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Abstract 

The basic building block of implants, including medical devices, is the biomaterial. The 

correlation between its structure and properties allows assessment of its potential use in 

medicine. Material scientists are engaged in studying the structure - property relationship, 

therefore designing or selecting appropriate biomaterial for implants that perform specific 

functions. Implant surface deserves special attention, as it is in direct contact with the body 

fluids, e.g., blood plasma, determining the specificity of the blood components response. 

The motivation for the studies presented in this work was an investigation of how the 

crystallographic orientation, hence the coordination number of surface atoms and their 

arrangement, affect the biocompatibility of the material. The thrombogenic response of the 

human body, i.e., the formation of pathological clots on the implant surface, is one of the 

main problems encountered in biomaterial science for which thrombocytes (platelets) are 

responsible. It is well known that their adhesion and activation are mediated by proteins, 

especially human plasma fibrinogen (HPF), containing specific binding sites i.e., γ400-411. 

Therefore, strategies to control the HPF conformation upon adsorption on materials, so that 

specific regions of the protein remain hidden, are constantly being developed.  

In the present work, it has been shown that adjustment of the appropriate surface 

crystallographic orientation, here titanium dioxide (rutile), modulates HPF adsorption in a 

manner that platelets attach to a lower extent and remain non-active.  

The studies were performed on four low-index surfaces of single crystals: (110), (100), 

(101), and (001). It was observed that despite the similar amount of adsorbed proteins on 

differently oriented surfaces, various surface atomic structures, and resulting different 

surface energy and wettability, affected the conformation of HPF. As shown by atomic 

force spectroscopy (AFM), the low surface energy and hydrophobicity of the (110) surface 

favored the HPF molecules unfolding, resulting in a trinodular conformation, which is 

favorable from a thermodynamic point of view. In contrast, the higher undercoordination 

of atoms on the surfaces (lower coordination number in respect to bulk atoms), and 

consequently higher surface energy and hydrophilicity, contributed to the HPF adsorption 

preferentially in a close to native state i.e., globular conformation. Protein conformation-

specific reorganization of molecules structure, including the breaking of peptide bonds and 

the formation of new ones, was confirmed by X-ray photoelectron spectroscopy (XPS). In 
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addition, the influence of the HPF conformation on the surface energy of the protein-coated 

substrates was identified, which may find an implication in controlling further processes 

occurring at the biomaterial - blood interface.  

The observed differences in HPF conformation on rutile single crystals suggested a possible 

different behavior of sequentially attaching platelets. The scanning electron microscope 

(SEM) visualization, optical microscopy (OM), and analysis of the P-selectin expression 

levels revealed significantly lower adhesion and activation of platelets on the low energetic 

and hydrophobic (110) surface compared to other more energetic and therefore hydrophilic 

surfaces. To explain these observations, the accessibility of the platelet binding sites, 

depending on the HPF conformation, was investigated. The collected results were the basis 

for developing a model of the crystallographic orientation-dependent mechanism of platelet 

adhesion on rutile crystals mediated by HPF. The reduced platelet affinity to the 

hydrophobic (110) surface was explained by the much lower availability of γ-chains in 

trinodular HPF than in globular. This indicates the potential antithrombogenicity and 

biocompatibility of rutile implants with (110) surface crystallographic orientation. 

Since the biocompatibility of the material is determined by numerous processes, much 

remains to be explored in this topic. Therefore, it has been investigated whether 

polycrystals, which contain multiple differently oriented grains in one sample, can be a 

relevant and cost-effective alternative for single crystals, in time-consuming studies of 

crystallographic orientation-dependent biological phenomena. An analysis of HPF 

adsorption and platelet adhesion on rutile polycrystals was performed, however, this study 

did not reveal crystallographic orientation-dependent differences in HPF conformation nor 

platelet activity, which was the case on single crystals. An accurate explanation of these 

contradictory results was not found during this PhD work, as it requires more extensive 

characterization of the produced polycrystals and improvement of the polycrystal 

production method. This leaves it as an open topic for investigation in the future. 

To sum up, the studies presented in this work bring numerous valuable information useful 

for designing highly biocompatible biomaterials for implants, as it provides fundamental 

insights into crystallographic orientation-dependent platelet - biomaterial interactions. 

Furthermore, the obtained results point to a new direction of research into the control of 

cellular response through protein adsorption, to induce specific processes in the human 
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body. This is a novelty that can significantly contribute to the development of biomedical 

engineering, as well as improve the effectiveness and safety of currently used implants. 
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Zusammenfassung 

Die Grundbausteine von Implantaten, einschließlich einiger medizinischer Geräte, sind 

Biomaterialien. Die Korrelation zwischen der Struktur und den Eigenschaften ermöglicht 

eine Bewertung des potenziellen Einsatzes in der Medizin. Materialwissenschaftler 

befassen sich mit der Untersuchung der Beziehung zwischen Struktur und Eigenschaften. 

Sie entwerfen oder wählen daher geeignete Biomaterialien für Implantate aus, die 

bestimmte Funktionen erfüllen. Die Implantatoberfläche verdient besondere 

Aufmerksamkeit, da sie in direktem Kontakt mit den Körperflüssigkeiten, z. B. dem 

Blutplasma, steht und die Spezifität der Reaktion der Blutkomponenten bestimmt. 

Die Motivation für die in dieser Arbeit vorgestellten Studien war eine Untersuchung 

darüber, wie die kristallografische Orientierung, also die Koordinationszahl der 

Oberflächenatome und ihre Anordnung, die Biokompatibilität des Materials beeinflussen. 

Die thrombogene Reaktion des menschlichen Körpers, d.h. die Bildung von pathologischen 

Gerinnseln auf Implantatoberflächen, ist eines der Hauptprobleme in der 

Biomaterialwissenschaft, für das die Thrombozyten (Blutplättchen) verantwortlich sind. Es 

ist bekannt, dass ihre Adhäsion und Aktivierung durch Proteine vermittelt wird, 

insbesondere durch humanes Plasmafibrinogen (HPF), das spezifische Bindungsstellen, 

nämlich γ400-411, enthält. Daher werden stätig Strategien entwickelt, um die HPF-

Konformation bei der Adsorption an Materialien so zu steuern, dass bestimmte Regionen 

des Proteins verborgen bleiben.  

In der vorliegenden Arbeit wurde anhand von Titanoxid (Rutil) gezeigt, dass die 

Einstellung der geeigneten kristallografischen Oberflächenorientierung die HPF-

Adsorption in einer Weise moduliert, sodass Blutplättchen in geringerem Maße anhaften 

und inaktiv bleiben. 

Die Studien wurden an vier Einkristalloberflächen mit niedrigem Index durchgeführt: 

(110), (100), (101) und (001). Es wurde beobachtet, dass trotz der ähnlichen Menge an 

adsorbierten Proteinen auf unterschiedlich ausgerichteten Oberflächen verschiedene 

atomare Oberflächenstrukturen und die daraus resultierende unterschiedliche 

Oberflächenenergie und Benetzbarkeit die Konformation von HPF beeinflussen. Mithilfe 

von Rasterkraftspektroskopie wurde gezeigt, dass die niedrige Oberflächenenergie und 

Hydrophobizität von der (110) Oberfläche das Entfalten der HPF-Moleküle positiv bedingt. 
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Dies führt zu einer trinodularen Konformation, welche aus thermodynamischer Sicht 

günstig ist. Im Gegensatz dazu trug die höhere Unterkoordinierung der Atome auf den 

Oberflächen (geringere Koordinationszahl im Vergleich zu den Bulk-Atomen) und folglich 

die höhere Oberflächenenergie und Hydrophilie dazu bei, dass die HPF-Moleküle 

vorzugsweise in einer nahezu nativen, d.h. globulären Konformation, adsorbiert wurden. 

Mit Röntgenspektroskopie (XPS) wurde die für die Proteinkonformation spezifische 

Reorganisation der Molekülstruktur bestätigt, einschließlich des Aufbrechens von 

Peptidbindungen und der Bildung neuer Bindungen. Darüber hinaus wurde über den 

Einfluss der HPF-Konformation auf die Oberflächenenergie der proteinbeschichteten 

Substrate berichtet, was möglicherweise eine Auswirkung auf die Steuerung vieler anderer 

Prozesse hat, die an der Blut-Biomaterial-Grenzfläche ablaufen. 

Die festgestellten Unterschiede in der HPF-Konformation auf Rutil-Einkristallen deuten 

auf ein mögliches unterschiedliches Verhalten der sequenziellen Anheftung von 

Blutplättchen hin. Die Visualisierung mit dem Rasterelektronenmikroskop (SEM), dem 

optischen Mikroskop (OM) und die Analyse der P-Selektin-Expressionsniveaus zeigten 

eine signifikant geringere Adhäsion und Aktivierung von Blutplättchen auf der (110) 

Oberfläche im Vergleich zu anderen energetisch höheren und daher hydrophilen 

Oberflächen. Um dies zu erklären, wurde die konformationsabhängige Sichtbarkeit der 

primären Bindungsstellen von Blutplättchen untersucht. Die gesammelten Ergebnisse 

waren die Grundlage für die Erstellung eines Modells des HPF-vermittelten 

kristallografisch orientierungsabhängigen Plättchen-Adhäsionsmechanismus an Rutil-

Einkristallen. Die geringere Affinität der Blutplättchen zur hydrophoben (110) Oberfläche 

wurde durch die viel geringere Verfügbarkeit von γ-Ketten in trinodularem HPF im 

Vergleich zu globulärerem erklärt. Dies weist auf die potenzielle Antithrombogenität und 

Biokompatibilität von Rutil Implantaten mit kristallografischer (110)-

Oberflächenorientierung hin. 

Da die Biokompatibilität des Materials von zahlreichen Prozessen bestimmt wird, gibt es 

in diesem Bereich noch viel zu erforschen. Daher wurde untersucht, ob Polykristalle, die 

mehrere unterschiedlich orientierte Körner in einer Probe enthalten, eine relevante und 

kosteneffiziente Alternative zu Einkristallen sein können, wenn es um zeitaufwändige 

Studien von kristallografisch orientierungsabhängigen biologischen Phänomenen geht. Es 

wurde eine Analyse der HPF-Adsorption und der Thrombozytenadhäsion an Rutil 

Polykristallen durchgeführt. Diese Studie ergab jedoch im Gegensatz zu Einkristallen 
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weder kristallografisch orientierungsabhängige Unterschiede in der HPF-Konformation 

noch in der Thrombozytenaktivität. Eine genaue Erklärung für diese widersprüchlichen 

Ergebnisse konnte im Rahmen dieser Doktorarbeit nicht gefunden werden, da sie eine 

umfassendere Charakterisierung der hergestellten Polykristalle und eine Verbesserung der 

Polykristallherstellungsmethode erfordert. Es bleibt also ein offenes Thema für zukünftige 

Untersuchungen. 

Zusammenfassend lässt sich sagen, dass die in dieser Arbeit vorgestellten Studien 

zahlreiche wertvolle Informationen liefern, die für die Entwicklung hochgradig 

biokompatibler Biomaterialien für Implantate nützlich sind, da sie grundlegende Einblicke 

in die kristallografisch orientierungsabhängigen Wechselwirkungen zwischen 

Blutplättchen und Biomaterialien bieten. Darüber hinaus weisen die erzielten Ergebnisse 

auf eine neue Forschungsrichtung hin, die sich mit der Steuerung zellulärer Reaktionen 

durch Proteinadsorption befasst, um spezifische Prozesse im menschlichen Körper 

auszulösen. Dies ist eine neue Entdeckung, die wesentlich zur Weiterentwicklung der 

Biomedizintechnik beiträgt und die Wirksamkeit und Sicherheit der derzeit verwendeten 

Implantate verbessern kann. 
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List of Figures 

Figure 2.1. Basic unit cell of rutile with dimensions a = b = 0.295 Å and c = 0.458 Å 

which form slightly distorted octahedra. Blue and yellow balls correspond to titanium and 

oxygen atoms, respectively. b) Stacking of octahedra in a crystal lattice. Figures were 

generated using VESTA software.27 

Figure 2.2. Idealized structure of rutile crystal surfaces with (110), (100), (101), and 

(001) crystallographic orientations. Large blue spheres = titanium cations; small yellow 

spheres = oxygen anions. Numbers in parentheses indicate coordination numbers of 

selected surface atoms. Figures were generated using VESTA software.27 

Figure 2.3. Schematic representation of blood - biomaterial interactions showing protein-

mediated processes relevant to thrombosis on biomaterials. These processes can interplay 

with each other. 

Figure 2.4. Four levels of protein structure. Primary structure specifies the amino acid 

sequence, i.e., how amino acid residues are connected. Secondary structure defines 

backbone torsion angles in the amino acid residues. Tertiary structure determines the 

positions of atoms in a protein in three dimensions. Quaternary structure defines the 

position and orientation of all proteins in the complex. Molecular structure of proteins 

taken and adapted from Protein Database (RCSB PBD).65 

Figure 2.5. The major mechanism of platelets adsorption, activation, and aggregation on 

biomaterials under static conditions (lack of or low blood flow). Resting platelets can 

bind to available γ400–411 sequences in pre-adsorbed HPF. This leads to platelet activation 

and expression of an activated GP IIb-IIIa receptor. Finally, activated platelets are capable 

to bind other thrombogenic proteins (RGD sequences) and aggregate. 

Figure 2.6. Schematic representation of HPF molecule with selected platelet binding 

sites: primary γ400-411 sequences and secondary RGD sequences. Individual hydrophobic 

D and E domains and hydrophilic αC parts. Aα, Bβ, and γ chains are shown in blue, red, 

and green colors. Molecular structure of HPF taken and adapted from Protein Database 

(RCSB PBD).65 

Figure 3.1. Physico-chemical surface properties influencing protein adsorption behavior. 

Image reproduced from ref.91, with permission from Wiley/VCH. Copyright©2017. 

Figure 3.2. Model of HPF-mediated platelet adhesion and activation on various polymers 

with different surface wettability. a) Adsorption of HPF by hydrophobic D and E domains 

to hydrophobic polymers (Θ > 65°) limits the availability of primary platelet binding sites 

(γ400-411) for platelets, preventing their adhesion and activation. b) Adsorption of HPF by 

hydrophilic αC region to hydrophilic polymers (Θ < 65°) exposes the γ-chain, inducing 

platelet adhesion and activation. Image reproduced from ref.155, with permission from 

Acta Biomaterialia. Copyright©2017. 

Figure 3.3. Topography-induced structural changes of HPF. a) HPF orientational and/or 

conformational changes caused by a) nanofeatures curvature, b) confinement between 

protrusions, c) nanofeatures edge.  

Figure 3.4. HPF adsorption and platelet adhesion as a function of the crystal aspect ratio 

of semicrystalline polymeric surfaces. a) Trinodular conformation observed on lamellar 
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(LCs) and shish-kebab (SKCs) crystals (aspect ratio > 4), where primary platelet binding 

sites, γ400-411, are exposed. b) HPF conformation on needle-like (NLCs) crystals (aspect 

ratio = 1), which enables protein-protein interaction through γ400-405 sequences, making 

only γ406-411 sequences accessible to platelets. The aspect ratio of HPF is ~3 c) Schematic 

representation of HPF conformation on semicrystalline polymer surfaces. d) Significantly 

more pronounced platelet adhesion and activation on LCs and SKCs compared to NLCs 

due to a higher aspect ratio of the crystalline part than an aspect ratio of HPF. Image 

reproduced from ref.139, with permission of American Chemical Society, 2020. 

Figure 3.5. a) Schematic representation of grain- and facet-dependent HPF adsorption on 

strongly thermally etched rutile polycrystal: (i) trinodular conformation of HPF arranged 

in a ring-like network on a flat stable grain type 1 or single facet wall of grain type 2, (ii) 

globular assembly on second facet wall of grain type 2, (iii) thin globular layer on 

irregular less stable grain type 3. b) AFM image of HPF adsorbed on faceted grain type 2 

showing HPF molecules in two different conformational states. Image reproduced from 

ref.194, with permission of Acta Biomaterialia. 

Figure 5.1. a) Raman spectra characteristic for rutile single crystals with a calculated 

ratio of A1g to Eg intensity. b) AFM images of bare rutile single crystals.  

Figure 5.2. Time- and concentration-dependent HPF adsorption on rutile single crystals. 

a) AFM visualization of adsorbed HPF on rutile crystals, on the example of the (110) 

surface. Arrows point out exemplary single proteins. b) Amount of adsorbed HPF 

determined using BCA assay. Three measurements per sample were performed. Lines 

next to the bars indicate the statistical differences among groups (p > 0.05). 

Figure 5.3. AFM visualization (200 x 200 nm) of the (110), (100), (101), (001) rutile 

single crystals with adsorbed HPF. Exemplary molecules are marked with circles. 

Zoomed images (60 x 60 nm; scale bar 20 nm) in the inset show a single HPF molecule 

on each surface. Representative profile line of individual molecules supports the visual 

determination of the protein conformation and allows estimation of its dimensions. A 

schematic HPF spatial arrangement with marked hydrophobic D and E domains is 

presented.   

Figure 5.4. Histogram analysis of the measured HPF length and height distributions 

adsorbed on rutile single crystals (n > 100). A Gaussian-fitted curve overlays each 

histogram (blue and green curves). The average lengths and heights of the proteins are 

given above the peaks. 

Figure 5.5. AFM images (200 nm x 200 nm) of HPF adsorbed on the (110) and (001) 

rutile single crystals, taken under aqueous conditions. Exemplary molecules are marked 

with circles. 

Figure 5.6. Representative survey XPS spectrum of rutile single crystal with marked 

detected components. 

Figure 5.7. Deconvolved carbon (C 1s; left images) and nitrogen (N 1s; right images) 

spectra of HPF-coated (110) and (001) surfaces. Dashed lines correspond to the raw data, 

while solid lines stand for Gaussian fitting.  

Figure 5.8. Determined surface energy of rutile single crystals before (yellow color) and 

after 30 min HPF adsorption (blue color) from solutions with concentrations 0.1 mg/mL 

and 0.01 mg/mL, respectively. Measurements were performed in air (bars) or aqueous 

(crosses) conditions. Lines above bars indicate statistical differences (p > 0.05) between 
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§ bare substrates, # HPF-coated substrates (0.1 mg/mL), * HPF-coated substrates 

(0.01 mg/mL). 

Figure 5.9. AFM images (3D) and corresponding adhesion maps of HPF-coated (110) 

and (001) surfaces. The upper images refer to the (110) surface with marked trinodular 

proteins and the bottom images to the (001) surface. Images on the right side correspond 

to represent the adhesion map of single HPF molecules recorded on these surfaces. 

Figure 5.10. Model of HPF adsorption on rutile single crystals. On low energetic, 

hydrophobic (ϴ ≥ 65°) surfaces HPF preferentially adsorb in trinodular conformation, 

whereas on high energetic, hydrophilic surfaces in globular one. Keep in mind that in the 

transition water contact angle range for hydrophilicity/hydrophobicity (ϴ = 60 - 65°), 

which applies to (100) and (101) surfaces, HPF adsorbs in both conformations, however, 

globular structures dominate. 

Figure 6.1. a) Five morphological forms of platelets observed on rutile single crystals, 

corresponding to different states of activation, i.e., (i) round, (ii) dendritic, (iii) spread-

dendritic, (iv) spread, (v) fully spread. Morphology of platelets after b) 5 min and 

c) 120 min immersion of rutile crystals in PPP under static conditions. 

Figure 6.2. Optical microscope images of rutile single crystals immersed in PPP for 

a) 5 min and b) 120 min. c) Calculated values of surface coverage based on at least four 

positions per crystal (left axis) and P-selectin expression level obtained by 

immunochemistry (n = 3, right axis). d) Visual representation of P-selectin expression 

(confocal microscopy). Lines above bars indicate statistical differences (p > 0.05) in 

* surface coverage, and # P-selectin expression level. 

Figure 6.3. a) Availability of γ400-411 sequences in HPF molecules adsorbed on the (110) 

and the (001) rutile single crystals determined by immunochemistry (n = 3). 

Figure 6.4. Model of HPF-conformation dependent, platelets adhesion and activation on 

hydrophobic and hydrophilic rutile single crystals. HPF adsorbed by D domains in 

trinodular conformation on the (110) surface sufficiently limits the visibility of γ-chain 

(red color), and therefore platelets adhesion and activation. Adsorbed by αC domains, 

globular HPF bind and activate platelets due to the accessible γ-chain (green color). 

Figure not drawn in scale. 

Figure 7.1. An exemplary method of polycrystal production: a) Powder compression; 

green-body b) sintering and c) polishing; d) thermal etching. 

Figure 7.2. Optical microscope image of a thermally etched TiO2 (rutile) polycrystal 

surface. Grain size exceeds several tens/hundreds of μm and grain boundaries are visible. 

Scale bar represents 500 μm. 

Figure 7.3. a) Representative SEM image of a thermally etched TiO2 (rutile) polycrystal 

surface in an exemplary position. b) EBSD image with a corresponding color-code 

inverse pole figure map in the inset. (hkl) Miller indices denote lattice planes lying in the 

macroscopic polycrystal surface. Arrows point to the grains with the (110) and (001) 

surface crystallographic orientation, which can be recognized in the EBSD image as deep 

blue and red color. Note, that estimated crystallographic orientations represent the closest 

approximation to the actual crystallographic orientation of a grain surface. 

Figure 7.4. Topographic AFM images (200 nm x 200 nm) of bare (110) and (001) grain 

surface of TiO2 (rutile) polycrystal. 
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Figure 7.5. SEM images of a) (110) and b) (001) grains surfaces of TiO2 (rutile) 

polycrystal exposed to platelets for 120 min under static conditions, taken on three grains 

marked by the same color, however in various surface positions. Upper images refer to 

the same grain but show different magnifications.  

Figure 7.6. Confocal microscope images of expressed P-selectin on (110) and (001) grain 

surfaces after 120 min exposition of rutile polycrystal for PPP under static conditions. 

Figure 7.7. EBSD map of TiO2 (rutile) polycrystal surface in a second exemplary 

position. As indicated by arrows, the (100), (101), and high-index grains surfaces can be 

recognized in the EBSD image as green, orange, and bright yellow, respectively. Note, 

that estimated crystallographic orientations of grains surfaces represent the closest 

approximation to the actual crystallographic orientation. SEM images of (100), (101), and 

high-index surfaces exposed to platelets for 120 min under static conditions were taken 

on two/three grains marked by the same color, however in various surface positions. 

Upper images refer to the same grain but show different magnifications. 

Figure 7.8. Distribution of fluorescently-labeled HPF on (110) and (001) grains surfaces 

of TiO2 (rutile) polycrystal imaged by confocal microscopy.  

Figure 7.9. a)  AFM images of (110) and (001) grain surfaces of TiO2 (rutile) polycrystal 

coated by HPF (C = 0.01 mg/mL, t = 5 min) taken under air conditions. Images show 

trinodular HPF irrespective of surface crystallographic orientation. b) Confocal 

microscopy images of available γ400-411 on polycrystal grains i.e., sequences available to 

bind platelets. 

Figure A1. SEM images of rutile single crystals immersed for a) 5 min and b) 120 min 

in PPP under static conditions. 

  



 

9 
 

List of Tables 

Table 2.1. Crystallographic orientation-dependent properties of TiO2 (rutile) surfaces. 

Table 2.2. Major platelet receptors for thrombogenic blood plasma proteins and their 

characteristics.  

Table 5.1. Crystallographic orientation-dependent properties of rutile single crystals. 

Table 5.2. Composition of the (110), (100), (101), and (001) rutile single crystals before 

and after HPF adsorption (5 min, 0.01 mg/mL). 

Table A1. Elemental composition on rutile single crystals surface after HPF adsorption.  



 

10 
 

  



 

11 
 

List of Abbreviations and Symbols 

α, β, and γ Polypeptide chains 

αC Nodules in the D domains 

Aα572-574 572-574 peptide sequences in Aα chain 

Aα95-97 95-97 peptide sequences in Aα chain 

αIIbβ3 Glycoproteins IIb/IIIa 

γ400-411 400-411 peptide sequences in γ chain 

γ254-256 254-256 peptide sequences in γ chain 

γtip and γsample 
Surface energy of AFM tip and rutile 

crystals 

Γ Interfacial energy 

AFM Atomic force spectroscopy 

BCA Micro Bicinchoninic Acid Protein Assay 

BSA Bovine serum albumin 

CH3 Methyl groups 

C-N Amine groups 

C-NH3
+ Protonated amine groups 

C=O Carbon and oxygen bond 

CP Commercially pure titanium 

D and E D and E domain of fibrinogen 

DLC Diamond-like coatings 

DMT Derjagin-Muller-Toropov model 

EBSD Electron backscatter diffraction 

Eg 
A band at 448 cm-1 in X-ray photoelectron 

spectroscopy spectrum 

Fn Fibronectin 

FITC Fluorescently-labeled fibrinogen 

HOPG highly ordered pyrolytic graphite 

HPF Human plasma fibrinogen 

HSA Human serum albumin 

LCs Lamellar crystals 

Milli-Q water 
Pure water with a conductivity of 

18.2 MΩ∙cm-1 

N-C=O Peptide groups 

NLCc Needle-like crystals 

OM Optical microscopy 

O Oxygen 

O–Ti–O Bonds between oxygen and titanium 

QI mode Quantitative Imaging mode 

PBS Phosphate-buffered saline solution 

pH Hydrogen ion exponent 

PHMS Polyhydroxymethylsiloxane 

PLGA Poly (lactide-co-glycolic acid) 

PMMA Poly(methyl methacrylate) 

PPP Pooled platelet plasma concentrate 



 

12 
 

PS Polystyrene 

PU Polyetherurethanes 

PUU Polyurethaneurea 

QI Quantitative imaging mode 

RGD Arginine, glycine, aspartic acid 

Rq Root mean square roughness 

SDS sodium dodecyl sulphate 

SEM Scanning electron microscopy 

SKCs Shish-kebab crystals 

THRP2 and R320 Powders used for polycrystals production 

Ti Titanium 

TiO2 Titanium dioxide 

Ti–6Al–4V Titanium–Aluminum–Vanadium 

UV-Vis Ultraviolet-visible spectroscopy 

Vn Vitronectin 

vWF von Willebrand factor 

XPS X-ray photoelectron spectroscopy 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



 

13 
 

1. Introduction 

The development of highly biocompatible and safe implants, including medical devices, 

is essential due to the constantly increasing number of people requiring hospitalization.1 

Biomaterials according to European Society for Biomaterials Consensus Conference II 

are defined as “materials intended to interface with biological systems to evaluate, treat, 

augment, or replace any tissue, organ, or function of the body”.2 The appropriate response 

of the human body to contact with an artificial material is pivotal for successful patient 

treatment and support of bodily functions.3 However, currently used in medicine 

biomaterials still have some shortcomings, for example, limited biocompatibility, which 

motivates further modifications or design of new ones. 

Knowledge of fundamental processes that occur at the blood - biomaterial interface is key 

for predicting the biocompatibility of implants that would induce a proper host response 

without any undesired side effects. Within seconds after biomaterial implantation, plasma 

proteins are adsorbed onto its surface interacting with a previously absorbed layer of 

water and inorganic salt ions.4 Proteins are adhesion initiators and signal mediators for 

bacteria or cells, which in turn drives further biological processes such as wound healing, 

infections, inflammation, or thrombosis.5 Therefore, implant design is a complex process 

requiring the study of cellular responses to pre-adsorbed proteins. Surface science is one 

of the indispensable elements that point to the direction of biomaterials development, as 

it investigates protein-mediated cell attachment concerning surface properties such as 

material chemistry and topography. 

Among the most commonly used materials for the production of bone implants, 

endoprostheses, mechanical heart valves or biosensors are titanium and its alloys, due to 

their favorable mechanical properties.6,7 In addition, their high biocompatibility and good 

corrosion resistance are ensured by an oxide layer on the surface, mainly titanium dioxide 

(TiO2), which immediately covers titanium implants upon contact with air.8 Despite these 

imposing advantages, placement of titanium implants into the human body still carries 

the risk of complications, mainly related to thrombosis.9 It is a phenomenon of 

pathological clot formation on biomaterials surface, which can detach and enter the 

bloodstream, finally provoking vessel occlusion, patient stroke, or even death.10 It is 

widely recognized that clot formation is determined by platelets adhesion and activation, 
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which in turn is governed by the adsorption of plasma proteins, especially human plasma 

fibrinogen (HPF).11 Nevertheless, numerous studies have shown that not the amount, but 

the conformation of HPF, which decides exposure of platelet binding sites, is a key 

regulator of blood clotting.12 This discovery contributed to the widespread interest in the 

possibility of reducing the risk of pathological clot formation by manipulating the HPF 

conformation (folding in space), controlled by the physico-chemical parameters of 

biomaterials surface. Recently, it has been disclosed that surfaces may even hold the key 

to explaining prothrombotic status in patients with COVID infection.13 

Materials science is the essence of predicting how structures of materials affect their 

properties and subsequently performance or applications. This dissertation has been 

devoted to determining whether TiO2 (rutile) crystals with specific surface 

crystallographic orientations can serve as a tool to induce specific characteristics of 

implants surface to reduce their thrombogenicity. 

Characteristics of rutile crystals, HPF structure, and platelets are presented in Chapter 2. 

Fundamental knowledge about protein adsorption and cellular response, representing the 

first step of all biological reactions, has been collected. In Chapter 3, the current state of 

the art in surface-dependent HPF adsorption and platelet adhesion have been reviewed. 

Collected information provided a background for the formulation of hypotheses and 

objectives of this work, presented in Chapter 4. Studies results of crystallographic 

orientation-dependent HPF adsorption and platelets adhesion on the rutile single crystals 

are presented in Chapters 5 and 6, respectively. Finally, in Chapter 7, the characterization 

of HPF-mediated platelet behavior on specific grains surfaces of biomedically relevant 

rutile polycrystals is discussed, and the possibility of its usage for the study of 

crystallographic orientation-dependent biological phenomena is evaluated. 

It is expected that the scope of this work will stimulate further scientific discussion on the 

attachment of other cells and bacteria to crystalline surfaces and encourage research on 

this topic. Observations presented here are intended to point to new routes for the design 

of biointerfaces and surfaces of blood-contacting materials to produce biocompatible 

implants, that fully perform their intended functions.  
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2. Fundamentals 

2.1. Titanium and its alloys as biomaterials 

Metals have broad potential applications in materials science, tissue engineering, and 

biomedicine, due to their appropriate mechanical properties that no other class of 

biomaterials can replicate. Their usage is desirable in particular in the case of medical 

devices, for example, artificial hearts or ventricular assist devices, requiring high strength, 

stiffness, or cyclic-loading fatigue resistance.14 In the 1940s, titanium (Ti) and its alloys 

were discovered to be valuable materials for a wide range of medical applications and 

nowadays are at the top of the list of the most common biomaterials used for implants, 

medical devices, and surgical instruments.15 The most widespread are commercially pure 

(CP) titanium or Titanium–Aluminum–Vanadium (Ti–6Al–4V) alloy.16 More 

specifically, titanium-based materials have found application in the cardiovascular field, 

for example as cardiac implants, such as stents, rotor pumps, and heart valve rings.17 They 

are also used in dentistry as a component of prosthetic fillers (inlays, crowns, bridges) or 

in orthopedics as dynamic parts (skeletal prostheses, maxillofacial devices, elements of 

hip and knee prostheses).18 Nevertheless, large biocompatibility, chemical inertness, and 

corrosion resistance of Ti implants are related to spontaneously forming upon contact 

with air, surface oxide layer, composed mainly of stable and amorphous TiO2.
19,20 In 

addition, numerous methods have been developed, such as surface chemical treatment, 

coating or anodizing, to form a TiO2 layer, not only on pure Ti but also on other materials 

as well.21,22 Dependent on the manufacturing process and parameters involved, the oxide 

layer may possess also crystalline microstructure, characterized by strictly defined long-

range order, which is not observed in amorphous material. When considering reactions 

on an atomic scale, the crystalline forms usually serve as a first approximation model to 

describe biological phenomena occurring at the TiO2 layer-blood interface.19 

2.1.1. Titanium dioxide (TiO2) and its forms 

TiO2 naturally crystallizes in three major polymorphs: brookite, anatase, and rutile.23 

However, current technology allows only the latter two to be used for medical 

applications.23 The substantial attention of researchers has been devoted to rutile due to 
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its highest stability under physiologic conditions and biocompatibility among others 

forms.24 This is essential to ensure constant biological performance and safety of implants 

in the human body. 

A basic rutile unit cell has a tetragonal P4/mm structure with lattice parameters a = b = 

0.295 Å and c = 0.458 Å as shown in Figure 2.1. a).25  Ti atoms occupy the body-center 

and corners of the unit cell. In a bulk, each titanium atom is surrounded by an octahedron 

of six oxygen (O) atoms. The two bonds between Ti and O are slightly longer than others. 

As presented in Figure 2.1. b), in crystal lattice neighboring octahedra share one corner 

along with <110> directions and are stacked with their long axis alternating by 90°. The 

stacking octahedra result in six-fold coordinated Ti and three-fold O atoms in a bulk 

material.26  

  

Figure 2.1. a) Basic unit cell of rutile with dimensions a = b = 0.295 Å and c = 0.458 Å 

which form slightly distorted octahedra. Blue and yellow balls correspond to titanium and 

oxygen atoms, respectively. b) Stacking of octahedra in a crystal lattice. Figures were 

generated using VESTA software.27 

Although numerous rutile-coated implants are currently available for clinical use, their 

development still is an active area of research to improve their biological performance. 

In this dissertation, attention is focused on rutile surface crystallographic orientation, as 

an important parameter influencing biological reactions. 
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2.1.2. Crystallographic orientation-dependent physico-chemical 

properties of rutile surface 

Since a material surface is in direct contact with blood plasma after implant placement, 

in-depth knowledge about its atomic structure is key for understanding its unique, 

physico-chemical properties and determining the appropriate crystal orientation for a 

particular application. This is a fundamental task for materials scientists.  

On a rutile surface, its ordered structure is cut in different ways, resulting in specific 

patterns of surface atoms coordination (number of atom neighbors) that differ from a bulk. 

The disruption of intermolecular bonds upon surface creation and the density of 

undercoordinated (dangling) bonds guide surface physico-chemical properties.28 In the 

literature, the structure and properties of the three low-index (110), (100) and (101) 

surfaces are the most widely described, which due to relatively high stability are 

preferentially formed during crystal growth and therefore occur most commonly in 

nature.23,25 Moreover, despite the instability of the (001) surface, it is frequently studied 

and taken for comparison due to substantial differences in its structure compared to 

others, and therefore varying properties. Atomic arrangements on four surfaces of rutile 

crystal, assuming they are ideal cuts through the rutile structure at the appropriate angle, 

are presented in Figure 2.2.  

As shown in Table 2.1, the coordination number of surface titanium atoms in these rutile 

crystals is in the range of four to six, while oxygen is two or three. The lower coordination 

number correlates with higher atoms undercoordination with respect to bulk, a higher 

number of dangling bonds, and therefore higher surface energy (γ).26 Surface energy 

quantitatively measures the disruption of the intermolecular bond during surface 

formation, in other words, required work to form a unit area of the surface. Presence of 

only four coordinated Ti atoms and two coordinated O atoms on the (001) surface results 

in its highest energy. According to computer simulations, the surface energy of rutile 

crystals increases in order (110) < (100) < (101) < (001), as shown in Table 2.1.28–30 Keep 

in mind that the presence of energetically unfavorable dangling bonds on a surface leads 

to subtle surface atoms relaxation, which refers to a change in surface atoms positions, 

compared to a bulk crystal structure. Therefore, to evaluate phenomena occurring on the 

material surface, relaxed surface energy values are considered, which accurately describe 
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its properties. Values given in Table 2.1., correspond to the relaxed surfaces of rutile 

crystals. 

 

Figure 2.2. Idealized structure of rutile crystal surfaces with (110), (100), (101), and 

(001) crystallographic orientations. Large blue spheres = titanium cations; small yellow 

spheres = oxygen anions. Numbers in parentheses indicate coordination numbers of 

selected surface atoms. Figures were generated using VESTA software.27 

 

Table 2.1. Crystallographic orientation-dependent properties of TiO2 (rutile) surfaces. 

 

Orientation 
Thermodynamic 

stability 

Coordination numbers of 

surface atoms29 

Relaxed surface 

energy [J/m2 ]30  

Unsaturation 

[nm-2]28 

(110) Stable Ti (6,5) O(2,3) 0.96 10.24 

(100) Stable Ti(5), O(2,3) 1.01 14.47 

(101) Medium Ti (5,4), O(2,3) 1.41 15.59 

(001) Unstable Ti(4), O(2) 1.90 18.50 
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Undercoordination of surface Ti atoms has also an impact on the bonding potential of 

water molecules and thus determines the nature of their adsorption i.e., dissociative or 

molecular.31 The highest density of undercoordinated atoms i.e., the unsaturation of the 

(001) surface (Table 2.1.), causes the highest probability to dissociate water molecules 

from an environment and strongly attracts the hydroxyl groups (-OH) via 

chemisorption.32 In contrast, the unsaturation of the (110) surface is the lowest, and most 

of the studies revealed molecular adsorption of water.33,34 Since a water layer is created 

on a material surface immediately after implant placement, before the diffusion of 

proteins or cells, it is a direct mediator of any biological reactions at the blood - 

biomaterial interface. 

This variety of structure-dependent properties of rutile surfaces arouses high interest 

among material scientists due to their potential multifunctionality. In this dissertation, the 

possibility of adjusting proper atomic order on the rutile surface to improve the biological 

performance of implants is investigated. 

2.2. Fundamentals of the thrombogenic process 

Despite the benefits of coating implants with a TiO2 layer, thrombosis (blood clotting) at 

the implant - blood interface is still an unresolved problem.35 Pathological clot formation 

is a shortcoming of numerous blood-contacting medical devices such as stents, artificial 

hearts, intravascular catheters, or valves.36,37 This is a dangerous phenomenon because 

dislodged clots can enter the bloodstream and occlude blood vessels, which in turn leads 

to various complications e.g., myocardial infarction, organ dysfunction, 

neuropsychological impairment, or even patient death.38 

Medical device-induced thrombosis occurs as a result of the pathology of blood 

components (hypercoagulability), impaired blood flow, or specific physico-chemical 

properties of a material surface.39 Blood - biomaterial interactions induce a series of 

complex events responsible for clot formation: adhesion and activation of 

platelets/leukocytes, and activation of complement/coagulation systems, which are 

mediated by proteins (Figure 2.3.). Depending on the type of medical device, implant 

location, or geometry, various biological pathways can interplay, making the 

thrombogenicity phenomenon even more complex. 
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Figure 2.3. Schematic representation of blood - biomaterial interactions showing protein-

mediated processes relevant to thrombosis on biomaterials. These processes can interplay 

with each other. 

In clinical practice, various drug therapies with anticoagulants and/or antiplatelet agents 

have been expanded to prevent blood clotting, however, simultaneously multitude of 

undesirable side-effects have been reported.40 Moreover, medication does not ensure 

long-term implant functioning due to anticoagulant depletion after a prolonged usage 

period.41 Therefore, other strategies have been developed to prevent blood clotting.  

For many years, material scientists have been working on the optimization of material 

surface properties to control platelets adhesion, which determines the clot formation 

process.11 So far, the specific mechanism of platelets attachment is not fully defined, 

however, it is known that the composition of a pre-adsorbed protein layer and protein 

conformation are of key importance for signal mediation from the material surface.42 This 

dissertation is devoted to understanding the fundamentals of thrombogenic events 

induced by specific physico-chemical properties of materials surfaces. The following 

chapter provides a general description of platelets and an overview of plasma proteins 

engaged in this process. 

2.2.1. Role of platelets in the material surface-induced 

thrombogenic process 

Platelets are disc-shaped cells with a diameter of 2 - 3 μm.43  Their concentration in human 

blood plasma serves in the range of 1.5 - 3.5 × 105 cells/µL and the main function is the 

prevention of blood loss upon injury by blood clot formation.44 Nevertheless, contact of 

artificial material with blood may lead to uncontrolled clotting, which is manifested by 

extensive platelet adhesion and activation on a material surface.45 Platelets normally 

circulate in the bloodstream in a resting state, where co-exist with other blood 

components. After biomaterial implantation, platelets do not interact directly with its 

surface but rather bind to the specific pre-adsorbed proteins through receptors i.e., 
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glycoproteins (GP), protruding from the above cell membrane.46 The major receptors, 

their content per platelet, and ligands are listed in Table 2.2. 

Table 2.2. Major platelet receptors for thrombogenic blood plasma proteins and their 

characteristics.47   

Glycoprotein 
Copies per 

platelet 
Ligand Comments 

GP IIb-IIIa 

(αIIbβ3) 
80 000 HPF, vWF, Fn, Vn 

key role in clot formation, binding 

only after platelet activation (except 

HPF), aggregation 

GP Ib-IX-V 50 000 vWF 
arresting flowing platelets under high 

blood shear rates 

GPIc/IIa  

(α5β1) 
2 000 Fn 

supporting role in clot formation, 

stabilizing thrombus growth 

αVβ3 100 HPF, vWF, Fn, Vn 
supporting role in clot formation, 

stabilizing thrombus growth  

The most abundant is GP IIb-IIIa (half of all receptors). Its ligands can be found in a 

structure of proteins such as fibronectin (Fn), vitronectin (Vn), von Willebrand factor 

(vWF), or human plasma fibrinogen (HPF).48 However, binding to those proteins usually 

requires the prior activation of platelets.49 Unique is HPF as it has the potential to bind 

platelets regardless of their state. Moreover, it can initiate the activation process.46 The 

latter is accompanied by a release of the platelets' interior content (e.g. P-selectin) to a 

membrane, which consequently leads to the cell morphological changes.47 Activation is 

characterized by an increase in size and rearrangement of the cytoskeletal, which is 

manifested by a change of shape, from discoidal to spread, with the appearance of 

appendages, termed pseudopods.50 Consequently, platelets start to communicate with 

each other, form aggregates and subsequently blood clots, therefore these phenomena are 

the main indicators of biomaterials thrombogenicity. Furthermore, it has been found that 

other, mentioned in Table 2.2., receptors play a supportive role in clot formation.51 In an 

attempt to understand how proteins mediate the behavior of platelets, it is necessary to 

thoroughly familiarize with their structure and functionalities at the molecular level. 

2.2.2. Role of proteins in the thrombogenic process 

Protein adsorption is initiated several seconds after biomaterial implantation, outpacing 

platelets adhesion.52 This is the first stage of biological response, following interaction 

with water and ions from body fluids. Adsorbed proteins are the mediators of various 



 

22 
 

molecules, cells, and bacteria adhesion.53 Therefore, a protein layer is a key element for 

proper tissue development, while in the case of blood-contacting medical devices, may 

initiate thrombosis. 

Adsorption process for each type of protein proceeds differently due to characteristic 

diffusion rates, affinity to a substrate, as well as a relative concentration in blood.54 Each 

protein has unique functions, which are correlated with its structure. Specific regions can 

be recognized by cells, yet their accessibility depends on the spatial arrangement of a 

protein.55 The susceptibility of proteins to structural reorganization is determined by their 

stability. The control and prediction of protein structure upon adsorption are primary and 

the most important steps in the study of biological responses to contact with biomaterial. 

2.2.2.1. Protein structure and adsorption 

Proteins are complex biopolymers composed of 20 amino acids occurring as monomeric 

units with a multitude of additional side chains, which define the primary structure 

(Figure 2.4.).56 As a result of intramolecular hydrogen bonds, the secondary structure of 

a protein (α-helix, β-harmonica) is formed, while ionic, hydrophobic interactions and 

sulfide bridges are responsible for the tertiary structure. Due to interactions between 

polypeptide chains, each having a specific 1st, 2nd, and 3rd order structure, a quaternary 

structure is formed.57 Finally, each folded protein contains characteristic regions with 

hydrophobic or hydrophilic, positively or negatively charged moieties.58 This unique 

diversity of basic building blocks contributes to the complexity of the protein structures 

and functions. The role of proteins in the human body are: 1) growth and maintenance of 

tissues, 2) transport 3) nutrition and storing, 4) biochemical reaction catalysis (enzymes), 

5) regulation and coordination of chemical processes in cells and tissues (hormones), 

6) tissue contractile or motility, and 7) defense (immune proteins).59  

Complicated structure makes an issue of protein adsorption on biomaterials difficult to 

model. This process is protein type-specific and involves many aspects such as transport 

(diffusion), adsorption/desorption steps, orientational and conformational changes, as 

well as protein-protein interactions.60,61 Conformational changes i.e., spatial 

restructuration due to a movement of certain groups of atoms in relation to others, are 

associated with loss of secondary structure and depend on protein dimension, 

composition, and stability.62 Small and “rigid” proteins, e.g. albumin, have a lower 

tendency to conformational changes compared to larger, “soft” ones, such as 
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immunoglobulin G or fibrinogen.63 Finally, conformational changes have a direct impact 

on the number of interaction points and thus bond strength between protein and material 

surface.53 It has been widely recognized that the process of a protein layer formation 

depends on the nature of a protein, physico-chemical properties of an adhesive surface, 

and environmental factors.64 

 

Figure 2.4. Four levels of protein structure. Primary structure specifies the amino acid 

sequence, i.e., how amino acid residues are connected. Secondary structure defines 

backbone torsion angles in the amino acid residues. Tertiary structure determines the 

positions of atoms in a protein in three dimensions. Quaternary structure defines the 

position and orientation of all proteins in the complex. Molecular structure of proteins 

taken and adapted from Protein Database (RCSB PBD).65 

A protein layer formed on a material surface is a dynamic unit that evolves over time and 

its final stable composition differs from the initial one. Blood plasma contains as many 

as 4500 different proteins and peptides, that compete for the possibility of adsorption.66 

Biomaterial surface is coated firstly with the fastest diffusing proteins, such as albumin, 

due to their low molecular weight and high concentration in blood plasma.60 However, 

these initially adsorbed proteins are usually displaced by larger ones (e.g. fibrinogen), 

which have more binding sites to interact with surfaces and in turn higher potential to be 

adsorbed on a biomaterial surface.67,68 This phenomenon is called Vroman effect.69 

Finally, the high energy required to break all contact points between protein and surface 

makes the protein adsorption irreversible. Since the adsorption process is surface-

dependent and involves many displacements/replacement steps, modeling a protein layer 

composition remains a challenge. A protein layer on biomaterial converts it into 

biologically recognizable material, thus understanding the role of an individual protein in 

biological response is essential background for designing biocompatible implants. 
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2.2.2.2. Blood plasma proteins engaged in a material surface-

induced thrombogenic process 

The functionality of a protein is strictly determined by specific regions recognizable by 

distinct cells. As it was mentioned above (Chapter 2.2.1.), platelets interact with proteins 

such as Fn 70, Vn 71, vWF 72, and HPF 73 containing specific ligands, in particular, Arg-

Gly-Asp (RGD) amino acid sequences. However, in a resting platelet state, the most 

abundant GP IIb-IIIa integrins are bent, and therefore the RGD sequences are unable to 

establish initial contact with sufficiently high affinity to bind the platelets.74 Binding by 

RGD ligands requires prior platelet activation inducing GP IIb-IIIa rearrangement.46 Until 

recently, it was not fully understood how non-activated platelets in the blood can detect 

the adsorbed protein layer, although it was known that it is associated with adsorbed 

HPF.75 It was highlighted in the study by Tsai et al., where platelet adhesion to 

biomaterials preadsorbed by afibrinogenemic plasma was limited, however, greatly 

increased if exogenous purified HPF was added.70 Similar observations were not reported 

for other thrombogenic proteins (vWF, Fn, or Vn).75 This extraordinary function of HPF 

turned out to be due to its bifunctionality, i.e. the presence of additional binding sequences 

γ400–411 in its structure (see Chapter 2.2.2.3.).76 HPF-mediated clot formation mechanism 

is schematically presented in Figure 2.5. It has been found that after HPF-induced 

platelets adhesion and activation, an expression of functionally competent GP IIb-IIIa 

allows for full utilization of its binding potential through multiple focal contacts with HPF 

and other thrombogenic proteins by RGD sequences.49 Additionally, activated platelets 

can bind thrombogenic proteins from plasma, amplify an activation of other platelets, and 

finally, aggregate.46 Since HPF has been identified as a prominent component of the 

adsorbed protein layer due to its high affinity to various materials, it can be considered a 

major indicator of thrombogenic events.77,78 Keep in mind that, under high shear rates 

conditions (>1000 s-1) induced by blood circulation, vWF and binding by GP Ib-IX-V are 

essential to pre-arrest flowing platelets.78 

Notwithstanding, information about platelets adhesion via protein functional sites is still 

only partially understood, thus clot formation process on biomaterials is not yet 

conclusive. Collection of detailed knowledge about HPF structure, e.g., size, charge, 

hydrophobicity, structural stability, and its behavior upon adsorption on a material 

surface, facilitates the prediction of platelet binding sites availability and thus an 

occurrence of thrombogenic phenomena. 
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Figure 2.5. The major mechanism of platelets adsorption, activation, and aggregation on 

biomaterials under static conditions (lack of or low blood flow). Resting platelets can 

bind to available γ400–411 sequences in pre-adsorbed HPF. This leads to platelet activation 

and expression of an activated GP IIb-IIIa receptor. Finally, activated platelets are capable 

to bind other thrombogenic proteins (RGD sequences) and aggregate. 

2.2.2.3. Human plasma fibrinogen (HPF) structure 

Human plasma fibrinogen (HPF) is a rod-shaped plasma protein with a molecular weight 

of 340 kDa, which circulate in blood at the concentration of 2 - 4 mg/mL.79 Microscopic 

analysis and crystallographic studies revealed that a single HPF molecule, as shown in 

Figure 2.6.,  consists of two sets of three polypeptide chains (α, β, and γ) folded into three 

negatively charged (at pH = 7.0) and hydrophobic domains i.e., two globular-shaped 

D domains on the ends, and one central positioned E - domain.80 Those domains are 

linked together by more hydrophilic, triple-stranded, helical coiled coils. The positively 

charged (at pH = 7.0), hydrophilic αC - termini extend from two distal D domains because 

α - chains are slightly longer than β and γ.81 Elongated HPF has 47.5 nm in length and 

6 nm in width.82 

Due to the high proportion of hydrophobic and negatively charged aminoacids, an overall 

molecule has a net hydrophobic nature and negative charge.83 Nevertheless, due to the 

presence of different types of functional groups, it can be considered an amphiphilic 

molecule.84 In blood, HPF is folded in a globular structure, with non-polar hydrophobic 

parts located in the core, hidden from a hydrophilic medium, which ensures structural 

stability in an aqueous solution. Upon implant placement, the diversity of protein residues 

influences specific structural rearrangements that enable its adsorption on a material 
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surface. This process depends on numerous factors, especially environmental 

(temperature, pH, ionic strength, etc.) and physico-chemical material surface 

characteristics.85 Depending on an obtained conformation, the ligands for platelets 

GP IIb-IIIa may be hindered or become exposed. In HPF, three types of ligands have been 

identified, which are located in: 

• D - domains of the gamma chain: dodecapeptide (γ400–411) 

• αC - termini: RGDS (Aα572–575) 

• coil - coiled regions: RGDF sequence (Aα95–98).86 

While RGDs are common for numerous proteins, γ400–411 is unique for HPF and is 

therefore considered the primary ligand for platelet adhesion.87 Location of γ-chain after 

HPF adsorption is critical in platelet adhesion.87 In solutions, γ400-411  sequences are hidden 

in the core of an HPF molecule and thus interactions with platelets are impossible i.e., 

HPF is “inactive”.88 However, adsorption-induced unfolding can sufficiently reveal 

hidden sites, which dictates the degree of platelets adhesion and activation. The 

conformation of adsorbed HPF is strictly surface-dependent. In the following chapter, the 

current state of the art in manipulating the adsorption behavior of HPF and platelets 

adhesion on biomaterials, by controlling physico-chemical surface properties, has been 

reviewed. 

 

Figure 2.6. Schematic representation of HPF molecule with selected platelet binding 

sites: primary γ400-411 sequences and secondary RGD sequences. Individual hydrophobic 

D and E domains and hydrophilic αC parts. Aα, Bβ, and γ chains are shown in blue, red, 

and green colors. Molecular structure of HPF taken and adapted from Protein Database 

(RCSB PBD).65 
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3. State of the art: Physico-chemical properties of material 

surface affecting thrombogenic process 

Numerous studies on protein adsorption have been conducted since the 1970s, as it has 

been recognized as a major determinant of biological phenomena, such as blood 

clotting.89 Comprehensive attempts have been made to explain thrombogenic phenomena 

at the biomaterial - blood interface by characterization of platelets adhesion in relation to 

surface-dependent protein behavior. 

It has been found that a multitude of factors influences protein adsorption, introduced by 

hydrophobic interactions, electrostatic attraction (Coulomb’s force), hydrogen bonding, 

or weak forces, such as Van der Waals’ forces, between protein and biomaterial.90 Surface 

wettability, chemistry, and topography are important parameters determining protein 

layer composition and structure, as it is schematically illustrated in Figure 3.1.91 Based 

on thermodynamics, it is known that the main driving forces for protein adsorptions are 

the minimization of energy and entropy gain within a surface-protein-water system.92 The 

latter arise from surface dehydration, redistribution of charged groups in the biomaterial 

- blood interface, and conformational changes of proteins.61 Modulation of protein and 

thus cellular response, by adjustment of a material surface properties is a promising 

strategy for the development of antithrombogenic biomaterials because it does not change 

bulk material properties while preserving its functions.73,93–97 However, a comprehensive 

explanation of how surface properties correlate with protein response on the implanted 

biomaterial is still missing. Therefore, this chapter presents the current state of the art 

regarding the influence of material surface properties on protein adsorption, especially 

HPF, and subsequent platelet adhesion, which was the starting point for studies presented 

in this thesis. 
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Figure 3.1. Physico-chemical surface properties influencing protein adsorption behavior. 

Image reproduced from ref.91, with permission from Wiley/VCH. Copyright©2017. 

3.1. Impact of physico-chemical properties of a material surface on a 

protein adsorption 

Hydrophobic interactions are fundamental for maintaining protein tertiary and secondary 

structure, which correspond to the minimum energy state, and are a major factor guiding 

protein behavior after implant placement.92 In polar, hydrophilic solvents, including 

blood plasma, hydrophilic residues of HPF are directed toward water, while forming 

hydrophobic cores inside, which result in HPF folded globular structure.64 This 

equilibrium state is disrupted when proteins encounter an implant.64 It is widely 

documented that proteins e.g., HPF, attach extensively and experience pronounced 

conformational changes on hydrophobic surfaces due to the low energy required for the 

displacement of loosely bounded water molecules.98–100 It is energetically favorable as 
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surface dehydration and protein adsorption minimize free energy due to contact reduction 

of the hydrophobic surface with water, whereas HPF unfolding leads to entropy gain. In 

contrast, during adsorption on hydrophilic surfaces, protein-surface interactions are 

limited due to the strongly adsorbed water layer.  

According to a well-known paradigm, the limit value of the water contact angle Θ = 90° 

differentiates material surfaces as hydrophilic (Θ < 90°) or hydrophobic (Θ > 90°). 

However, in numerous studies, including Yoon et al. it was observed that long-range 

hydrophobic (attractive) forces, promoting protein adsorption and unfolding, are present 

on surfaces with a water contact angle ϴ > 62.4°.101,102 In contrast, strongly bound water 

on surfaces with a water contact angle ϴ < 62.4° induces repulsive solvation forces, and 

therefore surface dehydration by proteins is unfavorable.102,103 Berg et al. defined a limit 

value of water contact angle ϴ = 65° for the presence of long-range attractive forces on 

surfaces.104 A new limit of hydrophilicity/hydrophobicity has been defined and is equal 

not Θ = 90°, but Θ = 65°, which quantitatively defines the terms "hydrophilicity" and 

"hydrophobicity" of a material surface in the context of protein adsorption. Therefore, in 

the following part of this dissertation surfaces exhibiting water contact angle Θ < 65° are 

classified as hydrophilic, and hydrophobic if Θ > 65°.101  

Moreover, Vogel et al. observed that strong changes in proteins behavior occur on 

surfaces with a water contact angle Θ ≈ 60 - 65°, and established this range as the criterion 

for distinguishing a surface as "protein-adherent" or "protein-non-adherent".103 

Since hydrophobic surfaces are usually non-polar, hydrophobic interactions are 

recognized as major driving forces, triggering a protein adsorption process on 

hydrophobic surfaces. However, especially on hydrophilic and charged surfaces, other 

interactions i.e., electrostatic and van der Waals forces, as well as hydrogen bonds, may 

take over the primary role.105 Therefore, controlling protein adsorption is also possible by 

the introduction of specific functional groups or manipulation of surface charge.  

Studies carried out until the beginning of the 21st century allowed drawing 

groundbreaking conclusions and proposing the so-called "Whiteside’s rules", which are 

still the basis for the design process of the protein-repellent surface.106,107 These surfaces 

are characterized by four features: 1) hydrophilicity (presence of polar functional groups), 

2)  presence of hydrogen-bonds acceptors and 3) lack of hydrogen-bonds donors, and 

4) electrical neutrality.108 The first three rules are associated with water retention on a 
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material surface, which acts as a barrier for protein adsorption.109–111 Lack of hydrophobic 

forces and presence of only weak interactions between proteins and biomaterial surface, 

such as hydrogen bonds and van der Waal’s interactions, leads to reduced protein 

adsorption strength and minimizes perturbation of their structure.112  

Since all proteins contain both positively and negatively charged amino acids, which are 

typically located on the outside of molecules, biomaterial surface charges determine the 

amount of adsorbed proteins and steer their conformation.113 Proteins expose positively 

or negatively charged regions to oppositely charged surfaces, which is accompanied by a 

rearrangement of their structure.114,115 It has been recognized that negatively charged 

proteins such as HPF, interact more strongly with positively charged surfaces, than with 

negatively charged ones.116 However, it is important to note that proteins bearing an 

overall negative charge still may adsorb on negatively charged surfaces to some extent, 

due to their amphiphilic nature (presence of positively charged regions).117,118 Thus, 

charge-neutral surfaces are recognized to be the most protein-repellent.106,108,119 Charge 

neutrality limits the induction of additional forces i.e., electrostatic forces, which rather 

enhance the protein adsorption. Rodrigues et al. reported a linear decrease of HPF 

adsorption, as well as platelet adhesion and activation with an increased level of charge-

neutral OH in relation to negative CH3 groups on surfaces.120  

Inspired by collected results, numerous attempts have been made to chemically modify 

the surface of implants, which alter their wettability and charge, to reduce the probability 

of clot formation. Substantial research has been devoted to creating uniformly coated 

surfaces with functionalities that control the binding strength of protein adsorption and 

provide bioinert surfaces.61,121 

Physical modification of a material surface is also a promising way of controlling medical 

device-induced thrombogenic reactions. The importance of nanotopography in steering 

cellular response, by pre-adsorbed proteins has been underlined by Lim et al., who found 

that cell adhesion remains rather unaltered by surface nanotopography in the absence of 

blood plasma.122 This observation pioneered a new research strategy to design biomaterial 

surfaces in terms of proteins, not cells, to induce the desired response of the human body 

to implant. 

It is widely accepted, that nanofeatures, especially with a size compatible with the 

physical dimensions of proteins i.e., ranging between 10 nm and 100 nm, may impact 
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protein behavior upon adsorption.123 However, numerous inconsistencies remain in this 

topic and need to be explored in the future. According to studies by Han et al., surface 

roughness in the range of 5 - 60 nm has little effect on the amount or structure of the 

adsorbed proteins.124 Similar conclusions were drawn by studying the adsorption of HPF 

on nanorough titanium films with a roughness of 2 - 21 nm.125 In contrast, 

Rechendorff et al. demonstrated an enhancement of HPF adsorption on tantalum surfaces 

with an increase in roughness ranging from 2 nm to 32.9 nm, attributed to the more 

efficient packing of HPF molecules.126 This was later confirmed by Dolatshahi-

Pirouz et al. on platinum surfaces, where higher surface roughness, in a range of 1.5 nm 

to 9 nm, induced a greater HPF adsorption compared to more smoothly shaped surface 

features.127 In an other study, higher levels of surface nanoroughness contributed to 

significantly lower HPF adsorption than surfaces with lower roughness.128 The possible 

explanation of this mechanism is limited contact between protein solution and material, 

to the top of protrusions due to air entrapment between the protrusions, leading to an 

overall reduction in surface area for protein adsorption.128 

These contradictory results indicated the existence of multiple factors influencing the 

protein adsorption process, and mechanism dependent on the characteristics of the 

nanofeatures. Furthermore, modeling protein adsorption on nanostructured surfaces is 

still challenging due to the interplay of physical and chemical properties of a material 

surface, acting synergistically or antagonistically.8,129 On the one side, physical 

modification (topography changes) provides a more accessible contact area for proteins 

and enhances biological properties that originate from surface chemistry.130 On the other 

side, modification of a surface topography may alter its wettability, energy, charge 

distribution, or chemical homogeneity.131,132 It has been also revealed that morphological 

features may create confined spaces, which restrict protein exchange between protein and 

solution, leading to topography-dependent variations in adsorbed protein species.133,134 

It can be concluded that combined modulation of surface chemistry and topography may 

alter the final pathway of biological reactions, compared to considering the effects of 

surface features individually. Hence, thorough control of overall surface parameters is an 

essential way to design highly biocompatible materials. 
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3.2. Impact of physico-chemical properties of a material surface on 

HPF conformation and platelet response 

Despite numerous studies, no biomaterial with complete protein resistance is known, and 

it has been found that an extremely low amount of adsorbed HPF (~5 ng/cm2) is enough 

to fully initiate a clot formation process.70 Therefore, the idea of designing antifouling 

surfaces to limit thrombogenic phenomena failed. Biomaterials that resist blood clotting 

despite high HPF adsorption have attracted the interest of researchers, and efforts have 

been made to explain this. Numerous studies have suggested that the major determinant 

of cellular response may be protein conformational state, rather than the amount of 

adsorbed proteins. Therefore the modulation of platelet adhesion through surface-induced 

HPF conformational changes seems to be a promising strategy to limit thrombogenic 

reactions.135 

A propensity of proteins to structural changes, guiding platelet response to blood-

contacting biomaterial was emphasized for the first time by Lindon et al. in the 1990s.136 

Observation of platelet behavior on various HPF-coated polymer surfaces allowed for a 

statement that the platelet adhesion is closely correlated with the conformational state of 

HPF, regardless of its amount in the pre-adsorbed protein layer.137 This finding was later 

confirmed by numerous other groups and explained by HPF conformation-dependent 

availability of platelet binding sites, especially γ400-411, as it is the primary ligand for 

platelet adhesion.12,54,95,138,139  

Since HPF absorbs thorough hydrophilic (αC) and hydrophobic (D and E) domains to 

alike surfaces, one of the major factors influencing its conformation is surface 

wettability.140 Numerous studies showed that hydrophobic surfaces tend to induce 

stronger HPF unfolding compared to hydrophilic ones.53,141–144 Moreover, platelet 

adhesion is correlated with a degree of adsorption-induced unfolding, yet there are 

numerous contradictory reports on the topic. Most researchers observed that characteristic 

for hydrophobic surfaces HPF unfolding, and thus adsorption in trinodular conformation, 

promoted platelet adhesion and activation.93,120,145–149 However, the same phenomenon 

was also reported on hydrophilic surfaces, where HPF kept a folded, close to native, 

globular conformation.150 This implies that HPF unfolding is not obligatory to promote a 

clot formation process. These inconsistencies can be explained by analysis of the 

conformation-dependent localization of γ400-411 primary platelet binding sites in the 

absorbed HPF molecule that binds to platelet receptors GP IIb-IIIa. A comparison of 
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numerous studies allows for a statement that the availability of γ400-411 is HPF unfolding 

degree independent.137,151,152 Based on this knowledge, comprehensive studies on 

surfaces with different wettability have been recently performed. 

Cihova et al. found a favorable HPF conformation for preventing platelet adhesion and 

spreading on hydrophilic metal, titanium, compared to more hydrophobic palladium, as 

adsorption of HPF, in close to the native state, resulted in lower availability of γ400-411 for 

platelets.153 This was also reported by Zhao et al., who conducted a study on native and 

fucoidan-modified TiO2 surface, which showed that surface hydrophilicity induced by 

surface treatment, limited HPF unfolding, γ400-411 exposition, and thus inhibited platelets 

adhesion.154  

In contrast, Zhang et al. observed lower platelets adhesion and activation on hydrophobic 

polymers (Θ > 65°, see Berg limit in Chapter 3.1.), than on hydrophilic ones, because 

adsorption of trinodular HPF via hydrophobic D and E domains rendered the γ400-411 to be 

hidden from the environment.150 They proposed a model of HPF-mediated platelet 

adhesion mechanism for polymeric surfaces with various hydrophilicity, which is 

presented in Figure 3.2.   

 

Figure 3.2. Model of HPF-mediated platelet adhesion and activation on various polymers 

with different surface wettability. a) Adsorption of HPF by hydrophobic D and E domains 

to hydrophobic polymers (Θ > 65°) limits the availability of primary platelet binding sites 

(γ400-411) for platelets, preventing their adhesion and activation. b) Adsorption of HPF by 

hydrophilic αC region to hydrophilic polymers (Θ < 65°) exposes the γ-chain, inducing 

platelet adhesion and activation. Image reproduced from ref.155, with permission from 

Acta Biomaterialia. Copyright©2017 
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Cihova et al. suggested that those inconsistent results may come from differences in 

material classes, which emphasizes the importance of a complex consideration of 

physico-chemical surface properties, beyond surface wettability, in the evaluation of 

material thrombogenicity.153  

Platelet adhesion and activation on biomaterials can also be controlled by surface 

topography. Nevertheless, in this case, the effect of physical modification on HPF 

conformation, as well as platelets adhesion should be considered, as both proteins and 

cells are able to sense the topographical features. Keep in mind that proteins and cells 

respond to features with a size comparable to their physical dimension.156,157 

It has been widely recognized that surface nanostructuration modifies an orientation and 

conformation of protein upon adsorption, which recognizes surface curvature 

(Figure 3.3. a)), may be trapped between protrusions (Figure 3.3. b))158 or reorganize its 

structure on the edges of protrusions (Figure 3.3. c)).159,160 Numerous researchers 

characterized the influence of surface curvature on proteins distribution and structural 

distortions (loss of secondary structure).159,161,162 For instance, Roach et al. investigated 

the HPF adsorption on silica nanospheres with a diameter in the range of 15 - 165 nm. 

They observed that a high surface curvature, of 15 nm silica nanospheres, promoted end-

on adsorption, higher denaturation, and structural destabilization of HPF molecules, while 

on 165 nm nanoparticles, HPF preferred side-one orientation (Figure 3.3. a)).163 In 

addition, recent studies showed strong interactions between D domains of HPF and 

nanoparticles having dimensions comparable to its physical size i.e., 38 nm limits the γ-

chain visibility, in contrast when HPF is adsorbed on smaller (16 nm) or bigger (68 nm) 

one’s nanoparticles.164 Therefore, surface curvature may change the functionality of a 

protein, which may contribute to changes in cellular adherence behavior.159,164–166 

However, no studies exist on the effect of nanoparticle curvature on platelet behavior 

mediated by HPF. 
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Figure 3.3. Topography-induced structural changes of HPF. a) HPF orientational and/or 

conformational changes caused by a) nanofeatures curvature, b) confinement between 

protrusions, c) nanofeatures edge.  

Recently, Wang et al. reported that it is possible to limit the accessibility to unfolded HPF 

molecules on a hydrophobic surface of poly(methyl methacrylate) (PMMA) by their 

entrapment in pores smaller than their hydrodynamic diameter i.e., < 50 nm 

(Figure 3.3. b)). It was shown that nanopores in this size were effective in dictating 

protein quantity and spatial distribution, thus limiting the exposure of an entire HPF 

molecule to the environment.167  

Although major research has been devoted to significant steps forward and understanding 

HPF adsorption on nanostructured surfaces, the linkage of the observed HPF-induced 

conformational changes with differences in platelet response has been poorly studied. An 

idea of controlling platelets adhesion and activation to surface nanotopography through 

conformational changes of HPF molecules, for the first time, was speculated by 

Sutherland et al. in 2001.168 However, so far only a few studies present experimental data 

on HPF conformation and its relation to topographical features. Nandakumar et al. 

showed that nanopatterned diamond-like coatings (DLC) with nanoroughness in the range 

of 5 - 8 nm may sufficiently reduce the potential of HPF activating platelets, as proteins 

were adsorbed between grooves in altered conformation, reducing the availability of 

platelet binding sites.169 Recently, our group proposed a new possibility to control the 

HPF conformation-dependent platelet response by fabricating semicrystalline 

hydrophobic polymers with different sizes of crystalline parts.139 As HPF has a higher 
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affinity for crystalline moieties, it adopted specific conformations depending on crystal 

dimensions, which is schematically displayed in Figure 3.4. a) and b). Spatial 

arrangement on lamellar (LCs) and shish-kebab (SKCs) crystals with an aspect ratio 

(length-to-width)  > 4, i.e., higher than that specified for a single HPF molecule (~ 3.4), 

allowed the primary platelet binding sites (γ400-411) to be available, stimulating platelets 

adhesion and activation (Figure 3.4. d)). In contrast, for needle-like crystals (NLCc), an 

aspect ratio = 1 induced a specific HPF arrangement in which proteins interacted with 

each other (end-to-end interaction), blocking the partial exposition of the γ-chain 

(Figure 3.4. a) and b)). This limited platelet adhesion and activation (Figure 3.4. d)). 

In other studies, significant differences in platelets behavior on titania nanotubes 

(50 - 120 nm) as compared to smooth titanium surfaces were reported.170–172 HPF 

molecules located at nanotubes edges experienced conformational rearrangement 

(Figure 3.3. c)), thus lost the ability to bind platelets, however, at the same time enhanced 

their activation, which finally was correlated to partial shielding of platelet binding 

sites.172 However, it has been suspected that the influence of nanotubes on platelet 

response could be magnified by the direct effect of surface topography on the cells 

themselves. 
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Figure 3.4. HPF adsorption and platelet adhesion as a function of the crystal aspect ratio 

of semicrystalline polymeric surfaces. a) Trinodular conformation observed on lamellar 

(LCs) and shish-kebab (SKCs) crystals (aspect ratio > 4), where primary platelet binding 

sites, γ400-411, are exposed. b) HPF conformation on needle-like (NLCs) crystals (aspect 

ratio = 1), which enables protein-protein interaction through γ400-405 sequences, making 

only γ406-411 sequences accessible to platelets. The aspect ratio of HPF is ~3 c) Schematic 

representation of HPF conformation on semicrystalline polymer surfaces. d) Significantly 

more pronounced platelet adhesion and activation on LCs and SKCs compared to NLCs 

due to a higher aspect ratio of the crystalline part than an aspect ratio of HPF. Image 

reproduced from ref.139, with permission of American Chemical Society, 2020. 

Several researchers noted a direct effect of surface topography on cells regardless of a 

previously adsorbed protein layer. Nevertheless, this phenomenon has been observed 

especially in a microscale or hundred nm and is associated with changes in cell adhesion, 

contact guidance, cytoskeleton organization, or apoptosis.173 It has been recognized that 

effective features to stimulate platelet behavior have dimensions in the range of physical 

size of platelets or smaller, but not as small as sub-100 nm, which is less than pseudopods 

of activated platelets.174,175 Reduced platelets adhesion, spreading, or activation originate 
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from the inability of platelets to form stable contact with a surface due to reduced area 

for multivalent adhesive interactions.176–186 Of note, platelet response depends on 

interspacing, width, and height (i.e., aspect ratio) of nanofeatures. A detailed study by 

Koh et al. on pillared poly(lactic-co-glycolic-acid) (PLGA) films revealed that the 

following parameters of surface features are desirable to effectively limit the adhesion 

and activation of platelets: interspacing = < 200 nm, height = 300 - 800 nm, width = 

100 - 200 nm (aspect ratio 3 - 5).176 An interspace smaller than 200 nm prevents the 

platelet entrapment and thus limits its activation due to low contact with a surface.184–186 

Moreover, if the feature is as narrow as ~100 nm and the height is 3 - 5 times greater, 

platelets interact only with their tips and can be dislodged from a surface due to unstable 

adhesion.176,177 These results indicate that the impact of physical material surface 

modification on HPF-mediated platelets adhesion, but also platelets themselves, should 

be considered. 

This dissertation addresses the crystallographic orientation of a material surface as a 

potential factor modulating the HPF conformation, and therefore adhesion and activation 

of platelets. The arrangement of atoms on a material surface, and their coordination 

number are closely correlated with surface energy, which in turn is relevant when material 

comes into contact with liquid or another material. Since the beginning of the 19th 

century, it was known that surface energetics dictates interactions with water, therefore 

surface wettability. Surface energy has been expressed by Young equation and a series of 

empirical models such as Fowkes, Owens-Wendt-Rabel-Kaelble, or van Oss et al. 

theory.187,188 In addition, numerous studies have shown that typical hydrophobic materials 

have low surface energy. A low number of broken bonds during the formation of such 

surface, and hence low density of dangling bonds and reduction in coordination number 

of surface atoms, subsequently leads to weaker adsorption of water molecules.189 This 

suggests that the crystallographic orientation-dependent biological response may be 

indirectly linked to the different surface energy and wettability of crystals.190,191  

Recently, preliminary reports describing the effect of surface crystallographic orientation 

on protein or cell behavior appeared.192–194 Cai et al. observed that crystallographic 

orientation-dependent functionality of adsorbed fibronectin on rutile single crystals 

affects surface bioactivity. More specifically, it modulates a biomineralization process of 

implant surfaces.192 In contrast, surface crystallographic orientation had no effect on 

hepatocyte adhesion on the same rutile crystals.193 In an other study, Keller et al. reported 
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grain and facet-dependent HPF conformational changes on a surface of strongly thermally 

etched rutile polycrystals (Figure 3.5.).194 Network of trinodular proteins or thin globular 

protein layers were observed on surfaces depending on local surface energy and 

wettability. Nevertheless, in this study, a faceting phenomenon prevented a detailed 

evaluation of the crystallographic orientation of each grain/facet wall.  

 

Figure 3.5. a) Schematic representation of grain- and facet-dependent HPF adsorption on 

strongly thermally etched rutile polycrystal: (i) trinodular conformation of HPF arranged 

in a ring-like network on a flat stable grain type 1 or single facet wall of grain type 2, (ii) 

globular assembly on second facet wall of grain type 2, (iii) thin globular layer on 

irregular less stable grain type 3. b) AFM image of HPF adsorbed on faceted grain type 2 

showing HPF molecules in two different conformational states. Image reproduced from 

ref.194, with permission of Acta Biomaterialia. 

Nevertheless, systematic studies regarding crystallographic orientation-dependent 

cellular adhesion mediated by protein are still missing. This encourages a deeper 

understanding of this topic concerning the design of biointerfaces and biocompatible 

material surfaces for medical applications. The challenge of investigating and proposing 

a desirable surface crystallographic orientation of rutile to prevent pathological clot 

formation on the biomaterial surface was addressed in this work and results are described 

in the following chapters. 
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4. Aims of dissertation 

4.1. Open Scientific Questions 

Currently available production methods for TiO2 coatings in rutile form, allow controlling 

the formation of surfaces with preferred crystallographic orientation.23 Researchers have 

demonstrated that an adsorption behavior of proteins and/or cells is unique for specific 

rutile surfaces depending on crystallographic orientation.192–194 An explanation is the 

various atomic arrangement, coordination numbers, density of unsaturated (dangling) 

bonds on a surface, and a tendency for defects formation, which directly affects the 

surface energy and adsorptive behavior of water molecules (molecular or dissociative). 

Inspired by these unique phenomena, the following questions were posed for this 

dissertation: 

I. Can the arrangement and coordination of titanium and oxygen atoms on rutile 

surfaces play a significant role in the adsorption and conformational changes of 

HPF? 

II. Can a surface crystallographic orientation control the adhesion and activation of 

platelets as mediated by pre-adsorbed HPF? 

III. How does crystallographic orientation-dependent HPF conformation control 

platelet response to rutile surfaces? 

IV. Are rutile polycrystals a universal tool for studying biological phenomena that 

depend on a grain surface crystallographic orientation? 

4.2. Hypotheses 

In this thesis, four hypotheses have been tested: 

I. The amount and conformation of the adsorbed HPF depend on the 

crystallographic orientation of TiO2 (rutile) crystal surfaces. 

II. The surface energy of protein-coated substrates depends on protein conformation. 

III. Platelets adhesion and activation are guided by crystallographic orientation-

dependent HPF conformation.  

IV. Crystallographic orientation-dependent structure and functionality of adsorbed 

HPF and platelets are comparable on both rutile single crystals and polycrystals. 
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4.3. Objectives 

This work aimed to gain in-depth insight into the thrombogenicity of TiO2 (rutile) crystals 

and to propose material surface characteristics for a reduction of surface-induced blood 

clotting. For the investigation of hypotheses I – III, studies were performed on rutile 

single crystals and the following objectives have been defined: 

Objective I: Characterize the rutile single crystals' surface topography and surface energy 

using AFM. 

Objective II: Determine the structure and wettability of rutile single crystals surface 

using Raman spectroscopy and sessile drop method, respectively. 

Objective III: Determine the amount of adsorbed HPF on rutile single crystals using 

BCA™ Protein Assay Kit and colorimetric quantification method. 

Objective IV: Investigate crystallographic orientation-dependent conformation of 

adsorbed HPF using AFM in air and aqueous environment. 

Objective V: Detect the HPF conformational changes by XPS and AFM analysis of 

adhesion forces between AFM tip and protein-coated substrates. 

Objective VI: Characterize the HPF conformation-dependent availability of platelets 

binding sites and its’ impact on platelets adhesion and activation using SEM, confocal 

and optical microscopy, as well as immunofluorescence technique. 

Objective VII: Develop a model explaining TiO2 crystallographic orientation-dependent 

HPF conformation and its effect on platelet adhesion and activation. 

To investigate hypothesis IV, studies were performed on rutile polycrystals, and the 

following objectives have been defined: 

Objective VIII: Produce polycrystalline substrates by rutile powder compaction, 

sintering, polishing, and thermal etching. 

Objective IX: Determinate the surface crystallographic orientation of grains surface 

using electron backscatter diffraction (EBSD). 

Objective X: Characterize the surface topography of selected grains using AFM. 
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Objective XI: Determine HPF distribution and conformation on the surface of selected 

grains using confocal microscopy and AFM. 

Objective XII: Determine the morphology and activation state of the adhered platelets 

using SEM and confocal microscopy. 

Objective XIII: Explain platelet behavior on the surface of individual grains with a 

defined surface crystallographic orientation and compare it with the response of platelets 

on single crystals. 

4.4. Scientific Significance 

Research into a cellular response to biomaterials through protein adsorption is essential 

for an in-depth understanding of biomaterial – blood interactions. Adjusting the 

crystallographic orientation of the TiO2 surface may provide a new opportunity for 

designing biomaterials with improved biocompatibility, bioactivity, and performance. 

This perspective motivates interdisciplinary research on differently-oriented crystals. In 

addition, TiO2 coatings with desirable properties can significantly reduce the costs of 

manufacturing conventional implants, which will not require additional surface 

modification. The possibility of using polycrystalline substrates instead of single crystals 

in biological studies can make an experimental procedure cheaper and faster. This will 

significantly accelerate the development of implantology, thereby improving the 

efficiency and comfort of patient treatment. 

Results presented in this dissertation will provide comprehensive information on surface-

protein-cell interactions and knowledge of the controlled cellular response on blood-

contacting materials, with potential practical applications in medicine. 
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5. Crystallographic orientation-dependent HPF adsorption on 

rutile single crystals 

5.1. Introduction 

Atomically flat TiO2 (rutile) single crystals with (110), (100), (101), and (001) 

crystallographic orientations were used to study the effect of surface crystallographic 

orientation on HPF adsorption. Based on the literature describing the structure of rutile 

surfaces and preliminary reports considering crystallographic orientation-dependent 

water and protein molecules adsorption (Chapter 2.1.2), it has been hypothesized that 

HPF amount and conformation depend on a material surface properties dictated by 

different arrangements and coordination of titanium and oxygen atoms. Water contact 

angle that defines the wettability of crystals surfaces was measured. Then, the amount of 

absorbed HPF from low and highly concentrated solutions i.e., 0.01 mg/mL and 

0.1 mg/mL, was analyzed using BCA™ Protein Assay Kit (BCA). The dominant HPF 

conformation on rutile single crystals was determined by atomic force spectroscopy 

(AFM) visualization of single HPF molecules. Before and after HPF adsorption, X-ray 

photoelectron spectroscopy (XPS) analysis of the surface composition was performed. In 

addition, the surface energy of the protein-coated rutile crystals was established based on 

adhesion curves collected by AFM to investigate the second hypothesis that the surface 

energy of protein-coated substrates is protein conformation-dependent. 

Results presented in this chapter highlight the importance of surface crystallinity in the 

modulation of protein behavior, which has implications for biological processes that 

occur at the biomaterial - blood interface. 

5.2. Materials and Methods 

5.2.1. Rutile single crystals  

High-quality (99% purity), one-side epi-polished (root mean square roughness 

Rq < 0.2 nm) rutile single crystals (5 x 5 x 0.5 mm) with (110), (100), (101), and (001) 

crystallographic orientations were purchased from Crystal GmbH (Berlin, Germany). 

Before and after each experimental step, substrates were thoroughly washed with ethanol 

and Milli-Q water in an ultrasonic bath for 15 minutes each. 
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Raman spectra of rutile crystals were recorded in a wavelength range of 70 to 1555 cm−1 

using a Raman microscope SENTERRA (Bruker, Germany) equipped with OLYMPUS 

BX51 confocal microscope and laser wavelength λ=532 nm. At least two spectra per 

crystal were collected. The analysis particularly concerned two, specific for rutile, peaks 

at 448 cm-1 and 610 cm-1 and their intensity ratio, which was used to differentiate crystals 

(if necessary) during further experimental procedures.  

The sessile drop method was used to determine a static water contact angle of bare rutile 

single crystals. Images of distilled water drops were recorded and shape of the 

axisymmetrical menisci was analyzed by DSA10 drop shape analysis system (Kruss 

GmbH, Hamburg, Germany). 

5.2.2. Protein adsorption 

Before an adsorption procedure, crystals, and phosphate-buffered saline (PBS) were 

heated to 37 °C. HPF stock solution (Calbiochem, Merck, Darmstadt, Germany) was 

prepared by dissolving proteins in PBS at 37 °C. The concentration C was analyzed using 

a UV-Vis spectrophotometer (LAMBDA 35 UV/Vis, PerkinElmer, Waltham, USA) and 

calculated based on Beer-Lambert law: 

                                                          C =  
A280∙10

ε%∙l
                                                        (1) 

, where A280 is the mean absorbance measured at 280 nm (n = 3), ε% is the mass extinction 

coefficient expressed in (mg/mL)-1(cm)-1 which for HPF is 15.1, and l is the path length 

in cm (length of the cuvette). Finally, the stock solution was diluted to the desired 

concentration. 

Rutile crystals were immersed in 2 mL of prepared protein solutions and kept in the oven 

at 37 °C under a parafilm cover. Subsequently, the supernatant was removed, and samples 

were washed once in PBS and twice in Milli-Q water to remove loosely bound proteins. 

In the end, samples were left to dry in an ambient atmosphere and followed by AFM, 

colorimetry, and XPS analysis. One set of samples was directly used, without drying, for 

AFM protein molecules characterization under aqueous conditions. 
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5.2.3. Colorimetric detection and quantitation of HPF 

Micro BCA Protein Assay Kit (Thermo Scientific, Rockford, IL, USA) was used to 

evaluate the amount of adsorbed HPF on rutile single crystals from solutions with 

concentrations 0.1 and 0.01 mg/mL for 5 min and 30 min. The experiment was performed 

according to the manufacturer’s instructions. Briefly, previously adsorbed proteins were 

detached from substrates by incubation in 2 mL of 1% sodium dodecyl sulphate (SDS) 

for 30 min. Nine bovine serum albumin (BSA) standards with known concentrations 

(0 μg/mL - 200 μg/mL) were prepared. To 150 μL of each standard and 150 μL of each 

HPF sample, 150 μL of working solution (Reagent A: Reagent B: Reagent C mixed in 

the ratio of 25: 24: 1) was added and stirred for 30 s at 600 rpm. Next, mixtures were 

incubated for 2 h at 37 °C in 96-well plates. After this time, the absorption at 562 nm was 

measured using Power Wave XS plate reader (BioTek Germany, Bad Friedrichshall, 

Germany). The BSA concentration-absorbance standard curve was determined, which 

enables further estimating of HPF concentration. Measurements were performed three 

times. 

5.2.4. Atomic force microscopy analysis (AFM) 

Before and after protein adsorption, samples were analyzed using NanoWizard 4 (JPK 

BioAFM, Bruker, Berlin, Germany) and Multimode (Bruker, Vecco, Santa Barbara, CA) 

equipped with a nanoscope IV controller. Measurements under air conditions were 

performed using a standard silicon cantilever (RTESPA 300, Brucker, Santa Barbara, 

CA) with a resonance frequency in the range of 315 - 364 kHz, and spring constant in the 

range of 20 - 80 N/m. Images were analyzed using Gwyddion software.  

Topography and root mean square roughness (Rq) of bare crystals were determined from 

at least four 1000 × 1000 nm2 images taken in AFM tapping mode. 

AFM imaging was also performed to determine adsorption parameters, i.e., HPF solution 

concentration and incubation time, suitable for incomplete and full surface coverage. 

Proteins adsorbed from solutions with concentrations of 0.01 and 0.1 mg/mL, by 5 min 

and 30 min were analyzed. Single HPF molecules were visualized at a solution 

concentration of 0.01 mg/mL after 5 min adsorption, while higher concentrations or 

longer adsorption periods were required for full surface coverage. 
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Surface energy was determined for bare and fully HPF-covered rutile single crystals. This 

study was conducted to evaluate HPF conformation-dependent surface energy changes 

after protein adsorption. The resulting surface energy values of bare single crystals were 

used as a reference. Then, HPF was adsorbed from solutions with a concentration of 

0.01 mg/mL and 0.1 mg/mL for 30 min. Adhesion forces between AFM tips and samples 

were measured in Quantitative Imaging (QI) mode in an air conditions, using a silicon tip 

(SCAN ASYST - AIR) with a radius of 2 - 12 nm and a spring constant of 0.4 N/m. Force-

distance curves for each sample were recorded in at least three separate areas consisting 

of 1000 × 1000 nm2 and 256 × 256 pixels, which corresponds to more than 65 000 

individual force curves per image. The loading force was set to 1 nN. Interfacial energy 

was determined based on Derjagin-Muller-Toropov (DMT) model and its correlation with 

measured adhesion value by formulas: 

                                                              F = 2πrΓ                                                           (2) 

                                                 Γ = 2 (γsample ×  γtip)
1

2                                                 (3)  

, where F is adhesion force, r is tip radius, Γ is the interfacial energy between a tip and 

sample surface, γsample and γtip are surface energies of a sample surface and silicon tip, 

respectively. The mean tip radius (6 nm) specified by the manufacturer was used for 

calculations. The surface energy of the silicon tip was taken as γtip = 1.240 J/m2.192  

Finally, the surface energy of samples was determined: 

                                                  γsample =
F2

16π2r2γtip
                                               (4) 

Adhesion forces measurements were also used to create the adhesion force map of HPF-

coated (0.01 mg/mL, 5 min) surfaces, which supported the detection of single HPF 

molecules and identification of their spatial arrangement. Before measurement AFM tip 

was subjected to UV-cleaning, making it superhydrophilic. 

HPF molecules visualization and surface energy experiments were additionally 

performed under aqueous conditions without previous samples drying after the adsorption 

procedure. The same adsorption parameters as for imaging under air conditions were 

applied. Standard sharp silicon nitride cantilevers (SNL-10, Brucker, Santa Barbara, CA) 

with a resonance frequency in the range 50 - 80 kHz, spring constant 0.175 - 0.7 N/m, 
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and a mean tip radius of 6 nm were used. Measurements were performed in QI mode with 

a loading force of 1 nN.  

5.2.5. X-ray photoelectron spectroscopy (XPS) 

Before and after HPF adsorption (5 min, 0.01 mg/mL) surface chemistry was determined 

by XPS measurements performed with Quantum 2000 system (PHI Co., Chanhassen, 

MN, USA) equipped with monochromatic AlKα source (250 W, hν = 1486.6 eV). 

Multipak software was used for peak identification and quantification. High-resolution 

spectra C 1s, N 1s, and O 1s were obtained using an analyzer pass energy of 58.7 eV. A 

binding energy scale was referenced to C 1s peak set at 285.0 eV. For a detailed analysis 

of bond reconstruction in HPF molecules after adsorption, deconvolution of C 1s and 

N 1s was performed using curve-fitting analysis and Gaussian–Lorentzian curve fitting 

procedure in OriginPro 2020 software. 

5.2.6. Statistical analysis 

The results are presented as mean values with ± standard deviations. Statistical analysis 

in a given group was performed by One-Way analysis (ANOVA) with Turkey test 

(p < 0.05) using Origin software. 

5.3. Results and discussion 

5.3.1. Characterization of rutile single crystals 

Raman spectra of (110), (100), (101), and (001) rutile single crystals are presented in 

Figure 5.1. a). Two major vibration modes were recorded, Eg at 448 cm-1 and A1g at 

610 cm-1, which corresponds to an asymmetric bending of O–Ti–O bonds by oxygen 

atoms and symmetric stretching of O–Ti–O bonds, respectively.195 The ratio of A1g to Eg 

intensity for each surface was calculated. Since anisotropic scattering of rutile crystals is 

determined by crystallographic structure, this ratio has been used to distinguish crystals 

in the subsequent experimental procedure, if necessary.192  
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Figure 5.1. a) Raman spectra characteristic for rutile single crystals with a calculated 

ratio of A1g to Eg intensity. b) AFM images of bare rutile single crystals.  

Figure 5.1. b) shows topographies of bare rutile single crystals visualized by AFM. Based 

on at least four 1000 nm x 1000 nm images, the root mean square roughness (Rq) 

parameter of surfaces was calculated and the results are presented in Table 5.1. All values 

are below 0.15 nm, therefore surfaces can be considered atomically flat. According to the 

literature, this allows us to exclude roughness as a parameter affecting protein adsorption 

in this study.38,125  

Table 5.1. Crystallographic orientation-dependent properties of rutile single crystals. 

Orientation Rq (nm) Water contact angle (°) 

(110) 0.119 ± 0.004 65.2 ± 0.7 

(100) 0.081 ± 0.006 59.6 ± 1.4 

(101) 0.144 ± 0.006 61.3 ± 0.4 

(001) 0.130 ± 0.003 58.0 ± 0.7 

Since different arrangements, coordination of surface atoms, and density of dangling 

bonds determine surface energy and wettability (see Chapter 2.1.2.), these factors were 

considered potential determinants of crystallographic orientation-dependent biological 

reactions. It is known that the surface energy of rutile increases proportionally to a degree 
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of undercoordination of surface atoms (compared to bulk atoms), i.e. in the following 

order: (110) < (100) < (101) < (001).28,196 Moreover, the wettability of rutile single 

crystals was measured using the sessile drop method. The water contact angle (ϴ) on all 

crystal surfaces is below 90.0°, suggesting their hydrophilicity (Table 5.1.). However, the 

highest angle value 65.2 ± 0.7° was found for the (110) surface and the lowest 58.0 ± 0.7° 

for the (001) surface. These differences can be attributed to crystallographic orientation-

dependent variations in rutile surface structure, which can affect the nature of water 

adsorption (molecular or dissociative).197 It is known that water dissociation dominates 

on the (001) surface due to a large number of dangling bonds per unit area, resulting in a 

high probability of chemisorption of hydroxyl (-OH) groups.32 This makes the (001) 

surface more hydrophilic compared to the others, especially the (110) surface where 

molecular adsorption tends to occur.33,34  

It is widely recognized that differences in surface energy and therefore wettability are 

major parameters controlling the amount and conformation of proteins.198 Therefore, it is 

worth studying whether the adsorption behavior of HPF varies on the investigated rutile 

single crystals.  

5.3.2. Analysis of HPF adsorption on rutile single crystals 

To explore the effect of the surface crystallographic orientation on the adsorption 

behavior of HPF, rutile single crystals were incubated in solutions 0.01 mg/mL and 

0.1 mg/mL at 37 °C. After 5 min and 30 min, time- and concentration-dependent surface 

coverage was analyzed (Figure 5.2.). Firstly, AFM imaging in an air condition, shown in 

Figure 5.2. a), enabled determination of adsorption parameters, a concentration of 

0.01 mg/mL, and an adsorption period of 5 min, necessary for single protein visualization. 

Higher concentration or longer adsorption time contributed to full surface coverage, 

which is in agreement with the literature.194,199 These observations were further confirmed 

by quantitative evaluation of the amount of adsorbed proteins using BCA assay. Results 

presented in Figure 5.2. b) indicate a lack of statistical differences in the amount of protein 

on all crystals after 30 min of adsorption regardless of solution concentration. This 

implies full surface coverage by HPF. Nevertheless, 5 min adsorption from a 0.01 mg/mL 

solution resulted in a statistically significant lower amount of adsorbed HPF on the (001) 

surface compared to the others, pointing to the lowest affinity of HPF to this surface. This 
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phenomenon was not observed after 5 min of adsorption from 10 times higher 

concentrated solution i.e., 0.1 mg/mL, suggesting fast full coverage of crystals surface by 

HPF at biologically relevant concentrations. 

 

Figure 5.2. Time- and concentration-dependent HPF adsorption on rutile single crystals. 

a) AFM visualization of adsorbed HPF on rutile crystals, on the example of the (110) 

surface. Arrows point out exemplary single proteins. b) Amount of adsorbed HPF 

determined using BCA assay. Three measurements per sample were performed. Lines 

next to the bars indicate the statistical differences among groups (p > 0.05). 

Based on these results and a well-known structure of HPF (schematic sketch presented in 

Figure 2.6.), the conformation of HPF was analyzed using AFM images of samples 

exposed to 0.01 mg/mL solution for 5 min. Protein conformation turned out to be different 

on various surfaces, as shown in Figure 5.3. (left site). Three individual, one central, and 
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two distal nodes of HPF are distinguishable on the (110) surface, which can be ascribed 

to hydrophobic E and D domains. In contrast, on the (001) surface, HPF appears as a 

single globule. On the other two i.e., (100) and (101) surfaces, both (trinodular and 

globular) conformations are detectable, however, globular molecules dominate.  

Visual assessment of HPF conformation was confirmed by analysis of height profile lines 

of individual HPF molecules absorbed on each rutile crystal and enabled the evaluation 

of protein dimensions. Representative single-molecule profile lines are shown in 

Figure 5.3. (right site). Based on at least 100 measurements the histograms of length and 

proteins height distributions were created and are shown in Figure 5.4. The greatest mean 

length and the lowest mean height were determined for trinodular HPF adsorbed on the 

(110) surface i.e., 46 ± 4 nm and 1.6 ± 0.2 nm, respectively, due to the high molecules 

unfolding. Similar structures were previously reported for HPF adsorbed on hydrophobic 

substrates such as highly ordered pyrolytic graphite (HOPG)200, titanium dioxide 

(TiO2)
38, poly(methyl methacrylate) (PMMA)100. In contrast, globular HPF molecules on 

the (001) surface were significantly shorter (21 ± 2 nm) but at the same time had higher 

mean height i.e., 3.1 ± 0.4 nm. This is consistent with the HPF dimensions observed on 

hydrophilic surfaces such as mica or silicon surfaces.152,201,202  

The heterogeneity of HPF conformation on the other two (100) and (101) surfaces is 

manifested by the presence of more than one band in the length distribution histogram, 

which is not the case for (110) and (001) surfaces. On the (101) surface the shortened i.e., 

partially unfolded HPF molecules, with a length of ~30 nm, are present in 15%. 12% of 

the molecules have an average length of 45 ± 3 nm, which relates to HPF in trinodular 

conformation. The remaining 73% of proteins have 22 ± 2 nm and this is ascribed to 

globular proteins. The diversity of molecules conformations contributes to a broad 

distribution of their heights. 
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Figure 5.3. AFM visualization (200 x 200 nm) of the (110), (100), (101), (001) rutile 

single crystals with adsorbed HPF. Exemplary molecules are marked with circles. 

Zoomed images (60 x 60 nm; scale bar 20 nm) in the inset show a single HPF molecule 

on each surface. Representative profile line of individual molecules supports the visual 

determination of the protein conformation and allows estimation of its dimensions. A 

schematic HPF spatial arrangement with marked hydrophobic D and E domains is 

presented.  
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Figure 5.4. Histogram analysis of the measured HPF length and height distributions 

adsorbed on rutile single crystals (n > 100). A Gaussian-fitted curve overlays each 

histogram (blue and green curves). The average lengths and heights of the proteins are 

given above the peaks. 

Since a liquid is a biologically relevant environment, the dependence of HPF 

conformation on rutile single crystals was also studied under aqueous conditions. By 

means of AFM, HPF molecules adsorbed on the (110) and (001) surfaces were visualized 

under water conditions (Figure 5.5.). Substantial similarity in the appearance of HPF 

structures on the given crystals to those observed in an air was detected. This indicates 

that HPF conformations detected during measurements in an air may correspond to those 

present upon material contact with body fluids i.e., blood plasma. 
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Figure 5.5. AFM images (200 nm x 200 nm) of HPF adsorbed on the (110) and (001) 

rutile single crystals, taken under aqueous conditions. Exemplary molecules are marked 

with circles. 

An explanation for these crystallographic orientation-dependent differences in HPF 

adsorption behavior can be inferred by analyzing water contact angles of the rutile 

surfaces and the nature of individual HPF domains. Generally, material surfaces are 

considered hydrophobic if Θ > 90°, whereas hydrophilic if Θ < 90°. Nevertheless, 

Berg et al. defined a new hydrophobicity/hydrophilicity limit i.e., water contact angle 

ϴ = 65°, in the context of protein adsorption.104 According to this concept, surfaces with 

a water contact angle value ϴ ≥ 65° are hydrophobic due to a weak attraction of water 

molecules, and the presence of hydrophobic forces that promote protein adsorption and 

unfolding.111,203 This is energetically favorable since surface dehydration and protein 

adsorption minimize the contact of the hydrophobic surface with water, whereas protein 

unfolding leads to entropy gain. This refers to the (110) rutile single crystal 

(see Table 5.1.). It is widely recognized that on hydrophobic materials HPF adsorbs via 

hydrophobic E and D domains, which is accompanied by HPF unfolding and trinodular 

conformation.98–100 Other rutile single crystals (ϴ < 65°) can be considered hydrophilic 

as strongly bounded water molecules limit protein-surface interactions on such surfaces, 

which promotes the occurrence of HPF in a globular conformation.199 HPF adsorb via 

hydrophilic αC domains on such surfaces. 

Moreover, Vogler et al. recognized that large changes in protein behavior tend to occur 

if a water contact angle of a material surface is in the range of ϴ ~ 60 - 65°.103 A detailed 

review of numerous reports allowed them to distinguish surfaces as a "protein adherent" 

and "non-adherent" depending on water contact angle value above or below this 

borderline, respectively. This explains the existence of both trinodular and globular HPF 
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molecules on the (100) and (101) surfaces, as their water contact angle lies in this 

transition range.  

5.3.3. XPS analysis 

For a better understanding of the crystallographic orientation-dependent conformational 

changes of HPF, XPS measurements were performed before and after HPF adsorption. 

Figure 5.6. shows a representative survey spectrum of a bare rutile substrate. The lack of 

components other than those corresponding to TiO2 and carbon from the air suggests an 

absence of impurities on investigated crystals.204 

 

Figure 5.6. Representative survey XPS spectrum of rutile single crystal with marked 

detected components. 

Further detailed analysis of high-resolution spectra enabled quantitative evaluation of 

surface atomic compositions. Results are presented in Table 5.2. After 5 min HPF 

adsorption from a 0.01 mg/mL solution, the lowest nitrogen content and suppression of 

the TiO2-derived signal (Ti:C) were found for the HPF-coated (001) surface, which 

indicates the smallest amount of absorbed HPF and confirms BCA results within the 

measurement accuracy.  
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Table 5.2. Composition of the (110), (100), (101), and (001) rutile single crystals before 

and after HPF adsorption (5 min, 0.01 mg/mL). 

Sample Orientation N (at%) Ti: C 

BARE 

(110) - 0.46 

(100) - 0.43 

(101) - 0.56 

(001) - 0.41 

HPF 

 

(110) 6.22 0.40 

(100) 7.35 0.29 

(101) 9.66 0.23 

(001) 5.81 0.41 

In addition, deconvolution of the carbon (C 1s) and nitrogen (N 1s) high-resolution 

spectra were conducted to gain deeper insight into the nature of the bonds in the HPF 

molecules. Results are shown in Figure 5.7. and Table A1.  

 

Figure 5.7. Deconvolved carbon (C 1s; left images) and nitrogen (N 1s; right images) 

spectra of HPF-coated (110) and (001) surfaces. Dashed lines correspond to the raw data, 

while solid lines represent Gaussian fitting.  

The deconvoluted carbon band revealed four peaks marked as C1 - C4. The C2 and C3 

are specific for proteins and are attributed to amino (C-N) and peptide (HN-C=O) groups, 

respectively.205 For the nitrogen band, three peaks appeared, i.e., N1, N2, and N3 referring 

. 
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to amino (C-N), peptide (N-C=O), and protonated amino (C-NH3
+) groups, 

respectively.205,206 Significant differences in the level of amino- and protonated amino 

groups were detected between (110) and (001) surfaces. This is manifested in smaller C2 

and N1 band areas, while simultaneously higher N3 band area on the (001) surface. The 

diversity of emerging groups and their content on HPF-coated rutile surfaces is correlated 

with an adsorption-induced peptide bond breaking and HPF structure rearrangement 

which level determines the type and the number of newly formed bonds. This is dependent 

on HPF conformation, which supports the AFM observations. 

5.3.4. Surface energy of rutile single crystals after HPF adsorption 

Observed crystallographic orientation-dependent HPF conformational changes indicate a 

rearrangement of hydrophilic/hydrophobic groups and suggest that exposure to a medium 

of specific HPF regions may determine the surface energy of a material. 

Before and after HPF adsorption, interaction strength (adhesion forces) between 

hydrophilic AFM tip and rutile single crystals was measured in an air condition, and 

surface energy was calculated in a manner described in the methodology part. Determined 

surface energies of bare rutile single crystals were used as a reference for studies of 

surface energy changes after HPF adsorption. As presented in Figure 5.8. (yellow bars), 

their surface energy increases in the order of (110) < (100) < (101) < (001), which is 

consistent with theoretical values estimated based on computer simulations (Table 2.1.) 

and the measurements of Cai et al. with minor discrepancies, which may come from the 

tip geometry used for the study.28,29,192,207 The strongest interactions were detected 

between a hydrophilic AFM tip and a hydrophilic (001) surface. 

Striking results were found after 30 min HPF adsorption from 0.01 mg/mL solution (full 

surface coverage). Values of the surface energy of all surfaces (measured in the air) 

decreased up to an order of magnitude and followed an inverse trend compared to bare 

substrates, i.e., (110) > (100) > (101) > (001) (see Figure 5.8.). 
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Figure 5.8. Determined surface energy of rutile single crystals before (yellow color) and 

after 30 min HPF adsorption (blue color) from solutions with concentrations 0.1 mg/mL 

and 0.01 mg/mL, respectively. Measurements were performed in air (bars) or aqueous 

(crosses) conditions. Lines above bars indicate statistical differences (p > 0.05) between 

§ bare substrates, # HPF-coated substrates (0.1 mg/mL), * HPF-coated substrates 

(0.01 mg/mL). 

Supported by AFM imaging, analysis of interactions between a hydrophilic AFM tip and 

exposed specific HPF regions with hydrophilic/hydrophobic nature, contributes to a 

better understanding of protein behavior in a hydrophilic blood environment. It is widely 

recognized that protein adsorption occurs when it is accompanied by a net decrease in the 

energy of the surface-protein-medium system. The stronger protein adsorption and 

unfolding are typically observed on hydrophobic substrates to limit undesired 

hydrophobic-hydrophilic interactions between material surface and medium.98–100 

Moreover, generation of a surface-protein interface is associated with simultaneous 

generation of a protein-medium interface. HPF adsorption via hydrophobic domains on 

hydrophobic surfaces, such as rutile (110) surface, allows hydrophilic regions to strongly 

interact with hydrophilic AFM tip and medium. In contrast, HPF adsorption on 

hydrophilic surfaces, such as (001) surface, through hydrophilic groups, triggers 

simultaneous hydrophobic-hydrophilic interactions at the protein-medium interface. This 

is energetically less favorable and prevents further protein molecules unfolding and 
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results in a globular HPF conformation.112 It can be stated that an analysis of surface 

energy differences after coverage by proteins allows to observe their adsorption-induced 

conformational changes. Moreover, the same findings were observed on rutile surfaces 

exposed to HPF solution with a biologically more relevant concentration i.e., 0.1 mg/mL 

(Figure 5.8. blue bars) and conducting AFM measurements in aqueous conditions 

(Figure 5.8. crosses), which validates the relevance of these observations in vivo 

regardless of protein concentration.  

It is worth mentioning that crystallographic orientation-dependent differences in the 

surface energy after protein adsorption were also observed by Cai et al. who studied 

fibronectin adsorption on rutile single crystals.192 However, in this case, reported values 

were higher than for bare substrates and followed the reversed order i.e., (110) < (100) < 

(101) < (001) compared to HPF. These distinct results point out the specificity of surface 

energy variations for a given type of protein.208 In addition, it has been found that the 

phenomenon of surface energy changes after protein adsorption may be one of the factors 

influencing subsequent processes at the biomaterial - blood interface such as 

biomineralization.192  

The AFM measurements of adhesion forces between the AFM tip and proteins also 

enabled the creation of an adhesion force map that supports protein detection and 

identification of their conformations. Before measurements, AFM tip was subjected to 

UV cleaning, making it superhydrophilic. Adhesion force maps recorded for HPF-coated 

(110) and (001) surfaces are presented in Figure 5.9.  

Due to the significant differences in interaction forces between superhydrophilic tip-HPF 

and superhydrophilic tip - rutile crystal, the identification of proteins and their 

conformations could be observed, which was an alternative to the usual AFM topography 

imaging. In addition, the future subject of our research is high-resolution AFM adhesion 

force mapping, which provide also an opportunity to analyze the exposure of 

hydrophilic/hydrophobic groups of proteins to the medium at the atomic scale. This 

would show a full picture of proteins' adsorption mechanism, their spatial arrangement, 

and the availability of specific regions for successively attaching cells.209  
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Figure 5.9. AFM images (3D) and corresponding adhesion maps of HPF-coated (110) 

and (001) surfaces. The upper images refer to the (110) surface with marked trinodular 

proteins and the bottom images to the (001) surface. Images on the right side correspond 

to represent the adhesion map of single HPF molecules recorded on these surfaces. 

5.3.5. Model of HPF adsorption on rutile single crystals 

Structure analysis of HPF molecules adsorbed on rutile single crystals allowed to model 

crystallographic orientation-dependent HPF adsorption mechanism. In Figure 5.10., a 

relationship between surface atomic structure, its properties, and resulting HPF 

conformation is schematically summarized. As the coordination number of surface atoms 

is reduced i.e., surface unsaturation increases due to broken bonds upon its formation, 

surface energy increases, which leads to its hydrophilicity and consequently minimizes 

the tendency of HPF molecules to unfold upon adsorption.  

More specifically, in the case of (110) surface, presence of six coordinated Ti atoms (as 

in bulk) alternated by five coordinated Ti atoms, and three coordinated O atoms (as in 

bulk) alternated by two coordinated O atoms, leads to its low energy and imparts its 

hydrophobicity. Therefore, HPF easily displaces weakly bound water molecules and 
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adsorbs in trinodular conformation. For other surfaces, in particular (001) surface, higher 

undercoordination of surface atoms and higher density of dangling bonds increases 

surface energy and hydrophilicity, which in turn increases the probability of HPF 

adsorption in a globular conformation. Since HPF conformation determines the 

availability of platelet binding sites, in the following chapter the HPF conformation-

dependent response of platelets to rutile single crystals will be described. 

 

Figure 5.10. Model of HPF adsorption on rutile single crystals. On low energetic, 

hydrophobic (ϴ ≥ 65°) surfaces HPF preferentially adsorb in trinodular conformation, 

whereas on high energetic, hydrophilic surfaces in globular one. Keep in mind that in the 

transition water contact angle range for hydrophilicity/hydrophobicity (ϴ = 60 - 65°), 

which applies to (100) and (101) surfaces, HPF adsorbs in both conformations, however, 

globular structures dominate. 

5.4. Conclusion 

In conclusion, this chapter provides evidence to accept the hypothesis that the 

crystallographic orientation of TiO2 (rutile) crystal surfaces determines the conformation 

of the adsorbed HPF molecules. However, an impact on the amount of absorbed protein 

was not observed.  
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AFM visualization of the (110), (100), (101), and (001) rutile single crystals revealed 

adsorption of HPF in a trinodular conformation on low energetic and hydrophobic (110) 

surface, while in globular one on more energetic and hydrophilic surfaces, in particular 

(001) surface. In addition, the hypothesis that the surface energy of protein-coated 

substrates is protein conformation dependent has been accepted. Observed phenomena 

are relevant in vivo regardless of protein concentration.  

Results presented here suggest that HPF conformation may be a major determinant of 

subsequent cellular response. This motivates investigations into whether the high 

biocompatibility and antithrombogenicity of implants can be achieved by designing a 

rutile surface with a preferred crystallographic orientation. 
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6. Crystallographic orientation-dependent platelet adhesion 

and activation on rutile single crystals 

6.1. Introduction 

In the previous chapter, the influence of rutile crystallographic orientation on HPF 

conformation was confirmed. Since HPF is a major initiator of thrombogenic events, this 

was the basis for a hypothesis that observed crystallographic orientation-dependent HPF 

conformational changes may affect platelet adhesion and activation. Therefore, platelets 

behavior on rutile single crystals with (110), (100), (101), and (001) crystallographic 

orientations was characterized by scanning electron microscopy (SEM) and optical 

microscope (OM). Platelet activity was additionally examined with the usage of 

fluorescent antibodies, detectable by confocal microscopy and immunofluorescence 

technique. Finally, it has been investigated whether observed platelet behavior is 

correlated with the availability of primary platelet binding sites in HPF molecules. 

Obtained results provide a deep insight into the mechanism of HPF-mediated, platelet 

adhesion on rutile single crystals. 

6.2. Materials and Methods 

6.2.1. Rutile single crystals 

To examine crystallographic orientation-dependent platelets adhesion, the same type of 

epi-polished rutile single crystals (5 mm x 5 mm x 0.5 mm), as for protein adsorption 

experiments (see Chapter 5.2.1.) were used. Briefly, studies presented in this chapter were 

performed on crystals with (110), (100), (101), and (001) crystallographic orientations. 

Before experiments, all substrates were thoroughly sterilized in ethanol. 

6.2.2. Platelet adhesion on rutile single crystals 

Pooled platelet plasma concentrate (PPP, 2.7 x 108 platelets per mL) was obtained from 

four buffy coats of voluntary whole blood donors after informed consent. Then, 0.5 mL 

of PPP was added to each rutile substrate placed in 24-well plates and kept in an oven 
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with 5% CO2 for 5 min or 120 min at 37 °C. Then the samples were thoroughly washed 

with PBS and subjected to further experiments. 

6.2.3. Platelets visualization using scanning electron microscopy 

(SEM) and optical microscope (OM) 

Before SEM imaging, platelets were fixed on substrates by immersion in 2.5% 

glutaraldehyde overnight at T = 4 °C. Then, samples were washed with PBS and 

dehydrated with graded ethanol series (10% - 100%, each step for 10 min). Subsequently, 

ethanol was partially replaced by hexamethyldisilane (HDMS ≥ 98% from GC, Carl Roth, 

Germany) in steps 25, 50, and 75% HDMS, until the final step 100% HDMS. Samples 

were left to dry overnight in ambient conditions and afterward sputtered with tungsten. 

In the end, the platelets morphology was examined by SEM (Auriga 60® CrossBeam 

Workstation, Carl Zeiss Jena GmbH, Jena, Germany) at an accelerating voltage of 5 kV.  

Platelets coverage of each rutile surface was assessed using an optical microscope (Leica 

DM2700M) and evaluated with ImageJ software at a minimum of four positions per 

sample (n > 4). Each OM image was converted to an 8-bit image and then to a binary 

image. Afterward, a threshold was adjusted, and the area occupied by platelets was 

calculated. 

6.2.4. Immunofluorescence and confocal microscopy 

P-selectin is a marker of platelet state due to its expression on the platelet membrane only 

after platelet activation.210 It can be identified by specific fluorescently labeled antibodies 

detectable by immunochemistry and confocal microscopy. For those experiments, 

adhered platelets were fixed on substrates with paraformaldehyde (4% in PBS) overnight 

at T = 4 °C. Subsequently, samples were blocked with 1% BSA for 1 h at 37 °C and then 

immersed in 600 µL of primary mouse monoclonal P-selectin antibodies (diluted 1: 300 

in PBS, antibodies-online GmbH) for 1 h at T = 37 °C. After washing five times in PBS, 

the secondary Alexa Fluor® 488 conjugated goat anti-mouse IgG antibody (diluted 1: 300 

in PBS, Abcam, Cambrige) for confocal microscopy and HRP conjugated goat anti-

mouse IgG antibody (diluted 1: 1000 in PBS; Abcam, Cambrige) for immunochemistry 

were added. Finally, samples were rinsed five times in PBS and one set was directly used 
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for visualization of expressed P-selectin using confocal microscopy. At least four images 

per crystal were recorded.  

The second set of the samples, for immunochemistry, was additionally immersed in 

150 μL of TMB solution for 20 min at T = 37 °C in the dark. To stop the reaction, 50 μL 

of 1 M H2SO4 was added. A 130 µL of each reaction mixture was pipetted and placed in 

96-well plates. Absorbance was measured at 450 nm with a PowerWave XS plate reader 

(BioTek Germany, Bad Friedrichshall, Germany). All samples were examined in 

triplicate and background fluorescence was subtracted. 

The conformation-dependent availability of the primary platelet recognition sites γ400-411 

in HPF molecules was determined also by immunochemistry. The same procedure as for 

P-selectin expression measurements was used, however, a mouse monoclonal anti-human 

HPF γ-chain antibody (diluted 1:300 in PBS, Bio-Techne GmbH, Germany) was used as 

a primary antibody. 

6.2.5. Statistical analysis 

Results are presented as mean values with ± standard deviations. Statistical analysis in a 

given group was performed by One-Way analysis (ANOVA) with Turkey test (p < 0.05) 

using Origin software. 

6.3. Results and Discussion 

6.3.1. Analysis of platelets adhesion and activation 

Platelet pooled plasma (PPP) used in this study contained a certain amount of protein, 

including HPF at a concentration of about 0.3 mg/mL. In the previous chapter, it was 

described that such a concentration is sufficient for full coverage of rutile surfaces in a 

short time, therefore it can be assumed that in this study HPF layer guides the behavior 

of the subsequently attaching platelets. 

Four rutile single crystals with (110), (100), (101), and (001) conformations were 

immersed in PPP. After 5 and 120 min, differences in the amount and morphology of 

platelets were determined using SEM. The latter enabled a visual assessment of the 

activation state of platelets. It is widely recognized that resting platelets resemble a disk 
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shape, while during activation their size increases, and numerous filopodia appear i.e., 

finger-like projections, which extend from cell periphery.211 According to Goodmann's 

theory, the degree of activation can be divided into five stages based on changes in 

morphology: round (R), dendritic (D), spread-dendritic (SD), spread (S), and fully 

spread (FS).212 All of the aforementioned structures were found in this study and are 

shown in Figure 6.1. a). 

 

Figure 6.1. a) Five morphological forms of platelets observed on rutile single crystals, 

corresponding to different states of activation, i.e., (i) round, (ii) dendritic, (iii) spread-

dendritic, (iv) spread, (v) fully spread. Morphology of platelets after b) 5 min and 

c) 120 min immersion of rutile crystals in PPP under static conditions. 

After 5 min of adhesion, a small number, and mostly round platelets were detected on all 

surfaces, indicating their resting state (Figure 6.1. b)). No significant crystallographic 

orientation-dependent differences in platelet morphology were observed, however, more 

active forms i.e., spread-dendritic and spread also appeared on (101) and (001) surfaces 

to a small extent. Subsequently, an adhesive behavior of platelets was examined on rutile 

single crystals immersed for 120 min in PPP, as numerous implants and medical devices 

are exposed to a blood environment for a longer period. Although activation typically 

requires seconds to minutes, absorbed platelets can trigger a cascade of attachment and 

activation of new ones (Figure 2.5.).46,153 As demonstrated in Figure 6.1. c), strong 
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differences in the amount and platelet morphology were observed on investigated rutile 

surfaces. Minimal platelet adhesion, which preserved their round shape was found on the 

(110) surface. On the (100) surface adhesion increased, and platelets with dendritic 

structure dominated. Nevertheless, the lack of dendritic-spread nor more active forms on 

both (110) and (100) surfaces indicate non-activity or only the early stage of platelet 

activation. In contrast, a more extensive attachment and reorganization of platelet 

structure were noticed for the other two (101) and (001) surfaces. Platelets appeared in 

all five activation states, with a predominance of active spread-dendritic and spread 

forms. In the end, the largest surface area was occupied by platelets on the (001) surface 

(Figure 6.1. b) and Figure A1).  

The visual observations were supported by quantitative analysis of surface coverage by 

platelets using optical microscope images (n > 4), presented in Figure 6.2. a) and b). 

Calculated values are collected in Figure 6.2. c) (left axis). It has been found that after 

5 min of adhesion, platelets occupied less than 2% of a surface regardless of 

crystallographic orientation. The increase in platelets adhesion was more prominent and 

crystallographic orientation-dependent, upon longer exposure of substrates on PPP 

(120 min). Still, coverage in 9% and 12% on the (110) and (100) surfaces, respectively, 

can be considered minimal, which proves a low adherence of non-activated platelets. On 

the other hand, the (101) surface occupancy reached 18%, while on the (001) increased 

up to 47%. The increase in surface coverage in the order of (110) < (100) < (101) < (001) 

is associated with both, an increase in the number and activation of platelets. 

The latter was quantitively determined using P-selectin, which is a component secreted 

from the interior to platelet membrane after their activation.210 Quantitative analysis was 

performed by measurement of light absorbance by P-selectin conjugated fluorescent 

agent, using an immunochemistry technique. Results presented in 

Figure 6.2. c) (right axis) validate the visual SEM assessment of platelets activation. The 

lowest absorbance was detected on the (110) surface, while the highest on the (001) 

surface, which was subsequently visualized by confocal microscopy. As presented in 

Figure 6.2. d), significantly less secreted P-selectin was detected on the (110) compared 

to the (001) surface. 

To sum up, a detailed analysis of the platelet adhesion and activation on rutile single 

crystals showed a crystallographic orientation-dependent relationship and an increase in 

the order of (110) < (100) < (101) < (001) upon their prolonged exposure to PPP. Since 
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platelet adhesion determines a clot formation process, it can be speculated that rutile 

surfaces with the (110) crystallographic orientation could be the most effective in 

reducing the risk of thrombogenic phenomena on biomaterials. Nevertheless, additional 

studies conducted under in vivo conditions, particularly in presence of high shear forces 

induced by blood flow, are essential to fully assess the surface-induced clotting on rutile 

single crystals. 

 

Figure 6.2. Optical microscope images of rutile single crystals immersed in PPP for 

a) 5 min and b) 120 min. c) Calculated values of surface coverage based on at least four 

positions per crystal (left axis) and P-selectin expression level obtained by 

immunochemistry (n = 3, right axis). d) Visual representation of P-selectin expression 

(confocal microscopy). Lines above bars indicate statistical differences (p > 0.05) in 

* surface coverage, and # P-selectin expression level. 
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6.3.2. HPF conformation-dependent visibility of platelet binding 

sites: Model of crystallographic orientation-dependent platelets 

adhesion and activation 

The cellular response is closely correlated with the layer of preadsorbed proteins, the main 

one being thrombogenic HPF. A hypothesis has been posed, that observed platelet 

behavior on rutile single crystals is guided by crystallographic orientation-dependent HPF 

conformation. Furthermore, it is known that a minimal amount of adsorbed HPF is 

sufficient to fully activate platelets.70  

HPF contains three pairs of platelets binding sites i.e., two secondary RGD sequences in 

the Aα chain (RGDF at 95–98 and RGDS at 572–575) and one in the γ-chain, 

HHLGGAKQAGDV at 400–411, primary sequence.213,214 RGDs sequences are common 

for other proteins, while the γ400–411 is unique for HPF and is the only one able to bind 

non-active platelets from the bloodstream.76 Therefore, HPF conformation-dependent 

visibility of γ400-411 sequences, on protein-coated rutile single crystals was quantified. The 

γ-chain antibodies conjugated with a fluorescent agent, detectable by immunochemistry 

technique, were used. Results presented in Figure 6.3. imply significantly higher 

availability of γ400-411 in HPF molecules adsorbed on the (001) compared to the (110) 

surface.  

 

Figure 6.3. a) Availability of γ400-411 sequences in HPF molecules adsorbed on the (110) 

and (001) rutile single crystals determined by immunochemistry (n = 3). 

Supported by AFM visualization of HPF molecules (Chapter 5.3.2.), a model of HPF 

conformation-dependent platelets adhesion mechanism is proposed here and is 
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schematically shown in Figure 6.4. On low energy and hydrophobic surfaces, such as the 

(110) surface, HPF adsorption by hydrophobic D and E domains results in a trinodular 

conformation and directs γ-chains toward a surface, which limits the availability of 

primary binding sites for platelets. Therefore, low adhesion of non-activated platelets was 

observed on this type of surface. In contrast, due to hydrophilic αC-regions adsorption on 

more hydrophilic surfaces, HPF appears in the globular conformation, repulsing γ-chains, 

which consequently leads to strong γ400-411 accessibility. This stimulates extensive platelet 

adhesion and activation. 

It can be stated that platelet adhesion and activation, and therefore the probability of clot 

formation increases in the order of (110) < (100) < (101) < (001), which is closely 

correlated with an involvement of HPF absorbed in globular conformation. These results 

underline the strong influence of surface energy and wettability, guided by 

crystallographic orientation, on the thrombogenicity of a material surface.  

 

Figure 6.4. Model of HPF-conformation dependent, platelets adhesion and activation on 

hydrophobic and hydrophilic rutile single crystals. HPF adsorbed by D domains in 

trinodular conformation on the (110) surface sufficiently limits the visibility of γ-chain 

(red color), and therefore platelets adhesion and activation. Adsorbed by αC domains, 

globular HPF bind and activate platelets due to the accessible γ-chain (green color). 

Figure not drawn in scale. 

Since it is known that HPF regulates an adhesion of other cells and bacteria as well, the 

potential to modulate surface-related coagulation and bacterial attachment is 

anticipated.192,193,215 Present work and the possibility of adjusting the crystallographic 

orientation of an implant surface, highlight a new direction for future research into the 

manipulation of other biological processes mediated by proteins. 
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It should be mentioned that Zhao et al. reported the phenomenon of fibrogenesis on 

hydrophobic surfaces exposed to HPF concentrations of 4 mg/mL, i.e., higher than those 

used in this study.150 Since in human blood plasma HPF concentration is in the range of 

2 - 4 mg/mL, it carries the risk of nanofiber formation on the (110) surface, which may 

promote clot formation. Nevertheless, researchers suggested that rutile surfaces pre-

coating with a monomeric HPF layer, by immersion in HPF solution with lower 

concentration i.e., 0.1 mg/mL, can effectively prevent this phenomenon occurrence. This 

makes rutile, with (110) crystallographic orientation, a promising antithrombogenic 

biomaterial.214 

Keep in mind that the results presented in this chapter, concern quite well-defined single 

crystal surfaces. Since TiO2 crystals commonly used in medicine have typically a less 

ordered polycrystalline nature, with a higher density of structural defects, it is necessary 

to check, if the same crystallographic orientation-dependent HPF and platelet behavior 

will be observed also in that case. This issue is covered in the following chapter. 

Subsequently, the next task will be a limitation of material imperfections, and engineering 

of rutile polycrystals with the highest extent of preferably oriented grains. 

6.4. Conclusion 

In conclusion, this chapter provides evidence allowing to accept the hypothesis that 

platelet adhesion and activation are guided by crystallographic orientation-dependent 

conformation of adsorbed HPF on rutile surfaces. Studies were performed on rutile single 

crystals with (110), (100), (101), and (001) crystallographic orientations. Low platelet 

adhesion and activation were observed on the low energetic and hydrophobic (110) 

surface, which is associated with trinodular conformation of pre-adsorbed HPF and thus 

limited visibility of primary platelet binding sites. In contrast, HPF in globular 

conformation, present on more energetic and hydrophilic surfaces (in particular (001) 

surface), promoted platelets binding through the γ400-411 and their subsequent enhanced 

activation. In the end, a mechanism guiding platelet behavior on rutile single crystals is 

proposed. It determines the fate of material in contact with blood. This study contributes 

to a better understanding of the human body's response to implanted biomaterials and 

highlights the possibility of controlling the cellular response mediated by proteins by 

adjusting the crystallographic orientation of a rutile surface. 
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7. HPF-mediated platelets adhesion and activation on TiO2 

(rutile) polycrystal surface 

7.1. Introduction 

In the previous chapters, it has been observed that the behavior of proteins and cells, and 

therefore the course of biological reactions occurring at the biomaterial - blood interface, 

varies depending on the crystallographic orientation of a material surface. These studies 

were carried out using high-quality polished single crystals, which eliminates an influence 

of other variables on the process due to continuous, uniform, and highly-ordered 

structure. However, large-scale production of single-crystalline implants is rather 

challenging.216,217 Therefore, commercially available implants are mainly polycrystalline.  

Rutile polycrystals used for observation of crystallographic orientation-dependent 

biological processes can be self-produced, for example by powder compaction, sintering, 

and polishing, which is schematically shown in Figure 7.1. a) – c).  

 

Figure 7.1. An exemplary method of polycrystal production: a) Powder compression; 

green-body b) sintering and c) polishing; d) thermal etching. 

Usage of polycrystals for research purposes reduces the cost of experiments and allows 

for multiple grains investigation with different surface crystallographic orientations in a 

single experiment under the same conditions. On the other side, the production of 

polycrystals without any defects is impossible, which impacts overall surface properties 

and may introduce some inconsistencies in results. For example, to limit the influence of 

imperfections on a cellular response, surfaces with large grains without closed porosity 

are preferred. Additional effort in the usage of polycrystals for research is microscopic 

observation and characterization of individual grains, requiring substrate thermal etching 
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to visualize grain boundaries.218 The side effect of this treatment may be the minimization 

of surface energy and changes in its physico-chemical properties. Thermal etching leads 

to grain-specific surface reconstructions due to the local diffusion of surface atoms.219 

Crystallographic orientation-dependent susceptibility of surface atoms to reorganization 

affects the faceting process, which locally creates areas inclined in relation to a 

macroscopic substrate surface.25 This is schematically shown in Figure 7.1. d). Detailed 

evaluation of the crystallographic orientation of a single facet wall is limited by electron 

microscopy resolution. Nevertheless, it is widely recognized that the degree of faceting 

depends on thermal treatment conditions e.g., temperature and duration of etching. 

Therefore, it is worth investigating whether a reduction of those parameters to a minimum 

will sufficiently limit the level of structural changes on the surface, to properly interpret 

crystallographic orientation-dependent biological reactions. This would enable the usage 

of polycrystalline substrates, produced in laboratory conditions, as reference samples for 

the study of designed biomaterials biocompatibility, which will improve the process of 

implant development.220  

Since this dissertation is devoted to thrombogenic phenomena and the mechanism of HPF 

conformation-dependent platelet adhesion on rutile single crystals is already described in 

previous chapters, here: 

1) crystallographic orientation-dependent HPF adsorption and platelets adhesion on 

different grains of rutile polycrystal surfaces are described, 

2) results obtained on single crystals and polycrystal grains surfaces with corresponding 

crystallographic orientations are compared. 

Keep in mind that precise determination of a grain surface crystallographic orientation is 

challenging as they are rather randomly oriented. Hence, the defined low indices are a 

close approximation of the actual crystallographic orientation. 

In the end, the obtained results resolve whether a surface crystallographic orientation is a 

key factor controlling the behavior of HPF and platelets on rutile polycrystals.  

Consequently, it is possible to figure out whether produced in this study, polycrystalline 

substrates can be a promising tool for future studies of crystallographic orientation-

dependent, biological processes. In addition, available engineering techniques allow for 

controlling the crystallographic orientation of exposed surfaces, to a large extent. As 

described in detail in a review by Barthes et al., there is an opportunity to produce a 
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polycrystal with a high proportion of preferentially oriented grains to elicit a preferred 

biological response, and therefore engineer a highly efficient and biocompatible material 

for implants.23 

So far, the HPF behavior on thermally etched rutile polycrystals (produced according to 

the method shown in Figure 7.1.) has been examined by Keller et al.194 Observed 

crystallographic-dependent differences in HPF arrangement have been correlated with 

local differences in surface energy and wettability. However, in this study, the substantial 

faceting phenomenon being a side effect of thermal treatment was not excluded, which 

prevented a detailed evaluation of the crystallographic orientation of each facet wall.194 

Therefore, in the present study, thermal etching parameters were adjusted to allow 

observation of grain boundaries but simultaneously to induce minimal surface 

reconstructions. Electron backscatter diffraction (EBSD) method was used to determine 

the crystallographic orientations of grains surfaces, and then their topography was studied 

by atomic force microscopy (AFM). Afterward, a crystallographic orientation-dependent 

behavior of HPF and platelets was analyzed. Distribution of pre-adsorbed HPF molecules, 

an availability of specific platelet recognition sites in HPF molecules, and platelet activity 

were evaluated using specific antibodies detected by confocal microscopy. Platelet 

morphology was characterized using scanning electron microscopy (SEM). Finally, 

collected results were compared with observations reported using single crystals. This 

provided an opportunity to assess whether the use of thermally etched polycrystalline 

substrates may improve the process of designing biomaterial surfaces capable of inducing 

favorable protein conformations for desired biological reactions.  

7.2. Materials and Methods 

7.2.1. Rutile polycrystals production and characterization 

methods 

The high-purity TiO2 rutile powder (Sachleben THRP2, KRAHN Ceramics GmbH, 

Germany) was used to produce disc-shaped polycrystalline substrates with a diameter and 

height of about 10 mm and 5 mm, respectively. Powder was isostatically compacted in a 

cylindrical rubber form at 400 MPa. Then, obtained green bodies were sintered at 1450 °C 

(heating rate 10 °C/min until 1300 °C followed by 2 °C/min to 1450 °C) for 3 h in an 

ambient atmosphere and after cooling, cut into small discs. Surface of specimens was 
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mechanically ground using Buehler Ultra-Prep diamond grinding discs with up to 5 μm 

abrasive size and subsequently polished using Buehler MetaDi diamond suspensions with 

up to 1 μm abrasive size and suspension for final polishing  (Buehler GmbH, Düsseldorf, 

Germany). Before microscopic observation of grain boundaries, substrates were 

subjected to thermal etching. Slight parameters i.e., temperature 1300 °C maintained for 

15 min (heating rate 10 °C/min), were used to minimize the level of faceting and keep the 

surface roughness as low as possible.  

Wettability of polycrystals was determined based on static water contact angle measured 

by the sessile drop method and DSA10 drop shape analysis system (Kruss GmbH, 

Hamburg, Germany). 

The EBSD method was applied to analyze the crystallographic orientation of grains 

(Auriga 60® CrossBeam Workstation, Oxford Nordlys EBSD Detector, Carl Zeiss Jena 

GmbH, Jena, Germany). The step size was 6 μm. Determined (hkl) Miller indices refer 

to the plane lying within the macroscopic polycrystal surface A color-code 

crystallographic orientation map and corresponding inverse pole figure were generated, 

where each color is ascribed to the given (hkl) Miller indices. 

Surface roughness of selected grains was determined using AFM (JPK BioAFM, Bruker, 

Berlin, Germany). Measurements were performed in at least three positions (800 x 

800 nm) per grain and the same parameters as per characterization of single crystals 

(Chapter 5.2.4.) were applied. To target a strictly defined position on the polycrystal 

surface, AFM was coupled with an optical microscope, which was used to find a grain of 

interest. Then, the position of the AFM tip was calibrated by choosing the proper offset 

in a way, that an observed sample area remains the same under an optical microscope and 

AFM.  

An optical microscope was also used to confirm that the grain sizes of produced 

polycrystals significantly exceed the size of platelets. Since grain diameter is in the range 

of several tens of μm, therefore, produced polycrystals were suitable for biological 

studies. 

 

 



 

76 
 

7.2.2. Protein adsorption studies   

To visualize single protein molecules on previously characterized grains, HPF was 

adsorbed on rutile polycrystals from solutions with a concentration of 0.01 mg/mL, for 

5 min, according to a procedure described in Chapter 5.2.2. AFM imaging was performed 

under air conditions.  

Coverage of grains surfaces by HPF was analyzed using fluorescently-labeled HPF 

(FITC-HPF, antibodies-online GmbH, Germany) detected by confocal microscopy. 

Polycrystals were incubated in 1 mg/mL FITC-HPF solution for 2 h at 37 °C, and then 

loosely bound proteins were removed by washing once in PBS and twice in water. Finally, 

polycrystals were examined using a confocal laser scanning microscope (LSM 510 Meta, 

Zeiss). Grain-dependent surface coverage with the fluorescent agent was analyzed using 

ImageJ software. 

Availability of primary platelet binding sites (γ400-411) in HPF molecules was determined 

using γ-chain antibodies. For this experiment, protein-coated polycrystals were blocked 

with 1% BSA for 1 h at 37 °C and immersed in mouse monoclonal primary γ-chain 

antibody (diluted 1: 300 in PBS, Bio-Techne GmbH, Germany) for 1 h at T = 37 °C. After 

washing five times in PBS, the secondary Alexa Fluor® 488 conjugated goat anti-mouse 

IgG antibody (diluted 1: 300 in PBS, Abcam, Cambridge) was added. Finally, samples 

were rinsed five times in PBS and visualized using confocal microscopy. At least three 

grains marked by the same color on a crystallographic orientation map were examined. 

7.2.3. Platelet adhesion and activation analysis 

Platelets adhesion was performed according to the procedure described in Chapter 6.2.2. 

Subsequently, samples were prepared for SEM visualization in the same way as single 

crystals (See Chapter 6.2.3.). Crystallographic orientation-dependent cell morphology 

was analyzed at an accelerating voltage of 5 kV.  

The degree of platelet activation was determined by means of the P-selectin expression 

level visualized by confocal microscopy. The same procedure as for the detection of HPF 

γ-chain was applied, however, the P-selectin antibody (diluted 1:300 in PBS, antibodies-

online GmbH) was used as a primary antibody.  
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Note that presented results refer to at least three grains marked by the same color on the 

crystallographic orientation map. 

7.2.4. Statistical analysis 

Results are presented as mean values with ± standard deviations. Statistical analysis in a 

given group was performed by One-Way analysis (ANOVA) with Turkey test (p < 0.05) 

using Origin software. 

7.3. Results and Discussion 

7.3.1. Characterization of TiO2 (rutile) polycrystals  

Before biological experiments, produced rutile polycrystals were characterized. Optical 

microscope images (Figure 7.2.) showed, that applied thermal etching revealed grain 

boundaries, which enabled the differentiation of individual grains. Measured grain sizes 

are in the range of a few tens up to hundreds of microns, which eliminates the influence 

of grain boundaries on the behavior of cells analyzed later. 

 

Figure 7.2. Optical microscope image of a thermally etched TiO2 (rutile) polycrystal 

surface. Grain size exceeds several tens/hundreds of μm and grain boundaries are visible. 

Scale bar represents 500 μm. 
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Figure 7.3. a) Representative SEM image of a thermally etched TiO2 (rutile) polycrystal 

surface in an exemplary position. b) EBSD image with a corresponding color-code 

inverse pole figure map in the inset. (hkl) Miller indices denote lattice planes lying in the 

macroscopic polycrystal surface. Arrows point to the grains with the (110) and (001) 

surface crystallographic orientation, which can be recognized in the EBSD image as deep 

blue and red color. Note, that estimated crystallographic orientations represent the closest 

approximation to the actual crystallographic orientation of a grain surface. 

SEM image and corresponding crystallographic orientation map, in an exemplary 

position on a polycrystal surface, are presented in Figure 7.3. a) and b) respectively. 

Crystallographic orientations were expressed using (hkl) Miller indices of lattice planes 

lying within the macroscopic polycrystal surface. The inverse pole figure, in the inset of 

Figure 7.3. b), relates to a color code of these (hkl) Miller indices. Note, that an estimated 

surface crystallographic orientations of grains represent the closest approximation to 

actual crystallographic orientation. As predicted from the powder compression and 

sintering process, crystallographic orientation of the grain surfaces is rather random.  

It is known that polycrystal surface is characterized by local, grain-dependent surface 

energy, which implies locally heterogeneous surface chemistry. To assess whether 

polycrystalline rutile displays variability in crystallographic orientation-dependent 

thrombogenic phenomena, HPF-mediated platelet adhesion was analyzed. Firstly, 

attention was devoted to grains with surface crystallographic orientation as close as 

possible to ideal (110) and (001) surfaces. Based on studies conducted on single crystals, 

these surfaces were assigned the most different physicochemical parameters among low-

index surfaces, which resulted in their different degree of thrombogenicity (See 

Chapter 6). The (110) surface is characterized by a lower density of dangling bonds, lower 

surface energy, and thus higher stability compared to the (001) surface, which contains 

many undercoordinated atoms (Table 2.1.). Moreover, in the context of protein 
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adsorption, the (110) surface is considered hydrophobic, while the (001) surface is 

hydrophilic (Chapter 5).  

On the crystallographic orientation map of polycrystals, the (110) grain surface is denoted 

in blue, while the (001) surface in red, as indicated by arrows in Figure 7.3. b). Surface 

topography of both grain types has been investigated by AFM and images are presented 

in Figure 7.4.  

 

Figure 7.4. Topographic AFM images (200 nm x 200 nm) of bare (110) and (001) grain 

surface of TiO2 (rutile) polycrystal. 

Despite the thermal etching-induced, surface reconstructions, which are dependent on the 

thermodynamic stability of a grain surface, the short processing time allowed to maintain 

a relatively low and comparable surface roughness of both grains i.e., root mean square 

(Rq) roughness was 0.55 ± 0.09 nm and 0.42 ± 0.05 nm for (110) and (001) surfaces, 

respectively. This implies only the beginning of the faceting process on an atomic scale. 

To some extent, roughness may also be a residue from the polycrystal polishing.221 In the 

literature such surfaces are considered flat. Although the roughness is ~5 times higher 

compared to single crystals, it should be still negligible from a protein adsorption point 

of view.38,125 

7.3.2. Crystallographic orientation-dependent platelet adhesion 

and activation on rutile polycrystal surface 

To analyze how the crystallographic orientation of a grain surface affects the platelet 

adhesion process, rutile polycrystals were immersed in platelet pooled plasma (PPP), 

which contains a certain amount of HPF, as was mentioned in Chapter 6.3.1. After 
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120 min of incubation, the grain-dependent amount and activation state of platelets were 

evaluated. To confirm the reproducibility of the results, analysis was performed on at 

least three grains marked with a given color. 

Based on SEM images of the (110) and (001) grains surfaces, presented in Figure 7.5. a) 

and b), rather low platelet adhesion was detected regardless of crystallographic 

orientation. Moreover, no differences in the platelet morphology were observed, which 

were mostly in a round or dendritic state. Based on the Goodman theory described in 

Chapter 6.3.1., this morphology indicates a low level of cell activation.  

 

Figure 7.5. SEM images of a) (110) and b) (001) grains surfaces of TiO2 (rutile) 

polycrystal exposed to platelets for 120 min under static conditions, taken on three grains 

marked by the same color, however in various surface positions. Upper images refer to 

the same grain but show different magnifications. 

These findings are supported by the confocal microscopic visualization of the P-selectin 

expression level, which is a component released into the platelet membrane only during 

platelet activation.210 Figure 7.6.  shows the surface coverage by P-selectin conjugated 

fluorescent agent, which is 6.03 ± 0.11% and 6.46 ± 0.14% for (110) and (001) grains 

surfaces, respectively. P-selectin is detectable at a similar level, which indicates a similar 

platelets activation regardless of crystallographic orientation. 
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Figure 7.6. Confocal microscope images of expressed P-selectin on (110) and (001) grain 

surfaces after 120 min exposition of rutile polycrystal for PPP under static conditions. 

If rutile single crystals were used as a substrate (Chapter 6), strong adhesion and 

morphological changes of platelets i.e., an increase in platelet size and formation of 

pseudopods were observed on the hydrophilic (001) surface with the highest surface 

energy. This was not observed on the hydrophobic (110) surface with the lower surface 

energy, where platelets were round and in a resting state. On rutile polycrystal, platelets 

did not manifest crystallographic orientation-dependent behavior, and their morphology 

was similar to that observed on the (110) surface of single crystal, indicating low 

thrombogenicity of both (110) and (001) grain surfaces. 

In the next step, platelet morphology was also analyzed on other two low-index i.e., (100) 

and (101) surfaces (as in the case of single crystals) as well as a high-index surface, which 

are assigned green, orange, and light-yellow colors, respectively. SEM images are shown 

in Figure 7.7. The amount and morphology of platelets on all examined grains were 

comparable to those observed on (110) and (001) grains surfaces. This indicates a similar 

degree of cell activation and non-thrombogenicity of those grains. Although such platelet 

behavior has often been observed on numerous polycrystalline grains, it does not imply 

that there are no places where platelets will be active.  
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Figure 7.7. EBSD map of TiO2 (rutile) polycrystal surface in a second exemplary 

position. As indicated by arrows, the (100), (101), and high-index grains surfaces can be 

recognized in the EBSD image as green, orange, and bright yellow, respectively. Note, that 

estimated crystallographic orientations of grains surfaces represent the closest 

approximation to the actual crystallographic orientation. SEM images of (100), (101), and 

high-index surfaces exposed to platelets for 120 min under static conditions were taken 

on two/three grains marked by the same color, however in various surface positions. 

Upper images refer to the same grain but show different magnifications. 

7.3.3. HPF conformation on thermally etched TiO2 (rutile) 

polycrystal 

For a better understanding of different platelet responses to single- and polycrystalline 

rutile, a grain-dependent HPF adsorption behavior was determined. HPF mediates platelet 
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adhesion to a material surface and its conformation directs the visibility of platelet binding 

sites.155  

Confocal microscopy of fluorescently labeled HPF (Figure 7.8.) revealed a similar level 

of HPF adsorption on both (110) and (001) grains surfaces. Moreover, proteins were 

rather concentrated in a few isolated spots randomly distributed on the surface, which 

may suggest a high extent of the protein-protein interactions and formation of assemblies 

characteristic of HPF in trinodular conformation.199 Lack of any significant changes in the 

distribution of HPF conjugated fluorescence agent on both grains can be attributed to the 

same amount and conformational state of protein molecules.222   

 

Figure 7.8. Distribution of fluorescently-labeled HPF on (110) and (001) grains surfaces 

of TiO2 (rutile) polycrystal imaged by confocal microscopy.  

Assumption was confirmed by AFM visualization of single protein molecules, as shown 

in Figure 7.9. a) and b). Three domains of HPF could be distinguished on both types of 

grain surfaces. The total lengths of HPF molecules adsorbed on the surface of the (110) 

and (001) grains were 43.1 ± 1.7 nm and 42.6 ± 3.8 nm, respectively. This is close to the 

trinodular HPF structure found on the hydrophobic (110) single crystal i.e., 45.5 ± 3.6 nm.  

Moreover, the crystallographic orientation-dependent availability of γ400-411 platelet 

binding sites in HPF molecules was assessed by confocal microscopy and is visualized in 

Figure 7.9. b). The expression of fluorescently labeled sequences of γ-chain was low and 

at a similar level on both grain types, which is related to the same HPF conformation 

observed by AFM. As described in chapter 6.3.2, trinodular conformation of HPF 

observed on hydrophobic (110) rutile single crystal hindered the visibility of γ400-411, 
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which is also observed on investigated grains of rutile polycrystals. This also explains the 

lack of platelet activation reported in this study, regardless of crystallographic orientation. 

 

Figure 7.9. a)  AFM images of (110) and (001) grain surfaces of TiO2 (rutile) polycrystal 

coated by HPF (C = 0.01 mg/mL, t = 5 min) taken under air conditions. Images show 

trinodular HPF irrespective of surface crystallographic orientation. b) Confocal 

microscopy images of available γ400-411 on polycrystal grains i.e., sequences available to 

bind platelets. 

While crystallographic orientation-dependent HPF conformational changes have been 

observed on rutile single crystals, as explained by water contact angle below or above 

Berg limit, i.e., ϴ ~ 60 - 65° (Table 5.1. and Figure 5.3.)), in the case of polycrystals, it is 

not possible to accurately measure surface wettability of each grain. Instead, the measured 

value refers to the macroscopic polycrystal surface. For thermally etched rutile 

polycrystals investigated in this study, the water contact angle was 62.10 ± 2.09°. 

Polycrystals are a combination of differently oriented grains, therefore this value includes 

local crystallographic orientation-dependent surface wettability variations. Since 

measured values are in the mentioned above transition range for proteins, therefore, one 

possible explanation for HPF adsorption in trinodular conformation, regardless of the 

surface crystallographic orientation, may be the hydrophobicity of examined grains i.e., 

ϴ ≥ 65°. It is widely recognized that surface wettability is strictly correlated with surface 

energy and more precisely, hydrophobic surfaces are usually characterized by low surface 



 

85 
 

energy.223–225 Furthermore, it is known that thermal etching creates reconstructed surfaces 

with lowered surface energies.26 HPF unfolding was also observed in the study by 

Keller et al., on a flat surface of high-index rutile polycrystal grain surfaces, exhibiting 

low free surface energy.194 

The second possible explanation is surface non-stoichiometry (O/Ti ratio) induced by 

thermal treatment or contaminants in produced polycrystals related to the substrates 

fabrication processes e.g. coming from components used for polishing..26,189  

The aim of our future research will be a detailed characterization of produced polycrystals 

and verification that their production method can be adapted to induce similar 

crystallographic orientation-dependent platelets behavior as single crystals, thus allowing 

for its usage in biological studies. 

7.4. Conclusion 

This chapter describes the thrombogenicity of TiO2 (rutile) polycrystals and their utility 

in the assessment of crystallographic orientation-dependent biological response, which is 

possible with the use of more expensive single crystals. Any significant differences in the 

behavior of platelets and HPF on different grains of polycrystals have not been observed 

despite local properties changes. Irrespective of surface crystallographic orientation, low 

platelets adhesion in a resting state was observed, as evidenced by their spherical 

morphology and low P-selectin expression to the cell membrane. This was correlated with 

the trinodular conformation of a pre-adsorbed HPF visualized by AFM, which had a direct 

impact on the poor visibility of γ400-411 platelet binding sites. On the one hand, these results 

indicate that the produced rutile polycrystals have a high probability of being highly 

biocompatible, however, they cannot be used as a universal tool to study the 

crystallographic orientation-dependent biological phenomena occurring at biomaterial - 

blood interface. A detailed explanation of the inconsistencies between observations 

collected on single crystals and polycrystals requires a more thorough characterization of 

polycrystals used in this study. The next task will be an improvement of the polycrystal 

production method.  
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8. Summary 

This work addresses thrombogenic phenomena that still occur during patients' treatment 

as a result of contact between implants or medical devices and blood. A review of the 

current state of the art has led to the recognition of HPF as the main mediator of platelets 

adhesion, which is clot-building cells. This motivated the investigation of whether the 

adjustment of a material surface crystallographic orientation allows for HPF 

conformation control in a way to limit the availability of platelet binding sites and 

therefore minimizes their adhesion and activation. 

The behavior of HPF and sequentially attaching platelets was investigated on TiO2 in 

rutile form, one of the most common biomedical interfaces. Firstly, studies were 

performed on four well-defined rutile single crystals with (110), (100), (101), and (001) 

crystallographic orientations. Structure unfolding and therefore trinodular conformation 

of HPF was observed on the (110) surface, which limited visibility of the γ-chain and 

resulted in low adsorption of platelets in a resting state. In contrast, HPF in a more native-

like conformation i.e., globular, on the (001) surface, exposed γ-chains, which stimulated 

increased platelet adhesion and activation. On the other two single crystals, HPF appeared 

in various spatial arrangements with a predominance of the globular one, and an 

intermediate platelets adhesion between that observed on (110) and (001) surfaces was 

found. It can be stated that the probability of clot formation increases with the frequency 

of HPF adsorption in the globular conformation. The determinant of HPF conformation-

dependent platelets behavior is the crystallographic orientation of rutile single crystals, 

and thus arrangement and coordination number of the Ti and O atoms on the surface 

(density of dangling bonds), which dictates its physico-chemical properties such as 

surface energy and wettability. The most stable (110) surface with the lowest energy 

exhibits hydrophobicity in the context of protein adsorption, while the others, especially 

the (001) surface, are more energetic and hydrophilic.  

Furthermore, AFM-based force measurements confirmed that the surface energy of a 

material changes after protein adsorption according to the adopted conformation. Since it 

is associated with exposure to the medium of protein regions characterized by different 

hydrophilicity/hydrophobicity, it facilitated the identification of HPF conformational 

changes adsorbed on rutile surfaces. In addition, these observations suggest the possibility 

of controlling subsequent surface energy-dependent biological processes that occur at the 



 

87 
 

biomaterial - blood interface. The observed differences in intermolecular forces between 

the AFM tip and protein-coated surface, or AFM tip and bare rutile surface enabled also 

the adhesion forces mapping, which supported the visual detection of adsorbed protein 

molecules. 

Presented results suggest that the probability of pathological clot formation is the lowest 

on the (110) surface. Therefore, rutile with the (110) crystallographic orientation is a 

potential material that can be used to engineer highly biocompatible and hemocompatible 

implants used in medicine. 

Nevertheless, the production of a whole implant from a single crystal is challenging. 

Therefore, it was evaluated whether the same conclusions could be drawn by studying 

rutile polycrystals, which are much cheaper to produce, and current technology allows 

control over the growth of preferentially oriented grains. In addition, due to the presence 

of many differently oriented grains on one sample, studies on polycrystals may improve 

an experimental procedure of crystallographic orientation-dependent biological 

processes.  

The HPF-mediated platelets behavior was analyzed on multiple grains of polycrystals 

produced by powder compaction, sintering, and polishing. However, grain-specific 

changes in local surface properties did not affect either HPF adsorption or platelet 

adhesion, inconsistent with results obtained on single crystals. A detailed explanation of 

these contradictory findings requires a more detailed characterization of polycrystals, 

which is the scope of our future research. It is anticipated that this may be due to a 

reduction of surface energy and therefore hydrophobicity of a polycrystal surface induced 

by thermal etching. Other possible explanations are impurities or non-stoichiometry of 

the produced in this study substrates. 

To conclude, a new direction in the development of highly biocompatible material 

surfaces has been proposed in this dissertation by combining materials science and 

biomedical knowledge. Evidence has been provided that allows to take a step forward, 

toward the design of safe implants and medical devices that effectively perform their 

functions.  
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Appendix 

Table A1. Elemental composition on rutile single crystals surface after HPF adsorption 

 
Element Position (eV) Compound of reference 

Band area (%) 

(110) (100) (101) (001) 

CARBON (C 1s) 

C1 C-(C, H) 285.0 hydrocarbon, 

adventitious 

contamination 

50 52 52 54 

C2 C-N, C-O, 

(C=O)-O-C 

286.5 amine, alcohol, ester 21 18 18 15 

C3 C=O, O-C-O, 

(C=O)-N-C, 

288.4 aldehyde, (hemi)acetal, 

amide, peptide link; 

21 21 21 22 

C4 (C=O)-O-R, 

(C=O)-OH 

290.1 ester, carboxylic acid 8 9 9 9 

NITROGEN (N 1s) 

N1 C-N/C-H 398.4 amine, imine 16 12 12 9 

N2 (C=O)-NH 400.1 amide, peptide linked 74 73 73 72 

N3 C-NH3
+ 401.2 protonated amine 10 15 15 19 

 

 

 

Figure A1. SEM images of rutile single crystals immersed for a) 5 min and b) 120 min 

in PPP under static conditions. 

 

  


	Statement of Authorship
	Ehrenwörtliche Erklärung
	Related publications
	Zugehörige Veröffentlichungen
	Abstract
	Zusammenfassung
	Table of contents
	List of Figures
	List of Tables
	List of Abbreviations and Symbols
	1. Introduction
	2. Fundamentals
	2.1. Titanium and its alloys as biomaterials
	2.1.1. Titanium dioxide (TiO2) and its forms
	2.1.2. Crystallographic orientation-dependent physico-chemical properties of rutile surface

	2.2. Fundamentals of the thrombogenic process
	2.2.1. Role of platelets in the material surface-induced thrombogenic process
	2.2.2. Role of proteins in the thrombogenic process
	2.2.2.1. Protein structure and adsorption
	2.2.2.2. Blood plasma proteins engaged in a material surface-induced thrombogenic process
	2.2.2.3. Human plasma fibrinogen (HPF) structure



	3. State of the art: Physico-chemical properties of material surface affecting thrombogenic process
	3.1. Impact of physico-chemical properties of a material surface on a protein adsorption
	3.2. Impact of physico-chemical properties of a material surface on HPF conformation and platelet response

	4. Aims of dissertation
	4.1. Open Scientific Questions
	4.2. Hypotheses
	4.3. Objectives
	4.4. Scientific Significance

	5. Crystallographic orientation-dependent HPF adsorption on rutile single crystals
	5.1. Introduction
	5.2. Materials and Methods
	5.2.1. Rutile single crystals
	5.2.2. Protein adsorption
	5.2.3. Colorimetric detection and quantitation of HPF
	5.2.4. Atomic force microscopy analysis (AFM)
	5.2.5. X-ray photoelectron spectroscopy (XPS)
	5.2.6. Statistical analysis

	5.3. Results and discussion
	5.3.1. Characterization of rutile single crystals
	5.3.2. Analysis of HPF adsorption on rutile single crystals
	5.3.3. XPS analysis
	5.3.4. Surface energy of rutile single crystals after HPF adsorption
	5.3.5. Model of HPF adsorption on rutile single crystals

	5.4. Conclusion

	6. Crystallographic orientation-dependent platelet adhesion and activation on rutile single crystals
	6.1. Introduction
	6.2. Materials and Methods
	6.2.1. Rutile single crystals
	6.2.2. Platelet adhesion on rutile single crystals
	6.2.3. Platelets visualization using scanning electron microscopy (SEM) and optical microscope (OM)
	6.2.4. Immunofluorescence and confocal microscopy
	6.2.5. Statistical analysis

	6.3. Results and Discussion
	6.3.1. Analysis of platelets adhesion and activation
	6.3.2. HPF conformation-dependent visibility of platelet binding sites: Model of crystallographic orientation-dependent platelets adhesion and activation

	6.4. Conclusion

	7. HPF-mediated platelets adhesion and activation on TiO2 (rutile) polycrystal surface
	7.1. Introduction
	7.2. Materials and Methods
	7.2.1. Rutile polycrystals production and characterization methods
	7.2.2. Protein adsorption studies
	7.2.3. Platelet adhesion and activation analysis
	7.2.4. Statistical analysis

	7.3. Results and Discussion
	7.3.1. Characterization of TiO2 (rutile) polycrystals
	7.3.2. Crystallographic orientation-dependent platelet adhesion and activation on rutile polycrystal surface
	7.3.3. HPF conformation on thermally etched TiO2 (rutile) polycrystal

	7.4. Conclusion

	8. Summary
	References
	Acknowledgments
	Appendix

