 5.4), probably 

due to the fact that a reaction layer is formed on the surface of the glass during the 

ionic exchange treatment, covering and masking the gritting particles. The O1s peak 

for SBA2 can be deconvoluted in two distinct component, one at 531.4 eV, 

attributed to SiO bond [16], and one at 530.1 that can arise from non binding 

oxygens (n.b. O) [17], that are the oxygens where the Si-O-Si bond of the silica 

network is interrupted by the modifier elements introduced in the glass. After the 

surface treatment, the O1s peak of AgSBA2 is due only to Si-O. The reactions on 

the surface during the soaking in the AgNO3 solution seems to have an effect on the 

glass structure at the surface, increasing the number of bridging oxygens. The peak 

at ≈531 has been attributed to SiO according to literature and due to the fact that 

this kind of bonds are be predominant on glass surface, but it is worthy to notice 

that the OH groups possess the same BE and that, despite the confirmed presence 

of hydroxyls on BGs, their contributions might be hidden under the SiO peak. On 

both BG samples, the Si2p is composed only by the peaks relative to silica, SiO2, 

at a BE of ≈102.7 eV [16]. 

 

 
Figure 5.6 Deconvolution of the C1s, O1s and Si2p region for SBA2 and AgSAB2. 

On PS surface (Figure 5.7and Table 5.5), the carbon peak is due to the carbon-

carbon bonds of the surface and to environmental contaminations, as the other 

samples. Consequently, in the O1s region, the peak is due only to the C=O bonds.  
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Figure 5.7 Deconvolution of the C1s and O1s for PS. 

Table 5.5 Binding energies and composition of the deconvoluted peaks in the C1s and O1s region 

for PS. Theoretical energies for each component are reported. 

 C1s O1s 

Binding energy (eV) 

 CC (248.8) C=O (286-287) COO (288/289) CO (532.3) 

PS 248.7 286.2 288.9 532.3 

Peak composition (%) 

 CC C=O COO CO 

PS 62.5 29.3 8.2 100 

 

At last, the Ag3d region was analyzed on Ti64(SrAg) and AgSBA2 in order to 

evaluate the chemical state of silver on the two surfaces, as metal (Ag0) or as ion 

(Ag+). The 3d5/2 peaks for metallic or ionic Ag have close, but different BE, 

respectively 368.4 eV and 367.9 eV, while the energy split with the corresponding 

3d3/2 peaks is of 6 eV [18,19]. As shown in Figure 5.8and Table 5.6, only ionic 

silver was found on Ti64(SrAg), while some metallic silver was found on the 

AgSBA2 sample, probably due to nanoparticles precipitation. In particular, the 

silver on the glass sample is in the ionic form for the 58% and in the metallic form 

for the 42%. 

 
Figure 5.8 Deconvolution of the Ag3d peaks for Ti64(SrAg) and AgSBA2. 

Table 5.6 Binding energies and composition of the deconvoluted Ag3d peaks for Ti64(SrAg) and 

Ag SBA2. Theoretical energies for each component are reported. 

Ag 3d 

Binding energy (eV) 

 Ag+ 3d5/2 (367.9) Ag0 3d5/2 (368.4) Ag+ 3d3/2 (373.9) Ag0 3d3/2 (374.4) 

Ti64(SrAg) 368.0 - 374.0 - 

AgSBA2 367.9 368.6 373.9 374.6 

     

5.1.4. Wettability and surface free energy 

Water wettability and the SFE are fundamental properties of biomaterials. 

Despite the discussion on the effect of implant wettability is still ongoing, there are 
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evidences that hydrophilic materials can enhance the early interaction of cells with 

the implants, in terms of adhesion, proliferation and bone mineralization. Still, a 

high surface energy may hinder cells activity after the adhesion on the surface [20]. 

As described in chapter 2, wettability and SFE deeply affect also the adsorption of 

proteins, and the threshold in θ between hydrophobic and hydrophilic materials is 

set around 60° [21]. 

The contact angle (CA) with water and hexadecane, and the total SFE with the 

polar and dispersive components as calculated with the Owens-Wendt method from 

the contact angles of the two liquids are reported in Table 5.7. 

Table 5.7 Contact angle of water and hexadecane and SFE, γ, with the polar, γp, and dispersive, 

γd, components of the substrates calculated with the Owens-Wendt method (reported as average ± 

standard deviation). 

 Water 

CA (°) 

Hexadecane 

CA (°) 

Ethylene 

glycol CA (°) 

γ  

(mN*m-1) 

γp  

(mN*m-1) 

γd  

(mN*m-1) 

Ti 49.2±4.4 6.2±0.5 25.7±1.0 52.43±2.97 25.09±2.95 27.34±0.03 

Ti64 53.5±3.0 5.2±0.1 26.0±0.6 49.55±2.02 22.16±2.01 27.39±0.01 

Ti(A-HC-H) 44.2±2.8 4.7±1.6 2.7±1.5 55.80±1.87 28.39±1.80 27.41±0.07 

Ti64(SrAg) 7.4±0.4 6.8±0.5 5.3±0.6 72.67±0.06 45.37±0.03 27.30±0.03 

Ti64(HF-H2O2) 28.4±4.8 7.40±0.3 18.0±0.9 65.30±2.59 38.02±2.57 27.27±0.02 

SBA2 22.0±2.6 7.7±2.0 15.5±2.1 68.20±1.12 41.69±0.99 26.51±0.13 

AgSBA2 22.3±4.5 3.9±0.6 10.3±1.1 68.25±2.36 40.81±2.34 27.43±0.01 

PS 71.9±0.1 13.1±0.4 58.1±1.7 37.66±0.07 10.87±0.03 26.79±0.04 

 
Figure 5.9 a) Polar (red bar) and dispersive (dark gray bar) components of the SFE. The total bar 

is the value of the SFE (left axis). Water contact angles θ are also reported (♦)(right axis). The dashed 

line represents the separation between hydrophobic and hydrophilic materials; b) hydroxylation 

degree of titanium-based substrate, calculated by the OHtot/TiO ratio obtained with XPS. 

Contact angles were measured using water, hexadecane and ethylene glycol 

since they are useful to evaluate the surface free energy and its components with 

different methods. For instance, the Owens-Wendt method is appropriate to 

determine the total SFE, with the respective polar and dispersive components, while 

the acid-base method allows to obtain also the acid and basic component of the 

SFE. This last method was not deemed suitable to be applied on the investigated 

samples, therefore the acid and basic component were not calculated. To evaluate 

the SFE with the Owens-Wendt method, two liquids respectively exhibiting a 

dominant polar or dispersive component shall be used. The couple water-
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hexadecane well fulfill this condition (water: γd=21.8 mN/m, γp=51 mN/m; 

hexadecane: : γd=27.5 mN/m, γp=0 mN/m). On the other hand, ethylene glycol has 

not a largely dominant component of the SFE (γd=29 mN/m, γp=19 mN/m), so it 

was not used for calculating the SFE with the selected method. The hexadecane 

contact angle values have been reported for completeness.  

The surfaces investigated in this work range from hydrophobic surfaces, such 

as PS, to highly hydrophilic ones, such as treated Ti64 and BGs. It was also 

confirmed the inverse correlation between the polar component of the surface 

energy and the water contact angle (Figure 5.9 a) [22]. Interestingly, the γd is similar 

for every kind of sample, independently from the bulk material or the surface 

treatment, as possible to see in Figure 5.9 a. 

Polished Ti and Ti64 have a similar water CA and they can be still considered 

as hydrophilic surfaces, even though they approach the threshold θ value of 60°. 

Also, their SFE and its components are very similar. The chemistry of the native 

oxide on pure titanium and Ti6Al4V alloy is not much different, resulting in the 

same wettability and surface energy. The chemical treatments on titanium surfaces 

have different effect on these surface properties. Ti(A-HC-H) shows a small 

decrease in θ and a slight increase in its polar surface energy, while Ti64(SrAg) and 

Ti64 (HF-H2O2) surfaces have a major increase in both wettability and γp, with 

Ti64(SrAg) being the most hydrophilic, almost super-hydrophilic, and energetic 

surface of all. The differences may arise from the different crystalline phase growth 

during the chemical treatments and from the different surface composition and 

surface OH groups, as previously discussed. As shown by XPS (Table 5.2), Ti(A-

HC-H) has a very similar composition to pure titanium, low hydroxylation degree, 

and its crystalline structure is a mix of anatase, for the most part, and rutile [5], 

which are natural isomorphs of titanium dioxide. On the other hand, the treated Ti64 

have a very different crystalline structure. The oxide layer of Ti64(SrAg) is formed 

by calcium titanate where some Ca2+ ions have been substituted by strontium and 

silver ions [23], which were found in the surface layer, while Ti64(HF-H2O2) is 

composed of a hydrogen titanate (H2Ti3O7)[5] and has a high hydroxylation degree, 

with mainly acidic -OH groups, strongly affecting the surface wettability. The polar 

component of the SFE arises from electrostatic interactions and hydrogen bonds, as 

consequence, a greater number of functional groups and charged ions on the surface 

are well expected to increase the γp and the wettability of the materials. The high 

hydrophilicity of Ti64(SrAg) can also be ascribed both to the hydroxylation degree 

and to the presence of strontium, which is reported to greatly decrease θ when 

present in concentration up to 15 mol% [24]. On the other hand, silver in the ionic 

form is not expected to change the wettability of titanium surfaces [25].  

The bioactive glasses have a strong hydrophilic behavior, related to the many 

OH groups exposed by the glass surface. What is interesting and unexpected is the 

fact that the surface treatment and the subsequent incorporation of silver ions in the 

glass surface does not change neither the wettability nor the SFE of the glass (Figure 

5.9 and Table 5.7). It has been previously reported that the hydrophobicity of 

glasses can be increased by Ag doping using high temperature salt baths [26]. While 

this process results in a concentration of silver in the order of 20-30 wt%,  the ionic 
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exchange in the silver nitrate solution can introduce about the 3% of silver, 

evaluated by EDS [27]. Thus, the amount of silver in the glass may not be enough 

to modify the SFE of the glass. 

At last, PS shows a hydrophobic behavior, with low overall SFE and γp in 

particular, which is typical for a polymer that does not bear charged groups, nor in 

the polymeric chain neither as lateral groups. 

A general rule is often reported [28] about a threshold between adhesive and 

not adhesive surfaces at the critical surface tension of 40 mN/m (aqueous contact 

angle around 60°), whereby surfaces with lower surface tension are not adhesive 

for cells: it is interesting to note that the un-treated Ti surfaces are close to this 

threshold while all the chemical treated surfaces move at a upper level of surface 

energy. PS is below this threshold. 

5.1.5. ζ potential 

The zeta potential of a surface provides information about the charge 

distribution on a surface when it gets in contact with a solution, at a certain pH, and 

insights on the strength of the acidic or basic nature of surface functional groups 

and wettability by analyzing the shape of the titration curve. Furthermore, it is a 

useful characterization technique to evaluate the effect of a surface modification on 

a certain material [29].  

Here, the ζ potential of all surfaces was tested in the pH range between 3 and 9 

and, where possible, the IEP and the onsets of the acidic and basic plateau were 

calculated (Table 5.8). The results will be shown at first by comparing the treated 

surfaces with their respective untreated samples, then a cross-comparison will be 

made. 

Table 5.8 IEP and acid and basic onset of the substrates (-: not found).  

 IEP Acid onset Basic onset 

Ti 4.1 - - 

Ti64 4.1 - - 

Ti(A-HC-H) 5.6 4.2 - 

Ti64(SrAg) 2.9 - 4.7 

Ti64(HF-H2O2) - - 5.1 

SBA2 - - - 

AgSBA2 - 3.2 - 

PS 3.74 - 7.3 

 
Figure 5.10 ζ potential titration curves of Ti and Ti(A-HC-H). 
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The titration curves of pure Ti surfaces are shown in Figure 5.10. Ti has an IEP 

around 4, which fits in the range reported in literature [30]. The Ti zeta potential is 

characterized by the absence of evident and stable plateaus, both in the basic and in 

the acidic range, which can evidence that the functional groups on this surface, in 

particular OH, have not a strong acidic or basic behavior. In fact, the plateaus are 

reached thanks to the complete protonation or deprotonation of surface groups. 

When the pH is shifted to low values, basic surface groups protonate themselves, 

acquiring a positive charge, while the acidic groups may remain in their dissociated 

form or be protonated, at the rising of H+ concentration in the solution, depending 

on their pKa: a concomitant IEP higher than 4 is expected in this case. Once the 

basic groups are fully protonated and larger in number that eventual acidic groups 

in their dissociated form, the ζ potential of the surface is stable respect to further 

lowering of the pH, reaching a positive plateau in the acidic portion of the graph. 

The stronger is the basicity of the surface groups, the higher is the pH at which the 

plateau is reached. In a similar manner, the negative basic plateau is reached thanks 

to the fully deprotonation of acidic surface groups, and it is shifted towards lower 

pH at the increase of their strength: an IEP lower than 4 is expected in this case. 

After the chemical treatment, Ti(A-HC-H) has an IEP shifted at 5.6 and a plateau 

is present in the acidic range, with onset at 4.2. In the basic range, the curve seems 

to tend towards a plateau, that might be reached at even higher pH. Thus, the OH 

on the Ti(A-HC-H) are supposed to have a predominant basic behavior, even 

though some acidic OH are exposed, in agreement with XPS. As consequence of 

the treatment, the modified titanium surface has a more positive charge with respect 

to pure titanium. The zeta potential titration curve can also provide information 

about the wettability of a certain surface thanks to the slope of the linear portion 

around the IEP: the lower the slope, the more wettable is the surface. Ti and Ti(A-

HC-H) have a similar contact angle (Table 0.7) and as possible to see in Figure 

1.10, they have also a similar slope of the curve near the IEP.  

 
Figure 5.11 ζ potential titration curves of Ti64, Ti64(SrAg) and Ti64(HF-H2O2). 

The potential titration curves for Ti64 substrate, polished and treated, are 

reported in Figure 5.11. The curve of the untreated titanium alloy is very similar to 

the one of Ti (Figure 5.10), with the same IEP and absence of clear plateaus, neither 

at low pH nor at high pH. Since the native oxide layer of Ti and Ti64 is analogous, 
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as obtained by XPS, wettability and SFE measures, a similitude in the ζ potential is 

coherent and expected. After being treated, the Ti64 changes drastically its surface 

potential and the modified surfaces have practically the same titration curves. The 

IEP of both Ti64(SrAg) and Ti64(HF-H2O2) is heavily shifted towards acidic pH. 

The point of zero charge of Ti64(SrAg) is barely detected at pH = 2.9, at the end of 

the measuring range, while the IEP of Ti64(HF-H2O2) is even lower and outside the 

measuring range. By interpolating the curve, it is possible to estimate it around 2.6. 

The treated surfaces show also marked plateaus, with onset at 4.7 and 5.1 for the 

ions doped Ti64 and the hydrothermally treated one respectively. These plateaus 

are at negative potential values and therefore due to deprotonation of acidic OH. 

The fact that these plateaus have such a low onset is significant of a high acidic 

strength of such OH, that can remain in the O- state even at high concentration of 

H+ in solution. The presence of acidic OH on the treated Ti64 surfaces was also 

noticed by XPS deconvolution (Table 5.3). Since the IEP is shifted at acidic pH, the 

treated surfaces have always a negative net charge, which is lower than Ti64 at pH 

below 5.5 ca and it is higher at pH above it. At last, the slope of the curves of 

Ti64(SrAg) and Ti64(HF-H2O2) is much lower than respect to Ti64 as expected, 

since they are more hydrophilic than untreated Ti64 (Table 5.7). Both surfaces are 

fairly chemically stable, in fact the standard deviations are low almost along all the 

curves. They increase a bit for the Ti64(HF-H2O2) at pH below 3.5, indicating that 

some corrosion process may began in such environment.  

 
Figure 5.12 ζ potential titration curves of Ti(A-HC-H), Ti64(SrAg) and Ti64(HF-H2O2). 

By comparing the results for the titanium surfaces after treatment (Figure 5.12), 

their differences became more evident. While Ti(A-HC-H) is positively charged in 

almost half of the measurement range, the other two surfaces are always negative. 

Interestingly, at physiological pH, around 7.4, they have a very similar surface 

potential, around -40 mV. In the case of Ti(A-HC-H), a local microenvironment 

effect can be present at physiological pH with a predominant positive zeta potential 

because of the presence of the basic OH groups, as reported in [2] where the zeta 

potential was measured in presence of a low amount of liquid in contact with the 

surface. At last, the different wettability can be noticed looking at the slopes of the 

curves, which are less steep for the treated titanium alloy samples than for the 

treated pure titanium.  
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Figure 5.13 ζ potential titration curves of SBA2 and AgSBA2 

In figure Figure 5.13 are plotted the titration curves for the two Bg samples. 

The bioactive glasses have a negative zeta potential in all the pH measured range 

and the IEP was not detected for both SBA2 and AgSBA2. A very low IEP is typical 

for silica based bioactive glasses [31]. The surface charge of bioactive glass may 

be related to the great amount of OH groups that are exposed on the surface of this 

materials. Interestingly, the addiction of silver ions in the glass surface does not 

affect the overall behavior of the zeta potential to a great extent. SBA2 and AgSBA2 

have identical zeta potential at basic pH, up to about 8.5, where the deviation from 

the plateaus suggest some degradation of the samples. At acidic pH, they show 

some differences. The surface of AgSBA2 is slightly more negatively charged and 

an acidic plateau appears at very low pH, with onset around 3.7. It is possible that 

the begin of the silica gel formation, that takes place during the soaking in the silver 

nitrate solution and can change the nature of hydroxyls groups, coupled with the 

release of positive ions, such as Ca2+, from the glass network, is responsible for this 

increase in the acidic characteristic of the treated glass surface. For both samples, 

the determination of the onset of the basic plateau is not possible due to the shape 

of the curves, with a sort of drop in the potential around pH 5 and its subsequent 

rise. As expected from glasses, they began to corrode at pH lower than about 3.5, 

as evidenced by the high standard deviations. 
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Figure 5.14 ζ potential titration curve of PS 

At last, the PS titration curve is presented in Figure 5.14. The IEP of 

polystyrene was found at 3.7 and the shape of the curve is typical for uncharged 

surfaces, as previously reported in literature [32]. The small surface potential 

measured for PS arises from adsorbed hydroxide or hydrogen ions from the 

electrolyte solution. 

 
Figure 5.15 Comparison of the ζ potential titration curves of all the surface. pH 7.4 is marked by 

the red line. 

A comparison between all the surfaces is reported in Figure 5.15. In particular, 

it is interesting to notice the potential value around pH 7.4, which is the pH of the 

protein solution used for the adsorption experiments. At that pH, albumin and 

fibronectin are negatively charged (as will be show in paragraph 5.2.4), thus the 

overall electrostatic interaction between the proteins and the surfaces, which are all 

negatively charged, are unfavorable to adhesions of proteins on the surface. Still, 

the higher potential on treated titanium surfaces, Ti(A-HC-H), Ti64(SrAg) and 

Ti64(HF-H2O2), may results in lower electrostatic repulsion with respect to Ti, Ti64 

and BGs. As last, the presence/absence of charged functional groups on zwitterionic 

molecules, as proteins are, and on the surfaces can play a role, despite of the overall 

electrostatic status. 



Chapter 5: Results and Discussion 

158 

 

5.1.6. Consideration on the substrate properties 

By merging all the information about the surface characteristics of all the 

different samples, it is possible to draw an overall picture of the substrates, 

represented in Figure 5.16. The surface features vary greatly between the materials, 

but some similarities can be found. To have this general overview about what is 

different and what is analogous between the substrates used in this work may help 

to interpret the data about protein adsorption and to discriminate the effect of the 

different surface features on the protein-surface interaction mechanisms. 

 
Figure 5.16 Scheme of the different surface properties of the substrates. All the properties 

decrease from left to right 

The surface layers of Ti(A-HC-H) and Ti64(SrAg) are the most porous of all, 

with quite wide and elongated pores, as suggested by FESEM imaging. The oxide 

layer of Ti64(HF-H2O2) is still porous, but more compact than the others treated 

titanium samples. All the remaining surfaces, Ti, Ti64, SBA2, AgSBA2 and PS, 

have non-porous and compact surfaces. The surface roughness follows the same 

trend as surface porosity, which is quite expected. The compact surfaces have a 

similar low roughness that increase for Ti64(HF-H2O2), Ti64(SrAg) and Ti(A-HC-

H). To compare the hydroxylation degree of all surfaces in once is not possible, but 
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it can be done between similar type of materials. Among titanium samples, the 

untreated Ti and Ti64 have a similar OH density, which share also the weak basic 

behavior. Each treatment results in a different hydroxyl concentration and OH type: 

the mixed acid- alkali treatment (followed by a thermal treatment) highly decrease 

the number of OH on the surface, in fact Ti(A-HC-H) has the lowest OH/TiO ratio, 

but it introduces acidic OH; incorporation of strontium and silver in the growth 

calcium titanate layer does not change the overall concentration of hydroxyls, 

despite generating strong acidic OH groups; in the end, the peroxide treatment, 

Ti64(HF-H2O2) highly increases the hydroxylation degree and the strong acidic 

hydroxyls became predominant. Due to the overlapping of SiO and OH BE in the 

XPS spectra, it is not possible to determine with this technique eventual differences 

between SBA2 and AgSBA2. Anyhow, looking at the results obtained for the SFE, 

wettability and surface potential, it is possible to hypophyses that the ion-exchange 

process does not affect the OH surface groups to an extent that is appreciable with 

the techniques employed here. PS is not expected to expose OH groups, as 

confirmed by XPS and zeta potential. Wettability and surface free energy follows 

the same trend among the different surfaces. Ti64(SrAg) has the highest SFE and 

the lowest θ, followed by BGs and Ti64(HF-H2O2), which have comparable values. 

Ti(A-HC-H) is less wettable and energetic, still more than the untreated titanium 

have similar SFE and water contact angle, close to the threshold value of 60°. In 

terms of biological behavior, all these surfaces can be considered hydrophilic. The 

only hydrophobic surface is PS, which has the lowest SFE and highest contact 

angle. At last, the ζ potential, where all the curves have their peculiarities, can be 

used to order the substrates according to their surface potential at the adsorption pH 

7.4 and to understand the acidic-basic reactivity of the hydroxyl groups. In this case, 

from the lowest values to the highest, there are Ti and Ti64, followed by SBA2 and 

AgSBA2, PS, Ti(A-HC-H) and Ti64(HF-H2O2) and Ti64(SrAg). The treated 

titanium surfaces can be considered at the same potential, since their difference is 

less than 10 mV, which is the sensibility of the instrument. In conclusion, 

adsorption on titanium-based substrates can be influenced by several different 

parameters, such as surface porosity, hydroxylation and SFE or wettability. On the 

other hand, SBA2 and AgSBA2 are substantially identical, in terms of tested 

properties, but for the presence of silver in the treated samples. Therefore, the 

differences in the glass-protein interactions may be ascribed only to the presence of 

silver atoms in the glass surface and not to other surface properties. 

5.2. Adsorption from a single-protein solution: albumin 

or fibronectin. 

The adsorption of BSA and FN was investigated using the same methodology, 

trying to evaluate different surface parameters that influences the final protein layer. 

In order to do so, it was researched a set of techniques that were able to provide 

information on each of these parameters. Due to the lack of a complete set of 
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analysis for studying protein adsorption in a roughland, during this work, efforts 

were spent also to develop and try new methods for achieving such results. 

5.2.1. Protein quantification 

The first question that was tried to be answered is how much protein each 

surface is capable to bind. Two techniques were selected for the investigation of 

this aspect of adsorption: BCA protein assay and the use of fluorescent labeled 

proteins. The first one can provide quantitative information about the adsorbed 

proteins, the second qualitative information. The comparison of the results obtained 

by the two methods allowed to further clarify how the surface features affect the 

amount of proteins adsorbed.  

Albumin quantification by BCA protein assay and labeled 

proteins 

Adsorption of BSA was at first investigated by BCA protein assay. This kind 

of colorimetric test is based on the reduction of copper ions by proteins and the 

subsequent chelation of Cu+ by the bicinchoninic acid, in a reaction that develops a 

purple color that can be quantified by measuring the absorbance of light at 562 nm. 

In order to properly quantify the amount of proteins, it is necessary to build a 

calibration curves over a concentration range that can include the expected results 

of the experiments. The first step was to extend the standard calibration range, from 

25 µg to 2000 µg, towards lower concentration. In particular, two curves were 

obtained, one in the range 0-80 µg (Figure 5.17 a) and one in a reduced range, 0-10 

µg (Figure 5.17 b). In both cases, a linear trend of the concentration versus the 

optical density of the solution at 562 nm was observed, confirming that the BCA 

protein assay is suitable to obtain quantitative data also as such low protein 

concentration. In particular, a calibration curve in the range 0-80 µg (Figure 5.17 a) 

was obtained with the following BSA standards: 0, 0.5, 1, 2, 3, 4, 5, 7.5, 10, 20, 40, 

60, 80 µg. A good linear regression was observed. Since a very low amount of 

albumin was expected, the linear correlation between OD and micrograms of BSA 

was controlled over the range 0-10 µg (Figure 5.17 b). A very good linear regression 

of the BSA content versus the optical density of the solution at 562 nm was 

observed, confirming that the BCA protein assay is suitable to obtain quantitative 

data also as such low protein concentration. 
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Figure 5.17 a) Calibration curve for the BCA protein assay with BSA standards with linear 

regression in the range 0-80 µg; b) 0-10 µg range of the calibration curve with the corresponding linear 

fitting. The equations of the interpolating lines are reported with the respective R2 value. 

The BCA protein assay results are reported in Figure 5.18. The amount of 

proteins adsorbed varies from 0.07 µg/cm2 on PS up to 3.27 µg/cm2 on Ti64(SrAg). 

The treated titanium surfaces adsorb the highest amount of proteins, which is also 

statistically confirmed by the p-value. Among them, no significative difference was 

found, but Ti64(SrAg) seems to adsorb more than Ti(A-HC-H) and Ti64(HF-

H2O2). The untreated titanium and titanium alloy surfaces can bind a similar amount 

of albumin, as it is reasonable due to the similarities of their surfaces. Regarding 

the bioactive glasses, it was not found any statistically significative difference, but 

the trend of the measure seems to suggest that AgSBA2 can adsorb more BSA than 

the undoped glass. It is possible that the high error bars invalidate an eventual 

significance. The SBA2 surface was found to adsorb a low amount of BSA, even 

lower than Ti, not only lower than the treated titanium surfaces. The same result 

was obtained for PS, which seems to be the less adsorbing surface with the BCA 

protein assay. 

 
Figure 5.18 Albumin quantified by BCA protein assay. p < 0.05: # vs Ti; * vs Ti64; § vs PS; £ vs 

SBA2 and AgSBA2. 

Before discussing the results obtained with the BCA protein assay, it is 

fundamental to remember that this kind of test does not quantify the amount of BSA 

directly on the surface, but it is necessary to previously detach the proteins with a 

surfactant and perform the assay in solution. It has been previously demonstrated 
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that SDS is not able to remove all the adsorbed proteins on flat stainless steel [33]. 

In this study, the surfactant may not have the same efficiency in removing albumin 

from the different surfaces. Surface porosity or the binding strength with the surface 

may result in different degree of protein detachment and, as consequence, different 

level of underestimation of the total amount of protein adsorbed. For drawing 

conclusions from the BCA experiments, it is necessary to compare them with 

fluorescent measurements. 

 
Figure 5.19 Albumin quantified by fluorescent intensity. p < 0.05: # vs Ti; * vs Ti64; ӂ vs 

Ti64(HF-H2O2); ʒ vs Ti(A-HC-H) § vs PS; £ vs SBA2; & vs AgSBA2. 

The results obtained by fluorescence quantification are shown in Figure 5.19. 

The trend of the total amount of protein adsorbed is similar to the one observed for 

BCA, but some interesting differences can be found. The treated titanium surfaces 

are still the one adsorbing the most BSA, but in this case the difference between all 

three is statistically significative. Furthermore, the fluorescent signals of Ti(A-HC-

H) and Ti64(SrAg) are respectively eightfold and tenfold more than Ti64(HF-

H2O2). The difference in fluorescent signal is not proportional to an actual 

difference in the amount of protein adsorbed, still it suggests a much greater 

difference in bounded BSA than what was indicated by BCA. Other variations can 

be found focusing on the glasses and PS. With BCA, the latter resulted in a lower 

amount of albumin than both Ti and Ti64. Now, the proteins on PS are statistically 

higher than on the flat titanium substrates. The same thing happens for AgSBA2, 

which now is statistically different from Ti, Ti64, and even SBA2. The diversity 

previously found between SBA2 and pure Ti is now annihilated.  

Combining the information from the two experiments, it is possible to make 

some interesting considerations. Since the quantification by labeled-proteins is 

performed directly on the sample, it is possible to think that the real trend in the 

total adsorbed proteins is the one observed in Figure 5.19 and not the one in Figure 

5.18. This may be because the detachment of proteins with SDS is affected by 

different parameters, such as protein-surface interaction strength or impossibility to 

remove proteins from surface pores. Thus, some hypothesis can be drawn. At first, 

the main surface feature affecting the total amount of adsorbed albumin seems to 

be surface porosity, as represented in Figure 5.20. Ti(A-HC-H) and Ti64(SrAg) 

adsorb much more than all the other surfaces and are also the ones with the most 
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porous oxide layer, with pore some hundreds of nanometers wide and about 1 µm 

deep. The possibility to physically trap BSA inside the surface overcomes also the 

presence of more binding sites such as OH or a lower surface energy: Ti(A-HC-H) 

has very low hydroxylation degree and its surface energy is comparable to the one 

of Ti and Ti64, smaller than Ti64(HF-H2O2). On the other hand, when two surfaces 

have a similar surface morphology, OH groups and higher wettability and SFE 

concur to increase the binding capability of the substrates towards BSA. 

Confronting the results from the two techniques, it seems evident that the surfactant 

is incapable of detaching the proteins adsorbed at the bottom of the pores and 

consequently BCA results are largely underestimated for this kind of surfaces. Ti 

and Ti64 are very similar, both in the total amount of proteins adsorbed and in the 

SDS detachment efficiency, since the trend between the two techniques is similar. 

This may results form a similar binding strength.  

 
Figure 5.20 Scheme of protein adsorption on titanium samples with highly porous oxide layer, 

with trapping of proteins, (a) and with more compact oxide layer (b). 

In the case of bioactive glasses, the presence of silver increases the amount of 

proteins adsorbed, possibly thanks to the affinity of metal for the thiol groups of 

cysteine residues in the albumin chain [34] or to the fact that positive Ag+ ions 

provide electrostatically favorable binding sites for the negative COO- groups of 

the proteins (Figure 5.21). As described in section 5.1, the only difference in the 

surface properties of the BGs is the presence of silver, therefore, the increase of 

BSA adsorption can be attributed only to that. The underestimation of the bound 

proteins by BCA in the case of SBA2 and AgSBA2 may be related to the complex 

events that take place on the glass surface during the soaking in the protein solution. 

In fact, in concomitance with the formation of the protein layer, the glass surface 

reacts itself, by solubilization and reprecipitation of silica in form of gel. It appears 

quite obvious that some proteins may adsorb and then subsequently be covered by 

a layer of gel or that they can diffuse inside the layer. The proteins that are not 

exposed directly on the surface cannot be removed by the action of the SDS and, as 

consequence, they are not quantified by BCA protein assay. Even though the 

biological effect of adsorbed proteins in vitro  have been largely investigated [35], 

whether or not the adsorption of proteins affect the formation of the silica-gel or if 

the proteins inside the gel have a biological impact in vivo was not found to be 

studied previously on literature, but it is worthy of being further investigated.  

 
Figure 5.21 Scheme of protein adsorption on SBA2 (a) and AgSBA2 (b) with diffusion of proteins 

in the silica- gel layer. Interaction between proteins and silver are proposed in the inset. 
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At last, also in the case of PS, BCA seems to underestimate the total amount of 

adsorbed proteins, in particular, with respect to Ti and Ti64. In fact, PS adsorbs 

more than the polished titanium samples, as confirmed by fluorescent 

quantification. Being all flat and inert surfaces, the ineffectiveness of SDS in 

removing albumin from PS may be related to the very strong hydrophobic 

interactions on such surface, while the binding of BSA on Ti and Ti64 may be 

looser. When the surfaces do not have extremely different topography or high 

presence of protein-binding groups, as in the case of treated titanium samples, the 

general rule that hydrophobic surfaces adsorb proteins more and stronger than 

hydrophilic samples is here confirmed. 

Fibronectin quantification by labeled proteins 

As previously discussed, for performing BCA protein assay it is necessary to 

build a calibration curve. Due to the nature of the reaction involved in this test, the 

amount of reduce copper ions and, as consequence, the intensity of the purple 

coloration is strictly dependent on the type of protein involved. Since BSA and FN 

are very different proteins, both in terms of molecular weight, 60 versus 250 kDa 

respectively, and amino acid composition, it is not appropriate to use the BSA 

standard calibration curve also for the quantification of fibronectin. Unfortunately, 

due to the low availability of FN, the preparation of a calibration curve with this 

protein was not possible. Therefore, it was chosen not to quantify fibronectin 

adsorption by BCA protein assay, only through fluorescent labeled proteins.  

 
Figure 5.22 Fibronectin quantified by fluorescent intensity. p < 0.05: # vs Ti; * vs Ti64; ӂ vs 

Ti64(HF-H2O2); ʒ vs Ti(A-HC-H) § vs PS; £ vs SBA2; & vs AgSBA2. 

Results for fibronectin quantification are reported in Figure 5.22. The trend in 

the amount of adsorbed protein is similar to the one observed for albumin. The 

treated titanium surfaces are the ones that adsorb most, with Ti64(SrAg) confirmed 

as the most protein binding surface. The statistical difference between the treated 

and untreated titanium surfaces is again significant, as among the modified samples 

themselves. Ti(A-HC-H) and Ti64(SrAg) adsorb respectively about twofold and 

fourfold more FN than Ti64(HF-H2O2). Contrary, this does not happen for the 

glasses: even though AgSBA2 signal seems higher than SBA2, the difference is not 
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statistically different. Again, PS adsorbs more than Ti, Ti64 and SBA2, but in this 

case, the difference between PS and Ti64(HF-H2O2) is reduced with respect to BSA 

adsorption and not significative.  

As in the case of albumin, surface porosity seems to play the major role in 

determining the total amount of adsorbed proteins, followed by the presence of 

protein binding sites and increased SFE. For FN, the differences between the 

various surfaces seems to be reduced with respect to BSA adsorption. This fact may 

be related to two factors. In first place, FN concentration in the adsorbing solution 

is a hundredth of BSA solution, so the total amount of proteins available for 

adsorption is reduced. In second, fibronectin is much larger than BSA (BSA has a 

globular shape of about 5 nm in diameter and FN a disk like shape of about 14 nm, 

see Chapter 1) thus its ability to accumulate in surface features or to diffuse in the 

hydrated silica-gel may be reduced. The topography of the porous surface has a role 

at this concern. As shown in Table 5.1, the increment of the surface area exposed 

to the protein solution because of the porosity is almost negligible, while the 

difference in adsorption is attributable to the presence of a niche and micro-

environment within the pores. 

Unfortunately, due to experimental limitation and characteristic of the 

quantification via fluorescent labeled proteins it is not possible to compare the 

signal obtained for BSA with the signal of FN in order to compare the total amount 

of the two adsorbed proteins, so it cannot be determined with this technique if 

Ti64(SrAg) adsorbs more BSA or FN. The fact that the difference between SBA2 

and AgSBA2 is not significant in the case of FN may be also interpreted in terms 

of selective adsorption enhancement by silver. As already discussed, Ag can bound 

with proteins using the SH groups in the Cys residues, which is very effective in 

BSA that contains the 6% of cysteine. FN has a much-reduced content of that 

specific residue, about 2.7%, thus the possible binding sites for silver are few and 

it is not capable to increase the adsorption of this specific proteins up to a significant 

amount. In the case of FN, the small increase in adsorption may be attributed to 

electrostatic interactions between Ag+ and negative patches of the protein surface. 

The possibility of a selective modulation of the adsorption of certain proteins is 

very interesting with the aim of obtaining a protein layer that can stimulates an 

appropriate cellular response and shall be further clarified and investigated with 

different proteins. At last, focusing on the behavior of PS, the preference of proteins 

for adsorbing on hydrophobic flat surfaces than on more hydrophilic ones seems to 

be confirmed, due to the increased FN adsorption with respect to Ti, Ti64 and 

SBA2. 

5.2.2. Protein adsorption investigated by XPS 

XPS is widely reported in literature as powerful tool to investigate protein 

adsorption, thanks to its capability of determining contemporaneously both the 

surface chemistry and the bonds in which the atoms are involved [10,36]. Here, 

XPS was performed on all surfaces after adsorption of albumin and fibronectin. 
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In Table 5.9 the atomic composition of the substrates after BSA adsorption is 

reported. With respect to the pristine surfaces (Table 5.2), it is possible to see that 

the main bulk elements, such as Ti and Si, generally decreased, while the content 

of C and N were increased. This agrees with the occurrence of protein adsorption 

on all surfaces, since nitrogen is a typical element of proteins and the formation of 

a layer on the surfaces limit the detection of the underlying substrates. Also, the 

presence of sulfur, which is contained in Cys amino acids, indicates the presence of 

BSA on all the surfaces. 

Focusing on the different family of materials investigated, it is possible to 

notice that on titanium substrates, carbon rises from about 20% to 35% of Ti(A-

HC-H)_BSA and up to 67% for Ti_BSA, with the other titanium samples being in 

the range between 45 and 55%. Contextually, the amount of nitrogen rises from few 

point percent, which are related to environmental contamination, to 12-13% on Ti, 

Ti64 and Ti64(HF-H2O2) and to a lower amount on Ti(A-HC-H) and Ti64(SrAg), 

respectively 7 and 9 %. Albumin has a concentration of N equal to 16% [37], still 

in literature it is reported that a nitrogen level of 9% correspond to a complete 

coverage of the surface [38]. Therefore, it is possible to conclude that a continuous 

layer of albumin is formed on all the titanium substrates. The only exception seems 

to be the Ti(A-HC-H), where N is only 7%. Still, in light of the quantification results 

and the fluorescent and KPFM imaging that will be discussed later in this work, it 

is possible to presume that also this surface is fully covered by albumin. Since the 

penetration depth of XPS is limited to the very first nanometers of the surface, the 

formation of an additional layer can limit the detection of the elements in the 

material below. In fact, titanium and the other elements composing the bulk 

materials, such as Al, V, Sr, Ag and Ca, are much reduced and in some case barely 

or not detected at all. Oxygen also decreased, since its concentration in titanium 

oxide is higher than the one in proteins.
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Table 5.9 Atomic composition (%) of BSA and the investigated surfaces after BSA adsorption (-: non-detected). 

 
C N O Ti Si S Ag Al Na P Ca V Sr 

BSA 64.11 16.62 18.40 - - 0.71 - - - - - - - 

Ti_BSA 67.08 12.07 20.02 0.20 - 0.64 - - - - - - - 

Ti64_BSA 53.03 12.83 28.23 3.81 - 0.87 - 0.88 - - - 0.35 - 

Ti(A-HC-H) _BSA 35.10 7.03 44.09 13.30 - 0.48 - - - - - - - 

Ti64(SrAg) _BSA 43.32 9.07 34.13 9.26 - 0.26 0.13 - - - 3.84 - - 

Ti64(HF-H2O2) _BSA 48.05 13.27 32.66 5.15 - 0.50 - 0.33 - - - 0.04 - 

SBA2_BSA 34.10 2.79 41.63 - 0.58 - - - - 11.03 9.87 - - 

AgSBA2_BSA 37.53 9.01 40.83 - 0.99 - 1.03 - 0.25 5.39 8.53 - - 

PS_BSA 71.88 8.40 19.15 - - 0.57 - - - - - - - 
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On Ti_BSA, titanium is barely detected, suggesting that the protein layer has a 

thickness of some nanometers. XPS can detect an element only if the core electron 

of that particular atoms has enough energy to travel towards the surface and escape 

without any collision with the surrounding atoms. The depth from which an electron 

can exit the surface is the inelastic mean free path (IMFP), which depends on the 

kinetic energy of the electron and on the material it is traveling inside. A Ti2p 

electron has a kinetic energy about 1025 eV, which corresponds to an IMPF of 3-4 

nm through amino acids [39], which is about the dimension of a BSA molecule. 

Since the protein layer is not completely dense, it may be plausible that the titanium 

signal can be collected through one or two monolayers of albumin, but not more. 

For the same reason, O on Ti_BSA has the lowest percentage among the Ti surfaces, 

since the titanium oxide is almost invisible under the proteins. Ti64_BSA has a 

slightly higher content of Ti and O than Ti, but a comparable amount of nitrogen. 

These facts suggest that the amount of albumin on the alloy may be somewhat less 

than on the pure Ti, as indicated by the BCA protein assay (Figure 5.18).  

Contrary to what was expected by quantification experiments, on the treated 

chemical surfaces, the amount of titanium detected after adsorption, that can be at 

first inversely correlated with the thickness of the protein layer, is higher with 

respect to untreated samples, and the N is lower (Table 5.9). Ti64(HF-H2O2) has an 

intermediate behavior, since the N% is higher than Ti64, but also the Ti% is a bit 

higher. This apparent incoherence between the quantification and the XPS results 

can be explained considering the topography of the surfaces. As already discussed, 

proteins can adsorb inside the pores of the treated surfaces, diffusing and 

accumulating inside them. On flat surfaces, all the proteins adsorbed are exposed 

on the very top of the samples, being all detected by the XPS. On the other hand, 

on porous specimens, only the proteins that are adsorbed on the top of the pores 

might be detected by XPS, while the ones accumulated at the bottom of them cannot 

be revealed, resulting in an apparent reduced amount of proteins on the surfaces. 

For a similar reason, Ti may appear in higher concentrations on the treated surface 

after adsorption.  

Similar considerations about the decrease of the bulk element concentration can 

be made for SBA2 and AgSBA2 (Table 5.9). In fact, Si is hardly detected after 

adsorption of albumin, along with other glass components such as Ca and Ag, the 

latter only for AgSBA2. On BGs, the presence of the proteins is not much observed 

through to the content of C and O, which barely change with respect to pristine 

surfaces, but the increase in nitrogen confirms BSA adsorption. As it was discussed 

in paragraph 5.2.1, it is believed that proteins, besides being adsorbed on the 

surface, may be embedded also in the reaction layer of BGs. As consequence, the 

proteins inside the silica-gel layer may not be detected by XPS. The IMPF of N1s 

electrons, which have a kinetic energy around 1088 eV, through silica can be lower 

than 3 nm [40]. Since the reaction layer is not pure silicon dioxide, but a hydrated 

gel, it is reasonable to think that the IMPF may be slightly higher, but not enough 

to make N1s electrons escape through all the reaction layer. Contrary, with 

fluorescence it may be possible to quantify all the proteins on the BGs thanks to the 

transparency of the glasses. The formation of a complex reaction layer can be 
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deduced also by the increase of P and Ca concentration after soaking in the protein 

solution. It is well known that the second step of glass bioactivity is the diffusion 

and precipitation of phosphates and calcium ions on the silica-gel. PO4
2- are present 

in the PBS composition, while Ca2+ are released from the glasses themselves and 

then reprecipitate. 

After BSA adsorption, the N content on PS is close to 9% (Table 5.9), so it is 

possible to conclude that also on this surface BSA forms almost a complete and 

uniform layer. Due to the polymeric nature of the substrate, C% does not change 

much, while oxygen decreases, being less present in BSA with respect to the 

substrate and environmental contaminations. 

Deconvolution of high resolution spectra after adsorption were performed to 

investigate the chemical state of adsorbed BSA. C1s, O1s and N1s region were 

considered. The deconvoluted components were assigned to specific protein 

groups, according to literature [10,13,41,42], but it is necessary to bear in mind that 

in the same regions, contributions from the underlying substrates may arise, 

changing the peak areas and the ratios among them. 

At first, deconvolution of BSA was performed, in order to obtain a reference 

and to compare it with the literature. The results are reported in Figure 5.23 and 

Table 5.10. 

 
Figure 5.23 Deconvolution of the C1s, O1s and N1s region for BSA. 

The C1s peak was deconvoluted using three contributes. The one at lowest 

energy is related to C-C bonds, at 284.8 eV as usual. By increasing the BE, it was 

found a contribution from C-N bonds, which is reported to lay in the range of 286-

287 eV. And at last, at higher energy there is the peak related to peptidic N=C-O 

and to COO- groups, around 288.1 eV. The O1s region is mainly due to the presence 

of carbon-oxygen bonding, through double and single bonds, at energy of 531.5 eV 

and 532.6 eV respectively. In the peak related to C-O, contributions related to C-

OH are also included, and as consequence the full width half maximum (FWHM) 

is increased with respect to the C=O peak. At last, also the N1s peak was 

deconvoluted by using three distinct components. The main one, centered around 

400 eV, is related to amine NH2, while the two minor components, at higher and 

lower energies, are due to NH3
+ protonated amine of basic residues, around 401.5 

eV, and to C-N bonds, at about 398.8 eV.   
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Table 5.10 Binding energies and composition of the deconvoluted peaks in the C1s, O1s and N1s region for BSA. Theoretical energies for each component are reported (-: non-

detected). 

 C1s O1s N1s 

Binding energy (eV) 

 CC (248.8) C=O/CN (286-287) COO-/NCO (288.1) C=O (531.5) C-O/C-OH (532.3-532.6) CN (398.8) NH2 (400.0) NH3
+ (401.5) 

BSA 248.8 286.0 287.9 531.6 532.5 398.3 400.0 401.3 

Peak composition (%) 

 CC C=O/CN COO-/NCO  C=O  C-O/C-OH  CN NH2 NH3
+ 

BSA 43.3 31.7 25.0 50.2 49.8 3.62 88.0 8.4 

Table 5.11 Binding energies and composition of the deconvoluted peaks in the C1s, O1s and N1s region for titanium samples after albumin adsorption. Theoretical energies for each 

component are reported (-: non-detected). 

 C1s O1s N1s 

Binding Energy (eV) 

 CC (248.8) C=O/CN (286-287) COO-/NCO (288.1) TiO (529.8) C=O (531.5) C-O/C-OH (532.3-532.6) CN (398.8) NH2 (400.0) NH3
+ (401.5) 

Ti_BSA 284.7 286.2 287.9 - 531.5 532.7 398.3 399.7 401.6 

Ti64_BSA 284.7 286.1 287.9 529.9 531.2 532.7 398.2 399.7 401.3 

Ti(A-HC-H) _BSA 284.8 286.2 288.0 529.7 531.4 532.8 398.5 399.9 401.5 

Ti64(SrAg) _BSA 284.7 286.1 288.0 529.7 531.4 532.6 398.6 400.0 401.8 

Ti64(HF-H2O2) _BSA 284.8 286.2 288.0 529.8 531.5 532.1 398.8 400.0 401.3 

Peak composition (%) 

 CC C=O/CN COO-/NCO TiO C=O C-O/C-OH CN NH2 NH3
+ 

Ti_BSA 56.8 23.6 19.6 - 71.2 28.8 5.7 92.5 1.8 

Ti64_BSA 53.8 21.9 24.3 17.1 73.2 9.7 10.5 86.7 2.8 

Ti(A-HC-H) _BSA 53.5 23.8 22.7 65.4 30.4 4.2 13.7 80.5 5.8 

Ti64(SrAg) _BSA 57.7 18.9 23.4 63.6 27.3 9.1 17.3 78.0 4.7 

Ti64(HF-H2O2) _BSA 46.2 27.3 26.5 28.0 61.8 10.2 13.5 79.9 6.6 
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The results of the deconvolution performed on the various titanium substrates 

are reported in Figure 5.24 and Table 5.11.  

 
Figure 5.24 Deconvolution of the C1s, O1s and N1s region for titanium surfaces after BSA 

adsorption. 

In the C1s peaks, the contributions related to BSA were observed on each 

surface, at energies comparable to the ones of the pure protein. This shows that 

albumin is chemically intact after adsorption. Due to random uptake of 

environmental molecules, that mainly contribute to the C-C component, and to the 

effect of surface topography on the detection of adsorbed BSA, the shape of C1s 

peak on the different surfaces are slightly different. On Ti64(SrAg)_BSA a small 

contribute from Sr3p in the substrate was also found at low energies, as before 

adsorption. Despite so, the ratios between CN/CO and COO/NCO components is 

not much different from the one of pure albumin, which is about 1.2.  
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The O1s peak was highly affected by the titanium substrates. In fact, the signal 

from Ti-O is well present and, in some case, dominates the spectra, according to the 

amount of Ti detected (Table 0.9). The contribution of OHa and OHb, which were 

well observed in the surface spectra (Figure 1.5), is missing after protein adsorption 

due to the overlapping with the C=O peaks of proteins. On Ti_BSA, the Ti-O 

contribute was not found and the O1s peak is due only to C=O and C-O/C-OH 

groups. The oxide component has a minor contribute on Ti64_BSA and Ti64(HF-

H2O2)_BSA, on which titanium was found in a small amount. Where Ti was 

detected in a larger amount, that means on Ti(A-HC-H) and Ti64(SrAg), Ti-O 

contribution prevails in the O1s region. Despite that, the components related to 

albumin, C=O and C-O/C-OH, were found on all the samples, at energies similar 

to the one found in BSA.  Since the influence of the substrates is high, and some 

peaks, such as the one related to titanium OH groups, can be hidden beneath the 

protein signal, the area ratios between C=O and CO-O/C-OH peaks may not be 

considered significative and should be not compared to the one of pure BSA. N1s 

peaks after adsorption are due only to nitrogen from proteins, and they were 

deconvoluted accordingly, by using the same three peaks of pure BSA. The main 

contribution on all the samples arises from the amine NH2 groups, always found 

around 400.0 eV. The CN related contribution was also found on all the substrates, 

in the same energy range of pure albumin. Interestingly, the NH3
+ peak was 

observed too, again on all the titanium surfaces. This fact suggests that BSA adsorbs 

in its zwitterionic form, with both charged amino and carboxyl groups that can 

interact with the charged groups on the surface. 

Regarding SBA2 and AgSBA2 after BSA adsorption, deconvolution was 

performed on C1s and N1s regions. It was not possible to perform a reasonable 

fitting of the O1s region due to the complexity of the outer layer on such surfaces, 

formed by the hydrated silica-gel, adsorbed ions from solution and albumin. In fact, 

there are numerous oxygen containing functional groups that have overlapping XPS 

energies, such as SiO, non brdging oxygen, carbonates, OH, adsorbed waters, PO4
2-

, and C-O and C=O bonds within the proteins. Since it is hard to hypothesize a 

composition of the glass surfaces, it is not possible to create a reliable model for 

XPS fitting. The results obtained are shown in Figure 5.25 and Table 5.12. 
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Figure 5.25 Deconvolution of the C1s and N1s region for BGs surfaces after BSA adsorption. O1s 

peaks are also reported 
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Table 5.12 Binding energies and composition of the deconvoluted peaks in the C1s, O1s and N1s region for BGs samples after albumin adsorption. Theoretical energies for each 

component are reported (-: non-detected). 

 C1s O1s N1s 

 Binding Energy (eV) 

 
CC (248.8) C=O/CN (286-287) COO-/NCO (288.1) CO3 (289.4) 

O1s CN 

(398.8) 
NH2 (400.0) NH3

+ (401.5) 

SBA2_BSA 284.8 286.2 287.9 289.3 531.8 - 399.6 - 

AgSBA2_BSA 284.8 286.6 288.2 - 530.8 398.3 399.8 - 

 Peak composition (%) 

 CC C=O/CN COO-/NCO  CO3 O1s CN NH2 NH3
+ 

SBA2_BSA 51.0 30.98 14.58 3.48 100 - 100 - 

AgSBA2_BSA 67.5 15.0 17.5 - 100 24.9 75.1 - 

Table 5.13 Binding energies and composition of the deconvoluted peaks in the C1s, O1s and N1s region for PS after albumin adsorption. Theoretical energies for each component 

are reported (-: non-detected). 

 C1s O1s N1s 

Binding energy (eV) 

 CC (248.8) C=O/CN (286-287) COO-/NCO (288.1) C=O (531.5) C-O/C-OH (532.3-532.6) CN (398.8) NH2 (400.0) NH3
+ (401.5) 

PS 248.8 286.3 288.3 531.6 532.8 398.0 399.7 401.3 

Peak composition (%) 

 CC C=O/CN COO-/NCO  C=O C-O/C-OH CN NH2 NH3
+ 

PS 55.2 32.5 12.3 45.4 54.6 9.7 88.7 1.6 
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 As in the case of Ti-based samples, in the C1s region the typical peaks of 

albumin were found on both SBA2 and AgSBA2 after adsorption, at comparable 

energies. On SBA2, a highly energetic contribution was also found, at 289.3 eV, 

which was attributed to carbonates that may precipitate on the glass as consequence 

of surface reactions. For the uncertainty of the effective surface composition, to 

compare the area ratios of BSA peaks before and after adsorption on BGs may lead 

to wrong conclusions. The O1s peaks were not deconvoluted, as already discussed, 

still it is possible to notice that on AgSBA2_BSA the peak is shifted at lower 

energy, 530.8 eV, with respect to SBA2_BSA, which has the O1s peak centered at 

531.8 eV. This may be the results of a different surface reactivity, for example, a 

higher content of non-bridging oxygen or SiO2, which have low BE, in the reaction 

layer of AgSBA2 compared with SBA2. Regarding nitrogen, the deconvolution of 

the N1s peak for SBA2_BSA resulted in just one contribution, at 399.6, attributed 

to NH2 groups of the protein. It is possible that the other two peaks for albumin N1s 

were not found due to the low amount of N detected (Table 0.9) and the high noise 

in the spectra. Thanks to better condition, the contribution by CN groups was found 

on AgSBA2, along with the usual NH2 peak, while the protonated amine signal was 

still missing. Since the NH3
+ signal its quite low, it might be that it was not detected 

for technical issues and not because the adsorbed BSA does not have such groups. 

In the case of BSA adsorption on bioactive glass surfaces, XPS seems to confirm 

that albumin adsorbs without any severe modifications to its chemical structure, but 

also highlight the very complex mechanisms that are involved in the adsorption of 

proteins on such reactive surfaces. 

At last, the results of C1s, O1s and N1s fitting of PS_BSA are reported in Figure 

5.26 and Table 5.13.  

 
Figure 5.26 Deconvolution of the C1s, O1s and N1s region for PS after BSA adsorption. 

The C1s region was deconvoluted with the usual three peaks, corresponding to 

the CC, C=O/CN and COO-/NCO protein groups, centered at energies that are 

comparable to the ones of pure BSA. The CC contribution is quite high due to the 

polymeric nature of the substrate. The same similarities were observed both in the 

O1s region, where C-O/COH and C=O contribution were found, and in the N1s 

region, which was fitted with the same three components as BSA. Also in the case 

of adsorption on polystyrene, albumin is chemically intact and it is in the 

zwitterionic conformation, exposing negative COO- and positive NH3
+ groups. 

The same kind of analysis was performed on samples after fibronectin 

adsorption. The composition of surfaces with FN is reported in Table 5.14. 
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Table 5.14 Atomic composition (%) of the investigated surfaces after FN adsorption (-: non-detected). 

 
C N O Ti Si S Ag Al Na P Ca V Sr 

Ti_FN 58.14 12.57 26.54 1.82 - - - - - - - - - 

Ti64_FN 54.18 10.26 30.53 2.59 - 2.03 - - - - - 0.4 - 

Ti(A-HC-H) _FN 52.76 11.41 29.33 6.49 - - - - - - - - - 

Ti64(SrAg) _FN 53.50 14.23 26.72 4.55 - -  - - - 3.84 - - 

Ti64(HF-H2O2) _FN 54.83 13.66 27.70 3.80 - - - - - - - - - 

SBA2_FN 42.57 1.55 31.44 - 1.01 - - - - 11.14 12.07 - - 

AgSBA2_FN 51.26 0.79 33.80 - 7.84 - 0.53 - 0.95 - 4.76 - - 

PS_FN 81.52 6.40 12.08 - -  - - - - - - - 

 

 

 

 

 

 



 Chapter 5: Results and Discussion 

 

177 

 

Regarding titanium-based substrates, after adsorption of FN the results are quite 

similar, much more than in the case of BSA adsorption. All these samples have 

comparable amount of carbon, nitrogen and oxygen, with C and N increased with 

respect to the pristine surfaces and O reduced (Table 5.2), as expected. As albumin, 

FN can penetrate the pores on the treated surfaces, but possibly less with respect to 

BSA due to bigger dimensions. Thus, the protein can accumulate more on the top 

of the pores and be detected by XPS, resulting in a similar amount of nitrogen on 

all the titanium samples. By comparing the quantification results and the XPS 

chemical analysis for both albumin and fibronectin, it seems that the nitrogen 

content on the surface is not proportional to the amount of proteins adsorbed and it 

can not be used as reliable indicator for adsorption quantification. Titanium 

percentage after FN adsorption has the same trend as in the case of BSA, it increases 

with increasing surface porosity and structuration, being lower on flat Ti_FN and 

Ti64_FN and higher on Ti(A-HC-H)_FN and Ti64(SrAg)_FN. This may happen 

for the same reason as discussed for BSA, due to the fact that on porous surfaces 

the protein has few niches where to accumulate and therefore more signal from the 

underlying substrates can be collected. Contrary to BSA, sulfur was not detected on 

all the samples, including BGs and PS, but Ti64_FN. Fibronectin has a very low 

amount of cysteine residues, about the 2.7% of the total amino acids [43], and a 

consequently very low amount of S, possibly too low to be detected by XPS after 

adsorption. The high value on T64_FN may be due to some environmental 

contamination. Coherently with the formation of a layer on the surface, the alloying 

or the doping elements, such as Al, V, Ag and Sr, were no more detected after FN 

adsorption. On Ti64(SrAg)_FN, Ca was still found due to its high content in the 

calcium titanate layer. 

Concerning fibronectin adsorption on BGs, XPS results are not trivial to 

discuss. In fact, while C amount increased, suggesting the adsorption of 

carbonaceous molecules, such as proteins, N content is very low, with almost no 

increase on AgSBA2_FN with respect to the substrate (Table 5.2). Plus, the highest 

amount of N found on SBA2_FN compared to AgSBA2_FN seems to suggest a 

higher adsorption on the undoped BG, at first. Si is also well present in the surface 

composition after FN adsorption, 1.01% and 7.84% on SBA2_FN and 

AgSBA2_FN respectively. Considering what was discussed about the interactions 

between the adsorbing proteins and the growing silica-gel layer, the IMPF of 

nitrogen and the quantification results showed in the previous paragraph, it may be 

possible to speculate that FN somehow tends to remain less on the bioactive glass 

surface, in particular in the case of AgSBA2, while it adsorbs more within the 

reaction layer of the glass surface. Another possibility is that the binding strength 

between FN and BGs is reduced with respect to the one between BSA and BGs and 

that more proteins are removed from the glass surfaces during the rinsing steps.   

On PS_FN, the results were similar to what was expected. On this surface, C is 

not significant of protein adsorption, but the marked increase in N% confirms the 

presence of fibronectin also on PS. As consequence of protein adsorption, also 

oxygen is reduced.  
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As for BSA, peak fitting of C1s, O1s and N1s region was performed for samples 

after FN adsorption.  

 
Figure 5.27 Deconvolution of the C1s, O1s and N1s region for titanium surfaces after FN 

adsorption. 

 The fitting results for titanium samples are reported in Table 5.15 and Figure 

5.27 Deconvolution of the C1s, O1s and N1s region for titanium surfaces after FN 

adsorption. As for BSA, the C1s peak arises thanks to the contribution of CC, 

C=O/CN and COO-/NCO bonds. The binding energies of the different components 

are similar among the different samples and to pure BSA (Table 0.10), considered 

as protein model in this case. The shapes of the peaks on the various surfaces are 

mainly dictated by the intensity of the CC contribution, which may change due to 

environmental contaminations. On the other hand, the amount of protein related 

C=O/CN and COO-/NCO peaks is similar on every surface, indicating that FN is 

adsorbed in an unaltered chemical state on each surface. The O1s peaks are highly 
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influenced by the substrate Ti-O signal. In fact, the intensity of such peak was found 

to vary a lot with respect to the Ti% observed in Table 0.14. Ti(A-HC-H)_FN and 

Ti64(SrAg)_FN, which have the highest amount of Ti, show an intense peaks 

related to Ti-O groups. On the contrary, the contribution of Ti-O on Ti_FN and 

Ti64_FN, having low Ti%, is much reduced. Ti64(HF-H2O2)_FN had a peculiar 

behavior. In fact, despite having a higher Ti content than the untreated titanium 

substrates, the Ti-O peak is reduced. Considering that the main signal on the pristine 

surface was the one related to acidic OH, at 530.7 eV (Table 0.3), it is possible that 

the C=O contribution may be due also to that specific substrate component. 

Following the supposition that the O1s peaks are determined to some extent also by 

the substrate and not only by the adsorbed fibronectin, it does not seem reasonable 

to compare the areas of the different contribution. In the end, the deconvolution of 

the nitrogen peak led to the expected results. In fact, the main contribution found 

on all samples, centered at 399.8 eV, is due to NH2, while two minor components, 

related to CN and charged NH3
+ groups, were also observed. As for BSA, 

fibronectin adsorbs on titanium surfaces in its charged zwitterionic conformation, 

with COO- and NH3
+. 

Repeating the same considerations that were made for the deconvolution of 

albumin on BGs, in the case of FN the fitting of XPS data was performed only on 

C1s and N1s region. The results, plus the position and the spectra of the O1s peak 

are reported in Figure 5.28 and Table 5.16.  

 
Figure 5.28 Deconvolution of the C1s and N1s region for BGs surfaces after FN adsorption. O1s 

regions are also reported. 

Due to low amount of protein within the first nanometers, the protein signals in 

the C1s region are quite low, and the spectra is mainly affected by CC peak on both 

SBA2_FN and AgSBA2_FN. The C=O/CN and COO-/NCO components were still 

observed at energies corresponding to the one of protein groups. In order to obtain 

a good fitting, it was necessary to add one component for both spectra. In case of 

SBA2_FN, a low energetic peak was found, at 283.2 eV. As in the case of pristine 

SBA2 (Table 5.4), this peak was attributed to C-Me bonds, deriving from 
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contaminations during the preparation of the samples. On the other hand, a new 

high energetic contribution was observed on AgSBA2_FN, at 289.3 eV. Again, in 

analogy to what was done in the case of pristine BGs surfaces, that peak was 

assigned to carbonates CO3 groups, which may be formed as side reactions during 

the glass soaking. After FN adsorption, the peak in the O1s region is centered 

around 531.2 for both SBA2 and AgSBA2, and it has a similar shape, indicating 

some analogies in the products of the combined reaction of the glass surface and 

FN adsorption, contrary to what happened with albumin (Figure 5.25). The effect 

of different proteins on the reactions that occur on BGs surfaces once they are put 

in contact with biological fluids may be a crucial point in order to better understand 

the actual bioactivity of glass systems in vivo and further studies are desirable. Due 

to the very low amount of nitrogen, the N1s spectra have a very high noise to 

measurement ratio, as possible to see in Figure 5.28. For both SBA2_FN and 

AgSBA2_FN, only two contributions were found in this region, one attributed to 

NH2 and the other one to CN bonds. The signal from the protonated amines was not 

found, but it may be due to the low intensity of the total peak. Again, as well as 

after albumin adsorption, the picture drawn by XPS analysis is one of very complex 

protein-BGs interaction mechanisms, which depends not only on the composition 

of the glass but also on the type of adsorbing proteins. 

To conclude, deconvolution was performed also on PS_FN and the fitting 

results are presented in Figure 5.29 and Table 5.17. 

 
Figure 5.29 Deconvolution of the C1s, O1s and N1s region for PS after FN adsorption. 

As usual, the typical peaks of proteins were observed in the C1s, O1s and N1s 

region. CC, C=O/CN and COO-/NCO were found at energies corresponding to 

protein ones, with the CC being the predominant signal due to the carbon content 

in the substrate. The O1s peak was fitted by the contributes of C-O/COH and C=O, 

at respectively 531.7 ant 532.9 eV, that arise from oxygen containing groups of FN. 

In the case of nitrogen, only one contribution at 400 eV, attributed to NH2, was 

found. As in the case of BGs, it is possible that the low amount of nitrogen hinders 

the detection of the minor contributions to N1s region. 
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Table 5.15 Binding energies and composition of the deconvoluted peaks in the C1s, O1s and N1s region for titanium samples after fibronectin adsorption. Theoretical energies for 

each component are reported (-: non-detected). 

 C1s O1s N1s 

Binding Energy (eV) 

 CC (284.8) C=O/CN (286-287) COO-/NCO (288.1) TiO (529.8) C=O (531.5) C-O/C-OH (532.6) CN (398.8) NH2 (400.0) NH3
+ (401.5) 

Ti_FN 284.7 286.1 287.9 530.2 531.6 532.7 398.2 399.8 401.4 

Ti64_FN 284.8 286.1 288.0 529.7 531.2 532.4 398.5 399.8 401.1 

Ti(A-HC-H) _FN 284.8 286.1 288.0 529.6 531.4 532.7 398.2 399.8 401.7 

Ti64(SrAg) _FN 284.8 286.1 288.0 529.9 531.5 532.9 398.2 399.8 401.7 

Ti64(HF-H2O2) _FN 284.7 286.1 287.9 529.8 531.1 532.0 398.3 399.8 401.3 

Peak composition (%) 

 CC C=O/CN COO-/NCO TiO C=O C-O CN NH2 NH3
+ 

Ti_FN 52.3 24.1 23.6 25.6 52.4 22.0 13.3 84.9 1.7 

Ti64_FN 48.0 26.0 26.0 26.7 54.9 18.4 3.9 91.9 4.2 

Ti(A-HC-H) _FN 49.0 27.8 23.2 48.3 41.9 9.8 5.3 92.3 2.4 

Ti64(SrAg) _FN 50.5 27.2 22.3 40.0 51.8 8.2 6.3 92.1 2.6 

Ti64(HF-H2O2) _FN 47.2 27.1 25.7 23.2 32.1 44.7 4.7 91.2 4.1 

Table 5.16 Binding energies and composition of the deconvoluted peaks in the C1s, O1s and N1s region for BGs samples after fibronectin adsorption. Theoretical energies for each 

component are reported (-: non-detected). 

 C1s O1s N1s 

Binding Energy (eV) 

 CC (248.8) C=O/CN (286-287) COO-/NCO (288.1) CO3 (289.4) C-Me O1s CN (398.8) NH2 (400.0) NH3
+ (401.5) 

SBA2_FN 284.8 286.6 288.4 - 283.2 531.1 398.3 399.8 - 

AgSBA2_FN 284.8 286.0 288.2 289.3 - 531.3 398.3 399.8 - 

Peak composition (%) 

 CC C=O/CN COO-/NCO  CO3  O1s CN NH2 NH3
+ 

SBA2_FN 68.8 6.9 14.3 - 10.1 100 24.4 75.6 - 

AgSBA2_FN 63.7 19.6 7.4 9.3 - 100 70.5 29.5 - 
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Table 5.17 Binding energies and composition of the deconvoluted peaks in the C1s, O1s and N1s region for PS samples after fibronectin adsorption. Theoretical energies for each 

component are reported (-: non-detected). 

 C1s O1s N1s 

Binding energy (eV) 

 CC (248.8) C=O/CN (286-287) COO-/NCO (288.1) C=O (531.5) C-O/C-OH (532.6) CN NH2 NH3
+ 

PS_FN 284.8 285.8 288.2 531.7 532.9 - 400.0 - 

Peak composition (%) 

 CC C=O/CN COO-/NCO  C=O C-O/C-OH CN NH2 NH3
+ 

PS_FN 58.9 33.4 7.7 54.4 45.6 - 100 - 
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Summarizing the results obtained by XPS measurement after adsorption of 

albumin and fibronectin on the surfaces investigated in this work, it is possible to 

conclude that both BSA and FN are not chemically modified after adsorption and 

that they maintain the negatively charged carboxyl groups and the positively 

charged amine groups. By comparison with the quantification results, it was not 

observed a linear or simple correlation between nor the amount of nitrogen, in 

particular, carbon or oxygen and the quantity of protein adsorbed, neither with the 

residual signal from the substrate. This effect is further enhanced by complex 

surface topography, as in the case co Ti(A-HC-H) or Ti64(SrAg), or by surface 

reactivity, as in the case of BGs. Regarding the bioactive glasses, XPS analysis 

supports the hypothesis of an extremely complex interplay between proteins, the 

glass surface and the growing silica-gel layer. 

5.2.3. Surface coverage by the protein layer 

The second aspect of protein adsorption that was investigated is the extension 

and distribution of the protein layer on the different surfaces. If the protein layer 

fully covers the surface, most of the material properties can then be masked to the 

cells, in particular the surface chemistry, charge, SFE, and wettability. The 

roughness might still be exposed to cells if the protein layer is not too thick. The 

protein layer was imaged at two different scales thanks to fluorescent imaging and 

to a novel approach to Kelvin probe force microscopy, which was never used 

previously to image proteins on biomaterial surfaces of clinical interest.  

5.2.4. Fluorescent imaging 

The distribution of albumin and fibronectin at a millimetric scale was 

investigated thanks to the use of fluorescent labeled proteins. 
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Figure 5.30 Fluorescent images of adsorbed albumin on the different substrates at increasing 

magnification: 50x (left); 100x (center); 200x (right). 
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BSA distribution on all the samples is shown in Figure 5.30. At lower 

magnification (50x, Figure 5.30), albumin is visible only on highly adsorbing 

surfaces, such as Ti(A-HC-H) and Ti64(SrAg). On the other surfaces, the amount 

of adsorbed protein is too low to emit enough fluorescent light for being visualized. 

Increasing the magnification (100x, Figure 5.30) allowed to image the adsorbed 

protein on almost all the surfaces, but not on Ti and Ti64. BSA seems to form a 

continuous layer on the samples, even though it can be sometimes inhomogeneous. 

In particular, on flat surfaces, such as PS and BGs, the protein distribution seems 

homogeneous at this magnification. The same happens for Ti64(HF-H2O2). On the 

other hand, on Ti(A-HC-H) and Ti64(SrAg), there is an evident effect of the surface 

features on increasing the local amount of adsorbed protein. In particular, on 

Ti64(SrAg) albumin accumulates in the deepest polishing grooves. This behavior 

is confirmed at higher magnification (200x, Figure 5.30). In this case, the protein 

layer is visible on all the surfaces. On Ti, Ti64, Ti64(HF-H2O2) and PS no 

aggregates were noticed and the substrates were fully and homogeneously covered 

by the proteins. The image of Ti(A-HC-H) shows a slight uneven coverage of the 

surface, with some dark spot. As already said, it is known that the oxide layer on 

this surface is quite unstable and can delaminate spontaneously in some point [5]. 

When this happens, the underlying pure Ti is exposed, with a much lower protein 

binding power, resulting in dark areas in the fluorescent images. At high 

magnification, it was noticed that on SBA2 there are some points where albumin 

accumulates, such as the grit marks. This was observed in a lesser extent on 

AgSBA2, where the protein layer is more homogeneous. The presence of silver 

may induce a more homogeneous adsorption on the surface, or it is possible that, 

thanks to the increased affinity for BSA limits the effect of the surface features that 

act as accumulating points. 
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Figure 5.31 Fluorescent images of adsorbed fibronectin on the different substrates at increasing 

magnification: 50x (left); 100x (center); 200x (right). 
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The results of the fluorescent imaging study on the fibronectin adsorption are 

reported in Figure 5.31. As possible to see, on many surfaces the red protein can be 

barely observed. The presence of the protein on all the samples used for the 

microscopic analysis was sure, since they are the exact same specimens on which 

the quantification reported in paragraph 5.2.1 was performed. So, the amount of 

protein on some samples is low enough that cannot be visualized.  Since BSA layer 

was visible on all the surfaces, at least at high magnification, it is possible to 

speculate that the total amount of adsorbed fibronectin is quite lower than the 

adsorbed albumin. With respect to albumin, the fibronectin layer is generally less 

homogeneous, in particular on the less adsorbing surfaces. On Ti samples, the layer 

was not visible at low magnification, while by increasing the enlargement (Figure 

5.31), it can be noticed that FN adsorbs in a filamentous network, as previously 

reported by Jia et al. [44]. A similar behavior was observed on PS and on Ti64, on 

the latter smaller aggregates were found. Such inhomogeneous distribution on low-

binding surface might be due to a low number of binding sites. When the affinity 

of FN for the surface is increased, adsorption seems to take place in a more 

homogeneous way, since an higher number of binding sites is more distributed on 

the surface. On Ti(A-CH-H), Ti64(SrAg) and Ti64(HF-H2O2) the protein layer 

covers all the imaged areas. As in the case of BSA, the treated pure titanium Ti(A-

HC-H) clearly has some areas where proteins are not adsorbed, that correspond to 

zone where the porous oxide layer detached. Some aggregates were also found on 

Ti(A-HC-H) and Ti64(SrAg). On the latter, the aggregates were bigger and 

sometimes very long filaments, even up to 400 µm, have been found, as shown in 

Figure 5.32. 

 
Figure 5.32 Detail of a fibronectin filament found on Ti64(SrAg) 

At last, on both SBA2 and AgSBA2 the signal was too low to be imaged.  

Based on the fluorescent imaging, it is possible to hypothesize that when the 

affinity of FN for the surface is low, it adsorbs in a filamentous network, while 

when the protein adsorbing capability of the surface its high, the protein can adsorb 

more homogeneously. It is also possible that the structured topography of the 

treated titanium samples, with pores where the proteins can be entrapped, may 

hinder the formation of network-like adsorption patterns. 

5.2.5. Kelvin probe force microscopy 

Protein distribution at the microscale was investigated by imaging the surface 

potential thanks to KPFM. Potential imaging was already employed to investigate 

protein adsorption, but, to the best of the authors knowledge, it was employed only 
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on nanometrically flat metal substrates, such as CoCrMo and Ti6Al4V alloy 

[45,46]. In this work, KPFM was employed for the first time to investigate BSA 

and FN adsorption on rough titanium substrates developed specifically for 

osteointegration and on bioactive glasses. It was not possible to use KPFM on PS 

due to its strong insulating nature and to the fact that electrostatic charges 

accumulate easily in its surface, heavily interfering with the instrument.  

At first, the distribution of albumin was investigated on a 100*100 µm areas on 

the several titanium samples, as reported in Figure 5.33. These samples have been 

prepared by adsorbing only a part of the surface with the protein layer with a known 

border between the covered and un-covered areas. As general consideration, it is 

possible to see that on every surface the protein layer is invisible in the 

topographical images and no aggregates are also deposited on the surface. This 

means that the overall thickness of the protein layer is in the range of very few 

nanometers, consistently with what was deduced by XPS measures. Since cells, and 

osteoblasts in particular, are sensitive to the morphological features of the surface 

in the micrometric range, it is positive the fact that the transient protein matrix 

seems not capable to level the surface micrometrical structure, which can still 

perform their osteoblast adhesion enhancing effect. On the other hand, the potential 

images can reveal the albumin layer, which is always at lowerpotential (darker areas 

in the images) with respect to the titanium substrates. This is in accordance to what 

has been already reported in literature, considering organic molecules, such as 

proteins or DNA [47,48], even in case of albumin on Ti6Al4V [46]. The albumin 

layer is mainly homogeneous on all the surfaces, with the only exception of 

Ti64(SrAg). In this case, there is a variation in the potential distribution of the 

adsorbed proteins, but it can be due to the potential of the surface itself, which is 

intrinsically uneven. Interestingly, on Ti64(SrAg), a much lower potential is 

observed along the deepest grooves of the surface. This confirms the accumulation 

of adsorbed proteins in correspondence of surface features such as pores or valleys, 

as observed also by fluorescence imaging. The sharpness of the border between the 

areas with and without BSA adsorbed is related to the specific preparation of these 

samples and wettability of the surface, in fact, the samples with lower wettability, 

Ti, Ti64 and Ti(A-HC-H), shows a net boundary between the bright and the dark 

areas in the potential images, while the other two substrates have a more unprecise 

confinement of the protein, due to spreading of the protein solution drop. The 

potential measured by the KPFM is not the absolute potential of the sample surface, 

but it depends on the charge distribution in all the system, sample and instrument, 

which is determined by factors that are extremely hard to control. Thus, the scale 

of the potential is always set to start from 0 V. What can be considered reliable, it 

is the difference between the potential of the substrates and the one of the adsorbed 

proteins. On Ti, this difference is equal to about 180 mV; on Ti64 to 130 mV; on 

Ti(A-HC-H) it is around 150 mV; on Ti64(SrAg) it is lowered to 20 mV; and at 

last, on Ti64(HF-H2O2), it is around 60 mV. The potential gap between the surface 

and albumin may be caused by a different orientation of the protein on the samples, 

but also by a difference between the potential of the titanium surfaces themselves. 

Since it is reported that the work function, and the surface potential as consequence, 
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of different types of titanium oxide may vary up to some volts [49], it is not possible 

to assess if the potential changes are due to a different protein orientation or a 

variation in the titanium surface. 

 
Figure 5.33 Topography and potential 100*100 µm images for titanium surfaces half covered by 

BSA (lighter areas). The potential profile along the with line is reported in the third column. 

Adsorption of albumin was also investigated by increasing the magnification 

of the KPFM images, by performing 5*5 µm scans (Figure 5.34). The topographical 

images report the expected morphology, according to SEM observations (Figure 

5.1), without signs of proteins agglomerates. Ti and Ti64 have not a particular 

morphology nor features in the potential. The topography of the treated samples is 

more complex. On Ti(A-HC-H) and Ti64(SrAg), the porous oxide layer is very well 

observed in the topographical image. In these cases, the rough surface morphology 

has an unavoidable effect on the surface potential images, therefore it is not possible 

to obtain information about the protein distribution. 

On Ti64(HF-H2O2) there are two grains of β-phase that pop out from the surface 

and it is possible to observe also the nanostructuration all over the topographical 

image, due to the nanosponge. The areas in the potential image corresponding to 

the protruding grains have a higher potential than the surrounding area,which can 

be attributed to the influence of the β-phase under the protein layer: in fact, β-phase 

has an higher potential than α-phase, due to higher vanadium content [46]. Similar 
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results, both the topographical image and potential distribution, were obtained for 

the pristine substrates (Figure 5.34), avoiding the investigation of protein 

distribution on such surfaces at a sub-micrometical scale. 

 
Figure 5.34 Topographical and surface potential 5*5 µm images of titanium surfaces before and 

after BSA adsorption. 

KPFM imaging was performed also on the two glass samples. As usual for BGs, 

the results are affected by the high reactivity of these surfaces (Figure 5.35). The 

surfaces of both SBA2 and AgSBA2 are characterized by a net separation in the 

topography between the area without BSA and the area covered by the albumin 

solution. Where the solution drop has been deposited, the surface of the glasses is 

rougher and it is 70-100 nm higher than the area outside the drop. The formation of 

the silica-gel probably generates an increase in volume of the surface, leading to 

the height increase observed here. In the potential images, three areas at similar 

potential can be distinguished. The first corresponds to the pristine surface and has 

a medium potential. The second, at lower potential, can be found around the 

boundary of the drops, both on SBA2 and AgSBA2. It is possible that in these areas, 

the solution evaporated during the adsorption, not hallowing the surface to react 

much and that here the protein layer is visible in the surface potential. In fact, in the 

SBA2, these areas can be found also in the grooves, where a small amount of 

solution was possibly infiltrated due to capillary effects and then evaporated. On 

AgSBA2, the darker areas in the potential are also found on the left of the lines that 

divides the unreacted and reacted areas in the topographical image, for the same 
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reason. The last potential zone is the one at the highest potential, corresponding to 

the core of the drop, where the silica-gel layer is fully formed. Here it is possible 

that the potential of is the result of the combined protein-silica gel potentials.  

 
Figure 5.35 Topography and potential 100*100 µm images for bioactive glass surfaces half 

covered by BSA. The potential profile along the with line is reported in the third column. 

The changes in the morphology due to the reaction of the surfaces are well 

visible at higher magnifications, comparing the outside and the inside of the drop 

(Figure 5.36). SBA2 before albumin adsorption has a very flat surface, apart from 

the polishing grooves, while after adsorption the surface appears jagged and rough. 

AgSBA2 is similar, the pristine surface is less plain than the one of SBA2 since it 

started to react and change a bit during the ion-exchange process. Due to the surface 

conformation, it is not possible to observe eventual proteins aggregates. The surface 

potential was not informative in these cases. 

 
Figure 5.36 Topography 5*5 µm images for SBA2 and AgSBA2 surfaces before (a) and after (b) 

BSA adsorption. 

Similar results were obtained for fibronectin adsorption. As well as BSA, FN 

forms a continuous layer on all the titanium surfaces (Figure 5.37). Again, the 

protein layers cannot be distinguished in the topographical images, while they 

appear clearly imaging the surface potential. The same considerations that have 

been done for the KPFM investigation of BSA adsorption can be done here to. In 
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the case of FN, the differences between the surfaces and the adsorbed protein layer 

are about 35 mV, 140 mV, 65 mV, 25 mV, 80 mV, for Ti, Ti64, Ti(A-HC-H), 

Ti64(SrAg), and Ti64(HF-H2O2), respectively. 

 
Figure 5.37 Topography and potential 100*100 µm images for titanium surfaces half covered by 

FN (lighter areas). The potential profile along the with line is reported in the third column. 

KPFM analysis of BGs after fibronectin adsorption (Figure 5.38) provide 

similar results to the case of adsorbed BSA (Figure 5.35). In fact, the areas exposed 

to the protein solution, both on SBA2 and AgSBA2, are at higher potential than the 

areas without the protein, as consequence of the reactions that occurs on the surfaces 

and the formation of the silica-gel. In the case of AgSBA2, a small protein 

accumulation at the border of the drop may have formed, causing a small decrease 

of the potential in that area, but which is still lower than the potential of the glass 

bulk, as possible to notice by the potential profile. On this sample, the potential 

image has artifacts due to the topography. 
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Figure 5.38 Topography and potential 100*100 µm images for bioactive glass surfaces half 

covered by FN. The potential profile along the with line is reported in the third column. 

The results obtained by 5*5 µm on BGs covered by fibronectin were equal to 

those shown in the case of albumin adsorption (Figure 5.36). 

Kelvin probe force microscopy allows to determine the distribution of adsorbed 

proteins at the microscale. Regarding titanium substrates, albumin and fibronectin 

form a continuous layer on the surfaces, but it is not thick enough to mask the 

topographical features of the surface themselves. It was also confirmed that the 

bioactive glasses react during the adsorption, unfortunately this fact hinder the 

evaluation of the protein distribution on the BGs. It was also tried to investigate the 

distribution of the proteins at a submicrometrical scale. On rough surfaces, such as 

treated titanium and reacted glasses, the surface features are too big for small 

proteins aggregates to be distinguished. On polished titanium surfaces, the presence 

of dirt particles, which cannot be cleaned unless removing also the adsorbed 

proteins, affects and invalidates the measures. The surface potential distribution 

was not informative on the protein distribution at such scale due to both intrinsic 

variation of the potential of the substrates or too high topographical interferences 

from the structured surfaces. 

5.2.6. Protein conformation and orientation on the surfaces 

The biological activity of proteins is strictly related to the spatial conformation 

of the polypeptide chain, which can form active and catalytic sites by the reciprocal 

positions of amino acids or that can expose particular sequences that can be 

recognized by cells. It is therefore crucial to determine how the surface properties 

impact on the denaturation properties of proteins during the adsorption. 

Furthermore, proteins can orient themselves on the surface in different manners, 

such as side-on or end-on, in order to optimize the interactions with the samples. 

According to the orientation, the areas on the protein surface exposed to the cells 

may vary. In this work, the protein conformation and orientation were investigated 

through different techniques. At first, a novel approach to Surface Enhanced Raman 

Scattering was proposed. Then the results were supported and extended thanks to 
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FTIR-ATR. At last, surface ζ potential was employed to gain some information 

about the orientation and the quaternary structure of BSA and FN. 

AgNPs aided SERS of adsorbed proteins 

Vibrational spectroscopic techniques, such as Raman or FTIR, are widely 

employed to investigate protein adsorption thanks to their selectivity to specific 

vibrational fingerprints of molecules and the absence of molecules labeling or 

sample preparation. Unfortunately, standard Raman spectroscopy is not sensible 

enough to detect the low amount of proteins adsorbed on solid samples. In fact, 

protein adsorption has been studied mainly on metal nanoparticle colloids [50,51] 

or specific plasmonically-active substrates, for examples by functionalization with 

gold nanostars [52], by exploiting the Raman enhancing effect of such materials. 

Here, it was tried to enhance the Raman sensitivity by depositing a drop of metal 

nanoparticles colloid on the samples after protein adsorption. After evaporation of 

water, the NPs shall be close enough to the proteins for their Raman signal to be 

enhanced and detected. At first, it was tried to use AuNPs (40 and 120 nm of 

diameter), since their plasmonic resonance can be activated with a 780 nm laser, 

which is suitable for biological samples thanks to its low energy, but no protein 

signal was detected. The desired enhancing effect was obtained by the use of 30 nm 

silver NPs, which can be excited by a 532 nm laser.  

The first experiments were conducted on samples after albumin adsorption. 

Preliminary investigations were performed in order to assess the Raman shift of 

denatured BSA and to determines how AgNPs and proteins interact. In Figure 5.39 

the Raman spectra of pure and thermally denatured BSA are reported. The typical 

bands of proteins, Amide I (≈1650 cm-1), Amide II (≈1450 cm-1), C-H (≈1335 cm-

1), Amide III (≈1270 cm-1), vibrations from the skeletal chain (≈900-1000 cm-1) and 

from aromatic residues (≈1000 and 825-850 cm-1) were assigned according to 

literature [53]. Focusing on Amide I band, which is highly conformational sensitive, 

a shift from 1650-1660 cm-1, which is related to protein in its native conformation, 

to 1670-1680 cm-1, which is related to a more unordered structure, was observed. 

The increase of the vibrational frequencies in the Amide I band is related to the 

formation of random coils, aggregated strands and possibly β-sheets during the 

denaturation process, as reported in literature [54]. 
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Figure 5.39 Raman spectra of BSA (blue) and BSA_h (red) with band assignment.  

The second step was to investigate the interactions between BSA and AgNPs. 

Those interactions need to happen in order for the proteins to be close enough to 

the metal NPs, but they shall not affect the secondary structure of the proteins, for 

not create artifacts in the measurement. The chemical interaction between BSA and 

AgNPs was investigated by liquid agglomeration test with UV-vis spectroscopy 

(Figure 5.40 a). Despite not being visible by naked eye (in the figure inset), a shift 

in the Local Surface Plasmon Resonance (LSPR) adsorption peak of AgNPs was 

observed after adding albumin. The small red-shift, from 397 to 495 nm, attests the 

interactions between the proteins and the metallic nanoparticles, probably through 

the amino groups of BSA and the citrates on the NPs surface, which are used as 

reductant during the synthesis and stabilizing agent.  

 
Figure 5.40 a) UV-vis spectra of BSA, AgNPS and AgNPs with BSA suspensions, a picture of the 

cuvettes in the inset; b) SERS spectra collected in liquid of pure (red) and with BSA (blue) AgNPs 

suspensions. 

The effect of these interactions on the secondary structure of albumin was 

evaluated by SERS collected in liquid (Figure 5.40 b). As expected by the UV-vis 

measure, the protein signals are visible in the spectrum thanks to the SERS effect 

of AgNPs. As hoped, the Amide I band was found at the shift related to the native 
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α-helical structure of albumin, indicating that the interactions with AgNPs do not 

provoke denaturation. The AgNPs colloid has also many signals related to the 

organic molecules, citrates in particular. As usual, those signals are suppressed by 

the presence of the analyte.  

The effect of AgNPs on albumin under experimental conditions were tested by 

ATR-FTIR and Ti64 was employed as model substrate, since the Amide I band of 

BSA after adsorption on this surface was found not shifted as it will be discussed 

in the next paragraph. After spotting of AgNPs colloid, the signal of the amide I 

band was not changed with respect to Ti64_BSA (Figure 5.41). Consequently, it is 

possible to conclude that eventual shift in the Amide I band observed by SERS 

spectroscopy may be ascribed only to denaturation occurred during the adsorption 

process.   

 
Figure 5.41 ATR-FTIR spectra of Ti64_BSA (red), Ti64_BSA with AgNPs (green) and Ti64 with 

AgNPs (blue) 

After the preliminary characterizations, AgNPs aided SERS spectra were 

collected on all the samples after BSA adsorption. Unfortunately, the results 

obtained were not satisfactory in all the cases. In particular, it was possible to 

investigate the secondary structure of BSA on Ti64 and Ti64(HF-H2O2).  
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Figure 5.42 SERS spectra of: a) BSA powder; b) Ti64; c) Ti64_BSA; d) Ti64(HF-H2O2); e) 

Ti64(HF-H2O2)_BSA. The position of Amide I band after adsorption is shown.  

After BSA adsorption, the signal of the proteins can be detected in the SERS 

spectra (Figure 5.42). In particular, the bands at high wavenumber, between 2700 

and 3000 cm-1 and in the Amide I region are well visible. Below 1500 cm-1, the 

signal from the nanoparticles heavily interferes with the BSA spectra. Some 

interfering signals are present on Ti64 (Figure 5.42) between 1500 and 1700 cm-1, 

probably due to contaminations, but they do not prevent the precise detection of the 

Amide I band after adsorption. On pure BSA and Ti64_BSA (Figure 5.42), the 

Amide I band is in the same position, around 1648 cm-1, indicating that also after 

adsorption on the titanium substrate albumin is mainly in its native α-helical 

conformation. Still, the small shoulder appeared at 1670 cm-1 suggest a partial 

denaturation of the proteins. On the other hand, on Ti64(HF-H2O2)_BSA, the 

Amide I band is completely shifted at 1670 cm-1 and broadened with respect to pure 

BSA (Figure 5.42), suggesting a much higher denaturation on the chemically 

treated alloys with respect to the untreated substrate.  

On Ti, the BSA has a complex pattern and the precise band positions can be 

hardly resolved (Figure 5.43). In the Amide I region, contributes around 1655 cm-1 

and 1690 cm-1 can be found, suggesting a partial denaturation as in case of 

adsorption on Ti64.  
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Figure 5.43 SERS spectra of: a) Ti; Ti_BSA 

On other samples, such as Ti(A-HC-H), Ti64(SrAg), SBA2 and AgSBA2, the 

signal of the protein was not detected (Figure 5.44). This may be caused by the 

absence of a close contact between AgNPs and BSA, related to the particular 

surface structure of the samples. On the treated titanium surfaces, the high porosity 

and the elongated shape of the pores themselves, where BSA can adsorbs into, may 

limit the interactions between the proteins and the nanoparticles. On the other hand, 

on BGs, the interactions between BSA and AgNPs can be physically limited due to 

the presence of the silica-gel layer on the adsorbed proteins.  

 
Figure 5.44 SERS spectra, before (black) and after (red) BSA adsorption on: Ti(A-HC-H), 

Ti64(SrAg), SBA2 and AgSBA2 

At last, the intrinsic signal of PS is too high to detect the adsorbed albumin 

(Figure 5.45).  
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Figure 5.45 SERS spectra, before (black) and after (red) BSA adsorption on PS. 

In light of the results obtained for albumin adsorption, fibronectin was 

investigated by SERS only on Ti, Ti64 and Ti64(HF-H2O2). Probably due to the 

lower amount of adsorbed FN with respect to BSA, the signal of fibronectin is low 

and barely detected on Ti and Ti64. On Ti64(HF-H2O2), the spectrum is dominated 

by a broad and undefined band between 1000 and 1700 cm-1, possibly due to 

autofluorescence of the protein layer excited by the laser. Any detection of the 

adsorbed proteins is therefore impossible and the graphs are not shown for sake of 

concision 

 Spotting silver nanoparticles have been found useful to investigate the 

denaturation of proteins during adsorption, but, up to now, this methodology 

presents severe limitations. Conformational information was obtained just for one 

protein type and on substrates with specific properties, such as low porosity and 

roughness or non-reactive. Anyhow, it is not to be excluded that improvements can 

be made in the future, for examples by employing different metallic colloids or 

different laser wavelengths, and that SERS spectroscopy may expand the family of 

techniques suitable for investigate proteins adsorption on biomaterial surfaces. 

ATR-FTIR 

Protein secondary structure after adsorption was also investigated by ATR-

FTIR, which is widely employed for this kind of characterization [55]. In particular, 

Amide I bands were deconvoluted to resolve the composition of the secondary 

structure of albumin and fibronectin, since it is strictly dependent on the protein 

conformation [56]. For sake of clarity and better discussion of the results, 

adsorption of both BSA and FN on titanium-based samples and on the bioactive 

glasses will be presented separately.  
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Figure 5.46 ATR-FTIR spectra of titanium surfaces before protein adsorption. 

The FTIR spectra of the titanium substrates before adsorption were collected as 

controls (Figure 5.46). The spectra of Ti and Ti64 are featureless, as expected from 

pure metallic samples. On all the chemically treated surfaces, a band below 1000 

cm-1 was found, which can be attributed to the Ti-O stretching in the oxide layer 

[57]. It was not visible on Ti and Ti64 due to the very low thickness of the native 

oxide. Apart from the TiO band, also the spectra of Ti(A-HC-H) has not specific 

signals. On the other hand, several bands were observed on Ti64(SrAg) and 

Ti64(HF-H2O2). On both surfaces, a broad band between 3000 and 3500 cm-1 arose 

due to the OH stretching [58]. This band is more intense on Ti64(HF-H2O2) since 

it has the highest surface hydroxylation. Signal of carbonaceous contaminations 

were observed in the Ti64(SrAg) spectra, in particular the triplet between 2750 and 

3000 cm-1 and the bands between 1000 and 1500 cm-1, which arise from stretching 

or bonding of CH and CO bonds [58].At last, the two intense peaks at about 1427 

and 1625 cm-1 on Ti64(HF-H2O2) can be attributed to adsorbed water and hydroxyls 

group [59]. 

After albumin adsorption, the protein signal was found on all the substrates, in 

particular regarding the Amide I and Amide II bands (Figure 5.47). 
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Figure 5.47 ATR-FTIR spectra of titanium surfaces after albumin adsorption. The position of 

Amide I and Amide II bands for BSA is reported. 

After BSA adsorption, the OH halo is visible also on all substrates, while the 

two OH related peaks found on pristine Ti64(HF-H2O2) disappeared, being covered 

by protein bands. Even after adsorption, some interfering bands were observed in 

around 1600 cm-1 on Ti64(SrAg). The conformation of the adsorbed albumin was 

evaluated by deconvolution of the Amide I band, and the results are reported in 

Figure 5.48 and Table 5.18, along with deconvolution on albumin before and after 

thermal denaturation.  

Table 5.18 Secondary structure of albumin, pure, after thermal denaturation and after adsorption 

on titanium surfaces. 

 
β-sheets/turns α-helix random coils β-sheets 

  1660-1680 1650-1660 1640-1650 1620-1640 

BSA 27% 56% - 17% 

BSA_h 24% 48% - 33% 

Ti_BSA 11% 67% - 22% 

Ti64_BSA 39% 38% - 43% 

Ti(A-HC-H)_BSA 26% 55% - 18% 

Ti64(SrAg)_BSA 12% 42% 23% 23% 

Ti64(HF-H2O2)_BSA 39% - 61% - 

 

 



Chapter 5: Results and Discussion 

202 

 

 
Figure 5.48 Amide I and Amide II bands region of BSA, as native or denatured, and after 

adsorption on titanium samples, with deconvolution of the Amide I band. The positions of the native 

(solid lines) and denatured (dashed lines) protein components are also reported. 

 Amide I band of native albumin has three components, at 1620 cm-1, 1648 cm-

1, and 1661 cm-1, corresponding respectively to β-sheets or β-turn, α-helix, and β-

sheets, as previously reported in literature [60–63]. After the thermal denaturation, 

the amount of α-helix was reduced while β-structures increased, as consequence of 

conformational changes. After adsorption on Ti, Ti64, Ti(A-HC-H), and 

Ti64(SrAg), the contributes of α-helix and β-structures in different proportions have 

been found, indicating a partial denaturation with a partial loss of the helical 

portion, comparable to the one occurring during the thermal denaturation (Table 

5.18). On Ti64, the greater loss of α-structures was observed among those samples. 

Concurrently, there is also the presence of β-sheets on Ti and Ti64. Contrary, no 

random coils were detected on untreated surfaces. Albumin adsorbed on Ti(A-HC-

H) seems to be present almost in a native conformation. On the other hand, on 

Ti64(SrAg), the proteins underwent strong denaturation, with the appearance of a 

band which can be attributed to random coils, around 1640 cm-1. A broad band 

around 1580 cm-1 was also detected, but it can be attributed to a signal from the 

substrate (Figure 5.47). The most intense denaturation was observed on Ti64(HF-

H2O2), where a shift of the main band was observed to values corresponding to 

unordered structures (1643 cm-1) [56,62,63], and at the same time, also a contribute 
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from β-sheets has arisen. A quantitative evaluation of the degree of loss of the α-

helices is not completely reliable because some minor contributes could have been 

lost due to interfering bands of the substrate, but it can be considered on a 

qualitatively basis. 

The same analysis was performed in the case of fibronectin adsorption. The 

signals of the proteins are not visible on Ti and Ti64, probably due to the very low 

amount of protein adsorbed. On the other hand, Amide I and II bands and the OH 

halo appeared on all the chemically treated surfaces (Figure 5.49). The intensities 

of these bands are lower compared to the one of adsorbed BSA possibly since the 

overall amount of FN is lower. 

 
Figure 5.49 ATR-FTIR spectra of titanium surfaces after fibronectin adsorption. The position of 

Amide I and Amide II bands for FN is reported. 

The secondary structure of fibronectin was obtained by Amide I band 

deconvolution (Table 5.19 and Figure 5.50). Deconvolution was not possible on 

untreated Ti and Ti64 since the fibronectin signal was not detected at all. The native 

and denatured protein show contributions corresponding to random coils between 

1644-1641 cm-1, β-sheets at 1619 and 1623 cm-1 and β-sheets/β-turns around1673 

cm-1 and 1665 cm-1for FN and FN_h, respectively. The denaturation provokes a 

small band shift and a reduction of the random coils, while the β-sheets or β-turns 

structures increase (Table 5.19). FN on Ti(A-HC-H) and on Ti64(SrAg) has a 

similar loss of the β-sheet structure, which was not found any more on both 

substrates, in favor of the formation of random coils and β-turns, with the former 

accounting for about the 60-70% of the overall structure. On the other hand, FN 

shows a very broad contribution at 1639 cm-1 on Ti64(HF-H2O2), which here was 

namely attributed to β-sheets, a minor portion of β-turns and the absence of random 

coil. Still, as stated for BSA adsorption, the bands of the substrate itself may limit 

the resolution of the fitting process and, as consequence, hinder the possibility of 

an accurate quantitative evaluation of the contribution of random coils and β-sheets.  
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Table 5.19 Secondary structure of fibronectin, pure, after thermal denaturation and after 

adsorption on treated titanium surfaces. 

 β-sheets/turns α-helix random coils β-sheets 

 1660-1680 1660-1680 1650-1660 1640-1650 

FN 30% - 55% 15% 

FN_h 40% - 47% 13% 

Ti(A-HC-H)_FN 30% - 70% - 

Ti64(SrAg)_FN 39% - 61% - 

Ti64(HF-H2O2)_FN 18% - - 82% 

 
Figure 5.50 Amide I and Amide II bands region of FN, as native or denatured, and after 

adsorption on titanium samples, with deconvolution of the Amide I band. The component positions of 

the native (solid lines) and denatured (dashed lines) protein components are also reported. 

The secondary structure of albumin and fibronectin is affected when adsorbing 

on untreated and treated titanium surfaces. The extent of denaturation may be 

related to the amount of OH groups present on the surfaces. Regarding Ti and Ti64, 

where it was possible to evaluate only the secondary structure of BSA, it was found 

that the protein denatures a bit more on alloyed than pure titanium. Ti64 has a lower 

amount of basic OH groups, which are in their uncharged state at the adsorption 

pH, than pure Ti (Table 5.3), and it is slightly more hydrophobic (Table 5.7). In 

case of absence of dehydrogeated hydroxyl groups, the general assumption that 

protein structures are more disrupted in case of adsorption on a hydrophobic 

surfaces seems confirmed. On the other hand, things change when acidic OH groups 

are in play. Concerning BSA, it is almost in the native form on Ti(A-HC-H), slightly 

denatured on Ti64(SrAg) and heavily changed on Ti64(HF-H2O2). Considering FN 

instead, it has a similar conformation on Ti(A-HC-H) and Ti64(SrAg), which is 

quite different from the one adopted on Ti64(HF-H2O2). It has been reported that 

the secondary structure of BSA is affected by the hydroxylation degrees of titanium 

surfaces. In particular, an high surface OH density provokes a loss of α-helices, 

while negative charged surfaces may increase β-sheet structures [67]. The results 

reported here support this hypothesis, offering even more insights on the effect of 

OH groups. Ti64(HF-H2O2) has a high amount of strong acidic OH groups, which 
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are in the Ti-O- state at the pH of adsorption, and this can explain the high content 

of random coils and β-sheets that compose adsorbed albumin and fibronectin, 

respectively. When the amount of acidic OH is lower, the dimension of the adsorbed 

proteins seems to play a role. In fact, slight differences in the amount of acidic OH 

groups, as in case of Ti(A-HC-H) and Ti64(SrAg), results in different protein 

structures when a small protein, such as albumin, is adsorbed. On the other hand, 

the structure of a larger protein as fibronectin is not affected by low hydroxylation 

degrees, being similar on Ti(A-HC-H) and Ti64(SrAg). FN denatures most when 

adsorbed on Ti64(HF-H2O2). It can be concluded that the concentration of total and 

acidic OH needs to overcome a threshold for the protein-surface interactions to be 

enough to disrupt the protein secondary structures (Figure 5.51). 

 
Figure 5.51 Effect of the hydroxylation of titanium surfaces on the conformation of adsorbed 

proteins 

ATR-FTIR was performed also for investigation of protein adsorption on SBA2 

and AgSBA2. Before protein adsorption, the spectra of SBA2 and AgSBA2 (Figure 

5.52) show only the broad bands related to OH and adsorbed water around 1600 

cm-1 and CO3 groups of carobnates, around 1400 cm-1 [65] 

 
Figure 5.52 ATR-FTIR spectra of BG surfaces before protein adsorption. 

After soaking in the BSA solution, small bands that can be ascribed to Amide 

I, and other organic signals were observed in the 1200-1700 cm-1 region. The Amide 

II band may not be visible due to the complex structuration of the combined layer. 

Also, the OH band at high wavelength appeared, as consequence of the hydrated 

silica-gel formation (Figure 5.53). 
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Figure 5.53 ATR-FTIR spectra of BGs after albumin adsorption. The position of Amide I and 

Amide II bands for BSA is reported. 

Even though the FTIR adsorption bands of the proteins are weak, due to the 

complex conformation of the surface layer, by subtraction of the spectra of the bare 

BGs it was possible to perform the fitting of the Amide I band and to obtain the 

structure of the adsorbed BSA (Table 5.20 and Figure 5.54). 

 
Figure 5.54 Amide I and Amide II bands region of BSA, as native or denatured, and after 

adsorption on BG samples, with deconvolution of the Amide I band. The component positions of the 

native (solid lines) and denatured (dashed lines) protein components are also reported. 
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Table 5.20 Secondary structure of albumin, pure, after thermal denaturation and after adsorption 

on BG surfaces. 

  β-sheets/turns α-helix random coils β-sheets 
 1660-1680 1650-1660 1640-1650 1620-1640 

BSA - 100% - - 

BSA_h 5% 66% - 29% 

SBA2_BSA 9% 54% - 37% 

AgSBA2_BSA 21% - 79% - 

 

Albumin has a very different secondary structure when adsorbed onto the two 

different bioactive glass samples. On SBA2, it seems to more retain its native 

structure, by showing similar amounts of α-helices and overall β-structures. Doping 

the glass with silver resulted in a strong denaturation of the adsorbed proteins, 

which completely loss the helical structure, forming mainly random coils and β-

sheets or turns. 

In the same way as BSA, fibronectin Amide I band was detected on SBA2 and 

Ag-SBA2 after adsorption (Figure 5.55).  Again, Amide II was not observed, while 

strong bands related to the reaction of the glass arose, in particular on SBA2. 

 
Figure 5.55 ATR-FTIR spectra of BGs after fibronectin adsorption. The position of Amide I and 

Amide II bands for FN is reported.  

By deconvolution of the Amide I band, it was possible to analyze the secondary 

structure of FN (Table 5.21 and Figure 5.56).  
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Figure 5.56 Amide I and Amide II bands region of FN, as native or denatured, and after 

adsorption on BG samples, with deconvolution of the Amide I band. The component positions of the 

native (solid lines) and denatured (dashed lines) protein components are also reported. 

 

Table 5.21 Secondary structure of fibronectin, pure, after thermal denaturation and after 

adsorption on BG surfaces. 

 β-sheets/turns α-helix random coils β-sheets 

 1660-1680 1650-1660 1640-1650 1620-1640 

FN 30% - 55% 15% 

FN_h 40% - 47% 13% 

SBA2_FN - - 69% 31% 

AgSBA2_FN 42% - - 58% 

Fibronectin underwent denaturation during the adsorption on both SBA2 and 

AgSBA2. On the former, β-turns disappears, while random coils and β-sheets 

increased. On the doped glass, β-structures were found increased at the expense of 

random coils, which were no more detected. 

The low amount of proteins adsorbed and the complex chemistry of the glass 

surface after protein adsorption may have hindered to some extent the exact 

determination of secondary structure of BSA and FN, still some differences 

between the two BGs are clear. BSA is not denatured during adsorption on SBA2, 

while the presence of silver in the glass surface resulted in a great loss of its native 

structure. As already discussed, thiol groups have a great affinity for silver, that 

may cause also the cleavage of disulphide bonds inside the proteins. Furthermore, 

positive surfaces can reduce the α-helix in the proteins through electrostatic 

interactions [66] and this effect can be related to the presence of positive silver ions 

in AgSBA2.  

FN is denatured after adsorption on both the surfaces. Due to the very low 

amount of cysteine in fibronectin, the differences in the conformation of the 

adsorbed fibronectin are not to ascribe to thiol-silver interactions. SBA2 seems to 

produce more disordered structure in the fibronectin. On the other hand, silver may 

increase the presence of β-sheets through electrostatic interatctions between COO- 

FN groups and Ag+ ions in the glass, as in the case of BSA.  
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On PS substrates it was not possible to investigate the secondary structure of 

adsorbed proteins since the vibrational bands of the polymers dominate the spectra 

after adsorption (Figure 5.57), not allowing to detect the protein signals. 

 
Figure 5.57 ATR-FTIR spectra of PS before and after BSA adsorption. 

In this work, ATR-FTIR was useful to investigate the denaturation of proteins 

during adsorption on different substrates, despite some limitations of this technique 

were observed. Surface of biomedical interest are often highly hydroxylated [67], 

so it is necessary to overcame the interference due to vibrational bands of OH. The 

determination of proteins conformation with FTIR is not trivial also on reactive 

surfaces such as bioactive glasses, since the reactions at the surface and the structure 

of the mixed protein-silica gel layer results in interfering bands. At last, this 

technique was found not suitable for study adsorption on polymeric materials. 

ζ potential after protein adsorption 

Surface zeta potential measurements were performed also after protein 

adsorption on the different substrates. The titration curves are sensible to the 

exposed chemical groups, so they were analyzed to obtain information on the 

orientation and 3D conformation (ternary structure) of albumin and fibronectin. 

Similarity between curves indicate that similar functional groups are exposed, and 

as consequence, the protein orientation on the surface is analogous.  

To validate the measurement meaning, it was assessed if the protein layer is 

eventually detached during the analysis. In order to do so, the amount of nitrogen 

was evaluated by XPS after the acidic titration curves. The detachment at low pH 

was chosen due to its biological interest, since it means that protein-surface 

interactions may remain strong and stable even in inflammatory conditions (pH 4.0-

4.5). Since adsorption is performed at physiological pH 7.4, proteins are expected 

to be adsorbed around that pH value. 

The zeta potential titration curves of albumin and fibronectin in solution have 

been measured as reference (Figure 5.58). The standard deviations were always low 
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(< 5 mV) in all the measured pH range for both BSA and FN. The IEP of BSA and 

FN are respectively 4.5 and 4.9, in the range found in literature [68,69]. They have 

a similar behavior, which can be dictated by a similar strength of the acid carboxyl 

groups and basic amine groups of the amino acid residues. In the considered pH 

range, the amino groups are always in the protonated NH3
+ state, due to their high 

pKa, which is over 9, while the carboxyl switches from the COO- to the COOH state 

in few pH points around their pKa, which is about 4 [70]. Thus, three different 

situations of the charge can be found on proteins according to the pH, which 

correspond to different portion of the potential titration curves: 

 pH < 3.5, acidic plateau: only NH3
+ groups contribute to the surface 

charge, carboxyl groups are fully protonated: 

 4 < pH < 6, linear segment: carboxyl groups began to deprotonate and 

the overall charge of the protein decreases; 

 pH > 6, basic plateau: all the carboxyl groups are in the COO- state and 

both positive and negative charges are exposed on the surface. 

 
Figure 5.58 ζ potential titration curves of albumin and fibronectin in solution. The state of basic 

and acidic resides is also represented. 

It was also tested if denaturation has an effect on the zeta potential of a protein, 

by measuring the zeta potential titration curves of heated albumin (Figure 5.59). 

Also for BSA_h, the standard deviations are lower than 5 mV for all the measured 

points. The thermal denaturation mainly affects both the IEP and the onset of the 

acidic plateau: both the changes are explainable with a lower acidic strength of the 

carboxyl groups. The kind of changes in the ζ potential of a denatured protein in 

solution may not be representative of the ones that can occur when a protein is 

denatured as consequence of adsorption on a surface, but they assess that the ζ 

potential of a protein is conformational sensitive. Therefore, it is reasonable to 

discuss the following results in term of protein denaturation and orientation on the 

surface. 
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Figure 5.59 ζ potential titration curves of albumin in solution before (BSA) and after thermal 

denaturation (BSA_h).  

As it has been done for the other results, the zeta potential results will be 

discussed first focusing on titanium-based substrates, then on bioactive glasses, and, 

at last, on PS.  

The residual nitrogen on untreated and treated titanium samples with albumin 

is reported in Table 5.22.  

Table 5.22 Residual nitrogen after the zeta potential measure in the acidic range (atomic %) and 

IEP of titanium surfaces with adsorbed BSA (-: not measured). 

 N% IEP 

BSA - 4.5 

Ti_BSA 8.43 5.0 

Ti64_BSA 8.23 4.8 

Ti(A-HC-H)_BSA 11.09 5.0 

Ti64(SrAg)_BSA 10.67 4.6 

Ti64(HF-H2O2)_BSA 12.93 4.5 

Comparing these results with the nitrogen concentration measured right after 

protein adsorption (Table 5.9 and Table 5.14), it is possible to observe where the 

protein layer is still adsorbed on the surface, after the titration, and where it is not. 

The amount of nitrogen on Ti and Ti64 after the titration measures is sensibly 

reduced, indicating protein detachment. On the other hand, the treated surfaces 

show similar N% before and after the acidic titration range almost in all cases, 

meaning that the proteins are not detached and that the potential titration curves are 

significative of the adsorbed protein orientation. Surface modifications that occur 

during the potential measurement determine an increase of the standard deviations, 

so the pH at which protein detachment happens can be obtained. In the case of Ti 

and Ti64, the standard deviation increased abruptly below pH 4, spiking up from 

values lower than 5 mV, in the pH range from 4 to 9, to 10-25 mV, indicating that 

albumin is removed in quite acidic condition. On Ti64_BSA, high standard 

deviations, between 10 an 20 mV, were observed also at pH higher than 9, 

suggesting a degradation of the surface at alkaline pH. Among other factors, the 

instability of protein-surface bonds in the case of polished surfaces may be caused 

by unfavorable electrostatic charges. In fact, both Ti and Ti64 have the IEP at pH 
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4.1, and below that point, both titanium and BSA expose only positive charges on 

the surface.  A similar thing, from the surface charge point of view, may happen 

also on Ti(A-HC-H), which have an IEP of 5.6, but the surface porosity can help to 

retain more the adsorbed proteins. On the other hand, Ti64(SrAg) and Ti64(HF-

H2O2) always exposes negative charges that can bind the amino groups on the 

protein. The titration curve of all the treated surfaces after adsorption shows very 

small standard deviations, which were always lower than 3 mV. 

 
Figure 5.60 ζ potential titration curves of albumin adsorbed on titanium surfaces. The titration 

curve of BSA in solution is also reported. 

After BSA adsorption, the zeta potential of the surfaces (Figure 5.10 and Figure 

5.11) greatly changed (Figure 5.60). The IEPs are all shifted close to the one of 

albumin (Table 5.22), confirming the presence of the protein layer on all the 

substrates, also on Ti and Ti64, where BSA detaches at lower pH. As consequence, 

also the shape of the potential curves is affected. The titration curves of Ti_BSA 

and Ti64_BSA are similar, regarding the IEP, the slope around the IEP, and the 

eventual plateaus. The curves became quite irregular at the extreme of the pH range 

as consequence of detachment of the proteins. With respect to BSA in solution, 

albumin on these surfaces exposes more hydrophobic moieties outwards to the 

solution, as consequence of changes in the tertiary structure, as suggested by the 

increased slope of the curve around the IEP. On the other hand, the three 

dimensional conformation of albumin is more retained in the transient layer formed 

on Ti64(SrAg) and Ti64(HF-H2O2). The ζ potential of those substrates after 

adsorption is similar to the one of BSA and it is similar between each other. On 

these surfaces, albumin exposes the hydrophilic domains towards the solution, as 

in the case of the native protein. At last, Ti(A-HC-H)_BSA shows an intermediate 

behavior between the polished and the other two treated surfaces. It is reported that 

albumin spread more when adsorbs on hydrophobic surfaces while it retains its 

spatial organization on the hydrophilic ones [71]. This fact is in agreement with the 

results reported here: Ti and Ti64 are much more hydrophobic than Ti64(SrAg) and 

Ti64(HF-H2O2). Ti(A-HC-H) has a similar contact angle to untreated titanium, still 

the surface porosity and the high amount of BSA adsorbed avoid high spreading of 

the proteins.  
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Concerning fibronectin adsorption, the results were similar to the one obtained 

for BSA (Table 5.23). Looking at the residual nitrogen, it was fund that again Ti 

and Ti64 are not able to maintain the protein layer through the measuring process. 

According to the standard deviations, this may happen again at pH around 4, during 

the acidic titrations. The standard deviations are between 0 and 3 mV from pH 4 to 

9 for Ti, increasing up to 10 mV below pH 4. In case of Ti64, the behavior is 

analogous between pH 3 and 8.5, while at higher pH the standard deviations 

increase between 5 and 8. The causes of this detachment may be related to changes 

in the surface charge of both the substrate and the protein, as in the case of albumin. 

The protein layer was found mainly intact on Ti64(SrAg) and Ti64(HF-H2O2), in 

accordance with the standard deviations, which are always lower than 1 mV on the 

former surface and lower than 5 mV, apart for one point at pH 4.5 where the error 

was 6 mV, on the latter. Unexpectedly, the residual N% was found very low on 

Ti(A-HC-H). The standard deviation of Ti(A-HC-H) are low (<3 mV) along all the 

measured pH range, so the detachment may take place even during the preparation 

step of the titration measurement. The weakness of bonding with FN can be related 

to the high IEP of the substrates, at 5.5, and the net positive charge of that surfaces 

basically in all the acidic range. Being the fibronectin quite bigger than BSA, the 

pores may be less capable to physically hold the proteins on the surface. As 

consequence, the titration curve of Ti(A-HC-H)_FN cannot be considered reliable 

for the characterization of fibronectin adsorption on this surface. 

Table 5.23 Residual nitrogen after the zeta potential measure in the acidic range (atomic %) and 

IEP of titanium surfaces with adsorbed FN (-: not measured).  

 N% IEP 

FN - 4.9 

Ti_FN 8.11 4.6 

Ti64_FN 6.92 4.6 

Ti(A-HC-H) _FN 3.01 (5.0) 

Ti64(SrAg) _FN 13.12 4.4 

Ti64(HF-H2O2) _FN 11.68 4.3 

       IEP of Ti(A_HC-H)_FN is not significative and reported in brackets. 

 
Figure 5.61 ζ potential titration curves of fibronectin adsorbed on titanium surfaces. The titration 

curve of FN in solution is also reported. 

After fibronectin adsorption, the significative IEPs of the surfaces are shifted 

near the one of FN in solution (Table 5.23 and Figure 5.61), confirming the presence 
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of the protein layer. As was observed for BSA, the zeta potential curves of Ti_FN 

and Ti64_FN are practically identical, showing a more hydrophobic conformation 

of the protein after adsorption, in particular at pH higher than 4, before the protein 

detachment. Also Ti64(SrAg)_FN and Ti64(HF-H2O2)_FN have a similar titration 

curves, in analogy to BSA adsorption. Here, the two curves are very similar at pH 

values under pH 5.5, while at basic pH, Ti64(SrAg)_FN has a little more negative 

surface. Anyhow, the difference is close to 10 mV, which is the resolution limit of 

the instrument. With respect to the protein in solution, FN adopts a more 

hydrophobic tertiary structure or orientation after adsorption on the treated surfaces. 

Generically, the spatial orientation of fibronectin may be less dependent on the 

surface than the one of BSA, possibly due to the larger dimension.  

It was noticed that both Ti64(HF-H2O2)_BSA and Ti64(HF-H2O2)_FN have a 

shift in the basic plateau onset to lower pH with respect to the other protein covered 

specimens. This may be related to two different factors. The first one is more related 

to the denaturation of proteins occurring on this surface. It is known that a change 

in the chemical environment of carboxyl groups, for example as consequence of 

modifications in the secondary structure, lead to a change of the pKa of these groups 

[72], as experimentally previously shown. The stronger are the acidic groups on a 

surface, the more shifted at low pH is the basic plateau and viceversa. The titanium 

surface treated with hydrogen peroxide causes a greater denaturation of the 

adsorbed proteins, possibly causing the shift observed in the potential measures. 

The second factor is an influence of the substrate potential, that has an effect on the 

one of the protein layer due to its low thickness. At the moment, it is not possible 

to further hypothesize which effect is actually responsible for the behavior 

observed. Further studies need to be addressed to this point.  

Regarding protein adsorption on titanium surfaces the hydrophilicity of the 

surfaces plays a role in determining the overall structure of adsorbed proteins: 

albumin retains its native structure, with hydrophilic moieties outwards, on 

hydrophilic surfaces, spreading more on hydrophobic ones (Figure 5.62). At last, it 

is possible that bigger proteins, such as fibronectin, are less affected by the surface 

properties than the smaller ones, such albumin. 

 
Figure 5.62 Effect of surface hydrophilicity and hydrophobicity on the albumin and fibronectin 

spreading and exposition of hydrophilic (blu) and hydrophobic (red) moieties.  

Concerning bioactive glasses, the residual nitrogen is not enough to understand 

what occurs during the potential measurements. The full compositions by XPS of 

SBA2_BSA and AgSBA2_BSA after the acidic titration curve are reported in Table 

5.24. 
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Table 5.24 Composition of SBA2_BSA and AgSBA2_BSA after zeta potential acidic titration 

range 

 ATOMIC COMPOSITION (%) 

 Si O C Ca Ag P Na N 

SBA2_BSA 34.03 51.74 10.88 1.21 - - 0.35 1.30 

AgSBA2_BSA 17.58 40.83 31.87 1.34 0.07 0.64 0.39 7.27 

The residual nitrogen is decreased with respect to the as adsorbed glasses (Table 

0.9), as well as Ca, P, Na and Ag, for the AgSBA2 sample. Contemporaneously, 

the Si content is much increased. These results suggest that the silica-gel layer, 

containing the adsorbed albumin and the precipitated calcium and phosphate ions, 

is removed during the potential measurement. On AgSBA2 also the silver present 

before protein adsorption seems to be removed. The detachment of the layer may 

be caused by chemical reactions induced by low pH and by the shear stress applied 

on the surface by the flow of the electrolyte solution. These processes may begin 

soon, just below pH 5, as indicated by the increased standard deviations on 

AgSBA2. On these samples, the deviations are below 1 mV between pH 5 and 9, 

they increase between 3 and 9 mV down to pH 3.5, and further grew between 10 

and 12 mv at more acidic pH. In the case of the undoped glass, the surface may be 

stable in the pH range between 4 and 0, where the deviations are lower than 3 mV. 

Below pH 4, they increase between 4 and 7 mV. As consequence, the titration 

curves (Figure 5.63) cannot be considered representative of the protein adsorbed on 

bioactive glasses.  

 
Figure 5.63 ζ potential titration curves of albumin adsorbed on BG surfaces. The titration curve of 

BSA in solution is also reported. 

The titration curves of SBA2_BSA and AgSBA2_BSA are similar, indicating 

that, despite the silver incorporation and the adsorption of different amounts of 

proteins, the surface chemistry and reactivity of the glass remained the same. The 

fact that some proteins are still present on the surface, or that not all have been 

removed before the end of the measurement, can be deduced by the shift of the BG 

IEPs, which were undetected prior protein adsorption and after appeared at 3.7.  

The compositions of SBA2_FN and AgSBA2_FN after the zeta potential 

measurement are reported in Table 5.25. Surprisingly, in this case, the residual 

amount of nitrogen increased on both samples. 
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Table 5.25 Composition of SBA2_FN and AgSBA2_FN after zeta potential acidic titration range 

 ATOMIC COMPOSITION (%) 

 Si O C Ca Ag P Na N 

SBA2_FN 24.45 47.56 23.06 0.60 - - 0.14 4.18 

AgSBA2_FN 11.40 33.16 46.85 1.02 0.30 1.04 - 6.22 

 

Si increased, but less than what was observed with the BSA adsorbed samples, 

while the amount of other elements is again low. In the case of fibronectin, the 

protein containing silica-gel layer is just partially removed during the potential 

measurement, exposing the proteins that diffused and were embedded inside the gel 

during the adsorption step. The extreme complexity of protein-bioactive glass 

interactions is further unveiled by these results. According to the fact that 

fibronectin N% increased after partial removal of the reaction layer, it is possible 

that the proteins contained inside the silica-gel layer are even more than the ones 

exposed on the glass surface after the soaking in the protein solution. Anyhow, the 

stability of the gel layer seems to be affected by the type of protein adsorbed, with 

fibronectin that increases it with respect to BSA, at least in case of AgBSA2. The 

standard deviations for the silver doped BG are about 1 mV between pH 4 and pH 

9, and increase up to 6-8 mV below pH 3.5. On AgSBA2_BSA the reactions were 

found to take place from pH 5. SBA2_FN has an analogous behavior: the standard 

deviations are lower than 1 mV at pH higher than 4, in the range 4 to 10 mV at pH 

between 3 and 4 and about 11 mV at lower pH. These data are also a confirmation 

of the presence of protein inside the reaction layer on bioactive glasses, which was 

reported only once [73], according to what has been found in literature. 

Unfortunately, as in the case of BSA, the resulting titration curves (Figure 5.64) are 

not representative of the conformational state of adsorbed fibronectin.  

 
Figure 5.64 ζ potential titration curves of fibronectin adsorbed on BG surfaces. The titration 

curve of FN in solution is also reported. 

As in the case of BSA, the IEP of SAB2_FN and AgSBA2_FN was observed 

at 3.7 for both glasses. The proteins that remain on the surfaces can cause the 

increase of the IEP with respect to the pristine surfaces. After FN adsorption, the 

two glasses present some differences in the zeta potential, in particular, SBA2_FN 

has a higher potential above the IEP. The difference may be caused by the 

concomitance of a different interactions between FN and the two glasses and a 



 Chapter 5: Results and Discussion 

217 

 

different chemistry of the surface, as also possible to notice in the XPS results 

(Table 5.25). Unfortunately, it is not possible to specifically determine the causes 

of these differences, due to the complexity of the system. 

Contrary to adsorption on titanium surfaces, the ζ potential measurement was 

not helpful to investigate the orientation of proteins adsorbed on bioactive glasses. 

Still, it allows to better understand the intricate events that occur on the surface of 

reactive materials during the contact with protein containing solutions. 

After the potential measure in the acidic range, the nitrogen on PS_BSA (Table 

5.26) was reduced with respect to the samples before the measures (Table 5.9). It is 

possible to hypothesize a partial detachment of the proteins from the surface, that 

can occur during the preliminary step of the measures, since all the standard 

deviations are quite low (<3 mV) on all pH range. 

Table 5.26 Residual nitrogen after the zeta potential measure in the acidic range (atomic %) and 

IEP of PS with adsorbed BSA 

 N% IEP 

BSA - 4.5 

PS_BSA 5.69 5.3 

Despite the protein layer may be damaged, the potential titration curve clearly 

shows the presence of remaining albumin on PS surface (Figure 5.65). In fact, it is 

completely different from the one of the bare substrates (Figure 5.14), with the 

presence of a basic and acidic plateau, even if the last one is not stable, and the IEP 

is shifted from around 4 to 5.3. These differences cannot be ascribed totally to the 

protein conformation, but albumin may assume a much different conformation on 

PS than in solution exposing more hydrophobic groups, in accordance to the fact 

that hydrophobic surfaces enhance protein spreading during adsorption.  

  
Figure 5.65 ζ potential titration curves of albumin adsorbed on PS. The titration curve of BSA in 

solution is also reported. 

In the case of PS_FN, the amount of nitrogen after the ζ potential was slightly 

increased (Table 5.27). Since on PS there is no reactive layer that can embed 

proteins, contrary to what happen with glasses, it is possible that the small changes 

are due to a variability of the adsorption, that can result in different amount of 

adsorbed fibronectin. On the other hand, it may be reasonable to conclude that FN 

is not detached from the polymer during the measure, which is also corroborated by 

the very small standard deviations, always lower than 3 mV. Therefore, the 
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potential titration curve may be quite indicative of the conformation of adsorbed 

fibronectin. 

Table 5.27 Residual nitrogen after the zeta potential measure in the acidic range (atomic %) and 

IEP of PS with adsorbed FN 

 N% IEP 

FN - 4.9 

PS_FN 8.1 5.0 

The IEP of PS_FN is very closed to the one of FN in solution (Table 5.27), but 

the potential curve after adsortpion is steeper than the one of pure FN (Figure 5.66). 

As in the case of albumin, a change in the tertiary structure of adsorbed fibronectin 

is observed and it can be related to adsorption on a highly hydrophobic surface. 

 
Figure 5.66 ζ potential titration curves of fibronectin adsorbed on PS. The titration curve of FN in 

solution is also reported. 

Solid surface ζ potential is capable of providing information on the tertiary 

structure and orientation of adsorbed proteins, with the limitation that the adsorbed 

needs to be stable and not detach during the measurement. This can happen when 

there is enough protein adsorbed on the surface and when the surface-protein bonds 

are strong enough, as in the case of adsorption on Ti64(SrAg) and Ti64(HF-H2O2). 

It was confirmed the general belief that proteins change more their overall 3D 

conformation and tertiary structure when they are smaller in dimension and 

adsorbed on hydrophobic materials, than on the hydrophilic ones.  

5.3. Competition for the surface: sequential and co-

adsorption 

Using single protein solutions for adsorption it is useful to isolate and 

investigate the effect of each surface property on the adsorption mechanisms, but it 

is a completely different situation with respect to the biological environment. In 

order to better mimic the contact with physiological fluids, sequential adsorptions 

and co-adsorption of albumin and fibronectin were performed. The firsts aimed to 

investigate if proteins that reach early the surface can be replaced by proteins that 

came later or if they can prevent adsorption of the other ones. Co-adsorption have 

the goal to mimic a complex environment, where the fluid contains more proteins. 
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Due to the high similarities between albumin and fibronectin, many of the 

techniques employed in the first part of this thesis are not capable of distinguish 

between BSA and FN. Therefore, XPS, SERS, FTIR and KPFM are not applicable 

in this context. Albumin and fibronectin can be observed by labeling with different 

colors, green and red respectively, and the ζ potential was employed, since BSA 

and FN showed different titration curves even after adsorption on the samples. 

Measurements of water ater contact angle were also performed. 

5.3.1. Sequential adsorption by fluorescent quantification 

and imaging 

Sequential adsorption can be a simple simulation of the Vroman effect, and it 

can allow to evaluate the extent of a protein replace on a surface. At first, the amount 

of albumin or fibronectin that adsorbs on a preformed protein layer, of fibronectin 

and albumin respectively, was investigated on a limited set of surfaces, namely Ti, 

Ti64 and Ti64(HF-H2O2). The preliminary reduction of the number of the tested 

substrates allowed to contemporaneously acquire the fluorescent signal from both 

the adsorption conditions: FN adsorbed on a BSA layer and vice versa. In this 

manner, it was possible to compare the amount of the first protein adsorbed on the 

surface after the second adsorption event. The results are reported in Figure 5.67. 

 
Figure 5.67 Fluorescent quantification of (a) albumin and (b) fibronectin in sequential adsorption: 

FN on a BSA layer (BSA→FN) and BSA on a FN layer (FN→BSA). Significance, p < 0.05: * vs 

Ti64(HF-H2O2)_BSA-FN; § vs Ti64_FN-BSA; £ vs Ti_FN-BSA. 

The treated surface confirms its higher adsorption capability with respect to the 

mirror polished ones, in any circumstances. The first important information is that 

both proteins are contemporaneously present on the surfaces in all the cases, neither 

albumin nor fibronectin are capable of completely remove the pre-adsorbed protein, 

while they still can bound on a preexistent protein layer. Even though it is not 

possible to quantified how much proteins are substituted and removed during a 

second adsorption process, it is evident in most of the cases that the amount of 

protein adsorbed during the first adsorption is higher than the one bonded during 

the second adsorption, for instance fibronectin directly adsorbed on the surfaces it 

is more than the one adsorbed on the albumin layer. This reduction is statistically 

significant on all surfaces but for albumin on Ti and Ti64 (Figure 5.68 a). In this 
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case, BSA adsorbed as the second protein has a greater adsorption than when 

adsorbed on the clean surfaces, even though the difference is statistically significant 

only on Ti64. The adsorption on mirror polished surfaces was found quite low and 

weak, as discussed in the previous paragraphs, thus it is possible that the affinity of 

albumin for fibronectin is slightly higher than for Ti and Ti64. Furthermore, the 

much reduced amount of BSA adsorbed on Ti64(HF-H2O2)_FN, with respect to the 

one found on Ti64(HF-H2O2)_BSA-FN, might be significative of a very limited 

displacement power of albumin towards fibronectin, with the latter remaining more 

adhered on the surface. In the case of fibronectin, the difference between FN-BSA 

and BSA-FN are more limited, which can indicate that the larger protein can replace 

more the smaller BSA from the surface.  

After these preliminary experiments, the sequential adsorption has been studied 

on all the surfaces investigated in this work (Figure 5.68).  

 
Figure 5.68 Fluorescent quantification of albumin and fibronectin sequential adsorption on all the 

investigated surfaces: FN on a BSA layer (BSA→FN)(a) and BSA on a FN layer (FN→BSA)(b). 

These experiments were designed to compare the behavior of different surfaces 

in the same conditions, mimicking the subsequent arrive of different proteins on the 

biomaterial surfaces. As consequence, quantitative comparison can be performed 

between the different surfaces focusing on one protein in the same conditions, for 

instance albumin on BSA→FN experiment, but is not possible to compare the 

amount of adsorbed albumin in both conditions or BSA and FN on the same surface. 

The adsorption trend observed for the pure protein solution (Figure 5.19 and Figure 

5.22), with the titanium treated surfaces adsorbing the most proteins, followed by 

silver doped bioactive glasses, polystyrene and mirror polished titanium, was here 

confirmed even in the case of secondary adsorption.  The most relevant information 

that can be drawn from these results are that, in the end, the transient matrix is 

composed by both albumin and fibronectin, confirming that none of the two 

proteins is able to completely remove a pre-adsorbed protein nor entirely avoid the 

sequential adsorption of another one. It is possible to hypothesize that the final 

protein layer may be composed by the first protein adsorbed to the surface directly 

adhered on the substrate, while the second protein distributed both in contact with 



 Chapter 5: Results and Discussion 

221 

 

the surface, in the regions where it was able to replace the first protein, and adsorbed 

in a multilayer on the top of the other protein layer in the other regions. 

The compresence of albumin and fibronectin inside the transient matrix on a 

biomaterial surface is of biological interest. In fact, there is an open debate on a 

possible synergistic effect of a albumin-fibronectin mixed protein layer, that can 

enhance cell attachment despite the adverse anti-adhesive effect of albumin [74]. 

The compresence of both proteins on the surface was also determined by 

fluorescent imaging. 
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Figure 5.69 Fluorescent images at different magnification of albumin (green) and fibronectin (red) 

on all surfaces after sequential adsorption BSA→FN 
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Figure 5.70 Fluorescent images at different magnification of albumin (green) and fibronectin (red) 

on all surfaces after sequential adsorption FN→BSA 
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When fibronectin is adsorbed on albumin (Figure 5.69), the underlying BSA 

layer can be seen on all the surfaces at any magnification, while FN was not 

observed at low magnification on surfaces such as Ti, BGs and PS probably due to 

a low amount of protein adsorbed. On treated titanium, Ti(A-HC-H) and 

Ti64(SrAg), the effect of the topography on adsorption is preserved in case of the 

frist adsorbed proteins and it is active also in case of adsorption of the second 

protein. Interestingly, as in the case of adsorption from a single protein solution 

(Figure 5.31), on flat surfaces such as Ti, Ti64, and PS, fibronectin forms 

filamentous network even when adsorbing on the albumin layer, limiting its 

spreading on the surface.  In the case of sequential adsorption of albumin on 

fibronectin (Figure 5.70), BSA was observed on all the surfaces. The structured 

surface of treated titanium samples affects the adsorption also in this case.  Again, 

fibronectin was not observed, if not at high magnification, on surfaces that are 

known to bind a low amount of proteins such as polished titanium samples and 

bioactive glasses. Interestingly, in this case, fibronectin is more evenly distributed 

on the surface, without the presence of the filamentous structure observed before. 

The exposition of the adsorbed protein layer to the aqueous environment of the 

albumin solution promotes a rearrangement of fibronectin. A conformational 

modification of the adsorbed protein as consequence of the interaction with other 

molecules in the fluids may increase or reduce its biological activity, and this aspect 

shall be further clarified. At the present time, it is not possible to tell if the 

rearrangement is simply due to the fact that fibronectin molecules had more time to 

rearrange and colonize the surfaces or if albumin has an active role on it.  

5.3.2. Sequential and co-adsorption by solid surface ζ 

potential 

Solid surface zeta potential proven to be sensitive to the type of protein 

adsorbed on the surface, as discussed previously in this work. The titration curves 

of sequential adsorption and co-adsorption on the different surfaces where 

compared to provide information on the composition of the protein transient matrix. 

The evolution of the surface zeta potential with respect to the pH on titanium 

surfaces in the different adsorption conditions is reported in Figure 5.71. In general, 

the curves are not much different from one another, but it is still possible to get 

some interesting information.  

Regarding Ti and Ti64 samples, the standard deviations of curves after 

sequential and co-adsorption rise up to high values (from values lower than 3 mV 

to values higher than10 mV) when the pH is lowered around 4 and below, as in the 

case of adsorption from single protein solution. The only exceptions are Ti_BSA-

FN and Ti_BSA+FN, where the standard deviations are always below 5 mV. In 

analogy to what has been already discussed (paragraph 5.2.5), a detachment of the 

adsorbed proteins might happen around inflammatory pH despite the kind of 

adsorption that occurred, as consequence of changes in the charges of both 

substrates and proteins. Focusing on the IEP of Ti and Ti64 in the different 

adsorption situations (Table 5.28), it can be noticed that in sequential adsorption 
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the IEP is more shifted towards the IEP of the first protein adsorbed, while in case 

of co-adsorption the IEP is in the middle. This may relate to the fact that the first 

protein adsorbed is always the most abundant on the surface, limiting sequential 

adsorption and thus dictating the behavior of the zeta potential. In case of co-

adsorption, the layer composition is more homogeneous and the ζ potential is 

determined by both albumin and fibronectin. Since proteins seem to severely detach 

from these surfaces, the extremes of the curves cannot be considered representative 

of the protein layer potential. 

 
Figure 5.71 ζ potential titration curve for titanium surfaces after protein adsorption in various 

conditions: single protein solution (BSA and FN); sequential adsorption (BSA-FN and FN-BSA); co-

adsorption (BSA+FN). 
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Table 5.28 IEP of titanium surfaces after protein adsorption in various conditions: single protein 

solution (BSA and FN); sequential adsorption (BSA-FN and FN-BSA); co-adsorption (BSA+FN). 

 IEP 

 BSA FN BSA-FN FN-FBSA BSA+FN 

Ti 5.0 4.6 4.7 4.4 4.6 

Ti64 4.8 4.6 4.9 4.6 4.7 

Ti(A-HC-H) 5.0 (5.0) 5.2 5.1 5.0 

Ti64(SrAg) 4.6 4.4 4.3 4.7 4.5 

Ti64(HF-H2O2) 4.5 4.3 4.3 4.4 4.0 

              IEP of Ti(A_HC-H)_FN is not significative and reported in brackets. 

Ti(A-HC-H) showed very low standard deviation (<3 mV) in every kind of 

adsorption. Nevertheless, as already discussed, on this surface protein detachment, 

in particular of fibronectin, can take place even during the preliminary step of the 

measurement preparation. This, plus the fact that all the curves overlap almost 

perfectly hinder further consideration about the composition of the protein layer in 

the different cases.  

The standard deviations were small also considering the different adsorptions 

on Ti64(SrAg), always below 3 mV at each pH. Contrary to Ti(A-HC-H), on this 

surface it has been established that albumin and fibronectin are not removed while 

performing the titration measurement. As consequence, those curves may be 

considered representative of the double protein layer. Interestingly, in the case of 

sequential adsorption, the IEP is closer to the second protein adsorbed, opposed to 

the case of Ti and Ti64 samples. In the case of the surface modified alloys the great 

adsorption capability, which in this case may be dominated by the surface 

topography since the first protein layer masks the chemical properties of the 

biomaterial, allows more adsorption of the protein that is adsorbed in a second time 

(Table 5.28). As consequence, the layer of this protein can be more continuous and 

influence more the final IEP. In the case of co-adsorption, the resulting IEP is well 

between the one of Ti64(SrAg)_BSA and the one of Ti64(SrAg)_FN. The layer 

formed in this case is homogeneous, exposing to the electrolyte both albumin and 

fibronectin, without a clear predominance of one or the other protein.  

As well as Ti64(SrAg), also Ti64(HF-H2O2) can maintain the albumin and 

fibronectin layer during the zeta potential measurement. The standard deviations 

obtained for the sequential adsorptions are comparable with the one resulting from 

single adsorption, not exceeding 5 mV in any case, so it may be concluded that also 

in these cases the titration curve is representative of the multiprotein layer. 

Contrary, in the case of Ti64(HF-H2O2)_BSA+FN, the standard deviations rose 

around pH 4.5, between 5 and 10 mV. The co-adsorbed layer may preset some sort 

of instability, which can also explain the very low IEP and the different shape of 

the curve (Figure 5.71). Unfortunately, during this work it was not possible to 

further investigate this aspect, which will request more attention in the future. In 

the sequential adsorption, the IEPs have the same trend observed for Ti64(SrAg): 

they are closer to the one of the protein that is adsorbed on a preexistent layer (Table 

5.28). The reason can be similar as before: the nanospongeous oxide layer may 

physically increase the adsorption of albumin on a fibronectin layer and vice versa.  
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It has been reported that albumin is capable of displacing larger molecules such 

as fibronectin or fibrinogen on TiO2 surfaces, while fibronectin mainly form a bi-

layer on top of the pre-adsorbed albumin [75]. These findings agree with the results 

reported here for highly adsorbing surfaces such as treated titanium. On mirror 

polished surfaces, the zeta potential seems to suggest the contrary, but it is also 

possible that the results on Ti and Ti64 are affected by an early detachment of the 

second adsorbed protein, which may be somehow undetectable considering the 

standard deviations. The fact that IEP of the protein layer formed after sequential 

adsorption may not be determined by the most abundant protein can be of biological 

interest: exposed functional groups may belong also to proteins in lower 

concentration in the adsorbed layer. The structure of the transient protein matrix 

that it is formed in the case of multistep adsorption or mixed protein solution needs 

to be investigated more in the future, to elucidate surface-protein and protein-

protein interactions and to correlate with surface properties.  

 
Figure 5.72 ζ potential titration curve for BG surfaces after protein adsorption in various 

conditions: single protein solution (BSA and FN); sequential adsorption (BSA-FN and FN-BSA); co-

adsorption (BSA+FN). 

Table 5.29 IEP of BG surfaces after protein adsorption in various conditions: single protein 

solution (BSA and FN); sequential adsorption (BSA-FN and FN-BSA); co-adsorption (BSA+FN). 

 IEP 

 BSA FN BSA-FN FN-FBSA BSA+FN 

SBA2 3.7 3.7 3.6 3.5 3.5 

AgSBA2 3.7 3.7 3.6 3.6 3.6 

The results obtained for sequential and co-adsorption for bioactive glass 

surfaces are shown in Figure 5.72 and Table 5.29. As extensively discussed, the 

resulting surface layer on BGs after adsorption is formed by a mixture of hydrated 

silica-gel and the adsorbed proteins. In case of sequential adsorption this 

complexity may even increase, since the glass can further react during the second 

adsorption step and proteins can be embedded at different depth inside the new 

reaction layer. Furthermore, all the samples tend to react at pH around 4, as 

indicated by the standard deviations, which are lower than 5 mV for each point 

measured at pH higher than 4, and they increase between 5 and 10 mV at pH lower 

than 3.5. Consequently, it is hardly possible to correlate the potential curves with 

the composition of the protein layer.  

 In the end, ζ potential titration curves after sequential and co-adsorption were 

preformed also on PS (Figure 5.73 and Table 5.30). As in the case of a single protein 
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adsorption, the standard deviations remained low along all the measurements 

(always lower than 2 mV), as consequence, it is possible to hypothesize a stability 

of the protein layers and that the curves can be representative of them. Considering 

the IEP, the isoelectric points are closer to the one of PS_BSA than the one of 

PS_FN in both cases of sequential adsorption (Table 5.30). On the other hand, the 

IEP of PS_BSA+FN is similar to the one of PS_FN. These similarities can be 

observed also in the shape of the titration curves, in particular in the central region 

of the pH range (Figure 5.73). The samples after sequential adsorptions behave 

more like the substrate with an albumin layer, while the one after co-adsorption is 

closer to the surface with fibronectin.   

 
Figure 5.73 ζ potential titration curve for PS after protein adsorption in various conditions: single 

protein solution (BSA and FN); sequential adsorption (BSA-FN and FN-BSA); co-adsorption 

(BSA+FN). 

Table 5.30 IEP of PS after protein adsorption in various conditions: single protein solution (BSA 

and FN); sequential adsorption (BSA-FN and FN-BSA); co-adsorption (BSA+FN). 

 IEP 

 BSA FN BSA-FN FN-FBSA BSA+FN 

PS 5.3 5.0 5.5 5.3 5.0 

Based on the potential data, it seems that albumin can strongly adhere on PS, 

avoiding an extensive subsequent coverage by fibronectin. When FN is already 

present on the polymeric surface, albumin can still attach on it. On the other hand, 

where albumin and fibronectin compete at the same time for the surface, the latter 

may prevail on the former. The case of PS is different from all the other surfaces 

and it may be related to the fact that it is the most hydrophobic surface of all and it 

has no functional groups. These can extensively change surface-protein 

interactions.  

5.4. Protein effect on in vitro bioactivity 

In vitro bioactivity of biomaterial is usually tested by assessing the precipitation 

of hydroxyapatite on the surface during soaking in Kokubo’s SBF solution [76]. 

Contrary to what occurs in vivo, there are no organic molecules in the SBF solution, 

such proteins, that can adsorb on the surface and affect the surface properties that 

are responsible for bioactivity. It has been reported that the presence of proteins 

may hinder the precipitation of hydroxyapatite on the surface of titanium substrates. 

When albumin and fibronectin are dissolved in the simulated solution, even at lower 
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concentration with respect to biological fluids, 4 and 0.05 mg/ml, the precipitation 

of calcium phosphates is inhibited. The same occurs when proteins are pre-adsorbed 

on the surface and a protein-free solution is used [77–79]. Here, the influence of 

albumin on the hydroxyapatite precipitation on the bioactive Ti64(HF-H2O2) was 

investigated using near physiological protein concentration in SBF (20 mg/ml). 

At first, the deposition of calcium phosphate species was monitored by EDS at 

different time points (Table 5.31).  

Table 5.31 Evolution of P and Ca composition by EDS (% atomic) of Ti64(HF-H2O2) soaked in 

SBF and SBF with albumin (SBF+BSA) at different time points.  

SBF 

Days P Ca Ca/P 

1 0.14 0.35 2.5 

3 0.19 0.38 2.00 

7 0.23 0.37 1.61 

14 0.14 0.2 1.43 

SBF+BSA 

Days P Ca Ca/P 

1 - 0.24 / 

3 0.14 0.21 1.5 

7 0.22 0.34 1.54 

14 0.26 0.31 1.19 

Deposition of calcium and phosphate ions was observed since the first time 

point on the samples immersed on pure SBF, while on the samples soaked with 

BSA, P and Ca were contemporaneously present on the surface after 3 days. At 1 

day only Ca was found. The presence of albumin seems to limit the early 

precipitation of ions, while after 7 days the quantity was comparable in the two 

conditions. Ti64(HF-H2O2) bioactivity is based on the adsorption of Ca2+ ions, 

which are bounded by the acidic OH groups, that can subsequently trigger the 

adsorption of HPO4
2- and the consequent precipitation of hydroxyapatite [2]. As 

consequence, the initial Ca/P ratio in the absence of BSA it is higher than the value 

for mature hydroxyapatite, which is of 1.67 [80], and it is decreased at longer time, 

when phosphate ions precipitates more. This ratio is reduced in the presence of 

albumin, which may limit the availability of hydroxyl groups that can attract 

calcium ions.  

The deposition and growth of hydroxyapatite was confirmed also by FESEM 

images. After 1 day, no hydroxyapatite precipitates were observed, independently 

form the presence of BSA in the SBF solution. After 3 d, HA particles were 

observed on the samples soaked without albumin, as EDS confirmed (Figure 5.74).  

 
Figure 5.74 HA precipitate on Ti64(HF-H2O2) after 3 d soaking in SBF. Ca and P quantified by 

EDS are reported.  
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At the same time point, no aggregates were found when the samples are 

immersed in the presence of proteins (Figure 5.75), confirming the hypothesis of a 

bioactivity delay effect of albumin. 

 
Figure 5.75 Ti64(HF-H2O2) after 3 d soaking in SBF+BSA: no HA precipitates were observed. 

After 7 days, the situation was not much changed for both samples soaked in 

SBF (Figure 5.76) or SBF+BSA (Figure 5.77), with small and no precipitates 

respectively. This is in accordance with the low precipitation kinetic of 

hydroxyapatite on this kind of surface [2]. 

 
Figure 5.76 HA precipitate on Ti64(HF-H2O2) after 7 d soaking in SBF. Ca and P quantified by 

EDS are reported. 

 
Figure 5.77 Ti64(HF-H2O2) after 7 d soaking in SBF+BSA: no HA precipitates were observed. 

Hydroxyapatite precipitation occurred mainly between the 7th and the 14th day 

for samples soaked in both kind of solutions. After two weeks, big precipitates were 

found on all the samples. When precipitation take place in the absence of albumin, 

it can be so intense to form thick coating in some areas, while in others it maintains 

the typical cauliflowers structures (Figure 5.78). In presence of the protein, only 

cauliflowers like hydroxyapatite aggregates were observed (Figure 5.79). 

The capability of biomaterials to retain their bioactive properties, even when 

proteins can adsorb on the samples and interfere with the surface chemistry 

responsible for hydroxyapatite precipitation, is a remarkable fact in light of clinical 

applications. In a biological environment the biomaterial will not interact only with 
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the mineral portion of the biological fluids, as in the case of Kokubo’s SBF solution, 

still it shall be able to promote hydroxyapatite formation in order to ensure proper 

osteointegration. 

 
Figure 5.78 HA precipitate on Ti64(HF-H2O2) after 14 d soaking in SBF. Details of the precipitate 

conformation are shown at high magnification. 

 
Figure 5.79 HA precipitate on Ti64(HF-H2O2) after 7 d soaking in SBF+BSA. 

5.5. Osteoimmunomodulation of titanium biomaterials 

As described and discussed in Chapter 4, a complete characterization of a 

biomaterial intended for osseointegration must include the evaluation of the 

immune response and its implications on the subsequent bone cells behavior. Good 

implant osseointegration requires a preliminary pro-inflammatory response, which 

is able to activate osteogenesis, and a subsequent switch to an anti-inflammatory 

response to avoid chronic inflammation and the development of scar tissue or, in 

case of implants, a fibrous capsule. 

In this work, the osteoimmunomodulation properties of three surfaces selected 

among the samples investigated, namely Ti64, Ti64(SrAg), and Ti64(HF-H2O2), 

were assessed. These substrates were chosen since they are all based on the 

Ti6Al4V alloy and have very different surface properties and protein adsorption 

characteristics. The hope was to correlate the cellular response to the formation of 

the transient protein matrix.  
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Here, the first step of the osteoimmunomodulation was tested. The 

macrophages response to the different surfaces was investigated in terms of 

viability, cell morphology and spreading, and released molecules such as cytokines, 

chemokines, and growth factors.  

5.5.1. Viability assay 

Cellular viability on Ti64, Ti64(SrAg) and Ti64(HF-H2O2), was tested with the 

metabolic MTT assay. This assay is capable to quantify the metabolic activity of 

cells, through the cytosolic enzymatic reduction of MTT to formazan salts, which 

are then dissolved and the optical density of the colored solution measured by UV-

vis absorbance. The metabolic activity is related both to the number and viability 

of cells on the samples.  

MTT assay results for macrophages cultured for 3 and 7 days on the titanium 

substrates are shown in Figure 5.80. 

 
Figure 5.80 MTT optical density (O.D.) for macrophages cultured on titanium surfaces for 3 

(unpatterned bars) and 7 (patterned bars) days. p values < 0.05: * vs Ctrl 3d; § vs Ti64 3d. 

  After 3 days of culture, the metabolic activity of the macrophages was found 

significantly higher on the plastic control than on the other surfaces. This is quite 

expected, since the bottom of the well is the standard culture substrate and it was 

treated to promote cell adhesion. Among the titanium substrates, the only notable 

difference at 3 days was found between Ti64 and Ti64(SrAg). The hydrogen 

peroxide treated Ti64(HF-H2O2) showed an intermediate behavior. After 7 days, 

the macrophage activity on the control was greatly reduced with respect to the one 

observed after 3 days. Contrary, on polished Ti64 the measured optical density was 

significantly higher, indicating an increased metabolic activity of the macrophages 

over time. On the two treated surfaces the differences between 3 and 7 days of 

culture were not significative, even though the observed trend suggest a reduction 

of the viability of cells on Ti64(SrAg) and an increase on Ti64(HF-H2O2).  

A reduced MTT signal can be the results of a lower number of viable cells on 

the surface, but also of a lower metabolic activity of the macrophages themselves. 
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In both cases, it may be significant of a reduction of the inflammation state caused 

by the macrophage response to the materials. In fact, a reduced activity of the 

immune cells is needed to achieve the resolution of the inflammatory response and 

an effective wound healing [81].  With respect to the polished surface, Ti64(SrAg) 

seems to elicit an augmented early response by macrophages, which may decrease 

after one week, even though not in a significant manner due to the high error bar. 

On the other hand, Ti64(HF-H2O2) stimulates a cells response that is analogous to 

the one of Ti64. 

5.5.2. Macrophages spreading and morphology  

The response of macrophages to the different surfaces was further characterized 

by investigating the spreading on the samples and the apect of the cells. In fact, it 

was reported that differently polarized macrophages show different morphologies: 

M1 macrophages have a globular conformation, while M2 cells are more elongated 

[82].  

Thanks to cytoplasm and nuclear staining and the large field reconstruction tool 

of the fluorescent confocal microscope, it was possible to investigate the structure 

and the distribution of macrophages on a very large portion of the different surfaces, 

after 3 and 7 days of culture (Figure 5.81).  

 
Figure 5.81 Large field fluorescent images of stained THP-1 (nuclei blue; cytoskeleton green) 

cultured for 3 days (a) and 7 days (b) on Ti64, Ti6(SrAg) and Ti64(HF-H2O2).  

In all cases, the cells appear to form clusters which are homogeneously 

distributed on all the titanium surfaces, Ti64, Ti64(SrAg) and Ti64(HF-H2O2), both 

after 3 days (Figure 5.81 b) and 7 days (Figure 5.81 c). The formation of 

macrophages cluster on biomaterial surfaces seems a common behavior of those 

cells and it has been reported as a preliminary step towards cell fusion and formation 

of FBGCs [83].  



Chapter 5: Results and Discussion 

234 

 

The clusters on Ti64 and Ti64(HF-H2O2) appear bigger than on Ti64(SrAg) 

after 3 days, as possible to qualitatively observe in Figure 5.81. On the untreated 

titanium, they became lager after 7 days, while on Ti64(HF-H2O2), the cluster 

dimensions decreased passing from 3 to 7 days of culture. Instead, clusters on 

Ti64(SrAg) are not much changed. Those observation are confirmed by measuring 

the percentage of area covered by macrophage cytoskeletons, thanks to the Zeiss 

imaging analysis software. The results are reported in Figure 5.82. These results 

confirm that the spreading of macrophages on Ti64(SrAg) is reduced with respect 

to the other two surfaces, in particular at 3 days of culture, while Ti64 and Ti64(HF-

H2O2) have a similar behavior, with about the 50% of the surface covered by 

macrophages. At longer culturing time, the polished Ti64 surface is the only one 

showing an increasing in the extension of macrophages clusters, while Ti64(HF-

H2O2) has a reduced coverage and Ti64(SrAg) does not change much. At 7 days, 

the coverage on the treated titanium samples is statistically significantly lower than 

the one observed on Ti64.  

 
Figure 5.82 Samples area covered (percentage) by macrophage cytoskeleton after culture for 3 

(unpatterned bars) and 7 days (patterned bars). p values < 0.05: * vs Ti64 7 days 

The results obtained with fluorescent microscopy can be compared with the 

results obtained by MTT assay. According to the MTT, the viability after 3 days is 

higher on Ti64(SrAg) than the other two surfaces (Figure 5.80), while it is the 

contrary for the surface coverage (Figure 5.82). In this case, it is possible that the 

higher MTT signal is more related to an increased metabolic activity of the 

macrophages at early stages on Ti64(SrAg), than to the actual number of cells on 

the surface. After 7 days, the results between the two techniques are more 

concurrent on all the surfaces. At longer culture time, it seems that the untreated 

Ti64 surface sustains the macrophages activity and growth, while the chemical 

treated surfaces may hinder in a more effective way the immune response.  

Fluorescent microscopy was also used to evaluate the morphology of 

macrophages. As possible to see in Figure 5.83 and Figure 5.84 the shape of cells 

are not much different, regardless the surface they were cultured on and for how 

much time. The macrophages mainly show a spheroidal shape of the cytoskeleton, 

typical of M1 polarization, while no elongated M2 cells were detected [82]. Several 
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large polynucleated FBGCs, with dimension up to 50-60 µm, were observed on all 

the surfaces (Figure 5.83 b and Figure 5.84 b). The presence of FBGCs is indicative 

of the ongoing of the FBR processes and that the presence of the titanium surfaces 

stimulate an inflammatory state, which is quite common in the case of biomaterials 

[84]. The results obtained by MTT viability assay and microscopy investigation do 

not allow to obtain clear information about the different osteoimmunomodulation 

properties of the untreated and treated titanium surfaces. 

 
Figure 5.83 Fluorescent staining of the nuclei (blue) and cytoskeleton (green) of macrophages 

cultured for 3 days on the different titanium substrates. a) 200x magnification; b) 500x magnification. 

 
Figure 5.84 Fluorescent staining of the nuclei (blue) and cytoskeleton (green) of macrophages 

cultured for 7 days on the different titanium substrates. a) 200x magnification; b) 500x magnification. 
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5.5.3. Cytokines and factors release by macrophages during 

interaction with titanium surfaces 

As widely discussed in Chapter 4, the factors and cytokines released by 

macrophages at the implant site during the foreign body reaction process are 

fundamental in determining the development of the events at the implant-tissue 

interface and its eventual osseointegration. M1 macrophages can sustain a more 

inflammatory response by the release of TNF-α, IL-1β, IL-6 or IL-7, while M2 

polarization can induce osteogenesis by the release of INF-γ, IL-4, IL-10 and VEGF 

[85,86]. Therefore, the measurement of the release of these factors in the culture 

medium allows the evaluation of the macrophages response to the untreated Ti64 

and treated Ti64(SrAg) and Ti64(HF-H2O2). Two different experiments were 

performed, and within each one every surface was in triplicate. The trend in the 

measured concentration of each of all the molecules investigated was consistent 

between the two rounds. Here the results are related to the second one, since some 

factor and cytokines were to abundant to be quantified in the firs experiment.  All 

the 27 factors analyzed are reported in details in Appendix B, here the main and 

more interesting findings will be discussed.  

Each of the investigated factor has been released by cells cultured on the three 

different typologies of titanium surfaces (Appendix B). All the investigated factors 

have been detected by the assay. Therefore, the differences in the induced immune 

response between Ti64, Ti64(SrAg), and Ti64(HF-H2O2) cannot be by the presence 

or absence of released factors among the 27 one investigated. As expected, factors 

related to both M1 polarization, such TNF-α and IL-1β, and M2 polarization, as IL-

1Ra, IL-10 and VEGF were observed in all cases. At first, it seems that the 

population of macrophages evolving on the surfaces is heterogeneous, composed 

by differently M1 or M2 polarized macrophages, or cells with intermediate 

polarization, as in the normal course of a FBR.  

The main factors deputed to the upregulation and downregulation of the 

inflammatory response are shown in Figure 5.85. Regarding the pro-inflammatory 

cytokines, IL-1β, IL-4, IL-6 and the TNF-α, the general tendency is of an increased 

release over time, from 3 to 7 days. In particular, the difference is significative for 

all surfaces regarding IL-6, while TNF-α is augmented on Ti64 and Ti64(HF-H2O2) 

and IL-4 and IL-1β only on Ti64(HF-H2O2). Differences between surfaces at the 

same time were recorded only between Ti64(SrAg) and the other two substrates in 

case of IL-4 at 3 days, where the concertation of the interleukin was higher for the 

Sr and Ag containing surface, and for IL-1β, which was higher on Ti64(HF-H2O2) 

than Ti64 after 7 days. On the other hand, looking at the anti-inflammatory 

cytokines, a very interesting findings was that macrophages cultured on Ti64(SrAg) 

expressed a higher amount of IL-10, which is the main anti-inflammatory factor, 

after 3 days of culture than the other two surfaces. At 7 days, IL-10 was stable on 

Ti64(SrAg) while it increased on Ti64 and Ti64(HF-H2O2). The same evolution 

from 3 to 7 days was observed also for INF-γ, while IL-1Ra increased only on 

Ti64(HF-H2O2).  
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Figure 5.85 Concentration of INF-γ, IL-1β, IL-1Ra, IL-4, IL-6, IL-10, TNF-α released by 

macrophages in the culture medium after 3 (unpatterned bars) and 7 days (patterned bars) of culture 

on plastic well (CTRL)(white), Ti64 (green), Ti64(SrAg)(yellow) and Ti64(HF-H2O2)(light blue): p 

values < 0.05: # vs CTRL 3d, § vs Ti64 3d; £ vs Ti64(SrAg) 3d; @ vs Ti64(HF-H2O2) 3d; ## vs CTRL 

7d, §§ vs Ti64 7d; ££ vs Ti64(SrAg) 7d; @@ vs Ti64(HF-H2O2) 7d. 

From those results, it seems evident that an inflammatory state is present on all 

the titanium samples, both after 3 and 7 days, with a possible worsening of the 

immune response on all the surface, as suggested by the increase of IL-6. A more 

acute inflammation may be present on Ti64(HF-H2O2), since on this surface the 

release of the other pro-inflammatory factors by macrophages is increased. As 
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previously reported [87], surface -OH groups of Ti64(HF-H2O2) may be responsible 

for the more inflammation state. Interestingly, it was observed also the evolution of 

an anti-inflammatory response on all the surfaces. This effect may happen early on 

Ti64(SrAg), as suggested by the high presence of IL-10 after 3 days, while it can 

be delayed on Ti64 and Ti64(HF-H2O2). A late activation of anti-inflammatory 

pathways of macrophages on Ti64 and Ti64(HF-H2O2) is consistent with the higher 

concentration of anti-inflammatory factors at 7 days, while it was observed earlier 

on Ti64(SrAg). Silver and strontium have a well-known anti-inflammatory effect 

[88,89], in particular, Sr was found to reduce titanium particle induced 

osteoclastogenesis by interfering with TNF-α pathways [90] and upregulate anti-

inflammatory cytokines, such as IL-10 [89]. The presence of such ions can therefore 

explain the early anti-inflammatory response of macrophages cultured on 

Ti64(SrAg). The overall picture is that of active macrophages populations on all the 

surfaces, which are eliciting an FBR towards the titanium samples, but the response 

may be developing in a favorable way towards implant integration.  

It is of concern also to evaluate the effect of surface modification on the 

immune response, by confronting the treated surface with the polished Ti64. As 

possible to see from Figure 5.86, the trend of the molecules released by 

macrophages cultured on Ti64 is confirmed to be different from the one on the 

treated surfaces. Ti64(SrAg) has a clear early anti-inflammatory response, related 

to the higher value of IL-10 at 3 days, while the situation evolves towards a more 

similar situation with respect to Ti64 after 7 days. Still, a more sustained 

inflammatory state may persist, since IL-1β remains highly expressed and IL-6 

release is increased. Contrary, on Ti64(HF-H2O2) the response of macrophages 

seems more delayed, still increasing with time, compared to Ti64 samples (Figure 

5.86 b). The release of anti-inflammatory factors, such as IL-1Ra, IL-4 and IL-10, 

is augmented on the treated surface after 7 days with respect to Ti64, 

contemporaneously, also the pro-inflammatory IL-1β and IL-6 are increased, while 

TNF-α is decreased. 

 
Figure 5.86 Evluotion of pro (red) and anti-inflammatory (green) factors on Ti64(SrAg) and 

Ti64(HF-H2O2) during time, expressed as the normalization over the release on Ti64 (100 % is the 

value relative to Ti64). 

An interesting correlation was also found by comparing factors which are 

related to angiogenesis and vascularization: IL-9, IP-10, RANTES and VEGF. As 
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shown in Figure 5.87, all those factors are downregulated by Ti64(SrAg) both at 3 

and 7 days of culture, with respect to Ti64 and Ti64(HF-H2O2). The surfaces treated 

with hydrogen peroxide, Ti64(HF-H2O2), is also the only one where an increase in 

those factors was observed after 7 days, while on Ti64 and Ti64(SrAg) they mainly 

remain constant, apart VEGF on Ti64.  

 
Figure 5.87 Concentration of IL-9, IP-10, RANTES and VEGF released by macrophages in the 

culture medium after 3 (unpatterned bars) and 7 days (patterned bars) of culture on plastic well 

(CTRL)(white), Ti64 (green), Ti64(SrAg)(yellow) and Ti64(HF-H2O2)(light blue): p values < 0.05: # vs 

CTRL 3d, § vs Ti64 3d; £ vs Ti64(SrAg) 3d; @ vs Ti64(HF-H2O2) 3d; ## vs CTRL 7d, §§ vs Ti64 7d; ££ 

vs Ti64(SrAg) 7d; @@ vs Ti64(HF-H2O2) 7d. 

In order to obtain the growth of healthy bone around an implant, angiogenesis 

and osteogenesis must be balanced. Blood vessels are required for nutrient intake 

and structural template, but an uncontrolled vascularization may compromise bone 

tissue. On the other side, osteogenesis mudt be promoted, but a too fast grown of 

new bone can result in a chronic inflammation state and strong FBR. One of the 

main factors controlling angiogenesis is VEGF, which promotes endothelial cells 

migration. VEGF has also a crucial role in the activity of bone cells, in a dose 

dependent manner [91]: an overexpression of VEFG can induce recruitment of 

osteoclast and consequent osteoclastogenesis, while a physiological concentration 

result in bone homeostasis. Further complexity is added by a direct effect of VEGF 

in promoting osteoblast activity. Even though the action mechanism of VEGF in 

bone remodeling is not fully clear, a balance in its expression around an implant 

close to the physiological situation is of uttermost importance. The release of VEGF 

is strictly related to the presence of IL-9, RANTES, and IP-10. IL-9 and RANTES 

are known to induce the secretion of VEGF [92,93], while IP-10 has a potent 

angiostatic activity [94] and it can be released to stabilize vascularization. 

Production of IP-10 can be induced by VEGF, forming a control loop for the growth 
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of new blood vessels [95,96]. In light of these considerations, the correlations 

between the different factors observed on the investigated titanium surfaces are 

consistent, in particular regarding the low expression of IL-9, IP-10, RANTES and 

VEGF induced by Ti64(SrAg) on macrophages and the increase of the same factors 

over time generated by Ti64(HF-H2O2).  

As well as pro and anti-inflammatory factors, it is possible to compare the 

release of angiogenetic molecules between unmodified and treated titanium 

samples (Figure 5.88). With respect to Ti64, Ti64(SrAg) elicits the same release 

trend by macrophages, despite the absolute amount of factors release is extremely 

lower (Figure 5.88 a). On the other hand, Ti64(HF-H2O2) may excite the 

angiogenetic activity better than the polished surface after 7 days. In fact, the release 

of IL-9, RANTES, and VEGF increases more on the treated surface than on Ti64 

from 3 to 7 days, while the angiostatic IP-10 has a similar trend. 

 
Figure 5.88 Evolution of angiogenetic (green) and agiostatic (red) factors on Ti64(SrAg) and 

Ti64(HF-H2O2) during time, expressed as the normalization over the release on Ti64 (100 % is the 

value relative to Ti64). 

It is possible to hypothesize that the different surfaces may induce different 

angiogenesis and that titanium surface treatments can have a different macrophage-

mediated response of osteoprogenitor cells. Due to the complexity of 

osteoimmunomodulation processes, the data collected in this work are not sufficient 

to draw conclusions on which surface can elicit the better immune response with 

the aim of a subsequent osseointegration, still those results are the necessary 

foundations on which further investigations involving bone cells can be built.  

The different macrophage response may be related to the presence of metallic 

ions or -OH groups on the material surface through the different protein adsorption 

properties that have been investigated in this thesis. In fact, Ti64(SrAg) has proven 

a much higher adsorption capability than both Ti64 and Ti64(HF-H2O2), binding 

more albumin and fibronectin from the FBS in the culture medium. Different 

studies have reported that the macrophage response to biomaterials is mediated by 

adsorbed proteins, which can affect cell polarization and cytokine release [97]. For 

instance, fibronectin seems to promote macrophage adhesion and to increase their 

anti-inflammatory activity [98,99], which can explain the early release of anti-

inflammatory factors by macrophages cultured on Ti64(SrAg). Also, increased 

adsorption of albumin by hydrophilic surface have been found to dampen the pro-
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inflammatory effect of biomaterials [100], further explaining the results obtaining 

on the silver-strontium doped material.  
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Chapter 6 

Conclusions and future 

perspectives 

In this work, adsorption of albumin and fibronectin has been characterized and 

investigated on eight different biomaterials that are applied for bone contact 

application, namely pure titanium and titanium alloy, pristine and after three 

different chemical treatments, a bioactive glass composition, possibly doped with 

silver, and polystyrene (as a control).  

The first step was to characterize the surface properties, with special attention 

to morphology, surface chemistry, wettability, surface energy and charge and 

exposed functional groups, -OH in particular.  

The chemical treatments on Ti and Ti64 heavily impact on their surface 

properties. Thicker oxide layers with micro and nanostructures are grown, 

increasing both porosity and surface roughness, resulting in the following 

roughness increasing order: Ti, Ti64 < Ti64(HF-H2O2) < Ti64(SrAg) < Ti(A-HC-

H). The surface chemical composition is changed with the presence of Ca, Sr, and 

Ag on Ti64(SrAg). Interestingly, a strong difference is obtained regarding the 

density and nature of -OH groups. Acidic hydroxyls, absent on the untreated 

samples, appear after the treatments in a different amount. Also, the total 

hydroxylation degree is widely affected by the different treatments, with the 

following increasing order: Ti(A-HC-H) < Ti, Ti64 < Ti64(SrAg) < Ti64(HF-

H2O2). Surface energy, in particular the polar component, and wettability show the 

same variation trend than hydroxylation degree. These features are correlated in 

case of all the titanium samples but Ti64(SrAg). This surface results the most 

wettable and the one with the higher energy thanks because of the contribution of 

strontium and silver ions, too. At last, the surface potential, and consequently the 

surface charge, is different between untreated and treated surfaces, confirming the 

generation of surface hydroxyl groups, absent on the pristine Ti and Ti64 samples. 

Ti (A-HC-H) has the most positive surface, while Ti64(SrAg) and Ti64(HF-H2O2) 

have a negative potential in the pH range between 3 and 9. 
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Regarding the two bioactive glass samples considered, the silver ionic 

exchange has a surprisingly little effect on the physiochemical properties of the BG 

surface, apart from glass composition. In fact, SBA2 and AgSBA2 have similar 

wettability and surface energy, which are intermediate between the one of 

Ti64(SrAg) and the one of Ti64(HF-H2O2), and zeta potential vs pH behavior, 

showing a negative surface. The surface treatment introduces silver in the surface 

as expected, both as ions or nanoparticles, and slightly increases the surface 

roughness, due to the surface reaction. The other investigated surface properties, 

SFE, wettability and surface potential are unchanged by the presence of the silver. 

PS is confirmed to be a hydrophobic, non-polar surface without specific 

functional groups exposed.  

The characterization of protein adsorption on the different surfaces investigated 

is obtained thanks to the combined use of several characterization techniques. To 

define a set of methods to investigate the various aspect of protein-material 

interactions on bulk biomaterials was among the aims of this thesis. This goal was 

achieved thanks to the use of conventional techniques, such as BCA protein assay 

or FTIR, coupled with more innovative approach to methods seldom used for 

investigating protein adsorption, such as Kelvin probe force microscopy or solid 

surface zeta potential. One of the more important take home message observed 

during the evaluation of different characterization techniques is the necessity to 

merge more techniques to obtain information about the distinct aspect of protein 

adsorption, and that the possibility to employ a certain technique is strictly 

dependent on the substrate considered and adsorption conditions.  

Regarding the total amount of protein adsorbed, the general rule of thumb 

stating that hydrophobic surfaces adsorb more protein than hydrophilic one can be 

invalidated by other important properties of the surface. In particular, the dominant 

role is assumed by surface topography, with a special consideration to the porosity, 

as in case of Ti(A-HC-H) and Ti64(SrAg). This effect is also dependent on the size 

of the protein adsorbed, since the differences were higher in case of albumin than 

fibronectin. Hydrophobicity became the main driving forces when surfaces are 

similarly flat, as in case of Ti, Ti64, and PS, with the latter adsorbing more than the 

metallic surfaces. When it comes to reactive surfaces, such as bioactive glasses, it 

is hard to compare them with unreactive ones, due to the intrinsic dynamicity of the 

surfaces, which changes during the adsorption, and the fact that proteins themselves 

became part of the reaction layer. Even though the physical surface properties of 

SBA2 and AgSBA2 are not much different, the presence of silver greatly enhances 

the adsorption of protein with high cysteine content, such albumin, thanks to metal-

thiol affinity. 

Regardless of the type of protein-surface interactions, whether they are 

electrostatic or hydrogen bonds, via protonated and unprotonated -OH groups, 

hydrophobic or thiol mediated, both albumin and fibronectin are chemically intact 

after adsorption, without significant changes in their polypeptidic chain. 

Furthermore, the proteins are able to maintain their charged groups, namely 

carboxyls and ammines, within the transient protein matrix.  
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The adsorbed protein layers are able to cover mainly homogeneously all the 

surfaces, both in case of highly concentrated albumin solution and of one with lower 

fibronectin content. On textured surfaces, such as Ti(A-HC-H), Ti64(SrAg) or 

Ti64(HF-H2O2), it was noticed that proteins may accumulate within surface 

depression, confirming the enhancing effect of topography in terms of total proteins 

adsorbed. On flat surfaces, fibronectin easily forms filamentous structures. The 

affinity of the proteins towards the surfaces seems to be the driving force for the 

formation of aggregates on the samples: the higher the affinity, the more 

homogeneous the protein layer is.  

The biological properties of the transient matrix are dictated not only by the 

adsorbed protein profile, but also by their conformation and secondary structure. 

Interesting results were obtained by evaluating protein denaturation on the different 

surfaces. On titanium surfaces, hydroxyl groups are the main responsible for the 

loss of native structure. Noticeably, the -OH groups shall possess an acidic behavior 

to exert an effect on the protein structure, so that they assume a deprotonated O- 

state at pH 7.4, and, in the case of larger proteins, to overcome a certain density 

threshold. In fact, Ti64(HF-H2O2), which has the highest concentration of acidic -

OH, denatures adsorbed proteins to the highest degree, while Ti(A-HC-H) and 

Ti64(SrAg) change the protein structure to a lower level, depending on the size of 

the adsorbed proteins: if the protein is small, even low difference in the OH density 

can change the protein structure, while a larger protein structure is not affected until 

a certain hydroxylation is reached. In fact, Ti64(HF-H2O2), which has the highest 

concentration of acidic -OH, denatures adsorbed proteins to the highest degree, 

while Ti(A-HC-H) and Ti64(SrAg) change the protein structure to a lower and 

similar level, despite having different hydroxylation degrees and acidic -OH 

percentages. Hydroxyl groups may also increase the binding strength of the protein 

with the surface. Focusing on the glass samples, again silver heavily affects the 

interactions with proteins. Its great affinity for disulphide bonds results in a high 

loss of albumin native structure, which is reduced in case of undoped SAB2. Also, 

fibronectin structure is altered by the presence of silver in the glass surface, possibly 

through electrostatic interactions, since it contains cysteine residues in very low 

amount. 

The surface properties, in particular wettability, influence the overall 3D 

structure and protein orientation on the samples, too. In this case, the results 

obtained in this work agree with the rule that proteins spread more on the 

hydrophobic surfaces with respect to the hydrophilic ones. This phenomenon is 

more emphasized in case of the small proteins, such as albumin, with respect to the 

bigger ones, as fibronectin.  

The characterization of the adsorption from a single protein solution on 

biomaterials of orthopedic interest performed during this thesis allowed to deepen 

the knowledge about the effect of distinct surface properties on the features of the 

adsorbed transient matrix, as summarized in Table 6.1. This information may 

provide useful indication for the design of novel biomaterials. It was tempted to 

obtain quantitative correlations between surface properties and different aspects of 

protein adsorption, such as adsorbed mass or conformation. Unfortunately, the 
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complex interplay between all the different features of the samples, such as 

roughness, wettability, SFE or hydroxylation, does not allow to obtain a one-to-one 

correlation with adsorption features. More complex mathematic correlations are 

beyond our capability and knowledge, still, they are worthy of future investigations. 

Table 6.1 Effect of the surface properties on the characteristic of the adsorbed proteins (/: effect 

not observed; +: quite significative effect; ++: highly significative effect)  

Surface properteis 

Adsorbed proteins  

Adsorbed 

amount 

Binding 

strength 

Secondary 

structure 

Orientation 

Roughness and 

porosity 
++ + / / 

Hydroxylation 

Basic 

OH 
+ / / / 

Acidic 

OH 
+ ++ ++ / 

Wettability + + / ++ 

Surface charge / / / + 

Chemistry (Ag doping) ++ + ++ / 

 

Following the characterization of adsorption from a simple single protein 

solution, the focus of the work shifted to the competition for the surface between 

proteins, by sequential adsorption and co-adsorption of albumin and fibronectin. 

Interestingly, none of the two proteins is capable of completely avoid the adsorption 

of the other one when pre-adsorbed on the surface. Vice versa, neither albumin nor 

fibronectin can totally displace and substitute a pre-adsorbed protein. The data 

suggest that in the case of competitive adsorption, surface hydrophobicity may have 

a pivotal effect, since polystyrene seems to have a different behavior with respect 

to the other surfaces. 

In order to test bioactivity, the standard in vitro procedure involves the use of a 

fully inorganic solution, without considering the possible effect of biological 

molecules such as proteins. Here, albumin shows to delay the bioactivity of 

Ti64(HF-H2O2), resulting in later precipitation of hydroxyapatite crystals with 

respect to the SBF solution without proteins.  

At last, the immune response of three selected samples, Ti64, Ti64(SrAg) and 

Ti64(HF-H2O2), was tested, as first step towards the assessment of the 

osteoimmunomodulation properties of such materials, with the aim of determining 

if protein adsorption plays a role with respect to the foreign body reaction. As 

expected, all three surfaces induce an inflammatory state in the cultured 

macrophages, with the formation of foreign body gigantic cells and the release of 

pro-inflammatory cytokines. Interestingly, despite there are no differences in cell 

viability, morphology and spreading between the different surfaces, Ti64(SrAg) 

elicits a peculiar response, where the release of factors related to angiogenesis is 

hindered and with hints of an early anti-inflammatory reaction by macrophages. 

Those effects may be related to the ion release and the higher protein adsorption 

capability of this titanium surface enriched with Ca, Sr, and Ag. Further studies will 
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focus on how the macrophages response affect the osteogenesis by affecting the 

differentiation of the mesenchymal cells. 

In the end, this thesis provides some new insight on the mechanisms of 

interaction between proteins and biomaterials, and on how the surface features may 

affect the resulting protein layer. Importantly, these results were obtained in 

roughland, the world of real biomaterials, which is far away from a model flat 

space, where there are more tools available to investigate protein adsorption. 

Alongside with that, the new set of optimized characterization techniques used in 

this work will help to further investigate adsorption on new materials.  

Nevertheless, many questions are still open and in need of answers, and a lot of 

work remains to be done. Even though in high concentration, single protein 

solutions are a far less complex system than the physiological environment where 

implants shall operate. Thus, a necessary step is to investigate how the investigated 

surfaces adsorb proteins from biological fluids such as serum or blood. It is 

desirable that correlations between the behavior of a certain protein in a simple or 

complex solution will be found, so that results obtained using single protein 

systems, easier to investigate, can be scaled up to in vivo situations.  

Further efforts shall be also spent in the development of new investigation 

methodologies and the optimization of the already existing characterization 

techniques: several aspects of the adsorbed transient matrix are not trivial to study 

on rough and complex biomaterials, for instance the thickness of the adsorbed layer 

or the exact determination of protein orientation. For this purpose, material 

engineers and scientists shall join forces with biologists and biotechnologists, since 

coupling common biological assay with material characterization techniques seems 

a promising way to gather more information about this topic.  

At last, even the most detailed report of the adsorbed protein layer is incomplete 

if not coupled with the knowledge of the host response to such protein covered 

biomaterials. Adsorption studies shall be coupled with in vitro cellular culture, for 

instance by growing cells on already formed protein layer or complete transient 

matrix, such as pre-adsorbed albumin, fibronectin or even whole serum, or 

complete transient matrix. It is of uttermost importance to correlate the properties 

of adsorbed proteins, such as amount or conformation, to cellular response. Due to 

the intimate connection between cells belonging to very different systems, as in the 

case of the osteoimmunomodulation, where the behavior of bone cells is highly 

determined by the foreign body reaction of the immune ones, the interplay between 

cells shall be always considered. But this is a story for another PhD thesis.  
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Appendix A 

Water contact angle after protein adsorption 

Wettability measurement after protein adsorption 

Static water contact angle was measured by the sessile drop techniques on all 

the materials involved in this work (DSA 100 Drop Shape Analyser; KRŰSS, 

Hamburg, Germany). A 5 µl drop of ultrapure water was manually dropped on the 

surface of the sample and the image was captured after 10 s. Then, the software of 

the instrument automatically calculated the contact angle. Three measurements 

were done on each sample and the results averaged. 

Water contact angle after single protein adsorption 

The water contact angle is highly sensitive to the chemistry of the surface, so it 

may be changed by protein adsorption. The wettability of a biomaterial is 

fundamental in determining the cells response and adhesion, consequently, the 

contact angle of the transient protein matrix is of interest, since it is the interface 

for cells-implant interactions.  

The contact angle has been measured on all surfaces after the adsorption of both 

BSA and FN (Figure A1). The changes in θ values after adsorption do not follow a 

clear trend. On Ti and Ti64, θ decreases down to about 20°, which is also lower 

than the values reported in literature for Ti-based substrates, which is around 50° 

[1,2]. On the other hand, the contact angle does not vary on Ti(A-HC-H) while it 

increases on Ti64(SrAg), and values similar to the ones reported in literature were 

obtained. At last, BSA adsorption on Ti64(HF-H2O2) resulted in a super-

hydrophilic surface. Regarding these samples, FN has a similar trend, with a 

decrease in θ for Ti and Ti64, no changes after adsorption on Ti(A-HC-H) and an 

increase on the treated Ti64 samples. It is possible that on more hydrophobic 

surfaces, such as the untreated titanium samples, the proteins attach to the surface 

with the hydrophobic residues, exposing more hydrophilic patches outwards. The 

opposite happens on more hydrophilic surfaces. Ti(A-HC-H) has an intermediate 

behavior, probably due to its low hydroxylation degree still having a lower θ than 

the untreated surfaces, which offers low anchoring points for hydrophilic domains.  
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Figure A1 Water contact angle, θ, of the samples investigated after BSA and FN adsorption. The 

values of the samples before adsorption (ctrl) are also reported. 

Due to the reactivity and the mixed composition of the surface layer, the contact 

angle after adsorption of BSA and FN on BGs samples may not be due only to 

protein orientation but also to the silica-gel layer. In any case, BSA makes the 

contact angle increase, up to 40°, which is similar to what is reported in literature 

[3]. The behavior after FN adsorption seems more random. PS turns more 

hydrophilic after adsorption of both type of proteins, with θ around 40°, in 

agreement with previous findings [4,5]. This can happen for a reason similar to the 

case of Ti and Ti64.  

The protein layer that form on an implant surface when it is implanted has a 

much more complex composition than just albumin or fibronectin, and as 

consequence, the contact angle may vary a lot with respect to the one reported here. 

Still, the results reported here are interesting. After protein adsorption, the 

wettability of a surface can drastically change, and in the same way, how cells 

interact with the implant. Noticeably, all the surfaces may be considered 

hydrophilic (θ < 60°) after protein adsorption, having a favorable wettability for 

cellular interactions. It seems that there is no a clear rule on how that happens and 

how to predict the results starting from the wettability of the pristine surface. Even 

there are some exception, as general consideration, it is possible to say that the 

contact angle is decreased when proteins are adsorbed on hydrophobic surfaces, 

while it is increased when adsorption takes place on hydrophilic  

Water contact angle after sequential and co-adsorption  

Water contact angle θ was measured with a double aim: the first was to try to 

understand the stratification of the protein transient matrix, the second was to 

investigate the wetting properties of the adsorbed layer. 
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The values of θ does not show a common trend for the different adsorption 

conditions (Figure A2). Due to the high standard deviations that characterize some 

samples, only qualitative comparisons have been made. Considering sequential 

adsorption, in some sample, it seems that the first protein adsorbed affects more the 

WCA. This happens in the cases of Ti64 and Ti64(SrAg), and on the treated 

titanium alloy it agrees with the zeta potential measurements. On Ti, Ti(A-HC-H), 

Ti(HF-H2O2) and PS, the WCA does not changes significantly in the cases of 

sequential adsorption, also with respect to adsorption of a single protein. Regarding 

bioactive glasses, the sequential adsorptions result in a very low contact angle. This 

may be influenced by the presence of a thick and very hydrated silica-gel layer, that 

has a long time to form during the contact of glasses with protein solution. 

Interestingly, the highest contact angles were measured in the case of co-adsorption 

on all surfaces but Ti(A-HC-H) andTi64(SrAg). It is possible that albumin and 

fibronectin interact in solution, forming aggregates that influences their orientation 

and conformation on the surfaces. On Ti(A-HC-H) and Ti64(SrAg), the very porous 

surfaces may have a role in limiting the hydrophobic effect of those aggregates.  

 
Figure A2 Water contact angle, θ, of the samples investigated after protein adsorption in various 

conditions: single protein solution (BSA and FN); sequential adsorption (BSA-FN and FN-BSA); co-

adsorption (BSA+FN). 

As already disclaimed, the very high dispersion of the water contact angle data 

does not allow to precisely discriminate the wettability differences among different 

adsorption conditions. What is of biological relevance, it is that almost in all cases, 

apart Ti64(SrAg)_FN, the resulting θ are always below 60°, which is the threshold 

values for a surface to have a wettability that is beneficial for cell adhesion and 

growth.  
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Appendix B 

Cytokines and factors released by macrophages: 

complete report 

Table B1 c  

 Description Significative differencies 

EOTAXIN Chemoattractant for eosinophil cells Increased form 3d to 7d, not for 

Ti64 

FGF basic Pleiotropic cytokine of ghe FGF superfamily Increased for Ti64(HF-H2O2) 

from 3 to 7d 

G-CSF Glycoprotein that stimulates production and release 

form bone marrow of granulocytes and stem cells 

Ti64(SrAg) higher than 

Ti64(HF-H2O2) at 3d 

GM-CSF Hematopoietic growth factor involved in the 

generation of granulocytes, macrophages, and 

dendritic cells from hematopoietic progenitor cells 

Increased for Ti64(HF-H2O2) 

from 3 to 7d 

INF-γ Prymari activator of macrophages and stimulator of 

natural killer cells and neutrophils 

Increased for Ti64 and 

Ti64(HF-H2O2) from 3 to 7d 

IL-1β Pro-inflammatory cytokine Increased for Ti64(HF-H2O2) 

from 3 to 7d, Ti64 lower than 

Ti64(HF-H2O2) at 7d 

IL-1Ra Anti-inflammatory cytokine Increased for Ti64(HF-H2O2) 

from 3 to 7 d, Ti64 lower than 

Ti64(HF-H2O2) at 7d 

IL-2 Involved in adaptive immunity, proliferation of B 

cells, activated T cells, NK cell function 

Increased form 3d to 7d, at 3d 

Ti64(SrAg) higher than 

Ti64(HF-H2O2) 

IL-4  Involved in adaptive immunity, proliferation of B 

and cytotoxic T cells, enhances MHC class II 

expression, stimulates IgG and IgE production 

Ti64(SrAg) higher than 

Ti64(HF-H2O2) and Ti64 at 3d, 

increased for Ti64(HF-H2O2) 

from 3 to 7d 

IL-5 Involved in adaptive immunity, proliferation of B 

and cytotoxic T cells, enhances MHC class II 

expression, stimulates IgG and IgE production 

Increased for Ti64 and 

Ti64(HF-H2O2) from 3 to 7d 

IL-6 Pro-inflammatory cytokine, involved in B-cell 

differentiation 

Increased form 3d to 7d 

IL-7 Involved in early deveopment of B and T cells and 

thymic development of T cells 

Several point at a too low 

concentration to be detected, at 

7d Ti64(SrAg) lower than 

Ti64(HF-H2O2) 

IL-8 Pro-inflammatory cytokine, involved in chemotaxis 

for neutrophilis and T cells 

At 3d Ti64 higher than the 

others and Ti64(HF-H2O2) 

higher than Ti64(SrAg), 

increased fro 3 to 7d on treated 

surfaces 

IL-9 Involved in adaptive immunity and proliferation of 

T cells; maybe involved in osteoclastogenesis and 

tumorigenesis; may induce gene expression and 

secretion of VEGF 

At 3d Ti64 higher than the 

others and Ti64(HF-H2O2) 

higher than Ti64(SrAg), 

Ti64(srAg) 7d is the lowest, 

increased for Ti64(HF-H2O2) 

from 3 to 7 d 
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IL-10 Anti-inflammatory cytokine, inhibits cytokine 

production and mononuclear cell function 

Ti64(SrAg) higher than 

Ti64(HF-H2O2) and Ti64 at 3d, 

increased for Ti64(HF-H2O2) 

from 3 to 7d 

IL-12(p70) Involved in cell-mediated immune response and 

induces INF-γ production by natural killer and T 

cells 

None 

IL-13 Homologous to IL-4 Increased form 3d to 7d 

IL-15  Pleiotropic cytokine involved in both the innate and 

adaptive immune response 

Increased for Ti64(HF-H2O2) 

from 3 to 7d 

IL-17 Pro-inflammatory cytokines involved in the 

recruitment of monocyte and neutrophilis and 

downstreaming of cytokines and chemokines0 

Increased for Ti64(HF-H2O2) 

from 3 to 7d, Ti64(HF-H2O2) 

higher than Ti64 at 7d 

IP-10 a chemokine secreted by several cell types including 

T lymphocytes, neutrophils, endothelial cells, 

monocytes, and fibroblasts; can elicit diverse effects 

in different cell types by binding to a common 

chemokine receptor, CXCR3; these effects include 

attraction of T cells and monocytes, regulation of 

angiogenesis (angiostatic activity), and 

differentiation of naive T cells to pro-inflammatory 

T helper 1 cells. 

Ti64(SrAg) the lowest at 3 and 

7d, increased for Ti64(HF-

H2O2) from 3 to 7d 

MCP1(MCAF) One of the key chemokines in the regulation of 

migration and infiltration of 

monocytes/macrophages 

At 3d Ti64 higher than the 

others and Ti64(HF-H2O2) 

higher than Ti64(SrAg) 

MIP-1α Chemokine with effects in chemotaxis and 

transendothelial migration 

Ti64(HF-H2O2) the lowest at 

3d, increased for Ti64(HF-

H2O2) from 3 to 7d 

MIP-1β Chemokine with effects in chemotaxis and 

transendothelial migration 

Ti64(HF-H2O2) the lowest at 

3d and lower than Ti64(SrAg) 

at 7d, increased for Ti64(HF-

H2O2) from 3 to 7d  

PDGF-BB Chemotactic and mitogenic agent that stimulates 

bone cell replication 

Increased for Ti64(HF-H2O2) 

from 3 to 7d 

RANTES Chemokine regulated upon activation of normal T-

cell, expressed and secreted, initially recognized as a 

chemo-attractant for immune cells and may induce 

the production of VEGF 

Ti64(SrAg) the lowest at 3 and 

7d, increased for Ti64(HF-

H2O2) from 3 to 7d 

TNF-α Pro-inflammatory factor, main regulators of 

inflammatory cytokine production 

Increased for Ti64 and 

Ti64(HF-H2O2) from 3 to 7d 

VEGF Key regulator of angiogenesis, may induce IP-10 

expession 

Ti64(SrAg) the lowest at 3 and 

7d, increased for TI64 and 

Ti64(HF-H2O2) from 3 to 7d 
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Figure B1 Concentration of the analyzed 27 factors and cytokines released by macrophages in the culture medium after 3 (unpatterned bars) and 7 days (patterned bars) of culture on plastic 

well (CTRL)(white), Ti64 (green), Ti64(SrAg)(yellow) and Ti64(HF-H2O2)(light blue): p values < 0.05: # vs CTRL 3d, § vs Ti64 3d; £ vs Ti64(SrAg) 3d; @ vs Ti64(HF-H2O2) 3d; ## vs CTRL 7d, 

§§ vs Ti64 7d; ££ vs Ti64(SrAg) 7d; @@ vs Ti64(HF-H2O2) 7d. 
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