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ABSTRACT 

 
 

     TITANIA NANOTUBE ARRAYS: INTERFACES FOR IMPLANTABLE DEVICES 

 
 

For the 8-10% of Americans (20-25 million people) that have implanted biomedical 

devices, biomaterial failure and the need for revision surgery are critical concerns.  The 

major causes for failure in implantable biomedical devices promoting a need for re-

implantation and revision surgery include thrombosis, post-operative infection, immune 

driven fibrosis and biomechanical failure.  The successful integration of long-term 

implantable devices is highly dependent on the early events of tissue/biomaterial 

interaction, promoting either implant rejection or a wound healing response (extracellular 

matrix production and vasculature).  Favorable interactions between the implant surface 

and the respective tissue are critical for the long-term success of any implantable device.  

Recent studies have shown that material surfaces which mimic the natural physiological 

hierarchy of in vivo tissue may provide a possible solution for enhancing biomaterial 

integration, thus preventing infection and biomaterial rejection.  Titania nanotube arrays, 

fabricated using a simple anodization technique, provide a template capable of promoting 

altered cellular functionality at a hierarchy similar to that of natural tissue.  This work 

focuses on the fabrication of immobilized, vertically oriented and highly uniform titania 

nanotube arrays to determine how this specific nano-architecture affects skin cell 

functionality, hemocompatibility, thrombogenicity and the immune response.  The results 

in this work identify enhanced dermal matrix production, altered hemocompatibility, 

reduced thrombogenicity and a deterred immune response on titania nanotube arrays.  
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This evidences promising implications with respect to the use of titania nanotube arrays 

as beneficial interfaces for the successful implantation of biomedical devices. 
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INTRODUCTION 

 

This research evaluates the effect of titania nanotube arrays on skin cell 

functionality, hemocompatibility, thrombogenicity and the immune response.  Vertically 

oriented, immobilized, high aspect ratio and uniform titania nanotube arrays, fabricated 

using a simple anodization technique, were utilized in all subsequent studies.  Biomedical 

grade titanium (as-received, non-polished) was used as the control.  In brief, this bottom-

up process of anodization results in substrate-derived (titania) nanotube fabrication, as 

opposed to a top-down process such as that seen in material deposition techniques.  

Nanotubes with pore diameters of 70-170 nm and tube lengths of 1-1.5 µm were selected 

based on previous studies that identified increased osseointegration, reduced bacterial 

response and a capability for localized drug delivery.  In this study, the physiological 

effect of titania nanotube arrays was investigated to better understand the punctual 

response, between hours and days, of natural human physiology/nano-biomaterial 

interaction.  The time points were selected based on cell-specific adhesion, proliferation, 

activation, differentiation and protein expression.  This work has investigated the protein, 

blood, immune and skin cell response to titania nanotube arrays in vitro as opposed to in 

vivo.  These criteria were utilized in order to answer fundamental questions with respect 

to this specific and precise nano-architecture, prior to testing in live animal models.   

The progressive nature of this work has been arranged into five research aims.  

Where, specific aim 1 focuses on nano-biomaterial fabrication and structural/mechanical 

characterization for use with in vivo applications.  The aims of this research then identify 

four levels of interaction with intra-osseous transcutaneous implantable devices (amputee 
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prosthesis).  These levels begin with the skin cell/nanotube interaction, moving further 

into the body and identifying the protein, blood clotting and isolated platelet affect.  A 

more physiologically relevant model of cell and protein rich, whole human plasma then 

takes all of these interactions to the next level when thrombogenicity is identified through 

platelet-leukocyte interaction, cytoskeletal reorganization and cell-specific protein 

expression.  This work culminates with evaluating the immune cell response through 

cellular functionality, differentiation, nitric oxide release and cytokine/chemokine 

expression.  Through this work, a thorough evaluation of titania nanotube arrays has been 

investigated for use as interfaces in implantable biomedical devices.   

This Ph.D. document addresses the hypothesis that titania nanotube arrays provide 

a favorable template for cell/nano-biomaterial interaction.  The results of this work 

identify enhanced dermal matrix production, altered hemocompatibility, reduced 

thrombogenicity and a deterred immune response on titania nanotube arrays.  This 

evidences promising implications with respect to the use of titania nanotube arrays as 

beneficial interfaces for the successful implantation of biomedical devices. 
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HYPOTHESIS AND SPECIFIC AIMS 

 

Fundamental Hypothesis: Titania nanotube arrays provide an advantageous interface 

for skin cell functionality, hemocompatibility, thrombogenicity and the immune 

response; leading to enhanced biomaterial integration. 

  

Hypothesis (1):  Titania nanotube arrays will be engineered to have vertically oriented, 

immobilized, high aspect ratio and a bioactivity suitable as interfaces for biomedical 

implantable devices. 

Specific Aim 1:  Fabricate and characterize a highly oriented, vertical array of 

immobilized titania nanotube arrays for biomedical applications.  This research is 

discussed in Chapter 2. 

(a) Fabricate well controlled, highly reproducible titania nanotube arrays using an 

anodization process. 

(b) Evaluate the surface characteristics of titania nanotube arrays. 

(c) Evaluate  the mechanical characteristics of titania nanotube arrays. 

 

Hypothesis (2):  Titania nanotube arrays will provide a favorable template for skin cell 

functionality. 

Specific Aim 2:  Determine the effect of titania nanotube arrays on skin cell functionality.  

This research is discussed in Chapter 3. 
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(a) Evaluate the effect of titania nanotube arrays on the functionality (adhesion, 

proliferation, viability, and morphology) of human dermal fibroblast cells and 

human epidermal keratinocyte cells. 

(b) Evaluate the effect of titania nanotube arrays on cytoskeletal organization of 

human dermal fibroblast  cells and human epidermal keratinocyte cells. 

(c)  Evaluate the effect of titania nanotube arrays on protein expression by human 

dermal fibroblast cells and human epidermal keratinocyte cells. 

 

Hypothesis (3):  Titania nanotube arrays will enhance hemocompatibility; proving to be 

an effective interface for blood-contacting implantable biomedical devices.  

Specific Aim 3:  Determine the effect of titania nanotube array surface on the behavior of 

protein adsorption, platelet adhesion and activation and whole blood clotting.  This 

research is discussed in Chapter 4. 

(a) Evaluate the effect of titania nanotube arrays on the adsorption of key blood 

proteins (fibrinogen, albumin and immunoglobulin-G). 

(b) Evaluate the effect of titania nanotube arrays on platelet adhesion and activation. 

(c) Evaluate the effect of titania nanotube arrays on the blood clotting kinetics by 

measuring the free hemoglobin concentration. 

 

Hypothesis (4):  Titania nanotube arrays will provide a beneficial interface for reduced 

thrombogenicity.  
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Specific Aim 4:  Determine the effect of titania nanotube arrays on the behavior of whole 

blood plasma with respect to platelet/leukocyte interaction and cell specific protein 

expression.  This research is discussed in Chapter 5. 

(a) Evaluate the effect of titania nanotube arrays on platelet/leukocyte interaction, 

through the use of whole blood plasma.  

(b) Identify cellular functionality and cell specific protein expression on titania 

nanotube arrays. 

(c) Evaluate the effect of titania nanotube arrays on PF-4 and fibrinogen expression. 

(d) Evaluate the effect of titania nanotube arrays on the activation of complement and 

contact proteins.  

 

Hypothesis (5):  Titania nanotube arrays can reduce the immune response; leading to 

enhanced biomaterial integration. 

Specific Aim 5:  Determine the in vitro immune response to titania nanotube arrays based 

on leukocyte activation, cytokine/chemokine secretion, protein expression and nitric 

oxide release.  This research is discussed in Chapter 6. 

(a) Evaluate the effect of titania nanotube arrays on monocyte, macrophage and 

neutrophil functionality (viability, morphology and differentiation). 

(b) Identify macrophage fusion and formation into foreign body giant cells. 

(c) Evaluate the effect of titania nanotube arrays on the degree of nitric oxide release. 

(d) Evaluate the effect of titania nanotube arrays on cytokine / chemokine expression. 
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CHAPTER 1 

LITERATURE REVIEW 

 

1.1 Introduction 

As the demand for injury and illness related implantable biomedical devices 

continue to rise, there exists a need for the development of compatible and effective 

materials 1-3.  For the 8-10% of Americans (20-25 million people) that have implanted 

biomedical devices, biomaterial failure and the need for revision surgery are critical 

concerns 4, 5.  The major causes for failure in implantable biomedical devices promoting a 

need for re-implantation and revision surgery include thrombosis, post-operative 

infection, immune driven fibrosis and biomechanical failure.  In fact, the greatest 

shortcoming has been the lack of complete biocompatibility, leading to poor 

tissue/biomaterial integration and further biomaterial rejection 6, 7.  The successful 

integration of long-term implantable devices is highly dependent on the early events of 

tissue/biomaterial interaction, promoting either implant rejection or a wound healing 

response (extracellular matrix production and vasculature) 8 (See Figure 1.1).  The 

physiological reaction to implanted biomaterials has been well documented, identifying a 

complex cascade of events which often result in a foreign body reaction on the surface of 

the biomaterial and in the surrounding tissue 4, 6, 9.  The cells required for healthy tissue 

regeneration are compromised through this adverse immune reaction 10, thus hindering 

the natural wound healing response and the long-term success of implantable biomedical 

devices such as intra-osseous transcutaneous implants 11, 12 and stent grafts 13, 14.  

Favorable interactions between the implant surface and the respective tissue are critical  
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Figure 1.1 Schematic of two fates of intra-osseous transcutaneous biomaterial 
implantation, either leading to tissue/biomaterial integration or biomaterial 
rejection via fibrous encapsulation. 

 

 

for the long-term success of any implantable device.  Recent studies have shown that 

material surfaces which mimic the natural physiological hierarchy of in vivo tissue may 

provide a possible solution for enhancing biomaterial integration, thus preventing 

infection and biomaterial rejection 15-18.  A thorough understanding of the effect of nano-

topographical cues, at a hierarchy similar to that of natural tissue, on altered cellular 

functionality is essential for determining how nano-biomaterials can direct the 

tissue/biomaterial integration, thereby affecting the foreign body and wound healing 

responses.   
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1.2 Titanium as a Biomaterial 

Titanium and titanium-based alloys have been among the most widely utilized 

materials for use in implantable biomedical devices since the mid-1900s, when titanium 

was found to possess tissue-compatible properties 19, 20.  The main factors contributing to 

the widespread use of titanium in biomedical implants include their impressive 

mechanical and biocompatible properties 20, 21, non-toxicity 22, corrosion resistance 23 and 

ease of process-ability 21, 24.  Titanium reacts naturally with atmospheric oxygen to 

produce a passive oxide layer on the outside surface, known as titania 25.  This oxide-rich 

layer creates a hard and scratch-resistant material surface which protects the metal from 

environmental factors, improves corrosion and wear resistance, enables a low coefficient 

of friction and provides a favorable biocompatible interface for tissue integration 21, 24.  

These materials have been used in a variety of clinical devices including prosthesis 23, 26, 

hard and soft tissue grafts 27, dental 28, 29 and craniofacial implants 30, 31 32 and 

cardiovascular stents 33, 34.  However, the constant exposure of implanted biomaterials to 

blood and tissue introduces serious and ongoing concerns regarding poor biomaterial 

integration5, 35, 36.  Although titanium and titanium-based alloys are among the better 

choices for implantable biomedical devices, to date, all long-term implanted biomaterials 

have the potential of initiating physiological events in the form of inflammation, 

infection, thrombosis and fibrosis 37, 38; potentially leading to complete implant rejection.  

The degree of biocompatibility, or the ability of a material to coexist with natural tissue 

or organs without initiating harm, may therefore be determined by characterizing the 

extent of a physiological reaction acting to neutralize or sequester the implanted 

biomedical device from the natural tissue 39.     
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1.3 Physiological Response to Implanted Materials 

Recent studies have identified a correlation relating the nanoscale surface 

topographies with enhanced cellular adhesion 40-43 and increased protein adsorption 44, 45.  

However, cells are not the first responders to implantable biomedical devices.  

Immediately following implantation, biomaterials initiate a complex cascade of events 4, 

6, 46. (See Figure 1.2)  

 

 

 
Figure 1.2 Schematic of the complex cascade of events following biomaterial 

implantation. 
 

 

Within seconds to minutes, key blood serum proteins are adsorbed and undergo 

conformational changes on the surface.  This layer of adsorbed proteins will direct 

subsequent adhesion and activation of platelets, which play an essential role in both the 

formation of a fibrin clot as well as the recruitment of leukocytes (including monocytes 

and neutrophils) to the site of injury through biochemical cues.  The inflammatory cell 

infiltration subsequently leads to acute and chronic inflammation, promoting additional 

cellular activation (monocyte differentiation into macrophages), apoptosis and 

intercellular communication (cytokine/chemokine). This cascade of events perpetuates 

additional cellular infiltration and activation (lymphocytes and fibroblasts) initiating 
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granulocyte recruitment.  The formation of foreign body giant cells (FBGC) potentially 

lead to fibrous encapsulation and complete implant rejection6, 7.  This foreign body 

response has been proven to be a major hindrance to the integration of the natural tissue 

with the implanted biomaterial.  Thus, the ability to modulate the cell-specific interaction 

with the titanium surface is critical for the long-term success of implantable devices.   

 

1.4 Nanomaterials and Biocompatibility 

The human body is composed of a hierarchy of biological structures from the 

smallest molecule to the largest tissue (See Figure 1.3).   

 

Figure 1.3 Schematic of the natural hierarchy of biological components, including 
multiple size scales. 

 

 

Therefore, when micro-scale cells interact with their macro-scale environment, they do so 

through countless nano-scale topographical and biochemical cues.  In fact, cells are in 

constant interaction with their surroundings, comprised of nano-scale subcellular 

structures including fibers, pits, pores and protrusions.  Thus, material surfaces with 

biochemical 47, 48 49, 50 or topographical 40, 51-53 modifications similar to that of the natural 
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in vivo environment have been shown to elicit cell-specific functionality, enabled through 

biomimetic cues.  Recent studies have shown increased cellular functionality on peptide 

modified 54, 55 and growth factor functionalized 56, 57 surfaces.  State of the art advances in 

technology have enabled the fabrication of unique nanostructures on biomaterial surfaces 

such as nanoparticles 58, nanofibers 59, 60, nanopores 61, 62, nanowires 63, 64, nanostructured 

hydrogels 65 and nanotube arrays 66, 67.  The goal of these nanostructures is to provide 

nano-scale cues for a variety of cell types.  Studies have identified a correlation between 

nano-scale surface architectures and cellular functionality including improved osseo-

integration 59, 63, 66, 68, augmented mesenchymal stem cell differentiation 69-71, enhanced 

neuronal activation 72, 73 and increased growth rate of endothelial cells 74-77.  In addition, 

these nano-architectures have been shown to promote the activation of signaling 

pathways that mediate cell adhesion, proliferation and activation, regulate cytokine 

expression, differentiation and cellular fusion.  Thus, promoting the development of 

important structural and functional components of healthy tissue-biomaterial integration, 

preventing infection and biomaterial rejection 18, 40, 52, 53, 78 79-84.  These studies point out 

the benefit of nano-scale architectures on the surface of implantable biomedical devices 

40, 53 40.  In addition, titania nanotube arrays have been identified as providing a favorable 

interface for improved cellular functionality.  Previous studies have demonstrated 

improved mesenchymal stem cell functionality 85, hemocompatibility 44, osteoblast 

phenotypic behavior 15, 85, 86, selective behavioral responses of stem cells  69, 87 and the 

production of endothelial cell ECM on titania nanotube arrays 33.  In addition, these 

nanotube arrays can be filled with various drugs such as antibiotics 88 and/or growth 

factors 89 that can be delivered locally at the site of implantation, thus preventing 
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infection and encouraging tissue integration. Titania nanotube arrays therefore, are 

attractive candidate as interfaces for implantable biomedical devices.  

 

1.5 Nano-Scale Surface Modifications on TiO2 

Current technological advances have enabled the fabrication of nano-scale 

architectures on the surface of titanium and titanium-based alloys 24, 51, 85, 90-94.  Synthetic 

methods for producing surface nanostructures include sol-gel, micelle and inverse 

micelle, hydro- and solvo-thermal, direct oxidation/anodization, chemical and physical 

vapor deposition, electrodeposition, sonochemical and microwave 95.  These techniques 

have been shown to yield nano-scale features such as nanoparticles, nanorods, nanotubes 

and nanowires.  Of these nano-scale fabrications, titania nanotube arrays have been 

identified as strong prospects for interfaces on implantable devices due to their ability to 

elicit altered cellular functionality, provide a method of localized drug delivery 88 and 

establish a foundation capable of incorporating biofunctional coatings 96.  The fabrication 

of titania nanotube arrays has been accomplished using hydrothermal, direct 

oxidation/anodization and microwave processes 95, 97.  However, vertically oriented, 

uniform, immobilized, high aspect ratio titania nanotube arrays have only been 

successfully developed by direct oxidation/anodization.  Due to the proven 

biocompatibility, strong mechanical properties and high surface area of the nanotube 

arrays, current studies are beginning to evaluate this specific nano-architecture for use in 

biomedical 67, 77, 89, 92, 94 and solar cell 98-101 applications.   
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1.7 Dimension-Specific Cellular Functionality 

Previous research has evaluated the biocompatibility of titania nanotube arrays, 

demonstrating enhanced osseointegration 66, 85, improved endothelialization 77, increased 

protein adsorption44, 102 and an altered hemocompatibility 44, preferential fibroblast 

orientation and increased dermal matrix deposition 51, 92, selective behavioral responses of 

stem cells  69, 87 and localized drug delivery 103, 104.  In addition, these nanotube arrays can 

be filled with various drugs such as antibiotics 88 and growth factors 89 that can be 

delivered locally at the site of implantation, thus preventing infection and encouraging 

tissue integration 15, 86, 88.  Recent studies have correlated enhanced fibroblast 

functionality on titania nanotube arrays of 30-70 nm in pore diameter, showing decreased 

cell/nano-biomaterial interaction on nanotube arrays with diameters larger than 150 nm in 

dimensions67, 70, 92.   Cellular functionality may be tuned and optimized by changing the 

size parameters of titania nanotube arrays 66, 69, 70, 87, 94.  Thus, providing a foundation that 

effectively moderates cell-specific functionality 53, 105-107.  This interface may allow for 

regionally selective cell/nano-biomaterial interaction. 
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CHAPTER 2 

DEVELOPMENT OF TITANIA NANOTUBE ARRAYS AS INTERFACES FOR 

IMPLANTABLE BIOMEDICAL DEVICES 

 

2.1 Introduction 

Common biomedical implant materials include metals or metal alloys, polymers, 

ceramics and composites.  Of these, titanium and titanium-based alloys are the most 

widely used biomaterials due to their mechanical strength, biocompatibility, non-toxicity, 

corrosion resistance, and ease of process-ability. They have been used in clinical 

applications for a variety of implantable devices, including dental implants 1-3, prosthetic 

devices 4-6, materials for craniofacial reconstruction 7, 8 and stent grafts 9, 10.  Titanium 

forms a passive oxide layer on its surface, titania, which protects it against corrosion and 

provides a biomechanical interface for appropriate tissue integration 11, 12. Even though 

titanium and titanium-based alloys, including other implantable biomaterials, are 

nontoxic, foreign body reactions are often triggered in the form of inflammation, 

thrombosis, fibrosis and infection.  Several studies report on the cellular functionality of 

titanium, however little is known about the cellular functionality on nano-textured 

titanium.   

Material surfaces that mimic the natural physiological hierarchy of in vivo tissue 

at a nanoscale provide a possible solution for enhancing biomaterial integration, thus 

preventing infection and biomaterial rejection 13-17.  Recently, there has been an increased 

interest in exploring nanoscale surface topographies such as nanotubes 18-20, nanowires 21, 

nanopores 22, 23, nanoparticles 24, 25, nanofibers 14, 26, 27, as biomimetic interfaces for 
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implantable devices 28.  Several studies have reported enhanced mesenchymal stem cell 

and osteoblast adhesion along with increased tissue formation on such nanoscale 

topographies 16, 29, 30.  In this study, titania nanotube arrays (diameter: 70-170 nm, length: 

1 µm) were fabricated using an anodization process, as biomimetic interfaces for 

transcutaneous implantable devices.  Previous studies on titania nanotube arrays have 

demonstrated improved mesenchymal stem cell functionality 19, hemocompatibility 20, 

osteoblast phenotypic behavior 19, 28, 31, and localized drug delivery 32.  In addition, these 

titania nanotube arrays have elicited minimal levels of monocyte activation and cytokine 

secretion, thus exhibiting very low degree of immunogenicity 33.  Tissue-compatibility is 

a key consideration for the long-term use of implantable devices 34-36; therefore, highly 

oriented, vertical array, high aspect ratio titania nanotube arrays have been fabricated 

using a simple anodization technique for its potential application as biomaterial 

interfaces.  

 

2.2 Fabrication of Titania Nanotube Arrays   

A simple anodization process was used to fabricate titania nanotube arrays 19, 32, 37.  

Titanium foil substrates, 1 cm × 2.5 cm (0.25 mm thick, 99.7%) were cleaned with soap, 

acetone, and iso-propanol prior to anodization.  An anode-cathode system was fabricated; 

using a two-electrode cell with titanium foil as the anode and platinum foil as the cathode 

(See Figure 2.1).  The electrolyte was prepared by mixing diethylene glycol (DEG, 

99.7%) with 2% hydrofluoric acid (HF, 48% solution) and 3% de-ionized water.  All 

experiments were carried out at 60V for 24 hrs at room temperature. Following 

anodization, the nanotube array substrates were rinsed with iso-propanol and dried with 
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nitrogen gas. Crystallized substrates were obtained by annealing the as-anodized titania 

nanotube arrays in oxygen ambient at 530 ºC for 3 hrs.  Biomedical grade titanium (as-

received, non-polished) surfaces were used as controls. 

 

 

Figure 2.1 Schematic of anodization setup for fabrication of titania nanotube arrays. 

 

 

2.3 Characterization of Titania Nanotube Arrays   

The nanotube morphology was examined using a field emission scanning electron 

microscope (SEM, JEOL JSM-6300). The crystalline phases were identified by glancing 

angled X-ray diffraction (XRD, SCINTAG 3).  A 3-dimensional topographical analysis 

of the nanotube surface, indicating surface roughness (uniformity and modification), was 
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examined by atomic force microscopy (AFM) using a confocal micro-raman microscope 

alpha300 R (WITec).  The material surface wet-ability was evaluated using a static 

sessile water-drop method.  Images were taken immediately following DI water/substrate 

contact.  A contact angle goniometer was used to identify the degree of phase separation, 

formed between the liquid/solid interface and the liquid/vapor interface. The images were 

analyzed to evaluate the degree surface hydrophobicity/ hydrophilicity, where higher 

angles correlate with a low surface energy and an increased hydrophobicity of the 

substrate.  In addition, the mechanical properties of the titania nanotube arrays were 

characterized through nanoindentation (Hysitron) and scratch tests (Micro-Combi Tester, 

CSEM Instruments). For nanoindentation, a Beckovich tip with a radius of 200 nm was 

used and a series of 9 indentations were performed on each substrate. Further, a typical 

load-hold scheme with a peak load of 1000 µN, loading rate of 20 µN/min, holding time 

of 60 s and unloading rate of 20 µN/min was used for all the nanoindentation tests. For 

scratch tests, a Rockwell diamond tip with a radius of 200 µm was used and a series of 6 

scratches were performed on each substrate.   The tests were performed by applying loads 

ranging from 0.03 N to 10 N at a rate of 10 N/min.  Biomedical grade titanium (as 

received) substrates were used as controls.  

 

2.3 Results and Discussion 

The anodization of titanium can be explained using a localized dissolution model  

38, 39, where titania nanotube arrays result from the competition between electrochemical 

etching and chemical dissolution by the fluoride-containing electrolyte solution (See 

Figure 2.2).   
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Figure 2.2 Schematic of anodized titanium, for the fabrication of titania nanotube 
arrays. 

 

 

A precise correlation exists between the anodization voltage and the pore size 40.  

Therefore, by varying anodization parameters (voltage, electrolyte solution and time 

duration), substrates with different dimensions (pore diameter, wall thickness and 

nanotube length) can be fabricated.  The crystalline (anatase and rutile phases) titania 

nanotube arrays retain the structure of the as-fabricated amorphous nanotube arrays on 

annealing in an oxygen ambient environment 20.  Recent studies have shown great 

variation in the dimensions of titania nanotube arrays ranging in length from 200 nm to 

6.5 µm, the pore diameter from 22 nm to 180 nm, and the wall thickness from 9 nm to 34 

nm 40-42.  These variations in nanotube dimensions have enabled more in-depth 

evaluations of size-dependent cell functionality and sustained drug release.  Further, the 

mechanical properties of titania nanotube arrays have been evaluated to better understand 

their potential in biomedical applications.  The uniform and repeatable oxide-rich 

nanotube architecture has been shown to provide a biomimetic, biocompatible and non-

biodegradable interface for implantable biomedical devices.   
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In this work, we have fabricated vertically oriented, immobilized, high-aspect 

ratio titania nanotube arrays using a simple anodization technique. The nanoarchitecture 

of titania nanotube arrays was examined for uniformity and repeatability using SEM (See 

Figure 2.3).  SEM images show uniform nanotube arrays with a diameter of 70-170 nm 

and length of 1-1.5 µm.   

 

 

Figure 2.3 Representative SEM images (20000x, 50000x, 75000x magnification) 
showing the nanoarchitecture of titania nanotube arrays fabricated using 
an anodization technique. 

 

 

For this study, titania nanotube arrays with a diameter of 70-170 nm and length of 1-1.5 

µm were selected, since previous studies with the same size titania nanotubes arrays have 

shown enhanced cellular functionality and sustained drug release. The as-fabricated 

nanotube arrays are amorphous; therefore an annealing step is required to induce 

crystallization.   

Crystallized nanotube arrays were obtained by annealing the anodized titania 

nanotube arrays in oxygen ambient at 530ºC for 3 hrs.  The titania nanotube arrays retain 

their structure on annealing and the crystalline phases were identified by XRD (See 

Figure 2.4).  The annealed nanotube arrays show mixed crystallized phases of anatase  
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Figure 2.4 Representative XRD pattern of titania nanotube arrays showing crystalline 
phases fabricated using an anodization technique. 

 

 

and rutile. The annealing temperature of 530ºC selected was to ensure the complete 

crystallization of titania nanotube arrays. 

A 3-dimensional analysis of surface topography was performed using atomic 

force microscopy (AFM).  Where, a precise mechanical probing of the material surface 

was acquired by tip-to-surface contact.  This topographical information, capable of 

providing measurements with nanometer accuracy, can be utilized to detect variations in 

topography and identify surface roughness.  The results indicate nanometer sized 

variations on the surface of titania nanotube arrays as compared to the micrometer sized 

architecture on the surface of control substrates (See Figure 2.5).  Further, the nanotube 

arrays possess a nano-architecture within an overall uniform micro- and macro-scale 

surface architecture, as shown by the topographical variations limited to the nanometer  
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Figure 2.5 Representative atomic force microscopy (AFM) images of surface 
topographies for titania nanotube arrays and the control substrates.  The 
images include (top) 3D plots and (bottom) surface topography.  The 
resulting images identify a nano-architecture on titania nanotube arrays 
and a micro-architecture on biomedical grade titanium.  

 

size scale (See Table 2.1).  These traits allow for a promising interface for improved 

cellular interaction due to the increased nano-scale roughness of the material surface. 

Within the living body, myriads of hydrophobic (non-polar, water-fearing) and 

hydrophilic (polar and ionic, water-loving) molecules direct cell function, proving 

imperative for survival.  Biomaterial “wet-ability” has therefore been found to be a 

considerable factor for tissue integration and the success of implanted devices.  Recent 

studies have shown that biomaterials which possess a heightened degree of hydrophilicity 

promote improved cellular interactions 43, 44.  Material surface wet-ability was therefore 

evaluated by contact angle measurement to determine the degree of phase separation, 

immediately following DI water/substrate contact.  Higher contact angles (>90degrees)  
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Table 2.1 Numerical analysis of micro- and nano-scale substrate topographies, 
measured using atomic force microscopy (AFM) (See Figure 2.6).  Where 
Ra is the mean roughness, Rq is the standard deviation of the surface 
heights, Rz is the average maximum profile of the ten greatest peak-to-
valley separations in the region of evaluation, and Rt is the vertical 
distance between the highest and lowest points (length/area).   

 

 

 

correlate to a low surface energy and a reduced water-material interaction, indicating 

hydrophobic surfaces.  The opposite is true for hydrophilic surfaces, which possess a high 

surface energy.  The resulting images identified a hydrophilic 25.8° for titania nanotube 

arrays as compared to the significantly increased hydrophobicity of the control substrates 

with a contact angle of 81.8° (See Table 2.2).  These results show titania nanotube arrays 

as having a hydrophilic interface, which naturally promotes cellular integration (See 

Figure 2.6).  Biological interactions at the material interface are sensitive to the physical 

and mechanical properties of the surfaces presented. Thus, the mechanical properties of 

titania nanotube arrays were determined using nanoindentation and scratch tests.  The 

nanoindentation tests were performed using a Berkovich tip to determine the Young’s 

modulus and hardness of titania nanotube arrays.  SEM was used to determine the 

projected contact area of indentation made by the Berkovich tip (See Figure 2.7).   
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Table 2.2 Representative images of the water contact angle (degrees) on titania 
nanotube arrays and biomedical grade titanium.  The results indicate that titania nanotube 
arrays are more hydrophilic than the control surfaces.  
 
 

 

 

 

 
Figure 2.6 Schematic of the cellular response to the different surfaces, identifying a 

correlation between increased hydrophilicity and improved cellular 
integration. 

 

 

The Young’s modulus of biomedical grade titanium and titania nanotube arrays are 

comparable whereas the hardness of titania nanotube arrays is lower than that of 

biomedical grade titanium (See Table 2.3).  However, the relative similarities between 
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the Young’s modulus and hardness are indicative of the potential of the titania nanotube 

arrays to withstand plastic deformation. 

  

 

Figure 2.7 Representative load-displacement curves for titania nanotube arrays and 
biomedical grade titanium, obtained by nanoindentation, (insert – left 
corner) Representative SEM image of an indent made by a Beckovich tip 
on a titania nanotube array substrate 

 

 

Table 2.3 Young’s modulus and hardness values for titania nanotube arrays and 
biomedical grade titanium surfaces, determined using nanoindentation. 
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The scratch tests were used to characterize the surface mechanical properties of 

titania nanotube arrays.  The tests were performed using a Rockwell tip to determine the 

delamination characteristics of titania nanotube arrays.  Our results indicate that the 

titanium substrates were able to withstand loads up to 10 N (See Figure 2.8).  However, 

the titanium substrate does not have any deposited layer of titania, thus resulting in a 

scratch on the bulk of the substrate (i.e. no delamination).   

 

 

Figure 2.8 Representative optical microscopy images of scratches at various forces 
on titania nanotube arrays and biomedical grade titanium . 

 

 

Optical microscopy images show progressive changes in the size of the scratch with an 

increase in the applied load. In contrast, the titania nanotube arrays show an onset of 

delamination at a critical load of 0.33 N.  A further increase in the applied load results in 

severe delamination followed by complete failure at 1.47 N.  The nanotube arrays exhibit 

delamination characteristics due to the formation of a layer of titania on the surface of 
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titanium through the anodization process. These results indicate that the titania nanotube 

arrays will be able to withstand repeated mechanical wear and abrasion. 

 

2.4 Conclusion 

Implanted biomedical devices interact with the human physiology at the 

biomaterial interface.  During implantation biomaterials are often required to withstand 

abrasive and multi-phase interactions at the material surface.  In addition, wear and 

corrosion resistance are necessary criteria for the lifespan of the implanted device.  Thus, 

surface properties of implantable biomaterials are critical for the long-term success of 

these devices.  With the aim of identifying the capabilities of titania nanotube arrays as 

interfaces for use in implantable biomedical devices, this research has investigated the 

characteristics of this specific nanoarchitecture including nanotube morphology, nano-

architecture, crystallinity, level of hydrophobicity, hardness and its ability to withstand 

surface delamination.  These characteristics were evaluated using SEM, AFM, XRD, 

contact angle, nano-indentation and micro-scratch testing respectively.   

Titania nanotube arrays were fabricated using a simple anodization technique in 

HF-based electrolyte solution at 60 V for 24 hours.  The resulting SEM images show the 

production of vertically oriented, high aspect ratio and uniform array of titania nanotubes 

(diameter 70-170 nm and length 1-1.5 µm).  Further, the results identify a hydrophilic 

nano-architecture composed of two crystalline phases (anatase and rutile).  In addition, 

these interfaces provide a reduced scratch resistance and a hardness comparable to that of 

biomedical grade titanium.  The simple fabrication, physiologically relevant architecture, 

strong mechanical properties, low surface energy and large surface area identify titania 
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nanotube arrays as promising interfaces for implantable biomedical devices.   Further 

studies are now targeted towards understanding the effects of altered anodization process 

on structural and mechanical nanotube characteristics. 
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CHAPTER 3 

SKIN CELL FUNCTIONALITY ON TITANIA NANOTUBE ARRAYS 

 

3.1 Introduction 

Skin interfacing biomaterials are utilized in numerous clinical applications 

including, but not limited to, prosthetics 1, 2, tissue regeneration 3, 4, wound repair 5, 6 and 

dental implants 7.  Limb loss, for example, a major injury currently affecting nearly 2 

million people in the United States, is on the rise due to trauma 8, diabetes 9, 

osteosarcoma 10, vascular diseases 11, and the effects of aging 12.  Limb loss and many 

other conditions are often treated by transcutaneous implants that penetrate through the 

depth of the skin 1, 2, 13.  For the long-term success of such implants, the biomaterial must 

integrate appropriately with the skin.  The skin consists of three layers: epidermis (thin 

outer layer); dermis (thicker inner layer); and hypodermis (consisting of loose connective 

tissue) 14.  These layers combine to create the largest organ in the human body 6, 14.  The 

multilayered network of skin acts as a protective barrier against infection and toxins, and 

is a mode of moisture retention, and a network of connective tissue consisting of cells, 

fibers and the extracellular matrix (ECM) 6, 15.  Favorable interactions of a transcutaneous 

implantable device with the respective skin layers are critical for the long-term use of the 

biomaterial 16, 17.   

Titanium and titanium-based alloys are the most widely used biomaterials for 

transcutaneous implants due to their mechanical strength, biocompatibility, non-toxicity, 

corrosion resistance, and ease of process-ability 18, 19.  These materials have been used in 

a variety of clinical devices including prosthesis, wound healing sutures, and dental and 
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craniofacial implants 20.  The passive oxide layer that forms on the outside surface of 

titanium, known as titania, protects the surface against corrosion while providing a 

favorable biocompatible interface for tissue integration 18, 19.  Although these materials 

are among the better choices for transcutaneous implantable devices, all biomaterials 

have been shown to initiate biological events in the form of inflammatory cell infiltration, 

granulation tissue formation, foreign body reaction, and fibrosis 21, 22.  Wound infection 

resulting from poor skin-material integration is one of the major causes for the rejection 

of transcutaneous implantable devices 1, 2, 13, 23.  Recent studies have provided an in-depth 

look into cellular adhesion and proliferation 24, cell phenotypic behavior 25, and cytotoxic 

effects 26, 27 to determine the skin interaction with various biomaterial surfaces 5, 28, 29.  

Numerous studies have shown increased cellular adhesion on microscale surface 

topographies 30, 31.  Further, studies have also shown increased cellular functionality on 

peptide modified 31, 32 and growth factor functionalized 33, 34 surfaces.  Nonetheless, little 

is known about the skin cell response to biomaterials with nanoscale architectures.  

 Material surfaces that mimic the hierarchical structure of in vivo tissue at a 

nanoscale provide a possible solution for enhancing biomaterial integration, thus 

preventing infection and biomaterial rejection 3, 4, 17, 35, 36.  Recently, there has been an 

increased interest in exploring nanoscale surface topographies such as nanotubes 37-39, 

nanowires 40, nanopores 41, 42, nanoparticles 43, 44, nanofibers 35, 45, 46, as biomimetic 

interfaces for implantable devices 47.  Several studies have reported enhanced dermal 

fibroblast adhesion along with increased tissue formation on such nanoscale topographies 

4, 48, 49.  In this study, titania nanotube arrays (diameter: 70-90 nm, length: 1 µm) were 

fabricated using an anodization process, as biomimetic interfaces for transcutaneous 



42	
  
	
  

implantable devices.  Previous studies on titania nanotube arrays have demonstrated 

improved mesenchymal stem cell functionality 38, hemocompatibility 39, osteoblast 

phenotypic behavior 38, 47, 50, and localized drug delivery 51.  In addition, these titania 

nanotube arrays have elicited minimal levels of monocyte activation and cytokine 

secretion, thus exhibiting a very low degree of immunogenicity 52.  However, few studies 

report on the interaction of skin cells with titania nanotube arrays.  Thus, in this study the 

compatibility of human dermal fibroblasts (HDF) (responsible for the production of the 

extracellular matrix and the underlying dermal structure), and human epidermal 

keratinocytes (HEK) (responsible for creating and retaining the epidermis) with highly 

uniform titania nanotube arrays is reported.  Skin-compatibility is a key consideration for 

the long-term use of transcutaneous implantable devices 1, 5, 13; therefore, an 

understanding of the physiological response elicited from skin/nano-biomaterial 

interactions is one of immediate concern.  

 

3.2 Experimental Methods 

3.2.1 Fabrication and Characterization of Titania Nanotube Arrays   

Titania nanotube arrays were fabricated using a simple anodization process, as 

described in detail in chapter 2 38, 51, 53.  Biomedical grade titanium (as-received, non-

polished) surfaces were used as controls.  The nanotube architecture was examined for 

uniformity and repeatability using SEM imaging. 
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3.2.2 Cell Culture  

HDF and HEK, obtained from neonatal foreskins and purchased from Clonetics, 

were used in this study.  Cryopreserved cell suspensions were transferred to a -80˚C 

freezer, where they were stored until use.   Prior to cell culture, they were thawed in a 

water bath at 37oC.  HDF cells were suspended in Medium 106 with low serum growth 

supplement (LSGS) and gentamicin/amphotericin solution (Cascade Biologics); HEK 

cells were suspended in EpiLife Medium with human keratinocyte growth supplement 

(HKGS) and gentamicin/amphotericin solution (Cascade Biologics).  The HDF or HEK 

cell suspensions were added to 75 cm2 culture flasks and incubated at 37oC and 5% CO2.  

The cell suspensions were subcultured by trypsin digestion (0.025% trypsin/EDTA) when 

they reached 70-90% confluence.  Following a complete cell-surface detachment, a 

trypsin neutralizer (0.5% fetal bovine serum in phosphate buffered saline (PBS)) was 

added to arrest the trypsin reaction.  The cells were transferred to tubes and centrifuged at 

180 g’s for 7 mins, forming a cell pellet that was resuspended in the appropriate culture 

medium.  The cell density was determined by trypan blue dye exclusion, using a 

hemocytometer.  For both cell types, a concentration of 5×105 cells was suspended in 13 

mL of culture medium.  The cell suspensions were added to 75 cm2 culture flasks and 

incubated at 37oC and 5% CO2.  The first media change took place between 24-36 hrs 

after initial culture; subsequent media changes occurred every other day until the cells 

were 50% confluent, after which the media was changed every day.  The experiments for 

this study were performed using second passage HDF and HEK cells. 
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3.2.3 Cell Culture on Titania Nanotube Arrays   

HDF or HEK cells were seeded on biomedical grade smooth titanium (control) 

and titania nanotube arrays (both substrates: 0.5 cm2) in a 24-well plate.  Prior to seeding, 

all substrates were sterilized and conditioned.  The substrates were incubated in 70% 

ethanol for 30 mins, and washed two times with PBS.  Substrates were air dried, 

subjected to 30 min of UV exposure, and conditioned in 500 µL of the appropriate culture 

medium.  HDF cells were seeded at a density of 1×104 cells/mL; and HEK cells were 

seeded at a density of 3×104 cells/mL.  The substrates were incubated at 37oC and 5% 

CO2 in 500 µL of cell rich media and evaluated for adhesion, proliferation, viability, 

morphology and differentiation after 1, 2 and 4 days of culture.   

 

3.2.4 Adhesion and Proliferation of HDF and HEK on Titania Nanotube Arrays   

Cellular adhesion and proliferation was investigated using calcein-AM 

(Invitrogen) live stain and 4’6-diamidino-2-phenylindole-dihydrochloride (DAPI, 

Invitrogen) nucleus stain fluorescence microscope imaging, after 1, 2 and 4 days of 

culture.  

Calcein AM live stain fluorescence microscope imaging was observed after 1, 2 

and 4 days of culture.  Prior to staining, the un-adhered cells were removed by aspirating 

the cell rich media from the substrates followed by two gentle rinses with PBS.  The 

substrates were then transferred to a new 24-well plate and incubated with 5 µM calcein-

AM solution in PBS for 30 min at room temperature.  They were rinsed with PBS and 

imaged with a fluorescence microscope (Zeiss) using filter set 44 FITC BP 530/50 Green 
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filters (Zeiss).  The cell coverage was calculated using the fluorescence images and the 

ImageJ software. 

After 4 days of culture, the cell nuclei were stained with DAPI to determine the 

number of adherent cells.  Prior to staining, the un-adhered cells were removed by 

aspirating the cell rich media from the substrates followed by two gentle rinses with PBS.  

The substrates were then transferred to a new 24-well plate.  Adherent cells were fixed in 

3.7wt % formaldehyde in PBS for 15 min at room temperature and washed three times (5 

mins per wash) in PBS.   The cell membranes were permeabilized using 1% Triton-X in 

PBS at room temperature for 3 mins, washed with PBS and incubated in 10% bovine 

serum albumin (BSA) in PBS for 30 min at room temperature, to block unspecific 

immune reactions.  The substrates were washed three times (5 mins per wash) in PBS.  

The cell nuclei was stained by DAPI nucleus stain (dilution 1:50) with 2% BSA in PBS 

for 5 mins.  The substrates were washed three times (5 mins per wash) in PBS.  The 

number of cells adhered on the substrates was determined by the number of stained nuclei 

using the DAPI fluorescence images.   

 

3.2.5 Viability of HDF and HEK on Titania Nanotube Arrays   

The cell viability was characterized using a commercially available Methylthiazol 

Tetrazolium (MTT) assay kit (Sigma).  Prior to measuring the MTT activity, the un-

adhered cells were removed by aspirating the cell rich media from the substrates followed 

by two gentle rinses with PBS.  Substrates were transferred to a new 24-well plate and 

incubated in 10% MTT solution in PBS for 3.5 hrs at 37oC and 5% CO2.  The resulting 

formazan crystals were dissolved by adding a 10% Triton-X in MTT solvent mixture in 
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the amounts equal to the MTT solution in PBS, and agitating.  The absorbance of the 

solution was measured at a wavelength of 570 nm using a plate reader (BMG Labtech).  

The net absorbance was calculated by subtracting the background absorbance at a 

wavelength of 690 nm.  The amount of viable cells was determined by this calculation. 

 

3.2.6 Morphology of HDF and HEK on Titania Nanotube Arrays   

The cell morphology was investigated using SEM imaging to visualize the 

cellular interaction with the nanotube architecture.  The un-adhered cells were removed 

by aspirating the cell rich media from the substrates followed by two gentle rinses with 

PBS.  The substrates were then transferred to a clean petri-dish where the cells were 

dehydrated and fixed on the substrate surface.  The cells were fixed by incubating the 

substrates in a solution of primary fixative (3% glutaraldehyde (Sigma), 0.1 M sodium 

cacodylate (Polysciences), and 0.1 M sucrose (Sigma)) for 45 min.  They were then 

incubated in a solution of secondary fixative (primary fixative without gluteraldehyde) 

for 10 min.  Subsequently, the substrates were dehydrated by incubation in consecutive 

solutions of increasing ethanol concentrations (35%, 50%, 70%, 95%, and 100%) for 10 

min each. Further dehydration of the cells was accomplished by incubating the substrates 

in hexamethyldisilazane (HMDS, Sigma) for 10 min.  They were then air dried and stored 

in a desiccator until further imaging by SEM.  The substrates were coated with a 10 nm 

layer of gold and imaged at 15kV. 
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3.2.7 Cytoskeletal Organization of HDF and HEK on Titania Nanotube Arrays   

After 4 days of culture, the same samples that were stained for DAPI, were 

concurrently stained to evaluate the cytoskeleton organization in cells by vinculin and F-

actin staining 54.  The substrates were incubated in fluorescein isothiocyanate (FITC)-

conjugated monoclonal mouse anti-vinculin IgG (dilution 1:200) with 2% BSA in PBS 

for 1 hr at room temperature to stain a specific, vinculin-labelled transmembrane protein.  

The substrates were washed three times (5 mins per wash) in PBS.  This was followed by 

incubating the substrates in rhodamine-conjugated phalloidin (dilution 1:40) with 2% 

BSA in PBS for 20 min at room temperature to stain the F-actin on the cell membranes.  

The stained substrates were imaged with a fluorescent microscope using DAPI BP 445/50 

Blue filters, HQ Texas Red BP 560/40 Red filters, and HE YFP BP 535/30 Gold filters 

(Zeiss).   

 

3.2.8 Differentiation of HDF and HEK on Titania Nanotube Arrays   

After 4 days of culture, indirect immunofluorescence staining was used to 

determine cellular expression and differentiation through the presence of membrane 

specific marker proteins on HDF or HEK cells 16.  The un-adhered cells were removed by 

aspirating the cell rich media from the substrates followed by two gentle rinses with PBS.  

The substrates were then transferred to a new 24-well plate.  Adherent cells were fixed in 

3.7wt % formaldehyde in PBS for 15 min at room temperature and washed three times (5 

mins per wash) in PBS.  The cell membranes were permeabilized using 1% Triton-X in 

PBS at room temperature for 3 mins, and washed in PBS.  To block unspecific immune 

reactions, the substrates were incubated in 10% blocking serum in PBS for 30 min at 
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room temperature.  A primary antibody (dilution 1:50, Santa Cruz Biotechnology) with 

2% blocking serum in PBS was administered for 1 hr, at room temperature.  The 

substrates with HDF cells were stained with anti-collagen-Iα1 or anti-fibrillin-1, and the 

substrates with HEK cells were stained with anti-cytokeratin-19 or anti-laminin-β3.  They 

were then washed three times (5 mins per wash) in PBS, and incubated with an 

appropriate secondary fluorescently labeled antibody (dilution 1:100, Santa Cruz 

Biotechnology, Santa Cruz, CA) with 2% blocking serum in PBS for 1 hr, at room 

temperature.  The substrates were washed three times (5 mins per wash) in PBS, and 

imaged with a fluorescent microscope using HQ Texas Red BP 560/40 Red filters and 

HE YFP BP 535/30 Gold filters.  All images were processed using the ImageJ Software.  

Images of the HEK substrates, fluorescently-labelled with cytokeratin-19 had their color 

manipulated from red to green for visual diversity.  Cellular differentiation and 

expression were determined by the presence of cell extensions, increased fluorescence, 

common orientation, and a heightened cellular size and structure. 

 

3.2.9 Statistical Analysis  

Each experiment was reconfirmed on at least three different samples with at least 

two different cell populations (nmin = 6). Further, all the quantitative results were analyzed 

using an analysis of variance (ANOVA). Statistical significance was considered at p < 

0.05.  During the analysis, variances among each group were not assumed to be equal and 

thus a Welch-Satterthwaite two sample t-test approach was used to test the significance 

between the control substrates and titania nanotube arrays.  This analysis was conducted 

using the R statistical software.  
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3.3 Results and Discussion 
 

Transcutaneous implantable devices are in constant contact with the thick 

underlying dermal layer of the skin consisting of fibroblasts; and the thin outer layer of 

skin consisting of keratinocytes.  A favorable cellular interaction with the material 

surface is critical for the long-term success of such implantable devices.  In order to 

investigate the skin/nano-biomaterial interaction, HDF and HEK cell functionality was 

investigated on biomedical grade titanium (control) and highly ordered titania nanotube 

arrays, after 1, 2 and 4 days of culture.  Cellular adhesion, proliferation, viability and 

morphology were evaluated using fluorescence microscope imaging with calcein-AM 

live stain and DAPI nucleus stain, commercial MTT assay, and SEM imaging 

respectively.  Cytoskeletal organization was examined using fluorescence microscope 

imaging of vinculin and F-actin membrane proteins.  Further, the cellular differentiation 

was investigated using immunolabeling specific marker proteins and detecting the using 

fluorescence microscope imaging.  The results, as discussed below, indicate an increase 

in HDF and a significant decrease in HEK functionality on titania nanotube arrays as 

compared to the control substrate.  

Titania nanotube arrays were fabricated using a simple anodization process.  

Vertically oriented, immobilized, high aspect ratio titania nanotube arrays were fabricated 

after 24 hrs of anodization at 60 V and annealed, as previously described 38, 39, 53.  Titania 

nanotube arrays with a diameter of 70-90 nm and length of 1 µm were selected based on 

previous studies that found enhanced cellular functionality and sustained drug release on 

the same size titania nanotube arrays 38, 51.  In order to obtain a crystalline structure, the 

as-anodized titania nanotube arrays were annealed in oxygen ambient at 530ºC for 3 hrs.  
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The crystalline titania nanotube arrays retain the structure of the as-fabricated amorphous 

nanotube arrays on annealing 39.  The nanotube architecture was examined for uniformity 

and repeatability (diameter: 70-90 nm, length: 1 µm) using SEM imaging (See Figure 

3.1).  The titania nanotube arrays provide a biomimetic, biocompatible, and non-

biodegradable interface for implantable devices. 

 

 

Figure 3.1 Representative SEM images of titania nanotube arrays. 

 

Cellular adhesion and proliferation were investigated using fluorescence 

microscope imaging of calcein-AM live stain and DAPI nucleus stain after 1, 2 and 4 

days of culture.  Calcein-AM is cell-permeate stain that labels viable cells by converting 

the non-fluorescent calcein-AM into a green-fluorescent calcein.  This conversion is 

accomplished through the hydrolyzation of intracellular acetoxymethyl esterases.  The 

results indicate an increase in HDF and a decrease in HEK adhesion and proliferation on 

titania nanotube arrays as shown in Figure 3.2a and 3.2b.  In addition, the HDF cells 

demonstrated a greater order and alignment on titania nanotube arrays as compared to the 

control substrate (See Figure 3.2a).  It should be noted that the greatly influenced 

orientation, elongation and continued proliferation by the HDF cells on the titania 

nanotube array substrates provide a potential for heightened matrix formation and 
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enhanced biomaterial integration 15, 48.  The fluorescence microscope images were also 

analyzed for cell coverage using the ImageJ software.  The results indicate a significant 

40% increase in HDF cell coverage (See Figure 3.2a), and a significant 92% decrease in 

HEK cell coverage (See Figure 3.2b) on titania nanotube arrays as compared to the 

control substrate.  Further, the cells were stained with DAPI nucleus stain and 

fluorescence microscope images were analyzed using ImageJ software to determine the 

number of adhered cells after 4 days of culture.  The DAPI nucleic acid stain passes 

through intact membranes and preferentially stains dsDNA with a blue-fluorescence 

label, capable of being detected by fluorescence microscope imaging.  Figure 3.3 

indicates a significant 14% increase in HDF cells and a significant 43% decrease in HEK 

cells adhered on titania nanotube arrays as compared to the control substrate.  Further, the 

HEK cells did not show any preferential alignment on titania nanotube arrays.   

 

 

Figure 3.2 (a) Representative fluorescence microscopy images (10x magnification) of 
adhered HDF stained with calcein-AM on the control substrate and titania 
nanotube arrays after 1, 2 and 4 days of culture.  The amount of HDF 
coverage was calculated using the fluorescence images and the ImageJ 
software.  The results indicate a significant 40% increase in HDF coverage 
on titania nanotube arrays compared to the control substrate (* à p < 
0.05).  
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Figure 3.2 (b) Representative fluorescence microscopy images (10x magnification) of 

adhered HEK stained with calcein-AM on the control substrate and titania 
nanotube arrays after 1, 2 and 4 days of culture.  The amount of HEK 
coverage was calculated using the fluorescence images and the ImageJ 
software.  The results indicate a significant 92% decrease in HEK 
coverage on titania nanotube arrays compared to the control substrate  
(* à p < 0.05). 

 

 

Despite the fact that three times more HEK cells were seeded than HDF cells, the results 

clearly indicate a higher capacity for HDF cells to adhere and proliferate on titanium 

substrates than HEK cells.  

The cell viability was characterized using a commercially available MTT assay 

kit after 1, 2 and 4 days of cell culture.  MTT is a colorimetric assay that measures the 

amount of methylthiazol tetrazolium following its reduction into an insoluble form by 

mitochondrial succinate dehydrogenase, only present in metabolically active cells.  

Spectrophotometric measurements of the net absorbance were calculated to determine the 

concentration of viable cells on the substrates.  These results indicate a significant 
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Figure 3.3 Representative fluorescence microscopy images of HDF and HEK cells 

stained with DAPI on the control substrate and titania nanotube arrays 
after 4 days of culture.  The HDF cell count indicates a significant 14% 
increase in HDF cells on titania nanotube arrays (* à p < 0.05). The HEK 
cell count indicates a significant 43% decrease in HEK cells on titania 
nanotube arrays (* à p < 0.05). 

 

 

increase in the viability of HDF cells after 4 days of culture on titania nanotube arrays as 

compared to the control substrate (See Figure 3.4a).  However, there was a significant 

decrease in the viability of HEK cells after 4 days of culture on titania nanotube arrays as 

compared to the control substrate (See Figure 3.4b). 

The cellular morphology was investigated after 1, 2 and 4 days of culture using 

SEM imaging to visualize the HDF and HEK interaction with the nanotube architecture 

(See Figure 3.5a and 3.5b).  These images indicate the degree of matrix formation  
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Figure 3.4 (a) Cell viability measured using MTT assay for HDF cells on the control 

substrate and titania nanotube arrays.  After 4 days of culture, HDF 
viability is significantly increased on titania nanotube arrays (*à p < 
0.05). 

 
 (b) Cell viability measured using MTT assay for HEK cells on the control 
substrate and titania nanotube arrays.  After 4 days of culture, HEK 
viability is significantly decreased on titania nanotube arrays (*à p < 
0.05). 

 
 
developed by a network of connective tissue consisting of cells, fibers and the ECM 

produced on the substrates.  ECM and fiber production occurs as a result of cell 

aggregation, excitation, and protein expression.  During this process, collagen and 

cytokeratin along with many other proteins and factors become released by HDF and  
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Figure 3.5 (a) Representative SEM images (2000x and 20000x magnification) of 
HDF cells on the control substrate and titania nanotube arrays after 4 days 
of culture.  Images show a higher degree of HDF activation, cell-cell and 
cell-surface interaction on titania nanotube arrays.   

 
(b) Representative SEM images (2000x magnification) of HEK cells on 
the control substrate and titania nanotube arrays after 1 day of culture.  
Images show a lower degree of HEK activation on titania nanotube arrays. 

 

HEK cells respectively, to create the dermal and epidermal foundation of the skin.  The 

greatest degree of cellular morphology was seen by HDF cells on titania nanotube arrays 

after 4 days of culture, as evidenced in Figure 3.5a.  Figure 3.5b indicates nearly 

confluent epidermal coverage by HEK cells on the control substrate after only 1 day of 

culture; while producing limited epidermal overlay on titania nanotube arrays.  These 

results indicate that the nanotube architecture provides a favorable template for the 

growth and maintenance of HDF cells while preventing adhesion and proliferation of 

HEK cells.  This translates into an implant interface that allows increased cellular 
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adhesion and enhanced matrix deposition by the dermal fibroblasts; while preventing 

competitive adhesion of epidermal keratinocytes.  Further providing an interface that 

restricts HEK cells from traveling downward along the implanted biomaterial, acting to 

wall off natural dermal matrix integration.  

Cellular interactions with titania nanotube arrays may result in cytoskeletal 

reorganization.  The cell cytoskeleton is composed of microfilaments, microtubules and 

intermediate filaments.  When activated these components play important roles by 

assisting in cell-cell and cell-ECM communication, as well as mediating fundamental 

cellular events such as cell division, motility, protein trafficking and secretion 55.  After 4 

days of culture, cytoskeletal structures were stained and evaluated using anti-vinculin 

(transmembrane protein, vinculin stain) and rhodamine-conjugated phalloidin (membrane 

protein, F-actin stain) on the control substrate and titania nanotube arrays.  The results 

indicate a preferential orientation of fibrous extensions in HDF cells on titania nanotube 

arrays as shown in Figure 3.6a.  These results indicate enhanced cytoskeletal 

reorganization and membrane protein expressions; thus enabling favorable cell-material 

interactions capable of a greater degree of matrix deposition on titania nanotube arrays.  

Further, the results shown in Figure 3.6b indicate altered cytoskeletal reorganization in 

HEK cells on the control substrates.  However, there was no visible cytoskeletal 

reorganization on titania nanotube arrays. These results confirm the increased HDF 

functionality, and decreased HEK functionality on titania nanotube arrays reported in this 

study.   

Cellular differentiation is a common indicator of activation, expression and bio-

integration of an implant with the tissue.  Indirect immunofluorescence staining was  
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Figure 3.6 (a) Representative fluorescence microscopy images (10x and 20x 
magnification) of HDF stained with DAPI, FITC-conjugated anti-vinculin, 
and rhodamine-conjugated phalloidin (actin) along with consolidated 
images (from top to bottom respectively) on the control substrate and 
titania nanotube arrays, after 4 days of culture.   

 

 

utilized to identify the presence of activated proteins within a cell in order to determine 

cellular differentiation.  Previous studies have identified proteins known to be expressed 

in activated HDF or HEK cells 56.  HDF cells are known to express collagen-Iα1 and  
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Figure 3.6 (b) Representative fluorescence microscopy images (10x magnification) of 
HEK cells stained with DAPI, FITC-conjugated anti-vinculin, and 
rhodamine-conjugated phalloidin (actin) along with consolidated images 
(from top to bottom respectively) on the control substrate and titania 
nanotube arrays, after 4 days of culture. 

 

 

fibrillin-1.  Collagen-Iα1 acts as a major component of connective tissue, and is therefore 

greatly responsible for the formation of the underlying matrix (ECM).  When released 
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from cells, fibrillin-1 enters the ECM where it forms threadlike filaments called 

microfibrils that bind to elastic fibrils, enabling the skin to stretch. HEK cells are known 

to express cytokeratin-19 and laminin-β3.  Cytokeratin-19 is a member of the keratin 

family, which acts as an intermediate filament providing a structural integrity specific in 

epithelial cells.  Laminin-β3 regulates cell growth, movement and cell-cell attachment. In 

addition, it aids in the organization of the basement membrane that underlies the top layer 

of the skin.  Thus, the expression of these marker proteins was determined after 4 days of 

culture by immunofluorescence for HDF (collagen-1α1 and fibrillin-1) and HEK 

(cytokeratin-19 and laminin-β3) cells (See Table 3.1) on titania nanotube arrays and the 

control substrate.   

 
 
Table 3.1 Blocking agents, primary antibodies and secondary antibodies used for 

immunofluorescence identification of membrane specific marker proteins 
on HDF and HEK cells. 

 

 

 

The results indicate a substantial increase in collagen-Iα1 expression, along with 

preferential orientation and expression of fibrillin-1 in HDF cells on titania nanotube 

arrays (See Figure 3.7a).  Further, the results indicate a lower degree of cytokeratin-19 

and laminin-β3 expression in HEK cells on titania nanotube arrays (See Figure 3.7b).  

These findings confirm the results reported in this study, showing increased HDF and  
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Figure 3.7 (a) Representative fluorescence microscopy images (10x magnification) of 

HDF cells immuno-stained with collagen-Iα1 and fibrillin-1 on the control 
substrate and titania nanotube arrays, after 4 days of culture.  The images 
indicate a considerable increase in collagen-Iα1 expression, and a higher 
degree of fibrillin-1 expression and orientation for HDF cells on titania 
nanotube arrays.   

 

 

significantly decreased HEK functionality on titania nanotube arrays as compared to the 

control substrate.  Such cellular behavior is extremely important for inducing fibroblast 

matrix formation, thus enabling quick healing and wound closure after device 

implantation. This will allow primary integration between the dermis and the 

transcutaneous implantable device, followed by secondary epidermal integration based on 

cell signaling and cell-cell attachment. 
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Figure 3.7 (b) Representative fluorescence microscopy images (10x magnification) of 

HDF cells immuno-stained with cytokeratin-19 and laminin-β3 on the 
control substrate and titania nanotube arrays, after 4 days of culture.  The 
images indicate a decrease in cytokeratin-19 and laminin-β3 expression 
for HEK cells on titania nanotube arrays. 

 

 

3.4 Conclusion 

Transcutaneous implants that penetrate through the depth of the skin are used in 

numerous clinical applications including prosthetics and dental implants.  Wound 

infection resulting from poor skin-material integration is one of the major causes for the 

rejection of such devices.  Recently, there has been an increased interest in exploring 

nanoscale surface topographies as biomimetic interfaces for implantable devices. Several 

studies have reported favorable cellular response on such nanoscale topographies.  

However, little is known about the interactions of the respective skin layers to 
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biomaterials with nanoscale architectures.  In this study, titania nanotube arrays were 

developed for their potential application as interfaces for transcutaneous implantable 

devices.  The results from this study indicate increased dermal fibroblast adhesion, 

proliferation, orientation, cytoskeletal organization and differentiation on titania nanotube 

arrays.  However, the results show a decrease in epidermal keratinocyte adhesion, 

proliferation, cytoskeletal organization and differentiation on titania nanotube arrays. The 

nanotube architecture provides a potentially favorable template for the growth and 

maintenance of dermal fibroblasts while preventing differentiation of epidermal 

keratinocytes. Such cellular behavior is extremely important for inducing fibroblast 

matrix formation, thus enabling quick healing and wound closure after device 

implantation. This will allow primary integration between the dermis and the 

transcutaneous implantable device, followed by secondary epidermal integration based on 

subsequent cell signaling and cell-cell attachment.  Further, the cellular response may be 

tuned and optimized by varying the size parameters of titania nanotube arrays.  There is a 

precise correlation between the anodization voltage and nanotube pore size, thus by 

varying the voltage and anodization time, nanotubes with different diameters and lengths 

can be fabricated.  Therefore, titania nanotube arrays have the potential of being used as 

interfaces for transcutaneous implantable devices.  Further studies are now targeted 

towards understanding and evaluating the effects of different size nanotubes on cellular 

functionality.  
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CHAPTER 4 

ALTERED HEMOCOMPATIBILITY ON TITANIA NANOTUBE ARRAYS 

 

4.1 Introduction 

As the number of patients afflicted with traumatic and non-traumatic conditions 

continues to rise, there is a growing need for the use of efficacious biomaterials in 

implantable medical devices 1-3.  Biomaterial rejection remains a serious problem, 

eliciting a need for a more in-depth look at the mechanisms behind material-tissue 

interactions.  Materials with biomolecular or topographical modifications that mimic 

natural biological tissue hierarchy may provide solutions to the problem of biomaterial 

rejection 4-9.  Previous research has evaluated the biocompatibility of various biomaterials 

through an in-depth look into cellular adhesion and proliferation 10, 11, cell phenotypic 

behavior 12, 13, material cytotoxic effects 14, 15 and protein folding and interactions on 

material surfaces 16, 17.  Several studies have shown increased cellular functionality on 

peptide-modified 18-21 and growth-factor functionalized surfaces 22, 23.  Moreover, 

microscale surface topographies have shown increased protein adsorption and cellular 

adhesion 24-26. Recently, there has been an increased interest in nanoscale surface 

topographies such as nanotubes 27, 28, nanowires 29-31, nanopores 32, 33, nanoparticles 34, 35, 

nanofibers 36-38, etc. as biomimetic interfaces for implantable devices. Several studies 

have reported favorable cellular response on such nanoscale topographies. However, very 

few studies report the hemocompatibility of nano-biomaterials. 

Common biomedical implant materials include metals or metal alloys, polymers, 

ceramics and composites.  Of these, titanium and titanium-based alloys are the most 

widely used biomaterials due to their mechanical strength, biocompatibility, non-toxicity, 
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corrosion resistance, and ease of processability. They have been used in clinical 

applications for a variety of implantable devices, including dental implants 39-41, 

prosthetic devices 42-44, materials for craniofacial reconstruction 45, 46 and stent grafts 47, 48.  

Titanium forms a passive oxide layer on its surface, titania, which protects it against 

corrosion and provides a biomechanical interface for appropriate tissue integration 49, 50. 

Even though titanium and titanium-based alloys, including other implantable 

biomaterials, are nontoxic, foreign body reactions are often triggered in the form of 

inflammation, thrombosis, fibrosis and infection.  Several studies report on the 

hemocompatibility of biomaterials 51, 52, however little is known about the 

hemocompatibility of nano-biomaterials 53, 54.  In order to properly evaluate interactions 

prevalent at the blood-material interface, it is important to take into account the 

immunological events that take place during the foreign body reaction.  Recent studies 

have identified a correlation relating the nanoscale surface topographies with enhanced 

cellular adhesion and increased protein adsorption. However, the cells are not the first 

responders to blood contacting biomaterial implants.  Following implantation of a 

biomaterial, proteins from blood and the surrounding tissue are immediately adsorbed 

onto the surface, initiating an immune response.  Host proteins adhere on the surface 

within seconds to minutes after the biomaterial comes in contact with blood or tissue 55.  

A conformational change occurs within the adsorbed protein allowing for subsequent 

biological interactions with the material surface.  A continued inflammatory response is 

activated through this protein-material adhesion followed by platelet adhesion and 

activation resulting in thrombosis. Thus, hemocompatibility is a key consideration for the 
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long-term success of blood contacting biomaterials, creating a critical need to understand 

the physiological response elicited from blood/nano-biomaterial interactions.  

In this study, we have investigated the hemocompatibility of highly uniform 

titania nanotube arrays fabricated using an anodization process with a diameter of 70-80 

nm and length of 1 µm 27, 56-58.  Thus, one of the earliest stages in the physiological 

immune response has been evaluated by considering the adsorption of key blood serum 

proteins, in vitro adhesion and activation of platelets, and clotting kinetics of whole blood 

on titania nanotube arrays. Biomedical grade titanium were used as controls.  Further, we 

have evaluated the mechanical properties of titania nanotube arrays for identifying their 

potential applications in implantable biomedical devices. Driven by a need for reduced 

material rejection and controlled hemocompatibility, this work specifically looks at 

components that initiate the immune response; thus, providing a basis for identifying 

potential biomedical and clinical uses for titania nanotube arrays.    

 

4.2 Experimental Methods 

4.2.1 Fabrication and Characterization of Titania Nanotube Arrays 

Titania nanotube arrays were fabricated using a simple anodization process, 

described in detail in chapter 2 27, 54, 59, 60.  Biomedical grade titanium (as-received, non-

polished) surfaces were used as controls.  The nanotube architecture was examined for 

uniformity and repeatability using SEM imaging. 

 

4.2.2 Protein Adsorption on Titania Nanotube Arrays 

In order to understand how blood serum proteins interact with materials; 

fibrinogen (FIB), albumin (ALB) and immunoglobulin-G (IgG) (Sigma) adsorption was 
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investigated on titania nanotube arrays and biomedical grade titanium.  All of the 

substrates were sterilized by incubating in 70% ethanol for 15 mins followed by uv 

exposure for 15 mins, and rinsed 3 times with phosphate buffer saline (PBS).  The 

substrates were then incubated in a 24-well plate with 100 µg/ml solution of FIB, ALB or 

IgG in PBS on a horizontal shaker plate (100rpm) at 37oC and 5% CO2.  After 2 hrs of 

incubation, the protein solution was aspirated followed by 3 rinses with PBS to remove 

any non-adherent proteins.  The protein adsorption was measured using a commercially 

available micro-BCA assay (Pierce Biotechnology) and X-ray photoelectron 

spectroscopy (XPS, ESCA Systems X-ray Photoelectron Spectrometer 5800). 

In order to measure the protein adsorption using micro-BCA assay, all of the 

titania nanotube arrays and biomedical grade titanium  were transferred to a fresh 24-well 

plate and incubated with 1% sodium dodecyl sulfate (SDS, Sigma) solution in PBS on a 

horizontal shaker plate (100rpm) for 1 hr. Following incubation, the excess SDS solution 

with solubilized proteins was collected from each well.  The SDS incubation was 

repeated 2 more times and the resulting SDS solution with solubilized proteins was 

pooled.  The concentration of the total adsorbed protein in the pooled SDS solution was 

then measured colorimetrically using a micro-BCA assay with a plate reader (BMG 

Labtech) 61.  XPS was used to determine the surface composition of adsorbed proteins on 

titania nanotube arrays and biomedical grade titanium .  Survey spectra were collected 

from 0 to 1100eV with a pass energy of 187.85 eV, and high-resolution spectra were 

collected for C1s peak with a pass energy of 10eV. Data for percent elemental 

composition, elemental ratios and peak fit analysis were calculated using Multipack and 

XPSPeak 4.1 (Freeware) software. 
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4.2.3 Platelet Adhesion and Activation 

Whole blood from healthy individuals, acquired through venopuncture, was 

drawn into standard vacuum tubes coated with the anti-coagulant, 

ethylenediaminetetraacetic acid (EDTA) (Fisher Scientific).  The blood vials were 

centrifuged at 150 g for 15 minutes.  The plasma from all the tubes was pooled into fresh 

tubes, and centrifuged for a second time at 900 g for 5 minutes.  The supernatant was 

aspirated off and the remaining pellet was resuspended in HEPES-Tyrode buffer (HTB, 

Sigma).  The platelet solution was diluted with HTB to yield platelet rich plasma (PRP) 

with a final concentration of 8×108 platelets/ml (See Figure 4.1).  Titania nanotube 

arrays and biomedical grade titanium  were placed into 24-well plates.   

 

Figure 4.1 Schematic of isolation of platelets from whole human blood, obtaining a 
final concentration of 8×108 platelets/ml 
 

 

All of the substrates were sterilized by incubating in 70% ethanol for 15 mins followed 

by uv exposure for 15 mins, and rinsed 3 times with HTB.  The substrates were then 
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incubated with 500 µl of PRP on a horizontal shaker plate (100rpm) at 37oC and 5% CO2.  

Platelet adhesion and activation were investigated after 30 mins of incubation. 

Platelet adhesion was characterized by staining the cells with calcein-AM 

(Invitrogen) live stain. Prior to staining, the un-adhered platelets were removed by 

aspirating the PRP from the substrates followed by rinsing with PBS.  The substrates 

were incubated with 2 µM calcein-AM solution in PBS for 30 mins on a horizontal 

shaker plate (100 rpm) at 37oC and 5% CO2.  The substrates were then rinsed with PBS 

and imaged with a fluorescence microscope (Zeiss) using FITC MF101 Green filters. 

Platelet viability was characterized using a commercially available MTT assay kit 

(Sigma). Prior to measuring the MTT activity, the un-adhered platelets were removed by 

aspirating the PRP from the substrates followed by rinsing with PBS.  The substrates 

were incubated with 10% MTT solution in HTB for 4 hrs on a horizontal shaker plate 

(100 rpm) at 37oC and 5% CO2.  The resulting formazan crystals were dissolved by 

adding MTT solvent in the amounts equal to the HTB.  The absorbance of the solution 

was measured using a plate reader (BMG Labtech). 

Platelet morphology was imaged using SEM.  To visualize the platelet interaction 

with nanotube architecture, they were dehydrated and fixed on the substrates.  The 

platelets were fixed by incubating the substrates in a solution of primary fixative (3% 

glutaraldehyde (Sigma), 0.1 M sodium cacodylate (Polysciences), and 0.1 M sucrose 

(Sigma)) for 45 min.  The substrates were then incubated in a solution of secondary 

fixative (primary fixative without gluteraldehyde) for 2 hrs.  This was followed by a 

dehydration step where the substrates were incubated in consecutive solutions of ethanol 

(35%, 50%, 70% and 100%) for 10 min. Further dehydration of the platelets was 
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accomplished by incubating the substrates in hexamethyldisilazane (HMDS, Sigma) for 

10 min.  Prior to imaging, the substrates were coated with a 10 nm layer of gold and 

imaged at 15kV.  The SEM images were then used to determine the percentage of the 

adhered platelets that were unactivated, or had a short-dendritic or long-dendritic 

morphology 62.  The following guide was used to determine the morphology of the 

adhered platelets: 

• Unactivated: Platelets that are normal and with compact central body 

• Short-dendritic: Platelets with smaller dendrites and partially activated 

• Long-dendritic: Platelets with many long dendrites and completely activated 

 

4.2.4 Whole Blood Clotting on Titania Nanotube Arrays 

In order to evaluate the thrombogenic properties of titania nanotube arrays, their 

interaction with whole blood was investigated.  Whole human blood from healthy 

individuals was drawn, and 5 µl of the blood was immediately dropped on titania 

nanotube arrays and biomedical grade titanium in a 24-well plate. The droplet of whole 

human blood was left undisturbed on the substrates for up to 60 mins.  The free 

hemoglobin concentration was measured at 10 min intervals.  In order to measure the free 

hemoglobin concentration, the substrates were transferred into a different 24-well plate 

with 500 µl of deionized (DI) water.  The substrates were gently agitated for 30 secs and 

left in the DI water for 5 mins to release free hemoglobin from red blood cells that were 

not trapped in the thrombus.  The absorbance of the DI water with free hemoglobin was 

measured at a wavelength of 540 nm using a plate reader.  The value of absorbance is 

directly proportional to the concentration of free hemoglobin in DI water.  Further, the 
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substrates were air dried and coated with a 10 nm layer of gold prior to imaging with 

SEM at 15kV. 

 

4.2.5 Statistical Analysis 

Each experiment was reconfirmed on three different substrates with at least three 

different platelet populations (nmin = 9). All the quantitative results were analyzed using 

an analysis of variance (ANOVA). Statistical significance was considered at p < 0.05. 

 

4.3 Results and Discussion 

Hemocompatibility remains a serious concern, eliciting a need for a more 

thorough study of the mechanisms behind blood-material interactions.  Several recent 

studies have reported on the hemocompatibility of biomaterials 51, 52, however little is 

known about the hemocompatibility of nano-biomaterials 53, 54.  In this study, we have 

investigated the hemocompatibility of titania nanotube arrays for their potential use as 

interfaces for implantable devices.  These titania nanotube arrays can be fabricated using 

a simple anodization technique 58, 63, and provide a favorable template for increased 

cellular functionality and localized drug delivery at a hierarchy similar to that of natural 

tissue 27, 64. 

In this work, we have fabricated vertically oriented, immobilized, high-aspect 

ratio titania nanotube arrays using a simple anodization technique. The nanoarchitecture 

of titania nanotube arrays was examined for uniformity and repeatability using SEM (See 

Figure 4.2).  SEM images show uniform nanotube arrays with a diameter of 70-90 nm 

and length of 1 µm.  A localized dissolution model explains the formation of titania 

nanotube arrays by anodization of titanium 63, 65.  For this study, titania nanotube arrays  
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Figure 4.2 Representative SEM image showing the nanoarchitecture of titania 
nanotube arrays fabricated using an anodization technique  

 

 

with a diameter of 70-90 nm and length of 1 µm were selected, since previous studies 

with the same size titania nanotubes arrays have shown enhanced cellular functionality 

and sustained drug release. 

Following implantation of a biomaterial, proteins from blood and the surrounding 

tissue are immediately adsorbed onto the surface.  Host proteins adhere on the surface 

within seconds to minutes after the biomaterial comes in contact with blood or tissue 55. 

Thus, it is important to investigate the adsorption of key blood serum proteins (ALB, FIB 

and IgG) on titania nanotube arrays.  The proteins were adsorbed at a concentration of 

100 µg/ml for 2 hrs and the amount of the proteins adhered were determined using a 

micro-BCA assay and XPS.   

In order to quantify the adsorbed proteins on the surfaces, a micro-BCA assay was 

used. SDS, an anionic detergent, was used to solubilize the adsorbed protein. The highly 
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specific chromogenic reagent bicinchoninic acid (BCA) is able to form a complex with 

the Cu1+ molecule through a protein mediated reduction reaction in alkaline environment. 

The production of Cu1+ is directly proportional to the concentration of the protein and the 

incubation time in the BCA. Thus, by measuring the absorbance colorimetrically, the 

protein concentration can be calculated using a pre-determined protein standard curve.  

Our results suggest that there is an increase in protein adsorption on titania nanotube 

arrays as compared to biomedical grade titanium (See Figure 4.3).   

 

 

Figure 4.3 Amount of blood serum proteins adsorbed on titania nanotube arrays and 
biomedical grade titanium was determined using micro-BCA assay.  
Significantly higher amounts of proteins were adsorbed on titania 
nanotube arrays compared to biomedical grade titanium (*, #, @ à p < 
0.05).  

 

The amounts of proteins adsorbed on titania nanotube arrays are statistically 

different than that on biomedical grade titanium (p < 0.05).  Further, the ALB adsorption 

* 

# 
@ 
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was the lowest, followed by the adsorption of FIB and IgG, on both titania nanotube 

arrays and biomedical grade titanium. Protein adsorption on titania nanotube arrays and 

biomedical grade titanium was also characterized using XPS. The surface elemental 

composition was determined using survey scans.  Higher amounts of nitrogen were 

present on titania nanotube arrays as compared to biomedical grade titanium.  Since the 

nitrogen peak is the characteristic for the proteins adsorbed on the surface, our results 

suggest that the titania nanotube arrays adsorbed higher amounts of protein as compared 

to biomedical grade titanium (See Table 4.1).   

 
 
Table 4.1 N/Ti ratio computed from XPS survey scans for blood serum proteins 

adsorbed on titania nanotube arrays and biomedical grade titanium. 
 

 

 

A more precise way to characterize proteins adsorbed on the surface is to determine the 

presence of C-N and N-C=O peaks in the overall C1s peak.  The C-N and N-C=O peaks 

are at a shift of 0.8eV and 1.8eV respectively from the C-C peak.  Hence, high-resolution 

C1s scans were taken and a peak fit analysis was used to determine contribution of C-N 

and N-C=O peaks in the overall C1s peak. Our results show a significant increase in the 

intensity of C-N and N-C=O peaks for proteins adsorbed on titania nanotube arrays as 

compared to biomedical grade titanium (See Figure 4.4). The increase in protein 

adsorption is likely due to the large surface area of nanotube architecture that provides  
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Figure 4.4 High resolution C1s scans for blood serum proteins adsorbed on titania 

nanotube arrays and biomedical grade titanium showing C-N and N=C-O 
characteristic peaks (a) ALB, (b) FIB and (c) IgG. 
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multiple functional sites for the proteins to adsorb.  However, the protein adsorption may 

be optimized for a specific application by precisely tuning the pore size, wall-thickness, 

and nanotube length by altering the anodization parameters. 

 Platelet adhesion and activation is a strong indication of the thrombogenecity of 

biomaterials. In this study, platelets were isolated from whole human blood and their 

adhesion and activation was investigated on titania nanotube arrays and biomedical grade 

titanium.  Platelet adhesion was evaluated after 30 mins of contact by staining the 

adhered platelets using calcein-AM stain.  Our results show significantly higher platelet 

adhesion on titania nanotube arrays compared to biomedical grade titanium (See Figure 

4.5).  Low-magnification (4× and 10×) images indicate increased platelet adhesion on 

titania nanotube arrays (See Figure 4.5(d) and (e)) compared to biomedical grade 

titanium (See Figure 4.5(a) and (b)).  Further, high-magnification images (20×) indicate 

platelet aggregation on titania nanotube arrays (See Figure 4.5(f)), compared to minimal 

aggregation on biomedical grade titanium (See Figure 4.5(c)). 

Platelet viability was measured using an MTT assay (See Figure 4.6).  The MTT 

assay measures mitochondrial activity of live cells via dehydrogenase activity.  Our 

results indicate that the adhered platelets on titania nanotube arrays displayed 

significantly higher viability than that on smooth titanium for up to 30 mins of contact 

time (p < 0.05). These results confirm the findings from the fluorescence microscopy 

images that there is higher platelet adhesion on titania nanotube arrays compared to 

biomedical grade titanium.  

Platelet morphology after 30 mins of contact time was investigated using SEM 

imaging.  Low-magnification SEM images show significantly higher platelet adhesion  
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Figure 4.5 Representative fluorescence microscopy images of adhered platelets 
stained with calcein-AM on biomedical grade titanium [(a) 4×, (b) 10× 
and (c) 20×] and titania nanotube arrays [(d) 4×, (e) 10× and (f) 20×]. 
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Figure 4.6 Cell viability measured using MTT assay for adhered platelets on titania 

nanotube arrays and biomedical grade titanium.  Platelets viability is 
significantly higher on titania nanotube arrays compared to biomedical 
grade titanium (*à p < 0.05). 

 

 

and activation on titania nanotube arrays (See Figure 4.7(a)) as compared to biomedical 

grade titanium (See Figure 4.7(d)).  Titania nanotube arrays have uniform nanoscale 

topography, thus resulting in uniform platelet adhesion consistent across the surface (See 

Figure 4.7(d)).  Whereas, the biomedical grade titanium have localized regions that are 

inherently rough, thus resulting in localized platelet adhesion across the surface (See 

Figure 4.7(a)).  Further, high-magnification SEM images show significant changes and 

drastic differences in platelet morphology on titania nanotube arrays (See Figure 4.7(e)) 

as compared to biomedical grade titanium (See Figure 4.7(b)).  The platelets are 

exhibiting dendritic behavior on titania nanotubes indicating significant activation. The 

dramatic morphological changes are promoting platelet-platelet contact resulting in 

aggregation (See Figure 4.7(f)).  Such behavior is absent on biomedical grade titanium  
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Figure 4.7 Representative SEM images of adhered and activated platelets on 
biomedical grade titanium [(a), (b) and (c)] and titania nanotube arrays 
[(d), (e) and (f)]. 
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(See Figure 4.7(c)).  Further, the SEM images were used to determine the percentage of 

the adhered platelets that were unactivated, or had a short-dendritic or long-dendritic 

morphology (See Figure 4.8).  Our results indicate that all the platelets on titania 

nanotube arrays were activated. The majority of the platelets had a long-dendritic 

morphology (~ 75%), followed by fewer platelets with a short-dendritic morphology (~ 

25%). In contrast, the majority of the platelets on biomedical grade titanium had a short 

dendritic morphology (~ 50%) suggesting incomplete activation, followed by platelets 

with a long-dendritic morphology (~ 40%) suggesting complete activation, and fewer 

unactivated platelets (~ 10%).  These results suggest that there is significant platelet 

activation on titania nanotube arrays compared to smooth titanium surface. It is important 

to note that even though biomedical grade titanium does not support significant platelet 

adhesion, they could potentially activate platelets as the clotting cascade progresses. 

 

 

Figure 4.8 Distribution of different shapes of adhered platelets on biomedical grade 
titanium and titania nanotube arrays. 
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 The presence of blood clots on implanted devices may lead to the formation of 

embolisms, slow wound healing, or adverse immune reactions.  Thus, understanding the 

whole blood clotting kinetics of blood-contacting biomaterials will likely promote the 

long-term success of implantable biomedical devices. Our results indicated that the blood 

clotted on both titania nanotube arrays and biomedical grade titanium within 30 mins, 

however, the rate of clotting was higher for titania nanotube arrays (See Figure 4.9).  

 

 

 

Figure 4.9 Free hemoglobin concentrations in terms of absorbance on titania 
nanotube arrays and biomedical grade titanium for up to 60 mins of 
clotting time. 

 

 

Slightly decreased amounts of free hemoglobin were present on titania nanotube arrays as 

compared to biomedical grade titanium prior to complete blood clotting.  However, no 

significant differences were observed for the free hemoglobin concentration on titania 

nanotube arrays after 30 mins of clotting.  Further, the density of the fibrin network after 
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60 mins of clotting time on titania nanotube arrays and biomedical grade titanium was 

examined using SEM imaging. Visual inspection shows the presence of a fibrin matrix 

density on both titania nanotube arrays and biomedical grade titanium (See Figure 4.10), 

identifying the initial stages of clot formation. The clotting cascade in the blood is 

initiated by thrombin.  It is an enzyme that transforms fibrinogen into fibrin monomers, 

which under normal conditions will form polymeric fibrin fibers to form a clot network.  

The clot is characterized by the strength of the fibrin mesh that entraps different 

components of the blood.  Our results indicate that the titania nanotube arrays 

demonstrated a slightly more rapid formation of fibrin network by transforming 

fibrinogen into fibrin, thus reducing the clotting time while forming a dense fibrin 

network.  The demonstrated decrease in clotting time is not completely understood and 

warrants further investigation. 

 

 

Figure 4.10 Representative SEM images of whole blood clotted on (a) biomedical 
grade titanium and (b)-(c) titania nanotube arrays. 

 

 

4.4 Conclusion 

Biomaterial rejection remains a serious problem, eliciting a need for a more in-

depth look at the mechanisms behind material-tissue interactions. Recently, there has 
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been an increased interest in exploring nanoscale surface topographies as biomimetic 

interfaces for implantable devices. Several studies have reported favorable cellular 

response on such nanoscale topographies.  However, very few studies report the 

hemocompatibility of nano-biomaterials.  In this work, we have evaluated the 

hemocompatibility of titania nanotube arrays fabricated by anodization technique.  Our 

results indicate increased blood serum protein adsorption, platelet adhesion and 

activation, and whole blood clotting kinetics on titania nanotube arrays.  However, the 

hemocompatibility can be altered by changing the size parameters of titania nanotube 

arrays.  There is a precise correlation between the anodization voltage and nanotube pore 

size, thus by varying the voltage and anodization time, nanotubes with different diameters 

and lengths can be fabricated, thus resulting in an altered hemocompatible response.  

Further studies are now directed towards understanding and evaluating the effects of 

different size nanotubes on hemocompatibility and evaluating specific components that 

initiate an immune response. 
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CHAPTER 5 

REDUCED THROMBOGENICITY ON TITANIA NANOTUBE ARRAYS 

 

5.1 Introduction 

Titanium and titanium-based alloys are the most widely used materials for 

implantable biomedical devices such as dental 1-3, prosthetic 4-7 and craniofacial implants 

8, 9.  Titanium reacts with atmospheric oxygen to form a passivating oxide layer of titania, 

which exhibits enhanced biocompatibility when implanted in vivo 4, 10.  Further, this 

oxide layer enables a hard and scratch resistant material surface with improved corrosion 

and wear resistance, and a low coefficient of friction 11, 12.  Titanium-based materials are 

widely used in blood-contacting devices such as intra-osseous implants 13, 14, 

cardiovascular stents 15, 16, and hard and soft tissue grafts 17.  The constant exposure of 

these materials introduces serious and ongoing concerns regarding poor blood-

biomaterial interactions. To date, all blood-contacting materials have been shown to 

initiate immunological events in the form of inflammation, thrombosis, fibrosis and/or 

infection 18, 19; potentially leading to complete implant failure 20, 21. This foreign body 

response has been proven to be a major hindrance to the integration of the material with 

the natural tissue. Thus, the ability to modulate thrombogenicity of titanium surfaces is 

critical for the long-term success of blood-contacting devices.  Whole blood plasma 

elicits four main events capable of a thrombogenic response in vivo: platelet 

adhesion/activation, leukocyte recruitment, and further activation of complement and 

coagulation 21.  Several key processes are initiated on the biomaterial surface the moment 

it comes in contact with the blood.  Within seconds to minutes, key blood serum proteins 
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are adsorbed and undergo conformational changes on the surface 18.  This layer of 

adsorbed proteins will allow subsequent adhesion and activation of a-nuclear platelets, 

which play an essential role in both the formation of the fibrin clot as well as the 

recruitment of leukocytes (including monocytes and neutrophils).  The platelets then 

initiate an inflammatory immune response and promote a virtually unstoppable cascade 

of events resulting in thrombosis and/or fibrous encapsulation of the implant.  Within the 

body resides a multitude of topographical and biochemical cues that influence the cellular 

functionality.  Therefore, material surfaces with topographical or biomolecular cues that 

mimic the natural tissue hierarchy provide possible solutions for enhancing blood-

compatibility, further preventing biomaterial rejection 22-28.  Recently there has been an 

increased interest in exploring nanoscale surface topographies on implant surfaces for 

their potential in eliciting physiological cellular responses.  Since the cells in vivo are in 

constant interaction with their surroundings (comprised of pits, protrusion and pores 

including additional subcellular structures on the nano-meter size scale), surface 

nanoarchitectures similar to that of the natural in vivo environment often elicit enhanced 

cellular responses.  State of the art advances in technology have enabled the fabrication 

of unique nanostructures on biomaterial surfaces that better mimic the natural tissue 

hierarchy (e.g. nanoparticles 29, 30, nanofibers 31-33, nanopores 34, 35, nanowires 36, 37, 

nanostructured hydrogels 38, and nanotube arrays 39-42).  Studies have shown that 

nanoscale architectures promote a multitude of cellular responses including improved 

osseo-integration 31, 38, 43, 44, augmented mesenchymal stem cell differentiation 37, 45, 46, 

enhanced neuronal activation 36, 47, and increased growth rate of endothelial cells 48-51.  

These studies point out the importance of nanoscale architectures on implant surfaces, 
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suggesting a possible correlation with the cellular functionality 52. Recent studies have 

evaluated the hemocompatibility and immunogenicity of nanomaterials with respect to 

the effects of size, charge and pore ordering 53-57; however, limited information exists in 

literature about the thrombogenicity of these nanoscale interfaces 58-61, thus eliciting a 

need for a more in-depth look at the mechanisms behind blood-nanomaterial 

interactions..   

In this study, we have evaluated the potential of titania nanotube arrays as 

interfaces for blood-contacting implants by investigating the thrombogenic effects of the 

nanotube architecture on the components of whole blood plasma.  Titania nanotube 

arrays (diameter: approx. 100 nm, length: 1-1.5 µm) were fabricated using a simple 

anodization process, as previously described 62, 63.  The effect of nanotube architecture on 

populations of platelets isolated in a buffer was presented in chapter IV.  The results 

indicated an increase in platelet adhesion and activation on titania nanotube arrays 61.  

However, no studies have reported the interaction of whole blood plasma components 

with these nanotube arrays.  Thus, in this study, the effect of the nanotube architecture on 

whole human blood plasma was investigated to better understand a physiologically 

relevant thrombogenic response.  The functionality of platelets and leukocytes were 

investigated on titania nanotube arrays after 2 hours of contact with whole blood plasma 

using fluorescence microscopy, a cell cytotoxicity assay, and scanning electron 

microscopy (SEM).  Contact activation was characterized by a chromogenic analysis to 

determine the amount of kallikrein deposited on titania nanotube arrays.  Complement 

activation and platelet factor 4 (PF-4) microparticles were evaluated using commercially 

available enzyme immunoassay (EIA) and enzyme-linked immunosorbant assay (ELISA) 
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kits respectively.  Further, a human fibrinogen antigen assay was used to determine the 

degree of protein adsorption and aggregation on titania nanotube arrays.  This work 

evaluates the blood-compatibility of titania nanotube arrays which is critical for long-

term success of blood-contacting devices. 

 

5.2 Experimental Methods 

5.21 Fabrication and Characterization of Titania Nanotube Arrays   

Titania nanotube arrays were fabricated using a simple anodization process, 

described in detail in chapter 2 62-64.  Biomedical grade titanium (as-received, non-

polished) surfaces were used as controls.  The nanotube architecture was examined for 

uniformity and repeatability using SEM imaging.  

 

5.2.2 Plasma Isolation from Whole Blood 

Whole blood from healthy individuals, acquired through venopuncture, was 

drawn into standard 6 ml vacuum tubes coated with the anti-coagulant, 

ethylenediaminetetraacetic acid (EDTA).  The first tube was discarded to account for the 

skin plug and locally activated platelets resulting from the needle insertion.  The blood 

vials were centrifuged at 150 g for 15 min to separate the plasma from the red blood cells 

(erythrocytes) (See Figure 5.1).  The plasma was then pooled into fresh tubes, and used 

within 2 hours of removal from the body.   

5.2.3 Plasma Incubation on Titania Nanotube Arrays   

Titania nanotube arrays and as-received, non-polished biomedical grade titanium 

(control), both 0.5 cm × 0.5 cm, were incubated with pooled plasma.  Prior to incubation,  
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Figure 5.1 Schematic of the isolation of whole blood plasma, following removal from 
healthy individuals. 

 
 
 

all substrates were sterilized in 70% ethanol for 30 min, followed by washing (2×) with 

PBS.  They were air dried and further sterilized by uv exposure for 30 min.  The 

substrates were then incubated in a 24-well plate with 500 µl of pooled plasma at 37oC 

and 5% CO2 on a horizontal shaker plate (100rpm) for 2 hours.  The effects of the surface 

architecture of titania nanotube arrays on plasma components (platelets and leukocytes) 

were investigated and compared to that on the control substrates after 2 hours of contact 

with whole blood plasma.  

 

5.2.4 Platelet/Leukocyte Adhesion   

Cellular adhesion was investigated by fluorescence microscope imaging using 

calcein-AM live stain.  Prior to staining, the un-adhered cells were removed by aspirating 

the supernatant plasma from the substrates followed by gently rinsing (2×) with PBS.  
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The substrates were then transferred to a new 24-well plate and incubated with 500 µl of 

5 µM calcein-AM solution in PBS for 20 min at room temperature.  They were rinsed 

with PBS and further imaged using a fluorescence microscope with filter set 62 HE BP 

474/28 (green) (Zeiss).  The cell coverage was determined using the fluorescence 

microscope images and the ImageJ software.   

 

5.2.5 Cytotoxicity Assay 

The material cytotoxicity was characterized using a commercially available 

lactate dehydrogenase (LDH) cytotoxicity assay kit (Cayman Chemical).  The protocol 

provided by the manufacturer was followed.  In brief, the substrates were rapidly shaken 

on a horizontal shaker plate (1000 rpm) for 5 min at room temperature.  The 

manufacturer-provided standards along with the substrate-exposed plasma samples were 

transferred to a 96 well plate.  A reaction solution (96% v/v assay buffer, 1% v/v NAD+, 

1% v/v Lactic Acid, 1% v/v INT, and 1% v/v LDH Diaphorase) was added in the 

amounts equal (1:1) to all standards and samples, and further incubated with gentle 

shaking on an orbital shaker for 30 min at room temperature.  The absorbance of the 

solution was measured at a wavelength of 490 nm to determine the cytotoxic effects of 

the substrates. 

 

5.2.6 Platelet/Leukocyte Detection by Direct Immunofluorescence  

The substrates were concurrently stained with 4’6-diamidino-2-phenylindole-

dihydrochloride (DAPI) nucleus stain to identify adherent leukocytes, and F-actin 

cytoskeletal stain to identify adherent platelets and leukocytes using direct 
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immunofluorescence microscope imaging.  Prior to staining, the un-adhered cells were 

removed by aspirating the plasma from the substrates followed by gently rinsing (2×) 

with PBS, and transferred to a new 24-well plate.  Adherent cells were fixed in 3.7wt % 

formaldehyde in PBS for 15 min at room temperature and washed (3×, 5 min per wash) 

in PBS.   The cell membranes were permeabilized using 1% Triton-X in PBS at room 

temperature for 3 min.  This was followed by rinsing with PBS and incubating in 10% 

bovine serum albumin (BSA) in PBS for 30 min at room temperature to block unspecific 

immune reactions.  The substrates were washed (3×, 5 min per wash) in PBS and 

incubated in rhodamine-conjugated phalloidin (dilution 1:40) with 2% BSA in PBS for 

20 min at room temperature to stain for F-actin on the cell membranes.  The cell nuclei 

were then stained with 0.2 µg/ml DAPI in a solution of 2% BSA in PBS for 5 min, and 

washed (3×, 5 min per wash) in PBS.  The substrates were imaged with a fluorescence 

microscope using a 49 DAPI BP 445/50 blue filter and filter set 62 HE BP 585/35 (red) 

(Zeiss).  The number of adherent cells was determined using the fluorescence images and 

the ImageJ software.   

 

5.2.7 Platelet/Leukocyte - Complex Detection by Indirect Immunofluorescence  

Indirect immunofluorescence staining was used to determine the cellular 

expression through the presence of specific marker proteins on platelets and leukocytes.  

Prior to staining, the un-adhered cells were removed by aspirating the plasma from the 

substrates followed by gently rinsing (2×) with PBS, and transferred to a new 24-well 

plate.  Adherent cells were fixed in 3.7wt % formaldehyde in PBS for 15 min at room 

temperature and washed (3×, 5 min per wash) in PBS.   The cell membranes were 
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permeabilized using 1% Triton-X in PBS at room temperature for 3 min.  This was 

followed by washing with PBS and incubating in 10% BSA in PBS for 30 min at room 

temperature to block unspecific immune reactions.  The substrates were washed (3×, 5 

min per wash) in PBS and incubated in primary antibodies (dilution 1:50, Santa Cruz 

Biotechnology) in a solution of 2% BSA in PBS for 1 hour at room temperature.  The 

primary antibodies (See Table 5.1) included: P-Selectin (platelet-specific) and CD45 

(leukocyte-specific).   

 

 

Table 5.1 Blocking agents, primary antibodies and secondary antibodies used for 
immunofluorescence identification of membrane specific marker proteins 
on platelets and leukocytes. 

 

 

 

 

The substrates were then washed (3×, 5 min per wash) in PBS, and incubated with 

fluorescently-labeled secondary antibodies (dilution 1:100, Santa Cruz Biotechnology) in 

a solution of 2% BSA in PBS for 1 hour at room temperature.  The secondary antibodies 

included: donkey anti-goat conjugated with Texas Red (for P-Selectin) and chicken anti-

mouse conjugated with FITC (for CD45).  The substrates were washed (3×, 5 min per 
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wash) in PBS, and imaged with a fluorescence microscope using filter set 62 HE BP 

585/35 (red) and BP 474/28 (green) (Zeiss).  All images were processed using the ImageJ 

Software.  Cellular expression was determined by presence, increased fluorescence, and 

altered cellular size and structure. 

 

5.2.8 Monocyte/Neutrophil Detection by Indirect Immunofluorescence 

Indirect immunofluorescence staining was used to determine the cellular 

expression through the presence of leukocyte-specific marker proteins on 

monocytes/macrophages and neutrophils.  Prior to staining, the unadhered cells were 

removed by aspirating the plasma from the substrates followed by gently rinsing (2×) 

with PBS, and transferred to a new 24-well plate.  Adherent cells were fixed in 3.7wt % 

formaldehyde in PBS for 15 min at room temperature and washed (3×, 5 min per wash) 

in PBS.   The cell membranes were permeabilized using 1% Triton-X in PBS at room 

temperature for 3 min.  This was followed by washing with PBS and incubating in 10% 

BSA in PBS for 30 min at room temperature to block unspecific immune reactions.  The 

substrates were washed (3×, 5 min per wash) in PBS and incubated in primary antibodies 

(dilution 1:50, Santa Cruz Biotechnology) in a solution of 2% BSA in PBS for 1 hour at 

room temperature.  The primary antibodies included: CD14 (monocyte-specific) and 

CD16 (neutrophil-specific).  The substrates were then washed (3×, 5 min per wash) in 

PBS, and incubated with fluorescently-labeled secondary antibodies (dilution 1:100, 

Santa Cruz Biotechnology, Santa Cruz, CA) in a solution of 2% BSA in PBS for 1 hour 

at room temperature.  The secondary antibodies included: donkey anti-goat conjugated 

with Texas Red (for CD14) and chicken anti-mouse conjugated with FITC (for CD16).  
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The substrates were washed (3×, 5 min per wash) in PBS, and imaged with a 

fluorescence microscope using filter set 62 HE BP 585/35 (red) and BP 474/28 (green) 

(Zeiss).  All images were processed using the ImageJ Software.  Cellular expression was 

determined by presence, increased fluorescence, and altered cellular size and structure. 

 

5.2.9 Platelet/Leukocyte Morphology  

The platelet-leukocyte morphology was investigated using SEM imaging to 

visualize the platelet-leukocyte interaction with the nanotube architecture.  The un-

adhered cells were removed by aspirating the plasma from the substrates followed by 

gently rinsing (2×) with PBS.  The substrates were then transferred to a petri-dish and the 

adherent cells were fixed by incubation in a solution of primary fixative (6% 

gluteraldehyde (Sigma), 0.1 M sodium cacodylate (Polysciences), and 0.1 M sucrose 

(Sigma)) for 45 min.  This was followed by incubation in a solution of secondary fixative 

(primary fixative without gluteraldehyde) for 10 min; and consecutive solutions of 

ethanol (35%, 50%, 70% and 100%) for 10 min each.  For further dehydration, the 

substrates were placed into a solution of hexamethyldisilazane (HMDS, Sigma) for 10 

min.  The substrates were then air dried and stored in a desiccator until further imaging 

by SEM.  Prior to imaging, the substrates were coated with a 10 nm layer of gold and 

imaged at 15kV.   

 

5.2.10 Complement Activation 

Complement activation was assessed using an enzyme immunoassay (EIA, 

Quidel) to evaluate the degree of SC5b-9 complement activation.  The protocol provided 
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by the manufacturer was followed.  In brief, the microassay wells were rehydrated by 

incubation in a wash solution provided by the manufacturer for 2 min.  The SC5b-9 

standards, controls, and diluted substrate-exposed plasma samples (1:10 in assay diluent) 

were transferred into microassay wells and incubated for 60 min at room temperature.  

The wells were gently washed (5×) with the wash buffer, followed by incubation with 

SC5b-9 conjugate for 30 min at room temperature.  This was followed by gently washing 

(5×) the wells with the wash buffer.  The tetramethyl benzidine buffer (TMB) was 

immediately added to each well and incubated for 15 min at room temperature in a dark 

environment.  The reaction was stopped and the optical density was immediately 

measured using a spectrophotometer at 450 nm to determine the amount of SC5b-9 

complement activation present in each sample. 

 

5.2.11 Contact Activation 

Contact activation was assessed to evaluate the degree of plasma kallikrein 

(Chromogenix) present on the substrate-exposed plasma using an acid stop method.  The 

protocol provided by the manufacturer was followed.  In brief, the substrate-exposed 

plasma samples were diluted 10-fold in Tris Buffer (pH 7.5) and incubated at 37oC and 

5% CO2 for 3-4 min.  Pre-warmed (37oC) chromogenic solution was added in equal 

amounts (1:1) to all of the samples, and further incubated at 37oC and 5% CO2 for 10 

min.  The reaction was stopped by adding 20% acetic acid in equal amounts (1:1) to all of 

the samples.  The plasma blanks were prepared by adding the reagents in reverse order 

without incubation.  The optical density was immediately measured using a 
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spectrophotometer at 405 nm to determine the amount of contact activation on the 

substrates. 

 

5.2.12 PF-4 Expression 

PF-4 expression was assessed using a commercially available enzyme linked 

immunosorbant assay (ELISA, RayBio) kit to evaluate the degree of platelet activation.  

The protocol provided by the manufacturer was followed. In brief, PF-4 standards and 

diluted substrate-exposed plasma samples (1:200 in assay diluent) were transferred into 

microassay wells and incubated for 2.5 hours on a horizontal shaker plate (100 rpm) at 

room temperature.  The wells were gently washed (4×) with the wash buffer, followed by 

incubation with the biotinylated antibody for 1 hour on a horizontal shaker plate (100 

rpm) at room temperature.  This was followed by gently washing (4×) the wells to 

remove unbound biotinylated antibody.  A horseradish peroxidase (HRP)-streptavidin 

solution (1:25,000 in assay diluent) was then added to each well and allowed to react with 

the biotinylated antibody bound to the captured PF-4.  The microassay wells were 

incubated for 45 min on a horizontal shaker plate (100 rpm) at room temperature.  This 

was followed by gently washing (4×) the wells with the wash buffer.  The TMB solution 

was immediately added to each well, and incubated for 30 min on a horizontal shaker 

plate (100 rpm) at room temperature in a dark environment.  The reaction was stopped 

and the optical density was immediately measured using a spectrophotometer at 450 nm 

to determine the amount of PF-4 released by platelets on each of the substrates. 
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5.2.13 Fibrinogen Expression 

The fibrinogen expression by platelets was assessed using an enzyme 

immunoassay (EIA, Innovative Research).  The protocol provided by the manufacturer 

was followed.  In brief, human fibrinogen antigen standards and diluted substrate-

exposed plasma samples (1:100,000 in assay diluent) were transferred into microassay 

wells and incubated for 30 min on a horizontal shaker plate (300 rpm) at room 

temperature.  The wells were gently washed (3×) with the wash buffer, followed by 

incubation with the anti-human fibrinogen primary antibody for 30 min on a horizontal 

shaker plate (300 rpm) at room temperature.  This was followed by gently washing (3×) 

the wells to remove unbound primary antibodies.  Peroxidase secondary antibody was 

diluted (1:1 in assay diluent), added to each well and allowed to react with the anti-

fibrinogen primary antibody bound to the captured fibrinogen.  The wells were incubated 

for 30 min on a horizontal shaker plate (300 rpm) at room temperature followed by gently 

washing (3×) to remove unbound secondary antibodies.  The TMB solution was 

immediately added to each well and incubated for 8 min on a horizontal shaker plate (300 

rpm) at room temperature in a dark environment.  The reaction was stopped and the 

optical density was immediately measured using a spectrophotometer at 450 nm to 

determine the amount of anti-fibrinogen on each of the substrates. 

 

5.2.14 Statistical Analysis   

Each experiment was reconfirmed on at least three different substrates from at 

least three different whole blood plasma populations (nmin = 9).  Further, all of the 

quantitative results were evaluated using an analysis of variance (ANOVA). Statistical 
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significance was considered at p < 0.05.  During the analysis, variances among each 

group were not assumed to be equal and a two sample t-test approach was used to test the 

significance between the control substrate and titania nanotube arrays.  This analysis was 

conducted using the Microsoft Office Excel data analysis software. 

 

5.3 Results and Discussion 

The exposure of implantable devices to blood introduces serious and ongoing 

concerns regarding poor blood-biomaterial interactions such as platelet 

adhesion/activation, leukocyte recruitment and further immune response, potentially 

leading to complete implant failure.  This foreign body reaction has been proven to be a 

major hindrance to the long-term success of blood-contacting devices such as intra-

osseous implants, stent grafts, etc. eliciting a need for a more in-depth look at the 

mechanisms behind blood-nanomaterial interactions. Whole blood plasma contains four 

main components: platelets, leukocytes, complement and coagulation which may play an 

important role in implant failure in vivo.  Thus, in this study we have evaluated the 

thrombogenicity of titania nanotube arrays after 2 hours of incubation in whole blood 

plasma.  Previous studies have shown that the 2 hour time point used here is optimal for 

microparticle release, selectin expression, platelet aggregation and leukocyte recruitment 

65, 66.  Thrombogenicity is a key consideration for the long-term success of blood-

contacting implants resulting in a need to better understand the mechanisms behind 

blood/nano-biomaterial interactions.  

Vertically oriented, immobilized, high aspect ratio titania nanotube arrays utilized 

in this study were fabricated using a simple anodization process as described  
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previously 42, 62, 63.  The nanotube architecture was examined for uniformity and 

repeatability using SEM imaging (See Figure 5.2).  The results indicate that the 

nanotubes have an approximate diameter of 100 nm and length of 1-1.5 µm.  Previous 

studies have demonstrated enhanced cellular functionality on nanotube arrays with 

similar size 46.   

 

 

Figure 5.2  Representative SEM images (10000×, 25000×, 100000× magnification) 
showing the nanoarchitecture of titania nanotube arrays fabricated using 
an anodization technique.  Titania nanotube arrays were coated with a 10 
nm layer of gold and imaged at 15kV. 
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 Platelet and leukocyte adhesion were investigated after 2 hours of incubation in 

whole blood plasma using fluorescence microscope imaging by staining the cells with 

calcein-AM live stain (See Figure 5.3).  Calcein-AM is a cell-permeate stain that labels 

viable cells by converting the non- fluorescent calcein-AM into a green-fluorescent  

 

 

Figure 5.3 Representative fluorescence microscopy images of adhered platelets and 
leukocytes stained with calcein-AM on the control substrate and titania 
nanotube arrays after 2 hours of incubation in whole blood plasma.  The 
images indicate a decrease in platelet and leukocyte adhesion on titania 
nanotube arrays.   
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calcein.  This conversion is accomplished through the hydrolyzation of intracellular 

acetoxymethyl esterases.  The fluorescence microscope images were processed using the 

ImageJ software.  These results indicate a decrease in the cell adhesion on titania 

nanotube arrays as compared to the control substrate.  This is likely due to the altered 

surface topography, resulting in fewer adhesion and activation sites for the cells.  High 

magnification images indicate minimal cellular aggregation on titania nanotube arrays as 

compared to that on the control substrate (See Figure 5.3).  The fluorescence microscope 

images were further analyzed for cell coverage using the ImageJ software (See Figure 

5.4).  The results indicate an approximate 75% decrease in cell coverage on titania 

nanotube arrays as compared to the control substrate (p < 0.05).  This identifies a 

potential reduction in platelet and leukocyte adhesion on titania nanotube arrays that may 

be beneficial in controlling thrombogenic effects of the material surfaces.  

 

Figure 5.4 Cell coverage calculated using the fluorescence microscope images and 
the ImageJ software.  The results indicate a significant 75% decrease in 
cell coverage on titania nanotube arrays compared to the control substrate 
(* à p < 0.05).   
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 The material cytotoxicity was characterized after 2 hours of incubation in 

whole blood plasma using a commercially available lactate dehydrogenase (LDH) assay 

kit.  LDH is an enzyme located inside the cytoplasm of cells that is released upon cell 

death, thus this enzyme acts as a good indicator of cytotoxicity.  This assay measures the 

amount of formazan following a two-step reduction, where LDH catalyzes NAD+ to 

NADH and H+ by oxidation and a subsequent catalyst reaction by diaphorase converting 

tetrazolium salt to a colored formazan.  Spectrophotometric measurements determine the 

concentration of LDH released into the culture medium, therefore indicating the level of 

cytotoxicity and the concentration of dead cells on the substrates.  These results show that 

the adhered platelets and leukocytes on titania nanotube arrays displayed a comparable 

cytotoxicity on titania nanotube arrays and the control substrate (See Figure 5.5).  Thus, 

neither substrate promotes short-term cytotoxic effects on the components of whole blood 

plasma.  

The cell cytoskeleton is composed of microfilaments, microtubules and 

intermediate filaments.  When activated, these components play integral roles in assisting 

cell-cell and cell-ECM communication as well as mediating fundamental cellular events 

such as division, motility, protein trafficking and secretion.  Therefore, cellular 

interaction with titania nanotube arrays may result in altered platelet-leukocyte 

communication.  After 2 hours of incubation in whole blood plasma, titania nanotube 

arrays and the control substrates were stained with rhodamine-conjugated phalloidin (F-

actin stain) and DAPI (nucleus stain), and imaged using a fluorescence microscope to 

identify the cell-material and platelet-leukocyte interactions (See Figure 5.6).  Actin, a 

subunit of the microfilaments that participate in the formation of the cell cytoskeleton,  
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Figure 5.5  Cell cytotoxicity measured using an LDH Assay on the control substrate 
and titania nanotube arrays after 2 hours of incubation in whole blood 
plasma.  The results indicate no significant difference in LDH activation 
on titania nanotube arrays compared to the control substrate.   

 

 

acts as a key component for a multitude of cellular processes including motility, signaling 

and shape.  In physiological conditions where ATP is present, actin obtains directionality 

in its conversion into long filamentous polymers termed F-actin; a transformation 

necessary for cytokinesis and chemotaxis.  Further, leukocyte-specific identification was 

accomplished by fluorescence microscope imaging using a DAPI nucleus stain.  The 

DAPI nucleic acid stain passes through intact membranes and preferentially stains 

dsDNA with a blue-fluorescence label.  DAPI stains selectively for leukocytes present on 

the substrate surface since platelets do not possess nuclei.  The images indicate limited 

platelet-leukocyte interaction on titania nanotube arrays as compared to the control 

substrate, further identifying a slight decrease in cell-cell communication on titania 

nanotube arrays.  The reduced platelet-leukocyte interaction exhibited on the titania  
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Figure 5.6 Representative fluorescence microscope images of adhered platelets and 
leukocytes stained with DAPI (nucleus) and rhodamine-conjugated 
phalloidin (actin) on the control substrate and titania nanotube arrays after 
2 hours of incubation in whole blood plasma.  The images indicate a 
decrease in platelet-leukocyte adhesion and aggregation on titania 
nanotube arrays.  

 

nanotube arrays will likely lead to a reduction in platelet-leukocyte co-stimulation, thus 

playing a role in the inhibition of thrombogenic effects.  Further, the fluorescence 

microscope images were processed and analyzed using the ImageJ software to determine 
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the total number of adhered cells followed by the number of adhered platelets and 

leukocytes on the surface (See Figure 5.7).   

 

 

Figure 5.7 Cell count calculated using the fluorescence images and the ImageJ 
software.  The results indicate a significant 69% decrease in total cell 
count on titania nanotube arrays compared to the control substrate  
(*, #, @ à p < 0.05). 

 

 

The results indicate an approximate 65% reduction in the total number of cells on titania 

nanotube arrays as compared to the control substrate (p < 0.05).  Further, the results show 

an approximate 65% reduction in the number of platelets and 69% reduction in the 

number of leukocytes on titania nanotube arrays as compared to the control substrate (p < 

0.05).  The results presented here identify significantly reduced platelet and leukocyte 

adhesion on titania nanotube arrays as compared to the control substrate. 

Cellular activation and differentiation are highly prevalent in both cell-cell and 

cell-material interactions.  In each of these instances, proteins are expressed and/or 
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released for local environmental adaptations.  Platelet activation has been shown to occur 

as a result of protein adsorption on the material surface followed by leukocyte 

recruitment 18.  The presence of leukocytes often promotes additional stimulation to 

platelets and increases localized thrombogenicity 21.  In this study, platelet-leukocyte 

complexes were investigated after 2 hours of incubation in whole blood plasma by the 

indirect immunofluorescence staining (See Figure 5.8) of specific marker proteins that 

are known to be released and/or expressed in activated platelets (P-selectin) and 

leukocytes (CD45).  Following platelet activation, P-selectin is expressed on the surface 

of platelets by attaching to the actin filaments through anchor proteins.  P-selectin plays 

an essential role in the recruitment of leukocytes, further promoting fibrin deposition.  

Leukocytes express a common antigen, CD45, which functions as a regulator of cytokine 

receptor signaling.  This transmembrane protein acts to guide cellular processes such as 

cell growth and differentiation, and directs several pathways in immune cells.  However, 

CD45 has not been found to be present in platelets.  The fluorescence microscope images 

were processed using the ImageJ software.  The images indicate a decrease in both P-

selectin and CD45 expression on titania nanotube arrays as compared to the control 

substrates.  Higher magnification fluorescence images identified a lack of platelet-

leukocyte complex interaction on titania nanotube arrays.  These interactions were 

present on the control substrate (See Figure 5.8). Thus, the nanotube architecture and the 

variation in surface topography elicit a reduction in the expression of marker proteins in 

platelets and leukocytes.  Leukocytes, also known as white blood cells (WBCs), are 

drawn to the surface of an implantable device following platelet adhesion, further 

contributing to localized thrombogenicity.  These specialized cells play a major role in  



115�
�

 

Figure 5.8 Representative fluorescence microscope images of platelets immuno-
stained for P-Selectin and leukocytes immuno-stained for CD45 on titania 
nanotube arrays and the control substrate after 2 hours of incubation in 
whole blood plasma.  The images indicate a considerable reduction in P-
Selectin (TR-conjugated) and CD45 (FITC-conjugated) expression on 
titania nanotube arrays. 

 

 

the immune system by defending the body against foreign infiltration, either due to 

infection or biomaterial insertion.  The most prevalent among the leukocytes are 

neutrophils, accounting for 50-70% of all leukocytes.  These granulocytes are generally 



116	
  
	
  

the first responders to platelet activation, playing a large part in fighting infection and the 

acute inflammatory response by phagocytosis.  Although much less prevalent, monocytes 

(3-9% of leukocytes) are phagocytic cells capable of leaving the blood stream 

(diapedesis) to enter the tissue, where they differentiate into macrophages.  Monocytes 

act as antigen presenting cells with an added ability to secrete cytokines and attract 

inflammatory cells such as fibroblasts, making them substantial components in chronic 

inflammation.  In this study, the interaction and subsequent activation of neutrophils and 

monocytes were investigated after 2 hours of incubation in whole blood plasma by the 

indirect immunofluorescence staining of specific marker proteins that are known to be 

expressed in neutrophils (CD16) or monocytes (CD14) (See Figure 5.9).  Neutrophils, 

also known as polymorphonuclear (PMN) leukocytes, express CD16 receptors that bind 

to immunoglobulin-G antibodies having a regulatory role in cytolytic function.  Primarily 

expressed by monocytes/macrophages as a surface antigen, CD14 is able to detect 

pathogen associated molecular patterns including bacterial lipopolysaccharide (LPS), 

further mediating the innate immune response.  The fluorescence microscope images 

were processed using the ImageJ software.  The images indicate an obvious decrease in 

individual expressions of CD16 and CD14 as well as a decrease in the co-localization on 

titania nanotube arrays as compared to the control substrates (See Figure 5.9). The 

reduced platelet-leukocyte interaction exhibited on the titania nanotube arrays may lead 

to limited platelet-leukocyte co-stimulation, further playing a role in the inhibition of 

thrombogenic effects.   

 The morphological changes of a cell are often attributed to cell-cell and cell-

extracellular (e.g. biomaterial) stimulation.  Thus, the degree of cellular functionality is  
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Figure 5.9 Representative fluorescence microscope images of 
monocytes/macrophages immuno-stained for CD14 and neutrophils 
immuno-stained CD16 on titania nanotube arrays and the control substrate 
after 2 hours of incubation in whole blood plasma.  The images indicate a 
decrease in CD14 (TR-conjugated) and CD16 (FITC-conjugated) 
expression on titania nanotube arrays. 

 

 

often derived from cellular interactions with their environment, and can be visualized by 

SEM imaging.  Platelet and leukocyte adhesion, aggregation, morphology and subsequent 

interactions with the nanotube architecture were investigated after 2 hours of incubation 
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in whole blood plasma (See Figure 5.10).  Low-magnification SEM images show a lesser 

degree of adhesion and aggregation of platelets and leukocytes on titania nanotube arrays  

 

Figure 5.10 Representative SEM images of adhered platelets and leukocytes on titania 
nanotube arrays and the control substrate after 2 hours of incubation in 
whole blood plasma.  The substrates were coated with a 10 nm layer of 
gold and imaged at 15kV.  Images show a lower degree of platelet-
leukocyte interaction and cellular aggregation on titania nanotube arrays.  
Neither titania nanotube arrays nor the control substrate showed increased 
platelet activation as a result of the material surface. 

 

as compared to the control substrate. Higher magnification SEM images confirm previous 

immunofluorescence microscope images, indicating a reduction in platelet-leukocyte 



119	
  
	
  

complex formation on titania nanotube arrays as compared to the control substrate.  

These results show regions of localized platelet-leukocyte adhesion and aggregation on 

the control substrate.  Surface-specific activation is not shown to be present in either 

platelets or leukocytes as a result of the surface architecture.  However, the platelet-

leukocyte interaction appears to promote increased platelet activation as indicated by the 

altered morphology and dendritic extensions on the control substrate.  These results 

identify a reduction in cellular adhesion and aggregation on titania nanotube arrays as 

compared to the control substrate, indicating a lower propensity for thrombogenic effects 

on titania nanotube arrays.  

The complement pathway enhances opsonization by antigen phagocytosis, which 

further attracts neutrophils and macrophages through chemotaxis, lyses foreign cells, 

clumps antigen and alters the molecular structures of viruses 21.  Overall, this pathway 

supports the innate immune system.  The biocompatibility of implantable devices is 

directly related to the effect of complement activation on inflammatory reactions, 

specifically granulocyte (including neutrophils) and monocyte activation.  The final 

complement pathway, often identified by the SC5b-9 complex, provides an accurate 

account of the amount of complement activation occurring on the biomaterial.  In this 

study, a quantitative SC5b-9 EIA analysis was performed after 2 hours of incubation of 

titania nanotube arrays and the control substrates with whole blood plasma (See Figure 

5.11).  The results identify a nominal decrease in the degree of complement activation on 

titania nanotube arrays as compared to the control substrates.  Thus, indicating a slightly 

reduced inflammatory response on titania nanotube arrays.  These results are likely due to 

a combination of factors including the use of more physiologically relevant whole blood  
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Figure 5.11  Complement activation measured by the amount of SC5b-9 activation on 
titania nanotube arrays and the control substrate after 2 hours of 
incubation in human plasma.  The results indicate no significant difference 
in the level of complement activation on titania nanotube arrays as 
compared to the control substrate.   

 

 

plasma rather than isolated platelets as shown in chapter 4.  

A series of interactions are immediately triggered following implantation of a 

material that comes in contact with blood.  The first stages of the clotting cascade and 

further blood coagulation is initiated upon primary contact between blood and a 

negatively charged surface.  This interaction induces the intrinsic clotting pathway, 

involving factor XI, prekallikrein and high molecular weight kininogen (HMWK).  The 

degree of contact activation on the titania nanotube arrays and the control substrate after 

2 hours of incubation in whole blood plasma was determined colorimetrically by 

identifying the chromogenic kallikrein and further calculating the p-nitroaniline (pNA) 

release rate.  Our results show a significant increase in contact activation on titania  
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Figure 5.12  Contact activation measured by the amount of kallikrein on titania 
nanotube arrays and the control substrate after 2 hours of incubation in 
whole plasma.  The results indicate a significant increase in contact 
activation on titania nanotube arrays compared to the control substrate  
(* à p < 0.05) 

 

nanotube arrays as compared to the control substrate (See Figure 5.12).  The amounts of 

kallikrein inhibition on titania nanotube arrays are statistically different than that on the 

control substrate (p < 0.05).  Since contact activation is a surface-mediated event, the rate 

of contact activation is proportional to the surface area contacted.  In addition, the degree 

of contact activation has been shown to be related to the surface charge, with increased 

activation on negatively charged surfaces 21.  Therefore, the increase in contact activation 

shown on titania nanotube arrays is likely due to the increased surface area of nanotube 

architecture and altered surface charge.  However, the contact activation may be directed 

for a specific application by adjusting the charge of the material surface, and precisely 

tuning the pore size, wall-thickness, and nanotube length by modifying the anodization 

parameters. 
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 Following receptor initiated platelet stimulation and further activation, substances 

stored in platelet granules are released, often termed a platelet release reaction.  Of these, 

PF-4 has been widely studied as an indicator of platelet activation.  In order to quantify 

the amount of PF-4 released by alpha-granules in activated platelets, a commercially 

available human PF-4 ELISA kit was evaluated after 2 hours of incubation in whole 

blood plasma.  The results showed no significant difference in the amount of PF-4 

released on titania nanotube arrays as compared to the control substrate (See Figure 

5.13), thus identifying a comparable degree of platelet release reaction on both substrates.  

Platelet activation and the subsequent release of biologically active compounds such as 

PF-4 have been shown to be influenced by the presence of leukocytes 21.  Therefore, the 

low degree of leukocyte adhesion is likely contributing to the low PF-4 expression on 

both substrates.  A further reduction in PF-4 expression may be obtained by precisely 

tuning the nanotube dimensions. 

 The clotting cascade in blood is initiated by thrombin, a key protein responsible 

for platelet activation.  Thrombin is an enzyme that transforms fibrinogen into fibrin 

monomers, which under normal conditions will form polymeric fibrin fibers to form a 

clot (thrombus) network.  A clot is characterized by the strength of the fibrin mesh that 

entraps different components of the blood.  Thus, in order to evaluate the pro-coagulant 

activity, fibrinogen adsorption was evaluated after 2 hours of incubation in whole blood 

plasma using commercially available human fibrinogen antigen assay.  The substrates 

were incubated with whole blood plasma to allow for fibrinogen adhesion on the material 

surface.  After 2 hours of incubation, the substrate-exposed plasma was assayed to 

determine the amount of fibrinogen that was not adsorbed on the material surface  
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Figure 5.13  Platelet release reaction measured by the amount of PF-4 released from α-
granules within the platelets on titania nanotube arrays and the control 
substrate after 2 hours of incubation in whole blood plasma.  The results 
indicate no significant difference in PF-4 concentration on titania 
nanotube arrays compared to the control substrate. 

 

 

(See Figure 5.14).  The results indicate a slight increase in the amount of fibrinogen in 

the substrate-exposed plasma on the titania nanotube arrays as compared to the control 

substrate.  Thus, identifying a slightly lower amount of adsorbed fibrinogen on the titania 

nanotube arrays as compared to the control substrate.  These results identify the nanotube 

architecture as a surface which reduces fibrin clot formation, further promoting 

biomaterial compatibility. 

5.4 Conclusion 

 In this study, the thrombogenic effects of titania nanotube arrays have been 

evaluated for their use as interfaces in blood-contacting implants.  The ability to modulate 

the thrombogenicity of titanium surfaces may prove beneficial towards the long-term  
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Figure 5.14  Human fibrinogen antigen concentration measured on titania nanotube 
arrays and the control substrate after 2 hours of incubation in whole blood 
plasma.  The results indicate a slight increase in fibrinogen concentration 
in the substrate-exposed whole blood plasma on titania nanotube arrays 
compared to the control substrate.  

 

 

Table 5.2 Summary of results identifying a decrease in thrombogenic effects on 
titania nanotube arrays as compared to biomedical grade titanium after 2 
hours of contact with whole blood plasma.   
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success of these implantable devices.  The results presented here indicate a decrease in 

thrombogenic effects on titania nanotube arrays as compared to biomedical grade 

titanium after 2 hours of contact with whole blood plasma (See Table 5.2).  

Platelet/leukocyte adhesion, evaluated using fluorescence microscope images and the 

ImageJ software, indicate a significant decrease in the total number of platelets and 

leukocytes as well as the total cellular coverage on titania nanotube arrays as compared to 

the control substrate.  In addition, SEM images and enzyme immunoassays show limited 

surface-induced activation and morphology on both substrates, however identifying the 

leukocyte-induced activation of platelets present only on the control substrates.  A 

significant increase in contact activation was further identified on titania nanotube arrays, 

likely resulting from their increased surface area.  Enzyme immunoassays indicate 

slightly decreased levels of complement activation and a slightly increased degree of free 

fibrinogen expressed on titania nanotube arrays showing a decrease in surface induced 

fibrin clot formation.  These results suggest improved blood-compatibility of titania 

nanotube arrays, identifying this nanoarchitecture as a potential interface for promoting 

the long-term success of blood-contacting implants.  The results presented here identify a 

physiologically relevant representation of the thrombogenic effects of titania nanotube 

arrays, as whole blood plasma was used rather than platelet rich plasma.  Future studies 

are now directed towards understanding the effect of nanotube size on the immune 

response. 
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CHAPTER 6 

MODULATING IMMUNE RESPONSES ON TITANIA NANOTUBE ARRAYS 

 

6.1 Introduction 

For the 8-10% (20-25 million people) of Americans that have implanted 

biomedical devices, biomaterial failure and the need for revision surgery is a critical 

concern 1, 2.  In fact, the biggest shortcoming has been the lack of complete biointegration 

of materials 3, 4.  Biocompatibility can be defined as the ability of a material to coexist 

with natural tissue or organs without initiating harm.  The degree of biocompatibility may 

therefore be determined by characterizing the extent of an inflammatory reaction acting 

to neutralize or sequester the implanted biomedical device 5.  The physiological response 

to implanted biomaterials has been well documented, identifying a complex cascade of 

events, which often result in a foreign body reaction on the surface of the biomaterial and 

in the surrounding tissue 1.  The successful integration of long-term implantable devices 

is highly dependent on the early events of tissue/material interaction, either promoting 

fibrosis (foreign body reaction) or a wound healing response (extracellular matrix 

production and vasculature) 6.  Immediately following implantation, biomaterials initiate 

immunological events in the form of protein adsorption, followed by platelet 

adhesion/activation, which recruits immune cells (monocytes and neutrophils) to the site 

of injury through biochemical cues.  This inflammatory cell infiltration subsequently 

leads to acute and chronic inflammation, promoting additional cellular activation 

(monocyte differentiation into macrophages), apoptosis and intercellular communication 

(cytokine/chemokine).  This cascade of events perpetuates cellular infiltration and 
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activation (lymphocytes and fibroblasts) initiating granulocyte recruitment.  The resulting 

foreign body reaction (foreign body giant cells, FBGC) and fibrosis potentially leads to 

fibrous encapsulation and complete implant rejection 3, 4.  The cells required for healthy 

tissue regeneration are compromised through this adverse immune response, thus 

hindering the natural wound healing response and the long-term success of implantable 

biomedical devices such as intra-osseous implants 7, 8 and stent grafts 9, 10.  In order to 

better understand this critical stage in biomaterial integration, a great need exists for a 

more in-depth look at the mechanisms behind immune-biomaterial interactions.  

Titanium and titanium-based alloys have been the most widely utilized materials 

for use in implantable biomedical devices since the mid-1900s, when titanium was found 

to possess tissue-compatible properties 11, 12.  Clinical applications for these materials 

include dental 13, 14, craniofacial and prosthetic implants15-18, cardiovascular stents 19 and 

hard and soft tissue grafts 20.  The two main factors contributing to the widespread use of 

titanium in biomedical implants include their impressive mechanical and biocompatible 

properties 12, 21.  In addition, titanium reacts naturally with atmospheric oxygen to 

produce a passivating oxide layer on its surface, termed titania.  Protecting the non-toxic 

metal from environmental factors, titania creates a hard and scratch-resistant material 

surface, improves corrosion and wear resistance, enables a low coefficient of friction and 

provides a favorable biocompatible interface for tissue integration 17, 22.  Although 

titanium and titanium-based alloys are among the better choices for biomedical implants, 

to date, all long-term implanted biomaterials have the potential of initiating physiological 

events shown to promote poor tissue/material integration 3, 4. 
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The human body is composed of a hierarchy of biological structures from the 

smallest molecule to the largest tissue.  Therefore, when micro-scale cells interact with 

their macro-scale environment, they do so through countless nano-scale topographies, 

biochemical cues and protein interactions.  In fact, cells are in constant interaction with 

their surroundings, comprised of nano-scale subcellular structures including fibers, pits, 

pores and protrusions.  Thus, identifying a need for better understanding the effect of 

topographical (micro- and nano-scale) 23-26 or biochemical cues (biofunctional) 27, 28 on 

cellular functionality.  Recent technological advances have enabled the fabrication of 

nano-engineered biomaterial surfaces with the goal of providing relevant nanoscale cues.  

Studies have identified enhanced integration of various cell types on nanoparticles 29, 

nanofibers 30, 31, nanopores 32, 33, nanowires 34, 35, nanostructured hydrogels 36 and 

nanotube arrays 37, 38.  Of these nanotopographical fabrications, current research has 

correlated favorable cellular functionality with nanotube array interfaces.  Previous 

studies on titania nanotube arrays have demonstrated enhanced osseointegration 39, 40, 

improved endothelialization 41, altered hemocompatibility and thrombogenicity 42, 

preferential fibroblast orientation 43, increased dermal matrix deposition 43, 44 and 

selective behavioral responses of stem cells 45, 46.  In addition, the nanotube arrays can be 

filled with drugs such as antibiotics or growth factors to thwart infection and encourage 

tissue integration respectively, through a localized delivery of drugs 47, 48.  However, prior 

to the application of this promising nano-architecture in implantable devices, it is 

imperative to obtain a better understanding of the effect of the nanotube interface on the 

immune reaction.  
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The ability to modulate the immune reaction at the tissue/biomaterial interface is 

critical for the long-term success of implantable devices.  An evaluation of the immune 

response in vitro can be accurately represented through whole blood lysate, present in 

less than 1% of whole human blood.  This immune-rich portion of blood is mainly 

comprised of white blood cells (leukocytes) and platelets (thrombocytes), which play a 

fundamental role in the human immune response and the foreign body reaction (FBR), 

potentially leading to poor implant integration in vivo.  However, limited studies exist on 

interaction of immune cells with titania nanotube arrays.  Thus, in this study we have 

evaluated the effect of titania nanotube arrays (diameter: 170 nm, length: 1 µm) on the 

physiologically relevant whole human blood lysate, in order to better understand the 

mechanisms behind immune/nano-biomaterial interactions.  Immune cell viability, 

adhesion, proliferation, morphology, nitric oxide release and cytokine/chemokine 

expression were investigated after 2 hours, 2 and 7 days of culture using a cell viability 

assay, fluorescence microscope imaging, scanning electron microscopy (SEM), a Griess 

reagent kit and cytokine bead assays (CBA) on titania nanotube arrays as compared to 

biomedical grade titanium (control).  In order to promote the long-term health of tissue-

biomaterial integration, a reduction in adverse immune reactions is imperative.  

 

6.2 Experimental Methods 

6.2.1 Fabrication and Characterization of Titania Nanotube Arrays   

Titania nanotube arrays were fabricated using a simple anodization process, 

described in detail in chapter 2 49, 50.  Biomedical grade titanium (as-received, non-
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polished) surfaces were used as controls.  The nanotube architecture was examined for 

uniformity and repeatability using SEM imaging. 

 

6.2.2 Whole Human Blood Lysate Isolation 

 Whole human blood was acquired through venopuncture from healthy 

individuals.  Blood was drawn into standard 6 ml vacuum tubes coated with 

ethylenediaminetetraacetic acid (EDTA) for its anti-coagulant properties.  The first tube 

was discarded to account for the skin plug and locally activated platelets, resulting from 

the needle insertion.  Whole human blood was mixed with Gey’s balanced salt solution 

(150 mM of NH4Cl and 10 mM of KHCO3) at a ratio of 1:2 and placed into a 15 ml 

conical tube (See Figure 6.1).  The blood: Gey’s mixture was set onto a rocker plate for 

5-10 min at RT, to allow for the red blood cells (RBCs) to isotonically lyse.  The mixed 

vials were centrifuged at 300 g’s for 5 min at 4 °C, and the supernatant was discarded.  

The cell pellet was resuspended in 5 ml of Gey’s solution and immediately centrifuged at 

300 g’s for 5 min at 4 °C to lyse all remaining RBCs.  The supernatant was discarded.  

This was followed by washing the cell pellet (2×) by resuspension in Hanks Buffered Salt 

Solution (without Ca and Mg, Sigma) and centrifuged at 300 g’s for 5 min at 4 °C.  The 

supernatant was discarded after each wash.  The cell pellets from 3 vials were combined 

by resuspension in cold RPMI medium (Sigma) supplemented with 10% FBS and 1% 

penicillin/streptomycin.  The cell density was determined by trypan blue dye exclusion, 

using a hemocytometer.  Cell suspensions were further diluted in RPMI medium to obtain 

a concentration of 2×106 cells/ml.  Isolated cells were seeded within 4 hours of removal 

from the body. 
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Figure 6.1 Schematic of the isolation of whole human blood lysate. 
 

 

6.2.3 Incubation of Whole Blood Lysate on Titania Nanotube Arrays   

In order to evaluate the immune response in vivo, the cells were seeded on titania 

nanotube arrays and biomedical grade titanium (0.5 cm × 0.5 cm) in a 24-well plate.  

Prior to seeding, all substrates were sterilized by incubation in 70% ethanol for 30 min, 

washed (2×) with PBS, air dried and subjected to 30 min of uv exposure.  Immune cells 

were seeded at a density of 2×106 cells/ml.  The substrates were incubated at 37oC and 

5% CO2 in 500 µL of cell-rich media and investigated for viability, adhesion, 

proliferation, morphology, NO release, morphology and cytokine/chemokine expression 

after 2 hours, 2 and 7 days of culture.  Additional substrates were incubated with 2 µg/ml 

lipopolysaccharide (LPS from E. coli, Sigma) in cell- rich media, as a positive cellular 

control, in order to evaluate the effect of LPS on cell/nano-biomaterial interaction.  The 

substrates incubated in LPS enriched media were investigated for cytokine/chemokine 

production using CBA assays, performed by flow cytometry after 2 hours, 2 and 7 days 

of culture.  
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6.2.4 Viability of Whole Blood Lysate on Titania Nanotube Arrays 

Cellular viability was characterized using a commercially available Methylthiazol 

Tetrazolium (MTT) assay kit (Sigma) after 2 hours, 2 and 7 days of culture.  Prior to 

measuring the MTT activity, un-adhered cells were removed by aspirating the cell rich 

media from the substrates followed by two gentle rinses with PBS.  The substrates were 

then transferred to a new 24-well plate and the standard manufacturer protocol was 

followed.  In brief, the substrates were incubated in 10% MTT solution in PBS for 3 

hours and 45 min at 37oC and 5% CO2.  The resulting formazon crystals were disrupted 

by adding a mixture of 10% Triton-X in MTT solvent to each substrate in the amount 

equal to the incubated MTT solution in PBS. The absorbance of the solution was 

measured at a wavelength of 570 nm using a plate reader (BMG Labtech). The net 

absorbance was calculated by subtracting the background absorbance at a wavelength of 

690 nm to measure the amount of viable cells adhered on the substrates.  

 

6.2.5 Adhesion and Proliferation of Whole Blood Lysate on Titania Nanotube Arrays   

 Cellular adhesion and proliferation was characterized by fluorescently staining 

adhered cells with 5-chloromethylfluorescein diacetate (CellTracker green CMFDA, 

Invitrogen) live stain and 4’6-diamidino-2-phenylindole-dihydrochloride (DAPI, 

Invitrogen) nucleus stain after 2 hours, 2 and 7 days of culture.  Prior to staining, un-

adhered cells were removed by aspirating the cell rich media from the substrates followed 

by two gentle rinses with PBS.  The substrates were then transferred to a new 24-well 

plate and incubated with 3 µM CMFDA in PBS for 40 min at 37oC and 5% CO2.  They 

were then placed into warm RPMI medium and incubated for 30 min at 37oC and 5% 
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CO2.  The substrates were fixed in 3.7wt% formaldehyde in PBS for 15 min at RT, 

followed by 3 washes (5 min per wash) in PBS at RT.  Adhered cells were further 

permeabilized by incubation in 1% Triton-X in PBS for 3 min and rinsed in PBS.  The 

substrates were incubated in DAPI nuclear stain (300 nM) for 5 min at RT, rinsed in PBS 

and imaged with a fluorescence microscope (Zeiss) using 62 HE BP 474/28 green filter 

and 49 DAPI BP 445/50 blue filter.  The number of cells adhered on the substrates was 

determined by counting the number of stained nuclei from the DAPI fluorescence 

images. 

 

6.2.6 Cytoskeletal Organization of Whole Blood Lysate on Titania Nanotube Arrays 

Cytoskeletal organization was evaluated using fluorescence microscope imaging 

after 2 hours and 7 days of culture.  The same samples that were stained for DAPI were 

concurrently stained for F-actin with rhodamine-conjugated phalloidin (70 nM, 

Cytoskeleton Inc.).  Following permeabilization and prior to DAPI staining, substrates 

were incubated in rhodamine-conjugated phalloidin (70 nM) in PBS for 20 min at RT.  

The substrates were imaged with a fluorescence microscope using 62 HE BP 585/35 red 

filter.   

 

6.2.7 Morphology of Whole Blood Lysate on Titania Nanotube Arrays   

Cellular morphology was investigated using SEM imaging after 2 hours, 2 and 7 

days of culture.  Prior to imaging, un-adhered cells were removed by aspirating the cell 

rich media from the substrates followed by two gentle rinses with PBS.  The substrates 

were then transferred to a new well plate where the adhered cells were fixed and further 
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dehydrated on the substrate surface.  The cells were incubated in a solution of primary 

fixative (3% glutaraldehyde (Sigma), 0.1 M sodium cacodylate (Polysciences) and 0.1 M 

sucrose (Sigma)) for 45 min.  The substrates were then incubated in a secondary fixative 

(primary fixative without gluteraldehyde) for 10 min.  They were subsequently 

dehydrated by incubation in consecutive solutions of increasing ethanol concentrations 

(35%, 50%, 70% and 100%) for 10 min each.  Further dehydration was accomplished by 

incubating the substrates in hexamethyldisilazane (HMDS, Sigma) for 10 min.  They 

were then air dried and stored in a desiccator until further imaging with SEM.  The 

substrates were coated with a 10 nm layer of gold prior to imaging at 15 kV. 

 

6.2.8 Nitric Oxide Release on Titania Nanotube Arrays 

 The cell-released nitric oxide (NO) was detected using a commercially available 

Griess reagent kit (Biotium Inc.) after 2 hours, 2 and 7 days of culture.  The standard 

manufacturer protocol was followed.  In brief, substrate-exposed supernatant was 

incubated in a mixture of Griess reagent and DI water for 30 min at RT.  The samples 

were photometrically measured at a wavelength of 548 nm using a plate reader (BMG 

Labtech). The absorbance values quantified the effect of titania nanotube arrays on the 

degree of NO release.  

 

6.2.9 Cytokine and Chemokine Expression 

Human inflammatory cytokines/chemokines were detected using commercially 

available cytometric bead array (CBA, BD Biosciences) human plex flex sets after 2 

hours, 2 and 7 days of culture.  Human inflammatory cytokine/chemokine expression was 
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identified through the presence of TNF, IFN-γ, TGF-β1, MIP-1β, MCP-1, IL-1β, IL-6, 

IL-8, IL-10 and IL-12p70 on the substrates with and without LPS.  All immunoassays 

were run together.  The standard manufacturer protocol was followed.  In brief, substrate-

exposed supernatant was removed at the designated time points and stored at -80 °C until 

further testing by CBA analysis using flow cytometry.  Human flex set standards (×10), 

human soluble protein flex set capture beads (×100) and PE detection reagents (×100) 

were prepared as directed, such that each analyte was added as 1/10th of the final 

calculation.  The procedure was initiated by adding the standards and samples (100 µl) to 

capture beads (50 µl) in a 96-well plate.  The mixture was gently vortexed for 15 sec and 

incubated for 1 hour at RT.  Following incubation, PE detection reagent (50 µl) was 

added to each well.  The mixture was gently vortexed for 15 sec and incubated in a dark 

environment for 2 hours at RT.  The samples were washed by adding the manufacturer 

provided wash buffer (100 µl).  The well plates were centrifuged at 1040 rpm for 3 min 

to pelletize the cell/bead population in the supernatant.  The supernatant (200 µl) was 

gently discarded by aspiration, making sure not to disrupt the cell/bead pellet on the 

bottom of the wells.  Immediately following the resuspension of the cell/bead pellet in 

wash buffer (150 µl), the cell/bead-rich samples were transferred to flow tubes (VWR 

83009-678) and further tested by flow cytometry.  Data was acquired on a FACS Auto II 

bioanalyzer.  The standard samples were used to establish gated regions for the 

identification of each cytokine/chemokine.  The results were analyzed using FCAP Array 

Software and Microsoft Office Excel Data Analysis Software. 
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6.2.10 Statistical Analysis   

Each experiment was reconfirmed on at least three different substrates from at 

least three different blood populations (nmin = 9).  Further, all of the quantitative results 

were evaluated using an analysis of variance (ANOVA).  Statistical significance was 

considered at p < 0.05.  During the analysis, variances among each group were not 

assumed to be equal and a two sample t-test approach was utilized to test the significance 

between titania nanotube arrays and the control substrate.  This analysis was conducted 

using the Microsoft Office Excel Data Analysis Software. 

 

6.3 Results and Discussion 

Limited tissue-biomaterial integration and biomaterial failure often result from 

adverse immune responses in the form of a fibrous encapsulation, acting to wall off the 

implant from the natural tissue.  Recent studies have identified titania nanotube arrays as 

potential biomimetic, biocompatible and non-biodegradable interfaces for implantable 

devices; making this specific nanoarchitecture appealing for use in implants.  However, 

limited studies have investigated one of the most critical events in cell/nano-biomaterial 

integration, by evaluating the biomaterial generated immune response.  After only 2 

hours following implantation, monocytes and neutrophils adhere to the biomaterial 

surface and begin releasing factors of communication.  By day 2 however, adverse 

immune reactions are visible through immune cell activation, differentiation (monocytes 

to macrophages) and cytokine and chemokine expression, promoting additional cellular 

infiltration.  Between 7 and 10 days of incubation, the formation of fused cells (3+ 

nuclei) and FBGCs may be present on the biomaterial surface, leading to further fibrous 
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encapsulation and potential implant rejection.  Thus, in this study we have evaluated the 

short- and long-term cellular immune response on titania nanotube arrays as compared to 

biomedical grade titanium.   

Immobilized, vertically oriented and high aspect ratio nanotubes were fabricated after 24 

hours of anodization at 60 V on titanium substrates, as described elsewhere 39, 43, 50.  The 

nanotube architecture was examined for uniformity and repeatability using SEM imaging 

(See Figure 6.2).  The results indicate nanotube dimensions of approximately 170 nm in 

diameter and 1 µm in length.  Nanotube fabrication was performed using a simple 

anodization process, as previously described.   

 

 

 

Figure 6.2  Representative SEM images (5,000×, 20,000×, 50,000× magnification) 
showing the nanoarchitecture of titania nanotube arrays fabricated using 
an anodization technique.  Titania nanotube arrays were coated with a 10 
nm layer of gold and imaged at 15kV. 

 

 

The cell viability was characterized using a commercially available MTT assay 

kit after 2 hours, 2 and 7 days of culture (See Figure 6.3).  In this colorimetric assay, the 

mitochondrial succinate dehydrogenase, only present in metabolically active cells, 

convert methylthiazol tetrazolium into an insoluble form.  Spectrophotometric 
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measurements of the net absorbance were calculated to determine the concentration of 

viable cells on the substrates.  These results indicate a significant decrease in viable 

immune cells adhered on both substrates from 2 hours to 2 days of culture.  In addition, a 

significantly reduced amount of immune cells are present on titania nanotube arrays as 

compared to the control substrate at all time-points.  The results clearly indicate a 

significant decrease in both short- and long-term viability of immune cells on titania 

nanotube arrays as compared to the control substrate. 

 

 

Figure 6.3 Cellular viability measured using an MTT assay to identify adhered 
immune cells.  The results indicate a significant decrease in the number of 
adhered immune cells on titania nanotube arrays as compared to 
biomedical grade titanium.  (�,�,�,� ,uà p < 0.05) 

 
 
 
 

The immune response, initiated immediately upon implantation of a biomaterial, 

is elicited by cellular interactions at the biomaterial interface.  Thus, cellular adhesion 

and proliferation are key factors in determining the fate of a successful implant.  In this 

study, we have investigated the short- and long-term adhesion and proliferation of 
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immune cells on titania nanotube arrays using fluorescence microscope imaging of 

CMFDA live stain and DAPI nucleus stain, in order to better understand the 

immune/nano-biomaterial interaction (See Figure 6.4(a)).   

 

 

Figure 6.4 (a) Representative fluorescence microscope images of adhered monocytes, 
macrophages, neutrophils and foreign body giant cells (FBGC, 3 or more 
nuclei) stained with DAPI (nucleus) and CMFDA (cytoplasm) on titania 
nanotube arrays and biomedical grade titanium after 2 hours, 2 and 7 days 
of incubation in human whole blood lysate.  The images show a decrease 
in cellular adhesion, fusion and the formation of FBGCs (indicated by the 
circled regions) on titania nanotube arrays.  The scale bar represents 50 
µm.   

 

 

After only 2 hours of culture, fluorescence images identify small and unactivated 

monocytes and neutrophils adhered on both substrates.  Due to the lack of alteration in 

cell size and subsequent interaction with the material surface, it is immediately apparent 

that the adhered monocytes and neutrophils have not yet become activated or begun to 

differentiate.  Thus, the results show a decrease in adhered cells on titania nanotube 
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arrays as compared to the control substrate.  After 2 and 7 days of culture, results indicate 

a reduction in the number of adhered cells on both substrates.  These findings are likely 

the result of either the short lifespan of monocytes or premature cell death due to ex vivo 

conditions.  In addition, the adhered cells express heightened levels of activation after 2 

and 7 days of culture, as shown by increases in size.  However, when comparing the 

titania nanotube arrays and control substrates, a clear difference is apparent.  The results 

indicate a reduction in immune cell adhesion on titania nanotube arrays as compared to 

the control substrate.  This decrease in cell adhesion continues on titania nanotube arrays 

between days 2 and 7, further resulting in limited cell-cell interaction and minimal 

cellular elongation.  In contrast, images of the control substrates identify a substantial 

increase in cell-cell interaction and cellular elongation after 2 and 7 days of culture.  

Therefore, the monocytes adhered on the control substrates after only 2 hours of culture 

clearly morph into their activated counterpart, macrophages which exhibit increased 

diameter, more expansive integration and altered structure.  Images of the control 

substrates after 7 days of culture clearly identify cellular fusion and the production of 

foreign body giant cells (FBGCs).  The formation of FBGCs has been associated with the 

inability of macrophages to remove or destroy a biomaterial, which leads them to fuse in 

a gesture of “frustrated phagocytosis.”  Multiple nuclei are readily apparent within the 

cell conglomerates of FBGCs, identifying the first stages of fibrous encapsulation.  

Fluorescence images of titania nanotube arrays show a moderate initial adhesion 

followed by an extreme reduction in immune cell proliferation, while the control 

substrate promotes a strong immune cell adhesion early on, leading to FBGCs and an 

overall adverse immune response 51.  The total number of adhered cells was further 
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identified using the fluorescence images and the ImageJ software after 2 hours, 2 and 7 

days of culture (See Figure 6.4(b)).  The results show a significant reduction in cell 

count on titania nanotube arrays as compared to the control substrate after all time points.  

Thus, further identifying a vastly reduced short- and long-term immune response in terms 

of adhesion and proliferation on titania nanotube arrays as compared to the control 

substrate. 

 

 

Figure 6.4 (b) Cell count calculated using the fluorescence images and the ImageJ 
software.  The results indicate a significant decrease in the number of 
adhered immune cells on titania nanotube arrays as compared to 
biomedical grade titanium. 

 (�,�,�,� ,u à p < 0.05)   
 
 
 

Composed of microfilaments, microtubules and intermediate filaments, the 

cytoskeleton plays a quintessential role as the structural support within the cell membrane 

and acts as the barrier between the cellular components and the extracellular world.  

Cellular activation often perpetuates cytoskeletal reorganization, facilitating fundamental 

events such as cell division, motility, protein trafficking and secretion.  In addition, this 
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essential component enables cell-cell and cell-ECM communication.  Thus, the effect of 

titania nanotube arrays was characterized by cytoskeletal organization after 2 hours and 7 

days of culture using fluorescence microscope imaging by evaluating substrates stained 

with rhodamine-conjugated phalloidin (F-actin stain) (See Figure 6.5).   

 

 

 

Figure 6.5 Representative fluorescence microscope images of adhered monocytes, 
macrophages, neutrophils and foreign body giant cells (3 or more nuclei) 
stained with DAPI (nucleus) and rhodamine-conjugated phalloidin (actin, 
cytoskeleton) on titania nanotube arrays and biomedical grade titanium 
after 2 hours, 2 and 7 day of incubation in human whole blood lysate.  The 
images indicate a decrease in immune cell adhesion, activation and fusion 
on titania nanotube arrays.  The scale bar represents 50 µm. 

 

 

The results clearly show limited cellular activation and cytoskeletal reorganization after 2 

hours of culture on both substrates.  After 7 days of culture, fluorescence images identify 

extremely reduced adhesion, activation and cell-cell interaction on titania nanotube arrays 

as compared to the control substrates.  In addition, the cell-cell interaction occurring on 
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the control substrate shows immune cell fusion as seen by the interlinking of multiple cell 

cytoskeletons.  The formation of FBGC’s on the control substrates indicates the 

potentially adverse immune response elicited by biomedical grade titanium, unlike that 

seen on the titania nanotube arrays.  

Cellular morphology is a strong indicator of cell/biomaterial integration, and has 

therefore been evaluated by SEM imaging to better understand the immune response 

elicited by titania nanotube arrays (See Figure 6.6).   

 

 

 
Figure 6.6 Representative SEM images of adhered immune cells on titania nanotube 

arrays and biomedical grade titanium after 2 hours, 2 and 7 days of 
incubation in human whole blood lysate.  The substrates were coated with 
a 10 nm layer of gold and imaged at 15kV.  The images indicate 
constrained cellular morphology on titania nanotube arrays, while showing 
increased cell-substrate integration and cell-cell interaction leading to the 
formation of foreign body giant cells on biomedical grade titanium.  
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The results show reduced short-term immune cell adhesion and morphology on titania 

nanotube arrays, clearly identifying a limited initial immune reaction.  However, the high 

level of adhered immune cells on the control substrates show preliminary morphological 

changes of monocytes to macrophages, as seen by the cell structure from small round 

monocytes into the broader morphology of macrophages, by their greater cytoplasmic to 

nuclear area ratio.  The increased activation of immune cells on the control substrates is 

likely due to substrate elicited immune cell activation, promoting additional cell-material 

and cell-cell activation.  The results remain consistent after 2 and 7 days of culture where, 

even with the much reduced cell counts on both substrates, the trends of material 

interaction hold true.  Titania nanotube arrays appear to facilitate a lack of immune cell 

adhesion, activation, morphological changes and overall integration, therefore reducing 

any possibility of cell-cell fusion.  While the control substrates not only promote immune 

cell-biomaterial interaction, cellular activation (extreme morphological changes) and cell-

cell fusion, but also result in the formation of FBGCs, showing preemptive signs of 

fibrous encapsulation.  Thus, the specific nanotopography of the nanotube arrays directly 

correlates with a definitive reduction in initial immune cell adhesion and further cell-

material integration.  These traits are extremely promising for promoting the success of 

long-term implantable devices with a reduced immune response.  Cellular differentiation 

and activation were determined by the presence of cell extensions, heightened cellular 

size and structure, and cellular fusion 52.  

In an attempt to degrade or phagocytose the biomaterial, adherent macrophages 

and neutrophils release degradative enzymes including nitric oxide synthase (iNOS) that 

plays a fundamental role in the immune response..  This small molecule mediates a 
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variety of physiological processes including vasodilation, inflammation, thrombosis, 

immunity and neurotransmission, hypotension, intercellular communication and toxic 

defense against infectious organisms, as well as regulating the functional activity, growth 

and death of many immune and inflammatory cell types 53.  Thus, the presence of this 

molecule determines the level of healthy integration of regions surrounding the implant.  

A commercially available Griess reagent kit was used in this study to detect the degree of 

nitrate present in the supernatant after 2 hours, 2 and 7 days of culture (See Figure 6.7).   

 

 

Figure 6.7  Nitric oxide release was measure by a Griess reagent.  The results indicate 
a significant increase in long-term NO presence in substrate-exposed 
supernatant on titania nanotube arrays as compared to biomedical grade 
titanium.  (� ,�,�,■,� à p < 0.05) 

 

 

The Griess diazotization reaction provides a quantitative analysis of nitrate, through a 

simple conversion of sulfanilic acid to a diazonium salt by nitrite interaction.  Further 
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coupling of the diazonium salt to N-(1-naphthyl)etheylenediamine forms an azo dye, able 

to be spectrophotometrically detected at an absorbance of 548 nm.  The results indicate a 

significant increase in NO between 2 hours and 7 days of culture on both substrates.  In 

addition, the Griess reaction identifies a significant difference in NO released after 2 days 

of culture and a significant increase after 7 days of culture on titania nanotube arrays as 

compared to the control substrate.  Studies have identified a connection between the 

activation of iNOS with IFN-γ and TNF 54.  In addition, studies have shown that TGF-β, 

IL-4 and IL-10 provide inhibitory signals to iNOS 55, 56.  Due to the highly toxic effects of 

NO on cell functionality, the additional NO release seen on titania nanotube arrays may 

help to explain the reduced cellular proliferation and activation.   

Inflammatory and wound healing cells such as lymphocytes, monocytes, 

macrophages, neutrophils and fibroblasts release inflammatory cytokines (small proteins) 

and chemokines (low molecule cytokines) following cellular adhesion and activation (See 

Figure 6.8) 57.   

 

   

 
Figure 6.8  Schematic of various cell exocytosis and endocytosis of 

cytokine/chemokine processes.   
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This complex network of small proteins acts to modulate cellular interaction, infiltration, 

communication and behavior.  In time, additional activation and matrix formation 

perpetuates inflammatory or wound healing responses.  Cytokines bind to surface 

receptors, either promoting (pro-inflammatory) or impeding (anti-inflammatory) further 

intracellular function, intercellular communication and extracellular matrix (ECM) 

development.  Pro-inflammatory cytokines including interleukins (IL-1β, IL-6, TNFα) 

and interferons (IFN-γ) increase neutrophil production, stimulate lymphocyte 

proliferation and maturation, and promote inflammatory cytokine production.  However, 

anti-inflammatory cytokines such as IL-4, IL-10 and IL-13 function as inhibitors for 

cytokine production, often by blocking cell receptor binding.  Chemokines act to “chemo-

attract” additional inflammatory and wound healing cells to the site of inflammation.  

Chemokine action is recognized and therefore moderated by two subgroups of receptors, 

CC receptors (CCRs) and CXC receptors (CXCRs) which recognize CC chemokines 

(MIP-1β, MCP-1) and CXC chemokines (IL-8) respectively.  Through the presence of 

IL-8, for instance, neutrophils are drawn to the site of inflammation, while granule 

exocytosis is induced along with respiratory bursts that promote wound healing.  

Monocyte chemotactic proteins (MCP) and monocyte inflammatory proteins (MIP) 

attract immune cells including monocytes, leukocytes, basophils and/or eosinophils.  

Interferon (IFN-γ) and lipopolysaccharides (LPS) occur as the result of classically 

activated macrophages.  These proteins act to produce NO, inhibit anti-inflammatory 

cytokines (IL-10), down-regulate mannose receptors and up-regulate pro-inflammatory 

cytokines (IL-1, IL-6, and TNF).  In addition, an alternative path of macrophage 

activation by IL-4 and IL-13 cyokines plays a role in humoral immunity and repair.  This 
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pathway acts to inhibit pro-inflammatory cytokines (IL-1, IL-6, and TNF), adjust 

chemokine expression, up-regulate mannose receptors and stimulate cytokine production 

(IL-10, IL-1ra).  Thus, cytokines and chemokines are key factors in evaluating cellular 

activation and communication. 

In this study, cellular expression was evaluated through the presence of cytokines 

and chemokines; known to affect specific functions within the inflammatory or wound 

healing processes including TNF, IFN-γ, TGF-β1, MIP-1β, MCP-1, IL-1β, IL-6, IL-8, IL-

10 and IL-12p70 after 2 hours, 2 and 7 days of culture (See Figure 6.9).  The results 

identify cytokine activity of TNF, TGF-β1, MIP-1β and IL-8 after 2 hours of culture.  

Equivalent cytokine expression is shown on both substrates.  The results show increased 

levels of cytokine expression of TNF, TGF-β1, MIP-1β, MCP-1, IL-1β, IL-6, IL-8 and 

IL-10 after 2 days of culture.  Adhered immune cells show significant differences in the 

up regulation of TNF and IL-10 expression, while significantly deregulated of MIP-1β, 

MCP-1, IL-1β, IL-6 and IL-8 expression is present on titania nanotube arrays as 

compared to the control substrate.  These findings identify the cellular attempt to reduce 

the immune response by the activation of the anti-inflammatory cytokine, IL-10 on both 

substrates.  Further, the results identify the cytokine activity of TGF-β1, MIP-1β, MCP-1, 

IL-6 and IL-8 after 7 days of culture.  TGF-β1, known for its profibrotic properties and 

its ability to actively suppress inflammation, is consistently expressed at all time points.  

This is likely due to the fact that TGF does not differentiate between its latent and active 

states.  However, only in its active form does TGF bind to its receptor.  Therefore, our 

results indicate the presence of TGF-β1 and do not determine its level of activation.  In 

addition, TNF plays a large role in expanding the network of inflammatory cytokines.  
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Figure 6.9 Cytokine/chemokine expression was identified using a CBA assay and 
flow cytometry.  The results identify the presence of 10 different 
cytokines/chemokines including IL-1β, IL-6, IL-8, IL-10, IL-12p70, TNF, 
TGF-β1, IFN-γ, MCP-1 and MIP-1β.  The long-term results after 2 and 7 
days of incubation in human whole blood lysate show significant 
reductions in protein expression on titania nanotube arrays as compared to 

biomedical grade titanium.  (■,⦿,〇,✜,★,✪ à p < 0.05)   

 

 

This cytokine shows a significantly decreased expression on both substrates between 2 

hours and 2 days, indicating a reduced inflammatory response.  The results show 

significant decreases in IL-6 and IL-8 expression on titania nanotube arrays as compared 

to the control substrate.  Further indicating a significant reduction in the long-term 

expression of the pro-inflammatory cytokines and chemokines on titania nanotube arrays 

as compared to the control substrate.  Thus, the results clearly confirm a reduction in 

immune responses on titania nanotube arrays (See Table 6.1(a) and (b)).  Located on the 

outer membrane of gram-negative bacteria, LPS has been widely attributed to activating 

the immune response 58, 59.  Thus, LPS was utilized as a positive control in determining 

its effect on immune cell activation in conjunction with titania nanotube arrays after 2 

hours, 2 and 7 day of culture (See Figure 6.10).  As expected, the results show an 

unmistakable increase in cytokine expression on titania nanotube arrays with the presence 

of LPS (See Table 6.2).  Therefore, indicating that this factor contributes to increased 

immune cell functionality. 
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Table 6.1 (a and b) Summary of CBA results on titania nanotube arrays as compared 

to the control substrates after 2 hours, 2 and 7 days of culture.  The results 
identify a decrease in long-term cytokine/chemokine expression on titania 
nanotube arrays as compared to the control substrates after 2 and 7 days of 
incubation in human whole blood lysate. (* à p < 0.05) 

 
 

(a) 

 

 

(b) 
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Figure 6.10 Cytokine/chemokine expression was identified using a CBA assay and 
flow cytometry.  Human whole blood lysate incubated in RPMI medium 
with and without LPS tested for cytokine/chemokine expression after 2 
hours, 2 and 7 days of incubation in human whole blood lysate on titania 
nanotube arrays as compared to the biomedical grade titanium.  The 
results indicate altered short- and long-term cytokine/chemokine 
expression with the addition of LPS positive medium.  

(u,�,■,�,� ,�,� ,�,� à p < 0.05) 

 

 

Table 6.2 Summary of CBA results for LPS positive samples on titania nanotube 
arrays as compared to the control substrate after 2 hours, 2 and 7 days of 
incubation in human whole blood lysate.  (∗ à p <0.05) 

 

 

 

 

6.4 Conclusion 

 The ability to modulate the adverse immune response of implantable biomedical 

devices will prove to be implemental in the success of long-term implants.  The results 

presented here indicate a reduced immune reaction on titania nanotube arrays as 

compared to biomedical grade titanium after 2 hours, 2 and 7 days of culture with whole 

human blood lysate.  MTT assays and fluorescence microscope images show 

significantly decreased cell viability and count after all time points on titania nanotube 
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arrays as compared to the control substrates.  Short- and long-term monocyte, 

macrophage and neutrophil adhesion and proliferation evaluated by fluorescence 

microscope images indicate a reduction in cellular adhesion, proliferation and 

cytoskeletal reorganization on titania nanotube arrays.  After 7 days of culture, 

fluorescence images identify extreme elongation and the formation of FBGCs on the 

control substrate, absent on titania nanotube arrays.  In addition, SEM images identify a 

lack of cell-surface and cell-cell interaction on titania nanotube arrays, while prevalent on 

the control substrate.  A Griess reaction kit shows significantly increased amounts of NO 

present on the nanotube arrays.  Long-term cytokine and chemokine expression are 

shown to be significantly increased for MIP-1β, MCP-1, IL-6 and IL-8 on the control 

substrates, likely resulting from the cellular fusion and overall increased activation on the 

biomedical grade titanium substrates.  These results suggest the improved 

biocompatibility of titania nanotube arrays, identifying this specific nanoarchitecture as a 

potential interface for promoting the short- and long-term success of implantable 

biomedical devices.  The results presented here identify a physiologically relevant 

representation of the immune response on titania nanotube arrays, as whole human blood 

lysate includes a cell population similar to that of in vivo immune responses.   
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CHAPTER 7 

CONCLUSIONS AND DIRECTION OF FUTURE WORK 

 

7.1 Conclusions 

The rejection of biomedical implants is a critical concern affecting up to 10% of 

these devices, resulting in the agony and cost of revision surgery.  Transcutaneous intra-

osseous implantable devices (amputee prosthesis) are in constant interaction with the 

bone, blood and skin at the biomaterial (titanium and titanium alloys) interface.  Poor 

implant integration and further failure of these devices often results from the lack of skin 

integration, unfavorable blood interactions, thrombosis and detrimental immune 

reactions.  Thus, the ability to modulate the natural physiological response to titanium 

surfaces in terms of skin integration, optimal hemocompatibility, decreased thrombosis 

and immune reaction will contribute substantially to the long-term success of these 

implantable devices.  Recently, there has been an increased interest in exploring 

nanoscale surface topographies as biomimetic interfaces for implantable devices.  Several 

studies have reported favorable cellular response to such nanoscale topographies.  

However, very few studies document the skin, blood and immune response to nanoscale 

architectures.  The simple fabrication, physiologically relevant nano-architecture, 

improved osseointegration and the capability for localized drug delivery identify titania 

nanotube arrays as promising interfaces for implantable biomedical devices.   

In this study, titania nanotube arrays were specifically evaluated for their potential 

application as interfaces for transcutaneous implantable devices.  This work reports on 

the effect of uniform, immobilized, vertically oriented and high aspect ratio titania 
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nanotube arrays (diameter 70-170 nm and length 1-1.5 µm) on skin cell functionality, 

hemocompatibility, thrombogenicity and the immune response.   The titania nanotube 

arrays were fabricated using a simple anodization process.  Material surface 

characteristics including morphology, nano-architecture, crystallinity, hydrophobicity, 

hardness and its ability to withstand surface delamination were evaluated using SEM, 

AFM, XRD, contact angle, nano-indentation and micro-scratch testing respectively.  The 

results identify a hydrophilic nano-architecture composed of two crystalline phases 

(anatase and rutile).  These characteristics enable improved cellular integration, 

additional surface area and structural stability on the interface.  In addition, these 

interfaces provide a reduced scratch resistance and hardness comparable to that of 

biomedical grade titanium, evidencing a surface with appropriate mechanical properties 

for soft tissue interface. 

Skin cell functionality for human epidermal keratinocytes (HEK) and human 

dermal fibroblasts (HDF) was investigated in terms of adhesion, proliferation, 

orientation, viability, cytoskeletal organization, differentiation and morphology.  Cellular 

functionality was investigated for up to 4 days of culture using fluorescence microscope 

imaging, a cell viability assay, indirect immunofluorescence and scanning electron 

microscopy.  The results reported in this study indicate increased dermal fibroblast and 

decreased epidermal keratinocyte adhesion, proliferation and differentiation on titania 

nanotube arrays.  Thus, the nanotube architecture provides a favorable template for the 

growth and maintenance of dermal fibroblasts while preventing differentiation of 

epidermal keratinocytes.  Such cellular behavior is extremely important for inducing 

fibroblast matrix formation, enabling quick healing and wound closure after device 
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implantation. This will enable primary integration between the dermis and the 

transcutaneous implantable device, followed by secondary epidermal integration based on 

subsequent cell signaling and cell-cell attachment.   

The hemocompatibility of titania nanotube arrays was investigated through the 

adsorption of key blood serum proteins (albumin, fibrinogen and immunoglobulin-g), 

platelet adhesion and activation and the clotting kinetics of whole human blood.  Protein 

adsorption was evaluated using micro-BCA and XPS.  The adhesion and activation of 

human platelets, isolated from whole human blood, were investigated using live-cell 

staining, MTT assay and SEM imaging.  The clotting kinetics of whole human blood was 

evaluated by measuring the free hemoglobin concentration and further imaging by SEM 

to visualize the clot formation.  The results identify comparable whole blood clotting 

kinetics, and increased blood serum protein adsorption, platelet adhesion and activation.  

This evidences an altered hemocompatibility on titania nanotube arrays. 

The thrombogenicity of titania nanotube arrays was investigated by incubation in 

whole human plasma.  Thus, platelet/leukocyte adhesion, activation and interaction, 

morphology, complement activation, contact activation, platelet release reaction, 

fibrinogen expression and material cytotoxicity were evaluated to determine the in vitro 

thrombogenicity.  Platelet/leukocyte adhesion, evaluated using fluorescence microscope 

images, indicates a significant decrease in the total number of platelets and leukocytes as 

well as the total cellular coverage on titania nanotube arrays.  In addition, SEM images 

and enzyme immunoassays show limited surface-induced activation and morphology on 

titania nanotube arrays.  A significant increase in contact activation was further identified 

on titania nanotube arrays, likely resulting from their increased surface area.  Enzyme 
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immunoassays indicate slightly decreased levels of complement activation and a slightly 

increased degree of free fibrinogen expressed on titania nanotube arrays, showing a 

decrease in surface induced fibrin clot formation.  These results suggest improved blood-

compatibility of titania nanotube arrays, identifying this nanoarchitecture as a potential 

interface for promoting the long-term success of blood-contacting implants.  The results 

presented here indicate a decrease in thrombogenic effects with the use of titania 

nanotube arrays as compared to biomedical grade titanium after 2 hours of contact with 

whole blood plasma.   

The short- and long-term immune response with titania nanotube arrays was 

evaluated by incubation in whole blood lysate after 2 hours, 2 and 7 days.  The results 

presented here identify a physiologically relevant representation of the immune response 

on titania nanotube arrays, as whole human blood lysate includes a cell population similar 

to that of in vivo immune responses.  Immune cell functionality was evaluated by cellular 

adhesion, proliferation, viability, morphology, nitric oxide release and cytokine / 

chemokine expression with and without LPS.  Short- and long-term monocyte, 

macrophage and neutrophil viability, adhesion and proliferation, as shown by an MTT 

assay and fluorescence microscope images, show a reduction in cell/nano-biomaterial 

interaction on titania nanotube arrays.  After 7 days of culture, fluorescence microscope 

and SEM images identify extreme elongation and the formation of FBGCs on biomedical 

grade titanium, substantially absent on titania nanotube arrays.  A Griess reaction shows 

significantly increased amounts of NO present on the nanotube arrays.  Long-term 

cytokine and chemokine expression are shown to be significantly increased for MIP-1β, 

MCP-1, IL-6 and IL-8 on the control substrates, likely resulting from the cellular fusion 
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and overall increased activation on the biomedical grade titanium substrates.  These 

results indicate a decrease in short- and long-term monocyte, macrophage and neutrophil 

functionality, further identifying a reduced immune response on titania nanotube arrays.  

The results of this work suggest the improved biocompatibility of titania nanotube 

arrays.  The findings indicate enhanced dermal matrix production, altered 

hemocompatibility, reduced thrombogenicity and a deterred immune response on this 

specific nanoarchitecture.  This evidences promising implications with respect to the use 

of titania nanotube arrays as beneficial interfaces for the successful implantation of 

biomedical devices. 

 

7.2 Future Work 

The simple fabrication, physiologically relevant architecture, strong mechanical 

properties and promising cellular interactions identify titania nanotube arrays as 

advantageous interfaces for implantable biomedical devices.  There is a precise 

correlation between the anodization voltage and nanotube pore size, thus by varying the 

voltage and anodization time, nanotubes with different diameters and lengths can be 

fabricated.  The cellular response may be tuned and optimized by varying the size 

parameters of titania nanotube arrays.  Further studies will be targeted towards 

understanding the effects of altered anodization processes on structural and mechanical 

nanotube characteristics.  In addition, future research will focus on evaluating the effects 

of these modified anodization parameters such as variable nanotube dimensions and 

altered mechanical properties on cellular functionality.  The ability to modulate the 
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natural protein and cellular interactions with the implantable biomedical devices will 

prove to be implemental in the success of long-term implants.   

Implications of this work, and the potential for titania nanotube arrays as 

interfaces for use in implantable devices, will require the development of mathematical 

models and in vivo studies.  Mathematical models will enable consistent, situation 

specific answers to fundamental questions of the long-term ability to produce viable 

tissue/nano-biomaterial integration.  In vivo studies will investigate the long-term effect 

of titania nanotube arrays on healthy tissue development including vascularization and 

ECM production as opposed to adverse physiological effects such as thrombosis, the 

release of super oxides and dense fibrous encapsulation.  In addition, further investigation 

will be necessary regarding biomolecular modifications and localized drug delivery to 

enhance the long-term use of implantable biomedical devices.  This future research will 

provide answers to fundamental questions regarding the long-term functionality of titania 

nanotube arrays in highly representative scenarios.  Future research will help direct the 

use of these interfaces for appropriate clinical applications. 

 

 

 




