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ABSTRACT 
The purpose of this master’s thesis was to, by the use of nanotechnology, improve material 

properties of the biomedical polymer Optim™, used as the insulation of pacemaker leads. 

Improved material properties are required to reduce the extent of fibrous encapsulation of the 

leads. Today, laser ablation is used to be able to remove the pacemaker lead because of the 

fibrous tissue, which can cause the lead to adhere to vascular structures. Consequently, the 

laser ablation results in risks of damaging cardiovascular structures. Moreover, improved 

material properties are needed to reduce the friction at the surface and enhance the wear 

resistance. Large wearing occurs between the lead and the titanium pacemaker shell as well as 

lead against lead and the wearing can result in a damaged insulation, which in turn might 

result in removal of the device. 

 

To achieve these improved material properties a hierarchically micro- and nanostructured and 

superhydrophobic surface was fabricated and to enhance the wear resistance, nanocomposites 

with 1 wt % and 5 wt % added hydroxyapatite nanoparticles were fabricated. The surface 

structures were fabricated via hot embossing and plasma treatment and were characterised 

with atomic force microscopy, environment scanning electron microscopy and with contact 

angle measurements. To evaluate the biological response to the surfaces, adsorption of 

radioisotope labelled human serum albumin proteins and adhesion of the human fibroblast 

cell line MRC-5 were studied. 

 

The results show that a superhydrophobic surface, with contact angle as high as 170.0 ± 0.4 °, 

can be fabricated via hierarchically micro- and nanostructures on an Optim™ surface. The 

fabricated surface is more protein resistant and cell resistant compared to a smooth surface. 

The nanocomposites fabricated, especially the one with 5 wt % nanoparticles added, show an 

enhanced abrasive wear resistance compared to Optim™ without added nanoparticles. In 

conclusion, a hierarchically micro- and nanostructured superhydrophobic surface of the 

pacemaker lead seems promising for reducing the extent of fibrous encapsulation and by 

fabricating a nanocomposite, the abrasive wear damage of the lead insulation can be reduced. 
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ABBREVIATIONS 
ACNT aligned carbon nanotubes 

ADP adenosine diphosphate 

AFM atomic force microscopy 

BHK baby hamster kidney 

CA contact angle 

CAH contact angle hysteresis 

CNT carbon nanotubes 

CPM counts per minute 

DMSO dimethyl sulfoxide 

ESEM environmental scanning electron microscopy 

HA hydroxyapatite 

HSA human serum albumin 

ICD implantable cardioverter defibrillator 

ICP inductively coupled plasma 

MWNT multi-walled carbon nanotubes 

n-HA nano-hydroxyapatite 

PBS phosphate buffered saline 

PCU poly(carbonate urethane) 

PDMS poly(dimethylsiloxane) 

PU polyurethane 

RF radio frequency 

RIA radioimmunoassay 

RIE  reactive ion etching 

RMS root mean square 

SA sliding angle 

sccm standard cubic centimetre per minute 

SEM scanning electron microscopy 

SR silicone rubber 

VB veronal buffer 

VTES vinyltriethoxysilane 
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1 INTRODUCTION 

1.1 Background 
Nanotechnology offers the potential to greatly improve materials used in medicine. This 

master’s thesis will review relevant aspects of nanotechnology, with an emphasis on how the 

material of the insulation of the pacemaker lead can be improved. The improvements concern 

reducing tissue ingrowth and coagulation as well as enhancing the abrasive wear resistance 

and reducing surface friction.  

 

The pacemaker lead, which is located transvenously through the left subclavian vein [1], 

becomes encapsulated with fibrous tissue after a period of use. Initially, a thrombus forms 

around parts of the lead. The thrombus then develops into fibrosis. The fibrosis can also 

calcify, which means an additional strengthening, especially for leads implanted for more than 

2-3 years. The fibrous tissue can then cause the lead to adhere to vascular structures. This 

fibrous tissue can cause complications when removing the lead, due to the large risk of 

damaging the cardiovascular structures [2]. To avoid such complications, improved surface 

structures and functionalities are required. Another factor influencing lifetime of the 

pacemaker lead is the abrasive damage caused by wear between the lead and the pacemaker 

shell as well as lead against lead. This means that an enhanced wear resistance and reduced 

friction at the surface is required. 

1.2 Aim 
The aim of this master’s thesis is to improve material properties of the insulation for the 

pacemaker lead, with the use of nanotechnology. Today, there are problems with tissue 

ingrowth and coagulation on the insulator surface. This makes it difficult to remove after a 

period of use, and sometimes laser ablation is used to release the lead. Therefore, a surface 

structure that reduces the extent of fibrous tissue encapsulation is desired. Such surface 

structure should also have a low protein adsorption, low cell adhesion and minimised 

coagulation. The insulation is also subjected to wear damage, both wear against the insulation 

itself, when the lead is looped to shorten, and against the pacemaker shell. Therefore, an 

enhanced wear resistance and a reduced friction at the surface are desired. 

 

A further aim is, by a literature study, to take a broad look at nanotechnology and how 

nanotechnology can be used to improve biological and mechanical properties in medical 
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applications. This includes properties such as reduced friction, enhanced wear resistance, 

reduced tissue ingrowth and minimised coagulation. 

2 THEORY 

2.1 Nanotechnology 
Nanotechnology can be defined as the science and engineering involved in the design, 

characterisation, synthesis and application of materials and devices at the nanometre scale [3, 

4]. The prefix nano derives from the Greek, meaning dwarf. One nanometre is equal to one-

billionth of a metre or 10-9 m. The nanometre scale is defined as 1-100 nm. Nanotechnology is 

a multidisciplinary field, involving engineering, physics, chemistry and biology [4]. 

Nanomaterials are characterised in one, two or three dimensions leading to, for example, 

surface coatings, nanotubes or quantum dots respectively. Material properties no longer obey 

classical laws of physics when the nanoscale is entered. Instead it is the quantum mechanical 

nature of physics that rules [5]. 

2.1.1 Nanotechnology in Medical Technology 
Nanoscale devices are a 100 - 10 000 times smaller than human cells and are comparable in 

size to large biological molecules such as enzymes and receptors. As a consequence, 

nanoscale devices can interact with both the surface and the inside of cells and thus have the 

possibility to detect diseases and deliver medical treatment in a previously unknown way [3]. 

Nanotechnology can offer many medical applications such as cancer treatment by attacking 

the tumour, diabetes treatment, medical implants, dental implants, contrast-enhancing agents 

for magnetic resonance imaging, wound dressings and scaffolds for tissue engineering [3, 5]. 

2.2 Pacemaker 
A pacemaker is a device that uses electrical impulses to regulate the rhythms of the heart. The 

pacemaker is needed both if the hearts beats too slowly or irregularly [6]. Most pacemakers 

are implanted in patients older than 60 years [1]. Elderly people often need the device due to 

reduced capacity of the cardiac electrical pathways and children may need the device due to 

an inherent cardiac defect. In Sweden there are about 40 000 persons living with an implanted 

pacemaker [6]. 

 

The condition that results in the implantation of a pacemaker is a condition called bradycardia 

or bradyarrhythmia, meaning that the heart beats too slowly. The two most common causes of 
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bradycardia are diseases of the sinoatrial node, the heart’s natural pacemaker, leading to the 

sick sinus syndrome or other problems with the electrical conduction system of the heart 

leading to heart block. Due to both these diseases, the heart can beat too slowly occasionally 

or all the time. This leads to that the heart may not pump as much blood as necessary to the 

brain, which can cause feelings of light-headedness and sometimes also fainting. Another 

condition called tachycardia, meaning the heart beats too fast, often results in the implantation 

of a device working very similar to the pacemaker, an implantable cardioverter defibrillator 

(ICD). The ICD works by delivering pacing pulses or defibrillation therapy when necessary. 

When the device is not needed, it just monitors the heart without delivering electrical therapy. 

Tachycardia can also be treated with medication or surgery [7]. 

 

The pacemaker is a system of interconnected components consisting of (1) a titanium pulse 

generator, which includes a power source and electric circuits to initiate the electric stimulus 

and to sense the normal activity of the heart, (2) two leads, leading the electric stimulus from 

the pulse generator to the heart muscle and with an electrode at the distal end of each lead and 

(3) a tissue interface between the electrode and adjacent stimulatable myocardial cells [1]. See 

figure 1 for an illustration. 

 
Figure 1. Illustration of how the pacemaker is implanted. Modified from [6]. 

 

The pacemaker is powered by lithium-iodine batteries, with the same capacity as cell phone 

batteries. The pacemaker battery lasts for 7-10 years, before the whole pacemaker is replaced 

[6]. 
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The surgical operation is relatively uncomplicated. The pacemaker can is implanted just under 

the skin below the collar bone, and the electrodes threaded transvenously through the left 

subclavian vein with the electrodes terminating at the inside surface of the heart. The tips of 

the electrodes are normally placed within the right atrium and right ventricle, as shown in 

figure 1 [1]. The operation is performed with local anesthesia and the patient can go home the 

same day the operation is performed [6]. 

 

There are two types of fixation of the electrode to the inside heart surface, active or passive 

fixation (figure 2). In the active fixation, the electrode is designed to achieve immediate 

fixation to the myocardium at implantation with help of a screw, which can both be fixed or 

retractable. In the passive fixation, there are additions of projecting tines and fins in the region 

of the electrode tip [1]. 
 

(a)  (b)  

Figure 2. Fixation of the electrode to the inside surface of the heart, (a) active fixation and (b) passive fixation. 

Modified from [8]. 

 

At the tip of the electrode, a local, slow release of steroid drugs can be done to reduce the 

amount of fibrous tissue between the tip of the electrode and the heart muscle. The fibrous 

tissue is undesirable because it is an unexcitable tissue, which increases the strength of the 

threshold pacing stimulus required to initiate the depolarisation [1]. 

 

The electrode can either be unipolar or bipolar (figure 3). Most currently implanted 

pacemakers are bipolar, meaning that they have two stimulating electrodes, both a cathode 

and an anode at the distal end of the lead. The older leads are usually unipolar and thus only 
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have one stimulating electrode, the distal stimulating electrode is a cathode and the pulse 

generator is the anode [1, 9]. 
 

 
Figure 3.  An unipolar and a bipolar electrode. Figure modified from [8]. 

 

2.2.1 Extraction of the Pacemaker Lead 
Cardiac pacemakers are often referred to as permanent, although the pulse generator, 

containing the circuitry and the battery, has to be replaced periodically. The leads were in 

1960s and 1970s expected to last for the life of the patient, due to the relatively short lifetime 

expectancy. Today, advances in pulse generator circuitry, implantable batteries and lead 

technology together with that the population is skewed to the elderly, the expectation for the 

pacemaker to last the lifetime of the patient is no longer realistic [10]. 

 

There are several lead-related complications requiring in lead removal, such as infection of 

any component of the system (which requires removal of all prosthetic materials to achieve a 

long-term cure), dysfunction or obstruction of vascular structures, insulation damage or lead 

migration. Also the need to upgrade the existing pacemaker technology may result in lead 

extraction [2, 11, 12]. 

 

The transvenous pacemaker lead becomes encapsulated with fibrous tissue after a period of 

use (figure 4). Initially, thrombus forms around parts of the lead. The thrombus then starts to 

fibrose in the areas that are in contact with the vascular wall or the endocardium. Fibrosis is 

mostly developed at locations such as the venous entry site, the entry curve into the superior 

vena cava and the distal region of the lead. The fibrosis can then calcify, which means an 

additional strengthening of the already strong fibrous matrix, especially for leads more than 2 

to 3 years old. This matrix can then cause the lead to adhere to the vascular structure. This 

results in the largest risk, during the removal of the lead. The main goal of all lead extraction 

technologies is to minimise the risk of damaging the cardiovascular structures, while 
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removing the lead from the fibrous matrix [2]. The amount of fibrous encapsulation seems to 

depend on interactions between; degree of mechanical trauma, the level of friction between 

the lead and surrounding tissues, material composition, surface characteristics of the material 

and host inflammatory response [12]. 
 

 
Figure 4. Fibrous encapsulation of an extracted lead. [2] 

 

One of the most effective techniques to remove the pacing leads is with the use of sheaths 

powered by an ablative energy source, such as laser. A ring of laser energy ablates contacted 

tissue around the circumference of the lead, figure 5. The laser energy is delivered by a 

circumferential zone of optic fibres that run along the sheath and is terminated at its end. The 

laser beam vaporises the water molecules, which in turn disrupts the fibrous tissue and allows 

the sheath to pass through the fibrous tissue, separating the lead from the encapsulation [2]. 
 

 
Figure 5. A laser-assisted ablative extraction sheath. [2] 

 

2.3 Polymers 
A polymer is a macromolecule composed of repeating monomer units. The word polymer 

derives from the Greek, poly meaning many and meros meaning parts. Polymers are chain-

like molecules built by joining many monomer units through chemical bonding [13]. 
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Polymers correspond to the largest class of materials used for biomedical applications. 

Polymers can either be derived from natural sources or from synthetic processes. Synthetic 

polymers range from the typically hydrophobic silicone rubber, polyethylene, poly (ethylene 

terephthalate), polytetrefluoroethylene and poly(methyl methacrylate) to the more hydrophilic 

types such as poly(vinyl chloride) and nylons to water-swelling materials such as 

poly(hydroxyethyl methacrylate) and water-soluble materials such as poly(ethylene glycol). 

Natural polymers relevant as biomaterials include materials such as cellulose, natural rubber, 

collagen, heparin, glycosaminoglycans, hyaluronic acid and deoxyribonucleic acid. Some 

polymers degrade in vivo while others remain unchanged for the lifetime of the patient [1]. 

 

Preparation of synthetic polymers can be divided into two categories: addition polymerisation 

and condensation polymerisation. In addition polymerisation, an unsaturated monomer reacts 

with an initiator, such as a free radical, which opens the double bond of the monomer thus 

presenting another initiation site on the opposite side of the monomer for continuing 

propagation of the polymer chain. Termination of the reaction occurs when reacting with 

another radical, solvent molecule or an added chain transfer agent. In condensation 

polymerisation, two monomers react to form a covalent bond accompanied by elimination of 

a small molecule such as water, carbon dioxide or methanol. The reaction terminates when 

one of the reactants is completely consumed [1].  

 

Polymers can be classified in several ways. The polymers can either be linear or branched. 

Polymers can be homopolymers with one type of repeat unit or copolymers with two or more 

types of repeat units. Copolymers can be divided in four different types: alternating 

monomers, random monomers, block copolymers and grafted copolymers [13]. Polymers can 

either be amorphous or semicrystalline, although they can never be completely crystalline 

because of lattice defects that form amorphous regions [1]. 

 

Polymers can also be classified according to their mechanical or thermal behaviour. 

Thermoplastics are composed of long chains, which may have branches. Thermoplastics are 

produced by joining together monomers and they behave in plastic manner. There are weak 

van der Waals bonds between different chains. Thermoplastic polymers can be amorphous or 

crystalline. Upon heating, thermoplastics soften and melt. They can be processed into 

different shapes by heating and they are easily recycled. Thermosetting polymers on the other 

hand are composed of long chains, which are strongly cross-linked, and form three-
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dimensional networks. Thermosets are generally stronger, but more brittle, than 

thermoplastics. Thermosets decompose upon heating and are thus not recyclable. Elastomers 

are known as rubbers and have an elastic deformation larger than 200 %. Elastomers may be 

either thermoplastics or thermosets. Thermoplastic elastomers can be processed like 

thermoplastics and have an elastic behaviour like elastomers [13].  

 

Tensile properties of polymers can be characterised by their deformation behaviour, i.e. their 

stress-strain response (figure 6). 

 

 
Figure 6. Schematic tensile properties of polymers. 

 

Amorphous and rubbery polymers are soft and reversibly extensible, which implies a low 

modulus or stiffness. Semicrystalline polymers have a higher modulus compared to 

amorphous polymers and have thereby a lower capacity of extension. When polymers are 

subjected to repeated cycles of stress and release they eventually fail after a certain number of 

cycles, in a process known as fatigue. The number of cycles until failure decreases with 

increasing applied stress (figure 7) [1]. 
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Figure 7. Schematic fatigue properties of polymers. 

 

When polymers are in the melt state, long segments of each polymer move randomly in a 

Brownian motion. When the melt is cooled, the glass transition temperature (Tg) is eventually 

reached where all motion cease. Tg varies between polymers. Polymers used above their Tg 

act rubbery and those used below their Tg act glassy. Polymers with any crystalline phase also 

have a melting temperature (Tm), which represents melting of the crystalline phase [1].  

 

Polymers have many attractive properties for biomedical nanoengineering, for example high 

toughness, biodegradability and some polymers also possess biocompatibility and can provide 

various biofunctionalities. To produce nanoscale surface structures polymers there are several 

processing methods, both “top-down”- and “bottom-up”-methods. Common techniques are 

imprinting, lithography and self-assembly. There are specific limitations for both the “top-

down”- and “bottom-up”-methods, which have resulted in development of hybrid 

manufacturing protocols. When polymers are processed at the nanoscale, surface tension and 

viscosity are the major limiting factors. Organic solvents can then be used to lower the surface 

viscosity. Excellent solvents have gas-like surface tension and viscosity. Even though 

polymers are easy to process, they are less stable dimensionally and mechanically compared 

to other materials at the nanoscale and therefore, nanoparticles can be used as reinforcements 

for polymers [14]. 
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Polymers discussed in the following sections are used, or have been previously used, as 

insulation for pacemaker leads, namely silicone rubber, polyurethane and combinations of 

them. 

2.3.1 Silicone Rubber 
Silicone rubber (SR) or poly(dimethylsiloxane) (PDMS) is a commonly used polymer, 

although its often limited by its poor mechanical strength. To improve the mechanical 

strength, SR is often reinforced with silica fillers or toughened with aromatic rings at the 

backbone. SR differs from other polymers by having a silicon-oxygen backbone, instead of 

the normally occurring carbon backbone (figure 8). 
 

 
Figure 8. Silicone rubber repeating unit. 

 

SR has a very low glass transition temperature and is therefore less temperature sensitive than 

other rubbers. SR exhibits low surface energy due to organic side methyl groups [1]. SR has 

good resistance to hydrolytic and enzymatic degradation in the body. SR has good 

compatibility with blood [15]. 

 

Because of silicone rubber’s excellent flexibility, elasticity, bio-inertness, biocompatibility, 

low surface tension, lack of toxicity and stability, it is used in numerous medical applications. 

For example orthopaedic applications such as hand and foot joint implants, reconstructive 

surgery, catheters, drains, shunts, membranes and various blood and soft tissue contacting 

devices [1]. 

2.3.2 Polyurethane 
Polyurethane (PU) is a block copolymer, with alternating “hard” and “soft” blocks indicated 

by R1 and R2 in figure 9. The “hard” blocks have Tg values above room temperature and 

hence impart glassy properties to the material. These blocks are composed of diisocyanates 

and chain extenders. The diisocyanates most normally used are 2, 4-toluene diisocyanate and 

methylene di(4-phenyl isocyanate). As chain extenders, short aliphatic glycol or diamine 
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materials with two or six carbon atoms are normally used. The “soft” blocks have Tg values 

below room temperature and hence impart rubbery characteristics to the material.  These 

blocks are normally composed of polyether or polyester polyols [1]. Polyurethanes are also 

called segmented PUs, referring to the three different monomers; a hard domain, a chain 

extender and a soft domain. The soft domain is responsible for flexibility and the hard domain 

is responsible for mechanical strength. By combining the characteristic properties of three 

monomers it is possible to produce materials with a range of different mechanical 

characteristics, thus making PU an attractive biomaterial [16].  
 

 
 

Figure 9. Polyurethane repeating unit. 

 

Polyurethanes have good fatigue and blood-contacting properties. The most common 

application areas are blood-contacting medical devices, such as catheters, vascular grafts, 

heart assist balloon pumps and wound dressings [1].  

2.3.3 Silicone Polyurethane Copolymer 
Silicone rubber and polyurethane have been used separately for insulation of cardiac leads 

since the late 1950’s. To enhance long-term durability of the cardiac leads, St. Jude Medical 

has introduced new cardiac lead insulation, a thermoplastic copolymer of silicone rubber and 

polyurethane known as Optim™. This copolymer was originally developed by group led by 

professor Gordon Meijs at the CSIRO Molecular Science’s laboratory in Australia, by 

combining large amounts of silicone with polyurethane [17]. Many years of research was 

needed to overcome incompatibility problems between the two polymers. This resulted in a 

new durable and tear resistant polymer. The copolymer has the mechanical strength and 

abrasion resistance of polyurethane and the rubbery flexibility of silicone. The copolymer was 

given the name Elast-Eon™, which is an early-development name for the Optim™ insulation. 

The insulation exhibits improved performance over both silicone rubber and polyurethane. 

The lead insulation is soft and flexible like silicone rubber, but has a lower surface friction. It 

is also the most biostable material of all polyurethane materials [17-19]. 
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2.4 Protein Adsorption 
In less than a second after implantation of a biomaterial in a living system, proteins can be 

observed at the biomaterial surface. A monolayer of adsorbed proteins can be observed 

already after one minute. This protein adsorption event occurs before cells arrive at the 

surface. This means that cells see a protein layer instead of the actual biomaterial surface. It is 

well known that a surface that strongly adsorbs proteins will bind cells and that surfaces that 

resist protein adsorption will also resist cell adhesion [1]. 

 

The adsorbed proteins determine the bioreaction to the implant, since the cells specifically 

respond to the proteins. Cells have specific adhesion receptors on their surfaces, called 

integrins, which are responsible for binding to the adsorbed proteins. The proteins on the 

biomaterial surface are also responsible for the spreading of cells on the surface [1]. 

 

The protein adsorption on a biomaterial surface is important to produce an immunologically 

and biologically recognisable biomaterial surface that is not attacked by the immune system. 

The major recognition system is the interaction between integrin receptors and adhesion 

proteins. But there are other risks at the biomaterial surface, such as blood clotting and foreign 

body reaction [1]. 

 

The kinetics of the protein adsorption on a biomaterial surface have a very rapid initial phase, 

which is followed by a slower phase and which then enters a steady state. The initial phase 

has a very rapid protein adsorption, since they arrive to an almost empty surface. In the slower 

phase it is more difficult to find an empty spot on the surface. Adsorbed proteins are 

irreversibly bound to the surface and washing with buffer does not remove the proteins. The 

adsorbed proteins can be removed if a strong surfactant is used, such as sodium dodecyl 

sulphate [1]. 

 

Fibrinogen and fibronectin are two plasma proteins important for adhesion of platelets, 

macrophages and neutrophils on the biomaterial surface. Other examples of adhering plasma 

proteins are vitronectin and von Willebrand’s factor. All proteins have a tendency to deposit 

quickly to surfaces and then remain as a strongly bound adsorbate. The adsorbate then 

strongly influences subsequent interactions with different cell types. It is thought that surface 

properties, such as wettability, and special protein properties together determine the 
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organisation of the protein layer on a biomaterial surface and that, in turn, determines the 

cellular response [1]. 

 

There are several methods available to measure the amount of adsorbed proteins onto a 

surface. One of simplest ways is to label proteins, with either radioisotopes or fluorescent 

probes. A more challenging technique is x-ray photoelectron spectroscopy, which requires 

ultra-high vacuum conditions and the detection capability is restricted to a few nanometers 

depth. Surface plasmon resonance is also used for protein adsorption studies and the 

technique allows following the adsorption in situ. Ellipsometry is an optical technique for 

studies of biointerfaces and is established for both measurements of chemical modifications 

and adsorption of biomolecules. Ellipsometry has been extensively used in protein adsorption 

studies. Atomic force microscopy can be used to image proteins adsorbed on surfaces [20]. 

2.5 Blood Coagulation 
A haemostatic mechanism is designed to arrest bleeding from injured blood vessels, but the 

same process can occur when blood contacts an artificial biomaterial [1].  

 

As already mentioned, when a biomaterial contacts blood, one of the first events that take 

place is the adsorption of different plasma proteins [21, 22]. Cells in the blood, such as 

platelets, then interact with the adsorbed protein layer. The interaction between platelet 

receptors and the adsorbed proteins mediate platelet adsorption and activation, which 

determine the biological response to the biomaterial [21]. 

 

Platelets are non-nucleated, disc-shaped cells produced in the bone marrow. Their functions 

are to arrest bleeding through formation of platelet plugs and stabilise the plug by catalysing 

coagulation reactions, which leads to the formation of fibrin [1]. Resting platelets are round 

and have diameters of 2-3 µm. When platelets are activated, they undergo morphology 

changes. They extend their pseudopodia and the membrane is pushed out, hence the diameter 

after activation is approximately 7-10 µm [21]. Activation also leads to adhesion and 

aggregation, processes which are mediated by membrane-bound receptors, glycoproteins. The 

membrane of the platelet has a phospholipid surface that accelerates coagulation reactions and 

forms an expanded reactive surface. Platelets also have three types of storage granules; α-

granules, dense granules and lysosomal granules. Among the contents of the granules there 

are fibrinogen, albumin, fibronectin, coagulation factors, adenosine diphosphate (ADP), 
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calcium ions, serotonin and enzymes. Activation leads to internal contraction and extrusion of 

the granule contents. The secreted products lead to platelet aggregation and formation of a 

fused platelet thrombus. The most important protein for platelet aggregation is fibrinogen, 

which is responsible for Ca2+-dependent bridging of adjacent platelets. Thrombin also plays a 

key role in platelet aggregation by activating platelets, which catalyses production of more 

thrombin and stimulating ADP (adenosine diphosphate) release, thromboxane A2 formation 

and fibrin formation. Fibrin, in turn, stabilises the platelet thrombus [1]. 

 

Initiation of blood clotting occurs either intrinsically, by surface-mediated reactions, or 

extrinsically, by factors derived from tissues. These two pathways converge upon a common 

pathway, where thrombin and a fibrin gel is formed. There occurs a cascade of reactions that 

occurs in both pathways. The intrinsic pathway is initiated by contact activation, which refers 

to adsorption of contact factors onto negatively charged surfaces, for example a biomaterial 

surface. Involved factors in the contact activation are: XII, XI, prekallikrein and high-

molecular weight kininogen. The reactions in the contact activation are Ca2+-independent. 

Later parts of the intrinsic pathway are Ca2+-dependent, where factor IX is activated and in 

turn factor IXa activates factor X, with factor VIII as an important co-factor. The common 

pathway continues with factor V mediated conversion of prothrombin to thrombin. Thrombin 

then acts on the two substrates fibrinogen and factor XIII. Activation of factor XIII and 

conversion of fibrinogen to fibrin occurs. An insoluble fibrin gel is formed, by interaction of 

the fibrin polymer with the activated factor XIIIa [1].  

 

There also exists a system that removes excess fibrin to improve blood flow, after thrombus 

formation, called the fibrinolytic system. This system also facilitates the healing process after 

injury. The fibrinolytic system interacts with the coagulation system, at the contact activation 

part. This starts with plasminogen adhering to a fibrin clot and is then activated to plasmin, 

which in turn degrades fibrin to fibrin degradation products [1]. A surface-induced fibrinolytic 

activity would be preferable in biomaterial applications [22]. When an artificial material is 

exposed to the blood system, an imbalance of activation and inhibition of coagulation arises, 

which can lead to thrombus formation [1]. 

2.6 Blood Compatibility of Biomaterials 
Blood compatibility can be defined as the property of a material or device that permits it to 

function in contact with blood without inducing adverse reactions [1]. This is, however, a very 
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simple definition. More specific definitions would be very complex, due to the many ways the 

human body can respond to the introduction of a biomaterial into the blood and is due to the 

complexity of the blood-biomaterial interactions [1]. Generally, if a material has an excellent 

anti-adhesion to platelets it is blood compatible [23]. However, there is no perfect definition. 

The non-thrombogenicity can be a indicator for blood compatibility [24]. A biomaterial that is 

blood compatible is also non-thrombogenic [1]. Thrombogenicity is defined as the ability of a 

material to induce or promote the formation of thromboemboli. One approach to determine 

non-thrombogenicity is to investigate thrombin production rate, platelet consumption, platelet 

activation, platelet spreading and eventually complement activation and leukocyte activation. 

Classically, non-thrombogenicity is referred to as long clotting times and no platelets and no 

blood thrombi adhering to the biomaterial surface [24]. 

 

Surface roughness and wettability also affects the blood compatibility. Several strategies have 

been proposed to improve the blood compatibility of biomaterials, both highly hydrophilic 

surfaces and highly hydrophobic have been proposed [25].  

2.7 Tissue Ingrowth 
As mentioned earlier, cells see a protein layer when they arrive to a biomaterial surface 

instead of the actual surface. The cells then bind via their receptors to adhered proteins. When 

cells have adhered, they can release active compounds, recruit other cells, grow in size and 

replicate. These cell processes can lead to desirable or undesirable responses from patients 

with implants. The cells can then differentiate, communicate with other cell types and 

organise themselves into tissues. Cells secrete extracellular matrix, which fills up the space 

between adhered cells and acts as attachment structures for additional proteins and cells. 

Processes of angiogenesis and vasculogenesis may start. These newly formed blood vessels 

are important to support the new tissues with nutrition and also to remove by-products of the 

metabolism [1]. There are several factors affecting cell adhesion and tissue ingrowth, such as 

topography, surface roughness and surface charge [1, 26]. When introducing a biomaterial in 

vivo, a fibrous encapsulation or fibrosis can be the end-stage healing response to the 

biomaterial. This process is more reparative than regenerative and is constituted of connective 

tissue, without arteries or veins [1]. 
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3 LITERATURE STUDY 
The purpose of the literature study is to investigate how nanotechnology can be used to 

improve material properties for medical applications, such as the insulation of the pacemaker 

lead. Improved material properties would be useful to, reduce coagulation and fibrous 

encapsulation, reduce abrasive damage and minimise friction at the insulation of the 

pacemaker lead. Today, a fibrous tissue encapsulation of the device occurs, making it difficult 

to remove after a period of use and laser ablation may be necessary to release the device. 

Abrasive damage occurs between the lead and the pacemaker shell and lead against the lead. 

The literature study will investigate possibilities to improve such properties. Important 

parameters to achieve these improved properties are for instance surface wettability, surface 

structure, surface charge and material composition. 

3.1 Superhydrophobicity 
The wetting behaviour of a solid surface is of particular importance for interface surface 

chemistry. Wetting properties are characterised by contact angle (CA) measurements and 

describe how a liquid droplet behaves on a solid substrate. If the droplet remains a droplet, the 

surface is hydrophobic and the value of CA is 90 º ≤ θ ≤ 180 º. If the droplet spreads and 

forms a thin liquid film, the surface is hydrophilic and the value of CA is 0 º ≤ θ ≤ 90 º [27]. A 

superhydrophobic surface is defined as having CA of water larger than 150 º (figure 10). A 

superhydrophilic surface can be defined in a similar way, but in this case having CA of water 

close to 0 º (figure 10)  [28]. 
 

 
Figure 10.  A droplet’s behaviour on a superhydrophilic and on a superhydrophobic surface. 

 

The wettability of a solid surface is governed by its chemical composition and surface 

geometrical structure [29]. Hence, it is possible to modify the surface wettability, by changing 

one or both of these two factors [28]. Superhydrophobic surfaces are commonly fabricated via 
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two kinds of strategies. One strategy is to modify a rough surface with materials of low 

surface free energy and the other is to create a rough structure on a hydrophobic surface [29]. 

 

A superhydrophobic surface also has very low water contact angle hysteresis (CAH), which 

corresponds to the difference between the advancing CA (θadv) and receding CA (θrec) (figure 

11) [27]. 
 

 
Figure 11. The advancing and receding contact angle of a water droplet. 

 

The sliding behaviour of droplet is evaluated by measuring the sliding angle α or SA. At the 

sliding angle, the droplet begins to slide down an inclined substrate, i.e. the substrate incline 

angle corresponds to the sliding angle. Due to the contact angle hysteresis, droplets do not 

easily slide off a surface with high CA value. There is a quantitative relationship between α 

and CA defined by equation 1. 

 

( ) ( )advreclvwmg θθγα coscossin −=     Equation 1 

 

Where, g is the force due to gravity, m is the mass of the droplet, w is the width of the droplet 

and γlv is the surface tension at the interface liquid-vapour. 

 

To describe the wettability of a droplet on a smooth surface, Young’s equation (equation 2) 

can be utilised. 

 

( ) lvslsv γγγθ −=cos      Equation 2 

 

Where, θ is the contact angle and γsv, γsl and γlv are the surface tensions at the solid/vapour, 

solid/liquid and liquid/vapour interfaces (figure 12) [28]. 
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Figure 12.  A liquid droplet on a smooth surface, with the contact angle θ and the surface tensions γsv, γsl and 

γlv denoted. 

 

In reality, very few surfaces are truly smooth and therefore the surface roughness should also 

be considered when evaluating the surface wettability. There are two commonly used theories 

to correlate the surface roughness with the CA, namely Cassie’s theory and Wenzel’s theory 

[28]. 

 

According to Wenzel’s theory (equation 3), the liquid completely fills the grooves on a rough 

surface (figure 13) [28]. 

 

( )slsvWlv r γγθγ −=cos      Equation 3 

 

Where, r is the surface roughness factor. Combining equation 2 and 3 gives equation 4. 

 

θθ coscos rW =       Equation 4 

 

 
Figure 13. A droplet’s behaviour on a rough surface according to Wenzel’s theory. 

 

According to Cassie’s theory (equation 5), vapour is trapped in the grooves underneath the 

liquid on a rough surface (figure 14) [28]. 

 

vvssC ff θθθ coscoscos +=     Equation 5 
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Where, fs and fv are the area fractions of the solid and vapour on the substrate. Given that 

1=+ vs ff , θθ =s  and o180=vθ , equation 5 can be written as equation 6 [28]. 

 

( ) 11coscos −+= θθ sC f      Equation 6 

 

 
Figure 14. A droplet’s behaviour on a rough surface according to Cassie’s theory. 

 

The most important difference between the Wenzel and Cassie states relies on the motion of a 

drop at a surface. In Wenzel’s state the drop sticks to the surface due to lowered slippage and 

increased friction, whereas in Cassie’s state the drop slips on the surface due to reinforced 

slippage and reduced friction [30]. 

3.1.1 Anti‐Fouling Surfaces 
Anti-fouling surfaces are important in many areas, especially for surfaces that cannot be 

cleaned for long periods, such as boat hulls, pipes and medical devices. For example, 

biofouling that occurs on boat hulls considerably increases the propulsion energy 

consumption. A medical implant with anti-fouling properties would reduce the protein 

adsorption and therefore also reduce cell growth on the surface. Several attempts have been 

made to reduce protein adhesion on surfaces, such as chemically coating of surfaces with 

hydrophilic groups such as poly(ethylene glycol) and attaching proteolytic enzymes to 

surfaces [31]. 

 

Traditionally marine anti-fouling surfaces are based on heavy metals such as copper or tin. 

These heavy metals have excellent anti-fouling performance but cause adverse effects in the 

marine environment. These concerns have led to search for other alternatives. One suggested 

alternative is superhydrophobic coatings. By modifying a hydrophobic surface with micro- 

and nanostructures, a superhydrophobic surface can be created. In a study made [32], three 

superhydrophobic films with varying chemistry and surface geometry were created. A rough 

(r = 2.7) polysiloxane surface with a CA of 169 ° showed best anti-fouling properties, 

compared to a smooth polysiloxane surface and a rough polytetrafluoroethylene surface. 
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The anti-fouling properties of superhydrophobic surfaces depend on entrapment of air bubbles 

into micro- and nano-sized pores, when the superhydrophobic surfaces are immersed in 

liquid. A mixture of solid-gas and solid-liquid interfaces is created. The extent of solid-gas 

interface is proportional to the degree of hydrophobicity of the material. The larger solid-gas 

interface, the higher the hydrophobicity will be. The air bubble layer creates a barrier that may 

prevent microorganism adsorption. The air bubble layer shrinks with increasing immersion 

time, due to displacement of air bubbles with microorganisms. The amount of air bubbles 

attached to the hydrophobic surface depends on the surface roughness. A larger proportion 

solid-gas interface is created on a rough surface compared to a smooth surface [32]. 

3.1.2 Nanostructures Induce Superhydrophobicity 
Hydrophobic properties of any surface can be greatly improved by introducing 

nanostructures, therefore nanostructures on solid surfaces are very important for 

superhydrophobicity [29]. Studies have been made on, for example, densely packed aligned 

carbon nanotube (ACNT) films with pure nanostructures. The contact angle for water on these 

nanostructured films was 158.5 ± 1.5 º and the film was consequently superhydrophobic [33]. 

Even larger CAs (171 ± 0.5 º) were obtained by modifying the surface with the low surface 

energy material fluoroalkylsilane. In another study aligned polyacrylonitrile (PAN) nanofibres 

were made, which also gave pure nanostructures similar to the ACNTs, and without 

modification by materials with low surface energy. Also here superhydrophobicity was 

obtained due to the nanostructures, with water CA as high as 173.8 ± 1.3 º [34].  

 

The superhydrophobic properties are associated with self-cleaning and low-friction surfaces 

[35]. It is believed that a nanostructured, superhydrophobic surfaces actually can reduce 

surface friction [36]. 

3.1.3 Natural Superhydrophobic Surfaces 
The leaves of the lotus flower are well known for their self-cleaning effect, owning to the 

superhydrophobicity of its leaves, with CA as high as 161.0 ± 2.7 º and SA as low as 2 º [37]. 

Water droplets are almost spherical on the leaves and roll off very easily, which is normally 

referred to as the “lotus effect”. When rain falls on lotus leaves, the water beads up with a CA 

of about 160º and then the beads roll off the leaf, collect dirt along the way [38]. The 

superhydrophobicity of the lotus was first publicised by Barthlott and Neinhuis and it was 

reported that the unique property was caused by micrometer-sized structures in connection 
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with hydrophobic surface components, mainly epicuticular wax crystalloids [39]. The wax 

provides low surface free energy and the surface structure creates a large amount of air 

trapping. However, detailed scanning electron microscopy images, acquired in later studies, 

indicate that the lotus leaves are composed of micro- and nanoscale hierarchical structures 

(figure 15) [29]. The hierarchical structure is composed of fine-branched nanostructures on 

top of micropapillae. The nanostructures have average diameters of 124.3 ± 3.2 nm and the 

papillae have diameters ranging from 5 to 9 µm [37]. The combination of this dual-scale 

roughness and the hydrophobic cuticular waxes are most likely the explanation, of the 

superhydrophobicity, with high water CA and low water SA [29]. 
 

 
Figure 15. (a) SEM image of the lotus leaf. (b) Magnified image of a single micro papillae from (a), showing 

the nanostructures on top of a micro papillae. [37] 

 

Comparisons have been made between ACNT films with and without hierarchical structures. 

ACNT films with pure nanostructures, with diameters ranging from 15 to 50 nm, gave CA of 

158.5 ± 1.5 º and SA higher than 30 º. Hierarchical ACNT films composed of both micro- and 

nanostructures gave CA of about 166 º and SA as low as about 3 º. This comparison indicates 

that the hierarchical structures further improve the hydrophobicity of the films and also 

contribute to small SAs [37]. 

 

This superhydrophobic property is also seen on the leaves of an herbaceous perennial plant 

called “lady’s mantle”. Except plants, the outer shells and wings of many insects also show 

superhydrophobicity. Examples of such insects are the water strider, butterflies and the cicada 

[28]. 
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3.1.4 Creating Superhydrophobicity Through Surface Structure 
Based on research of the surface of plant leaves and insects, many methods have been 

developed to artificially construct micro- and nanostructures on different materials. Polymers 

can be easily processed and have good plasticity or fluidity after being heated or dissolved 

and therefore, several of methods can be used to create micro- and nanostructures on their 

surfaces. Examples of methods are template synthesis, phase separation, soft lithography, 

nanoimprint lithography, electrospinning, laser surface modification, silicone-nanofilament-

coated surfaces and plasma treatment [28, 37]. 

 

Template Synthesis 

A common way to produce these surface structures is template based synthesis. As template, 

nanoporous anodic aluminium oxide has been widely used for imprint processes [28]. To 

produce a large area with nanopillar arrays on a polymer surface and thus a superhydrophobic 

surface, a “template rolling press” has been developed. A tubular porous aluminia was used as 

template and rolled on the polymer surface applying a high pressure and a temperature above 

the glass transition temperature of the polymer. The polymer will enter the nanopores of the 

template due to the high pressure. The structure obtained is very similar to the structure on the 

wings of the cicada (figure 16) [37].  Hydrophobicity of the polymers increases with 

decreasing size of the nanopillars. The CA value for nanopillars as small as 28.3 ± 2.1 nm is 

about 145.6 ± 1.6 º compared to 85.7 ± 0.8 º on a flat surface. Due to the low height (50 - 200 

nm) of the pillars, larger CAs are hard to obtain, when decreasing the nanopillars further. The 

low height is not enough to carry a large portion of air [37]. 
 

 
Figure 16. (a) SEM image of a superhydrophobic polymer film with an array of nanopillars. (b) The 

nanostructured, superhydrophobic wing of the cicada. [37] 
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Other kinds of commonly used templates are polystyrene and silica spheres. Nanosphere 

lithography is a technique for patterning periodic nanopore arrays over large areas. Thin films 

of nanospheres are deposited on a sacrificial template, the particles are then removed which 

leaves an intact porous shell [28]. 

 

Phase Separation 

Another surface structuring method is phase separation, which produces rough and porous 

materials consisting of a solid phase and a second phase, which is either a liquid or a solid. 

The second phase is then removed and a porous surface is obtained [28]. 

 

Soft Lithography 

Soft lithography is a strategy for carrying out micro- and nanofabrication. It is a combination 

of photolithographic technique and moulding of reactive resins for microfabrication. Soft 

lithography is attractive because it is an inexpensive, simple and straightforward method to 

apply [14]. 

 

Soft lithography uses an elastomeric stamp, with patterned relief structures on its surfaces, to 

produce patterns and structures with sizes ranging from 2 nm to 500 µm. There are different 

techniques sharing the common feature of using a patterned elastomer as stamp, mould or 

mask such as microcontact printing, microtransfer moulding, replica moulding, 

micromoulding in capillaries and solvent-assisted micromoulding [40, 41]. 

 

Elastomers are chosen because they can make conformal contact with structured surfaces over 

relatively large areas and can easily be separated from the master. The most commonly used 

elastomer is poly(dimethylsiloxane), but also polyurethanes, polyimides and phenol 

formaldehyde polymers have been used. An important property of the elastomer is a low glass 

transition temperature and consequently the elastomers are fluids at room temperature. They 

can then be converted into solid elastomers by cross-linking [40]. 

 

A master having a relief structure on its surface, most often a silicon wafer, is fabricated using 

microlithographic techniques such as photolithography, electron beam lithography or 

micromachining. The master is silanised by exposure to vapour of CF3(CF2)6(CH2)2SiCl3. A 

prepolymer of the elastomer is poured over the master, cured at elevated temperature and then 
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peeled off. The polymer replica of the master can be used directly or used as a master for 

microcontact printing or other techniques [14, 40]. 

 

Soft lithography can be extended to nanoscale replication, for example if the master is 

prepared by electron beam lithography, scanning probe lithography or x-ray lithography [14]. 

 

Nanoimprint Lithography 

Nanoimprinting is a high-throughput and inexpensive method for mass production of 

polymeric nanostructures [14]. Nanoimprint lithography refers to a pressure-induced transfer 

of a topographic pattern from a rigid mould, usually a silicon substrate, into a thermoplastic 

polymer film, coated onto a hard substrate, heated above its glass transition temperature or 

dissolved in a solvent [42]. After a certain contact time, the pattern can be secured by cooling 

or solvent evaporation. The polymer is then separated from the substrate [14]. A schematic 

illustration of the sequence is shown in figure 17. The method can also be referred to as hot 

embossing, since the process involves heating of the moulded polymer above its glass 

transition temperature [42]. 
 

 
Figure 17. Schematic illustration of nanoimprint lithography. 

 

Nanoimprint lithography can mould a variety of polymeric materials and can pattern 

structures as small as approximately 5 nm [42]. Also a room temperature approach has been 

introduced, where polymer films are embossed by applying high pressures (~107 bar) to a 

rigid master [43].  
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Electrospinning 

Electrospinning can produce polymer fibres with a diameter less than 100 nm. Nanofibres are 

achieved by applying a high voltage to a capillary, filled with a polymer solution or melt and 

then spun onto a collector serving as an electrode. When the fluid is ejected, it undergoes a 

whipping process, where solvent evaporates and the polymer fibre diameter reduces when 

travelling towards the collector. A splaying process, where a single fibre divides into many 

smaller ones, together with a large elongation is responsible for the production of nano-sized 

fibres by electrospinning. To prevent the jet from collapsing into droplets before solvent 

evaporation, the polymer solution must have a sufficient high charge density and viscosity 

and moreover a sufficient low surface tension [14]. By electrospinning, lotus-leaf-like porous 

microsphere-nanofibre composite films can be produced and thus generate a 

superhydrophobic surface without any modification [44]. This method is applicable to a wide 

range of polymers including polyolefins, polyamides, polyesters, acrylics, biodegradable 

polymers, electric conducting and photonic polymers and biomolecules such as proteins and 

DNA. The fibres can be used as a scaffold in tissue engineering with great advantage, because 

of the similarity to the extracellular matrix of normal tissue [14]. 

 

Laser Surface Modification 

The surface of poly(dimethylsiloxane) has been irradiated with CO2-pulsed laser to improve 

blood compatibility. This has been done by Khorasani and Mirzadeh at the Iran Polymer and 

Electrochemical Institute [45].  

 

Laser surface modification of polymers is a powerful method, which does not alter the bulk 

properties. It can be used to initiate graft-copolymerisation of hydrogels onto polymer 

surfaces or simply induce surface roughness. CO2-pulsed lasers have a large beam size, large 

pulse energy and are inexpensive to use. The resulting surfaces are furthermore particle free 

and sterile [45]. 

 

Khorasani and Mirzadeh used pulsed tunable CO2 laser, at 9.58 µm wavelength, to introduce 

peroxide groups onto the surface of PDMS, to improve the anti-thrombogenicity of PDMS. 

Peroxide groups are formed by an oxidation reaction. The concentration of peroxides formed 
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on the PDMS surface by CO2 laser treatment varied with the number of pulses. A maximum 

concentration of 7107 −× mol/cm2, was obtained by only one pulse [45].  

 

The laser treatment gives a homogenous porosity on the surface of PDMS compared to the 

untreated PDMS (figure 18). The diameters of the micropores were 1-5 µm [15]. 
 

 
Figure 18. (a) SEM image of untreated PDMS surface. (b) PDMS surface treated by CO2-pulsed laser at 9.58 

µm, by one laser pulse. [15] 

 

The contact angles of laser irradiated PDMS increased compared to untreated PDMS. 

Untreated PDMS had a water contact angle of 105 ± 2 º and laser treated PDMS (one pulse) 

had a water contact angle of 170 ± 1.20 º. Consequently, increasing the porosity of the PDMS 

surface increases the hydrophobicity. In fact, laser irradiation of PDMS gives a 

superhydrophobic surface. These superhydrophobic properties can be related to air pockets 

created by the laser irradiation [45]. The high contact angle phenomenon is of course 

controlled by a large number of interactions, both physical and chemical, such as modified 

polymer chains, the environment, interactions among treatment-introduced functional groups 

and morphology of the polymer [15]. The hydrophobic nature of the laser treated PDMS is, 

according to Khorasani and Mirzadeh, due to a helical structure of the PDMS molecules. The 

helical structure has an inner part consisting of siloxane units (-Si-O-Si-) and an outer part 

consisting of methyl groups. The polymers prefer to have an ordered structure composed of 

helices with 7.2 siloxy units per turn, rather than a random chain structure. The methyl groups 

are concentrated at the outside of the chain, in a helical chain arrangement. By treating a 

surface with a CO2-pulsed laser, porosity and chain ordering is induced [15]. 
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Silicone‐Nanofilament‐Coated Surfaces 

Silicone-nanofilament-coated surfaces have been constructed, by a chemical vapour 

deposition method of growing silicone nanofilaments onto surfaces. The combination of the 

hydrophobicity of silicone and the surfaces topography induced by the nanofilaments, renders 

a superhydrophobic surface [35]. 

 

Plasma Treatment 

To obtain a superhydrophobic PDMS surface with both a high contact angle and low contact 

angle hysteresis, a monoscale roughness is not adequate. A hierarchical dual-scale roughness, 

micro- and nanosized, mimicking the lotus leaf, is required. One way to create such dual-scale 

roughness on a PDMS surface was recently presented by Cortese et al [46]. First, 

microstructuring of the PDMS was achieved by replicating prepatterned structures and then, 

nanostructuring by CF4 plasma treatment. 

 

Photolithography was used to obtain a negative mould for the PDMS replication. Patterns 

were created using SU-8 photoresist on silicon wafers. PDMS, composed of an elastomer base 

and a curing agent, was prepared in a 10:1 mixture, de-gassed, poured on the SU8 master and 

oven cured. The PDMS could then be peeled off from the mould, its surface replicating the 

mould microstructures. To obtain the second scale roughness, the PDMS sample was etched 

in CF4 plasma in a reactive ion etching (RIE) IONVAC inductively coupled plasma (ICP) 

reactor and thus, nanostructures were obtained on top of the microstructures [46]. Different 

parameters of the microstructured square pillars were analysed. The height of the pillars was 

held constant at 25 µm, but the width and spacing were varied. For a high contact angle a 

width of 28 µm and a spacing of 28 µm were optimal. This gives a fill factor of 0.25, meaning 

the percentage of the patterned area with respect to the total area. For a high contact angle and 

a low contact angle hysteresis a fill factor of 0.25 was considered as optimal.  

 

Carbon-hydrogen polymers can be etched in oxygen plasmas. Polysiloxane elastomers, like 

PDMS, require a different etch chemistry, due to the silicon-oxygen backbone. The silicon-

oxygen backbone cannot easily be broken by oxygen plasma [47]. When a siloxane polymer 

is treated in fluorine-based plasma, a systematic removal of the siloxane polymer occurs [48]. 

It has also been found that a CF4 plasma treatment of polyurethane elastomers increases the 

contact angle, consequently generating a more hydrophobic polymer [48]. It is possible that a 

replacement of the –CH3 with fluorinated methyl groups, such as –CF3, occurs at the treated 
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surface. This creates a Teflon™-like surface, which has a higher contact angle compared to a 

surface with an identical surface structure without the Teflon-like surface [49]. Different 

fluorocarbon gases can be used and the F/C atomic ratio determines if the plasma becomes 

mainly polymerising plasma or etching plasma. The highest concentration of fluorine atoms 

gives the highest proportion of the etching plasma. Consequently, CF4 is a more etching 

plasma and less polymerisation plasma compared to C4F8 [50]. Combined oxygen and CF4 

plasmas, have proven to increase the etching rate of PDMS. Addition of oxygen makes the 

surface more hydrophilic, but the effect is only temporarily [47]. 

 

It has been shown that it is possible to create nanostructures on PDMS films by oxygen 

plasma treatment [51], without using standard patterning techniques. Oxygen plasma 

treatment for 7 minutes, in a reactive ion etcher, of thermally cured PDMS films modifies the 

surface topography and renders controlled nanotexturing (figure 19) and wettability. If the 

surface then is plasma deposited, in an inductively coupled plasma, with a very thin (8 nm) 

fluorocarbon (C4F8) film, a superhydrophobic surface is obtained. The fluorocarbon film must 

be very thin, to be able to conform well to the nanostructured PDMS surface. After depositing 

the fluorocarbon film, the surface has a CA larger than 150 º and is thus superhydrophobic 

[51]. 
 

 
Figure 19. AFM image of a superhydrophobic PDMS surface, treated for 7 minutes in oxygen plasma. [51] 
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3.1.5 Blood Compatibility and Superhydrophobic Surfaces 
Platelet adhesion and activation on biomaterial surfaces, in for example blood vessels, can 

lead to blood coagulation and thrombosis. Nanostructured surfaces improve blood 

compatibility by giving the surface superhydrophobicity [23]. This idea is very different from 

usual considerations that smooth surfaces have good blood compatibility. 

 

Khorasani and Mirzadeh also have performed platelet adhesion studies on their fabricated 

surfaces, described in section 3.1.4. From in vitro studies they could observe a reduced 

platelet adhesion to laser modified PDMS surface compared to the unmodified PDMS. This is 

consequently a technique to produce anti-thrombogenic surfaces for biomaterial applications. 

Different platelet adhesion results were obtained on the untreated PDMS surface and on the 

laser treated, superhydrophobic, PDMS surface. Complete activation and aggregation of the 

attached platelets was observed on untreated PDMS compared to the laser treated PDMS, 

where just a few platelets attached (figure 20). This can be related to the reduced surface 

energy, due to the laser irradiation. A laser treated surface is superhydrophobic with a 

minimum tendency to platelet adhesion, activation and aggregation and is thus anti-

thrombogenic [45]. 

 

 
Figure 20. (a) SEM image of adhered platelets, having diameters of about 2 to 10 µm, to an unmodified PDMS 

surface. (b) Adhered platelets to a laser treated PDMS surface, with 10 pulses. Magnification: 5000x. [45] 

 

In a study made by Sun et al [23], polymeric films of poly(carbonate urethane) (PCU) with 

fluorinated alkyl side chains were made with aligned carbon nanotubes (ACNTs) as the 

nanostructured template. ACNTs are composed of densely packed carbon nanotubes, with an 

average diameter of about 39.7 nm and a length of about 20 µm. The polymers form a 

nanostructured film on the outer wall of the carbon nanotubes. The surface of the film is 

composed of hydrophobic carbon chains and fluorinated carbon chains. Wettability was 

studied by CA measurements. CAs on smooth polymer films were 109.1 ± 1.5 º and 113.0 ± 
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2.3 º, with 20 % and 50 % fluorinated alkyl side chains respectively. CAs on the 

nanostructured polymer films were 163.6 ± 1.1 º and 167.9 ± 2.1 º, with 20 % and 50 % 

fluorinated alkyl side chains respectively. Consequently, nanostructuring of PCUs renders 

superhydrophobicity. This superhydrophobicity is explained by the combination of low 

surface free energy of the polymers and the surface roughness induced by the ACNTs. The 

platelet-rich plasma method was used to investigate platelet adhesion on the polymer films. 

Environmental SEM was used to study the morphology and the number of adhered platelets 

on the different surfaces. If platelets spread out and show pseudopods on a surface, the 

platelets have been activated. In this study platelets were activated on the smooth surfaces, but 

not on the nanostructured surfaces. Also a fewer number of platelets were observed on the 

nanostructured films compared to the smooth films (figure 21). 
 

 
Figure 21. Platelet adhesion on (a) smooth polymer films and on (b) nanostructured superhydrophobic polymer 

films. The arrow indicates a single non-activated platelet. [23] 

 
The results obtained in this study indicate that nanostructured superhydrophobic surfaces have 

good anti-adhesion properties towards platelets. Even if some platelets adhered to the 

nanostructured superhydrophobic surface, they were not activated [23]. Other polymers were 

also tested in this study. For example PCUs without fluorinated side chains and polyurethanes 

have been studied and the same effect was obtained with these polymers [23], i.e. low or no 

platelet adhesion. Blood compatibility was also studied with immunofluorescence 

experiments and flow cytometry, to investigate platelet activation on the different surfaces. 

The PAC-1 antibody was used to recognize the glycoprotein gpIIb/IIIa bound to the platelet 

fibrinogen receptor of activated platelets and CD62p antigen was used to express the fusion of 

internal α-granule membrane with the external plasma membrane. The results from this 

investigation were that a 75% reduction of the total amount of activated platelets occurred, 

after introducing the nanostructures to the polymers. It also became clear that nanostructured 



 
33 

superhydrophobic films are very compatible with platelets. These conclusions are consistent 

with the SEM observations [23]. 

 

In conclusion, the results from this study indicate exceptional blood compatibility, which 

make these nanostructured and superhydrophobic polymer films suitable for blood contacting 

devices with the promise that the phenomenon of thrombosis may be avoided or at least 

greatly suppressed [23].  

3.1.6 Protein Adsorption and Superhydrophobic Surfaces 
Protein adsorption usually occurs rapidly on flat hydrophobic surfaces and highly hydrophilic 

surfaces are generally used to reduce protein adsorption. Nonetheless, it has been suggested 

that superhydrophobic surfaces can be used to reduce the extent of protein adsorption and to 

promote protein desorption. The first thing that occurs, when a biomaterial surface enters a 

biological system, is a rapid protein adsorption. Later, cells bind to the pre-adsorbed proteins. 

A surface that hinders protein adsorption would logically also reduce cell growth. It is 

suggested that superhydrophobic surfaces could reduce the protein adsorption due to the 

reduction in solid surface area at the liquid interface. It may not be possible to prevent protein 

adhesion completely, but it may be possible to reduce the protein binding strength and 

therefore an easy removal of proteins will be possible, by for example flow shear [31]. 

 

It is suggested, in a study made by Koc et al [31], that a nano-scale roughness contributes 

more effectively to protein removal compared to a micro-scale roughness. A nano-scale 

roughness reduces the contact area between the protein and the surface. Under static 

conditions it was shown, that nanostructured surfaces were most resistant to protein 

adsorption. Under flow conditions, the largest amount of proteins was removed from 

superhydrophobic surfaces with the smallest structured surfaces. The conclusion from this 

study was that nanostructured superhydrophobic surfaces can hinder protein adsorption and 

can increase the removal rate of proteins in flow conditions. 

3.1.7 Cell Adhesion to Superhydrophobic Surfaces 
In the study, earlier mentioned in section 3.1.4 and 3.1.5, made by Khorasani and Mirzadeh 

[52], it was shown that in vitro cell attachment and growth was affected by the porous 

structure and wettability of PDMS surfaces. Attachment of BHK (baby hamster kidney) 

fibroblast cells was lowest on the CO2 laser irradiated, porous, superhydrophobic PDMS 

surface compared to the untreated, smooth hydrophobic PDMS. This is thought to be due to 
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both the high hydrophobicity and porosity of the surface after the laser treatment. No 

tendency towards cellular growth on the superhydrophobic PDMS surface was observed. 

 

In a study made by Tamada and Ikada [53], polymers were treated with argon plasmas and the 

relationship between contact angle and mice fibroblast cell adhesion on polymer surfaces was 

investigated. It was concluded that the largest number of cells adhered to surfaces with an 

approximate water contact angle of 70 º. More hydrophilic or hydrophobic surfaces are both 

less adhesive to cells, see figure 22. 
 

 
Figure 22. Relationship between contact angle and adhesion of mice fibroblast cells. [53] 

 

In another study made, it was investigated how wettability and surface charge affected 

fibroblast L929 cells attachment and growth on plasma treated PDMS and PU [26]. Treatment 

by oxygen plasma decreased the hydrophilicity of PU and increased hydrophilicity of PDMS. 

The plasma treatment increases the roughness of PU and that is probably why the 

hydrophilicity decreases. However, the plasma treatment did not induce porosity on the 

PDMS surface. On negatively charged and hydrophobic oxygen treated PU surfaces, cell 

adhesion was minimised or eliminated. The opposite occurred on negatively charged, but less 

hydrophobic, oxygen treated PDMS surfaces, where cell adhesion increased. The conclusion 

drawn was that surface charge probably influences cell adhesion. What is clear is that a more 

hydrophobic surface has a lower cell adhesion compared to a more hydrophilic surface. 
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3.1.8 Commercial Superhydrophobic Surfaces 
A trade name, Lotus-Effect®, was introduced in the mid-1990s for commercial products. The 

lotus effect only occurs when two conditions are met: hydrophobicity combined with a 

surface structure in the nanometer range. 

 

Stocoat™ Lotusan® is a paint-like exterior coating for buildings, with a highly water-

repellent surface like the lotus leaf. This means that the facade of the building remains dry and 

dirt is easily removed by the flow of rain droplets [54]. 

 

Tegotop® 105 is a spray consisting of a concentrated dispersion of superhydrophobic 

nanoparticles. A treated surface has a nanostructured coating, with contact angles above 160 º. 

The surfaces are self-cleaning and dirt-repellent. The spray can be used on facades, furniture 

and as impregnation on clothes and tents [55]. 

 

Aeroxide® LE 1 and Aeroxide® LE 2 are used as surface coatings on textiles, to obtain self-

cleaning properties. Hydrophobicity and surface roughness are generated by nano-structured 

hydrophobic particles of fumed silica. Water drops roll off the coated surface, while carrying 

with the many dirt particles [56]. 

 

The swimsuit Speedo LZR Racer®, introduced shortly before the 2008 Olympic games in 

Beijing, is made out of a lightweight material, with a water-repellent surface [57]. 

 

Eagle One’s NanoWax®, is an advanced wax for cars. The wax creates an extremely water-

repellent surface, with the use of nanoparticles [58]. 

3.2 Nanocomposites – Enhancing Abrasive Wear Resistance  
Polymers are easy to process, but are less stable dimensionally and mechanically than other 

materials at the nanoscale. To enhance stability as well as abrasive and wear resistance, 

nanoparticles can be used as reinforcements for polymeric composites [14]. Nanoscale 

particles diameters range from 1-100 nm. The most common reason to add fillers to polymers 

is to increase the modulus or stiffness. Addition of fillers usually decreases the ductility of the 

polymer. A decreased ductility means elongation at break or reduced energy to break [59]. 
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When fillers are at the nanometre scale, some unique features emerge, such as large surface 

area to volume ratio and better mechanical performances. An advantage with these composite 

materials is that valuable properties of different materials can be combined. For example, 

temperature behaviour can be improved without changing the melting temperature or 

processing conditions [60]. 

 

Fabrication of a carbon nanotube/polyurethane (CNT/PU) composite by melt-extrusion has 

been done. Functionalised MWNTs (multi-walled carbon nanotubes) were used. A 

homogenous dispersion of MWNTs (less than 9.3 wt %) and improved mechanical properties 

of PU were observed. Both tensile modulus and tensile strength were improved, without 

sacrificing high elongation at break [60]. 

 

In another study it was reported that a nanocomposite composed of PU and MWNTs has an 

improved blood compatibility and mechanical properties compared to PU [21]. The composite 

was prepared through co-precipitation. The objective of the study was to investigate if 

MWNTs could change the interactions between proteins and platelets on the PU surface, 

which in turn would affect the number of adhered blood cells. MWNTs with diameters of 30-

50 nm and lengths of several micrometers were used. MWNTs were purified with 

concentrated HCl, ultrasonicated in H2SO4/HNO3, rinsed by distilled water and filtered 

through a polycarbonate filter membrane. The MWNTs were then dispersed in a 

water/alcohol mixed solvent, sonicated and dropped into a PU solution. Ethanol was added to 

start the coprecipitation reaction of PU and MWNTs. The composite particles were dried in 

vacuum and then dissolved in tetrahydrofuran. The dispersion was then used to cast films and 

to coat test tubes. To remove the remaining solvents, the tubes and films were dried in 

vacuum. The surface chemistry was analysed with X-ray photoelectric spectroscopy, which 

indicated that MWNTs had strong interactions with the hard domains of the PU. Platelet 

adhesion and activation was observed with SEM. A reduced number of platelets adhered to 

the composite surface compared to the pure PU surface. A lower level of platelet activation on 

the composite surface was also observed. The polymer surfaces were analysed with flow 

cytometry, which also indicated a suppression of platelet adhesion and activation on the 

composite surface. When MWNTs were incorporated in the PU, tensile strength and 

elongation of the films increased slightly [21]. 
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For medical applications, it would be of great advantage to combine the properties of silicone 

rubber and hydroxyapatite (HA). In a recent study [61], nano-hydroxyapatite (n-HA) was 

combined with silicone rubber. n-HA was homogenously dispersed in the polymer and the 

mechanical properties were shown to improve. Many attempts have been made to improve the 

biocompatibility of silicone rubber. HA has an excellent biocompatibility, but in contrast to 

silicone rubber it has poor processing properties due to its brittleness. Therefore it is desirable 

to combine these two materials. The extent of reinforcement of nanocomposites increases 

with decreasing particle size. Therefore, nanoscale HA particles are used to improve both 

mechanical and biological properties. The n-HA particles were prepared in slurry and then, 

vinyltriethoxysilane (VTES) was added to enhance hydrophobicity. This is because n-HA 

slurry cannot be directly blended with SR, due to the hydrophobicity of SR. Therefore n-HA 

particles were modified with VTES to form hydrophobic layers. n-HA and VTES was stirred 

and heated to 50 ºC for 30 minutes. The samples was then washed in deionised water and 

centrifuged to remove part of the water. The n-HA slurry was prepared with about 35 wt % 

HA. To prepare the nanocomposite, the silicone rubber (0.15 % vinyl group content) was 

encapsulated onto rollers of a two-roll mill at 50 ºC, and then the modified n-HA was added 

gradually. The mixture was milled uniformly and was dried at 90-110 ºC in an oven to 

remove the water. The mixture was then milled with 2,5-bis (tert-butyl peroxy)-2.5- 

dimethyl hexane for 30 minutes. The mixture was cured on a flatted vulcaniser first at 170 ºC 

and 5 MPa for 10 minutes and second at 200 ºC for 4 hours. From IR spectra some 

interactions between SR and n-HA particles could be observed, suggesting that bonding 

between HA and SR can be achieved. It was found that n-HA/SR composites have better 

mechanical properties, such as tensile strength and elongation at break, compared to the 

control sample of µ-HA/SR composite. It was concluded that the reinforcing effect depends 

on the size of the filler particles, the state of dispersion and the strength of the polymer-filler 

interactions. The large surface area of a nanoparticle increases the probability of polymer-

filler interaction. Nanoparticles can thus improve the reinforcing properties. In the study it is 

suggested that 40-50 wt % HA content has the best mechanical performance for medical 

applications [61]. 

 

In another study, it was shown that addition of hydroxyapatite to silicone rubber improves the 

blood compatibility [62]. The SR/HA composite was compounded in a two-roll mill. Both 

mechanical properties and blood compatibility were measured. By increasing the HA content, 

tensile and tear strength of the composite increased up to 60 % HA content and then 



 
38 

decreased over 60 % HA content. Hardness also increased with increasing HA content. This 

proves that HA has a reinforcing effect on SR. To evaluate blood compatibility, measurement 

of blood clotting index was done. Anticoagulant citrate dextrose blood was centrifuged to 

obtain platelet rich plasma, which then was diluted in saline solution. To perform the blood 

clotting test, CaCl2 was used as coagulant. Blood compatibility was measured by the 

haemolysis ratio, which represents the extent of red blood cells broken by the sample in 

contact with blood. The results obtained indicate an improved blood compatibility of SR by 

addition of HA. The mechanical properties and blood compatibility was obtained with a HA 

content of 50-60 wt % [62]. 

3.3 Surface Charge 
Cell adhesion and growth on polymeric materials depend on both the surface wettability and 

the surface charge. A larger amount of cell attachment onto positively charged surfaces, 

compared to negatively charged surfaces, has been shown [63, 64]. Cells, attaching to 

positively charged surfaces, are negatively charged, resulting in electrostatic interactions. Cell 

spreading is also larger on positively charged surfaces compared to negatively charged 

surfaces. It is not clear which surface property, wettability or charge, is dominant for cell 

adhesion and growth on surfaces, although it is clear that differences in surface charge 

influences cell adhesion [26, 63]. The surface charge also controls the adsorption of 

biomolecules, such as proteins [65]. Clearly, surface charge is an important factor for 

biocompatibility in medical devices. 

3.4 Reduced Friction at Nanostructured and Superhydrophobic Surfaces 

The hydrophobic properties of any surface can be significantly enhanced by introducing 

micro- and nanostructures, leading to superhydrophobic properties. These superhydrophobic 

properties are associated with low-friction surfaces [35]. 

 

It has been shown in a study [36], concerning microfluidic systems, where surface properties 

strongly affect flow resistance in small channels. It was shown that both wetting properties 

and surface roughness may reduce friction of the fluid in the channel. A superhydrophobic 

surface, which is structured on the nanometre scale, increases the slippage of the fluid. The 

effect of reduced friction is also seen up to micrometre scale patterns. The effect was stronger 

for more spiky nanometre patterns. To sum up, nanoscale patterned and superhydrophobic 

surfaces decrease surface friction and flow resistance in small channels. 
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By introducing nanopatterns on a polymer surface, the contact area between surfaces 

decreases and therefore adhesion and friction are reduced. Both hydrophilic and hydrophobic 

materials react in the same way [66].   

 

Natural superhydrophobic materials, like the lotus leaves, have two scales of roughness i.e. a 

hierarchical surface topography, which amplifies the superhydrophobic behaviour and gives a 

low friction [30]. 

4 MATERIALS AND METHODS 
In this chapter the materials and methods used in this master’s thesis to synthesise hierarchical 

micro- and nanostructured polymer surfaces are described, followed by techniques used to 

characterise the surfaces and their interaction with solutions containing proteins and cells. The 

method used to produce a n-HA nanocomposite, and to measure its wear resistance is also 

described. 

4.1 Fabrication of Hierarchical Micro‐ and Nanostructures 
To be able to obtain a superhydrophobic surface with both a high contact angle and a low 

contact angle hysteresis, hierarchical structures are required. The hierarchical structures are 

obtained by a two-step process comprising a hot embossing step followed by plasma 

treatment. 

4.1.1 Hot Embossing 
Hot embossing is a method to form microstructures in thermoplastic polymers. A polymer 

substrate is heated above its softening temperature and then pressed against a rigid mould or 

master, allowing the pattern on the mould to be fully transferred onto the polymer surface. 

Before separating the mould from the polymer substrate, the system needs to be cooled down 

below the softening temperature of the polymer [14]. 

 

Smooth surfaces on Optim™ tensile strength dog-bone samples were used for hot embossing. 

The tensile strength sample was cut into two pieces, which could both be patterned. To obtain 

microstructures on the surface of Optim™, silicon masters were borrowed from the 

Biomolecular and Organic Electronics research group at the Department of Physics, 

Chemistry and Biology at Linköping University. The patterns on the masters were fabricated 

by photolithography using the photoresist SU-8 on silicon wafer substrates. Two different 
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microstructures were used. Both masters consisted of circular dot patterns. One master had 

dots with 40 µm diameter and 40 µm spacing between adjacent dots. The height of the dots 

was 20 µm. The other master had dots with 10 µm diameter and 5 µm spacing between 

adjacent dots. The height of these dots was 5 µm. This means the fill factors 0.35 and 0.20 for 

the 10 µm and 40 µm microstructures respectively. The fill factor is described in section 

3.1.4, about the plasma treatment. To transfer the pattern from a master to the Optim™ 

surface, Optim™ was preheated to 170 ºC in an oven for 10 minutes and was then put on the 

master with relief structures on its surface, lying on a hot plate with a temperature of 175 ºC. 

Firstly both temperatures were chosen to be 175 ºC, but due to air bubble formation in the 

polymer when preheated in the oven, the oven temperature was decreased to 170 ºC which 

resulted in less air bubble formation. To apply pressure between the polymer and the master, a 

microscope slide was put on the polymer with a weight, in the shape of a bottle filled with 

water, was put uppermost. The hot plate was then turned off, letting the polymer cool down in 

room temperature below its softening temperature. To speed up the cooling down time, 

nitrogen gas was blown at the arrangement. The polymer was then gently peeled off the 

master after about 5 minutes, having microstructures on its surface. See figure 23 for the 

experimental set-up and figure 24 for a more schematic view. 
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Figure 23. The experimental set-up, for microstructuring of the polymer. Optim™ was first heated to 170 ºC in 

an oven and then put on the master lying on a hot plate, having a temperature of 175 ºC. Then pressure was 

applied on the polymer by putting a bottle, filled with water, on top of the arrangement as a weight. The system 

was then cooled down in room temperature, after turning off the hot plate. 

 

 
Figure 24. Figure showing the microstructuring of the polymer surface schematically. 
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Smooth surfaces, smoother than the as-received tensile strength dog-bone samples which have 

scratches on their surfaces, for protein adsorption and cell adhesion experiments, were 

fabricated utilising hot embossing with the use of a smooth silicon master. 

 

After the fabrication of the microstructures, the polymers were rinsed in isopropanol (Sigma-

Aldrich, ≥ 99.5 %) and dried in nitrogen gas. 

4.1.2 Plasma Treatment 
To obtain the hierarchical structure, plasma treatment is used to create the second scale 

roughness on the polymer surface, i.e. the submicrometer/nanometer features on top of the 

micrometer sized pillars. 

 

The definition of a plasma is a gas containing charged and natural species. Examples of 

included species are electrons, positive ions, negative ions, radicals, atoms and molecules. An 

energy source, which produces ionisation, is responsible for the generation and sustenance of 

the plasma [50]. 

 

Plasma processing of polymers is a technique used to alter the chemical and physical 

properties of polymer surfaces without changing bulk properties. Different types of gases can 

be used to generate the plasma and can create unique surface properties. Another advantage is 

that the surface modification is fairly uniform over the whole surface. However, the plasma 

process is very complex with a number of process parameters to vary, for example the power 

level, gas flow rate, gas composition, pressure, exposure time and temperature. Furthermore, 

the process parameters are very system-dependent [50]. 

 

When polymers are treated with gas plasmas, different reactions can occur. Physical etching 

occurs on the polymer surface as well as cleaning of the surface, i.e. materials are removed 

from the surface by chemical reactions. Oxygen plasmas and fluorine-containing plasmas are 

normally used for polymer etching. Plasma polymerisation can occur, namely formation of a 

thin film on the polymer surface via polymerisation of organic monomers in the plasma. 

Surface reactions can also occur, that is reactions between gas-phase species and surface 

species which produce functional groups at the surface [50]. 

 



 
43 

Microstructured or smooth Optim™ surfaces were treated in Ar- and C4F8-plasmas generated 

in Oxford Instruments Plasmalab System100 ICP 180 Etch System (figure 25), which is a 

powerful instrument for plasma etching and deposition processes. 
 

 
Figure 25. Oxford Instruments Plasmalab System100, at Linköping University. 

 

A pre-treatment in argon gas is recommended in the literature, to create stable free radicals on 

the polymer surface to enhance the fluorination rate [49]. The argon treatment makes the 

surface hydrophilic, but only temporarily [53]. The free radicals at the polymer surface can 

then react with the F-containing plasma radicals, which accelerate the fluorination rate. The 

fluorination of the polymer surface creates a thin surface coating, similar to Teflon, which 

enhances the hydrophobicity and lowers the friction at the surface [49]. 

 

The polymer samples were placed into the loading chamber and evacuation was started. The 

sample is then automatically transferred to the plasma chamber, where the plasma treatment 

can be started when a base pressure is reached. A pre-treatment with argon was performed, 

with the same conditions as in [46], i.e. the samples were treated with argon gas for 5 minutes 

with the flow rate 50 sccm (standard cubic centimetre per minute, which is equivalent to 

millilitre per minute), 40mTorr and the RF (radio frequency) power 200 W at 5 °C and with 

10 Torr helium backing as cooling. After this pre-treatment, the C4F8-plasma could be started. 
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Several process parameters were varied during this process to obtain optimal conditions for a 

high superhydrophobicity. Plasma process parameters that were varied are exposure time, 

flow rate, pressure, RF power and ICP (inductively coupled plasma) power. All the 

parameters cannot be varied independently, due to system limitations, i.e. the plasma cannot 

be started with all combinations of the parameters. Parameters that were kept constant were a 

temperature of 5 °C and 10 Torr Helium backing, both acting to keep the polymer at a low 

temperature. When high superhydrophobicity was revealed, the next step was to evaluate the 

surface topography and roughness. 

4.2 Characterisation of the Structured Polymer Surface 

4.2.1 DEKTAK 
A DEKTAK profilometer measures electromechanically, by moving the sample beneath a 

diamond-tipped stylus. The stylus is coupled to a linear variable differential transformer. As 

the sample moves, the stylus is dragged across the sample surface. Variations in the surface 

topography cause the stylus to be translated vertically. Electrical signals, corresponding to the 

stylus movement, are converted into digital signals. These signals can be displayed at the 

computer, where the data can be analysed [67]. 

 
A Veeco DEKTAK 6M Stylus Profilometer was used to verify the correct width and height of 

the microstructures. 

4.2.2 Atomic Force Microscopy 
AFM (atomic force microscopy) is a technique to visualise surface topography and structure 

at the nanoscale as well as measuring physical properties, by scanning a sharp tip over the 

sample surface. The AFM consists of three basic components: a probe which consists of the 

tip mounted on a cantilever, a piezoelectric transducer for positioning and scanning the probe 

over the sample and a feedback system to detect the interactions between the probe and the 

sample [68]. 

 

The interaction force between the tip and the sample is proportional to the deflection of the 

cantilever. The deflection is measured by monitoring the position of a laser beam reflected 

from the cantilever to a quadrant photodiode. To prevent damage of the sample, the 

instrument can be used in tapping mode. In tapping mode, the cantilever oscillates at its 

resonance frequency. Interaction with the sample decreases the oscillation amplitude. A 
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feedback loop keeps the amplitude constant, which means that the voltage applied to the 

piezoelectric transducer is proportional to the height of the surface structures [68]. 

 

A Digital Instruments AFM Nanoscope Dimension 3100 was used to characterise structures 

created by the plasma etching. The instrument was run in tapping mode. The surface 

topography and roughness were evaluated. Surface analyses were made with the software 

NanoScope v.5.  

4.2.3 Environmental Scanning Electron Microscopy 
Conventional SEM (scanning electron microscopy) works by focusing and sweeping a high-

energy beam of electrons across the surface of the sample in a raster scan pattern. The 

interaction of the electrons with the surface generates a signal, representing the electrons 

escaping the sample surface. The electrons are collected and counted by a detector. The 

counts collected at each raster point are then converted into a digital image. The incident 

electrons must be drained somewhere, and consequently the sample has to be conductive and 

grounded to the instrument. Therefore, nonconductive samples such as biological samples and 

polymers are coated with a thin layer of metal, often gold or palladium. However, this 

treatment can create artefacts in the material. Another drawback with conventional SEM is the 

requirement of working under high vacuum. Structures on biological samples and polymers, 

which are not coated with metal, may not be preserved under such conditions. The solution to 

this is ESEM (environmental scanning electron microscopy), which works like a conventional 

SEM, except that the sample chamber is allowed to run at larger pressures [1]. By working in 

a gas environment, no metal coating is necessary because no problem with charge 

accumulation can occur at the sample surface. By the collisions between electrons and gas 

molecules, positive ions are created. These positive ions can neutralise the build up of 

electron charge on the sample surface and thus, the damaging of the sample is limited [69]. 

However, the resolution cannot be compared to that obtained under the high vacuum of a 

conventional SEM. For this reason, a bit higher accelerating voltages are used in ESEM [1]. 

 

The ESEM used to study the structures on the Optim™ surfaces obtained by hot embossing 

and plasma treatment was a Quanta 200 from FEI Company, Oregon, USA. The accelerating 

voltage used was 10.0 - 15.0 kV and pressures between 0.68 - 0.83 Torr.  
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4.2.4 Contact Angle Measurements 
A drop of water on a solid surface represents a powerful technique to investigate surface 

properties. By measuring the drop angle with the surface, the energy of the surface can be 

calculated which in turn is related to its wettability. There are several ways of measuring the 

contact angle; one is the sessile drop method illustrated by figure 26. 
 

 
Figure 26. The sessile drop method, for contact angle measurements. The figure shows a water drop on a solid 

surface and how the contact angle, θ, is calculated. 
 

This method was applied when investigating the surface wettability of the polymer surfaces. 

The instrument used was CAM 200 Optical Contact Angle Meter from KSV Instruments LTD 

(figure 27) and the software used was CAM 200. Both static (static contact angle) and 

dynamic (advancing and receding contact angles) measurements were done. Before any 

measurements were done, the syringe was emptied and the needle was removed from the 

syringe. The needle was TL1-washed, a washing procedure with a solution of a 5:1:1 ratio of 

Milli-Q water, hydrogen peroxide (H2O2) and ammonia (NH3) for 2-3 minutes at 80 ºC. The 

needle is then extensively rinsed in Milli-Q water and dried in nitrogen gas. The needle is put 

back on the syringe, which now can be filled with Milli-Q water. 
 

 
Figure 27. CAM 200 Optical Contact Angle Meter KSV Instruments LTD, at Linköping University. 
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When measuring static contact angles, 2-3 water drops (depending on available space on the 

surface) were put on each sample surface. Then five frames were recorded on each water drop 

and the mean contact angle was calculated by the software CAM 200. 

 

When measuring contact angles dynamically, a part of a water drop is pulled out of the needle 

and the water drop is kept in contact with both the needle and the surface. Then ten frames are 

recorded during expansion of the water drop for the calculation of the advancing contact angle 

and also ten frames are recorded during contraction of the water drop for the calculation of the 

receding contact angle. The contact angle hysteresis is calculated by subtracting the mean 

receding contact angle from the mean advancing contact angle. 

4.3 Protein Adsorption 
To investigate protein adsorption on differently structured polymer surfaces, human serum 

albumin (HSA) was chosen. Why human serum albumin was chosen, is both because it is the 

most abundant protein in human plasma and it is the easiest protein to label with 

radioisotopes. The method to quantify the adsorbed amount of proteins was 

radioimmunoassay (RIA). RIA takes advantage of the fact that the surface activity after 

protein adsorption is a measure of the total amount of labelled proteins adsorbed to the surface 

[70]. 

 

Two other more common methods to quantify protein adsorption, null ellipsometry and 

fluorescence, are both difficult to apply on polymers. Null ellipsometry was excluded because 

most polymers have refractive indexes near proteins [71]. Fluorescence was excluded due to 

the high self-fluorescence from polymers. The self-fluorescence of a sample of Optim™ was 

confirmed in a fluorescence microscopy (Zeiss Axiovert inverted microscope A200 Mot 

equipped with the CCD camera AxioCam HRc) at the four possible wavelengths; 365 nm, 

405 nm, 470 nm and 546 nm. As Optim™ was found to fluoresce at all the wavelengths it 

was not possible to use this method to measure protein adsorption. 

 

HSA was labelled with 125I using the Iodo-Bead iodination method (Pierce, USA). This 

method takes advantage of the binding of 125I to the amino acid tyrosine in proteins. 50 iodo-

beads were rinsed in 5 ml phosphate buffered saline (PBS) at pH 6.5. The buffer was then 

removed with a pipette and 4 ml PBS was added. 2 mCi 125I (about 10 µl) was diluted in 1 ml 

PBS and mixed with the iodo-beads. 10 mg HSA was dissolved in 2.5 ml PBS and was then 
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mixed with the iodo-beads. A total volume of 7.5 ml was reached. The reaction mixture was 

incubated for 10 minutes. 50 mM potassium iodide (65 mg in 7.5 ml) was added, in order to 

help in removing 125I not bound to proteins. The mixture was transferred to a dialyse tube of 

pore size 12 000 – 14 000 Da. The mixture was dialysed in 5 l Milli-Q water for 45 minutes. 

The water was then exchanged by 2 l Milli-Q water hourly. 1 ml of each dialysate was used to 

measure activity. The dialysing was continued until the activity did not decrease considerably 

any longer. The last 2 l of Milli-Q water was replaced by 700 ml VB++ (veronal buffer 

containing 0.15 mg/ml CaCl2 and 0.5ml/ml MgCl2). 

 

Protein concentration was determined by spectrophotometry. To determine the concentration 

of HSA in the dialysed solution, a series of solutions with known concentrations of unlabelled 

HSA were used for calibration. The concentrations 0.5 mg/ml, 1.0 mg/ml and 2.0 mg/ml were 

prepared and absorbance was measured with a spectrophotometer at 280 nm, to be able to 

create a standard curve. Then the concentration of the labelled HSA could be calculated from 

the standard curve. 

 

The activity of 125I-HSA was measured during 10 minutes with a gamma counter (Packard 

Cobra II, Canberra, USA). A mean value is calculated over 10 minutes and activity is 

presented in CPM (counts per minute). In order to correlate the gamma counter value with the 

amount of adsorbed HSA, known volumes with known concentrations of 125I-HSA were 

measured in the gamma counter. This was done before each adsorption experiment, to allow 

for the constant decrease of activity of 125I (due to the short half-life).  

 

An experiment was done to control that no adsorption of free 125I occurs on the polymer 

surface. A smooth Optim™ surface was incubated with 400 µl 125I-containing dialysate for 30 

minutes. Activity was then measured in the gamma counter. 

 

The labelled protein solution was diluted to 1 mg/ml in VB++. Due to the extreme 

hydrophobicity of the sample surfaces, liquid drops on the surfaces tend to slip away from the 

surface. In order to able to incubate the protein solution on the hydrophobic surfaces, test 

tubes were cut to form tubes and these tubes were put on top of the surfaces to keep the liquid 

on the surface. See figure 28 for an illustration. 
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Figure 28. An illustration of how the protein solution is kept in place on the hydrophobic surface. 

 

Protein adsorption was examined on smooth surfaces, microstructured surfaces (40 µm dots 

and 10 µm dots), surfaces with hierarchical micro- and nanostructures (40 µm dots and 10 µm 

dots) and nanostructured surfaces. All surfaces were incubated with 400 µl of 1 mg/ml 125I-

HSA solution for 30 minutes and then rinsed in Milli-Q water and dried in nitrogen gas. The 

surfaces were cut into 5x5 mm pieces, resulting in an area of 0.25 cm2 exposed to protein 

solutions. The cutting was done very carefully, so that the area exposed to the proteins were 

not touched. The activity was then measured on the surfaces. 

4.4 Cell Culture 
The human fibroblast cell line MRC-5 (figure 29) was used to investigate cell growth on 

different structured polymer surfaces. By comparing cell morphologies and number of cells 

on the different polymer surfaces, cell growth was evaluated. Healthy fibroblast cells are long 

and widespread, whereas dead fibroblast cells are contracted and spherical shaped. 
 

 
Figure 29. The morphological appearance of fibroblast cells [72]. Healthy fibroblast cells are extended, whereas 

dead fibroblast cells are contracted and spherical shaped. 
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Fibroblasts are included in the family of connective-tissue cells, which all are specialised for 

secretion of collagenous extracellular matrix and responsible for architectural structure of the 

body. Connective-tissue cells play a central role in the support and repair of almost every 

tissue and organ. Fibroblasts are dispersed throughout the body, where they secrete non-rigid 

extracellular matrix. When a tissue is injured, fibroblasts migrate to the wounded area and 

produce large amounts of collagenous matrix. The matrix helps to isolate and repair the 

damaged tissue [73]. 

 

Four different Optim™ surfaces were fabricated for the cell culturing experiment; a smooth 

surface, a surface with microstructures with 40 µm diameter dots and nanostructures, a 

surface with microstructures with 10 µm diameter dots and nanostructures and a 

nanostructured surface.  

 

Each of the four surfaces was cut into about 1x1 cm pieces and was then put in a cell 

cultivation flask, with the structures upwards. To each of the cell cultivation flasks, 20 ml of 

the proliferation medium BIO-AMF-2 (Biological Industries Ltd., Kibbutz Beit Haemek, 

Israel) were added. BIO-AMF-2 is a complete medium for human amniotic fluid cells and 

chorionic samples, with L-glutamine and antibiotics included. 1.5 ml of a solution with the 

fibroblast cells, BIO-AMF-2 and 5 % DMSO (dimethyl sulfoxide) was then added to each of 

the cell cultivation flasks. This solution was prepared earlier and had been stored in liquid 

nitrogen. The cultivation flasks were then stored at 37 °C and with 5 % CO2, for optimal cell 

culturing conditions. After approximately 24 hours the proliferation medium was replaced by 

new BIO-AMF-2 medium. The cells were then observed in light microscope. The cells were 

then kept at 37 °C and were observed several times. After about 4 days the cell culturing was 

ended and images were recorded at the surfaces, as well as at the bottom of the cell cultivation 

flask, to verify a similar cell cultivation phase i.e. a nicely distributed layer of spread cells on 

the bottom of the flask. Living and dead cells were counted on three images of each surface, 

and standard deviation was calculated. The morphological appearance of the cells was 

evaluated on the different structured surfaces. 

4.5 Fabrication of  Hydroxyapatite Nanocomposite 
The fabrication of the nanocomposites was done at the institution of Fibre and Polymer 

Technology at the Royal Institute of Technology (KTH). For the fabrication of the 

nanocomposite, Optim™ (Elast-Eon™ 2A) pellets were purchased from AorTech 
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Biomaterials. The nanoparticles of hydroxyapatite, with an approximate size of 20 x 100 nm, 

were obtained from Fredrik Agholme at the Department of Clinical and Experimental 

Medicine, Linköping University. Optim™ pellets were dried at 80 ºC for 6 hours and then 

stored in a desiccator. The desiccator keeps the pellets dry with the use of silica gel as the 

desiccant, which adsorbs any moisture. The pellets were cooled in liquid nitrogen, in order to 

become brittle before milling of the pellets. The pellets were milled at 16 000 rpm in a 

RETSCH Ultra Centrifugal Mill ZM 200. The resulting powder was dried again in an oven at 

80 ºC for 30 minutes. The nanoparticles of hydroxyapatite were distributed in the polymer 

powder. Three different mixtures were fabricated, with 0 wt %, 1 wt % and 5 wt % of 

hydroxyapatite nanoparticles. Larger amounts of hydroxyapatite nanoparticles were not 

possible due to limited quantity of nanoparticles and also, too large amounts of nanoparticles 

will reduce the tensile strength and elongation at break of Optim™. Approximately 30 grams 

of each mixture were blended in a Brabender Plasti-Corder for 2 minutes at about 170-175 ºC, 

with two screws counter-rotating towards each other at the speed 24 rpm. The nanocomposite 

mixtures produced were pressed in a hot press to thin sheets with the dimensions 10x10 cm 

and 2 mm thickness, with about 1.6 MPa applied pressure. 

4.6 Testing of Abrasive Wear Resistance 
The two composites, with 1 wt % and 5 wt % nanoparticles respectively, and the pure 

Optim™, i.e. 0 wt % nanoparticles as reference material, were cut into 2 mm wide strips 

(thickness 2 mm, length 10 cm). This form was chosen in order to be similar to the insulation 

of the pacemaker lead, which has the form of a tube with 2 mm diameter. Three strips of each 

material were cut out to be tested with an instrument (figure 30), simulating the abrasion 

between the lead insulation and the titanium can of a pacemaker. All samples were weighted 

before testing the abrasive wear resistance, to be able to compare the sample weights before 

and after abrasion. 
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Figure 30. Instrument, simulating the abrasion between the lead insulation and the titanium can of the 

pacemaker. 

 

Before starting the test, the abrasion force is calibrated to 75 grams with a digital force gauge 

(Chatillon Turbo Gauge DFT2). Also the titanium abrasion plates are switched to unused, 

with the same surface treatment as pacemaker cans. The cycle counters were zeroed. The 

strips are then mounted, one sample on each arm denoted by “Test sample” in figure 30. The 

oscillating panel is put in a tank with 8 l deionised water with 0.9 % NaCl, consequently the 

abrasion occurs in saline solution similar to body fluid. The arms are lowered down and 

physical contact between the test samples and the titanium abrasion plates are controlled. The 

abrasive test was then started with the oscillating panel is set to 90 rpm. The instrument was 

kept running for a week. The samples were then dried in oven at 40 °C for 2.5 hours and were 

then weighted. The difference in the weight, before and after the abrasion, could then be 

calculated. 

5 RESULTS AND DISCUSSION 

5.1 Evaluation of  the Microstructures Fabricated by Hot Embossing 
The optimal temperature for preheating the polymer in the oven before hot embossing was 

determined to 170 ºC, for 10 minutes. Higher temperatures created air bubbles in the polymer. 

Experiments with lower temperatures revealed that the polymer was not sufficiently soft. The 

reason to have a slightly higher temperature on the hot plate, is to make the surface of the 

polymer to almost melt into the structures on the master. The polymer surface is only 
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subjected to an increased temperature for a short time, so the bulk doesn’t reach that high 

temperature and consequently no air bubbles are formed. 

 

Each of the fabricated microstructured surfaces was examined with light microscopy, 

verifying that the pattern was transferred correctly from the master. Two different sizes of 

microstructures were fabricated; dots with 20 µm height, 40 µm diameter and 40 µm spacing 

between adjacent dots and dots with 5 µm height, 10 µm diameter and 5 µm spacing between 

adjacent dots. See figure 31. 
 

(a) (b)  
Figure 31. Figures showing the microstructured polymer surfaces, (a) dots with 40µm diameter, 40 µm spacing 

between adjacent dots and 20 µm height and (b) dots with 10µm diameter, 5 µm spacing between adjacent dots 

and 5µm height. 

 

The width and height of the microstructures, was verified with a DEKTAK profilometer. 

When the hot embossing procedure was established and the correct width and height was 

verified with the profilometer, it was assumed that the procedure produced the correct 

structures for every fabricated microstructured surface. 

5.1.1 The Implications of the Microstructures on Contact Angles  
Compared to a smooth Optim™ surface, a microstructured surface is more hydrophobic. 

Contact angles were measured for smooth surfaces and for three different microstructured 

surfaces with dot patterns with diameters of 10 µm, 40 µm and 80 µm (the latter was 

fabricated unintentionally). There are several patterns on each master, and therefore a dot 

pattern with 80 µm diameter being next to the 40 µm pattern, was also transferred during the 

hot embossing to the smooth Optim™ sample. The contact angle was only measured on one 

such surface, as this was not of primary interest. The contact angles for smooth surfaces, 10 

µm microstructured surfaces and 40 µm microstructured surfaces were measured several 
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times. Table 1 and figure 32 shows the mean contact angles and standard deviations, 

calculated according to Appendix 1. 
 

Surface Structure Contact angle 

Smooth 101.5 ± 2.4 ° 

10 µm 134.5 ± 0.7 ° 

40 µm 148.5 ± 1.7 ° 

80 µm 146.8 ± 2.9 ° 

 

Table 1. Contact angles and standard deviations for a smooth surface and different microstructured surfaces. For 

calculation of standard deviation see Appendix 1. 
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Figure 32. Relationship between the size of the microstructures and the contact angle, with data from Table 1. 

 

When measuring contact angles on a 40 µm microstructured surface, it was possible to see 

with the camera that the water drop hesitated between being on top of the microstructures and 

falling into the structures, but eventually the drop fell somewhat into the structures. The 

hydrophobicity of a surface is dependent on the amount of trapped air in the surface 

structures. When air is entrapped into the structures, a mix of solid-liquid and solid-gas 

interfaces is created. The larger the solid-gas interface is, the larger the hydrophobicity of the 

surface will be [32]. This means that the 40 µm microstructured surface, which has the largest 
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hydrophobicity, probably has the largest solid-gas interface of the microstructured surfaces. 

This, in turn, affects how large the solid-liquid interface will be, i.e. the polymer surface area 

exposed to the water drop. This will also be discussed in the section 5.3, concerning the 

protein adsorption. The height of the microstructures will affect the contact angle, the 10 µm 

microstructures are just 5 µm high compared to 20 µm height of the 40 µm microstructures, 

leading to lower air-trapping for the 10 µm microstructures. Also the fill factor will affect the 

amount of air-trapping, the 10 µm microstructures have a fill factor of 0.35 compared to 0.20 

for the 40 µm microstructures, which probably also leads to a lower air-trapping for the 10 

µm microstructures. This most likely explains why the 10 µm microstructures have the lowest 

contact angle. The 40 µm and 80 µm microstructures have both the same height and fill 

factor, and therefore, approximately the same contact angle.  

5.2 Evaluation of the Etching Process 

5.2.1 Variation of the Etching Process Parameters and Its Implications on the 
Surface Contact Angle 

All the following discussions of how the etching process affects the contact angle are 

concerning surfaces with underlying 40 µm microstructures, if nothing else is mentioned. 

 

The argon plasma pre-treatment makes the polymer surface temporarily hydrophilic. One 

surface was only treated with argon, which gave the contact angle 35.3 ± 8.3 °, which can be 

compared with the contact angle 148.5 ± 1.7 ° before the etching. It is believed that the argon 

treatment creates a more hydrophilic surface, due to an increased number of oxygen 

containing groups on the surface [74].  

 

Two surfaces were treated with the same C4F8 treatment (10 minutes, RF: 150 W, ICP: 300 

W, 40 mTorr, 25 sccm), with and without argon pre-treatment, revealed approximately the 

same contact angles. The surface exposed to both argon- and C4F8 treatment obtained the 

contact angle 150.6 ± 0.6 ° and the surfaces only exposed to the C4F8 treatment obtained the 

contact angle 149.7 ± 0.5 °. The decision made, was to keep the argon pre-treatment, as it is a 

good cleaning step and it may enhance the fluorination rate [49, 50], which in turn may 

enhance the hydrophobicity of the surface and reduce the surface friction. With the same C4F8 

treatment, time dependence was also evaluated. Three surfaces were treated for 5, 10 and 15 

minutes respectively. This revealed the contact angles 150.0 ± 1.0 °, 150.6 ± 0.6 ° and 149.7 ± 

0.6 ° respectively. The conclusion from this was that the plasma treatment did not seem to 
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affect the contact angle substantially; it was only the microstructures that contributed to the 

hydrophobicity. Consequently, other plasma process parameters must be varied. 

 

The flow rate was the next parameter to be varied. Surfaces were treated with argon plasma 

and C4F8 plasma, with constant power (RF: 150 W, ICP: 300 W), pressure (40 mTorr) and 

exposure time (10 minutes). The different flow rates used were 25 sccm and 50 sccm, which 

gave the contact angles 150.3 ± 1.3 ° and 149.4 ± 2.5 ° respectively. A lower flow rate gave a 

slightly larger contact angle; therefore the flow rate 25 sccm was used for the remainder of the 

experiments.  

 

Two different ICP powers, 300 W and 400 W, were examined with constant RF power of 150 

W, pressure of 40 mTorr, flow rate of 25 sccm and exposure time of 10 minutes. The contact 

angles obtained were 150.3 ± 1.3 ° for 300 W and 155.1 ± 1.7 ° for 400 W. A larger contact 

angle was obtained with a higher ICP power. 

 

When varying the pressure, with constant power (RF: 150 W, ICP: 300 W), flow rate (25 

sccm) and exposure time (10 minutes). The different pressures used were 20, 40 and 50 

mTorr, which revealed the contact angles 158.3 ± 3.1 °, 150.3 ± 1.3 ° and 152.2 ± 0.7 ° 

respectively. The C4F8 treatment with 20 mTorr gave the highest contact angle. 

 

The thought was then to combine a low pressure with a higher power, to obtain even larger 

contact angles if possible. A pressure of 20 mTorr was combined with the ICP powers of 300 

W, 400 W and 500 W. The exposure time used was 10 minutes with a C4F8 flow rate of 25 

sccm and 150 W RF power. The contact angles obtained was 158.3 ± 3.1 °, 154.3 ± 0.9 ° and 

169.1 ± 2.8 °, for the ICP powers 300 W, 400 W and 500 W respectively (figure 33). An ICP 

power of 500 W combined with a pressure of 20 mTorr seems to be a good plasma treatment 

to obtain the highest contact angles on microstructured Optim™ surfaces, therefore this 

etching protocol will be used for the rest of the experiments.  
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Figure 33. Contact angles on microstructured (40µm dots) surface, which are treated with argon plasma and 

C4F8 plasma. C4F8 treatment: 25 sccm C4F8, 10 minutes exposure time, 20 mTorr and 150 W RF with varying 

ICP power; 300 W, 400 W and 500 W. 

 

The optimum etching protocol to obtain superhydrophobic Optim™ surfaces is displayed in 

table 2 and an illustration of how a water drop acts on a surface treated with that protocol is 

shown in figure 34. 
 

Plasma Process Parameters Pre-treatment with argon C4F8 treatment 

Exposure time [min] 

Pressure [mTorr] 

RF power [W] 

ICP power [W] 

Gas flow [sccm] 

Temperature [° C] 

Helium backing [Torr] 

5 

40 

200 

0 

50 

5 

10 

10 

20 

150 

500 

25 

5 

10 

 

Table 2. The etching protocol to obtain superhydrophobic Optim™ surfaces. 
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(a)  (b)  

Figure 34. A water drop, having a diameter of about 3 mm, on a superhydrophobic Optim™ surface, with 40 µm 

microstructures and etched by the protocol in table 2, with a contact angle of 171,6 ± 0,4 ° (a) The drop, imaged 

by CAM 200 Optical Contact Angle Meter from KSV Instruments, used to calculated the contact angle in the 

CAM 200 software. (b) Photograph of the same drop. 

 

Applying the established etching protocol on a smooth Optim™ surface, the contact angle 

obtained is 168.8 ± 5.5 °. Applying the same etching protocol on microstructured Optim™ 

surface with microstructures with a diameter of 10 µm, the contact angle obtained is 170.0 ± 

0.4 °. As mentioned earlier, the contact angle obtained after the etching process on a surface 

with 40 µm structures is 169.1 ± 2.8 °. The etching protocol reveals approximately the same 

contact angle, even if the underlying structure is smooth, having 40 µm microstructures or 

having 10 µm structures. However, the largest contact angle is obtained for the surface with 

10 µm microstructures. 

 

Additionally, the contact angle hysteresis was measured for a smooth surface, a 

nanostructured surface, a hierarchical structured surface with 40 µm microstructures and a 

hierarchical structured surface with 10 µm microstructures. The hierarchically structured 

surfaces and the nanostructured surface were etched according to the protocol in table 2. The 

obtained contact angle hystereses are shown in table 3. The standard deviations in table 3 are 

from variances in the measuring procedure, i.e. the calculated standard deviations are the total 

standard deviation calculated from the standard deviation of the mean advancing contact 

angle and the mean receding contact angle, according to appendix 1. 
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Surface Structure Contact Angle Hysteresis 

Smooth 32.6 ± 2.3 ° 

Micro/Nano (40 µm) 1.1 ± 1.7 ° 

Micro/Nano (10 µm) 7.5 ± 1.9 ° 

Nano 2.4 ± 2.6 ° 

 

Table 3. Contact angle hystereses for different structures Optim™ surfaces, with standard deviations calculated 

according to Appendix 1. 

 

What can be observed are a significant reduction of the contact angle hystereses for 

superhydrophobic surfaces compared to smooth Optim™ surfaces. Even though relatively 

large standard deviations are obtained, low contact angle hystereses were obtained both on the 

hierarchically structured surfaces and on a nanostructured surface, which are required for 

surfaces to be defined as superhydrophobic. 

5.2.2 Variation of the Etching Process Parameters and Its Implications on Surface 
Topography and Roughness 

Increasing the ICP power in the C4F8 treatment increases the dimensions of the surface 

structures. The ICP powers 300 W, 400 W and 500 W are represented by the AFM images 

(a), (b) and (c) respectively in the figures 35 and 36, with all other parameters kept constant; 

20 mTorr pressure, 150 W RF power, 25 sccm gas flow and 10 minutes exposure time. Note 

that the x-, y- and z-scales in the figures 35(a), (b) and (c) are the same, implying that width 

and height of the structures can be correlated to each other. 
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(a)  

(b)  
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(c)  

Figure 35. 3D-images of the topography of C4F8 treated surfaces, with underlying 40 µm microstructures. The 

three different ICP powers 300 W, 400 W and 500 W are represented by (a), (b) and (c) respectively. 

 

(a)  
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 (b)  

(c)  

Figure 36. Topography images of C4F8 treated surfaces, with underlying 40 µm microstructures. The three 

different ICP powers 300 W, 400 W and 500 W are represented by (a), (b) and (c) respectively. 

 

To further evaluate the differences in the size of the structures, the function “Section 

Analysis” in the NanoScope v.5 software was used. Widths and heights were measured on 

five arbitrary chosen peaks on each of the surfaces. Mean values and standard deviations were 
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calculated, see figure 37. What can be observed is an approximately linear increase in both 

width and height of the structures when increasing the ICP power. Also the RMS (root mean 

square) values were calculated in the NanoScope v.5 software and are displayed in table 4. 

The RMS value is a measure of the surface roughness. The RMS values were calculated 

according to Appendix 2. 

(a)  (b)  
Figure 37. Relationship between applied ICP power and width and height of the structures on the polymer 

surfaces. 

 

ICP power [W] RMS [nm] 

300 

400 

500 

46.49 

100.73 

160.55 

 

Table 4. RMS values, calculated according to Appendix 2, for surfaces displayed in the figures 35 and 36. 

 

As mentioned in section 5.2.1, the surface treated with 500 W ICP power reveals the largest 

contact angle which in turn can be related to the size of the structures. The height of the 

structures affects the contact angle. Higher structures and increasing RMS values, i.e. 

increasing surface roughness, gave larger contact angles, which can be explained by a 

transition from the Wenzel to the Cassie regime (figure 13 and 14) [75, 76]. Higher structures 

gives a so called “fakir regime”, where the water drop sits on top of the structures. Also 

differences in width of the structures will affect the contact angle. The wider the structures 
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are, the less number of peaks there are within a certain area. This means a decreased area 

exposed to the water drop, assuming that the water drop remains on top of the peaks, which 

may increase the contact angle. The main effect, giving the largest contact angle on the 

surfaces treated with 500 W ICP power, is the probably largest entrapment of air into the 

structures. As mentioned earlier, the larger the solid-gas interface is, the higher the 

hydrophobicity of the surface will be [32]. 

 

Reproducibility in the etching process was confirmed after fabricating the two surfaces in 

figure 35 (a) and (c) once again. See figure 38 (a) and (b).  
 

(a)   
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(b)  
Figure 38. 3D-images of the topography of C4F8 treated surfaces, with underlying 40 µm microstructures. The 

two different ICP powers 300 W and 500 W are represented by (a) and (b) respectively. 

 

The RMS values obtained were 39.46 nm and 145.62 nm for the surfaces treated with 300 W 

and 500 W ICP power respectively, which are in good agreement with the values 46.49 nm 

and 160.55 nm obtained previously. 

 

One surface was observed in the AFM after only being treated with the argon plasma, see 

figure 39. What could be observed is that physical etching occurs even in the argon pre-

treatment step. There are no sharp structures, like those created by the C4F8 treatment, instead 

there are smooth and relatively large structures. The RMS value for the surface in the figure is 

211.19, with the edge of the 40 µm dot excluded. 
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Figure 39. An Optim™ surface with 40 µm microstructures exposed to argon plasma. What can be observed in 

the front of the figure is the edge of a 40 µm dot. 

 

Additional information about the surface structures was obtained using ESEM. The surface 

evaluated has 40 µm microstructures and was etched according to the etching protocol in table 

2. In between the larger structures, with a width of approximately 300 - 350 nm observed with 

AFM, there are smaller structures. See figure 40. A dual-scale roughness is induced by the 

plasma treatment in addition to the microstructures, which may be important for obtaining the 

highly superhydrophobic surfaces, both on previously microstructured and smooth surfaces. 
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(a)  

(b)  
Figure 40. ESEM images of a surface treated with the etching protocol in table 2, having underlying 40 µm 

microstructures. The images are recorded on top of a 40 µm dot. (a) 40 000 x and (b) 80 000 x magnification. 
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What can also be observed is a randomly distributed pattern all over the 40 µm dot and the 

surrounding areas, see figure 41. 
 

 
Figure 41. ESEM image of a surface treated with the etching protocol in table 2, having underlying 40 µm 

microstructures. The image is recorded with 5000 x magnification. 

 

5.2.3 Alteration of Optical Properties 
Light microscopic images of the plasma treated surfaces were recorded after each etching 

process to confirm that the process was implemented successfully. It was observed that an 

alteration of the optical properties of the polymer occurred. An interesting absorption of light 

occurred, especially when decreasing the pressure and increasing the applied ICP power in the 

etching process. Figure 42 illustrates the optical effects. Compared to an untreated surface 

(figure 42 a), a surface treated with the etching protocol in table 2 (figure 42 f), is the most 

light absorbing or antireflecting. Compared to the etching protocol in table 2, two parameters 

are varied when fabricating the surfaces in the figure, both pressure and ICP power. Figure 42 

b and c, are both etched at 40 mTorr but the applied ICP powers were 300 W and 400 W 

respectively. However, no significant absorbing effect of light is seen. When increasing the 
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ICP power from 300 W, 400 W to 500 W and etching at 20 mTorr, figure 41 d, e and f 

respectively, there is an increasing absorption of light when increasing the applied power. 
 

(a)  (b)  

(c)  (d)  

(e)  (f)  
Figure 42. Microstructured surfaces etched with different etching protocols giving them different light absorbing 

or antireflecting properties. As a reference, (a) is not etched. (b) and (c) are etched at 40 mTorr with 300 W and 

400 W ICP power respectively. (d), (e) and (f) are etched at 20 mTorr with 300 W, 400 W and 500 W ICP power 

respectively. 

 

The same light absorbing effect has been reported by Kaless et al. [77] when treating PMMA 

substrates with combined argon and oxygen plasma. To be able to absorb light, the structures 

must be of sub-wavelength dimensions. The visible spectrum ranges from 420-670 nm, 

meaning that the surface structures must be less than that to absorb light, which they also are 

according to figure 37. It may be possible that plasma treated polymer surfaces can be used in 

solar cell applications, to increase the optical path length in the active layer. 
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5.3 Protein Adsorption 
First, low adsorption of free 125I to Optim™ surfaces was verified by incubating dialysate 

solution on a smooth surface. The activity measured, on a 0.25 cm2 surface, was 23.4 CPM, 

which can be considered low. 

 
125I-HSA adsorption to different structured surfaces is displayed in table 5 and figure 43. 

When standard deviations are shown, the same experiment was carried out on two surfaces, 

otherwise the experiment was carried out on only one surface. Further adsorption studies, than 

those displayed in table 5 and figure 43, were carried out, but not with the same and not as 

reproducible as the technique described section 4.3. However, the same tendencies of protein 

adsorption to the different structured surfaces were observed, but with results not comparable 

to those in table 5 and figure 43, because the surfaces were cut out before the incubation of 

the protein solution and therefore additional edge surface areas were exposed to the protein 

solution. Therefore, the results are not comparable, due to that the exact areas of the 

additionally exposed surfaces are unknown. As these results cannot be compared they are not 

included here. 

 

Compared to a smooth surface, protein adsorption is higher on a 40 µm microstructured 

surface. This might be explained by an increased surface area exposed to the protein solution, 

due to that the solution partly fills the space between the pillars, which has been observed 

when measuring the contact angles. The 40 µm microstructured surface, therefore, exposes a 

larger polymer surface area compared to a smooth surface. However, a surface with 10 µm 

microstructures, which has lower protein adsorption than a smooth surface, probably exposes 

a smaller surface area compared to a smooth surface. The solution probably mainly stays on 

top of the surface structures, according to Cassie’s theory, figure 14. With additional 

nanostructures on the microstructures, the protein adsorption decreases significantly. The 

nanostructures probably additionally reduce the surface area exposed to the protein solution, 

due to the air entrapment into the rough surface. The hierarchical structure with 10 µm 

microstructures is the most protein resistant surface structure. Also a surface with only the 

nanostructures has a largely reduced protein adsorption compared to a smooth surface. This 

may also be explained by air trapping into the rough surface, leading to a large solid-gas 

interface and thus a reduced solid-liquid interface. The reduced contact area between the 

nanostructured polymer surface and the protein solution, leads to a low protein adsorption. 

The overall most protein resistant surface, the one with hierarchical structures with 10 µm 
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microstructures, adsorbs approximately one tenth the amount of protein as compared to a 

smooth Optim ™ surface. 
 

Surface Structure Protein Adsorption [ng/cm2] 

Smooth 340.3 ± 9.7 

Micro (40 µm) 

Micro/Nano (40 µm) 

Micro (10 µm) 

451.9 ± 17.3 

131.8 ± 24.6 

318.6 

Micro/Nano (10 µm) 43.0 

Nano 128.2 

 

Table 5. Amount adsorbed proteins on the different structured surfaces. 
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Figure 43. Amount adsorbed 125I-HSA to different structured polymer surfaces. Where no error bars are shown 

only one measurement was performed. 

 

As mentioned earlier, the first event induced by blood-biomaterial contact is a rapid 

adsorption of proteins to the biomaterial surface. Cells in the blood then bind to the adsorbed 

proteins on a biomaterial surface rather than directly to the biomaterial surface [22]. 

Therefore, a reduced protein adsorption onto a polymer surface will probably reduce the 

adhesion and aggregation of platelets, cell growth as well as tissue ingrowth. 

 

It is also obvious that the surface structure in addition to the actual superhydrophobicity of the 

surface affects the protein response to the surface. For example, the 40 µm microstructured 
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surface shows larger protein adsorption compared to the 10 µm microstructured surface, even 

though it is almost superhydrophobic (148.5 ± 1.7 °) compared to 134.5 ± 0.7 ° for the 10 µm 

microstructured surface. However, the three superhydrophobic surfaces show the lowest 

protein adsorption and the most superhydrophobic surface (micro- and nanostructured with 10 

µm microstructures and contact angle 170.0 ± 0.4 °) show lowest protein adsorption among 

the superhydrophobic surfaces. 

 

Before a fluorescence based method to quantify protein adsorption was excluded, self-

fluorescence from the polymer was studied. A tensile strength sample of Optim™ was studied 

at the excitation wavelengths 365 nm, 405 nm, 470 nm and 546 nm, see figure 44. Very short 

exposure times were required to record the images in figure 44. 
 

(a)  (b)  

(c)  (d)  
Figure 44. Self-fluorescence from an Optim™ surface, excited at the wavelengths (a) 365 nm, (b) 405 nm, (c) 

470 nm and (d) 546 nm and with the exposure times 7.98 ms, 6.75 ms, 201.39 ms and 550.76 ms respectively.   

 

The Optim™ surface shows a strong self-fluorescence at every one of the excitation 

wavelengths. For this reason, fluorescence could not be used to quantify the degree of protein 

adsorption. 
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5.4 Cell Culture 
Light microscopic images were recorded on four different structured Optim™ surfaces after 

cell cultivation, see figure 45. Living and healthy cells, which are adsorbed on the surface, are 

extended, whereas dead cells are contracted and spherically shaped. What can be observed is 

living, healthy and extended cells in figure 45 (a), on the smooth surface. On the surface in 

figure 45 (b) having 40 µm microstructures and nanostructures, there are also living cells but 

they are smaller in size compared to the cells on the smooth surface. It appears that the 

microstructures limit the cell growth. Figure 45 (c) shows an etched surface with underlying 

10 µm microstructures, having no living cells on its surface, only dead cells. Figure 45 (d) 

shows the etched surface without underlying microstructures, with a lot of both living and 

dead cells, but not as healthy and extended as the cells on the smooth surface. 
 

(a)   

(b)  
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(c)   

(d)  
Figure 45. Light microscopic images of Optim™ surfaces after cell cultivation. The different surfaces are a 

smooth surface (a), a micro- and nanostructured surface with 40 µm diameter of the nanostructures (b), a micro- 

and nanostructured surface with 10 µm diameter of the microstructures (c) and a nanostructured surface (d). 

 

To be able to correlate the number of cells on the different surfaces, a similar cell growth in 

each cell cultivation flask had to be verified. Therefore, images were recorded at the bottom 

of each cell cultivation flask (figure 46). All four flasks had similar cell growths on the 

bottoms.  
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(a)  (b)  

(c)  (d)  
Figure 46. Cell growth on the bottom of the cell cultivation flasks for the smooth surface (a), the micro- and 

nanostructured surface with 40 µm microstructures (b), the micro- and nanostructured surface with 10 µm 

microstructures (c) and the nanostructured surface (d). 

 

The total number of cells on three images of each surface was manually calculated and the 

number of living and dead cells was separated. In table 6, the number of cells is given in cells 

per square millimetre and with standard deviations calculated according to Appendix 1. 
 

Surface Structure Living Cells Dead Cells Total Number of Cells 

Smooth 112 ± 4 58 ± 12 170 ± 11 

Micro/Nano (40 µm) 67 ± 1 62 ± 14 129 ± 15 

Micro/Nano (10µm) 0 ± 0 28 ± 4 28 ± 4 

Nano 72 ± 15 56 ± 7 128 ± 16 

 

Table 6. Mean values of number of cells per square millimeter on the different structured surfaces and standard 

deviations according to Appendix 1. 

  
The number of cells is also displayed in figures 47 and 48. The total number of living cells on 

the surfaces seemed to be the most relevant to evaluate, while they are adhered and healthy 
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cells. The total number of cells was also evaluated. The largest number of cells adhered to the 

smooth surface, which was expected. Hierarchical micro- and nanostructures reduces the 

number of adhered cells, especially the surface with underlying 10 µm microstructures having 

no living cells on its surface. The hierarchical micro- and nanostructured surface with 

underlying 40 µm microstructures has a relatively large number of cells on its surface, but 

looking on the image in figure 45 (b) the cells are small and not as healthy and extended as 

the cells in figure 45 (a) and (d). Also the nanostructured surface has a reduced number of 

cells on its surface compared to the smooth surface. To compare the cell growth on the 

different surface structures it is recommended to look both at the number of cells and at the 

images. 
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Figure 47. Mean values of number of living cells on three images of each surface and standard deviations 

according to Appendix 1.  
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Figure 48. Mean values of the total number of living cells on three images of each surface and standard 

deviations according to Appendix 1. 
 

From this experiment, it is obvious that both the superhydrophobicity, achieved by the 

hierarchical micro- and nanostructures, and the size of the microstructures is important. Both 

the hierarchical structures with 10 µm and 40 µm microstructures have a contact angle of 

approximately 170 °, but only the surface with 40 µm microstructures shows living cells on 

its surface. Therefore, the surface with hierarchical structures, with 10 µm microstructures, 

seems promising for a reduced tissue ingrowth and fibrous encapsulation of the insulation of 

the pacemaker lead. 

5.5 Nanocomposite wear resistance 
The weights of the different fabricated materials, Optim™ with 0 wt %, 1 wt % and 5 wt % 

nanoparticles of hydroxyapatite respectively, were compared before and after the abrasive 

test, simulating lead to pacemaker can abrasion, and the weight losses calculated are shown in 

table 7. The weight loss for sample number 7 differs significantly from the rest of the values, 

and is therefore excluded in the calculation of the average weight loss as an error in the 

measurement is suspected. 
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Material 5 wt % HA 1 wt % HA 0 wt % HA 
Sample number 1 2 3 4 5 6 7 8 9 
Weight loss [mg] 0.2 0.1 0.1 0.5 0.6 0.5 1.6 0.7 0.5 
Average weight loss [mg] 0.13 ± 0.06 0.53 ± 0.06 0.60 ± 0,14 

 
Table 7. Weight losses after the abrasive test, with standard deviations according to Appendix 1. Sample 7 is 

shadowed, due to the large difference from the other values, and is therefore excluded in the calculation of the 

average weight loss. 

 

The average weight losses are also displayed in figure 49, with sample number 7 excluded, 

and in figure 50 with sample number 7 not excluded. When sample 7 is not excluded, the 

standard deviation is very large. 
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Figure 49.  Average weight losses for the three different fabricated materials, with 0 %, 1 % and 5 % 

nanoparticles of hydroxyapatite respectively, with sample number 7 excluded. Standard deviations are calculated 

according to Appendix 1. 
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Figure 50.  Average weight losses for the three different fabricated materials, with 0 %, 1 % and 5 % 

nanoparticles of hydroxyapatite respectively, with sample number 7 not excluded. Standard deviations are 

calculated according to Appendix 1. 

 

What can be concluded is that an enhanced abrasive wear resistance is obtained when adding 

nanoparticles to the polymer. There is a much larger weight loss for a polymer with no 

hydroxyapatite nanoparticles added, compared to a nanocomposite, especially with 5 wt % 

hydroxyapatite nanoparticles added. 

 

No investigation was done to see if the n-HA particles were randomly distributed throughout 

the polymer. It would have been preferable to have studied the distribution with a 

transmission electron microscope, but there was unfortunately no time to do that. In other 

studies where nanoparticles of hydroxyapatite have been distributed in PDMS, silanisation of 

the particles has been necessary to be able to distribute the hydrophilic nanoparticles in the 

hydrophobic polymer. However, an improved distribution of the nanoparticles of 

hydroxyapatite in Optim™ can be expected due to the hydroxyl groups at the hydroxyapatite 

surface, which can be expected to bind to hydrogen in polyurethane. Therefore, no surface 

modification of the nanoparticles was done.  
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6 CONCLUSIONS 
The copolymer Optim™, with a hierarchically micro- and nanostructured superhydrophobic 

surface has in this master’s thesis shown promising results to minimise or possibly prevent 

cell adherence. Combining the two techniques of micro- and nanofabrication, decreases the 

protein adsorption of human serum albumin to the surface and the adsorption is approximately 

one tenth compared to a smooth Optim™ surface. The surface gives the lowest adhesion of 

human fibroblast cells. In fact, no living human fibroblast cell is observed on the 

hierarchically structured, superhydrophobic surface. The fabricated surface therefore has 

promising properties to be able to minimise the fibrous encapsulation, tissue ingrowth and 

coagulation of the insulation of the pacemaker leads. 

  

A protocol for fabricating the hierarchical micro- and nanostructured surface on Optim™ has 

been developed, using hot embossing and plasma etching. Best results was achieved with a 

hierarchical micro- and nanostructured Optim™ surface, with microstructures in a pillar 

pattern of circular dots with a diameter of 10 µm, a distance between adjacent dots of 5 µm 

and a height of 5 µm together with nanostructures with a RMS value of approximately 160 

nm, which gives superhydrophobic properties with a contact angle of 170.0 ± 0.4 ° and a 

contact angle hysteresis of 7.5 ± 1.9 °. These superhydrophobic properties of Optim™ are due 

to a combination of three factors. The polymer is of a hydrophobic nature untreated, the scale 

of the hierarchical micro- and nanostructures and the likely fluorocarbon coating created by 

the C4F8 treatment. 

 

By fabricating a nanocomposite of Optim™ and nanoparticles of hydroxyapatite, an enhanced 

abrasive wear resistance is obtained. This might be an approach to reduce the abrasive 

damage that occurs because of wearing between different parts of the device. According to the 

literature, also enhanced blood compatibility should be achieved, although this has not been 

confirmed. 
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7 FUTURE ASPECTS 
Further investigations are needed, to verify a desired biological response to the surface, with 

additional experiments such as: 

− Further cell cultivations. Studying adhesion of fibroblast cells on several equally 

structured surfaces and with staining of the cells. Endothelial cells would be most 

interesting to cultivate, because these cells coat the interior surface of blood vessels.  

− Adsorption studies of additional plasma proteins, directly from blood plasma. 

Fibrinogen would be especially interesting due to interactions with platelets. 

− Study blood plasma coagulation. Platelet adhesion and activation can be observed by 

SEM. Also an imaging of blood coagulation can be done [78]. 

− Study the immune response to the surface, by investigating complement activation. 

− In vivo experiments. 
 

It would be interesting to investigate if the Optim™ surface becomes chemically modified by 

the C4F8 treatment, by XPS for example. According to the literature, it is possible that a 

replacement of –CH3 with fluorinated methyl groups, such as –CF3, occurs. Possibly, by 

removing the argon pre-treatment, a reduced the fluorination of the surface can be achieved. 

Also a CF4 treatment could be investigated, because CF4, compared to C4F8, probably gives a 

higher proportion of etching plasma than polymerisation plasma. 
 
The contact angle and the biological response to the surface should be investigated after a 

certain time of abrasion against the simulated pacemaker can, to study if the surface retains its 

superhydrophobic, cell- and protein resistant properties. Also a time dependent study of the 

superhydrophobicity should be made. 
 

The nanocomposite should be investigated further with transmission electron microscopy, to 

determine the distribution of the nanoparticles and to study if surface modification of the 

nanoparticles is needed to obtain well distributed nanoparticles throughout the polymer. Also 

the bio-performance of the nanocomposite should be investigated. Furthermore mechanical 

properties should be investigated. When increasing the surface roughness of a material, the 

mechanical stability is reduced. It is important to improve the mechanical stability of the 

rough surface and that can possibly be achieved by adding nanoparticles of hydroxyapatite. 
 
Last but not least, a method has to be developed to fabricate the hierarchical micro- and 

nanostructures on the insulation of the pacemaker lead. 
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Appendix 1 – Calculation of Standard Deviation 

The standard deviation is a parameter that describes the dispersion of the values in a dataset, 

i.e. how widely spread the values in a dataset are. Let nxx ,...,1  be the values to be evaluated. 

First, the arithmetic mean value is calculated. The formula for the arithmetic mean value is as 

follows:  
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The sample variance can then be calculated and the formula is as follows: 
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The standard deviation is then the square root of the sample variance. 

 

( )∑
=

−
−

=
n

j
j xx

n
s

1

2

1
1

 

 

When adding or subtracting values reported with their standard deviations, the total standard 

deviation is: 
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Appendix 2 – Calculation of RMS Values in NanoScope Software 

The RMS value or Rq is the standard deviation of the Z-values within chosen area and is 

calculated as: 
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where Zi is the current Z value and N is the number of points within the chosen area [79]. 

 


